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Abstract 

Background 

Regular cycling provides health, environmental and economic benefits but is rarely part of everyday 

travel for many people. The real and perceived risk of injury is commonly cited as a significant 

deterrent to engaging in such activity and is sometimes associated with the danger of motorised 

traffic. Bicycle-motor vehicle collisions often result from the driver’s failure to detect the cyclist in 

time, suggesting that conspicuity may be a contributing factor. Conspicuity can be categorised into 

physical conspicuity and attention conspicuity. The former may be enhanced by using conspicuity 

aids whereas the latter may be improved through the safety in numbers effect.   

In New Zealand, one of the most car-dependent countries, bicycling is marginalised and receives 

relatively little attention in the transport and road safety research agenda. As a result, there is 

insufficient evidence regarding bicycle travel, injury risk and associated factors to guide education 

and policy. 

Aims 

This thesis comprises three main components – bicycle travel, injury risk and conspicuity and aims: 

 to investigate the prevalence of bicycle travel, particularly for a trip to work, and identify

associated enablers and barriers,

 to estimate the exposure-based rate of bicycle crash injuries and identify associated risk and

protective factors, and

 to assess the role of conspicuity in bicycle crashes involving a motor vehicle.

Methods 

This research was based on the Taupo Bicycle Study, a prospective cohort study involving 2628 adult 

cyclists (aged 16 years and over). The participants were recruited from the Lake Taupo Cycle 

Challenge (New Zealand’s largest mass cycling event) in 2006 (N=2438) and in 2008 (N=190) using a 

web-based questionnaire. The questionnaire asked about demographic characteristics, general 

cycling activity and crash experience in the past twelve months and habitual use of injury preventive 

measures with options ranging from never to always. Bicycle crash outcome data were collected 

through linkage to insurance claims, hospital discharges, mortality records and police reports and 

covered the period between recruitment and 30 June 2011 (i.e., a median follow-up of 4.6 years). As 

only a small number of bicycle-motor vehicle crashes were identified in the linked data, another 
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linkage was undertaken in 2013 and the longer-term outcome data covering the period till 30 April 

2013 (a median follow up of 6.4 years) were used in the analysis addressing the third research 

question. For all longitudinal analyses, the study sample was restricted to 2590 cyclists who were 

resident in New Zealand at recruitment. Cox proportional hazards regression modelling for repeated 

events was performed using a counting process approach and factors influencing the likelihood of 

experiencing crash episodes were identified.  

The investigations of the Taupo Bicycle Study were supplemented with analyses of national data 

(aggregate or de-identified) obtained from Censuses, Household Travel Surveys, hospital discharge 

and mortality records, police reports, cycle counts and climate database. 

Results 

Bicycle travel: Analysis of Census data from 1986 to 2006 showed a decline in the prevalence of 

cycling to work from 5.6% to 2.5%, respectively. About one-third of the Taupo Bicycle Study 

participants reported cycling to work at least once a week. The prevalence was lower in women, 

older age groups, non-Māori, less experienced cyclists and in the Auckland region.  

The participants of the Taupo Bicycle Study reported (in decreasing order of frequency) that more 

bicycle lanes, more bicycle paths, better bicycle security in public places, reduced vehicle speed and 

bike friendly public transport as important factors that would encourage them to cycle more often. 

They reported (in decreasing order of frequency) that access to shower facilities at work, the need to 

negotiate fewer difficult intersections, rising costs of petrol, fewer car parks, bikes designed to 

commute, and rising costs of car parking would be important incentives to cycling to work. They 

perceived that adverse weather and the danger of car-dominated transport environment including 

road safety, traffic en route, driver attitude and behaviour and breathing polluted air were the most 

important barriers to bicycle travel. 

Analysis of automatic cycle counts on Tamaki Drive in Auckland and weather data showed that 

selected weather variables such as gust speed, rain, temperature and sunshine duration accounted 

for 23% of the variance in hourly cycle volume and 56% of the variance in daily cycle volume. 

Injury risk: Analysis of hospital discharge, mortality and travel survey data revealed an increase in 

the number of on-road cycling injuries per million hours spent cycling from 21 injuries in 1996/99 to 

31 injuries in 2003/07. The rate was higher than other types of road users except motorcyclists.  

During a median follow-up of 4.6 years, the participants of the Taupo Bicycle Study experienced 116 

crashes that came to the attention of medical personnel or police per 1000 person-years, of which 
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66 occurred on the road and 10 involved a collision with a motor vehicle. This corresponds to 391 

crashes per million hours spent cycling in general, and 240 crashes and 38 collisions per million hours 

spent cycling on the road. The crash risk was associated with age, body mass index, urban residence, 

region, cycling off-road, in the dark or in a bunch, type of bicycle used and prior crash history, with 

variations in effect estimates by crash type (on-road, off-road and collision crashes). 

In the Taupo Bicycle Study, participants who reported a history of bicycle crashes in the preceding 

year had a higher risk of involvement in future bicycle crashes (hazard ratio: 1.43; 95% CI: 1.28, 

1.60). When this association was investigated using a propensity score stratification approach, it was 

significant only in the highest two quintiles of the propensity score where the likelihood of having 

experienced a crash was more than 33%. The association was also stronger for previous crashes that 

had received medical care compared to those that had not. 

In the Taupo Bicycle Study, participants usually residing in Auckland had a higher risk of on-road 

bicycle crashes (hazard ratio: 1.47; 95% CI: 1.22, 1.76) but had a similar risk of off-road bicycle 

crashes (hazard ratio: 0.96 (95% CI: 0.77, 1.21) compared to the participants from the other regions 

of New Zealand. In the mediation analysis, about 53% of the increased risk in Auckland was 

explained by differences in the participants’ cycling patterns and urban residence. It is likely that the 

remaining risk differential is at least partly influenced by factors associated with Auckland’s 

crowded, car-dominated transport environment. 

Conspicuity: Analysis of hospital discharge, mortality and travel survey data to explore the effect of 

attention conspicuity showed regional differences in the rate of on-road cycling injuries in relation to 

the level of car and bicycle use, supporting the safety in numbers (or risk in scarcity) effect. 

Analysis of the Taupo Bicycle Study data to investigate the effect of physical conspicuity found that 

the risk of bicycle crashes involving a motor vehicle was similar across different usage patterns of 

conspicuity aids. In subgroup analyses, the most conspicuous group had a higher risk in Auckland but 

a lower risk in other regions. 

Conclusions 

In New Zealand, the prevalence of bicycle commuting is low and has been in decline between 1986 

and 2006 (note that there are signs of recovery recently). The exposure-based rate of bicycle crash 

injuries is relatively high compared to other road user categories. Regional differences in travel 

patterns and injury risks suggest that the risk in scarcity effect exists for New Zealand cyclists. This 

may be attributed partly to the poor attention conspicuity of cyclists and partly to poor cycling 

infrastructure in the country’s car-dominated traffic environment. Conspicuity aids used to enhance 
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physical conspicuity may be ineffective in such situation. In the last two decades, New Zealand has 

been caught in a vicious circle – a lower proportion of cyclists on the road decreases their conspicuity 

and poses them a higher crash risk which in turn discourages bicycle use. Turning this vicious circle to a 

virtuous one requires cooperative and multidisplinary efforts to promote cyclists’ safety and 

encourage cycling on New Zealand roads.  
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Chapter 1. Introduction 

Regular physical activity provides substantial health benefits by postponing premature deaths (Lee 

and Skerett, 2001; Moore et al., 2012), lowering the risk of a range of health conditions, notably 

cardiovascular diseases (Berlin and Colditz, 1990; Shiroma and Lee, 2010) and some forms of cancer 

(Boyle et al., 2012; Friedenreich and Cust, 2008), and enhancing psychosocial health (Biddle, 2000; 

Eime et al., 2013). Global physical activity guidelines recommend at least 150 minutes of moderate-

intensity aerobic activity or 75 minutes of vigorous-intensity aerobic activity each week for healthy 

adults to promote and maintain health (World Health Organization (WHO), 2010). Recent research 

concludes that even half the recommended amount of physical activity can reduce mortality and 

extend life expectancy (Wen et al., 2011). 

Despite awareness of the well-established benefits of physical activity, rapid changes in technology, 

lifestyle and habitual environment over the past few decades have resulted in an increase in sitting, 

passive travel and sedentary activity (Brownson et al., 2005). Insufficient physical activity is now a 

global public health problem  (World Health Organization), accounting for at least 3.2 million deaths 

and 2.8% of disability-adjusted life years (Lee et al., 2012; Lim et al., 2012). In New Zealand, the 

2011/12 national health survey revealed that just over half of adults met the current 

recommendations and one in eight did less than 30 minutes of physical activity in the past week 

(Ministry of Health, 2012a).  Concurrently, the rate of obesity has been increasing over the last few 

decades, and almost three in ten adults were obese and one in three were overweight in 2011/12 

(Ministry of Health, 2004, 2012a).  Unsurprisingly, chronic diseases, particularly cancer, ischemic heart 

disease and cerebrovascular disease were the leading causes of death among New Zealanders 

(Ministry of Health, 2011).  

A number of interventions have been developed to promote physical activity many of which require 

special time, skill or expense, discouraging sustained participation particularly by disadvantaged 

groups (Marcus et al., 2000). Poor maintenance of long-term participation and inequalities are often 

cited as major challenges for health behaviour interventions (Jepson et al., 2010; Marcus et al., 2000; 

Orleans, 2000).  One practical solution would be to build physical activity into the daily routine, for 

example, by using active modes of transport (Berrigan et al., 2006; Hillsdon et al., 1995). There is 

evidence that active travel improves health (Hamer and Chida, 2008; Oja et al., 2011) and also 

provides social, economic and environmental benefits (Higgins, 2005). Compared to walking, the 

benefits of bicycling are somewhat greater as the intensity of effort utilised and the distance covered 

are greater (Ming Wen and Rissel, 2008; Oja et al., 1998).  
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A bicycle is rarely used for everyday travel needs in New Zealand and many other countries. One of 

the major deterrents to engaging in such activity is the real and perceived risk of injury (Bauman et 

al., 2008; Kingham et al., 2009; Mackie, 2009; Winters et al., 2011). For many people, safety 

concerns are associated with high traffic volumes and speed (Jacobsen et al., 2009). Vehicle-bicycle 

collisions often result from the driver’s failure to detect the cyclist in time (Koustanaï et al., 2008; 

Räsänen and Summala, 1998; Rumar, 1990), suggesting that the poor conspicuity of the latter may 

be a contributing factor. 

A better understanding of bicycle travel and injury risk may help inform future policies and 

interventions aiming to promote cycling and improve cyclist safety. As the literature in the New 

Zealand context is scarce and patchy, this thesis is designed to contribute to this important gap. The 

specific aims of the thesis are: 

 to investigate the prevalence of bicycle travel, particularly for a trip to work, and identify

associated enablers and barriers,

 to estimate the exposure-based rate of bicycle crash injuries and identify associated risk and

protective factors, and

 to assess the role of conspicuity in bicycle crashes involving a motor vehicle.

This research focuses mainly on New Zealand adults as children and young people may have 

different cycling behaviours and risk profiles. The data from the Taupo Bicycle Study are used in 

conjunction with aggregate or de-identified data from routinely collected national databases. The 

Taupo Bicycle Study is a prospective cohort study designed to examine factors associated with 

regular cycling and injury risk. The study involves 2590 adult cyclists recruited from the Lake Taupo 

Cycle Challenge, New Zealand’s largest mass cycling event, and followed-up through linkage to 

insurance claims, hospital discharges, mortality records and police reports.     

Following on from this first chapter, Chapter 2 provides an overview of bicycle travel, injury risk and 

conspicuity, and identifies knowledge gaps in the New Zealand context. Chapter 3 outlines the 

research design and methodology of the Taupo Bicycle Study and also describes the national data 

used. The next four chapters focus on the study findings, incorporating eleven papers published in 

international, peer-reviewed journals (Table 1-1). As an unaltered PDF version of each paper is 

inserted in this thesis, there may be a duplication of some materials (e.g., study design, data used 

and analysis undertaken). Chapter 8 concludes with a brief summary of the key findings, strengths 

and limitations of the research undertaken with recommendations for future research and policy.    
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Table 1-1. Summary of the results presented in this thesis 

Taupo Bicycle Study National Data 

Chapter 4 
Methodological 
aspects  

 Representativeness of the study
sample

 Changes in cycling exposure and risk
behaviour over time

 Completeness and accuracy of crash
outcome data collected through
record linkage
(Published in BMC Public Health 
2013;13:E420) 

 Potential bias from loss to follow-up
(Published in Injury Prevention 2014; 
20:322-329) 

Chapter 5 
Bicycle travel 

 Prevalence and correlates of cycling to
work in the study population

 Cyclists’ perceptions of enablers and
barriers to bicycle travel
(Published in Health Promotion 
International 2010;25:54-62) 

Census data 

 Patterns and trends of active travel to
work in the general population
(Published in International Journal of 
Behavioral Nutrition and Physical 
Activity 2009;6:E64) 

Automated cycle count data & National 
Climate Database  

 Temporal, seasonal and weather
effects on cycle volume
(Published in Environmental Health 
2012;11:E12) 

Chapter 6 
Injury risk 

 Incidence and factors associated with
bicycle crash injuries
 (Published in Preventive Medicine 
2013;57:152-61) 

 Crash proneness
(Published in PLOS ONE 
2014;9:E87633) 

 Factors contributed to a higher crash
risk in the Auckland region
(Published in Environmental Health 
2013;12:E106) 

Hospital discharge, mortality & travel 
survey data 

 Rates and profiles of traffic injuries to
cyclists in the general population
(Published in BMC Public Health 
2010;10:E655) 

Chapter 7 
Conspicuity 

 Conspicuity and bicycle crashes
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Chapter 2. Bicycle Travel, Injury Risk and Conspicuity: An Overview 

This chapter presents an overview of bicycle travel, injury risk and conspicuity, summarises New 

Zealand-specific literature and highlights the key contributions of this thesis. 

2.1. Bicycle travel 

“With most of us, cycling has come to be part of our daily life. We ride down to the office as naturally 

as we walk downstairs to breakfast.”       

(NZCTC Gazette, 1 April 1899) 

“The bicycle is the most civilised conveyance known to man. Other forms of transport grow more 

nightmarish. Only the bicycle remains pure in heart.”       

(Murdoch, 1965) 

The origins of the modern bicycle date back to 1817 when a wood-framed two-wheeled running 

machine, known as Draisine or Hobby Horse, was invented in Europe  (Herlihy, 2004; Wilson, 2004). 

The pedalled velocipede or boneshaker appeared in the 1860s, where pedals were applied directly 

to the front wheel. This was followed by the high-wheeler, also known as ordinary or penny-farthing. 

The introduction of the safety bicycle in the 1880s transformed bicycling from a dangerous leisure 

activity for wealthy young men to a popular form of transportation and recreation for men and 

women of all ages. However, the automobile entered the transportation market in the 20th century 

and gradually replaced the bicycle in many parts of the world due to its convenience, increasing 

affordability and changes in transport policies. 

The bicycle originally reached New Zealand in 1869 in the form of the velocipede (The Kenette 

Brothers, 2004). With improvements in the design and affordability, bicycling became part of daily 

life in the early 20th century. This golden age, however, did not last long. During the 1950s and 60s, 

due to increasing affluence and changes in transport policies, the car grew in popularity and 

gradually dominated most urban roads.   

2.1.1. Bicycle use – current state 

Bicycles number more than a billion worldwide and twice as many are produced each year as cars 

(Worldmeters) but its ownership and use vary considerably across countries. 
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The bicycle has been an important transport tool in the developing world and is still commonly used 

for everyday travel in many cities. For example, the bicycle share ranges from 11% to 47% in Chinese 

cities, and from 7% to 21% in Indian cities (Interface for Cycling Expertise (I-ce), 2008). While 

automobiles dominate the modal share in much of the western industrialised world, the bicycle 

share remains high in many European countries (e.g., 26% in the Netherlands) that apply 

multifaceted policies and emphasise mixed-use developments. In North American countries and 

Australia, however, auto-centred transportation system and urban growth dominate and the bicycle 

accounts for only 1% of daily trips (Buehler and Pucher, 2012b). Figure 2-1 presents bicycle modal 

share in Europe, North America and Australasia.  

Figure 2-1. Modal share of bicycles in Europe, North America and Australasia 

The modal share reflects travel for all trip purposes (data obtained from the travel surveys; the year of the survey is noted 
in parenthesis) except for the countries marked with an asterisk where data on journeys to work were derived from the 
censuses. 
Source: (Buehler and Pucher, 2012b; Ministry of Transport, 2013c) 

New Zealand fits into the lower end of the spectrum with bicycles making up just over 1% of all trip 

legs (Ministry of Transport, 2013c) and less than 3% of all trips under five kilometres (O'Fallen and 

Sullivan, 2009). A series of Household Travel Surveys  shows a decline in the proportion of the 

population who reported cycling on their travel days between 1989/90 (8%) and 2009-12 (3%) 

(Ministry of Transport, 2013d). Likewise, less than 3% used a bicycle to travel to work on the census 

day in 2013 (Statistics New Zealand, 2013), compared to 6% in 1986 (Department of Statistics, 1987).  



6 

New Zealand has the third highest level of car ownership in the world (607 cars per 1000 

populations), just behind Luxembourg and Iceland (The Economist, 2009).  Driver or passenger trips 

represent four-fifths of the overall travel mode share (Ministry of Transport, 2013c) although about 

half of the vehicle trips are less than six kilometres (O'Fallen and Sullivan, 2009; Statistics New 

Zealand, 2009). While the national Transport Strategy aims to increase walking and cycling and other 

active modes to 30% of total trips in urban areas by 2040 (Ministry of Transport, 2008a), this target is 

unlikely to be met given current patterns of expenditure on the transport network (Key and Joyce, 

2009). 

2.1.2. Why use a bicycle? 

Bicycling is a healthy, efficient and sustainable mode of transport and is suitable for people of all 

ages, gender and backgrounds.  

It is increasingly being recognised that active commuting has the potential to improve public health. 

Ecological observations have reported that  obesity rates are lower in countries where active travel 

is more common (Bassett Jr et al., 2008). Figure 2-2 presents the prevalence of obesity and active 

travel in Europe, North America and Australasia. New Zealand stands at the higher end of the 

obesity spectrum with the prevalence of 28% in the adult population (Ministry of Health, 2012a). 

Figure 2-2. Prevalence of obesity and active travel in Europe, North America and Australasia 

* Combined percentage of trips taken by bicycling, walking and public transport
Source: (Bassett Jr et al., 2008; Ministry of Health, 2012a; Ministry of Transport, 2013c) 
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A review of eight studies has associated active commuting with an 11% reduction in cardiovascular 

event rates (Hamer and Chida, 2008). Compared to walking, cycling-specific benefits are likely to be 

greater as the intensity of effort utilised is greater (Ming Wen and Rissel, 2008; Oja et al., 1998). For 

example, if cycling (equivalent to recommended daily exercise) is swapped for driving, the 

associated energy expenditure will be sufficient to burn 26 kg of fat per person annually (cf. 12 kg for 

walking) (Higgins, 2005). A more recent review of 16 cycling-specific studies has linked regular 

cycling with improvements in cardiorespiratory and aerobic fitness and a reduced risk of overweight 

and obesity,  cardiovascular disease, some forms of cancer and all-cause mortality (Oja et al., 2011). 

There is also evidence that supports a dose-response relationship between the amount of cycling 

and health benefits. The health benefits appear to be more pronounced amongst the less active such 

as women and older age groups (Shephard, 2008). 

On the other hand, major health problems associated with bicycle use include the risk of injury 

(Rivara and Sattin, 2011) and effects of increased exposure to traffic pollution (Weichenthal et al., 

2011). Nonetheless, risk-benefit analyses have shown that the overall health benefits gained from a 

modal shift from cars to bicycles outweigh disadvantages due to traffic crashes and pollution (de 

Hartdog et al., 2010; Holm et al., 2012; Lindsay et al., 2011; Rojas-Rueda et al., 2012).  

Societal benefits are likely to be greater if social, economic and environmental effects of active 

commuting are also taken into account.  Active commuting enhances social cohesion, community 

livability and transport equity (Appleyard, 1981; Litman, 2012; Victoria Transport Policy Institute, 

2011) and improves safety to all road users (Wittink, 2003).  In addition, bicycle use saves fuel and 

reduces motor vehicle emissions – in the US, substituting cycling (equivalent to recommended daily 

exercise) for driving could reduce 38% of oil consumption and 12% of net emissions  (Higgins, 2005). 

In New Zealand, it is estimated that a 5% shift in vehicle trips to cycling (consistent with the goal for 

active travel in the current Transport Strategy (Ministry of Transport, 2008a)) will save about 22 

million litres of fuel and reduce transport-related greenhouse emissions by 0.4% each year (Lindsay 

et al., 2011). 

2.1.3. What influences bicycle use? 

A better understanding of factors that may influence bicycle use is essential in efforts to promote 

engaging in such activity. Previous research has identified a number of demographic, psychosocial 

and environmental predictors of bicycling and the findings are summarised below. 
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2.1.3.1. Demographic factors 

Bicycling is common amongst most population groups in European countries (Pucher and Buehler, 

2008) but varies more strongly across different segments of the society in automobile dependent 

countries such as the US (Sallis et al., 2013), Canada (Butler et al., 2007; Winters et al., 2007), UK 

(Ogilvie et al., 2008; Panter et al., 2011), Australia (Bell et al., 2006)  and New Zealand (Ministry of 

Transport, 2013d).  

In general, younger age groups and men are more likely to travel by a bicycle. Ethnic variations exist, 

for example, bicycling is more common among whites in the US (Pucher and Renne, 2003; Sallis et 

al., 2013). The level of education also influences bicycle use with a higher prevalence among the 

more educated in many countries (Panter et al., 2011; Winters et al., 2007; Xing et al., 2010) 

although the reverse may be true in lower-income countries like Brazil (Reis et al., 2013). While 

there are negligible differences in bicycle use by income in most countries (Pucher and Buehler, 

2008; Pucher and Renne, 2003), some studies reported a negative association (Butler et al., 2007; 

Kienteka et al., 2014; Winters et al., 2007). Sociodemographic variations appear to be less 

pronounced in students possibly because they have fewer transport options or they live in close 

proximity to school and make shorter trips (Winters et al., 2007). 

Bicycle use is also more prevalent in those who have more bicycling experience (Stinson and Bhat, 

2004), who are physically active in other domains of life (e.g., exercise or daily activity) (Butler et al., 

2007), who are more healthy, for example, having normal body mass index (Panter et al., 2011; Reis 

et al., 2013; Sallis et al., 2013), lacking long-term illness or disability (Panter et al., 2011) and lacking 

difficulty in walking (Ogilvie et al., 2008), and who have less access to a car (Ogilvie et al., 2008; 

Panter et al., 2011; Stinson and Bhat, 2004). Household structure also influences bicycle use but the 

association remains unclear. Some reported a higher prevalence in the household with one or more 

children (Panter et al., 2011) but the opposite was true in other studies (Ryley, 2006). 

2.1.3.2. Psychosocial factors 

Positive attitude toward bicycling  increases the likelihood of engaging in such activity (de Bruijn et 

al., 2005; de Bruijn et al., 2009; Heinen et al., 2011b; Titze et al., 2010; Titze et al., 2007; Titze et al., 

2008; Unwin, 1995; Xing et al., 2010). Convenience, rapidity, flexibility, enjoyment, cheapness, 

health and well-being and environmental values are often cited as the positive aspects of bicycling 

(Heinen et al., 2009; Willis et al., 2014).  In contrast, individuals who enjoy driving are less likely to 

use a bicycle (Dill and Voros, 2007; Xing et al., 2010). It is not surprising that perceived ability to use 

a bicycle (de Bruijn et al., 2005; de Bruijn et al., 2009; de Geus et al., 2008; Heinen et al., 2011b; Xing 
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et al., 2010) or to do physical activity in general (Troped et al., 2003) is positively associated with 

bicycle use. Strong subjective norms for bicycling (i.e., perceived social pressure/support to use a 

bicycle) (de Bruijn et al., 2005; de Geus et al., 2008; Panter and Jones, 2010; Troped et al., 2003) also 

predict engaging in such behaviour and so do strong descriptive norms (i.e., having family and 

friends who use a bicycle) (de Geus et al., 2008; Titze et al., 2007). In addition, habit plays an 

important role in the decision to bicycle. Habit strength was the strongest predictor of bicycle use in 

a sample of Dutch adults (de Bruijn et al., 2009). Similar associations have been reported in other 

studies (Dill and Voros, 2007; Ducheyne et al., 2012; Stinson and Bhat, 2004). 

Lack of skills, lack of time, lack of interest, lack of fitness, personal issues (e.g., too busy), traffic 

danger, noise and pollution, bicycle security, violent crime and unpleasant weather are perceived as 

the barriers to bicycling (Heinen et al., 2009; Willis et al., 2014). In New Zealand, traffic safety 

concerns and lack of end-of-trip facilities are identified as the two major barriers (Kingham et al., 

2009; Mackie, 2009).   

2.1.3.3. Environmental factors 

Natural environmental factors may influence the decision to use a bicycle. Some studies reported a 

negative association between hilliness and bicycle use (Parkin et al., 2008; Rodrıǵuez and Joo, 2004; 

Timperio et al., 2006) but others found no association (Moudon et al., 2005). Seasonal variations in 

bicycling exist with the highest level observed in the summer (Nankervis, 1999a; Stinson and Bhat, 

2004). Weather conditions, mainly temperature and rainfall, influence bicycle use (Nankervis, 1999a; 

Parkin et al., 2008; Saneinejad, 2010; Winters et al., 2011). A previous New Zealand survey indicates 

lower likelihood of bicycle commuting on a cold and wet day than on a warm and dry day (Nicholson 

and Kingham, 2003). Longer-term climate factors, however, appear to have little impact on bicycling 

(Goldsmith, 1992; Pucher and Buehler, 2006; Rietveld and Daniel, 2004). The effect of natural 

environmental factors should not be over-emphasised given that bicycling is fairly prevalent in hilly 

cities such as Trondheim (Norway) and in cold cities such as Västerås (Sweden) (European 

Commission, 1999). 

Aspects of land use, particularly proximity (travel distance)  and connectivity (directness of travel) 

play a role in mode choice (Frank, 2000). The bicycle is commonly used for short trips under five 

kilometres (Martens, 2004; Rietveld, 2000; Timperio et al., 2006). Its modal share may decrease with 

increasing trip distance (Badland et al., 2008; Parkin et al., 2008; Scheiner, 2010).  The importance of 

trip distance is also reflected in a higher level of bicycle use in small- and medium-sized cities, higher 

densities and more mixed land use (e.g., retail services and offices in the neighbourhood) (Cervero 
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and Duncan, 2006; Parkin et al., 2008; Rietveld and Daniel, 2004). Higher street connectivity also 

increases the level of active travel (Badland et al., 2008; Li et al., 2008). 

The presence of bicycle infrastructure may also matter. Bicycle modal share is higher in countries 

with more facilities (Pucher and Buehler, 2008).  Many aggregate-level studies found a positive 

association between bicycle lanes or paths and the level of bicycle use (Buehler and Pucher, 2012a; 

Pucher et al., 2010) but some individual-level studies reported no significant association (de Geus et 

al., 2008; Moudon et al., 2005). Several studies consistently showed a preference for bicycle ways 

over riding in mixed traffic (Pucher et al., 2010). Male and experienced cyclists prefer bicycle lanes to 

off-road paths (Garrard et al., 2008; Stinson and Bhat, 2005; Tilahun et al., 2007).  Traffic control 

measures such as traffic calming, lower speed limits and car free zones (Pucher and Buehler, 2008; 

Pucher et al., 2010; Tovar and Kilbane-Dawe, 2013), integration with public transport such as bicycle 

parking at train stations and bus stops and bicycle racks on buses (Pucher and Buehler, 2009), and 

end-of-trip facilities such as secure bicycle parking, showers and change facilities (Abraham et al., 

2002; Hunt and Abraham, 2007; Wardman et al., 2007) may also encourage bicycle use.   

2.1.4. What has been done to promote bicycle use? 

A variety of interventions have been advocated or implemented to promote bicycle use. These 

include: targeted behaviour change programmes, public campaigns and engineering measures. 

Some aim to change travel behaviour in general whereas others target bicycling specifically.  

Targeted behaviour change interventions are effective in changing transport choices of motivated 

subgroups (Ogilvie et al., 2004). In particular, individualised marketing (e.g., Indimark)  to interested 

households by providing tailored information, advice and incentives has resulted in an average net 

effect of eight additional cycling trips per person per year (Yang et al., 2010). Its effectiveness, 

however, may be limited by inadequacy of supportive infrastructure as in Auckland (O'Fallon and 

Sullivan, 2004).  

Travel awareness campaigns are implemented at a more general level and use a wide range of 

media to improve public understanding of the issues associated with transport choices and potential 

solutions including changing one’s own travel behaviour. As these programmes are generally 

evaluated using indicators drawn from marketing research (e.g., awareness of the programme itself), 

their impact on bicycling is unclear (Cairns et al., 2004; Ogilvie et al., 2004; Pucher et al., 2010). 

Travel plans aim to encourage use of sustainable modes for regular trips (e.g., commuting) through a 

range of behavioural and structural interventions, sometimes involving incentives and discentives 

(Cairns et al., 2004; Rye, 2002) but evidence on their effectiveness is inconclusive (Hosking et al., 
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2010) . Although not rigorously evaluated, bicycling-specific programmes are more promising. For 

example, bike-to-work days (League of American Bicyclists, 2008; Rose and Marfurt, 2007), , mass 

cycling events (Bowles et al., 2006) and bicycle skills training have attracted first time riders and also 

increased bicycling beyond the event (Johnson and Margolis, 2013; Telfer et al., 2006). Bicycle 

sharing (Nadal, 2007; Noland and Ishaque, 2006) and giveaway programmes (Bunde, 1997) aiming to 

increase access to bicycles are also effective.  

As mentioned in the previous section, provision and improvement of supportive infrastructure has 

the potential to encourage bicycle use. A range of engineering measures including cycle routes, 

bypasses, traffic calming or combination of these have been evaluated but robustly designed studies 

are scarce and the findings are mixed (Ogilvie et al., 2004). A recent simulation study suggests that 

the most effective approach in Auckland and similar car-dominated cities would be to provide 

physical segregation on arterial roads (with intersection treatments) and low-speed bicycle friendly 

local streets (Macmillan et al., 2014).  

Given relatively modest or inconclusive effects of individual interventions, combining them in a 

multi-faceted approach may be more effective. For example, the Danish National Cycle Project 

involving promotional campaigns and infrastructural measures  has resulted in a 3.4% increase in the 

proportion of all trips made by bicycle and a 100 metre increase in distance cycled per person per 

year (Troelsen, 2005; Troelsen et al., 2004). Similar findings were observed in the Cycling 

Demonstration Programme (UK) (Sloman et al., 2009) and many other case studies (Pucher et al., 

2010). 

2.2. Injury risk 

“New Zealand would seem to be an unusually dangerous place to ride a bicycle.”                      

(Atkinson and Hurst, 1984) 

“…almost half of all Aucklanders own a bike but few use them because it’s just too dangerous.”           

(Radio New Zealand, 8 May 2013) 

The real and perceived risk of injury is one of the major deterrents to bicycle travel in New Zealand  

(Kingham et al., 2009; Mackie, 2009) and elsewhere (Bauman et al., 2008; Heinen et al., 2009; Willis 

et al., 2014; Winters et al., 2011). 

Bicycle-related injuries can be categorised into traumatic and non-traumatic. Traumatic injuries 

result from bicycle crashes. On- and off-road crashes are equally prevalent (Jacobson et al., 1998; 

Munster et al., 2001) but the former will be emphasised in this section as they are likely to occur 
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while bicycling for transportation (as opposed to for recreation) and are also more likely to result in 

serious or fatal outcomes (particularly if a motor vehicle is involved), raising significant safety 

concerns. Non-traumatic injuries are related to physical overuse and are out of the scope of this 

thesis but details can be seen in a previous review (Dettori and Norvell, 2006). 

2.2.1. How common are bicycle crash injuries? 

Approximately 5% of the world’s road traffic deaths occur among cyclists, ranging from 3% in the 

Americas and Eastern Mediterranean region to 8% in the Western Pacific region (World Health 

Organization, 2013). There are wider variations across countries (e.g., 0% in Iceland, 2% in the US, 

3% in New Zealand and Australia, 6% in the UK, 10% in Denmark and Germany, and 25% in the 

Netherlands), which could, at least in part, be due to significant differences in bicycling exposure. If 

distance cycled is taken into account, the fatality rate appears to be higher in countries with a lower 

level of bicycle use (Figure 2-3).  

Figure 2-3. Fatality rates for cyclists in Europe, US and New Zealand 

Source: (Buehler and Pucher, 2012b; Ministry of Transport, 2012c) 

Non-fatal injuries are more common but are poorly documented in many countries (World Health 

Organization, 2013). Additionally, they are diverse with respect to mechanisms (e.g., falls, collisions), 

types (e.g., fracture, strains), severity (from minor, self-treated injuries to severe, life-threatening 

injuries) and outcomes (from minor disability of short duration to severe, lifelong disability), making 
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comparisons difficult. Available statistics, based on police reports, shows a higher injury rate in 

countries with lower bicycling exposure – a similar finding as for fatalities (Figure 2-3).  

New Zealand fits into the higher end of the spectrum along with the US. In 2012, eight cyclists died, 

161 were seriously injured and 637 suffered minor injuries due to police-reported crashes (Ministry 

of Transport, 2013e). These figures are unlikely to represent a good estimate of all bicycle crash 

injuries as crashes are reported to the police only if a motor vehicle is involved. A previous study 

found that only 22% of hospital-reported bicycle crashes and 54% of those involving a motor vehicle 

appeared in police reports (Langley et al., 2003). Earlier research using mortality and hospital discharge 

data reported that there were on average 19 deaths and 1210 injuries each year between 1989 and 

1998 (Dow et al., 2001). There has been an upward trend in the number of injuries since 2004 (Ministry 

of Transport, 2008b) but more recent data shows an average of nine deaths and 1193 injuries between 

2008 and 2012 (Ministry of Transport, 2013e). These figures, however, do not reflect the actual risks 

faced by cyclists.  

It is pertinent to consider time-based exposure in assessing and comparing the risk of different travel 

modes (Wardlaw, 2002). Cyclists bear a higher risk than most other types of road users, per hour 

travelled. For each million hours spent cycling on New Zealand roads 29 cyclists were killed or 

injured due to police-reported crashes (cf. ten car driver deaths/injuries, seven car passenger 

deaths/injuries and five pedestrian deaths/injuries) (Ministry of Transport, 2012c). Yet, bicycle crash 

injuries are seldom recognised as a road safety problem and attract little research attention. As a 

result, there is a paucity of robust epidemiological data to guide education and policy. 

Off-road crashes are also a significant source of injuries (Jacobson et al., 1998; Munster et al., 2001). 

In New Zealand, such crashes often occur at home, private road, mountain bike track, farm, forest 

and park (Munster et al., 2001). There were 15 injury claims per 1000 mountain bike riders during 

2004-5 (Bentley et al., 2006). The majority of injuries were minor and resulted from falls. Details on 

mountain biking injuries can be seen in a previous review (Kronisch and Pfeiffer, 2002). 

2.2.2. What influences bicycle crash risk? 

A better understanding of factors that may influence bicycle crash risk is essential in efforts to 

promote the safety of cyclists. Previous research has identified a number of factors that could 

influence the incidence and/or severity of bicycle crash injuries. These factors can be classified as 

shown in Table 2-1, based on the matrix developed by William Haddon Jr (Haddon, 1980). This 

section will focus on pre-event and event factors (shaded cells) as they have more relevance for 

crash and injury prevention efforts. 
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Table 2-1. Some factors that could influence bicycle crash injuries using Haddon’s matrix 

Human 
Vehicle & 

equipment 
Environment 

Physical Social 

Pre-crash 

Demographics 
Bicycling experience & 
exposure 
Conspicuity of the 
cyclist 
Risk-taking behaviours 

Type of bicycle 
Condition or 
roadworthiness 
of the bicycle 
Conspicuity of the 
bicycle or helmet 
(e.g., lights & 
reflectors) 

Weather 
Visibility 
Urbanicity 
Road infrastructure, 
e.g., cycle lanes
Traffic volume and 
speed 

Road code for 
cyclists and 
motorists 
Speed limits 

Crash 

Use of protective 
gears (e.g., helmet) 

Helmet Roadside objects 
On-road objects 
(e.g., cars) 

Implementation 
and enforcement 
of helmet laws 

Post-crash 

Age 
Pre-existing medical 
conditions 
First aid skills 

Rescue, trauma care 
& rehabilitation 
facilities 

Accessibility to 
quality care 

2.2.2.1. Human factors 

2.2.2.1.1. Demographics 

The evidence regarding age and gender differences in bicycle crash injuries is mixed. Males and 

young cyclists are over-represented in official statistics in New Zealand (Hosking et al., 2013; Ministry 

of Transport, 2012c) and elsewhere  (Amoros et al., 2011; Boufous et al., 2012; Yan et al., 2011). This 

may reflect higher cycling exposure or higher prevalence of risk taking behaviour among these groups. 

In contrast, self-reported crashes do not differ by age and gender (de Geus et al., 2012; Heesch et 

al., 2011; Hoffman et al., 2010). Earlier research, however, suggests that younger and older age 

groups have a higher crash risk (Rivara et al., 1997). In particular, collisions are more common 

among younger cyclists and falls among the elderly (Eilert-Petersson and Schelp, 1997).  

Socioeconomic  and ethnic differences exist for cyclists (Delmelle et al., 2012; Laflamme and 

Diderichsen, 2000) but are less pronounced than for pedestrians (Dougherty et al., 1990).  Such 

differences may be attributed to differentials in the amount of bicycling (van Beeck et al., 1991), in 

the level of knowledge about traffic laws and regulations (US Department of Transportation, 2004) 

and in the availability and use of safety measures such as bicycle helmet (Kendrick and Royal, 2003). 

In New Zealand, the per capita injury rate does not differ by deprivation deciles but is higher in 

Māori and other ethnicities (which mainly constitute New Zealand Europeans) compared to the 

Pacific and Asian population (Hosking et al., 2013). 



 

15 

2.2.2.1.2. Bicycling experience and exposure 

Experience of bicycling may increase the level of skill and ability to perceive road hazards and risks 

and this in turn may lower the crash risk. However, the evidence to date is limited and inconclusive. 

In one  study, the risk is lower in more experienced cyclists but the association is not significant if 

only serious injuries are considered (Heesch et al., 2011). In another study, there is no difference in 

injury rates by experience levels (Hoffman et al., 2010). 

Logically, bicycling exposure is positively associated with the crash risk (Heesch et al., 2011; 

Sgaglione et al., 1982). This can, at least in part, contribute to cross-country and demographic 

differences mentioned above. As such, it is recommended that exposure information be considered 

in estimating the actual risks and patterns of traffic casualties (Christie et al., 2007; Organisation for 

Economic Co-operation and Development (OECD), 1998).  

Cyclists may feel safer in a group than alone on the road. Riding in a bunch is an enjoyable, efficient 

and energy-saving way to ride but may increase the crash risk if done incorrectly. For example,  

riders may engage in risky behaviours in a group, for example, passing through red lights, spreading 

across the road or cycling at high speeds, thereby provoking negative interactions with other road 

users (Johnson et al., 2009; O'Connor and Brown, 2007). In addition, they may not notice road 

hazards if the view is obscured by fellow riders (Albert, 1999). However, to date, little research has 

been done to quantify the risks associated with bunch riding. 

2.2.2.1.3. Helmet use 

It seems intuitive that use of bicycle helmets reduce the likelihood and severity of head injury in a 

crash (Thompson et al., 2009). In a setting where helmet use is not mandatory, helmet use may also 

serve as a proxy for risk-avoiding behaviour – helmet wearers are more likely to obey traffic laws 

(Farris et al., 1997), wear fluorescent clothing and use lights at night (McGuire and Smith, 2000) and 

are less likely to consume alcohol before riding (Orsi et al., 2014). Such behavioural differences may be 

responsible for an inverse association between helmet use and injury severity observed in cyclists 

presented at a trauma centre without major head injuries (Spaite et al., 1991). On the other hand, 

helmet wearers may take more risk due to compensating behaviour (Adams and Hillman, 2001). 

Drivers may also alter their behaviour (e.g., overtake closer)  toward helmeted cyclists (Walker, 2007) 

but this association is not significant in re-analysis (Olivier and Walter, 2013). 

2.2.2.1.4. Cyclist conspicuity 

Looked-but-failed-to-see errors are common in car-bicycle collisions (Herslund and Jørgensen, 2003; 

Koustanaï et al., 2008) and may be addressed by enhancing the physical conspicuity of cyclists 
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through the use of conspicuity aids such as fluorescent colours, lights and reflective materials. Such 

measures are effective in improving detection and recognition time by drivers (Kwan and Mapstone, 

2009) but very few studies have investigated their effect on cyclist safety and the available evidence is 

inconclusive (Hagel et al., 2012; Hoffman et al., 2010; Miller, 2012; Thornley et al., 2008). This will be 

discussed in more detail in Section 2.3. 

2.2.2.1.5.  Risk-taking behaviours 

Risk-taking behaviours have been associated with an increased risk of injury except in high-skilled, 

risk-taking sports such as skiing (Turner et al., 2004) but none of the studies reviewed investigated 

bicycle crash injuries. Traffic infringements such as riding through red lights, riding the wrong way on 

one-way streets, riding side by side with other cyclists and failing to signal before manoeuvring are 

frequently cited risk behaviours that may have a negative impact on drivers’ attitudes toward cyclists 

(Bacchieri et al., 2010; Basford et al., 2002; Fincham, 2006) but have accounted for a small 

proportion of crashes involving a motor vehicle (Knowles et al., 2009a; Schramm et al., 2008). 

Alcohol and drug use is relatively low in cyclists but may increase the likelihood and severity of injury 

particularly to head and face (Andersson and Bunketorp, 2002; Crocker et al., 2012; Martínez-Ruiz et 

al., 2013; Orsi et al., 2014). High cycling speed also increases the risk of severe and fatal injury 

(Rivara et al., 1997). 

Risk behaviours often cluster within individuals and may be associated with some personality traits 

such as sensation seeking, impulsivity, aggression and sociability (Zuckerman and Kuhlman, 2000), 

normlessness (Chen, 2009) and cognitive control (Geier, 2013). For example, risky cycling behaviour 

is common in adolescents with positive attitudes toward risk and low sense of responsibility 

(Feenstra et al., 2010). Risk behaviours are also likely to be influenced by use/non-use of safety 

equipment such as a helmet (see Section 2.2.2.1.3 for details). In addition, some of the clusterings 

may be linked to broader environmental factors such as neighbourhood socioeconomic status 

(Halonen et al., 2012).  Co-occurrence of risk behaviours may be associated with a higher crash risk 

than individual factors alone. For example, in a Brazilian study, a set of risk behaviours including 

zigzagging through traffic, riding after drinking alcohol and fast riding significantly increased the 

crash risk  but individual behaviours did not (Bacchieri et al., 2010). 

2.2.2.1.6. Phenomenon of “accident proneness” 

This phenomenon was first reported several decades ago (Greenwood and Woods, 1919) and 

proposes that injuries tend to cluster within persons. It has been a subject of much debate but a 

recent meta-analysis reported that the observed number of individuals with repetitive injuries was 
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higher than would be expected by chance (Visser et al., 2007). A broader term “accident liability” 

emphasises the role of multiple factors in injury causation (Farmer and Chambers, 1926; Kuné, 

1985). However, little is known about the association between previous and future crashes among 

cyclists. 

2.2.2.2. Vehicle factors 

The type and condition of bicycle used may influence the crash risk. In general, road or racing bikes 

carry the highest risk (Rodgers, 1997) possibly due to their light-weight frames, narrow tyres and 

downward curving handlebars. Logically, bicycle malfunction and poor maintenance is associated 

with a higher crash risk (Eilert-Petersson and Schelp, 1997; Kiburz et al., 1986; Martínez-Ruiz et al., 

2013). 

2.2.2.3. Environmental factors 

2.2.2.3.1. Natural environment 

The majority of crashes occur in good weather and during the day when most people cycle but the 

risk particularly of serious injuries increases in bad weather (Gill and Goldacre, 2009; Munster et al., 

2001) and darkness (Johansson et al., 2009; Stichting Wetenschappelijk Onderzoek 

Verkeersveiligheid (SWOV), 2013). 

2.2.2.3.2. Urbanicity 

The majority of on-road crashes occur in urban areas (Boufous et al., 2012; Eilert-Petersson and 

Schelp, 1997) where there are more people, heavy traffic and busy intersections but more severe 

crashes tend to be located in more remote areas where vehicles tend to travel at higher speeds 

(Amoros et al., 2011; Boufous et al., 2012; Kim et al., 2007). The presence of commercial and retail 

establishments has also been associated with a higher risk of crashes involving a motor vehicle 

(Dumbaugh and Li, 2010; Romanow et al., 2012).  

2.2.2.3.3. Road infrastructure  

Many studies consistently show a lower rate of crashes or injuries on on-road bike lanes compared 

to unmodified roadways (Reynolds et al., 2009) but the safety effect may be reduced if the lanes are 

poorly connected, poorly maintained, infringed on by traffic or used to park cars (Christmas et al., 

2010). The evidence regarding segregated facilities such as off-road bike paths and sidewalks is not 

conclusive (Reynolds et al., 2009). It is likely that the potential benefits of segregating cyclists from 

motorised traffic are offset by the risks that apply at intersections (Reid and Adams, 2010).  
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Intersections are particularly risky for crashes involving a motor vehicle (Knowles et al., 2009b; Reid 

and Adams, 2010; Turner et al., 2006). Raised or coloured bicycle crossings at uncontrolled 

intersections, and bike boxes (advanced stop lines) and separate bicycle phase at signalised 

intersections appear to improve cyclists’ perception of safety and reduce the crash risk but the 

evidence to date is limited (Pucher et al., 2010; Reid and Adams, 2010; Reynolds et al., 2009). Large 

roundabouts with multiple traffic lanes or with marked bicycle lanes are dangerous due to potential 

conflicts and the risk may be reduced by providing separated cycle track or reducing traffic speed 

(Reid and Adams, 2010; Reynolds et al., 2009).  

2.2.2.3.4. Traffic volume and speed 

Both volume and speed of motorised traffic pose risks to cyclists and other vulnerable road users 

(Ekman, 1996; Global Road Safety Partnership, 2008; Rivara et al., 1997). Area-wide traffic calming 

schemes discourage through traffic and are reported to reduce the number and severity of traffic 

casualties (Bunn et al., 2009; Elvik, 2001). However, physical calming measures, if not carefully 

designed, may disadvantage cyclists, for example, road narrowings are uncomfortable for many 

cyclists due to enforced proximity to motor vehicles (Gibbard et al., 2004). Speed limit zones without 

physical calming (e.g., 20 mph zones in London) may also improve safety (Webster and Layfield, 

2005). 

2.2.2.3.5. Rules and legislation 

The official New Zealand road code requires cyclists to follow the same road rules as motor vehicles, 

not to ride on the footpath, not to ride more than two cyclists abreast on the road, to use a helmet, to 

have good brakes and reflectors and to have lights on while riding in the dark (NZ Transport Agency, 

2013a).  

The mandatory all-age bicycle helmet law was implemented in New Zealand in January 1994. Such 

legislation appears to increase helmet use and reduce the risk of head and brain injury (Macpherson 

and Spinks, 2009; Povey et al., 1999; Scuffham et al., 2000; Thompson et al., 2009) but the effect 

seems to be minimal after controlling for background trends (Dennis et al., 2013). Moreover, the 

overall benefits, risks and unintended consequences of helmet laws have been the source of 

considerable debate (Clarke, 2012; Hagel et al., 2006; Robinson, 2006). 
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2.2.3. What has been done to prevent bicycle crash injuries? 

Measures that have been implemented to prevent bicycle crash injuries  can be categorised as those 

seeking to reduce negative outcomes in case of a crash (e.g., helmet use) and those seeking to avoid 

crashes (e.g., safety equipment, education and skills training and broader environmental measures).   

The former has received much attention in the bicycle safety agenda. Helmet use is mandatory in 

some countries, either for all cyclists (e.g., New Zealand and Australia) or for minorities (e.g., Austria, 

Sweden, some states/provinces in the US/Canada) (OECD/International Transport Forum, 2013). 

Some have argued, however, that mandating helmet use may have unintended consequences such 

as negative health impacts due to less bicycling (de Jong, 2012; Elvik et al., 2009). 

Important safety equipment on bicycles include good brakes, pedal reflectors and tail lights (Elvik et 

al., 2009). These measures improve stopping, detection and recognition distances but none have 

been evaluated using actual crash data. Daytime running lights powered by electrodynamic 

induction from magnets fixed to the spokes appear to reduce the risk of crashes involving other road 

users (Madsen et al., 2013). Use of high visibility clothing is also recommended for road cyclists to 

enhance their physical conspicuity. As mentioned in Section 2.2.2.1.4, such measures improve 

drivers’ detection and recognition of cyclists (Kwan and Mapstone, 2009) but the evidence regarding 

the effectiveness of these measures in reducing bicycle crashes is scarce and unclear (Hagel et al., 

2012; Hoffman et al., 2010; Miller, 2012; Thornley et al., 2008).  

Educational programmes often focus on the use of helmets and safety equipment but may extend to 

cyclist skills training courses of various durations. The programmes mainly target children and youth 

and are reported to increase knowledge of bicycle safety but their effect on safe bicycling behaviour 

and injury risk is inconclusive (Richmond et al., 2014; Rivara and Metrik, 1998; Twisk et al., 2014). 

Interventions may also be targeted at a wide audience that include cyclists and other road users. For 

example, share the road campaigns are designed to encourage cyclists and motorists to share the 

road cooperatively and safely. Such programmes increase public awareness (Land Transport New 

Zealand, 2006) and improve driver behaviour (Kay et al., 2014) but their effect on bicycle safety has 

not been properly evaluated.    

Environmental measures such as traffic calming, street lighting, and properly designed, built and 

maintained roads, cycleways and intersection treatments may improve bicycle safety (Bunn et al., 

2009; Killoran et al., 2006; Reid and Adams, 2010; Reynolds et al., 2009; Towner et al., 2001). Such 

supportive infrastructures are also likely to improve perceived safety and promote bicycling.  
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Many countries have endorsed the safe system approach which focuses on improving the inherent 

safety of the traffic system (OECD/International Transport Forum, 2013). New Zealand’s current road 

safety strategy (Safer Journeys) also acknowledges this (Ministry of Transport, 2010). The approach 

includes four key principles: 

 Functionality: The actual use of the roads should conform to their design and intended use;

 Homogeneity: Differentials in traffic speed, volume and direction should be avoided by

separating traffic types and if it is not feasible, motorised traffic speeds should be reduced;

 Predictability: Road design including its surroundings should be easily recognisable and

predictable for all road users. In particular, proper junction design and treatment is important for

cyclists; and

 Forgiveness: Negative outcomes should be minimised in case of a crash (e.g., cyclist-friendly

vehicle design and helmets).

Importantly, bicycle safety and injury prevention measures should be selected based on local or 

national preconditions such as bicycling culture, traffic rules and existing infrastructure, and should 

be implemented cooperatively with other pro-cycling measures. 

2.3. Conspicuity 

“More than one in five cyclists go unseen by motorists on the road………..confirming the extent of the 

‘SMIDSY’ – ‘Sorry mate, I didn’t see you’.”       

(road.cc, 2013) 

“Cycle safe: Cyclists’ biggest fear – drivers who don’t notice them” 

(New Zealand Herald, 14 January 2014) 

Not being seen is a key safety concern for cyclists in today’s complex traffic environments. Drivers 

fail to see a bicycle due to its rarity, small size, slow speed and low level of perceived threat 

(Herslund and Jørgensen, 2003; Koustanaï et al., 2008; Summala et al., 1996). This type of driver 

failure is common in bicycle-car collisions  (Koustanaï et al., 2008; Räsänen and Summala, 1998) and 

is often termed as looked but failed to see phenomenon (Herslund and Jørgensen, 2003; Hills, 1980). 

2.3.1. Late detection – basic driver error 

Drivers’ late detection is fundamental and can occur due to two important causes: a difficulty with 

perceptual threshold and a lapse of cognitive expectation (Rumar, 1990). The former relates to the 

intrinsic properties of a target such as size, luminance, colour, etc. and may result in failure to detect 
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another road user in low levels of ambient illumination or in peripheral vision. The latter depends on 

the driver’s attention, expectation and ability to extract a target from a given background and can be 

demonstrated by failure to scan for a specific type of road user or failure to look in the appropriate 

direction.  

Previous research has focused on perceptual errors and attempted to tackle the problem by making 

vulnerable road users (e.g., pedestrians, bicyclists and motorcyclists) more visible (Kwan and 

Mapstone, 2009; Wells et al., 2004). However, drivers’ late detection is not confined to crashes 

involving small vehicles but also contributes to those involving  another car (Cercarelli et al., 1992), 

police vehicles (Langham et al., 2002) and even railway engines (Leibowitz, 1985), suggesting that 

cognitive errors are equally important.  

2.3.2. What is conspicuity? 

The word ‘conspicuous’ originates from Latin cōnspicere ‘look at attentively’ and is defined as 

‘clearly visible’ or ‘attracting notice or attention’ in Oxford Dictionaries. In road safety research, it is 

important not to confuse ‘conspicuity’ with ‘visibility’.  The former refers to the property of an object 

to stand out or be distinguishable from its surroundings whereas the latter merely describes the 

intensity or salience of an object’s features (Wertheim, 2010). This means that conspicuity of an 

object is situation-specific and depends not only on its physical features but also on its interrelation 

with environment and its ability to draw attention to itself.  

It is possible to define two types of conspicuity: physical or search or sensory conspicuity and 

attention or cognitive conspicuity (Cole and Hughes, 1984; Gershon et al., 2012; Wulf et al., 1989). 

Physical conspicuity is defined as the distinction of an object due to its physical features such as size, 

colour, luminance, contrast, etc. It may be affected by environmental conditions such as weather 

conditions and light levels but may be improved by using appropriate conspicuity aids. Physically 

conspicuous objects can be readily located by visual search, thereby minimising perceptual errors. 

However, search behaviour is complex and may be influenced by many factors including the 

observer’s expectation of seeing the object in a given context. In this sense, attention conspicuity 

may also need to be considered, which refers to the distinction of an object based on the observer’s 

interests and experiences. Attentionally conspicuous objects have some meaning or relevance to the 

observer and therefore can capture his/her attention. This in turn may tackle cognitive errors 

encountered in the traffic environment.  
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2.3.3. Does physical conspicuity play a role in improving cyclists’ safety? 

The physical conspicuity of cyclists is poor in complex road environments due to atypical properties 

of the bicycle such as size, shape and speed compared to motorised traffic. More than one in five 

cyclists are not seen by motorists who participated in an eye tracking experiment in the UK (road.cc, 

2013). This type of driver failure has accounted for a large proportion of bicycle crashes involving a 

motor vehicle (Koustanaï et al., 2008; Räsänen and Summala, 1998). Consequently, bicycle safety 

efforts have emphasised the use of conspicuity aids to increase the chance that cyclists are detected 

(World Health Organization, 2004). 

Conspicuity enhancers commonly available for use by cyclists include fluorescent materials, 

retroreflectors and lights. To be able to make good use of the former two, it is important to 

understand how they work. Fluorescent materials absorb some ultraviolet light and re-emit the 

visible light back to the human eye, and therefore are suitable for use during the daytime (Joint 

Technical Committee SF/4, 1999). The effects are especially pronounced at dawn and twilight when 

more short-wave light is available (3M Roadway Safety, 2014). Reflectors are designed with prisms 

or glass beads to reflect light back in the direction of its source and therefore are suitable for use in 

the dark when a light source is available close to the observer (e.g., driver sitting directly behind 

motor vehicle headlights) (Joint Technical Committee SF/4, 1999).  

A number of studies have investigated the effect of conspicuity aids on drivers’ reaction, detection 

and recognition responses. A systematic review, based on 42 trials, has concluded that conspicuity 

aids enable drivers to detect cyclists and pedestrians earlier in laboratory and simulated settings 

(Kwan and Mapstone, 2009). The key findings include: fluorescent materials in yellow, red and 

orange colours are effective during the daytime; yellow is the most effective non-fluorescent colour 

for daytime conspicuity; retroreflective materials in yellow and red colours, lamps and flashing lights 

improve night-time conspicuity; and biomotion configurations improve performance of conspicuity 

aids. The authors, however, have not found any trials assessing the effect of conspicuity aids on 

bicycle safety on the road. 

Some observational studies have reported the association between use of conspicuity aids and the 

injury risk. A cross-sectional analysis of the baseline data from the Taupo Bicycle Study in New 

Zealand has reported that wearing fluorescent colours is associated with a lower crash risk but using 

lights and reflectors are not (Thornley et al., 2008). The association between using lights or reflective 

materials and the occurrence of traumatic (defined as a cycling event leading to injury) and serious 

traumatic (defined as a traumatic event requiring medical attention) events is not significant in a 

longitudinal analysis of the data from another cohort study in the US (Hoffman et al., 2010). 
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However, the findings of both studies may be affected by failure to exclude cyclist only crashes. 

More recent case-control studies have restricted cases to cyclists involved in a crash with a motor 

vehicle (collision or attempted evasion of a collision). The UK study has reported a higher crash risk 

associated with using any conspicuity aid (Miller, 2012). The Canadian study has observed that the 

risk of collisions is increased by wearing fluorescent clothing but decreased by wearing white or 

coloured clothing (Hagel et al., 2012). The findings, however, may be complicated by potential biases 

due to differential study participation and misclassification of exposure. A very recent study has 

evaluated the effects of seven outfits on drivers’ overtaking proximities in the UK and reported no 

beneficial effect associated with high-visibility clothing (Walker et al., 2014).  

Overall, evidence for the effectiveness of conspicuity aids in improving cyclists’ safety remains 

equivocal.   

2.3.4. Does attention conspicuity play a role in improving cyclists’ safety? 

Drivers’ attention to a target is subject to two important factors: frequency with which it is 

encountered in traffic and the cost of detection failure (Wulf et al., 1989). In general, drivers develop 

a visual search strategy which focuses on more frequent and major dangers such as motor vehicles 

but filters out less frequent objects (Summala et al., 1996). Consequently, vulnerable road users, 

who are relatively rare and pose little threat to drivers, may well be overlooked especially at high 

task demands (e.g., in heavy traffic). Cyclists are less likely to be seen by drivers compared to other 

vulnerable road users such as motorcyclists and pedestrians (road.cc, 2013). 

The attention conspicuity of cyclists may be enhanced by encouraging more people to cycle rather 

than drive. This in turn may improve their safety as evidenced from the safety in numbers 

phenomenon. Safety in numbers is well-known in traffic safety and suggests that a specific mode of 

travel may become safer if more people do it. That is, the crash risk is non-linear - an increase in 

exposure results in a less than proportional increase in the number of crashes. This effect was first 

demonstrated by R.J Smeed with regards to motor vehicle crashes (Smeed, 1949) and is often 

referred to as Smeed’s law (Adams, 1985). More recent research has reported that the benefits of 

safety in numbers apply to cyclists (and pedestrians) in the US (Jacobsen, 2003), Europe (Brüde and 

Larsson, 1993; Ekman, 1996; Elvik, 2009; Jacobsen, 2003; Jonsson, 2005; Leden et al., 2000; 

Vandenbulcke et al., 2009) , Australia (Robinson, 2005) and New Zealand (Turner et al., 2006).  A 

cross-country analysis using five independent datasets from the US and Europe shows that a cyclist’s 

risk of being struck by a motor vehicle varies with the -0.6 power of the amount of cycling (Jacobsen, 

2003).  
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It is also important to take into account motor vehicle volume in predicting the risk of collision crashes. 

To date, very few studies have investigated this in relation to cyclists but consistently reported that the 

crash risk increases with an increase in motor vehicle volume (Brüde and Larsson, 1993; Elvik, 2009; 

Jonsson, 2005; Turner et al., 2006).  This indicates that the safety in numbers effect may be enhanced 

by shifting trips from motor vehicles to bicycles, rather than increasing bicycle use per se. 

Behaviour modification by drivers is considered the most likely mechanism which underlies the 

safety in numbers effect (Jacobsen, 2003). For example, in a previous study, motorists drive more 

slowly when they encounter more pedestrians and faster when there are few (Todd, 1992). 

Moreover, if more people cycle, drivers are more likely to expect to see a bicycle on the road. 

Expectancy plays a critical role in human perception (Hills, 1980; Houtenbos, 2008). For example, 

previous research has demonstrated an increase in pedestrian detection distance with expectancy 

(Bhagavathula and Gibbons, 2013; Shinar, 1985). In addition, drivers in stronger bicycling 

communities are more likely to be cyclists themselves and may give more consideration and respect 

to other road users (Jacobsen, 2003; Vandenbulcke et al., 2009). Such a situation is also likely to 

result in greater political will to improve the traffic environment in favour of cyclists and their safety 

(Robinson, 2005).  Some have proposed that better facilities and safer conditions in bicycle-friendly 

cities may be another explanation for the safety in numbers effect (Bhatia and Wier, 2011; 

Thompson et al., 2014; Wegman et al., 2012).   

2.4. Current situation in New Zealand 

The New Zealand transportation system, policies and infrastructure in recent decades have strongly 

favoured use of motor vehicles at the expense of active transport modes. Consequently, bicycle use 

is low (Section 2.1.1) and the injury risk for cyclists is high compared to European countries (Section 

2.2.1).  Table 2-2 summarises existing data sources, available evidence and limitations regarding the 

three research questions outlined in this thesis. The most recent evidence is presented if there is a 

series of publications on the same topic. Note that publications based on this doctoral research are 

deliberately excluded.  
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Table 2-2. New Zealand-specific evidence relating to the three research questions addressed in this thesis  

Research questions Data Sources Findings Limitations 

 
Bicycle travel 

 
Household Travel Surveys 
   - First survey 1989-90 
   - Second survey 1997-98 
   - Third (ongoing) survey 
     from 2003 onwards 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Censuses (1976-2013) 
 
 
 
 
 
 

 
Cycling for Transport (2009-13) (Ministry of Transport, 2013d) 
   - Cycling accounted for 1.4% of total trip legs. 
   - Cycling accounted for 1.8% of total travel time. 
   - 30% of adults had cycled in the last year.  
     (cf. 67% of 5-12 year olds and 53% of 13-17 year olds) 
   - 7% of adults had cycled 5+ days in the last month.  
     (cf. 32% of 5-12 year olds and 18% of 13-17 year olds) 
 
Access to a bicycle (2009-13) ((Ministry of Transport, 2013a) 
   - 47% of the households had a bicycle in working order, ranging  
     from 34% in Northland and 35% in Auckland to 62% in Nelson- 
     Marlborough-Tasman. 
   
Trends in trip chaining1 (2004-07) (O'Fallen and Sullivan, 2009) 
   - 21% of all trip chains were <2 km and 50% were <6 km. 
   - 82% of cycling trip chains were <6km. 
   - 44% of vehicle driver trip chains were <6km (potentially cyclable). 
 
Trend (NZ Transport Agency and Ministry of Transport, 2014) 
   - Total distance cycled dropped from 350 million km per year in  
     1989/90 to280 million km per year in 2003-08 and has since risen  
     to 305 million km per year. 
   - The percentage of people cycling to work dropped from 4.25% in  
     1990 to 2.25% in 2007 and has since risen again to just over 3%.   
    
Cycling to work (2013) (NZ Transport Agency and Ministry of 
Transport, 2014) 
   - 2.7% used a bike to travel to work 
 
Commuting patterns in the employed population (2006) (Statistics 
New Zealand, 2009) 
   - About three quarters used a car to travel to work. 

 
Suboptimal response rates (66-75%). 
Relatively few bicycle trips were recorded. 
  -  The findings may be subject to  
     uncertainty. 
  -  Detailed demographic breakdown   
     is not possible. 
 
 
As above. 
 
 
 
 
As above. 
 
 
 
 
As above. 
 
 
 
 
 
 
Questions were date-specific. 
   - The findings may be biased seasonally. 
Did not consider multiple travel modes. 
 
As above. 
The report lacks detailed information on 
individual travel modes. 
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Active New Zealand Survey 
   - First 3 surveys 
     1997- 2001 
   - Fourth survey 2007-08 

Bicycle import statistics 
(1988-2012) 

Cycle Traffic Counts  
at regional and local levels 

Attitude/perception surveys 

   - 2.4% used a bike to travel to work. 
   - About half of the trips were <6 km. 

Work-related travel patterns and oil prices (2006) (Badland et al., 
2009) 
   - Use of private motor vehicles may be sensitive to 
     changing oil price 

Cycling (2007-08) (Sport New Zealand, 2009) 
   - 23% of adults had cycled at least once in the last year. 
     (20% had participated in road cycling, 6% in mountain 
     biking and 3% in both.) 
   - Cycling is the fifth most popular sport and recreation  
     activity. 

Bicycle imports (Bicycle Industry Association of NZ, 2013) 
   - The number of bicycles imported rose from 96180 in 1988 to 
     281860 in 2007 and has since dropped slightly. 

Manual cycle monitoring (e.g., Auckland region (Gravitas Research 
and Strategy Ltd., 2013) 
   - 11% increase in cycle movements in 2013 compared to  
     2012 (83 sites) 

Automatic cycle monitoring (e.g., Auckland region (Auckland 
Transport, 2014) 
   - 9% increase in cycle movements in March 2014 
     compared to March 2013 (9 sites) 

Auckland Transport Cycling Survey (N=1048) (2013) (Auckland 
Transport, 2013) 
   - 51% said that the current state of cycling in Auckland was poor. 
   - 59% indicated safety concerns area barrier to cycling more. 
   - 28% owned a bike & 45% had access to a bike. 
   - 66% lacked confidence riding a bike. 

 - 72% of those who could cycle places chose not to. 

Possibility of ecological fallacy. 

Suboptimal response rate (61%). 
Did not ask cycling for utilitarian purposes. 

Limited representativeness. 
Potentially limited accuracy. 
Limited observation time (6:30-9:00 am 
and 4:00-7:00 pm). 

Limited representativeness. 

Did not report the response rate. 
The study was undertaken in one region 
only. 
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URBAN study (2008-10) 
 
 
 
 
 
 
 
 
 
Active Friendly Environments 
Survey (2005) 
 

   - Cycle lanes/routes were most commonly cited as a priority in    
     getting more Aucklanders cycling  
 
Wellington and Auckland transport perception surveys (2012) 
(Ministry of Transport, 2013b) 
   - 35% of Aucklanders and 25% Wellington residents responded  
     “good” to the question “How hassle free is cycling in your region?”. 
   - 23% of Aucklanders and 22% of Wellington residents responded  
     “safe” to the question “How safe do you think people are cycling?”. 
 
University of Canterbury staff and students (N=4772), recreational 
cyclists (N=490) & community groups (N=147), focus groups (N=48) 
(2008-09) (NZ Transport Agency, 2011) 
   - Factors perceived as important to encourage cycling to work  
     include: safety, enjoyment, cycling facilities, showering/changing  
     facilities, traffic levels and drivers’ road manners. 
 
National representative sample (N=7894) (2003) (Badland and 
Schofield, 2006) 
   - 21% strongly agreed and 17% agreed that they could replace car   
     journeys with walking/cycling for at least 2 days a week. 
   - Cycling was less acceptable than walking.  
 
Cross-sectional analysis of data from 2033 adults (Witten et al., 2012) 
   - Neighbourhood destination access, street connectivity and  
     dwelling density were associated with transport-related physical  
     activity2 

 
Cross-sectional analysis of data from 1616 employed adults (Badland 
et al., 2012) 
   - Respondents who preferred urban style neighbourhood were more  
     likely to take active transport to work. 
 
Cross-sectional analysis of data from 364 adults who travelled <5 km 
to work (Badland et al., 2008) 
   - Street connectivity and commute distance were associated with  

 
 
 
Did not report the sample size.  
The study was undertaken in two regions 
only. 
 
 
 
 
The study was undertaken in one city only 
(Christchurch) except the recreational 
cyclist survey. 
 
 
 
 
Did not report the response rate. 
 
 
 
 
 
The study was undertaken in four cities 
only (Wellington, Christchurch, Waitakere 
and North Shore). 
Relatively low response rate (45%). 
 
As above. 
 
 
 
 
The study was undertaken in one city only 
(North Shore). 
Low response rate (31%). 
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     transport-related physical activity. 

Injury risk Crash analysis system (CAS) 

Hospital discharge and 
mortality records 

Risk on the road (2007-11) (Ministry of Transport, 2012c, d) 
   - 10 cyclists died and 187 were injured in motor vehicle crashes each 
     Year. 
   - 29 deaths/injuries per million hours spent cycling. 
   - 245 deaths/injuries per 100 million km cycled per year. 

Trend (NZ Transport Agency and Ministry of Transport, 2014) 
   - The rate of deaths and injuries dropped from 3.1 per million km 
     cycled in 1989-90 to 2.7 per million km cycled in 2008-13. 

Cyclist crash statistics (2008-12) ((Ministry of Transport, 2013e) 
   - 9 cyclists died and over 300 required hospitalisation from injuries in 
     motor vehicle crashes each year. 
   - Additional 893 cyclists were hospitalised in 2012 for crashes not 
     involving a motor vehicle. 

Trends in cyclist injury (1989-1998) (Dow et al., 2001) 
   - 19 cyclists died and 1210 were hospitalised for injuries each year. 
   - 91% of deaths and 21% hospitalisations resulted from a collision  
     with a motor vehicle. 
   - Motor vehicle crashes declined from 1989 to 1998. 

Voluntary helmet use and head injuries (1980-92) (Scuffham and 
Langley, 1997) 
   - An increase in helmet use during the study period had little 
     association with serious head injuries as a percentage of all serious 
     injuries to cyclists. 

Mandatory helmet wearing law and head injuries (1990-1996) (Povey 
et al., 1999) 
   - An increase in helmet use was associated with a reduction in head 
     injuries by 24-32% in non-motor vehicle crashes and by 20% in 
     motor vehicle crashes. 

The data covered crashes involving a 
motor vehicle only. 
Potential underreporting. 
Potential misclassification of injury 
severity. 

As above. 

Potential coding errors. 
Did not account for cycling exposure. 

As above. 

Possibility of ecological fallacy. 

As above. 



 

29 

 
 
 
 
 
 
Claims database 
 
 
 
 
 
 
 
 
 
 
 
 
Data from CAS, claims 
database and St John’s 
Ambulance data 
 
 
 
Survey of cyclists from the 
hospital discharge and claims 
databases (2002-2004) 
 
 
Survey of cyclists from the 
hospital discharge and claims 
databases (1999-2000) 
 
Cycle helmet use surveys 
 

 
Mandatory helmet wearing law and head injuries (1988-1996) 
(Scuffham et al., 2000) 
   - An increase in helmet use was associated with a 19%  
     reduction in head injuries. 
 
ACC new claims (2012/13) (Accident Compensation Corporation 
(ACC), 2013) 
   - 1749 new claims for road cycling injuries (6% of all road-related  
     claims; 0.1% of all new claims) 
   - 24973 new claims for recreational cycling/mountain biking (6% of  
     all sport & recreation-related claims; 1% of all new claims). 
 
Adventure tourism and sports-related injuries (2004-05) (Bentley et 
al., 2006) 
   - 2618 claims for mountain biking injuries (14% of all adventure  
     tourism and sports-related injuries) 
   - 14.8 claims per 1000 participants 
 
On-road cycle crashes (2003-04)  
   - Important contributing factors include: traffic volume (all crashes),  
     cycle volume (cycle-motor vehicle crashes), length of the mid-block  
     section, presence/absence of flush medians and parking (mid-block  
     crashes) 
 
On-road cycle crashes (N=264) (Turner et al., 2006) 
   - 73% involved a motor vehicle. 
   - The main cause is failure of other traffic to notice or give way to  
     the cyclist. 
 
Cycle-only crashes on public roads (N=164) (Munster et al., 2001) 
   - Main causes include: cyclists’ own actions (34%), road features  
     (28%) and bicycle problems (16%). 
 
4600 cyclists observed at 58 sites around the country (2012) (Ministry 
of Transport, 2012a) 

 
As above. 
 
 
 
 
Potential coding errors. 
Did not report exposure-based estimates. 
 
 
 
 
 
Potential coding errors. 
 
 
 
 
 
The study was undertaken in three cities 
only (Christchurch, Hamilton and 
Palmerston North). 
Possibility of ecological fallacy. 
 
 
The study was undertaken in three cities 
only (Christchurch, Hamilton and 
Palmerston North). 
Did not report the response rate. 
 
Low response rate (22%). 
The sample was restricted to cyclists with 
medically attended injuries. 
 
Short observation time (8-9 am and 3-4 
pm on normal school weekdays in March 
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Taupo Bicycle Study (2006) 

    - The cycle helmet use rate across all age groups was 92%. 

Cross-sectional analysis of baseline data from 2469 cyclists (Thornley 
et al., 2008) 
   - The rate of crashes (which disrupted daily activities for 24+ hours) 
     was 0.5 per cyclist per year. 
   - Predictors include: cycling experience, average cycling speed, 
     cycling off-road and in the dark, type of bicycle used, using back 
     lights in the dark and wearing fluorescent colours. 

and April). 

Relatively low response rate (43%). 
Possibility of reverse causation. 

Conspicuity CAS 

Taupo Bicycle Study (2006) 

Safety in numbers effect (1994-2003) (Turner et al., 2009; Turner et 
al., 2006) 
   - The rate of cycle-motor vehicle crashes decreased with increasing 
     cycle volume. 
   - The crash rate also decreased with decreasing vehicle volume. 

Cross-sectional analysis of baseline data from 2469 cyclists (Thornley 
et al., 2008) 
   - Use of fluorescent colours was associated with a lower crash risk. 
   - Use of back lights in the dark was associated with a higher crash  
     risk. 

The study was undertaken in three cities 
only (Christchurch, Hamilton and 
Palmerston North). 
Possibility of ecological fallacy. 

Relatively low response rate (43%). 
Possibility of reverse causation. 
Did not exclude cycle-only crashes. 

1 Trip chains describe how people link their travel between ‘significant’ locations, e.g., home, work, education and other activities where they remain for >90 minutes. Trip tours describe how 
people link their trip segment that begins and ends at home. 
2 Transport-related physical activity covers trips to and from utilitarian destinations 
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Current evidence on bicycle travel mostly come from the national household travel surveys and 

suggests that a bicycle is rarely used for everyday travel (Ministry of Transport, 2013d) although 

almost half of the households own a bicycle (Ministry of Transport, 2013a) and about half of the 

trips are potentially cyclable, that is, less than 6 km (O'Fallen and Sullivan, 2009; Statistics New 

Zealand, 2009). In contrast, there is a favourable trend for leisure time cycling (Sport New Zealand, 

2009). However, compared to utilitarian cycling, recreational cycling has a narrower scope for 

individual health and societal benefits for two reasons. First, recreational cycling must be added on 

top of modern busy lifestyles and therefore is less likely to be sustained. Second, recreational cycling 

does not substitute for motorised travel and therefore is less likely to bring social, economic and 

environmental benefits.  

Safety concerns, particularly related to the danger of motorised traffic, are one of the main reasons 

why people do not cycle for utilitarian purposes (Auckland Transport, 2013; NZ Transport Agency, 

2011). Other factors include: lack of facilities for cyclists, poor street connectivity, poor 

neighbourhood destination access, low dwelling density and long travel distance (Badland et al., 

2008; NZ Transport Agency, 2011; Witten et al., 2012).  

Evidence on injury risk is scarce and patchy in New Zealand. The main evidence comes from police 

reports and shows that cyclists have a higher crash rate compared to other types of road users 

except motorcyclists if travel exposure is taken into account (Ministry of Transport, 2012c, d). The 

police data, however, does not cover crashes where a motor vehicle is not involved. Underreporting 

is also common. A previous study found that only 22% of hospital-reported bicycle crashes and 54% of 

those involving a motor vehicle appeared in police reports (Langley et al., 2003). Other national data 

sources appear under-utilised to estimate the burden of bicycle crash injuries.  

Previous research has given particular attention to the association between helmet use and head 

injury. During the pre-legislative period, there was little association between helmet use and head 

injury (Scuffham and Langley, 1997) but the post-legislative reduction in head injury ranges from 19% 

to 32% (Povey et al., 1999; Scuffham et al., 2000). A cost-benefit analysis shows that the legislation is 

cost-effective in cyclists aged 5-12 years but not in older age groups (Taylor and Scuffham, 2002). A 

more recent evaluation argues that the legislation has failed to promote cycling and its safety 

(Clarke, 2012). Given a considerable debate in this area internationally (Hagel et al., 2006; Robinson, 

2006), this will not be discussed further. 

One of the main causes of bicycle crashes that occurred on public roads is failure of other traffic to 

notice or give way to the cyclist (Turner et al., 2006), suggesting that conspicuity may be a 
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contributing factor. Yet, this has not been properly evaluated in New Zealand. A cross-sectional 

analysis of the data from the Taupo Bicycle Study reported that use of fluorescent colours was 

associated with a lower crash risk (Thornley et al., 2008) but the analysis failed to exclude cyclist-

only crashes. Another study based on police reports observed the safety in numbers effect for 

cyclists (Turner et al., 2006) but the analysis was confined to three cities only. 

2.5. Contributions of this thesis 

This doctoral research aims to address some key gaps in current knowledge relating to bicycle travel, 

injury risk and conspicuity, using the data from the Taupo Bicycle Study as well as the relevant 

national data sources.  

The contributions of this thesis include: 

Bicycle travel 

 Travel to/from work is the largest travel category in New Zealand (Ministry of Transport,

2013c). Given this together with health and other potential benefits of active commuting, it

is worth investigating active travel to work in the country. While such information has been

collected in the household travel surveys, the findings may be subject to uncertainty

particularly for bicycle trips as relatively few such trips were recorded. Another data source

is a series of censuses which have collected information about the main means of travel to

work in the employed population. I therefore used the census data to investigate patterns

and trends in active travel to work over the 15-year period between 1991 and 2006.

 As there is a favourable trend for recreational cycling in New Zealand (Sport New Zealand,

2009), converting enthusiasm for recreational cycling to utility cycling could be a useful first

step in promoting bicycle use more generally. While previous research has identified some

factors associated with bicycle travel in the general population (Badland et al., 2008; NZ

Transport Agency, 2011; Witten et al., 2012), this has not been reported from the cyclists’

perspective. I therefore examined cyclists’ perceptions of factors that could influence their

use of a bicycle for transportation, using the data from the Taupo Bicycle Study.

