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ABSTRACT 

 

Introduction: 

In the resuscitation and critical illness settings, when timely peripheral or central venous access is not 

obtained, the intraosseous (IO) route allows indirect access to the venous circulation. The IOPB study 

examined the agreement of iliac crest and proximal tibia IO aspirate to paired peripheral venous blood 

(PVB) for measurement of various parameters on automated laboratory analysers (ALA) and point-of-

care (POC) devices.  

 

Method: 

A single centre prospective observational study was performed. Near-simultaneous IO aspirate from 

the iliac crest and proximal tibia, along with paired PVB samples, were collected from 

haemodynamically stable participants. ALA used were Sysmex® XN-9000, Stago STA-R MAX® and 

STA-R Evolution®, and Cobas® 8000 and 6000. POC devices used were HemoCue® and ABL90 blood 

gas devices. Agreement was assessed through the Bland-Altman limits of agreement method (LoA). 

Measurement differences were compared against clinically acceptable difference (CAD) criteria 

adopted from RCPAQAP analytical performance specifications (APS). Given the limitations of using 

RCPAQAP APS with IO aspirate specimens, agreement was also assessed through the clinical 

judgement of the authors. 

 

Results: 

180 individuals (age range 21-87 years) provided samples. 140 had haematological indications for a 

bone marrow biopsy, with the remaining 40 being healthy volunteers. All had PVB and iliac crest IO 

aspirate collected, while 65 also had proximal tibia IO aspirate obtained. Excluding specimens with 

macroscopic clots, an analyser result was provided in ≥97% of instances for most parameters. When 

using RCPAQAP APS, strict agreement was apparent for MCV and haematocrit; however, many 

parameters had their mean differences within these CAD criteria and were ultimately deemed to have 

adequate agreement based on clinical judgement. The measurement differences of certain parameters 

such as potassium, platelet count, leukocyte count and differentials were deemed excessive. 

 

Conclusion: 

The IOPB study confirmed the feasibility of analysing IO aspirate on ALA and POC devices. Many of 

the parameters analysed in this study were deemed to have adequate agreement for use in the 

resuscitation setting. Because agreement based on clinical judgement is subjective, clinicians 

requesting laboratory testing of IO aspirate specimens must appreciate the degree of measurement 

inaccuracy compared to PVB. 
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GLOSSARY 

Agreement – A concept which refers to how close the results of two measurement methods are for a 

particular parameter. Agreement is estimated through bias. 

Bias – The tendency for one measurement method to exceed the values produced by a comparator 

measurement method. Bias is a measure of systematic error. 

Bland-Altman limits of agreement (LoA) method – An illustrative statistical method for assessing the 

agreement between two measurement methods. Yields an informative difference plot, which plots 

the difference in the results produced by two measurement methods (Y-axis) against the value of 

parameter (X-axis). Horizontal lines are added to the graph to reveal the mean bias, upper and 

lower 95% LoA, associated 95% CI and the pre-defined CAD criteria for the parameter of interest.  

Clinically acceptable difference (CAD) – The range that is believed to represent clinically insignificant 

levels of bias between two measurement methods. Such a range may be context-specific. If the 

bias is within the CAD, the two methods can be considered interchangeable for measuring the 

parameter of interest. 

Confidence interval (CI) – The range within which the ‘true’ value of an estimated value (i.e. mean 

bias or 95% LoA) can be expected to lie with 95% confidence. 

Constant bias (aka fixed bias) – The average difference between the measured values obtained by 

two different measurement methods remains constant across the entire measured range of the 

parameter. 

Correlation – The association (or dependence) between two quantitative variables.  

Correlation coefficient – Provides a numerical value, the r-value, as to the strength of linear 

association between two quantitative variables.  

Heteroscedastic – The variability (scatter) in the data points is proportional to the measured value of 

the parameter (i.e. increasing parameter values results in increasing scatter of the individual data 

points, and vice versa). 

Homoscedastic – The variability (scatter) in the data points remains constant across the measured 

range of the parameter. 

Intraosseous – Within the middle of bone, specifically the central cavity of the bone, where red 

(haematopoietic) or yellow (adipose) bone marrow resides.  

Limits of agreement (LoA) – Provides an interval in which 95% of the differences between two 

measurement methods are expected to lie. A measure of the spread of data points within Bland-

Altman LoA method. The upper LoA is computed as bias (or mean difference) + 1.96 SD and the 

lower LoA computed as bias (or mean difference) - 1.96 SD.  
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Mean bias – The average difference in the results provided for a comparator measurement method 

compared to a reference (or gold-standard) method. The mean bias may apply across the entire 

measured range of the parameter of interest or only across a defined range.  

Mean difference – The average difference in the results provided by two measurement methods, when 

neither method is a reference (or gold-standard) method. The mean difference may apply across 

the entire measured range of the parameter of interest or only across a defined range. 

Measurement method – A generic term that includes all the variables involved in measuring a 

parameter of interest. Changing one variable results in a new/different measurement method.  

Method comparison study – An assessment of the comparability/agreement of the values provided 

by two different measurement methods measuring the same parameter of interest.   

Parameter – A measurable factor.  

Proportional bias – The average difference between the measured values obtained by two different 

measurement methods changes across the measuring interval of the parameter of interest, in a 

manner which is proportional to the actual value of the parameter. 

Random error – The unpredictable variation in results inherent to all measurement methods. Random 

error is a concept which applies whenever any measurement occurs, regardless of whether 

comparison between measurement methods is undertaken. Random error is reflected by the 95% 

LoA in the Bland-Altman LoA method.  

Reference (or gold-standard) method – A measurement method(s) which are accepted to provide 

the closest estimate of the parameter’s true value and are promoted to be the standard to which 

all other measurement methods are compared.  

Standard deviation (SD) – A measure of how dispersed the data is in relation to the mean. SD is used 

in the Bland-Altman LoA method to generate the 95% LoA. 

Systematic error – The predictable deviation in results provided by a particular measurement method 

relative to another. Systematic error is a concept which only applies when comparison between 

measurement methods is being undertaken. Reflected by the mean bias (or mean difference) in 

the Bland-Altman LoA method. 

Total measurement error – A combination of both systematic and random errors in a measurement 

method. Reflected by the mean bias (or mean difference) plus the 95% upper and lower LoA in the 

Bland-Altman LoA method.  
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ABBREVIATIONS 

APS – analytical performance specifications. 

CAD – clinically acceptable difference. 

CI – confidence interval. 

EQA – external quality assurance. 

IO – intraosseous aspirate. 

LoA – limits of agreements.  

PVB – peripheral venous blood. 

RCPAQAP – Royal College of Pathologists of Australasia quality assurance program. 
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CHAPTER ONE – INTRODUCTION AND LITERATURE REVIEW 

1.1   INTRODUCTION 

In the acute resuscitation setting, intravenous access is a time-critical intervention that facilitates blood 

sampling for diagnostic testing and the administration of fluid, blood products and many medications. 

Obtaining venous access in those with a critical illness can pose challenges for a raft of patient-related 

and context specific factors, with any delays potentially impacting patient outcomes. In situations where 

peripheral venous access is not achieved in a timely manner, alternative routes of access need to be 

considered, with the intraosseous (IO) option championed in this context. 

 

IO access requires penetrating the outer dense layer of bone and placing a hollow needle into its inner 

cavity. This cavity is referred to as the IO space and contains both bone marrow and a rich network of 

vasculature that transports blood to and from the central circulation. Upon IO cannulation, an aspirate 

is commonly collected as proof of correct placement. The aspirate sample may be subjected to 

diagnostic testing in a manner akin to peripheral venous blood (PVB). However, debate remains about 

whether IO aspirate samples are indeed concordant with peripheral blood for testing certain parameters 

of interest. The conflict largely results from both limited data and the type of statistical methodology 

used in published method comparison studies to support such practices. 

 

A method comparison study is one that assesses the agreement between two measurement methods. 

In statistical parlance, method is a generic term that includes all variables involved in the process of 

measuring a parameter of interest. Examples of relevant variables include the sample type from which 

the parameter is being measured and the actual means of measurement, whether it be reliant on some 

form of human skill or a highly technical automated analyser. If the only factor that changes in the 

quantification of a parameter is the type of sample being used, then use of each sample type should be 

considered as a distinct measurement method for statistical purposes. 

  

The following paragraphs will review the current literature regarding the IO route as a means of vascular 

access. This will be followed by a detailed discussion on the statistical methodology of method 

comparison studies. Finally, this section will conclude with a review of existing literature comparing the 

use of peripheral blood and IO aspirate samples for diagnostic testing.   
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1.2   INTRAOSSEOUS ACCESS 

 

1.2.1   Relevant Anatomy 

The human skeleton contains several classes of bone, inclusive of long, flat, and irregular bones. Long 

bones are longer than they are wide, with examples including the femur and tibia. Flat bones are thin, 

flat, and often curved, with the sternum and ilium being relevant examples. Irregular bones have 

complex shapes, such as the various vertebrae. Bone tissue is classified into two types based on it 

porosity (1). Cortical bone, also referred to as compact bone, is the hard outer layer of bones which has 

low porosity, while trabecular bone, also referred to as cancellous or spongy bone, is highly porous (1). 

There is variation in the exact structure of bone. For example, the shaft of long bones, known as the 

diaphysis, comprises a thick layer of cortical bone and a hollow centre called the medullary cavity, 

whereas, the ends of the long bone, called the epiphysis, have a thinner layer of cortical bone encasing 

inner trabecular bone (2, 3). Most other classes of bones comprise a combination of outer cortical bone 

and inner trabecular bone. The IO space is defined as the area encased by the cortical bone, but it is 

more of a conceptual than real space because it is typically filled with bone marrow (3).  

 

Figure 1.  Diagrammatical representation of the structure of a long bone (femur). 

Image from Walker, J. (2020) Skeletal system I: the anatomy and physiology of bones. Nursing Times 

[online]; 116: 2, 38-42. Copyright EMAP Publishing, used with permission.   

 

Bone marrow resides within the medullary cavity of long bones and between the spaces formed by 

trabecular bone. There are two types of bone marrow, the haematopoietic red marrow and adipose 

yellow marrow (1, 3). In children under the age of 5 years haematopoietic red marrow is the predominant 

marrow type in nearly all bones. From 5 years of age the haematopoietic red marrow in many bones is 

gradually replaced with adipose yellow marrow. By 20 years of age haematopoietic red marrow is 
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generally limited to the vertebrae, ribs, sternum, scapulae, pelvic bones and the epiphyses of long 

bones (1, 3). 

 

Both the bone and bone marrow are highly vascularised. Oxygenated blood reaches the bone marrow 

through small arteries which penetrate the cortical bone. These arteries feed into venous sinusoids. 

Specific to long bones, the venous sinusoids drain into a large central venous sinus located within the 

medullary cavity (2). Venous sinusoids avidly absorb surrounding fluid because of their vast surface 

area, a process which is further aided by the central venous sinus having the ability to expand up to five 

times its normal volume (2). From the central venous sinus in long bones, or directly from the venous 

sinusoids in other classes of bone, blood flows into veins that run alongside the arterial vessels piercing 

the cortical bone. Such veins drain into progressively larger vessels and eventually re-enter the central 

circulation. In this context, if exogenous fluid is infused into the IO space, it would be absorbed into the 

venous sinusoids, mix with the blood perfusing the marrow and ultimately follow the venous outflow 

pathway back into the central circulation (3).  

 

Figure 2.  Diagrammatical representation of the vascular supply of the bone marrow. 

Image from Travlos G. S. (2006) Normal, structure, function and histology of the bone marrow. Toxciologic 

pathology, 34(5), 548-565. Copyright SAGE Publishing, used with permission. Based on original image from 

Litchman, M. A. (2001) Structure of the marrow and the hematopoietic microenvironment. In Williams 

Hematology, 6th edition. Copyright McGraw-Hill, used with permission.   

 

1.2.2   History of Intraosseous Access 

With publication of their paper in 1922, Drinker et al. are credited with pioneering the IO route for 

circulatory access. The discovery itself was rather unexpected, occurring during research into the 

migration of haematopoietic cells from the bone marrow into the systemic circulation. Drinker et al. 

observed that fluid and dye injected into the bone marrow rapidly enters the systemic circulation, leading 

to their oft-quoted statement that the IO space acts as a form of “non-collapsible vein” (4, 5). In 1934 

Jofeson became the first to publish on the therapeutic utility of the IO space, by detailing the favourable 

results obtained upon injection of liver cell extract into the sternal IO space of patients with pernicious 

anaemia (4, 6). Furthermore, following publication in 1941 of a small case series of children with 
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circulatory shock, Tocantins et al. are credited with being the first to propose the use of the IO route to 

restore circulatory volume when peripheral venous access is not possible (7). 

 

World War II saw IO access, primarily in the sternum, grow in popularity as a therapeutic intervention 

(4, 8). However, such practice soon fell out of favour with the advent of the polyvinyl chloride intravenous 

catheter (9). After a hiatus of several decades, the utility of IO access came back into focus following a 

1984 publication by Orlowski which described the practice of physicians in India utilising the IO route to 

restore volume in profoundly dehydrated children during the cholera epidemic (10). More widespread 

use of the IO route arose after the American Heart Association (AHA) introduced the technique as a 

means of vascular access in their 1986 paediatric resuscitation guidelines (11). Despite relatively 

widespread use in children, IO access did not gain major traction in adult patients until 2005, the year 

in which the AHA resuscitation guidelines first recommended it as a viable alternative for obtaining 

urgent vascular access when timely peripheral venous access is not achieved (12). Over the pursuing 

decade and a half, the IO route became a well-established alternative for vascular access in the 

resuscitation setting, with recommendations for its use now entrenched within the main international 

resuscitation guidelines, including those published by the Australian and New Zealand Committee on 

Resuscitation (ANZCOR), the European Resuscitation Council (ERC), the Resuscitation Council UK 

(RCUK) and the AHA (13-16).  

 

A central factor correlated with the increasing acceptance of IO access was the evolution in technology. 

Historical IO needles required manual and relatively forceful insertion. However, from the late 1990s 

various manufacturers began producing new semi-automated devices, such as the FAST1® (Fast 

Access for Shock and Trauma, Pyng Medical Corporation), BIG® (Bone Injection Gun, WaisMed) and 

EZ-IO® (Vidacare Corporation) IO access devices (17). This innovation resulted in the IO technique 

becoming easier to learn, the devices simpler to use and IO access more rapid and generally safer than 

historical comparisons (17).  

 

1.2.3   Sites for Access 

Various sites have been proposed as being suitable for securing IO access. While the sternal site was 

of historical significance in this regard, the proximal tibia is generally the favoured site in most centres. 

Several characteristics of the proximal tibia make this an advantageous site for IO access, including: 

• its easily identifiable landmarks,  

• its superficial location with a thin layer of subcutaneous tissue facilitating easy percutaneous 

access, 

• a relatively large, flat, and immobile target area, 

• comparatively thin cortical bone mixed with a more generous IO space, especially in adult 

patients, 

• an absence of vital structures surrounding the site that could be subject to inadvertent damage, 

• an adequate balance between proximity to the central circulation and distance away from other 

bodily structures where additional resuscitation-related procedures and manoeuvres may be 
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occurring, thus allowing IO access to be obtained without the need to cease cardiopulmonary 

resuscitation (18-21). 

 

In a survey of 19 Scandinavian Emergency Departments, Molin et al. (2010) found that 84% selected 

the proximal tibia as the preferred insertion site at their centre (22). Similarly, a 2013 study questioning 

386 Danish emergency physicians found that of the greater than 1500 IO cannulation events recalled, 

89.7% were performed in the proximal tibia (23). The proximal humerus is another favoured site in 

clinical practice in adult and skeletally-mature patients. The proximal humerus is promoted for many of 

the same factors described for the proximal tibia, with the added benefit of potentially enabling higher 

flow rates of infused fluids (20). Additionally, the distal tibia, iliac crest, and sternum are all appropriate 

for use in adult and paediatric patients. 

  

1.2.4   Efficacy of Intraosseous Access 

Numerous studies have evaluated the efficacy of using the IO route as a means of obtaining emergency 

vascular access, as compared to more traditional methods of vascular access. Such studies have been 

undertaken in both the pre-hospital and in-hospital settings, with the latter preformed predominantly 

within emergency departments. Studies of emergency vascular access can be difficult to directly 

compare because of varied definitions of the end points in question. However, when using the modern 

semi-automated devices, IO access first attempt insertion success rates in adult patients within the 

hospital setting are reported to be greater than 80%, while overall insertion success rates approach 

100% (see Table 1) (20, 24-33). Such rates compare favourably to landmark-based peripheral and 

central venous access success rates in similar clinical contexts. In addition, the time taken to obtain IO 

access in adult patients is generally as fast as peripheral venous access and significantly faster than 

that required to achieve central venous access (see Table 1). Similar conclusions can be drawn about 

IO access in the paediatric population, although data from the last two decades on central venous 

access in such a patient group is lacking (see Table 2) (34-41). 
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Table 1.  Published studies since 2000 involving adult patients requiring urgent vascular access within hospital setting (includes Emergency Department 

(ED)) – vascular access insertion success and procedural time. 

INTRAOSSEOUS ACCESS - ADULTS 

Author Year 
Study 
type Age Setting Device Site Number 

1st attempt 
success 

Overall  
success 

Definition of 
insertion success 

Procedural 
time 

Definition of procedural 
time 

Ngo et al. 
(20) 

2009 P O A 
ED  
(Singapore) 

EZ-IO 
PT 
PH 

24 
11 

21/24 (88%) 
11/11 (100%) 

24/24 (100%) 
11/11 (100%) 

Successful infusion 
of drugs/fluids. 

Mean <5 secs  
IO needle placement into 
EZ-IO driver, to success-
ful insertion into bone. 

Paxton et 
al. (32)  

2009 P O A 
ED  
(USA) 

EZ-IO PH 30 25/31 (81%) nm nm 
Mean 1.5 min  
 (range 1-6) 

Skin prep to good fluid 
flow (subjective). 

Tan et al. 
(33)  

2012 P O A 
ED  
(Singapore) 

EZ-IO 
PT 
DT 

20 
22 

19/20 (95%) 
20/22 (91%) 

20/20 (100%) 
22/22 (100%) 

Ability to aspirate & 
smooth delivery of 
fluid flush. 

n/a n/a 

Leidel et 
al. (30) 

2012 P O A 
ED  
(Germany) 

EZ-IO 
& BIG 

PT 
PH 

18 
22 

14/18 (78%) 
20/22 (91%) 

nm 
Successful infusion 
of drugs/fluids. 

Median 2.0 min  
 (IQR 2.0) 

IO kit collection to 
successful infusion. 

Dolister 
et al. (26) 

2013 P O A 
ED & inpt 
USA)  

EZ-IO 
PT,PH, 
DT,DF 

105 (86, 
5,12,2) 

99/105 (94%) nm nm 
Mean 1.7 min  
 (SD 1.6) 

Opening IO set to 
successful infusion. 

Lee et al. 
(29)  

2015 P O A 
Inpatient  
(USA) 

EZ-IO PT,PH 
31  
(25,6) 

28/31 (90%) 30/31 (97%) 

Defined failure, which 
included: dislodged 
needle, inability to 
aspirate marrow. 

Mean 1.2 min 
Opening IO set to IO 
aspiration. 

Johnson 
et al. (27) 

2016 R O A 
ED  
(USA) 

EZ-IO 
PT,PH, 
DF 

50  
(46,2,2) 

n/a n/a n/a Mean 3.0 min  nm 

Demir et 
al. (25) 

2016 P RC A 
ED  
(Turkey) 

EZ-IO 
BIG 

PT 
PT 

26 
26 

22/26 (85%) 
24/26 (92%) 

nm 
Successful infusion 
through line without 
extravasation 

Mean 5.2 sec  
 (SD 2.2) 
Mean 2.8 sec  
 (SD 1.2) 

IO needle contact with 
skin to infusion of 10ml 
fluid. 

Chreiman 
et al. (24) 

2018 R O A 
ED  
(USA) 

nm 
PT 
PH 

38 
12 

nm 
38/38 (100%) 
10/12 (83%) 

Successful infusion 
of drugs/fluids. 

Median 0.4 min  
 (IQR 0.13-0.65) 

nm 

Liu et al. 
(31) 

2021 P RC A 
ED  
(China) 

BIG PT 48 44/48 (92%) nm 
Successful infusion 
of drugs/fluids. 

Mean 0.9 min 
Opening IO set to 
successful infusion. 

A = adult. CVC = central venous catheter. DF = distal femur. DT = distal tibia. F = femoral vein. IJ = internal jugular vein. Inpt = inpatient.IO = intraosseous. IQR = 

interquartile range. Min = minutes. n/a = not applicable. nm = not mentioned. O = observational. P = prospective. PH = proximal humerus. PIV = peripheral intravenous 

catheter. PT = proximal tibia. R = retrospective. RC = randomised control. SC = subclavian vein. SD = standard deviation. Sec = seconds.  
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Table 1 (continued).  Published studies since 2000 involving adult patients requiring urgent vascular access within hospital setting (includes Emergency 

Department (ED)) – vascular access insertion success and procedural time. 

CENTRAL VENOUS ACCESS - ADULTS 

Author Year 
Study 
type Age Setting Device Site Number 

1st attempt 
success 

Overall  
success 

Definition of 
insertion success 

Procedural 
time 

Definition of 
procedural time 

Paxton et 
al. (32)  

2009 P O A 
ED  
(USA) 

CVC SC,IJ,F 
5 
(3,1,1) 

1/5 (20%) nm nm 
Mean 15.6 min  
 (range 11-25) 

Skin prep to good fluid 
flow (subjective).  
*includes PIV attempts 

Leidel et 
al. (30) 

2012 P O A 
ED  
(Germany) 

CVC SC,IJ,F 40 24/40 (60%) nm 
Successful infusion 
of drugs/fluids. 

Median 8.0 min  
 (IQR 4.5) 

CVC kit collection to  
successful infusion. 

Kim et al. 
(28)  

2014 R O A 
ED  
(S. Korea) 

CVC SC 31 22/31 (71%) 28/31 (90%) nm 
Median 5.5 min  
 (IQR 4.5-6.7) 

Skin prep to successful 
infusion. 

Lee et al. 
(29)  

2015 P O A 
Inpatient  
(USA) 

CVC F 48 18/48 (38%) 
39/48% 
(81%) 

Defined failure, which 
included: inability to 
place CVC, arterial 
cannulation, 
dislodged CVC.  

Mean 10.7 min 
Opening CVC kit to 
blood aspiration.  

Chreiman 
et al. (24) 

2018 R O A 
ED  
(USA) 

CVC SC,IJ,F 50 nm 23/50 (46%) 
Successful infusion 
of drugs/fluids. 

Median 3.2 min  
 (IQR 1.7-5.2) 

nm 

Liu et al. 
(31) 

2021 P RC A 
ED 
(China) 

CVC SC,IJ,F 48 24/48 (50%) nm 
Successful infusion 
of drugs/fluids. 

Mean 15.0 min 
Opening CVL kit to 
successful infusion. 

 

PERIPHERAL VENOUS ACCESS - ADULTS 

Author Year 
Study 
type Age Setting Device Site Number 

1st attempt 
success 

Overall  
success 

Definition of 
insertion success 

Procedural 
time 

Definition of 
procedural time 

Paxton et 
al. (32)  

2009 P O A 
ED  
(USA) 

PIV nm 57 42/57 (74%) nm nm 
Mean 3.6 min  
 (range 1-17) 

Skin prep to good fluid 
flow (subjective). 

Kim et al. 
(28)  

2014 R O A 
ED  
(S. Korea) 

PIV nm 31 17/31 (55%) 22/31 (67%) nm 
Median 0.6 min  
 (IQR 0.42-0.91) 

Skin prep to successful 
infusion. 

Chreiman 
et al. (24) 

2018 R O A 
ED  
(USA) 

PIV nm 37 nm 12/37 (32%) 
Successful infusion 
of drugs/fluids. 

Median 0.6 min  
 (IQR 0.13-0.65) 

nm 

A = adult. CVC = central venous catheter. DF = distal femur. DT = distal tibia. F = femoral vein. IJ = internal jugular vein. Inpt = inpatient.IO = intraosseous. IQR = 

interquartile range. Min = minutes. n/a = not applicable. nm = not mentioned. O = observational. P = prospective. PH = proximal humerus. PIV = peripheral intravenous 

catheter. PT = proximal tibia. R = retrospective. RC = randomised control. SC = subclavian vein. SD = standard deviation. Sec = seconds.  
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Table 2.  Published studies since 2000 involving paediatric patients requiring urgent vascular access within hospital setting (includes Emergency 

Department (ED)) – vascular access insertion success and procedural time. 

INTRAOSSEOUS ACCESS - PAEDIATRIC 

Author Year 
Study 
type Age Setting Device Site Number 

1st attempt 
success 

Overall  
success 

Definition of 
insertion success 

Procedural 
time 

Definition of 
procedural time 

Horton et 
al. (35) 

2008 P O 
0.5-17 
yr 

ED (50.5%) 
ICU (2.2%) 
Prehosp 
(47.4%) 
(7 countries) 

EZ-IO nm 95 72/95 (76%) 89/95 (94%) Successful infusion.  <10 sec in 77% 

Needle-to-skin contact 
to needle placement in 
IO space (indicated by 
sudden loss of insertion 
resistance). 

Neuhaus 
et al. (38) 

2010 R O 
0.1-6 
yrs 

OT  
(Switzerland) 

EZ-IO 
Cook 

PT 
8 
6 

8/8 (100%) 
6/6 (100%) 

nm Successful infusion.  n/a n/a 

Oksam et 
al. (39) 

2013 R O 
6-204 
mnt 

ED 
(Turkey) 

EZ-IO PT 25 20/25 (80%) nm 
Ability to aspirate or 
infuse saline without 
extravasation.  

n/a n/a 

Pifko et 
al. (40) 

2017 R O 
Mean 
3.9 yr 

ED 
(USA) 

EZ-IO nm 
<8kg = 7 
>8kg = 13 

2/7 (29%) 
12/13 (92%) 

nm 
Documented 
infusion of fluid or 
medications.  

n/a n/a 

El-
Nawawy 
et al. (34) 

2018 P RC 
1-36 
mnt 

ED 
(Egypt) 

EZ-IO PT 30 
30/30 
(100%) 

nm 
Successful infusion 
without 
extravasation. 

Median 0.9 min 
 (range 0.1-2  
  min) 

Picking up IO set to 
successful 
administration of saline.  

Mori et 
al. (37)  

2020 R O 
3-35 
mnt 

ED 
(Japan) 

EZ-IO 
PT/PH/ 
other 

97 
(94/1/2) 

90/97 (93%) 
97/97 
(100%) 

IO needle stability in 
bone & successful 
infusion without 
extravasation. 

Median 6.5 min 
 (IQR 2-25 min) 

Physician arrival to 
patient to problem free 
saline infusion. 

Mileder 
et al. (36) 

2020 R O 
36-42  
WPMA 

NICU  
(Austria) 

EZ-IO PT 12 6/12 (50%) 9/12 (75%) 
Successful infusion 
of fluid or 
medications.  

n/a n/a 

 

PERIPHERAL VENOUS ACCESS - PAEDIATRIC 

Author Year 
Study 
type Age Setting Device Site Number 

1st attempt 
success 

Overall  
success 

Definition of 
insertion success 

Procedural 
time 

Definition of 
procedural time 

Vukovic 
et al. (41)  

2016 P O 1-13 yr 
ED 
(USA) 

PIV nm 151 
85/151 
(56%) 

137/151 
(91%) 

Blood return or 
saline flush without 
extravasation.  

Median 0.8 min 
- 25% attempts 
>4.5 min 

Skin puncture to 
successful insertion. 

El-
Nawawy 
et al. (34) 

2018 P RC 
1-36 
mnt 

ED 
(Egypt) 

PIV nm 30 15/30 (50%) nm 
Successful infusion 
without 
extravasation. 

Median 1.5 min 
 (range 0.5-2  
  min) 

Picking up PIV set to 
successful infusion of 
saline.  

ICU = intensive care unit. IO = intraosseous. IQR = interquartile range. Min = minutes. Mnt = months. n/a = not applicable. NICU = neonatal intensive care unit. nm = not 

mentioned. O = observational. OT = operation theater. P = prospective. PH = proximal humerus. PIV = peripheral intravenous catheter. PT = proximal tibia. R = 

retrospective. RC = randomised control. Sec = seconds. WPMA = weeks postmenstrual age. Yr = year.  
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1.2.5   Clinical Utility 

In addition to fluid infusions, blood transfusions and standard cardiac arrest protocol-mandated drugs, 

numerous case reports, case series and clinical cohort studies published within the last two decades 

highlight the diverse ways in which the IO route is being utilised in the clinical setting to advance patient 

care when intravenous access is not readily obtainable (3, 42). Examples include: 

• insulin infusions in diabetic ketoacidosis (43),  

• thrombolysis in massive pulmonary embolism (44-46), myocardial infarction (47) and 

ischaemic stroke (48),  

• antidotes in drug overdose (49),  

• anaesthetic agents in the perioperative setting (50) and to facilitate rapid sequence induction 

for intubation (51),  

• palliative sedation in the end-of-life context (52),  

• factor replacement in a bleeding infant with haemophilia A (53),  

• prothrombin complex concentrate to reverse the effects of specific oral anticoagulants (54-56),  

• contrast media to facilitate computed tomography (57-61). 

