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Abstract
Recognition memory is comprised of two subprocesses; familiarity and recollection.
Familiarity refers to the ability to recognise that an object has been previously experienced,
while recollection also involves the recall of related detailed information. One common
demonstration of these two processes comes from our experiences with other people in our
everyday lives. For example, when we encounter a person we have previously met, one of
two types of recognition can occur. The first, familiarity, is the experience of knowing that
you have met this person previously, but being unsure who they are; while the second,
recollection, is the experience of recognising this person, and being able to recall detailed
information about who they are, or when you first met. There is debate in the recognition
memory literature as to whether these two subprocesses are distinct, or extremes of the same
process. Single-process advocates view familiarity and recollection as extremes of a single
memory process; while dual-process researchers posit that they are independent components
of recognition.
Previous research has indicated that variation within the gene for brain-derived
neurotrophic factor (BDNF) impacts performance on recognition tasks. More specifically,
carriers of the Val66Met (rs6265) single nucleotide polymorphism (SNP) have been shown to
have reduced accuracy on standardised recognition as measured by the revised WMS-III task
(Egan et al., 2003; Hariri et al., 2003; Lamb, Thompson, McKay, Waldie, & Kirk, 2015).
Given that recognition consists of both familiarity and recollection, it was of interest to
investigate whether the impact of this SNP was general across both parts of recognition, or
specific to one subprocess. To explore this idea, 100 participants were genotyped for the
Val66Met SNP. A subsample of these participants was invited to participate in a recognition
memory electroencephalogram (EEG) experiment. This experiment utilised a source
recognition memory paradigm, allowing for behavioural and electrophysiological measures
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specific to familiarity and recollection to be measured (Addante, Ranganath, & Yonelinas,
2012). Specifically, if was of interest to investigate whether there was any relationship
between the possession of the Met SNP, and the amplitude or latency of either the N400 or
late positive component (LPC), two electrophysiological measures of familiarity and
recollection. Finally, 61 participants who had completed the EEG experiment, were
subsampled and recruited to participate in a magnetic resonance imaging (MRI) experiment,
so that the relationship between the Val66Met SNP and brain structure, could be explored.
Some previous research had indicated that carriers of the Val66Met SNP had reduced volume
in memory-related structures such as the hippocampus (Pezawas et al., 2004). This thesis
aimed to replicate and extend these findings to other grey- and white-matter regions that
underpin recognition memory processing. Our analyses included both global- and region of
interest approaches. Our region of interest analyses aimed to specifically focus on structures
that are related to each of familiarity, such as the perirhinal cortex, and recollection, such as
the hippocampus. This allowed us to not only to consider whether the Val66Met SNP had a
global impact on brain anatomy, but also to investigate if this SNP impacted the familiarity
and recollection neural circuitry differentially.
Our results show that within our sample, we replicate previous findings that carriers
of the BDNF Met allele have reduced recognition memory accuracy. Specifically, we find
this reduced accuracy for the familiarity measure of recognition, but not the recollection
measure. In line with this, our EEG results also show that the amplitude of the N400
component, associated with familiarity, is less extreme for carriers of the Met allele.
However, we find no differences in the latency or amplitude of the LPC component,
associated with recollection. Interestingly, we find no evidence of coarse structural
differences in either grey- or white-matter structures for those participants carrying the
Val66Met SNP. Together, we take these results as evidence that the Val66Met SNP impacts
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familiarity in a functional manner, in the absence of any large-scale structural influences.
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General Introduction
Chapter One: General Introduction
Introduction
The ability to encode, store, and accurately retrieve information about the external
world is arguably one of the most important cognitive functions that humans possess. This
process, memory, carries a significant survival advantage as it allows for adaptation to
current and future environments based on previous experiences. Memory is a complex
phenomenon that can be divided into several subsystems, each with distinct functions and
neural substrates. The most basic distinction is between the declarative and non-declarative
memory systems (Tulving, 1985). Declarative memories are those that are easily accessible to
the conscious mind, allowing us to re-experience past events, or recall detailed information.
In contrast, non-declarative memories are those that are not explicitly consciously available,
such as procedural knowledge. Within the declarative memory system, we can further divide
memory into semantic and episodic subtypes. It is episodic memory that is responsible for
our ability to recall details of specific, previously experienced, events.