 Weather was cited as an important barrier in the Taupo Bicycle Study. Likewise, an earlier

survey conducted at the University of Canterbury indicates lower likelihood of bicycle

commuting on a cold and wet day than on a warm and dry day (Nicholson and Kingham,

2003) However, the association between weather and bicycle use has not been quantified in

New Zealand. I therefore assessed the effect of season and weather on cycle volume in

Auckland, using automated cycle count data and the National Climate Database.
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Injury risk 

 In New Zealand, cyclists have attracted relatively little attention in the road safety research 

agenda. As a result, there is insufficient evidence regarding the actual burden and predictors 

of bicycle crash injuries to guide education and policy. Current national statistics typically 

refer to police reported crash data (Ministry of Transport, 2012c), which is known to 

undercount bicycle crashes (Langley et al., 2003). Moreover, crashes are generally reported 

to the police only if a motor vehicle is involved. I therefore investigated exposure-based 

rates and profiles of on-road cycling injuries, using hospital discharge and mortality data. 

 Understanding factors that could influence bicycle crashes may help develop interventions 

to improve cyclist safety. Such information is scant in New Zealand and relies on weak 

research designs. Importantly, there is a lack of longitudinal data to infer causality. I 

therefore followed up the participants of the Taupo Bicycle Study for bicycle crash injuries 

and identified demographic and habitual cycling characteristics associated with the injury 

risk.  

 Having a bicycle crash history was a significant predictor of future crashes in the Taupo 

Bicycle Study. This is consistent with the “accident proneness” phenomenon mentioned in 

Section 2.2.2.1.6. As underlying risks may cluster within groups of individuals (Hamilton et 

al., 2011), I used a propensity score stratification approach to assess if the strength of the 

association differs by the participants’ crash involvement propensity. 

 Residing in the Auckland region was associated with a higher risk of on-road bicycle crashes 

in the Taupo Bicycle Study. Auckland is New Zealand’s largest and fastest growing 

metropolitan region accommodating one-third of the total population (Statistics New 

Zealand, 2012b) but has the lowest level of active travel (in my previous analysis of the 

census data). As the risk disparity may be mediated through multiple pathways involving 

differences in characteristics of the participating cyclists as well as broader contextual and 

environmental factors, I performed a mediation analysis to identify underlying factors at 

individual, neighbourhood and environmental levels and assessed their relative contribution 

to the risk disparity. 

Conspicuity 

 The potential benefits of the safety in numbers effect for New Zealand cyclists was observed 

in a previous study undertaken in the three cities (Turner et al., 2006). As there are regional 

variations in travel patterns in the country (Ministry of Transport, 2012b), I investigated if 
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there is a similar effect nationwide using hospital discharge, mortality and travel survey 

data. 

 The official New Zealand road code requires cyclists to have reflectors and lights on while

riding in the dark and also recommends using high visibility materials (NZ Transport Agency, 

2013a). However, the effectiveness of conspicuity aids in reducing the crash risk has not been 

vigorously evaluated. Previous analysis of the data from the Taupo Bicycle Study reported a 

lower crash risk associated with wearing fluorescent colours but failed to exclude cyclist-only 

crashes. Lighting conditions at the time of the crash may also matter - fluorescent materials 

may not be effective for night time crashes whereas reflective materials may not be 

effective for daytime crashes. As such information was not available in the crash outcome 

data collected in the Taupo Bicycle Study, I conducted a latent class analysis to create a 

composite measure of physical conspicuity which will be relevant to both day- and night-

time crashes.  

In addition, this thesis discusses the methodological aspects of the Taupo Bicycle Study to 

ensure validity of the study results as well as to inform the design of future similar studies. The 

two main contributions are: 

 A major limitation in using routinely collected national databases for injury research is

incomplete and often inaccurate data captured by each database. For example, only one-

fifth of hospital-reported bicycle crashes appeared in police reports (Langley et al., 2003). 

Using multiple data sources through record linkage may provide a broader and more 

complete picture of injury but incomplete or imperfect data remains a concern. I therefore 

evaluated the completeness and accuracy of bicycle crash data collected through record 

linkage to four databases (police reports, hospital discharges, mortality records and 

insurance claims) in the Taupo Bicycle Study. 

 Prospective cohort studies overcome methodological limitations of many other

observational designs and are well suited to examine characteristics and usual habits that 

are indicative of injuries over a long period of time. Nevertheless, loss to follow-up may 

occur and if related to exposures, confounders and outcomes of interest, may bias 

association estimates (Rothman et al., 2008). However, the magnitude and direction of such 

bias have not been explored in the injury field. I therefore assessed the impact of 

(simulated) loss to follow-up on relevant exposure-outcome associations in the Taupo 

Bicycle Study. 
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Chapter 3. Methods 

This doctoral research uses the data from the Taupo Bicycle Study as well as routinely collected 

national data to address the three distinct research questions posed in this thesis. This chapter first 

describes the methods and conduct of the Taupo Bicycle Study including data management and 

analysis, and then explains how the national data are used and analysed. 

3.1. Taupo Bicycle Study 

The Taupo Bicycle Study is a prospective cohort study of cyclists designed to examine factors 

associated with regular cycling and injury risk. The concept for this study was initiated by 

collaborative efforts involving investigators from the Universities of Auckland and Otago: 

 Professor Alistair Woodward, Professor Shanthi Ameratunga and Dr Simon Thornley, Section 

of Epidemiology and Biostatistics, University of Auckland; 

 Professor John Langley, former Director of the Injury Prevention Research Unit, University of 

Otago; and 

 Professor Anthony Rodgers, formerly Director of Clinical Trials Research Unit, University of 

Auckland and now Professor of Global Health Sciences, University of Sydney. 

I was not involved in the initial recruitment phase of the study in 2006 but recruited some more 

participants in 2008. I was also the principal investigator of the study funded by a project grant from 

the Health Research Council of New Zealand in 2009 (09/142) to undertake the follow-up activities.    

3.1.1. Study design and rationale 

A prospective cohort design was considered appropriate because it is the most valid observational 

research design to make causal inferences when random allocation of exposure is not possible or 

appropriate. By explicitly incorporating the passage of time, cohort studies have overcome 

methodological limitations of other observational designs and have historically provided more 

credible evidence for decision-making (Samet and Muñoz, 1998). Examples include Framingham 

Heart Study (Oppenheimer, 2005),  British Doctors Study ((Doll et al., 2004) and Nurses’ Health Study 

(Colditz, 1995). This design has also proved to be an excellent mechanism to examine characteristics 

and usual habits that are indicative of injuries, provided that it is possible to recruit a large number of 

participants with sufficient heterogeneity with respect to the risk factors of interest (Ameratunga et al., 

2002). Habitual behaviours may function as a proxy indicator of acute behaviours. A number of 
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studies have reported associations between habitual behaviours and motor vehicle crashes (Blows 

et al., 2005; Fergusson et al., 2003). 

In addition, cohort studies have the advantage of evaluating multiple effects of a specific exposure. For 

example, the annual incidence of various cancers and other diseases associated with smoking was 

estimated in the British Doctors Study (Doll et al., 2004). Likewise in this research, the prospective 

design enables assessment of different crash outcomes - on-road crashes, crashes involving a motor 

vehicle is and off-road crashes - in relation to the risk factors of interest.  

To my knowledge, only two other prospective studies have reported the incidence and correlates of 

bicycle crash injuries (de Geus et al., 2012; Hoffman et al., 2010). A more recent Australian study is still 

ongoing (Poulos et al., 2012).  

The prospective design, however, is not suitable for assessment of cyclists’ acute behaviour, i.e., 

immediately prior to a crash,  and detailed crash information, such as weather, road and traffic 

conditions at the time of the crash, which could play a critical role in evaluating the effectiveness of 

protective gears such as helmets and conspicuity aids. Randomised trials provide the most valid 

results in such cases, for example, several trials have investigated the effectiveness of conspicuity aids 

in improving detection and recognition time by drivers (Kwan and Mapstone, 2009). However, when 

randomisation is not possible or appropriate, a case-control or case-crossover design may be used. 

Many case-control studies have examined the association between helmet use and head injuries 

(Amoros et al., 2012; Thompson et al., 2009). Likewise, some case-control studies have investigated 

the association between  conspicuity aid use and bicycle-motor vehicle crashes (Hagel et al., 2012; 

Miller, 2012). However, the findings are likely to be complicated by selection bias (if cases and controls 

are not representative and selected differentially by exposure of interest) and differential 

misclassification of exposure (e.g., due to recall bias or social desirability bias).  

3.1.2. Sampling and recruitment 

3.1.2.1. Sampling frame 

The sampling frame comprised all cyclists, aged 16 years and over, who enrolled online in the Lake 

Taupo Cycle Challenge, New Zealand’s largest mass cycling event. The event is held each year in the 

last weekend of November and regularly attracts in excess of 10,000 cyclists. The contestants have 

varying degrees of experience ranging from competitive sports cyclists (a small minority) and 

experienced social cyclists who cycle the full 160 km around the lake, to relative novices of all ages 
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who take part in relay teams. The relay teams make up about two-thirds of all contestants, most of 

whom ride 40 km each.  

3.1.2.2. Rationale for internet-based recruitment 

In New Zealand, in 2006 (when recruitment was undertaken), 66% of the population lived in 

households with access to the internet (OECD median 57%) - a considerable increase from 43% in 2001 

(Ministry of Social Development, 2008; Statistics New Zealand, 2006). As such, a web-based approach 

was used to recruit the study participants. 

In addition to its cost-effectiveness, this approach is a promising alternative to conventional 

methods (van Gelder et al., 2010) by addressing surveys to specific individuals, establishing contacts 

with respondents (who have shifted addresses) at different time points (Hewson et al., 1996), 

screening low incidence populations efficiently (Borer et al., 1996) and improving the quality of 

response (Shaefer and Dillman, 1998). While low response rate and privacy issues are major 

concerns (Sills and Song, 2002), the email response rates vary widely from 6% (Tse et al., 1995) to 

76% (Walsh et al., 1992) and can be improved by sending an advance mail notification (Kaplowitz et 

al., 2004) and/or using accepted privacy protection practices (Cho and LaRose, 1999). Another 

limitation is self-selectivity of internet users. This may limit the generalisability of the study findings 

depending on the take-up of the internet (van Gelder et al., 2010) but will have little impact on the 

validity of the association estimates in a prospective cohort study  (Lash et al., 2009; Lash et al., 2010). 

3.1.2.3. Recruitment process 

Recruitment was undertaken in November 2006 for most participants. Nine days prior to the event, 

email invitations were sent to 5653 contestants who provided their email addresses at registration 

for the event, using the websurveyor tool. Emails contain a hyperlink to an information page 

describing the study. Those who agreed to take part in the study (by clicking a button at the bottom 

of the page) were taken to the next page containing a web questionnaire and asked their 

demographic and cycling characteristics. Two prizes, NZ$5000 and NZ$1000 toward a bicycle 

purchase were offered as incentives. To enhance the response rate, two reminder notices were sent 

four and two days prior to the event. The questionnaire was completed and submitted by 2438 

cyclists (43.1% response rate). I was not involved in this initial recruitment phase but recruited 

another 190 cyclists from the 2008 event by including a short description about the study in the 

event newsletter. No incentive was offered. Of the 2628 cyclists who participated in the study, 38 

overseas cyclists were excluded in follow-up analyses as it was not possible to obtain their crash 

outcome data through record linkage. Figure 3-1 presents the flow of study participation. 
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Figure 3-1. Study recruitment flowchart 

3.1.3. Statistical power 

The crash outcome data collected in 2008 through preliminary linkage to the claims, hospital discharge 

and mortality data was used to assess the adequacy of statistical power. The claims data show that 448 

participants (18.4%) have claimed for bicycle-related injuries over an initial 20 month follow-up period, 

of whom 275 (11.3%) were injured on road and 71 (2.9%) involved a collision with a motor vehicle. The 

hospital discharge data show that 44 participants (1.8%) have been admitted to hospital for bicycle-

related injuries over the 19 month follow-up period. These figures represent conservative estimates of 

the actual crashes as some cyclists may have been injured more than once (e.g., 54 cyclists have 

claimed twice). Based on these figures, it was anticipated that there would be at least 1000 claims at 

the four year follow-up assessment, providing sufficient power to investigate associations between risk 

factors of interest and bicycle crash injury.   

A sample size of 2400 cyclists would provide 90% power at a type I error rate of 5% to detect ≥15% 

increase in the risk of all cycling injuries (claims), ≥20% increase in the risk of on-road injuries and ≥35% 

increase in the risk of collision injuries among participants exposed to the common risk factors 

considered such as riding in a bunch. This was based on the 2006 data which indicated that amongst 

the cyclists who did not have a crash, 69% reported ever riding in a bunch. A larger sample size (at least 

5653 adult cyclists who enrolled in the 2006 Taupo Cycle Challenge 
and provided an email address were invited to participate in the study 

3988 cyclists agreed to take part 

190 cyclists were recruited from the 2008 event newsletter 

2628 cyclists participated in the study 

2438 cyclists completed and submitted the baseline questionnaire 
(43.1% response rate) 

38 overseas participants excluded 

2590 local cyclists were followed by record linkage 
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4000) will be required to detect with 80% power at p=0.05 ≥50% increase in the risk of cyclist injuries 

among participants exposed to rare risk factors such as not using helmet (<1%). 

3.1.4. Baseline data collection 

Self-reported information regarding a wide range of demographic and cycling characteristics were 

collected at baseline using the web-based questionnaire (Appendix B). The questionnaire was 

developed based on feedback from the members of the research team and pre-tested with cycling 

colleagues from the University of Auckland. It was prepared using the web surveyor tool (Vovici, 

2013) and took about 10-15 minutes to complete. Questions in the 2006 questionnaire covered: 

 Demographic information: date of birth, gender, ethnicity (using the ethnicity question from 

the 2006 Census), educational achievement and postal address; 

 Body mass index; 

 Cycling exposure in preceding 12 months:  frequency of cycling , distance cycled and time spent 

cycling per week, frequency of cycling to work, and proportion of time spent cycling off-road, 

in the dark or in a bunch; 

 Type of bicycle used and its colour 

 Crashes in preceding 12 months: total number of crashes, crashes leading to presentation to 

health professional, crashes leading to hospitalisation, days off work from injury, on-going 

disability or pain from a crash, and causes of crashes; 

 Habitual risk behaviours:  use of fluorescent colours, use of helmet and its colour, use of a 

portable music device, and use of lights and reflective materials while cycling in the dark; 

 Incentives to bicycle use: more bicycle lanes, more bicycle paths, bicycle friendly public 

transport, reduced vehicle speed, better cycle security in public places and better road 

condition; and 

 Incentives to cycling to work: rising fuel cost, restriction on car parking, fewer difficult 

intersections, bicycle designed to commute and secure cycle parking at destination, provision 

of shower/changing facilities and pool bicycles at destinations. 

The following items were added to the 2008 questionnaire: 

 Demographic information: occupation and personal income; 

 Main purposes of cycling; 

 Frequency of cycling to work per week was modified as frequency of cycling to school, 

university or work; 
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 Barriers to cycling to school, university or work: weather, geography, distance and time

constraints, lack of cycling facilities, breathing polluted air, and social pressure;

 Pre-existing physical and mental health conditions; and

 Smoking and alcohol drinking.

Name, gender, date of birth and ethnicity were made mandatory and other fields were optional. 

Character and data type checks (e.g., a numeric field allows only 0-9), and range checks with pre-

specified plausible lower and upper limits (e.g., a percentage lies between 0 and 100) were used as 

appropriate to minimise errors and outliers.  

3.1.5. Follow-up data collection 

Crash outcome data were collected through record linkage to insurance claims, hospital discharge 

and mortality data and police reports. The specifics of each of the databases are described in Section 

3.1.5.2 below. The linkage process was found to be feasible in preliminary record linkage undertaken 

in 2008 with claims, hospital discharge and mortality data.  

A resurvey of all the participants was conducted in December 2009 to assess changes in exposure 

during follow-up and to validate the linked data with self-reported data. 

3.1.5.1. Rationale for record linkage 

Record linkage brings together information from two or more records perceived to belong to the 

same individual, family, event or place (Newcombe, 1988). Its potential benefits were first 

recognised by Dunn in 1946 (Dunn, 1946). The foundation of modern record linkage theory was laid 

by Newcombe and colleagues in 1959 (Newcombe et al., 1959). There are two commonly used 

computer-assisted record linkage approaches: deterministic and probabilistic (Jamieson et al., 1995; 

Roos and Wajda, 1991; Roos et al., 1986). The deterministic method links records based on a full 

agreement of a unique identifier or a set of common identifiers and is suited for studies making 

inferences about specific individuals. The probabilistic method links records based on a calculated 

statistical probability of matching a set of common identifiers, and is commonly used in large-scale 

linkages where the necessary identifying information may be limited, the data from different sources 

may not be identical and the data quality may be questionable. A combination of both methods, 

along with human judgement, often appears to be the best approach (Clark, 2004; Jamieson et al., 

1995; Roos et al., 1986).  

In cohort studies where outcome data collection is complex and expensive, record linkage provides  

a relatively simple, efficient and cost-effective strategy to passively follow-up the participants 
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(Howe, 1998). It may also overcome potential biases associated with self-reports such as failure to 

recall (Jenkins et al., 2002), socially desirable responses (af Wåhlberg et al., 2010) and loss to follow-up 

(Greenland, 1977; Kristman et al., 2004).  

Record linkage has been used in a number of injury research areas (Clark, 2004; Runge, 2000). Well-

known examples include: the Crash Outcome Data Evaluation System (CODES) project in the US 

(National Highway Traffic Safety Administration (NHTSA)), and the road injury database (Rosman, 

2001) and DRIVE study (Ivers et al., 2006) in Australia. In New Zealand, linkage to mortality and 

hospital discharge data was employed to investigate risk factors for injury outcomes in the Fletcher 

Challenge – University of Auckland Heart and Health Study (Norton et al., 1997; Whitlock et al., 

2003) and the New Zealand Blood Donors’ Health Study (Ameratunga et al., 2002). A broader and 

more accurate picture of bicycle crash injury may be obtained by linking to multiple data sources.  

The quality of linked data, however, may depend on the quality of individual data sources as well as 

the quality of matching. Miscoding in the data sources may misestimate the total number of cases. 

Falsely matched records overestimate the total number of cases or misidentify the outcome for 

specific  cases while falsely unmatched records underestimate the total number of cases or miss the 

data from a specific source (Clark, 2004). The former will bias both the risk ratios and risk differences 

toward the null if the specificity is non-differential by exposure whereas the latter will 

underestimate risk differences only if the sensitivity is non-differential by exposure (Blakely and 

Salmond, 2002; Howe, 1998). A sensible strategy to obtain unbiased risk ratios is to maintain a high 

specificity at the expense of the sensitivity. Alternatively, such biases may be addressed by 

probabilistic bias analysis (Lash et al., 2009; Lash et al., 2010).  

3.1.5.2. Record linkage and data extraction process 

The first linkage covered the period from date of recruitment till 30 June 2011 and the second 

linkage extended the period till 30 April 2013. The linkage process was undertaken by the data 

custodians using name, gender, date of birth and address as identifiers.  

3.1.5.2.1. Insurance claims  

In New Zealand, the Accident Compensation Corporation (ACC) provides personal injury cover for all 

residents and temporary visitors to New Zealand no matter who is at fault. The claims database is a 

major source of information on relatively minor injuries with over 80% of the claims related to 

primary care (e.g., GPs, emergency room treatment) only (Accident Compensation Corporation 

(ACC), 2012).  
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Approval for record linkage was obtained from the ACC Research Ethics Committee. A probabilistic 

linkage followed by a clerical review was undertaken and all the claims related to bicycle crashes 

were extracted. The data extracted contains nature, mechanism and outcome of injury, health 

service utilisation, out of hospital cost and length of time off work.  

The accuracy of the claims data has not been quantified; however, weaknesses such as incomplete 

data entry for minor claims, failure to update information and poor quality of coding for cause and 

mechanism of injury have been reported (Health Outcomes International Pty Ltd., 2005). 

3.1.5.2.2. Hospital discharge and mortality data 

These databases are maintained by the Ministry of Health’s Information Directorate. The National 

Minimum Dataset (NMDS) contains information about inpatients and day patients discharged after a 

minimum stay of three hours from all public hospitals and over 90% of private hospitals in New 

Zealand (Health Outcomes International Pty Ltd., 2005; Ministry of Health, 2012b). The Mortality 

Collection contains information about all deaths registered in New Zealand (Ministry of Health, 

2009). 

Participant data were matched to a National Health Index (NHI) number, a unique identifier assigned 

to every person who uses health and disability support services in New Zealand. An electronic match 

was done where possible, followed by two stages of manual match for participants who could not be 

matched electronically. Of the 2590 participants who reside in New Zealand, 99% were successfully 

matched. All hospital discharges and deaths due to injuries or other health conditions were 

extracted.  

The hospital discharge data contains diagnoses and diagnostic and therapeutic procedures 

undertaken in each hospital visit, which are coded under ICD-10-AM. For all injury discharges, the 

circumstances of injury are coded according to the external causes of injury and poisoning codes (E 

codes). The mortality data contains information on the underlying cause of death which is coded 

under ICD-10-AM and also described in free text fields. However, the coroners’ reports on cause of 

injury death were available up to 31 December 2008 only. There were a total of three deaths 

awaiting for the coroner’s reports. These pending cases were checked in media reports and it 

appears the deaths were not due to a bicycle crash.  

The accuracy of the hospital discharge data has been evaluated - 14% of the principal diagnoses and 

26% of the E-codes were coded incorrectly under ICD-10-AM (Davie et al., 2008). The accuracy of the 

mortality data is not known but overseas research suggested that the inaccuracies of diagnostic 

coding could be greater for death records compared to hospital discharge records, particularly 
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among older people (Cryer and Langley, 2008; Johansson and Westerling, 2002; Langlois et al., 

1995). 

3.1.5.2.3. Police reports 

In New Zealand, it is mandatory that any fatal or injury crash involving a collision with a motor 

vehicle on a public road be reported to the police. A Traffic Crash Report is then completed and sent 

to the New Zealand Transport Agency where the data are entered to the CAS database.  

A deterministic linkage followed by a clerical review was undertaken and all bicycle crashes that 

involved a collision with a motor vehicle were extracted. The linked data contains location, time and 

circumstances of the crash and severity of injury. 

Previous evaluations reported substantial under-reporting of bicycle crashes in the database 

(Langley et al., 2003) and poor validity of police-assessed injury severity (McDonald et al., 2009). 

3.1.5.3. Resurvey  

The resurvey was conducted at the time of the 2009 Lake Taupo Cycle Challenge using a web 

questionnaire as in the baseline survey. Five days prior to the event, email invitations were sent to 

all the study participants, containing a hyperlink to the study information page. A total of 12 prizes – 

one NZ$1000, one NZ$500, five NZ$200 and five NZ$100 gift vouchers from the Avantiplus online 

cycle store – were offered as incentives. To enhance the response rate, four reminder notices were 

sent three days prior to and eight days, 15 days and 44 days after the event. 

Participants were given a choice between the two questionnaires: one was for those who were still 

cycling at the time of the survey and the other was for those who stopped cycling.  The former 

(Appendix C) used similar questions as in the baseline survey to enable assessment of changes in 

cycling exposure and risk behaviours over time but also asked more detail about crash experiences 

(collisions and other crashes) in the previous 12 months, including the total number of bicycle 

crashes experienced, the number of crashes claimed to the ACC, the number of crashes requiring 

hospital admission and the number of crashes reported to the police. This information could be used 

to test the linked data. For each crash question, the participants were also asked how sure they were 

that their answer was accurate, using a five-point scale (very unsure, quite unsure, about 50/50, 

quite sure, very sure). This confidence rating has been shown to be a useful indicator of recall 

accuracy for physical activity measures (Cust et al., 2009). A total of 1456 participants completed this 

questionnaire. The latter questionnaire (Appendix C) asked the participants when and why they 
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stopped cycling. Some relevant questions from the baseline survey were also used, including pre-

existing physical and mental health conditions, smoking and alcohol drinking and incentives and 

barriers to bicycle use. A total of 70 participants completed this questionnaire. 

Altogether, 1526 participants (59.0%) completed the resurvey.  All the fields in both questionnaires 

were made mandatory to minimise missing data. In addition, character and data type checks, range 

checks and format checks (e.g., date should be in the format yyyy-mm-dd) were used as appropriate to 

minimise errors and outliers.  

3.1.6. Ethical considerations 

Ethical approval for the study was obtained from the University of Auckland Human participants’ 

Ethics Committee. The approval was extended every three years during the conduct of the study.  

 The web-based survey collected information on matters that were not generally regarded as 

intrusive or highly sensitive such as cycling activities and crash history. However, there could be 

privacy concerns regarding record linkage as combining separate databases means generating more 

specific information about individuals. For example, in an Australian longitudinal study, less than half 

of the participants consented to record linkage (Breen, 2001; Holman, 2001; Young et al., 2001). In 

this study, however, informed consent was obtained from all participants at the time of recruitment 

to link their records (name, gender, date of birth and address) with the routinely collected 

databases. Relevant institutional approvals for record linkage, for example, approval from the ACC 

Research Ethics Committee, were also obtained. Participants were also advised that they could 

withdraw from the study at any time. 

All the data were in electronic format and stored in password protected files at the School of 

Population Health, University of Auckland. Participants’ details required for record linkage were sent 

in password protected files to the relevant institutions. Any identifying information was removed 

from the extracted records which were then sent back to me in password protected files. All 

analyses were undertaken on anonymous data. 

3.1.7. Data extraction, cleaning and preparation 

3.1.7.1. Baseline survey data 

The data were downloaded and exported from the web surveyor tool to Microsoft Office Excel 2010 

(Microsoft Corporation, Redmond, Washington). The data were then transferred to SAS 9.2 (SAS 

Institute, Cary, North Carolina) and checked. There were 31 duplicates in the 2006 baseline data 
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(possibly due to the prize offer), and they were discarded. Errors and outliers were kept to a 

minimum as character and data type checks, range checks and format checks were incorporated in 

the questionnaire.   

Participants’ addresses were aggregated into meshblocks, the smallest geographic units used by 

Statistics New Zealand (Statistics New Zealand, 2012a). This was done by Terralink International Ltd. 

The meshblocks were then categorised into eight areas according to the urban rural profile   

(Statistics New Zealand, 2007b) and sixteen regional council areas. To assess the degree of 

neighbourhood deprivation, the meshblocks were also mapped on to the 2006 New Zealand 

Deprivation Index (NZDep) (Salmond et al., 2007) with decile ten the most deprived and decile one 

the least.  

The four mandatory fields were complete for all participants. Missing data in the remaining variables 

were reviewed and derived from other variables if possible. For example, if time spent cycling was 

missing but distance cycled was not, the former was derived from the latter, assuming that the 

average cycling speed was 15 kmh. Missing records, if not derivable, were coded as ‘.’ according to 

SAS conventions.  

All baseline data were complete for 2435 participants (94.0%). The data were assumed to be missing 

at random and missing values were computed using multiple imputation (PROC MI) with 25 

complete datasets created by the Markov chain Monte Carlo method (Schafer, 1997) incorporating 

all baseline covariates and the number of crash outcomes. 

3.1.7.2. Crash outcome data obtained by record linkage 

Crash outcomes of interest were identified from the data extracted from each data source as 

follows. 

The insurance claims data obtained from the ACC contains information on all claims for bicycle crashes. 

Crashes that occurred on the road and those that involved a collision with a motor vehicle were 

identified from the ‘agency2’, ‘cause’ and ‘contact’ variables. The free text field describing the crash 

was also checked. 

The hospital discharge and mortality data obtained from the Ministry of Health contains information 

on all hospital discharges and deaths respectively. Cycle crashes were identified using the E codes 

V10-V19; those that occurred on public roads were identified using the E codes V10-V18.3-9, V19.4-

6, V19.9; and those that involved a collision with a motor vehicle were identified using the E codes 
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V12-V14, V19.0-2 and V19.4-6. Readmissions were identified as described previously (Davie et al., 

2011) and excluded from the hospital discharge data. 

The CAS data contains information on all police-reported bicycle crashes involving a motor vehicle. 

For each participant, bicycle crashes identified across the four databases were matched based on 

the date of crash allowing for a two-day difference. This provided information on all medically or 

police attended bicycle crashes experienced by the participants during follow-up. This outcome data 

file was merged back to the baseline survey data file for longitudinal analyses. 

3.1.7.3. Follow-up survey data 

Similar procedures were undertaken as in the baseline survey described above. 

3.1.8. Data analysis 

All analyses were undertaken using SAS 9.2 (SAS Institute, Cary, North Carolina) and Microsoft Office 

Excel 2010 (Microsoft Corporation, Redmond, Washington).  

The general approach to the analyses was as follows. First, exploratory analyses examined the 

distribution of all variables of interest. For categorical and ordinal variables, frequency tables were 

used, and for continuous variables, means and standard deviations or medians and interquartile 

ranges were calculated. Relevant cut-points were chosen to redefine continuous and ordinal 

variables as categorical variables, based on meaningfulness and size of categories (Rothman et al., 

2008). In most analyses, the sixteen regions were regrouped as Auckland (largest urban region), 

Wellington (capital region) and others, and the eight urban-rural areas were regrouped as main 

urban areas (centres with populations of 30000 or more) and others. Next, bivariate analyses were 

undertaken as appropriate to identify associations of interest. Finally, multivariate analyses were 

performed to estimate the main effects of interest while controlling for potential confounding and 

effect modification.  

The specific analyses can be classified under four categories: methodological aspects, bicycle travel, 

injury risk and conspicuity, and are described in detail below. In most analyses, the study sample was 

restricted to the 2590 participants who were resident in New Zealand at recruitment as it was not 

possible to obtain the crash outcome data of the overseas participants through record linkage. 
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3.1.8.1. Methodological aspects 

This section evaluates changes in cycling exposure and risk behaviour among the study participants 

during follow-up, assesses the completeness and accuracy of crash outcome data collected through 

record linkage, and estimates bias from (simulated) loss to follow-up on selected exposure-outcome 

associations. 

3.1.8.1.1. Evaluating changes in cycling exposure and risk behaviour during follow-up 

This analysis was based on the data collected in the baseline survey (in 2006 and 2008) and the 

resurvey (2009) and restricted to the 1526 participants who were resident in New Zealand and 

completed the resurvey. As mentioned in Section 3.1.5.3, in the resurvey, the participants were 

given a choice between the two questionnaires: one was for those who were still cycling at the time 

of the resurvey and the other was for those who stopped cycling. Changes in cycling exposure and 

risk behaviour were investigated in the 1456 participants who completed the former questionnaire. 

Pearson’s chi-squared test was used to examine differences in such changes by demographic factors 

and crash experience during the period between the baseline and resurvey. Reasons for stopping 

cycling were assessed in the remaining 70 cyclists who completed the latter questionnaire.  

3.1.8.1.2. Evaluating the completeness and accuracy of crash outcome data 

A capture-recapture analysis was undertaken to estimate the number of crashes that had occurred 

but were not identified through record linkage. Agreement between the linked and self-reported 

data was also assessed.  

Capture-recapture methods were originally developed to estimate the size of an animal population, 

based on proportions of animals that were captured, marked, released and recaptured in two or 

more random samples, assuming closeness of the population, mark integrity, independence of the 

samples and equal probability of being captured in each sample (Cook et al., 1967; Seber, 1982). 

Similar methods have since been applied in epidemiological studies (Hook and Regal, 1995a; Tilling, 

2001) including those related to injury (Morrison and Stone, 2000; Schootman et al., 2000). This 

analysis was undertaken on the 2590 participants who were resident in New Zealand at recruitment. 

Log-linear models were used to estimate missing crashes, taking into account possible associations 

across the databases (Cormack, 1989). The models were fitted to the incomplete multiway 

contingency table with one missing cell corresponding to absence in all databases.  The strength of 

evidence for each model was assessed using Akaike’s Information Criterion (AIC) and its weight 

(Anderson et al., 1994; Burnham and Anderson, 2002; Mazerolle, 2004). Based on the model 
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averaged estimate and unconditional standard error, the frequency for the missing cell and its 95% 

confidence interval were calculated. Analyses were undertaken for bicycle crashes in general, on-

road crashes and crashes involving a collision with a motor vehicle. 

Agreement between the linked and self-reported data was assessed on the 1456 participants who 

completed the follow-up questionnaire and reported cycling in the preceding year. As some 

participants may have experienced more than one crash during the specified period, the exact crash 

date was not asked in the questionnaire. As such, it was not possible to match linked and self-

reported data for each crash identified in the source databases. Instead, agreement was assessed on 

a person-to-person basis for each database as well as for the combined data. Agreement was 

established (1) if a participant reported at least one bicycle crash that required medical attention 

(that is, involved a claim lodged with ACC or required an admission to hospital) or reported to the 

police in the preceding year and the linked data also showed at least one bicycle crash during the 

same period, or (2) if such a crash had not been experienced in the preceding year according to both 

the self-reports and the linked data. Cohen’s kappa coefficients (Cohen, 1960) were used to 

determine the degree of agreement. In addition, sensitivity, specificity and predictive values of the 

linked data were calculated by considering self-reports as the gold standard. Analyses were 

undertaken for all crashes as well as collisions with a motor vehicle. In addition, subgroup analyses 

were performed for all crashes to examine differences in agreement by participants’ demographic 

characteristics, amount of cycling, pre-existing medical conditions (heart attack, stroke, cancer, 

diabetes or high blood pressure) and confidence in recall. 

3.1.8.1.3. Estimating bias from loss to follow-up 

Of the 2590 participants who were resident in New Zealand at recruitment, three deaths that 

occurred prior to the follow-up survey were excluded. Baseline characteristics and crash outcomes 

of the baseline and follow-up populations were presented by relative frequencies (RFs) and 

compared by ratios of relative frequencies (RRFs) which were calculated as: RFfollow-up/RFbaseline.  

Potential bias due to loss to follow-up was investigated on seven exposure-outcome associations. 

These include: associations between previous crash experience, bunch riding, listening music and 

using lights in the dark and the risk of all bicycle crashes, and associations between cycle commuting, 

using fluorescent colours and using reflective materials in the dark and the risk of on-road crashes. 

For each exposure-outcome association, individual cell follow-up response rates and cross-products 

were calculated, using the dichotomous outcome (one or more crashes vs. no crash). Then, Cox 

proportional hazards regression modelling for repeated events was performed using a counting 
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process approach to examine the associations in the baseline and follow-up populations. Both crude 

and adjusted hazard ratios (HRs) were presented. HRs were adjusted for all demographic and cycling 

characteristics at baseline. The magnitude and direction of bias was estimated by ratios of hazard 

ratios (RHRs) which were calculated as HRfollow-up/HRbaseline.   

Accounting for the inter-dependency between the two populations, confidence intervals were 

computed using a nonparametric bootstrapping method with 2000 resamplings (with replacement) 

of the baseline population. As described previously (Greene et al., 2011), the ln(RHR) in each 

replicate was calculated as βfollow-up – βbaseline and bias-corrected ln(RHR) estimates were calculated as 

2 × ln(RHR)observed –mean(ln(RHR)replicates). Around each bias-corrected estimate, 95% confidence limits 

were constructed by using the standard deviation of the ln(RHR)replicates (Greenland, 2004). 

3.1.8.2. Bicycle travel 

This section determines the prevalence of using a bicycle to travel to work and identifies the 

enablers and barriers perceived by the study participants as important in influencing bicycle travel, 

particularly for a trip to work. 

3.1.8.2.1. Determining the prevalence and correlates of cycling to work  

In this cross-sectional analysis of the baseline data, the study sample was restricted to 2348 

participants who reported travelling to work. In the survey, all participants were asked how many 

days a week they cycled to work on average. The percentage of participants who reported cycling to 

work at least once a week was computed and unconditional logistic regression was used to identify 

factors associated with engaging in such activity. All demographic factors and years of cycling 

experience were included in the multivariate model.   

3.1.8.2.2. Identifying important enablers and barriers that would influence bicycle travel 

First, a cross-sectional analysis of the 2006 baseline data was undertaken to assess cyclists’ 

perceptions of factors that would encourage bicycle travel. In the survey, all participants were asked 

to rate the importance of specified factors that would encourage them to cycle more often. The 

questions sought information on aspects of the traffic environment in New Zealand most amenable 

to influence from national and/or local government policy makers.  

Unconditional logistic regression was used to predict cyclists’ perceptions of the measures described 

above. Each dependent variable was dichotomised into “important” (i.e., somewhat important, 

important, very important and extremely important) and “not important” (i.e., not very important 
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and not important at all) in the first model and into “extremely important” and “not extremely 

important” (i.e., all other responses) in the second model. All covariates found to be significantly 

associated with policy measures were included in the multivariate models.  

Second, a cross-sectional analysis of the 2009 follow-up data was undertaken to assess cyclists’ 

perceptions of factors that would prevent bicycle travel as such factors were not asked in the 

baseline questionnaire. Each barrier variable was dichotomised into “important” (i.e., very important 

and important) and “not important” (i.e., not important at all) and similar logistic regression 

analyses were performed. 

3.1.8.3. Injury risk 

This section investigates the incidence of bicycle crash injuries experienced by the study participants 

and identifies associated factors. As having a crash history at baseline and residing in the Auckland 

region are found to be the two strong predictors, they are then examined in more detail.    

3.1.8.3.1. Determining the incidence and determinants of bicycle crash injuries 

The incidence of bicycle crashes was calculated using the person-years approach where the number 

of crashes was divided by the number of person-years. The number of person-years contributed by 

each participant was calculated as the period between the date of recruitment and 30 June 2011. 

Date of death was used as the end point for participants who died during this period. Confidence 

intervals for the incidence rates were calculated based on the Poisson distribution. The incidence 

rates were presented separately for on-road crashes, those involving a collision with a motor vehicle 

and others. In addition, exposure-based incidence rates were estimated for on-road crashes and 

collisions using the average time spent cycling on the road at baseline. The exposure-based rates 

were not presented for other crashes as it was not feasible to define exposure. Such crashes may 

have occurred at locations not on public roads, such as home, workplace, place of recreation or 

sports, off-road cycle way or forest track.    

As some participants may have experienced more than a single crash during follow-up, Cox 

proportional hazards regression modelling for repeated events was performed using a counting 

process approach and factors influencing the likelihood of experiencing crash episodes were 

identified.  Potential dependence among the multiple events was tested in an ad-hoc test where the 

interval between the first and second events was modelled using the time to the first event as a 

covariate (Allison, 2010). It was found to be insignificant (p>0.05), and therefore was not corrected 

for in the models. HRs were first adjusted for time spent cycling on the road for on-road crashes and 
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collisions, and for time spent cycling in general and percentage of time spent cycling off-road for 

other crashes. The HRs were then adjusted for all covariates.  

As the linked data were not complete (see Section 4.3 for details), probabilistic bias analyses (Lash et 

al., 2009) were undertaken to assess the potential impact of the outcome misclassification bias on 

effect estimates. It was assumed that the sensitivity and specificity of the linked data ranged from 

0.65 to 0.75 and from 0.94 to 0.99 respectively for on-road and other crashes and from 0.40 to 0.85 

and from 0.98 to 1.00 respectively for collisions (see Section 4.3 for details). 

As there were changes in exposure during follow-up (see Section 4.2 for details), their impact on 

association estimates was assessed by incorporating repeated measurements (at baseline and in 

2009) of covariates in the Cox models. This analysis was restricted to 1526 cyclists who were 

resident in New Zealand and completed the second questionnaire.  

3.1.8.3.2. Assessing what influences the association between previous and future crashes 

A propensity score approach was used in this analysis to assess if the strength of the association 

between previous and future crashes differed by the participants’ crash involvement propensity. 

This approach was introduced in 1983 (Rosenbaum and Rubin, 1983) and has been increasingly used 

to control for confounding in many observational studies (Joffe and Rosenbaum, 1999; Rubin, 2007; 

Shah et al., 2005). It provides important advantages over traditional regression modelling, 

particularly including its ability to balance the distribution of covariates between exposure groups 

without any necessity to understand complex associations between the covariates and the outcome 

of interest. This enables adjustment for confounding by stratification on propensity score regardless 

of the number of possible covariate combinations as well as assessment of effect modification in 

relation to propensity to receive exposure based on the covariates. 

The participants were identified as having previous crash experience if they reported in the baseline 

survey that they had had one or more bicycle crashes in the past 12 months. Of the 2590 

participants who were resident in New Zealand at recruitment, five with missing data on this 

variable were excluded.  

The propensity score or expected probability of having experienced a crash was computed with a 

multivariate logistic regression model in which previous crash experience was the dependent 

variable and all the baseline covariates were the independent variables. The participants were then 

ranked by their estimated propensity score and grouped within quintiles as suggested previously 

(Rosenbaum and Rubin, 1984). The propensity score was then evaluated with: (1) a reasonable 
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Nagelkerke’s r2 statistic as a measure of fit, (2) a c-statistic between 0.65 and 0.85 as a measure of 

discriminative power, (3) similarity between the predicted and observed proportion of participants 

with previous crash experience within quintiles as a measure of good calibration, and (4)  balanced 

covariates within quintiles (Rubin, 1997; Sasidharan and Donnell, 2013). It has been demonstrated 

that five strata are sufficient to eliminate approximately 90% of the bias in each covariate (Cochran, 

1968). 

Incidence rates of repeated events were calculated for the participants with previous crash 

experience and the rest of the cohort using the person-years approach as mentioned in Section 

3.1.8.3.1. The rates were then presented by quintiles of the propensity score.  

Cox proportional hazards regression modelling for repeated events was carried out using a counting 

process approach to assess hazards of subsequent crash involvement associated with previous crash 

experience. HRs were adjusted for all the baseline covariates, for the propensity scores and for 

quintiles of the propensity scores. Analyses were then stratified by quintiles and crude and 

propensity score adjusted HRs were calculated. In addition, previous crashes experienced were 

categorised by whether medical treatment was required, and similar Cox regression analyses were 

undertaken. 

3.1.8.3.3. Assessing why the risk of on-road crashes is higher in the Auckland region 

A mediation analysis was employed to identify factors that could contribute to a higher risk of on-

road crashes in Auckland compared to the rest of New Zealand.  Mediation in its simplest form 

represents the addition of an intermediate variable or mediator (M) to the X→Y association where X 

causes M and M causes Y, that is, X→M→Y. Figure 3-2 illustrates how the excess crash risk in 

Auckland may be mediated through multiple pathways.  

Of the 2590 participants who were resident in New Zealand at recruitment, 36 were excluded in this 

analysis as their addresses could not be mapped.  Bicycle crashes extracted through record linkage 

were categorised into on-road crashes and others. Incidence rates of repeated events were 

calculated separately for the Auckland participants and the rest of the cohort using the person-years 

approach as mentioned in Section 3.1.8.3.1. Cox proportional hazards regression modelling for 

repeated events were performed using a counting process approach to assess hazards of bicycle 

crash injury associated with residing in Auckland. HRs were sequentially adjusted for four domains of 

covariates: demographic, residential, cycling and behavioural risk factors. The mediating role of each 

domain was determined by the percentage reduction in the β coefficient after inclusion of each 

domain in the model using the approach described previously (Stringhini et al., 2010): 100 × (βcrude-
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βadjusted)/βcrude. The 95% confidence intervals relating to each percentage attenuation were estimated 

using a nonparametric bootstrapping method with 2000 re-samplings (with replacement). 

Figure 3-2. A simplified causal diagram depicting the role of mediating factors 
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Magidson, 2002). It is a person-centred analysis which focuses on relationships among individuals 

rather than relationships among variables and has some advantages over traditional cluster/factor 

analysis. In particular, this approach does not rely on modelling assumptions (e.g., linearity, normal 

distribution, homogeneity) which are often violated in practice.  

LCA was undertaken based on a set of seven variables: using fluorescent colours while riding on the 

road (five categories), using functioning front lights, functioning back lights and reflective materials 

while riding in the dark (six categories each), main colour of the most commonly used top, helmet 

and bike frame (seven categories each).  The analyses were conducted using PROC LCA (Lanza et al., 

2007) and the number of classes that fit the data best was determined by (1) Bayesian information 

criterion (BIC) and sample size adjusted BIC (SABIC) with lower values indicating better model fit 

(Nylund et al., 2007; Yang, 2006); (2) entropy with values closer to one indicating better classification 

of individuals into latent classes (the value greater than 0.80 is deemed sufficient (Clark and Muthen, 

2009)); and (3) distinguishability, meaningfulness and size of classes (Lanza et al., 2007).  

Attention conspicuity was assessed based on regional differences in travel patterns and the amount 

of riding in a bunch. The participants were categorised into residents of Auckland (New Zealand’s 

largest urban region), Wellington (New Zealand’s capital region) and others. The ratio of time spent 

cycling to time spent driving is 1:76 in Auckland, 1:48 in Wellington and 1:48 in New Zealand on 

average (Ministry of Transport, 2012b). 

In this analysis, all bicycle crashes that involved a motor vehicle, i.e., resulted from a collision or 

attempted evasion of a collision with a motor vehicle, were considered as the primary outcome. 

Incidence rates of repeated events were calculated using the person-years approach as mentioned 

in Section 3.1.8.3.1 but the participants were censored on 30 April 2013 or date of death. Cox 

proportional hazards regression modelling for repeated events was performed using a counting 

process approach to assess hazards of crash involvement associated with patterns of using 

conspicuity aids (latent classes), bunch riding and region of residence. HRs were first adjusted for 

cycling exposure and then adjusted for other covariates. Subgroup analyses estimated the effect of 

conspicuity aids in Auckland and other regions. Sensitivity analyses were undertaken by restricting 

the main outcome to collision crashes only.  

To assess the impact of changes in cycling exposure and use of conspicuity aids during follow-up on 

the association estimates, latent transition analysis (LTA) was first performed using PROC LTA (Lanza 

and Collins, 2008) and patterns of using conspicuity aids at the two time points (at baseline and in 

2009) were examined. These together with repeated measurements of cycling related covariates 
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were then incorporated in the Cox models. This analysis was restricted to 1526 cyclists who were 

resident in New Zealand and completed the second questionnaire.  

3.2. Routinely collected national data 

Aggregate or de-identified data from administrative databases such as New Zealand Census, 

Household Travel Survey, hospital discharge and mortality records, police reports, cycle counts and 

weather data were used to supplement the findings from the Taupo Bicycle Study in the three main 

research areas of interest.  

Specific approval was not sought as the data were publicly available upon request and only 

anonymous data were used for all analyses. 

3.2.1. Bicycle travel 

This section investigates patterns and trends of active commuting in the employed Census 

population in New Zealand. As weather is cited as an important barrier in the Taupo Bicycle Study, 

temporal, seasonal and weather effect on cycle volume is also assessed. 

3.2.1.1. Investigating regional and individual differences in active travel to work  

3.2.1.1.1. Data used 

Aggregate data obtained from a series of Censuses were used for this analysis. The Census is 

undertaken by Statistics New Zealand every five years and since 1976 has collected information 

about the main means of travel to work.  However, the question was not date-specific prior to 1991. 

The last four Censuses (1991, 1996, 2001 and 2006) asked usually resident employed persons aged 

15 years and over about their main mode of transport to work on the date of Census (first Tuesday 

in March). For example, the 2006 Census asked the question “On Tuesday 7 March what was the one 

main way you travelled to work – that is, the one you used for the greatest distance?” and response 

options included: worked at home; did not go to work; public bus; train; drove a private car, truck or 

van; drove a company car, truck or van; passenger in a car, truck, van or company bus; motorbike; 

bicycle; walked or jogged; and other. The non-response rates to this particular question were 1.6%, 

3.3%, 3.5% and 3.7% for the 1991, 1996, 2001 and 2006 Census respectively. The sample for this 

study was restricted to those who travelled to work on the specified day (i.e., those who reported 

“worked at home” or “did not go to work” were excluded, which ranged from 18% in 1991 to 22% in 

2001).  
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3.2.1.1.2. Analysis 

The means of travel to work responses were categorised into four main groups: “bicycle”, “walk”, 

“public transport” (including “public bus” and “train” responses) and “vehicle driver/passenger” 

(including “drove a private car, truck or van”, “drove a company car, truck or van” and “passenger in 

a car, truck, van or company bus” responses).  Trends in the main means of travel to work were 

presented for the 30-year period (1976 to 2006). As the data collected prior to 1991 were not date 

specific, the 1991 and 2006 Census data were used to examine trends in cycling and walking to work 

by region, age and gender. Total personal income before tax in the 12 months ending 31 March was 

collected as a range and the data were analysed for the 2006 Census only due to limited 

comparability of data across Censuses. 

The association between specific regional characteristics and participation levels of active transport 

were measured using Spearman’s rank correlation coefficient and linear and non-linear regressions.  

3.2.1.2. Assessing temporal, seasonal and weather effects on cycle volume 

3.2.1.2.1. Data used 

Two datasets were used for this analysis: automated cycle count data collected by Integrated Traffic 

Solutions Ltd (ITS) and the National Climate Database maintained by the National Institute of Water 

& Atmospheric Research (NIWA).   

Continuous automated cycle counting has been undertaken by ITS at a single site on Tamaki Drive in 

Auckland since December 2008. Tamaki Drive runs ten kilometres along the coastline from the 

central business district to St Heliers Bay and is a busy cycling route for both recreational and 

commuting purposes. ZELT Inductive Loop Eco-counters were used to record bicycle counts. The site 

incorporated four inductive loops inserted under the surface on the side of the road where traffic 

flows out of the city. Note that traffic keeps to the left side of the road in New Zealand. Two loops 

were inserted on the on-road bicycle lane (adjacent to but not separated from motorised traffic) and 

two on the off-road shared bicycle and pedestrian path (separated from motorised traffic). Cyclists 

travel in the same direction as motorised traffic on the bicycle lane whereas they often travel in both 

directions on the shared path.  

Each time a bicycle goes over the loop, the system detects the electromagnetic signature of the two 

wheels and registers a count. The on-road system can distinguish between motorised traffic and 

bicycles and the off-road system can distinguish individual cyclists while also detecting groups of 

cyclists. The system has accuracy ranging between 94% and 98%, with the off-road counters being 
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more sensitive and accurate to groups than the on-road counters, which are made to focus on 

detecting cyclists in mixed traffic conditions (personal communications, Kyle Donegan (ITS)).  As the 

direction of travel along the off-road path was not monitored, total cycle volume regardless of 

direction was used in this analysis.  

Weather variables of interest for this analysis include: maximum gust speed, rain, maximum 

temperature and duration of sunshine. The data were obtained from the National Climate Database 

which holds data from about 6500 climate stations which have been operating for various periods 

since 1850. Over 600 stations are currently operating.  Weather conditions at the cycle counting site 

were approximated by the hourly weather conditions recorded in the closest stations. Gust speed, 

rain and temperature data were obtained from a station situated 2.5 km from the cycle counting site 

and duration of sunshine data, which were not available in closer stations, were obtained from a 

station located about 12.5 km from the cycle counting site. 

3.2.1.2.2. Analysis 

Analyses were undertaken on the data collected over one year from 1 January to 31 December 2009. 

Maximum gust speed, total rain, maximum temperature and total duration of sunshine on a daily 

basis were computed from the hourly weather data. Summary information on hourly and daily 

weather conditions were presented for the whole year and by season.  

The variability in mean hourly cycle volumes by hour of the day, by day of the week and holiday, and 

by month of the year was explored using Analysis of Variance (ANOVA).  There were eleven holidays 

in 2009, and for all those holidays adjacent weekends were also considered as a holiday, resulting in 

a total of 25 holidays.  

To assess the effects of weather on hourly and daily cycle volumes while controlling for differences 

by hour of the day and day of the week and holiday, cycle volumes were normalised by using the 

equations (Aultman-Hall et al., 2009): 

 

where the hourly mean was calculated for the given hour of the day for the given day type (Sunday 

to Saturday or holiday).   

 

where the daily mean was calculated for the given day type (Sunday to Saturday or holiday).   

Normalised hourly cycle volume =  
Hourly cycle volume 

Hourly mean for day type 

Normalised daily cycle volume =  
     Daily cycle volume 

Daily mean for day type 
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The associations between weather variables of interest and cycle volume were assessed by the 

Spearman’s Rank-Order Correlation test and linear regression models.  For the hourly data, analyses 

were restricted to the period between 6:00 am and 8:00 pm due to the very low cycle volume at 

night. All weather variables found to have significant associations with cycle volume (p<0.05) were 

included in multivariate models. The term temperature squared was used in the models to check if 

the association between temperature and cycle volume was linear or quadratic. Multicollinearity 

between the variables was assessed by Variance Inflation Factors (VIFs). A Newey-West estimator 

was used to account for heteroskedasticity and autocorrelation. Subgroup analyses were undertaken 

by day type (weekdays or weekends and holidays) and season.  

3.2.2. Injury risk 

This section determines exposure-based rates and profiles of traffic injuries to pedal cyclists in New 

Zealand. 

3.2.2.1. Data used 

 The data were obtained from the National Minimum Dataset and the Mortality Collection 

maintained by the Ministry of Health’s Information Directorate, and the Household Travel Survey 

Dataset maintained by the Ministry of Transport.  

The National Minimum Dataset and the Mortality Collection have been described in detail in Section 

3.1.5.2.2. All injury discharges are coded under ICD-9-CMA before July 1999 and ICD-10-AM 

afterward. The underlying cause of death is coded under ICD-9-CMA before 2000 and ICD-10-AM 

afterward.  

The three separate household travel surveys collected information on daily personal travel, with the 

sampling frame comprising all residents (including children) in private dwellings in New Zealand. 

Each survey used two-stage sampling with meshblocks as the first sampling units and households 

within meshblocks as the second sampling unit. The first survey was undertaken between 1 July 

1989 and 30 June 1990 and included 8719 people aged five and over. The second survey was carried 

out between 1 July 1997 and 30 June 1998 and included over 14250 people of all ages. From 1 

August 2003, an ongoing survey has been conducted each year, with the sampling frame comprising 

approximately 2000 households (resulting in responses from about 3500 people) per year. Up to 30 

June 2009, 25471 people have participated in the third survey. Full response rates (i.e., the 

percentage of eligible households in which all members participated fully in the survey) were 75%, 

75% and 66% respectively for the first, second and third surveys and partial response rates (i.e., the 
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percentage of eligible households in which one or more members participated fully in the survey) 

were 78%, 79% and 71% respectively. In each survey, travel time was assessed by asking 

respondents to keep a record of the times and places of all their travel over a specified two-day 

period. Departure and arrival times of each trip leg were recorded, along with trip destination, travel 

mode and purpose. The use of a two-day travel period minimises respondent burden and reliance on 

memory, compared to using a week-long period. Shortly after the conclusion of the two-day period, 

an interviewer questioned each respondent about their travel using the travel record as a memory 

aid. Interviewers were trained to prompt the respondent to recall any trips (particularly short trips) 

which may not have been recorded on their memory jogger.  

3.2.2.2. Analysis 

The rate of traffic injuries to pedal cyclists resulting in death or hospital inpatient treatment was 

calculated using the equation: 

 

            

The annualised total time spent cycling was used as the measure of exposure and computed from 

the three travel surveys, covering the periods: 1 July 1989-30 June 1990, 1 July 1997-30 June 1998 

and 1 August 2003-30 June 2008. The data were weighted to account for clustering by household 

and person non-response to the survey. The weights were generated by the survey analysts and 

incorporated sampling weights and post-stratification weights. 

Traffic injuries among pedal cyclists were identified using the E-codes (ICD-9-CM: E810-819.65, 

E826.15, E826.95, E829-829.15; and ICD-10-AM: V10-18.3-9, V19.4-6, V19.9). The hospitalised 

sample was restricted to inpatient discharges from public hospitals as the majority of patients (over 

97%) requiring acute inpatient treatment for injury were admitted to public hospitals (Civil and 

Twaddle, 2003; Langley, 1995; Langley et al., 2002). In order to enhance the validity of the analyses, 

the inclusion criteria included: (1) patients with a principal diagnosis of injury only (ICD-10-AM: S00-

T78), (2) patients admitted to hospital for one day or more and (3) first admissions only (Langley et 

al., 2002). Cases aged under five years were excluded from the overall sample as they were not 

surveyed in the 1989/90 travel survey. The annualised numbers of cycling injuries were computed 

for the periods 1988-91, 1996-99 and 2003-07 to stabilise small cell sizes. 

Traffic injuries to pedal cyclists were sub-classified according to the mechanism of injury into 

collisions with a motor vehicle (ICD-9-CM: E810-819.6; ICD-10-AM: V12-V14.3-9, V19.4-6) and 

Injury rate =  
Total number of cases of cycling injuries per year 

Total time spent cycling (million hours) per year 



60 

others. For injuries that occurred between 2003 and 2007, more detailed mechanism as mentioned 

in the ICD-10_AM was reported.    

Injury rates and 95% confidence intervals were presented in relation to other major road users 

(car/van drivers, car/van passengers, motorcyclists and pedestrians) and by age, gender and body 

region affected. Based on the assumption that the number of injuries had a Poisson distribution, the 

confidence intervals were calculated by using the normal approximation (if number of injuries was 

more than 20 per year) or the exact probability function (if the number of injuries was 20 or less per 

year) (Ahlbom, 1993).  

A modified form of the Barell matrix was used to characterise the profiles of pedal cyclist injuries by 

body region affected and nature of injury. The Barell matrix comprises 36 body region rows and  12 

nature of injury columns and places each injury ICD-9-CM code in a unique cell location (Barell et al., 

2002). For this analysis, the ICD-10-AM codes were mapped into the ICD-9-CM codes and classified 

into seven body regions – traumatic brain injury, other head, face and neck, spine and back, torso, 

upper extremity, lower extremity and others – and six injury natures – fracture, dislocation/sprains 

and strains, internal, open wound, contusion/superficial and others. The multiple injury profiles 

approach (Aharonson-Daniel et al., 2003a; Aharonson-Daniel et al., 2003b; Aharonson-Daniel et al., 

2005) was used and up to ten diagnoses per case were extracted from the dataset.  

To ensure an adequate sample size, analyses were undertaken for all deaths and hospitalisations. In 

order to minimise the effect of extraneous factors such as service utilisation in assessing trends, a 

further analysis restricted the cases of interest to those with serious injuries defined as an injury 

resulting in a significant threat to life, i.e., consistent with an Abbreviated Injury Scale (AIS) 

(Association for the Advancement of Automotive Medicine, 1998; Committee on Medical Aspects of 

Automotive Safety, 1971) score of 3 or more (Cryer and Langley, 2008). The mapping to this AIS 

threshold was achieved using the Barell matrix categorisation (Clark and Ahmad, 2006).  

3.2.3. Conspicuity 

This section compares total time spent cycling and travelling in a car and exposure-based risks of 

traffic injuries to pedal cyclists across regions to investigate if the safety in numbers effect exists for 

New Zealand cyclists. Common types of bicycle crashes involving a collision with a motor vehicle are 

also identified. 
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3.2.3.1. Examining regional variations in traffic injuries to pedal cyclists 

3.2.3.1.1. Data used 

The data were obtained from the National Minimum Dataset and the Mortality Collection 

maintained by the Ministry of Health’s Information Directorate and the Household Travel Survey 

Dataset maintained by the Ministry of Transport (see Section 3.2.2.1 for details). 

3.2.3.1.2. Analysis 

This analysis used the hospital discharge and mortality data covering the two periods: 1996-99 and 

2003-07. The required travel exposure variables (annual total and per capita time spent cycling and 

driving or riding as a passenger in a car/van/Ute/SUV) were computed from the 1997-98 and 2003-

08 travel survey datasets. In accordance with Ministry of Transport guidelines, some of the regions 

were combined to ensure an adequate sample size (i.e., 30 people or more), resulting in eight 

regional groups. The rate of traffic injuries among pedal cyclists resulting in death or hospital 

inpatient treatment was calculated for each regional group as mentioned in Section 3.2.2.2. 

The association between the number of injuries to pedal cyclists and annual total time spent cycling 

and driving/riding was assessed using the power function I = b0x1
b1x2

b2 where I is the number of 

injuries to pedal cyclists, x1 and x2 are total time spent cycling and driving/riding respectively and b0, 

b1 and b2 are model parameters to be computed. This approach has been used in previous research 

(Hauer et al., 1988; Maycock and Hall, 1984; Turner et al., 2006). 

The association between the rate of injuries to pedal cyclists and annual per capita time spent 

cycling and driving/riding and the ratio of time spent cycling to time spent driving/riding was 

calculated using log-linear models. Given concerns about the use of ratio variables containing  

common terms (i.e., time spent cycling) (Bollen and Ward, 1979), part correlation was undertaken to 

check for the possibility of spurious associations between injury risk and per capita time spent 

cycling and the ratio of time spent cycling to time spent driving/riding. The part correlation relates 

one variable to a second variable from which the effect of a third variable has been removed  

(Logan, 1972, 1982). In this analysis, the injury rate was correlated with (1) the residuals of per 

capita time spent cycling regressed on the reciprocal of the number of population, and (2) the 

residuals of the ratio of time spent cycling to time spent driving/riding regressed on the reciprocal of 

time spent driving/riding. 

To minimise the effect of extraneous factors such as service utilisation, a sensitivity analysis was 

undertaken by restricting cases of interest to those with serious injuries with AIS score of 3 or more.  
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3.2.3.2. Identifying common types of police-reported collision crashes in New Zealand 

3.2.3.2.1. Data used 

The data were obtained from the Crash Analysis System (CAS) database maintained by the New 

Zealand Transport Agency. The database contains information on all police-reported crashes 

involving a collision with a motor vehicle. The data collected include demographic information of the 

involved parties, date and time of the crash, road condition, weather condition and vehicle 

movement.  

3.2.3.2.2. Analysis 

 This analysis used the data covering a 13-year period (2000-12). Vehicle movement coding was used 

to identify different types of bicycle-car collisions. The percentage of each collision type was then 

calculated and the five most common types were selected.   
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Chapter 4. Results: Methodological Aspects of the Taupo Bicycle 

Study 

In any epidemiological research, it is important to obtain an accurate estimate of the frequency of a 

disease or the effect of an exposure on the occurrence of an outcome. Accuracy has two key 

components: precision and validity.  

Precision is a measure of random error or variation in a measurement or sampling process, and can be 

improved by increasing the size or efficiency of the study (Rothman et al., 2008). The Taupo Bicycle 

Study recruited a large number of participants, ensuring adequate sample size, although improving the 

study efficiency through the appropriate apportionment of the participants into study groups (Walter, 

1977) was not possible at the time of recruitment. In this thesis, the precision of estimates was 

presented with 95% confidence intervals as recommended (Poole, 2001; Savitz, 2013).  

Validity can be categorised into external validity and internal validity. External validity refers to the 

generalisability of the study results to others outside the study population. This may be limited in the 

Taupo Bicycle Study as the study was not population-based and used a web-based questionnaire as a 

cost-effective way to recruit cyclists. In addition, the study findings may not be directly applicable to 

countries with different cycling cultures since the aetiology of road crash injury is context-specific.  

Internal validity is a measure of systematic error and is also a prerequisite for external validity 

(Rothman et al., 2008). Three main threats to internal validity include: confounding, information bias 

and selection bias. While it is a common practice to control potential confounding by employing 

certain analytic techniques such as stratification or regression (Rothman et al., 2008), the latter two 

are rarely considered in epidemiological research. Information bias arises from errors in measuring 

exposure or disease (Rothman et al., 2008). This may occur in the Taupo Bicycle Study as web-based 

surveys and record linkage were used as a resource-efficient method of data collection. Selection bias 

results from procedures used to select study participants and from factors that influence study 

participation (Rothman et al., 2008). In prospective cohort studies, initial non-response (57% in the 

Taupo Bicycle Study) is not usually a major concern as exposure information is collected in advance of 

the outcomes of interest (Lash et al., 2009; Lash et al., 2010). But drop-outs during follow-up, if 

substantial and systematic, may bias estimates of association. This was not an issue in the Taupo 

Bicycle Study as the crash outcome data were collected for all the participants through record linkage. 

However, as all the participants were resurveyed in 2009 with a 58.5% response rate, this provided me 
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an opportunity to investigate the magnitude and direction of selection bias from (simulated) loss to 

follow-up so as to inform the design of future cohort studies. 

This chapter discusses some methodological aspects of the Taupo Bicycle Study. First, I present the 

characteristics of the study sample in comparison with adult cyclists who participated in a national 

survey. Second, I assess changes in cycling exposure and risk behaviour during follow-up. Third, I 

evaluate the completeness and accuracy of crash outcome data collected through record linkage. 

Fourth, I examine the impact of (simulated) loss to follow-up on the association estimates.  

4.1. Characteristics of the study sample 

4.1.1. Preface 

As the Taupo Bicycle Study recruited cyclists from a cycling event using a web-based questionnaire, 

the study sample may not be representative of all New Zealand cyclists. This section presents the 

characteristics of the 2590 participants who were resident in New Zealand at recruitment in 

comparison with those from a national survey conducted in 2007/08 where 745182 participants 

reported cycling at least once over 12 months (Sport New Zealand, 2009). 

4.1.2.  Results 

The average age of the participants was 44.0 years (SD 10.4) and 72.4% were males (Table 4-1). 

About half the sample was university graduates (53.9%), 77.7% lived in in main urban areas and 37% 

were from least deprived neighbourhoods. About 35.5% resided in the Auckland region and 20.6% in 

the Wellington region. The sample had more cyclists aged over 35, more males, fewer Māori and 

fewer who resided in the first quintile of the deprivation scores compared to the 2007/08 Active 

New Zealand Survey.   

On average, the participants cycled 5.7 hours a week (cf. 2.4 hours in the national survey) (Table 

4-2). Most participants used road bikes (86.6%) and reported ever cycling in a bunch (71.0%) but 

only 38.3% reported ever riding off-road. Of the 2438 participants who travelled to work, 32.8% 

reported cycling to work at least once a week. Almost all participants reported always wearing a 

helmet but fewer reported using fluorescent colours. Of the 1731 participants who ever cycled in the 

dark, the majority reported always using front and back lights in the dark but a lower proportion 

reported using reflective materials. Almost one third of the participants had a crash history in the 

past 12 months. 
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Table 4-1. Demographic characteristics 

Demographic Characteristics N % Mean (SD) Median (IQR) 
% of adult cyclists in 
2007/08 Active New 

Zealand Survey 

Age (years) 44.0 (10.3) 44.7 (14.2) 

   16-35 579 22.4 36.2 

   36-50 1351 52.2 40.6 

   51+ 660 25.5 23.2 

Gender 

   Male 1874 72.4 59.6 

   Female 715 27.6 40.4 

Ethnicity 

   Māori 104 4.0 10.9 

   Non-Māori 2486 96.0 89.1 

Level of education 

   High/secondary school or less 535 20.7 

   Polytechnic 654 25.3 

   University 1395 53.9 

   Missing 6 0.2 

Body Mass Index 25.3 (3.7) 24.8 (4.0) 

   <25 1361 52.5 

   25-30 1000 38.6 

   30+ 214 8.3 

   Missing 15 0.6 

NZDep2006 scores 

   1-2 956 36.9 64.2 

   3-4 614 23.7 20.5 

   5-6 443 17.1 8.0 

   7-8 339 13.1 5.6 

   9-10 202 7.8 1.7 

   Missing 36 1.4 

Urbanity of residence 

   Main urban area 2013 77.7 

   Others 541 20.9 

   Missing 36 1.4 

Region of residence 

   Auckland 919 35.5 

   Wellington 534 20.6 

   Others 1101 42.5 

   Missing 36 1.4 
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Table 4-2. Cycling characteristics 

Cycling Characteristics N % Mean (SD) Median (IQR) 
% of adult cyclists in 
2007/08 Active New 

Zealand Survey 

Years of cycling 7.0 (8.9) 3.0 (9.0) 

   <1 204 7.9 

   1-4 1307 50.5 

   5+ 1068 41.2 

   Missing 11 0.4 

Hours spent cycling per week 5.7 (3.7) 5.0 (5.0) 141 min (2.35 hours) 

   Missing 8 0.3 

% riding off-road 8.4 (18.2) 0.0 (5.0) 

Ever ride off-road 

   Yes 992 38.3 

   No 1584 61.2 

   Missing 14 0.5 

% riding in the dark 9.1 (13.9) 2.0 (10.0) 

Ever ride in the dark 

   Yes 1731 66.8 

   No 853 32.9 

   Missing 6 0.2 

% riding in a bunch 

Ever ride in a bunch 19.6 (8.9) 3.0 (9.0) 

   Yes 1838 71.0 

   No 732 28.3 

   Missing 20 0.8 

Cycle to work at least once a weeka

   Yes 771 32.8 

   No 1541 65.6 

   Missing 36 1.5 

Type of bicycle most commonly used 

   Road 2244 86.6 

   Mountain 195 7.5 

   Others 139 5.4 

   Missing 12 0.5 

Crash in the past 12 months 

   Yes 801 30.9 

   No 1784 68.9 

   Missing 5 0.2 

Always wear helmet 

   Yes 2555 98.6 

   No 25 1.0 

   Missing 10 0.4 

Wear fluorescent colours 

   Always 759 29.3 

   Sometimes 1310 50.6 
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   Never 500 19.3 
   

   Missing 21 0.8 
   

Always use front lights in the darkb 

   
   Yes 1451 83.8 

   
   No 279 16.1 

   
   Missing 1 0.1 

   
Always use back lights in the darkb 

   
   Yes 1556 89.9 

   
   No 174 10.0 

   
   Missing 1 0.1 

   
Use reflective materials in the darkb 

   
   Always 850 49.1 

   
   Sometimes 489 28.2 

   
   Never 386 22.3 

   
   Missing 6 0.3 

   
Ever listen to music while riding 

     
   Yes 423 16.3 

   
   No 2153 83.1 

   
   Missing 14 0.5       

a restricted to 2438 participants who reported travelling to work at least once a week. 
b restricted to 1731 participants who reported cycling in the dark 

4.1.3. Significance 

The primary finding of this section is that the study sample has more over 35 year olds, males and 

non-Māori but fewer who reside in low deprivation, and cycles more compared to adult cyclists who 

participated in the national survey. These differences may limit the generalisability of incidence rate 

estimates but may have minimal impact on association estimates (Lash et al., 2009; Lash et al., 2010). 

To address the former, the investigations of the Taupo Bicycle Study were supplemented with 

analyses of routinely collected national data to estimate the prevalence of bicycle commuting and 

bicycle crash injuries in the general population. However, given a large sample of cyclists involved in 

the study with sufficient heterogeneity with respect to demographic and cycling factors of interest, I 

hypothesise that the association estimates identified in this thesis will be valid for all cyclists and 

traffic environments similar to New Zealand. 

4.2. Changes in cycling exposure and risk behaviour during follow-up 

4.2.1. Preface 

Misclassification of exposure is a common source of information bias and could occur in the Taupo 

Bicycle Study at recruitment (due to inaccuracies in self-reports) as well as during follow-up (due to 

changes in exposure over time). It was not possible to evaluate the accuracy of self-reports collected 
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from web-based surveys but the exposure misclassification, if any, is likely to be non-differential, i.e., 

not related to outcomes of interest, and may bias the association estimates toward the null value 

(Rothman et al., 2008). However, misclassification due to changes in exposure during follow-up may be 

differential by covariates as well as crash outcomes and may bias the estimates in both directions. I 

therefore assessed changes in cycling exposure and risk behaviour at the two time points (baseline and 

resurvey).  

4.2.2. Results 

Of the 1456 participants who responded to the resurvey and were still cycling at the time of the 

resurvey, almost half reported the same amount of cycling in general (44.3%) and on-road (45.0%) 

but many reported less cycling off-road (63.0%), in the dark (60.2%) and in a bunch (47.9%) (Table 

4-3). Of the 1326 participants who reported travelling to work, 52.0% did not change the amount of 

cycling to work. About 38.0% used fluorescent colours as often as before. Of the 997 participants 

who cycled in the dark, 73.7% used front lights, 78.8% used back lights and 45.1% used reflectors as 

frequently as before. About 83.4% reported the same pattern of distractive behaviour (listening to 

music while riding). 

Changes in cycling exposure varied by personal factors, residential characteristics and crash 

experience between recruitment and resurvey (Table 4-3 and Table 4-4). In general, cyclists aged 

under 35 were more likely to change the amount of cycling in general, on-road and for commuting 

whereas those aged over 50 were more likely to reduce the amount of cycling off-road and in the 

dark. Female cyclists were more likely to reduce the amount of cycling in general, in the dark and in 

a bunch. Less experienced cyclists were more likely to change their cycling activity during follow-up. 