  

1.2.6   Safety 

Although a potentially life-saving intervention, IO access itself can be associated with significant 

morbidity. Potential serious complications include soft tissue infection, osteomyelitis, fractures, fluid 

extravasation, compartment syndrome, or having a component of the IO device retained within the bone 

(62).  

 

Fluid extravasation refers to the situation where infused fluid or medication leaks from the IO space into 

subcutaneous tissue after successful insertion of the IO device. An irregular puncture site within the 

cortical bone, multiple puncture sites within the cortex of the same bone, and IO needle dislodgement 

from the IO space after successful insertion are all factors that have been reported to contribute to fluid 

extravasation (62, 63). Severe outcomes of fluid extravasation include compartment syndrome or soft 

tissue necrosis, the latter having been reported following extravasation of infused vasoactive medication 

(62, 64). 

 

Case reports of severe IO access-related complications are scattered throughout the literature. When 

considered in isolation, such case reports can misrepresent the safety of the procedure. Given the 

absence of real-world prospective studies examining the short and long-term complications of IO 

access, case series and small cohort studies are used to build an overall safety profile. When limited to 

in-hospital insertions, serious complications from IO access are reported in less than 5% of patients, 

with the risk of the more severe complications of osteomyelitis and compartment syndrome reported in 

less than 1% of patients (23, 65, 66).  
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1.2.7   Intraosseous Access Conclusions 

The IO route is a viable alternative for establishing vascular access in those in whom timely peripheral 

venous access is not achieved. This is a practice supported by influential international resuscitation 

organisations. Modern semi-automated IO devices have a higher first-attempt insertion success rate 

that peripheral and central venous access in the resuscitation setting, with access generally obtained 

within seconds. In addition, the safety profile of IO access is very favourable, and the ability to infuse 

therapeutic fluid and medication appears similar to more traditional routes of vascular access.  

 

Having established the IO route as an efficient and safe alternative for vascular access, one 

unanswered issue regarding its clinical utility is whether diagnostic testing can be undertaken on IO 

aspirate samples in a means similar to PVB. A detailed understanding of the statistical processes 

behind method comparison studies is required to provide a valid critique of the published literature 

comparing IO aspirate to the peripheral blood for laboratory analysis. The following section will discuss 

the main statistical processes that have been used in method comparison studies.  
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1.3   STATISTICAL METHODOLOGY OF METHOD COMPARISON STUDIES 

 

1.3.1   Introduction 

Method comparison studies assess the comparability of two different methods when measuring the 

same parameter (67). The parameter of interest (also known as the measurand) may include proteins, 

electrolytes, other chemical analytes, blood cells or clotting times in bodily fluids within the laboratory 

setting. While within the clinical setting, the parameter may be a physiological parameter, such as body 

temperature or blood pressure. Typically, a new measurement method gets compared to an established 

method already utilised in routine practice. The parameter of interest is measured simultaneously by 

each method, a process henceforth referred to as paired measurement. This process is then repeated 

in numerous individuals (67). If the parameter is subject to physiological variation, attempts must be 

made to ensure stability during simultaneous measurements. This might require measurement in a 

short time interval. Purposeful or ongoing sampling should be undertaken to ensure values that mirror 

the physiological range of the parameter are included in the final analyses (67). Given error is inherent 

in all measurement methods, rather than the dichotomous question of “do the two measurement 

methods yield the same result?”, a more considered question is “by what degree does the new 

measurement method differ from the existing method?” (67, 68). Once any difference between 

measurement methods is known, it can be compared to a predetermined clinically acceptable range. 

This forms the basis of the Bland-Altman method and helps determine whether the two methods can 

be considered interchangeable for measuring the parameter of interest (68). 

 

In the context of method comparison studies, the criterion of simultaneous measurement is satisfied if 

the value of the parameter measured is unlikely to have significantly changed between sampling and 

measurement by both methods (67). When the parameter's value is relatively stable, such as mean 

corpuscular volume, then the period of simultaneous sampling can be minutes. When the parameter is 

rapidly changing, such as blood pressure in a resuscitation situation, simultaneous sampling is defined 

by seconds (67). 

 

Although all measured parameters have a ‘true’ value, it is rare to have a method consistently able to 

measure this within a clinical laboratory (68). Instead, established measurement methods exist which 

are accepted to provide a reliable estimate of a parameter’s true value. Some may even be considered 

a reference or gold standard method. Such methods are accepted to provide the closest estimate of 

the parameter’s true value and are promoted to be the standard to which all other measurement 

methods are compared. When a new measurement method is proposed for a particular parameter, the 

measurement error present in the new method relative to a comparator method needs to be determined.  

 

Total measurement error combines both random and systematic errors. Random error reflects the 

unpredictable variation in results inherent to all measurement methods. In contrast, systematic error 

refers to the predictable deviation in the results provided by a particular measurement method relative 

to another (69). As such, systematic error is a concept that only applies when a comparison between 
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measurement methods is being undertaken, while random error applies whenever any measurement 

occurs.  

 

Random errors typically follow a Gaussian distribution. Repeating the measurement and taking the 

average value will reduce the impact of random error (68, 69). As a result, this average provides a more 

precise estimate of the parameter’s value as measured by the method in question. Measurement 

precision is a concept related to random error and reflects the closeness of repeated measurements. 

Random error may be quantified by standard deviation, percentiles, or the coefficient of variation (70). 

 

Agreement is a concept that refers to how close the results of two measurement methods are for a 

particular parameter (71, 72). Agreement is estimated through bias, which in turn is a measure of 

systematic error (70). Bias is the numerical difference between the average values of a parameter 

obtained by one method relative to another (70). If numerous paired measurements are only taken at a 

single value of the parameter of interest, we can only make statements about the bias between 

measurement methods at that value. However, if numerous paired measurements are taken across a 

range of values, our conclusions about the bias can extend over this range. The Bland-Altman method 

expands on using bias as the estimate of agreement, by creating a range called the limits of agreement 

(LoA) (discussed later). 

 

There may not necessarily be any bias in the new measurement method but, if there is, the bias reflects 

the overestimation or underestimation of results relative to the comparator measurement method. If the 

magnitude of bias remains the same independent of the parameter's value, then the bias is termed 

constant or fixed bias (70). If the bias increases or decreases proportionally to the parameter's value, 

then the bias is termed proportional bias (70). Constant bias tends to be presented in absolute values 

in the parameter’s measurement units, with proportional bias presented as a percentage value. 

 

Whilst the fundamental concepts of method comparison studies are straightforward, a layer of 

complexity arises when determining what statistical processes to utilise (73). In essence, there are two 

main camps, one which advocates for the use of linear regression models and another which promotes 

the Bland-Altman LoA method (74, 75). Linear regression models have a role if the goal is to ensure 

equivalent results between methods, while the Bland-Altman method is better suited to determining 

whether two methods can be considered interchangeable for measuring a parameter of interest. Bland 

and Altman’s landmark 1986 article was ranked in a 2014 study as the third most-cited medical statistics 

article of all time, only behind papers by Kaplan and Meier and Cox (76).  

 

The following section will commence with a discussion around correlation analyses, a once-popular but 

since discredited technique for assessing the interchangeability of measurement methods. This will be 

followed by dedicated discussions about linear regression analysis and the Bland-Altman LoA 

technique for method comparison studies.  
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1.3.2   Correlation Analyses 

In a statistical context, correlation refers to the association between two quantitative variables (77). 

Assuming a linear relationship exists between the variables, the strength of this association can be 

quantified by the correlation coefficient (78). A linear relationship and strong correlation between the 

two measurement methods is a common finding in method comparison studies, not surprising when 

both methods are measuring the same thing. However, correlation should not be mistaken for 

agreement, the latter being the more appropriate determinant of whether two measurement methods 

can be considered interchangeable for measuring a parameter of interest (68). A correlation coefficient 

may suggest a strong linear association, despite significant systematic biases being present, both 

constant and proportional (79). Clearly, methods would not be considered interchangeable in such 

situations, but the biases would otherwise be unappreciated if only a correlation coefficient was 

presented. 

  

Correlation analyses must begin with a thorough assessment of the data presented within a bivariate 

scatter plot. This assessment enables a review of the measured parameter range covered by the data 

points, the relationship between the two data sets over said range, identification of outlying data points, 

and confirmation that the assumption of linearity is met before statistical analyses are undertaken. Each 

scatter plot axis reflects the results obtained with one measurement method, while each data point 

reflects the paired measurements performed on one subject. A linear relationship is identifiable when 

the general data point trend follows a straight line over the entire measured range and is said to be 

‘direct’ when the value of X increases as the value of Y increases and vice versa (77). The line of 

equality may be incorporated into the graph to aid visual assessment. The line of equality is a straight 

line that intercepts zero and rises at a 45° angle. Assuming both axes have similar scales and units, the 

location of data points relative to this line may provide a rough agreement estimate. However, this 

technique is too imprecise to facilitate clinically-meaningful decisions about measurement method 

interchangeability and instead must be supplemented with alternative analyses, such as the difference 

plot and calculation of the LoA. 

 

Once the visual assessment of the bivariate scatter plot confirms a linear relationship, the strength of 

association between results from the two measurement methods can be quantified (77). The correlation 

coefficient is a unitless measure, which takes the form of -1 to +1. Pearson’s correlation coefficient (r) 

is calculated if both data sets have a normal distribution. In contrast, non-parametric techniques, such 

as Kendall’s Tau (𝜏), are employed if the distribution of either data set deviates from normality (77). The 

numerical value of the correlation coefficient depicts the strength of the linear relationship, and the sign 

indicates its direction. A plus sign reflects a direct relationship, a minus sign an inverse relationship 

(77). For ease of interpretation, one can categorise correlation coefficients by the following: a value 

>0.70 reflects a strong linear association, 0.50 to 0.70 good correlation, 0.30 to 0.50 moderate 

correlation and <0.30 being poor or non-linear correlation (77). If proper processes have been followed 

with a prior graphical review of the data patterns, these latter values should not come as a surprise. A 

hypothesis test should be performed to assess whether the calculated correlation coefficient is 
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statistically significant. The null hypothesis, an absence of association, can be rejected when the P-

value is <0.05. In this context, the appropriate conclusion is that the correlation coefficient is unlikely to 

have occurred by chance (78).  

 

Calculation of the correlation coefficient is not foolproof, with several factors potentially delivering 

misleading results. The correlation coefficient is sensitive to the measured range of the parameter by 

each method (79). The broader the range of values included within the study, the higher the correlation 

is likely to be. If only a narrow range of values are included, the scatter of results may prevent the 

identification of the underlying linear relationship. In such a scenario, the resulting low correlation 

coefficient may lead to erroneous blanket conclusions that no association exists between the two 

measurement methods for the parameter of interest. Equally, if two or more clusters of data points are 

included in the study, where each cluster only represents a narrow measurement range, the individual 

clusters themselves may have a low correlation coefficient, but when considered as a collective whole, 

the data set may show a high correlation coefficient (79). In addition, depending on their location relative 

to the overall data set, outlying data points have the potential to unduly strengthen or weaken the 

correlation coefficient (77). 

  

Ultimately, strong correlation, specifically a linear relationship, is a requirement that underpins method 

comparison studies, yet this tends to be the norm rather than the exception. A linear relationship should 

be confirmed through a review of a bivariate scatter plot rather than reliance on the value of the 

correlation coefficient alone. Once linearity is ensured, one can perform method comparison analyses 

through linear regression analysis or the Bland-Altman LoA techniques.   

 

Figure 3.  Bivariate scatter plots.   

A) Standard layout – bivariate scatter plot with established measurement method (method A) on X-axis, 

candidate replacement measurement method (method B) on Y-axis, and line of equality.  B) Constant 

bias – the bias in method B relative to method A remains constant over the entire measured range of the 

parameter of interest.  C) Proportional bias – the bias in method B relative to method A increases 

proportionally as the value of the parameter of interest increases. 

 

1.3.3   Linear Regression Analyses 

Correlation and linear regression analyses are closely related (77). One can utilise the linear 

relationship between two measurement methods to predict the results of one method if the results 

provided by the alternative method are known. Modelling this in a mathematic equation forms the basis 
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of linear regression analysis (77). Linear regression analysis also identifies the presence of bias 

between the two measurement methods (80). If there is no bias, then one could argue the measurement 

methods are interchangeable. If bias exists, then one can use the linear regression equation to correct 

for this, synonymous with measurement method calibration, ensuring similar results are provided 

regardless of which of the two methods are used (75, 80, 81).  

 

To generate the linear regression equation, a straight line, known as the regression line, must first be 

drawn through the data points on the bivariate scatter plot. The goal is to apply a straight line which 

yields the smallest cumulative residuals for all data points (77). When achieved, the straight line is 

referred to as the line-of-best-fit. A residual is defined as the difference between a given data point and 

its predicted value, with the predicted value in linear regression analysis determined by the line-of-best-

fit (70). The linear regression equation takes the general format of ‘y = a + bX’. The constant value ‘a’ 

denotes the intercept of the regression line on the Y-axis. The intercept theorises the value given by 

the measurement method on the Y-axis if the X-axis method were to yield zero (80). The constant value 

‘b’ denotes the slope of the regression line, which estimates the change in results of the Y-axis 

measurement method for every one unit change in the results of the X-axis method (80). When the 

values of the two constants ‘a’ and ‘b’ are known, the expected Y-axis value can be predicted for any 

given X-axis value and vice versa (77). The regression line generated only estimates the ‘true’ 

regression line for the population in which the study samples originated. Generating 95% confidence 

intervals (CI) for the regression line, and therefore ‘a’ and ‘b’, depicts the degree of uncertainty of where 

said ‘true’ regression line may be positioned (80).  

 

The 95% CI for the values of ‘a’ and ‘b’ are used to establish the presence of bias across the measured 

range of the parameter of interest. Constant bias is present whenever the 95% CI for the intercept does 

not include zero. If the value of ‘a’ is positive, the Y-axis method overestimates the measurement of the 

parameter of interest compared to the X-axis method, whereas if negative, the values of the Y-axis 

method are an underestimate. A proportional bias is said to be present whenever the 95% CI for ‘b’ (the 

slope) does not include one.  

 

There are numerous different forms of linear regression analysis. Examples include, but are not limited 

to, least-squares regression, Deming regression and Passing-Bablok regression. Each method has its 

champions and detractors. As the title would suggest, all linear regression models assume a linear 

relationship between the two data sets (77). In addition, each regression method has unique underlying 

assumptions which need to be satisfied for valid conclusions to be drawn. The Passing-Bablok 

technique, for example, has no assumptions about the distribution of data, accepts inherent errors in 

the measurement methods and is relatively robust against outlying data points (82). The different 

methods prove advantageous in enabling the application of the linear regression methodology across 

varied data sets. 
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Figure 4.  Linear regression analysis.   

A) Constant bias – linear regression equation (Passing-Bablok method) confirms presence of constant bias, 

where method B on average yields results 3.4 units higher than method A across the entire measured range. 

The slope confirms the absence of proportional bias.  B) Proportional bias – linear regression equation 

(Passing-Bablok method) confirms presence of proportional bias in method B relative to method A, where 

method B results are on average 28% greater than method A. The intercept confirms the absence of constant 

bias.  

 

1.3.4   Bland-Altman Limits of Agreement Method 

Within the same paper that dismissed the use of correlation coefficients as a measure of agreement in 

method comparison studies, Bland and Altman proposed their LoA approach (68). Although the LoA 

approach and linear regression analyses are both designed to detect bias between two measurement 

methods, Bland and Altman’s unique features arguably make it the more suitable technique for 

determining agreement. The LoA approach uses difference plots and precision statistics to estimate 

agreement and places emphasis on the researcher, rather than a statistical test, to assess whether a 

measurement method is in agreement to a comparator method (67, 68). The Bland-Altman method 

appreciates that all tests are subject to error and are unlikely to be strictly equivalent. However, rather 

than accounting for this through complicated calibration methods employed by linear regression 

analyses, the LoA approach takes a more flexible and pragmatic view to measurement method 

equivalence (75, 81). The fundamental question underpinning the Bland-Altman method asks whether 

the difference in results generated by two different measurement methods is ‘small enough’ that it will 

not influence clinical decision making. If this happens to be the case, the two methods can be 

considered interchangeable for measuring the parameter of interest without needing to account for any 

differences seen.  

  

The Bland-Altman method incorporates both visual assessment of data in graphical form and 

quantitative assessment through statistical tests. The data is presented in the form of a difference plot, 

where the Y-axis plots the difference between results obtained with the new measurement method and 

the comparator, while the X-axis plots the actual value of the parameter of interest (68). Given inherent 

error in any measurement method, Bland and Altman argue that no one method can unequivocally yield 

a parameter's ‘true’ value (83). Based on this, they believe the average result from paired measurement 

is likely to best estimate the parameter’s true value (68). Alternatively, others have promoted using the 

comparator method results to construct the X-axis, especially if this happens to be the gold standard or 

reference measurement method (84). Ultimately, the difference plot is purported to facilitate a more 
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straightforward and reliable visual assessment of agreement than the standard bivariate scatter plot 

(85).  

 

When reviewing the difference plot, one should aim to answer four main questions. Some of these 

questions can also be addressed on the standard bivariate scatter plot.  

1. What is the measured range of the parameter included in the data? 

2. Are there any extreme or outlying values within the data? 

3. Is the scatter of data points homoscedastic or heteroscedastic? 

4. Is there evidence of constant or proportional bias? 

The answers to each of these questions have important implications for subsequent statistical analyses 

and any resulting conclusions. 

 

Difference plot question 1: What is the measured range of the parameter included in the data? 

For method comparison studies to have practical utility, the relationship between methods must be 

assessed across the entire clinically-relevant range of the parameter. One should not extrapolate 

agreement results between two measurement methods into the parameter ranges that were not 

evaluated. It is conceivable that the measured range of the parameter shows one type of relationship 

between measurement methods, yet the unmeasured range of the parameter contains a markedly 

different relationship. Ultimately, the method comparison study results are only valid for the range of 

values included in the final analysis. If the parameter’s clinical range is only partially included in the 

method comparison study, further sampling should be undertaken to address this issue. 

 

Difference plot question 2: Are there any extreme or outlying values within the data?  

There may be outlier values within a method comparison study, a familiar scenario in any study involving 

continuous quantitative data. Outliers are data points that appear significantly out of keeping with the 

other data points within the study sample. Outlying data points may be identified by their extreme degree 

of statistical variation, for example, beyond three standard deviations from the mean, or by simple face 

validity, such as a result that is not biologically plausible (86). Although outlying data points may 

significantly influence overall results, there is no consensus about managing such data. Simple 

exclusion of data points claimed to be outliers may result in the erroneous exclusion of valid data, 

leading to researchers seriously compromising the integrity of any conclusions reached (86). When 

outlying data points are identified, it is recommended that researchers first evaluate potential 

explanations for the result (85). Ludbrook argues that data points should only be excluded from final 

analysis under stringent scenarios, including the presence of a clear pre-analytical error, temporary 

malfunction in the measurement instrument, a transcription error, or impossible values (87). If such 

scenarios are not present, then Ludbrook suggests the data points must be considered as ‘real’ and 

considered to reflect erratic behaviour of the measurement device or bias in the sampling process (87). 

Ultimately, multiple authors, including Bland and Altman, state the most comprehensive approach is to 

perform analyses with and without the outlying data points, then present both sets of results (85, 86). 
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This practice enables the reviewer of the study to arrive at their own conclusions regarding the influence 

of the outlying data values.  

 

Difference plot question 3: Is the scatter of data points homoscedastic or heteroscedastic? 

The Bland-Altman method assumes that the spread of the data points does not vary systematically over 

the range of measurements (85). The spread of data refers to how close the data points are to each 

other and can be described as either homoscedastic or heteroscedastic. Homoscedastic applies when 

the scatter of differences is constant across the parameter’s measured values. In contrast, 

heteroscedastic applies when the scatter changes with increasing or decreasing measurement values 

(75). The most common heteroscedastic pattern in biological specimens is when the scatter of 

differences increases as the measurement values increase (75). This scenario is visually identified on 

the difference plot by the data set taking the form of a cone, with data points converging on the left-

most aspect of the graph before spreading out wide as one moves along the graph to the right (70). 

When a heteroscedastic data set is present, Bland and Altman recommend transforming the data to 

appear homoscedastic. Data can undergo a logarithmic transformation before creating the difference 

plot. Other data transformation techniques include plotting the ratio or percentage difference of the two 

values on the Y-axis rather than absolute differences (85).  

 

Difference plot question 4: Is there evidence of constant or proportional bias?  

Assuming the data is homoscedastic, the average trends of the difference data points may either remain 

constant over the parameter’s measured range or may change in proportion to the measured range. In 

the former situation, when the trend remains constant but deviates from zero difference, a constant bias 

is present. In contrast, in the latter scenario, a proportional bias is said to be present. Because a 

proportional bias may not necessarily be evident upon visual review of the difference plot and its impact 

on valid agreement conclusions, the presence of a proportional bias should be assessed through more 

objective techniques. Statistical software can apply the least-squares linear regression model to the 

data set and display a regression line on the difference plot. If the slope is shown to significantly differ 

from zero, with a P-value <0.05, a proportional bias exists (75). In the presence of proportional bias, 

specifically where the magnitude of the bias between methods increases with increasing value of the 

parameter, the LoA will overestimate the difference between methods in the lower parameter values 

and underestimate the higher values (88). The reverse is true in the less common situation, where the 

bias between methods decreases with the increasing value of the parameter. Calculating the 

percentage difference of the two values, rather than using absolute differences, may be one method to 

eliminate the effects of proportional bias. If this is unsuccessful, then using alternative techniques, such 

as linear regression, should be considered a more appropriate way to display the bias between methods 

(88).  
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Figure 5.  Difference plots.   

A) Homoscedastic data with constant bias – both the scatter and average trend of the difference data 

points remains constant across the parameter’s measured range.  B) Heteroscedastic data – scatter of 

difference data points increases as the parameter’s measured range increases.  C) Homoscedastic data 

with proportional bias – scatter of difference data points remains constant, but the average trend in the 

difference between methods increases as the parameter’s measured range increases.  D) Heteroscedastic 

data with proportional bias – both the scatter and average trend of the difference data points increases as 

the parameter’s measured range increases.  

 

After reviewing the difference plots, the next step is ensuring the three basic assumptions of the Bland-

Altman LoA method are met to apply Bland and Altman's ‘classic’ LoA methodology (68, 89).  

1. The results provided by each measurement method have a direct linear relationship. 

2. The differences between the two measurement methods follow a normal distribution.  

3. A relationship should not exist between the measurement difference of the two methods 

(Y-axis) and the range of measured values (X-axis). 

Assumptions 1 and 3 have already been discussed in detail in preceding paragraphs, while assumption 

2 is discussed further in turn. 

 

The normality assumption should be assessed by plotting the differences in results in the form of a 

histogram, then objectively confirming it by applying a statistical test of normality such as the Shapiro-

Wilk test (68, 71). Statistical tests of normality compare the data distribution of the sample to a normal 

distribution, the null hypothesis being the sample data is normally distributed. A P-value ≥0.05 indicates 

no statistically significant difference between the sample and a normal distribution. In other words, the 

sample’s data set can be considered normally distributed and be subjected to parametric statistical 

tests (67). If the resulting P-value is <0.05, the null hypothesis should be rejected, and non-parametric 

techniques employed to determine the bias and LoA (71). With the Bland-Altman method, the results 

obtained with both measurement methods themselves need not follow a normal distribution, but the 

differences do. Normality with the actual measured values is generally unlikely, given purposeful rather 
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than random sampling is undertaken to ensure the entire measurement range of a parameter is included 

in the agreement analysis (68). 

 

Figure 6.  Histogram of differences between measurement methods. 

Example normal distribution (bell-shaped) curve shown in red, which can be used as a visual comparison 

for normality of study data points.  Shapiro-Wilk test of normality yields a p-value of 0.0865, which indicates 

there is no statistically significant difference between a normally distributed data set and the study data set 

(difference between measurement method). 

 

If a normal distribution of differences and homoscedastic data are present, and there is no proportional 

bias, then parametric statistical tests are performed. The mean and the standard deviation of the 

difference between methods is determined. The mean difference, displayed on the difference plot as a 

horizontal straight line relative to zero on the Y-axis, represents the estimated constant bias of the new 

measurement method relative to the established method (68). From this, the values of the mean plus 

1.96 standard deviations and the mean minus 1.96 standard deviations are determined (68). Bland and 

Altman refer to these values as the upper and lower LoA, respectively (68). The two LoA, each displayed 

as two horizontal straight lines on the difference plot, reflect the interval within which 95% of all 

differences between measurement methods are expected to lie (85). As such, this interval is referred 

to as the 95% LoA. An interval incorporating more or less than 95% of measurement differences could 

be used, however 95% remains the customary choice of Bland and Altman (85). Being a measure of 

data spread, the LoA do not narrow with increasing sample size but may conceivably increase (88). 

Calculation of the 95% LoA is one of the main differences of the Bland-Altman method compared to 

linear regression. Both calculate bias (average difference) across the range of measured values, but 

the latter provides no measure of the spread of data points. 

 

The mean difference and 95% LoA only estimate what is the ‘true’ bias between two measurement 

methods. The exact (or true) bias is unlikely to ever be known, as this would require sampling all 

individuals within the population of interest. In the absence of such an undertaking, calculation of CI for 

each of these three values provides an idea of their precision relative to the ‘true’ value (68). The CI are 

displayed on the difference plot as straight horizontal lines above and below the value they belong. The 

use of 95% CI is the norm within statistical literature and reflects with 95% certainty the range in which 

the true value will lie. Increasing sample size will lead to a narrowing of the 95% CI, simply because 

more of the population is represented and therefore the estimates generated reflect the true population 

value with increasing accuracy. 
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When the difference data does not follow a normal distribution, then LoA must be determined by non-

parametric techniques (85). For this, the differences should be organised into ranked values. Instead 

of the mean difference, the median difference should be used as the measure of bias. Next, the upper 

and lower LoA are determined by incorporating values within the central 95th percentiles of the data set. 

As such, the value of the upper LoA will reflect the 97.5th percentile of the data set, and the lower LoA 

the 2.5th percentile (85). 

  

The Bland-Altman method does not provide a dichotomous answer of whether a new method is in 

agreement or not; it merely provides the 95% LoA as a measure of agreement. What constitutes an 

acceptable LoA is judged clinically, not statistically (85). The utility of the Bland-Altman method only 

becomes a reality when the calculated LoA is compared to clinically acceptable difference (CAD) criteria 

(85). If the computed LoA are within the CAD criteria, it is concluded the new method provides a value 

that has adequate agreement to the comparator measurement method. In such a scenario, the two 

measurement methods may be used interchangeably, or the new measurement method can simply 

replace the comparator method to measure the parameter of interest (85). The CAD criteria can be 

added to the difference plot as two horizontal lines (reflecting the upper and lower CAD values) relative 

to the zero measurement difference line to ease visual interpretation of the study findings. 

 

1.3.5   Determination of Clinically Acceptable Differences in Method Comparison Studies   

Different strategies of determining CAD criteria exist, including clinician opinion, decisions based on 

published literature, and analytical performance specifications (APS) (90). The Delphi technique is 

useful when incorporating clinician opinion to determine the CAD. The technique follows a specialised 

process that transforms individual expert opinions into a group consensus (90).  

 

APS are values generated by organisations providing external quality assurance (EQA) programs to 

laboratories. An EQA program, such as the Royal College of Pathologists of Australasia Quality 

Assurance Program (RCPAQAP), is used by laboratories to ensure the analytical quality of their 

measurements (91). The EQA provider distributes samples to participating laboratories who measure 

a specified parameter within the said sample. The measured value is then compared to what the EQA 

organisation deemed the parameter’s target value. APS are pre-defined acceptable difference criteria 

that indicate whether any deviation in the measured value generated by a laboratory relative to the EQA 

target value is acceptable (91). APS values are generally based on the known biological variation of the 

measured parameter, other published data and expert opinion.  

 
The EQA process ensuring analytical quality within a laboratory has similarities to agreement 

determination via the Bland-Altman LoA approach. Adopting established APS from a respected 

international EQA organisation such as RCPAQAP is considered a valid strategy to generate CAD 

criteria for different parameters of interest.    
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Figure 7.  Stepwise construction of difference plots following Bland-Altman limits of agreement 

method.   