Recognition memory
One of the most extensively studied examples of episodic memory is recognition
(Manns, Hopkins, Reed, Kitchener, & Squire, 2003). Recognition memory allows individuals
to discriminate between whether or not an item has been previously encountered. According
to Aggleton and Brown (1999), recognition is critically dependent upon structures within the
medial temporal lobe, particularly the perirhinal, entorhinal, and parahippocampal cortices, as
well as the hippocampus. A commonly endorsed observation in the recognition memory
literature is the distinction between familiarity and recollection. Familiarity-based recognition
reflects our ability to tell an item has been previously encountered, without the recall of
specific details of the initial experience with that item. In contrast, recollection reflects
recognition that occurs as a result of accessing detailed episodic information about the item in
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question (Yonelinas, Aly, Wang, & Koen, 2010). However, there is some debate within the
literature about what cognitive processes and neural substrates underlie the ability to make
each of these recognition judgments. One side of this debate proposes that recognition
memory is underpinned by a single cognitive process that reflects the strength of recognition
(Diana, Reder, Arndt, & Park, 2006). In this case, both familiarity- and recollection-based
recognition are thought to be dependent upon the same underlying cognitive process and
neural substrate (Squire, Wixted, & Clark, 2007). The other side of this debate suggests that
both familiarity- and recollection-based recognition represent separate cognitive processes,
and each have distinct neural correlates (Aggleton & Brown, 1999; Brown & Xiang, 1998;
Yonelinas et al., 2010).
Single process models. Advocates of the single process theory of recognition believe
that familiarity and recollection are underpinned by the same cognitive process (Dunn, 2004;
McClelland & Chappell, 1998; Slotnick & Dodson, 2005). This single process can account
for both familiarity and recollection-based recognition because these are suggested to
represent two extremes of memory strength. More specifically, familiarity is thought to
represent a weak memory trace, while recollection represents a stronger memory trace
(Squire et al., 2007). This account is based on the assumption that there is a single-value
metric for recognition decisions, similar to signal detection (Cox & Shiffrin, 2017). When the
recognition criterion is surpassed, an item is recognised with a particular strength. Evidence
supporting this account of recognition is provided by clinical, neuroimaging, and
electrophysiological studies.
Studies conducted on amnesic patients have provided evidence to support the single
process model by showing how recognition judgments based on recollection and familiarity
are dependent on the same brain structures (Wixted & Squire, 2004). In one study, seven
amnesic patients with bilateral hippocampal damage showed deficits in performance on three
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recognition memory tasks (Manns et al., 2003). In a follow-up experiment, it was shown that
these seven patients had comparable deficits in the accuracy of both recollection- and
familiarity-based recognition responses, suggesting that both of these judgments are
dependent upon hippocampal integrity. A further example is found in a study of hypoxic
patients who were thought to suffer from specific damage to the hippocampus (Yonelinas et
al., 2002). Initially, this was interpreted by Yonelinas et al., (2002) as supporting the dual
process model because the participants’ recollection was impaired compared to their
familiarity. However, the results were later re-examined by Wixted et al. (2004). Once one
individual outlier was removed, data from this study showed that familiarity- and
recollection-based responses were similarly impaired in the hypoxic patients compared to the
control participants. Kopelman and Stanhope (1998) also reported similar results. In their
study, five patients with hippocampal, or hippocampal and parahippocampal damage, were
tested on recognition memory tasks with varying delay times. Once again, these patients
exhibited comparable deficits in both familiarity- and recollection-based responses, which
would not be expected if these two processes were independent and subserved by distinct
neural correlates.
Several functional magnetic resonance imaging (fMRI) studies have reported
increased activation in the hippocampus associated with recollection- compared to
familiarity-based responses during recognition memory tasks (Brewer, Zhao, Desmond,
Glover, & Gabrieli, 1998; Wagner, Koutstaal, & Schacter, 1999). The single process
approach to recognition memory explains these results by suggesting that strong memories
result in more hippocampal activation while weak memories result in less hippocampal
activation, regardless of whether they are based on familiarity or recollection (Squire et al.,
2007). A study of associative learning illustrated this by showing that increased hippocampal
activity was only associated with responses made with a high level of confidence as
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determined by the participant (Sperling et al., 2003). In this study, relatively small amounts of
activation were associated with correct responses that were made with low levels of
confidence, even though behavioural measures would easily detect these responses. A further
study using confidence ratings to separate high confidence recollection from low confidence
recollection found there was no difference between recollection-based judgments with low
confidence ratings and familiarity judgments (Vilberg & Rugg, 2007). Together these studies
illustrate that the hippocampus is not exclusively associated with recollection processing.
Single cell recordings also provide evidence for the single process approach to
recognition memory (Squire et al., 2007). One such study recorded the activity of single cells
in the hippocampi of epileptic patients during a spatial recognition memory task (Rutishauser,
Mamelak, & Schuman, 2006). Results of this study found that there were two types of
neurons within the hippocampus: those that fire to novel stimuli, and those that fire to
previously presented stimuli. Those cells that fired in the presence of previously presented
stimuli would fire irrespective of whether the participant correctly remembered the location
of the stimuli, an indication of successful recollection. This was taken as evidence that
hippocampal neurons will fire in response to recognition of a previously experienced stimulus
even when conscious recollection is unsuccessful, and therefore that the hippocampus is
involved in recognition that is not based on recollection.