Cyclists who were resident outside main urban areas were more likely to reduce the amount of 

cycling in the dark. Counter-intuitively, cyclists who experienced at least a crash between the 

baseline and resurvey were more likely to increase the amount of cycling in general, on-road, off-

road, in the dark and in a bunch, and those who experienced at least one on-road crash were more 

likely to increase the amount of cycling in general, on-road and in a bunch. Changes in risk behaviour 

also varied by demographic characteristics but less pronouncedly.  
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Table 4-3. Changes in cycling exposure and risk behaviour by personal characteristics 

Baseline Characteristics 
Total       

% 

              Age (years)      Gender                           Education         Years of cycling 

16-35 36-50 51+ 
 

Male Female 
 

High school Polytechnic University 
 

<2 2-5 6+ 
 

Completed follow-up survey (N=1526) 
                

Cycle in general 
                

   More  23.4 26.9 24.3 19.6 *** 23.4 23.5 ** 24.1 19.0 25.1 
 

26.5 26.6 18.3 *** 

   Same 44.3 35.8 42.3 53.1 
 

46.9 37.4 
 

46.4 47.6 42.0 
 

33.5 41.9 53.2 
 

   Less 27.7 28.4 29.2 24.6 
 

26.2 31.9 
 

25.2 27.5 28.8 
 

31.6 27.2 25.8 
 

   Stopped 4.6 9.0 4.2 2.7 
 

3.6 7.2 
 

4.3 6.0 4.1 
 

8.5 4.3 2.7 
 

Reported continued cycling (N=1456)  
                

Cycle on-road 
                

   More  24.6 30.3 25.5 26.0 *** 25.0 23.5 
 

26.7 19.4 26.2 
 

26.8 27.8 20.3 ** 

   Same 45.0 34.4 43.2 54.3 
 

46.1 41.9 
 

45.5 49.7 42.7 
 

37.5 43.4 50.6 
 

   Less 30.4 35.3 31.4 19.7 
 

28.9 34.6 
 

27.8 30.9 31.1 
 

35.7 28.8 29.1 
 

Cycle off-road 
                

   More  13.2 22.5 12.7 8.8 *** 12.4 15.5 
 

10.5 16.2 12.7 * 16.3 11.3 13.2 ** 

   Same 23.8 21.3 24.1 24.6 
 

24.3 22.2 
 

18.4 22.5 26.0 
 

18.2 21.5 28.7 
 

   Less 63.0 56.2 63.3 66.6 
 

63.3 62.3 
 

71.1 61.3 61.3 
 

65.5 67.2 58.1 
 

Cycle in the dark 
                

   More  10.2 16.4 11.0 5.1 *** 10.9 8.3 *** 10.5 7.5 11.2 
 

7.7 10.4 11.3 ** 

   Same 29.6 34.4 30.7 24.8 
 

32.6 21.5 
 

24.4 32.1 30.2 
 

23.7 28.4 34.2 
 

   Less 60.2 49.2 58.3 70.1 
 

56.6 70.3 
 

65.0 60.4 58.6 
 

68.6 61.2 54.5 
 

Cycle in a bunch 
                

   More  14.5 14.3 15.4 13.0 
 

14.0 15.8 * 15.8 11.9 15.0 
 

16.0 17.3 10.9 ** 

   Same 37.6 33.2 38.0 39.4 
 

39.7 32.0 
 

35.7 39.0 37.7 
 

32.3 35.8 42.6 
 

   Less 47.9 52.5 46.6 47.6 
 

46.3 52.2 
 

48.5 49.1 47.3 
 

51.7 46.9 46.5 
 

Cycle to worka 

                
   More  10.0 15.0 11.3 7.5 ** 11.2 10.1 

 
12.6 10.4 10.6 ** 8.0 11.2 11.8 ** 

   Same 52.0 49.8 56.7 62.6 
 

56.7 58.1 
 

50.2 53.1 60.9 
 

68.6 56.5 51.6 
 

   Less 11.3 18.0 13.1 7.5 
 

11.8 14.2 
 

9.6 12.6 13.3 
 

7.0 12.0 15.8 
 

   Do not travel to work at follow-up 16.9 16.3 18.2 20.8 
 

19.0 17.3 
 

26.4 22.7 14.5 
 

16.0 19.6 19.1 
 

   Missing  0.9 0.9 0.7 1.7 
 

1.2 0.3 
 

1.3 1.3 0.8 
 

0.4 0.6 1.7 
 

Wear fluorescent colours 
                

   More  31.3 38.1 30.0 29.9 
 

30.7 33.1 
 

27.8 28.0 33.8 
 

31.7 31.5 30.8 
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   Same 38.0 35.3 37.3 41.1 37.4 39.8 39.1 41.6 36.3 33.5 39.7 39.0 

   Less 29.9 26.2 32.1 28.1 31.3 26.1 32.7 29.5 29.3 33.9 28.0 29.9 

   Missing 0.7 0.4 0.6 0.9 0.6 1.0 0.4 0.9 0.6 0.9 0.7 0.3 

Use front light in the darkb 

   More  6.0 11.5 6.8 10.6 ** 8.6 9.2 ** 7.0 7.6 9.4 11.9 8.2 7.7 * 

   Same 73.7 75.5 77.4 64.6 75.9 66.1 71.9 74.4 74.2 66.0 76.7 74.9 

   Less 4.5 5.5 3.7 5.5 4.5 4.6 5.3 3.8 4.6 3.2 3.3 6.1 

   Do not cycle in the dark at follow-up 12.8 7.5 12.0 18.9 10.8 20.2 15.8 13.9 11.6 17.8 11.8 11.3 

   Missing 0.2 0.0 0.2 0.4 0.3 0.0 0.0 0.4 0.2 1.1 0.0 0.0 

Use back light in the darkb 

   More  5.7 9.0 4.2 6.3 ** 5.8 5.5 ** 4.1 5.0 6.2 9.7 5.8 4.1 * 

   Same 78.8 79.5 81.4 72.8 81.0 71.1 76.6 79.0 79.7 68.7 80.5 81.9 

   Less 2.3 4.0 2.0 1.6 2.1 3.2 3.5 2.1 2.1 3.2 1.9 2.3 

   Do not cycle in the dark at follow-up 12.8 7.5 12.0 18.9 10.8 20.2 15.8 13.9 11.6 17.8 11.8 11.3 

   Missing 0.3 0.0 0.4 0.4 0.4 0.0 0.0 0.0 0.5 0.5 0.0 0.5 

Use reflective material in the darkb 

   More  30.6 43.5 29.8 22.1 *** 31.6 27.1 ** 35.1 29.0 30.1 30.3 31.3 30.3 

   Same 45.1 37.0 46.2 49.2 45.2 45.0 35.1 48.3 46.7 39.5 45.6 47.4 

   Less 10.9 12.0 11.6 8.7 12.2 6.4 12.9 8.8 11.3 11.4 11.0 10.6 

   Do not cycle in the dark at follow-up 12.8 7.5 12.0 18.9 10.8 20.2 15.8 13.9 11.6 17.8 11.8 11.3 

   Missing 0.5 0.0 0.4 1.2 0.3 1.4 1.2 0.0 0.3 1.1 0.3 0.5 

Listen music while cycling 

   More  8.9 14.8 9.9 3.9 *** 9.5 7.2 11.3 9.5 8.0 8.3 10.2 8.2 ** 

   Same 83.4 71.3 83.4 90.3 83.1 84.2 81.6 81.5 84.8 79.4 81.6 87.2 

   Less 7.2 13.9 6.3 5.1 6.8 8.3 6.8 8.4 6.9 10.8 8.2 4.4 

   Missing 0.5 0.0 0.5 0.7 0.6 0.3 0.4 0.6 0.4 1.5 0.0 0.2 
* p<0.05; ** p<0.01; *** p<0.0001

a Restricted to 1326 participants who reported travelling to work/education at least once a week 

b Restricted to 997 participants who reported cycling in the dark 
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Table 4-4. Changes in cycling exposure and risk behaviour by residential characteristics and crash experience 

Baseline Characteristics 
    NZDep 2006 scores Main urban area             Region of residence 

     Crash experience during follow-up 

  All crashes On-road crashes 

1-3 4-7 8-10 
 

Yes No 
 

Auckland Wellington Others 
 

Yes No 

 

Yes No 

 Completed follow-up survey (N=1526) 
                 

Cycle in general 
                 

   More  21.3 25.5 26.2 
 

19.8 24.2 
 

25.3 20.6 23.1 
 

30.1 20.8 *** 29.7 22.0 * 

   Same 46.4 42.3 41.0 
 

49.2 43.1 
 

41.5 43.9 47.0 
 

44.8 44.1 
 

43.9 44.4 
 

   Less 28.0 27.5 27.9 
 

25.6 28.3 
 

28.6 31.6 25.2 
 

22.8 29.6 
 

24.2 28.5 
 

   Stopped 4.3 4.8 4.9 
 

5.5 4.4 
 

4.7 4.0 4.8 
 

2.3 5.5 
 

2.2 5.1 
 

Reported continued cycling (N=1456)  
                 

Cycle on-road 
                 

   More  22.6 26.6 26.4 
 

25.2 21.7 
 

25.6 23.3 24.1 
 

31.5 21.8 ** 30.8 23.2 * 

   Same 46.8 43.6 41.4 
 

44.1 48.7 
 

44.8 40.3 47.7 
 

42.2 46.1 
 

44.1 45.2 
 

   Less 30.6 29.8 32.2 
 

30.7 29.6 
 

29.6 36.4 28.3 
 

26.3 32.1 
 

25.1 31.6 
 

Cycle off-road 
                 

   More  13.7 12.8 11.5 
 

12.5 15.5 
 

10.6 14.4 14.7 
 

17.7 11.4 ** 11.0 13.7 
 

   Same 23.8 22.9 25.9 
 

23.0 26.7 
 

23.5 25.2 23.1 
 

22.7 24.2 
 

20.5 24.5 
 

   Less 62.5 64.3 62.6 
 

64.5 57.8 
 

65.9 60.4 62.2 
 

59.7 64.4 
 

68.4 61.9 
 

Cycle in the dark 
                 

   More  10.6 10.9 6.9 
 

10.9 7.6 *** 11.3 10.5 9.2 * 14.6 8.4 ** 12.2 9.7 
 

   Same 28.5 29.8 32.2 
 

31.8 19.5 
 

32.0 32.6 25.4 
 

30.8 29.1 
 

30.4 29.4 
 

   Less 60.9 59.3 60.9 
 

57.3 72.9 
 

56.7 56.9 65.4 
 

54.7 73.9 
 

57.4 60.9 
 

Cycle in a bunch 
                 

   More  13.4 15.3 17.2 
 

14.6 14.4 
 

13.6 12.5 16.6 
 

20.1 12.3 *** 20.2 13.2 ** 

   Same 39.5 35.1 36.2 
 

37.5 37.6 
 

39.9 37.1 35.6 
 

41.3 36.2 
 

41.8 36.7 
 

   Less 47.1 49.6 46.6 
 

47.9 48.0 
 

46.5 50.5 47.8 
 

38.7 51.6 
 

38.0 50.0 
 

Cycle to worka 

                 
   More  10.4 11.0 14.2 

 
11.9 7.2 ** 10.8 11.3 11.2 ** 13.2 10.1 

 
13.3 10.4 

 
   Same 59.1 56.1 52.3 

 
57.5 56.2 

 
62.6 52.9 54.7 

 
55.7 57.9 

 
57.9 56.9 

 
   Less 12.1 12.5 13.6 

 
13.1 9.4 

 
10.0 18.1 11.6 

 
11.6 12.8 

 
11.6 12.6 

 
   Do not travel to work at follow-up 17.6 19.1 19.4 

 
16.6 26.4 

 
16.1 16.7 21.4 

 
19.6 18.2 

 
15.9 19.1 

 
   Missing  0.7 1.3 0.7 

 
0.9 0.9 

 
0.6 1.0 1.1 

 
1.1 1.0 

 
1.3 0.9 

 
Wear fluorescent colours 
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   More  30.6 31.6 34.5 * 31.6 30.7 31.5 34.2 29.9 30.1 32.1 27.8 32.1 * 

   Same 35.1 40.5 42.0 37.3 40.1 37.5 35.8 39.3 36.0 39.2 34.6 38.8 

   Less 33.9 27.1 21.8 30.7 27.1 30.3 29.7 29.9 33.9 28.6 37.6 28.3 

   Missing 0.4 0.8 1.7 0.3 2.2 0.8 0.3 0.8 0.0 1.0 0.0 0.8 

Use front light in the darkb 

   More  8.4 10.3 6.4 8.4 10.8 *** 7.0 9.8 10.1 8.8 8.7 8.9 8.7 

   Same 75.2 69.4 79.4 75.3 64.3 79.0 69.2 70.6 74.0 73.6 74.4 73.6 

   Less 4.6 4.2 4.8 5.1 1.3 3.4 6.1 4.6 3.6 4.9 3.1 4.8 

   Do not cycle in the dark at follow-up 11.7 16.2 8.7 11.1 22.9 10.4 15.0 14.4 13.3 12.6 13.1 12.8 

   Missing 0.2 0.0 0.8 0.1 0.6 0.3 0.0 0.3 0.3 0.2 0.5 0.1 

Use back light in the darkb 

   More  5.2 6.4 6.4 5.3 8.3 ** 4.4 5.1 7.5 7.8 4.8 6.8 5.5 

   Same 80.9 74.4 81.8 80.9 66.9 82.6 77.6 75.3 77.0 79.7 79.6 78.7 

   Less 1.8 3.1 2.4 2.4 1.9 1.8 2.3 2.8 2.0 2.5 0.5 2.7 

   Do not cycle in the dark at follow-up 11.7 16.2 8.7 11.1 22.9 10.4 15.0 14.4 13.3 12.6 13.1 12.8 

   Missing 0.4 0.0 0.8 0.4 0.0 0.8 0.0 0.0 0.0 0.4 0.0 0.4 

Use reflective material in the darkb 

   More  29.8 27.9 42.1 ** 31.3 27.4 ** 32.9 29.4 29.1 33.1 29.5 34.0 29.8 

   Same 43.7 47.9 40.5 45.1 43.3 42.5 45.8 46.7 41.9 46.6 39.3 46.5 

   Less 13.7 8.1 8.7 11.9 6.4 13.7 9.4 9.3 11.4 10.7 13.6 10.3 

   Do not cycle in the dark at follow-up 11.7 16.2 8.7 11.1 22.9 10.4 15.0 14.4 13.3 12.6 13.1 12.8 

   Missing 1.0 0.0 0.0 0.6 0.0 0.5 0.5 0.5 0.3 0.6 0.0 0.6 

Listen music while cycling 

   More  8.1 8.9 12.6 8.8 9.4 7.5 10.5 9.4 11.0 8.1 10.7 8.6 

   Same 83.9 83.7 79.3 83.8 81.2 85.5 80.5 82.8 79.7 85.3 79.5 84.2 

   Less 7.7 6.8 6.9 7.0 8.7 6.2 8.6 7.5 8.8 6.6 9.1 6.8 

   Missing 0.3 0.6 1.2 0.4 0.7 0.8 0.3 0.3 0.5 0.5 0.8 0.4 
* p<0.05; ** p<0.01; *** p<0.0001

a Restricted to 1326 participants who reported travelling to work/education at least once a week 

b Restricted to 997 participants who reported cycling in the dark 
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A total of 70 cyclists reported in the resurvey that they stopped cycling. The most common reasons 

include: time constraints, health problems, safety concerns and family reasons (Table 4-5).   

Table 4-5. Reasons for stopping cycling 

Reasons for stopping cycling N % 

Family reasons 9 12.9 

Personal circumstances 2 2.9 

Safety concerns 9 12.9 

Health problems 10 14.3 

Change to other sports 8 11.4 

Broken bike 1 1.4 

Moving overseas 5 7.1 

Time constraints 19 27.1 

Lack of interest 2 2.9 

Lack of cycling partners 4 5.7 

4.2.3. Significance 

The primary finding of this section is that there were changes in cycling exposure and risk behaviour 

during follow-up and such changes differed by demographic characteristics and crash experience. 

This could result in differential misclassification of exposure and may bias association estimates. In a 

previous study, changes in the level of physical activity during follow-up underestimated the risk of 

mortality due to inactivity (Andersen, 2004). However, little is known about the magnitude of such 

bias in injury cohorts. I therefore attempted to assess the potential impact of changes in exposure 

on the association estimates in subsequent analyses of the study data (Section 6.2).  

4.3. Completeness and accuracy of crash outcome data 

4.3.1. Preface 

The Taupo Bicycle Study collected crash outcome data through linkage to insurance claims, hospital 

discharges, mortality records and police reports. Potential misclassification of the outcome data could 

occur due to inaccuracies of the source databases (Davie et al., 2008; Health Outcomes International 

Pty Ltd., 2005; McDonald et al., 2009) and also due to mismatches (Clark, 2004). I therefore 

evaluated the quality of the crash outcome data by capture-recapture methods and comparisons 

with self-reported data collected in the resurvey.    



74 

4.3.2. Publication: Completeness and accuracy of crash outcome data in a cohort of 

cyclists 

This section contains an unaltered reproduction of the article “Completeness and accuracy of crash 

outcome data in a cohort of cyclists: a validation study” published in BMC public health 2013, 

volume 13, page e420. BMC Public Health is an international, peer-reviewed, open-access journal 

covering all aspects of public health and epidemiology. The journal has a 5-year impact factor of 

2.781 and a 2013 impact factor of 2.321. 
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Completeness and accuracy of crash outcome
data in a cohort of cyclists: a validation study
Sandar Tin Tin*, Alistair Woodward and Shanthi Ameratunga
Abstract

Background: Bicycling, despite its health and other benefits, raises safety concerns for many people. However,
reliable information on bicycle crash injury is scarce as current statistics rely on a single official database of limited
quality. This paper evaluated the completeness and accuracy of crash data collected from multiple sources in a
prospective cohort study involving cyclists.

Methods: The study recruited 2438 adult cyclists from New Zealand’s largest mass cycling event in November 2006
and another 190 in 2008, and obtained data regarding bicycle crashes that were attended by medical personnel or
the police and occurred between the date of recruitment and 30 June 2011, through linkage to insurance claims,
hospital discharges, mortality records and police reports. The quality of the linked data was assessed by
capture-recapture methods and by comparison with self-reported injury data collected in a follow-up survey.

Results: Of the 2590 cyclists who were resident in New Zealand at recruitment, 855 experienced 1336 crashes, of
which 755 occurred on public roads and 120 involved a collision with a motor vehicle, during a median follow-up
of 4.6 years. Log-linear models estimated that the linked data were 73.7% (95% CI: 68.0%-78.7%) complete with
negligible differences between on- and off-road crashes. The data were 83.3% (95% CI: 78.9%-87.6%) complete for
collisions. Agreement with the self-reported data was moderate (kappa: 0.55) and varied by personal factors, cycling
exposure and confidence in recalling crash events. If self-reports were considered as the gold standard, the linked
data had 63.1% sensitivity and 93.5% specificity for all crashes and 40.0% sensitivity and 99.9% specificity for
collisions.

Conclusions: Routinely collected databases substantially underestimate the frequency of bicycle crashes.
Self-reported crash data are also incomplete and inconsistent. It is necessary to improve the quality of individual
data sources as well as record linkage techniques so that all available data sources can be used reliably.

Keywords: Bicycling, Wounds and injuries, Validation studies, Capture recapture, Medical record linkage, Self-report
Background
Regular cycling provides health and other benefits [1-4].
However, in New Zealand, using a bicycle is not an
attractive mode of travel for many people [5] and
accounts for only 2% of total travel time [6]. Cycling is
becoming more popular as a sport but just over one-fifth
of adults reported participating in either road cycling or
mountain biking at least once over twelve months in a
recent national survey [7].
For many people, safety concerns are one of the major

barriers to riding a bicycle [8,9]. For each million hours
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that were spent cycling on New Zealand roads, according
to the official statistics, 29 deaths or injuries resulted from
collisions with a motor vehicle [10] and 31 injuries
resulted in death or hospital inpatient treatment [11].
Furthermore, almost as many bicycle crashes occurred
off-road [12].
However, current statistics typically refer to a single

official data source, most commonly police crash reports
and less frequently hospital records. These data sources
are known to disproportionately undercount bicycle
crashes [13-15]. This is not surprising as many bicycle
crashes do not come to the attention of the police or
medical personnel, and this undercount amounted to
70% or more of self-reported crashes in overseas studies
Ltd. This is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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[16,17]. While self-reports can provide information on
unreported crashes, their validity may be questionable
also, for example, due to nonresponse [18], failure to
recall [19] and the influence of socially desirable responses
[20]. For all these reasons, it has been proposed that
“unattended” bicycle crash injuries are excluded when
developing indicators of injury incidence [21].
Even for the crashes that were attended medically or

by the police, routinely collected databases may not be
complete [13,15] and accurate [22]. Moreover, as the
crash data are usually collected for specific administrative
purposes, each data source typically captures only a
fraction of all crashes [14]. Therefore, using multiple
data sources through record linkage may provide a
broader, more complete and truer picture of injury, at a
relatively low cost.
This paper evaluated the completeness and accuracy

of bicycle crash data collected by self-report and by record
linkage drawing on four national, routinely collected
databases.

Methods
Design, setting and participants
The Taupo Bicycle Study is a prospective cohort study of
cyclists designed to examine factors associated with
regular cycling and injury risk. The sampling frame
comprised cyclists, aged 16 year and over, who enrolled
online in the Lake Taupo Cycle Challenge. This is New
Zealand’s largest mass cycling event, which is held each
November and attracts about 10000 cyclists. Participants
have varying degrees of cycling experience and they range
from competitive sports cyclists and experienced social
riders to relative novices of all ages.
Recruitment was undertaken at the time of the 2006

event for the majority of participants, as described, in
detail, elsewhere [23]. In brief, email invitations,
containing a hyperlink to an information page describing
the study, were sent to 5653 participants who provided
their email addresses at registration for the event. Those
who agreed to take part in the study were taken to a
page containing a web questionnaire and asked about
demographic characteristics, general cycling activity,
previous crash experience and use of injury preventive
measures. The questionnaire was completed and submitted
by 2438 cyclists (43.1% response rate). Another 190 cyclists
were recruited from the 2008 event by including a short
description about the study in the event newsletter. Ethical
approval was obtained from the University of Auckland
Human Participants’ Ethics Committee.

Crash outcome data
Crash outcome data were collected through record linkage
to insurance claims, hospital discharges, mortality records
and police reports, covering the period from the date
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of recruitment to 30 June 2011. Record linkage was
undertaken by the data custodians using name, gender,
date of birth and address as identifiers. All participants
consented to link their data to these databases. In addition,
a follow-up survey was conducted in December 2009.

Insurance claims
In New Zealand, the Accident Compensation Corporation
(ACC) provides personal injury cover for all residents and
temporary visitors to New Zealand no matter who is at
fault. The claims database is a major source of information
on relatively minor injuries with over 80% of the claims
related to primary care (e.g., GPs, emergency room
treatment) only [24].
Approval for record linkage was obtained from the

ACC Research Ethics Committee. A probabilistic linkage
followed by a clerical review was undertaken and all
claims for bicycle crashes were extracted. The data
extracted contain nature and mechanism of injury,
health service utilisation and out of hospital cost.
Crashes that occurred on public roads and crashes that
involved a collision with a motor vehicle were identified
from relevant variables as well as from the free text field
describing the crash.

Hospital discharge and mortality data
These databases are maintained by the Ministry of
Health’s Information Directorate. The National Minimum
Dataset (NMDS) contains information about inpatients
and day patients discharged after a minimum stay of three
hours from all public hospitals and over 90% of private
hospitals in New Zealand [25,26]. The Mortality Collection
contains information about all deaths registered in the
country [27].
Participant data were matched to a National Health

Index (NHI) number, a unique identifier assigned to
every person who uses health and disability support
services in New Zealand. An electronic match was made
where possible, followed by two stages of manual
matching for participants who could not be linked
electronically. Of 2590 participants who were resident
in New Zealand at recruitment, 99.0% were successfully
matched. All hospital discharges and deaths due to injuries
or other health conditions were extracted.
The hospital discharge data contain diagnoses and

diagnostic and therapeutic procedures undertaken in
each hospital visit, which are coded under ICD-10-AM.
Cycle crashes were identified using the E codes V10-V19;
those that occurred on public roads were identified using
the E codes V10-V18.3-9, V19.4-6, V19.9; and those that
involved a collision with a motor vehicle were identified
using the E codes V12-V14, V19.0-2 and V19.4-6.
Readmissions were identified as described previously [28]
and excluded.
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The mortality data contain the underlying cause of
death which is coded under ICD-10-AM and is also
described in free text fields. However, the coroners’ reports
on the cause of injury death were available only up to 31
December 2008. All deaths due to a bicycle crash were
identified from the available data.

Police reports
In New Zealand, it is mandatory that any fatal or injury
crash involving a collision with a motor vehicle on a
public road be reported to the police. A Traffic Crash
Report is then completed and sent to the New Zealand
Transport Agency where the data are entered in to the
Crash Analysis System (CAS) database.
A deterministic linkage followed by a clerical review was

undertaken and all bicycle collisions were extracted. The
linked data contain location, time and circumstances of
the crash, and severity of injury.

Follow-up survey
The survey was conducted in December 2009 using a
web questionnaire. The questions asked included: the
total number of bicycle crashes experienced during the
preceding year, the number of crashes for which claims
were lodged with ACC, the number of crashes requiring
hospital admission, and the number of crashes that were
reported to the police. The participants were also asked
to indicate the degree of confidence they had regarding
the accuracy of their answers to each question using a
five-point scale (very unsure, quite unsure, about 50/50,
quite sure, very sure). This confidence rating has been
shown to be a useful indicator of recall accuracy for
physical activity measures [29].
A total of 1537 participants (58.5%) completed the

questionnaire, of whom 70 reported not cycling in the
preceding year.

Analyses
A capture-recapture analysis was undertaken to estimate
the number of crashes that had occurred which were
not identified through record linkage. In addition, the
linked data were compared with the self-reported data
collected in the follow-up survey.

Capture- recapture analysis
Capture-recapture methods were originally developed to
estimate the size of an animal population, based on
proportions of animals that were captured, marked,
released and recaptured in two or more random samples.
The procedure assumed closeness of the population,
mark integrity, independence of the samples and
equal probability of being captured in each sample
[30]. Since then, similar methods have been applied in
epidemiological studies [31].
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For this analysis, the study sample was restricted to
the 2590 participants who were resident in New Zealand
at recruitment. For each participant, bicycle crashes
identified from the different databases were matched based
on the date of crash allowing for a two-day difference.
Log-linear models were used to estimate missing crashes,
taking into account possible associations across the
databases. The models were fitted to the incomplete
multiway contingency table with one missing cell
corresponding to absence in all databases. The strength of
evidence for each model was assessed using Akaike’s
Information Criterion (AIC) and its weight. Based on the
model averaged estimate and unconditional standard
error, the frequency for the missing cell and its 95%
confidence interval (CI) were calculated. Analyses were
undertaken for bicycle crashes in general, and also for
the specific categories of on-road crashes and crashes
involving a collision with a motor vehicle.
Comparison with self-reports
This analysis was based on the 1456 participants who
completed the follow-up questionnaire and reported
cycling in the preceding year. As some participants may
have experienced more than one crash during the
specified period, the exact crash date was not asked
in the questionnaire. As such, it was not possible to
match the linked and self-reported data for each
crash identified in the source databases. Instead,
agreement was assessed on a person-to-person basis
for each database as well as for the combined data.
Agreement was established (1) if a participant reported at
least one bicycle crash that required medical attention
(that is, involved a claim lodged with ACC or required an
admission to hospital) or reported to the police in the
preceding year, and the linked data also showed at least
one bicycle crash during the same period, or (2) if such a
crash had not been experienced in the preceding year
according to both the self-reported and linked data.
Cohen’s kappa coefficients were used to determine the

degree of agreement. In addition, the sensitivity, specificity
and predictive values of the linked data were calculated,
assuming that self-reports were the gold standard.
Analyses were undertaken for all crashes as well as
those involving a collision with a motor vehicle. In
addition, subgroup analyses were performed for all
crashes to examine differences in agreement by partici-
pants’ demographic characteristics, amount of cycling,
pre-existing medical conditions (heart attack, stroke,
cancer, diabetes or high blood pressure) and confidence
in recall.
SAS 9.2 (SAS Institute, Cary, North Carolina) and

Microsoft Office Excel 2010 (Microsoft Corporation,
Redmond, Washington) were used for all analyses.
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Results
The average age of the participants was 44.0 years (SD
10.4) and 72.4% were males (Table 1). About half the
sample were university graduates (53.9%) and lived in
least deprived neighbourhoods (49.9%), and 77.7% lived
in main urban areas. On average, participants cycled 5.7
hours a week (SD 3.7; Quartile Range 5).

Bicycle crashes reported at the follow-up survey
Of the 1456 participants who completed the follow-up
questionnaire and reported cycling in the preceding year,
432 reported experiencing one or more crashes in the
preceding year (Table 2). There were a total of 784
self-reported crashes, of which 57.4% occurred on the
Table 1 Participants’ demographic characteristics

Baseline Characteristics N %

Total 2590

Age (years)

16-35 579 22.4

36-50 1351 52.2

51+ 660 25.5

Gender

Male 1874 72.4

Female 715 27.6

Ethnicity

Māori 104 4.0

Non-Māori 2486 96.0

Level of education

High school (secondary) or less 535 20.7

Polytechnic 654 25.3

University 1395 53.9

Missing 6 0.2

NZDep2006 scores*

1-3 1292 49.9

4-7 919 35.5

8-10 343 13.2

Missing 36 1.4

Urbanity of residence

Main urban area 2013 77.7

Others 541 20.9

Missing 36 1.4

Region of residence

Auckland 919 35.5

Wellington 534 20.6

Others 1101 42.5

Missing 36 1.4

* 2006 New Zealand Deprivation Index with decile ten the most deprived
neighbourhood and decile one the least.
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road and 17.9% involved a collision with a motor vehicle.
Based on the respondent reports, 29.1% of all crashes
involved a claim lodged with ACC, 3.7% required hospital
admission and 6.5% were reported to the police. A higher
proportion of collisions involved medical or police
attention with 35.0% resulting in claims to ACC, 7.1%
requiring hospital admission and 32.9% being reported to
the police.

Bicycle crashes identified through record linkage
During a median follow-up of 4.6 years, only one death
occurred due to a bicycle crash. As this fatal crash was
recorded in both the Mortality Collection and NMDS
databases, the former was excluded in further analysis.
Of the 2590 participants, 855 experienced 1336 bicycle

crashes recorded in one or more databases, of which 755
(56.5%) occurred on public roads and 120 (9.0%) involved
a collision with a motor vehicle. Only 18 crashes that
involved a collision with a motor vehicle were identified
from all databases (Table 3).

Completeness of the linked data
As no crashes identified in both the NMDS and CAS
databases were found to be missing in the ACC database,
the models containing both interaction terms ACC*NMDS
and ACC*CAS were excluded. Table 4 shows model-based
estimates and unconditional standard errors from the
remaining six models. From these data, it was estimated
that 477 crashes in general (95% CI: 362–629), 258 on-road
crashes (95% CI: 197–338) and 24 collisions (95% CI:
17–32) were missing from all databases. That is, the
completeness of the linked data was 73.7% (95% CI:
68.0–78.7%) for all crashes, 74.5% (95% CI: 69.1–79.3%)
for on-road crashes, and 83.3% (95% CI: 78.9–87.6%) for
collisions.

Agreement between the linked and self-reported data
There was a moderate agreement (kappa 0.55) between
the linked and self-reported data for all crashes as well
as crashes involving collisions, with the highest level of
agreement observed with the claims data (Table 5). For
4.7% of participants who reported at least one crash
(that required medical attention or reported to the
police) in the preceding year, there was no crash record
in the linked data. In contrast, in 5.6% of participants
who did not report a crash, one or more crashes were
recorded in the linked data. This disagreement was less
pronounced for collisions.
When self-reports were considered as the gold standard,

the linked data for all crashes had 63.1% sensitivity, 93.5%
specificity, 59.0% positive predictive value (PPV) and
94.5% negative predictive value (NPV). The sensitivity was
counter-intuitively lower but the specificity and predictive
values were higher for collisions.



Table 2 Bicycle crashes reported by participants at the follow-up survey

No. of crashes (No. of participants)

All crashes On-road crashes Collisions

Total crashes experienced in the preceding year 784 (432) 450 (324) 140 (106)

Crashes claimed to ACC 228 (173) 49 (41)

Crashes requiring hospital admission 29 (29) 10 (10)

Crashes reported to police 51 (48) 46 (44)
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There were variations in agreement by participants’
demographic characteristics, amount of cycling, pre-existing
health conditions and confidence in recalling crash events
(Table 6). A higher level of agreement was associated with
being younger, male and Māori, having a higher level
of education, spending less time cycling, not having
pre-existing medical conditions, being more socioeconomi-
cally deprived and having a higher degree of confidence
regarding the accuracy of recall.
Table 3 Bicycle crashes matched across different data
sources

ACC NMDS CAS No. of crashes % of total crashes

All crashes

1 1 1 18 1.3

0 1 1 0 0.0

1 0 1 19 1.4

0 0 1 9 0.7

1 1 0 104 7.8

0 1 0 16 1.2

1 0 0 1170 87.6

Total 1336

On road crashes

1 1 1 18 2.4

0 1 1 0 0.0

1 0 1 19 2.5

0 0 1 9 1.2

1 1 0 72 9.5

0 1 0 11 1.5

1 0 0 626 82.9

Total 755

Collisions with a motor vehicle

1 1 1 18 15.0

0 1 1 0 0.0

1 0 1 17 14.2

0 0 1 7 5.8

1 1 0 7 5.8

0 1 0 3 2.5

1 0 0 68 56.7

Total 120

79
Discussion
Main findings
Our findings revealed a substantial underestimation of
bicycle crashes in administrative databases. The capture-
recapture models estimated that the linked data were
73.7% complete for all crashes with negligible differences
between on- and off-road crashes. The linked data were
83.3% complete for collisions. In comparison with
self-reports, the linked data had 63.1% sensitivity,
93.5% specificity, and 59.0% PPV and 94.5% NPV for
all crashes and 40.0% sensitivity, 99.9% specificity,
91.7% PPV and 97.7% NPV for collisions. Agreement
between the linked and self-reported data varied across
individual data sources and by participants’ demographic
characteristics, amount of cycling, pre-existing medical
conditions and recall confidence.

Strengths and limitations
The bicycle crash data collected in this prospective
cohort study were obtained through record linkage to
four routinely collected databases. This resource efficient
method of data collection was designed to minimise
potential biases associated with loss to follow-up [32].
This also provided a unique opportunity to evaluate the
completeness of bicycle crash records across the spectrum
of severity. To the best of our knowledge, this is the first
study to compare official vs. self-reported data on bicycle
crashes. However, some limitations need attention.
In our capture-recapture analysis, all underlying

assumptions may not be completely satisfied. First, the
assumption that the study population is closed may be
violated by death or emigration of some participants,
thereby underestimating the findings [33]. However, such
underestimation may not be substantial as only six deaths
were identified from the Mortality Collection database
and only 23 participants provided an overseas address at
the follow-up survey. Moreover, ACC support is available
to New Zealand residents if they return home with an
injury sustained during an overseas trip of up to six
months (or longer if they are travelling on business and
paying income tax).
Second, the assumption that each individual has equal

probability to be captured in each database may be
violated if the probability differs by crash, personal,
social and health service factors [21,34].



Table 4 Capture-recapture models estimating missing crashes

Model Variables included Estimate SE AIC AIC weight Weighted estimate Unconditional SE

All crashes

1 ACC NMDS CAS 5.23 0.22 84.87 0.00000003 0.00000014 0.00000001

2 ACC NMDS CAS ACC*NMDS 5.75 0.37 84.48 0.00000003 0.00000019 0.00000001

3 ACC NMDS CAS ACC*CAS 5.06 0.27 85.32 0.00000002 0.00000011 0.00000001

4 ACC NMDS CAS NMDS*CAS 5.33 0.22 54.87 0.09009773 0.48066236 0.03346642

5 ACC NMDS CAS ACC*NMDS NMDS*CAS 6.32 0.41 50.37 0.85614943 5.40872405 0.07995839

6 ACC NMDS CAS ACC*CAS NMDS*CAS 5.19 0.27 55.90 0.05375276 0.27913806 0.02753761

Model-averaged estimate 6.17

Unconditional SE 0.14

On-road crashes

1 ACC NMDS CAS 4.61 0.24 75.99 0.0000010926 0.0000050416 0.0000005142

2 ACC NMDS CAS ACC*NMDS 5.15 0.37 75.19 0.0000016262 0.0000083754 0.0000002457

3 ACC NMDS CAS ACC*CAS 4.38 0.32 76.40 0.0000008888 0.0000038942 0.0000006566

4 ACC NMDS CAS NMDS*CAS 4.74 0.25 53.42 0.0870396250 0.4128898692 0.0311739533

5 ACC NMDS CAS ACC*NMDS NMDS*CAS 5.69 0.41 48.83 0.8633010530 4.9139959238 0.0796703971

6 ACC NMDS CAS ACC*CAS NMDS*CAS 4.56 0.33 54.54 0.0496557143 0.2264598505 0.0271116407

Model-averaged estimate 5.55

Unconditional SE 0.14

Collisions with a motor vehicle

1 ACC NMDS CAS 2.45 0.36 60.47 0.0002105079 0.000514923 0.0000677993

2 ACC NMDS CAS ACC*NMDS 2.75 0.43 61.24 0.0001433835 0.000393918 0.0000255905

3 ACC NMDS CAS ACC*CAS 2.40 0.62 62.46 0.0000777519 0.000186721 0.0000374729

4 ACC NMDS CAS NMDS*CAS 2.78 0.37 45.81 0.3216029517 0.895471259 0.0453152851

5 ACC NMDS CAS ACC*NMDS NMDS*CAS 3.33 0.47 44.94 0.4970883194 1.656397698 0.0609100608

6 ACC NMDS CAS ACC*CAS NMDS*CAS 3.37 0.70 46.96 0.1808770856 0.609953708 0.0483519920

Model-averaged estimate 3.18

Unconditional SE 0.15

SE, Standard Error.
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Third, the assumption that there are no lost marks
between databases (mark integrity) may be violated if
ascertainment of relevant cases is affected by inaccuracies
in coding of bicycle crash data in each data source
[22,25,35]. Miscoding may have resulted in failure to
identify some bicycle crashes, thereby underestimating
the capture-recapture counts [36]. This may account
for the counter-intuitive finding of a lower sensitivity
for collision crashes compared to all crashes. It is
possible that some collisions were miscoded as ‘cyclist
only’ crashes as observed previously in the UK [37].
Case ascertainment may also be affected by the quality
of record linkage. Although the match rate by NHI
was high (99%), mistakes may have occurred during
extraction of bicycle crashes from each data source as
a conservative approach was used to minimise false
matches. While this served as a sensible strategy to
estimate unbiased risk ratios in our subsequent analyses
80
[38,39], it may have underestimated the capture-recapture
counts [36].
In addition, the self-reported data, although used as

the gold standard in this study, may not be accurate.
Inaccuracies in recall or provision of socially desirable
responses may have resulted in under- or over-reporting
of bicycle crashes. Cyclists generally experience frequent
minor crashes, which could make recall of crash experiences
during a specified period difficult. In previous research,
the injury rates were significantly underestimated if the
recall periods were two months or more [19] and the
ability to recall was influenced by number, type and
severity of injuries, and time elapsed since the injury
event [40,41]. Over-reporting, as observed in relation to
motor vehicle crashes [42], is also likely as some reported
crashes may have occurred prior to the specified recall
period. Moreover, near misses or evasion crashes may
have been reported as collisions with a motor vehicle. This



Table 5 Agreement between linked and self-reported data

Agreement
N (%)

Disagreement
N (%) % Total

agreement
Kappa
(95% CI)

Sensitivity
(95% CI)

Specificity
(95% CI)

PPV
(95% CI)

NPV
(95% CI)Both yes Both no SR yes

LD no
SR no
LD yes

All crashes

At least one crash claimed to ACC 114 (7.8) 1201 (82.5) 59 (4.1) 82 (5.6) 90.3 0.56 (0.50, 0.63) 65.9 (58.3, 72.8) 93.6 (92.1, 94.9) 58.2 (50.9, 65.1) 95.3 (94.0, 96.4)

At least one crash requiring overnight
hospital admission

10 (0.7) 1415 (97.8) 18 (1.3) 12 (0.2) 98.5 0.47 (0.28, 0.66) 34.5 (18.6, 54.3) 99.8 (99.3, 100.0) 76.9 (50.0, 93.8) 98.7 (97.9, 99.2)

At least one crash requiring attention 118 (8.1) 1187 (81.5) 69 (4.7) 82 (5.6) 89.6 0.55 (0.49, 0.61) 63.1 (55.7, 69.9) 93.5 (92.0, 94.8) 59.0 (51.8, 65.8) 94.5 (93.1, 95.7)

Collisions with a motor vehicle

At least one collision claimed to ACC 20 (1.4) 1412 (97.0) 21 (1.4) 3 (0.2) 98.4 0.62 (0.48, 0.76) 48.8 (33.2, 64.6) 99.8 (99.3, 100.0) 87.0 (65.3, 96.6) 98.5 (97.7, 99.1)

At least one collision requiring overnight
hospital admission

2 (0.1) 1443 (99.1) 8 (0.6) 3 (0.2) 99.3 0.26 (−0.03, 0.56) 20.0 (3.5, 55.8) 99.8 (99.3, 100.0) 40.0 (7.3, 83.0) 99.5 (99.0, 99.7)

At least one collision reported to police 10 (0.7) 1412 (97.0) 34 (2.3) 0 (0.0) 97.7 0.36 (0.20, 0.53) 22.7 (12.0, 38.2) 100.0 (99.7, 100.0) 100.0 (65.6, 100.0) 97.7 (96.7, 98.3)

At least one collision requiring attention 22 (1.5) 1399 (96.1) 33 (2.3) 2 (0.1) 97.6 0.55 (0.41, 0.68) 40.0 (27.3, 54.1) 99.9 (99.4, 100.0) 91.7 (71.5, 98.5) 97.7 (96.7, 98.4)

SR, Self-reports; LD, Linked Data.
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Table 6 Agreement between linked and self-reported data by participant characteristics

Participants' characteristics N Agreement N (%) Disagreement N (%) % Total
agreement Kappa (95% CI)

Both yes Both no SR yes LD no SR no LD yes

Age

16-35 158 16 (10.1) 125 (79.1) 5 (3.2) 12 (7.6) 89.2 0.59 (0.42, 0.77)

36-50 715 64 (9.0) 590 (82.5) 26 (3.6) 35 (4.9) 91.5 0.63 (0.54, 0.71)

51+ 583 38 (6.5) 472 (81.0) 38 (6.5) 35 (6.0) 87.5 0.44 (0.33, 0.55)

Gender

Male 1069 93 (8.7) 865 (80.9) 49 (4.6) 62 (5.8) 89.6 0.57 (0.49, 0.64)

Female 387 25 (6.5) 322 (83.2) 20 (5.2) 20 (5.2) 89.7 0.50 (0.36, 0.63)

Ethnicity

Maori 46 3 (6.5) 40 (87.0) 1 (2.2) 2 (4.4) 93.5 0.63 (0.25, 1.00)

Non-Maori 1410 115 (8.2) 1147 (81.4) 68 (4.8) 80 (5.7) 89.5 0.55 (0.48, 0.61)

Level of education

High school (secondary) or less 240 13 (5.4) 193 (80.4) 15 (6.3) 19 (7.9) 85.8 0.35 (0.18, 0.52)

Polytechnic 370 31 (8.4) 305 (82.4) 14 (3.8) 20 (5.4) 90.8 0.59 (0.47, 0.72)

University 846 74 (8.8) 689 (81.4) 40 (4.7) 43 (5.1) 90.2 0.58 (0.50, 0.66)

NZDep 2006 scores*

1-3 752 61 (8.1) 600 (79.8) 43 (5.7) 48 (6.4) 87.9 0.50 (0.41, 0.59)

4-7 516 44 (8.5) 426 (82.6) 19 (3.7) 27 (5.2) 91.1 0.61 (0.50, 0.71)

8-10 174 13 (7.5) 149 (85.6) 6 (3.5) 6 (3.5) 93.1 0.65 (0.46, 0.83)

Urbanity of residence

Main urban area 1165 98 (8.4) 943 (80.9) 58 (5.0) 66 (5.7) 89.4 0.55 (0.48, 0.62)

Others 277 20 (7.2) 232 (83.8) 10 (3.6) 15 (5.4) 91.0 0.56 (0.41, 0.72)

Region of residence

Auckland 531 37 (7.0) 431 (81.2) 30 (5.7) 33 (6.2) 88.1 0.47 (0.36, 0.58)

Wellington 313 27 (8.6) 251 (80.2) 14 (4.5) 21 (6.7) 88.8 0.54 (0.41, 0.68)

Others 598 54 (9.0) 493 (82.4) 24 (4.0) 27 (4.5) 91.5 0.63 (0.54, 0.72)

Pre-existing medical conditionƚ

Yes 296 23 (7.8) 237 (80.1) 21 (7.1) 15 (5.1) 87.8 0.49 (0.35, 0.63)

No 1160 95 (8.2) 950 (81.9) 48 (4.1) 67 (5.8) 90.1 0.57 (0.50, 0.64)

Hours spent cycling a week

0-2 237 12 (5.0) 212 (89.5) 3 (1.3) 10 (4.2) 94.5 0.62 (0.43, 0.81)

3-5 552 47 (8.5) 444 (80.4) 31 (5.6) 30 (5.4) 88.9 0.54 (0.44, 0.64)

6+ 667 59 (8.8) 531 (79.6) 35 (5.2) 42 (6.3) 88.5 0.54 (0.45, 0.63)

Confidence of reporting having crashes

Sure or very sure 1413 117 (8.3) 1150 (81.4) 68 (4.8) 78 (5.5) 89.7 0.56 (0.49, 0.62)

Others 43 1 (2.3) 37 (86.1) 1 (2.3) 4 (9.3) 88.4 0.23 (−0.20, 0.68)

* 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least.
ƚ Heart attack, stroke, cancer, diabetes or high blood pressure.
SR, Self-reports; LD, Linked Data.
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may be another explanation for the counter-intuitively
lower sensitivity for collisions compared to all crashes.
While previous studies reported negative associations
between self-reported motor vehicle crashes and social
desirability scales [20,43], little is known about how this
bias might impact self-reported bicycle crashes.
82
Interpretation
Our findings extend the existing literature and inform
future attempts to estimate the burden and risk of
bicycle-related injuries. As in previous research [16,17],
our findings show that at most 30% of self-reported
bicycle crashes were attended by medical personnel or
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the police. Even in this category of crashes, traditionally
used databases may not be complete. Overseas research
mainly assessed the completeness of hospital and police
databases with varying results [44-46]. A New Zealand
study found that only 22% of hospital-reported bicycle
crashes and 54% of those involving a collision with a
motor vehicle appeared in police reports [14]. In this
study, 13% of hospital reported crashes and 64% of
collisions were linkable to police records whereas 39%
of police reported crashes and 43% of collisions were
linkable to hospital records.
Very few studies have estimated the completeness of

combined databases. In a US study, hospital and police
records, if combined, were 80% complete for automobile
vs. child bicyclist collisions [44]. However, this level of
completeness could be much lower if minor injuries
were also considered. In this study, only 12% of bicycle
crashes and 43% of collisions extracted from the
linked data were recorded in hospital or police databases.
To our knowledge, no other studies have assessed the
completeness of individual or combined databases for
relatively minor injuries.
Even though multiple data sources were used to capture

a spectrum of injuries, our capture-recapture counts may
still be underestimates given the limitations mentioned
above. This is evident in comparisons with the self-reported
data where the sensitivity of the linked data was lower
than the completeness of data as estimated from the
capture-recapture methods. If potential over-reporting is
taken into account, however, the actual completeness of
the linked data may lie between the two extremes, that is,
between 63% and 74% for all crashes and between 40%
and 83% for collisions.
In this study, agreement between the self-reported and

official data was at most moderate although a higher
level of agreement was observed in relation to motor
vehicle crashes and unintentional injuries [47]. This may
be because, compared to motor vehicle crashes, bicycle
crashes occur more frequently and many are less severe,
making them less likely to be recalled or coded properly.
Our findings suggest that confidence ratings may be a
useful tool in assessing the quality of recalled crash data
as observed in previous research [29]. There were also
variations in agreement by participants’ personal factors,
in accordance with earlier research on motor vehicle
crashes [48].

Conclusions
There were underestimations and inaccuracies of bicycle
crash data collected from different sources. This under-
scores the need to consider and account for potential
biases due to outcome misclassification in our subsequent
analyses as well as in other similar studies. Our findings
also emphasise the need to improve the quality of
83
individual data sources, to develop comprehensive record
linkage techniques, and to enhance the validity and
reliability of self-reported information so that all available
data sources can be used reliably in our future attempts to
capture a complete picture of important injuries.
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4.3.3. Significance 

The primary finding of this section is that the linked data, based on the capture-recapture models, 

were 73.7% complete for all crashes, 74.5% complete for on-road crashes and 83.3% complete for 

collisions. The undercount was worse in comparison with self-reported data - the linked data had 

63.1% sensitivity, 93.5% specificity, 59.0% PPV, 94.5% NPV for all crashes and 40.0% sensitivity, 

99.9% specificity, 91.7% PPV and 97.7% NPV for collisions.  

The findings indicate the possibility of outcome misclassification. It is likely to be non-differential, 

i.e., not related to exposure and other covariates, in a prospective cohort study (Rothman et al., 

2008). If the specificity is perfect, only the risk-difference estimates will be underestimated but if 

otherwise, both the risk-difference and risk-ratio estimates will be biased to the null (Blakely and 

Salmond, 2002; Howe, 1998; Rothman et al., 2008). The latter scenario could happen in the Taupo 

Bicycle Study as the specificity was not perfect (93.5%) for all crashes. As a consequence, I 

attempted to account for its potential impact on the association estimates using probabilistic bias 

analyses (Lash et al., 2009; Lash et al., 2010) in Section 6.2. 

The findings also add to the existing literature. While there are a number of publications reporting 

the quality of police and/or hospital discharge databases (Austin, 1992; Cryer et al., 2001; Dhillon et 

al., 2001; Langley et al., 2003; Simpson, 1996; Ward et al., 2006), none involved relatively minor 

injuries, for example, those recorded in the claims database. This study evaluated the completeness 

of bicycle crash records across the spectrum of severity. It was also the first attempt to compare 

official vs. self-reported data on bicycle crashes. The findings will inform future efforts to estimate 

the burden and/or risk of bicycle-related injuries. 

4.4. Potential bias due to loss to follow-up 

4.4.1. Preface 

Loss to follow-up, if differential by exposures, confounders and outcomes of interest, may bias 

association estimates. This was not an issue in the Taupo Bicycle Study as the crash outcome data 

were collected for all the participants through record linkage to administrative databases but may 

impact some analyses restricted to those who responded to the resurvey (58.5% response rate). I 

therefore estimated the magnitude and direction of bias due to (simulated) loss to follow-up, assuming 

that outcome data were not available from those who did not respond to the resurvey. 
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4.4.2. Publication: Estimating bias from Loss to follow-up in a prospective cohort study of 

bicycle crash injuries 

This section contains an unaltered reproduction of the article “Estimating bias from loss to follow-up 

in a prospective cohort study of bicycle crash injuries” published in Injury Prevention 2014; volume 

20: page 322-329. Injury Prevention is an international, peer-reviewed journal focusing on the 

prevention of unintentional, occupational and intentional injuries. The journal has a 5-year impact 

factor of 2.036 and a 2013 impact factor of 1.941. 
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ABSTRACT
Background Loss to follow-up, if related to exposures,
confounders and outcomes of interest, may bias
association estimates. We estimated the magnitude and
direction of such bias in a prospective cohort study of
crash injury among cyclists.
Methods The Taupo Bicycle Study involved 2590 adult
cyclists recruited from New Zealand’s largest cycling
event in 2006 and followed over a median period of
4.6 years through linkage to four administrative
databases. We resurveyed the participants in 2009 and
excluded three participants who died prior to the
resurvey. We compared baseline characteristics and crash
outcomes of the baseline (2006) and follow-up (those
who responded in 2009) cohorts by ratios of relative
frequencies and estimated potential bias from loss to
follow-up on seven exposure-outcome associations of
interest by ratios of HRs.
Results Of the 2587 cyclists in the baseline cohort,
1526 (60%) responded to the follow-up survey. The
responders were older, more educated and more
socioeconomically advantaged. They were more
experienced cyclists who often rode in a bunch, off-road
or in the dark, but were less likely to engage in other
risky cycling behaviours. Additionally, they experienced
bicycle crashes more frequently during follow-up. The
selection bias ranged between −10% and +9% for
selected associations.
Conclusions Loss to follow-up was differential by
demographic, cycling and behavioural risk characteristics
as well as crash outcomes, but did not substantially bias
association estimates of primary research interest.

INTRODUCTION
By explicitly incorporating the passage of time, pro-
spective cohort studies overcome methodological
limitations of many other observational designs,
and have arguably provided more credible evidence
for decision making.1 Nevertheless, non-response
to baseline and follow-up surveys may occur and if
related to exposures, confounders and outcomes of
interest, may bias association estimates.2

Survey non-response rarely occurs at random and
has been associated with sociodemographic factors
as well as health outcomes.3–5 Reassuringly, several
prospective studies have found bias on association
estimates due to initial non-response to be
minimal.6–10 This may be because exposure infor-
mation is collected in advance of outcomes of inter-
est. Drop out during follow-up appears more of a
concern, but several studies suggest that its impact
on associations is modest.11–19 That is, association

estimates differ slightly in the retained sample com-
pared to the full cohort.
While the prospective cohort design has been

employed frequently in injury research,20 little is
known about the magnitude and direction of bias
from loss to follow-up. The Taupo Bicycle Study is
a prospective cohort study of cyclists designed to
examine factors associated with regular cycling and
injury risk. Research questions of primary interest
include injury risks associated with cycle commut-
ing, bunch riding, inconspicuity, distraction and
previous crash experience. Outcome data were col-
lected for all participants through linkage to four
administrative databases. The participants were also
resurveyed 3 years after the study commenced, but
only three-fifths responded. Loss to follow-up will
not be an issue in analyses using exposures mea-
sured at baseline in this study but may impact ana-
lyses using those measured in the resurvey. We
therefore investigated the impact of (simulated) loss
to follow-up on seven relevant exposure-outcome
associations of primary research interest.

MATERIALS AND METHODS
Design, setting and participants
The sampling frame comprised cyclists, aged
16 years and over, who enrolled online in the Lake
Taupo Cycle Challenge, New Zealand’s largest
mass cycling event held each November and attract-
ing about 10 000 cyclists. Participants have varying
degrees of cycling experience ranging from com-
petitive sports cyclists and experienced social riders
to relative novices of all ages.
We recruited the majority of participants at the

time of the 2006 event for the majority of partici-
pants, as described in detail elsewhere.21 Briefly, we
sent email invitations containing a hyperlink to an
information page describing the study, to 5653 con-
testants who provided their email addresses at
registration for the event. Those who agreed to
take part in the study were taken to the next page
containing a web questionnaire and asked about
demographic characteristics, general cycling activity
and previous crash experience in the preceding
year and habitual risk behaviours. A total of 2438
cyclists completed and submitted the questionnaire
(43.1% response rate). We recruited another 190
cyclists from the 2008 event by including a short
description about the study in the event newsletter.
We resurveyed all participants in December 2009
using a web questionnaire containing similar ques-
tions as in the baseline survey. A total of 1537 par-
ticipants completed the questionnaire. We obtained
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ethical approval from the University of Auckland Human
Participants’ Ethics Committee.

For this analysis, we restricted the study sample to 2590 partici-
pants who were resident in New Zealand at recruitment as the crash
outcome data for the overseas participants were not available. We
also excluded three deaths that occurred prior to the resurvey. As a
result, there were 2587 participants in the baseline cohort, of whom
1526 responded to the second questionnaire administered in 2009.
We termed the latter group the ‘follow-up cohort’ and its members
the ‘responders’, assuming that outcome data were not available from
those who did not complete the second questionnaire. Figure 1 pre-
sents the flow of study participation and losses.

Crash outcome data
We collected crash outcome data through record linkage to
insurance claims, hospital discharge and mortality data and
police reports, covering the period from the date of recruitment
to 30 June 2011. All participants consented to link their data to
these databases.

Insurance claims
In New Zealand, the Accident Compensation Corporation
(ACC) provides personal injury cover for all residents and

temporary visitors to New Zealand no matter who is at fault.
The claims database is a major source of information on rela-
tively minor injuries with over 80% of the claims relating to
primary care (eg, general practitioners, emergency room treat-
ment) only.22 We obtained approval for record linkage from the
ACC research ethics committee.

Hospital discharge and mortality data
The hospital discharge data contains information about inpatients
and day patients discharged after a minimum stay of 3 h from all
public hospitals and over 90% of private hospitals in New
Zealand.23 The mortality data includes information about all deaths
registered in the country.24 Diagnoses in each hospital visit and
underlying causes of death are coded under ICD-10-AM. We identi-
fied bicycle crashes using the E codes V10-V19; those that occurred
on public roads using the E codes V10-V18.3-9, V19.4-6, V19.9;
and those that involved a collision with a motor vehicle using the E
codes V12-V14, V19.0-2 and V19.4-6. We then identified readmis-
sions as described previously25 and excluded them.

Police reports
In New Zealand, it is mandatory that any fatal or injury crash
involving a collision with a motor vehicle on a public road be

Figure 1 Flowchart of recruitment and loss to follow-up in the Taupo Bicycle Study.
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reported to the police. This database, therefore, contains infor-
mation on all police-reported bicycle collisions.

For each participant, we matched bicycle crashes identified across
different databases based on the date of crash allowing for a two-day
difference, so as to avoid double-counting of the same crash.

Analyses
We presented baseline characteristics and crash outcomes of the
baseline and follow-up cohorts by relative frequencies (RFs) and
made comparisons by ratios of relative frequencies (RRFs)
which were calculated as: RFfollow-up/RFbaseline.

We investigated potential bias from loss to follow-up on seven
exposure-outcome associations. These include: associations
between previous crash experience, bunch riding, listening to
music and using lights in the dark and the risk of all bicycle
crashes, and associations between cycle commuting, using fluor-
escent colours and using reflective materials in the dark and the
risk of on-road crashes. For each exposure-outcome association,
we calculated individual cell follow-up response rates and

cross-products, using the dichotomous outcome (one or more
crashes vs no crash). The cross-products are equivalent to ratios
of unadjusted ORs (RORs) which were calculated as ORfollow-up/
ORbaseline.

As more than a single crash may be experienced during
follow-up, we performed Cox proportional hazards regression
modelling for repeated events using a counting process
approach to examine the associations in the baseline and
follow-up cohorts. We adjusted HRs for all demographic and
cycling characteristics at baseline. All baseline data were com-
plete for 2435 participants (94.0%). Assuming that the data was
missing at random, we computed missing values using multiple
imputation (PROC MI) with 25 complete datasets created by
the Markov chain Monte Carlo method26 incorporating all
baseline covariates (ie, all demographic and cycling characteris-
tics presented in tables 1 and 2, respectively) and the number of
crash outcomes. We presented crude and adjusted HRs and esti-
mated the magnitude and direction of bias by ratios of HRs
(RHRs) which were calculated as HRfollow-up/HRbaseline.

Table 1 Demographic characteristics of the baseline and follow-up cohorts

Participant characteristics

Baseline cohort Follow-up cohort

RRF (95% CI)*n Per cent n Per cent

Total 2587 1526
Age (yrs)

16–35 579 22.4 268 17.6 0.78 (0.73 to 0.84)
36–50 1351 52.2 815 53.4 1.02 (0.99 to 1.05)
51+ 657 25.4 443 29.0 1.14 (1.09 to 1.20)

Gender
Male 1871 72.3 1109 72.7 1.00 (0.98 to 1.02)
Female 716 27.7 417 27.3 0.99 (0.94 to 1.04)

Ethnicity
Māori 104 4.0 47 3.1 0.77 (0.61 to 0.92)
Non-Māori 2483 96.0 1479 96.9 1.01 (1.00 to 1.02)

Education
High school (secondary) or less 534 20.6 278 18.2 0.88 (0.82 to 0.95)
Polytechnic 654 25.3 368 24.1 0.95 (0.90 to 1.01)
University 1393 53.8 876 57.4 1.07 (1.04 to 1.10)
Missing 6 0.2 4 0.3

Body Mass Index
<25 1359 52.5 824 54.0 1.03 (1.00 to 1.06)
25–30 999 38.6 582 38.1 0.99 (0.95 to 1.03)
30+ 214 8.3 111 7.3 0.88 (0.77 to 0.99)
Missing 15 0.6 9 0.6

Urbanicity of residence
Main urban area 2010 77.7 1218 79.8 1.03 (1.01 to 1.04)

Others 541 20.9 293 19.2 0.92 (0.86 to 0.98)
Missing 36 1.4 15 1.0

NZDep2006 scores†
1–3 1290 49.9 786 51.5 1.03 (1.00 to 1.07)
4–7 918 35.5 542 35.5 1.00 (0.96 to 1.04)
8–10 343 13.3 183 12.0 0.90 (0.82 to 0.99)
Missing 36 1.4 15 1.0

Region of residence
Auckland 918 35.5 557 36.5 1.03 (0.98 to 1.07)
Wellington 533 20.6 326 21.4 1.04 (0.97 to 1.10)
Others 1100 42.5 628 41.2 0.97 (0.93 to 1.01)
Missing 36 1.4 15 1.0

*95% bootstrap CI.
†2006 New Zealand Deprivation Index with decile 10 the most deprived neighbourhood and decile 1 the least.
RRF, ratios of relative frequencies.

324 Tin Tin S, et al. Inj Prev 2014;20:322–329. doi:10.1136/injuryprev-2013-040997

Original article

 group.bmj.com on September 21, 2014 - Published by injuryprevention.bmj.comDownloaded from 

89

http://injuryprevention.bmj.com/
http://group.bmj.com/


Table 2 Cycling characteristics of the baseline and follow-up cohorts

Participant characteristics

Baseline cohort Follow-up cohort

RRF (95% CI)*n Per cent n Per cent

Years of cycling
<1 year 204 7.9 102 6.7 0.85 (0.74 to 0.96)
1–4 years 1307 50.5 715 46.9 0.93 (0.90 to 0.96)
5+ years 1065 41.2 702 46.0 1.12 (1.08 to 1.16)
Missing 11 0.4 7 0.5

Time spent cycling per week
0–3 708 27.4 410 26.9 0.98 (0.93 to 1.03)
4–6 1048 40.5 626 41.0 1.01 (0.97 to 1.05)
7+ 822 31.8 485 31.8 1.00 (0.95 to 1.05)
Missing 9 0.3 5 0.3

Ever ride off-road
Yes 990 38.3 602 39.4 1.03 (0.99 to 1.07)
No 1583 61.2 915 60.0 0.98 (0.95 to 1.01)
Missing 14 0.5 9 0.6

Ever ride in the dark
Yes 1730 66.9 1042 68.3 1.02 (1.00 to 1.04)
No 851 32.9 482 31.6 0.96 (0.91 to 1.01)
Missing 6 0.2 2 0.1

Ever ride in a bunch
Yes 1836 71.0 1113 72.9 1.03 (1.01 to 1.05)
No 731 28.3 400 26.2 0.93 (0.88 to 0.98)
Missing 20 0.8 13 0.9

Cycle to work at least once a week
Yes 770 29.8 461 30.2 1.01 (0.97 to 1.06)
No 1766 68.3 1028 67.4 0.99 (0.97 to 1.01)
Missing 51 2.0 37 2.4

Type of bike most commonly used
Road 2242 86.7 1323 86.7 1.00 (0.99 to 1.01)
Mountain 195 7.5 107 7.0 0.93 (0.82 to 1.04)
Others 138 5.3 90 5.9 1.11 (0.97 to 1.24)
Missing 12 0.5 6 0.4

Crash in the past 12 months
Yes 801 31.0 482 31.6 1.02 (0.97 to 1.07)
No 1781 68.8 1042 68.3 0.99 (0.97 to 1.01)
Missing 5 0.2 2 0.1

Always wear helmet
Yes 2552 98.6 1506 98.7 1.00 (1.00 to 1.00)
No 25 1.0 16 1.0 1.08 (0.76 to 1.41)

Missing 10 0.4 4 0.3
Wear fluorescent colours

Always 758 29.3 433 28.4 0.97 (0.92 to 1.02)
Sometimes 1309 50.6 808 52.9 1.05 (1.01 to 1.08)
Never 499 19.3 275 18.0 0.93 (0.87 to 1.00)
Missing 21 0.8 10 0.7

Always use lights in the dark
Yes 1431 55.3 877 57.5 1.04 (1.01 to 1.07)
No 298 11.5 164 10.7 0.93 (0.85 to 1.02)
Never ride in the dark 851 32.9 482 31.6 0.96 (0.91 to 1.01)
Missing 7 0.3 3 0.2

Use reflective materials in the dark
Always 849 32.8 530 34.7 1.06 (1.01 to 1.10)
Sometimes 489 18.9 304 19.9 1.05 (0.99 to 1.12)
Never 386 14.9 203 13.3 0.89 (0.82 to 0.97)
Never ride in the dark 851 32.9 482 31.6 0.96 (0.91 to 1.01)
Missing 12 0.5 7 0.5

Ever listen to music while riding

Continued
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Accounting for the interdependency between the two
cohorts, we computed CIs using a non-parametric bootstrapping
method with 2000 resamplings (with replacement) of the base-
line cohort. We calculated the ln(RHR) in each replicate as
βfollow-up−βbaseline and calculated bias-corrected ln(RHR) esti-
mates as 2×ln(RHR)observed−mean(ln(RHR)replicates) as described
previously.17 Around each bias-corrected estimate, we con-
structed 95% confidence limits by using the SD of the ln
(RHR)replicates.

27 We used SAS V.9.2 (SAS Institute, Cary, North
Carolina, USA) for all analyses.

RESULTS
The follow-up cohort (n=1526) constituted 60.0% of the base-
line cohort (n=2587).

Baseline characteristics
Groups that were over-represented in the follow-up cohort
include cyclists aged over 50 years, non-Māori and university
graduates (table 1). The responders were more likely to have a
normal Body Mass Index, and more likely to reside in urban
areas and in least deprived neighbourhoods.

Additionally, there were differences in some cycling character-
istics (table 2). The responders were more often experienced
cyclists and bunch riders. Protective behaviours, such as use of
conspicuity aids were more prevalent in the follow-up cohort,
whereas, distracting behaviours, such as listening to music, were
less prevalent. Although not significant, the responders were
more likely to ride off-road and in the dark.

Bicycle crash outcomes
The follow-up cohort consistently experienced more bicycle
crashes throughout the follow-up period (figure 2 and table 3).

Exposure-outcome associations
Individual cell follow-up response rates show how selection bias
could occur in selected associations (table 4). Response was not
differential in general, but the less balanced distribution of
exposures in the non-crash group resulted in slightly biased esti-
mates. This was evident when individually comparing bunch
riding, listening to music and using lights with the risk of all
crashes. The cross-products, that is, crude RORs, were similar
to crude RHRs (where repeated crash events were taken into
account) presented in table 5.

Crude RHR estimates ranged from 0.88 (95% CI 0.78 to
0.98) in the bunch riding-all crashes association to 1.14 (95%
CI 1.00 to 1.29) in the listening to music-all crashes association
(table 5). When we adjusted for all baseline covariates, the HRs
changed markedly but in a similar direction in the two cohorts,
resulting in modest changes in their relative sizes. Adjusted
RHRs ranged between 0.90 and 1.09. We observed the largest
positive bias in the listening to music-all crashes and using fluor-
escent colours-on-road crashes associations, and it was away
from the null. We found the largest negative bias in the using
lights-all crashes, and using reflective materials-on-road crashes
associations, and it was away from the null. Similar results were
observed in complete case analysis (ie, restricted to 2435 partici-
pants with complete data).

DISCUSSION
Main findings
In this prospective cohort study involving 2587 cyclists, 60%
responded to a questionnaire administered 3 years after estab-
lishment of the study. Failure to respond was associated with

Figure 2 Incidence of bicycle crashes experienced during follow-up.

Table 3 Crash outcomes of the baseline and follow-up cohorts

Crash outcome

Baseline cohort
Follow-up
cohort

RRF (95% CI)*n Per cent n Per cent

Overall crashes
One or more 855 33.0 553 36.2 1.10 (1.05 to 1.14)
None 1732 67.0 973 63.8 0.95 (0.93 to 0.97)

On-road crashes
One or more 553 21.4 360 23.6 1.10 (1.04 to 1.16)
None 2034 78.6 1166 76.4 0.97 (0.96 to 0.99)

Other crashes
One or more 427 16.5 276 18.1 1.10 (1.02 to 1.17)
None 2160 83.5 1250 81.9 0.98 (0.97 to 1.00)

Collisions with a motor vehicle
One or more 104 4.0 66 4.3 1.08 (0.92 to 1.23)
None 2483 96.0 1460 95.7 1.00 (0.99 to 1.00)

*95% bootstrap CI.
RRF, ratios of relative frequencies.

Table 2 Continued

Participant characteristics

Baseline cohort Follow-up cohort

RRF (95% CI)*n Per cent n Per cent

Yes 422 16.3 218 14.3 0.88 (0.80 to 0.95)
No 2151 83.1 1301 85.3 1.03 (1.01 to 1.04)
Missing 14 0.5 7 0.5

*95% bootstrap CI.
RRF, ratios of relative frequencies.
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demographic, cycling and behavioural risk characteristics as well
as crash outcomes. However, the selection bias relating to the
seven associations of interest appeared to be small with the
adjusted RHRs ranging between 0.90 and 1.09.

Strengths and limitations
This is one of the very few prospective cohort studies involving
cyclists. Baseline data were collected in advance of the crash
outcomes and were complete for almost all participants, as man-
datory fields and validation checks were incorporated in the
web questionnaire. Data on crash outcomes were collected from
four administrative databases (including the government-funded
universal no-fault injury compensation claims database) and,
therefore, were available for all participants in the baseline
cohort and covered injuries across the spectrum of severity. This
provided us a unique opportunity to estimate bias from (simu-
lated) loss to follow-up in the injury field.

This analysis, however, excludes very minor crashes not
requiring either medical or police attention, which represents
approximately 70% of self-reported crashes in this study.28

Ascertainment of crash outcome data may also be affected by
personal, social and health service factors29 as well as the
quality of individual data sources and record linkage.28

Self-reported exposure data may not be accurate and may
change over time. Nevertheless, potential misclassifications of
crash outcomes and exposures are likely to be non-differential2

and resulted in underestimation of association estimates in our
previous analysis.30 Our participants are not representative of
all New Zealand cyclists; however, this may have minimal
impact on the association estimates.31 Moreover, our

Table 5 Crude and adjusted HRs in the baseline and follow-up cohorts

Crude HR (95% CI)

Crude RHR (95% CI)*

Adjusted HR (95% CI)

Adjusted RHR (95% CI)*Baseline cohort Follow-up cohort Baseline cohort Follow-up cohort

All crashes
Crash history at baseline
Yes 1.43 (1.28 to 1.60) 1.46 (1.27 to 1.67) 1.02 (0.93 to 1.12) 1.27 (1.13 to 1.42) 1.31 (1.14 to 1.51) 1.05 (0.95 to 1.16)
No 1.00 1.00 1.00 1.00

Ever ride in a bunch
Yes 1.89 (1.64 to 2.18) 1.68 (1.41 to 2.00) 0.88 (0.78 to 0.98) 1.48 (1.27 to 1.72) 1.41 (1.17 to 1.70) 0.95 (0.84 to 1.08)
No 1.00 1.00 1.00 1.00

Ever listen to music while riding
Yes 1.11 (1.00 to 1.28) 1.28 (1.07 to 1.52) 1.14 (1.00 to 1.29) 1.13 (0.98 to 1.31) 1.25 (1.04 to 1.50) 1.09 (0.96 to 1.25)
No 1.00 1.00 1.00 1.00

Always use lights in the dark
Yes 0.91 (0.77 to 1.06) 0.82 (0.67 to 1.00) 0.90 (0.77 to 1.05) 0.81 (0.69 to 0.96) 0.74 (0.61 to 0.92) 0.91 (0.78 to 1.07)
No 1.00 1.00 1.00 1.00

On-road crashes
Cycle to work at least once a week
Yes 1.19 (1.02 to 1.38) 1.24 (1.03 to 1.49) 1.04 (0.94 to 1.16) 1.05 (0.89 to 1.24) 1.13 (0.92 to 1.38) 1.07 (0.95 to 1.21)
No 1.00 1.00 1.00 1.00

Wear fluorescent colours
Always 0.89 (0.72 to 1.10) 0.87 (0.67 to 1.14) 0.98 (0.83 to 1.16) 0.93 (0.74 to 1.16) 0.96 (0.72 to 1.28) 1.05 (0.87 to 1.26)
Sometimes 1.04 (0.86 to 1.25) 1.05 (0.83 to 1.33) 1.02 (0.89 to 1.18) 1.00 (0.82 to 1.22) 1.06 (0.83 to 1.36) 1.09 (0.94 to 1.27)
Never 1.00 1.00 1.00 1.00

Use reflective materials in the dark
Always 0.90 (0.73 to 1.11) 0.84 (0.65 to 1.08) 0.88 (0.74 to 1.05) 0.93 (0.74 to 1.18) 0.89 (0.66 to 1.18) 0.90 (0.75 to 1.09)
Sometimes 0.92 (0.73 to 1.15) 0.87 (0.65 to 1.15) 0.99 (0.81 to 1.20) 0.85 (0.66 to 1.08) 0.84 (0.62 to 1.13) 1.03 (0.84 to 1.26)
Never 1.00 1.00 1.00 1.00

*95% bootstrap CI.
RHR, ratios of HRs.

Table 4 Individual cell follow-up response rates for selected
exposures and outcomes

One or more crashes None Cross-product

All crashes
Crash history at baseline
Yes 66.7 55.8 1.06
No 63.6 56.3

Ever ride in a bunch
Yes 64.8 58.2 0.90
No 64.1 52.0

Ever listen to music while riding
Yes 61.0 47.0 1.15
No 65.5 58.0

Always use lights in the dark
Yes 66.1 58.6 0.87
No 64.2 49.7

On-road crashes
Cycle to work at least once a week
Yes 65.9 58.2 0.99
No 64.4 56.5

Wear fluorescent colours
Always 63.6 55.6 1.01
Sometimes 67.5 60.0 1.00
Never 60.6 53.7

Use reflective materials in the dark
Always 66.5 61.3 0.91
Sometimes 70.4 59.6 0.99

Never 59.8 50.2
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participants represented a wide variation with regard to demo-
graphics, cycling exposure and experience. Finally, our analysis
was limited to seven exposure-outcome associations of primary
interest to this study.

Interpretation
In this study, the response rate to a follow-up survey was 60%.
If attrition does not depend on exposures, confounders and out-
comes (ie, missing completely at random) or depends on expo-
sures and confounders but not on outcomes (ie, missing at
random), there is no evidence of serious bias with up to 60% of
attrition, according to one study.32 But if otherwise, even low
levels of attrition (20% or less) can bias association estimates.

As with many other studies,3 5 loss to follow-up did not
occur at random in this cohort. The follow-up responders were
older, more likely to be university educated, and more likely to
reside in urban areas and in least deprived neighbourhoods.
This socioeconomic disparity may be attributed to the web-
based data collection used in the study; however, similar findings
have been reported from other cohorts, regardless of the
method used to collect data.12–14 17–19 33–35 Other factors, such
as participants’ IQ scores, cognitive functioning and personality
characteristics, may also influence follow-up response as
reported previously,35–37 but we were not able to assess these
variables in our cohort.

Cycling characteristics also predicted follow-up response. The
responders were more experienced cyclists and often rode in a
bunch, off-road or in the dark. It is plausible that cycling enthu-
siasts are more willing to continue participation in research on
cycling and its safety. Our findings showed that the responders
were less likely to engage in risk behaviours such as not using
conspicuity aids and listening to music while riding. This is con-
sistent with previous research, although unrelated to cycling,
showing that lifestyle risk factors, such as smoking,9 16 17 38 39

alcohol abuse,12 40 physical inactivity16 40 41 and poor diet,40

are more common in non-responders or late responders.
Additionally, bicycle crash outcomes differed by response

status. The responders were more likely to experience crashes
during follow-up. By contrast, other studies not concerned with
injury have reported poorer health outcomes and higher mortal-
ity among non-responders11–15 17 33 42 although this was not
always the case.39

Loss to follow-up, however, caused only modest bias in the
selected associations. The magnitude of the bias may depend on
the strength of associations of exposures and outcomes to attri-
tion, and also on whether such associations are direct or via
other common causes.43 In this study, the largest bias in crude
estimates appeared to be due to unbalanced distribution of
exposures among the follow-up participants who did not experi-
ence a crash, but the bias was attenuated after adjustment for
baseline covariates. This may be because most of the covariates
predicted follow-up response and were also related to exposure
and/or outcome, and adjustment for common causes (or their
proxies) will attenuate the bias.2 44 45 For example, in the case
of M-bias where follow-up response is influenced by factors that
also determine exposure and/or outcome, adjustment for those
factors will block the back-door pathway opened up by condi-
tioning on follow-up response. In the adjusted estimates, the
bias was modest and ranged between −10% and +9%, suggest-
ing that effect measures to be estimated in our future analyses
based on exposures measured in the resurvey may not be sub-
stantially biased. This is also in accordance with the findings
from various cohorts in fields other than injury.11–19

CONCLUSIONS
Loss to follow-up was systematic and differential by demo-
graphic, cycling and behavioural risk characteristics as well as
crash outcomes. This overestimated the incidence of bicycle
crashes but did not substantially bias association estimates. The
findings are reassuring, but strictly speaking, apply only to
selected associations in the Taupo Bicycle Study. Attempts
should be made to minimise attrition and to estimate associated
biases in any prospective study.

What is already known on the subject

▸ Loss to follow-up, if related to exposures, confounders and
outcomes of interest, may bias association estimates.

▸ Several studies have attempted to estimate the magnitude
and direction of such bias but rarely involved cohorts
followed-up for injury outcomes.

What this study adds

▸ We investigated bias from loss to follow-up in a prospective
cohort study involving 2590 New Zealand cyclists.

▸ Loss to follow-up was differential by demographic, cycling
and behavioural risk characteristics as well as crash
outcomes.

▸ Yet, loss to follow-up did not substantially bias seven
association estimates of primary research interest.
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4.4.3. Significance 

The primary finding of this section is that failure to respond to the resurvey was differential by 

demographic and cycling characteristics as well as crash outcomes but the selection bias relating to 

seven exposure-outcome associations of interest was modest and ranged between -10% and +9%. 

This is reassuring. It suggests that analyses restricted to those who responded to the resurvey will 

not be substantially biased although strictly speaking the findings apply only to the selected 

associations in the study. 

The findings are consistent with and extend the existing literature. A number of studies have 

attempted to estimate the impact of dropouts on selected associations and found bias to be modest 

(Batty and Gale, 2009; Bjertness et al., 2010; Carter et al., 2012; Greene et al., 2011; Howe et al., 

2013; Kempen and van Sonderen, 2002; Osler et al., 2008a; Osler et al., 2008b; Wolke et al., 2009) 

but none involved cohorts followed-up for injury outcomes. This analysis fill the gap and the findings 

will inform the design and analysis of future prospective studies in the injury field. 

4.5. Summary 

The Taupo Bicycle Study involves 2590 cyclists recruited through a web survey. The demographic 

distribution and the average amount of cycling in the study sample differed from those of adult 

cyclists who participated in the Active New Zealand survey. All the study participants were 

resurveyed in 2009 to assess changes in cycling exposure and risk behaviour. Such changes appeared 

to be differential by demographic characteristics and crash experience. Crash outcome data were 

collected through linkage to four national databases to minimise loss to follow-up. The capture-

recapture models showed that the crash data were at most 74% complete for all crashes and 83% 

complete for collisions. Loss to follow-up was not an issue in this study but could impact certain 

analyses restricted to those who responded to the resurvey. (Simulated) loss to follow-up, however, 

caused minimal bias in a selection of association estimates.  

The findings underscore the need to consider and account for information biases in subsequent 

analyses of the study data, and also help inform the design of future cohort studies in the injury 

field.  
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Chapter 5. Results: Bicycle Travel 

Given the proven health (Andersen et al., 2000; Bassett Jr et al., 2008; Hamer and Chida, 2008; 

Matthews et al., 2007; Oja et al., 2011) and other benefits (Higgins, 2005; Litman, 2012; Wittink, 

2003) of regular cycling, the prevalence and correlates of bicycle travel are of increasing interest. 

This information is mainly derived from a series of Household Travel Surveys in New Zealand. The 

most recent Household Travel Survey reports that less than 2% of total travel time is spent riding a 

bicycle compared with 79% spent in a car (Ministry of Transport, 2013c). While travel to work is one 

of the largest travel categories, little was known about commuting patterns and trends in the 

country until Statistics New Zealand released its report in July 2009 (Statistics New Zealand, 2009). 

Understanding factors that could influence people’s willingness to ride a bicycle may help develop 

interventions to promote engaging in such activity. A number of studies reported the barriers and 

enablers of using a bicycle for every day travel in the general population (Cleland and Walton, 2004; 

Kingham et al., 2009; Mackie, 2009; O'Fallon and Sullivan, 2001). However, none investigated such 

influences in a motivated subgroup of the population, for example, recreational cyclists, who are, 

possibly, particularly well-disposed to increase their use of the bicycle in other settings.     

In this chapter, I address some key gaps in current knowledge relating to bicycle travel in New 

Zealand. First, I examine individual and regional differences in active travel to work in New Zealand 

using Census data and also determine the prevalence and correlates of cycling to work in the Taupo 

Bicycle Study. Second, I assess cyclists’ perceptions of environmental factors that would influence 

bicycle travel, using baseline and follow-up data from the Taupo Bicycle Study. Third, I investigate 

temporal and seasonal variability in cycle volume and its association with weather in Auckland, using 

continuous automated cycle count data and the National Climate Database.  

5.1. Active travel to work in New Zealand 

5.1.1. Preface 

Active commuting plays an important role in increasing physical activity levels and is more likely to 

be adopted and sustained compared with traditional exercise programmes (Hillsdon et al., 1995). 

Due to growing public and Government interest in this area, Statistics New Zealand released its 

report Commuting Patterns in New Zealand in July 2009, which shows that use of private motor 

vehicles is the dominant mode of travel to work in the country (Statistics New Zealand, 2009). 
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Badland et al (2009) also suggested that work-related private motor vehicle travel might be sensitive 

to oil prices. However, the existing literature lacks detailed information on patterns and trends of 

active commuting in the country. I therefore investigated individual and regional differences in 

cycling and walking to work in the employed population over the 15-year period (1991-2006) and 

also assessed the prevalence and correlates of cycling to work among cyclists participated in the 

Taupo Bicycle Study. 

5.1.2. Publication: Cycling and walking to work in New Zealand, 1991-2006: regional and 

individual differences, and pointers to effective interventions 

This section contains an unaltered reproduction of the article “Cycling and walking to work in New 

Zealand, 1991-2006: regional and individual differences, and pointers to effective interventions” 

published in International Journal of Behavioral Nutrition and Physical Activity (IJBNPA) 2009, 

volume 6, page e64. IJBNPA is an international, peer-reviewed, open-access journal with a focus on 

the behavioural aspects of diet and physical activity. The journal has a 5-year impact factor of 4.807 

and a 2013 impact factor of 3.675. 
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Abstract
Background: Active commuting increases levels of physical activity and is more likely to be
adopted and sustained than exercise programmes. Despite the potential health, environmental,
social and economic benefits, cycling and walking are increasingly marginal modes of transport in
many countries. This paper investigated regional and individual differences in cycling and walking to
work in New Zealand over the 15-year period (1991-2006).

Methods: New Zealand Census data (collected every five years) were accessed to analyse self-
reported information on the "main means of travel to work" from individuals aged 15 years and
over who are usually resident and employed in New Zealand. This analysis investigated differences
in patterns of active commuting to work stratified by region, age, gender and personal income.