A) Standard difference plot layout – zero difference between measurement method in horizontal black 

line and measured parameter range across X-axis.  B) Pre-determined clinically acceptable differences 

(CAD) – upper and lower limits represented by red horizontal lines above and below zero difference line, 

respectively. Defined as the range in which any difference in method B relative to method A must lie for the 

two methods to be considered interchangeable for measuring the parameter of interest.  C) Mean difference 

between methods (the bias) – represented by the blue horizontal line. Reflects the bias of method B results 

over method A when measuring a parameter of interest and only holds true in the absence of proportional 

bias.  D) 95% limits of agreement (LoA) – Upper and lower LoAs represented as horizontal blue dashed 

lines. Calculated as 1.96 x standard deviations +/- mean difference.  E) 95% confidence intervals (CI) – 

Upper and lower CI represented as horizontal green finely dashed lines above and below each estimate 

value (i.e. mean difference, and both upper and LoA). The 95% difference range covers the area between 

the upper 95% CI for upper LoA and the lower 95% CI for lower LoA (highlighted in green shading for ease 

of interpretation), which represents the range in which 95% of differences between the two measurement 

methods are expected to be within with 95% confidence based on the population in which the study samples 

originated. When this range is within the pre-determined CAD, method B is considered interchangeable with 

method A for measuring the parameter of interest.  F) Example of poor agreement – as the 95% difference 

range is not enclosed within pre-determined CAD, method B is not in agreement with method A and cannot 

be considered interchangeable for measuring the parameter of interest.  
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1.3.6   Sample Size Determination for Bland-Altman Method 

The LoA are the critical findings resulting from Bland-Altman analyses. However, in any given study, 

these limits are only an estimate for the population from which the sample was selected and hence 

contain an inherent degree of imprecision. Such imprecision is represented by the standard error, which 

is used to calculate the CI. As the standard error is inversely proportional to sample size, an increasing 

sample size results in a decreasing standard error. In turn, a decreasing standard error leads to a 

reduction in the width of the CI (92).  

 

The width of the 95% CI of the 95% LoA has important implications. As previously described, a decision 

on whether a new method is in agreement with another requires the application of pre-defined CAD 

criteria. If the 95% CI for the 95% LoA are within these pre-defined criteria, then the two methods are 

said to agree and can be used interchangeably for measurement of the parameter of interest. Even in 

situations where the limits themselves are within such criteria, if the width of the CI are too wide, they 

may fall outside the pre-defined criteria, thereby limiting the ability to draw definitive conclusions on 

whether two methods are in agreement (88).  

 

The 95% CI for the 95% LoA are calculated by the formula ±1.96√(3/n)SD, where n is the sample size, 

and SD is the standard deviation for the sample (68). Using this formula, one can derive the standard 

error for the 95% LoA for any given sample size (see Table 3).  

 

Table 3.  Effect of sample size on the standard error of the 95% limits of agreement in the Bland-

Altman limits of agreement method.   

Sample 
size 

Standard 
error 

Sample 
size 

Standard 
error 

Sample 
size 

Standard 
error 

10 1.07 110 0.32 210 0.23 

20 0.76 120 0.31 220 0.23 

30 0.62 130 0.30 230 0.22 

40 0.54 140 0.29 240 0.22 

50 0.48 150 0.28 250 0.21 

60 0.44 160 0.27 260 0.21 

70 0.41 170 0.26 270 0.21 

80 0.38 180 0.25 280 0.20 

90 0.36 190 0.25 290 0.20 

100 0.34 200 0.24 300 0.20 

Calculations based on the formula provided by Bland et al. (1986) for calculating the 95% CI for the 95% 

limits of agreement; ±1.96√(3/n)SD where n is the sample size and SD is the standard deviation for the 

sample. The units of the standard error are the same as those of the estimate in which it applies (which 

may be absolute values or relative (percentage) values, depending on the analysis).          

 

Concerning the width of the 95% CI surrounding each of the 95% LoA, using an example given by Bland 

(93), a sample size of 12 provides a value for the 95% CI that is equivalent to approximately one 

standard deviation either side of said limit. Applying this example practically, the width from the mean 

bias to the upper LoA is 1.96 standard deviations, but the width from the mean bias to the upper value 

of the 95% CI for the upper 95% LoA would be approximately three standard deviations. The same is 
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true for the width from the mean bias to the lower 95% CI value for the lower 95% LoA. This is a relatively 

wide interval and one that is likely to include the pre-defined CAD criteria.  

 

Different authors and guidelines provide varying sample size recommendations for method comparison 

studies. Bablok and Passing (94) advise a sample size of at least 30, the most up-to-date CLSI 

guidelines (70) recommend a sample size of at least 40, Ludbrook (87) advises including at least 50, 

while Bland (93) recommends having a sample size of 100 or greater if possible. Ultimately when 

performing a Bland-Altman analysis, determining the required sample size requires a decision regarding 

the desired accuracy of the estimates (93). The larger the sample size, the narrower the 95% CI around 

the LoA. 

 

Given that increasing sample size is associated with increasing study costs, time and resource 

requirement, this author proposes the following practical method when completing a method 

comparison study using the Bland-Altman LoA method:  

1. Pre-define the CAD criteria for determining agreement for the parameter of interest.  

2. Select an initial sample size based on the desired accuracy of the estimates, attempting to 

include a minimum sample size of 30-40 where feasible. Such a sample size should enable a 

reliable mean bias and standard deviation to be determined. 

3. Undertake the method comparison study using the chosen sample size and determine the 

mean bias between methods and the associated 95% LoA and their 95% CI.  

4. If the 95% LoA and their 95% CI are within the pre-defined CAD criteria, no further action is 

required, and one can conclude that the two methods are in agreement and can be considered 

interchangeable in measuring the parameter of interest.  

5. If the 95% LoA are clearly outside the pre-defined CAD criteria, then no further action is 

required, and one can confidently say that the two methods are not in agreement. Increasing 

the sample size further is unlikely to change the outcome, given that such an action will not 

significantly influence the standard deviation and, therefore, will not notably affect the values of 

the 95% LoA (92).  

6. If the 95% LoA are within the pre-defined CAD criteria, but the 95% CI are outside said criteria, 

then decisions need to be made. One can decide to accept the findings as inconclusive as to 

whether the two methods are in agreement for measuring the parameter of interest. 

Alternatively, further sampling should be undertaken to narrow the CI to allow definitive 

conclusions to be drawn.  
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1.4   PUBLISHED INTRAOSSEOUS ASPIRATE METHOD COMPARISON 

STUDIES 

 

1.4.1   Introduction 

Over the last three decades, twelve studies have been published examining the feasibility and reliability 

of performing laboratory analyses on human IO aspirate samples (see Table 4) (95-106). The site of IO 

aspiration varies within these studies, ranging from the iliac crest to sites more typically utilised in the 

resuscitation setting, namely the proximal tibia and proximal humerus. Ten studies incorporated 

continuous data in the form of numerical laboratory values, whilst two studies focused on categorical 

data, specifically blood group and red cell antibody screening. Of the studies with continuous data, five 

were performed using laboratory level automated analysers, with the other five using point-of-care 

devices.  

 

1.4.2   Feasibility 

Testing feasibility refers to the ability for samples to be collected, analysed and results generated. The 

published human method comparison studies (see Table 5) reveal IO aspirate to be attainable in nearly 

all cases, regardless of whether such samples are collected at times of cardiovascular stability or 

compromise. This is further highlighted in experimental studies using porcine animal models, where 

aspiration was successful from the tibial IO space despite periods of profound hypotension resulting 

from induced ventricular arrhythmia and was even successful during cardiopulmonary resuscitation 

(107-109). 

 

Seven of the published human studies reported the need to discard IO aspirate samples before analysis 

due to clots within the specimens. As a comparison, none of the venous or arterial blood specimens 

within these studies needed to be discarded. The Jousi et al. (2019) study, one in which IO aspirate 

samples were collected from patients requiring resuscitation, reported an inability of the i-STAT® point-

of-care device (Abbott Laboratories, Abbott Park, IL, USA) to provide an analysis of the IO aspirate for 

reasons unknown in 9/31 study subjects (99). Plausible explanations for analyser failure to produce a 

result on IO aspirate include insufficient sample volume, presence of clots, fat particles or bone marrow 

fragments that may occlude analyser components or impact light transmission, and low flow states 

through the analyser due to increased IO aspirate relative to PVB. 

 

1.4.3   Discarding Initial Aspirate 

Several of the published human studies employed the technique of discarding the initial volume of IO 

aspirate (generally 1.5-2 mL) prior to obtaining a sample for analysis. In some of the studies, this 

practice was borne out of necessity given that the IO aspirate samples collected were ancillary to 

specimens being taken for diagnostic purposes in haematology-oncology patients undergoing a bone 

marrow biopsy. Jousi et al. (2017) directly assessed whether such a discard practice was necessary. 

In this study, the initial 0.5 mL of IO aspirate from the proximal tibia was collected for analysis, the 

subsequent 1.5 mL of aspirate was discarded, then the following 0.5 mL was obtained for comparative 
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Table 4.  Published method comparison studies of intraosseous aspirate and blood (venous or arterial) in humans. 

Author Year 
Sample 
size Setting Sample sources Type Parameters tested Analysers used Statistical methodology 

Grisham et 
al. (97) 

1991 15 
Children (10 mth-17 yr) 
Haem/onc pt 
(USA) 

IO from IC 
Venous blood 

Lab 
H) Hct 
B) Na, K, Cl, Ca, Glu 
BG) pH, pCO2, pO2, HCO3, BE 

H) Spun capillary tube Hct 
B) STAT Profile 6 (NOVA  
 Biomedical)  
BG) AVL 945 (AVL Scientific) 

Correlation coefficients 

Brickman et 
al. (96) 

1992 28 
Adult (27-84 yr) 
Haem/onc pt 
(USA) 

IO from IC 
Venous blood 

Lab ABO/RhD typing & red cell  
antibody screen 

Not specified but likely manual 
tube technique  

Descriptive 

Ummenhofer 
et al. (104) 

1994 30 

Children (1.4-15.4 yr) 
20 haem/onc pt 
10 elective surgical pt 
(Switzerland) 

IO from IC 
Venous blood 

Lab 

H) Hb, Hct, plt, WCC 
B) Na, K, Cl, Glu, Bili, Urea, Cr,  
  total protein, ALP, ALT, AST 
BG) pH, HCO3, pCO2, pO2 

H) Digitana F-800 (Sysmex) 
B) Hitachi 705 (Boehringer  
 Mannheim)  
BG) AVL 945 (AVL Scientific) 

Intraindividual ratios 

Hurren. (98) 2000 15 
Subject age not defined 
Haem/onc pt 
(UK) 

IO from IC 
Venous blood 

Lab H) Hb, Hct, plt, WCC 
B) Na, K, Ca, Urea, Cr, Glu 

Not specified  Parameter mean values 

Miller et al. 
(101)  

2010 10 
Adults (21-48 yr) 
Healthy volunteers 
(USA) 

IO from PHum 
Venous blood 

Lab 
H) Hb, Hct, RCC, plt, WCC 
B) Na, K, Cl, Ca, Glu, BUN, Cr,   
  total protein, Alb, CO2 

H) LH-750 (Beckman-Coulter) 
B) OAU640 (Olympus) 

Correlation coefficients 
Parameter mean values 

Montez et al. 
(102) 

2013 30 
Subject age not defined 
Healthy volunteers 
(USA) 

IO from PHum 
Venous blood 

POC BG) Lac i-STAT (Abbott) 
Correlation coefficients 
Parameter mean values 

Veldhoen et 
al. (105) 

2014 20 
Children (1.5-16.2 yr) 
Haem/onc pt 
(Netherlands) 

IO from IC 
Venous blood 

POC BG) pH, pCO2, pO2, HCO3,  
  BE, Na, K, Ca, Glu 

i-STAT (Abbott) 

Bland-Atman limits of  
  agreement 
Intraclass correlation  
  coefficient 

Tallman et 
al. (103)  

2016 17 

Children/adults (12-93 yr) 
Resus pt (cardiac arrest, 
critical illness) 
(USA) 

IO from 
PTib/PHum 
Venous blood  
 (w/i 5 min of IO) 

POC BG) pH, pCO2, pO2, HCO3,  
  BE, Na, K, Glu, Lac 

EPOC (Alere) 

Bland-Atman limits of  
  agreement 
Intraclass correlation  
  coefficient 

Jousi et al. 
(100)  

2017 31 
Adults (19-36 yr) 
Healthy volunteers 
(Finland) 

IO from PTib 
Arterial blood (w/i 
5 min of IO) 

POC 
BG) pH, pCO2, pO2, HCO3,  
  BE, Na, K, Ca, Glu, Lac, Hb,  
  Hct 

i-STAT (Abbott) 

Bland-Atman limits of  
  agreement 
Intraclass correlation  
  coefficient 

Backman et 
al. (95)  

2018 72 
Children/adults (1-82 yr) 
Haem/onc pt 
(Finland) 

IO from IC 
Venous blood 

Lab ABO/RhD typing & red cell  
antibody screen 

Manual column agglutination 
technique 

Descriptive 
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Wiegele et 
al. (106)  

2019 23 

Adults (range not defined) 
19 healthy volunteers 
4 elective surgical pt 
(Austria) 

IO from PTib 
Venous blood 

Lab 

H) Plt 
C) PT, APTT, Fib (Clauss) 
ROTEM) CT, MCF, CFT, α,  
  ML, A10 

H) XE-2100 (Sysmex) 
C) STA-R Evolution (Stago) 
ROTEM (TEM Innovations) 

Correlation coefficients 
Parameter median values 

Jousi et al. 
(99)  

2019 33 

Adults (39-70 yr) 
Resus pt (critical illness, 
trauma - no cardiac arrest) 
(Finland) 

IO from PTib 
Arterial blood (w/i 
15 min of IO) 

POC 
BG) pH, pCO2, pO2, HCO3,  
  BE, Na, K, Ca, Glu, Lac, Hb,  
  Hct 

i-STAT (Abbott) 
Bland-Atman limits of 
agreement 

α = alpha angle. A10 = firmness at time 10 minutes. Alb = albumin. ALP = alkaline phosphatase. ALT = alanine aminotransferase. APTT = activated partial thromboplastin 

time. AST = aspartate aminotransferase. B) = biochemical parameters. BE = base excess. BG) = blood gas point-of-care device parameters. Bili = bilirubin. BUN = blood 

urea nitrogen. Ca = calcium. CFT = clot formation time. Cl = chloride. CO2 = carbon dioxide. Cr = creatinine. CT = clotting time. Fib = fibrinogen. Glu = glucose. H) = 

haematological parameters. Haem = haematology. Hb = haemoglobin. HCO3 = bicarbonate. Hct = haematocrit. IC = iliac crest. IO = intraosseous. K = potassium. Lac = 

lactate. MCF = maximum clot firmness. Min = minutes. ML = maximum lysis. Mth = month. Na = sodium. Onc = oncology. pCO2 = partial pressure of carbon dioxide. PHum 

= proximal humerus. Plt = platelet count. pO2 = partial pressure of oxygen. Pt = patient. PT = prothrombin time. PTib = proximal tibia. RCC = red cell count. Resus = 

resuscitation. ROTEM = rotational thromboelastometry. WCC = white cell count. W/i = within. Yr = year.
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Table 5.  Intraosseous aspirate testing feasibility in humans. 

Author Year 
Sample 
size Patient characteristics 

Sample  
sources 

Parameters  
tested 

Clotted 
samples 
rejected 

Inability to 
analyse 

Proportion of IO aspirates 
providing results 

Grisham et al. 
(97)  

1991 15 
Children 
Haem/onc pt 

IC 
Hct 
Biochem 
POC blood gas 

2/15 (Hct) 0/15 
13/15 (87%) for Hct 
15/15 (100%) for  biochem  
  & POC blood gas 

Brickman et al. 
(96)  

1992 28 
Adult  
Haem/onc pt 

IC RBC G&S 0/15 0/15 15/15 (100%) 

Ummenhofer et al. 
(104)  

1994 30 
Children 
20 haem/onc pt 
10 elective surgical pt 

IC 
FBC 
Biochem 
POC blood gas 

Not specified     

Hurren. (98) 2000 15 
Subject age not defined 
Haem/onc pt 

IC 
FBC 
Biochem 

2/15  0/15 13/15 (87%) 

Miller et al. (101)  2010 10 
Adults 
Healthy volunteers 

PHum 
FBC 
Biochem 

1/10 0/10 9/10 (90%) 

Montez et al. 
(102) 

2013 30 
? Age 
Healthy volunteers 

PHum POC lactate 7/30 0/30 23/30 (77%) 

Veldhoen et al. 
(105)  

2014 20 
Children  
Haem/onc pt 

IC POC blood gas 0/20 0/20 20/20 (100%) 

Tallman et al. 
(103)  

2016 17 
Children/adults  
Resus pt 

PTib or 
PHum 

POC blood gas Not specified     

Jousi et al. (100)  2017 31 
Adults  
Healthy volunteers 

PTib POC blood gas 3/31 0/31 28/31 (90%) 

Backman et al. 
(95)  

2018 72 
Children/adults 
Haem/onc pt 

IC RBC G&S 0/72 0/72 72/72 (100%) 

Wiegele et al. 
(106)  

2019 23 
Adults  
19 healthy volunteers 
4 elective surgical pt 

PTib 
Plt  
Coag screen 
ROTEM 

14/23 0/23 
9/23 (39%) 
  *of these only 3/9 had  
   plausible ROTEM results 

Jousi et al. (99)  2019 33 
Adults 
Resus pt 

PTib POC blood gas 1/33 9/33 23/33 (70%) 

Biochem = biochemistry parameters. Coag = coagulation. FBC = full blood count. Haem = haematology. Hct = haematocrit. IC = iliac crest. Onc = oncology. PHum = 

proximal humerus. Plt = platelet count. POC = point-of-care. Pt = patient. PTib = proximal tibia. RBC G&S = red blood cell ABO/RhD group and antibody screen. Resus 

= resuscitation. ROTEM = rotational thromboelastometry. 
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analysis. Of the parameters tested on the i-STAT point-of-care device, the authors reported no 

significant difference between the initial and post discard aspirate. Whilst not directly evaluated on 

laboratory automated haematological and biochemical analysers, the Jousi et al. (2017) study provides 

some assurance as to the ability to test IO samples without the need to discard the initial component of 

the aspirate. 

 

1.4.4   Statistical Methodology in Human Studies 

Of particular importance in method comparison studies is the statistical methodology used. In the twelve 

human IO aspirate studies, only four employed what is currently accepted as the preferred statistical 

methodology for determining agreement, the Bland-Altman LoA method (99, 100, 103, 105). Each of 

these four studies had a small sample size ranging from 17-33 subjects, each utilised point-of-care 

devices and all largely analysed the same parameters. Two studies were performed in the resuscitation 

setting, one in haematological-oncology patients and the other in healthy volunteers. Two of these 

studies used arterial blood as the comparator sample for the IO aspirate, while the other two used a 

venous blood comparator. The average differences and 95% LoA for each parameter within these 

studies are presented in Table 6. 

 

1.4.5   Impact of Cardiovascular Compromise 

One of the criticisms of IO aspirate method comparison studies which utilise haematology-oncology 

patients and healthy volunteers for sampling is that the subjects are in a state of cardiovascular stability 

with preserved perfusion of the IO space. This leads to uncertainty about whether the findings in such 

cohorts are applicable to the ‘real world’, where IO access is primarily utilised in the resuscitation and 

critical illness setting in patients with various degrees of cardiovascular compromise (110). While the 

three experimental studies using porcine animal models proved that collecting IO aspirate samples was 

possible regardless of cardiovascular state, their statistical methodology failed to study agreement 

between IO aspirate and venous or arterial blood at the various levels of cardiovascular compromise 

(107-109).  

 

Only two published studies to date have evaluated agreement using the Bland-Altman method in human 

patients undergoing resuscitation. Tallman et al. (2016) used venous blood for the IO aspirate 

comparator. The subsequent Bland-Altman analysis yielded wide 95% LoA for all parameters 

suggesting minimal agreement between sample types. The authors argued that this finding primarily 

resulted from the small number of observations (17 patients) and the undue influence on results from 

single outlier values.  

 

In contrast to the previous study, Jousi et al (2019) utilised arterial blood as the comparator for their 

method comparison study. The study reported acceptable agreement for many parameters 

incorporated in the i-STAT® point-of-care device, including pH, base excess, bicarbonate, partial 

pressure of carbon dioxide (pCO2), glucose, ionised calcium, and sodium. The partial pressure of 

oxygen (pO2), potassium and haemoglobin concentrations showed poor agreement.  
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Table 6.  Published studies using Bland-Altman limits of agreement methodology to assess agreement between intraosseous aspirate and blood samples 
in humans. 

Author Year 
Sample 
size 

Patient 
characteristic 

Sample 
sources pH pCO2  pO2  

HCO3 
(mmol/L) 

BE 
(mmol/L) 

Na 
(mmol/L) 

K 
(mmol/L) 

Ca 
(mmol/L) 

Glu 
(mmol/L) 

Hb 
(g/L) 

Hct 
(%) 

Lac 
(mmol/L) 

Veldhoen 
et al. 
(105)  

2014 20 
Children  
Haem/onc pt 

IO from IC 
Venous blood 

-0.07 

(+0.13 to  
-0.27) 

+6.0 

(+23.6 to  
-11.6) 
mmHg 

+47.0 

(+246.0 to  
-153.0) 
mmHg 

+0.7 

(+6.1 to  
-4.7) 

-1.1  

(+2.7 to  
-5.0) 

+0.8 

(+4.1 to  
-2.6) 

-1.3 

(+1.0 to  
-3.6) 

+0.08 

(+0.27 to  
-0.12) 

0.0 

(+1.2 to  
-1.2) 

N/A N/A N/A 

Tallman 
et al. 
(103) 

2016 17 
Children/adults  
Resus pt 

IO from 
PTib/PHum 
Venous blood  
(w/i 5 min of 
IO sampling) 

+0.07 

(+0.37 to  
-0.22) 

-22.7 

(+40.3 to  
-85.6) 
mmHg 

-1.5 

(+37.8 to  
-40.8) 
mmHg 

-2.1 

(+10.0 to  
-14.0) 

-2.2 

(+18.0 to  
-22.0) 

-1.3 

(+12.0 to  
-15.1) 

+2.3 

(+5.6 to  
-1.0) 

N/A 

-50.8 

(+175.0 to  
-277.0) 

N/A N/A 

-0.9 

(+6.1 to  
-7.8) 

Jousi et 
al. (100)  

2017 31 
Adults  
Healthy  
 volunteers 

IO from PTib 
Arterial blood  
(w/i 5 min of 
IO sampling) 

+0.01 

(+0.09 to  
-0.07) 

+0.4 

(+1.6 to  
-0.8) 
kPa 

-4.9 

(-1.1 to  
-8.8) 
kPa 

+2.6 

(+5.4 to  
-0.3) 

+2.2 

(+4.5 to  
-0.02) 

-5.8 

(-0.3 to  
-11.4) 

+2.2 

(+4.2 to  
+0.3) 

-0.11 

(+0.03 to  
-0.24) 

0.0  

(+0.1 to  
-1.0) 

-15.2 

(+64.8 to  
-95.2) 

-4.5 

(+19.1 to  
-28.0) 

-0.04 

(+0.6 to  
-0.7) 

Jousi et 
al. (99)  

2019 33 
Adults 
Resus pt 

IO from PTib 
Arterial blood  
(w/i 15 min of 
IO sampling) 

-0.02 

(+0.08 to  
-0.12) 

+0.9 

(+3.6 to  
-1.9) 
kPa 

-17.0 

(+9.0 to  
-43.0) 
kPa 

+1.5 

(+5.3 to  
-2.3) 

+0.6 

(+4.5 to  
-3.4) 

-2.0 

(+7.0 to  
-10.0) 

+1.8 

(+3.9 to  
-0.3) 

-0.07 

(+0.15 to  
-0.30) 

-0.6  

(+0.7 to  
-1.9) 

+1.0 

(+82.0 to  
-81.0) 

0.0 

(+24.0 to  
-24.0) 

N/A 

Mean difference values for each parameter, along with +1.96 standard deviation to -1.96 standard deviation with parentheses.   

BE = base excess. Ca = calcium. Glu = glucose. Haem = haematology. Hb = haemoglobin. HCO3 = bicarbonate. Hct = haematocrit. IC = iliac crest. IO = intraosseous. K 

= potassium. Lac = lactate. Min = minutes. N/A = not applicable. Na = sodium. Onc = oncology. pCO2 = partial pressure of carbon dioxide. PHum = proximal humerus. 

pO2 = partial pressure of oxygen. Pt = patient. PTib = proximal tibia. Resus = resuscitation. W/i = within.  
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A major limitation of these real-world studies of agreement is that sampling of the IO and peripheral 

blood is not simultaneous. The study by Tallman et al. (103) reported delays up to 5 minutes from the 

time of IO aspirate till peripheral blood sampling, while the study by Jousi et al. (99) had delays up to 

15 minutes. Within such intervals, the resuscitation process continued with resuscitation fluid and 

medications administered as clinically indicated. The potential influence on parameter values with such 

interventions is unknown, but the risk for iatrogenic bias between paired samples is significant.  

 

1.4.6   Blood Grouping 

Blood grouping and red cell antibody screening (group and screen) have been performed with success 

on IO samples, with 100% concordant results in two studies involving a cumulative 100 patients (95, 

96). Both studies utilised aspirate from the iliac crests of adults and children, an IO space containing 

haematopoietic tissue throughout the entire lifespan of an individual (1, 3). There are no published 

studies evaluating group and screen testing on samples from sites with yellow marrow, such as the 

proximal tibia or proximal humerus in adults. However, three published case reports describe 

concordant group and screen testing using IO aspirate from such sites and PVB (111-113). Whether 

other important blood bank testing such as red cell antibody identification, extended red cell 

phenotyping, and cross-matching is also reliable with IO aspirate samples is currently unknown.  

 

1.4.7   Gaps in Published Knowledge 

There are still important gaps in our knowledge regarding the analysis of IO aspirate in humans. The 

Bland-Altman LoA methodology is yet to be applied when comparative IO aspirate and PVB samples 

are processed through automated laboratory analysers. Such analysers of interest include those used 

to test full blood count, biochemical parameters, and the standard coagulation screen. In addition, all 

published studies to date using automated laboratory analysers or point-of-care devices have been 

limited by small sample sizes. For example, no studies have been performed involving more than 100 

subjects as recommended by Bland (93). Finally, no study to date has directly assessed whether the 

composition of the IO space, be it red (haematopoietic) marrow or yellow (adipose) marrow, influences 

the agreement with PVB for different parameters of interest. 
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CHAPTER TWO – METHODOLOGY 

2.1   RESEARCH OBJECTIVES 

1) To determine the feasibility of processing IO aspirate samples on automated laboratory analysers 

and point-of-care devices. 

2) To determine the agreement of IO aspirate samples obtained from the iliac crest and proximal tibia 

compared with PVB for the measurement of select parameters on automated laboratory analysers 

and point-of-care devices. 

3) To compare the haematological and biochemical milieu between the iliac crest and proximal tibia 

IO spaces, through determining the agreement of aspirate samples from each site for measuring 

various haematology and biochemical parameters.  

 

2.2   STUDY DESIGN 

The IOPB study is a single centre prospective observational study using near-simultaneous sampling 

of IO aspirate and PVB from individuals in a state of cardiovascular and respiratory stability, with 

samples processed through automated laboratory analysers and point-of-care devices for select 

parameters of interest, with the agreement of results assessed through the Bland-Altman LoA method.  

 

The posterior iliac crest and anterior proximal tibia were chosen as sites to obtain IO aspirate. The iliac 

crest was selected given the relative ease in collecting IO aspirate from patients undergoing a planned 

bone marrow biopsy for pre-existing clinical indications, in addition to providing a reliable source of red 

(haematopoietic) marrow. The anterior proximal tibia was utilised as it is the primary site for emergency 

IO cannulation within our institution and provided a reliable source of yellow (adipose) marrow. The 

proximal tibial site was also deemed more acceptable for potential study participants than sample 

collection from the proximal humerus, another common site used for emergency IO access.  

 

2.3   STUDY APPROVALS 

Waikato District Health Board provided institutional approval for the study. The Waikato District Health 

Board Māori Research Review Committee approved the study from an indigenous health perspective, 

following a review of the study protocol to ensure it upheld the principles of the Treaty of Waitangi. 

Ethical approval for the study was granted by the New Zealand Health and Disability Ethics Committee 

(20/NTA/84). 

 

2.4   FUNDING 

The cost of the collection devices, specimen collection tubes and laboratory analysis was funded by the 

Waikato Hospital laboratory and the Waikato Health Trust. Subscription to the statistical software 

package Analyse-It® was funded by Waikato District Health Board, with the data analysis performed by 

the study author. Those providing funding had no input into study design, data analysis or interpretation. 
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2.5   SAMPLE SIZE 

The sample size for the paired sampling of iliac crest IO aspiration and PVB was selected based on the 

desired width of the 95% CI of the 95% LoA within the Bland-Altman method. Theoretical calculations 

were undertaken with various sample sizes to determine the associated standard error applicable to 

the 95% LoA (see Table 3). A sample size of at least 130 participants was deemed appropriate. This 

would yield a 95% CI for the 95% LoA of ±0.30 standard error. Beyond this, any significant decrease in 

standard error would require proportionally larger increases in sample size, which increases study costs 

and resource utilisation.  

 

The proximal tibia IO aspiration sample size would ideally have complemented that of iliac crest IO 

aspiration. However, slower recruitment for tibia IO aspiration and funding restrictions meant the sample 

size for this site was limited to 65 participants.  