A recent computational account of recognition has also provided evidence for a single
process underpinning recognition (Weidemann & Kahana, 2019). In this study, classifiers
were trained on EEG data recorded during a recognition memory task. Weidemann and
Kahana manipulated the portion of the decision period data each classifier analysed, and
found that accuracy was not significantly different between those classifiers that studied a
small portion of the decision period, compared to the whole decision period. They concluded
this was evidence that their classifiers were tracking a single decision process, rather than a
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signal that is updated as information is integrated across the decision process. Importantly,
while this study does suggest that recognition is based on a single signal, it does not support
all single-process accounts of recognition.
The abovementioned studies cover a range of evidence from clinical, neuroimaging,
and electrophysiological research that supports the single process approach to recognition
memory. However, much of the evidence that supports this approach is based on the
assumption that familiarity and recollection are better described as representing weak and
strong memories respectively. While this may be the case, there is some evidence from
animal, clinical, and neuroimaging studies that cannot be supported by this theory.
Dual process model. The dual process approach to recognition is based on the
assumption that recollection and familiarity are independent components of recognition
memory. In this account, these two subprocesses are thought to be dependent on related but
distinct cognitive processes and neural substrates (Aggleton & Brown, 1999; Aggleton,
Dumont, & Warburton, 2011; Yonelinas, 2001).
Beginning in the 1970s, several formal models have been proposed to describe the
contributions of each of these components to recognition memory. For example, Atkinson et
al. (1973) proposed a conditional search model of recognition memory. More specifically,
this model proposed that when a stimulus is presented, an initial familiarity-based process is
recruited first. This process is a fast, and automatic, process that accesses immediately
available information about the test item. If this process does not successfully result in
recognition, it is then proposed that a secondary, slower, search process is recruited:
recollection. A distinguishing feature of this early recognition model is that it presents
familiarity and recollection as independent, but serial, processes.
Contrary to the Atkinson et al. (1973) model, more contemporary dual process models
of recognition treat familiarity and recollection as independent, parallel, processes. One such
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model was suggested by Jacoby et al. (1998). This model proposes that familiarity is the
result of a fluency assessment that takes place during item processing, while recollection
arises from the encoding of informative details and learning context of the item. An important
aspect of this model is that it considers familiarity and recollection as two distinct
components of recognition, each with unique roles. For example, recollection is proposed to
be an analytical and deliberate process, while familiarity is thought to be a more automatic
process.
Like the Jacoby et al. (1998) model, the Dual-Process Signal Detection Model also
assumes familiarity and recollection are independent and parallel processes of recognition
(Yonelinas, 2001, 2002). This model also emphasises the different levels of confidence each
of these two subprocesses results in. More specifically, this model proposes that familiarity
provides a quantitative measure of memory strength, while recollection provides a qualitative
measure of memory strength. This assumptions means that recollection-based responses are
accompanied by higher levels of confidence, while familiarity responses can be support a
wide range of confidence levels depending on the presented item. Higher confidence in
judgments made using recollection are thought to be a result of accessing contextual and
associated details of the previous experience with the tested object.
Behavioural evidence shows that accuracy of familiarity- and recollection-based
recognition is differentially affected by experimental manipulations. Several studies have
shown that when participants are asked to make semantic judgments about a stimulus rather
than perceptual judgments, accuracy of recollection-based recognition judgments increases at
a much higher rate than that of familiarity-based recognition (Dobbins, Khoe, Yonelinas, &
Kroll, 2000; Yonelinas, 2001). Other studies have found that in word recall experiments,
requiring participants to actively manipulate the word compared to just reading the word
produces greater increases in accuracy of recollection-based recognition responses, and only
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small increases in familiarity-based recognition responses (H. V. Curran & Hildebrandt,
1999). Divided attention studies show that during both the encoding and retrieval phases of
memory experiments, recollection-based recognition memory is disrupted at higher rates than
familiarity-based recognition memory (Naveh-Benjamin, Craik, Perretta, & Tonev, 2000).
Tests of recognition memory under speed-sensitive conditions have also found that
familiarity-based recognition judgments are made more rapidly than recollection-based
judgments (Hintzman, Caulton, & Levitin, 1998). Together, the results from these
behavioural studies provide convincing evidence that familiarity and recollection can be
described as behaviourally distinct components of recognition memory.