Results: In 2006, over four-fifths of New Zealanders used a private vehicle, one in fourteen walked
and one in forty cycled to work. Increased car use from 1991 to 2006 occurred at the expense of
active means of travel as trends in public transport use remained unchanged during that period. Of
the 16 regions defined at meshblock and area unit level, Auckland had the lowest prevalence of
cycling and walking. In contrast to other regions, walking to work increased in Wellington and
Nelson, two regions which have made substantial investments in local infrastructure to promote
active transport. Nationally, cycling prevalence declined with age whereas a U-shaped trend was
observed for walking. The numbers of younger people cycling to work and older people walking to
work declined substantially from 1991 to 2006. Higher proportions of men compared with women
cycled to work. The opposite was true for walking with an increasing trend observed in women
aged under 30 years. Walking to work was less prevalent among people with higher income.

Conclusion: We observed a steady decline in cycling and walking to work from 1991 to 2006,
with two regional exceptions. This together with the important differences in travel patterns by
age, gender and personal income highlights opportunities to target and modify transport policies in
order to promote active commuting.
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Background
Physical activity provides substantial health benefits such
as avoiding premature deaths [1], lowering the risk of a
range of health conditions, notably cardiovascular dis-
eases [2] and some forms of cancer [3], and enhancing
emotional health [4]. While regular physical activity (i.e.,
undertaking at least 30 minutes of moderate intensity
physical activity on most, if not all, days of the week) is
recommended to promote and maintain health [5-7],
maintenance of such activity has been identified as a
major barrier for health behaviour interventions [8,9].
Previous research suggests that active commuting (build-
ing cycling and walking into daily life) may be more likely
to be adopted and sustained compared with exercise pro-
grammes [10].

We have found published evidence of a variety of health
benefits associated with active commuting. For example,
obesity rates are lower in countries where active travel is
more common [11]. A recent review reported that active
commuting was associated with an 11% reduction in car-
diovascular event rates [12]. A Copenhagen study found a
28% lower risk of mortality among those who cycled to
work, even after adjusting for leisure time physical activity
[13]. Similar associations were observed among Chinese
women who cycled or walked for transportation [14]. In
addition, active commuting may enhance social cohesion,
community livability and transport equity [15-17],
improve safety to all road users [18], save fuel and reduce
motor vehicle emissions. A previous study predicted that
if recommended daily exercise was swapped for transpor-
tation, this could reduce 38% of US oil consumption (for
walking and cycling) and 11.9% of US's 1990 net emis-
sions (for cycling), and could burn 12.2 kg of fat per per-
son annually (for walking) and 26.0 kg of fat per person
annually (for cycling) [19].

These effects are important not only in high-income coun-
tries in which the private motor vehicle has long been the
dominant mode of transport but also in rapidly industri-
alising parts of the world, such as China, in which active
commuting was until recently very common, but is now
being replaced by motorised transport [20].

New Zealand is among the countries with the highest rate
of car ownership in the world (607 cars per 1000 popula-
tion) [21]. Driver or passenger trips account for four-fifths
of the overall travel modal share [22] although one third
of vehicle trips are less than two kilometres and two-thirds
are less than six kilometres [23]. While the national Trans-
port Strategy aims to "increase walking and cycling and
other active modes to 30% of total trips in urban areas by
2040" [24], this target is unlikely to be met given current
patterns of expenditure on the transport network [25].

Travel to work makes up about 15% of all travel in New
Zealand [22]. Use of private motor vehicles is the domi-
nant mode of travel to work [26] and may be sensitive to
changing oil price [27]. The aim of this study was to inves-
tigate regional and individual differences in cycling and
walking to work in the employed Census population over
the 15-year period between 1991 and 2006. Possible
intervention and policy options to promote active com-
muting will be discussed from New Zealand and interna-
tional perspectives.

Methods
This paper presents an analysis of aggregate data obtained
from the New Zealand Census undertaken by Statistics
New Zealand every five years. Each Census since 1976 has
collected information about the "main means of travel to
work". However, the question was not date-specific prior
to 1991.

The last four Censuses (1991, 1996, 2001 and 2006)
asked usually resident employed persons aged 15 years
and over about their main mode of transport to work on
the date of Census (first Tuesday in March). For example,
the 2006 Census asked the question "On Tuesday 7 March
what was the one main way you travelled to work - that is,
the one you used for the greatest distance?" and response
options included: worked at home; did not go to work;
public bus; train; drove a private car, truck or van; drove a
company car, truck or van; passenger in a car, truck, van or
company bus; motorbike; bicycle; walked or jogged; and
other. The non-response rates to this particular question
were 1.6%, 3.3%, 3.5% and 3.7% for the 1991, 1996,
2001 and 2006 Census respectively. The sample for this
study was restricted to those who travelled to work on the
specified day (i.e., those who reported "worked at home"
or "did not go to work" were excluded, which ranged from
18% in 1991 to 22% in 2001).

The 'means of travel to work' responses were categorised
into four main groups: "bicycle", "walk", "public trans-
port" (including "public bus" and "train" responses) and
"vehicle driver/passenger" (including "drove a private car,
truck or van", "drove a company car, truck or van" and
"passenger in a car, truck, van or company bus"
responses). Trends in the main means of travel to work
were presented for the 30-year period (1976 to 2006). As
the data collected prior to 1991 were not date specific, the
1991 and 2006 Census data were used to examine trends
in cycling and walking to work by region, age and gender.
There are a total of 16 regions in New Zealand defined at
meshblock and area unit levels: nine in the North Island
and seven in the South Island. A meshblock is the smallest
geographic area containing an average of 100 people and
40 dwellings [28]. Total personal income before tax in the
12 months ending 31 March was collected as a range and
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the data were analysed for the 2006 Census only due to
limited comparability of data across Censuses. All data
were self-reported and only aggregate data were available
for this analysis.

The Ministry of Transport's Household Travel Survey data
(2003-2008) [29] were used to compute the average dis-
tance of home to work trips in each region. It is a national
survey collecting data on personal travel from about 3500
people (from about 2000 households) throughout New
Zealand each year. The data were weighted to account for
household and person non-responses. Information on
other regional characteristics was obtained from the Sta-
tistics New Zealand (population density) [30] and the
National Institute of Water & Atmospheric Research (cli-
mate status) [31]. The relationship between these charac-
teristics and participation levels of active transport were
measured using Spearman's rank correlation coefficient
and linear and non-linear regression.

Results
The majority of people travelled to work by car, with an
increasing trend over time from 64.8% in 1976 to 83.0%
in 2006 (Figure 1). In contrast, walking to work declined
over this 30 year period (12.8% in 1976 to 7.0% in 2006).
The prevalence of cycling to work increased slightly from
1976 (3.4%) to 1986 (5.6%) and then declined steadily.

In 2006, only 2.5% of people who travelled to work used
a bicycle. The prevalence of public transport use decreased
from 12.8% in 1976 to 5.1% in 1991 but remained stable
at around 5.0% over the last 15 year period.

Regional differences in cycling and walking to work
Regional variation in active transport along with environ-
mental and geographic factors thought to influence this
variation is presented in Table 1. Auckland is the most
populated region and West Coast, the least. The average
distance of the trip to work varies from 6.7 km in West
Coast to 14.8 km in Waikato. There is a moderate varia-
tion in average temperatures and sunshine hours with
highest levels recorded in regions in the north of the
South Island; and a three-fold variation in rainfall across
the major urban areas of different regions around the time
of the census.

Active travel to work varied widely across regions. In 2006,
Nelson had the highest prevalence of cycling (7.2%) and
Auckland, the lowest (1.0%) (Figure 2). All regions expe-
rienced a sharp fall in cycling prevalence, most steeply in
Gisborne, over the 15 year period between 1991 and
2006. Walking prevalence was highest in Otago (11.3%),
Wellington (11.1%) and West Coast (10.9%) and lowest
in Auckland (4.9%). Contrary to other regional trends, the

Mode of travel to work on the census day in the usually resident employed population aged 15 years and over (1976 to 2006)Figure 1
Mode of travel to work on the census day in the usually resident employed population aged 15 years and over 
(1976 to 2006).
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proportion of people who walked to work in Wellington
and Nelson increased from 1991 to 2006.

The prevalence of cycling to work was negatively corre-
lated with the average distance of home to work trips and
positively correlated with average sunshine hours whereas
the prevalence of walking was negatively correlated with
average air temperature (p < 0.05) (Table 1). Further
explorations revealed the relationship between cycling
prevalence and average distance to work to be log-linear
and the relationships between cycling prevalence and
average sunshine hours as well as walking prevalence and
average temperature to be linear (Figure 3).

Individual differences in cycling and walking to work
Higher proportions of men compared with women
cycled, while higher proportions of women walked to
work (Figure 4). In 1991, the prevalence of cycling to
work declined with age but this trend was less pro-
nounced in 2006. The largest decline in cycling over the
15 year period was among younger age groups, particu-
larly 15-19 year olds. Walking to work was least prevalent
among middle-aged men and women. A significantly

higher proportion of 15-29 year old women walked to
work in 2006, compared with 1991. The prevalence of
cycling to work did not vary significantly by personal
income level whereas walking to work was less prevalent
among people with higher income in 2006 (Figure 5).

Discussion
Our analysis showed that more than four-fifths of New
Zealanders used a private motor vehicle to travel to work
on Census day in 2006. Only one in fourteen people
walked to work and one in forty cycled. Increased car use
from 1991 to 2006 occurred at the expense of active
means of travel as the prevalence of using public transport
remained unchanged during that period. We found
important differences in active travel patterns by region,
age, gender and personal income.

This is one of very few papers reporting population-based
active travel behaviour in New Zealand. One of the major
benefits of using Census data is that it is a near-complete
survey of the general population (96.3% response rate in
2006) and the people's transport activity nationally,
regionally and across different population subgroups over

Table 1: Regional characteristics and correlations with the prevalence of cycling and walking to work

Region Population density 
(per km2)1

2006

Average distance 
of home-work trips 

(km)2 (95% CI) 
2003-2008

Average sunshine 
(hours)3

1971-2000

Average rainfall 
(mm)3

1971-2000

Average air tem-
perature (°C)3

1971-2000

Northland 10.8 12.2 (7.0-17.4) 153 144 18.6
Auckland 215.3 10.9 (9.9-12.0) 180 82 18.7
Waikato 15.9 14.8 (11.1-18.5) 184 87 17.1
Bay of Plenty 21.0 9.5 (6.8-12.1) 197 132 18.3
Gisborne 5.3 8.3 (5.2-11.5) 185 99 17.4
Hawke's Bay 10.5 9.2 (6.4-12.1) 194 85 17.7
Taranaki 14.3 9.3 (5.1-13.6) 202 108 16.9
Manawatu-Wanganui 10.0 9.5 (7.4-11.6) 170 74 16.6
Wellington 55.2 12.4 (10.2-14.6) 191 92 16.6
Tasman 4.6 8.7 (6.4-11.1)* 212 75 16.3
Nelson 96.8 8.7 (6.4-11.1)* 212 77 16.1
Marlborough 3.9 8.7 (6.4-11.1)* 224 54 16.3
West Coast 1.3 6.7 (5.5-7.9) 161 171 15.7
Canterbury 11.7 10.1 (7.6-12.6) 183 56 15.1
Otago 6.2 9.3 (6.1-12.6) 139 70 13.7
Southland 2.8 9.9 (6.6-13.3) 136 94 12.5

Spearman 
Correlation 
Coefficient (p-value)
% cycling to work 
(2006)

-0.25 (0.4) -0.64 (0.007) 0.58 (0.02) -0.46 (0.07) -0.36 (0.2)

% walking to work 
(2006)

-0.29 (0.3) -0.27 (0.3) -0.03 (0.9) -0.15 (0.6) -0.62 (0.01)

1 -- Source: Indicator 2: Living density. Statistics New Zealand
2 -- Source: Household Travel Survey data. Ministry of Transport
3 -- Historical averages for the main cities/centres in March. Source: NIWA National Climate Database. National Institute of Water & Atmospheric 
Research
* - Average distance for three regions
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Proportion of people who cycled and walked to work on the census day by area of usual residence (1991 to 2006)Figure 2
Proportion of people who cycled and walked to work on the census day by area of usual residence (1991 to 
2006).
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Relationship between the prevalence of cycling and walking to work and specific regional factorsFigure 3
Relationship between the prevalence of cycling and walking to work and specific regional factors.
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time may be compared. When interpreting these results,
however, some limitations need to be considered. First,
the Census question asked only for 'main means of travel
to work' and did not take into account multiple transport
modes, for example, walking and taking a bus in one jour-
ney. This means the contribution of walking to the jour-
ney to work may be under-estimated. Second, the 1991-
2006 Census questions were date-specific and the data
may be biased seasonally, although the timing of Census
day has been similar year to year. People's active transport
activity may be overestimated in this case as the Census is
usually in March when the weather is warm and relatively
dry. Third, we were not able to adjust for potential con-
founders as only aggregate data were available for this
analysis. For example, personal income may be related to

an individual's age, gender and residential area, all of
which independently, influence choice of travel to work.
Finally, the findings may be affected by the "ecological fal-
lacy" as averaged aggregate data were used to infer rela-
tionships, for example, between various regional
characteristics (such as average distance to work) and the
proportion of cycling and walking to work. These ques-
tions may be addressed in future studies which obtain
individual level data.

Despite these limitations, our findings are consistent with
and extend the evidence gained from previous research.
Parallel to decreasing trends in active travel to work
behaviour, overall travel mode share for cycling and walk-
ing has been declining steadily in New Zealand (from 4%

Proportion of people who cycled and walked to work on the census day by age and gender (1991 to 2006)Figure 4
Proportion of people who cycled and walked to work on the census day by age and gender (1991 to 2006).
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and 21% respectively in 1989 to 1% and 16% respectively
in 2006) [32]. During the same period, the annual dis-
tance driven in light 4-wheeled vehicles has been increas-
ing - particularly among the 45-64 age group [33]. From
1990 to 2006, total greenhouse gas emissions increased
by 25.7%, and emissions from road transport increased
disproportionately (by 66.9%) [34]. In 2006, transport
accounted for 42% of total emissions from the energy sec-
tor [35]. A recent report indicates that the air quality in
Auckland is worsening due to emissions from increasing
use of motor vehicles [36].

A study from the US shows that CO2 emissions from the
transport sector will continue to rise unless vehicle kilo-
metres travelled can be substantially reduced, as present
trends in car use will overwhelm the gains that may result
from technological advances such as changes in fuel type
(e.g., biodiesel fuel) and motor vehicle efficiency (e.g.,
hybrid cars) [37]. The findings are unlikely to be different
in the New Zealand context given the country's dispersed
population (4.3 million people spread over 268,680
km2), low density cities and automobile centred transpor-
tation system.

Other studies have found that New Zealanders rarely cycle
or walk even when travelling short distances. Walking rep-
resents only 39% of all trips under two kilometres and
cycling accounts for three percent of all trips under two

kilometres and two percent of all trips between two and
five kilometres in the 2004-2007 household travel surveys
[38]. Only one-fifth of New Zealanders surveyed in 2003
strongly endorsed plans to replace car trips with active
modes such as cycling and walking on at least two days
per week and less than half of the latter considered cycling
for short distances [39,40]. Although a variety of factors
can influence public attitudes and behaviour [41], these
findings are likely to reflect decades of under-investment
in public transport and cycling and walking infrastructure.
In Auckland, the construction of motorways has been
favoured consistently over alternative modes in transport
planning over the past 50 years [42].

We observed regional differences in patterns of cycling
and walking to work. Such differences may be partly
explained by aspects of the physical environment such as
weather, climate and topography (hilliness) [43-45] and
distance to work [46]. The influence of environmental fac-
tors such as average temperatures and rainfall, however,
should not be over-emphasized. A number of cities in
North America and Europe have reported substantial
increases in the prevalence of walking and cycling in the
last decade, for example, daily ridership doubled in New
York between 2001 and 2006 [47], yet have climates
much less favourable than those of most parts of New
Zealand.

Proportion of people who cycled and walked to work on the census day by personal income (2006)Figure 5
Proportion of people who cycled and walked to work on the census day by personal income (2006).
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We found low rates of cycling to work in regions with long
average distances to work (≥ 10 km). Statistics New Zea-
land reported that on the Census day in 2006, 83% of
people who walked to work travelled less than 5 km and
89% of those who cycled to work travelled less than 10
km [26]. Although distance to work is not easily changed,
increased housing density, availability of public transport
and investment in active transport infrastructure such as
bicycle lanes and shared paths may improve engagement
in active travel modes.

Two New Zealand regions that bucked the overall trends
by revealing increasing levels of walking warrant further
comment. Regional strategies in Wellington and Nelson
have made substantial investments in active transport.
Wellington has proposed an urban development strategy
[48], based on the idea of a "growth spine" (a strip of land
along which more intensive urban development is
encouraged), a bus lane programme [49] and school,
workplace and community travel plans [50]. In Nelson,
pedestrian, cycling and urban growth strategies have been
implemented with integration between transport plan-
ning and urban development teams [51]. Future research
will be required to investigate the effectiveness of these
and other active transport strategies being implemented.

Studies from other automobile dependent countries such
as the US, UK and Australia have also reported a compar-
atively low level of cycling and walking to work [52-56],
with important sociodemographic variations in the pat-
terns of active travel. In general, men are more likely to
cycle than women; and women are more likely to walk
than men. Younger people are more likely to walk and
cycle compared with older age groups. This is important
because it will be necessary to boost walking and cycling
rates in the older age groups to realise the potential health
benefits of active transport. The cardio-protective effects
of exercise relate much more closely to current activity
than to past exposures [57]. Our study shows that walking
is more common in lower income groups, whereas socio-
economic status does not appear to influence cycling.
Similar patterns were observed in previous research
[53,58,59]; however, others reported associations
between cycling and income [44,60].

In contrast, in most European countries, walking and
cycling make up at least one-fourth of all urban trips (45%
in the Netherlands) and active travel patterns are universal
across different segments of society; walking increases
with age, cycling declines only slightly, women cycle as
much as men, and people from all income classes cycle
[11,58,61-64]. The success of European countries in pro-
moting cycling and walking is attributed to the "coordi-
nated implementation of the multi-faceted, mutually
reinforcing set of policies" in the past few decades [58,61].

Components include: provision of better facilities for
pedestrians and cyclists, extensive traffic calming of resi-
dential neighbourhoods, increased traffic regulation and
enforcement, people oriented urban design, integration
with public transport, comprehensive traffic education
and training, restrictions on car ownership, use and park-
ing [58,61] and workplace travel plans [65].

In countries like New Zealand, significant barriers exist to
implementing such comprehensive measures to promote
active commuting but much could be achieved in the
short term. For example, although Australia has sprawling
cities and a high rate of car ownership, the prevalence of
cycling to work has increased substantially in some states
in the last decade together with growing investments in
bicycle infrastructure (for example, there was a 43%
increase from 2001 to 2006 in cycle commuters in Mel-
bourne) [66-68]. Likewise, we found an increasing trend
of walking to work in the two New Zealand regions that
have invested in sustainable transport strategies.

As an important initial step at the national level, a project
has begun to build a cycleway network running the length
of New Zealand [69]. While primarily intended to
enhance tourism, the initiative has the potential to pro-
mote active commuting if a comprehensive cycle network
plan is incorporated to strengthen connections between
residential areas and key activity centres in urban and
rural New Zealand. A potential way to move toward more
attractive environments for active commuting without
major infrastructural change is reducing the speed limit in
residential streets, which currently is 50 km/hr in New
Zealand compared with 30 km/hr (or less) in European
countries [70]. Given a favourable trend in cycling and
walking as a recreational activity in New Zealand [71],
another useful step would be offering interventions pro-
moting a modal shift, i.e., from using cars to walking and
cycling, tailored to recreational cyclists and walkers. The
effectiveness of such targeted behaviour change pro-
grammes has been reported in a previous review [72]. An
Australian study showed that participants in mass cycling
events, particularly novice riders and first-time partici-
pants, cycled more frequently in the month after the event
[73].

Conclusion
Walking and cycling are increasingly marginal modes of
travel to work in New Zealand and socio-demographic
differences exist in such behaviour patterns. Increased
walking to work, recorded in some regions, indicates that
potential gains may be made with systematic promotion
of active modes. Translating such successes to the national
level requires political will and public support to redress
decades of land use and transport policies that have prior-
itised car use. The rising cost of fuel linked with a resur-
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gence in recreational cycling and walking may provide the
impetus to seriously promote cycling and walking as safe
and attractive choices for travel to work.
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5.1.3. Cycling to work and associated factors in the Taupo Bicycle Study 

Of the 2348 participants who reported travelling to work, 33% used a bicycle for commuting at least 

once a week (Table 5-1).  

Table 5-1. Average number of days cycled to work per week 

No. of days cycled to work per 
week 

N % 

Less than 1 1541 65.6 

1 150 6.4 

2 155 6.6 

3 159 6.8 

4 151 6.4 

5 or more 156 6.6 

Missing 36 1.5 

 

Thirty six participants whose cycling to work information was missing were excluded in logistic 

regression analyses. Younger age groups, males, Māori and more experienced cyclists were more 

likely to commute with a bicycle (Table 5-2). Cycling to work was more prevalent in urban areas but 

was less common in Auckland. 

Table 5-2. Factors associated with cycling to work 

Baseline Characteristics N 

Cycle to work at least 
once a week Crude odds ratio    

(95% CI) 
Adjusted odds 
ratio   (95% CI) 

N % 

Total 2312 771 33.4 
  

Age (years) 
     

   16-35 539 237 44.0 2.53 (1.95, 3.29) 3.69 (2.76, 4.94) 

   36-50 1241 408 32.9 1.58 (1.25, 1.99) 1.96 (1.53, 2.50) 

   51+ 532 126 23.7 1.00 1.00 

Gender 
     

   Male 1688 584 34.6 1.24 (1.01, 1.51) 1.26 (1.02, 1.40) 

   Female 624 187 30.0 1.00 1.00 

Ethnicity 
     

   Māori 100 43 43.0 1.54 (1.03, 2.31) 1.55 (1.01, 2.40) 

   Non-Māori 2212 728 32.9 1.00 1.00 

Level of education 
     

   High/secondary school or less 460 145 31.5 0.85 (0.68, 1.07) 0.91 (0.71, 1.15) 

   Polytechnic 572 177 30.9 0.83 (0.67, 1.02) 0.90 (0.72, 1.13) 

   University 1279 448 35.0 1.00 1.00 

   Missing 1 1 100.0 
  

Years of cycling 
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   <1 174 31 17.8 1.00 1.00 

   1-4 1171 333 28.4 1.80 (1.19, 2.73) 1.97 (1.30, 3.00) 

   5+ 958 403 42.1 3.34 (2.21, 5.05) 4.42 (2.89, 6.77) 

   Missing 9 4 44.4 

NZDep2006 scores 

   1-3 1156 366 31.7 1.00 1.00 

   4-7 817 278 34.0 1.12 (0.92, 1.36) 1.10 (0.90, 1.34) 

   8-10 307 112 36.5 1.24 (0.95, 1.62) 1.10 (0.83, 1.45) 

   Missing 32 15 46.9 

Urbanity of residence 

   Main urban area 1835 629 34.3 1.00 1.00 

   Others 445 127 28.5 0.80 (0.63, 1.00) 0.78 (0.61, 1.01) 

   Missing 32 15 46.9 

Region of residence 

   Auckland 838 245 29.2 1.00 1.00 

   Wellington 488 197 40.4 1.63 (1.29, 2.07) 1.68 (1.31, 2.15) 

   Others 954 314 32.9 1.20 (0.98, 1.47) 1.28 (1.02, 1.60) 

   Missing 32 15 46.9 

5.1.4. Significance 

The primary finding of this section is that the prevalence of cycling to work in the employed 

population declined from 5.6% 1986 to 2.5% in 2006 (although a slight increase was observed in 

Census 2013 (NZ Transport Agency and Ministry of Transport, 2014)). The prevalence was higher 

among the cyclists who participated in the Taupo Bicycle Study (33%). There were individual and 

regional differences in cycling to work in the general population as well as the study participants. In 

general, the prevalence was lower in older age groups, females and those who were resident in the 

Auckland region but did not differ by socioeconomic status.  

The findings are comparable to statistics from the US, UK and Australia where the level of cycling to 

work is very low and differs socio-demographically (Buehler and Pucher, 2012b; Department for 

Statistics, 2007; Mees et al., 2008; Plaut, 2005). The prevalence is much higher across all segments of 

society in many European countries (Buehler and Pucher, 2012b) where there are many policies that 

directly or indirectly encourage active travel.  

Given that a higher proportion of the Taupo Bicycle Study’s participants engaged in active 

commuting compared to the general population, a useful initial step to promote bicycle travel in 

New Zealand would be targeting specific interventions to this motivated subgroup of the population. 

A similar approach has been shown elsewhere to be effective in promoting a modal shift, i.e., from 

car use to active travel (Ogilvie et al., 2004).      
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5.2. Factors influencing bicycle travel 

5.2.1. Preface 

Understanding factors that could influence bicycle travel may help inform efforts to promote bicycle 

use. This is important in New Zealand where the level of active commuting is low despite its proven 

health and other benefits. I therefore identified environmental and policy measures perceived by 

the cyclists who participated in the Taupo Bicycle Study as important in influencing their use of a 

bicycle for transportation.  

5.2.2. Publication: Cyclists’ attitudes toward policies encouraging bicycle travel: findings 

from the Taupo Bicycle Study in New Zealand 

This section contains an unaltered reproduction of the article “Cyclists’ attitudes toward policies 

encouraging bicycle travel: findings from the Taupo Bicycle Study in New Zealand” published in 

Health Promotion International 2010, volume 25, page 54-62. Health Promotion International is an 

international, peer-reviewed journal published in association with the World Health Organization. 

The journal has a 5-year impact factor of 2.125 and a 2012 impact factor of 1.377.  



Cyclists’ attitudes toward policies encouraging bicycle
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SUMMARY

Utility cycling provides substantial health, environmental
and economic benefits. Despite a favourable trend in
leisure-time cycling, cycling is infrequently used for every-
day travel needs in New Zealand. This study investigated
cyclists’ attitudes toward environmental and policy
measures that would encourage them to cycle more, par-
ticularly for a trip to work. A cross-sectional analysis was
undertaken using baseline data obtained from the Taupo
Bicycle Study, a web-based longitudinal study. The study
population comprised 2469 cyclists, aged 16 years or over,
who had enrolled in the 2006 Wattyl Lake Taupo Cycle
Challenge. The majority (88%) reported the provision of
bicycle lanes as an important factor that would encourage

them to cycle more often, followed by bicycle paths
(76%), better bicycle security (64%), reduced motor
vehicle speed (55%) and bike friendly public transport
(38%). Of those who reported travelling to work at least
once a week (N ¼ 2223), varying proportions reported
shower facilities at work (61%), fewer difficult intersec-
tions (43%), rising fuel costs (41%), fewer car parks
(27%), bike designed to commute (26%) and rising cost
of car parking (25%) as important factors that would
encourage them to cycle to work more often. There were
important differences in these perceived influences defined
by the participants’ socio-demographic characteristics and
current cycling habits.

Key words: bicycling; transportation; work; public policy

INTRODUCTION

Active travel increases levels of physical activity
and provides significant health benefits (Colditz
et al., 1997; Hamer and Chida, 2008). Some
studies suggest that cycling confers greater
benefits than walking due to the increased inten-
sity of effort and longer distances covered (Oja
et al., 1998; Ming Wen and Rissel, 2008). A
Danish study reported that mortality rates were

28% lower among those who cycled to work com-
pared with those who did not after adjusting for
leisure time physical activity (Andersen et al.,
2000). Similar evidence links such benefits with
utility cycling among Chinese women (Matthews
et al., 2007). While the risk of bicycle-related inju-
ries and deaths is well-documented, the health
benefits gained from regular cycling are likely to
outweigh such risk (British Medical Association,
1992). In addition, cycle commuting enhances
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social cohesion, improves road safety, reduces
urban air pollution and saves fuel.

Despite this, cycling in many high income
countries is a marginal mode of transport. In
New Zealand, bicycle use represents only 1% of
the overall travel mode share (Ministry of
Transport, 2008) and 3% of all trips under 2 km
(O’Fallen and Sullivan, 2009). The prevalence
of cycle commuting to work has fallen over the
last two decades; only 2.5% of the population
who travelled to work used a bicycle in 2006
(Statistics New Zealand, 2007), compared with
5.6% in 1986 (Department of Statistics, 1987).
In contrast, there is a favourable trend for
leisure-time cycling (Sport & Recreation New
Zealand, 2007). As work-related travel accounts
for one-third of all household driving time and
distance (Ministry of Transport, 2007) and
nearly half of vehicle driver trip chains are
potentially cyclable (i.e., less than 6 km in
length) (O’Fallen and Sullivan, 2009), there are
opportunities to convert enthusiasm for rec-
reational cycling to utility cycling.

This study investigated cyclists’ perceptions of
the environmental and policy measures that
would encourage bicycle travel in general and
cycling to work in particular, and the factors
associated with cyclists’ preferences.

METHODS

Design, setting and participants

This is a cross-sectional analysis of baseline data
collected in the Taupo Bicycle Study, a web-
based longitudinal study (Thornley et al., 2008),
designed to examine factors associated with the
risk of cycling injuries and barriers and enablers
to cycling regularly. The sampling frame com-
prised cyclists, aged 16 year and over, who
enrolled in the 2006 Wattyl Lake Taupo Cycle
Challenge, New Zealand’s largest mass cycling
event held each November. The participants’
experience varied from competitive sports
cyclists and experienced social riders to relative
novices of all ages. Cyclists who provided email
addresses at enrolment were invited to partici-
pate in this study and two prizes toward a
bicycle purchase were offered as incentives. Of
the 5653 cyclists invited, 3998 (70.7%) agreed to
take part in the study and 2469 (43.7%) com-
pleted the questionnaire. Ethical approval was
obtained from the University of Auckland
Human Participants’ Ethics Committee.

Measures

Before the Cycle Challenge, baseline infor-
mation was collected about participants’ self-
reported socio-demographic characteristics,
general cycling activity over the preceding year,
cycling experience, desire to cycle more than at
present and use of a bicycle for a trip to work.
All participants were asked to rate the impor-
tance of specified factors that would encourage
them to cycle more often—more bicycle lanes
(adjacent but not separated from motorized
traffic), more bicycle paths (separated from
motorized traffic), bike friendly public trans-
port, reduced vehicle speed and better cycle
security in public places—and factors that
would encourage them to cycle to work more
often—rising costs of petrol, rising costs of car
parking, fewer car parks, fewer difficult intersec-
tions, bikes designed to commute and access to
shower facilities at work. The response options
were: ‘extremely important’; ‘very important’;
‘important’; ‘somewhat important’; ‘not very
important’; and ‘not important at all’. The ques-
tions sought information on aspects of the
traffic environment in New Zealand most amen-
able to influence from national and/or local gov-
ernment policy makers.

The addresses of participants were aggregated
into meshblocks, the smallest geographic areas
containing an average of 100 people and 40
dwellings (Statistics New Zealand, 2002), using
GeostanTM (Pitney Bowes Group 1 Software).
The meshblocks were then categorized as ‘main
urban area’, having an average population
density of 522.8 people per square kilometre, or
others (Statistics New Zealand, 2005). The
levels of neighbourhood deprivation were
assessed by the 2001 New Zealand Deprivation
Index (NZDep) (Salmond and Crampton,
2002). Decile ten is deemed the most deprived
and decile one the least.

Statistical analysis

Following descriptive analyses, unconditional
logistic regression was used to predict cyclists’
perceptions of the measures described above.
Each dependent variable was dichotomized into
‘important’ (i.e. somewhat important, impor-
tant, very important and extremely important)
and ‘not important’ (i.e. not very important and
not important at all) in the first model and into
‘extremely important’ and ‘not extremely
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important’ (i.e. all other responses) in the
second model. All covariates found to be signifi-
cantly associated with policy measures were
included in the multivariate models. SAS
(release 9.1, SAS Institute Inc., Cary, NC) was
used for all analyses.

RESULTS

The mean age of participants was 44 years and
1811 (73%) were male (Table 1). Compared
with the national population (Statistics New
Zealand, 2007), the sample had a higher pro-
portion of non-Maori (96 versus 85%) and uni-
versity graduates (53 versus 14%). The majority
were from main urban areas (77 versus 72%)
and from less-deprived neighbourhoods (51%
in NZDep deciles 1–3). The participants had
mean cycling experience of 7 years and cycled
three times a week on average. About 75% of
the participants reported that they wanted to
cycle more than at present and 29% reported
cycling to work at least once a week.

Perceived importance of factors that would
encourage bicycle travel

In decreasing order of frequency, participants
reported more bicycle lanes, more bicycle paths,
better bicycle security in public places, reduced
vehicle speed and bike friendly public transport
as important factors that would encourage them
to cycle more often (Figure 1). Table 2 shows
the multivariate effect estimates for factors that
at least 40% of cyclists perceived as important
in this regard. Female cyclists were more likely
to report the importance of all factors while age
groups over 35 years were more likely to report
the importance of ‘more bicycle paths’. The per-
ceived importance of ‘better bicycle security in
public places’ was lowest among university
graduates and particularly high among cyclists
living in more deprived neighbourhoods. The
latter group and those living in urban areas
were more likely to support ‘more bicycle lanes’
and ‘more bicycle paths’. Cycling to work was
significantly associated with all factors except
‘more bicycle paths’; and the desire to cycle
more often with ‘reduced vehicle speed’.

Perceived importance of factors that would
encourage cycling to work

Analyses were restricted to 2223 cyclists who
reported travelling to work at least once a week.
The demographic distribution of this group was
similar to the overall sample (Table 1). The par-
ticipants reported (in decreasing order of fre-
quency) that access to shower facilities at work,
the need to negotiate fewer difficult intersec-
tions, rising costs of petrol, fewer car parks,

Table 1: Participant characteristics

Variable Total
(N ¼ 2469),

N (%)

Participants who
reported travelling

to work (N ¼ 2223),
N (%)

Personal characteristics
Age group

16–35 545 (22.1) 511 (23.0)
36–50 1280 (51.8) 1183 (53.2)
50þ 644 (26.1) 529 (23.8)

Gender
Male 1811 (73.4) 1649 (74.2)
Female 658 (26.6) 574 (25.8)

Ethnicity
Maori 104 (4.2) 97 (4.4)
Non-Maori 2365 (95.8) 2126 (95.6)

Highest education level
High school

(secondary)
or less

524 (21.3) 455 (20.5)

Polytechnic 627 (25.5) 553 (24.9)
University 1312 (53.3) 1214 (54.6)

Residential characteristicsa

NZDep index of residing meshblock (deciles)
1–3 1225 (51.4) 1101 (51.5)
4–7 815 (34.2) 732 (34.2)
8–10 344 (14.4) 307 (14.4)

Area of residence
Main urban

area
1846 (77.4) 1689 (78.9)

Others 540 (22.6) 453 (21.1)
Cycling characteristics

Cycling experience (years)
0–2 1043 (42.4) 931 (42.1)
3–7 714 (29.1) 645 (29.1)
�8 701 (28.5) 638 (28.8)

Frequency of cycling per week
0–1 383 (15.6) 352 (15.9)
2–4 1185 (48.2) 1065 (48.0)
�5 890 (36.2) 800 (36.1)

Expressed desire to cycle more
Yes 1834 (74.6) 1678 (75.8)
No 623 (25.4) 537 (24.2)

Cycling to work at least once a week
Yes 717 (29.4) 712 (32.2)
No 1722 (70.6) 1499 (67.8)

aThere were missing values for participants who provided
a PO Box or overseas address.
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bikes designed to commute and rising costs of
car parking would be important incentives to
cycle to work (Figure 2). Table 3 shows the
multivariate models for those factors that at
least 40% of cyclists perceived as important in
this regard. Female cyclists were more likely to
report the importance of all factors; younger
cyclists were more likely to report the impor-
tance of ‘rising fuel costs’; and participants with
high school or less education were more likely
to report the extreme importance of ‘rising fuel
costs’ (Table 3). Participants living in urban
areas were more likely to support all factors
except ‘rising fuel costs’. Cycling to work was
significantly associated with all factors except
‘access to shower facilities at work’; frequency
of cycling with ‘rising fuel costs’; and desire to
cycle more often with ‘access to shower facilities
at work’.

DISCUSSION

This study demonstrates the perceived impor-
tance of several feasible or modifiable environ-
mental and policy measures to encourage more
frequent cycling and cycling to work in a cohort
of people taking part in a large cycling event.
Most respondents identified bicycle lanes,
bicycle paths, better cycle security in public
places, shower facilities at work and reduced
vehicle speed as important incentives. These
measures were supported more often than
approaches designed to restrict reliance on
private motor vehicles.

This is one of very few studies examining atti-
tudes toward policies that encourage bicycle
use, but the findings should be interpreted with
caution given several limitations. First, the study
population and high attrition rate in completing
the questionnaire is likely to have resulted in a
study sample that is at the ‘more active’ end of
the bicycling spectrum although the participants
reported a wide range of week to week cycling
activities. Second, web-based data collection
limited the study sample to cyclists who pro-
vided email addresses to event organizers.
However, with this design, we efficiently
recruited more participants than would have
been possible with conventional postal question-
naires. Third, the measures were self-reported
and there is a potential for bias, for example, in
socially desirable responses (such as the amount
cycled) and in participants’ subjective ratings of
the importance of factors that may influence
their cycling behaviour. Fourth, the survey did
not cover more complex policy measures such
as urban design. A recent study involving 364
Auckland residents found that commuting dis-
tance and street connectivity were associated
with transport-related physical activity (Badland
et al., 2008). Likewise, free text entries recorded
by our participants suggest that distance and/or
time were additional factors influencing the
likelihood of cycling to work. Finally, this analy-
sis did not explore perceptions of safety and
traffic congestion, important determinants of
travel behaviour that could be incorporated in
future interventions.

Despite such limitations, our findings help
prioritize efforts to promote cycling and identify

Fig. 1: Factors perceived as important in encouraging bicycle travel (N ¼ 2469).
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Table 2: Predictors of perceived importance of factors that would encourage bicycle travel (N ¼ 2469)

Predictors N Importanta Extremely important

% Adjusted ORb (95% CI) % Adjusted ORb (95% CI)

More bicycle lanes
Gender

Male 1811 85.9 1.00 30.9 1.00
Female 658 92.3 2.13 (1.53–2.95)*** 42.0 1.79 (1.47–2.17)***

Area of residence
Main urban area 1846 89.6 2.14 (1.63–2.80)*** 35.6 1.57 (1.26–1.96)***
Others 540 81.1 1.00 26.5 1.00

Cycling to work at least once a week
Yes 717 91.3 1.68 (1.24–2.28)** 38.7 1.36 (1.12–1.64)*
No 1722 86.2 1.00 31.8 1.00

More bicycle paths
Age group

16–35 545 70.3 1.00 21.4 1.00
36–50 1280 75.6 1.41 (1.12–1.78)* 26.4 1.43 (1.12–1.83)*
50þ 644 80.2 2.04 (1.53–2.71)*** 26.8 1.58 (1.19–2.11)*

Gender
Male 1811 73.7 1.00 22.8 1.00
Female 658 81.1 1.77 (1.40–2.24)*** 32.6 1.79 (1.45–2.20)***

Area of residence
Main urban area 1846 77.7 1.64 (1.32–2.04)*** 26.8 1.49 (1.17–1.88)*
Others 540 69.3 1.00 20.7 1.00

Better bicycle security in public places
Age group

16–35 545 69.9 1.02 (0.78–1.34) 16.5 c

36–50 1280 62.2 0.80 (0.64–0.99) 15.5
50þ 644 63.4 1.00 13.1

Gender
Male 1811 59.6 1.00 12.4 1.00
Female 658 76.9 2.52 (2.02–3.14)*** 22.5 2.19 (1.72–2.79)***

Highest education level
High school (secondary) or less 524 70.5 1.65 (1.31–2.08)*** 18.2 1.55 (1.16–2.07)*
Polytechnic 627 65.3 1.33 (1.08–1.64)* 16.6 1.38 (1.05–1.82)
University 1312 61.2 1.00 13.3 1.00

NZDep index (deciles)
1–3 1225 60.2 1.00 12.2 1.00
4–7 815 69.2 1.11 (0.91–1.35) 16.5 1.34 (1.04–1.74)
8–10 344 65.2 1.08 (0.83–1.41) 18.8 1.80 (1.31–2.49)**

Frequency of cycling per week
0–1 383 60.4 1.00 13.8 c

2–4 1185 62.8 1.12 (0.87–1.44) 13.6
�5 890 67.4 1.25 (0.95–1.64) 17.6

Cycling to work at least once a week
Yes 717 72.9 1.82 (1.46–2.26)*** 19.6 1.71 (1.34–2.19)***
No 1722 60.6 1.00 13.3 1.00

Reduced vehicle speed
Gender

Male 1811 50.1 1.00 6.5 1.00
Female 658 69.8 2.37 (1.95–2.88)*** 14.7 2.49 (1.85–3.33)***

Expressed desire to cycle more
Yes 1834 57.2 1.36 (1.13–1.65)* 9.4 1.45 (1.01–2.09)
No 623 49.8 1.00 6.6 1.00

Cycling to work at least once a week
Yes 717 59.9 1.37 (1.14–1.64)** 10.4 1.46 (1.08–1.99)
No 1722 53.5 1.00 7.8 1.00

aIncludes ‘somewhat important’, ‘important’, ‘very important’ and ‘extremely important’.
bAdjusted for all other variables in the model.
cNot significant in univariate models.
*P , 0.01, **P , 0.001, ***P , 0.0001.
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subgroups most amenable to such efforts. In a
recent survey involving 460 Oklahoma resi-
dents, two-fifths of the respondents strongly
supported and one-fifth somewhat supported
creation of ‘bicycle ways’ (Heesch and Han,
2007). The odds were greater for respondents
who lived in metropolitan areas; who walked or
cycled for transport in the previous month; who
preferred to walk for transportation; or who had
attitudes in favour of cycling or walking. In
earlier US surveys, more than four-fifths of
respondents supported zoning regulations
favouring walking or bicycle paths with greater
odds observed among female respondents,
those who reported leisure time physical activity
and those with higher outcome efficacy
(Brownson et al., 1998, Brownson et al., 2001).

In our study, female respondents were more
likely to consider the specified measures as
important, the gender differences being most
apparent for factors relating to motor vehicle
speed, difficult intersections and fuel costs. The
perceived importance of particular measures
did not significantly differ across broad age
groups with the exception of bicycle paths (per-
ceived as more important by older cyclists) and
rising fuel costs (which particularly influenced
younger cyclists). Respondents whose highest
educational qualification was high school or less
were more likely to consider improved bicycle
security and rising fuel costs as important influ-
ences. Cyclists in main urban areas (compared
with other areas) were more likely to support
modifications to the road environment (e.g.
more bicycle lanes, more bicycle paths and
better designed traffic intersections). Not sur-
prisingly, participants who already cycled to

work (compared with those who did not) were
more likely to express the importance of more
bicycle lanes, reduced vehicle speed, fewer
intersections, better bicycle security, provision
of shower facilities at workplaces and rising fuel
costs.

More respondents in our survey expressed
support for bicycle lanes adjacent to motorized
traffic compared with separated bicycle paths.
A US national survey showed that people who
cycled more frequently preferred bicycle lanes,
whereas infrequent cyclists favoured more
bicycle paths (Bureau of Transportation
Statistics, 2004). Others have found that cyclists
are not safer on bicycle paths than on roads due
to the risks that apply at intersections (Garder
et al., 1994; Elvik and Vaa, 2004; Jensen, 2007).
Various intersection treatments have been
tested in recent years and modifications such as
pavement markings, coloured bicycle crossings,
advanced stop lines, bicycle scramble and
bicycle-only signal phases have been shown to
reduce cyclist–motorist conflicts (Weigans,
2008).

Many other local factors may influence
decisions to enhance cycling and the safety of
cyclists (Godefrooij, 1997). For example, bicycle
paths may be desirable for transport environ-
ments with heavy and/or fast traffic flows,
narrow roadways, high parking turnover and
high prevalence of vulnerable road users such
as child and elderly cyclists. In residential
streets where it is not feasible to provide separ-
ate cycling facilities, policies to reduce vehicle
speeds may be necessary. Other approaches
include provision of secure bicycle parking and
restriction of car use. Over half of the participants

Fig. 2: Factors perceived as important in encouraging cycling to work (N ¼ 2223).
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Table 3: Predictors of perceived importance of factors that would encourage cycling to work (N ¼ 2223)

Predictors N Importanta Extremely important

% Adjusted ORb (95% CI) % Adjusted ORb (95% CI)

Access to shower facilities at work
Age group

16–30 511 67.4 1.31 (0.99–1.73) 26.5 c

31–50 1183 60.3 1.03 (0.82–1.29) 22.7
50þ 529 58.0 1.00 22.5

Gender
Male 1649 58.4 1.00 21.0 1.00
Female 574 70.0 1.73 (1.38–2.15)*** 30.5 1.67 (1.33–2.10)***

Area of residence
Main urban area 1689 64.9 2.10 (1.69–2.63)*** 25.2 1.82 (1.37–2.42)***
Others 453 47.7 1.00 16.1 1.00

Expressed desire to cycle more
Yes 1678 63.1 1.27 (1.03–1.57) 24.7 1.27 (0.99–1.63)
No 537 56.5 1.00 19.9 1.00

Cycling to work at least once a week
Yes 712 64.6 1.19 (0.98–1.45) 24.4 c

No 1499 59.9 1.00 23.1
Fewer difficult intersections

Age group
16–35 511 48.3 1.33 (1.01–1.76) 11.2 1.55 (0.92–2.61)
36–50 1183 43.0 1.22 (0.97–1.55) 8.2 1.37 (0.86–2.21)
50þ 529 35.4 1.00 5.1 1.00

Gender
Male 1649 39.6 1.00 6.0 1.00
Female 574 51.0 1.73 (1.40–2.14)*** 14.3 2.76 (1.97–3.86)***

Highest education level
High school (secondary) or less 455 39.4 1.00 6.5 c

Polytechnic 553 38.6 0.88 (0.67–1.16) 7.2
University 1214 45.4 1.07 (0.84–1.36) 9.2

Area of residence
Main urban area 1689 46.3 2.28 (1.79–2.91)*** 9.2 2.76 (1.62–4.71)**
Others 453 28.3 1.00 4.3 1.00

Expressed desire to cycle more
Yes 1678 44.5 1.40 (1.13–1.74)* 8.5 c

No 537 36.5 1.00 7.1
Cycling to work at least once a week

Yes 712 49.6 1.58 (1.30–1.92)*** 10.6 1.55 (1.11–2.17)
No 1499 39.0 1.00 6.9 1.00

Rising cost of petrol
Age group

16–35 511 56.0 1.88 (1.43–2.48)*** 9.5 4.46 (1.94–10.22)**
36–50 1183 37.2 0.98 (0.78–1.24) 5.8 3.45 (1.55–7.66)*
50þ 529 33.5 1.00 1.8 1.00

Gender
Male 1649 36.3 1.00 4.2 1.00
Female 574 53.7 2.00 (1.62–2.47)*** 10.4 2.58 (1.73–3.84)***

Highest education level
High school (secondary) or less 455 39.1 c 8.3 1.89 (1.19–2.99)*
Polytechnic 553 40.8 4.7 0.91 (0.55–1.53)
University 1214 41.3 5.2 1.00

NZDep index (deciles)
1–3 1101 38.5 1.00 4.4 1.00
4–7 732 45.5 1.17 (0.96–1.44) 7.5 0.83 (0.46–1.50)
8–10 307 40.2 0.96 (0.72–1.26) 5.7 1.26 (0.71–2.25)

Frequency of cycling per week
0–1 352 41.0 c 2.7 1.00
2–4 1065 39.0 5.8 2.10 (1.01–4.37)
�5 800 42.9 7.0 2.00 (0.93–4.30)

Continued
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in our study supported reduced vehicle speed
and better bicycle security in public places as
desirable strategies. In contrast, increasing fuel
costs and restrictions on car parking were per-
ceived as less important. This may reflect the
relatively high socioeconomic status of the study
sample or higher levels of resistance to car-
restrictive measures. New Zealand is among the
countries with the highest levels of car owner-
ship. It has a dispersed population, low density
cities and public transport systems that are
poorly developed by European standards.
Convenience of car use was identified elsewhere
as one of the main reasons why New
Zealanders do not cycle and walk (Cleland and
Walton, 2004). In contrast to our findings, other
sources of evidence indicate the potential effect
of oil prices and parking policies in shaping
travel behaviour (Hess, 2001; Schimek, 2007;
Badland et al., 2009). Coordinated implemen-
tation of both incentive and restrictive measures
has been responsible for the expansion of cycle
commuting in European countries (Pucher and
Buehler, 2008).

In addition to changes in road design and
traffic flow, our findings indicate that the pro-
vision of showers in workplaces could increase
the likelihood of cycling to work particularly
among female, urban cyclists. Other measures
that could be incorporated into workplace travel
plans include the provision of pool bicycles,
interest-free loans or other incentives to pur-
chase bicycles and secure bicycle parking.
While the provision of such facilities is not yet
mandatory, a guide to assist workplaces in
developing comprehensive travel plans has been
published (Land Transport New Zealand,
2007).

To conclude, the majority of cyclists in our
study supported the provision of cycling facili-
ties over policies to restrict car use. The levels

of support differed by participants’ socio-
demographic and cycling characteristics. While
these findings may help prioritize policies tai-
lored to enhance utility cycling by different sub-
groups of recreational cyclists, the coordinated
implementation of these and other pro-cycling
and car-restrictive measures will be needed to
promote a modal shift from using cars to
bicycles in the general population.
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5.2.3. Further analysis of resurvey data 

A total of 1537 participants completed the resurvey. In decreasing order of frequency, the 

participants reported adverse weather, driver attitude and behaviour, road safety, traffic en route, 

need a car for other reasons (e.g., school run), would take too long, breathing polluted air, personal 

security, too far, availability of other easier transport, too short a distance to use a bike and too hilly 

as factors that would prevent them to cycle more for transportation (Figure 5-1).  

Figure 5-1. Factors perceived as important in discouraging cycling for transportation 

 

 

 
The perceived importance of factors that would encourage the participants to cycle more for 

transportation, particularly for a trip to work/education, was similar to that observed in the previous 

section (Figure 5-2 and Figure 5-3). The latter was restricted to 1189 participants who reported 

travelling to work/education at least once a week. 

Table 5-3 shows the effect estimates for factors that at least 40% of the participants perceived as 

important in preventing cycling for transportation. In general, female and less experienced cyclists 

were more likely to report the importance of all specified barriers and those residing in an urban 

area were more likely to report the importance of long distance, personal security, road safety, 

traffic en route, driver attitude and behaviour and breathing polluted air.  
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Figure 5-2. Factors perceived as important in encouraging cycling for transportation 

Figure 5-3. Factors perceived as important in encouraging cycling to work/education 
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Table 5-3. Factors perceived as important in discouraging cycling for transport 

Predictors N 
Perceived as important Crude odds ratio 

(95% CI) 
Adjusted odds ratio 

(95% CI) N % 

Adverse weather 
     

Gender 
     

     Male 1119 884 79.0 1.00 1.00 

     Female 418 362 86.6 1.96 (1.34, 2.85) 1.71 (1.16, 2.52) 

Cycling experience (years) 
     

     0-2 563 490 87.0 1.00 1.00 

     3-7 459 370 80.6 0.60 (0.42, 0.87) 0.67 (0.46, 0.98) 

     ≥8 508 380 74.8 0.51 (0.36, 0.73) 0.69 (0.48, 1.00) 

     Missing 7 6 85.7 
  

Frequency of cycling per week 
     

     0-1 224 199 88.8 1.00 1.00 

     2-4 734 635 86.5 0.81 (0.49, 1.34) 0.87 (0.53, 1.44) 

     ≥5 547 407 74.4 0.36 (0.22, 0.58) 0.45 (0.27, 0.75) 

     Missing 32 5 15.6 
  

Cycling to work at least once a 
week      

     Yes 466 351 75.3 0.57 (0.42, 0.76) 0.79 (0.57, 1.09) 

     No 1033 870 84.2 1.00 1.00 

     Missing 38 25 65.8 
  

Would take too long 
     

Gender 
     

     Male 1119 533 47.6 1.00 1.00 

     Female 418 227 54.3 1.37 (1.07, 1.76) 1.28 (1.00, 1.65) 

Frequency of cycling per week 
     

     0-1 224 148 66.1 1.00 1.00 

     2-4 734 382 52.0 0.58 (0.42, 0.81) 0.60 (0.43, 0.84) 

     ≥5 547 227 41.5 0.36 (0.26, 0.51) 0.40 (0.28, 0.57) 

     Missing 32 3 9.4 
  

Cycling to work at least once a 
week      

     Yes 466 198 42.5 0.67 (0.53, 0.85) 0.85 (0.66, 1.10) 

     No 1033 544 52.7 1.00 1.00 

     Missing 38 18 47.4 
  

Too far 
     

Gender 
     

     Male 1119 439 39.2 1.00 1.00 

     Female 418 196 46.9 1.43 (1.11, 1.83) 1.26 (0.97, 1.63) 

Cycling experience (years) 
     

     0-2 563 258 45.8 1.00 1.00 

     3-7 459 188 41.0 0.77 (0.59, 1.01) 0.83 (0.63, 1.09) 

     ≥8 508 186 36.6 0.65 (0.50, 0.85) 0.78 (0.59, 1.03) 

     Missing 7 3 42.9 
  

Frequency of cycling per week 
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     0-1 224 131 58.5 1.00 1.00 

     2-4 734 315 42.9 0.54 (0.39, 0.74) 0.56 (0.41, 0.78) 

     ≥5 547 187 34.2 0.37 (0.26, 0.52) 0.43 (0.30, 0.62) 

     Missing 32 2 6.3 

Cycling to work at least once a 
week 

     Yes 466 156 33.5 0.63 (0.49, 0.81) 0.80 (0.62, 1.05) 

     No 1033 464 44.9 1.00 1.00 

     Missing 38 15 39.5 

Area of residence 

     Main urban area 1218 495 40.6 0.74 (0.57, 0.98) 0.75 (0.57, 1.00) 

     Others 293 140 47.8 1.00 1.00 

     Missing 26 0 0.0 

Personal security 

Gender 

     Male 1119 415 37.1 1.00 1.00 

     Female 418 230 55.0 2.02 (1.57, 2.59) 2.00 (1.55, 2.60) 

Cycling experience (years) 

     0-2 563 264 46.9 1.00 1.00 

     3-7 459 191 41.6 0.78 (0.60, 1.02) 0.83 (0.63, 1.09) 

     ≥8 508 189 37.2 0.66 (0.50, 0.85) 0.81 (0.62, 1.08) 

     Missing 7 1 14.3 

Frequency of cycling per week 

     0-1 224 106 47.3 1.00 1.00 

     2-4 734 322 43.9 0.76 (0.56, 1.04) 0.82 (0.59, 1.14) 

     ≥5 547 215 39.3 0.64 (0.46, 0.90) 0.80 (0.56, 1.15) 

     Missing 32 2 6.3 

Cycling to work at least once a 
week 

     Yes 466 174 37.3 0.77 (0.60, 0.98) 0.81 (0.62, 1.05) 

     No 1033 457 44.2 1.00 1.00 

     Missing 38 14 36.8 

Area of residence 

     Main urban area 1218 551 45.2 1.63 (1.23, 2.17) 1.79 (1.34, 2.41) 

     Others 293 94 32.1 1.00 1.00 

     Missing 26 0 0.0 

Road safety 

Gender 

     Male 1119 763 68.2 1.00 1.00 

     Female 418 342 81.8 2.07 (1.53, 2.82) 1.98 (1.44, 2.71) 

Cycling experience (years) 

     0-2 563 423 75.1 1.00 1.00 

     3-7 459 340 74.1 0.96 (0.71, 1.31) 1.03 (0.76, 1.41) 

     ≥8 508 335 65.9 0.63 (0.47, 0.84) 0.77 (0.57, 1.04) 

     Missing 7 7 100.0 

Frequency of cycling per week 

     0-1 224 184 82.1 1.00 1.00 



 

125 

     2-4 734 538 73.3 0.59 (0.40, 0.87) 0.62 (0.42, 0.92) 

     ≥5 547 379 69.3 0.48 (0.32, 0.72) 0.55 (0.37, 0.83) 

     Missing 32 4 12.5 
  

Area of residence 
     

     Main urban area 1218 914 75.0 1.47 (1.10, 1.97) 1.54 (1.14, 2.07) 

     Others 293 191 65.2 1.00 1.00 

     Missing 26 0 0.0 
  

Traffic en route 
     

Gender 
     

     Male 1119 747 66.8 1.00 1.00 

     Female 418 335 80.1 2.25 (1.65, 3.06) 2.10 (1.53, 2.89) 

Cycling experience (years) 
     

     0-2 563 418 74.2 1.00 1.00 

     3-7 459 332 72.3 0.91 (0.67, 1.23) 0.99 (0.73, 1.35) 

     ≥8 508 326 64.2 0.60 (0.45, 0.79) 0.77 (0.57, 1.04) 

     Missing 7 6 85.7 
  

Frequency of cycling per week 
     

     0-1 224 182 81.3 1.00 1.00 

     2-4 734 539 73.4 0.63 (0.43, 0.94) 0.68 (0.46, 1.01) 

     ≥5 547 357 65.3 0.43 (0.29, 0.63) 0.50 (0.34, 0.76) 

     Missing 32 4 12.5 
  

Expressed desire to cycle more 
     

     Yes 1117 814 72.9 1.33 (1.02, 1.73) 1.19 (0.91, 1.56) 

     No 389 263 67.6 1.00 1.00 

     Missing 31 5 16.1 
  

Area of residence 
     

     Main urban area 1218 890 73.1 1.33 (1.00, 1.78) 1.40 (1.04, 1.89) 

     Others 293 192 65.5 1.00 1.00 

     Missing 26 0 0.0 
  

Driver attitude and behaviour 
     

Gender 
     

     Male 1119 793 70.9 1.00 1.00 

     Female 418 339 81.1 1.96 (1.43, 2.68) 1.86 (1.35, 2.56) 

Cycling experience (years) 
     

     0-2 563 433 76.9 1.00 1.00 

     3-7 459 349 76.0 0.94 (0.69, 1.29) 0.99 (0.72, 1.35) 

     ≥8 508 344 67.7 0.60 (0.45, 0.80) 0.68 (0.50, 0.91) 

     Missing 7 6 85.7 
  

Area of residence 
     

     Main urban area 1218 928 76.2 1.34 (1.00, 1.81) 1.40 (1.03, 1.89) 

     Others 293 204 69.6 1.00 1.00 

     Missing 26 0 0.0 
  

Need a car for other reasons (e.g., 
school run)      

Age group 
     

     16-35 271 176 64.9 1.07 (0.76, 1.51) 1.32 (0.92, 1.89) 
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     36-50 818 588 71.9 1.46 (1.12, 1.91) 1.65 (1.26, 2.18) 

     ≥51 448 287 64.1 1.00 1.00 

Frequency of cycling per week 

     0-1 224 164 73.2 1.00 1.00 

     2-4 734 542 73.8 1.03 (0.72, 1.47) 1.12 (0.78, 1.61) 

     ≥5 547 339 62.0 0.60 (0.42, 0.86) 0.80 (0.55, 1.18) 

     Missing 32 6 18.8 

Cycling to work at least once a 
week 

     Yes 466 264 56.7 0.46 (0.36, 0.59) 0.48 (0.37, 0.63) 

     No 1033 760 73.6 1.00 1.00 

     Missing 38 27 71.1 

Breathing polluted air 

Gender 

     Male 1119 450 40.2 1.00 1.00 

     Female 418 223 53.3 1.70 (1.33, 2.18) 1.79 (1.38, 2.31) 

Cycling experience (years) 

     0-2 563 266 47.2 1.00 1.00 

     3-7 459 190 41.4 0.74 (0.56, 0.96) 0.76 (0.58, 1.00) 

     ≥8 508 214 42.1 0.87 (0.67, 1.13) 1.00 (0.76, 1.31) 

     Missing 7 3 42.9 

Area of residence 

     Main urban area 1218 574 47.1 1.62 (1.22, 2.15) 1.75 (1.31, 2.34) 

     Others 293 99 33.8 1.00 1.00 

     Missing 26 0 0.0 

5.2.4. Significance 

The primary finding of this section is that provision of cycling facilities including more bicycle lanes 

and paths, fewer difficult intersections, better road conditions, better bicycle security in public 

places and reduced vehicle speed were supported more strongly than measures to restrict car use 

such as car park restrictions and rising fuel costs. Provision of showers, lockers, changing facilities 

and bike parking at work and education places was also identified as an important incentive for cycle 

commuting. Adverse weather and the danger of car-dominated transport environment such as road 

safety, traffic en route, driver attitude and behaviour and breathing polluted air appeared to be the 

most important barriers to bicycle travel. These perceived influences differed by the participants’ 

socio-demographic characteristics as well as current cycling habits. In particular, female cyclists were 

more likely to consider the specified measures (enablers) as well as barriers as important for bicycle 

travel. More experienced cyclists expressed support for the specified measures whereas less 

experienced cyclists had concerns about the specified barriers. The findings may help prioritise 

future efforts to promote cycling in New Zealand and identify subgroups most amenable to such 

efforts. 
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5.3. Temporal, seasonal and weather effects on cycle volume  

5.3.1. Preface 

In the previous section, the majority of participants cited adverse weather as an important barrier to 

bicycle travel. I therefore quantified temporal and seasonal variability in cycle volume and its 

association with weather in Auckland, New Zealand’s largest city.   

5.3.2. Publication: Temporal, seasonal and weather effects on cycle volume: an ecological 

study 

This section contains an unaltered reproduction of the article “Temporal, seasonal and weather 

effects on cycle volume: an ecological study” published in Environmental Health 2012, volume 11, 

page e12. Environmental Health is an international, peer-reviewed, open-access journal covering all 

aspects of environmental and occupational medicine. The journal has a 5-year impact factor of 3.259 

and a 2013 impact factor of 2.713. 
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Temporal, seasonal and weather effects on cycle
volume: an ecological study
Sandar Tin Tin1*†, Alistair Woodward2†, Elizabeth Robinson1† and Shanthi Ameratunga1†

Abstract

Background: Cycling has the potential to provide health, environmental and economic benefits but the level of
cycling is very low in New Zealand and many other countries. Adverse weather is often cited as a reason why
people do not cycle. This study investigated temporal and seasonal variability in cycle volume and its association
with weather in Auckland, New Zealand’s largest city.

Methods: Two datasets were used: automated cycle count data collected on Tamaki Drive in Auckland by using
ZELT Inductive Loop Eco-counters and weather data (gust speed, rain, temperature, sunshine duration) available
online from the National Climate Database. Analyses were undertaken using data collected over one year (1
January to 31 December 2009). Normalised cycle volumes were used in correlation and regression analyses to
accommodate differences by hour of the day and day of the week and holiday.

Results: In 2009, 220,043 bicycles were recorded at the site. There were significant differences in mean hourly
cycle volumes by hour of the day, day type and month of the year (p < 0.0001). All weather variables significantly
influenced hourly and daily cycle volumes (p < 0.0001). The cycle volume increased by 3.2% (hourly) and 2.6%
(daily) for 1°C increase in temperature but decreased by 10.6% (hourly) and 1.5% (daily) for 1 mm increase in
rainfall and by 1.4% (hourly) and 0.9% (daily) for 1 km/h increase in gust speed. The volume was 26.2% higher in
an hour with sunshine compared with no sunshine, and increased by 2.5% for one hour increase in sunshine each
day.

Conclusions: There are temporal and seasonal variations in cycle volume in Auckland and weather significantly
influences hour-to-hour and day-to-day variations in cycle volume. Our findings will help inform future cycling
promotion activities in Auckland.

Keywords: Bicycling, Seasons, Weather, Temperature, Rain, Wind, Sunlight, New Zealand

Background
It is widely acknowledged that physical activity provides
substantial health benefits by delaying premature deaths
[1], lowering the risk of a range of health conditions,
notably cardiovascular diseases [2] and some forms of
cancer [3], and enhancing emotional health [4]. Such
health benefits could be achieved even with half the
recommended amount of physical activity, i.e., 15 min
per day for 6 days a week [5]. However, one in ten New
Zealand adults are not active for at least 30 minutes a
week [6,7] and one in three secondary school students

are not active for at least 20 minutes on three occasions
a week [8].
Cycling either for recreation or for transport plays an

important role in increasing physical activity levels and is
suitable for people of all ages, gender and backgrounds.
In addition to its proven health benefits [9-12], cycle
commuting may enhance social cohesion, community
liveability and transport equity [13,14], improve safety to
all road users [15], save fuel and reduce motor vehicle
emissions [16]. In New Zealand, road cycling was ranked
as the fifth most popular sport and recreation activity but
only one-fifth of adults reported engaging in such activity
at least once over twelve months [17]. Moreover, cycling
for transport has declined over the past two decades
[18,19] and accounts for only 1% of total time travelled
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[20] - a much lower level than in many European coun-
tries [21].
Given the co-benefits of active transport and low

levels of cycling in New Zealand, factors that could
influence cycling behaviour are worthy of investigation.
Adverse weather is often cited as a reason why people
do not cycle [22-24]. A previous New Zealand survey
indicates lower likelihood of cycle commuting on a cold
and wet day than on a warm and dry day [25]. Overseas
studies have quantified the effects of season and weather
on cycling [26-39]. However, some studies used aggre-
gate data to compare the levels of cycling across cities
or regions with different weather patterns [27,32-34]
and it was not possible to assess the effect of weather
changes on cycling in a particular location. Others used
daily data and did not account for a lower level of
cycling and possibly more severe weather during night
time [26,28-31,35]. Moreover, many used manual cycle
counts [28,29] or self-reported survey data
[26,27,31-34,37-39] collected over a specified period,
adding more inaccuracy.
We therefore investigated temporal and seasonal

variability in cycle volume and the effect of weather on
hour-to-hour and day-to-day variations in cycle volume
in Auckland, New Zealand’s largest city, using a year of
continuous automated cycle count data.

Methods
Auckland is situated on an isthmus in the north of the
North Island and has four defined seasons which are the
inverse of those experienced in the northern hemisphere
- summer is from December to February; autumn from

March to May; winter from June to August; and spring
from September to November. The city has a mild sub-
tropical climate with a mean temperature of 14.6°C, 955
mm rainfall and 2176 sunshine hours in 2009 (the study
year) [40]. Despite this, Auckland is reported to have a
very low level of cycling [41-43]. Between 2008 and 2010,
use of a bicycle represented only 1% of all time spent tra-
velling whereas driver and passenger trips accounted for
80% [41].

Data sources
Two datasets were used for this analysis: automated
cycle count data collected by Integrated Traffic Solu-
tions Ltd (ITS) [44] and the National Climate Database
maintained by National Institute of Water & Atmo-
spheric Research (NIWA) [45]. Analyses were underta-
ken using data collected over one year from 1 January
to 31 December 2009.
Cycle count data
Continuous automated cycle counting has been underta-
ken by ITS at a single site on Tamaki Drive in Auckland
since December 2008 (Figure 1). Tamaki Drive runs ten
kilometres along the coastline from the central business
district to St Heliers Bay and is a busy cycling route for
both recreational and commuting purposes. ZELT Induc-
tive Loop Eco-counters were used to record bicycle
counts. The site incorporated four inductive loops were
inserted under the surface on the side of the road where
traffic flows out of the city, that is, the upper side of the
road in Figure 1. Note that traffic keeps to the left side of
the road in New Zealand. Two loops were inserted on
the on-road bicycle lane (adjacent to but not separated

Figure 1 Location of cycle counters. Red downwards arrow symbol indicates location of cycle counters on Tamaki Drive.
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from motorised traffic) and two on the off-road shared
bicycle and pedestrian path (separated from motorised
traffic). Cyclists travel in the same direction as motorised
traffic on the bicycle lane whereas they often travel in
both directions on the shared path.
Each time a bicycle goes over the loop, the system

detects the electromagnetic signature of the two wheels
and registers a count. The on-road system can distin-
guish between motorised traffic and bicycles and the
off-road system can distinguish individual cyclists while
also detecting groups of cyclists. The system has accu-
racy ranging between 94% and 98%, with the off-road
counters being more sensitive and accurate to groups
than the on-road counters, which are made to focus on
detecting cyclists in mixed traffic conditions (personal
communications, Kyle Donegan (ITS)). As the direction
of travel along the off-road path was not monitored,
total cycle volume regardless of direction was used in
this analysis.
Weather data
Weather variables of interest for this analysis include:
maximum gust speed, rain, maximum temperature and
duration of sunshine. The data were obtained from the
National Climate Database which holds data from about
6500 climate stations which have been operating for var-
ious periods since 1850. Over 600 stations are currently
operating. Weather conditions at the cycle counting site
were approximated by the hourly weather conditions
recorded in the closest stations. Gust speed, rain and
temperature data were obtained from a station situated
2.5 km from the cycle counting site and duration of
sunshine data, which were not available in closer sta-
tions, were obtained from a station located about 12.5
km from the cycle counting site.

Data analysis
Maximum gust speed, total rain, maximum temperature
and total duration of sunshine on a daily basis were
computed from the hourly weather data. Summary
information (mean, standard deviation and range) on
hourly and daily weather conditions were presented for
the whole year 2009 and by season.
The variability in mean hourly cycle volumes by hour

of the day, by day of the week and holiday, and by
month of the year was explored using Analysis of Var-
iance (ANOVA). There were eleven holidays in 2009,
and for all those holidays adjacent weekends were also
considered as a holiday, resulting in a total of 25
holidays.
To assess the effects of weather on hourly and daily

cycle volumes while controlling for differences by hour
of the day and day of the week and holiday, cycle
volumes were normalised by using the equations [46]:

normalised hourly cycle volume = hourly cycle volume/hourly mean for day type

where the hourly mean was calculated for the given
hour of the day for the given day type (Sunday to Satur-
day or holiday).

normalised daily cycle volume = daily cycle volume/daily mean for day type

where the daily mean was calculated for the given day
type (Sunday to Saturday or holiday).
The relationships between weather variables of interest

and cycle volume were assessed by the Spearman’s Rank-
Order Correlation test and linear regression models. For
the hourly data, analyses were restricted to the period
between 6:00 am and 8:00 pm due to the very low cycle
volume at night. All weather variables found to have sig-
nificant relationships with cycle volume (p < 0.05) were
included in multivariate models. The term “temperature
squared” was used in the models to check if the relation-
ship between temperature and cycle volume was linear or
quadratic. Multicollinearity between the variables was
assessed by Variance Inflation Factors (VIFs). A Newey-
West estimator was used to account for heteroskedasticity
and autocorrelation. Subgroup analyses were undertaken
by day type (weekdays or weekends and holidays) and sea-
son. SAS (release 9.1, SAS Institute Inc., Cary, NC) was
used for all analyses.

Results
Cycle volume
In 2009, a total of 220,043 bicycles were recorded at the
site - 94,684 bicycles on lane (on-road bicycle lane) and
125,359 bicycles on path (off-road shared path).

Weather
Hourly and daily weather data are summarised in Table 1.
The site was considered windy with an average gust speed
of 36.6 km/h each day. The maximum gust speed was 79.6
km/h in 2009. It experienced an average rainfall of 2.7 mm
per day with more rain in winter (3.7 mm per day) than in
other seasons. The maximum daily temperature ranged
from 8.1°C to 28.1°C with an average of 23.2°C in summer
and 14.6°C in winter. The site received six hours of sun-
shine each day - 7.6 hours in summer and 4.8 hours in
winter.

Temporal and seasonal effects on cycle volume
There were significant differences (p < 0.0001) in mean
hourly cycle volumes either on path or on lane by hour of
the day (Figure 2), day of the week and holiday (Figure 3)
and month of the year (Figure 4). The peak cycle volume
occurred between 7:00 and 8:00 am in the morning and
between 5:00 and 6:00 pm in the evening. The volume was
lower on weekdays compared to weekends and holidays.
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The highest volume was observed in January and
February, the hottest months of the year, and the lowest
volume in July, the coldest month.

Effects of weather conditions on cycle volume
Significant correlations were observed between all
weather variables of interest and hourly and daily cycle
volumes, either on lane or on path (p < 0.0001) (Table 2).
Gust speed and rain were negatively correlated with cycle
volumes while temperature and sunshine duration were
positively correlated. The correlations were stronger for
the daily data compared to the hourly data.
Estimates for the weather variables, standard errors and

significance levels of the multivariate linear regression
models are shown in Table 3. Temperature squared was
excluded from the final models as its coefficient was not
significant. All weather variables significantly influenced
both hourly and daily cycle volumes. The hourly cycle

volume (total) increased by 3.2% for 1°C increase in tem-
perature but decreased by 1.4% for 1 km/h increase in
gust speed and by 10.6% for 1 mm increase in rainfall
during that hour. The volume was 26.2% higher in an
hour with sunshine compared with no sunshine. Weather
variables accounted for a greater variance in daily cycle
volume (56%) compared to the hourly cycle volume
(23%) although a weaker effect was observed on daily
cycle volume. The daily cycle volume (total) increased by
2.6% for 1°C increase in temperature but decreased by
0.9% for 1 km/h increase in gust speed and by 1.5% for
1 mm increase in rainfall during that day. The volume
increased by 2.5% for one hour increase in sunshine each
day. The effect of temperature and sunshine duration
was stronger on the cycle volume on lane than on path.
In subgroup analyses by day type (weekdays or week-

ends and holidays), similar findings were observed except
that the relationship between temperature and cycle

Table 1 Weather variables of interest

2009 Summer Autumn Winter Spring

Mean
(SD)

Min Max Mean
(SD)

Min Max Mean
(SD)

Min Max Mean
(SD)

Min Max Mean
(SD)

Min Max

Hourly weather data (6:00 am - 8:00 pm)

Maximum gust speed (km/h) 25.9 (10.5) 2.9 79.6 26.2 (9.3) 3.2 61.2 24.6 (10.9) 4.0 79.6 24.9 (11.8) 3.6 67.0 27.9 (9.6) 2.9 55.4

Rain (mm) 0.1 (0.6) 0 14.8 0.1 (0.7) 0 13.8 0.1 (0.5) 0 7.8 0.1 (0.6) 0.0 10.6 0.1 (0.7) 0.0 14.8

Maximum temperature (°C) 16.4 (4.2) 3.4 28.1 21.1 (2.7) 13.4 28.1 17.1 (3.6) 5.4 25.5 12.5 (2.5) 3.4 18.4 15.3 (2.5) 4.8 22.3

Sunshine duration (hour) 0.4 (0.4) 0.0 1.0 0.5 (0.4) 0.0 1.0 0.4 (0.4) 0.0 1.0 0.3 (0.4) 0.0 1.0 0.4 (0.4) 0.0 1.0

Daily weather data

Maximum gust speed (km/h) 36.6 (9.8) 15.1 79.6 35.6 (8.6) 20.2 68.0 35.8 (10.0) 16.9 79.6 36.7 (11.8) 15.1 67.0 38.2 (8.3) 17.6 55.4

Rain (mm) 2.7 (6.0) 0.0 45.6 2.5 (7.5) 0.0 45.6 2.3 (4.8) 0.0 25.6 3.7 (6.2) 0.0 31.6 2.3 (5.3) 0.0 36.2

Maximum temperature (°C) 18.5 (3.9) 8.1 28.1 23.2 (2.4) 15.6 28.1 19.1 (3.0) 12.2 25.5 14.6 (1.7) 10.6 18.4 17.3 (2.0) 8.1 22.3

Total sunshine hours 6.0 (3.9) 0.0 13.8 7.6 (4.3) 0.0 13.8 5.9 (3.3) 0.0 11.4 4.8 (3.3) 0.0 10.2 5.6 (4.0) 0.0 12.6

Figure 2 Mean hourly cycle volume by hour. Error bars represent 95% confidence intervals.
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volume was not significant during weekends and holidays
(Additional files 1 and 2).
In subgroup analyses by season, there was no signifi-

cant effect of temperature on hourly cycle volume during
summer and spring and on daily cycle volumes during
summer and winter (Additional files 1 and 2). Sunshine
duration did not predict daily cycle volume on path dur-
ing summer.

Discussion
The cycle volume on Tamaki Drive in Auckland City varied
by hour of the day, day of the week and month of the year.
Although Auckland has a subtropical climate without
extreme weather conditions, the findings suggest a signifi-
cant impact of weather (gust speed, rain, temperature and
sunshine duration) on both hourly and daily cycle volumes.
Warm and sunny weather increases the cycle volume while
rainy and windy weather reduces it. Overall, the selected

weather variables accounted for 23% of the variance in
hourly cycle volume and 56% of the variance in daily cycle
volume.
A major strength of the present study is the use of a

year’s worth of continuous automated cycle count data to
quantify the effect of weather on both hourly and daily
cycle volumes. However, some limitations need attention.
As the data were collected from only one site with a rea-
sonably narrow range of weather conditions, the findings
may not be generalisable to locations with different
climate and weather patterns or different cycling environ-
ments. The accuracy of the ZELT Inductive Loop Eco--
counters may also be limited. While the counters used at
the site have the accuracy (sensitivity) ranging between
94% and 98%, a previous New Zealand study estimated an
accuracy of 80% off-road and 90% on-road [47]. Recent
research from the US reported a 3% undercount on the
separate path and a 4% overcount on the shared roadway

Figure 4 Mean hourly cycle volume by month. Error bars represent 95% confidence intervals.