 

The number of participants within this study exceeds the minimum recommendation of 40 samples for 

method comparison studies set by the Clinical and Laboratory Standards Institute (CLSI) (70), is above 

the minimum 100 samples recommended by Bland (93), and is significantly larger than any other 

published study assessing the agreement of IO aspirate and PVB in humans (see Table 4).  

 

2.6   STUDY PARTICIPANTS 

Participants for the study were recruited from two different cohorts, haematology/oncology patients 

undergoing a bone marrow biopsy for pre-existing clinical indications and healthy volunteers. Inclusion 

criteria were individuals aged 18 years or older who could provide consent and were undergoing a bone 

marrow biopsy within Waikato Hospital, inpatient or outpatient, for any indication between 1st July 2020 

and 31st January 2021. Healthy volunteers were recruited through convenience sampling. Exclusion 

criteria were reported or documented use of oral, subcutaneous or intravenous treatment dose 

anticoagulation with evidence current anticoagulation effect where applicable, platelet count <10x109/L 

for iliac crest IO cannulation, platelet count <50x109/L for proximal tibial IO cannulation and fibrinogen 

<1.0 g/L for either IO cannulation. 

 

Patient volunteers were provided with the option of paired sampling (iliac crest IO aspirate and PVB) or 

triplet-site sampling (additional anterior proximal tibia IO aspiration). All healthy volunteers were 

required to consent to triple-site sampling. Study participants provided signed informed consent for both 

the study, relevant interventional procedures, processing and storage of samples. Study participants 

were non-remunerated.  

 

2.7   SAMPLE COLLECTION 

The sampling procedures were undertaken in a set sequential order of anterior proximal tibia IO 

cannulation and aspiration, posterior iliac crest IO cannulation and aspiration, and PVB sampling from 

the antecubital fossa. Sampling from each site was completed within 20 minutes of collecting the first 

specimen. All subjects received continuous pulse oximeter monitoring of heart rate and oxygen 
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saturation throughout the procedures. In addition, participants who elected for procedural sedation with 

the inhaled anaesthetic agent methoxyflurane (Penthrox®) underwent baseline vital sign observations 

prior to the start of the procedures (temperature, non-invasive blood pressure, heart rate and oxygen 

saturations), again immediately post-procedure and 15 minutes post-procedures to confirm 

cardiovascular stability. Apart from local anaesthetic (2% lignocaine) prior to IO cannulation, no 

additional medications were permitted to be administered. 

 

Two doctors experienced in the bone marrow biopsy procedure performed the IO cannulation and 

aspiration procedures. PVB sampling was performed by the doctor, a senior nurse or the laboratory 

scientist assisting the procedure. Each IO cannulation and aspiration procedure was performed under 

a standard sterile technique with chlorhexidine solution for skin preparation. Up to 10 mL of 1% 

lignocaine was administered into the surrounding subcutaneous and periosteal tissue to provide local 

anaesthetic.  

 

The following specimen collection tubes were utilised to facilitate the testing of specific parameters:  

• EDTA tube for full blood count and HemoCue® haemoglobin concentration. 

• Citrate tube for coagulation parameters.  

• Lithium heparin tube for albumin, calcium, sodium, potassium, chloride, C-reactive protein 

(CRP) and creatinine.  

• Fluoride tube for glucose and lactate testing.  

• A Radiometer Sage Pico Aspirator® syringe was required for blood gas point-of-care testing.  

 

Anterior proximal tibia IO cannulation was performed 1-2 centimetres medial to the tibial tuberosity on 

the right or left leg, dependent on participant preference. Cannulation was achieved using the EZ-IO® 

power driver and needle set (Teleflex®, Wayne, Pennsylvania, USA). 25 mm 15 gauge needles were 

used as a standard process, with 45 mm 15 gauge needles utilised for participants with excess adiposity 

over the cannulation site. Cannulation of the IO space was suspected upon loss of needle resistance. 

The introducer needle was removed from the EZ-IO® needle and a 10 mL syringe was placed directly 

onto the end of the collection needle. Successful cannulation of the IO space was confirmed by 

subsequent aspiration. 8 mL of IO fluid was aspirated before the sample was passed to a laboratory 

assistant, who distributed the sample into the various tubes. The first 2 mL was inserted into a paediatric 

citrate tube, then, sequentially, 2 mL into an EDTA tube, 2 mL into a heparin tube and 2 mL into a 

fluoride tube. After the initial aspiration, the blood gas syringe was placed onto the end of the needle, 

and a further 1 mL of IO sample was aspirated. Each tube was gently inverted as per the manufacturer’s 

recommendations to ensure appropriate sample mixing with the specific collection tube anticoagulant. 

If the flow of IO aspiration was slow, then aspirates of 2 mL volume were collected into fresh 10 mL 

syringes to minimise the risk of samples clotting within the syringe.  

 

Posterior iliac crest IO cannulation and aspiration were performed at the posterior iliac crest on the right 

or left side, dependent on participant preference. Cannulation was achieved using a manual technique 
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with the Illinois sternal/iliac bone marrow aspiration needle (BD, Vernon Hills, Illinois, USA). Successful 

cannulation, aspiration and sampling followed the same process as the tibial procedure, apart from a 

20 mL syringe used in place of 10 mL syringes.  

 

PVB was collected via the antecubital fossa using the BD Vacutainer® push-button blood collection set 

(BD, Vernon Hills, Illinois, USA). This device enabled PVB to be collected directly into the citrate, EDTA, 

lithium heparin and fluoride tubes. Following this, the needle was removed from the free end of the 

collection set, and the Radiometer Sage Pico Aspirator® syringe was attached with 1 mL of venous 

blood aspirated. 

 

2.8   SAMPLE PROCESSING 

All samples were processed within the on-site hospital laboratory. The following automated laboratory 

analysers were utilised: 

• Sysmex® XN-9000 (Sysmex®, Kobe, Japan) for the full blood count (FBC). 

• Stago STA-R MAX® and STA-R Evolution® (Stago Diagnostica®, Paris, France) for the 

coagulation parameters. 

• Roche Cobas® 8000 and 6000 (Roche Diagnostics®, Rotkreuz, Switzerland) for the biochemical 

parameters. 

The following point-of-care devices were utilised: 

• Radiometer ABL90 blood gas analyser (Radiometer Medical®, Copenhagen, Denmark). 

• HemoCue® device (HemoCue AB®, Angelholm, Sweden) for haemoglobin concentration.  

 

The sample within the Radiometer Sage Pico Aspirator® syringe was processed immediately upon 

receipt within the laboratory on the Radiometer ABL90 blood gas analyser. All other specimens were 

processed within the time frame suitable for the parameters in question as per the laboratory standard 

operating procedures.  

 

The following parameters were analysed in this study: 

• FBC parameters of haemoglobin, haematocrit, mean corpuscular volume (MCV), platelet count, 

white cell count, neutrophil count and lymphocyte count.  

• Coagulation parameters of international normalised ratio (INR), activated partial thromboplastin 

time (APTT), thrombin clotting time (TCT) and fibrinogen (by Clauss method).  

• Biochemical parameters of albumin, calcium, sodium, potassium, C-reactive protein (CRP), 

creatinine, glucose and lactate. 

• Blood gas point-of-care device parameters of pH, partial pressure of carbon dioxide (pCO2), 

bicarbonate, sodium, potassium, ionised calcium, chloride, glucose, lactate and haemoglobin. 

• Haemoglobin concentration by the HemoCue® point-of-care device. 

 

The EDTA, citrate and blood gas syringe samples were assessed prior to analysis by laboratory staff 

for the presence of clots. If clots were present, the sample was discarded, given the risk of spurious 
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results. The presence of clots within the tubes dedicated for biochemical analysis (lithium heparin and 

fluoride tubes) were not grounds for sample discard. Biochemical assays require a serum sample, with 

the serum generated by allowing samples to clot at room temperature, with subsequent centrifugation 

creating a serum supernatant. 

 

IO aspirate samples were prepared and processed through the automated laboratory analysers as for 

routine blood specimen procedures. An additional pre-analytical filtration step was introduced for the 

EDTA IO aspirate specimens to prevent the occlusion of analyser components by bone marrow 

fragments or fat particles. A pipette was used to collect a minimum of 0.5 mL of blood from the EDTA 

tube, which was then filtered through a specific ‘cell-strainer cap’ into a second polystyrene round-

bottom tube (Falcon®, Corning Life Sciences®, New York, USA). The cell-strainer cap was removed 

prior to analysis on the Sysmex® XN-9000 analyser. This step was deemed unnecessary before 

processing specimens on the automated coagulation and biochemical analysers. Specimens are 

centrifuged prior to analysis on these analysers, ensuring the higher density fat particles and bone 

marrow fragments are separated from the sample of interest, namely plasma and serum, largely 

eliminating the risk of analyser occlusion.   

 

2.9   DETERMINATION OF TESTING FEASIBILITY 

For this study, test feasibility refers to the ability to generate a result from a laboratory analyser 

(automated laboratory analyser or point-of-care device) for any given sample. The determination of test 

feasibility only included the number of samples that passed the pre-analytical assessment for the 

absence of visible clots (not relevant for the heparin and fluoride-based specimens as described above). 

 

2.10   STATISTICAL ANALYSIS 

The results were tabulated and the data analysed utilising the statistical software package ‘Analyse-it’ 

(Analyse-it Software, Ltd. Leeds, UK). Descriptive statistics were used to analyse study participant 

characteristics and testing feasibility. The specimen clotting rates between different participant groups 

were examined with Fisher Exact test, with a significance threshold of p<0.05. The levels of haemolysis 

and lipaemia within samples from each site (PVB, iliac crest and proximal tibia IO aspirate) were 

compared with Mann-Whitney U test, with a significance threshold of p<0.05. Method comparison 

analysis was performed using the Bland-Altman LoA method.  

 

For analyses comparing IO aspirate to PVB, the measured value of the parameter in PVB was 

considered the best estimate of the parameter’s true value. This decision stemmed from PVB being the 

routinely used sample in daily clinical practice for measuring the various parameters included in this 

study and the analytical quality of the results generated from PVB samples being supported through 

the laboratory’s internal quality assessments and participation in external quality assurance 

programmes. As a result, the PVB measured values comprised the X-axis of the resultant Bland-Altman 

difference plots. For agreement analyses between the paired IO aspirate samples, namely iliac crest 

and proximal tibia, given the absence of PVB values in the calculations, the average measured value 
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from both samples was deemed to best estimate the parameter’s true value rather than the value from 

any IO site alone. Such an approach is consistent with the recommendations of Bland and Altman (68). 

  

The presence of outlier data points was examined by both graphical and numerical means. Outliers 

were identified as data points greater than four standard deviations from the mean and appearing to 

deviate markedly from other data points within the sample set after examining the Bland-Altman 

difference plots. Such outlier data points were expected to be rare and generally not exceed one or two 

data points per data set. If the exclusion of outlier data points was undertaken, the same data points 

were excluded from both the absolute and relative difference Bland-Altman analyses. Bland-Altman 

analyses with and without outlier values excluded were performed to assess the influence of outlier 

data points on final analyses. Where the impact of outlier data points was deemed excessive, the 

numerical and graphical results with outliers excluded were presented in the main body of the results. 

The numerical and graphical results with and without excluded data points are presented in the 

appendices for the parameters in which such a process occurred. Such an act ensures statistical 

integrity by allowing the reader to form their own conclusions regarding the impact of proposed outlier 

data points.  

 

2.11   MEASURED RANGE OF PARAMETER 

The laboratory-specific reference interval for each PVB parameter measured in this study is shown in 

Table 7. Henceforth, the term reference interval is used interchangeably with the term normal range. 

Clinically relevant measurement values above and below the reference interval were applicable for 

certain parameters. INR, APTT, TCT, CRP and lactate parameters do not have clinically relevant low-

value ranges (i.e. values of relevance below the reference interval). Albumin is the only parameter 

without a clinically relevant high-value range.  

 

2.12   PRE-DEFINED CLINICALLY ACCEPTABLE DIFFERENCE CRITERIA 

When measuring the value of a certain parameter in two different sample types, an essential component 

of determining agreement with the Bland-Altman method is defining the CAD criteria. The pre-defined 

CAD criteria used in the IOPB study were adopted from the APS of the Royal College of Pathologists 

of Australasia Quality Assurance Program (RCPAQAP) (114, 115). Table 8 displays the pre-defined 

CAD criteria for each parameter analysed in this study.  

 

External quality assurance (EQA) is one of several processes utilised by laboratories to ensure the 

analytical quality of laboratory measurements. Typically, an EQA provider, such as the RCPAQAP, 

distributes proficiency samples to participating laboratories, which measure the values of specific 

parameters. The results of these measurements are then compared to a target value assigned by the 

EQA provider. APS are pre-defined criteria set by an EQA provider to determine whether any deviation 

in the result obtained by a participating laboratory is acceptable compared to the target value (91). APS 

are generally expressed as ± percentage deviation from the specified target value. The RCPAQAP 

generate such values based on the known biological variation of the parameter and expert opinion (91).  



 51 

 

Numerous EQA providers exist internationally, each with slight variations in the APS values for each 

parameter (91). The RCPAQAP defined APS were selected as the CAD criteria for this study given their 

established role of ensuring the analytical quality of measurements performed on the automated 

laboratory analysers and point-of-care devices within our laboratory. Such APS are also utilised in the 

majority of medical laboratories throughout Australasia. 

 

Table 7.  Reference interval and clinical relevant values outside this range for each parameter. 

Parameter Reference interval 
Clinically relevant 

values below 
reference interval 

Clinically relevant 
values above 

reference interval  

Automated Haematology Analyser Parameters 

Haemoglobin 
130 - 175 g/L males 
115 - 155 g/L females 

Yes Yes 

Haematocrit 
0.40 - 0.52 males 
0.35 - 0.46 female 

Yes Yes 

MCV 80 - 99 fL Yes Yes 

Platelet count 150 - 400 x109/L Yes Yes 

White cell count 4.0 - 11.0 x109/L Yes Yes 

Neutrophil count 1.9 - 7.5 x109/L Yes Yes 

Lymphocyte count 1.0 - 4.0 x109/L Yes Yes 

HemoCue® Point-of-Care Device Parameter 

Haemoglobin 
130 - 175 g/L males 
115 - 155 g/L females 

Yes Yes 

Automated Coagulation Analyser Parameters 

INR 0.8-1.2  No Yes 

APTT 25-38 seconds No Yes 

TCT <20 seconds No Yes 

Fibrinogen 1.5-4.0 g/L Yes Yes 

Automated Biochemistry Analyser Parameters 

Albumin 32 - 48 g/L Yes No 

Calcium 2.10 - 2.55 mmol/L Yes Yes 

Sodium 135 - 145 mmol/L Yes Yes 

Potassium 3.5 - 5.2 mmol/L Yes Yes 

CRP 0 - 5 mg/L No Yes 

Creatinine 
60 - 105 µmol/L males 

45 - 90 µmol/L females 
Yes Yes 

Glucose 3.5 - 7.7 mmol/L Yes Yes 

Lactate 0.6 - 2.0 mmol/L No Yes 

Blood Gas Point-of-Care Device Parameters 

pH 7.32 - 7.43 Yes Yes 

pCO2 37.5 - 48.0 mmHg Yes Yes 

Bicarbonate 22 – 29 mmol/L Yes Yes 

Sodium 135 - 145 mmol/L Yes Yes 

Potassium 3.5 - 5.2 mmol/L Yes Yes 

Ionised calcium 1.15 – 1.30 mmol/L Yes Yes 

Chloride 95 – 110 mmol/L Yes Yes 

Glucose 3.5 – 7.7 mmol/L Yes Yes 

Lactate 0.6 – 2.4 mmol/L No Yes 

Haemoglobin 
130 - 175 g/L males 
115 - 155 g/L females 

Yes Yes 

APTT = activated partial thromboplastin time. CRP = C-reactive protein. INR = international normalized ratio. 

MCV = mean corpuscular value. pCO2 = partial pressure of carbon dioxide. TCT = thrombin clotting time.   
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Table 8.  Pre-defined clinical acceptable difference criteria used in IOPB study. 

Parameter 
Acceptable 
difference 

 
Parameter 

Acceptable 
difference 

Full Blood Count Parameters Biochemical Parameters 

Haemoglobin   ± 5% Albumin   ± 6% 

Haematocrit   ± 20%  Calcium   ± 4% 

MCV   ± 10% Sodium   ± 2% 

Platelet count   ± 25% Potassium   ± 5%  

White cells   ± 10% CRP   ± 20% 

Neutrophils   ± 10% Creatinine   ± 8% 

Lymphocytes   ± 10% Glucose   ± 8% 

Point-of-Care HemoCue® Parameter Lactate   ± 12% 

Haemoglobin   ± 5% Blood Gas Point-of-Care Parameters 

Coagulation Parameters pH   ± 0.04 

INR   ± 15% pCO2   ± 6% 

APTT   ± 25% Bicarbonate   ± 10% 

TCT   ± 25% Sodium   ± 2% 

Fibrinogen   ± 25% Potassium   ± 5%  

 

Ionised calcium   ± 4% 

Chloride   ± 3% 

Glucose   ± 8% 

Lactate   ± 12% 

Haemoglobin   ± 5% 

Values derived from the analytical performance specifications provided by the Royal College of Pathologists 

of Australasia Quality Assurance Programs (RCPAQAP).  

APTT = activated partial thromboplastin time. CRP = C-reactive protein. INR = international normalized ratio. 

MCV = mean corpuscular value. pCO2 = partial pressure of carbon dioxide. TCT = thrombin clotting time.   

 

2.13   DETERMINATION OF AGREEMENT 

Agreement was assessed through both strict Bland-Altman criteria and the clinical judgement of the 

named study author and supervisors. Agreement by strict Bland-Altman criteria required that the 95% 

CI for the 95% LoA of the parameter of interest be within the pre-defined CAD criteria. Clinical 

judgement was also utilised to determine agreement given the appreciated limitations in using 

RCPAQAP APS to generate CAD criteria. The RCPAQAP APS are not specifically designed for use in 

method comparison studies and their value is based on the parameter measurement within PVB, rather 

than IO aspirate (114, 115). Whilst inherently subjective, agreement by clinical judgement was based 

on the clinical and laboratory experience of the study author and supervisors, in addition to the values 

reported in the Jousi et al. (99) study, which highlighted the measurement differences a cohort of sixteen 

emergency physicians deemed acceptable for certain parameters.   
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CHAPTER THREE – RESULTS 

3.1   PARTICIPANT CHARACTERISTICS 

Between 01/07/2020 and 31/01/2021, 180 individuals volunteered to provide PVB and IO aspirate 

samples. Table 9 details the characteristics of those recruited. Of these, 140 were individuals 

undergoing a bone marrow biopsy for a pre-specified clinical indication, henceforth referred to as patient 

volunteers. In contrast, the remaining 40 individuals were healthy volunteers. There was a minor male 

predominance (54% overall), owing to higher male recruitment for the patient volunteer group (55%). 

Participants ranged from 21 to 87 years of age, with a median age of 64 years for the patient volunteers 

and 33 years for healthy volunteers. Most participants were of European ethnicity (72% overall). NZ 

Māori was the second commonest ethnicity in the patient volunteer group, with Asian ethnicity the 

second commonest in the healthy volunteer group. 

 

All participants had PVB collected and IO aspirate sampling from the posterior iliac crest (“paired 

sampling”). In addition, 65 individuals (36% of total participants) had IO aspirate collected from the 

anterior proximal tibia (“triple-site sampling”). Sampling from the anterior proximal tibia occurred in all 

healthy volunteers (40 individuals) and 25 of the patient volunteers (18%). 

 

Table 9.  Participant characteristics. 

  
Patient 

volunteers 
Healthy 

volunteers 
Totals 

 Total participants 140  40  180  

Gender 
Male 77 (55%) 20 (50%) 97 (53.9%) 

Female 63 (45%) 20 (50%) 83 (46.1%) 

Age 
Range    21 – 87 years     24 – 56 years -  

Median    64 years     33 years -  

Ethnicity 

European 104 (74.3%) 25 (63%) 129 (71.7%) 

NZ Māori 27 (19.3%) 3 (7.5%) 30 (16.7%) 

Asian 8 (5.7%) 12 (30%) 20 (11.1%) 

Pacific peoples 1 (0.7%) 0  1 (0.5%) 

Sample 
sources 

Peripheral venous blood 140 (100%) 40  180 (100%) 

Iliac crest IO aspirate 140 (100%) 40  180 (100%) 

Proximal tibia IO aspirate 25 (17.9%) 40  65 (36.1%) 

Bone 
marrow 

state 

Normal 24 (17.1%) 40 (100%) 64 (35.6%) 

Disease remission 22 (15.7%) -  22 (12.2%) 

Myeloid disorder - acute 17 (12.1%) -  17 (9.4%) 

Myeloid disorder - chronic 23 (16.4%) -  23 (12.8%) 

Lymphoid disorder - high-grade 3 (2.1%) -  3 (1.7%) 

Lymphoid disorder - low-grade 16 (11.4%) -  16 (8.9%) 

Plasma cells disorder 24 (17.1%) -  24 (13.3%) 

Other - non malignant 11 (7.9%) -  11 (6.1%) 
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3.2   FEASIBILITY OF SAMPLE ANALYSIS 

A summary of the number of PVB, iliac crest and proximal tibia IO aspirate samples collected to facilitate 

testing of each parameter is presented in Table 10, Table 11 and Table 12, respectively. These tables 

also detail the number of samples rejected due to the detection of macroscopic clots during pre-

analytical checks and the number of samples yielding a result following processing on the automated 

laboratory analysers and point-of-care devices.  

 

In the initial stages of the study, administrative restraints meant a small number of participants did not 

have certain parameters measured. Affected parameters included coagulation testing in 5 individuals, 

CRP testing in 4, lactate in 10, glucose in 2 and point-of-care blood gas testing in 7 participants. One 

individual who underwent triple-site sampling failed to have blood gas point-of-care testing due to the 

unavailability of the required collection tubes at the time of sample collection.  

 

Macroscopic clots were visible in only one collection tube containing PVB (citrate tube). All other PVB 

specimens were free of macroscopic clots and appropriate for analysis. Results were generated upon 

the analysis of all PVB specimens. 

 

The distribution of the clotted IO samples is presented in Table 13. More IO aspirate samples were 

clotted at the pre-analytical check than PVB (p <0.0001). Of the relevant iliac crest IO aspirate 

specimens (EDTA, citrate and blood gas syringe), 9.6% (50 of 523 total relevant specimens) contained 

identifiable clots and were discarded. Similarly, 14.3% (28 of 195 relevant specimens) of proximal IO 

aspirate specimens contained visible clots and were rejected.  

 

The site of IO aspirate did not influence the proportion of clotted EDTA (p = 0.090) or citrate samples 

(p = 0.547). However, a significantly higher proportion of proximal tibia IO samples within blood gas 

syringes had identifiable clots than similar samples from the iliac crest (p = 0.006). Additionally, there 

was no statistically significant difference in the proportion of clotted IO specimens collected from 

participants with underlying pathological bone marrow compared to normal bone marrow.  

 

After excluding specimens with macroscopic clots, generating a result upon processing an IO aspirate 

sample on automated laboratory analysers and point-of-care devices proved highly feasible. For iliac 

crest IO aspirate specimens, a result was generated for ≥97% of all parameters, apart from the 

bicarbonate and haemoglobin parameters measured on the blood gas point-of-care device, which 

resulted in only 73.7% of cases. For proximal tibia IO aspirate specimens, results were yielded for 100% 

of full blood count, HemoCue® and biochemistry parameters, ≥84% of coagulation parameters and 

≥98% for most blood gas point-of-care device parameters apart from the bicarbonate and haemoglobin 

parameters, which were resulted in only a mere 5.5% of cases.   
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Table 10.  Peripheral venous blood sample characteristics. 

Parameter 
Participants 
sampled 

Not 
tested 

Incorrect 
sample 

Samples 
collected 

Sample 
clotted 

Samples 
to be 
analysed 

No 
analyser 
result 

Feasibility 
of testing 
parameter 

Automated Haematology Analyser Parameters 

Haemoglobin 180 0 0 180 0 180 0 100% 

Haematocrit 180 0 0 180 0 180 0 100% 

MCV 180 0 0 180 0 180 0 100% 

Platelet count 180 0 0 180 0 180 0 100% 

White cells 180 0 0 180 0 180 0 100% 

Neutrophils 180 0 0 180 0 180 0 100% 

Lymphocytes 180 0 0 180 0 180 0 100% 

Point-of-Care HemoCue® Parameter 

Haemoglobin 180 0 0 180 0 180 0 100% 

Automated Coagulation Analyser Parameters 

INR 180 5 0 175 1 174 0 100% 

APTT 180 5 0 175 1 174 0 100% 

TCT 180 5 0 175 1 174 0 100% 

Fibrinogen 180 5 0 175 1 174 0 100% 

Automated Biochemistry Analyser Parameters 

Albumin 180 0 0 180 N/A 180 0 100% 

Calcium 180 0 0 180 N/A 180 0 100% 

Creatinine 180 0 0 180 N/A 180 0 100% 

CRP 180 4 0 176 N/A 176 0 100% 

Sodium 180 0 0 180 N/A 180 0 100% 

Potassium 180 0 0 180 N/A 180 0 100% 

Lactate 180 10 1 169 N/A 169 0 100% 

Glucose 180 2 1 177 N/A 177 0 100% 

Point-of-Care Blood Gas Parameters 

pH 180 8 2 170 0 170 0 100% 

pCO2 180 8 2 170 0 170 0 100% 

Bicarbonate 180 8 2 170 0 170 0 100% 

Sodium 180 8 2 170 0 170 0 100% 

Potassium 180 8 2 170 0 170 0 100% 

Calcium 180 8 2 170 0 170 0 100% 

Chloride 180 8 2 170 0 170 0 100% 

Glucose 180 8 2 170 0 170 0 100% 

Lactate 180 8 2 170 0 170 0 100% 

Haemoglobin 180 8 2 170 0 170 0 100% 
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Table 11.  Iliac crest intraosseous aspirate sample characteristics. 

Parameter 
Participants 
sampled 

Not 
tested 

Incorrect 
sample 

Samples 
collected 

Sample 
clotted 

Samples 
to be 
analysed 

No 
analyser 
result 

Feasibility 
of testing 
parameter 

Automated Haematology Analyser 

Haemoglobin 180 0 0 180 13 167 1 99.4% 

Haematocrit 180 0 0 180 13 167 1 99.4% 

MCV 180 0 0 180 13 167 1 99.4% 

Platelet count 180 0 0 180 13 167 1 99.4% 

White cells 180 0 0 180 13 167 1 99.4% 

Neutrophils 180 0 0 180 13 167 5 97.0% 

Lymphocytes 180 0 0 180 13 167 5 97.0% 

Point-of-Care HemoCue® Parameter 

Haemoglobin 180 0 0 180 13 167 1 99.4% 

Automated Coagulation Analyser 

INR 180 5 0 175 25 150 2 98.7% 

APTT 180 5 0 175 25 150 3 98.0% 

TCT 180 5 0 175 25 150 4 97.3% 

Fibrinogen 180 5 0 175 25 150 0 100% 

Automated Biochemistry Analyser 

Albumin 180 0 2 178 N/A 178 0 100% 

Calcium 180 0 2 178 N/A 178 0 100% 

Creatinine 180 0 2 178 N/A 178 0 100% 

CRP 180 2 2 176 N/A 176 0 100% 

Sodium 180 0 2 178 N/A 178 0 100% 

Potassium 180 0 2 178 N/A 178 0 100% 

Lactate 180 7 0 173 N/A 173 0 100% 

Glucose 180 0 0 180 N/A 180 0 100% 

Point-of-Care Blood Gas Parameters 

pH 180 8 3 169 5 164 2 98.8% 

pCO2 180 8 3 169 5 164 2 98.8% 

Bicarbonate 180 8 3 169 5 164 43 73.7% 

Sodium 180 8 3 169 5 164 2 98.8% 

Potassium 180 8 3 169 5 164 3 98.2% 

Calcium 180 8 3 169 5 164 10 93.9% 

Chloride 180 8 3 169 5 164 2 98.8% 

Glucose 180 8 3 169 5 164 2 98.8% 

Lactate 180 8 3 169 5 164 3 98.2% 

Haemoglobin 180 8 3 169 5 164 43 73.7% 
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Table 12.  Proximal tibia intraosseous aspirate sample characteristics. 