Clinical populations have also been used to demonstrate the differences between
familiarity and recollection. Studies of amnesic patients have often highlighted the
importance of the hippocampus and surrounding medial temporal lobe structures to
recognition memory (Aggleton & Brown, 1999). Non-selective damage to these regions
results in decreased accuracy in both components of recognition memory; however, there is
evidence that deficits are highest for recollection-based recognition memory (Isaac & Mayes,
1999). Selective hippocampal damage has been shown to produce deficits in recollection
memory only (Aggleton et al., 2000). There is also evidence to suggest the importance of
frontal lobe regions in recognition memory processes. For example, studies of healthy ageing
populations have reported that as humans age, recollection, not familiarity, shows a decline in
the accuracy of responses (A. S. Benjamin & Craik, 2001). Researchers have suggested this
could be related to frontal lobe dysfunction that occurs naturally with healthy ageing. Further
evidence that frontal regions are important to recognition memory comes from frontal lesion
studies. Lesions in the dorsolateral prefrontal cortex lead to reductions in recollection
accuracy but do not significantly affect familiarity responses (Kopelman & Stanhope, 1998).
These three clinical populations support the idea that recollection and familiarity are
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independent processes by showing how they are differentially affected by pathologies within
specific brain structures.
Further evidence suggesting that these components are independent comes from fMRI
studies. One such fMRI study has shown that activation in the hippocampal region is highest
for items that are subsequently recollected rather than stimuli that are later recognised based
on familiarity (Eichenbaum, Yonelinas, & Ranganath, 2007). Another fMRI study reported
that during the encoding phase of a recognition memory task, activations seen in the
prefrontal cortex, hippocampus, parahippocampal gyrus, and fusiform gyrus were associated
with later recollection-based recognition but not familiarity-based recognition (Brewer et al.,
1998). In addition, during the retrieval phase of a recognition memory task, one study has
reported activation in the prefrontal cortex, hippocampus, parahippocampal gyrus and parietal
lobe for responses that reflected recollection-based recognition, but not for familiarity-based
responses (Henke, Buck, Weber, & Wieser, 1997). Together these fMRI results show that
recollection and familiarity-based recognition judgments are not associated with the same
patterns of activation, providing another strand of evidence for the dual process model of
recognition memory.
Electrophysiological studies also provide substantial evidence to support the dualprocess approach to recognition. For example, over the past 40 years familiarity and
recollection have been dissociated in the electroencephalogram using event related potentials
(ERPs) (Warren, 1980). Early recognition memory studies reported old/new effects that
occurred 500-800ms post-stimulus for recollection-type responses (Rugg & Curran, 2007).
This effect was localised topographically to be left-lateralised to parietal regions, and has
subsequently been shown to be modulated by successful and unsuccessful source judgments
(Addante et al., 2012). Known as the late positive/posterior component (LPC), this old/new
effect is also modulated by whether a participant considers the object presented as
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“remembered” or “known” (Wilding & Rugg, 1996). More recent EEG studies have reported
functional dissociations between parietal and mid-frontal old/new effects when using source
recognition memory tasks. These tasks allow for a more direct measure of each of familiarity
and recollection-based responses. One such example found the LPC was elicited only for
trials where items were correctly recognised as old, while the mid-frontal effect was elicited
for correctly recognised items, as well as other studied items (T. Curran, 2000). This is
thought to be evidence that the LPC component is associated with specific recollection of
details, while the mid-frontal effect, known as the N400, is associated with general familiarity
(Paller, Voss, & Boehm, 2007). Further distinctions have also been made between the LPC
and N400 in terms of how they relate to criterion shifts. For example, one study found that
the N400 is modulated by shifts in the criterion point, suggesting this component is related to
a continuously varying signal, while the LPC was not modulated by such shifts (AzimianFaridani & Wilding, 2006). This evidence fits nicely with several dual process accounts of
recognition that suggest familiarity is a continuous process, while recollection represents an
all or nothing state (Parks & Yonelinas, 2007; Yonelinas, 2002).
Finally, animal studies have been used to investigate the brain regions that might be
crucial for both recollection and familiarity. A standard laboratory task, the delayed
nonmatching to sample (DNMS) task, is designed to elicit recognition based on familiarity
judgments (Aggleton & Brown, 1999). In this task, animals are shown a stimulus, then after a
delay they are presented the same object along with a new object. In this task, rewards are
given for the selection of the novel stimulus. A second task used to examine performance on
recollection-based recognition in animals is the Morris water maze (Morris, Garrud, Rawlins,
& O’Keefe, 1982). Using these tasks in combination with selective lesion studies allows
researchers to test the contributions of specific brain structures to familiarity and recollectionbased recognition. Using the DNMS task, researchers have reported significant performance

9

General Introduction
deficits after medial temporal lobe lesions, diencephalic lesions, and medial dorsal thalamic
lesions in rats and monkeys (Aggleton & Brown, 1999). However, transection of the fornix
(Bachevalier, Parkinson, & Mishkin, 1985), or the removal of the hippocampus of the animal
(Duva et al., 1997), does not affect performance on this task in rats. In contrast, animals that
have undergone hippocampectomy do show impaired performance on the Morris water maze,
but there is no reduction in performance on this task for animals with selective perirhinal
lesions (Bussey, Muir, & Aggleton, 1999). Results from these studies clearly show that there
are differential performance deficits in animals depending on the brain structure that is
lesioned.