Figure 3 Mean hourly cycle volume by day. Error bars represent 95% confidence intervals.
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[48]. It is possible that an individual bicycle may be unde-
tected if it is made from non-metallic materials such as
carbon fibre [49] or if groups of cyclists are not counted
effectively [47]. In contrast, double counting may occur as
two loops are used at the site [47].
Nevertheless, our findings are consistent with the

evidence gained from previous research reporting
temporal and seasonal variations in cycle volume
[28,30,31,35,38,39]. The seasonality differed by demo-
graphic characteristics in recent studies. A US study
found a greater sensitivity in children and adolescents,
women, non-Caucasians, persons with low income and
persons living in urbanised areas [38]. A Norwegian
study reported that children of parents with higher
education were more likely to cycle to school in fall
and spring and less likely to cycle (but more likely to
walk) in winter [39]. However, we were not able to

investigate this due to lack of demographic informa-
tion in our data.
Weather conditions, mainly temperature and rainfall,

significantly influenced cycle flows in previous studies
[26,28-31,33-37] although no obvious association was
reported in some studies [27,32]. It is likely that a quad-
ratic relationship exists between cycle volume and tem-
perature suggesting a lower volume at very cold and
very hot temperatures [31]. Although we found a signifi-
cant effect of temperature on both hourly and daily
cycle volumes, particularly on lane, we did not observe
the quadratic pattern possibly due to the lack of tem-
perature extremes at the study site. The narrow tem-
perature range may also be a reason why temperature
lost its significant effect in subgroup analyses by season.
Although temperature was found to be a stronger pre-

dictor than rainfall in some studies [28-30,36], we found

Table 3 Multivariate linear regression models for normalised cycle volume

Path Lane Total

Estimate SE p-value Estimate SE p-value Estimate SE p-value

Hourly cycle volume (6:00 am to 8:00 pm)

Intercept 0.885 0.046 0.475 0.057 0.722 0.042

Maximum gust speed (km/h) -0.014 0.001 < 0.0001 -0.014 0.001 < 0.0001 -0.014 0.001 < 0.0001

Rain (mm) in an hour -0.106 0.015 < 0.0001 -0.101 0.014 < 0.0001 -0.106 0.014 < 0.0001

Maximum temperature (°C) 0.023 0.003 < 0.0001 0.048 0.004 < 0.0001 0.032 0.003 < 0.0001

Hour with sunshine 0.247 0.027 < 0.0001 0.268 0.031 < 0.0001 0.262 0.026 < 0.0001

R2 = 0.16 R2 = 0.19 R2 = 0.23

Daily cycle volume

Intercept 0.960 0.096 0.414 0.103 0.730 0.091

Maximum gust speed (km/h) -0.011 0.001 < 0.0001 -0.007 0.001 < 0.0001 -0.009 0.001 < 0.0001

Rain (mm) in a day -0.014 0.002 < 0.0001 -0.016 0.003 < 0.0001 -0.015 0.002 < 0.0001

Maximum temperature (°C) 0.019 0.004 < 0.0001 0.037 0.005 < 0.0001 0.026 0.004 < 0.0001

Sunshine hours in a day 0.020 0.004 < 0.0001 0.033 0.004 < 0.0001 0.025 0.004 < 0.0001

R2 = 0.49 R2 = 0.57 R2 = 0.56

Table 2 Spearman rank correlation between weather variables and normalised cycle volume

Path Lane Total

r p-value r p-value r p-value

Hourly cycle volume (6:00 am - 8:00 pm)

Maximum gust speed (km/h) -0.21 < 0.0001 -0.14 < 0.0001 -0.22 < 0.0001

Rain (mm) in an hour -0.32 < 0.0001 -0.30 < 0.0001 -0.35 < 0.0001

Maximum temperature (°C) 0.21 < 0.0001 0.36 < 0.0001 0.30 < 0.0001

Hour with sunshine 0.28 < 0.0001 0.35 < 0.0001 0.34 < 0.0001

Daily cycle volume

Maximum gust speed (km/h) -0.52 < 0.0001 -0.40 < 0.0001 -0.48 < 0.0001

Rain (mm) in a day -0.63 < 0.0001 -0.64 < 0.0001 -0.65 < 0.0001

Maximum temperature (°C) 0.40 < 0.0001 0.54 < 0.0001 0.49 < 0.0001

Sunshine hours in a day 0.53 < 0.0001 0.61 < 0.0001 0.58 < 0.0001
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that rainfall significantly reduced hourly cycle volume
throughout the year - ranging from an 8% reduction dur-
ing spring to a 13% reduction during summer and
autumn with a 1 mm increase in rainfall. This confirms
the common perception that rain is a major deterrent to
cycling [29,50] and is consistent with a previous review
showing the largest correlation between precipitation and
physical activity [51].
Other weather conditions have received less attention in

published studies. Some studies reported the negative
impact of wind speed on cycle volume [29,35-37] but
others did not [32]. We were not surprised to see a signifi-
cant negative association between gust speed and cycle
volume in our study given that the study site is often
windy. Although the effect of sunshine was not significant
in a previous study [36], we found that sunshine hours
strongly influenced cycle volume particularly in winter
and spring. The on-lane cycle volume was 35% higher in
the sunshine hour compared to the hour without sun dur-
ing winter.
The seasonal and weather effects appear to be stronger

on recreational cycling compared to utilitarian cycling
[26,31,35]. However, we were not able to differentiate utili-
tarian vs. recreational cyclists from our cycle count data.
One might assume that commuting cyclists would use
more direct on-road lanes and recreational cyclists would
use more enjoyable off-road paths. However, a.m. and
p.m. peaks suggest that the majority of cyclists were com-
muting on both on-road lanes and off-road paths, while
the high cycle volume at weekends and on holidays shows
that there were a reasonable number of recreational
cyclists on both cycleways. We observed similar weather
effects on cycling during weekdays and weekends or holi-
days except that the effect of temperature was not signifi-
cant in the latter.
Our findings may help develop temporal, seasonal and

weather corrections to standardise cycle flows in future
surveys which are mostly conducted at a specified time
during the year. The findings also suggest that season
and weather may need to be taken into account in future
policies and interventions aiming to promote cycling in
Auckland. Simple remedies include use of protective
gears, for example, wearing a rain jacket and having a
shower afterwards. Given a favourable trend in cycling as
a recreational activity in New Zealand [17], provision of
shower and change facilities and secure bicycle storage at
destinations such as workplaces, universities, and schools
may encourage people to move from recreational to com-
muter cycling [52]. Provision of better public transport
infrastructure integrated with cycling may also facilitate
utility cycling in any weather. Currently public transport
represents only 5% of all time spent travelling in Auck-
land [41]. While the majority of bicycle related injuries
occur in good weather when people cycle more, proper

maintenance and care of bicycles, public roads and cycle-
ways may prevent crashes which are likely to be severe in
bad weather [53,54].
However, the effects of weather should not be overem-

phasised. In fact, Auckland gets more annual sunshine
and less temperature extremes compared to European
cities, yet the city has a much lower level of cycling
[21,55]. For example, cycling accounts for 38% of all vehi-
cle trips in Amsterdam (Netherlands) [56] (cf. 1% in
Auckland [41]). It is likely that a relatively high rainfall in
Auckland discourages people from cycling; however, the
estimated chance of getting wet while cycling is only
once every fortnight if the trip is less than an hour [57].
Although Auckland’s hilly roads could be another barrier,
cycling is fairly prevalent in other hilly towns such as
Trondheim (Norway) [55] and San Francisco (US) [58].

Conclusions
There are temporal and seasonal variations in cycle
volume on Tamaki Drive in Auckland. The selected
weather conditions significantly influence both hour-to-
hour and day-to-day variations in cycle volumes - tem-
perature and sunshine duration have a positive effect and
rainfall and gust speed have a negative effect. Our findings
will help inform future policies and interventions aiming
to make Auckland a “cyclable” city throughout the year.

Additional material

Additional file 1: Multivariate linear regression models for
normalised hourly cycle volume (6:00 am - 8:00 pm) by day types
and season.

Additional file 2: Multivariate linear regression models for
normalised daily cycle volume by day types and season.
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5.3.2.1. Additional file 1: Multivariate linear regression models for normalised hourly cycle 

volume (6:00 am – 8:00 pm) by day types and season 

  Path Lane Total 

  Estimate SE p-value Estimate SE p-value Estimate SE p-value 

Weekdays          

Intercept 0.860 0.052  0.361 0.058  0.681 0.048  

Maximum gust speed (km/h) -0.014 0.001 <0.0001 -0.014 0.001 <0.0001 -0.014 0.001 <0.0001 

Rain (mm) in an hour -0.112 0.018 <0.0001 -0.104 0.016 <0.0001 -0.111 0.017 <0.0001 

Maximum temperature (ºC) 0.025 0.003 <0.0001 0.055 0.004 <0.0001 0.035 0.003 <0.0001 

Hour with sunshine 0.250 0.030 <0.0001 0.261 0.035 <0.0001 0.254 0.028 <0.0001 

 R2=0.17 R2=0.21 R2=0.24 

Weekends and holidays          

Intercept 0.934 0.093  0.708 0.140  0.807 0.085  

Maximum gust speed (km/h) -0.014 0.002 <0.0001 -0.015 0.002 <0.0001 -0.014 0.002 <0.0001 

Rain (mm) in an hour -0.095 0.025 0.0002 -0.101 0.030 0.0009 -0.096 0.025 0.0001 

Maximum temperature (ºC) 0.021 0.006 0.0004 0.034 0.007 <0.0001 0.027 0.005 <0.0001 

Hour with sunshine 0.243 0.053 <0.0001 0.295 0.058 <0.0001 0.284 0.049 <0.0001 

  R2=0.14 R2=0.15 R2=0.21 

Summer (December-February)         

Intercept 1.278 0.195  1.252 0.235  1.153 0.180  

Maximum gust speed (km/h) -0.017 0.002 <0.0001 -0.015 0.003 <0.0001 -0.014 0.002 <0.0001 

Rain (mm) in an hour -0.128 0.029 <0.0001 -0.141 0.032 <0.0001 -0.130 0.028 <0.0001 

Maximum temperature (ºC) 0.011 0.009 0.2 0.017 0.011 0.1 0.016 0.008 0.05 

Hour with sunshine 0.182 0.062 0.003 0.196 0.069 0.005 0.205 0.057 0.0003 

 R2=0.11 R2=0.08 R2=0.13 

Autumn (March-May)          

Intercept 0.566 0.105  0.368 0.140  0.459 0.092  

Maximum gust speed (km/h) -0.013 0.002 <0.0001 -0.013 0.002 <0.0001 -0.013 0.002 <0.0001 

Rain (mm) in an hour -0.119 0.027 <0.0001 -0.143 0.032 <0.0001 -0.134 0.028 <0.0001 

Maximum temperature (ºC) 0.039 0.007 <0.0001 0.051 0.009 <0.0001 0.045 0.006 <0.0001 

Hour with sunshine 0.178 0.055 0.001 0.228 0.064 0.0003 0.211 0.052 <0.0001 

 R2=0.15 R2=0.15 R2=0.21 

Winter (June-August)          

Intercept 0.891 0.086  0.663 0.110  0.849 0.075  

Maximum gust speed (km/h) -0.011 0.002 <0.0001 -0.011 0.002 <0.0001 -0.012 0.001 <0.0001 

Rain (mm) in an hour -0.107 0.022 <0.0001 -0.083 0.017 <0.0001 -0.101 0.019 <0.0001 

Maximum temperature (ºC) 0.017 0.008 0.04 0.020 0.009 0.02 0.015 0.007 0.03 

Hour with sunshine 0.280 0.050 <0.0001 0.352 0.049 <0.0001 0.301 0.045 <0.0001 

 R2=0.15 R2=0.13 R2=0.20 

Spring (September-November)         

Intercept 1.264 0.109  0.939 0.145  1.172 0.098  

Maximum gust speed (km/h) -0.019 0.002 <0.0001 -0.016 0.002 <0.0001 -0.018 0.002 <0.0001 

Rain (mm) in an hour -0.087 0.034 0.0094 -0.075 0.026 0.0038 -0.083 0.030 0.0064 

Maximum temperature (ºC) 0.007 0.007 0.4 0.023 0.008 0.005 0.011 0.006 0.08 

Hour with sunshine 0.335 0.039 <0.0001 0.337 0.046 <0.0001 0.341 0.037 <0.0001 

  R2=0.19 R2=0.13 R2=0.23 
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5.3.2.2. Additional file 2: Multivariate linear regression models for normalised daily cycle 

volume by day types and season 

Path Lane Total 

Estimate SE p-value Estimate SE p-value Estimate SE p-value 

Weekdays 

Intercept 0.813 0.091  0.170 0.087  0.548 0.080  

Maximum gust speed (km/h) -0.010 0.001 <0.0001 -0.006 0.001 <0.0001 -0.008 0.001 <0.0001 

Rain (mm) in a day -0.014 0.002 <0.0001 -0.015 0.003 <0.0001 -0.014 0.002 <0.0001 

Maximum temperature (ºC) 0.025 0.004 <0.0001 0.049 0.005 <0.0001 0.035 0.004 <0.0001 

Sunshine hours in a day 0.019 0.003 <0.0001 0.030 0.004 <0.0001 0.023 0.003 <0.0001 

R2=0.55 R2=0.68 R2=0.65 

Weekends and holidays 

Intercept 1.375 0.168  1.039 0.231 1.218 0.177  

Maximum gust speed (km/h) -0.015 0.003 <0.0001 -0.012 0.003 0.0005 -0.014 0.003 <0.0001 

Rain (mm) in a day -0.018 0.006 0.0021 -0.021 0.006 0.0007 -0.019 0.006 0.0006 

Maximum temperature (ºC) 0.005 0.007 0.4 0.012 0.009 0.2 0.008 0.007 0.2 

Sunshine hours in a day 0.022 0.008 0.0054 0.038 0.009 <0.0001 0.029 0.008 0.0003 

R2=0.43 R2=0.48 R2=0.48 

Summer (December-February) 

Intercept 1.219 0.334 0.668 0.464 1.011 0.362 

Maximum gust speed (km/h) -0.012 0.003 0.0002 -0.007 0.004 0.0819 -0.010 0.003 0.0025 

Rain (mm) in a day -0.014 0.004 0.0015 -0.016 0.006 0.0137 -0.015 0.005 0.0043 

Maximum temperature (ºC) 0.012 0.012 0.3 0.030 0.018 0.1 0.019 0.013 0.2 

Sunshine hours in a day 0.013 0.008 0.1046 0.026 0.010 0.0133 0.019 0.008 0.0298 

R2=0.45 R2=0.41 R2=0.46 

Autumn (March-May) 

Intercept 0.733 0.206 0.287 0.201 0.553 0.165 

Maximum gust speed (km/h) -0.010 0.003 0.0003 -0.005 0.002 0.0516 -0.007 0.002 0.001 

Rain (mm) in a day -0.016 0.006 0.0154 -0.020 0.007 0.006 -0.018 0.006 0.0068 

Maximum temperature (ºC) 0.026 0.009 0.004 0.038 0.010 0.0004 0.031 0.008 0.0003 

Sunshine hours in a day 0.023 0.010 0.0296 0.035 0.012 0.0036 0.028 0.011 0.0095 

R2=0.36 R2=0.44 R2=0.44 

Winter (June-August) 

Intercept 0.852 0.233 0.735 0.251 0.803 0.219 

Maximum gust speed (km/h) -0.009 0.002 0.0003 -0.007 0.002 0.0006 -0.008 0.002 0.0003 

Rain (mm) in a day -0.014 0.003 <0.0001 -0.016 0.003 <0.0001 -0.015 0.003 <0.0001 

Maximum temperature (ºC) 0.023 0.015 0.1 0.016 0.015 0.3 0.020 0.013 0.1 

Sunshine hours in a day 0.017 0.007 0.0263 0.031 0.008 0.0001 0.022 0.007 0.0031 

R2=0.46 R2=0.50 R2=0.52 

Spring (September-November) 

Intercept 1.072 0.165  0.749 0.216 0.939 0.172  

Maximum gust speed (km/h) -0.016 0.002 <0.0001 -0.009 0.003 0.0007 -0.013 0.002 <0.0001 

Rain (mm) in a day -0.016 0.002 <0.0001 -0.015 0.003 <0.0001 -0.016 0.003 <0.0001 

Maximum temperature (ºC) 0.025 0.009 0.009 0.022 0.009 0.01 0.023 0.008 0.004 

Sunshine hours in a day 0.026 0.004 <0.0001 0.037 0.005 <0.0001 0.030 0.004 <0.0001 

R2=0.60 R2=0.54 R2=0.61 
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5.3.3. Significance 

The primary finding of this section is that selected weather variables such as gust speed, rain, 

temperature and sunshine duration significantly influenced the cycle volume, accounting for 23% of 

the variance in hourly cycle volume and 56% of the variance in daily cycle volume in Auckland 

although the city has a temperate climate without extreme weather conditions. This finding together 

with those from Section 5.2.3 suggests that weather needs to be taken into account in future efforts 

to promote cycling in New Zealand.   

5.4. Summary 

A bicycle is rarely used for everyday travel in New Zealand. Even among capable and experienced 

cyclists, only one-third used a bicycle for commuting. The important barriers to engaging in such 

activity include adverse weather and concerns about traffic safety. With regard to the influence of 

weather, it is important to bear in mind that New Zealand has more favourable and less extreme 

weather patterns than many European countries with higher levels of cycling.  

Traffic safety is a relatively more important concern. New Zealand is one of the most car-dependent 

countries in the world. The dominance and danger of motor vehicles on the road is reflected in the 

cyclists’ concerns about road safety, traffic en route and driver attitude and behaviour. Moreover, 

limited space for cyclists on the road and in public places is reflected in their perceived importance 

of bike lanes, bike paths and bike parking. The safety concerns are likely to be more prevalent in the 

general population (Kingham et al., 2009; Mackie, 2009). Previous research in Portland, Oregon 

identified four types of cyclists – strong and fearless, enthused and confident, interested but 

concerned and no way no how – and found that these categories were consistent with the level of 

concern about motorised traffic (Dill, 2012).  The study also found that provision of facilities such as 

bike lanes could have a large effect on the interested but concerned group.  

The findings provide a better understanding of the prevalence and correlates of bicycle travel in New 

Zealand, inform future efforts to promote cycling and underscore the need to assess the actual risk 

of cycling-related injuries in the country. 
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Chapter 6. Results: Injury Risk 

A bicycle is rarely used for everyday travel in New Zealand due to concerns about traffic safety, as 

evident in Section 5.2 and earlier studies (Kingham et al., 2009; Mackie, 2009); however, reliable 

information on the actual risk of injury and associated factors is scarce. Routine injury statistics 

typically refer to police reports in New Zealand (Ministry of Transport, 2012c) and elsewhere (Beck 

et al., 2007; Buehler and Pucher, 2012b; Garrard et al., 2010). However, such reports are known to 

undercount bicycle crashes, and this undercount is greater than that noted for other traffic 

casualties (Amoros et al., 2006; Elvik and Mysen, 1999; Langley et al., 2003).  

Understanding factors that could influence bicycle crashes may help develop interventions to 

prevent cycling injuries and improve cyclists’ safety. A number of studies have reported the 

association between injury risks and socio-demographic factors, cycling characteristics and 

environmental factors (Amoros et al., 2011; Aultman-Hall and Kaltenecker, 1999; Boufous et al., 2012; 

de Geus et al., 2012; Eilert-Petersson and Schelp, 1997; Heesch et al., 2011; Hoffman et al., 2010; 

Kiburz et al., 1986; Laflamme and Diderichsen, 2000; Sgaglione et al., 1982; Yan et al., 2011), and the 

effect of safety gears such as helmet and visibility aids (Kwan and Mapstone, 2009; Thompson et al., 

2009). However, relatively little research has been done in the New Zealand context, other than 

studies of helmets.   

In order to address these knowledge gaps, I investigate and document the following aspects in this 

chapter. First, I assess exposure-based rates and profiles of cycling injuries that have occurred on 

New Zealand roads and resulted in death or hospital inpatient treatment, using mortality, hospital 

discharge and travel survey data. Second, I investigate the incidence of bicycle crash injuries and 

identify associated factors in the Taupo Bicycle Study. Third, I examine in more detail two prominent 

factors that are significantly associated with an increased risk of bicycle crash injuries (having a crash 

history at baseline and residing in the Auckland region). 

6.1. Exposure-based rates and profiles of bicycle crash injuries 

6.1.1. Preface 

Exposure information is important in understanding the actual risks and patterns of traffic casualties 

within and across countries (Christie et al., 2007; Organisation for Economic Co-operation and 

Development (OECD), 1998). Quantitative measures of exposure include the number of trips, 
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distance travelled and time spent travelling. Casualty rates calculated by using the former two as a 

denominator do not capture differential speed and mobility for different road users such as drivers, 

cyclists and pedestrians. It has therefore been proposed that time-based exposure be used in 

comparing the risk of different travel modes (Wardlaw, 2002). 

According to the police reports, 29 cyclists were killed or injured for each million hours spent cycling 

on New Zealand roads (Ministry of Transport, 2012c). The rate was higher than that of other traffic 

casualties (ten car driver deaths/injuries, seven car passenger deaths/injuries and five pedestrian 

deaths/injuries per million hours spent travelling) but may be an underestimate as crashes are 

reported to the police only if a motor vehicle is involved. For example, in an earlier study, only one 

fifth of hospital-reported bicycle crashes and half of those involving a motor vehicle appeared in 

police reports (Langley et al., 2003). Likewise in the Taupo Bicycle Study, only 13% of overall crashes 

and 64% of collisions recorded in the NMDS appeared in CAS (Section 4.3).  

I therefore investigated exposure-based rates and profiles of on-road cycling injuries that resulted in 

death or hospital inpatient treatment, using the mortality and hospital discharge data obtained from 

the Ministry of Health. 

6.1.2. Publication: Injuries to pedal cyclists on New Zealand roads, 1988-2007 

This section contains an unaltered reproduction of the article “Injuries to pedal cyclists on New 

Zealand roads, 1988-2007” published in BMC Public Health 2010, volume 10, page e655. BMC Public 

Health is an international, peer-reviewed, open-access journal covering all aspects of public health 

and epidemiology. The journal has a 5-year impact factor of 2.781 and a 2013 impact factor of 2.321. 
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Injuries to pedal cyclists on New Zealand roads,
1988-2007
Sandar Tin Tin1*†, Alistair Woodward2†, Shanthi Ameratunga1†

Abstract

Background: The risk of injury is one of the major barriers to engaging in cycling. We investigated exposure-based
rates and profiles of traffic injuries sustained by pedal cyclists that resulted in death or hospital inpatient treatment
in New Zealand, one of the most car dependent countries.

Methods: Pedal cyclist traffic injuries were identified from the Mortality Collection and the National Minimum
Dataset. Total time spent cycling was used as the measure of exposure and computed from National Household
Travel Surveys. Analyses were undertaken for the periods 1988-91, 1996-99 and 2003-07 in relation to other major
road users and by age, gender and body region affected. A modified Barell matrix was used to characterise the
profiles of pedal cyclist injuries by body region affected and nature of injury.

Results: Cyclists had the second highest rate of traffic injuries compared to other major road user categories and
the rate increased from 1996-99 to 2003-07. During 2003-07, 31 injuries occurred per million hours spent cycling.
Non-collision crashes (40%) and collisions with a car, pick-up truck or van (26%) accounted for two thirds of the
cycling injuries. Children and adolescents aged under 15 years were at the highest risk, particularly of non-collision
crashes. The rate of traumatic brain injuries fell from 1988-91 to 1996-99; however, injuries to other body parts
increased steadily. Traumatic brain injuries were most common in collision cases whereas upper extremity fractures
were most common in other crashes.

Conclusions: The burden of fatal and hospitalised injuries among pedal cyclists is considerable and has been
increasing over the last decade. This underscores the development of road safety and injury prevention
programmes for cyclists alongside the cycling promotion strategies.

Background
The popularity of cycling as a sport and recreation
activity has increased in New Zealand over recent years
[1,2]. In 2006, for the first time, more bicycles were
imported into the country than cars [3,4]. However, a
bicycle is rarely used as a mode of transportation and
represents only 2% of total travel time [5]. The propor-
tion of commuters using a bicycle has been declining
since 1986 and less than 3% of the employed population
cycled to work in 2006 [6]. The largest decline was
observed among younger age groups and females [6,7].
One of the major barriers to engaging in cycling is the

real and perceived risk of injury [8,9]. The most recent

(2008) data from the Ministry of Transport, based on
police reports, showed that ten cyclists were killed, 186
were seriously injured and many more suffered minor
injuries due to police-reported crashes on public roads
[10]. The estimated total social cost was approximately
NZ$224 million [10]. However, these figures are unlikely
to represent an accurate profile of cycling injuries
because it is not clear how “serious injury” was defined,
and crashes are generally reported to the police only if a
motor vehicle is involved. Langley and colleagues found
that only 22% of cyclists admitted to hospital following
a crash on public roads appeared in the police crash
data [11].
Earlier research using the mortality and hospitalisation

data showed a decline in cycling injuries involving a col-
lision with a motor vehicle from 1989 to 1998 [12]. This
paper aimed (1) to assess exposure-based rates of on-
road injuries to pedal cyclists that resulted in death or
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hospital inpatient treatment over the period 1988-2007,
(2) to quantify differences in such rates in relation to
other road users and by age, gender and body region
affected, and (3) to describe cycling injury profiles using
a modified Barell matrix [13].

Methods
Data sources
The data for this analysis were obtained from the
National Minimum Dataset and the Mortality Collection
maintained by the Ministry of Health’s Information
Directorate, and the Household Travel Survey Dataset
maintained by the Ministry of Transport. Specific
approval was not sought as the data were publicly avail-
able upon request and only anonymous data were used
for all analyses.
National Minimum Dataset
This includes information about all day patients and
inpatients discharged from all public hospitals and over
90% of private hospitals in New Zealand. The data col-
lected include demographic information, diagnoses and
diagnostic and therapeutic procedures. For all injury dis-
charges, the circumstances of injury are coded according
to the external causes of injury and poisoning codes (E
codes) and the nature of injury is coded according to the
International Classification of Diseases (ICD) [14]. ICD-
9-CMA was used before July 1999 and ICD-10-AM after-
ward. It was reported that 5% of the principal diagnosis
and 18% of the first four digits of the E-codes for hospital
discharges during 1996-98 that were coded under ICD-9-
CM and 14% of the principal diagnosis and 26% of the E-
codes for hospital discharges during 2001-04 that were
coded under ICD-10-AM were incorrect [15,16].
Mortality Collection
This includes information about all deaths registered in
New Zealand from 1988 onwards. The data collected
include demographic information and the underlying
cause of death coded according to the ICD [14]. ICD-9-
CMA was used before 2000 and ICD-10-AM afterward.
Overseas research suggested that the inaccuracies of
coding could be greater for death records compared to
hospital discharge records, particularly among older
people [17-19]; however, there is insufficient evidence in
New Zealand to confirm this.
Household Travel Surveys
The three separate national surveys [20] collected infor-
mation on daily personal travel, with the sampling
frame comprising all residents (including children) in
private dwellings in New Zealand. The entire survey
methodology was piloted. The survey questions were
developed for the New Zealand Ministry of Transport
by AMPT Applied Research Pty Ltd (Sydney) and pre-
tested on households from a range of socio-economic
backgrounds.

The first survey was undertaken between 1 July 1989
and 30 June 1990 and included 8,719 people aged five
and over. The second survey was carried out between
1 July 1997 and 30 June 1998 and included over 14,250
people of all ages. From 1 August 2003, an ongoing sur-
vey has been conducted each year, with the sampling
frame comprising approximately 2,000 households
(resulting in responses from about 3500 people) per
year. Up to 30 June 2009, 25,471 people have partici-
pated in the third survey.
Full response rates (i.e., the percentage of eligible

households in which all members participated fully in
the survey) were 75%, 75% and 66% respectively for the
first, second and third surveys and full and partial
response rates (i.e., the percentage of eligible households
in which one or more members participated fully in the
survey) were 78%, 79% and 71% respectively.
In each survey, travel time was assessed by asking

respondents to keep a record of the times and places of
all their travel over a specified two-day period. Depar-
ture and arrival times of each trip leg were recorded,
along with trip destination, travel mode and purpose.
The use of a two-day travel period minimises respon-
dent burden and reliance on memory, compared to
using a week-long period. Shortly after the conclusion
of the two-day period, an interviewer questioned each
respondent about their travel using the travel record as
a memory aid. Interviewers were trained to prompt the
respondent to recall any trips (particularly short trips)
which may not have been recorded on their memory
jogger.

Statistical Analysis
The rate of traffic injuries to pedal cyclists resulting in
death or hospital inpatient treatment was calculated
using the equation:

Injury rate= Total number of cases of cycling injuries per yyear
Total time spent cycling (million hours) per year

The annualised total time spent cycling was used as
the measure of exposure and computed from the three
travel surveys, covering the periods: 1 July 1989-30 June
1990, 1 July 1997-30 June 1998 and 1 August 2003-30
June 2008. The data were weighted to account for clus-
tering by household and non-response to the survey.
Traffic injuries (i.e., injuries occurring on a public

highway) among pedal cyclists were identified using the
E-codes (ICD-9-CM: E810-819.65, E826.15, E826.95,
E829-829.15; and ICD-10-AM: V10-18.3-9, V19.4-6,
V19.9) [14]. The hospitalised sample was restricted to
inpatient discharges from public hospitals as the major-
ity of patients (over 97%) requiring acute inpatient treat-
ment for injury are admitted to public hospitals [21-23].
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In order to enhance the validity of the analyses, the
inclusion criteria included: (a) patients with a principal
diagnosis of injury only (ICD-10-AM: S00-T78), (b)
patients admitted to hospital for one day or more and
(c) first admissions only [22]. Cases aged under five
years were excluded from the overall sample as they
were not surveyed in the 1989/90 travel survey. The
annualised numbers of cycling injuries were computed
for the periods 1988-91, 1996-99 and 2003-07 to stabi-
lise small cell sizes.
Traffic injuries to pedal cyclists were sub-classified

according to the mechanism of injury into (a) a collision
with a motor vehicle (ICD-9-CM: E810-819.6; ICD-10-
AM: V12-V14.3-9, V19.4-6) and (b) others. For injuries
that occurred between 2003 and 2007, more detailed
mechanism as mentioned in the ICD-10-AM was
reported.
Injury rates and 95% confidence intervals were pre-

sented in relation to other major road users (car/van
drivers, ca/van passengers, motorcyclists and pedes-
trians) and by age, gender and body region affected.
Based on the assumption that the number of injuries
had a Poisson distribution, the confidence intervals were
calculated by using the normal approximation (if num-
ber of injuries was more than 20 per year) or the exact
probability function (if the number of injuries was 20 or
less per year) [24].
A modified form of the Barell matrix was used to char-

acterise the profiles of pedal cyclist injuries that occurred
between 2003 and 2007 by body region affected and nat-
ure of injury. The Barell matrix comprises 36 body region
rows and 12 nature of injury columns and places each
injury ICD-9-CM code in a unique cell location [13]. For
this analysis, the ICD-10-AM codes were mapped into
the ICD-9-CM codes and classified into seven body
regions - traumatic brain injury, other head, face and
neck, spine and back, torso, upper extremity, lower extre-
mity and others - and six injury natures - fracture, dislo-
cation/sprains and strains, internal, open wound,
contusion/superficial and others. The “multiple injury
profiles” approach [25-27] was used and up to ten diag-
noses per case were extracted from the dataset.
To ensure an adequate sample size, analyses were

undertaken for all deaths and hospitalisations. A further
analysis restricted the cases of interest to those with ser-
ious injuries defined as an injury resulting in a significant
threat to life (i.e., consistent with an Abbreviated Injury
Scale (AIS) [28,29] score of 3 or more) in order to mini-
mise the effect of extraneous factors such as service utilisa-
tion in assessing trends [19]. The mapping to this AIS
threshold was achieved using the Barell matrix categorisa-
tion [30]. SAS (release 9.1, SAS Institute Inc., Cary, NC)
and Microsoft Office Excel 2003 were used for all analyses.

Results
During 2003-07, 31 injuries occurred per million hours
spent cycling; 20% had a serious injury suggesting a sig-
nificant threat to life, consistent with an estimated AIS
score of 3 or more (Table 1). Of the major road user
categories, the injury rate for pedal cyclists was sur-
passed only by motorcyclists. The cycling injury rate fell
from 1988-91 to 1996-99 and rose afterward; similar but
less pronounced trends were observed when the sample
was restricted to those with serious injuries and to those
involved in a collision with a motor vehicle (Table 2). In
contrast, a declining trend in injury rates was observed
among other road users (Table 1).
The most common mechanisms of cycling injuries

that occurred between 2003 and 2007 were non-colli-
sion crashes (40.4% of all cases and 33.6% of cases with
serious injuries) and collisions with a car, pick-up truck
or van (25.5% of all cases and 38.5% of cases with ser-
ious injuries) (Table 3).
The highest rate of cycling injuries was observed

among the 5-14 year olds (Figure 1). In this age group,
from 1996-99 to 2003-07, there was a substantial
increase in injury risk from crashes not involving a
motor vehicle. However, this trend was not observed
when analyses were restricted to those with serious inju-
ries. Males had a higher rate of collision and other inju-
ries compared to females (Figure 2).
Compared to 1988-91, rates of traumatic brain injuries

were lower in 1996-99 and 2003-07 (Figure 3). In con-
trast, there was an increasing trend over time in rates of
injuries to other body parts. During 2003-07, the com-
monest injuries in crashes involving a collision with a
motor vehicle were traumatic brain injuries (29.1%),
open wounds in the head, face or neck (26.3%) and frac-
tures in upper and lower extremities (25.9% and 24.7%
respectively) (Table 4). In cycling injuries unrelated to
motor vehicle collision, upper extremity fractures
(40.3%) were most common, followed by open wounds
in the head, face or neck and traumatic brain injuries
(16.9% and 14.9% respectively). Traumatic brain injuries,
lower extremity fractures and open wounds in the head,
face or neck occurred in 28.2%, 19.2% and 18.7% respec-
tively of cases with serious injuries (Table 5).

Discussion
Our analysis showed that cyclists had the second highest
rate of traffic injuries resulting in death or hospital inpa-
tient treatment compared to other major road user cate-
gories when analysed in relation to time spent travelling.
The cycling injury rate increased from 1996-99 to 2003-
07. Non-collision crashes and collisions with a car, pick-
up truck or van were responsible for about two-thirds
of cycling injury deaths and hospitalisations during
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2003-07. Children and adolescents aged under 15 years
were at the highest risk of being involved in non-colli-
sion crashes although this pattern was not observed for
serious injuries. The rate of traumatic brain injuries fell
from 1988-91 to 1996-99; however, injuries to other
body parts increased steadily. Traumatic brain injuries
were most common in crashes involving a collision with
a motor vehicle whereas upper extremity fractures were
most common in other crashes.
The major strength of this study is the use of data

from the three national datasets to quantify exposure-
based rates of cycling injuries resulting in death or

hospital inpatient treatment. However, some limita-
tions should be kept in mind when interpreting the
findings.
Injuries treated in emergency departments and private

primary care facilities, or self-treated, were not included
in this analysis. It has been proposed that such injuries
be excluded in developing indicators of injury incidence
due to incomplete ascertainment [19]. While such inju-
ries may not pose a significant threat to life, it cannot
be assumed that they will not pose a threat to longer-
term disability. Ascertainment of relevant cases could
also be affected by inaccuracies in diagnosis and external

Table 1 Annual numbers and rates of traffic injuries that resulted in death or hospital inpatient treatment

Annual number of injuries Annual number of injuries per million hours spent travelling
(95% CI)

Mode of travel 1988-91 1996-99 2003-07 1988-91 1996-99 2003-07

Overall

Cyclists 941 512 682 25.61
(23.97, 27.25)

21.38
(19.53, 23.23)

30.74
(28.43, 33.04)

Car/van driver 2081 2051 1714 4.24
(4.06, 4.42)

3.22
(3.08, 3.36)

2.10
(2.00, 2.20)

Car/van passenger 1568 1428 1086 5.64
(5.36, 5.92)

4.67
(4.43, 4.91)

2.89
(2.71, 3.06)

Motorcyclist 1655 895 784 185.14
(176.22, 194.06)

161.77
(151.18, 172.37)

107.64
(100.11, 115.17)

Pedestrian 743 638 471 4.29
(3.98, 4.60)

3.40
(3.14, 3.67)

2.38
(2.17, 2.60)

Serious injuries (AIS≥3)

Cyclists 377 117 138 10.27
(9.23, 11.30)

4.86
(3.98, 5.75)

6.24
(5.21, 7.28)

Car/van driver 886 774 629 1.81
(1.69,1.93)

1.22
(1.13, 1.30)

0.77
(0.71, 0.83)

Car/van passenger 643 516 367 2.31
(2.13, 2.49)

1.69
(1.54, 1.83)

0.98
(0.88, 1.08)

Motorcyclist 483 273 190 54.05
(49.23, 58.87)

49.24
(43.39, 55.09)

26.11
(22.40, 29.82)

Pedestrian 362 254 187 2.09
(1.88, 2.31)

1.36
(1.19, 1.52)

0.95
(0.81, 1.08)

Table 2 Annual numbers and rates of collision vs. other traffic injuries to pedal cyclists that resulted in death or
hospital inpatient treatment

Annual number of injuries Annual number of injuries per million hours spent travelling
(95% CI)

Mode of travel 1988-91 1996-99 2003-07 1988-91 1996-99 2003-07

Total

Collision with a motor vehicle 349 185 189 9.51
(9.01, 10.01)

7.66
(7.11, 8.21)

8.47
(7.86, 9.07)

Others 592 327 493 16.11
(15.46, 16.76)

13.57
(12.84, 14.31)

22.02
(21.05, 22.99)

Serious injuries (AIS≥3)

Collision with a motor vehicle 166 55 61 4.51
(4.16, 4.85)

2.29
(1.99, 2.59)

2.74
(2.40, 3.09)

Others 211 62 78 5.75
(5.36, 6.13)

2.57
(2.25, 2.89)

3.49
(3.10, 3.87)
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Table 3 Mechanism of traffic injuries to pedal cyclists that resulted in death or hospital inpatient treatment (2003-
2007)

Mechanism Overall Injuries
(%)

Serious Injuries
(%)

Collision with car, pick-up truck or van 25.51 38.49

Collision with heavy transport vehicle or bus 1.79 5.35

Collision with two- or three-wheeled motor vehicle 0.35 0.58

Collision with other non-motor vehicle 0.06 0.00

Collision with other pedal cycle 4.11 5.35

Collision with pedestrian or animal 1.00 1.30

Collision with fixed or stationary object 5.60 7.53

Noncollision transport crashes 40.35 33.57

Unspecified 21.23 8.10

Figure 1 Annual rates of traffic injuries to pedal cyclists that resulted in death or hospital inpatient treatment by age.
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cause codes [15,16]. This could have a greater impact on
time series analyses as the ICD9-CM was replaced with
the ICD10-AM in 1999-2000. In addition, there were
inconsistencies in the uploading of day cases to the
National Minimum Dataset over time. To address this,
we restricted the hospitalised sample to patients

admitted for one day or more. It is also recognised that
admission to hospital could be influenced by a number
of factors including severity of injury, pre-existing co-
morbidities, access to hospital services, professional
practice and bed/theatre availability [19]. In this analysis,
there is the potential for misclassification of injury

Figure 2 Annual rates of traffic injuries to pedal cyclists that resulted in death or hospital inpatient treatment by gender.
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Figure 3 Annual rates of traffic injuries to pedal cyclists that resulted in death or hospital inpatient treatment by body region
affected.

Table 4 Modified Barell body region by nature of injury diagnosis matrix for overall injuries (2003-07)

Body Region Injured Fracture Dislocation,
Sprains &
Strains

Internal Open
wound

Contusion/
superficial

Others

Percent of cyclists injured in crashes involving a collision with a motor vehicle

Traumatic brain injury 6.48 0.00 29.05 0.00 0.00 0.00

Other Head, Face, Neck 3.66 0.21 0.00 26.33 11.91 0.63

Spine and back 12.64 2.93 1.25 0.00 0.00 0.00

Torso 11.81 1.46 11.81 2.30 8.36 1.67

Upper extremity 25.91 5.22 0.00 13.58 7.42 1.25

Lower extremity 24.66 5.22 0.00 13.17 14.73 2.09

Others 0.00 0.21 0.00 4.49 1.78 2.61

Percent of cyclists injured in other crashes

Traumatic brain injury 2.50 0.00 14.90 0.00 0.00 0.00

Other Head, Face, Neck 3.05 0.16 0.00 16.88 9.31 0.16

Spine and back 3.33 1.35 0.59 0.00 0.00 0.00

Torso 4.28 0.91 4.91 1.15 3.65 1.39

Upper extremity 40.33 6.46 0.00 8.87 4.08 0.79

Lower extremity 11.17 6.46 0.00 8.84 10.58 2.14

Others 0.00 0.20 0.00 4.87 1.51 1.19

Tin Tin et al. BMC Public Health 2010, 10:655
http://www.biomedcentral.com/1471-2458/10/655

Page 7 of 10

148



severity due to the heterogeneity of the diagnostic cate-
gories included in the Barell matrix [31].
The estimates derived from the travel surveys may

underestimate the total travel in New Zealand due to
the exclusion of some people who travel a lot such as
visitors, guests at hotels/motels, people who are not at
home when surveyed and professional drivers (e.g., taxi
and truck drivers). As relatively few bicycle trips were
recorded compared to other modes, the cycling expo-
sure information may be subject to a certain level of
uncertainty. However, we did not anticipate any signifi-
cant variation in accuracy of information collected over
time as the same questions were used for all three sur-
veys with high response rates although it is possible that
the decrease in the response rate between the second
and the third survey may impact on reliability of the
data available.
Despite these limitations, the study presents some

important findings to inform the development of road
safety, injury prevention and trauma care programmes
and services. Consistent with our findings, overseas
research show that cyclists bear a higher risk than car
drivers per time or distance travelled [32,33]. However,
in a Dutch study, after adjusting for motorway journeys,
nearly twice as many motorists are killed as cyclists per
billion kilometres travelled and the probability of being
admitted to hospital is similar for both modes of trans-
port [34]. Although we were not able to control for
biases such as differences in types of roads used by
cyclists and drivers [33], our findings indicate that
cyclists are likely to be at greater risk when travelling in
the road environment of auto-centric countries like New
Zealand.
The “safety in numbers” phenomenon suggests that

the risk profile of cyclists may improve if more people
cycle [35]. In New Zealand, the overall travel mode
share for cycling declined steadily from 4% in 1989 to
1% in 2006 [36] while the annual distance driven in
light 4-wheeled vehicles increased [37]. This may
account for an increasing trend in the cycling injury rate

in the last decade (in contrast to a steady decline in the
injury rate of other road users) in our analysis. Despite
this, cyclists have attracted relatively little attention in
the road safety agenda. For example, the focus of the
recently released “New Zealand’s Road Safety Strategy”
is on motorised transport [38].
We found that non-collision crashes accounted for

two-fifths of the overall cycling injuries resulting in
death or hospital inpatient treatment whereas collision
with a motor vehicle accounted for almost two-fifths of
serious cycling injuries. This extends previous research
using emergency department data (reporting that 64-
79% of crashes did not involve another vehicle [39-43]),
hospital records (reporting that 30-66% of crashes
involved a motor vehicle [44-46]) and mortality data
(reporting that 72-97% of crashes involved a motor vehi-
cle [47-51]). Efforts to prevent cycling injuries could be
more successful if factors associated with collisions are
identified and targeted (e.g., traffic calming, providing
cycle ways, improving cyclist conspicuity, driver educa-
tion and training) alongside factors that are likely to
impact on cyclist only crashes (e.g., improving road sur-
face, cyclist skills training).
Of particular concern are children and adolescents

who have experienced the greatest increase in the risk
of cycling injuries despite a substantial decline in the
amount of cycling over the past two decades. The travel
surveys show that from 1989/90 to 2005/08, the average
time spent cycling per week decreased from 28 minutes
to 8 minutes among those aged 5-12 years and from 52
minutes to 12 minutes among those aged 13-17 years
[7]. Likewise, from 1989/90 to 2004/08, cycling to
school declined from 12% to 4% while being driven to
school increased from 31% to 55% [7]. Parents’ safety
concern is one of the main reasons why children don’t
cycle or walk to school [52-54] although a wide range of
factors can influence such behaviour [55]. If more chil-
dren are driven to school, they will have less opportu-
nity to develop cycling and road safety skills and traffic
will be increased, posing more danger and initiating a

Table 5 Modified Barell body region by nature of injury diagnosis matrix for serious injuries (2003-07)

Body Region Injured Fracture Dislocation,
Sprains &
Strains

Internal Open
wound

Contusion/
superficial

Others

Percent of cyclists with serious injuries (AIS ≥ 3)

Traumatic brain injury 11.25 0.00 28.16 0.00 0.00 0.00

Other Head, Face, Neck 5.20 0.19 0.00 18.68 7.81 0.37

Spine and back 8.36 2.42 2.51 0.00 0.00 0.00

Torso 11.71 3.07 14.78 0.65 3.07 0.46

Upper extremity 13.57 1.86 0.00 5.86 3.90 0.93

Lower extremity 19.24 1.86 0.00 5.76 7.62 1.58

Others 0.00 0.09 0.00 1.67 0.46 2.60
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vicious circle that can have an adverse impact on risks
of injury as well as levels of physical activity. To address
this, some initiatives have been developed in New Zeal-
and, including the Walking School Bus Programme
[56,57], school-based cycle trains [58] and cyclist skills
training [59].
Our analysis showed the declining trend in rates of

traumatic brain injuries from 1988-91 to 1996-99. How-
ever, it is unclear whether this reflects the effectiveness
of the mandatory all-age cycle helmet law implemented
in January 1994 or simply reflects a general decline in
all road injuries during that period. On the other hand,
we found a steady increase in injuries to other body
parts over the twenty year period. However, there is a
relative dearth of research focusing on such injuries and
potential protective measures such as extremity guards.

Conclusions
The burden of injuries to pedal cyclists is considerable
and has been increasing over the last decade. A range of
comprehensive strategies that can enhance bicycle
safety, are required alongside strategies that promote
cycling given its recognised health and environmental
benefits.
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6.1.3. Significance 

The primary finding of this section is that the number of injuries that resulted in death or hospital 

inpatient treatment per million hours spent cycling increased from 21 injuries in 1996-99 to 31 

injuries in 2003-7. Non-collision crashes were the most common cause of injury (40.4%) particularly 

among children and adolescents, followed by collisions with a car, pick-up truck or van (25.5%).  

The exposure-based injury rates were comparable to those observed in other car-dependent 

countries. Using hospital discharge and travel survey data, a recent UK study found 29 admissions 

per million hours spent cycling in males and 28 admissions per million hours spent cycling in females 

with a higher rate in children aged less than 17 years (Mindell et al., 2012). Using similar data 

sources, an Australian study reported 315 injuries per 100 million kilometres cycled in Melbourne 

(corresponds to 47 injuries per million hours spent cycling if the average cycling speed is assumed to 

be 15 kmh) (Garrard et al., 2010).  

These figures, however, may represent only a small fraction of the total number of bicycle crash 

injuries (Section 4.3).  

6.2. Incidence and determinants of bicycle crash injuries in the Taupo Bicycle Study 

6.2.1. Preface 

In the Taupo Bicycle Study, crash outcome data were collected through record linkage to the 

traditionally used mortality, hospital discharge and police databases as well as the publicly funded 

national insurance claims databases which is a major source of information on relatively minor 

injuries. I therefore examined a more complete picture of bicycle crash injuries than has been 

reported previously and identified associated risk and protective factors. 

6.2.2. Publication: Incidence, risk and protective factors of attended bicycle crashes: 

findings from a prospective cohort study 

This section contains an unaltered reproduction of the article “Incidence, risk, and protective factors 

of bicycle crashes: findings from a prospective study in New Zealand” published in Preventive 

Medicine 2013, volume 57, pages 152-61. Preventive Medicine is an international, peer-reviewed 

journal covering all aspects of preventive medicine and public health. The journal has a 5-year 

impact factor of 3.917 and a 2013 impact factor of 2.932. 
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Objective. To estimate the incidence and risk of medically or police attended bicycle crashes in a prospec-
tive cohort study in New Zealand.

Method. The Taupo Bicycle Study involved 2590 adult cyclists recruited from the country's largest cycling
event in 2006 and followed over a median period of 4.6 years through linkage to four administrative data-
bases. Incidence rates with Poisson distribution confidence intervals were computed and Cox regression
modelling for repeated events was performed.

Results. The 66 on-road crashes and 10 collisions per 1000 person-years corresponded to 240 crashes and
38 collisions per million hours spent road cycling. The risk increased by 6% and 8% respectively for an extra
cycling hour each week. There were 50 off-road crashes per 1000 person-years. Residing in urban areas

and in Auckland (region with the lowest level of cycling), riding in a bunch, using a road bike and experienc-
ing a previous crash predicted a higher risk. Habitual use of conspicuity aids appeared to lower the risk.

Conclusion. The risk is higher in urban areas and where cycling is less common, and increased by bunch
riding and previous crashes. These findings alongside the possible protective effect of conspicuity aids sug-
gest promising approaches to improving cycle safety.
© 2013 The Authors. Published by Elsevier Inc. All rights reserved.
Introduction

Regular cycling provides significant health (Andersen et al., 2000;
Bassett et al., 2008; Oja et al., 2011) and other benefits (Higgins,
2005; Litman, 2012). Despite this, cycling is not a popular mode of
travel in New Zealand (Tin Tin et al., 2009) and accounts for only 2%
of total travel time (Ministry of Transport, 2012a). While the bicycle
is increasingly used for sport and recreation activity, just over
one-fifth of adults reported engaging in either road cycling or moun-
tain biking at least once over twelvemonths in themost recent national
survey (Sport New Zealand, 2009).

Formanypeople, safety concerns are amajor barrier to riding a bicy-
cle (Kingham et al., 2009; Mackie, 2009; Winters et al., 2011) and it is
true that cyclists bear a higher risk than most other types of road
users if time-based exposure is considered (Tin Tin et al., 2010;
Wardlaw, 2002). For each million hours spent cycling on New Zealand
roads, 29 deaths or injuries resulted from collisionswith amotor vehicle
erms of the Creative Commons
tribution, and reproduction in
re credited.
nd Biostatistics, School of Pop-
, Auckland 1142, New Zealand.
), a.woodward@auckland.ac.nz
atunga).
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(cf. 10 car driver deaths/injuries, 7 car passenger deaths/injuries and 5
pedestrian deaths/injuries) (Ministry of Transport, 2012b) and 31 inju-
ries resulted in death or hospital inpatient treatment (cf. 2 driver inju-
ries, 3 car passenger injuries and 2 pedestrian injuries) (Tin Tin et al.,
2010). Furthermore, almost as many bicycle crashes occurred off-road
(Munster et al., 2001).

Current statistics and epidemiological research in New Zealand and
elsewhere (Amoros et al., 2011; Beck et al., 2007; Boufous et al., 2012;
Buehler and Pucher, 2012; Garrard et al., 2010; Ministry of Transport,
2012b; Tin Tin et al., 2010) typically refer to a single official data source,
either police reports or hospital records, which are known to under-
count bicycle crashes (Elvik and Mysen, 1999; Langley et al., 2003;
Tercero and Andersson, 2004). Other studies have relied on cross-
sectional survey data (Aultman-Hall and Kaltenecker, 1999; Heesch et
al., 2011; Moritz, 1997) thereby failing to account for reverse causation
and potential biases (af Wåhlberg et al., 2010; Jenkins et al., 2002;
Tivesten et al., 2012). Few prospective studies have reported the inci-
dence and correlates of bicycle crash injuries (de Geus et al., 2012;
Hoffman et al., 2010) but the findings could have been biased by differ-
ential loss to follow-up (Greenland, 1977).

This paper investigated the incidence of attended bicycle crashes and
associated factors in a cohort of cyclists followed over amedian period of
4.6 years. Attended bicycle crashes include those resulting in an admis-
sion to hospital, notification to the police or the Coroner (Medical Exam-
iner), or a claim lodged with the Accident Compensation Corporation
served.
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(ACC), the government-funded universal no-fault injury compensation
scheme.

Methods

Design, setting and participants

The Taupo Bicycle Study is a prospective cohort study with the sampling
frame comprising cyclists, aged 16 years and over, who enrolled online in the
Lake Taupo Cycle Challenge, New Zealand's largest mass cycling event held
each November. Participants have varying degrees of cycling experience
ranging from competitive sports cyclists to relative novices of all ages.

Recruitment was undertaken at the time of the 2006 event. Detailed
methodology was described elsewhere (Thornley et al., 2008). In brief,
email invitations, containing a hyperlink to the study information page,
were sent to 5653 contestants who provided their email addresses at registra-
tion for the event. Those who agreed to participate in the study were taken to
the next page containing a web questionnaire and asked about demographic
characteristics, general cycling activity and crash experience in the past
twelve months, and habitual risk/protective behaviours with options ranging
from never to always. Copies of the questionnaire can be obtained from the
authors. The questionnaire was completed and submitted by 2438 cyclists
(43.1% response rate). Another 190 cyclists were recruited from the 2008
event by including a short description about the study in the event newsletter.
Ethical approval was obtained from the University of Auckland Human Partic-
ipants' Ethics Committee.

All participants were resurveyed in 2009 using a web questionnaire. The
questionnaire asked about changes in cycling activity and risk/protective be-
haviours, as well as crash experience in the past twelve months, and was
completed by 1537 cyclists (58.5% response rate).

Injury outcome data

Injury outcome data were collected through record linkage to four ad-
ministrative databases, covering the period from the date of recruitment to
30 June 2011. All participants consented to link their data to the following
databases.

Insurance claims
In New Zealand, ACC provides personal injury cover for all residents and

temporary visitors to New Zealand no matter who is at fault. The claims da-
tabase is a major source of information on relatively minor injuries with
over 80% of the claims related to primary care (e.g., GPs, emergency room
treatment) only (Accident Compensation Corporation, 2012). Approval for
record linkage was obtained from the ACC Research Ethics Committee.

Hospital discharge and mortality data
The hospital discharge data contains information about inpatients and

day patients discharged from all public hospitals and over 90% of private hos-
pitals in New Zealand. The mortality data contains information about all
deaths registered in New Zealand. Diagnoses in each hospital visit and under-
lying causes of death are coded under ICD-10-AM. Bicycle crashes were iden-
tified using the E codes V10-V19; those that occurred on public roads were
identified using the E codes V10-V18.3-9, V19.4-6, V19.9; and those that in-
volved a collision with a motor vehicle were identified using the E codes
V12-V14, V19.0-2 and V19.4-6. Readmissions were identified as described
previously (Davie et al., 2011) and excluded.

Police reports
InNewZealand, it ismandatory that any fatal or injury crash involving a col-

lision with amotor vehicle on a public road be reported to the police. This data-
base therefore contains information on all police-reported bicycle collisions.

Match rate and data quality
There was a 99.0% match rate by the National Health Index number. The

completeness of the linked data, based on the capture–recapture models, was
73.7% for all crashes, 74.5% for on-road crashes and 83.3% for collisions (Tin
Tin et al., 2013). In comparison with self-reported data collected in 2009,
the linked data had 63.1% sensitivity, 93.5% specificity and 59.0% positive pre-
dictive value for all crashes and 40.0% sensitivity, 99.9% specificity and 91.7%
positive predictive value for collisions.
154
Analyses

The study sample was restricted to the 2590 participants who were resi-
dent in New Zealand at recruitment. All baseline data were complete for the
2435 participants (94.0%). Missing values were computed using multiple im-
putation with 25 complete datasets created by the Markov chain Monte Carlo
method (Schafer, 1997), incorporating all baseline covariates and injury
outcomes.

Bicycle crashes extracted through record linkage were categorised into
on-road crashes (crashes that occurred on public roads) and others, as fac-
tors predicting these crashes may differ. Crashes involving a collision with a
motor vehicle were also identified. As more than a single crash may be ex-
perienced during follow-up, incidence rates of repeated events were calcu-
lated using the person-years approach. Exposure-based incidence rates
were also estimated for on-road crashes and collisions, using the average
time spent road cycling at baseline. Confidence intervals were based on
the Poisson distribution. The participants were censored on 30 June 2011
or date of death.

Cox proportional hazards regression modelling for repeated events was
performed using a counting process approach and factors influencing the
likelihood of experiencing crash episodes were identified. Hazard ratios
(HRs) were first adjusted for cycling exposure and then adjusted for all co-
variates. SAS (release 9.2, SAS Institute Inc., Cary, North Carolina) was used
for all analyses.

Probabilistic bias analyses (Lash et al., 2009) assessed the potential im-
pact of outcome misclassification bias on association estimates, assuming
that the sensitivity and specificity of the linked data ranged from 0.65 to
0.75 and from 0.94 to 0.99 respectively for on-road and other crashes and
from 0.40 to 0.85 and from 0.98 to 1.00 respectively for collisions.

The impact of changes in exposures on association estimates was assessed
by incorporating repeated measurements (at baseline and in 2009) of covari-
ates in the Cox models. This analysis was restricted to 1526 cyclists who were
resident in New Zealand and completed the second questionnaire.
Results

The participants' baseline characteristics are presented in Table 1.
During a median follow-up of 4.6 years, six deaths occurred, of which
one was due to a bicycle–car collision and five others were due to
cancer. A total of 855 participants experienced 1336 bicycle crashes,
of whom 32.4% experienced more than a single crash (Table 2). This
corresponds to 116 crashes per 1000 person-years (95% CI: 109.93,
122.47) or 391 crashes per million hours spent cycling per year
(95% CI: 370.38, 412.62).
On-road bicycle crashes

There were 66 crashes per 1000 person-years or 240 crashes per
million hours spent road cycling per year (Table 3). The adjusted HR
for one hour increase in average time spent cycling each week was
1.06 (95% CI: 1.05–1.08). Age over 35 years, residing in urban areas
or in the Auckland region, riding in a bunch, using a road bike and his-
tory of a crash at baseline predicted a higher risk whereas being over-
weight or obese, cycling off-road and using lights in the dark lowered
the risk. Bicycle commuting, however, did not increase the risk.
Bicycle crashes involving a collision with a motor vehicle

There were 10 collisions per 1000 person-years or 38 collisions
per million hours spent road cycling per year (Table 4). The adjusted
HR for one hour increase in average time spent cycling each week was
1.08 (95% CI: 1.05–1.12). Due to a very small number of events, “over-
weight” and “obese” categories were combined and helmet use was
excluded in the multivariate models. Residing in urban areas, riding
a road bike and having a crash history were associated with an in-
creased risk.



Table 1
Baseline characteristics of the participants in the Taupo Bicycle Study, New Zealand,
2006–2011.

N %

Demographic characteristics
Age (years)

16–35 579 22.4
36–50 1351 52.2
51+ 660 25.5

Gender
Male 1874 72.4
Female 715 27.6

Ethnicity
Māori 104 4.0
Non-Māori 2486 96.0

Level of education
High/secondary school or less 535 20.7
Polytechnic 654 25.3
University 1395 53.9
Missing 6 0.2

Body Mass Index
b25 1361 52.5
25–30 1000 38.6
30+ 214 8.3
Missing 15 0.6

NZDep2006 scoresa

1–3 1292 49.9
4–7 919 35.5
8–10 343 13.2
Missing 36 1.4

Urbanicity of residence
Main urban area 2013 77.7
Others 541 20.9
Missing 36 1.4

Region of residence
Auckland 919 35.5
Wellington 534 20.6
Others 1101 42.5
Missing 36 1.4

Cycling characteristics
Years of cycling

b1 204 7.9
1–4 1307 50.5
5+ 1068 41.2
Missing 11 0.4

Ever ride off-road
Yes 992 38.3
No 1584 61.2
Missing 14 0.5

Ever ride in the dark
Yes 1731 66.8
No 853 32.9
Missing 6 0.2

Ever ride in a bunch
Yes 1838 71.0
No 732 28.3
Missing 20 0.8

Cycle to work at least once a weekb

Yes 771 32.8
No 1541 65.6
Missing 36 1.5

Type of bicycle most commonly used
Road 2244 86.6
Mountain 195 7.5
Others 139 5.4
Missing 12 0.5

Crash in the past 12 months
Yes 801 30.9
No 1784 68.9
Missing 5 0.2

Always wear helmet
Yes 2555 98.6
No 25 1.0
Missing 10 0.4

Wear fluorescent colours
Always 759 29.3
Sometimes 1310 50.6

Table 1 (continued)

N %

Never 500 19.3
Missing 21 0.8

Always use front and back lights in the darkc

Yes 1432 82.7
No 298 17.2
Missing 1 0.1

Use reflective materials in the darkc

Always 850 49.1
Sometimes 489 28.2
Never 386 22.3
Missing 6 0.3

Ever listen to music while riding
Yes 423 16.3
No 2153 83.1
Missing 14 0.5

a 2006 New Zealand Deprivation Index with decile ten the most deprived
neighbourhood and decile one the least.

b Restricted to 2438 participants who reported travelling to work at least once
a week.

c Restricted to 1731 participants who reported cycling in the dark.
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Off-road bicycle crashes

There were 50 crashes per 1000 person-years (Table 5). The risk
was lower in university graduates, overweight or obese cyclists and
less experienced cyclists but higher in those who cycled in the dark
or in a bunch and those who had a crash history.

The effect estimatesmentioned abovewere similar to those obtained
from complete case analyses. Potential misclassification of crash out-
comes during the linkage process may underestimate the actual inci-
dence rate and may bias the hazard ratios to the null (Appendix A).
Likewise, potential misclassification of exposures (due to changes over
time)may underestimate the risk estimates inmost cases (Appendix B).

Discussion

Main findings

In this study, cyclists experienced 116 crashes attended medically
or by police per 1000 person-years, of which 66 occurred on the road
and 10 involved a collision with a motor vehicle. There were 240
on-road crashes and 38 collisions per million hours spent road cycling
and the risk increased by 6% and 8% respectively for one hour increase
in cycling each week. After adjusting for all covariates, participants'
age, body mass index, urbanity, region of residence, cycling off road,
in the dark or in a bunch, type of bicycle used and prior crash history
predicted the crash risk with variations in effect estimates by crash
type.
Table 2
Number of participants who experienced bicycle crashes in the Taupo Bicycle Study,
New Zealand, 2006–2011.

No. of
crashes

All crashes On-road
crashes

Off-road
crashes

Collisions with
amotor vehicle

N % N % N % N %

1 578 22.3 421 16.3 328 12.7 91 3.5
2 161 6.2 90 3.5 66 2.6 10 0.4
3 66 2.5 26 1.0 19 0.7 3 0.1
4 28 1.1 10 0.4 9 0.3
5 14 0.5 3 0.1 4 0.2
6 4 0.2 2 0.1 0 0.0
7 1 0.0 0 0.0 0 0.0
8 2 0.1 0 0.0 1 0.0
9 1 0.0 1 0.0
Total 855 33.0 553 21.4 427 16.5 104 4.0

5



Table 3
Incidence of on-road bicycle crashes in the Taupo Bicycle Study, New Zealand, 2006–2011.

No Rate per 1000 person-years
(95% CI)

Rate per million hour cycled-years
(95% CI)

Crude hazard ratio
(95% CI)

Adjusted hazard ratioa

(95% CI)
Adjusted hazard ratiob

(95% CI)

Total 755 65.60 (61.00, 70.45) 240.47 (223.62, 258.26)

Age (years)
16–35 158 61.51 (52.29, 71.88) 217.95 (185.29, 254.71) 1.00 1.00 1.00
36–50 385 64.06 (57.82, 70.80) 239.44 (216.11, 264.59) 1.04 (0.87, 1.25) 1.07 (0.89, 1.29) 1.20 (0.98, 1.47)
51+ 212 72.32 (62.92, 82.74) 262.78 (228.60, 300.64) 1.18 (0.96, 1.45) 1.16 (0.94, 1.43) 1.37 (1.08, 1.74)

Gender
Male 574 68.65 (63.15, 74.51) 245.08 (225.44, 265.98) 1.20 (1.01, 1.41) 1.14 (0.97, 1.36) 1.06 (0.89, 1.27)
Female 181 57.48 (49.41, 66.49) 226.95 (195.09, 262.52) 1.00 1.00 1.00

Ethnicity
Māori 23 48.93 (31.02, 73.43) 192.82 (122.23, 289.33) 0.74 (0.49, 1.12) 0.77 (0.51, 1.18) 0.94 (0.62, 1.44)
Non-Māori 732 66.31 (61.59, 71.29) 242.36 (225.11, 260.57) 1.00 1.00 1.00

Education
High/secondary school or less 161 67.23 (57.24, 78.45) 226.28 (192.68, 264.06) 1.00 (0.83, 1.21) 0.93 (0.77, 1.11) 1.04 (0.86, 1.25)
Polytechnic 180 61.58 (52.91, 71.26) 226.16 (194.33, 261.73) 0.92 (0.77, 1.10) 0.89 (0.74, 1.06) 0.96 (0.80, 1.15)
University 413 67.00 (60.69, 73.78) 253.96 (230.05, 279.67) 1.00 1.00 1.00
Missing 1 36.26 (0.92, 202.01) 166.67 (4.22, 928.61)

Body Mass Index
b25 444 73.14 (66.50, 80.27) 251.97 (229.07, 276.53) 1.00 1.00 1.00
25–30 268 60.29 (53.29, 67.96) 238.81 (211.08, 269.18) 0.82 (0.71, 0.96) 0.89 (0.76, 1.04) 0.89 (0.76, 1.04)
30+ 42 45.10 (32.50, 60.96) 176.42 (127.15, 238.47) 0.62 (0.45, 0.85) 0.66 (0.48, 0.91) 0.69 (0.49, 0.95)
Missing 1 15.90 (0.40, 88.57) 58.14 (1.47, 323.93)

NZDep2006 scoresc

1–3 382 66.17 (59.70, 73.15) 243.62 (219.80, 269.32) 1.00 1.00 1.00
4–7 287 70.74 (62.79, 79.41) 262.43 (232.95, 294.62) 1.06 (0.91, 1.24) 1.07 (0.92, 1.25) 1.19 (1.02, 1.40)
8–10 83 54.16 (43.14, 67.14) 194.13 (154.63, 240.66) 0.82 (0.65, 1.04) 0.80 (0.63, 1.02) 0.93 (0.73, 1.19)
Missing 3 20.36 (4.20, 59.50) 59.43 (12.26, 173.69)

Urbanicity of residence
Main urban area 644 72.18 (66.71, 77.98) 262.30 (242.43, 283.36) 1.00 1.00 1.00
Others 108 44.25 (36.30, 53.43) 170.36 (139.75, 205.68) 0.60 (0.49, 0.74) 0.62 (0.50, 0.76) 0.70 (0.56, 0.87)
Missing 3 20.36 (4.20, 59.50) 59.43 (12.26, 173.69)

Region of residence
Auckland 337 83.26 (74.61, 92.64) 293.29 (262.80, 326.33) 1.00 1.00 1.00
Wellington 143 59.72 (50.33, 70.34) 238.05 (200.63, 280.42) 0.72 (0.59, 0.87) 0.75 (0.62, 0.92) 0.83 (0.68, 1.01)
Others 272 55.28 (48.91, 62.26) 203.08 (179.66, 228.70) 0.67 (0.57, 0.78) 0.67 (0.57, 0.78) 0.80 (0.67, 0.95)
Missing 3 20.36 (4.20, 59.50) 59.43 (12.26, 173.69)

Years of cycling
b1 42 45.77 (32.99, 61.87) 225.86 (162.78, 305.30) 0.67 (0.49, 0.93) 0.79 (0.57, 1.10) 0.95 (0.68, 1.32)
1–4 388 66.59 (60.12, 73.55) 256.53 (231.64, 283.37) 0.98 (0.84, 1.14) 1.06 (0.91, 1.23) 1.08 (0.92, 1.27)
5+ 322 68.30 (61.04, 76.18) 224.69 (200.81, 250.62) 1.00 1.00 1.00
Missing 3 59.33 (12.24, 173.39) 369.69 (76.24, 1080.40)

Ever ride off-road
Yes 239 54.36 (47.69, 61.71) 222.76 (195.41, 252.86) 0.75 (0.64, 0.87) 0.78 (0.67, 0.91) 0.74 (0.63, 0.87)
No 513 72.76 (66.59, 79.33) 250.24 (229.05, 272.86) 1.00 1.00 1.00
Missing 3 48.12 (9.92, 140.63) 180.07 (37.14, 526.25)

Ever ride in the dark
Yes 563 72.79 (66.90, 79.06) 244.93 (225.11, 266.02) 1.42 (1.20, 1.67) 1.27 (1.07, 1.50) 1.06 (0.88, 1.28)
No 192 51.23 (44.24, 59.02) 230.23 (198.82, 265.20) 1.00 1.00 1.00
Missing 0 0.00 0.00

Ever ride in a bunch
Yes 620 76.03 (70.17, 82.26) 254.62 (234.97, 275.48) 1.90 (1.57, 2.31) 1.70 (1.41, 2.07) 1.49 (1.21, 1.82)
No 130 39.81 (33.26, 47.27) 190.79 (159.41, 226.55) 1.00 1.00 1.00
Missing 5 55.60 (18.05, 129.76) 214.57 (69.67, 500.74)

Cycle to work at least once a week
Yes 270 74.46 (65.84, 83.89) 231.69 (204.87, 261.03) 1.19 (1.02, 1.39) 1.07 (0.92, 1.25) 1.06 (0.88, 1.29)
No 475 61.74 (56.32, 67.56) 247.06 (225.34, 270.31) 1.00 1.00 1.00
Missing 10 52.45 (25.15, 96.45) 193.58 (92.83, 356.00)

Type of bicycle most commonly used
Road 707 70.84 (65.72, 76.26) 249.30 (231.26, 268.37) 1.00 1.00 1.00
Mountain 29 33.17 (22.22, 47.64) 217.07 (145.37, 311.74) 0.47 (0.32, 0.68) 0.56 (0.39, 0.83) 0.72 (0.49, 1.06)
Others 17 28.30 (16.49, 45.31) 107.70 (62.74, 172.44) 0.40 (0.25, 0.65) 0.38 (0.23, 0.62) 0.42 (0.26, 0.69)
Missing 2 36.26 (4.39, 130.97) 163.40 (19.79, 590.26)

Crash in the past 12 months
Yes 299 84.08 (74.82, 94.17) 283.89 (252.62, 317.96) 1.48 (1.28, 1.72) 1.42 (1.22, 1.64) 1.34 (1.15, 1.56)
No 451 56.87 (51.74, 62.37) 217.00 (197.43, 237.98) 1.00 1.00 1.00
Missing 5 217.54 (70.63, 507.67) 618.57 (200.85, 1443.53)
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Table 3 (continued)

No Rate per 1000 person-years
(95% CI)

Rate per million hour cycled-years
(95% CI)

Crude hazard ratio
(95% CI)

Adjusted hazard ratioa

(95% CI)
Adjusted hazard ratiob

(95% CI)

Always wear helmet
Yes 747 65.81 (61.17, 70.70) 240.68 (223.73, 258.58) 0.97 (0.48, 1.98) 0.92 (0.45, 1.86) 0.77 (0.38, 1.58)
No 8 70.86 (30.59, 139.61) 298.21 (128.75, 587.60) 1.00 1.00 1.00
Missing 0 0.00 0.00

Wear fluorescent colours
Always 202 59.29 (51.40, 68.06) 215.81 (187.07, 247.71) 0.89 (0.72, 1.10) 0.87 (0.71, 1.08) 0.93 (0.74, 1.16)
Sometimes 404 69.82 (63.18, 76.97) 252.67 (228.63, 278.55) 1.04 (0.86, 1.25) 1.01 (0.83, 1.22) 1.00 (0.82, 1.22)
Never 148 66.66 (56.35, 78.31) 255.13 (215.68, 299.71) 1.00 1.00 1.00
Missing 1 10.36 (0.26, 57.72) 40.71 (1.03, 226.84)

Always use front and back lights in the darkd

Yes 454 71.07 (64.68, 77.92) 231.95 (211.10, 254.30) 0.88 (0.71, 1.08) 0.82 (0.66, 1.01) 0.74 (0.59, 0.92)
No 109 81.24 (66.71, 98.00) 319.84 (262.62, 385.82) 1.00 1.00 1.00
Missing 0 0.00 0.00

Use reflective materials in the darkd

Always 265 70.95 (62.66, 80.03) 230.75 (203.80, 260.27) 0.90 (0.73, 1.11) 0.86 (0.70, 1.06) 0.93 (0.74, 1.18)
Sometimes 160 72.08 (61.35, 84.16) 240.61 (204.77, 280.92) 0.91 (0.73, 1.15) 0.86 (0.68, 1.08) 0.84 (0.66, 1.08)
Never 137 78.10 (65.57, 92.32) 286.30 (240.37, 338.45) 1.00 1.00 1.00
Missing 1 18.82 (0.48, 104.83) 72.63 (1.84, 404.65)

Ever listen to music while riding
Yes 128 68.16 (56.86, 81.04) 232.28 (193.79, 276.19) 1.06 (0.87, 1.28) 1.04 (0.86, 1.25) 1.12 (0.92, 1.36)
No 621 64.91 (59.90, 70.22) 241.07 (222.48, 260.80) 1.00 1.00 1.00
Missing 6 93.23 (34.21, 202.93) 476.89 (175.01, 1037.98)

a Adjusted for time spent cycling on the road.
b Adjusted for all variables.
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least.
d Restricted to 1731 participants who reported cycling in the dark.
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Strengths and limitations

This is one of the very few prospective cohort studies involving
cyclists and used record linkage to obtain objective information on
bicycle crashes from multiple databases. This resource efficient
method of data collection was also designed to minimise potential
biases associated with loss to follow-up (Greenland, 1977) and
self-reports (af Wåhlberg et al., 2010; Jenkins et al., 2002; Tivesten
et al., 2012).

While emigration during follow-up is a potential issue in using
the linked data, this accounted for less than 2% of the participants
resurveyed in 2009 and may not substantially influence outcome oc-
currences (Kristensen and Bjerkedal, 2010). This analysis excludes
very minor crashes not requiring either medical or police attention,
which represents 70% or more of self-reported crashes (de Geus et al.,
2012; Hoffman et al., 2010; Tin Tin et al., 2013). Case ascertainment
may also be affected by personal, social and health service factors
(Cryer and Langley, 2008; Lyons et al., 2005) aswell as inaccuracies in in-
dividual data sources (Davie et al., 2008; Health Outcomes International
Pty Ltd., 2005; McDonald et al., 2009) and in record linkage. Notwith-
standing these limitations, the reasonably high specificity of the linked
data enhanced the ability of this study (compared with previous re-
search) to provide unbiased risk ratios (Blakely and Salmond, 2002;
Howe, 1998). Moreover, probabilistic bias analyses were undertaken to
account for residual biases.

Our analysis used exposure data collected at baseline to predict
the risk of future crashes. Participants may have changed their cycling
behaviours during follow-up. In the resurvey conducted in 2009, 44%
of the responders reported the same amount of cycling, 23% reported
more cycling, 28% reported less cycling and 5% reported no cycling.
Exposure misclassification of this kind is likely to underestimate risk
estimates (Andersen, 2004).

Finally, our participants are not representative of all New Zealand
cyclists. Compared with adult cyclists who participated in a national
survey conducted in 2007/08 (Sport New Zealand, 2009), the study
sample has more over 35 year olds (64% vs. 78%), males (60% vs.
15
72%) and non-Māori (89% vs. 96%) but fewer who reside in low dep-
rivation (first two quintiles of deprivation scores) areas (85% vs.
61%). These differences may have minimal impact on risk estimates
(Lash et al., 2009) but limit generalizability of incidence rate
estimates.

Interpretation

This study, based on multiple data sources, identified many more
crashes than previously published New Zealand data (Ministry of
Transport, 2012b; Tin Tin et al., 2010). The Auckland region, which
has the lowest prevalence of active travel in the country (Tin Tin et
al., 2009), had a higher risk of on-road bicycle crashes. Given differ-
ences in definitions and methodologies of data collection, analysis
and presentation, it is hard to make comparisons with studies else-
where (Appendix C), but it appears that exposure-based injury rates
are lower in countries or regions with a higher level of cycling. This
phenomenon, described as “safety in numbers”, has been reported
in many places (Ekman, 1996; Jacobsen, 2003; Leden et al., 2000;
Robinson, 2005; Tin Tin et al., 2011). However, regardless of the prev-
alence of cycling, the health benefits gained from regular cycling out-
weigh additional injuries or deaths from crashes (Holm et al., 2012;
Lindsay et al., 2011; Rojas-Rueda et al., 2012).

Previous studies reported demographic differences in cycling inju-
ries but the results varied. Males and children were over-represented
in official statistics (Amoros et al., 2011; Boufous et al., 2012; Tin Tin
et al., 2010; Yan et al., 2011) but not in self-reports (de Geus et al.,
2012; Heesch et al., 2011; Hoffman et al., 2010). In this study, the
risk of on-road crashes was higher in older age groups and the risk
of collisions appeared to be higher in younger cyclists and males.
There was a lower risk of all crashes in overweight or obese cyclists.

In this study, commuting with a bicycle did not predict an increased
risk of on-road crashes, in accordancewith previous Australian research
(Heesch et al., 2011). It is noteworthy because bicycle commuting, as a
means to engage in regular physical activity, is more likely to be
adopted and sustained comparedwith traditional exercise programmes
7



Table 4
Incidence of bicycle–motor vehicle collisions in the Taupo Bicycle Study, New Zealand, 2006–2011.