Parameter 
Participants 
sampled 

Not 
tested 

Incorrect 
sample 

Samples 
collected 

Sample 
clotted 

Samples 
to be 
analysed 

No 
analyser 
result 

Feasibility 
of testing 
parameter 

Automated Haematology Analyser Parameters 

Haemoglobin 65 0 0 65 10 55 0 100% 

Haematocrit 65 0 0 65 10 55 0 100% 

MCV 65 0 0 65 10 55 0 100% 

Platelet count 65 0 0 65 10 55 0 100% 

White cells 65 0 0 65 10 55 0 100% 

Neutrophils 65 0 0 65 10 55 0 100% 

Lymphocytes 65 0 0 65 10 55 0 100% 

Point-of-Care HemoCue® Parameter 

Haemoglobin 65 0 0 65 10 55 0 100% 

Automated Coagulation Analyser 

INR 65 0 0 65 7 58 1 98.3% 

APTT 65 0 0 65 7 58 3 94.8% 

TCT 65 0 0 65 7 58 9 84.5% 

Fibrinogen 65 0 0 65 7 58 7 87.9% 

Automated Biochemistry Analyser 

Albumin 65 0 0 65 N/A 65 0 100% 

Calcium 65 0 0 65 N/A 65 0 100% 

Creatinine 65 0 0 65 N/A 65 0 100% 

CRP 65 0 0 65 N/A 65 0 100% 

Sodium 65 0 0 65 N/A 65 0 100% 

Potassium 65 0 0 65 N/A 65 0 100% 

Lactate 65 0 1 64 N/A 64 0 100% 

Glucose 65 0 1 64 N/A 64 0 100% 

Point-of-Care Blood Gas Parameters 

pH 65 1 0 64 10 54 0 100% 

pCO2 65 1 0 64 10 54 0 100% 

Bicarbonate 65 1 0 64 10 54 51 5.5% 

Sodium 65 1 0 64 10 54 0 100% 

Potassium 65 1 0 64 10 54 0 100% 

Calcium 65 1 0 64 10 54 1 98.1% 

Chloride 65 1 0 64 10 54 0 100% 

Glucose 65 1 0 64 10 54 0 100% 

Lactate 65 1 0 64 10 54 1 98.1% 

Haemoglobin 65 1 0 64 10 54 51 5.5% 
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Table 13.  Distribution of clotted intraosseous aspirate samples by IO site and state of bone marrow. 

Percentages calculated as proportion of all samples from IO site (clotted and not clotted). P-value 

calculated by Fisher’s exact test.   

BM = bone marrow. IO = intraosseous aspirate. 

 

 

 

  

  
Iliac 

crest IO 
Proximal 
tibia IO 

 

 

  
Pathological 

BM 
Normal 

BM 
 

EDTA 

Clotted 
14  
(7.8%) 

10  
(15.4%) 

p = 0.090 
 

EDTA 

Clotted 
11  
(9.8%) 

13  
(9.8%) 

p = 0.999 
 

Not 
clotted 

166 55 
Not 
clotted 

101 120 

Citrate 

Clotted 
28  
(16.0%) 

8  
(12.3%) 

p = 0.547 
 

Citrate 

Clotted 
19  
(17.2%) 

17  
(13.1%) 

p = 0.372 
 

Not 
clotted 

147 57 
Not 
clotted 

91 113 

Blood 
gas 

Clotted 
8  
(4.8%) 

11  
(16.9%) 

p = 0.006 
 

Blood 
gas 

Clotted 
7  
(6.6%) 

12  
(9.4%) 

p = 0.479 
 

Not 
clotted 

160 54 
Not 
clotted 

99 115 
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3.3   ANALYSIS OF ILIAC CREST INTRAOSSEOUS ASPIRATE WITH PAIRED 

PERIPHERAL VENOUS BLOOD 

 
3.3.1   Automated haematology analyser and HemoCue® point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each full blood count and HemoCue® haemoglobin parameter, as measured in iliac 

crest IO aspirate and PVB on the automated haematology analyser and HemoCue® point-of-care 

device, are shown in Table 14. Strong linear correlation (i.e. r >0.70) was present for each parameter 

apart from the lymphocyte count, which instead showed good linear correlation (i.e. r 0.50-0.70). The 

highest r-values were seen for the red cell parameters of haemoglobin (both full blood count and 

HemoCue®) and MCV, each >0.95.   

Table 14.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for relative (percentage) measurement differences between iliac crest 

intraosseous aspirate and peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 164 0.988 0.07 -0.49 to 0.62 -6.98 -7.93 to -6.03 7.12 6.17 to 8.06 3.60 

Haematocrit 165 0.928 -2.55 -3.95 to -1.14 -20.49 -22.90 to -18.08 15.40 12.99 to 17.80 9.15 

MCV 165 0.975 -1.26 -1.53 to -0.99 -4.75 -5.22 to -4.28 2.23 1.76 to 2.70 1.78 

Platelets 165 0.912 -18.77 -23.69 to -13.84 -81.58 -90.02 to -73.15 44.05 35.61 to 52.49 32.05 

White cells 166 0.834 142.26 115.37 to 169.16 -201.72 -247.77 to -155.66 486.24 440.18 to 532.3 175.50 

Neutrophils 162 0.837 97.61 74.65 to 120.57 -192.41 -231.73 to -153.09 387.64 348.32 to 427.0 147.97 

Lymphocytes 162 0.668 96.59 73.34 to 119.83 -197.02 -236.82 to -157.21 390.19 350.39 to 430.0 149.80 

HemoCue® parameter 

Haemoglobin 166 0.982 -2.63 -3.27 to -2.00 -10.75 -11.84 to -9.66 5.48 4.40 to 6.57 4.14 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each full blood count and HemoCue® haemoglobin parameter included 

measurements covering their respective reference interval and clinically relevant low ranges. 

Measurements of clinically relevant high values were included in the final analyses for all parameters 

apart from haematocrit.  

 

Table 15 summarises the agreement for each full blood count and HemoCue® haemoglobin parameter 

when applying the pre-defined CAD criteria utilised in this study and the relative difference of measured 

parameter values in the paired iliac crest IO aspirate and PVB. Only MCV met strict agreement criteria 

as per the Bland-Altman LoA method. For this, the upper value of the 95% CI for the upper LoA and the 

lower value of the 95% CI for the lower LoA were within the pre-defined CAD criteria. The 95% LoA for 

haematocrit were within the pre-defined CAD criteria but not the associated 95% CI and hence was not 
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deemed in agreement as per the strict Bland-Altman criteria. The 95% CI for the mean differences of 

haemoglobin, platelet count and HemoCue® haemoglobin were within the pre-defined CAD criteria but 

not their 95% LoA. The white cell count and leukocyte differential (neutrophil count and lymphocyte 

count) had higher measured values within the iliac crest IO aspirate than PVB, resulting in positive 

mean difference values. The mean differences for these leukocyte parameters were outside the pre-

defined CAD criteria and showed no agreement. 

Table 15.  Automated haematology analyser and HemoCue® point-of-care device – strict Bland-

Altman agreement summary of iliac crest intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
IO & PB in 
agreement 

Full blood count parameters 

Haemoglobin 
(g/L) 

60 – 180 ± 5% -7.93 to 8.06 Yes No No No 

Haematocrit 
(ratio) 

0.17 – 0.53  ± 20% -22.90 to 17.80 Yes Yes No (just) Equivocal 

MCV  
(fL) 

69 – 120 ± 10% -5.22 to 2.70 Yes Yes Yes Yes 

Platelets 
(x109/L) 

11 – 1025 ± 25% -90.02 to 52.49 Yes No No No 

White cells 
(x109/L) 

0.82 – 96.81 ± 10% -247.77 to 532.29 No No No No 

Neutrophils 
(x109/L) 

0.1 – 55.77 ± 10% -231.73 to 426.96 No No No No 

Lymphocytes 
(x109/L) 

0.0 – 15.09 ± 10% -236.82 to 430.00 No No No No 

HemoCue® parameter 

Haemoglobin 
(g/L) 

59 – 176 ± 5% -11.84 to 6.57 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PB = peripheral venous blood. w/i = within.  

Table 16 displays the Bland-Altman analysis for each full blood count and HemoCue® haemoglobin 

parameter in terms of absolute measurement difference between iliac crest IO aspirate and PVB. When 

considered in the context of the acute resuscitation and critical illness clinical settings, the following 

parameters were deemed to have sufficient agreement over their respective measured range based on 

the clinical judgement of the study author: haemoglobin, haematocrit, MCV and HemoCue® 

haemoglobin. Consequently, the following parameters were deemed to not be in agreement: platelet 

count, white cell count, neutrophil count and lymphocyte count.  
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Table 16.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for absolute measurement differences between iliac crest 

intraosseous aspirate and peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 
(g/L) 

164 0.988 0.20 -0.49 to 0.80 -8.00 -9.13 to -6.93 8.30 7.23 to 9.43 4.20 

Haematocrit 
(ratio) 

165 0.928 -0.009 -0.014 to -0.005 -0.067 -0.074 to -0.059 0.048 0.040 to 0.056 0.029 

MCV  
(fL) 

165 0.975 -1.15 -1.41 to -0.89 -4.42 -4.86 to -3.98 2.12 1.68 to 2.56 1.67 

Platelets 
(x109/L) 

165 0.912 -46.60 -56.75 to -36.47 -175.90 -193.23 to -158.51 82.60 65.28 to 100.00 65.90 

White cells 
(x109/L) 

166 0.834 11.05 7.98 to 14.13 -28.28 -33.54 to -23.01 50.38 45.11 to 55.64 20.07 

Neutrophils 
(x109/L) 

162 0.837 3.71 2.80 to 4.62 -7.80 -9.36 to -6.24 15.22 13.66 to 16.78 5.87 

Lymphocytes 
(x109/L) 

162 0.668 1.18 0.89 to 1.47 -2.48 -2.98 to -1.99 4.84 4.34 to 5.34 1.87 

HemoCue® parameter 

Haemoglobin 
(g/L) 

166 0.982 -3.10 -3.90 to -2.38 -12.90 -14.20 to -11.59 6.60 5.31 to 7.92 5.00 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 8 displays the Bland-Altman absolute and relative difference plots for each full blood count 

parameter and HemoCue® haemoglobin measured in iliac crest IO aspirate and PVB. These graphs 

plot the results of the paired measurements from each participant, thereby allowing a visual review of 

the spread of data points across the measured range of the parameter, the mean difference, upper and 

lower 95% LoA and their respective 95% CI, and the pre-defined CAD criteria.   



 62 

Figure 8.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman absolute and relative (percentage) difference plots 

for iliac crest intraosseous aspirate and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 
Dotted blue lines = 95% confidence intervals.
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3.3.2   Automated coagulation analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each coagulation parameter, as measured in iliac crest IO aspirate and PVB on the 

automated coagulation analyser, are shown in Table 17. Strong linear correlation was evident for the 

international normalised ratio (INR) and activated partial thromboplastin (APTT). Good linear correlation 

was present for fibrinogen, while the thrombin clotting time (TCT) had poor-moderate correlation with 

an r-value of 0.328.  

Table 17.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between iliac crest intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR 145 0.888 0.71 -0.64 to 2.06 -15.39 -17.70 to -13.08 16.82 14.51 to 19.13 8.22 

APTT  142 0.719 -7.16 -8.97 to -5.34 -28.60 -31.71 to -25.49 14.29 11.18 to 17.40 10.94 

TCT 143 0.328 -1.66 -4.80 to 1.48 -38.78 -44.17 to -33.40 35.46 30.08 to 40.85 18.94 

Fibrinogen 146 0.693 -19.67 -23.94 to -15.39 -70.92 -78.25 to -63.59 31.59 24.26 to 38.92 26.15 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each coagulation parameter included measurements that covered their respective 

reference interval. The final analyses for INR, APTT and fibrinogen included measurements of clinically 

relevant high values, although the INR and APTT values were only just above the upper limit of the 

reference interval. Fibrinogen was the only coagulation parameter considered to carry clinically relevant 

low values, with measurements within this range absent from the final analysis for this parameter. 

 

Table 18 summarises the agreement for each coagulation parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

iliac crest IO aspirate and PVB. No parameter measured on the automated coagulation analyser met 

strict agreement criteria as per the Bland-Altman LoA method. However, measured coagulation 

parameter had mean differences within their pre-defined CAD criteria.  
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Table 18.  Automated coagulation analyser – strict Bland-Altman agreement summary of iliac crest 

intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
IO & PB in 
agreement 

INR  
(ratio) 

0.8 – 2.1  ± 15% -17.70 to 19.13 Yes No No  No 

APTT 
(seconds) 

24 – 47  ± 25% -31.71 to 17.40 Yes No No No 

TCT  
(seconds) 

14 – 33  ± 25% -44.17 to 40.85 Yes No No No 

Fibrinogen 
(g/L) 

1.5 – 8.0  ± 25% -78.25 to 38.92 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PB = peripheral venous blood. w/i = within. 

Table 19 displays the Bland-Altman analysis for each coagulation parameter in terms of absolute 

measurement difference between proximal tibia IO aspirate and PVB. When considered in the context 

of the acute resuscitation and critical illness clinical settings, only INR was deemed to have sufficient 

agreement over its measured range based on the clinical judgement of the study author. Consequently, 

the remaining coagulation parameters, namely APTT, TCT and fibrinogen, were deemed to not be in 

agreement. 

Table 19.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between iliac crest intraosseous aspirate and peripheral venous 

blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR  
(ratio) 

145 0.888 0.005 -0.008 to 0.018 -0.155 -0.178 to -0.132 0.165 0.142 to 0.188 0.082 

APTT 
(seconds) 

142 0.719 -2.29 -2.87 to -1.71 -9.16 -10.15 to -8.16 4.58  3.58 to 5.57 3.50 

TCT  
(seconds) 

143 0.328 -0.40 -0.92 to 0.13 -6.61 -7.51 to -5.71 5.82 4.92 to 6.72 3.17 

Fibrinogen 
(g/L) 

146 0.693 -0.68 -0.84 to -0.53 -2.54 -2.80 to -2.27 1.17  0.90 to 1.43 0.94 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 9 displays the Bland-Altman absolute and relative difference plots for each parameter measured 

in iliac crest IO aspirate and PVB on the automated coagulation analyser. 
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Figure 9.  Automated coagulation analyser – Bland-Altman absolute and relative (percentage) difference plots for iliac crest intraosseous aspirate 

and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 
Dotted blue lines = 95% confidence intervals.  
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3.3.3   Automated biochemistry analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each biochemistry parameter, as measured in iliac crest IO aspirate and PVB on the 

automated biochemistry analyser, are shown in Table 20. Strong linear correlation was evident for 

albumin, calcium, C-reactive protein (CRP), creatinine, glucose and lactate. Sodium narrowly met the 

criteria for strong linear correlation, while potassium showed borderline poor-to-moderate linear 

correlation with an r-value of 0.325. CRP had near perfect-linear correlation with an r-value >0.99.   

Table 20.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

relative (percentage) measurement differences between iliac crest intraosseous aspirate and 

peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin  178 0.968 -1.22 -1.77 to -0.67 -8.56 -9.50 to -7.61 6.11 5.17 to 7.06 3.74 

Calcium 178 0.917 -2.82 -3.18 to -2.46 -7.62 -8.24 to -7.00 1.97 1.35 to 2.59 2.45 

Sodium 178 0.723 -1.29 -1.49 to -1.09 -3.96 -4.30 to -3.61 1.38 1.03 to 1.72 1.36 

Potassium 178 0.325 25.23 20.84 to 29.62 -32.97 -40.49 to -25.45 83.43 75.91 to 90.95 29.69 

CRP 175 0.999 -8.78 -11.67 to -5.88 -46.84 -51.80 to -41.88 29.29 24.32 to 34.25 19.42 

Creatinine 176 0.987 1.00 -0.10 to 2.09 -13.39 -15.26 to -11.51 15.28 13.50 to 17.25 7.34 

Glucose 175 0.954 4.26 2.78 to 5.74 -15.21 -17.75 to -12.67 23.73 21.19 to 26.27 9.94 

Lactate 169 0.889 -12.11 -14.58 to -9.64 -44.01 -48.24 to -39.78 19.79 15.56 to 24.03 16.28 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

A Mann-Whitney U test showed the iliac crest IO aspirate sample was subject to significantly higher 

levels of haemolysis, as measured by the haemolysis index on the automated biochemistry analyser, 

compared to the PVB specimens (U = 725, p = <0.0001). The iliac crest IO aspirate samples were also 

subject to significantly higher levels of lipaemia, as measured by the automated biochemistry analyser, 

compared to PVB (U = 11708, p = 0.0041). 

 

The final analysis of each biochemistry parameter included measurements that covered their respective 

reference intervals. Measurements of clinically relevant high values were included in the final analyses 

of each parameter apart from sodium, although the calcium, potassium and lactate values were only 

just above the upper limit of their respective reference interval. Measurements of clinically relevant low 

values were included in the final analyses of each parameter, apart from glucose, although the sodium 

and potassium values were only just below the lower limit of their respective reference intervals. 

 

Table 21 summarises the agreement for each biochemistry parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

iliac crest IO aspirate and PVB. No parameter measured on the automated biochemistry analyser met 

strict agreement criteria as per the Bland-Altman LoA method. However, the 95% CI for the mean 
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differences for albumin, calcium, sodium, CRP, creatinine and glucose were within their pre-defined 

CAD criteria. Potassium measured higher within the iliac crest IO aspirate than the PVB, resulting in a 

positive mean difference value. In contrast, lactate measured lower, resulting in a negative mean 

difference value.  

 

The Bland-Altman absolute measurement difference plot for CRP (see Figure 10) revealed a clear 

negative proportional bias. The corresponding Bland-Altman relative measurement difference plot 

revealed a disproportionate relative difference for CRP values <10 mg/L. Because of these factors, the 

ideal assessment of CRP agreement was deemed to be through the use of Bland-Altman absolute 

measurement difference for CRP values <10 mg/L and Bland-Altman relative measurement difference 

for values ≥10 mg/L. When displayed in this context, CRP values ≥10 mg/L met strict agreement criteria 

as per the Bland-Altman LoA method (upper 95% CI value for upper LoA to lower 95% CI value for 

lower LoA = -12.81% to 6.20%, number = 43, measuring interval of 10 to 340 mg/L). 

Table 21.  Automated biochemistry analyser – strict Bland-Altman agreement summary of iliac 

crest intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
IO & PB in 
agreement 

Albumin  
(g/L) 

17 – 46  ± 6% -9.50 to 7.06 Yes No No No 

Calcium 
(mmol/L) 

1.70 – 2.83  ± 4% -8.24 to 2.59 Yes No No No 

Sodium 
(mmol/L) 

128 – 145  ± 2% -4.30 to 1.72 Yes No No No 

Potassium 
(mmol/L) 

3.0 – 6.1 ± 5% -40.49 to 90.95 No No No No 

CRP  
(mg/L) 

0.6 – 340  ± 20% -51.80 to 34.25 Yes No No No 

Creatinine 

(µmol/L) 
37 – 864  ± 8% -15.26 to 17.25 Yes No No No 

Glucose 
(mmol/L) 

3.8 – 16.0 ± 8% -17.75 to 26.27 Yes No No No 

Lactate 
(mmol/L) 

0.5 – 3.7  ± 12% -48.24 to 24.03 No No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PB = peripheral venous blood. w/i = within. 

Table 22 displays the Bland-Altman analysis for each biochemistry parameter in terms of absolute 

measurement difference between iliac crest IO aspirate and PVB. When considered in the context of 

the acute resuscitation and critical illness clinical settings, each of the biochemistry parameters, apart 

from potassium, was deemed to have sufficient agreement over their respective measured range based 

on the clinical judgement of the study author. Whilst glucose was deemed to be in agreement, the lack 

of low measurement values in the sample set means agreement in the low-normal range and below 

(i.e. ≤4 mmol/L) cannot be determined. 
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Table 22.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between iliac crest intraosseous aspirate and peripheral venous 

blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin  
(g/L) 

178 0.968 -0.50 -0.66 to -0.26 -3.10 -3.44 to -2.76 2.20 1.84 to 2.53 1.30 

Calcium 
(mmol/L) 

178 0.917 -0.067 -0.075 to -0.058 -0.180 -0.195 to -0.165 0.047 0.032 to 0.061 0.058 

Sodium 
(mmol/L) 

178 0.723 -1.80 -2.06 to -1.50 -5.50 -5.96 to -5.01 1.90 1.44 to 2.40 1.90 

Potassium 
(mmol/L) 

178 0.325 1.01 0.83 to 1.18 -1.30 -1.60 to -1.00 3.32 3.02 to 3.62 1.18 

CRP  
(mg/L) 

175 0.999 -0.70 -1.02 to -0.34 -5.20 -5.74 to -4.58 3.80 3.22 to 4.39 2.30 

Creatinine 

(µmol/L) 
176 0.987 0.60 -0.17 to 1.35 -9.40 -10.71 to -8.10 10.60 9.28 to 11.89 5.10 

Glucose 
(mmol/L) 

175 0.954 0.24 0.15 to 0.33 -0.89 -1.04 to -0.74 1.37 1.22 to 1.52 0.58 

Lactate 
(mmol/L) 

169 0.889 -0.17 -0.21 to -0.13 -0.67 -0.74 to -0.61 0.33 0.26 to 0.39 0.25 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 10 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in iliac crest IO aspirate and PVB on the automated biochemistry analyser. 
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Figure 10.  Automated biochemistry analyser – Bland-Altman absolute and relative (percentage) difference plots for iliac crest intraosseous aspirate 

and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.3.4   Blood gas point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each blood gas point-of-care device parameter, as measured in iliac crest IO aspirate 

and PVB, are shown in Table 23. Strong linear correlation was evident for bicarbonate, sodium, ionised 

calcium, chloride, glucose, lactate and haemoglobin. Good linear correlation was present for pH and 

pCO2, while potassium showed only moderate linear correlation (i.e. r 0.30-0.50).   

Table 23.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between iliac crest intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 160 0.545 -0.03 -0.11 to 0.05 -1.03 -1.17 to -0.89 0.98 0.84 to 1.12 0.51 

pCO2 160 0.617 -4.14 -5.86 to -2.43 -25.72 -28.67 to -22.78 17.43 14.49 to 20.38 11.01 

Bicarbonate 120 0.895 -2.16 -2.90 to -1.42 -10.14 -11.41 to -8.88 5.82 4.56 to 7.09 4.07 

Sodium 160 0.863 -0.89 -1.03 to -0.75 -2.67 -2.91 to -2.42 0.88 0.64 to 1.13 0.91 

Potassium 159 0.460 12.22 9.74 to 14.70 -18.79 -23.03 to -14.55 43.23  38.98 to 47.47 15.82 

Ionised 
calcium 

151 0.882 -1.73 -2.14 to -1.32 -6.74 -7.45 to -6.04 3.28 2.58 to 3.99 2.56 

Chloride 160 0.939 0.56 0.40 to 0.73 -1.53 -1.81 to -1.24 2.65 2.37 to 2.94 1.07 

Glucose 160 0.950 3.10 1.62 to 4.57 -15.48 -18.01 to -12.94 21.67 19.13 to 24.20 9.48 

Lactate 159 0.807 -4.35 -7.73 to -0.98 -46.60 -52.38 to -40.81 37.89 32.11 to 43.67 21.55 

Haemoglobin 118 0.979 -4.03 -4.76 to -3.29 -11.96 -13.22 to -10.69 3.90 2.64 to 5.17 4.05 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each blood gas point-of-care device parameter included measurements covering 

their respective reference intervals. Measurements of clinically relevant high values were included in 

the final analyses of pH, pCO2, bicarbonate, potassium, ionised calcium, glucose and haemoglobin. 

However, the bicarbonate, potassium, and ionised calcium values were only just above the upper limit 

of their respective reference intervals. The final analyses included measurements of clinically relevant 

low values of pCO2, bicarbonate, sodium, ionised calcium and haemoglobin. However, the bicarbonate 

and sodium values were only just below the lower limit of their respective reference intervals. 

 

Table 24 summarises the agreement for each blood gas point-of-care device parameter when applying 

the pre-defined CAD criteria utilised in this study and the relative difference of measured parameter 

values in the paired iliac crest IO aspirate and PVB. Only chloride met strict agreement criteria as per 

the Bland-Altman LoA method. However, apart from potassium, each other parameter had their 95% 

CI for the mean difference within the pre-defined CAD criteria. Potassium measured higher within the 

iliac crest IO aspirate than PVB, resulting in a positive mean difference value. 
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Table 24.  Blood gas point-of-care device – strict Bland-Altman agreement summary of iliac crest 

intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
IO & PB in 
agreement 

pH 
(ratio) 

7.31 – 7.50 ± 0.04 -0.086 to 0.082 Yes No No No 

pCO2 

(mmHg) 
24.75 – 62.26 ± 6% -28.67 to 20.38 Yes No No No 

Bicarbonate 
(mmol/L) 

18.5 – 33.6  ± 10% -11.41 to 7.09 Yes No  No No  

Sodium 
(mmol/L) 

129 – 146  ± 2% -2.91 to 1.13 Yes No No No 

Potassium 
(mmol/L) 

3.1 – 6.0 ± 5% -23.03 to 47.47 No No No No 

Ionised calcium 
(mmol/L) 

0.89 – 1.46 ± 4% -7.45 to 3.99 Yes No No No 

Chloride 
(mmol/L) 

97 – 113  ± 3% -1.81 to 2.94 Yes Yes Yes Yes 

Glucose 
(mmol/L) 

3.7 – 13.7  ± 8% -18.01 to 24.20 Yes No No No 

Lactate 
(mmol/L) 

0.4 – 3.5  ± 12% -52.38 to 43.67 Yes No No No 

Haemoglobin 
(g/L) 

64 – 181  ± 5% -13.22 to 5.17 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values for each parameter apart 

from pH, which are absolute values (unitless). 

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PB = peripheral venous blood. w/i = within. 

Table 25 displays the Bland-Altman analysis for each blood gas point-of-care parameter in terms of 

absolute measurement difference between iliac crest IO aspirate and PVB. When considered in the 

context of the acute resuscitation and critical illness clinical settings, the following parameters were 

deemed to have sufficient agreement over their respective measured range based on the clinical 

judgement of the study author: pH, bicarbonate, sodium, ionised calcium, chloride, glucose, lactate and 

haemoglobin. Consequently, the following parameters were deemed to not be in agreement: pCO2 and 

potassium. Whilst glucose was deemed to be in agreement, the lack of low measurement values in the 

sample set means agreement in the low-normal range and below (i.e. ≤4 mmol/L) cannot be 

determined. Haemoglobin agreement at all measured values was justified based on the review of the 

Bland-Altman difference plot.  
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Table 25.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for absolute 

measurement differences between iliac crest intraosseous aspirate and peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 
(ratio) 

160 0.545 -0.002 -0.008 to 0.004 -0.076 -0.086 to -0.066 0.072 0.062 to 0.082 0.038 

pCO2 

(mmHg) 
160 0.617 -2.27 -3.07 to -1.46 -12.38 -13.75 to -11.00 7.85 6.47 to 9.22 5.16 

Bicarbonate 
(mmol/L) 

120 0.895 -0.55 -0.74 to -0.37 -2.57 -2.88 to -2.25 1.46 1.14 to 1.78 1.03 

Sodium 
(mmol/L) 

160 0.863 -1.30 -1.46 to -1.06 -3.80 -4.10 to -3.41 1.20 0.90 to 1.58 1.30 

Potassium 
(mmol/L) 

159 0.460 0.48 0.38 to 0.59 -0.78 -0.95 to -0.60 1.75 1.57 to 1.92 0.64 

Ionised calcium 
(mmol/L) 

151 0.882 -0.021 -0.026 to -0.016 -0.080 -0.088 to -0.072 0.038 0.030 to 0.046 0.030 

Chloride 
(mmol/L) 

160 0.939 0.60 0.41 to 0.76 -1.60 -1.90 to -1.30 2.80 2.46 to 3.06 1.10 

Glucose 
(mmol/L) 

160 0.950 0.17 0.08 to 0.25 -0.90 -1.04 to -0.75 1.24 1.09 to 1.38 0.55 

Lactate 
(mmol/L) 

159 0.807 -0.08 -0.13 to -0.03 -0.68 -0.77 to -0.60 0.52 0.44 to 0.61 0.31 

Haemoglobin 
(g/L) 

118 0.979 -5.20 -6.25 to -4.23 -16.10 -17.84 to -14.38 5.60 3.90 to 7.37 5.50 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 11 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in iliac crest IO aspirate and PVB on the blood gas point-of-care device.  
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Figure 11.  Point-of-care devices – Bland-Altman absolute and relative (percentage) difference plots for iliac crest intraosseous aspirate and 

peripheral venous blood.  
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals. 
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3.4   ANALYSIS OF PROXIMAL TIBIA INTRAOSSEOUS ASPIRATE WITH 

PAIRED PERIPHERAL VENOUS BLOOD 

 
3.4.1   Automated haematology analyser and HemoCue® point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each full blood count and HemoCue® haemoglobin parameter, as measured in proximal 

tibia IO aspirate and PVB on the automated haematology analyser and HemoCue® point-of-care device, 

are shown in Table 26. Strong linear correlation (i.e. r >0.70) was present for each parameter apart 

from the platelet count, which instead showed a negative linear correlation with an r-value of -0.176.  