Together the studies described above provide compelling evidence that familiarity and
recollection processes are differentially affected by experimental manipulations and clinical
pathologies and rely on independent neural correlates. Thus there is considerable support for
a dual process approach to recognition memory.
A neuroanatomical dual-process approach. A neuroanatomical model of
recognition memory has been proposed to specify the contributions of different brain regions
to recognition memory overall (Aggleton & Brown, 1999; Aggleton et al., 2011; Eichenbaum
et al., 2007). More specifically, this model attempts to identify the distinct neural correlates
of both recollection and familiarity-based recognition. As previously discussed, clinical,
animal, and neuroimaging research has highlighted the importance of structures within the
medial temporal lobe and hippocampal region. One of the founding ideas for this model is
that medial temporal lobe damage can result in a form of amnesia that is characterised by
disturbed recollection, while familiarity is left intact (Mayes, Meudell, & Pickering, 1985).
However, a later revision of this model suggested that more specifically it is the hippocampus
that is important for recollection, while the perirhinal cortex is critical for familiarity
(Aggleton & Brown, 1999). Aggleton and Brown (1999) also added to this model by
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suggesting that a circuit linking the perirhinal cortex to the medial dorsal thalamus supports
recognition based on familiarity, while a circuit connecting the hippocampus to the anterior
thalamus via the fornix supports recollection-based recognition (see Figure 1). Projections
between frontal regions and the thalamus are also suggested to be important for recognition
memory because they may support encoding and retrieval processes important to all forms of
declarative memory.

Figure 1. Key anatomical structures thought to underpin recognition memory. Shaded in
blue are the key structures within the familiarity specific network, while the main structures
of the recollection specific network are shaded in green. An artistic interpretation of the
model suggested in Aggleton and Brown (1999).

In the Aggleton and Brown model, the perirhinal cortex is thought to play a crucial
role in recognition judgments based on familiarity. Some evidence for this claim comes from
electrophysiological studies of animals (Brown & Xiang, 1998; Desimone, 1996). These
11
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studies show that neuronal firing patterns within the perirhinal cortex exhibit a single trial
learning response, even at time delays of greater than 24 hours. This occurs because of
specific neurons within the perirhinal cortex that fire to novel stimuli. The response these
neurons make to the same stimuli when it is presented a subsequent time is substantially
decreased. The neurons involved in this response appear to fire automatically, even when the
animal is not required to make a behavioural response (Brown & Aggleton, 2001).
Significantly, this response is not seen in the hippocampus, indicating distinct differences
between the firing patterns of these two regions. Meanwhile, animal studies investigating
firing patterns within the hippocampus during recognition memory tasks have found an
association between hippocampal firing patterns and recognition based on recollection of
spatial information (Wood, Dudchenko, & Eichenbaum, 1999). Animal lesion studies provide
further evidence in support of differential roles of the perirhinal cortex and hippocampal
region. Several studies have found that, in both monkeys and rats, surgical removal of the
perirhinal cortex results in severe familiarity-based recognition memory deficits (Meunier,
Bachevalier, Mishkin, & Murray, 1993; Mumby & Pinel, 1994; Suzuki, Zola-Morgan,
Squire, & Amaral, 1993), but no deficits in spatial recollection-based memory judgments
(Bussey et al., 1999; Glenn & Mumby, 1998). However, surgical removal of the
hippocampus of rats produces vast impairments on spatial recollection-based memory tasks
(Liu & Bilkey, 1998; Morris et al., 1982). Together these studies provide some of the most
persuasive evidence that familiarity and recollection have distinct neural correlates, at least in
animals.
Medial regions of the diencephalon, particularly the anterior thalamic nuclei, have
also been suggested to play crucial roles in successful recognition memory (Aggleton et al.,
2011). The anterior thalamic nucleus is composed of the anterior medial, anterior ventral, and
anterior dorsal thalamic nuclei, which are connected to a wide range of limbic structures
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including the mammillary bodies and the hippocampal complex. Patients with damage caused
by a stroke to a tract connecting the mammillary bodies to the anterior thalamus have shown
impaired performance on a recognition memory task (Van der Werf et al., 2003). This study
was supported by findings from a meta-analysis of 41 studies (Carlesimo, Lombardi, &
Caltagirone, 2011). Carlesimo and colleagues found that of the 55 patients who had suffered
strokes resulting in damage to the mammillothalamic tract, 95% showed symptoms of
anterograde amnesia, much higher than the rate within general thalamic stroke patients.