No Rate per 1000 person-years
(95% CI)

Rate per million hour cycled-years
(95% CI)

Crude hazard ratio
(95% CI)

Adjusted hazard ratioa

(95% CI)
Adjusted hazard ratiob

(95% CI)

Total 120 10.43 (8.64, 12.47) 38.22 (31.69, 45.70)

Age (years)
16–35 32 12.46 (8.52, 17.59) 44.14 (30.19, 62.32) 1.00 1.00 1.00
36–50 57 9.48 (7.18, 12.29) 35.45 (26.85, 45.93) 0.76 (0.49, 1.17) 0.78 (0.51, 1.22) 0.84 (0.52, 1.35)
51+ 31 10.58 (7.19, 15.01) 38.43 (26.11, 54.54) 0.85 (0.52, 1.39) 0.83 (0.50, 1.37) 0.89 (0.50, 1.58)

Gender
Male 93 11.12 (8.98, 13.63) 39.71 (32.05, 48.65) 1.30 (0.85, 2.00) 1.23 (0.80, 1.90) 1.18 (0.75, 1.87)
Female 27 8.57 (5.65, 12.48) 33.85 (22.31, 49.26) 1.00 1.00 1.00

Ethnicity
Māori 4 8.51 (2.32, 21.79) 33.53 (9.14, 85.86) 0.81 (0.30, 2.20) 0.86 (0.31, 2.37) 0.94 (0.34, 2.59)
Non-Māori 116 10.51 (8.68, 12.60) 38.41 (31.74, 46.06) 1.00 1.00 1.00

Education
High/secondary school or less 23 9.60 (6.09, 14.41) 32.33 (20.49, 48.51) 0.78 (0.48, 1.27) 0.87 (0.54, 1.41) 0.89 (0.55, 1.45)
Polytechnic 28 9.58 (6.37, 13.84) 35.18 (23.38, 50.85) 0.82 (0.52, 1.28) 0.87 (0.55, 1.35) 0.97 (0.62, 1.53)
University 68 11.03 (8.57, 13.99) 41.81 (32.47, 53.01) 1.00 1.00 1.00
Missing 1 36.26 (0.92, 202.01) 166.67 (4.22, 928.61)

Body Mass Index
b25 69 11.37 (8.84, 14.39) 39.16 (30.47, 49.56) 1.00 1.00 1.00
25+ 50 9.30 (6.90, 12.26) 36.76 (27.28, 48.46) 0.82 (0.57, 1.19) 0.91 (0.62, 1.32) 0.96 (0.65, 1.42)
Missing 1 15.90 (0.40, 88.57) 58.14 (1.47, 323.93)

NZDep2006 scoresc

1–3 66 11.43 (8.84, 14.55) 42.09 (32.55, 53.55) 1.00 1.00 1.00
4–7 42 10.35 (7.46, 13.99) 38.41 (27.68, 51.91) 0.89 (0.60, 1.32) 0.91 (0.61, 1.35) 1.01 (0.68, 1.50)
8–10 12 7.83 (4.05, 13.68) 28.07 (14.50, 49.03) 0.69 (0.37, 1.28) 0.67 (0.36, 1.25) 0.74 (0.39, 1.38)
Missing 0 0.00 0.00

Urbanicity of residence
Main urban area 107 11.99 (9.83, 14.49) 43.58 (35.72, 52.66) 1.00 1.00 1.00
Others 13 5.33 (2.84, 9.11) 20.51 (10.92, 35.07) 0.43 (0.24, 0.78) 0.44 (0.25, 0.80) 0.53 (0.29, 0.98)
Missing 0 0.00 0.00

Region of residence
Auckland 54 13.34 (10.02, 17.41) 47.00 (35.30, 61.32) 1.00 1.00 1.00
Wellington 27 11.28 (7.43, 16.40) 44.95 (29.62, 65.39) 0.85 (0.53, 1.35) 0.90 (0.56, 1.43) 0.97 (0.60, 1.55)
Others 39 7.93 (5.64, 10.84) 29.12 (20.71, 39.80) 0.60 (0.39, 0.91) 0.59 (0.39, 0.90) 0.79 (0.50, 1.23)
Missing 0 0.00 0.00

Years of cycling
b1 6 6.54 (2.40, 14.23) 32.27 (11.84, 70.23) 0.59 (0.25, 1.38) 0.71 (0.30, 1.68) 0.69 (0.29, 1.67)
1–4 61 10.47 (8.01, 13.45) 40.33 (30.85, 51.81) 0.94 (0.65, 1.36) 1.03 (0.71, 1.51) 0.96 (0.65, 1.43)
5+ 53 11.24 (8.42, 14.70) 36.98 (27.70, 48.37) 1.00 1.00 1.00
Missing 0 0.00 0.00

Ever ride off-road
Yes 38 8.64 (6.12, 11.86) 35.42 (25.06, 48.61) 0.76 (0.52, 1.12) 0.79 (0.54, 1.17) 0.76 (0.51, 1.14)
No 81 11.49 (9.12, 14.28) 39.51 (31.38, 49.11) 1.00 1.00 1.00
Missing 1 16.04 (0.41, 89.37) 60.02 (1.52, 334.44)

Ever ride in the dark
Yes 84 10.86 (8.66, 13.45) 36.54 (29.15, 45.24) 1.13 (0.76, 1.68) 0.98 (0.66, 1.47) 0.71 (0.45, 1.14)
No 36 9.61 (6.73, 13.30) 43.17 (30.23, 59.76) 1.00 1.00 1.00
Missing 0 0.00 0.00

Ever ride in a bunch
Yes 94 11.53 (9.32, 14.11) 38.60 (31.20, 47.24) 1.50 (0.96, 2.35) 1.32 (0.84, 2.07) 1.14 (0.71, 1.83)
No 25 7.66 (4.95, 11.30) 36.69 (23.74, 54.16) 1.00 1.00 1.00
Missing 1 11.12 (0.28, 61.96) 42.91 (1.09, 239.10)

Cycle to work at least once a week
Yes 44 12.13 (8.82, 16.29) 37.76 (27.43, 50.69) 1.30 (0.89, 1.91) 1.15 (0.78, 1.69) 1.13 (0.74, 1.72)
No 73 9.49 (7.44, 11.93) 37.97 (29.76, 47.74) 1.00 1.00 1.00
Missing 3 15.73 (3.24, 45.98) 58.07 (11.98, 169.72)

Type of bicycle most commonly used
Road 114 11.42 (9.42, 13.72) 40.20 (33.16, 48.29) 1.00 1.00 1.00
Others 6 4.07 (1.49, 8.85) 20.59 (7.56, 44.81) 0.35 (0.15, 0.81) 0.39 (0.17, 0.89) 0.43 (0.18, 1.01)
Missing 0 0.00 0.00

Crash in the past 12 months
Yes 56 15.75 (11.90, 20.45) 53.17 (40.16, 69.05) 2.02 (1.40, 2.90) 1.92 (1.33, 2.76) 1.86 (1.27, 2.70)
No 62 7.82 (5.99, 10.02) 29.83 (22.87, 38.24) 1.00 1.00 1.00
Missing 2 87.02 (10.54, 314.33) 247.43 (29.96, 893.79)
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Table 4 (continued)

No Rate per 1000 person-years
(95% CI)

Rate per million hour cycled-years
(95% CI)

Crude hazard ratio
(95% CI)

Adjusted hazard ratioa

(95% CI)
Adjusted hazard ratiob

(95% CI)

Always wear helmet
Yes 119 10.48 (8.68, 12.55) 38.34 (31.76, 45.88) 1.24 (0.17, 9.08) 1.15 (0.16, 8.45)
No 1 8.86 (0.22, 49.35) 37.28 (0.94, 207.69) 1.00 1.00
Missing 0 0.00 0.00

Wear fluorescent colours
Always 38 11.15 (7.89, 15.31) 40.60 (28.73, 55.72) 0.89 (0.54, 1.45) 0.87 (0.53, 1.42) 0.81 (0.49, 1.32)
Sometimes 54 9.33 (7.01, 12.18) 33.77 (25.37, 44.07) 0.73 (0.46, 1.16) 0.70 (0.44, 1.11) 1.12 (0.66, 1.90)
Never 28 12.61 (8.38, 18.23) 48.27 (32.07, 69.76) 1.00 1.00 1.00
Missing 0 0.00 0.00

Always use front and back lights in the darkd

Yes 70 10.96 (8.54, 13.84) 35.76 (27.88, 45.18) 1.05 (0.59, 1.88) 0.97 (0.54, 1.74) 0.88 (0.48, 1.61)
No 14 10.43 (5.70, 17.51) 41.08 (22.46, 68.93) 1.00 1.00 1.00
Missing 0 0.00 0.00

Use reflective materials in the darkd

Always 43 11.51 (8.33, 15.51) 37.44 (27.10, 50.43) 0.83 (0.50, 1.38) 0.78 (0.47, 1.30) 0.88 (0.49, 1.57)
Sometimes 17 7.66 (4.46, 12.26) 25.57 (14.89, 40.93) 0.55 (0.25, 1.04) 0.50 (0.26, 0.95) 0.51 (0.26, 0.99)
Never 24 13.68 (8.77, 20.36) 50.15 (32.14, 74.63) 1.00 1.00 1.00
Missing 0 0.00 0.00

Ever listen to music while riding
Yes 24 12.78 (8.19, 19.01) 43.55 (27.91, 64.80) 1.25 (0.79, 1.96) 1.22 (0.78, 1.93) 1.23 (0.76, 1.97)
No 96 10.03 (8.13, 12.25) 37.27 (30.19, 45.51) 1.00 1.00 1.00
Missing 0 0.00 0.00

a Adjusted for time spent cycling on the road.
b Adjusted for all variables.
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least.
d Restricted to 1731 participants who reported cycling in the dark.
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(Hillsdon et al., 1995) but is deterred by safety concerns for many
people (Mackie, 2009; van Bekkum et al., 2011).

While many cyclists feel safer in a group than alone (O'Connor and
Brown, 2010), our findings showed that participants who ever rode in
a bunch had a higher crash risk. The data did not allow us to deter-
mine if the crashes occurred while riding in a bunch. Consequently,
it was not possible to distinguish risk factors associated with cycling
in a peloton (such as high speeds or reduced warning of road haz-
ards) from characteristics of bunch riders, who tend to be more expe-
rienced and, possibly, take greater risks in traffic (Johnson et al.,
2009). This is an area for future research.

This study revealed that cyclists with a bicycle crash history were
more likely to experience crash episodes during follow-up. This does
not fit the findings from a US study (Hoffman et al., 2010) but is con-
sistent with “accident proneness”which assumes that injuries tend to
cluster within persons. This concept was introduced decades ago
(Farmer and Chambers, 1926; Greenwood and Woods, 1919) and
confirmed in a meta-analysis (Visser et al., 2007) but was challenged
by a recent study (Hamilton et al., 2011). A broader term “accident
liability” emphasises the role of multiple factors in injury causation
(Farmer and Chambers, 1926; Kuné, 1985). These are beyond the
scope of this analysis but are worthy of further evaluation.

While conspicuity aids are effective in improving detection and
recognition time by drivers (Kwan and Mapstone, 2009), the effect
of such measures on cyclist safety is not yet conclusive. In this analy-
sis, using lights reduced the risk of on-road crashes but the effective-
ness of other conspicuity aids was not clear as in a US cohort study
(Hoffman et al., 2010). The protective effect of fluorescent colours
found in our previous analysis may be due to failure to exclude
off-road crashes (Thornley et al., 2008). In any case, our study design
did not allow us to account for details of the circumstances of the
crash, such as weather, lighting, road and traffic conditions. Cyclists'
acute behaviour, that is, immediately prior to a crash, may be more
relevant to crash risk and was examined in a case–control study
(Hagel et al., 2012). The study observed that the risk of collisions
15
was increased by wearing fluorescent clothing but decreased by
wearing white or coloured clothing. The findings, however, may be
complicated by potential biases due to differential misclassification
of exposure, traffic risk and other risk behaviours. These issues will
need to be considered in future research.

Conclusion

Bicycle crashes are relatively common in this cohort and the risk
varies by demographic and cycling characteristics. In particular, the
risk of on-road injuries is higher in the region with the lowest level
of active travel, supporting the safety in numbers effect. Bunch riding
and previous crash experience also place cyclists at risk of all crashes.
These factors and the possible protective effect of conspicuity aids are
worthy of exploration in future research and cycle safety initiatives.
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Table 5
Incidence of off-road bicycle crashes in the Taupo Bicycle Study, New Zealand, 2006–2011.

No Rate per 1000 person-years (95% CI) Crude hazard ratio (95% CI) Adjusted hazard ratioa (95% CI) Adjusted hazard ratiob (95% CI)

Total 581 50.48 (46.46, 54.76)

Age (years)
16–35 134 52.16 (43.71, 61.78) 1.00 1.00 1.00
36–50 294 48.49 (43.49, 54.85) 0.94 (0.77, 1.15) 1.03 (0.83, 1.26) 1.03 (0.83, 1.29)
51+ 153 52.20 (44.26, 61.15) 1.00 (0.79, 1.26) 1.14 (0.90, 1.44) 1.16 (0.89, 1.50)

Gender
Male 443 52.99 (48.17, 58.16) 1.21 (1.00, 1.47) 1.18 (0.97, 1.43) 1.05 (0.86, 1.29)
Female 138 43.82 (36.82, 51.78) 1.00 1.00 1.00

Ethnicity
Māori 23 48.93 (31.02, 73.43) 0.97 (0.64, 1.47) 0.95 (0.62, 1.44) 1.08 (0.70, 1.65)
Non-Māori 558 50.54 (46.44, 54.92) 1.00 1.00 1.00

Education
High/secondary school or less 122 50.94 (42.30, 60.82) 1.06 (0.85, 1.32) 1.21 (0.92, 1.60) 1.13 (0.91, 1.40)
Polytechnic 170 58.16 (49.75, 67.59) 1.21 (1.00, 1.47) 1.29 (1.02, 1.65) 1.28 (1.05, 1.56)
University 285 46.23 (41.02, 51.93) 1.00 1.00 1.00
Missing 4 145.03 (39.52, 371.33)

Body Mass Index
b25 350 57.66 (51.77, 64.03) 1.00 1.00 1.00
25–30 193 43.42 (37.51, 50.00) 0.75 (0.63, 0.90) 0.80 (0.67, 0.96) 0.78 (0.65, 0.94)
30+ 36 38.65 (27.07, 53.51) 0.67 (0.47, 0.94) 0.73 (0.52, 1.04) 0.76 (0.54, 1.08)
Missing 2 31.79 (3.85, 114.85)

NZDep2006 scoresc

1–3 297 51.45 (45.76, 57.65) 1.00 1.00 1.00
4–7 195 48.06 (41.55, 55.30) 0.93 (0.77, 1.11) 0.92 (0.76, 1.10) 0.97 (0.81, 1.17)
8–10 85 55.47 (44.31, 68.59) 1.08 (0.85, 1.38) 1.05 (0.83, 1.35) 1.12 (0.87, 1.44)
Missing 4 27.15 (7.40, 69.50)

Urbanicity of residence
Main urban area 464 52.01 (47.38, 56.96) 1.00 1.00 1.00
Others 113 46.30 (38.16, 55.67) 0.89 (0.72, 1.09) 0.87 (0.71, 1.07) 0.89 (0.71, 1.12)
Missing 4 27.15 (7.40, 69.50)

Region of residence
Auckland 201 49.66 (43.03, 57.02) 1.00 1.00 1.00
Wellington 127 53.03 (44.21, 63.10) 1.07 (0.86, 1.34) 0.99 (0.79, 1.25) 1.00 (0.79, 1.25)
Others 249 50.61 (44.52, 57.30) 1.02 (0.85, 1.23) 0.95 (0.79, 1.15) 0.98 (0.80, 1.21)
Missing 4 27.15 (7.40, 69.50)

Years of cycling
b1 28 30.51 (20.28, 44.10) 0.51 (0.34, 0.75) 0.51 (0.34, 0.76) 0.62 (0.41, 0.93)
1–4 267 45.82 (40.49, 51.66) 0.76 (0.64, 0.90) 0.80 (0.67, 0.94) 0.83 (0.69, 0.99)
5+ 284 60.24 (53.44, 67.67) 1.00 1.00 1.00
Missing 2 39.55 (4.79, 142.88)

Ever ride in the dark
Yes 439 56.76 (51.57, 62.32) 1.51 (1.25, 1.83) 1.38 (1.14, 1.68) 1.20 (0.98, 1.48)
No 141 37.62 (31.67, 44.37) 1.00 1.00 1.00
Missing 1 36.26 (0.92, 202.01)

Ever ride in a bunch
Yes 474 58.13 (53.01, 63.61) 1.86 (1.50, 2.31) 1.84 (1.47, 2.29) 1.60 (1.27, 2.02)
No 102 31.24 (25.47, 37.92) 1.00 1.00 1.00
Missing 5 55.60 (18.05, 129.76)

Type of bicycle most commonly used
Road 513 51.41 (47.05, 56.05) 1.00 1.00 1.00
Mountain 48 54.91 (40.48, 72.80) 1.06 (0.79, 1.44) 0.77 (0.56, 1.06) 0.88 (0.64, 1.23)
Others 17 28.30 (16.49, 45.31) 0.56 (0.34, 0.91) 0.56 (0.34, 0.91) 0.63 (0.39, 1.04)
Missing 3 54.39 (11.22, 158.94)

Crash in the past 12 months
Yes 221 62.15 (54.22, 70.90) 1.37 (1.16, 1.63) 1.26 (1.06, 1.50) 1.20 (1.01, 1.43)
No 359 45.27 (40.71, 50.20) 1.00 1.00 1.00
Missing 1 43.51 (1.10, 242.41)

Always wear helmet
Yes 575 50.66 (46.60, 54.97) 1.15 (0.47, 2.81) 1.24 (0.51, 3.02) 1.17 (0.48, 2.83)
No 5 44.28 (14.38, 103.35) 1.00 1.00 1.00
Missing 1 21.75 (0.55, 121.21)

Always use front and back lights in the darkd

Yes 360 56.35 (50.68, 62.49) 0.95 (0.75, 1.22) 1.02 (0.79, 1.31) 0.98 (0.76, 1.26)
No 79 58.89 (46.62, 73.39) 1.00 1.00 1.00
Missing 0 0.00

(continued on next page)
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Table 5 (continued)

No Rate per 1000 person-years (95% CI) Crude hazard ratio (95% CI) Adjusted hazard ratioa (95% CI) Adjusted hazard ratiob (95% CI)

Ever listen to music while riding
Yes 111 59.10 (48.62, 71.18) 1.19 (0.96, 1.47) 1.09 (0.88, 1.34) 1.14 (0.92, 1.42)
No 469 49.02 (44.68, 53.67) 1.00 1.00 1.00
Missing 1 15.54 (0.39, 86.58)

a Adjusted for time spent cycling in general and % time spent cycling off-road.
b Adjusted for all variables.
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least.
d Restricted to 1731 participants who reported cycling in the dark.
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Appendix A, B and C. Supplementary data

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.ypmed.2013.05.001.
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6.2.2.1. Appendix A. Probabilistic bias analyses adjusting for outcome misclassifications 

Table A.1. Risk of on-road bicycle crashes adjusted for outcome misclassifications in the Taupo 

Bicycle Study, New Zealand, 2006-2011 

  
Observed Hazard Ratio 

(95% CI) 
Adjusted Hazard Ratioa 

(95% CI) 
Adjusted Hazard Ratiob 

(95% CI) 

Age (years) 
   

16-35 1.00 1.00 1.00 

36-50 1.04 (0.87, 1.25) 1.09 (1.06, 1.68) 1.11 (0.92, 1.60) 

51+ 1.18 (0.96, 1.45) 1.39 (1.24, 3.37) 1.42 (1.06, 3.55) 

Gender 
   

Male 1.20 (1.01, 1.41) 1.47 (1.26, 4.22) 1.50 (1.14, 4.23) 

Female 1.00 1.00 1.00 

Ethnicity 
   

Māori 0.74 (0.49, 1.12) 0.51 (0.06, 0.66) 0.48 (0.06, 0.88) 

Non-Māori 1.00 1.00 1.00 

Education 
   

High/secondary school or less 1.00 (0.83, 1.21) 1.00 (1.00, 1.00) 1 (0.83, 1.21) 

Polytechnic 0.92 (0.77, 1.10) 0.84 (0.51, 0.89) 0.82 (0.48, 1.02) 

University 1.00 1.00 1.00 

Body Mass Index 
   

<25 1.00 1.00 1.00 

25-30 0.82 (0.71, 0.96) 0.67 (0.27, 0.78) 0.66 (0.26, 0.84) 

30+ 0.62 (0.45, 0.85) 0.35 (0.04, 0.52) 0.34 (0.04, 0.63) 

NZDep2006scoresc 

   
1-3 1.00 1.00 1.00 

4-7 1.06 (0.91, 1.24) 1.14 (1.08, 1.55) 1.16 (0.96, 1.54) 

8-10 0.82 (0.65, 1.04) 0.65 (0.15, 0.76) 0.63 (0.14, 0.88) 

Urbanity of residence 
   

Main urban area 1.00 1.00 1.00 

Others 0.60 (0.49, 0.74) 0.31 (0.02, 0.51) 0.31 (0.02, 0.54) 

Region of residence 
   

Auckland 1.00 1.00 1.00 

Wellington 0.72 (0.59, 0.87) 0.49 (0.11, 0.65) 0.49 (0.11, 0.72) 

Others 0.67 (0.57, 0.78) 0.41 (0.07, 0.59) 0.41 (0.06, 0.61) 

Years of cycling 
   

<1 0.67 (0.49, 0.93) 0.40 (0.05, 0.58) 0.39 (0.05, 0.68) 

1-4 0.98 (0.84, 1.14) 0.96 (0.87, 0.97) 0.95 (0.81, 1.11) 

5+ 1.00 1.00 1.00 

Ever ride off road 
   

Yes 0.75 (0.64, 0.87) 0.52 (0.10, 0.67) 0.52 (0.09, 0.72) 

No 1.00 1.00 1.00 

Ever ride in dark 
   

Yes 1.42 (1.20, 1.67) 2.14 (1.59, 12.8) 2.16 (1.48, 12.58) 

No 1.00 1.00 1.00 

Ever ride in bunch 
   

Yes 1.90 (1.57, 2.31) 3.90 (2.39, 54.84) 4.00 (2.24, 54.51) 

No 1.00 1.00 1.00 

Cycle to work at least once a week 
   

Yes 1.20 (1.03, 1.39) 1.47 (1.27, 3.58) 1.49 (1.16, 3.66) 

No 1.00 1.00 1.00 

Type of bicycle most commonly used 
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Road 1.00 1.00 1.00 

Mountain 0.47 (0.32, 0.68) 0.17 (0.01, 0.33) 0.17 (0.01, 0.39) 

Others 0.40 (0.25, 0.65) 0.11 (0.01, 0.25) 0.11 (0.01, 0.32) 

Crash in the past 12 months 

Yes 1.48 (1.28, 1.72) 2.17 (1.65, 12.30) 2.17 (1.56, 12.13) 

No 1.00 1.00 1.00 

Always wear helmet 

Yes 0.97 (0.48, 1.98) 0.95 (0.84, 0.97) 0.92 (0.43, 1.87) 

No 1.00 1.00 1.00 

Wear fluorescent colours 

Always 0.89 (0.72, 1.10) 0.77 (0.34, 0.85) 0.75 (0.35, 0.99) 

Sometimes 1.04 (0.86, 1.25) 1.08 (1.05, 1.23) 1.10 (0.89, 1.36) 

Never 1.00 1.00 1.00 

Always use front and back lights in the darkd 

Yes 0.88 (0.71, 1.08) 0.79 (0.57, 0.85) 0.78 (0.55, 1.01) 

No 1.00 1.00 1.00 

Use reflective materials in the darkd

Always 0.90 (0.73, 1.11) 0.83 (0.65, 0.88) 0.81 (0.59, 1.04) 

Sometimes 0.91 (0.73, 1.15) 0.85 (0.70, 0.89) 0.83 (0.62, 1.07) 

Never 1.00 1.00 1.00 

Ever listen to music while riding 

Yes 1.06 (0.87, 1.28) 1.12 (1.08, 1.50) 1.14 (0.94, 1.53) 

No 1.00 1.00 1.00 

a adjusted for systematic error. 
b adjusted for systematic and random errors. 
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least. 

d restricted to 1731 participants who reported cycling in the dark. 

Table A.2. Risk of bicycle-motor vehicle collisions adjusted for outcome misclassifications in the 

Taupo Bicycle Study, New Zealand, 2006-2011 

Observed Hazard Ratio 
(95% CI) 

Adjusted Hazard Ratioa 
(95% CI) 

Adjusted Hazard Ratiob 
(95% CI) 

Age (years) 

16-35 1.00 1.00 1.00 

36-50 0.76 (0.49, 1.17) 0.61 (0.10, 0.75) 0.57 (0.10, 1.02) 

51+ 0.85 (0.52, 1.39) 0.72 (0.14, 0.84) 0.68 (0.12, 1.19) 

Gender 

Male 1.30 (0.85, 2.00) 1.63 (1.32, 13.87) 1.69 (0.94, 14.44) 

Female 1.00 1.00 1.00 

Ethnicity 

Māori 0.81 (0.30, 2.20) 0.68 (0.09, 0.80) 0.59 (0.07, 1.74) 

Non-Māori 1.00 1.00 1.00 

Education 

High/secondary school or less 0.78 (0.48, 1.27) 0.74 (0.13, 0.85) 0.68 (0.13, 1.24) 

Polytechnic 0.82 (0.52, 1.28) 0.74 (0.09, 0.85) 0.69 (0.09, 1.21) 

University 1.00 1.00 1.00 

Body Mass Index 

<25 1.00 1.00 1.00 

25+ 0.82 (0.57, 1.19) 0.70 (0.13, 0.82) 0.67 (0.13, 1.08) 

NZDep2006scoresc

1-3 1.00 1.00 1.00 

4-7 0.89 (0.60, 1.32) 0.8 (0.18, 0.89) 0.76 (0.18, 1.20) 

8-10 0.69 (0.37, 1.28) 0.52 (0.06, 0.67) 0.47 (0.06, 1.02) 
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Urbanity of residence 
   

Main urban area 1.00 1.00 1.00 

Others 0.43 (0.24, 0.78) 0.25 (0.02, 0.41) 0.24 (0.02, 0.55) 

Region of residence 
   

Auckland 1.00 1.00 1.00 

Wellington 0.85 (0.53, 1.35) 0.72 (0.12, .083) 0.66 (0.12, 1.21) 

Others 0.60 (0.39, 0.91) 0.40 (0.03, 0.58) 0.38 (0.03, 0.72) 

Years of cycling 
   

<1 0.59 (0.25, 1.38) 0.40 (0.03, 0.56) 0.35 (0.03, 1.07) 

1-4 0.94 (0.65, 1.36) 0.87 (0.31, 0.93) 0.82 (0.32, 1.27) 

5+ 1.00 1.00 1.00 

Ever ride off road 
   

Yes 0.76 (0.52, 1.12) 0.60 (0.07, 0.75) 0.56 (0.07, 0.97) 

No 1.00 1.00 1.00 

Ever ride in dark 
   

Yes 1.13 (0.76, 1.68) 1.25 (1.14, 7.06) 1.34 (0.83, 7.03) 

No 1.00 1.00 1.00 

Ever ride in bunch 
   

Yes 1.50 (0.96, 2.35) 2.11 (1.55, 19.04) 2.23 (1.15, 19.89) 

No 1.00 1.00 1.00 

Cycle to work at least once a week 
   

Yes 1.30 (0.89, 1.91) 1.62 (1.32, 9.14) 1.68 (1.02, 9.59) 

No 1.00 1.00 1.00 

Type of bicycle most commonly used 
  

Road 1.00 1.00 1.00 

Others 0.35 (0.15, 0.81) 0.19 (0.01, 0.33) 0.17 (0.01, 0.53) 

Crash in the past 12 months 
   

Yes 2.02 (1.40, 2.90) 3.27 (2.13, 40.29) 3.35 (1.72, 45.38) 

No 1.00 1.00 1.00 

Always wear helmet 
   

Yes 1.24 (0.17, 9.08) 1.51 (1.26, 11.87) 1.82 (0.24, 20.94) 

No 1.00 1.00 1.00 

Wear fluorescent colours 
   

Always 0.89 (0.54, 1.45) 0.79 (0.15, 0.88) 0.73 (0.15, 1.34) 

Sometimes 0.73 (0.46, 1.16) 0.57 (0.07, 0.72) 0.52 (0.07, 0.97) 

Never 1.00 1.00 1.00 

Always use front and back lights in the darkd 

  
Yes 1.05 (0.59, 1.88) 1.11 (1.06, 4.55) 1.2 (0.62, 4.84) 

No 1.00 1.00 1.00 

Use reflective materials in the darkd 

   
Always 0.83 (0.50, 1.38) 0.72 (0.11, 0.83) 0.66 (0.10, 1.20) 

Sometimes 0.55 (0.25, 1.04) 0.36 (0.02, 0.53) 0.34 (0.02, 0.80) 

Never 1.00 1.00 1.00 

Ever listen to music while riding 
   

Yes 1.25 (0.79, 1.96) 1.50 (1.27, 13.13) 1.64 (0.92, 12.94) 

No 1.00 1.00 1.00 

a adjusted for systematic error. 
b adjusted for systematic and random errors. 
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least. 

d restricted to 1731 participants who reported cycling in the dark. 
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Table A.3. Risk of off-road bicycle crashes adjusted for outcome misclassifications in the Taupo 

Bicycle Study, New Zealand, 2006-2011 

Observed Hazard Ratio 
(95% CI) 

Adjusted Hazard Ratioa 
(95% CI) 

Adjusted Hazard Ratiob 
(95% CI) 

Age (years) 

16-35 1.00 1.00 1.00 

36-50 0.94 (0.77, 1.15) 0.83 (0.26, 0.91) 0.81 (0.26, 1.03) 

51+ 1.00 (0.79, 1.26) 1.00 (1.00, 1.02) 1.00 (0.80, 1.28) 

Gender 

Male 1.21 (1.00, 1.47) 1.69 (1.32, 12.6) 1.75 (1.20, 13.2) 

Female 1.00 1.00 1.00 

Ethnicity 

Māori 0.97 (0.64, 1.47) 0.91 (0.43, 0.95) 0.87 (0.43, 1.39) 

Non-Māori 1.00 1.00 1.00 

Education 

High/secondary school or less 1.06 (0.85, 1.32) 1.32 (1.15, 5.90) 1.37 (1.00, 5.69) 

Polytechnic 1.21 (1.00, 1.47) 1.89 (1.39, 18.04) 1.92 (1.30, 19.11) 

University 1.00 1.00 1.00 

Body Mass Index 

<25 1.00 1.00 1.00 

25-30 0.75 (0.63, 0.90) 0.46 (0.04, 0.67) 0.46 (0.04, 0.71) 

30+ 0.67 (0.47, 0.94) 0.34 (0.02, 0.56) 0.33 (0.02, 0.65) 

NZDep2006scoresc

1-3 1.00 1.00 1.00 

4-7 0.93 (0.77, 1.11) 0.81 (0.16, 0.90) 0.80 (0.16, 1.03) 

8-10 1.08 (0.85, 1.38) 1.24 (1.11, 4.90) 1.29 (0.92, 5.31) 

Urbanity of residence 

Main urban area 1.00 1.00 1.00 

Others 0.89 (0.72, 1.09) 0.71 (0.13, 0.84) 0.69 (0.12, 0.95) 

Region of residence 

Auckland 1.00 1.00 1.00 

Wellington 1.07 (0.86, 1.34) 1.23 (1.10, 5.65) 1.27 (0.97, 5.89) 

Others 1.02 (0.85, 1.23) 1.07 (1.03, 2.48) 1.10 (0.90, 2.37) 

Years of cycling 

<1 0.51 (0.34, 0.75) 0.18 (0.01, 0.36) 0.17 (0.01, 0.42) 

1-4 0.76 (0.64, 0.90) 0.51 (0.05, 0.68) 0.50 (0.04, 0.75) 

5+ 1.00 1.00 1.00 

Ever ride in dark 

Yes 1.51 (1.25, 1.83) 3.00 (1.81, 33.32) 3.00 (1.73, 34.46) 

No 1.00 1.00 1.00 

Ever ride in bunch 

Yes 1.86 (1.50, 2.31) 5.14 (2.57, 79.01) 5.15 (2.47, 79.59) 

No 1.00 1.00 1.00 

Type of bicycle most commonly used 

Road 1.00 1.00 1.00 

Mountain 1.06 (0.79, 1.44) 1.16 (1.08, 3.42) 1.22 (0.86, 3.42) 

Others 0.56 (0.34, 0.91) 0.20 (0.01, 0.39) 0.18 (0.01, 0.47) 

Crash in the past 12 months 

Yes 1.37 (1.16, 1.63) 2.26 (1.56, 25.30) 2.31 (1.46, 23.48) 

No 1.00 1.00 1.00 

Always wear helmet 

Yes 1.15 (0.47, 2.81) 1.69 (1.30, 14.43) 1.88 (0.64, 15.31) 

No 1.00 1.00 1.00 
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Always use front and back lights in the darkd 

  
Yes 0.95 (0.75, 1.22) 0.87 (0.40, 0.93) 0.84 (0.39, 1.12) 

No 1.00 1.00 1.00 

Ever listen to music while riding 
   

Yes 1.19 (0.96, 1.47) 1.62 (1.29, 10.12) 1.66 (1.18, 9.9) 

No 1.00 1.00 1.00 

a adjusted for systematic error. 
b adjusted for systematic and random errors. 
c 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least. 

d restricted to 1731 participants who reported cycling in the dark. 



168 

6.2.2.2. Appendix B. Analyses adjusting for changes in exposures during follow-up 

Table B.1. Risk of bicycle crashes adjusted for changes in exposures in the Taupo Bicycle Study, New Zealand, 2006-2011 

On-road Bicycle Crashes Bicycle-Motor Vehicle Collisions Off-road Bicycle Crashes 

Observed 
Hazard Ratio 

(95% CI) 

Adjusted Hazard 
Ratio  (95% CI)  

Observed 
Hazard Ratio 

(95% CI) 

Adjusted Hazard 
Ratio  (95% CI)  

Observed 
Hazard Ratio 

(95% CI) 

Adjusted Hazard 
Ratio  (95% CI)  

Ever ride off road 

Yes 0.62 (0.50, 0.76) 0.68 (0.55, 0.82) 0.77 (0.46, 1.26) 0.77 (0.47, 1.26) - - 

No 1.00 1.00 1.00 1.00 

Ever ride in dark 

Yes 1.01 (0.80, 1.28) 0.97 (0.77, 1.23) 0.54 (0.30, 0.98) 0.62 (0.35, 1.10) 0.64 (0.37, 1.10) 1.17 (0.90, 1.52) 

No 1.00 1.00 1.00 1.00 1.00 1.00 

Ever ride in bunch 

Yes 1.42 (1.11, 1.82) 1.62 (1.23, 2.13) 1.32 (0.71, 2.44) 1.18 (0.62, 2.25) 1.28 (0.69, 2.37) 1.52 (1.13, 2.06) 

No 1.00 1.00 1.00 1.00 1.00 1.00 

Cycle to work at least once a week 

Yes 1.13 (0.92, 1.39) 1.22 (1.00, 1.49) 1.52 (0.90, 2.55) 1.77 (1.07, 2.91) - - 

No 1.00 1.00 1.00 1.00 

Type of bike most commonly used 

Road 1.00 1.00 1.00 1.00 1.00 1.00 

Mountain 0.84 (0.53, 1.32) 0.84 (0.54, 1.33) 
0.45 (0.16, 1.28) 0.61 (0.24, 1.56) 

0.90 (0.27, 2.99) 1.27 (0.89, 1.80) 

Others 0.40 (0.22, 0.71) 0.53 (0.30, 0.95) 0.21 (0.03, 1.60) 0.58 (0.31, 1.10) 

Always wear helmet 

Yes 0.59 (0.27, 1.28) 1.37 (0.43, 4.34) - - 0.76 (0.35, 1.53) 1.12 (0.35, 3.56) 

No 1.00 1.00 1.00 1.00 

Wear fluorescent colours 

Always 1.06 (0.83, 1.37) 1.07 (0.83, 1.38) 0.91 (0.49, 1.68) 0.99 (0.53, 1.83) - - 

Sometimes 0.96 (0.73, 1.28) 1.05 (0.79, 1.40) 1.07 (0.53, 2.16) 1.20 (0.59, 2.43) 

Never 1.00 1.00 1.00 1.00 
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Always use front and back lights in the darka 

 
 

 
 

 
Yes 0.63 (0.48, 0.82) 0.78 (0.59, 1.04) 0.75 (0.35, 1.61) 1.08 (0.47, 2.48) 0.73 (0.35, 1.53) 1.34 (0.93, 1.92) 

    
No 1.00 1.00 1.00 1.00 1.00 1.00 

    
Use reflective materials in the darka 

          
Always 0.83 (0.62, 1.12) 0.86 (0.62, 1.18) 0.52 (0.23, 1.17) 0.42 (0.18, 0.98) - - 

    
Sometimes 0.88 (0.66, 1.18) 0.91 (0.67, 1.23) 0.77 (0.37, 1.60) 0.66 (0.32, 1.36) 

      
Never 1.00 1.00 1.00 1.00 

      
Ever listen to music while riding 

          
Yes 1.34 (1.05, 1.70) 1.27 (1.00, 1.61) 1.14 (0.61, 2.13) 1.14 (0.62, 2.08) 1.14 (0.61, 2.12) 1.13 (0.85, 1.49) 

    
No 1.00 1.00 1.00 1.00 1.00 1.00 

    
a restricted to 1731 participants who reported cycling in the dark. 
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6.2.2.3. Appendix C. Exposure-based injury rates 

Table C.1. Exposure-based injury rates reported in previous studies 

Study Study year Country Design & data Reported injury rates 
Number of injuries per million hours spent 

cyclinga

Tin Tin et al. 
(2010) 

2003-2007 New Zealand Mortality, hospital discharge 
& travel survey data 

30.7 deaths or injuries per million hours spent 
cycling 

30.7 deaths or injuries 

Ministry of 
Transport (2012b) 

2007-2011 New Zealand Police & travel survey data 29 deaths or injuries per million hours spent 
cycling 

29 deaths or injuries 

Moritz (1997) 1995-1996 US & Canada Cross-sectional survey -  
self-reported data 

37.1 serious crashesb per million km commuted 556.5 serious crashes 

Aultman-Hall and 
Kaltenecker 
(1999) 

1995 Canada - 
Toronto 

Cross-sectional survey -  
self-reported data 

On-road: 10.9 injuries (0.8 major injuriesc) 
Off-road paths: 20.0 injuries (0.9 major injuriesc) 
Sidewalks: 70.5 injuries (6.3 major injuriesc) 
per 100 000 km commuted 

On-road - 1635 injuries (120 major injuries) 
Off-road paths: 3000 injuries (135 major injuries) 
Sidewalks: 10575 injuries (945 major injuries) 

Canada-
Ottawa 

On-road: 6.2 injuries (1.1 major injuriesc) 
Off-road paths: 10.0 injuries (1.8 major injuriesc) 
Sidewalks: 24.8 injuries  
per 100 000 km commuted 

On-road: 930 injuries (165 major injuries) 
Off-road paths: 1500 injuries (270 major injuries) 
Sidewalks: 3720 injuries 

Beck et al. (2007) 1999-2003 US Traffic fatality, police & 
travel survey data 

21.0 fatalities and 1461.2 injuries per 100 million 
person-trips 

0.8 fatalities and 58.4 injuries 

Garrard et al. 
(2010) 

2005 Australia – 
Sydney 

Police and travel survey 
data 

3.9 fatalities and 412 injuries per 100 million km 
cycled 

0.6 fatalities and 62 injuries 

2007-2008 Australia – 
Melbourne 

Police and travel survey 
data 

1.2 fatalities and 123.5 serious injuriesd per 100 
million km cycled 

0.2 fatalities and 18.5 serious injuries 

Hospital and travel survey 
data 

315.3 injuries per 100 million km cycled 47.3 injuries 

Hoffman et al. 
(2010) 

2007-2008 US - 
Portland 

Prospective cohort study - 
self-reported data 

15.0 injuries (3.9 serious injuriese) per 100 000 
miles commuted 

1398.1 injuries (363.5 serious injuries) 

de Geus et al. 
(2012) 

2008-2009 Belgium Prospective cohort study - 
self-reported data 

0.896 injuries per 1000 hours spent commuting 896 injuries 
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Buehler and 
Pucher (2012) 

2004-2009 Netherlands Police & travel survey data 
1.1 fatalities and 16 injuries per 100 million km 
cycled 

0.2 fatalities and 2.4 injuries 

 
 Denmark 

 
1.6 fatalities and 15 injuries per 100 million km 
cycled 

0.2 fatalities and 2.3 injuries 

 
 Germany 

 
1.6 fatalities and 47 injuries per 100 million km 
cycled 

0.2 fatalities and 7.1 injuries 

 
 UK 

 
3.3 fatalities and 57 injuries per 100 million km 
cycled 

0.5 fatalities and 8.6 injuries 

    US   
5.5 fatalities and 335 injuries per 100 million km 
cycled 

0.8 fatalities and 50.1 injuries 

a calculated assuming that the average cycling speed is 15 kmh and each cycling trip takes 15 minutes on average.  
b crashes that resulted in injuries or property damage in excess of $50.  
c injuries that require medical attention. 
d injuries that require hospital treatment and possibly admission 
e injuries that require medical attention. 
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6.2.3. Significance 

The primary finding of this section is that 116 crashes occurred per 1000 person-years, of which 66 

occurred on the road and 10 involved a collision with a motor vehicle. If time-based exposure was 

taken into account, there were 391 crashes per million hours spent cycling, and 240 on-road crashes 

including 38 collisions per million hours spent cycling on the road. A number of demographic and 

cycling characteristics predicted the crash risk. In particular, bunch riding and previous crash 

experience increased the risk of all crashes. Residing in Auckland, New Zealand’s largest urban 

region, increased the risk of on-road crashes but not off-road crashes. 

This analysis, based on multiple data sources, identified many more crashes than those based on a 

single data source, either police reports (Ministry of Transport, 2012c) or mortality and hospital 

discharge data (Section 6.1). This may still be an underestimate if potentially missing crashes in the 

linked data are taken into account. For example, if it is assumed that the linked data is 70% complete 

for all crashes and 60% for collisions (Section 4.3), the incidence will go up to 559 overall crashes, 

343 on-road crashes and 63 collisions per million hours spent cycling. Also please keep in mind that 

more than two thirds of bicycle crashes are not attended and do not appear in any database (Section 

4.3).  The figures are somewhat higher than those observed in a Belgian cohort study where 896 self-

reported injuries occurred per million hours spent commuting with a bicycle, of which 30% 

(approximately 269 injuries) involved an insurance claim (de Geus et al., 2012). However, the 

generalisability of the incidence rate estimates may be limited in both studies as a convenience 

sample was used based on a web survey. 

Regarding the three prominent risk factors of interest, I examined and discussed in more detail the 

association between previous crash experience and subsequent crash involvement in Section 6.3, 

the excess risk of on-road crashes in Auckland in Section 6.4, and the risk of bunch riding in Section 

7.3. 

6.3. What influences the association between previous and future crashes? 

6.3.1. Preface 

In the previous section, it was observed that having experienced a bicycle crash at baseline 

substantially increased the risk of involvement in both on- and off-road crashes during follow-up. As 

different individuals or groups of individuals may have different predispositions toward injury 
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(Hamilton et al., 2011), I assessed if previous crash experience predicted an increased risk of future 

crashes in all the study participants or in a specific subgroup.   

6.3.2. Publication: What influences the association between previous and future crashes 

among cyclists?: a propensity score analysis 

This section contains an unaltered reproduction of the article “What influences the association 

between previous and future crashes among cyclists?: a propensity score analysis” published in PLOS 

ONE 2014, volume 9, page e87633. PLOS ONE is an international, peer-reviewed journal covering 

research from all disciplines within science and medicine. The journal has a 5-year impact factor of 

4.015 and has a 2013 impact factor of 3.534. 
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Introduction

It is often proposed that previous crash or injury increases the

risk of future crashes or injuries. This phenomenon known as

‘‘accident proneness’’ was first observed several decades ago [1]

and assumes that injuries tend to cluster within persons. Since then

it has been evaluated in the general population [2] as well as in a

specific subgroup (e.g., school children [3], car drivers [4] and

football players [5]). A recent meta-analysis reported that the

observed number of individuals with repetitive injuries is higher

than would be expected by chance with a pooled odds ratio of 1.40

(95% CI: 1.34–1.46) [6].

Some authors argued that previous analyses did not account

sufficiently for the spread of underlying risks between individuals

or groups of individuals [7]. As emphasised in the broader

phenomenon of ‘‘accident liability’’[8,9], a wide range of factors at

the personal, psychosocial and environmental levels may influence

the risk of previous as well as subsequent injuries [10]. Multivariate

regression is often used to control for confounding but its success

depends on the correct specification of the association between

each covariate and the outcome.

The propensity score analysis is an alternative method that can

be used to adjust for confounding in observational studies

[11,12,13,14]. The propensity score for an individual is the

probability of receiving an exposure of interest conditional on the

individual’s observed covariates, and this can be estimated by

building a model to predict the exposure. The estimated scores can

then be integrated into analysis in at least three ways: matching,

stratification and regression adjustment. This approach has some

important advantages over traditional regression modelling. In

particular, it is possible using this new approach to balance the

distribution of covariates between exposure groups without any

necessity to understand complex associations between the covar-

iates and the outcome of interest. As a result, it is possible to

control for confounding by stratification on propensity score even

when the number of possible covariate combinations is very large.
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Using this method, effect modification may be investigated in

relation to propensity to receive exposure based on the covariates.

The Taupo Bicycle Study is a prospective cohort study designed

to examine factors associated with regular cycling and injury risk.

Our previous (regression) analysis of the study data showed a

strong association between having experienced a bicycle crash

prior to baseline and involvement in police or medically attended

crashes during follow-up [15]. This paper investigated whether the

strength of the association differed by the cyclists’ crash

involvement propensity and by the need for medical care in the

previous crash. The crash involvement propensity was estimated

using propensity scores based on the cyclists’ demographic, cycling

and residential characteristics.

Methods

Design, setting and participants
The sampling frame comprised adult cyclists aged 16 years and

over who enrolled online in the Lake Taupo Cycle Challenge,

New Zealand’s largest mass cycling event held each November.

Participants have varying degrees of cycling experience ranging

from competitive sports cyclists and experienced social riders to

relative novices of all ages.

Recruitment was undertaken at the time of the 2006 event for

the majority of participants, as described, in detail, elsewhere [16].

In brief, email invitations, containing a hyperlink to the study

information page, were sent to 5653 contestants who provided

their email addresses at registration for the event. Those who

agreed to participate in the study were asked about demographic

characteristics, general cycling activity in the past twelve months

and habitual risk behaviours with options ranging from ‘never’ to

‘always’. They were also asked about the number of bicycle

crashes they had experienced in the past twelve months as well as

the number of crashes that required consulting a doctor or other

health professional (e.g., physiotherapist, chiropractor). The

questionnaire was completed and submitted by 2438 cyclists

(43.1% response rate). Another 190 cyclists were recruited from

the 2008 event by including a short description about the study in

the event newsletter.

Crash outcome data
Crash outcome data were collected through record linkage to

four administrative databases, covering the period from the date of

recruitment to 30 June 2011.

In New Zealand, the Accident Compensation Corporation

(ACC) provides personal injury cover for all residents and

temporary visitors to New Zealand no matter who is at fault.

The claims database is a major source of information on relatively

minor injuries with over 80% of the claims relating to primary care

(e.g., GPs, emergency room treatment) only [17].

The hospital discharge data contains information about

inpatients and day patients discharged after a minimum stay of

three hours from all public hospitals and over 90% of private

hospitals in New Zealand [18]. The mortality data contains

information about all deaths registered in the country [19].

Diagnoses in each hospital visit and underlying causes of death are

coded under ICD-10-AM. Bicycle crashes were identified using

the E codes V10-V19. Readmissions were identified as described

previously [20] and excluded.

In New Zealand, it is mandatory that any fatal or injury crash

involving a collision with a motor vehicle on a public road be

reported to the police. The crash analysis system data contains

information on all police-reported bicycle collisions involving a

motor vehicle.

For each participant, bicycle crashes identified across different

databases were matched based on the date of crash allowing for a

two-day difference, so as to avoid double-counting of the same

crash.

Analyses
The study sample was restricted to 2590 participants who were

resident in New Zealand at recruitment. The participants were

identified as having previous crash experience if they reported in

the baseline survey that they had had one or more bicycle crashes

in the past twelve months. Five participants with missing data on

this variable were excluded.

All analyses were performed using SAS (release 9.2, SAS

Institute Inc., Cary, North Carolina). Baseline data were presented

as means with standard deviations and medians with interquartile

ranges for continuous variables and percentages for categorical

variables. All the data were complete for 2438 participants

(94.3%). Missing values were computed using multiple imputation

with 25 complete datasets created by the Markov chain Monte

Carlo method [21], incorporating all baseline covariates and

injury outcomes. Crude and adjusted differences in baseline

characteristics between the participants who reported having

previous crash experience and the rest of the cohort were assessed

using PROC GLM. Differences were adjusted for quintiles of the

propensity score. The propensity score or expected probability of

having experienced a crash was computed with a multivariate

logistic regression model in which previous crash experience was

the dependent variable and all the baseline covariates presented in

Table S1 (including age, gender, ethnicity, level of education, body

mass index, the amount of cycling in general, off-road, in the dark

and in a bunch, cycling to work, type of bicycle, use of helmet and

conspicuity aids, distraction, neighbourhood deprivation, urban-

rural status and region of residence) were the independent

variables. Detailed information on the associations between the

baseline covariates and crash experience at baseline and during

follow-up was reported in previous publications from this study

[15,16]. The participants were then ranked by their estimated

propensity score and grouped within quintiles as suggested

previously [22]. The propensity score was then evaluated with:

(1) a reasonable Nagelkerke’s r2 statistic as a measure of fit, (2) a

c-statistic between 0.65 and 0.85 as a measure of discriminative

power, (3) similarity between the predicted and observed

proportion of participants with previous crash experience within

quintiles as a measure of good calibration, and (4) balanced

covariates within quintiles [23,24]. It has been demonstrated that

five strata are sufficient to eliminate approximately 90% of the bias

in each covariate [25].

Using bicycle crash data extracted through record linkage,

incidence rates of repeated events were calculated for the

participants with previous crash experience and the rest of the

cohort using the person-years approach. Confidence intervals (CI)

were based on the Poisson distribution. The rates were then

presented by quintiles of the propensity score. The participants

were censored on 30 June 2011 or date of death.

Cox proportional hazards regression modelling for repeated

events was carried out using a counting process approach to assess

hazards of subsequent crash involvement associated with previous

crash experience. The model took into account all crash events

experienced during follow-up. For the first event, the survival time

was the time to the first event (or time until censored). For all later

events, the survival time was the time from the previous event to

the next event (or time until censored). Hazard ratios (HR) were

adjusted for all the baseline covariates mentioned in Table S1, for

the propensity scores and for quintiles of the propensity scores.

Crash Proneness in Cyclists
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Analyses were then stratified by quintiles and crude and propensity

score adjusted HRs were calculated. In addition, previous crashes

experienced were categorised by whether medical treatment was

required, and similar Cox regression analyses were undertaken.

Ethics statement
As the study used a web-based questionnaire for recruitment,

informed consent was obtained electronically. All eligible partic-

ipants were provided with detailed information about the study

including the record linkage procedure. At the end of the

information sheet, they could click a Yes/No button that says ‘‘I

have read the information sheet and consent to take part in the

Taupo Bicycle Study’’. Clicking the ‘‘Yes’’ button was regarded as

consent and only those who did so were taken to the next page

containing the study questionnaire. This information was stored

electronically for all records. Informed consent from a third party

was not sought as the study sample was restricted to adult cyclists.

Age of potential participants was checked at the beginning of the

questionnaire by asking for their birth date. Only those aged 16

and over at the time of the survey could continue to complete the

questionnaire. Ethical approval for the study including the consent

procedure was obtained from the University of Auckland Human

Participants’ Ethics Committee. Ethical approval for linkage to the

claims data was also obtained from the ACC Research Ethics

Committee.

Results

Of the 2585 participants involved in this analysis, 801 (31.0%)

reported that they had experienced one or more bicycle crashes in

the past twelve months prior to the baseline survey. Compared to

the rest of the cohort, they were younger and more likely to be

university graduates and reside in an urban area (Table S1). They

spent more time cycling each week and were more likely to cycle

off-road, in the dark, in a bunch and for commuting but were less

likely to always use fluorescent colours and reflective materials.

The propensity score model containing age, age2 and all other

baseline covariates had a Nagelkerke’s r2 of 0.08 and a c-statistic of

0.65. There were 517 participants in each quintile. The mean

propensity scores were 17.2%, 23.6%, 29.5%, 36.6% and 48.1%

for quintile 1 to 5 respectively and were very similar to the actual

proportion of participants with previous crash experience in each

quintile, indicating good calibration (Figure 1). Adjustment for

quintiles of the propensity score eliminated differences in baseline

characteristics between participants with previous crash experi-

ence and the rest of the cohort (Table S1), suggesting that the

covariates were balanced within quintiles.

During a median follow-up of 4.6 years, 324 participants with

previous crash experience were involved in 520 bicycle crashes,

corresponding to 146 crashes (95% CI: 133.93, 159.35) per 1000

person-years (Table 1). They had a higher risk of subsequent crash

involvement even after all baseline covariates were adjusted

(adjusted HR 1.25; 95% CI: 1.12, 1.40). Similar HRs were

observed if propensity scores or quintiles were adjusted. There was

a significant interaction between previous crash experience and

quintiles (p = 0.03). When the analyses were stratified by quintiles

of the propensity score, previous crash experience predicted a

higher risk of future crash involvement in quintiles 4 and 5 only

(Table 2).

A total of 318 participants, that is, approximately 40.0% of

those with previous crash experience, reported that they had

experienced one or more bicycle crashes requiring medical care.

They represented 34.0%, 33.8%, 39.6%, 40.9% and 43.8% of

those with previous crash experience in quintiles 1 to 5

respectively. Table 3 shows the association between previous

experience with medically versus not medically attended crashes

and future crash involvement. The estimates were stronger for

crashes that had received medical care (adjusted HR 1.36; 95%

CI: 1.17, 1.57) than for those that had not received medical care

(adjusted HR 1.20; 95% CI: 1.04, 1.37). In the stratified analyses,

previous experience with medically attended crashes increased

future crash risk in quintiles 3, 4 and 5, and experience with minor

crashes that were not attended medically increased the crash risk

in quintiles 4 and 5.

Differences in baseline characteristics of the participants in the

lowest two, mid and the highest two quintiles reflected those

presented in Table S1 (Table S2).

Discussion

Main findings
We found that crash involvement propensity influenced the

association between previous crash experience and future crash

involvement in New Zealand cyclists. In the stratified analysis, the

association was significant only in the highest two quintiles of the

propensity score. The association was also stronger for previous

crashes that had received medical care compared to those that had

not.

Strengths and limitations
In this prospective cohort study, baseline data were near-

complete as mandatory fields and validation checks were

incorporated in the web questionnaire. Crash outcome data were

collected from four administrative databases, thereby minimising

potential biases associated with loss to follow-up and self-reports.

The outcome data, however, exclude minor crashes not coming

to the attention of the police or medical personnel but these events

are captured in self-reported data collected at baseline. Although

we were not able to estimate the association for future minor

crashes, we have reported differences in the associations by the

need for medical care in the previous crash. Ascertainment of

crash outcomes may be affected by personal, social and health

service factors [26] as well as the quality of individual data sources

and record linkage [27]. Self-reported crash experience at baseline

may also be affected by failure to recall [28]and socially desirable

responses [29]. Likewise, self-reported covariates may not be

accurate and may change over time. Nevertheless, potential

misclassifications of crash outcomes and exposures tend to be non-

differential in a prospective cohort study [30]. While the

propensity score method was used to balance baseline covariates

between exposure groups, the effect of unmeasured or unknown

confounders may still be present. Finally, our participants cannot

be considered representative of all New Zealand cyclists; however,

this may have minimal impact on the risk estimates [31].

Importantly, the participants represented a wide variation with

regard to demographics, cycling exposure and experience and the

results will be valid for all cyclists and traffic environments similar

to New Zealand.

Interpretation
Our finding showing that cyclists with previous crash experience

had a 43% higher risk of future crash involvement is in accordance

with the existing literature [6]. However, unlike previous research,

this study was able to account for (stratify over) a range of

covariates including demographics, risk exposure and residential

characteristics by using the propensity score approach.

In the stratified analysis, the association was significant only in

quintiles 4 and 5 (where the likelihood of having experienced a
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Figure 1. Predicted and observed probability of reporting a bicycle crash history per quintile of the propensity score. * Range of
propensity scores.
doi:10.1371/journal.pone.0087633.g001

Table 1. Bicycle crashes experienced during follow-up.

Number of crashes Previous crash No previous crash

N % N %

1 222 27.7 355 19.9

2 53 6.6 107 6.0

3 24 3.0 41 2.3

4 12 1.5 16 0.9

5 9 1.1 5 0.3

6 3 0.4 1 0.1

7 0 0.0 1 0.1

8 0 0.0 2 0.1

9 1 0.1 0 0.0

Total Number of crashes 520 810

Rate per 1000 person-years (95% CI) 146.23 (133.93, 159.35) 102.14 (95.22, 109.42)

Crude HR (95% CI) 1.43 (1.28, 1.60)

Multivariable adjusted HR (95% CI) 1.25 (1.12, 1.40)

Propensity score adjusted HR (95% CI) 1.24 (1.10, 1.39)

Propensity quintile adjusted HR (95% CI) 1.26 (1.12, 1.42)

doi:10.1371/journal.pone.0087633.t001

Table 2. Associations between previous crash experience and subsequent crash involvement per quintile of the propensity score.

Quintile of the propensity score Rate per 1000 person-years (95% CI) Crude HRa (95% CI)
Propensity score
adjusted HRa (95% CI)

Previous crash No previous crash

Quintile 1 85.68 (59.85, 118.88) 75.76 (63.91, 89.17) 1.13 (0.77, 1.65) 1.12 (0.77, 1.63)

Quintile 2 99.78 (75.27, 129.73) 91.77 (78.05, 107.20) 1.09 (0.78, 1.51) 1.09 (0.79, 1.51)

Quintile 3 104.15 (80.48, 132.60) 106.09 (91.08, 122.86) 0.98 (0.72, 1.33) 0.98 (0.72, 1.32)

Quintile 4 159.97 (133.96, 189.55) 109.61 (93.27, 127.99) 1.46 (1.14, 1.88) 1.45 (1.13, 1.86)

Quintile 5 204.99 (179.36, 233.25) 145.99 (124.80, 169.74) 1.40 (1.14, 1.73) 1.36 (1.10, 1.67)

a The reference group comprise participants without previous crash experience.
doi:10.1371/journal.pone.0087633.t002
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crash was more than 33%), indicating that the accident (or injury)

proneness phenomenon applied only to the high-risk group in this

study. Cyclists in this group were younger, more likely to be males

and university graduates, to cycle off-road, in the dark, in a bunch

and for commuting, to engage in distracting activities such as

listening to music while riding, and to reside in an urban area, and

less likely to always use conspicuity aids. Explanations for ‘‘crash

proneness’’ have included personality maladjustments, cognitive

failures, stress and other mental and physical health problems

[32,33,34,35]. Another possibility is that crash repeaters may be

more frequently exposed to environmental hazards, for example,

poor road surface, poor cycling facilities and bad weather. This is

beyond the scope of this paper but is worthy of further

investigation.

This study found that previous experience with medically

attended crashes carried a higher risk of future crash involvement

than experience with other crashes, particularly in quintiles 3, 4

and 5. Crashes requiring medical care tend to be more severe, and

may result in physical, psychosocial and possibly cognitive and

behavioural sequelae [36,37,38] that affect the risk of re-injury of

the same type and location [39,40]. On the other hand, the

observed association may simply reflect a higher rate of service

utilisation among cyclists with previous crashes attended medically

(note that crash outcome data collected during follow-up covered

only those crashes that came to the attention of medical personnel

or police).

Our findings suggest that Emergency Medical Services (EMS)

and other health care professionals may have a role in identifying

crash-prone high-risk cyclists, in delivering targeted interventions

to prevent future crashes and in ensuring adequate rehabilitation

before patients resume riding a bicycle. The need for EMS

involvement in such activities has been recognised

[41,42,43,44,45] and the success of EMS-based programs has

been documented, for example, in increasing helmet use among

children and adolescents [46,47,48]. Bicycle safety was one of the

most important injury prevention activities in US emergency

departments and trauma centres [49,50]. Other studies reported

that few EMS providers practise injury prevention activities [51]

and some were sceptical about the appropriateness and potential

impact of such activities [52]. Such information is not currently

available in New Zealand.

Conclusions

Previous experience with a bicycle crash was associated with an

increased risk of subsequent crash involvement among high-risk

cyclists. What distinguishes the high risk group warrants closer

investigation. In addition, the association was stronger for previous

crashes that had received medical care, indicating the potential

role of EMS and other health service providers in prevention of

bicycle crash injuries.
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Table 3. Associations between previous experience with medically versus not medically attended crashes and subsequent crash
involvement.

Previous crash

Medically attended Not medically attended

Crude HRa (95% CI) 1.63 (1.41, 1.88) 1.30 (1.14, 1.49)

Multivariable adjusted HRa (95% CI) 1.36 (1.17, 1.57) 1.20 (1.04, 1.37)

Propensity score adjusted HRa (95% CI) 1.38 (1.18, 1.60) 1.14 (0.99, 1.31)

Propensity quintile adjusted HRa (95% CI) 1.40 (1.21, 1.63) 1.17 (1.02, 1.34)

Crude HRa (95% CI)

Quintile 1 1.22 (0.68, 2.17) 1.08 (0.69, 1.71)

Quintile 2 1.04 (0.63, 1.73) 1.11 (0.76, 1.62)

Quintile 3 1.46 (1.00, 2.13) 0.66 (0.43, 1.02)

Quintile 4 1.49 (1.06, 2.09) 1.44 (1.08, 1.92)

Quintile 5 1.52 (1.18, 1.94) 1.32 (1.03, 1.68)

Propensity score adjusted HRa (95% CI)

Quintile 1 1.21 (0.68, 2.14) 1.04 (0.63, 1.73)

Quintile 2 1.04 (063, 1.73) 1.11 (0.76, 1.62)

Quintile 3 1.44 (0.99, 2.10) 0.66 (0.43, 1.02)

Quintile 4 1.47 (1.05, 2.07) 1.43 (1.08, 1.91)

Quintile 5 1.47 (1.14, 1.89) 1.27 (0.99, 1.61)

a The reference group comprise participants without previous crash experience.
doi:10.1371/journal.pone.0087633.t003
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5. Hägglund M, Waldén M, Ekstrand J (2006) Previous injury as a risk factor for

injury in elite football: a prospective study over two consecutive seasons.
Br J Sports Med 40: 767–772.

6. Visser E, Pijl YJ, Stolk RP, Neeleman J, Rosmalen JGM (2007) Accident
proneness, does it exist? A review and meta-analysis. Accid Anal Prev 39: 556–

564.
7. Hamilton GM, Meeuwisse WH, Emery CA, Steele RJ, Shrier I (2011) Past

Injury as a Risk Factor: An Illustrative Example Where Appearances Are

Deceiving. Am J Epidemiol 173: 941–948.
8. Farmer E, Chambers E (1926) A psychological study of individual differences in

accident rates. Report No. 38. London: Industrial Fatigue Research Board. 46
p.
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6.3.2.1. Supporting information 

Table S1. Baseline characteristics of the participants with and without previous crash experience 

Baseline Characteristics 
Crude Adjusted for quintiles of the propensity score 

Previous crash No previous crash p-value Previous crash No previous crash p-value 

Age  Mean (SD) 43.0 (10.8) 44.4 (10.2) 0.0007 43.9 (10.2) 44.0 (10.1) 0.9 

Male % 74.3 71.4 0.1 72.4 72.3 0.9 

Maori % 3.3 4.4 0.2 3.9 4.1 0.8 

Education 

   High school (secondary) or less % 18.0 21.8 0.03 20.4 20.8 0.8 

   Polytechnic % 23.9 26.0 0.3 25.5 25.4 0.9 

   University % 57.7 52.1 0.007 54.1 53.8 0.9 

   Missing % 0.5 0.1 

Body Mass Index Mean (SD) 25.0 (3.5) 25.4 (3.7) 0.003 25.2 (3.6) 25.3 (3.6) 0.7 

   Missing % 0.9 0.4 

Years of cycling Mean (SD) 7.1 (9.0) 6.9 (8.9) 0.7 7.0 (9.1) 7.0 (9.0) 1.0 

Median (IQR) 3.0 (6.0) 3.0 (9.0) 

   Missing % 0.6 0.3 

Hours spent cycling per week Mean (SD) 6.3 (3.9) 5.5 (3.6) <0.0001 5.8 (3.5) 5.7 (3.5) 0.4 

Median (IQR) 6.0 (4.0) 5.0 (4.0) 

   Missing % 0.1 0.3 

% cycling off-road Mean (SD) 9.9 (19.4) 7.7 (17.7) 0.005 8.7 (18.2) 8.4 (18.0) 0.7 

Median (IQR) 0.0 (10.0) 0.0 (5.0) 

   Missing % 0.5 0.5 

% cycling in the dark Mean (SD) 11.2 (14.9) 8.1 (13.4) <0.0001 9.1 (12.9) 9.0 (12.8) 0.8 

Median (IQR) 5.0 (19.0) 1.0 (10.0) 

   Missing % 0.1 0.2 

% cycling in a bunch Mean (SD) 22.0 (26.0) 18.6 (25.0) 0.002 19.8 (24.8) 19.6 (24.6) 0.9 
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Median (IQR) 10.0 (32.0) 5.0 (30.0) 

    
   Missing % 0.7 0.7 

    
Cycle to work at least once a week % 38.6 25.7 <0.0001 30.9 30.3 0.7 

   Missing % 1.9 2.0 
    

Type of bike most commonly used 
       

   Road % 86.5 86.7 0.8 87.0 86.9 0.9 

   Mountain % 8.2 7.2 0.4 7.6 7.7 1.0 

   Others % 5.0 5.6 0.6 5.4 5.5 0.9 

   Missing % 0.3 0.5 
    

Always wear helmet % 98.6 98.7 0.6 99.0 99.0 0.9 

   Missing % 0.3 0.4 
    

Wear fluorescent colours 
       

   Always % 24.0 31.6 <0.0001 28.8 29.5 0.7 

   Sometimes % 54.9 48.8 0.004 51.5 51.2 0.9 

   Never % 20.5 18.8 0.3 19.7 19.3 0.8 

   Missing % 0.6 0.8 
    

Ever cycle in the dark % 75.4 63.2 <0.0001 67.5 66.8 0.7 

   Always use lights % 82.8 82.7 0.8 82.6 82.8 0.9 

      Missing % 0.0 0.1 
    

   Use reflective materials in the dark 
       

      Always % 46.3 50.5 0.09 48.9 49.2 0.9 

      Sometimes % 32.2 26.3 0.009 28.9 28.5 0.9 

      Never % 21.2 22.9 0.4 22.2 22.3 1.0 

      Missing % 0.3 0.4 
    

Ever listen to music while cycling % 17.7 15.7 0.2 16.7 16.6 0.9 

   Missing % 0.5 0.5 
    

NZDep 2006 scores 
       

   1-3 % 50.4 49.7 0.7 50.6 50.5 1.0 

   4-7 % 34.6 35.8 0.5 36.1 36.2 1.0 

   8-10 % 13.2 13.2 1 13.3 13.3 1.0 
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   Missing % 1.8 1.2 

Main urban area % 81.5 76.1 0.0007 78.7 78.3 0.8 

   Missing % 1.8 1.2 

Region of residence 

   Auckland % 37.3 34.6 0.2 36.1 36.0 1.0 

   Wellington % 26.0 18.2 <0.0001 21.6 20.9 0.7 

   Others % 35.0 45.9 <0.0001 42.2 43.0 0.7 

   Missing % 1.8 1.2 1.8 1.2 
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Table S2. Baseline characteristics of the participants in low, mid and high quintiles 

Baseline Characteristics   Quintile 1 & 2 Quintile 3 Quintile 4 & 5 p-value 

Age  Mean (SD) 46.4 (10.3) 44.8 (10.5) 41.1 (10.2) <0.0001 

Male % 65.4 74.6 78.0 <0.0001 

Maori % 6.5 2.8 2.2 <0.0001 

Education 
     

   High school (secondary) or less % 28.7 18.1 14.0 <0.0001 

   Polytechnic % 28.3 27.2 21.1 0.0004 

   University % 46.6 54.6 64.9 <0.0001 

Body Mass Index Mean (SD) 26.2 (3.7) 25.2 (3.8) 24.4 (3.7) <0.0001 

Years of cycling Mean (SD) 6.6 (9.3) 7.0 (9.1) 7.4 (9.1) 0.1 

 
Median (IQR) 3.0 (7.0) 3.0 (8.5) 4.0 (8.0) 

 
Hours spent cycling per week Mean (SD) 4.3 (3.5) 5.5 (3.7) 7.2 (3.6) <0.0001 

 
Median (IQR) 4.0 (4.0) 5.0 (4.0) 6.0 (6.0) 

 
% cycling off-road Mean (SD) 4.3 (18.0) 7.9 (18.7) 12.9 (18.2) <0.0001 

 
Median (IQR) 0.0 (1.0) 0.0 (5.0) 1.0 (10.0) 

 
% cycling in the dark Mean (SD) 3.2 (12.9) 8.0 (13.1) 15.4 (13.0) <0.0001 

 
Median (IQR) 0.0 (1.3) 2.0 (10.0) 10.0 (23.0) 

 
% cycling in a bunch Mean (SD) 12.3 (24.8) 19.6 (25.5) 27.2 (25.2) <0.0001 

 
Median (IQR) 5.0 (15.0) 10.0 (30.0) 20.0 (47.0) 

 
Cycle to work at least once a week % 8.3 23.5 56.2 <0.0001 

Type of bike most commonly used 
     

   Road % 86.6 89.0 86.2 0.1 

   Mountain % 6.0 6.9 9.7 0.004 

   Others % 7.5 4.1 4.0 0.001 

Always wear Helmet % 99.5 99.0 98.6 0.1 

Wear fluorescent colours 
     

   Always % 43.7 28.7 15.3 <0.0001 

   Sometimes % 40.1 50.7 59.6 <0.0001 

   Never % 17.7 20.7 21.9 0.05 

Ever cycle in the dark % 40.8 71.9 90.8 <0.0001 

   Always use lights % 80.1 84.9 83.0 0.2 

   Use reflective materials 
     

      Always % 59.5 53.9 42.5 <0.0001 

      Sometimes % 13.6 21.8 38.1 <0.0001 

      Never % 26.8 24.3 19.4 0.006 

Ever listen to music while cycling % 13.5 14.8 20.7 <0.0001 

NZDep 2006 scores 

     
   1-3 % 48.8 49.4 52.8 0.2 

   4-7 % 38.0 36.8 34.0 0.2 

   8-10 % 13.4 13.7 13.3 1.0 

Main urban area % 66.6 81.3 88.8 <0.0001 

Region of residence 
     

   Auckland % 28.1 39.5 42.4 <0.0001 

   Wellington % 7.1 21.1 35.2 <0.0001 

   Others % 64.9 39.4 22.4 <0.0001 
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6.3.3. Significance 

The primary finding of this section is that the “accident proneness” phenomenon applied to high-risk 

cyclists only. The risk of future crash involvement was higher in those who had experienced 

medically attended crashes. The findings will help inform future efforts to identify and target 

interventions to crash prone cyclists.   

6.4. Why is the risk of on-road bicycle crashes higher in Auckland? 

6.4.1. Preface 

In Section 6.2, it was observed that cyclists who resided in the Auckland region had a higher risk of 

on-road bicycle crashes but had a similar risk of off-road bicycle crashes compared to the rest of 

New Zealand. I therefore identified underlying factors at individual, neighbourhood and 

environmental levels and assessed their relative contribution to this risk differential.   

6.4.2. Publication: The role of multi-level factors in geographic differences in bicycle crash 

risk: a prospective cohort study 

This section contains an unaltered reproduction of the article “The role of multilevel factors in 

geographic differences in bicycle crash risk: a prospective cohort study” published in Environmental 

Health 2013, volume 12, page e106. Environmental Health is an international, peer-reviewed, open-

access journal covering all aspects of environmental and occupational medicine. The journal has a 5-

year impact factor of 3.259 and a 2013 impact factor of 2.713. 
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The role of multilevel factors in geographic
differences in bicycle crash risk: a prospective
cohort study
Sandar Tin Tin*, Alistair Woodward and Shanthi Ameratunga
Abstract

Background: Regular cycling plays an important role in increasing physical activity levels but raises safety concerns
for many people. While cyclists bear a higher risk of injury than most other types of road users, the risk differs
geographically. Auckland, New Zealand’s largest urban region, has a higher injury risk than the rest of the country.
This paper identified underlying factors at individual, neighbourhood and environmental levels and assessed their
relative contribution to this risk differential.

Methods: The Taupo Bicycle Study involved 2590 adult cyclists recruited in 2006 and followed over a median
period of 4.6 years through linkage to four national databases. The Auckland participants were compared with
others in terms of baseline characteristics, crash outcomes and perceptions about environmental determinants of
cycling. Cox regression modelling for repeated events was performed with multivariate adjustments.

Results: Of the 2554 participants whose addresses could be mapped, 919 (36%) resided in Auckland. The Auckland
participants were less likely to be Māori but more likely to be socioeconomically advantaged and reside in an urban
area. They were less likely to cycle for commuting and off-road but more likely to cycle in the dark and in a bunch,
use a road bike and use lights in the dark. They had a higher risk of on-road crashes (hazard ratio: 1.47; 95% CI: 1.22,
1.76), of which 53% (95% CI: 20%, 72%) was explained by baseline differences, particularly related to cycling
off-road, in the dark and in a bunch and residing in urban areas. They were more concerned about traffic volume,
speed and drivers’ behaviour.

Conclusions: The excess crash risk in Auckland was explained by cycling patterns, urban residence and factors
associated with the region’s car-dominated transport environment.

Keywords: Bicycling, Injury, Risk, Cohort studies, Mediation
Background
Using a bicycle, despite its proven health and other bene-
fits [1-3], is rarely part of everyday travel in many coun-
tries due to concerns about traffic safety [4-7]. Cyclists
generally bear a higher risk of injury than most other types
of road users, per hour spent travelling [8,9] but the risk
differs between and within countries [10-15]. This may be
explained by geographic variations in population demo-
graphics, travel patterns, residential neighbourhoods and
aspects of the physical environment. The ‘safety in num-
bers’ (or the ‘risk in scarcity’) effect is often cited as an
* Correspondence: s.tintin@auckland.ac.nz
Section of Epidemiology and Biostatistics, School of Population Health,
University of Auckland, Private Bag 92019, Auckland 1142, New Zealand
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explanation for a lower risk of injury in places with a
higher level of cycling [10,11,14] but the relative contribu-
tions of this and other factors are poorly understood.
As in many other countries, cycling is an under-used

mode of transport in New Zealand [16,17]. Travel patterns
vary across the sixteen census regions [16,18] and so does
the injury risk [14]. Auckland is the country’s largest and
fastest growing metropolitan region accommodating one-
third of the total population [19] (a map of New Zealand
is provided in Additional file 1). The region also has the
lowest level of active travel [16]. Consistent with the na-
tional statistics [14,20], our previous analysis of the data
from the Taupo Bicycle Study shows that the risk of on-
road bicycle crashes is higher in Auckland than the rest of
Ltd. This is an open access article distributed under the terms of the Creative
ommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
iginal work is properly cited.
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the country [21]. This risk disparity may be mediated
through multiple pathways involving differences in charac-
teristics of the participating cyclists as well as broader con-
textual and environmental factors (Figure 1).
The Taupo Bicycle Study is a prospective cohort study

designed to examine factors associated with regular cyc-
ling and injury risk. This paper used data from the study
to assess the relative contribution of demographic, resi-
dential, cycling and behavioural risk factors in explaining
the difference in crash risks between Auckland and the
rest of the country, and to identify environmental factors
that could play an important mediating role.

Methods
Design, setting and participants
The sampling frame comprised cyclists aged 16 years
and over who enrolled online in the Lake Taupo Cycle
Challenge, New Zealand’s largest mass cycling event held
each November. Participants have varying degrees of cyc-
ling experience ranging from competitive sports cyclists
and experienced social riders to relative novices of all ages.
Recruitment was undertaken at the time of the 2006

event for the majority of participants, as described, in de-
tail, elsewhere [22]. In brief, email invitations, containing a
hyperlink to the study information page, were sent to 5653
contestants who provided their email addresses at registra-
tion for the event. Those who agreed to participate in the
study were taken to the next page containing a web ques-
tionnaire and asked about demographic characteristics,
general cycling activity and crash experience in the past
Residing in 

Auckland vs. Others

Demographic 

differences

Cycling 

characteristics

Other con

environme

Figure 1 A simplified causal diagram depicting the role of mediating
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twelve months and habitual risk behaviours with options
ranging from ‘never’ to ‘always’. The questionnaire was
completed and submitted by 2438 cyclists (43.1% response
rate). Another 190 cyclists were recruited from the 2008
event by including a short description about the study in
the event newsletter. All participants were resurveyed in
December 2009 using a web questionnaire containing
similar questions as the baseline questionnaire. The partic-
ipants were also asked to rate the importance of specified
factors that would influence cycling for transportation. A
total of 1537 participants completed the questionnaire
with options ranging from ‘not important at all’ to ‘very
important’. Figure 2 presents the flow of study participa-
tion. Ethical approval was obtained from the University of
Auckland Human Participants’ Ethics Committee.
Crash outcome data
Crash outcome data were collected through record linkage
to four administrative databases, covering the period from
date of recruitment to 30 June 2011. All participants con-
sented to link their data to the following databases.
In New Zealand, the Accident Compensation Corpor-

ation (ACC) provides personal injury cover for all resi-
dents and temporary visitors to New Zealand no matter
who is at fault. The claims database is a major source of
information on relatively minor injuries with over 80% of
the claims relating to primary care (e.g., GPs, emergency
room treatment) only [23]. Approval for record linkage
was obtained from the ACC Research Ethics Committee.
Residential 

areas

Risk 

behaviours

On-road 

bicycle crashes

textual and 

ntal factors

factors.



5653 adult cyclists who enrolled in the 2006 TaupoCycle Challenge
and provided an email address were invited to participate in the study

2438 cyclists were enrolled in the study
(43.1% response rate)

190 cyclists were recruited from the 2008 event newsletter

2628 cyclists completed the baseline questionnaire 

38 overseas cyclists were excluded

All cyclists were invited to participate in the follow-up survey in 2009

1537 cyclists completed the follow-up questionnaire
(58.5% response rate)

2590 cyclists were resident in New Zealand

11 overseas cyclists were excluded

1511 cyclists were included in the analyses presented 
in Table 4

(557 participants were resident in Auckland) 

36 cyclists were excluded as their 
addresses could not be mapped

2554 cyclists were included in the analyses 
presented inTables 1-3 

(919 cyclists were resident in Auckland)

1526 cyclists were resident in New Zealand

15 cyclists were excluded as their 
addresses could not be mapped

Figure 2 Flowchart of recruitment and follow-up of participants.
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The hospital discharge data contains information
about inpatients and day patients discharged after a
minimum stay of three hours from all public hospitals
and over 90% of private hospitals in New Zealand [24].
The mortality data contains information about all
deaths registered in the country [25]. Diagnoses in
each hospital visit and underlying causes of death are
coded under ICD-10-AM. Bicycle crashes were identi-
fied using the E codes V10-V19 and those that oc-
curred on public roads were identified using the E
codes V10-V18.3-9, V19.4-6, and V19.9. Readmissions
were identified as described previously [26] and
excluded.
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In New Zealand, it is mandatory that any fatal or injury
crash involving a collision with a motor vehicle on a pub-
lic road be reported to the police. The crash analysis sys-
tem data contains information on all police-reported
bicycle collisions involving a motor vehicle.
For each participant, bicycle crashes identified across

different databases were matched based on the date of
crash allowing for a two-day difference, so as to avoid
double-counting of the same crash.