Table 26.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for relative (percentage) measurement differences between proximal 

tibia intraosseous aspirate and peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 54 0.968 -0.18 -1.61 to 1.26 -10.51 -12.98 to -8.03 10.16 7.68 to 12.63 5.27 

Haematocrit 55 0.954 -3.94 -5.71 to -2.16 -16.81 -19.86 to -13.75 8.93 5.87 to 11.98 6.56 

MCV 55 0.982 -1.15 -1.63 to -0.68 -4.62 -5.44 to -3.80 2.31 1.49 to 3.13 1.77 

Platelets 55 -0.176 -62.73 -72.24 to -53.21 -131.71 -148.1 to -115.3 6.26 -10.10 to 22.62 35.20 

White cells 55 0.814 8.57 -0.42 to 17.57 -56.67 -72.14 to -41.20 73.82 58.34 to 89.29 33.29 

Neutrophils 55 0.935 1.47 -6.57 to 9.50 -56.79  -70.60 to -42.97 59.72 45.91 to 73.54 29.72 

Lymphocytes 55 0.837 10.17 0.16 to 20.18 -62.38 -79.59 to -45.18 82.72 65.51 to 99.93 37.02 

HemoCue® parameter 

Haemoglobin 53 0.949 -6.68 -8.68 to -4.68 -20.89 -24.33 to -17.46 7.54  4.10 to 10.98 7.25 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each full blood count and HemoCue® haemoglobin parameter included 

measurements covering their respective reference intervals and clinically relevant low ranges. 

Measurements of clinically relevant high values were included in the final analyses for all parameters 

apart from haematocrit.  

 

Table 27 summarises the agreement for each full blood count and HemoCue® haemoglobin parameter 

when applying the pre-defined CAD criteria utilised in this study and the relative difference of measured 

parameter values in the paired proximal tibia IO aspirate and PVB. Only the MCV and haematocrit met 

strict agreement criteria as per the Bland-Altman LoA method. The 95% CI for the mean differences of 

haemoglobin and neutrophil count were within the pre-defined CAD criteria. The 95% CI for the mean 

differences of platelet count, white cell count, lymphocyte count and HemoCue® haemoglobin were 

outside the pre-defined CAD criteria, therefore lacking any evidence of agreement by this method. 
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Table 27.  Automated haematology analyser and HemoCue® point-of-care device – strict Bland-

Altman agreement summary of proximal tibia intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PVB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Proximal 
tibia IO & 
PVB in 
agreement 

Full blood count parameters 

Haemoglobin 
(g/L) 

71 – 176  ± 5% -12.98 to 12.63 Yes No No No 

Haematocrit 
(ratio) 

0.23 – 0.51 ± 20% -19.86 to 11.98 Yes Yes Yes Yes 

MCV  
(fL) 

69 – 120  ± 10% -5.44 to 3.13 Yes Yes Yes Yes 

Platelets 
(x109/L) 

72 – 894  ± 25% -148.07 to 22.62 No No No No 

White cells 
(x109/L) 

0.97 – 17.71  ± 10% -72.14 to 89.29 No No No No 

Neutrophils 
(x109/L) 

0.34 – 16.46  ± 10% -70.60 to 73.54 Yes No No No 

Lymphocytes 
(x109/L) 

0.03 – 6.15  ± 10% -79.59 to 99.93 No No No No 

HemoCue® parameter 

Haemoglobin 
(g/L) 

71 – 158 ± 5% -24.33 to 10.98 No No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PVB = peripheral venous blood. w/i = within. 

Table 28 displays the Bland-Altman analysis for each full blood count and HemoCue® haemoglobin 

parameter in terms of absolute measurement difference between proximal tibia IO aspirate and PVB. 

When considered in the context of the acute resuscitation and critical illness clinical settings, the 

following parameters were deemed to have sufficient agreement over their respective measured range 

based on the clinical judgement of the study author: haemoglobin, haematocrit and MCV. Consequently, 

the following parameters were deemed to not be in agreement: platelet count, white cell count, 

neutrophil count, lymphocyte count and HemoCue® haemoglobin.  
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Table 28.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for absolute measurement differences between proximal tibia 

intraosseous aspirate and peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 
(g/L) 

54 0.968 0.00 -1.77 to 1.81 -12.80 -15.92 to -9.76 12.90 9.80 to 15.96 6.60 

Haematocrit 
(ratio) 

55 0.954 -0.014 -0.020 to -0.008 -0.058 -0.069 to -0.048 0.030 0.020 to 0.041 0.023 

MCV  
(fL) 

55 0.982 -1.03 -1.46 to -0.60 -4.15 -4.89 to -3.41 2.09 1.35 to 2.83 1.59 

Platelets 
(x109/L) 

55 -0.176 -181.4 -221.7 to -141.1 -473.6 -542.9 to -404.3 110.8 41.5 to 180.1 149.1 

White cells 
(x109/L) 

55 0.814 0.36 -0.13 to 0.85 -3.21 -4.06 to -2.37 3.93 3.08 to 4.77 1.82 

Neutrophils 
(x109/L) 

55 0.935 -0.10 -0.35 to 0.16 -1.94  -2.37 to 1.50 1.75 1.31 to 2.18 0.94 

Lymphocytes 
(x109/L) 

55 0.837 0.11 -0.06 to 0.28 -1.14  -1.43 to -0.84 1.35 1.06 to 1.65 0.63 

HemoCue® parameter 

Haemoglobin 
(g/L) 

53 0.949 -8.00 -10.19 to -5.81 -23.60 -27.34 to -19.81 7.60 3.81 to 11.34 7.90 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 12 displays the Bland-Altman absolute and relative difference plots for each full blood count 

parameter and HemoCue® haemoglobin measured in proximal tibia IO aspirate and PVB.   
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Figure 12.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman absolute and relative (percentage) difference plots 

for proximal tibia intraosseous aspirate and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.4.2   Automated coagulation analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each coagulation parameter, as measured in proximal tibia IO aspirate and PVB on the 

automated coagulation analyser, are shown in Table 29. Strong linear correlation was evident for each 

coagulation parameter.  

Table 29.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between proximal tibia intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR 57 0.715 0.86 -0.97 to 2.69 -12.66 -15.81 to -9.52 14.38 11.23 to 17.53 6.90 

APTT  55 0.786 -6.20 -8.42 to -3.97 -22.34 -26.17 to -18.51 9.95 6.12 to 13.78 8.24 

TCT 48 0.766 -1.72 -4.93 to 1.49 -23.38 -28.91 to -17.86 19.94 14.42 to 25.46 11.05 

Fibrinogen 51 0.855 -16.21  -21.51 to -10.90 -53.18 -62.30 to -44.05 20.76 11.63 to 29.88 18.86 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each coagulation parameter included measurements that covered their respective 

reference intervals. Of all the coagulation parameters, only fibrinogen had measurements of clinically 

relevant high values included in the final analyses. Fibrinogen was the only coagulation parameter 

considered to carry clinically relevant low values, with measurements within this range absent from the 

final analysis for this parameter. 

 

Table 30 summarises the agreement for each coagulation parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

proximal tibia IO aspirate and PVB. No parameter measured on the automated coagulation analyser 

met strict agreement criteria as per the Bland-Altman LoA method. However, each of the measured 

coagulation parameters had 95% CI for mean differences within their pre-defined CAD criteria, whilst 

INR, APTT and TCT had their 95% LoA within the CAD criteria but not the associated 95% CI. 
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Table 30.  Automated coagulation analyser – strict Bland-Altman agreement summary of proximal 

tibia intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PVB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Proximal 
tibia IO & 
PVB in 
agreement 

INR  
(ratio) 

0.8 – 1.2 ± 15% -15.81 to 17.53 Yes Yes No Equivocal 

APTT 
(seconds) 

26 – 42  ± 25% -26.17 to 13.78 Yes Yes No (just) Equivocal 

TCT  
(seconds) 

14 – 33  ± 25% -28.91 to 25.46 Yes Yes No (just) Equivocal 

Fibrinogen 
(g/L) 

1.7 – 5.7  ± 25% -62.30 to 29.88 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PVB = peripheral venous blood. w/i = within. 

Table 31 displays the Bland-Altman analysis for each coagulation parameter in terms of absolute 

measurement difference between proximal tibia IO aspirate and PVB. When considered in the context 

of the acute resuscitation and critical illness clinical settings, the following parameters were deemed to 

have sufficient agreement over their respective measured range based on the clinical judgement of the 

study authors: INR, APTT and TCT. Consequently, the remaining coagulation parameter, namely 

fibrinogen, was deemed to not be in agreement. 

Table 31.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between proximal tibia intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR  
(ratio) 

57 0.715 0.006 -0.011 to 0.024 -0.123 -0.153 to -0.093 0.135 0.105 to 0.165 0.066 

APTT 
(seconds) 

55 0.786 -2.02 -2.74 to 1.30 -7.25 -8.49 to -6.01 3.21 1.97 to 4.45 2.67 

TCT  
(seconds) 

48 0.766 -0.33 -0.87 to 0.21 -3.98 -4.91 to -3.05 3.32 2.39 to 4.25 1.86 

Fibrinogen 
(g/L) 

51 0.855 -0.48 -0.62 to -0.33 -1.47 -1.72 to -1.22 0.52 0.27 to 0.76 0.51 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 13 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in proximal tibia IO aspirate and PVB on the automated coagulation analyser.   
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Figure 13.  Automated coagulation analyser – Bland-Altman absolute and relative (percentage) difference plots for proximal tibia intraosseous 

aspirate and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  



 97 

3.4.3   Automated biochemistry analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each biochemistry parameter, as measured in proximal tibia IO aspirate and PVB on 

the automated biochemistry analyser, are shown in Table 32. Strong linear correlation was seen for 

albumin, calcium, CRP, creatinine, glucose and lactate. Borderline poor/moderate linear correlation was 

evident for sodium and poor correlation for potassium.  

Table 32.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

relative (percentage) measurement differences between proximal tibia intraosseous aspirate and 

peripheral venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin 64 0.908 -0.99 -2.15 to 0.17 -10.10 -12.10 to -8.11 8.11 6.12 to 10.11 4.65 

Calcium 64 0.706 -4.60 -5.47 to -3.73 -11.42 -12.91 to -9.92 2.22 0.72 to 3.71 3.48 

Sodium 64 0.447 -1.70 -2.06 to -1.34 -4.51 -5.13 to -3.90 1.12 0.50 to 1.74 1.44 

Potassium 65 0.192 33.24 27.81 to 38.67 -9.69 -19.01 to -0.37 76.17 66.85 to 85.49 21.90 

CRP 64 0.999 -8.72 -13.23 to -4.21 -44.10 -51.84 to -36.35 26.66 18.91 to 34.41 18.05 

Creatinine 65 0.985 2.35 0.81 to 3.88 -9.83 -12.47 to -7.18 14.52 11.87 to 17.16 6.21 

Glucose 64 0.949 4.83 2.54 to 7.12 -13.14 -17.08 to -9.21 22.80 18.87 to 26.74 9.17 

Lactate 63 0.783 -8.59 -13.02 to -4.17 -43.02 -50.63 to -35.42 25.84 18.24 to 33.44 17.57 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

A Mann-Whitney U test showed the proximal tibia IO aspirate sample was subject to significantly higher 

levels of haemolysis, as measured by the haemolysis index on the automated biochemistry analyser, 

compared to the PVB specimens (U = 63, p = <0.0001). There was no significant difference between 

the levels of lipaemia, again as measured by the automated biochemistry analyser, within the proximal 

tibia IO aspirate samples compared to PVB (U = 4605, p = 0.1590). 

 

The final analysis of each biochemistry parameter included measurements that covered their respective 

reference intervals. Measurements of clinically relevant high values were only included in the final CRP, 

creatinine and glucose analyses. Measurements of clinically relevant low values were only included in 

the final analyses for albumin and creatinine due to the absence of participants with low levels of the 

other relevant parameters in this sample set. 

 

Table 33 summarises the agreement for each biochemistry parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

proximal tibia IO aspirate and PVB. No parameter measured on the automated biochemistry analyser 

met strict agreement criteria as per the Bland-Altman LoA method. However, the 95% CI for the mean 

differences of albumin, sodium, CRP, creatinine and glucose were within their pre-defined CAD criteria. 
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The 95% CI for the mean differences of calcium, potassium and lactate were outside the pre-defined 

CAD criteria and therefore lacked any evidence of agreement by this method. 

 

The Bland-Altman absolute measurement difference plot for CRP (see Figure 14) revealed a clear 

negative proportional bias. The corresponding Bland-Altman relative measurement difference plot 

revealed a disproportionate relative difference for CRP values <10 mg/L. Because of these factors, the 

ideal assessment of CRP agreement was deemed to be through the use of Bland-Altman absolute 

measurement difference for CRP values <10 mg/L and Bland-Altman relative measurement difference 

for values ≥10 mg/L. CRP values ≥10 mg/L met strict agreement criteria as per the Bland-Altman LoA 

method when displayed in this context. For this, the upper 95% CI value for the upper LoA to the lower 

95% CI value for the lower LoA was -12.60% to 6.37%. However, this analysis only included 7 paired 

data points and a relatively narrow measuring interval of 10 to 54 mg/L. 

Table 33.  Automated biochemistry analyser – strict Bland-Altman agreement summary of proximal 

tibia intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PVB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Proximal 
tibia IO & 
PVB in 
agreement 

Albumin  
(g/L) 

25 – 46  ± 6% -12.10 to 10.11 Yes No No No 

Calcium 
(mmol/L) 

2.06 – 2.50  ± 4% -12.91 to 3.71 No No No No 

Sodium 
(mmol/L) 

132 – 143  ± 2% -5.13 to 1.74 Yes No No No 

Potassium 
(mmol/L) 

3.2 – 4.6  ± 5% -19.01 to 85.49 No No No No 

CRP  
(mg/L) 

1.0 – 54.0  ± 20% -51.84 to 34.41 Yes No No No 

Creatinine 

(µmol/L) 
43 – 200 ± 8% -12.47 to 17.16 Yes No No No 

Glucose 
(mmol/L) 

4.3 – 14.3  ± 8% -17.08 to 26.74 Yes No No No 

Lactate 
(mmol/L) 

0.6 – 2.9 ± 12% -50.63 to 33.44  No No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. PVB = peripheral venous blood. w/i = within. 

Table 34 displays the Bland-Altman analysis for each biochemistry parameter in terms of absolute 

measurement difference between proximal tibia IO aspirate and PVB. When considered in the context 

of the acute resuscitation and critical illness clinical settings, the following parameters were deemed to 

have sufficient agreement over their respective measured range based on the clinical judgement of the 

study authors: albumin, sodium, CRP, creatinine, glucose and lactate. Consequently, the following 

parameters were deemed to not be in agreement: calcium and potassium. Whilst glucose was deemed 

to be in agreement, the lack of low measurement values in the sample set means agreement in the low-

normal range and below (i.e. ≤4 mmol/L) cannot be determined. 
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Table 34.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between proximal tibia intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin  
(g/L) 

64 0.908 -0.40 -0.81 to 0.06 -3.80 -4.55 to -3.05 3.10 2.30 to 3.80 1.70 

Calcium 
(mmol/L) 

64 0.706 -0.108 -0.128 to -0.088 -0.268 -0.303 to -0.233 0.052 0.017 to 0.087 0.082 

Sodium 
(mmol/L) 

64 0.447 -2.40 -2.86 to -1.85 -6.30 -7.18 to -5.44 1.60 0.73 to 2.46 2.00 

Potassium 
(mmol/L) 

65 0.192 1.32 1.11 to 1.53 -0.33 -0.68 to 0.03 2.97 2.61 to 3.32 0.84 

CRP  
(mg/L) 

64 0.999 -0.30 -0.39 to -0.14 -1.30 -1.47 to -1.04 0.70 0.51 to 0.94 0.50 

Creatinine 

(µmol/L) 
65 0.985 1.60 0.57 to 2.69 -6.80 -8.59 to -4.94 10.00 8.20 to 11.85 4.30 

Glucose 
(mmol/L) 

64 0.949 0.25 0.13 to 0.34 -0.73 -0.94 to -0.51 1.23 1.02 to 1.45 0.50 

Lactate 
(mmol/L) 

63 0.783 -0.16 -0.23 to -0.08 -0.73 -0.86 to -0.60 0.42 0.29 to 0.54 0.29 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 14 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in proximal tibia IO aspirate and PVB on the automated biochemistry analyser.   
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Figure 14.  Automated biochemistry analyser – Bland-Altman absolute and relative (percentage) difference plots for proximal tibia intraosseous 

aspirate and peripheral venous blood. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.4.4   Blood gas point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each blood gas point-of-care device parameter, as measured in proximal tibia IO 

aspirate and PVB, are shown in Table 35. Strong linear correlation was evident for chloride and glucose. 

The r-value for sodium and ionised calcium remained within the strong linear correlation criteria (i.e. r 

>0.70) but was near the lower range. Good linear correlation was present for pCO2 and lactate, while 

pH had a moderate linear correlation. The correlation for potassium was borderline poor/moderate with 

an r-value of 0.337. Bicarbonate and haemoglobin yielded insufficient results from the blood gas point-

of-care device (poor feasibility) to enable Bland-Altman LoA. 

Table 35.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between proximal tibia intraosseous aspirate and peripheral 

venous blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 54 0.480 -0.27 -0.39 to -0.15 -1.14 -1.35 to -0.93 0.61 0.40 to 0.82 0.45 

pCO2 54 0.554 0.42 -2.47 to 3.31 -20.35 -25.32 to -15.37 21.19 16.22 to 26.16 10.60 

Bicarbonate 3 N/A 

Sodium 54 0.771 -1.53 -1.80 to -1.27 -3.44 -3.90 to -2.98 0.37 -0.08 to 0.83 0.97 

Potassium 54 0.337 22.66 18.77 to 26.55 -5.25 -11.94 to 1.43 50.57 43.89 to 57.25 14.24 

Ionised 
calcium 

53 0.763 -3.24 -3.88 to -2.60 -7.77 -8.87 to -6.68 1.29 0.19 to 2.39 2.31 

Chloride 53 0.923 0.73 0.45 to 1.00 -1.23 -1.70 to -0.75 2.68 2.21 to 3.16 1.00 

Glucose 54 0.955 2.08 -0.21 to 4.38 -14.39 -18.33 to -10.44 18.56 14.61 to 22.50 8.40 

Lactate 53 0.650 4.59 -2.67 to 11.85 -47.01 -59.49 to -34.53 56.20 43.71 to 68.68 26.33 

Haemoglobin 3 N/A 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. N/A = not applicable due to insufficient data points. No. 

= number. r = correlation coefficient. SD = standard deviation. 

The final analysis of each blood gas point-of-care device parameter included measurements covering 

their respective reference intervals. Measurements of clinically relevant high values were included in 

the final analyses of pH and glucose. However, the pH values were only just above the upper limit of 

the reference interval. Measurements of clinically relevant low values were lacking for all values. 

 

Table 36 summarises the agreement for each blood gas point-of-care device parameter when applying 

the pre-defined CAD criteria utilised in this study and the relative difference of measured parameter 

values in the paired proximal tibia IO aspirate and PVB. No parameter measured on the blood gas point-

of-care device met strict agreement criteria as per the Bland-Altman LoA method. However, the 95% 

CI for the mean differences of pH, pCO2, sodium, ionised calcium, chloride, glucose and lactate were 

within their pre-defined CAD criteria. In addition, the 95% LoA for chloride were within the CAD criteria 

but not the associated 95% CI. Hence, chloride was deemed to not be in strict agreement by this 

method. 
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Table 36.  Blood gas point-of-care device – strict Bland-Altman agreement summary of proximal 

tibia intraosseous aspirate and peripheral venous blood. 

Parameter 

Measured 
range of 
parameter 
(PVB value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Proximal 
tibia IO & 
PVB in 
agreement 

pH 
(ratio) 

7.32 – 7.50 ± 0.04 -0.099 to 0.060 Yes No No No 

pCO2 

(mmHg) 
34.50 – 59.25 ± 6% -25.32 to 26.16 Yes No No No 

Bicarbonate 
(mmol/L) 

N/A 

Sodium 
(mmol/L) 

134 – 145  ± 2% -3.90 to 0.83 Yes No No No 

Potassium 
(mmol/L) 

3.3 – 4.6  ± 5% -11.94 to 57.25 No No No No 

Ionised calcium 
(mmol/L) 

1.11 – 1.31 ± 4% -8.87 to 2.39 Yes No No No 

Chloride 
(mmol/L) 

97 – 111  ± 3% -1.70 to 3.16 Yes Yes No (just) Equivocal 

Glucose 
(mmol/L) 

4.2 – 13.6  ± 8% -18.33 to 22.50 Yes No No No 

Lactate 
(mmol/L) 

0.7 – 2.7  ± 12% -59.49 to 68.68 Yes No No No 

Haemoglobin 
(g/L) 

N/A 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values for each parameter apart 

from pH, which are absolute values (unitless). 

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. N/A = not applicable due to insufficient data points. PVB = peripheral venous blood. w/i = within. 

Table 37 displays the Bland-Altman analysis for each blood gas point-of-care device parameter in terms 

of absolute measurement difference between proximal tibia IO aspirate and PVB. When considered in 

the context of the acute resuscitation and critical illness clinical settings, the following parameters were 

deemed to have sufficient agreement over their respective measured range based on the clinical 

judgement of the study authors: pH, sodium, ionised calcium, chloride, glucose and lactate. 

Consequently, the following parameters were deemed to not be in agreement: pCO2 and potassium. 

Agreement for bicarbonate and haemoglobin could not be determined due to insufficient data points. 

Whilst glucose was deemed to be in agreement, the lack of low measurement values in the sample set 

means agreement in the low-normal range and below (i.e. ≤4 mmol/L) cannot be determined. 
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Table 37.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for absolute 

measurement differences between proximal tibia intraosseous aspirate and peripheral venous 

blood. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 
(ratio) 

54 0.480 -0.020 -0.029 to -0.011 -0.085 -0.099 to -0.069 0.045 0.029 to 0.060 0.033 

pCO2 

(mmHg) 
54 0.554 -0.26 -1.62 to 1.10 -10.04 -12.38 to -7.69 9.52 7.18 to 11.86 4.99 

Bicarbonate 
(mmol/L) 

3 N/A 

Sodium 
(mmol/L) 

54 0.771 -2.20 -2.54 to -1.79 -4.90 -5.53 to -4.23 0.50 -0.10 to 1.20 1.40 

Potassium 
(mmol/L) 

54 0.337 0.89 0.74 to 1.04 -0.16 -0.41 to 0.09 1.94 1.69 to 2.20 0.54 

Ionised calcium 
(mmol/L) 

53 0.763 -0.039 -0.046 to -0.031 -0.093 -0.106 to -0.080 0.016 0.002 to 0.029 0.028 

Chloride 
(mmol/L) 

53 0.923 0.80 0.47 to 1.04 -1.30 -1.77 to -0.78 2.80  2.29 to 3.28 1.00 

Glucose 
(mmol/L) 

54 0.955 0.10 -0.03 to 0.23 -0.83 -1.05 to -0.61 1.03 0.81 to 1.25 0.48 

Lactate 
(mmol/L) 

53 0.650 0.02 -0.08 to 0.11 -0.65 -0.81 to -0.49 0.68 0.52 to 0.84 0.34 

Haemoglobin 
(g/L) 

3 N/A 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. N/A = not applicable due to insufficient data points. No. 

= number. r = correlation coefficient. SD = standard deviation. 

Figure 15 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in proximal tibia IO aspirate and PVB on the blood gas point-of-care device.    
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Figure 15.  Blood gas point-of-care device – Bland-Altman absolute and relative (percentage) difference plots for proximal tibia intraosseous aspirate 

and peripheral venous blood.  
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.5   ANALYSIS OF ILIAC CREST INTRAOSSEOUS ASPIRATE WITH PAIRED 

PROXIMAL TIBIA INTRAOSSEOUS ASPIRATE 

 
3.5.1   Automated haematology analyser and HemoCue® point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each full blood count and HemoCue® haemoglobin parameter, as measured in iliac 

crest and proximal tibia IO aspirate on the automated haematology analyser and HemoCue® point-of-

care device, are shown in Table 38. Strong linear correlation (i.e. r >0.70) was present for each red cell 

parameter, namely haemoglobin (both automated haematology analyser and HemoCue® point-of-care 

device), haematocrit and MCV. White cell count showed poor linear correlation, while the differentials 

of neutrophil and lymphocyte count had moderate and good linear correlation, respectively. Platelet 

count did not correlate, with an r-value of -0.080. 

Table 38.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for relative (percentage) measurement differences between iliac crest 

and proximal tibia intraosseous aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 54 0.977 -1.06 -2.64 to 0.53 -12.44 -15.17 to -9.72 10.33 7.60 to 13.06 5.81 

Haematocrit 54 0.973 -1.13 -2.76 to 0.50 -12.85 -15.65 to -10.04 10.58 7.78 to 13.39 5.98 

MCV 53 0.992 0.40 0.08 to 0.73 -1.93 -2.49 to -1.36 2.73 2.17 to 3.30 1.19 

Platelets 54 -0.080 -84.16 -106.9 to -61.4 -247.76 -286.9 to -208.6 79.43 40.3 to 118.6 83.47 

White cells 54 0.297 -65.35 -78.63 to -52.07 -160.70 -183.5 to -137.8 30.00 7.17 to 52.83 48.65 

Neutrophils 52 0.468 -53.92 -67.31 to -40.53 -148.17 -171.2 to -125.1 40.33 17.30 to 63.36 48.09 

Lymphocytes 52 0.650 -44.16 -60.34 to -27.98 -158.10 -185.9 to -130.3 69.78 41.94 to 97.61 58.13 

HemoCue® parameter 

Haemoglobin 52 0.970 -4.85 -6.74 to -2.96 -18.13 -21.37 to -14.88 8.43 5.18 to 11.67 6.77 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each full blood count and HemoCue® haemoglobin parameter included 

measurements covering their respective physiological range.  

 

Table 39 summarises the agreement for each full blood count and HemoCue® haemoglobin parameter 

when applying the pre-defined CAD criteria utilised in this study and the relative difference of measured 

parameter values in the paired iliac crest and proximal tibia IO aspirates. Only the MCV and haematocrit 

met strict agreement criteria as per the Bland-Altman LoA method. The 95% CI for the mean difference 

of haemoglobin was within the pre-defined CAD criteria. The 95% CI for the mean differences of platelet 

count, white cell count, neutrophil and lymphocyte count, along with HemoCue® haemoglobin, were all 

outside the pre-defined CAD criteria and therefore lacked any evidence of agreement. 
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Table 39.  Automated haematology analyser and HemoCue® point-of-care device – strict Bland-

Altman agreement summary of iliac crest and proximal tibia intraosseous aspirates. 

Parameter 

Measured 
range of 
parameter 
(mean value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
& prox. 
tibia IO in 
agreement 

Full blood count parameters 

Haemoglobin 
(g/L) 

68 to 181 ± 5% -15.17 to 13.06 Yes No No No 

Haematocrit 
(ratio) 

0.21 to 0.50 ± 20% -15.65 to 13.39 Yes Yes Yes Yes 

MCV  
(fL) 

66.9 to 117.6 ± 10% -2.49 to 3.30 Yes Yes Yes Yes 

Platelets 
(x109/L) 

32 to 466 ± 25% -286.93 to 118.61 No No No No 

White cells 
(x109/L) 

1.68 to 27.09 ± 10% -183.53 to 52.83 No No No No 

Neutrophils 
(x109/L) 

0.61 to 19.60 ± 10% -171.20 to 63.36 No No No No 

Lymphocytes 
(x109/L) 

0.14 to 8.16 ± 10% -185.93 to 97.61 No No No No 

HemoCue® parameter 

Haemoglobin 
(g/L) 

66 to 154 ± 5% -21.37 to 11.67 No  No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. Prox. = proximal. w/i = within. 

Table 40 displays the Bland-Altman analysis for each full blood count and HemoCue® haemoglobin 

parameter in terms of absolute measurement difference between the iliac crest and proximal tibia IO 

aspirates. When considered in the context of the acute resuscitation and critical illness clinical settings, 

the following parameters were deemed to have sufficient agreement over their respective measured 

range based on the clinical judgement of the study authors: haemoglobin, haematocrit and MCV. 

Consequently, the following parameters were deemed to not be in agreement: platelet count, white cell 

count, neutrophil count, lymphocyte and HemoCue® haemoglobin.  
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Table 40.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman 

limits of agreement analysis for absolute measurement differences between iliac crest and 

proximal tibia intraosseous aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Full blood count parameters 

Haemoglobin 
(g/L) 

54 0.977 -0.70 -2.32 to 0.91 -12.30 -15.08 to -9.53 10.90 8.12 to 13.68 5.90 

Haematocrit 
(ratio) 

54 0.973 -0.002 -0.007 to 0.003 -0.038 -0.046 to -0.029 0.034 0.025 to 0.042 0.018 

MCV  
(fL) 

53 0.992 0.38 0.07 to 0.68 -1.76 -2.28 to -1.24 2.51 1.99 to 3.03 1.09 

Platelets 
(x109/L) 

54 -0.080 -128.4 -169.2 to -87.6 -421.4 -491.6 to -351.3 164.6 94.4 to 234.7 149.5 

White cells 
(x109/L) 

54 0.297 -8.73 -11.31 to -6.14 -27.31 -31.76 to -22.86 9.86 5.41 to 14.31 9.48 

Neutrophils 
(x109/L) 

52 0.468 -3.82 -5.29 to -2.36 -14.11 -16.63 to -11.60 6.46 3.95 to 8.98 5.25 

Lymphocytes 
(x109/L) 

52 0.650 -1.33 -1.75 to -0.92 -4.23  -4.94 to -3.53 1.57 0.86 to 2.27 1.48 

HemoCue® parameter 

Haemoglobin 
(g/L) 

52 0.970 -5.10 -6.83 to -3.37 -17.30 -20.25 to -14.30 7.10 4.11 to 10.06 6.20 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 16 displays the Bland-Altman absolute and relative difference plots for each full blood count 

parameter and HemoCue® haemoglobin measured in iliac crest and proximal tibia IO aspirates.   
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Figure 16.  Automated haematology analyser and HemoCue® point-of-care device – Bland-Altman absolute and relative (percentage) difference plots 

for iliac crest and proximal tibia intraosseous aspirates. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.5.2   Automated coagulation analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each coagulation parameter, as measured in iliac crest and proximal tibia IO aspirate 

on the automated coagulation analyser, are shown in Table 41. Each parameter only showed good 

linear correlation.  