Studies of patients with Korsakoff’s amnesia have also found associations between atrophy of
the anterior thalamic nuclei and impaired recognition memory performance (Gold & Squire,
2006). Together, these studies provide strong support for the importance of the anterior
thalamic nuclei in successful recognition memory.
There is some evidence that the medial dorsal thalamic nucleus also plays a role in
recognition memory. A study of a stroke patient, DM, with bilateral lesions centred on the
medial dorsal thalamic nuclei, found that their performance on both recollection and
familiarity-based recognition tasks was impaired (Isaac et al., 1998). Also, a study of five
stroke patients suffering from varying levels of medial dorsal thalamic nuclei damage also
found impaired recognition memory performance (Cipolotti et al., 2008). However, this
finding is not universal (Van der Werf, Witter, Uylings, & Jolles, 2000), and it is unclear
what the exact role of the medial dorsal thalamic nuclei within recognition memory might be.
A critical limitation of studies investigating pathology in the thalamus is that damage is rarely
specific to the thalamus or a subregion thereof, but is often widespread and affects other
nuclei or neighbouring white matter tracts.
An additional structure that plays an important role in recognition memory is the
prefrontal cortex. Evidence for this region’s involvement in recognition comes from studies
of patients with frontal lobe damage who exhibit memory performance deficits, particularly
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in tasks that require active recollection (Davidson, Anaki, Saint-Cyr, Chow, & Moscovitch,
2006; Dobbins & Wagner, 2005). Frontal lobe dysfunction in healthy ageing has also been
reported as being associated with declines in recollection-based memory performance, while
it appears familiarity-based recognition performance is not impaired (Yonelinas, 2002).
Functional studies have also supported the role of frontal regions in recognition memory
performance by showing that this region is activated during recognition memory tasks
(Dobbins & Wagner, 2005). In support of this, extensive projections have been found
between frontal regions and structures of the brain that are important in recognition memory
systems such as the thalamus (Behrens, Johansen-Berg, et al., 2003), perirhinal cortex
(Aggleton & Brown, 1999), and hippocampus (Aggleton, 2012).
Neurogenetics
Performance on a given memory task can be influenced by a large number of
variables, one of which is genetics. Behavioural neurogenetics is a field of research that
provides us with the ability to explore how genetic variations may influence cognitive
performance, including memory. For example, one study of twins estimated that in humans,
up to 50% of the variation in performance on declarative memory tasks could be attributed to
inherited genetic variations (McClearn et al., 1997). The human genome consists of
approximately three billion base pairs that code for around 20,000 proteins, making it
difficult to pinpoint exactly where these genetic differences lie. While whole genome
sequencing would allow for the exploration of genetic variances across the entire genome, it
is currently not a cost- or time-efficient method. An alternative approach to studying genetic
influences on cognition is to sequence regions of the genome that code for specific proteins
that are known to be functionally relevant to the cognitive process of interest. In the case of
memory, brain-derived neurotrophic factor (BDNF) is one such protein.
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Brain-derived neurotrophic factor. BDNF has been identified as an important
neurotrophin that plays a crucial role in ensuring the survival of existing neurons, supporting
growth and differentiation of new neurons, and synaptic plasticity (Kambeitz et al., 2012;
Poo, 2001). It is expressed in varying concentrations in both cortical and subcortical regions,
with the highest concentrations found in the hippocampus and the prefrontal cortex (Pezawas
et al., 2004). Specifically, BDNF is found in secretory vesicles at the dendrites and axon
terminals of glutamate synapses (Fawcett et al., 1997). While it has been clearly shown that
BDNF is important for brain development, it is also thought to be essential for maintaining
the central nervous system throughout the lifespan. Evidence for this claim comes from
studies demonstrating that BDNF concentrations peak after birth and do not decline with
healthy ageing across the lifespan (Murer, Yan, & Raisman-Vozari, 2001).
Like other neurotrophins, BDNF is first synthesised in neurons as a precursor protein,
in this case, pro-BDNF (Greenberg, Xu, Lu, & Hempstead, 2009). This precursor protein is
then cleaved to create mature BDNF that activates a distinct signalling pathway (Dincheva,
Glatt, & Lee, 2012; Matsumoto et al., 2008) and is active extracellularly (Pang et al., 2004).
Each of these signalling pathways have different functional outcomes, with pro-BDNF
binding to the p75 neurotrophin receptor, leading to apoptosis and dendritic pruning (Roux &
Barker, 2002), and mature BDNF binding to the tropomyosin-related kinase B (TrkB)
receptor resulting in differentiation and synaptic plasticity (Boulle et al., 2012). These
functional outcomes of BDNF signalling pathways are thought to be crucial for cognitive
processes such as learning and memory (Pezawas et al., 2004).