Analyses
The study sample was restricted to 2590 participants who
were resident in New Zealand at recruitment. Participants’



Tin Tin et al. Environmental Health 2013, 12:106 Page 4 of 10
http://www.ehjournal.net/content/12/1/106
addresses were aggregated into meshblocks, the smallest
geographic units used by Statistics New Zealand. The
meshblocks were then categorised as Auckland and other
regions, and also as main urban areas (centres with popula-
tions of 30000 or more) and others [27]. To assess the de-
gree of neighbourhood deprivation, the meshblocks were
also mapped on to the 2006 New Zealand Deprivation
Index (NZDep) [28] with decile ten the most deprived and
decile one the least. This analysis excluded 36 participants
whose addresses could not be mapped.
All analyses were performed using SAS (release 9.2, SAS

Institute Inc., Cary, North Carolina). Baseline data were
presented as means with standard deviations and medians
with interquartile ranges for continuous variables and
percentages for categorical variables. All the data were
complete for 2435 participants (95.3%). Missing values were
computed using multiple imputation with 25 complete
datasets created by the Markov chain Monte Carlo method
[29], incorporating all baseline covariates and injury out-
comes. Crude and adjusted differences in baseline charac-
teristics between the Auckland participants and the rest of
the cohort were assessed using PROC GLM. In general, dif-
ferences in residential characteristics were adjusted for
demographic factors; differences in cycling characteristics
were adjusted for demographic and residential factors; and
differences in risk behaviours were adjusted for demo-
graphic, residential and cycling factors.
Bicycle crashes extracted through record linkage were

categorised into on-road crashes (crashes that occurred on
public roads) and others. As more than a single crash may
be experienced during follow-up, incidence rates of re-
peated events were calculated separately for the Auckland
participants and the rest of the cohort using the person-
years approach. Confidence intervals were based on the
Poisson distribution. The participants were censored on
30 June 2011 or date of death.
Cox proportional hazards regression modelling for re-

peated events were performed using a counting process ap-
proach to assess hazards of bicycle crash injury associated
with residing in Auckland. Hazard ratios (HR) were se-
quentially adjusted for four domains of covariates: demo-
graphic, residential, cycling and behavioural risk factors
(Figure 1). The mediating role of each domain was deter-
mined by the percentage reduction in the β coefficient after
inclusion of each domain in the model using the approach
described previously [30]: 100 × (βcrude-βadjusted)/βcrude. The
95% confidence intervals relating to each percentage at-
tenuation were estimated using a nonparametric bootstrap-
ping method with 2000 re-samplings (with replacement).
Finally, the data from the resurvey involving 1511 partic-

ipants were used to compare perceptions of environmental
factors that would influence cycling for transportation be-
tween the Auckland participants and others. For this ana-
lysis, the response options were dichotomised into
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‘important’ (i.e., important and very important) and ‘not
important’. Differences in perception were assessed using
PROC GLM and adjusted for demographic, residential
and cycling factors.

Results
Of the 2554 participants who provided a complete New
Zealand address at recruitment, 919 (36.0%) resided in
the Auckland region. The Auckland participants did not
differ from others by age and gender but were less likely
to be Māori and more likely to be university graduates
and reside in urban areas and least deprived neighbour-
hoods (Table 1). They had fewer years of cycling experi-
ence but cycled as much as others. They spent less time
cycling off-road and more time cycling in the dark or in
a bunch; and were less likely to commute by a bicycle.
They were more likely to ride a road bike and use lights
while riding in the dark but less likely to use reflective
materials.
During a median follow-up of 4.6 years, 322 Auckland

participants experienced 538 bicycle crashes, of which 337
occurred on public roads including one death due to a col-
lision with a motor vehicle (Table 2). This corresponds to
133 crashes (95% CI: 121.93, 144.64), including 83 on-road
crashes (95% CI: 74.55, 92.57), per 1000 person-years. The
Auckland participants had a higher risk of on-road crashes
(Crude HR 1.47; 95% CI: 1.22, 1.76) but had a similar risk
of off-road crashes (Crude HR 0.96; 95% CI: 0.77, 1.21)
compared to others.
The higher risk of on-road bicycle crashes in the

Auckland participants was partly mediated by differences in
baseline characteristics (Table 3). Demographic factors
modestly attenuated the crude HR by 4% (95% CI: -1, 14).
Subsequent adjustment for residential, cycling and behav-
ioural risk factors resulted in a further 20%, 27% and 2% re-
duction in the HR. In particular, urban residence, time
spent cycling off-road, time spent cycling in the dark and
time spent cycling in a bunch contributed most. Overall,
factors included in the fully adjusted model accounted
for a 53% (95% CI: 20, 72) of the regional differential in
crash risk.
In addition, there were regional differences in partici-

pants’ perceptions of environmental factors likely to influ-
ence cycling for transportation (Table 4). The Auckland
participants were more likely to report ‘driver attitude and
behaviour’, ‘road safety’, ‘traffic en route’, ‘need a car for
other reasons (e.g., school run)’, ‘breathing polluted air’ and
‘personal security’ as important factors that would prevent
cycling for transportation. They were also more likely to
report ‘more bike lanes’, ‘changing driver attitude and be-
haviour’, ‘reduced vehicle speed’ and ‘bike friendly public
transport’ but were less likely to report ‘rising costs of fuel’
as important factors that would encourage cycling for
transportation. Moreover, they were more likely to report



Table 1 Baseline characteristics of the participants in Auckland vs. the rest of New Zealand

Baseline characteristics Auckland
(N = 919)

Others
(N = 1635)

P-value

Crude Adjusted

Age Mean (SD) 43.8 (10.6) 44.1 (10.3) 0.5

Male % 73.5 71.8 0.4

Māori % 2.5 5.0 0.003

Education

High school (secondary) or less % 17.6 22.1 0.007 0.01a

Polytechnic % 20.2 28.0 <0.0001 <0.0001a

University % 61.9 49.6 <0.0001 <0.0001a

Missing % 0.2 0.2

Body mass index Mean (SD) 25.2 (3.3) 25.4 (3.8) 0.1 0.3a

Missing % 0.7 0.6

NZDep 2006 score

1–3 % 57.1 46.9 <0.0001 <0.0001b

4–7 % 32.9 37.7 0.01 0.03b

8–10 % 10.0 15.4 0.0001 0.0002b

Main urban area % 95.5 69.4 <0.0001 <0.0001b

Years of cycling Mean (SD) 6.4 (8.3) 7.2 (9.2) 0.02 0.006c

Median (IQR) 3.0 (7.0) 3.0 (8.5)

Missing % 0.7 0.3

Time spent cycling (hours per week) Mean (SD) 5.8 (3.6) 5.7 (3.8) 0.3 0.4c

Median (IQR) 5.0 (4.5) 5.0 (5.0)

Missing % 0.2 0.4

% cycling off-road Mean (SD) 5.8 (14.8) 9.8 (19.6) <0.0001 <0.0001c

Median (IQR) 0.0 (5.0) 0.0 (10.0)

Missing % 0.4 0.6

% cycling in the dark Mean (SD) 11.7 (16.4) 7.5 (12.0) <0.0001 <0.0001c

Median (IQR) 5.0 (20.0) 1.0 (10.0)

Missing % 0.2 0.2

% cycling in a bunch Mean (SD) 23.7 (28.1) 17.2 (23.2) <0.0001 <0.0001c

Median (IQR) 10.0 (45.0) 5.0 (25.0)

Missing % 0.8 0.8

Cycle to work at least once a week % 26.7 31.3 0.05 <0.0001c

Missing % 1.9 1.9

Mainly use road bike % 89.5 85.0 0.001 0.0007c

Missing % 0.4 0.5

Crash in the past 12 months % 32.5 29.9 0.2 0.9c

Missing % 0.2 0.2

Always wear helmet % 98.6 98.7 1 0.5d

Missing % 0.4 0.4

Wear fluorescent colours

Always % 29.8 28.8 0.6 0.2d

Sometimes % 49.5 51.3 0.4 0.4d

Never % 19.7 19.1 0.7 0.7d
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Table 1 Baseline characteristics of the participants in Auckland vs. the rest of New Zealand (Continued)

Missing % 1.0 0.7

Always use lights in the darke % 85.4 80.8 0.02 0.6d

Missing % 0.1 0.0

Use reflective materials in the darke

Always % 44.9 51.7 0.006 0.02d

Sometimes % 27.4 29.0 0.5 0.1d

Never % 27.3 19.0 <0.0001 <0.0001d

Missing % 0.5 0.3

Ever listen to music while riding % 16.3 16.3 0.9 0.3d

Missing % 0.8 0.4
aAdjusted for age, gender and ethnicity.
bAdjusted as above plus education and BMI.
cAdjusted as above plus NZDep 2006 scores and urban residence.
dAdjusted as above plus years of cycling, time spent cycling,% cycling off-road,% cycling in the dark,% cycling in a bunch, cycle to work, mainly use road bike and
baseline crash history.
eRestricted to 1708 participants who reported cycling in the dark.
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‘showers’ and ‘charges for car parking’ as important factors
that would encourage cycle commuting.

Discussion
Main findings
In this study, the risk of on-road bicycle crashes was 47%
higher for participants who were resident in the Auckland
region at recruitment compared to others. Approximately
53% of the excess risk was attributed to differences specif-
ically examined in the study, particularly cycling off-road,
in the dark and in a bunch and urban residence. Differ-
ences in Auckland and non-Auckland participants’ per-
ception of environmental determinants of cycling relating
to other dangers of the traffic environment suggest other
Table 2 Bicycle crashes experienced during follow-up in Auck

Number of crashes experienced
by each participant

All crashes

Auckland Others

N % N %

1 211 22.96 362 22.14

2 57 6.20 103 6.30

3 31 3.37 35 2.14

4 9 0.98 19 1.16

5 8 0.87 6 0.37

6 2 0.22 2 0.12

7 1 0.11

8 2 0.22

9 1 0.11

Total number of crashes 538 791

Rate per 1000 person years 132.92 108.14

(95% CI) (121.93, 144.64) (100.73, 115.94)

Crude hazard ratio (95% CI) 1.23 (1.06, 1.42)
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factors that could explain the remaining difference in
crash risk.

Strengths and limitations
In this prospective cohort study, baseline data were
near-complete as mandatory fields and validation checks
were incorporated in the web questionnaire. Crash out-
come data were collected from four administrative data-
bases, thereby minimising potential biases associated
with loss to follow-up and self-reports.
This analysis, however, excludes minor crashes not

coming to the attention of the police or medical
personnel, which amounts to more than two-thirds of
self-reported crashes in this study [31]. Ascertainment of
land vs. the rest of New Zealand

On-road crashes Off-road crashes

Auckland Others Auckland Others

N % N % N % N %

157 17.08 261 15.96 117 12.73 207 12.66

39 4.24 51 3.12 22 2.39 44 2.69

20 2.18 6 0.37 3 0.33 16 0.98

4 0.44 6 0.37 2 0.22 7 0.43

1 0.11 2 0.12 3 0.33 1 0.06

2 0.22 0 0.00

0 0.00 0 0.00

0 0.00 1 0.11

1 0.11

337 415 201 376

83.20 56.73 49.66 51.40

(74.55, 92.57) (51.41, 62.46) (43.03, 57.02) (46.34, 56.87)

1.47 (1.22, 1.76) 0.96 (0.77, 1.21)



Table 3 Risk of on-road bicycle crashes in Auckland vs. the rest of New Zealand with stepwise adjustments

Models Additional variables in the model Beta estimates (SE) Hazard ratios (95% CI) % Attenuation (95% CI)a

1. Unadjusted 0.382 (0.073) 1.47 (1.27, 1.69)

2. Model 1 + demographics Age 0.377 (0.073) 1.46 (1.26, 1.68)

Gender 0.375 (0.073) 1.46 (1.26, 1.68)

Ethnicity 0.370 (0.074) 1.45 (1.25, 1.67)

Education 0.369 (0.074) 1.45 (1.25, 1.67)

Body mass index 0.365 (0.074) 1.44 (1.25, 1.67) 4 (−1, 14)

3. Model 2 + residential factors NZDep 2006 scores 0.368 (0.074) 1.44 (1.25, 1.67)

Urban residence 0.292 (0.077) 1.34 (1.15, 1.56) 24 (11, 49)

4. Model 3 + cycling characteristics Years of cycling 0.291 (0.077) 1.34 (1.15, 1.56)

Time spent cycling 0.282 (0.077) 1.33 (1.14, 1.54)

% cycling off-road 0.245 (0.078) 1.28 (1.10, 1.49)

% cycling in the dark 0.217 (0.079) 1.24 (1.06, 1.45)

% cycling in a bunch 0.184 (0.079) 1.20 (1.03, 1.41)

Cycle to work 0.192 (0.079) 1.21 (1.04, 1.42)

Mainly use road bike 0.193 (0.080) 1.21 (1.04, 1.42)

Crash history 0.189 (0.080) 1.21 (1.03, 1.41) 51 (21, 74)

5. Model 4 + risk behaviours Use helmet 0.188 (0.080) 1.21 (1.03, 1.41)

Use fluorescent colours 0.188 (0.079) 1.21 (1.03, 1.41)

Use lights in the dark 0.189 (0.079) 1.21 (1.03, 1.41)

Use reflective materials in the dark 0.179 (0.080) 1.20 (1.02, 1.40)

Listen to music while riding 0.179 (0.080) 1.20 (1.02, 1.40) 53 (20, 72)
a95% bootstrap confidence interval.
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crash outcomes may be affected by personal, social and
health service factors [32] as well as the quality of individ-
ual data sources [33-35] and record linkage [36]. Never-
theless, our risk estimates are likely to be conservative as
potential misclassification of crash outcomes may be non-
differential in a prospective cohort study [37]. Self-reported
exposure data may not be accurate and may change over
time. In particular, migration may have occurred during
follow-up. In the follow-up survey, however, only 1.1% of
the Auckland participants reported moving to other regions
and 1.3% reported moving overseas, and 0.3% of the partici-
pants from other regions moved to Auckland and 0.7% re-
ported moving overseas. In fact, misclassification of the
mediating variables is more important than that of the ex-
posure (due to migration) and may underestimate the%
attenuation presented in this paper [38]. Finally, our partici-
pants cannot be considered representative of all New
Zealand cyclists; however, this may have minimal impact
on the risk estimates [39]. Importantly, the participants rep-
resented a wide variation with regard to demographics, cyc-
ling exposure and experience.

Interpretation
There were significant differences in demographic, resi-
dential, cycling and some behavioural characteristics
191
between the Auckland participants and the rest of the co-
hort. Similar demographic differences were observed in
the general population (see Additional file 2). Moreover,
compared to the national average, more people use a car
and less use active transport modes in Auckland [16,40]
despite its favourable climate [41]. The danger of the re-
gion’s car dominated road environment is reflected in the
participants’ perceptions about the determinants of cyc-
ling. Consequently, the Auckland participants had a 47%
higher risk of on-road bicycle crashes but had a similar
risk of off-road crashes compared to others in the study.
Differences examined in this study accounted for 53% of

the excess risk of on-road crashes in Auckland. The
Auckland participants were less likely to be Māori and
more likely to be socioeconomically advantaged, reflecting
demographic differences observed in the general population
(see Additional file 2). Demographic differences exist in the
risk of bicycle-related injuries [8,21], but accounted for only
4% of the regional disparity in crash risk in this study.
Urban residence, however, explained an additional 20% of
the risk disparity. Of note, Auckland is New Zealand’s lar-
gest urban region and its population density is more than
double that of any other region. Previous studies show that
the majority of on-road bicycle crashes occur in urban
areas [42,43] where there are more people, heavy traffic and



Table 4 Environmental factors perceived as important in influencing cycling for transportation in Auckland vs. the rest
of New Zealand

Environmental factors Auckland (%)
N = 557

Others (%)
N = 954

P-value

Crude Adjusteda

Barriers to cycling for transportation

Adverse weather 82.6 82.4 0.9 1

Too hilly 20.1 24.5 0.05 0.1

Would take too long 49.2 50.9 0.5 0.9

Too far 41.3 42.5 0.7 0.7

Too short a distance to use a bike 26.4 23.4 0.2 0.8

Personal security 50.1 38.4 <0.0001 0.0002

Road safety 79.9 69.2 <0.0001 <0.0001

Traffic en route 79.0 67.3 <0.0001 <0.0001

Driver attitude and behaviour 80.8 71.5 <0.0001 <0.0001

Availability of other easier transport 42.0 38.5 0.2 0.3

Need a car for other reasons (e.g., school run) 72.9 67.6 0.03 0.01

Breathing polluted air 50.1 41.3 0.0009 0.009

Enablers of cycling for transportation

More bike lanes 91.4 87.4 0.02 0.04

More bike paths 78.5 80.3 0.4 1

Need to negotiate fewer difficult intersections 75.9 70.7 0.03 0.1

Better road conditions 84.0 81.5 0.2 0.5

Reduced vehicle speed 63.7 58.8 0.06 0.03

Changing driver attitude and behaviour 90.1 84.7 0.003 0.01

Bike friendly public transport 52.1 39.5 <0.0001 <0.0001

Secure bike parking in public places 69.3 73.3 0.1 0.3

Bike designed for transportation 26.6 29.0 0.3 0.07

Car parking restrictions 32.1 32.2 1 0.7

Rising costs of petrol 41.3 48.3 0.008 0.03

Enablers of cycling to work/educationb

Showers 94.1 88.8 0.002 0.03

Lockers and changing facilities 90.6 84.7 0.004 0.1

Secure bike parking 91.9 86.7 0.006 0.1

Pool bikes 6.2 7.6 0.3 0.1

Financial assistance to buy a commuter bike 10.3 9.7 0.7 0.4

Bike maintenance classes/facilities 15.2 15.5 0.9 0.4

A more flexible dress code 29.5 29.0 0.9 0.9

More flexible working hours 38.5 40.2 0.6 0.6

Charges for car parking 25.5 19.1 0.009 0.04
aAdjusted for demographic, residence and cycling factors.
bRestricted to participants who reported travelling to work/education at least once a week (N = 455 in Auckland and N = 734 in the rest of New Zealand).
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busy intersections while more severe crashes tend to be lo-
cated in more remote areas where vehicles tend to travel at
higher speeds [43-45]. However, it was not possible to dif-
ferentiate crashes in terms of severity of injury in this study
as multiple administrative databases were used.
192
Differences in cycling characteristics contributed to a
further 27% attenuation in the hazard ratio. The great-
est contribution came from less time spent cycling off-
road and more time spent cycling in the dark and in a
bunch by the Auckland participants. The former two
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may increase exposure to the crash risk but bunch rid-
ing has also been associated with a higher risk [21]. It is
possible that cyclists are more likely to take risks [46]
and less likely to notice road hazards [47] while riding
in a group. Other cycling characteristics and behav-
ioural factors such as use of visibility aids and distrac-
tion contributed modestly to regional differences in
crash risk.
After all baseline differences were taken into account,

the risk of on-road crashes was still 20% higher among
the Auckland cyclists. This may be explained by other
contextual and environmental factors. While the cli-
mate may influence cycle volume [48] and safety [49],
Auckland’s relatively temperate climate is unlikely to be
particularly hazardous. Similarly, with respect to topog-
raphy, many parts of New Zealand are hillier than
Auckland (see Additional file 1). Given the similarity in
the risk of off-road crashes between Auckland and other
regions, differences in travel patterns and traffic envir-
onment are more likely to contribute to the remaining
disparity in crash risk.
Auckland is characterised by low density urban growth

and an automobile-centred transportation system, encour-
aging car dependency, traffic congestion and air pollution
[50,51]. This may pose risks to its users [52], particularly
those who are vulnerable. Previous research on the ‘safety
in numbers’ effect associated a higher risk of bicycle
crashes with a lower level of cycling [10,11]. This is true in
the New Zealand context particularly if the level of car use
is also taken into account [14]. Moreover, a car-dominated
road environment tends to discourage people from en-
gaging in active travel [53]. In this study, the Auckland cy-
clists had more concerns about driver attitude and
behaviour, traffic en route, difficult intersections, vehicle
speed, road safety and polluted air, concerns which may be
more prevalent in the general population [54].

Conclusions
The risk of on-road bicycle crashes was higher in
Auckland than the rest of New Zealand. Approximately
half of the excess risk was contributed by differences ex-
amined in this study particularly related to cycling pat-
terns and urban residence. The remaining difference in
crash risk may be explained by factors generally associated
with the region’s car-dominated transport environment.
This underscores the need for cooperative efforts to pro-
mote cycling and cyclists’ safety in the Auckland region.
Additional files

Additional file 1: Map of New Zealand. The boundary for the
Auckland region is marked in red.

Additional file 2: Characteristics of Auckland vs. New Zealand.
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6.4.2.1. Additional file 1: Map of New Zealand 

The boundary for the Auckland region is marked in red. 
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6.4.2.2. Additional file 2: Characteristics of Auckland vs. New Zealand 

Characteristics Auckland New Zealand 

Population density (per km2)1 (2006) 215.3 14.9 

Demographics1 (2006) 

    Median age (years) 33.9 35.9 

    Male 48.7% 48.8% 

    Maori 11.1% 14.6% 

    Post-school qualification 42.5% 39.9% 

    Median annual personal income $26,800 $24,400 

Transport 

    Trip distance2 (km) (2003-8) 

        Mean (SD) 7.8 (5.6) 8.3 (4.3) 

        Median (IQR) 3.3 (6.9) 2.9 (6.5) 

    Hours spent travelling per person per year 

    (% of total travel time)2 (2006-9) 

        Car/van driver 223 (54%) 194 (51%) 

        Car/van passenger 107 (26%) 103 (27%) 

        Cyclist 2 (1%) 6 (2%) 

        Pedestrian 50 (12%) 50 (13%) 

        Public transport (bus, train, ferry) 18 (4%) 15 (4%) 

    Main means of travel to work1 (2006) 

        Car/van/truck driver 79.6% 77.0% 

        Car/van/truck passenger 5.8% 6.0% 

        Cyclist 1.0% 2.5% 

        Pedestrian 4.9% 7.0% 

        Public transport (bus, train) 6.9% 5.2% 

Climate summary3 (1971-2000) 

    Mean annual rainfall (mm) 1240 1419 

    Mean annual sunshine (hours) 2060 1988 

    Mean temperature (ºC) 15.1 12.3 

1 – Source: 2006 Census. Statistics New Zealand 
2 – Source: Household Travel Survey data. Ministry of Transport 
3 – Historical averages for the main cities/centres. Source: NIWA National Climate Database. National Institute 
of Water & Atmospheric Research 

6.4.3. Significance 

The primary finding of this section is that approximately 53% of the excess risk of on-road bicycle 

crashes in the Auckland region was explained by differences in the participants’ baseline 

characteristics, particularly including the amount of cycling off-road, in the dark and in a bunch and 

urban residence. The remaining risk differential may be attributed to factors associated with the 

region’s car-dominated transport environment. 



 

197 

6.5. Summary 

For each million hours spent cycling on the road, there were 31 crashes, including 8 collisions, which 

resulted in hospital inpatient treatment or death. If more minor crashes were considered in the 

Taupo Bicycle Study, at least 240 on-road crashes including 38 collisions came to the attention of 

medical personnel or police. About 151 crashes occurred off-road. A number of overseas studies 

have also reported exposure-based rates but definitions and methodologies of data collection, 

analysis and presentation varied, making it hard to compare the results across countries. However, it 

appears that cycling on the road is safer in countries with a higher level of cycling, reflecting the 

safety in numbers phenomenon (Jacobsen, 2003; Pucher and Buehler, 2008). This phenomenon may 

partly explain the excess risk of on-road but not off-road crashes in the Auckland region where the 

level of active travel is lowest in the country (Sections 5.1, 6.2 and 6.4).  

This chapter also identified a number of demographic and cycling factors associated with the risk of 

on-road as well as off-road bicycle crashes to help inform the development of injury prevention and 

safety promotion interventions. Previous crash experience and bunch riding were identified as the 

two strong predictors of bicycle crashes. In more detailed examination, having experienced one or 

more bicycle crashes at baseline, particularly if attended medically, increased the risk of subsequent 

crash involvement amongst the high-risk cyclists. Bunch riding also increased the risk of both on- and 

off-road crashes although many cyclists feel safer in a group than alone (O’Connor and Brown, 

2010).  

The findings provide a better understanding of the actual burden of bicycle crash injuries and 

associated factors in New Zealand and underscore the need for cooperative efforts to promote 

cycling and to improve cyclists’ safety.  
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Chapter 7. Results: Conspicuity 

Fear of motorised traffic, particularly the risk of injury or death from collision crashes is often cited 

as the reason why people do not cycle (Bauman et al., 2008; Jacobsen et al., 2009; Mackie, 2009; 

Winters et al., 2011). Bicycle-car collisions commonly occur at intersections (Ministry of Transport, 

2013e) and are often caused by failure of drivers to notice or give way to cyclists (Turner et al., 

2006). This can be due to perceptual or cognitive errors (Rumar, 1990). The former may be 

addressed by using conspicuity aids (i.e., enhancing physical conspicuity) whereas the latter may 

require improving the driver’s expectancy, awareness and acceptance of cyclists on the road (i.e., 

enhancing attention conspicuity). 

Conspicuity aids are effective in improving detection and recognition time by drivers (Kwan and 

Mapstone, 2009) but their effectiveness on cyclist safety is not conclusive (Hagel et al., 2012; Hoffman 

et al., 2010; Miller, 2012; Thornley et al., 2008). The safety in numbers effect suggests that if more 

people cycle and less drive, cyclists will be safer as their attention conspicuity is greater. The potential 

benefits of this phenomenon has been demonstrated in many overseas countries (Brüde and Larsson, 

1993; Ekman, 1996; Elvik, 2009; Jacobsen, 2003; Jonsson, 2005; Leden et al., 2000; Robinson, 2005; 

Vandenbulcke et al., 2009). The safety in numbers effect was also observed in three cities in New 

Zealand (Turner et al., 2006) but has not been investigated nationwide.   

This chapter therefore fills the gaps in the New Zealand context. First, I assess the associations 

between car use, bicycle use and traffic injuries to cyclists, using mortality, hospital discharge and 

travel survey data. Second, I identify the common types of car-bicycle collisions in New Zealand, 

using police data. Third, I investigate the association between conspicuity and the risk of bicycle 

crashes involving a motor vehicle in the Taupo Bicycle Study.  

7.1. Regional differences in car use, bicycle use and traffic injuries to cyclists 

7.1.1. Preface 

My previous analyses of the data from the Taupo Bicycle Study (Sections 6.2 and 6.4) show a higher 

risk of on-road bicycle crashes in Auckland, the region with the lowest level of cycling relative to 

travelling in a car, indicating the potential safety in numbers (or the risk in scarcity) effect for New 

Zealand cyclists. While an earlier study reported the lower crash rate per cyclist with increasing cycle 

volume at traffic signals, roundabouts and mid-block sites, it was confined to three cities (Christchurch, 
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Palmerton North and Hamilton) only (Turner et al., 2006). I therefore examined the association 

between car use, bicycle use and traffic injuries to cyclists at the national level.  

7.1.2. Publication: Regional variations in pedal cyclist injuries in New Zealand: safety in 

numbers or risk in scarcity? 

This section contains an unaltered reproduction of the article “Regional variations in pedal cyclist 

injuries in New Zealand: safety in numbers or risk in scarcity” published in the Australian and New 

Zealand Journal of Public Health 2011, volume 35, pages 357-363. The Australian and New Zealand 

Journal of Public Health is the journal of the Public Health Association of Australia. The journal has a 

5-year impact factor of 1.835 and a 2013 impact factor of 1.897. 
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Regional variations in pedal cyclist injuries in  

New Zealand: safety in numbers or risk in scarcity?

Sandar Tin Tin, Alistair Woodward, Simon Thornley, 
Shanthi Ameratunga

School of Population Health, University of Auckland, New Zealand

The concept of ‘safety in numbers’ 

is well known in traff ic safety, 

suggesting that a specific mode of 

travel may become safer if more people do 

it. Such a relationship was first reported in 

1949 when R.J. Smeed, using data from 62 

countries, showed that the fatality risk per 

vehicle was lower in countries with more 

vehicles per population.1 Others have made 

the same observation, often referred to as 

Smeed’s Law, in the UK2 and Australia3. 

The safety in numbers phenomenon applies 

also to vulnerable road users such as cyclists 

and pedestrians.4-9 This has important public 

health and road safety implications as active 

modes of travel provide substantial health, 

environmental and economic benefits. For 

instance, obesity rates are lower in countries 

where active travel is more common.10 Active 

commuting reduces mortality11,12 and the 

rate of cardiovascular events,13 enhances 

social cohesion, community livability and 

transport equity,14-16 improves safety to other 

road users,17 saves fuel and reduces motor 

vehicle emissions.18 Despite this, active 

travel in general, and cycling in particular, 

remain marginal modes of transport in many 

countries. One of the major barriers to cycling 

is fear of injury.19,20 In this situation, the safety 

in numbers effect might be an important 

multiplier of benefits in promoting cycling 

and its safety. 

New Zealand has a very high rate of car 

ownership and use.21 Between 2005 and 

2009, driver and passenger trips accounted 

for almost 80% of all time spent travelling; 

use of a bicycle represented only 2%.22 
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University of Auckland, Private Bag 92019, Auckland 1142, New Zealand;  
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The most recent (2008) data from the New 

Zealand Ministry of Transport, based on 

police reports, showed that 10 cyclists were 

killed, 186 were seriously injured and many 

more suffered minor injuries due to crashes 

on public roads.23 The estimated total social 

cost was about NZ$224 million.23 

The potential benefits of the safety in 

numbers effect for New Zealand cyclists 

were observed in a study undertaken between 

2002 and 2004.9 It showed that the crash 

rate per cyclist decreased with increasing 

cycle volume at traffic signals, roundabouts 

and mid-block sites in three cities. To 

supplement this, we investigated if there is a 

similar effect nationwide using information 

from three national datasets. As there are 

regional variations in travel patterns in New 

Zealand,24,25 our specific research questions 

included: (a) does the rate of injuries to pedal 

cyclists per hour of travel vary by region?; 

and (b) is the variation in such rate, if any, 

associated with the variation in time spent 

cycling and time spent travelling in a car 

across regions? 

Methods
There are 16 regions in New Zealand 

defined at meshblock (the smallest geographic 

area for which statistical data is collected 

and processed26) and area unit levels. For 

this analysis, in accordance with Ministry 

of Transport guidelines, some of the regions 

were combined to ensure an adequate sample 

size (i.e. at least 30 people reported cycling), 

resulting in eight regional groups. 

Abstract:

Objective: To assess regional variations 

in rates of traffic injuries to pedal cyclists 

resulting in death or hospital inpatient 

treatment, in relation to time spent cycling 

and time spent travelling in a car.

Methods: Cycling injuries were identified 

from the Mortality Collection and the 

National Minimum Dataset. Time spent 

cycling and time spent travelling as a driver 

or passenger in a car/van/ute/SUV were 

computed from National Household Travel 

Surveys. There are 16 census regions 

in New Zealand, some of which were 

combined for this analysis to ensure an 

adequate sample size, resulting in eight 

regional groups. Analyses were undertaken 

for 1996-99 and 2003-07.

Results: Injury rates, per million hours 

spent cycling, varied widely across regions 

(11 to 33 injuries during 1996-99 and 12 to 

78 injuries during 2003-07). The injury rate 

increased with decreasing per capita time 

spent cycling. The rate also increased with 

increasing per capita time spent travelling 

in a car. There was an inverse association 

between the injury rate and the ratio of 

time spent cycling to time spent travelling 

in a car. The expected number of cycling 

injuries increased with increasing total 

time spent cycling but at a decreasing rate 

particularly after adjusting for total time 

spent travelling in a car.

Conclusions: The findings indicate a ‘risk 

in scarcity’ effect for New Zealand cyclists 

such that risk profiles of cyclists are likely to 

deteriorate if fewer people use a bicycle and 

more use a car.

Implications: Cooperative efforts to 

promote cycling and its safety and to  

restrict car use may reverse the risk in 

scarcity effect.

Key words: bicycling, traffic accidents, 

exposure-based risk, safety in numbers

Aust NZ J Public Health. 2011; 35:357-63

doi: 10.1111/j.1753-6405.2011.00731.x
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Data sources
The data were obtained from the Mortality Collection and the 

National Minimum Dataset maintained by the Ministry of Health’s 

Information Directorate and the Household Travel Survey Dataset 

maintained by the Ministry of Transport. 

Mortality Collection: Information about all deaths registered 

in New Zealand from 1988 onwards. The data collected include 

demographic information and the underlying cause of death coded 

according to the International Classification of Diseases (ICD).27 

ICD-9-CMA was used before 2000 and ICD-10-AM afterward. 

National Minimum Dataset: Information about all day patients 

and inpatients discharged from public and private hospitals in New 

Zealand. The data collected include demographic information, 

diagnoses and diagnostic and therapeutic procedures. For all injury 

discharges, the circumstances of injury are coded according to the 

external causes of injury and poisoning codes (E codes) and the 

nature of injury is coded according to the ICD.27 ICD-9-CMA was 

used before July 1999 and ICD-10-AM afterward. 

Household Travel Surveys: Three national surveys28 have collected 

information on daily personal travel, with the sampling frame 

comprising all residents (including children) in private dwellings 

in New Zealand. This analysis was restricted to the last two surveys 

as the first – between 1 July 1989 and 30 June 1990 – did not have 

regional information. The second survey – between 1 July 1997 

and 30 June 1998 – included more than 14,000 people of all ages. 

Since 1 August 2003, an ongoing survey has been conducted each 

year, with a sampling frame of about 2,000 households (resulting 

in responses from about 3,500 people per year). 

Each survey asked respondents to keep a record of the times and 

places of all their travel over a specified two-day period. Departure 

and arrival times of each trip leg were recorded, along with trip 

destination, travel mode and purpose. The use of a two-day travel 

period minimises respondent burden and reliance on memory, 

compared to a week-long period. Soon after the end of the two-day 

period, an interviewer questioned each respondent about their travel 

using the travel record as a memory aid. Interviewers were trained 

to prompt the respondent to recall any trips (particularly short trips) 

which may not have been recorded on their memory jogger.

For the second and third surveys, full response rates (i.e. the 

percentage of eligible households in which all members participated 

fully in the survey) were 75% and 66% respectively and full and 

partial response rates (i.e. the percentage of eligible households in 

which one or more members participated fully in the survey) were 

79% and 71% respectively. 

Statistical analysis
The rate of traffic injuries to pedal cyclists resulting in death or 

hospital inpatient treatment was calculated for each regional group 

using the equation:
 Total number of cases of cycling injuries per year Injury rate = ________________________________________
 Total time spent cycling (million hours) per year

 Traffic injuries (i.e. injuries occurring on a public highway) 

among pedal cyclists were identified from the Mortality Collection 

and the National Minimum Dataset using the E-codes (ICD-9-CMA: 

E810-819.65, E826.15, E826.95, E829-829.15; and ICD-10-AM: 

V10-18.3-9, V19.4-6, V19.9).27 The subset of these injuries that 

resulted from a collision with a motor vehicle were identified using 

the E-codes (ICD-9-CMA: E810-819.6; ICD-10-AM: V12-V14.3-9, 

V19.4-6).27 The hospitalised sample was restricted to inpatient 

discharges from public hospitals as the majority of patients (over 

97%) requiring acute inpatient treatment for injury are admitted 

to public hospitals.29-31 To enhance the validity of the analyses, the 

inclusion criteria included: (a) patients with a principal diagnosis of 

injury only (ICD-10-AM: S00-T78), (b) patients admitted to hospital 

for one day or more and (c) first admissions for a specific injury 

– subsequent admissions for the same injury were excluded.30 The 

annualised numbers of cycling injuries were computed for 1 January 

1996 – 31 December 1999 and 1 January 2003 – 31 December 2007 

to stabilise small cell sizes. Regions which appear with multiple, 

hyphenated names in the results have been aggregated.

The annualised per capita and total time spent cycling and time 

spent travelling as a driver or passenger in a car/van/Ute/SUV were 

computed from the second (1 July 1997 – 30 June 1998) and third 

(1 August 2003 – 30 June 2008) travel survey datasets. Although 

the original data from this survey were weighted to account 

for clustering by household and non-response, we derived true 

population estimates of travel time in our analysis before linking 

them with injury outcomes in log-linear models.

The rate of traffic injuries per million hours spent cycling was 

calculated and its association with per capita time spent cycling, 

per capita time spent travelling in a car and the ratio of time spent 

cycling to time spent travelling in a car was assessed using log-linear 

models. Given concerns about the use of ratio variables containing 

common terms (i.e. time spent cycling),32 part correlation was 

undertaken to check for the possibility of spurious associations 

between the injury rate and per capita time spent cycling and the ratio 

of time spent cycling to time spent travelling in a car.33,34 Although a 

variety of information is available from the travel survey, most of the 

information relates to motorised travel, rather than active modes. We, 

therefore, focused our analysis on the relationship between travel 

time and cycle injury, due to the low number of cyclists present in 

the dataset, and limited information on the sociodemographic profile 

of cyclists within regions.

In addition, for the period 2003-07, the expected numbers of 

injuries to pedal cyclists in relation to total time spent cycling and 

total time spent travelling in a car were modelled using the power 

function n = b
0
x

1
b1x

2
b2 (that has been used in previous research9,35,36), 

where n is the number of injuries to pedal cyclists, x
1
 and x

2
 are total 

time spent cycling and total time spent travelling in a car respectively 

and b
0
, b

1 
and b

2
 are model parameters to be computed. 

To minimise the effect of extraneous factors such as service use, a 

sensitivity analysis was undertaken by restricting cases of interest to 

those with serious injuries37 (an Abbreviated Injury Scale (AIS)38,39 

score of 3 or more). The mapping to AIS threshold was achieved 

using the Barell matrix categorisation.40 The ICD-10-AM codes 

were mapped into the ICD-9-CM codes for this purpose. SAS 

(release 9.1, SAS Institute Inc., Cary, NC) and Microsoft Office 

Excel 2003 were used for all analyses. 
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Results
Per capita time spent cycling and per capita time 
spent travelling in a car by region

Annual per capita time spent cycling varied widely across regional 

groups, ranging from 2.7 hours in Northland-Auckland to 12.8 hours 

in Canterbury during 1997-98 and from 2.0 hours in Northland-

Auckland to 13.3 hours in Tasman-Nelson-Marlborough during 

2003-08 (Table 1). Data for Tasman, Nelson, and Marlborough 

regions were aggregated to obtain adequate information for both 

travel exposure and injury outcomes.

Annual per capita time spent travelling as a driver or passenger 

in a car/van/Ute/SUV ranged from 213.3 hours in Tasman-Nelson-

Marlborough to 318.0 hours in Northland-Auckland during 1997-98 

and from 251.6 hours in Taranaki-Manawatu-Wanganui to 344.6 

hours in Northland-Auckland during 2003-08.

Rate of traffic injuries to pedal cyclists by region
The rate of traffic injuries, per million hours spent cycling, varied 

across regional groups, from 11 injuries in Wellington to 33 injuries 

in Northland-Auckland during 1996-99; and from 12 injuries in 

Tasman-Nelson-Marlborough to 78 injuries in Northland-Auckland 

during 2003-07 (Figure 1). 

Likewise, the rate of injuries resulting from a collision with 

a motor vehicle, per million hours spent cycling, ranged from 4 

injuries in Wellington to 17 injuries in Northland-Auckland during 

1996-99; and from 4 injuries in Tasman-Nelson-Marlborough to 22 

injuries in Northland-Auckland during 2003-07.

Associations between the rate of cycling injuries 
and per capita time spent cycling and per capita 
time spent travelling in a car

The rate of injuries to pedal cyclists decreased with increasing 

annual per capita time spent cycling (Table 2, Figure 2). The 

association did not disappear in part correlation analysis (Table 3). 

In contrast, the rate increased with increasing per capita time spent 

travelling in a car particularly during 2003-07. 

A significant inverse association was observed between the injury 

rate and the ratio of time spent cycling to time spent travelling in a 

car, indicating that the safety benefits of increasing cycling could 

be attenuated by increasing car use. 

Associations between the number of cycling 
injuries and total time spent cycling and total time 
spent travelling in a car (2003-07)

The expected number of injuries to pedal cyclists increased 

with increasing annual total time spent cycling (Table 4, Figure 3); 

however, this effect occurred at a decreasing rate particularly after 

controlling for time spent travelling in a car. The increase in total 

time spent travelling in a car significantly increased the number of 

cycling injuries whether or not time spent cycling was adjusted. 

The findings were similar when analyses were restricted to those 

with serious injuries (estimated AIS score of 3 or more).

Discussion
Our findings show wide variation in the rate of traffic injuries to 

pedal cyclists and the amount of cycling and travelling as a driver 

Table 1. Per capita time spent cycling and per capita time spent travelling in a car by region
Regional groups Per capita time spent cycling 

per year (hour)
Per capita time spent travelling in a car  

per year (hour)
1997-98 2003-08 1997-98 2003-08

Northland-Auckland 2.66 2.03 318.04 344.56

Waikato-Bay of Plenty 6.55 4.09 289.33 294.15

Gisborne-Hawke’s Bay 10.49 6.30 254.41 275.56

Taranaki-Manawatu-Wanganui 9.65 6.85 273.67 251.57

Wellington 9.08 4.55 267.90 301.63

Tasman-Nelson-Marlborough 6.82 13.25 213.33 267.37

Canterbury 12.82 12.82 295.50 294.30

West Coast-Otago-Southland 8.92 7 .04 270.96 259.47

Table 2. Associations between the rate of traffic injuries to pedal cyclists and time spent cycling and time spent 
travelling in a car

Travel exposure variables Rate of overall injuries Rate of collisions with a motor vehicle
Estimate SE p-value Estimate SE p-value

Per capita time spent cycling per year

1996-99 -0.09 0.03 0.02 -0.13 0.04 0.02

2003-07 -0.13 0.03 0.002 -0.11 0.04 0.03

Per capita time spent travelling in a car per year

1996-99 0.002 0.005 0.6 0.002 0.007 0.8

2003-07 0.014 0.006 0.05 0.015 0.005 0.03

Ratio of time spent cycling to time spent travelling in a car

1966-99 -23.83 8.46 0.03 -33.18 12.89 0.04

2003-07 -36.70 6.16 0.001 -31.36 9.90 0.02

Injury Variations in pedal cyclist injuries
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Figure 1: Rates of overall and 
collision injuries to pedal 
cyclists by region.
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Figure 2: Associations between 
the rate of traffic injuries to 
pedal cyclists and per capita 
time spent cycling and per 
capita time spent travelling in 
a car.
Notes:
(a) and (b) – associations between the rate 

of injuries and per capita time spent 
cycling

(c) and (d) – associations between the rate 
of injuries and per capita time spent 
travelling in a car

(e) and (f) – associations between the rate 
of injuries and time spent cycling relative 
to car use 

(a) and (b) – associations between the rate of injuries and per capita time spent cycling 

(c) and (d) – associations between the rate of injuries and per capita time spent travelling in a 
car 

(e) and (f) – associations between the rate of injuries and time spent cycling relative to car use
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or passenger in a car/van/Ute/SUV across New Zealand regions. 

Cyclists were safer in regions with more bicycle use and less car use. 

The major strength of this study is the use of data from three 

national datasets to make within-country comparisons of risks of 

cycling injuries and travel exposure variables of interest. However, 

some limitations should be kept in mind when interpreting our 

findings. Relatively minor injuries treated in hospital emergency 

departments, private primary care facilities or in the home were 

not included in this analysis. It has been proposed that such 

injuries be excluded in developing indicators of injury incidence 

due to incomplete recording.37 While these injuries may not pose a 

significant threat to life, it cannot be assumed that they will not lead 

to longer-term disability. Ascertainment of relevant cases could also 

be affected by inaccuracies in diagnosis and external cause codes. 

Some reports suggest that up to a quarter of the E-codes assigned to 

hospital discharges could be incorrect at the level of the 4th digit.41,42 

However, these inaccuracies are considered to be most likely for 

death records, particularly among older people.37,43,44 Admission 

to hospital may be influenced by a number of factors including 

severity of injury, pre-existing co-morbidities, access to hospital 

services, professional practice and bed/theatre availability.37 While 

it was reassuring to note similar associations when analyses were 

restricted to serious injuries (classified by the Barell matrix), we 

acknowledge that misclassification of injury severity could remain in 

our analyses.45 Finally, as this is a cross-sectional analysis, we were 

not able to distinguish cause from effect. There is also a possibility 

of spurious associations in analyses involving ratio variables with a 

common term (time spent cycling);32 however, the associations did 

not disappear after controlling for the effect of the common term.

Despite these limitations, our findings contribute to the limited 

Table 3: Part correlation.

Travel exposure variables Rate of overall injuries Rate of collisions with a motor vehicle

Estimate SE p-value Estimate SE p-value

Per capita time spent cycling per year

1996-99 -0.09 0.03 0.02 -0.14 0.04 0.01

2003-07 -0.12 0.06 0.08 -0.10 0.06 0.1

Ratio of time spent cycling to time spent travelling in a car

1966-99 -26.41 8.88 0.02 -38.85 12.59 0.02

2003-07 -31.89 14.41 0.07 -22.12 17.17 0.2

research on the safety in numbers effect for vulnerable road users. 

The earliest published studies examining this effect were conducted 

in Sweden.4,5 Ekman compared numbers of cyclists, pedestrians 

and motorists against serious conflicts/crashes among them at 95 

intersections in Malmö and found an inverse relationship between 

the number of conflicts per cyclists and the number of cyclists 

per hour.4 Likewise, Leden et al examined bicycle flow counts 

and collisions between motorists and bicyclists before and after 

the construction of a new design of a bicycle crossing at 45 non-

signalised intersections in Gothenburg and reported that the number 

of collisions per bicyclists decreased with increasing bicycle flow.5 

Using five independent datasets from the US and Europe, Jacobsen 

concluded that a cyclist’s or pedestrian’s risk of being struck by a 

motor vehicle (per capita injury or fatality rate) varied with the -0.6 

power of the amount of cycling or walking (measured by the portion 

of the journey to work on foot/bicycle, per capita distance walked/

bicycled per day, and per capita trips on foot/bicycle per day).7 

Robinson examined three Australian datasets and found a similar 

association between fatalities per distance cycled and average per 

capita distance cycled.8 

Behaviour change by motorists is considered the most likely 

mechanism which underlies the “safety in numbers” effect.7 This 

theory was formulated after researchers observed that motorists 

drive more slowly when they encounter more pedestrians and 

faster when there are few.46 Moreover, if more people cycle, drivers 

are more likely to be cyclists themselves and may give more 

consideration to other road users.7 Such a situation is likely to also 

result in greater political will to improve the traffic environment in 

favour of cyclists.8,47 

In New Zealand, the amount of cycling relative to the amount of 

Table 4. Associations between the number of traffic injuries to pedal cyclists and time spent cycling and travelling in 
a car

Travel exposure 
variables

Number of overall injuries Number of collisions with a motor vehicle

Crude Adjusted* Crude Adjusted*
Estimate SE p-value Estimate SE p-value Estimate SE p-value Estimate SE p-value

Time spent cycling per year

1996-99 0.82 0.22 0.01 0.25 0.20 0.27 0.68 0.32 0.08 -0.14 0.26 0.61

2003-07 0.91 0.49 0.11 0.18 0.18 0.37 0.92 0.49 0.11 0.25 0.29 0.44

Time spent travelling in a car per year

1996-99 0.68 0.10 0.0004 0.54 0.15 0.01 0.70 0.12 0.0009 0.78 0.19 0.01

2003-07 0.88 0.09 <0.0001 0.82 0.11 0.001 0.84 0.15 0.001 0.76 0.18 0.01

* – adjusted for both exposure variables in the table 
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cyclists; extensive traffic calming of residential neighbourhoods; 

increased traffic regulation and enforcement; ‘people oriented’ 

urban design; integration of active travel with public transport; 

comprehensive traffic education and training; and restricted car 

ownership, use and parking.52,53 

While signif icant barriers exist to implementing such 

comprehensive measures in many autocentric countries, much could 

be achieved in the short term. For example, the level of cycling has 

increased substantially in some Australian cities that have invested 

in bicycle infrastructure.54 In New Zealand, if the convenience of 

car use is the main reason why people don’t cycle and walk,55 car 

restrictive measures, although often perceived as less important 

than measures for cycling promotion,56 deserve particular attention. 

Possible actions include: congestion charging,57 Pay-As-You-Drive 

vehicle insurance,58 environmental levies on petrol, road closures, 

car-free zones and car park restrictions. Our analysis shows that if 

cycle use remains constant at the current level and car use is reduced 

by 10%, 56 fewer cycling injuries will occur, annually, nationwide. 

Conclusion
In New Zealand, we found that the risk of injuries to pedal cyclists 

and the per capita time spent cycling relative to car use vary by 

region consistent with a ‘risk in scarcity’ effect. Our study has 

limitations, including a small number of data points, but is consistent 

with previous research, and implies that the risk profiles of cyclists 

will worsen if fewer people use a bicycle and more use a car. 

Figure 3: Associations 
between the number of 
traffic injuries to pedal 
cyclists and total time 
spent cycling and total 
time spent travelling in 
a car (2003-07).

Notes:
(a) and (b) – associations 

between the number of 
injuries and total time 
spent cycling

(c) and (d) – associations 
between the number of 
injuries and total time 
spent travelling in a car

Overall Cycling Injuries

0

30

60

90

120

150

180

210

240

270

0 4 8 12 16 20 24 28 32

Time spent cycling per year (million hours)

N
um

be
r o

f c
ol
lis
io
n 
in
ju
ri
es
 p
er
 y
ea

r

not adjusted for time spent travelling in a car 400 million hours spent travelling in a car
800 million hours spent travelling in a car 1200 million hours spent travelling in a car
1600 million hours spent travelling in a car

0

200

400

600

800

1000

0 200 400 600 800 1000 1200 1400 1600

Time spent travelling in a car per year (million hours)

N
um

be
r o

f o
ve

ra
ll 
in
ju
ri
es
 p
er
 y
ea

r

not adjusted for time spent cycling 8 million hour spent cycling
16 million hours spent cycling 24 million hours spent cycling
32 million hours spent cycling

0

30

60

90

120

150

180

210

240

270

0 200 400 600 800 1000 1200 1400 1600

Time spent travelling in a car per year (million hours)

N
um

be
r o

f c
ol
lis
io
n 
in
ju
ri
es
 p
er
 y
ea

r

not adjusted for time spent cycling 8 million hour spent cycling
16 million hours spent cycling 24 million hours spent cycling
32 million hours spent cycling

0

200

400

600

800

1000

0 4 8 12 16 20 24 28 32

Total time spent cycling per year (million hours)

N
um

be
r o

f o
ve

ra
ll 
in
ju
ri
es
 p
er
 y
ea

r

not adjusted for time spent travelling in a car 400 million hours spent travelling in a car
800 million hours spent travelling in a car 1200 million hours spent travelling in a car
1600 million hours spent travelling in a car

Cycling Injuries due to a collision 
with a motor vehicle 

(a)  (b) 

(c)  (d) 

motorised traffic appears to be an important determinant of cycling 

injury risks. Our study as well as previous research9,48 reveals that 

the expected number of cycling injuries rises with increasing the 

duration of cycling but at a reduced rate (the injury risk decreases) 

particularly after adjusting for the amount of car use. Indeed, given 

the decline in cycle use relative to car use in most regions, we could 

more appropriately label this effect “risk in scarcity”.

Both volume and speed of motorised traffic pose risks to 

vulnerable road users. Previous research reported a positive 

association between vehicle flow and pedestrian injury risk.4,6 

Likewise, the risk that speeding places on pedestrians, cyclists 

and other vulnerable road users has been well recognised.49 It is 

likely that increasing traffic volume and speed discourages people 

to engage in active travel.50 For example, in a recent survey by 

Chinese state television, almost half of cyclists reduced their use 

of this travel mode mainly due to increased perceived danger in the 

streets.51 The vicious circle that would arise from an increasingly 

dangerous road environment encouraging greater car use poses 

a higher risk for those who continue cycling or walking and will 

have the greatest impact on those who lack access to a car, such as 

children, the elderly, and low-income families. 

Reversing the ‘risk in scarcity’ effect requires cooperative efforts 

to promote a modal shift (from using cars to active travel modes) 

and to improve the safety of vulnerable road users. Many European 

countries have succeeded in promoting cycling and walking through 

“coordinated implementation of multi-faceted, mutually reinforcing 

policies” such as providing better facilities for pedestrians and 
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7.1.3. Significance 

The primary finding of this section is that the rate of cycling injuries was associated negatively with 

per capita time spent cycling but positively with per capita time spent travelling in a car. The 

expected numbers of injuries were projected to increase with increasing total time spent cycling but 

at a decreasing rate after adjusting for total time spent travelling in a car. This indicates that the 

safety in numbers effect exists for New Zealand cyclists particularly if the level of car use is also taken 

into account. However, as acknowledged in the published paper, caution needs to be taken in 

interpreting the findings which were based on a cross-sectional analysis of aggregate data available 

from administrative databases. In particular, it was not possible to distinguish cause from effect, and 

to identify the underlying mechanism.  

Behaviour adaptation by motorists is cited as a likely explanation for the safety in numbers effect 

(Jacobsen, 2003). This theory was formulated after researchers observed that motorists drive more 

slowly when they encounter more pedestrians and faster when there are few (Todd, 1992). 

However, some authors have argued that the safety in numbers effect seen in ecological studies is 

actually a “numbers-in-safety effect” - better infrastructure improves safety and leads to more 

bicycling (Bhatia and Wier, 2011; Macmillan et al., 2014). A recent simulation study has proposed a 

“safety in density” effect  which suggests that an increase in bicycle density may reduce exposure of 

individual cyclists to danger (Thompson et al., 2014). Bicycle density may be increased by improved 

perception and feeling of safety, close proximity to destination and provision of cycling 

infrastructure.  It is possible that all the mechanisms proposed have contributed to the safety in 

numbers effect observed in this analysis. However, this study was not designed to explore these 

possibilities in greater depth. 

7.2. Common types of police-reported collision crashes in New Zealand 

There were a total of 10120 bicycle crashes that involved a collision with a motor vehicle and were 

reported to the police between 2000 and 2012. The most common types of crashes occurred at 

intersections when the driver turned and the cyclist came straight from either side of the driver or 

when both parties went straight and collided at right angle (Table 7-1).  
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Table 7-1. Common types of car-bicycle crashes 

Types of car-bicycle crashes % 

Both parties going straight and colliding at right angle 15.2% 

The driver turning right and the cyclist coming straight from the left 

side of the driver 
15.2% 

The driver turning right and the cyclist coming straight from the right 

side of the driver 
11.6% 

The driver turning left and the cyclist coming straight from the right 

side of the driver 
6.8% 

The driver turning left and the cyclist coming straight from the left side 

of the driver 
5.3% 

7.3. Does conspicuity play a role in bicycle crashes involving a motor vehicle? 

7.3.1. Preface 

As reported previously (Ministry of Transport, 2013e; Turner et al., 2006) and also observed in 

Section 7.2, car-bicycle crashes frequently occur at intersections where the driver fails to detect the 

cyclist who has the right of way, possibly due to the looked-but-failed-to-see errors. I therefore 

assessed the role of physical vs. attention conspicuity in bicycle crashes involving a motor vehicle.   

7.3.2.  Publication: The role of conspicuity in bicycle crashes involving a motor vehicle: a 

prospective cohort study 

The following section contains an unaltered reproduction of the article “The role of conspicuity in 

bicycle crashes involving a motor vehicle: a prospective cohort study” published in the European 

Journal of Public Health 2014, doi: 10.1093/eurpub/cku117. The European Journal of Public Health is 

an international, peer-reviewed journal covering all aspects of public health. The journal has a 5-year 

impact factor of 2.743 and a 2013 impact factor of 2.459. 
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The role of conspicuity in preventing bicycle crashes
involving a motor vehicle
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Background: Bicycle use, despite its proven health and other benefits, is rarely part of everyday travel for many
people due to the perceived risk of injury from collision crashes. This article investigated the role of physical vs.
attention conspicuity in preventing bicycle crashes involving a motor vehicle in New Zealand. Methods: The Taupo
Bicycle Study involved 2590 adult cyclists recruited in 2006 (43.1% response rate) and followed for bicycle crash
outcomes through linkage to four national databases. A composite measure of physical conspicuity was created
using latent class analysis based on the use of fluorescent colours, lights and reflective materials, and the main
colour of top, helmet and bike frame. Attention conspicuity was assessed based on regional differences in travel
patterns and the amount of riding in a bunch. Cox regression modelling for repeated events was performed with
multivariate adjustments. Results: During a median follow-up period of 6.4 years, 162 participants experienced
187 bicycle–motor vehicle crashes. The crash risk was not predicted by the four latent classes identified and the
amount of bunch riding but was higher in Auckland, the region with the lowest level of bicycle use relative to car
use. In subgroup analyses, compared to other latent classes, the most physically conspicuous group had a higher
risk in Auckland but a lower risk in other regions. Conclusion: Conspicuity aids may not be effective in preventing
bicycle–motor vehicle crashes in New Zealand, particularly in Auckland, where attention conspicuity is low.
. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . .. . . . . . . . . . . . . . .

Introduction

About one-third of the world’s adult population is not sufficiently
active partly due to an increase in the use of ‘passive’ modes of

transport.1 Bicycle use, if integrated into daily life, provides health,
environmental and economic benefits;2,3 yet, it is rarely part of
everyday travel in many countries.4,5 One of the major deterrents
to engaging in such activity is fear of motorized traffic.6

According to police reports in New Zealand (2007–2011), an
average of 10 cyclists are killed and 817 are injured in collisions
with a motor vehicle each year.7 Collision crashes often result
from the driver’s failure to detect the cyclist who has the right-of-
way8 and are termed the ‘looked-but-failed-to-see’ phenomenon.9,10

Features contributing to drivers failing to see a bicycle on the road
include the relative rarity of cyclists, small size, slow speed and low
level of perceived threat,10,11 suggesting that increasing the conspi-
cuity of cyclists may reduce the risk of collisions.

Conspicuity can be classified into: physical conspicuity (distinc-
tion of an object due to its physical characteristics) and attention
conspicuity (distinction of an object based on the observer’s interest
and experience).12,13 The former may be enhanced by using conspi-
cuity aids such as fluorescent materials, lights and reflectors. Such
measures improve drivers’ detection and recognition time in experi-
mental settings14 but their effect on cyclist safety is inconclusive.15–18

The attention conspicuity, on the other hand, may be improved by
creating a more balanced transport mix. The ‘safety in numbers’
effect suggests that if more people cycle and less drive, cyclists will
be safer as drivers are more likely to pay attention to the presence of
cyclists.19,20 However, riding in a bunch may provoke negative inter-
actions with other road users, e.g. if cyclists spread across the road.21

The Taupo Bicycle Study is a prospective cohort study designed to
examine factors associated with regular cycling and injury risk. Our
previous analysis of the study data shows slight reduction in the risk
of collision crashes by using fluorescent colours, lights and reflective
materials.22 The risk is higher in the region with the lowest level of

bicycle use relative to car use but bunch riding slightly increases the
risk. Limitations of the analysis, however, include limited study
power due to a small number of events and inability to categorize
crashes by lighting condition as this information was not usually
available in the crash outcome data collected through record linkage.

This article attempted to address these issues by using longer-term
outcome data (a median follow-up of 6.4 years cf. 4.6 years in the
previous analysis) and by creating a composite measure of physical
conspicuity based on a set of seven variables. The latter was accom-
plished by using latent class analysis (LCA). The association between
the latent classes identified and the risk of crashes involving a motor
vehicle was then assessed. The crash risk associated with bunch
riding and region of residence was also updated using the
extended follow-up data.

Methods

Design, setting and participants

The sampling frame comprised cyclists aged 16 years and over who
enrolled online in the Lake Taupo Cycle Challenge, New Zealand’s
largest mass cycling event held each November. Participants have
varying degrees of cycling experience ranging from competitive
sports cyclists to relative novices of all ages.

Recruitment was undertaken at the time of the 2006 event for the
majority of participants, as described, in detail, elsewhere.15 Briefly,
email invitations, containing a hyperlink to the study information
page, were sent to 5653 contestants who provided their email
addresses at registration for the event. Those who agreed to partici-
pate in the study were taken to the next page containing a web ques-
tionnaire and asked about demographic characteristics, general
cycling activity and crash experience in the past 12 months,
habitual use of fluorescent colours, lights and reflective materials
with options ranging from ‘never’ to ‘always’, and main colour of
the most commonly used bike, helmet and top (cycling shirt).
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The questionnaire was completed and submitted by 2438 cyclists
(43.1% response rate). Another 190 cyclists were recruited from the
2008 event by including a short description about the study in the
event newsletter. All participants were resurveyed in December 2009
using a web questionnaire containing similar questions as the baseline
questionnaire. A total of 1537 participants completed the question-
naire. Supplementary Figure S1 presents the flow of study
participation.

Crash outcome data

In this analysis, all bicycle crashes that involved a motor vehicle, i.e.
resulted from a collision or attempted evasion of a collision with a
motor vehicle, were considered as the primary outcome. The data
were collected through linkage to four administrative databases
covering the period from the date of recruitment to 30 April 2013.

In New Zealand, Accident Compensation Corporation (ACC)
provides personal injury cover for all residents and temporary
visitors to New Zealand no matter who is at fault. The claims
database is a major source of information on relatively minor
injuries. Approval for record linkage was obtained from the ACC
Research Ethics Committee.

The hospital discharge data contains information about in-
patients and day patients discharged after a minimum stay of 3 h
from all public hospitals and over 90% of private hospitals in
New Zealand. The mortality data contains information about all
deaths registered in the country. Diagnoses in each hospital visit
and underlying causes of death are coded using the ICD-10-AM
classification system. Bicycle collisions involving a motor vehicle
were identified using the E codes V12-V14, V19.0-2 and V19.4-6.
Readmissions were excluded.

In New Zealand, it is mandatory that any fatal or injury crash
involving a collision with a motor vehicle on a public road be
reported to the police. The crash analysis system data contains in-
formation on all police-reported bicycle collisions involving a motor
vehicle.

For each participant, bicycle crashes identified across different
databases were matched based on the date of crash allowing for a
2-day difference, so as to avoid double-counting of the same crash.

Analyses

The study sample was restricted to 2590 participants who were
resident in New Zealand at recruitment. Baseline data were complete
for 2384 participants (92.1%). Missing values were computed using
multiple imputation with 25 complete datasets incorporating
baseline covariates and crash outcomes.

LCA was used to explore patterns of conspicuity aid use in the
study population, based on a set of seven variables: using fluorescent
colours while riding on the road (five categories), using functioning
front lights, functioning back lights and reflective materials while
riding in the dark (six categories each), main colour of the most
commonly used top, helmet and bike frame (seven categories each).
Note that it is compulsory for all cyclists to wear helmets on
New Zealand roads. The analyses were conducted using PROC
LCA23 and the number of classes that fit the data best was
determined by (i) Bayesian information criterion (BIC) and
sample size adjusted BIC (SABIC) with lower values indicating
better model fit24; (ii) entropy with values closer to one indicating
better classification of individuals (the value greater than 0.80 is
deemed sufficient25); and (iii) distinguishability, meaningfulness
and size of classes23. Attention conspicuity was assessed based on
regional differences in travel patterns and the amount of riding in a
bunch. The participants were categorized into residents of Auckland
(New Zealand’s largest urban region), Wellington (New Zealand’s
capital region) and others. The ratio of time spent cycling to time
spent driving is 1:76 in Auckland, 1:48 in Wellington and 1:48 in
New Zealand on average.26

Using bicycle crash data extracted through record linkage,
incidence rates of repeated events were calculated using the
person-years approach. The participants were censored on 30
April 2013 or date of death. Cox proportional hazards regression
modelling for repeated events was performed using a counting
process approach to assess hazards of crash involvement associated
with patterns of using conspicuity aids (latent classes), amount of
bunch riding and region of residence. Dependence among the
multiple events was not significant in an ad hoc test27 and
therefore was not corrected for in the models. Hazard ratios
(HRs) were first adjusted for cycling exposure (i.e. time spent
cycling on the road per week) and then adjusted for all other
baseline covariates presented in Supplementary Table S1.
Subgroup analyses estimated the effect of conspicuity aids in
Auckland and other regions. Sensitivity analyses were undertaken
by restricting the main outcome to collision crashes only. All
analyses were performed using SAS (release 9.2, SAS Institute Inc.,
Cary, North Carolina).

To assess the impact of changes in cycling exposure and use of
conspicuity aids during follow-up on the association estimates,
latent transition analysis (LTA) was first performed using PROC
LTA28 and patterns of using conspicuity aids at two time points
(at baseline and in 2009) were examined. These together with
repeated measurements of cycling related covariates were then
incorporated in the Cox models. This analysis was restricted to
1526 cyclists who were resident in New Zealand and completed
the second questionnaire.

Results

Of the 2590 study participants, 35.5% resided in Auckland, 20.6% in
Wellington and 42.5% in other regions (Supplementary Table S1).
On average, the participants cycled 5 h a week on the road, of which
20% was for riding in a bunch. About 29.3% reported always
wearing fluorescent colours while cycling. Of the 1731 participants
who reported cycling in the dark, 83.8% always used functioning
front lights, 89.9% always used functioning back lights and 49.1%
always used reflective materials. The participants most commonly
wore yellow or orange top (43.8%) and blue (30.8%), red (20.1%) or
silver (18.2%) helmet, and rode blue (23.5%) or black (23.4%) bike.

Latent class models were estimated for one- to six-class solutions
(Table 1). The four-class solution had a lower BIC and SABIC
compared to others and also had a relatively high entropy (0.88),
and was chosen as the best fit. Based on the conditional item
probabilities (Table 2), class one was termed ‘usually conspicuous
day & night’; class two was termed ‘often conspicuous during the
day and do not cycle in the dark’; class three was termed ‘occasion-
ally conspicuous day & night’; and class four was termed ‘rarely
conspicuous during the day but conspicuous in the dark’.

During a median follow-up of 6.4 years, 162 participants
experienced 187 bicycle crashes involving a motor vehicle (19
experienced 2 crashes and 3 experienced 3 crashes), corresponding
to 12 crashes (95% CI: 9.91, 13.28) per 1000 person-years (Table 3).
The crash risk was lower in class three but was similar across the
remaining classes especially when demographics and cycling-related
covariates were adjusted for. The risk was higher in Auckland but
was not predicted by bunch riding. In the subgroup analysis,
compared with other classes, class one had a higher crash risk in
Auckland but a lower risk in other regions (Table 4). The results
were similar when the main outcome was restricted to collision
crashes only.

Latent transition analyses showed that the chance of being in the
same class at baseline and follow-up ranged between 49% (class one)
and 93% (class three) (Supplementary Table S2). Changes in latent
membership status as well as other cycling related variables at the
two time points did not substantially change the effect estimates
(Supplementary Table S3).
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Discussion

Main findings

In this study, cyclists experienced 12 crashes involving a motor
vehicle per 1000 person-years. The crash risk was similar across
different patterns of using conspicuity aids except that the ‘occasion-
ally conspicuous day & night’ group had a lower risk relative to
others. The crash risk was higher and conspicuity aids were less
likely to be effective in Auckland compared with the rest of
New Zealand.

Strengths and limitations

This article represents the first attempt to identify distinct patterns
of conspicuity aid use in a cohort of cyclists using LCA. Baseline
data were near-complete as mandatory fields and validation checks
were incorporated in the web questionnaire. Crash outcome data
were collected from four administrative databases, thereby
minimising potential biases associated with loss to follow-up and
self-reports.

Ascertainment of crash outcomes, however, may be affected by
personal, social and health service factors as well as the quality of
individual data sources and record linkage. In our previous
analysis, the linked data was 83.3% complete for collision
crashes.29 As the data did not contain detailed information on
the circumstances of the crash, we attempted to account for
lighting condition at the time of the crash by creating
composite patterns of using conspicuity aids but were not able
to account for road and traffic conditions. Although longer-term
outcome data were used in this analysis, the study power may still
be limited due to relatively rare crash events. Self-reported cycling
exposure and use of conspicuity aids may not be accurate and
may change over time. Nevertheless, potential misclassifications of
crash outcome and baseline data tend to be non-differential in a
prospective cohort study.30 Moreover, in the sub-group of partici-
pants where baseline information was re-assessed, changes in
patterns of using conspicuity aids and cycling-related covariates
did not substantially change the association estimates. Finally, our
participants cannot be considered representative of all
New Zealand cyclists; however, this may have minimal impact
on the association estimates.31 Importantly, the participants rep-
resented a wide variation with regard to demographics, cycling
exposure and experience and the results will be valid for all
cyclists and traffic environments similar to New Zealand.

Interpretation

A Cochrane review of 42 trials (updated in 2009) concluded that
fluorescent materials improve drivers’ detection and recognition of
cyclists and pedestrians in the day-time and lamps, flashing lights
and retroreflective materials have similar effect in the night-time.14

As it was not possible to categorize crashes by lighting condition,
this analysis used a composite measure of conspicuity and found

Table 2 Item response probabilities (SE) by latent class membership

Variables Latent classes

One Two Three Four

N = 929 N = 903 N = 216 N = 721

33.1% 33.0% 8.0% 25.8%

Total 0.34 (0.02) 0.33 (0.01) 0.08 (0.01) 0.25 (0.02)

Wear fluorescent colours

0% (never) 0.01 (0.01) 0.22 (0.01) 0.23 (0.03) 0.41 (0.03)

25% 0.06 (0.01) 0.15 (0.01) 0.16 (0.03) 0.25 (0.02)

50% 0.17 (0.02) 0.14 (0.01) 0.15 (0.03) 0.27 (0.02)

75% 0.28 (0.02) 0.16 (0.01) 0.21 (0.03) 0.08 (0.02)

100% (always) 0.49 (0.03) 0.33 (0.02) 0.25 (0.03) 0.00 (0.01)

Use front lights in the dark

0% (never) 0.03 (0.01) 0.00 (0.00) 0.55 (0.04) 0.00 (0.01)

25% 0.00 (0.00) 0.00 (0.00) 0.14 (0.02) 0.00 (0.00)

50% 0.00 (0.00) 0.00 (0.00) 0.05 (0.02) 0.02 (0.01)

75% 0.01 (0.01) 0.00 (0.00) 0.22 (0.03) 0.05 (0.01)

100% (always) 0.96 (0.01) 0.00 (0.00) 0.04 (0.02) 0.93 (0.02)

Do not cycle in the dark 0.00 (0.00) 1.00 (0.00) 0.00 (0.00) 0.00 (0.00)

Use back lights in the dark

0% (never) 0.00 (0.00) 0.00 (0.00) 0.34 (0.04) 0.00 (0.00)

25% 0.00 (0.00) 0.00 (0.00) 0.13 (0.02) 0.00 (0.00)

50% 0.00 (0.00) 0.00 (0.00) 0.05 (0.02) 0.00 (0.00)

75% 0.00 (0.00) 0.00 (0.00) 0.23 (0.03) 0.01 (0.01)

100% (always) 1.00 (0.00) 0.00 (0.00) 0.25 (0.05) 0.98 (0.01)

Do not cycle in the dark 0.00 (0.00) 1.00 (0.00) 0.00 (0.00) 0.00 (0.00)

Use reflective materials in the dark

0% (never) 0.10 (0.01) 0.00 (0.00) 0.39 (0.04) 0.33 (0.02)

25% 0.04 (0.01) 0.00 (0.00) 0.15 (0.03) 0.16 (0.02)

50% 0.04 (0.01) 0.00 (0.00) 0.11 (0.02) 0.13 (0.02)

75% 0.08 (0.01) 0.00 (0.00) 0.08 (0.02) 0.14 (0.02)

100% (always) 0.74 (0.02) 0.00 (0.00) 0.26 (0.04) 0.24 (0.03)

Do not cycle in the dark 0.00 (0.00) 1.00 (0.00) 0.00 (0.00) 0.00 (0.00)

Main top colour

Black 0.01 (0.00) 0.02 (0.00) 0.05 (0.02) 0.07 (0.01)

Blue 0.09 (0.01) 0.17 (0.01) 0.24 (0.03) 0.32 (0.02)

Red 0.10 (0.01) 0.15 (0.01) 0.12 (0.02) 0.16 (0.02)

Yellow or orange 0.63 (0.02) 0.46 (0.02) 0.43 (0.04) 0.17 (0.03)

Silver 0.01 (0.00) 0.01 (0.00) 0.01 (0.01) 0.02 (0.01)

White 0.05 (0.01) 0.08 (0.01) 0.08 (0.02) 0.15 (0.02)

Others 0.11 (0.01) 0.10 (0.01) 0.07 (0.02) 0.10 (0.01)

Main helmet colour

Black 0.09 (0.01) 0.11 (0.01) 0.09 (0.02) 0.10 (0.01)

Blue 0.31 (0.02) 0.33 (0.02) 0.33 (0.03) 0.28 (0.02)

Red 0.20 (0.02) 0.19 (0.01) 0.22 (0.03) 0.20 (0.02)

Yellow or orange 0.06 (0.01) 0.05 (0.01) 0.08 (0.02) 0.05 (0.01)

Silver 0.19 (0.01) 0.19 (0.01) 0.16 (0.03) 0.17 (0.02)

White 0.09 (0.01) 0.08 (0.01) 0.09 (0.02) 0.13 (0.02)

Others 0.05 (0.01) 0.06 (0.01) 0.04 (0.01) 0.06 (0.01)

Main bike colour

Black 0.26 (0.02) 0.21 (0.01) 0.21 (0.03) 0.24 (0.02)

Blue 0.24 (0.02) 0.25 (0.01) 0.26 (0.03) 0.21 (0.02)

Red 0.15 (0.01) 0.16 (0.01) 0.19 (0.03) 0.18 (0.02)

Yellow or orange 0.07 (0.01) 0.05 (0.01) 0.04 (0.01) 0.05 (0.01)

Silver 0.17 (0.01) 0.16 (0.01) 0.13 (0.02) 0.17 (0.02)

White 0.08 (0.01) 0.10 (0.01) 0.12 (0.02) 0.08 (0.01)

Others 0.04 (0.01) 0.06 (0.01) 0.06 (0.02) 0.06 (0.01)

Table 1 Fit indices for latent class analysis

Classes

1 2 3 4 5 6

Log likelihood G-squared statistic 10020.29 9059.75 8365.10 7838.73 7681.88 7494.47

Akaike Information Criterion (AIC) 10094.29 9209.75 8591.10 8140.73 8059.88 7948.47

Consistent AIC (CAIC) 10328.44 9724.00 9365.91 9176.09 9355.79 9504.95

Schwarz Bayesian Information Criterion (BIC) 10291.44 9649.00 9252.91 9025.09 9166.79 9277.95

Sample size adjusted BIC (SABIC) 10173.90 9410.71 8893.87 8545.33 8566.29 8556.70

Entropy 1.00 1.00 0.84 0.88 0.85 0.85
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no significant association with the risk of crashes involving a
motor vehicle. Likewise in a previous cohort study involving
bicycle commuters in Portland, using lights in the dark or
reflective materials did not predict the risk of traumatic events
(defined as a cycling event leading to injury).16 A strong
protective effect of fluorescent colours observed in our earlier
(cross-sectional) analysis15 may be due to failure to exclude
cyclist only crashes.

Our study is one of very few examining the effect of cyclist con-
spicuity on incident crashes, but the design did not allow us to
account for behaviours of involved parties and road and traffic
conditions before the crash. Some case–control studies attempted
to address this issue by measuring cyclists’ acute behaviour
including use of conspicuity aids before a crash. A Canadian study
observed that the risk of collisions with a motor vehicle was
increased by wearing fluorescent clothing but decreased by
wearing white or coloured clothing.17 Likewise, a UK study
reported an increased risk of collision or evasion crashes by using
any item of fluorescent or reflective material.18 Additionally, a recent
experiment in the UK reported little effect of fluorescent clothing on
drivers’ overtaking proximities.32

Overall, evidence for the effectiveness of conspicuity aids in
reducing bicycle crash risk remains equivocal. Some have argued
that cyclists’ misconceptions about their conspicuity and
subsequent risk compensation could play a role in minimising
potential benefits. In an Australian study, cyclists overestimated
their night-time visibility and occasional cyclists were more likely
than frequent cyclists to do so.33,34 There were also misjudgements
on the conspicuity benefits of fluorescent vs. retroreflective materials

at night. If cyclists using conspicuity aids are confident of being seen,
they may be engaged in compensatory behaviour changes, e.g.
cycling in more dangerous circumstances.18

Additionally, expectation and awareness of drivers may need to be
considered in the ‘looked-but-failed-to-see’ errors. Previous research
on pedestrian conspicuity demonstrated an increase in detection
distance with expectancy.35 This may explain why conspicuity aids
appear to be more effective in simulated settings where test observers
were primed to expect the target. In real driving conditions,
however, drivers develop a visual search strategy which focuses
on frequent, major dangers but filters out infrequent objects.11 In
car-dominated environments, bicycles are relatively rare and
may not attract drivers’ attention. In a recent eye tracking
experiment conducted in the UK, drivers failed to see 22% of
cyclists on the road, outnumbering motorcyclists (15%) and pedes-
trians (4%).36

Cyclists’ attention conspicuity may be improved if more people
cycle and less drive a car. Previous research on the ‘safety
in numbers’ effect associated a lower crash risk with a higher level
of cycling.19,37 This is true in the New Zealand context particularly
if the level of car use is also taken into account.20 This study shows
similar findings with the crash risk being higher in Auckland, the
region with the lowest level of bicycle use relative to car use.
Additionally, in our subgroup analysis, conspicuity aids appear to
be less effective in Auckland compared to other regions. However,
bunch riding did not provide a protective effect possibly because
cyclists are more likely to take risks21 and less likely to notice road
hazards38 while riding in a group for recreation.

Our findings underscore the need for a more balanced transport
mix, i.e. shifting trips from cars to active modes, to improve cyclists’
conspicuity and their safety on the road. This may also increase
physical activity, improve health, reduce emissions and save
fuel.2,3,39 While the ‘coordinated implementation of the multi-
faceted, mutually reinforcing set of policies’ is required as in
European countries,40 much could be done in the short term, e.g.
reducing the speed limit in residential streets. Lower speeds may also
provide drivers more time to detect cyclists as suggested in a
previous study.11

To conclude, conspicuity aids may provide little preventive
effect on bicycle crashes involving a motor vehicle in
New Zealand, particularly in Auckland, where bicycle use is low
relative to car use. There is a need to prioritise broader environmen-
tal strategies to promote active modes of travel and the safety of
cyclists.