Table 41.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between iliac crest and proximal tibia intraosseous 

aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR 56 0.576 -0.35 -2.69 to 1.99 -17.50 -21.53 to -13.47 16.80 12.77 to 20.83 8.75 

APTT  54 0.607 0.82 -3.07 to 4.70 -27.06 -33.73 to -20.38 28.69 22.02 to 35.37 14.22 

TCT 49 0.537 2.33 -1.89 to 6.55 -26.47 -33.73 to -19.20 31.12 23.86 to 38.38 14.69 

Fibrinogen 50 0.564 4.40 -9.14 to 17.93 -88.94 -112.2 to -65.65 97.73 74.45 to 121.0 47.62 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

The final analysis of each coagulation parameter included measurements that covered their respective 

reference intervals. Of all the coagulation parameters, only fibrinogen had measurements of clinically 

relevant high values included in the final analyses. Fibrinogen was the only coagulation parameter 

considered to carry clinically relevant low values, with measurements within this range absent from the 

final analysis for this parameter. 

 

Table 42 summarises the agreement for each coagulation parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

iliac crest and proximal tibia IO aspirate. No parameter measured on the automated coagulation 

analyser met strict agreement criteria as per the Bland-Altman LoA method. However, each measured 

coagulation parameter had 95% CI for mean differences within their pre-defined CAD criteria. 

Table 42.  Automated coagulation analyser – strict Bland-Altman agreement summary of iliac crest 

and proximal tibia intraosseous aspirates. 

Parameter 

Measured 
range of 
parameter 
(mean value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LOA to 
lower 95% CI value  
for lower LOA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
& prox. 
tibia IO in 
agreement 

INR  
(ratio) 

0.81 to 1.19 ± 15% -21.53 to 20.83 Yes No No No 

APTT 
(seconds) 

24.0 to 39.3 ± 25% -33.73 to 35.37 Yes No No No 

TCT  
(seconds) 

14.1 to 29.0 ± 25% -33.73 to 38.38 Yes No No No 

Fibrinogen 
(g/L) 

1.17 to 5.62 ± 25% -112.22 to 121.01 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  
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CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. Prox. = proximal. w/i = within. 

Table 43 displays the Bland-Altman analysis for each coagulation parameter in terms of absolute 

measurement difference between proximal tibia IO aspirate and PVB. When considered in the context 

of the acute resuscitation and critical illness clinical settings, only INR was deemed to have sufficient 

agreement over its measured range based on the clinical judgement of the study authors. 

Consequently, the remaining coagulation parameters, namely APTT, TCT and fibrinogen, were deemed 

to not be in agreement. 

Table 43.  Automated coagulation analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between iliac crest and proximal tibia intraosseous aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

INR  
(ratio) 

56 0.576 -0.004 -0.029 to 0.020 -0.181 -0.222 to -0.139 0.172 0.130 to 0.213 0.090 

APTT 
(seconds) 

54 0.607 0.12 -1.01 to 1.24 -7.97 -9.91 to -6.03 8.21 6.27 to 10.15 4.13 

TCT  
(seconds) 

49 0.537 0.45 -0.38 to 1.28 -5.24 -6.67 to -3.80 6.14 4.71 to 7.58 2.90 

Fibrinogen 
(g/L) 

50 0.564 0.12 -0.14 to 0.38 -1.69 -2.14 to -1.24 1.93 1.47 to 2.38 0.92 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 17 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in iliac crest and proximal tibia IO aspirates on the automated coagulation analyser.   
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Figure 17.  Automated coagulation analyser – Bland-Altman absolute and relative (percentage) difference plots for iliac crest and proximal tibia 
intraosseous aspirates. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  
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3.5.3   Automated biochemistry analyser 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each biochemistry parameter, as measured in iliac crest and proximal tibia IO aspirate 

on the automated biochemistry analyser, are shown in Table 44. Strong linear correlation was evident 

for albumin, calcium, CRP, creatinine, glucose and lactate. Moderate linear correlation was present for 

sodium, while potassium had poor correlation.   

Table 44.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

relative (percentage) measurement differences between iliac crest and proximal tibia intraosseous 

aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin 64 0.966 -0.57 -1.38 to 0.23 -6.90 -8.29 to -5.52 5.76 4.37 to 7.14 3.23 

Calcium 64 0.788 -2.08 -2.89 to -1.27 -8.44 -9.84 to -7.05 4.28 2.88 to 5.67 3.24 

Sodium 64 0.500 -0.64 -1.02 to -0.25 -3.67 -4.34 to -3.01 2.40 1.74 to 3.07 1.55 

Potassium 65 0.190 13.88 9.36 to 18.40 -21.88 -29.65 to -14.11 49.64 41.87 to 57.41 18.25 

CRP 64 1.000 2.36 -2.15 to 6.86 -33.01 -40.75 to -25.27 37.72 29.98 to 45.47 18.04 

Creatinine 64 0.985 1.88 0.42 to 3.34 -9.56 -12.06 to -7.05 13.32 10.82 to 15.82 5.84 

Glucose 64 0.954 -1.15 -3.19 to 0.88 -17.13 -20.63 to -13.64 14.82 11.33 to 18.32 8.15 

Lactate 64 0.920 6.67 3.32 to 10.02 -19.63 -25.39 to -13.87 32.98 27.22 to 38.74 13.42 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

A Mann-Whitney U test showed no significant difference between haemolysis levels, measured by the 

haemolysis index on the automated biochemistry analyser, within iliac crest and proximal tibia IO 

aspirate samples (U = 5044, p = 0.6660). There was also no significant difference in levels of lipaemia 

between the two IO aspirate sites (U = 4926, p = 0.4870). 

 

The final analysis of each biochemistry parameter included measurements that covered their respective 

reference intervals. Measurements of clinically relevant high values were only included in the final 

analyses of potassium, CRP, creatinine and glucose. Measurements of clinically relevant low values 

were absent from the final analyses of each parameter. 

 

Table 45 summarises the agreement for each biochemistry parameter when applying the pre-defined 

CAD criteria utilised in this study and the relative difference of measured parameter values in the paired 

iliac crest and proximal tibia IO aspirates. No parameter measured on the automated biochemistry 

analyser met strict agreement criteria as per the Bland-Altman LoA method. However, the 95% CI for 

the mean differences of albumin, calcium, sodium, CRP, creatinine, glucose and lactate were within 

their pre-defined CAD criteria. The 95% CI for the mean difference of potassium was outside the pre-

defined CAD criteria and therefore lacked any evidence of agreement. 
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Table 45.  Automated biochemistry analyser – strict Bland-Altman agreement summary of iliac 

crest and proximal tibia intraosseous aspirates. 

Parameter 

Measured 
range of 
parameter 
(mean value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
& prox. 
tibia IO in 
agreement 

Albumin  
(g/L) 

26.1 to 46.5 ± 6% -8.29 to 7.14 Yes No No No 

Calcium 
(mmol/L) 

1.96 to 2.44 ± 4% -9.84 to 5.67 Yes No No No 

Sodium 
(mmol/L) 

132.2 to 141.7 ± 2% -4.34 to 3.07 Yes No No No 

Potassium 
(mmol/L) 

3.87 to 6.78 ± 5% -29.65 to 57.41 No No No No 

CRP  
(mg/L) 

0.1 to 52.2 ± 20% -40.75 to 45.47 Yes No No No 

Creatinine 

(µmol/L) 
41.4 to 203.0 ± 8% -12.06 to 15.82 Yes No No No 

Glucose 
(mmol/L) 

4.3 to 14.3 ± 8% -20.63 to 18.32 Yes No No No 

Lactate 
(mmol/L) 

0.6 to 2.3 ± 12% -25.39 to 38.74 Yes No No No 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values.  

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. Prox. = proximal. w/i = within. 

Table 46 displays the Bland-Altman analysis for each biochemistry parameter in terms of absolute 

measurement difference between the iliac crest and proximal tibia IO aspirates. When considered in 

the context of the acute resuscitation and critical illness clinical settings, the following parameters were 

deemed to have sufficient agreement over their respective measured range based on the clinical 

judgement of the study authors: albumin, sodium, CRP, creatinine, glucose and lactate. Consequently, 

the following parameters were deemed to not be in agreement: calcium and potassium. Whilst glucose 

was deemed to be in agreement, the lack of low measurement values in the sample set means 

agreement in the low-normal range and below (i.e. ≤4 mmol/L) cannot be determined. 
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Table 46.  Automated biochemistry analyser – Bland-Altman limits of agreement analysis for 

absolute measurement differences between iliac crest and proximal tibia intraosseous aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

Albumin  
(g/L) 

64 0.966 -0.20 -0.44 to 0.13 -2.40 -2.86 to -1.89 2.10 1.58 to 2.55 1.10 

Calcium 
(mmol/L) 

64 0.788 -0.046 -0.063 to -0.028 -0.183 -0.213 to -0.153 0.092 0.062 to 0.122 0.070 

Sodium 
(mmol/L) 

64 0.500 -0.90 -1.40 to -0.34 -5.00 -5.93 to -4.11 3.30 2.37 to 4.18 2.10 

Potassium 
(mmol/L) 

65 0.190 0.69 0.42 to 0.96 -1.42 -1.87 to -0.96 2.80 2.34 to 3.26 1.08 

CRP  
(mg/L) 

64 1.000 -0.07 -0.12 to -0.02 -0.50 -0.59 to -0.40 0.35 0.26 to 0.45 0.22 

Creatinine 

(µmol/L) 
64 0.985 1.30 0.21 to 2.37 -7.20 -9.06 to -5.34 9.80 7.92 to 11.63 4.30 

Glucose 
(mmol/L) 

64 0.954 -0.10 -0.23 to 0.03 -1.12 -1.34 to -0.89 0.92 0.70 to 1.14 0.52 

Lactate 
(mmol/L) 

64 0.920 0.06 0.02 to 0.10 -0.24 -0.30 to -0.17 0.36 0.30 to 0.43 0.15 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

Figure 18 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in iliac crest and proximal tibia IO aspirates on the automated biochemistry analyser.   
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Figure 18.  Automated biochemistry analyser – Bland-Altman absolute and relative (percentage) difference plots for iliac crest and proximal tibia 
intraosseous aspirates. 

  



 127 

  



 128 

  



 129 

  



 130 

 
Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 
Dotted blue lines = 95% confidence intervals.  
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3.5.4   Blood gas point-of-care device 

The results of the Bland-Altman LoA analysis incorporating the relative measurement differences 

(percentage) of each blood gas point-of-care device parameter, as measured in iliac crest and proximal 

tibia IO aspirate, are shown in Table 47. Strong linear correlation was evident for sodium, ionised 

calcium, chloride, glucose and lactate, while pCO2 was on the lower limit of the criteria for strong 

correlation. Good linear correlation was present for pH. The correlation for potassium was borderline 

poor/moderate with an r-value of 0.374. Bicarbonate and haemoglobin yielded insufficient results from 

the blood gas point-of-care device (poor feasibility) to enable Bland-Altman LoA analysis. 

Table 47.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for relative 

(percentage) measurement differences between iliac crest and proximal tibia intraosseous 

aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 53 0.588 -0.28 -0.39 to -0.18 -1.04 -1.22 to -0.86 0.48 0.29 to 0.66 0.39 

pCO2 53 0.713 7.12 5.02 to 9.21 -7.77 -11.37 to -4.17 22.01  18.40 to 25.61 7.60 

Bicarbonate N/A 

Sodium 53 0.805 -0.42 -0.67 to -0.17 -2.16 -2.58 to -1.74 1.32 0.90 to 1.74 0.89 

Potassium 53 0.374 9.48 5.59 to 13.38 -18.22  -24.92 to -11.52 37.19 30.48 to 43.89 14.13 

Ionised 
calcium 

52 0.837 -0.88 -1.45 to -0.30 -4.94 -5.93 to -3.95 3.19 2.20 to 4.18 2.07 

Chloride 53 0.940 -0.03 -0.27 to 0.20 -1.71 -2.11 to -1.30 1.64 1.23 to 2.04 0.85 

Glucose 53 0.964 -2.04 -4.17 to 0.08 -17.17  -20.83 to -13.51 13.09 9.43 to 16.74 7.72 

Lactate 52 0.837 5.90 0.55 to 11.24 -31.71 -40.89 to -22.52 43.50 34.31 to 52.68 19.18 

Haemoglobin N/A 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all percentage values.  

CI = confidence interval. LoA = limits of agreement. N/A = not applicable due to insufficient data points. No. 

= number. r = correlation coefficient. SD = standard deviation. 

The final analysis of each blood gas point-of-care device parameter included measurements covering 

their respective reference intervals. The final pCO2, potassium and glucose analyses included clinically 

relevant high value measurements. The final analyses only included measurements of clinically relevant 

low values of pCO2. However, such values were only just below the lower limit of the reference interval. 

 

Table 48 summarises the agreement for each blood gas point-of-care device parameter when applying 

the pre-defined CAD criteria utilised in this study and the relative difference of measured parameter 

values in the paired iliac crest and proximal tibia IO aspirates. Only chloride met strict agreement criteria 

as per the Bland-Altman LoA method. However, the 95% CI for the mean differences of pH, sodium, 

ionised calcium, glucose and lactate were within their respective pre-defined CAD criteria. The 95% CI 

for the mean differences of pCO2 and potassium were outside the pre-defined CAD criteria and 

therefore lacked any evidence of agreement by this method. 
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Table 48.  Blood gas point-of-care device – strict Bland-Altman agreement summary of iliac crest 

and proximal tibia intraosseous aspirates. 

Parameter 

Measured 
range of 
parameter 
(mean value) 

Pre-
defined 
CAD 
criteria 

Upper 95% CI value 
for upper LoA to 
lower 95% CI value  
for lower LoA 

95% CI 
for mean 
difference 
w/i CAD 

95% 
LoA w/i 
CAD 

95% CI 
for 95% 
LoA w/i 
CAD 

Iliac crest 
& prox. 
tibia IO in 
agreement 

pH 
(ratio) 

7.303 to 7.450 ± 0.04 -0.090 to 0.049 Yes No No No 

pCO2 

(mmHg) 
36.49 to 56.18 ± 6% -11.37 to 25.60 No No No No 

Bicarbonate 
(mmol/L) 

N/A 

Sodium 
(mmol/L) 

134.5 to 142.0 ± 2% -2.58 to 1.74 Yes No (just) No No 

Potassium 
(mmol/L) 

3.75 to 6.85 ± 5% -24.92 to 43.89 No No No No 

Ionised calcium 
(mmol/L) 

1.07 to 1.29 ± 4% -5.93 to 4.18 Yes No No No 

Chloride 
(mmol/L) 

98 to 111 ± 3% -2.11 to 2.04 Yes Yes Yes Yes 

Glucose 
(mmol/L) 

4.25 to 13.75 ± 8% -20.83 to 16.74 Yes No No No 

Lactate 
(mmol/L) 

0.70 to 2.60 ± 12% -40.89 to 52.68 Yes No No No 

Haemoglobin 
(g/L) 

N/A 

Measured range of parameter in the absolute measurement units of the respective parameter. Upper 95% 

CI value for upper LoA to lower 95% CI value for lower LoA are percentage values for each parameter apart 

from pH, which are absolute values (unitless). 

CAD = clinically acceptable difference. CI = confidence interval. IO = intraosseous. LoA = limits of 

agreement. N/A = not applicable due to insufficient data points. Prox. = proximal. w/i = within. 

Table 49 displays the Bland-Altman analysis for each blood gas point-of-care device parameter in terms 

of absolute measurement difference between the iliac crest and proximal tibia IO aspirates. When 

considered in the context of the acute resuscitation and critical illness clinical settings, the following 

parameters were deemed to have sufficient agreement over their respective measured range based on 

the clinical judgement of the study authors: pH, sodium, ionised calcium, chloride, glucose and lactate. 

Consequently, the following parameters were deemed to not be in agreement: pCO2 and potassium. 

Agreement for bicarbonate and haemoglobin could not be determined due to insufficient data points. 

Whilst glucose was deemed to be in agreement, the lack of low measurement values in the sample set 

means agreement in the low-normal range and below (i.e. ≤4 mmol/L) cannot be determined. 
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Table 49.  Blood gas point-of-care device – Bland-Altman limits of agreement analysis for absolute 

measurement differences between iliac crest and proximal tibia intraosseous aspirates. 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

pH 
(ratio) 

53 0.588 -0.021 -0.029 to -0.013 -0.077 -0.090 to -0.063 0.035 0.022 to 0.049 0.029 

pCO2 

(mmHg) 
53 0.713 3.17 2.28 to 4.05 -3.11 -4.62 to -1.59 9.44 7.92 to 10.95 3.20 

Bicarbonate 
(mmol/L) 

N/A 

Sodium 
(mmol/L) 

53 0.805 -0.60 -0.92 to -0.25 -3.00 -3.58 to -2.41 1.80 1.25 to 2.41 1.20 

Potassium 
(mmol/L) 

53 0.374 0.43 0.23 to 0.63 -0.96 -1.29 to -0.62 1.82 1.48 to 2.16 0.71 

Ionised calcium 
(mmol/L) 

52 0.837 -0.010 -0.017 to -0.003 -0.056  -0.068 to -0.045 0.036 0.025 to 0.048 0.024 

Chloride 
(mmol/L) 

53 0.940 0.00 -0.29 to 0.21 -1.80 -2.22 to -1.37 1.70 1.30 to 2.15 0.90 

Glucose 
(mmol/L) 

53 0.964 -0.15 -0.29 to -0.02 -1.12 -1.36 to -0.89 0.81 0.58 to 1.05 0.49 

Lactate 
(mmol/L) 

52 0.837 0.07 0.01 to 0.14 -0.39 -0.50 to -0.28 0.53 0.42 to 0.64 0.24 

Haemoglobin 
(g/L) 

N/A 

Mean difference, lower and upper LoA, each respective 95% CI and the SD are all in the absolute 

measurement units of the respective parameter.  

CI = confidence interval. LoA = limits of agreement. N/A = not applicable due to insufficient data points. No. 

= number. r = correlation coefficient. SD = standard deviation. 

Figure 19 displays the Bland-Altman absolute and relative difference plots for each parameter 

measured in iliac crest and proximal tibia IO aspirates on the blood gas point-of-care device.    
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Figure 19.  Blood gas point-of-care device – Bland-Altman absolute and relative (percentage) difference plots for iliac crest and proximal tibia 
intraosseous aspirates. 
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Black line = no difference. Red lines = clinically accepted difference range. Solid blue line = mean difference. Purple lines = upper and lower limits of agreement. 

Dotted blue lines = 95% confidence intervals.  



 138 

CHAPTER FOUR – DISCUSSION 

4.1   BASIS FOR STUDY 

IO cannulation has become established within international resuscitation guidelines as an alternative 

route of vascular access when peripheral venous access is not obtained in a timely manner. An aspirate 

is commonly collected as proof of correct placement upon IO cannulation. As concomitant PVB is 

generally lacking in such situations, interest arises regarding the potential of performing laboratory 

analysis on the IO aspirate for diagnostic purposes. Numerous studies have been published attempting 

to address this question, however, most have been limited by inadequate statistical methodology, such 

as correlation analyses and, to a lesser extent, linear regression analyses. The statistical concept of 

agreement is now widely accepted as the most appropriate methodology for comparing two 

measurement systems, with agreement best determined through the Bland-Altman LoA method.  

 

Using IO aspirate samples collected from the iliac crest and proximal tibia, along with paired PVB, the 

IOPB study examined the agreement of select haematological, coagulation and biochemical 

parameters measured on three automated laboratory analysers and two point-of-care devices. Within 

this study, agreement for each parameter was determined through two methods: 

1) Strict Bland-Altman LoA method using pre-defined clinically acceptable difference (CAD) 

criteria adopted from the RCPAQAP analytical performance specifications (APS).  

2) Judgement of the study authors.  

 

4.2   PRE-ANALYTICAL SPECIMEN QUALITY   

Due to the potential for spurious results of certain parameters due to clotted samples, a pre-analytic 

assessment was made of specimens bound for processing on the automated haematology and 

coagulation analysers, HemoCue® and blood gas point-of-care devices. If clots were identified, the 

affected specimen was discarded from subsequent processing. Within this study, IO aspirate 

specimens had higher rates of containing macroscopic clots as compared with their corresponding PVB 

specimens (p <0.0001).  

 

This study’s clotted sample rejection rate is comparable with those reported in other published studies. 

The two studies which collected IO aspirate for processing on automated haematology analysers 

reported clotted sample rates of 10.0% from the proximal humerus and 13.3% from the iliac crest (98, 

101). In the only published study that collected IO aspirate for automated coagulation analyser testing, 

Wiegele et al. rejected 60.1% of samples due to evidence of pre-analytical clotting (106). In the five 

published studies that provided data on the pre-analytical quality of IO aspirate bound for testing on a 

blood gas point-of-care device, sample rejection rates for visible clots ranged from 0% to 23.3% (97, 

99, 100, 102, 105).  
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The greater number of clotted IO specimens relative to peripheral blood in this current study is not 

surprising. Cannulation of the IO space is more traumatic than that for peripheral blood, requiring 

penetration through the skin, subcutaneous soft tissue and bone, which increases the potential of IO 

aspirate exposure to tissue factor and other coagulation cascade activators. Equally, in this study, and 

likely other IO aspirate method comparison studies, the IO sample was aspirated first into a plastic 

syringe and then inserted into blood specimen tubes. Such a process increases the risk of specimen 

stasis, a known promotor of clotting. Additionally, it is understandable to see variability in the reported 

rates of clotted specimen rejection between published studies. Such a pre-analytical check is a 

subjective visual assessment performed by laboratory scientists, lacking standardisation and relying on 

experience. 

 

4.3   INTRAOSSEOUS ASPIRATE TEST FEASIBILITY  

The IOPB study defined test feasibility as the proportion of samples that resulted after processing on 

the automated laboratory analyser or point-of-care device. No reports of malfunctions or technical 

problems were received for any analyser or point-of-care device that processed IO aspirate samples in 

this study. Overall, an IO aspirate sample yielded a result on ≥97% of occasions for most of the 

parameters included in this study. The only exceptions were TCT and fibrinogen in proximal tibia IO 

aspirate, in which a result was achieved on 84.5% and 87.9% of occasions, and blood gas point-of-care 

device bicarbonate and haemoglobin parameters, with results on 73.7% of occasions with iliac crest IO 

aspirate and 5.5% in proximal tibia IO aspirate. 

 

This current study’s high IO aspirate test feasibility compares favourably with the published literature. 

100% test feasibility rates were reported by Hurren et al. (98) and Miller et al. (101) for automated 

haematology analyser testing, by Wiegele et al. (106) for automated coagulation analyser testing, by 

the three published studies that utilised automated biochemistry analysers (97, 98, 101), and four of 

five published studies performing testing on blood gas point-of-care devices (97, 100, 102, 105). 

However, the most recent published study by Jousi et al. (107), in which IO aspirate samples were 

obtained from the proximal tibia in critically unwell patients in the pre-hospital setting, found 9/32 

samples (28.1%) processed on the i-STAT® blood gas point-of-care device failed to yield a result. The 

study included a pre-analytical check for clotted specimens and specimen rejection if clots were present. 

Given that clinicians were responsible for the assessment of clots in this study, it is possible that with 

competing clinical demands, the pre-analytical clot assessment was either omitted or performed at a 

substandard level, which in turn may account for a portion of the non-resulted specimens.  

 

Although rates of an automated laboratory analyser or point-of-care device failing to produce a result 

are generally low, several plausible explanations exist for such an occurrence. These include insufficient 

sample volume or the presence of small non-visible clots, fat particles or bone marrow fragments within 

the sample that may occlude components of the analyser. In addition, IO specimens may have 

increased turbidity due to the aforementioned, which could impair sample flow through the analyser or 

interfere with analytical mechanisms reliant on optical transmission. 
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4.4   AGREEMENT OF INTRAOSSEOUS ASPIRATE  

Of the thirty parameters analysed in this study, only the measurement of MCV and haematocrit by the 

automated haematology analyser achieved strict Bland-Altman LoA agreement. For this, the 95% CI 

for each upper and lower LoA was within the pre-defined CAD criteria adopted in this study. Many of 

the other parameters analysed had mean measurement differences within these CAD criteria 

suggesting minimal systematic error between IO aspirate and PVB. However, because their associated 

LoA, representing the random errors inherent to any parameter measurement, were wider than their 

pre-defined CAD criteria, these parameters did not satisfy strict Bland-Altman LoA agreement.  

 

Only one published study has followed strict Bland-Alman methodology to determine agreement by 

including the 95% CI for the mean differences and LoA and attempting to pre-define CAD criteria (99). 

In their study of 33 critically ill patients, Jousi et al. (99) reported that none of the parameters measured 

on the i-STAT® point-of-care device had their 95% LoA within their pre-defined CAD criteria. However, 

similar to the current study, the mean difference of select parameters, namely pH, bicarbonate, base 

excess, glucose, ionised calcium, and sodium, were within their respective CAD criteria. The authors 

suggest that there may be a role for measuring these parameters in IO aspirate before peripheral blood 

is available, as long as the limitations are appreciated.  

 

Evidence to help guide the selection of appropriate CAD criteria is lacking. The only published study 

with pre-defined CAD criteria collated the opinions of emergency physicians as to what they regarded 

as an acceptable amount of difference from a parameter’s actual value when measuring said 

parameters in IO aspirate (99). The present study adopted the APS from an international external quality 

assurance program (RCPAQAP) to generate CAD criteria. Given that the APS are designed for 

peripheral blood specimens, whether adopting such values to IO aspirate is open to debate. Using the 

APS in this study may lead to inappropriately narrow CAD criteria and the consequence of some 

parameters being deemed as having no agreement. 

 

Given the known limitations of the CAD criteria used in this study, agreement in the IOPB study was 

also determined through the judgement of the study authors. Such judgement utilised a balance of 

clinical and laboratory gestalt with an in-depth understanding of Bland-Altman LoA analysis. The latter 

based conclusions upon a detailed review of each parameter’s Bland-Altman differences plots and 

quantitative values in the context of the specific parameter and appreciation of the narrow clinical 

settings in which IO aspirate analysis would be clinically justified, namely the acute resuscitation and 

critical illness setting when PVB specimens are not otherwise available for analysis. Based on these 

criteria many parameters were deemed to have adequate agreement when measured in IO aspirate 

(either iliac crest or proximal tibia) and PVB. A detailed breakdown of the agreement decisions for each 

parameter is available in appendix A. Categorised by measurement device, the following parameters 

were deemed to be in agreement: 

1) Automated haematology analyser: haemoglobin, haematocrit and MCV. 



 141 

2) Automated coagulation analyser: INR. 

3) Automated biochemistry analyser: albumin, sodium, CRP, creatinine, glucose and lactate.  

4) Blood gas point-of-care device: pH, sodium, ionised calcium, chloride, glucose and lactate.  

 

For parameters deemed as being in agreement it is vital to consider the measured range of the 

parameter for which such conclusions were reached. Any conclusions regarding agreement cannot be 

extrapolated outside of this measured range. This has direct relevance to the IOPB study, where 

agreement conclusions are limited for certain parameters. INR and lactate agreement conclusions are 

limited due to the absence of participants who had high measured values for these parameters, while 

pH and glucose conclusions are limited by the absence of individuals who had low measured values 

being included in the study. As such, while glucose is deemed to have agreement when values are in 

the normal and high range, no agreement conclusions are reached by this current study for glucose 

values below <4 mmol/L. 

 

The higher number of parameters deemed as being in agreement by judgement of the study authors, 

as opposed to the strict Bland-Altman LoA methodology, is in part due to the limitations of the pre-

defined CAD criteria to be used in this context, but also due to the greater leniency afforded for 

measurement differences between IO aspirate and PVB. Previous authors have suggested that a 

degree of flexibility is required in the critical illness setting when considering the agreement of IO 

aspirate with peripheral blood (100, 105). Such statements are qualified by authors arguing that 

measurements of parameters within IO aspirate should only be used to help guide rational decision-

making rather than being genuinely diagnostic (105). Authors also argue that the treating clinician 

should be left to determine whether they accept the bias and limitations in IO aspirate testing, dependent 

on the clinical context (100). However, in practice, it is uncertain whether every clinician who would 

utilise IO aspirate for diagnostic testing could reasonably be expected to understand the degree of bias 

present and its implications on the clinical context. 