Unlike other neurotrophins, neuronal activity regulates the synthesis of BDNF as well
as its transportation around the cell and secretion (Pruunsild, Kazantseva, Aid, Palm, &
Timmusk, 2007). Further regulation of BDNF is conducted via a complex system of
alternative promoters, splicing and polyadenylation sites. The gene that codes for BDNF
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consists of eight promoters that together can produce 18 distinct transcripts (Greenberg et al.,
2009). These transcripts all code for the same initial BDNF protein but potentially could
allow for multiple methods of in vivo regulation of BDNF. For example, activity-dependent
BDNF that is synthesised using BDNF promoter IV has been shown to be crucial for the
development of cortical inhibition (Hong, McCord, & Greenberg, 2008).
A commonly studied form of synaptic plasticity in which BDNF plays a critical role is
hippocampal long-term potentiation (LTP) (Poo, 2001). LTP results in the persistent increase
in the efficacy of synaptic transmission between neurons that are repeatedly co-activated
(Cooke & Bliss, 2006). LTP can be divided into two components: early LTP and late LTP.
Early LTP refers to the potentiation that occurs immediately after the tetanisation of a
stimulus, while late LTP occurs after at least a 30 minute delay. Research has shown that
BDNF differentially affects these two components of LTP (Lu, Christian, & Lu, 2008).
BDNF affects the onset of early LTP by increasing the response to tetanus stimulation, and
also plays a role in maintaining early LTP (Rex et al., 2006). The role BDNF plays in late
LTP is less clear, but research has suggested that BDNF may play a crucial role in the
maintenance of late LTP. One such study has shown that transgenic mice that have been bred
to have disturbed BDNF synthesis have impaired late LTP (Lu et al., 2008).
Val66Met polymorphism. The gene that codes for the BDNF protein in humans is
located on chromosome 11. Within this gene, 12 functional single nucleotide polymorphisms
(SNPs) have been identified (Petryshen et al., 2010). A commonly occurring SNP, known as
the Val66Met SNP, that occurs at codon 66 in the pro-region of this gene has been
extensively studied (Kambeitz et al., 2012). This SNP is the result of a G to A nucleotide
switch at position 196 of the protein-encoding portion of the gene (Dincheva et al., 2012).
This nucleotide substitution results in a non-synonymous amino acid change from valine to
methionine. This switch in amino acids is thought to affect the functionality of BDNF by
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impairing the intracellular trafficking of its precursor protein into dendrites and vesicles.
Further, heterozygotic expression of the BDNF alleles alters intracellular trafficking because
heterodimers that are formed between the two types of BDNF when they are expressed in the
same cell are less efficiently sorted in the secretory pathway. Carriers of this methionine
amino acid substitution have also been shown to have reduced activity-dependent secretion of
BDNF and a reduction in overall BDNF concentration within the brain (Egan et al., 2003;
Jang et al., 2012).
The frequency of this Val66Met SNP varies widely depending on the population
being examined (Petryshen et al., 2010). In populations such as sub-Saharan tribes and some
indigenous American populations, there have been no reported instances of Met allele
carriers. A much higher rate of Met allele carriers is seen in specific Asian populations, with
some studies finding that up to 72% of the population are Met allele carriers. Estimates of the
frequency of the allele in European populations falls between these two extremes at
approximately 19-25% (Bueller et al., 2006). Proposed causes for such a large discrepancy in
the frequency of the Met allele within certain populations include population isolation, local
selection, and differences in linkage disequilibrium. In particular, linkage disequilibrium is
important because this has been shown to vary between populations, and because genetic
association studies rely heavily on the linkage between markers and susceptibility alleles to
detect links to cognitive performance or disease frequency.
Given that the Met allele of the Val66Met BDNF SNP is associated with reduced
activity-dependent secretion of BDNF, impaired trafficking of BDNF, and an overall
reduction of the concentration of BDNF, it is not surprising that many studies have found
performance differences between Met allele carriers and Val homozygotes in a variety of
memory tasks. Kambeitz et al. (2012) performed a meta-analysis that covered 28 studies
published between 2003 and 2011, giving a total of 5922 subjects. This meta-analysis found
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that there was a significant effect of genotype on declarative memory performance, with Met
allele carriers performing worse than Val homozygotes. More specifically, some studies have
found Met allele carriers to perform worse on tests of delayed recall as measured by the
revised Wechsler Memory Scale (WMS-R) (Dempster et al., 2005; Egan et al., 2003).
Furthermore, Met allele carriers appear to perform more poorly on a large number of
memory-related tasks including tests of word recall (Cathomas, Vogler, Euler-Sigmund, de
Quervain, & Papassotiropoulos, 2010), delayed recall (Miyajima et al., 2008), verbal memory
(Goldberg et al., 2008; Matsuo et al., 2009), working memory (Richter-Schmidinger et al.,
2011), and episodic memory (Egan et al., 2003; Hashimoto et al., 2008; Ho et al., 2006).