Table 3 Hazard ratio estimates for bicycle crashes involving a motor vehicle

No. of crashes Person-years Rate per 1000 person-years Crude HR (95% CI) Adjusted HR (95% CI)a Adjusted HR (95% CI)b

Total 187 16 249.68 11.51 (9.91, 13.28)

Conspicuity aid use

Class one 73 5351.58 13.64 (10.69, 17.15) 1.07 (0.75, 1.52) 1.08 (0.76, 1.55) 1.03 (0.68, 1.54)

Class two 50 5306.77 9.42 (6.99, 12.42) 0.74 (0.50, 1.09) 0.86 (0.58, 1.27) 1.09 (0.70, 1.69)

Class three 9 1313.13 6.85 (3.13, 13.01) 0.54 (0.27, 1.11) 0.60 (0.29, 1.22) 0.66 (0.52, 1.06)

Class four 54 4233.20 12.76 (9.58, 16.64) 1.00 1.00 1.00

Missing 1 45.02 22.21 (0.56, 123.76)

% riding in a bunch 1.008 (1.003, 1.013) 1.007 (1.002, 1.012) 1.004 (0.999, 1.010)

Ever ride in a bunch

Yes 144 11 518.50 12.50 (10.54, 14.72) 1.44 (1.01, 2.06) 1.27 (0.89, 1.82) 1.01 (0.70, 1.47)

No 40 4604.57 8.69 (6.21, 11.83) 1.00 1.00 1.00

Missing 3 126.61 23.70 (4.89, 69.25)

Region of residence

Auckland 88 5725.97 15.37 (12.33, 18.93) 1.00 1.00 1.00

Wellington 36 3372.39 10.67 (7.48, 14.78) 0.70 (0.47, 1.03) 0.74 (0.50, 1.09) 0.78 (0.52, 1.16)

Others 63 6937.94 9.08 (6.98, 11.62) 0.59 (0.43, 0.82) 0.59 (0.42, 0.82) 0.74 (0.52, 1.06)

Missing 0 213.39 0.00

a: Adjusted for hours spent cycling on the road per week.
b: Adjusted for all baseline covariates.

Table 4 Associations between conspicuity aid use and bicycle
crashes involving a motor vehicle in Auckland vs. other regions

Adjusted HR (95% CI)a

Auckland Others

Conspicuity aid use

Class one 1.43 (0.78, 2.64) 0.77 (0.43, 1.38)

Class two 1.09 (0.54, 2.23) 1.04 (0.58, 1.89)

Class three 0.60 (0.18, 2.02) 0.72 (0.29, 1.83)

Class four 1.00 1.00

a: Adjusted for all baseline covariates.
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Supplementary data

Supplementary data are available at EURPUB online.
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Key points

� The conspicuity of cyclists may play a role in reducing the
risk of collision crashes and may be enhanced through the
use of conspicuity aids (physical conspicuity) or through
higher levels of cycling on the road (attention conspicuity).
� This study shows little effect of conspicuity aid use on

bicycle crashes involving a motor vehicle in a setting
where attention conspicuity is low.
� Regional differences in the crash risk suggest that enhancing

the attention conspicuity of cyclists may improve their safety
on the road.
� There is a need for more balanced transportation systems

that enable safe cycling as part of a wider emphasis
prioritising active modes of travel.
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7.3.2.1. Meaning of the four latent classes identified 

Class one comprised 929 cyclists (33.1%) and was characterised by the highest probability of using 

fluorescent colours, yellow or orange top, lights and reflective materials. This class was termed 

usually conspicuous day & night. Class two comprised 903 cyclists (33.0%) and was characterised by 

a lower probability of using fluorescent colours compared to class one but a high probability of not 

cycling in the dark. This class was termed often conspicuous during the day and do not cycle in the 

dark. Class three comprised 216 cyclists (8.0%) and was characterised by a lower probability of using 

fluorescent colours, lights and reflective materials compared to the former two classes. This class 

was termed occasionally conspicuous day & night. Class four comprised 721 cyclists (25.8%) and was 

characterised by a low probability of using fluorescent colours but a high probability of using lights. 

This class was termed rarely conspicuous during the day but conspicuous in the dark.  There were 

only slight differences in the main colour of helmet and bike frame across the four classes. 

7.3.2.2. Appendix A 

Table S1. Baseline characteristics of the participants in the Taupo Bicycle Study, New Zealand 

Baseline Characteristics % Mean (SD) Median (IQR) 

Age  44.0 (10.3) 44.7 (14.2) 

Male 72.4 

Maori 4.0 

Education 

   High school (secondary) or less 20.7 

   Polytechnic 25.3 

   University 53.9 

   Missing 0.2 

NZDep 2006 scoresa

   1-3 49.9 

   4-7 35.5 

   8-10 13.2 

   Missing 1.4 

Main urban area 77.7 

   Missing 1.4 

Region of residence 

   Auckland 35.5 

   Wellington 20.6 

   Others 42.5 

   Missing 1.4 

Years of cycling 7.0 (8.9) 3.0 (9.0) 

   Missing 0.4 

Hours spent cycling on the road per week 5.3 (3.6) 4.8 (4.0) 
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   Missing 0.3 

% cycling in a bunch 19.6 (8.9) 3.0 (9.0) 

   Missing 0.8 

Cycle to work at least once a weekb 32.8 

   Missing 1.5 

Always wear helmet 98.7 

   Missing 0.4 

Wear fluorescent colours 

   0% (never) 19.3 

   25% 14.4 

   50% 17.9 

   75% 18.2 

   100% (always) 29.3 

   Missing 0.8 

Ever cycle in the dark 66.8 

   Missing 0.2 

   Use functioning front lights in the dark 

      0% (never) 7.9

      25% 1.7 

      50% 1.3 

      75% 5.3 

      100% (always) 83.8 

      Missing 0.1 

   Use functioning back lights in the dark 

      0% (never) 4.2

      25% 1.6 

      50% 0.8 

      75% 3.4 

      100% (always) 89.9 

      Missing 0.2 

   Use reflective materials in the dark 

      0% (never) 22.3 

      25% 9.8 

      50% 8.2 

      75% 10.3 

      100% (always) 49.1 

      Missing 0.4 

Ever listen to music while cycling 16.3 

   Missing 0.5 

Most commonly used bike 

   Road 86.6 

   Mountain 7.5 

   Others 5.4 

   Missing 0.5 

Main top colour 

   White 8.5
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   Silver 1.4 

   Yellow or orange 43.8 

   Red 13.0 

   Blue 18.2 

   Black 3.1 

   Others 9.9 

   Missing 2.1 

Main helmet colour 

   White 9.8

   Silver 18.2 

   Yellow or orange 5.3 

   Red 20.1 

   Blue 30.8 

   Black 9.9 

   Others 5.4 

   Missing 0.6 

Main Bike colour 

   White 8.9

   Silver 16.3 

   Yellow or orange 5.5 

   Red 16.6 

   Blue 23.5 

   Black 23.4 

   Others 5.4 

   Missing 0.4 

Experience bicycle crashes in the year prior to baseline 30.9 

   Missing 0.2 

a 2006 New Zealand Deprivation Index with decile ten the most deprived neighbourhood and decile one the least. 
b Restricted to 2438 participants who reported travelling to work at least once a week. 

7.3.2.3. Appendix B 

Table S2. Transition probabilities in latent transition membership 

Follow-up 

Class one Class two Class three Class four 

Baseline 

Class one 0.49 0.20 0.28 0.03 

Class two 0.08 0.61 0.19 0.12 

Class three 0.00 0.07 0.93 0.00 

Class four 0.04 0.15 0.06 0.75 
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Table S3. Analyses adjusting for changes in exposures during follow-up 

  Observed HR (95% CI)a Adjusted HR (95% CI)b 

Conspicuity aid use 
  

   Class one 1.05 (0.62, 1.77) 0.90 (0.55, 1.47) 

   Class two 1.26 (0.71, 2.25) 1.28 (0.73, 2.23) 

   Class three 0.70 (0.28, 1.73) 0.82 (0.33, 2.05) 

   Class four 1.00 1.00 

   
% riding in a bunch 1.005 (0.998, 1.012) 1.005 (0.998, 1.012) 

   Ever ride in a bunch 
  

   Yes 1.10 (0.69, 1.76) 1.12 (0.70, 1.78) 

   No 1.00 1.00 

   
Region of residence 

  
   Auckland 1.00 1.00 

   Wellington 0.77 (0.47, 1.27) 0.74 (0.45, 1.20) 

   Others 0.77 (0.49, 1.20) 0.70 (0.44, 1.10) 

a Adjusted for demographic and cycling characteristics 
b Incorporated repeated measurements (at baseline and in 2009) of cycling-related covariates 

 

7.3.3. Significance 

The primary finding of this section is that the risk of bicycle crashes involving a motor vehicle was 

similar across different patterns of using conspicuity aids but was higher in Auckland, the region with 

the lowest level of cycling relative to travelling in a car. In the subgroup analysis, the most 

conspicuous group appeared to have a higher risk in Auckland but a lower risk in other regions but 

the estimates were not significant possibly due to a small number of outcome events. This analysis 

was undertaken because the interaction term between latent classes and region (Auckland vs. 

others) was significant (p=0.04), implying that the effect of conspicuity aid use was different 

between the Auckland participants and the rest of the cohort. 

The findings are consistent with previous research which, however, has tended to focus on only one 

type of conspicuity, either physical (i.e., conspicuity aid use) or attention (i.e., safety in numbers 

effect).  Research on physical conspicuity indicates that conspicuity aids are effective in experimental 

settings (Kwan and Mapstone, 2009) but not in the road environment (Hagel et al., 2012; Hoffman et 

al., 2010; Miller, 2012). This may be because test observers were given search instructions and 

therefore were primed to expect cyclists in simulated settings but not in real driving conditions. 

Research on the safety in numbers effect, on the other hand, consistently shows the lower crash risk 

with the higher level of cycling in New Zealand (Section 7.1) and elsewhere (Jacobsen, 2003; 

Robinson, 2005).  
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The findings extend the existing literature and indicate little preventive effect of conspicuity aids in a 

setting where attention conspicuity is low.      

7.4. Summary 

In New Zealand, the five most common car-bicycle collisions accounted for more than half of all 

police-reported cases and possibly resulted from the driver’s failure to detect the cyclist at 

intersections. Conspicuity aids used to enhance cyclists’ physical conspicuity had little effect on the 

risk of crashes involving a motor vehicle whereas regional differences in the crash risk suggest that a 

more balanced transport mix may improve cyclists’ attention conspicuity and their safety on the 

road.   

The findings underscore the need to promote a modal shift (from using cars to active travel modes) 

to maximise the safety benefits for all road users in New Zealand. An initial step in this car-dominant 

country would be to make the environment safer for cyclists and other vulnerable road users (Bhatia 

and Wier, 2011; Teschke et al., 2012; Thompson et al., 2014; Wegman et al., 2012). Such efforts may 

also provide other health, environmental and economic benefits as reported previously (Lindsay et 

al., 2011; Woodcock et al., 2009).     
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Chapter 8. Discussion 

The potential role of using a bicycle as a means to increase the level of physical activity, to improve 

health and to provide social, environmental and economic benefits is increasingly acknowledged. 

Yet, engaging in such activity is deterred by safety concerns for many people in New Zealand. The 

relative lack of epidemiological evidence in this area was an important driving force for this doctoral 

research. Using a range of relevant data sources and epidemiological methods, I have attempted to 

answer important questions in three main research areas: bicycle travel, injury risk and conspicuity, 

and critically appraised the findings in each of the published papers and previous chapters.  

This final chapter starts with my personal reflection on this thesis, followed by a brief summary of 

the key findings, strengths and limitations. The implications for policy and research are then 

discussed.    

8.1. Personal reflection 

The bicycle is no stranger to me as I grew up in a Myanmar city where it is an important transport

tool. I learned how to ride a bicycle at the age of seven and started cycling on the road without adult 

accompaniment at the age of ten. Since then, the bicycle has become an important part of my life. I 

used it for travel to school, social visits, shopping, recreation and other trip purposes and enjoyed 

the freedom and independent mobility using a bicycle provided me throughout my childhood. I did 

not receive any serious injury relating to my cycling although I never used helmets or high visibility 

materials (these were neither expected nor commonly used). This golden time was over when I 

moved to a bigger city with a more complex transport environment to pursue my medical studies. I 

stopped bicycling due to fear of motorised traffic. 

After graduation, I decided to develop my career in public health and moved to New Zealand to 

undertake the Master of Public Health at the University of Auckland. I saw very few cyclists on 

Auckland roads where private cars dominate and thought it was a sign of a developed nation. I found 

this to be a misconception later when I visited Europe where cycling is much more common although 

bicycle helmet use is relatively uncommon. These observations stimulated my interest in 

investigating the epidemiology of bicycle travel and associated injury risk in the New Zealand 

context. I chose this topic for my doctoral thesis when I was appointed to work on the Taupo Bicycle 

Study, a large prospective cohort study of cyclists. This was also in line with my special interest in 
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epidemiological research and my enthusiasm to expand my knowledge and skills in epidemiological 

analyses.  

When I commenced my PhD journey in 2008, the baseline survey of the Taupo Bicycle Study had 

been completed and a paper had been published in an international journal (Thornley et al., 2008). 

As such, I had to formulate my research questions based on already collected baseline data and 

found it challenging. For example, it was not possible to investigate the association between alcohol 

use (which was not measured in the baseline survey) and injury risk although the former was a well-

known risk factor for injury (Li et al., 2001). I attempted to address this by including additional 

questions relating to alcohol use in the 2008 baseline survey and 2009 resurvey but the response 

rate was not optimal to undertake valid analyses investigating this question. 

While familiarising myself with the study data, I undertook my first analysis of the baseline data to 

identify environmental measures that would influence bicycle travel. When this research was 

published in Health Promotion International, some readers argued that safety was the most 

important barrier to bicycle travel, an aspect that was not explored in the paper. It was not possible 

to present barriers to bicycle travel in the paper due to the lack of related information in the 

baseline data. I, however, added relevant questions to the resurvey questionnaire and present the 

results in this thesis. 

I then reviewed the existing literature on bicycle travel and injury risk and found out that little had 

been published about New Zealand-specific data in international journals although some published 

reports were available. I attempted to fill this knowledge gap by identifying relevant national data 

sources and undertaking relevant analyses. This also extended the scope of my research and 

resulted in publication of four papers in international journals. One of the papers published in 

International Journal of Behavioral Nutrition and Physical Activity acquired the “Highly accessed” 

designation, indicating wide interest in the topic. 

In parallel with analyses on the national data, I undertook the follow-up activities of the Taupo 

Bicycle Study. I also attended a number of training courses to equip myself with the necessary skills 

and knowledge to be able to undertake longitudinal data analyses. These include Survival Analysis 

using the Proportional Hazards Model and Longitudinal Data Analysis with Discrete and Continuous 

Responses courses offered by SAS Institute Inc., Introductory Analysis of Linked Health Data course 

offered by the University of Sydney, Advanced Analysis of Linked Health Data course offered by the 

University of Western Australia and Advanced Epidemiology course offered by the University of 

Otago. 
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My first analysis on the linked data used the capture recapture method to estimate the 

completeness and accuracy of the data obtained from administrative databases. I then undertook 

survival analyses to identify factors associated with bicycle crash injuries. In doing so, I needed to 

account for repeated events as some participants experienced more than a single crash event during 

follow-up. It was also necessary to undertake probabilistic bias analyses as the linked data were 

found to be incomplete. When I submitted this research to Preventive Medicine, the reviewers were 

most concerned about potential bias associated with changes in cycling exposure over time. As the 

participants were resurveyed in 2009, I was able to assess changes in exposure and their impact on 

association estimates based on the baseline and resurvey data. I also took this opportunity to 

investigate bias associated with (simulated) loss to follow-up. 

I subsequently undertook a series of epidemiological analyses to examine specific associations of 

interest in more detail, using methods relevant for each investigation. These include: application of a 

propensity score stratification approach to examine if the strength of association between previous 

and future crashes differed by crash involvement propensity, application of a mediation analysis to 

investigate why the risk of on-road crashes was higher in the Auckland region, and application of a 

latent class analysis to explore the patterns of using conspicuity aids and their association with the 

risk of crashes involving a motor vehicle. As scientific explorations of these questions are infrequent 

in the literature, the field is at an early stage. In the process, however, I gained valuable insights into 

a number of epidemiological methods to describe bicycle travel, injury risk and conspicuity. The 

remainder of this chapter summarises the key findings, strengths and limitations of my investigation 

with recommendations for future research and policy. 

8.2. Key findings 

This doctoral research involved a series of epidemiological analyses aiming to address some key 

knowledge gaps identified in Section 2.5. The findings of the particular investigations have been 

presented, interpreted and discussed in detail in each of the published papers and previous 

chapters, and therefore are noted here in summary form only.  

8.2.1. Bicycle travel 

 Cycling to work in New Zealand (Section 5.1): Analyses of Census data from 1986 to 2006 

showed a decline in the prevalence of cycling to work from 5.6% to 2.5%, respectively. About 

one-third of the Taupo Bicycle Study participants reported cycling to work at least once a 
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week. The prevalence was lower in women, older age groups, non-Māori, less experienced 

cyclists and in the Auckland region. 

 Enablers and barriers to bicycle travel (Section 5.2): The participants of the Taupo Bicycle

Study reported (in decreasing order of frequency) that more bicycle lanes, more bicycle

paths, better bicycle security in public places, reduced vehicle speed and bike friendly public

transport as important factors that would encourage them to cycle more often. They

reported (in decreasing order of frequency) that access to shower facilities at work, the need

to negotiate fewer difficult intersections, rising costs of petrol, fewer car parks, bikes

designed to commute, and rising costs of car parking would be important incentives to

cycling to work. They perceived that adverse weather and the danger of car-dominated

transport environment including road safety, traffic en route, driver attitude and behaviour

and breathing polluted air were the most important barriers to bicycle travel.

 Effect of weather on cycle volume (Section 5.3): Analysis of automatic cycle counts on

Tamaki Drive in Auckland and weather data showed that selected weather variables such as

gust speed, rain, temperature and sunshine duration accounted for 23% of the variance in

hourly cycle volume and 56% of the variance in daily cycle volume.

8.2.2. Injury risk 

 Traffic injury to pedal cyclists in New Zealand (Section 6.1): Analysis of hospital discharge,

mortality and travel survey data revealed an increase in the number of on-road cycling

injuries per million hours spent cycling from 21 injuries in 1996/99 to 31 injuries in 2003/07.

The rate was higher than other types of road users except motorcyclists. The majority of

injuries resulted from non-collision crashes, followed by collisions with a car, pick-up truck or

van. The rate of traumatic brain injury fell from 1988/91 to 1996/99 but injuries to other

body parts increased steadily.

 Bicycle crashes experienced in the Taupo Bicycle Study (Section 6.2): During a median

follow-up of 4.6 years, the participants of the Taupo Bicycle Study experienced 116 crashes

that came to the attention of medical personnel or police per 1000 person-years, of which

66 occurred on the road and 10 involved a collision with a motor vehicle. This corresponds to

391 crashes per million hours spent cycling in general, and 240 crashes and 38 collisions per

million hours spent cycling on the road. The crash risk was associated with age, body mass

index, urban residence, region, cycling off-road, in the dark or in a bunch, type of bicycle
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used and prior crash history, with variations in effect estimates by crash type (on-road, off-

road and collision crashes). 

 Phenomenon of “accident proneness” (Section 6.3): When the association between 

previous and future crashes was investigated using a propensity score approach, it was 

significant only in the highest two quintiles of the propensity score where the likelihood of 

having experienced a crash was more than 33%. The association was also stronger for 

previous crashes that had received medical care compared to those that had not. 

 Geographic differences in bicycle crash risk explained (Section 6.4): The Auckland 

participants had a higher risk of on-road bicycle crashes but had a similar risk of off-road 

bicycle crashes compared to others. In the mediation analysis, about 53% of the increased 

risk in Auckland was explained by differences in the participants’ cycling patterns and urban 

residence. It is likely that the remaining risk differential is at least partly influenced by factors 

associated with Auckland’s crowded, car dominated transport environment. 

8.2.3. Conspicuity 

 Safety in numbers (or risk in scarcity) (Section 7.1): Analysis of hospital discharge, mortality 

and travel survey data showed regional differences in the rate of on-road cycling injuries in 

relation to the level of car and bicycle use, supporting the safety in numbers (or risk in 

scarcity) effect.  

 Physical conspicuity (Section 7.3): The analysis of Taupo Bicycle Study data found that the 

risk of bicycle crashes involving a motor vehicle was similar across different usage patterns 

of conspicuity aids.  

8.3. Strengths and limitations 

In interpreting the findings, it is important to consider the strengths and limitations of the research 

undertaken. A critique of the particular investigations has been presented in each of the published 

papers and previous chapters. This section focuses on the methodology used in the Taupo Bicycle 

Study and discusses its strengths and limitations in more detail as it is the main epidemiological 

study that formed the basis for most of the research presented in this thesis.  
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8.3.1. Strengths of the Taupo Bicycle Study 

The major strengths of the Taupo Bicycle Study include: 

 Used the most valid observational research design: The Taupo Bicycle Study is one of the

very few prospective cohort studies investigating the risk of injury among cyclists. This

design explicitly incorporates the passage of time and overcomes methodological limitations

of many other observational designs (Samet and Muñoz, 1998). In particular, selection bias

due to initial non-response is minimised as exposure information is collected in advance of

outcomes of interest.

 Used a resource- efficient recruitment strategy: Using a web-based questionnaire, the study

was able to recruit a large number of cyclists who were sufficiently heterogeneous with

regards to demographic, cycling and behavioural risk factors. The study was also able to

collect near-complete baseline information as mandatory fields and validation checks were

incorporated in the questionnaire.

 Used a resource- efficient follow-up strategy: Undertaking record linkage of the participant

data with four national databases, the study was able to minimise potential biases

associated with loss to follow-up (e.g., selection bias (Greenland, 1977; Kleinbaum et al., 1981;

Kristman et al., 2004)), self-reports (e.g., non-response bias (Tivesten et al., 2012), recall bias

(Jenkins et al., 2002) and social desirability bias (af Wåhlberg et al., 2010)).

 Conducted a resurvey: All participants were resurveyed three years after the study

commenced, using a similar strategy as in recruitment. This enabled assessment of changes

in cycling exposure and risk behaviours during follow-up as well as investigation of the

impact of (simulated) loss to follow-up on the association estimates of interest.

8.3.2. Limitations of the Taupo Bicycle Study 

The following limitations need to be considered when interpreting the study findings: 

 Convenience sampling: As the study recruited cyclists from a cycling event using a web-

based questionnaire, the participants cannot be considered representative of all New

Zealand cyclists. The study sample differed from adult cyclists who participated in a national

survey in terms of age, gender, ethnicity, deprivation and amount of cycling. This may limit

the generalisability of incidence rate estimates but will have minimal impact on association

estimates (Lash et al., 2009; Lash et al., 2010). Importantly, the study sample is large and
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represents a wide variation with regard to many demographic and cycling factors. It is 

therefore likely that risk associations identified in this cohort can be reasonably generalised 

for all adult cyclists and traffic environments similar to New Zealand. 

 Potential misclassification of exposure: This may occur due to inaccuracies in self-reports at 

recruitment and changes in exposure during follow-up. Although attempts were made to 

maximise the accuracy of self-reports (e.g., pre-testing the questionnaire and incorporating 

mandatory fields and validation checks in the questionnaire), misclassification of self-

reported exposure was possible. In prospective cohort studies, such misclassification is likely 

to be non-differential and may bias the association estimates toward the null (Rothman et al., 

2008). A more challenging issue is potential misclassification due to changes in cycling 

exposure and risk behaviour during follow-up, which appeared to be differential by 

demographic factors and crash outcomes. When its impact on effect estimates was 

assessed, hazard ratios were underestimated in most cases. 

 Potential misclassification of outcome: This may result from incomplete and inaccurate 

crash outcome data collected through record linkage.  Based on the capture-recapture 

models, the data were 73.7% complete for all crashes, 74.5% complete for on-road crashes 

and 83.3% complete for collisions. In comparison with self-reports, the linked data had 

63.1% sensitivity and 93.5% specificity for all crashes and 40.0% sensitivity and 99.9% 

specificity for collisions. Misclassification of crash outcomes, assumed to be non-differential 

in prospective cohort studies (Rothman et al., 2008), biased association estimates toward 

the null. 

 Inability to include minor crashes: The analyses excluded minor crashes not coming to the 

attention of the police or medical staff, which represented 70% or more of self-reported 

crashes in this study as well as in overseas studies (de Geus et al., 2012; Hoffman et al., 2010). 

 Inability to collect detailed information about the crash: As record linkage was used to 

collect the crash outcome, it was not possible to collect detailed information about the crash 

such as cyclist’s (and driver’s) behaviour and weather, road and traffic conditions at the time 

of the crash, which could play a critical role in evaluating the effectiveness of protective 

gears such as helmets and conspicuity aids, as well as in assessing certain risk behaviours, for 

example, the risk associated with riding in a bunch.  

 Emigration: Assuming that the cohort was closed, the study used record linkage to collect 

crash outcome data. However, potential emigration of some participants may have an 
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impact on the validity of the findings. This is not likely to be substantial as only 23 

participants (1.5%) provided an overseas address at the resurvey. Moreover, ACC support is 

available to New Zealand residents if they return home with an injury sustained during an 

overseas trip of up to six months (or longer if they are travelling on business and paying 

income tax). 

 Residual confounding: Potential confounding by a range of demographic and cycling factors

was addressed in the Cox regression models using multivariate adjustments but as with all

observational study designs, residual confounding remains a threat to the validity of the

study findings. Four potential sources of residual confounding include: improper

categorisation, aggregation and misclassification of confounders and lack of information on

confounders (Kaufman et al., 1997; Rothman et al., 2008). In this study, the variables were

categorised based on meaningfulness and size of categories as suggested previously

(Rothman et al., 2008); however, considerable variations in risk may exist within each

category and may result in inadequate control of confounding.  The same may apply to

aggregation which occurs if individuals are assigned the average value of community in

which they live, for example, the participants’ socioeconomic status was assessed based on

the deprivation index in this study. Misclassification of confounding variables is also likely as

self-reported data were collected through a web survey (see above for details) and may

hamper the ability to control confounding. Additionally, many factors not measured in the

questionnaire may have affected the crash risk and the exposure of interest. These include:

individual factors such as cognitive and personality factors, alcohol and other substance use,

risky cycling behaviour (e.g., breach of traffic regulations) and physical and mental health

condition; bicycle-related factors such as bicycle malfunction; and environmental factors

such as availability of safe cycling facilities and condition of cycle routes. The degree of

confounding by these factors may depend on the strength of association between

confounder and crash outcome and the prevalence of confounder in the exposed and

unexposed groups (McNamee, 2003).

 Adequacy of study power: The study has adequate power to investigate the crash risk

associated with common risk factors such as riding in a bunch but has limited power to

investigate the risk of rare outcomes (e.g., collision crashes) associated with rare exposures

(e.g., non-use of helmet). Attempts were made to increase the sample size in 2008 but the

study was able to recruit only 190 more cyclists. As such, longer-term follow-up data (a
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median follow-up of 6.4 years cf. initially planned 4.6 years) were used for analyses assessing 

the role of conspicuity in crashes involving a motor vehicle. 

 Generalisability of the findings to the global context: Since the aetiology of road crash 

injury is context-specific, the findings presented in this thesis may not be directly 

transferrable to other high-income countries with different cycling cultures and/or traffic 

environments as well as low- and middle-income countries where the burden of bicycle 

crash injuries is disproportionately high.  

8.4. Implications 

The policy and research implications of the work undertaken in this thesis can be summarised as 

follows. 

8.4.1. Policy and practice 

8.4.1.1. Bicycle travel 

 More investment in sustainable transport:  A low and declining level of bicycle travel 

(Section 5.1) reflects decades of underinvestment in sustainable transport strategies in New 

Zealand. Although the national Transport Strategy aims “to increase walking, cycling and 

other active modes to 30% of total trips in urban areas by 2040” (Ministry of Transport, 

2008a), current transport funding is heavily biased toward construction and improvement of 

state highways and local roads in the country (Key and Joyce, 2009; Ministry of Transport, 

2011). Recent introduction of a cycle trail network (Ministry of Business Innovation and 

Employment, 2010) and model communities (NZ Transport Agency, 2013b) is a positive step; 

however, in comparison with European countries with an established cycling culture, a lot 

more needs to be done. 

 Multifaceted policies: This thesis found a higher level of support for provision of cycling 

facilities in comparison to measures to restrict car use (Section 5.2). However, in promoting 

bicycle travel effectively in the country, both incentive and restrictive measures should be 

considered and implemented alongside policies seeking to calm traffic, to increase urban 

densities and to improve cycle training. Comprehensive approaches of this kind have been 

the key to the success of European countries in promoting cycling (Pucher and Buehler, 

2008; Pucher and Dijkstra, 2003).   
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 Weather and cycling promotion: Weather influences the decision to use a bicycle (Section

5.3) and may be taken into account in future efforts to promote bicycle travel. For example,

showers, change facilities and drying rooms may be provided at education and workplaces,

and cycling may be better integrated with public transport. However, the effect of weather

should not be overemphasised particularly given that the prevalence of bicycle use is much

higher in many European cities (e.g., Amsterdam (Buehler et al., 2010)) with a less

favourable climate than most parts of New Zealand.

8.4.1.2. Injury risk and conspicuity 

 More attention needed for cyclist safety: The exposure-based rate of injuries to cyclists is

higher than most other road user categories (Section 6.1); yet, cyclists have attracted

relatively little attention in the road safety agenda. For example, the focus of the national

Road Safety Strategy is on motorised traffic (Ministry of Transport, 2010).

To date, most bicycle safety efforts have emphasised helmet use, regulation and 

implementation. While helmets are effective in reducing the risk and severity of head and 

brain injury, they do not address impacts to other parts of the body and importantly do not 

prevent crashes from occurring. Moreover, the overall benefits, risks and unintended 

consequences of legislating their use have been the source of considerable debate (Clarke, 

2012; Hagel et al., 2006; Robinson, 2006) and are beyond the scope of this thesis.  

Given that the danger associated with motorised traffic is a major deterrent to bicycling, 

more comprehensive measures are necessary to improve cyclist safety on the road. 

Importantly, as acknowledged in New Zealand’s current road safety strategy (Safer Journeys) 

(Ministry of Transport, 2010), the safe system approach should be emphasised, which 

focuses on improving the inherent safety of the traffic system, that is, safer roads and 

roadsides, safer travel speeds, safer vehicles and safer road use (OECD/International 

Transport Forum, 2013).  

 Involvement of health services in cyclist safety: A strong association between medically

attended previous and future crashes (Section 6.3) indicates the potential role of EMS and

other health service providers in identifying cyclists likely to be at increased risk of future

crashes, in targeting injury prevention interventions and in ensuring adequate rehabilitation

before patients resume riding a bicycle. The value of EMS involvement in injury prevention

activities has been recognised previously (Baren, 2000; Garrison et al., 1997; Rutherford,

1986; Stiffler and Gerson, 2006; Yancey Ii et al., 2002). In fact, bicycle safety is one of the
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most popular injury prevention activities in US emergency departments (Garrettson et al., 

2008; McDonald et al., 2007).  

 Regional differences in injury risk:  This thesis shows a higher risk of on-road crashes in the 

Auckland region compared to the rest of the country (Section 6.4). My subsequent analysis, 

based on regional differences in travel patterns and bicycle crash injuries, associated a 

higher crash rate with a lower level of bicycle use and a higher level of car use (Section 7.1), 

suggesting that the risk in scarcity effect exists for New Zealand cyclists. Reversing this effect 

requires co-operative efforts to promote a modal shift (from using cars to active travel 

modes) and to improve the safety of vulnerable road users.  

 Physical vs. attention conspicuity: The New Zealand Transport Agency’s equipment rules 

require that the bicycle must have reflectors and both head- and rear-facing lights must be 

on when visibility is poor (NZ Transport Agency, 2013a). Recently, a coroner has 

recommended that high visibility clothing be made compulsory for cyclists (Quilliam, 2013). 

This thesis, however, suggest that such measures alone may not be sufficient in preventing 

bicycle crashes involving a motor vehicle (Section 7.3). Benefits to be gained from enhancing 

conspicuity require attention to the transport mix. A better balance in the transport system 

may improve the attention conspicuity of cyclists and their safety on the road.  

In a car-dominant culture like in New Zealand, an initial step would be to make the 

environment safer for cyclists and other vulnerable road users. Such efforts may target 

factors associated with collision crashes (e.g., traffic calming, properly designed cycleways 

and intersection treatments, and driver education and training) as well as factors that are 

likely to impact on cyclist only crashes (e.g., well-maintained road surfaces). These 

supportive measures, if implemented alongside measures to restrict car use (e.g., congestion 

charges, car park restrictions and car free zones), are likely to promote a modal shift and 

thereby create a more balanced transport system. This may also provide other health and 

environmental benefits (Higgins, 2005; Lindsay et al., 2011; Oja et al., 2011).  

While significant barriers exist to implementing such comprehensive measures, much could 

be done in the short term without major infrastructural change, for example, the speed limit 

in residential streets may be reduced, which currently is 50 kmh compared with 30kmh (or 

less) in European countries. Lower speeds may also provide drivers more time to detect 

cyclists as suggested in a previous study (Summala et al., 1996). 
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8.4.2. Future research 

8.4.2.1. Bicycle travel 

 Data quality, validation and improvement: Accurate and reliable information on population

travel patterns is essential in the development and evaluation of policies intended to alter

travel choices. To date, such information has been collected in a series of Censuses and

Household Travel Surveys in New Zealand. Census questions on the main means of travel to

work are date-specific and do not consider multiple transport modes. Under-reporting is

common in Travel surveys particularly for short, non-motorised trips. To address this, some

methods have been proposed and attempted, such as conducting clarification interviews,

duplicating data collection for a sub-sample of respondents, using non-reported trip weights

in analyses and comparing with independent data sources (e.g., Global Positioning System

(GPS) data and traffic count data) (Ashley et al., 2009). However, there is a lack of a clear

guideline on how to use these methods to ensure that valid and reliable data are used for

transportation planning in New Zealand. Such a guideline may also be useful in assessing the

accuracy of travel exposure information collected through self-reports in epidemiological

studies.

 Interventions to promote bicycle travel: Many interventions have been proposed to

promote bicycle travel (Cavill et al., 2008; Fraser and Lock, 2011; Ogilvie et al., 2004; Pucher

et al., 2010; Yang et al., 2010) but a recent review called for further work particularly in

areas without an established cycling culture (Yang et al., 2010). Importantly, New-Zealand-

specific evidence is scarce, warranting the evaluation of existing initiatives such as Bike to

Work Week, cyclist skills training and the Bike Now programme as well as the development

of new interventions. The Taupo Bicycle Study identifies environmental measures perceived

by the cyclists as important to influence bicycle travel (Section 5.2). These may be

considered in conjunction with behavioural change programmes in future efforts to promote

bicycle travel.

8.4.2.2. Injury risk and conspicuity 

 Data quality, validation and improvement: Accurate and reliable information on bicycle

crash injuries is essential in the development and evaluation of injury prevention and safety

promotion programmes. Crashes that come to the attention of medical staff or police are

recorded in administrative databases such as hospital discharges, mortality records,
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insurance claims and police reports whereas information on more minor crashes may be 

obtained through self-reported surveys. This thesis, however, shows incompleteness and 

inaccuracies of the data collected from various sources (Section 4.3). Future research may 

explore ways to improve the quality of routinely collected databases as well as to enhance 

the validity and reliability of self-reports. 

 Data linkage: Linking individual data sources may provide a broader and more complete 

picture of injury than is obtained otherwise and has been employed in the Taupo Bicycle 

Study and other injury research areas in New Zealand (Alsop and Langley, 2001; Alsop and 

Langley, 1998; Ameratunga et al., 2002; Langley et al., 2003; MacMahon et al., 1995). 

However, a more coordinated, cooperative and interdisplinary effort is necessary to ensure 

that all available data sources are used for the greatest public benefit. For example, a 

comprehensive epidemiological database may be constructed to facilitate epidemiological 

monitoring, injury surveillance and evaluation of trauma care services. The benefits of such a 

facility have been demonstrated in Australia where the Western Australian Data Linkage 

System has contributed to many research outputs, increased the affordability of longitudinal 

studies, and improved the quality of health information, with consequential reforms in 

health policy and improvements in clinical practices (Brook et al., 2008). 

 Factors associated with bicycle crash risk:  This thesis identified a number of demographic, 

cycling, residential neighbourhood and environmental factors associated with crash risk, but 

several also raised issues requiring further research. These include:  

- There is a lower crash risk in overweight and obese cyclists (Section 6.2). This may 

result from differences in travelling speeds, risk-taking behaviours, or other factors. 

This finding requires further investigation particularly given the benefits this group 

can derive from increased physical activity.  

- There is a higher crash risk in bunch riders (Sections 6.2 and 7.3). This may be due to 

risk factors associated with cycling in a peloton (such as high speeds or reduced 

warning of road hazards) or characteristics of bunch riders, who tend to be more 

experienced and, possibly, take greater risks in traffic. The risk may also change by 

bunch size. These may be investigated in future research particularly given that 

bunch riding is popular in New Zealand. 

- There is a strong association between previous and future crashes (Section 6.3). In 

further investigation, this association is limited to cyclists with a high propensity of 
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experiencing a crash. As this is the first attempt to use a propensity score analysis to 

examine the “accident proneness” phenomenon, the finding may need to be 

confirmed in future research.  

- There are geographic differences in bicycle crash risk (Section 6.4). This thesis shows 

the applicability of a mediation analysis in future research attempting to explain why 

such differences exist. 

- There are some important injury risk factors not investigated in this thesis. These 

include: individual factors such as risky cycling behaviour (e.g., breach of traffic 

regulations), alcohol and other substance use and cognitive and personality factors; 

bicycle-related factors such as bicycle malfunction; and environmental factors such 

as availability of safe cycling facilities and condition of cycle routes. The crash risk 

associated with these factors may be investigated in the New Zealand context. 

 Interventions to improve cyclists’ safety: In New Zealand, there has been a focus on the use

of helmets to prevent head and brain injuries. Given a steady increase in injuries to other

body parts in the country over the last two decades, as reported in this thesis (Section 6.1),

research into potential protective measures such as extremity guards is also necessary.

While the use of conspicuity aids is recommended to enhance the conspicuity of cyclists on 

the road, this thesis suggests that such measures may not be effective in a setting where the 

attention conspicuity of cyclists is low (Section 7.3). As it was not possible to account for 

details of the circumstances of the crash, such as weather, lighting, road and traffic 

conditions in this longitudinal research, future studies are needed to confirm this and inform 

the evidence base for effective policies and interventions.  

Given the popularity of bunch riding in New Zealand and its association with a high crash 

risk, interventions targeted at bunch riders (Sections 6.2 and 7.3), for example, group riding 

skills training may be worthwhile but have been subjected to little research attention. 

Existing initiatives such as share the road campaign also deserve evaluation. 

Regional differences in travel behaviour and injury risk (Sections 6.4 and 7.1) highlight the 

importance of a safe transport environment. Review-level evidence shows the safety benefit 

of traffic calming, clearly marked or separated cycleways, good lighting and paved and well-

maintained road surface (Bunn et al., 2009; Killoran et al., 2006; Reid and Adams, 2010; 

Reynolds et al., 2009; Towner et al., 2001). However, there is a relative dearth of New 
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Zealand-based research on cyclist injuries and road design. As a positive step, Auckland 

Transport is implementing the Future Streets project drawing on the self-explaining roads 

concept (Mackie et al., 2013), aiming to improve road safety and make walking and cycling 

easy through cost-effective changes to urban streets (http://www.futurestreets.org.nz/). 

The evaluation of this initiative is underway. 

8.4.2.3. Research on children and young people 

Bicycle travel and injury risk among children and adolescents are beyond the scope of this thesis but 

are worthy of investigation in future research particularly given that they have experienced the 

greatest increase in bicycle crash injuries (see Section 6.1) despite a significant decline in the amount 

of cycling in recent decades (Ministry of Transport, 2008b, 2009).    

8.5. Conclusions 

This thesis comprises three interconnecting components: bicycle travel, injury risk and conspicuity in 

the New Zealand context. The findings show low and declining levels of bicycle travel (although 

there are signs of recovery recently), accompanied by relatively high rates of bicycle crash injuries. 

Regional differences in travel patterns and injury risks suggest that the risk in scarcity effect exists for 

New Zealand cyclists. This may be attributed partly to the poor attention conspicuity of cyclists and 

partly to poor cycling infrastructure in the country’s car-dominated traffic environment. It appears that 

New Zealand has been caught in a vicious circle in recent decades – a lower proportion of cyclists on 

the road decreases their conspicuity and poses them a higher crash risk which in turn discourages 

bicycle use. Turning this vicious circle to a virtuous one requires cooperative and multidisplinary 

efforts to simultaneously promote cyclists’ safety and encourage cycling on New Zealand roads. 
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Taupo Cycle Study Registration Questionnaire (2006) 

 

 

1) Information Sheet for Participants 

 

What is this study about? 

 
The goal of this study is to find ways of promoting cycling as an enjoyable, safe and environmentally friendly form of recreation and transport. 

 

The specific aims are to find out 

-    what factors are associated with successful completion of the Taupo Cycle Challenge 

-    how frequently cycle crashes occur, what factors are associated with crashes, and how these crashes can be prevented 

-    what would encourage greater use of bicycles for recreation and transport  

 

Who is carrying out the study? 

 
The person leading the study is Professor Alistair Woodward. He is a doctor and a public health researcher at the University of Auckland, and a keen 

cyclist (a member of the Manakau City Veterans Cycle Club, completed the Taupo event in 2004 and 2005). The other members of the team are 

cyclists and researchers from the University of Auckland and the University of Otago, where John Langley is Head of the Injury Prevention Research 

Unit. 

 

 What will happen to the results from this study? 

 
Information on factors associated with successful completion will be included in the results booklet that is mailed out to all Cycle Challenge 

participants in January.   

 

The findings on cycle crashes will be reported to everyone who takes part in the study, and will be shared also with local and regional councils, the 

Ministry of Transport and other agencies involved with  transport safety.  

 

Information about what could be done to promote cycling will be shared with transport planning bodies, sports trusts and local councils.   

 

Scientific papers from the study will be published in journals and presented at conferences. These papers will also be placed on the study website, 

which those who take part in the study will be able to access. 

  

If I take part, what does this involve? 

 
Those who take part in the study will be asked to fill in a questionnaire. This is done over the world wide web, and will take about 20 minutes of 

your time. The purpose of the questionnaire is find out how much cycling you do, what your experience of cycling has been, and about factors that 

may be associated with the risk of a crash. 

 

Following the Taupo Cycle Challenge, participants will be contacted by email and asked about the event (this will be a short questionnaire, taking 

about 10 minutes of your time). 

 

The researchers aim to track changes in how much cycling you do, and any crashes or injuries that you experience, over the next 5 years. They will 

do this in two ways. 

 

1.    by sending out once a year, by email, a questionnaire very similar to the one you have filled out at the beginning of the study.  

2.    by linking the study records with the files held by the New Zealand Health Information Service (NZHIS) and the Accident Compensation 

Corporation (ACC), to identify injuries that lead to contact with the health system 

  
What does it mean linking with NZHIS and ACC Files? 

 
This means that the researchers send to research coordinators at NZHIS and ACC a list of the names, dates of birth and addresses of people taking 

part in the study.  This is the only information that will be released. NZHIS and ACC compare the list from the Taupo Cycle Study with their lists of 

people who have suffered injuries that might result from cycle crashes. Where there is a match, NZHIS and ACC will send to the researchers 

information on nature and severity of injury and possible causes. No other information from NZHIS and ACC files will be released to the researchers. 
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If you wish to withdraw your consent for this matching process at any time, you may do so. 

Why do you want to link with the NZHIS and ACC files?

This approach is commonly used in public health research. Matching up records in this way provides more detailed and more accurate information 

on injuries from cycle crashes than we can get from questionnaires alone. Also, the linkage means we don’t lose touch with study participants who 

we can’t contact by email or by post, because they have moved or are lost to follow up for other reasons. 

How will my personal information be protected?

All paper study data will be stored in locked filing cabinets. All electronic data will be stored securely in a password protected server. Future use of 

collected information will be in accordance with the Privacy Act. The information will be kept securely at the Clinical Trials Research Unit, University 

of Auckland and destroyed after 15 years according to national research guidelines. No study data will be released to anyone outside the study 

team. The data will not be used for any purpose other than the study objectives. When the findings are reported in publications, they will not 

include identified or identifiable individuals.  

Study Participation 
Participation is entirely voluntary (your choice). If you do agree to take part you are free to withdraw from the study at any time, without having to 

give a reason. The data you provide may be withdrawn up to one week after you let us know that you no longer wish to be part of the study. 

If the design of the study is changed, participants will be contacted, and their consent will be sought. 

How can I find out more about this study? 

If you would like to learn more about the study, you can contact Alistair Woodward or Simon Thornley at cyclestudy@ctru.auckland.ac.nz 

Important Contacts

Professor Alistair Woodward Dr Simon Thornley Professor Iain Martin

The University of Auckland - Tamaki Campus 

Administration - Building 730 Level 4 

Private Bag 92019 Auckland 

Telephone: +64 9 3737599 Ext 89130 

Fax: + 64 9 373 7624 

a.woodward@auckland.ac.nz

The University of Auckland – School of 

Population Health

Building 730 Level 4 

Private Bag 92019 Auckland 

Telephone: +64 9 3737599 Ext 84629 

Fax: + 64 9 373 7624 

s.thornley@ctru.auckland.ac.nz

Dean, Faculty of Medical & Health 

Sciences 

Private Bag 92019 

Auckland 1020 

NEW ZEALAND

Telephone + 64 9 3737599 ex 86840 

Facsimile + 64 9 3082308 

i.martin@auckland.ac.nz

APPROVED BY THE UNIVERSITY OF AUCKLAND HUMAN PARTICIPANTS ETHICS COMMITTEE ON 08/11/2006 for 3 years from 

13/11/2006 to 13/11/2009 Reference Number 2006/394  

If I want to take part in the study, what do I do next? 

If you would like to take part, click 'yes' at the bottom of this page. It will take you to the 

registration  questionnaire. 

THANK YOU FOR YOUR INTEREST 

I have read the information sheet and consent to take part in the Taupo Cycle Study 

  Yes 

  No 

mailto:a.woodward@.auckland.ac.nz
mailto:s.thornley@ctru.auckland.ac.nz
http://www.health.auckland.ac.nz/
http://www.health.auckland.ac.nz/
mailto:i.martin@auckland.ac.nz
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2) Name:

First name  ___________________________________ 

Surname  ___________________________________ 

3) Date of Birth

Day (dd  e.g.  01)  ___________________________________ 

Month (e.g. Mar)  ___________________________________Accepts 

three letters only 

Year (yyyy - e.g. 1968)  ___________________________________ 

4) Gender:

  Male 

  Female 

5) E-mail address

 ____________________________________________________________ 

6) For how many years have you been cycling on the road regularly?

(By 'regularly', we mean once a fortnight or more.) 

 ____________________________________________________________years 

7) General Cycling Activity

Please think back to how much cycling you did on an average week over the last 12 months. 

(This section accepts whole numbers only - no words) 

7.1 How many times per week did you ride a 

bike? 

 ___________________________________times 

7.2 What was the total number of hours you 

spent riding per week? 

 ___________________________________hours 

7.3 How many kilometres did you ride per 

week? 

 ___________________________________km 

7.4 What percentage of your time cycling 

was off road? 

 ___________________________________% 

7.5 What percentage of your time was in the 

dark? 

 ___________________________________% 

7.6 What percentage of time was riding in a 

bunch? 

 ___________________________________% 
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8) What kind of bike do you ride on the road most often?

  Road 

  Mountain 

  Hybrid 

  Tandem 

  Other (please specify) 

If you selected other, please specify      

______________________________________________________________________ 

9) How often do you:

0% Never 25% 50% 75% 100% Always Not applicable 

9.1 Use 

functioning 

front lights 

when riding in 

the dark? 

     

9.2 Use 

functioning 

back lights 

when riding in 

the dark? 

     

9.3 Use a 

reflective top 

when riding in 

the dark? 

     

9.4 Use 

reflective 

strips on 

arms/ and or 

legs when 

riding in the 

dark? 

     

9.5 Wear 

fluorescent 

colours when 

riding? 

     

9.6 Listen to 

music (e.g. 
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walkman, 

discman, mp3 

player)? 

9.7 Wear a 

helmet when 

riding? 

     

10) In terms of colour:

Red Blue Green Yellow Brown Black White Orange Silver Other 

(please 

specify in 

next 

question) 

10.1 Main 

colour of 

your bike's 

frame? 

         

10.2 Colour 

of helmet 

you most 

commonly 

wear 

         

10.3 Main 

colour of 

top (t-shirt, 

jacket, vest, 

etc) 

         

11) If you answered 'other' in question above, please specify

11.1 bike frame  ___________________________________ 

11.2 helmet  ___________________________________ 

11.3 top worn when cycling  ___________________________________ 

12) Experience with other organised cycle events

Have you previously competed in an organised cycle race? 
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  Yes 

  No 

13) If yes  - how many times?

 ____________________________________________________________ 

14) Regarding the Taupo event, in which category have you entered this year?

  Relay (40 km)  

  Relay (80 km)  

  Solo (160 km) 

  Enduro (320km) 

  Maxi-Enduro (640km) 

15) How confident are you that:

0% - No 

confidence 

25% 50% - 

Moderate 

Confidence 

75% 100% - 

Completely 

confident 

15.1 You can 

complete the 

event 

    

15.2 You can 

complete the 

event without 

having a crash? 

    

15.3 You can 

ride in a cycle 

bunch or large 

group?  

    

16) Crash History

We would like to ask you some questions about cycle crashes you have had in the last twelve 

months. 

How many cycle crashes have you had over the last 12 months? 

(This section accepts whole numbers only - no words or decimal points) 

      Enter number of crashes 

____________________________________________________________ 

17) How many crashes, over the last 12 months, caused you to consult a doctor or other health

professional (e.g. physiotherapist, chiropractor)? 
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      Enter number of crashes 

____________________________________________________________ 

18) How many days of work, school or university have you missed as a result of a cycle crash; in the

last 12 months? 

      Enter number of days 

____________________________________________________________ 

19) Do you have any ongoing physical or mental disability or pain resulting from a cycle crash in the

last 12 months? 

  Yes 

  No 

20) Please indicate the importance of the following factors in causing your crash(es) in the last 12

months. 

Extremely 

Important 

Very 

Important 

Important Somewhat 

Important 

Not Very 

Important 

Not 

Important At 

All 

20.1 Lost 

balance on 

road 

     

20.2 Lost 

balance on off 

road trail/ 

track 

     

20.3 Loose or 

slippery 

surface  

     

20.4 Traffic 

failed to 

notice me 

     

20.5 Motorist 

opened 

vehicle door 

in front of me 

     

20.6 I collided 

with another 

bicycle 

     

20.7 I collided      
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with a 

pedestrian 

20.8 Bad 

weather 
     

20.9 

Performing 

‘jump’ or 

‘stunt’ on 

Mountain 

bike trail 

     

20.10 Alcohol      

21) Barriers and Incentives to Cycling

If it were possible for you personally, would you like to ride a bicycle more than you do now, less, or 

about the same? 

  Much more 

  More 

  About the same 

  Less 

  Much less 

22) Please indicate the importance of  factors that might encourage you to cycle more:

Extremely 

Important 

Very 

Important 

Important Somewhat 

Important 

Not Very 

Important 

Not 

Important At 

All 

22.1 More 

bicycle lanes 

(adjacent, but 

not separated 

from motor 

vehicle traffic)  

     

22.2 More 

bicycle paths 

(separated 

from motor 

vehicle 

traffic). 

     

22.3 Bike      
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Friendly 

public 

transport (e.g. 

bicycle racks 

on buses) 

22.4 Reduced 

vehicle speed 
      

22.5 Better 

cycle security 

in public 

places 

      

 

23)    

 0 or less than 

1 day/week 

1 day/week 2 days/week 3 days/week 4 days/week 5 or more 

days/week 

23.1 How 

many days a 

week do you 

travel to 

work outside 

the home? 

      

23.2 How 

many days a 

week do you 

cycle to work 

on average? 

      

 

24)  Which factors would encourage you to cycle to work more than you do at present? 

 Extremely 

Important 

Very 

Important 

Somewhat 

Important 

Important Not Very 

Important 

Not 

Important At 

All 

24.1 Rising 

costs of petrol 
      

24.2 Rising 

cost of car 

parking 
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24.3 Fewer car 

parks 
     

24.4 Need to 

negotiate 

fewer difficult 

intersections 

     

24.5 Bike 

designed to 

commute 

     

24.6 Access to 

shower 

facilities at 

work 

     

25) To finish, we would like to ask you a few details about yourself

Which ethnic group do you belong to? 

Mark the spaces which apply to you 

 New Zealand European

Maori

 Samoan

 Cook Island Maori

 Tongan

 Niuean

 Chinese

 Indian

 Other (please specify)

If you selected other, please specify      

______________________________________________________________________ 

26) What is the highest level of education that you have achieved?

  primary, intermediate school 

  high school, secondary school 

  polytechnic or similar 

  university 

  Other (please specify) 

If you selected other, please specify      

______________________________________________________________________ 
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27)  How many years have you spent at high school (form 3 on)? 

               ____________________________________________________________ 

28)   (This section accepts whole numbers only - no words) 

28.1 How tall are you?  ___________________________________cms 

OR  ___________________________________feet 

   ___________________________________inch(es) 

28.2 How much do you weigh?  ___________________________________kg 

OR  ___________________________________stone 

   ___________________________________pound(s) 

29)  Postal Address 

Address line 1  ___________________________________ 

Address line 2  ___________________________________ 

Town / City  ___________________________________ 

Post Code  ___________________________________(Accepts 

four numbers only) 

Country  ___________________________________ 

30)  We are seeking another way of contacting you by e-mail, just in case there are difficulties in 

getting in touch about the study (for example, if you change your internet provider or change jobs)  

Back up e-mail address: 

               ____________________________________________________________ 

31)  Name and postal address of a relative/friend at a different address 

Name  ___________________________________ 

Address line 1  ___________________________________ 

Address line 2  ___________________________________ 

Town / City  ___________________________________ 

Post Code  ___________________________________(Accepts 

four numbers only) 

Country  ___________________________________ 

End of Survey 

 

Thank you for taking part
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Appendix C 

Resurvey Questionnaires 
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Taupo Bicycle Study - Follow-up Survey

Thank you for participating in the Taupo Bicycle Study. 

The Taupo Bicycle Study aims to find out: 

 - how to promote cycling more widely, and 

 - how to make cycling safer 

This study is being carried out by researchers from the University of Auckland, led by Professor 

Alistair Woodward. He is a keen cyclist (a member of the Manukau City Veterans Cycle Club), and 

completed the Taupo event in 2004, 2005 and 2008. 

The first survey was conducted in November 2006. You consented to take part in the study and 

completed the initial questionnaire. Please check out two scientific papers that have been published in 

the Injury Prevention and Health Promotion International journals, based on the survey findings. The 

key findings show that (a) low cyclist conspicuity may increase the risk of bicycle crashes and injuries, 

and (b) the majority of cyclists supported provision of cycling facilities in preference to restrictions on 

car use. 

The questions in this survey are mostly about how much cycling you have done, what your 

experience of cycling has been, and how many cycle crashes, injuries and other health conditions you 

have experienced since you participated in the study. 

The questionnaire should only take 10 minutes to complete. We encourage you to answer all 

questions as accurately as possible. Your input will help identify the best ways of building better 

facilities for cyclists, and making the changes needed to improve safety. 

Your answers will be kept strictly confidential and used only for research purposes. Study findings will 

be reported in a group form, which means individual participants would not be identifiable. We will 

keep you informed about the findings by emails. 

The findings will also be shared with local and regional councils, transport planning agencies and 

sports trusts. Scientific papers from the study will be published in international journals and presented 

at conferences. 

If you have any questions or experience technical difficulties, please contact us at 

cyclestudy@auckland.ac.nz.  

The original study was approved by the University of Auckland Human Participants Ethics 

Committee on 08/11/2006 for 3 years from 13/11/2006 to 13/11/2009 and the 

extension was approved on 13/07/2009 for 3 years from 08/11/2009 to 08/11/2012 

(Reference Number 2006/394). 

http://injuryprevention.bmj.com/content/14/1/11.full
http://heapro.oxfordjournals.org/cgi/content/full/dap041?
mailto:cyclestudy@auckland.ac.nz
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1) Name

First name(s)  ___________________________________(not initials 

or shortened forms) 

Middle name  ___________________________________ 

Surname  ___________________________________ 

2) Gender

 Male 

 Female 

3) Date of birth (e.g., 1970-01-01)

____________________________________________________________ 

4) E-mail address

Preferred e-mail   ___________________________________ 

Second e-mail (if any)  ___________________________________ 

5) General Cycling Activity

(1) Compared to three years ago, are you riding a bike 

More 

frequently? 

About the 

same? 

Less 

frequently? 

Never do this 

In general    

On the road    

Off-road    

In the dark    

In a bunch    

6) (2) Which of the following purposes do you ride a bike for?

 (Please tick all that apply) 

 Travel to/from work

 Travel to/from an educational facility (e.g., school, polytech, training site)

 Shopping

 Recreation

 Social welfare/services
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                Social visits/entertainment 

                Personal business/services 

                Other (please specify)             

If you selected other, please specify               

______________________________________________________________________ 

 

7)  (3) What kind of bike do you ride on the road most often? 

 

                Road 

                Mountain 

                Hybrid 

                Tandem 

                Other (please specify)                

If you selected other, please specify               

______________________________________________________________________ 

 

8)  (4) What is the main colour of bike you ride on the road most often? 

 

                Silver 

                White 

                Grey 

                Yellow 

                Green 

                Blue 

                Red 

                Brown 

                Black 

                Other (please specify)                

If you selected other, please specify               

______________________________________________________________________ 

 

9)  (5) When riding a bike on the road, how often do you: 

 0% Never 25% 50% 75% 100% Always Never ride on 

the road 

Wear 

fluorescent 

colours (e.g., 

fluorescent 

vest)? 

      

Wear a 

helmet? 
      

Listen to music 
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(e.g., 

walkman, 

discman, ipod, 

MP3 player)? 

Use a mobile 

phone? 
     

10) (5.1) Which fluorescent colour do you most commonly wear?

 Yellow 

 Green 

 Orange 

 Pink 

 Red 

 Silver 

 Blue 

 Other (please specify)  

If you selected other, please specify

______________________________________________________________________ 

11) (5.2) What is the colour of helmet you most commonly wear?

 Silver 

 White 

 Grey 

 Yellow 

 Green 

 Blue 

  Red 

 Brown 

 Black 

 Other (please specify)  

If you selected other, please specify

______________________________________________________________________ 

12) (6) When riding a bike in the dark, how often do you use:

0% Never 25% 50% 75% 100% Always Never ride in 

the dark 

Functioning 

front lights? 
     

Functioning 

back lights? 
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A reflective 

helmet? 
      

A reflective 

top? 
      

A reflective 

belt? 
      

Reflective 

strips on arms 

and/or legs? 

      

A reflective 

bike part? 
      

Other 

reflective 

materials (e.g., 

stickers, 

tapes)? 

      

 

13)  Bicycle Crashes 

 

(7) During the past twelve months, how many bike crashes have you had? 

     (whole numbers only (e.g., 0, 1, 2) - no words or decimal points) 

Number of collisions with a motor vehicle 

(e.g., car, van, bus, truck, motorcycle) 

 ___________________________________ 

Number of other bike crashes  ___________________________________ 

 

14)  (8) Thinking about the question that you have just answered (question 7), how sure 

are you that your answers were accurate? 

 Very unsure Quite unsure About 50/50 Quite sure Very sure 

Number of 

bike-motor 

vehicle 

collisions 

     

Number of 

other bike 

crashes 

     

 

15)  (9) Please think back to the bike-motor vehicle collision you have had in the past 

twelve months. 
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Yes No 

Did the collision 

occur on the 

road? 

 

Did the collision 

occur at the 

intersection of 

two or more 

roads? 

 

Did the collision 

occur in the 

dark? 

 

Did the collision 

need you to 

consult a doctor 

or other health 

professional 

(e.g., 

physiotherapist, 

chiropractor)? 

 

Did the collision 

need you to be 

admitted to 

hospital 

involving 

staying at least 

overnight? 

 

Was the 

collision 

reported to the 

police? 

 

16) (9) Please think back to bike-motor vehicle collisions you have had in the past

twelve months. 

 (whole numbers only - no words or decimal points) 

How many collisions occurred on the road?  ___________________________________ 

How many collisions occurred at the 

intersection of two or more roads? 

 ___________________________________ 

How many collisions occurred in the dark?  ___________________________________ 

How many collisions needed you to consult a 

doctor or other health professional (e.g., 

 ___________________________________ 
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physiotherapist, chiropractor)? 

How many collisions needed you to be 

admitted to hospital involving staying at 

least overnight? 

 ___________________________________ 

How many collisions were reported to the 

police? 

 ___________________________________ 

 

17)  (10) How many new ACC claims have you made as a result of a bike-motor vehicle 

collision injury/injuries that occurred in the past twelve months? 

(whole numbers only - no words or decimal points) 

 

               Number of claims 

____________________________________________________________ 

 

18)  (11) Thinking about the questions that you have just answered (questions 9-10), 

how sure are you that your answers were accurate? 

 Very unsure Quite unsure About 50/50 Quite sure Very sure 

Q9. Collision(s) 

on the road 
     

Q9. Collision(s) 

at the 

intersection 

     

Q9. Collision(s) 

in the dark 
     

Q9. Collision(s) 

requiring 

consultation 

with a doctor or 

other health 

professional 

     

Q9. Collision(s) 

requiring 

hospital 

admission 

     

Q12. 

Collision(s) 

reported to the 

police 

     

Q13. Number of 

new ACC claims 
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19) (12) Please think back to the bike crash (NOT involving a motor vehicle) you have

had in the past twelve months. 

Yes No 

Did the crash 

occur on the 

road? 

 

Did the crash 

occur at the 

intersection of 

two or more 

roads? 

 

Did the crash 

occur in the 

dark? 

 

Did the crash 

need you to 

consult a doctor 

or other health 

professional 

(e.g., 

physiotherapist, 

chiropractor)? 

 

Did the crash 

need you to be 

admitted to 

hospital 

involving 

staying at least 

overnight? 

 

Was the crash 

reported to the 

police? 

 

20) (12) Please think back to bike crashes (NOT involving a motor vehicle) you have had

in the past twelve months. 

(whole numbers only - no words or decimal points) 

How many crashes occurred on the road?  ___________________________________ 

How many crashes occurred at the 

intersection of two or more roads? 

 ___________________________________ 
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How many crashes occurred in the dark?  ___________________________________ 

How many crashes needed you to consult a 

doctor or other health professional (e.g., 

physiotherapist, chiropractor)? 

 ___________________________________ 

How many crashes needed you to be 

admitted to hospital involving staying at 

least overnight? 

 ___________________________________ 

How many crashes were reported to the 

police? 

 ___________________________________ 

21)  (13) How many new ACC claims have you made as a result of a bike crash 

injury/injuries that occurred in the past twelve months? 

(whole numbers only - no words or decimal points) 

 

               Number of claims 

____________________________________________________________ 

22)  (14) Thinking about the questions that you have just answered (questions 12-13), 

how sure are you that your answers were accurate? 

 Very unsure Quite unsure About 50/50 Quite sure Very sure 

Q12. Crash(es) 

on the road 
     

Q12. Crash(es) 

at the 

intersection 

     

Q12. Crash(es) 

in the dark 
     

Q12. Crash(es) 

requiring 

consultation 

with a doctor or 

other health 

professional 

     

Q12. Crash(es) 

requiring 

hospital 

admission 

     

Q12. Crash(es) 

reported to the 

police 

     

Q13. Number of 
     



306 

new ACC claims 

23) (15) During the past twelve months, even though nothing may have happened, how

many close calls have you had while riding a bike (i.e., in a situation where you said to 

yourself "That was too close. I could have been killed or seriously injured.")? 

(whole numbers only - no words or decimal points) 

Number of close calls at daytime  ___________________________________ 

Number of close calls at night  ___________________________________ 

24) (16) During the past twelve months, how many times have you experienced

intentionally aggressive behaviour by motorists while riding a bike (e.g., being 

deliberately squeezed and pushed off the bike)? 

(whole numbers only - no words or decimal points) 

Total number of incidents  ___________________________________ 

Number of incidents while riding solo  ___________________________________ 

Number of incidents while riding in a bunch  ___________________________________ 

25) Overuse Injuries

(17) During the past twelve months, have you participated in a long distance or intense 

(e.g., hills and big gears) riding event? 

 Yes 

 No 

26) (17.1) Please think back to long distance or intense riding event(s) you participated

in the past twelve months. 

(numbers only - no words) 

Total number of events  ___________________________________events 

Maximum number of hours you spent in a 

single event 

 ___________________________________hours 

Maximum kilometres you rode in a single 

event 

 ___________________________________km 

27) (18) During the past twelve months, how many times have you had an overuse

injury, i.e., a non-traumatic injury that results from gradual accumulation of physical 

stress while riding a bike? 

An injury is defined as any problem in skin, muscle, bone, joint or nerve causing a stop in 

riding for at least one day, taking of medicine, or seeking of medical aid. 

(whole numbers only- no words or decimal points) 
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Total number of injury events  ___________________________________ 

Number of injury events that needed you to 

seek medical advice/treatment 

 ___________________________________ 

 

28)  (18.1) Please indicate the body parts affected. 

          (Please tick all that apply) 

 Pain, 

Stiffness 

Numbness, 

tingling 

Muscle 

weakness 

Swelling Skin lesions 

(e.g., 

abrasion, 

ulceration) 

Other 

Neck/shoulder       

Hand/wrist       

Upper back       

Lower back       

Buttock/groin       

Perineum/genital 

area 
      

Upper leg/hip       

Lower leg/foot       

Other       

 

29)  (19) During the past twelve months, have you had any difficulties with sexual 

function that you think might be related to riding a bike? 

 

                Yes 

                No 

 

30)  Health Status 

 

(20) For your age would you say, in general, your health is: 

 

                Excellent 

                Good 

                Fair 

                Poor 

                Bad 

 

31)  (21) Has a doctor ever told you that you have, or have had the following conditions?  
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Yes No 

A heart attack  

A stroke  

Any type of 

cancer 
 

Diabetes  

High blood 

pressure 
 

High blood 

cholesterol 
 

Depression, 

anxiety or an 

emotional 

disorder 

 

A broken, 

fractured or 

crushed bone 

 

32) (22) During the past month, have you often been bothered by:

Yes No 

Feeling down, 

depressed or 

hopeless? 

 

Little interest or 

pleasure in 

doing things? 

 

33) Smoking

(23) Do you smoke cigarettes regularly (i.e., one or more a day)?  

(Do not count pipes, cigars or cigarillos. Count only tobacco cigarettes) 

 Yes 

        No 
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34)  (23.1) Have you ever been a regular smoker of one or more cigarettes a day? 

 

                Yes 

                No 

 

35)  Alcohol 

 

(24) Do you currently drink alcohol? 

 

                Yes 

                No 

 

36)  (24.1) Have you ever felt you should cut down on your drinking? 

 

                Yes 

                No 

 

37)  (24.2) Have people annoyed you by criticising your drinking? 

 

                Yes 

                No 

 

38)  (24.3) Have you felt bad or guilty about your drinking? 

 

                Yes 

                No 

 

39)  (24.4) Have you ever had a drink first thing in the morning to steady your nerves or 

get rid of a hangover? 

 

                Yes 

                No 

 

40)  Cycling for Transportation 

 

(25) If it were possible for you personally, would you like to ride a bike for transportation 

(i.e., not for fitness, recreation or sports) more than you do now, less, or about the same? 

 

                Much more 

                More 

                About the same 

                Less 

                Much less 

 

41)  (26) How important would the following factors be in preventing you from riding a 

bike for transportation? 
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Very important Important Not important 

at all 

Adverse 

weather 
  

Too hilly   

Would take too 

long 
  

Too far   

Too short a 

distance to use 

a bike 

  

Personal 

security 
  

Road safety   

Traffic en route   

Driver attitude 

and behaviour 
  

Availability of 

other easier 

transport 

  

Need a car for 

other reasons 

(e.g., school 

run) 

  

Breathing 

polluted air 
  

42) (27) How important would the following factors be in encouraging you to ride a bike

for transportation more than you do at present? 

Very important Important Not important 

at all 

More bike lanes 

(adjacent, but 

not separated 

from motor 

vehicle traffic) 
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More bike paths 

(separated 

from motor 

vehicle traffic) 

   

Need to 

negotiate fewer 

difficult 

intersections 

   

Better road 

conditions 
   

Reduced 

vehicle speed 
   

Changing driver 

attitude and 

behaviour 

   

Bike friendly 

public transport 

(e.g., bike racks 

on buses) 

   

Secure bike 

parking in 

public places 

   

Bike designed 

for 

transportation 

   

Car parking 

restrictions 
   

Rising costs of 

petrol 
   

 

43)  (28) During the past twelve months, have you worked or studied at a place other 

than your home?  

 

                Yes 

                No 

 

44)  (29) On average, how many days a week do you ride a bike to/from your place of 

work/education? 

 

                Never 

                Less than 1 day per week 

                1 day per week 



312 

 2 days per week 

 3 days per week 

 4 days per week 

 5 or more days per week 

45) (30) How important would the following facilities at your place of work/education

be in encouraging you to ride a bike to/from these destinations more than you do at 

present? 

Very important Important Important but 

already in place 

Not important 

at all 

Showers    

Lockers and 

changing 

facilities 

   

Secure bike 

parking 
   

Pool bikes    

Financial 

assistance to 

buy a 

commuter bike 

   

Bike 

maintenance 

classes/facilities 

   

A more flexible 

dress code 
   

More flexible 

working hours 
   

Charges for car 

parking 
   

46) To finish, we would like to ask you a few details about yourself.

How much do you weigh? 

(numbers only - no words) 

  1 stone = 6.350 kg; 1 pound = 0.454 kg 

____________________________________________________________kg 
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47)  Which of these activities applied to you in the past twelve months? 

(Please tick all that apply) 

 

                Student - Full time 

                Student - Part time 

                Worker - Full time 

                Worker - Part time 

                Worker - Casual 

                Looking for work/unemployed 

                Looking after home and family 

                Retired 

                Other beneficiary 

                Other (please specify)                

If you selected other, please specify               

______________________________________________________________________ 

 

48)  What is the highest level of education that you have received? 

 

                Primary school, intermediate school 

                High school, secondary school 

                Polytechnic or similar (including trade, technical or teaching certificate) 

                University (e.g., bachelor, postgraduate diploma, masters, doctoral) 

                Other (please specify)                

If you selected other, please specify               

______________________________________________________________________ 

 

49)  How many years have you spent at high school (form 3 on)? 

(whole numbers only- no words or decimal points) 

 

               ____________________________________________________________years 

 

50)  What was your personal income, before tax, in the past twelve months? 

 

                $1-$40,000 per year 

                $40,001-$70,000 per year 

                $70,001-$100,000 per year 

                Over $100,000 per year 

                No income 

                Don't wish to respond 

 

51)  Address 

Address line 1  ___________________________________ 

Address line 2  ___________________________________ 
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Town/city  ___________________________________ 

Post code  ___________________________________(four digits 

only) 

Country  ___________________________________(not 

shortened forms) 

End of Questionnaire 

Thank you for your time! 
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Taupo Bicycle Study: First Follow-up Survey  

(For those who stopped cycling) 

 

 

Thank you for participating in the Taupo Bicycle Study. 

 

 

The Taupo Bicycle Study aims to find out: 

 

    - what needs to be done to promote cycling more widely, and 

    - how to make cycling safer 

 

This study is being carried out by researchers from the University of Auckland, led by Professor 

Alistair Woodward. He is a keen cyclist (a member of the Manukau City Veterans Cycle Club), and 

completed the Taupo event in 2004, 2005 and 2008. 

 

The original surveys were conducted in November 2006 and 2008. You consented to take part in the 

survey and completed the initial questionnaire. 

 

Based on the 2006 survey findings, two scientific paper have been published in the Injury Prevention 

and Health Promotion International journals. The key findings show that (a) low cyclist conspicuity 

may increase the risk of bicycle crashes and injuries, and (b) the majority of cyclists supported 

provision of cycling facilities in preference to restrictions on car use. 

 

The questions in this follow-up study are mostly about when and why you stopped cycling and if you 

have experienced certain health conditions since you participated in the study. 

 

The questionnaire should only take 5 minutes to complete. Your answers will be kept strictly 

confidential and used only for research purposes. Study findings will be reported in a group form, 

which means individual participants would not be identifiable. We will keep you informed about the 

findings by emails. 

 

The findings will also be shared with local and regional councils, transport planning agencies and 

sports trusts. Scientific papers from the study will be published in international journals and presented 

at conferences. 

 

If you have any questions or experience technical difficulties, please contact us at 

cyclestudy@auckland.ac.nz.  

 

 

The original study was approved by the University of Auckland Human Participants Ethics 

Committee on 08/11/2006 for 3 years from 13/11/2006 to 13/11/2009 and the 

extension was approved on 13/07/2009 for 3 years from 08/11/2009 to 08/11/2012 

(Reference Number 2006/394). 

 

 

 

http://injuryprevention.bmj.com/content/14/1/11.full
http://heapro.oxfordjournals.org/cgi/content/full/dap041?
mailto:cyclestudy@auckland.ac.nz
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1) Name

First name(s)  ___________________________________(not initials 

or shortened forms) 

Middle name  ___________________________________ 

Surname  ___________________________________ 

2) Gender

 Male 

 Female 

3) Date of birth (e.g., 1970-01-01)

____________________________________________________________ 

4) E-mail address

Preferred e-mail   ___________________________________ 

Second e-mail (if any)  ___________________________________ 

5) (1) When did you stop riding a bike?

(Numbers only - no words)

____________________________________________________________years ago 

6) (2) Why did you stop riding a bike?

__________________________________________________________________________________

__________________________________________________________________________________

________________________________________________________ 

7) Health Status

(3) For your age would you say, in general, your health is: 

 Excellent 

 Good 

 Fair 

 Poor 

 Bad 

8) (4) Has a doctor ever told you that you have, or have had the following conditions?
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 Yes No 

A heart attack   

A stroke   

Any type of 

cancer 
  

Diabetes   

High blood 

pressure 
  

High blood 

cholesterol 
  

Depression, 

anxiety or an 

emotional 

disorder 

  

A broken, 

fractured or 

crushed bone 

  

 

 

9)  (5) During the past month, have you often been bothered by: 

 Yes No 

Feeling down, 

depressed or 

hopeless? 

  

Little interest or 

pleasure in 

doing things? 

  

 

 

10)  Smoking 

 

 (6) Do you smoke cigarettes regularly (i.e., one or more a day)?  

(Do not count pipes, cigars or cigarillos. Count only tobacco cigarettes) 

 

                Yes 

                No 
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11) (6.1) Have you ever been a regular smoker of one or more cigarettes a day?

 Yes 

 No 

12) Alcohol

(7) Do you currently drink alcohol? 

 Yes 

 No 

13) (7.1) Have you ever felt you should cut down on your drinking?

 Yes 

 No 

14) (7.2) Have people annoyed you by criticising your drinking?

 Yes 

 No 

15) (7.3) Have you felt bad or guilty about your drinking?

 Yes 

 No 

16) (7.4) Have you ever had a drink first thing in the morning to steady your nerves or

get rid of a hangover? 

 Yes 

 No 

17) Cycling for Transportation

(8) If it were possible for you personally, would you like to ride a bike again? 

Yes No 

For 

transportation 

(e.g, to/from 

work/school, 

shopping) 

 

For recreation 

(e.g., fitness, 

recreation or 
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sports) 

 

18)  (9) How important would the following factors be in preventing you from riding a 

bike for transportation? 

 Very important Important Not important 

at all 

Adverse 

weather 
   

Too hilly    

Would take too 

long 
   

Too far    

Too short a 

distance to use 

a bike 

   

Personal 

security 
   

Road safety    

Traffic en route    

Driver attitude 

and behaviour 
   

Availability of 

other easier 

transport 

   

Need a car for 

other reasons 

(e.g., school 

run) 

   

Breathing 

polluted air 
   

 

 

19)  (10) How important would the following factors be in encouraging you to ride a bike 

for transportation? 
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Very important Important Not important 

at all 

More bike lanes 

(adjacent, but 

not separated 

from motor 

vehicle traffic) 

  

More bike paths 

(separated 

from motor 

vehicle traffic) 

  

Need to 

negotiate fewer 

difficult 

intersections 

  

Better road 

conditions 
  

Reduced 

vehicle speed 
  

Changing driver 

attitude and 

behaviour 

  

Bike friendly 

public transport 

(e.g., bike racks 

on buses) 

  

Secure bike 

parking in 

public places 

  

Bike designed 

for 

transportation 

  

Car parking 

restrictions 
  

Rising costs of 

petrol 
  

20) (11) During the past twelve months, have you worked or studied at a place other

than your home? 
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                Yes 

                No 

 

21)  (12) How important would the following facilities at your place of work/education 

be in encouraging you to ride a bike to/from these destinations? 

 Very important Important Important but 

already in place 

Not important 

at all 

Showers     

Lockers and 

changing 

facilities 

    

Secure bike 

parking 
    

Pool bikes     

Financial 

assistance to 

buy a 

commuter bike 

    

Bike 

maintenance 

classes/facilities 

    

A more flexible 

dress code 
    

More flexible 

working hours 
    

Charges for car 

parking 
    

 

22)  To finish, we would like to ask you a few details about yourself. 

 

How much do you weigh? 

(numbers only - no words) 

 

       1 stone = 6.350 kg; 1 pound = 0.454 kg 

               ____________________________________________________________kg 

23)  Which of these activities applied to you in the past twelve months? 

(Please tick all that apply) 

                Student - Full time 

                Student - Part time 

                Worker - Full time 
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 Worker - Part time

 Worker - Casual

 Looking for work/unemployed

 Looking after home and family

 Retired

 Other beneficiary

 Other (please specify)

If you selected other, please specify

______________________________________________________________________ 

24) What is the highest level of education that you have received?

 Primary school, intermediate school 

 High school, secondary school 

 Polytechnic or similar (including trade, technical or teaching certificate) 

 University (e.g., bachelor, postgraduate diploma, masters, doctoral) 

    Other (please specify)  

If you selected other, please specify

______________________________________________________________________ 

25) How many years have you spent at high school (form 3 on)?

(whole numbers only- no words or decimal points) 

____________________________________________________________years 

26) What was your personal income, before tax, in the past twelve months?

 $1-$40,000 per year 

 $40,001-$70,000 per year 

 $70,001-$100,000 per year 

 Over $100,000 per year 

 No income 

 Don't wish to respond 

27) Address

Address line 1  ___________________________________ 

Address line 2  ___________________________________ 

Town/city  ___________________________________ 

Post code  ___________________________________(four digits 

only) 

Country  ___________________________________(not 

shortened forms) 

End of Questionnaire 

Thank you for your time!
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