 

Regardless of the method used in this study to determine agreement, measurement of the following 

parameters within paired IO aspirate and PVB lacked any agreement: 

1) Platelet count, as measured on the automated haematology analyser. 

2) White cell count and differentials (neutrophil and lymphocyte counts), as measured on the 

automated haematology analyser. 

3) Fibrinogen, as measured on the automated coagulation analyser.  

4) Potassium, as measured on both the automated biochemistry analyser and blood gas point-of-

care device. 

 

The lack of agreement of potassium measurements in IO aspirate and PVB is consistent with the four 

previously published studies employing the Bland-Altman LoA methodology (99, 100, 103, 105). This 

finding reflects higher measured potassium values within IO aspirate than paired peripheral blood 

samples. Such findings are not surprising, given that potassium is a sensitive marker of haemolysis. IO 
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aspirate samples within this current study were shown to have statistically higher haemolysis indices 

when compared to paired PVB (p <0.0001). The high shear forces required to aspirate IO content 

relative to peripheral blood would lead to increased rates of cell breakdown, with resultant potassium 

leakage into the extracellular fluid.  

 

4.5   GENERALISABILITY TO OTHER LABORATORIES 

The methodology of this study, and laboratory standard operating procedures employed to process the 

IO aspirate samples, are easily applicable to any medical laboratory. Most clinical laboratories have 

automated laboratory analysers or some form of point-of-care device(s). Apart from filtering the EDTA-

based sample prior to analysis using an inexpensive, easy-to-use filtration tube, no special handling or 

processing was required of the IO aspirate specimens compared to PVB. This study’s IO aspirate 

collection equipment is similar to that found in many hospitals and pre-hospital critical care settings. 

While it is considered unlikely there would be substantial differences in the results obtained if the 

samples were processed on other makes and models of automated laboratory analysers and point-of-

care devices, similar studies would be required to validate this. 

 

4.6   STUDY STRENGTHS 

The current study had many strengths. It is the largest method comparison study to compare IO aspirate 

with PVB in humans. The sample size in previously published studies ranges from 10-33 participants, 

falling below what is generally accepted as reasonable for a method comparison study (97-106). Small 

sample sizes lead to a wide 95% CI in the Bland-Altman LoA method. While the mean difference and 

the 95% LoA may be within the pre-defined CAD criteria, if the associated 95% CI are wide, the values 

may fall outside CAD criteria, impacting the ability of researchers to draw definitive conclusions 

regarding the agreement.  

 

The IOPB study is the first to conduct research into the agreement of IO aspirate and PVB when 

performing measurements on automated haematology, coagulation and biochemistry analysers, along 

with haemoglobin concentration determination by the HemoCue® point-of-care device. The IOPB study 

is only the second study to incorporate pre-defined CAD criteria to guide the determination of agreement 

and the first to adopt widely utilised measures of analytical quality within the laboratory, namely the 

RCPAQAP APS.  

 

As a unique aspect of this study, the IOPB study is the first to assess agreement between different IO 

aspiration sites. More specifically, it is the first study to address whether the composition of the IO 

space, be it red (haematopoietic) marrow or yellow (adipose) marrow, affected agreement with PVB, 

which it did not, and whether there was agreement between the two marrow types, which there was for 

many of the parameters measured. 
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4.7   STUDY LIMITATIONS 

There are several limitations identified in this study. To confidently determine whether IO aspirate is 

truly interchangeable with PVB for measuring a parameter of interest, agreement must be ensured 

across the physiological range of the parameter. This study did not use specific sampling to ensure this 

requirement was met. Instead it was anticipated that the combination of sampling specific populations 

and having a high number of participants would enable the inclusion of a broad range of parameter 

measurements. Incorporating samples from haematology/oncology patients ensured the inclusion of 

normal and abnormal measurements for each full blood count parameter. Equally, incorporating healthy 

volunteers ensured the reference interval of each parameter was well measured. However, for several 

parameters, inclusion of significant numbers of clinically relevant high or low valves was lacking, thereby 

limiting the measurement range in which final agreement conclusions could be drawn.  

 

Another limitation of this study is that all participants were >18 years of age and haemodynamically 

stable. This differs from clinical practice, where IO access is typically reserved for critically unwell 

patients with various degrees of haemodynamic instability. As such, it is debatable whether the findings 

of this study can be extrapolated to the paediatric population or those with haemodynamic instability. 

Haemodynamic compromise may lead to impaired perfusion of the IO space, which may influence the 

results of various parameters in a manner not appreciated in subjects with preserved IO blood flow. 

However, agreement must first be shown to be present in haemodynamically stable individuals because 

if it is not, it would be improbable for agreement to exist in states of cardiovascular compromise. 

Experimental animal studies which induced various levels of haemodynamic instability revealed that IO 

samples could be obtained regardless of the cardiovascular state. Although these studies had the 

potential to determine the agreement between paired IO aspirate and peripheral blood samples at 

various levels of cardiovascular compromise, they failed to utilise an acceptable statistical methodology, 

specifically the Bland-Altman LoA method (107-109). It would prove interesting if the authors of these 

studies reanalyse their data using the Bland-Altman LoA method, thus making their data more 

statistically robust and clinically relevant. 

 

A final limitation is that duplicate measurements were not performed for each parameter. Random error 

is inherent to all measurement methods and causes unpredictable variation in results. Given that 

random errors typically follow a Gaussian distribution, repeating measurements and taking the average 

value is likely to minimise the impact of random error on the measured value of a parameter (68, 69). 

Exactly how many duplicate measurements should be performed is not standardised, but organisations 

such as CLSI recommend a minimum of 2-3 (70). Measurement precision is a concept related to 

random error and reflects the closeness of repeated measurements. The measurement precision of IO 

aspirate is unknown. Duplicate measurements also help identify outlier values as being due to random 

error rather than a true measurement difference. The decision to not perform duplicate measurements 

in this study arose following consideration of the limited IO sample volumes seen in this study, the 

increased costs associated with duplicate measurements, and the requirement of added scientist and 

analyser time to process the samples in a busy medical laboratory with competing clinical demands. 
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Duplicate measurements may have narrowed the measurement bias between IO aspirate and PVB and 

altered conclusions regarding agreement. 

 

4.8   FUTURE DIRECTIONS 

Future studies utilising strict Bland-Altman LoA methodology are required to confirm the findings of IO 

aspirate analysis on automated laboratory analysers. Such studies should use different analyser 

models to determine whether agreement findings are analyser specific.  

 

Future studies should incorporate a methodology that ensures the inclusion of measurement values 

across the entire physiological range of each parameter. Of particular interest is assessing the 

agreement of coagulation parameters in the ‘coagulopathic’ range and glucose within the 

hypoglycaemic range, a study that may need to be performed using animal models. One foreseeable 

way to ensure the inclusion of abnormal coagulation, biochemistry and blood gas parameters in human 

subjects would be to perform sampling in critically unwell and coagulopathic patients. Potential study 

candidates could undergo PVB testing, with only those individuals with the desired parameter values 

recruited to undergo IO sampling. Recruitment could stop once a pre-defined measurement range end-

point had been met. However, such practice would increase study costs, prolong the time to complete 

the study, and raise ethical questions regarding informed consent in critically unwell patients. Prior to 

such a resource intensive process being undertaken, for reasons mentioned previously, it would be 

important to first ensure agreement between IO aspirate and PVB is present in the parameter’s 

reference (normal) interval, something that can be achieved through the recruitment of healthy 

volunteers.  

 

Future studies should look to study the agreement of other clinically valuable parameters, utilising 

Bland-Altman LoA methodology. Examples include hepatobiliary enzymes (e.g. bilirubin, alanine 

transaminase (ALT), aspartate transaminase (AST), alkaline phosphatase (ALP) and gamma-glutamyl 

transferase (GGT)), markers of pancreatitis (e.g. lipase), markers of cardiac ischaemia (e.g. high 

sensitivity troponin), drug toxicity (e.g. ethanol) and thromboelastography (TEG). As mentioned above, 

the challenge to overcome will be including measurement values outside the normal range. 

 

Future studies should endeavour to perform duplicate measurements of each parameter. A particular 

focus should be on performing duplicate measurements of IO aspirate samples. Such an undertaking 

would limit the effect of random error on results and enable comparison of the measurement precision 

of IO aspirate to that of PVB.   

 

Further research is required to determine the most appropriate CAD criteria for future agreement studies 

involving IO aspirate and peripheral blood. The opinion of relevant medical professionals should be 

sought on the level of bias/measurement difference they would be comfortable with in the specific 

situation of a patient requiring resuscitation or with a critical illness where there is no intravenous or 

arterial access, absence of peripheral blood for laboratory analyser or point-of-care device testing and 
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only IO aspirate. Such relevant personnel include emergency physicians, intensive care physicians, 

medical specialists, and paramedics. The results of such research could also be applied retrospectively 

to the data obtained in this study and other relevant published method comparison studies. Jousi et al. 

performed a similar process with 16 emergency physicians; however, the parameters included in the 

questionnaire were limited to those available on a standard blood gas point-of-care device (99).   
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CHAPTER FIVE – CONCLUSIONS 

The IOPB study has four important outcomes: 

1. it showed a very high success rate in performing analysis of IO aspirate from the iliac crest and 

proximal tibia on automated laboratory analysers and point-of-care devices; 

2. while only MCV and haematocrit had the 95% CI of their 95% LoA within the pre-defined CAD 

criteria utilised in this study, many clinically important parameters had their mean differences 

within the pre-defined CAD criteria and were ultimately deemed to be in agreement based on 

clinical judgement for use within the resuscitation and critical illness clinical context; 

3. clinicians need to be aware that measurement accuracy using IO aspirate, as defined by 

agreement with corresponding PVB values, is not perfect but is appropriate for the specific 

clinical context which would justify laboratory analysis using such a specimen, and  

4. certain parameters such as potassium, platelet count, white cell count and leukocyte 

differentials should not be measured in IO aspirate.  

 

Further research using a similar methodology to this study is important to define measurement 

agreement in more diverse patient settings than those included in this study and to determine whether 

the findings are replicated when analysis occurs in different laboratories with different models of 

automated laboratory analysers and point-of-care devices.   
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APPENDIX A – PARAMETER AGREEMENT IN IOPB STUDY BASED ON CLINICAL JUDGEMENT 

Automated haematology analyser. 

Parameter Haemoglobin Haematocrit MCV 
Platelet 
count 

White cell 
count 

Neutrophil 
count 

Lymphocyte 
count 

HemoCue® 
Haemoglobin 

Iliac crest IO aspirate  
vs. PVB 

In agreement In agreement In agreement No agreement No agreement No agreement No agreement In agreement 

Proximal tibia IO aspirate  
vs. PVB 

In agreement In agreement In agreement No agreement No agreement No agreement No agreement No agreement 

Iliac crest vs. proximal  
tibia IO aspirate 

In agreement In agreement In agreement No agreement No agreement No agreement No agreement No agreement 

Automated coagulation analyser. 

Parameter INR APTT TCT Fibrinogen 

Iliac crest IO aspirate  
vs. PVB 

In agreement No agreement No agreement No agreement 

Proximal tibia IO aspirate  
vs. PVB 

In agreement In agreement In agreement No agreement 

Iliac crest vs. proximal  
tibia IO aspirate 

In agreement No agreement No agreement No agreement 

Automated biochemistry analyser. 

Parameter Albumin Calcium Sodium Potassium CRP Creatinine Glucose Lactate 

Iliac crest IO aspirate  
vs. PVB 

In agreement In agreement In agreement No agreement In agreement In agreement In agreement In agreement 

Proximal tibia IO aspirate  
vs. PVB 

In agreement No agreement In agreement No agreement In agreement In agreement In agreement In agreement 

Iliac crest vs. proximal  
tibia IO aspirate 

In agreement No agreement In agreement No agreement In agreement In agreement In agreement In agreement 

Blood gas point-of-care device. 

Parameter pH pCO2 Bicarbonate Sodium Potassium 
Ionised 
calcium Chloride Glucose Lactate Haemoglobin 

Iliac crest IO aspirate  
vs. PVB 

In agreement No agreement In agreement In agreement No agreement In agreement In agreement In agreement In agreement In agreement 

Proximal tibia IO aspirate  
vs. PVB 

In agreement No agreement Not applicable In agreement No agreement In agreement In agreement In agreement In agreement Not applicable 

Iliac crest vs. proximal  
tibia IO aspirate 

In agreement No agreement Not applicable In agreement No agreement In agreement In agreement In agreement In agreement Not applicable 
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APPENDIX B – ILIAC CREST INTRAOSSEOUS ASPIRATE AND 

PERIPHERAL VENOUS BLOOD OUTLIERS 

 
B.1   Automated haematology analyser haemoglobin agreement – iliac crest intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.958 0.80 -0.40 to 1.99 -14.5 -16.58 to -12.48 16.10 14.07 to 18.17 7.80 

Outliers 
removed 

164 0.988 0.20 -0.49 to 0.80 -8.00 -9.13 to -6.93 8.30 7.23 to 9.43 4.20 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.958 0.69 -0.38 to 1.77 -13.07 -14.91 to -11.23 14.46 12.61 to 16.30 7.02 

Outliers 
removed 

164 0.988 0.07 -0.49 to 0.62 -6.98 -7.93 to -6.03 7.12 6.17 to 8.06 3.60 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

 
  

All data points (no outliers removed) Outliers removed 
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B.2   Automated haematology analyser haematocrit agreement – iliac crest intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (unitless) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.776 -0.005 -0.014 to 0.003 -0.117 -0.132 to -0.102 0.106 0.091 to 0.121 0.057 

Outliers 
removed 

165 0.928 -0.009 -0.014 to -0.005 -0.067 -0.074 to -0.059 0.048 0.040 to 0.056 0.029 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.776 -1.29 -4.14 to 1.57 -37.79 -42.68 to -32.91 35.22 30.33 to 40.11 18.63 

Outliers 
removed 

165 0.928 -2.55 -3.95 to -1.14 -20.49 -22.90 to -18.08 15.40 13.00 to 17.80 9.15 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.3   Automated haematology analyser mean cell volume (MCV) agreement – iliac crest 

intraosseous aspirate and peripheral venous blood – all data points compared with outliers 

removed 

 
 

 
 
Absolute measurement differences (fL) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.972 -1.10 -1.37 to -0.82 -4.62 -5.09 to -4.14 2.42 1.95 to 2.89 1.80 

Outliers 
removed 

165 0.975 -1.15 -1.41 to -0.89 -4.42 -4.86 to -3.98 2.12 1.68 to 2.56 1.67 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 166 0.972 -1.20 -1.50 to -0.91 -4.99 -5.49 to -4.48 2.58 2.07 to 3.09 1.93 

Outliers 
removed 

165 0.975 -1.26 -1.53 to -0.99 -4.75 -5.22 to -4.28 2.23 1.76 to 2.70 1.78 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.4   Automated coagulation analyser international normalised ratio (INR) agreement – iliac 

crest intraosseous aspirate and peripheral venous blood – all data points compared with 

outliers removed 

 
 

 
 
Absolute measurement differences (unitless) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 146 0.820 0.011 -0.007 to 0.028 -0.199 -0.229 to -0.169 0.221 0.191 to 0.251 0.107 

Outliers 
removed 

145 0.888 0.005 -0.008 to 0.018 -0.155 -0.178 to -0.132 0.165 0.142 to 0.188 0.082 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 146 0.820 1.35 -0.49 to 3.20 -20.75 -23.91 to -17.59 23.46 20.30 to 26.62 11.28 

Outliers 
removed 

145 0.888 0.71 -0.64 to 2.06 -15.39 -17.70 to -13.08 16.82 14.51 to 19.13 8.22 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.5   Automated coagulation analyser activated partial thromboplastin time (APTT) agreement 

– iliac crest intraosseous aspirate and peripheral venous blood – all data points compared 

with outliers removed 

 
 

 
 
Absolute measurement differences (seconds) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 144 0.591 -2.16 -3.07 to -1.26 -12.91 -14.45 to -11.36 8.58  7.03 to 10.13 5.48 

Outliers 
removed 

142 0.719 -2.29 -2.87 to -1.71 -9.16 -10.15 to -8.16 4.58 3.58 to 5.57 3.50 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 144 0.591 -6.90 -9.58 to -4.22 -38.82 -43.41 to -34.22 25.02 20.42 to 29.61 16.28 

Outliers 
removed 

142 0.719 -7.16 -8.97 to -5.34 -28.60 -31.71 to -25.49 14.29 11.18 to 17.40 10.94 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.6   Automated coagulation analyser thrombin clotting time (TCT) agreement – iliac crest 

intraosseous aspirate and peripheral venous blood – all data points compared with outliers 

removed 

 
 

 
 
Absolute measurement differences (seconds) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 144 0.626 -0.77 -1.67 to 0.14 -11.50 -13.05 to -9.95 9.97 8.41 to 11.52 5.48 

Outliers 
removed 

143 0.328 -0.40 -0.92 to 0.13 -6.61 -7.51 to -5.71 5.82 4.92 to 6.72 3.17 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 144 0.626 -2.04 -5.24 to 1.17 -40.07 -45.56 to -34.57 36.00 30.50 to 41.49 19.41 

Outliers 
removed 

143 0.328 -1.66 -4.80 to 1.48 -38.78 -44.17 to -33.40 35.46 30.08 to 40.85 18.94 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.7   Automated biochemistry analyser creatinine agreement – iliac crest intraosseous aspirate 

and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (µmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 178 0.995 0.10 -0.94 to 1.09 -13.40 -15.12 to -11.64 13.50 11.79 to 15.27 6.90 

Outliers 
removed 

176 0.997 0.60 -0.21 to 1.31 -9.50 -10.76 to -8.16 10.60 9.27 to 11.87 5.10 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 178 0.995 0.39 -1.00 to 1.79 -18.08 -20.47 to -15.70 18.87 16.48 to 21.26 9.43 

Outliers 
removed 

176 0.997 0.99 -0.10 to 2.08 -13.36 -15.22 to -11.49 15.33 13.47 to 17.20 7.32 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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B.8   Blood gas point-of-care device haemoglobin agreement – iliac crest intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 120 0.972 -5.70 -6.86 to -4.49 -18.60 -20.59 to -16.52 7.20 5.17 to 9.24 6.60 

Outliers 
removed 

118 0.979 -5.20 -6.25 to -4.23 -16.10 -17.84 to -14.38 5.60 3.90 to 7.37 5.50 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 120 0.972 -4.56 -5.59 to -3.52 -15.77 -17.54 to -14.00 6.66 4.89 to 8.43 5.72 

Outliers 
removed 

118 0.979 -4.03 -4.76 to -3.29 -11.96 -13.22 to -10.69 3.90 2.64 to 5.17 4.05 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 



 162 

APPENDIX C – PROXIMAL TIBIA INTRAOSSEOUS ASPIRATE AND 

PERIPHERAL VENOUS BLOOD OUTLIERS 

 
C.1   Automated haematology analyser haemoglobin agreement – proximal tibia intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 55 0.966 -0.40 -2.38 to 1.54 -14.70 -18.03 to -11.28 13.80 10.44 to 17.19 7.30 

Outliers 
removed 

54 0.968 0.00 -1.77 to 1.81 -12.80 -15.92 to -9.76 12.90 9.80 to 15.96 6.60 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 55 0.966 -0.69 -2.44 to 1.06 -13.39  -16.40 to -10.37 12.00 8.99 to 15.01 6.48 

Outliers 
removed 

54 0.968 -0.18 -1.61 to 1.26 -10.51 -12.98 to -8.03 10.16 7.68 to 12.63 5.27 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

 
  

All data points (no outliers removed) Outliers removed 
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C.2   HemoCue® haemoglobin agreement – proximal tibia intraosseous aspirate and peripheral 

venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 55 0.858 -10.00 -13.48 to -6.49 -35.30 -41.32 to -29.30 15.30 9.34 to 21.35 12.90 

Outliers 
removed 

53 0.949 -8.00 -10.19 to -5.81 -23.60 -27.34 to -19.81 7.60 3.81 to 11.34 7.90 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 55 0.858 -7.78 -10.25 to -5.31 -25.68 -29.93 to -21.44 10.12 5.88 to 14.37 9.14 

Outliers 
removed 

53 0.949 -6.68 -8.68 to -4.68 -20.89 -24.33 to -17.46 7.54  4.10 to 10.98 7.25 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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C.3   Automated coagulation analyser thrombin clotting time (TCT) agreement – proximal tibia 

intraosseous aspirate and peripheral venous blood – all data points compared with outliers 

removed 

 
 

 
 
Absolute measurement differences (seconds) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 49 0.657 -0.09 -0.80 to 0.62 -4.95 -6.17 to -3.73 4.77 3.54 to 5.99 2.48 

Outliers 
removed 

48 0.766 -0.33 -0.87 to 0.21 -3.98 -4.91 to -3.05 3.32 2.39 to 4.25 1.86 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 49 0.657 -0.33 -4.54 to 3.88 -29.04 -36.27 to -21.80 28.38 21.14 to 35.62 14.65 

Outliers 
removed 

48 0.766 -1.72 -4.93 to 1.49 -23.38 -28.91 to -17.86 19.94 14.42 to 25.46 11.05 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 



 165 

C.4   Automated biochemistry analyser albumin agreement – proximal tibia intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.815 -0.60 -1.22 to 0.02 -5.50 -6.57 to -4.44 4.30 3.24 to 5.37 2.50 

Outliers 
removed 

64 0.908 -0.40 -0.81 to 0.06 -3.80 -4.55 to -3.05 3.10 2.30 to 3.80 1.70 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.815 -1.50 -3.02 to 0.03 -13.56 -16.18 to -10.94 10.56 7.94 to 13.18 6.15 

Outliers 
removed 

64 0.908 -0.99 -2.15 to 0.17 -10.10 -12.10 to -8.11 8.11 6.12 to 10.11 4.65 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 



 166 

C.5   Automated biochemistry analyser calcium agreement – proximal tibia intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (mmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.409 -0.123 -0.158 to -0.087 -0.403 -0.464 to -0.342 0.158 0.097 to 0.219 0.143 

Outliers 
removed 

64 0.706 -0.108 -0.128 to -0.088 -0.268 -0.303 to -0.233 0.052 0.017 to 0.087 0.082 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.409 -5.19 -6.65 to -3.73 -16.74 -19.24 to -14.23 6.35 3.84 to 8.86 5.89 

Outliers 
removed 

64 0.706 -4.60 -5.47 to -3.73 -11.42 -12.91 to -9.92 2.22 0.72 to 3.71 3.48 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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C.6   Automated biochemistry analyser sodium agreement – proximal tibia intraosseous 

aspirate and peripheral venous blood – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (mmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.346 -2.20 -2.79 to -1.61 -6.90 -7.87 to -5.85 2.50 1.45 to 3.48 2.40 

Outliers 
removed 

64 0.447 -2.40 -2.86 to -1.85 -6.30 -7.18 to -5.44 1.60 0.73 to 2.46 2.00 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.346 -1.58 -2.00 to -1.16 -4.92 -5.65 to -4.20 1.76 1.03 to 2.49 1.70 

Outliers 
removed 

64 0.447 -1.70 -2.06 to -1.34 -4.51 -5.13 to -3.90 1.12 0.50 to 1.74 1.44 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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APPENDIX D – ILIAC CREST AND PROXIMAL TIBIA 

INTRAOSSEOUS ASPIRATES OUTLIERS 

 
D.1   Automated haematology analyser mean cell volume (MCV) agreement – iliac crest and 

proximal tibia intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (fL) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 54 0.986 0.51 0.11 to 0.90 -2.32 -3.00 to -1.64 3.33 2.65 to 4.01 1.44 

Outliers 
removed 

53 0.992 0.38 0.07 to 0.68 -1.76 -2.28 to -1.24 2.51 1.99 to 3.03 1.09 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 54 0.986 0.54 0.12 to 0.96 -2.47 -3.19 to -1.75 3.55 2.83 to 4.26 1.53 

Outliers 
removed 

53 0.992 0.40 0.08 to 0.73 -1.93 -2.49 to -1.36 2.73 2.17 to 3.30 1.19 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

 
  

All data points (no outliers removed) Outliers removed 
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D.2   Hemocue® haemoglobin agreement – iliac crest and proximal tibia intraosseous aspirates 

– all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 54 0.882 -7.10 -10.27 to -3.84 -30.20 -35.68 to -24.62 16.00 10.51 to 21.57 11.80 

Outliers 
removed 

52 0.970 -5.10 -6.83 to -3.37 -17.30 -20.25 to -14.30 7.10 4.11 to 10.06 6.20 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 54 0.882 -6.26 -8.94 to -3.57 -25.52  -30.13 to -20.91 13.01 8.39 to 17.62 9.83 

Outliers 
removed 

52 0.970 -4.85 -6.74 to -2.96 -18.13 -21.37 to -14.88 8.43 5.18 to 11.67 6.77 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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D.3   Automated biochemistry analyser albumin agreement – iliac crest and proximal tibia 

intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (g/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.886 -0.40 -0.85 to 0.13 -4.20 -5.08 to -3.40 3.50 2.68 to 4.36 2.00 

Outliers 
removed 

64 0.966 -0.20 -0.44 to 0.13 -2.40 -2.86 to -1.89 2.10 1.58 to 2.55 1.10 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.886 -1.14 -2.51 to 0.24 -12.03 -14.40 to -9.67 9.76 7.39 to 12.13 5.56 

Outliers 
removed 

64 0.966 -0.57 -1.38 to 0.23 -6.90 -8.29 to -5.52 5.76 4.37 to 7.14 3.23 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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D.4   Automated biochemistry analyser calcium agreement – iliac crest and proximal tibia 

intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (mmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.481 -0.060 -0.094 to -0.027 -0.325 -0.383 to -0.268 0.205 0.147 to 0.262 0.135 

Outliers 
removed 

64 0.788 -0.046 -0.063 to -0.028 -0.183 -0.213 to -0.153 0.092 0.062 to 0.122 0.070 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.481 -2.85 -4.57 to -1.12 -16.49 -19.46 to -13.53 10.80 7.83 to 13.76 6.96 

Outliers 
removed 

64 0.788 -2.08 -2.89 to -1.27 -8.44 -9.84 to -7.05 4.28 2.88 to 5.67 3.24 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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D.5   Automated biochemistry analyser sodium agreement – iliac crest and proximal tibia 

intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (mmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.343 -0.70 -1.33 to -0.05 -5.70 -6.84 to -4.64 4.40 3.27 to 5.47 2.60 

Outliers 
removed 

64 0.500 -0.90 -1.40 to -0.34 -5.00 -5.93 to -4.11 3.30 2.37 to 4.18 2.10 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.343 -0.50 -0.97 to -0.04 -4.18 -4.98 to -3.38 3.18 2.38 to 3.97 1.88 

Outliers 
removed 

64 0.500 -0.64 -1.02 to -0.25 -3.67 -4.34 to -3.01 2.40 1.74 to 3.07 1.55 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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D.6   Automated biochemistry analyser creatinine agreement – iliac crest and proximal tibia 

intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (µmol/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.950 2.10 0.13 to 4.17 -13.90 -17.34 to -10.38 18.20 14.68 to 21.64 8.20 

Outliers 
removed 

64 0.985 1.30 0.21 to 2.37 -7.20 -9.06 to -5.34 9.80 7.92 to 11.63 4.30 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.950 3.67 -0.18 to 7.53 -26.81 -33.43 to -20.19 34.16 27.54 to 40.78 15.55 

Outliers 
removed 

64 0.985 1.88 0.42 to 3.34 -9.56 -12.06 to -7.05 13.32 10.82 to 15.82 5.84 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

  

All data points (no outliers removed) Outliers removed 
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D.7   Automated biochemistry analyser C-reactive protein (CRP) agreement – iliac crest and 

proximal tibia intraosseous aspirates – all data points compared with outliers removed 

 
 

 
 
Absolute measurement differences (mg/L) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.933 0.44 -0.58 to 1.47 -7.70 -9.47 to -5.93 8.59 6.82 to 10.36 4.16 

Outliers 
removed 

64 1.000 -0.07 -0.12 to -0.02 -0.50 -0.59 to -0.40 0.35 0.26 to 0.45 0.22 

 
 
Relative measurement differences (%) 

Parameter No. r 
Mean 
difference 95% CI 

Lower 
LoA 95% CI 

Upper 
LoA 95% CI SD 

All data points 65 0.933 5.36 -2.10 to 12.82 -53.66 -66.48 to -40.84 64.38 51.57 to 77.20 30.11 

Outliers 
removed 

64 1.000 2.36 -2.15 to 6.86 -33.01 -40.75 to -25.27 37.72 29.98 to 45.47 18.04 

CI = confidence interval. LoA = limits of agreement. No. = number. r = correlation coefficient. SD = standard 

deviation. 

 

All data points (no outliers removed) Outliers removed 