However, other researchers have found no difference between Met allele carriers and Val
homozygotes for performance on memory tasks such as face recognition (van Wingen et al.,
2010) and a battery of memory tasks (Karnik, Wang, Barch, Morris, & Csernansky, 2010).
Furthermore, a second meta-analysis performed by Mandelman et al. (2012) found no
significant difference in memory performance between Met allele carriers and Val
homozygotes across 15 studies.
Previous research has also found electrophysiological components to be highly
heritable neural features (Hariri & Weinberger, 2003). Several studies comparing the EEG
correlates of Val/Val individuals and Met allele carriers focused on ERP components such as
the P300 (Schofield et al., 2009). One such example found the latency of the P300 to be
significantly longer in individuals carrying two copies of the Met allele compared to Val/Val
homozygotes (Schofield et al., 2009). This latency delay was most apparent over mid-frontal
electrode sites. Importantly, there have been other studies that do not find differences
between Val/Vals and Met allele carriers for measures of the P300 (Hansell et al., 2007;
Soltész et al., 2014). In addition to the ERP literature, broader EEG research have reported a
decrease in oscillatory activity and synchrony for Met allele carriers compared to Val/Val
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individuals during a flanker task (Soltész et al., 2014). Soltesz et al. also reported an increase
in slow-wave activity during resting-state EEG paradigms. Similarly, EEG recorded during
sleep showed Val/Val individuals had higher levels of slow wave activity compared to Met
alelle carriers (Bachmann et al., 2012). Finally, Val/Val individuals have also been shown to
have increased phase-locking specific to the ERN, a negative error-related component (Beste,
Kolev, et al., 2010). Together these EEG studies show that the Val66Met SNP seems to
impact functional neural correlates that underpin a variety of cognitive tasks.
Further evidence for differences between the two BDNF genotypes has been reported
from neuroimaging studies. Using fMRI, Hariri et al. (2003) found that during an episodic
memory task Met allele carriers exhibit reduced hippocampal activity during encoding and
retrieval phases when compared to Val homozygotes. This study also found that an
interaction between genotype and hippocampal activity accounted for 25% of the variability
in recognition performance between the two groups. Reduced hippocampal activation in Met
allele carriers during episodic memory tasks has also been shown in many other studies
(Cerasa et al., 2010; Egan et al., 2003; Hashimoto et al., 2008). Met allele carriers show
increased activation in the parietal-prefrontal network and medial temporal lobe during the
encoding phase of a memory task (Cerasa et al., 2010). This could suggest that Met allele
carriers are recruiting additional regions to enable successful memory functioning (Dennis et
al., 2010). Additional support for the idea that there is a difference in regions activated
between the two BDNF SNP genotypes comes from a meta-analysis conducted by Kambeitz
et al. (2012). This meta-analysis covered ten studies published between 2003 and 2011 for a
total of 362 subjects, and found that the Met allele genotype was associated with significantly
lower hippocampal activation during declarative memory tasks compared to Val allele
homozygotes.
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Structural differences between Val homozygotes and Met allele carriers of the BDNF
SNP have also been reported. Using structural-MRI, several studies have reported a reduction
in grey matter volume of the hippocampus in Met allele carriers compared to Val
homozygotes (Bueller et al., 2006; Joffe et al., 2009; Matsuo et al., 2009; Pezawas et al.,
2004; Schofield et al., 2009; Szeszko et al., 2005). In further support of this finding, two
meta-analyses were conducted and found an overall reduction in hippocampal volume for
Met allele carriers (Hajek, Kopecek, & Höschl, 2012; Kambeitz et al., 2012; Tsai et al.,
2004). In one study this reduction in volume was as large as 11% (Bueller et al., 2006).
However, this is not a universal finding, with some studies reporting no hippocampal
volumetric differences between the two genotypes (Brewer et al., 1998; Dutt et al., 2009;
Karnik et al., 2010; Richter-Schmidinger et al., 2011). Volumetric differences have also been
reported in the dorsolateral prefrontal cortex, with a reduction in grey matter volume for Met
allele carriers compared to Val homozygotes (Matsuo et al., 2009; Nemoto et al., 2006;
Pezawas et al., 2004; Schofield et al., 2009). Nemoto et al. (2006) also found a widespread
reduction in grey matter volume for the entire prefrontal cortex, with peak values at the
dorsolateral prefrontal cortex. Diffusion tensor imaging (DTI) studies have also reported
white matter microstructural differences between the two genotypes. Carballedo et al. (2012)
reported that Met allele carriers have reduced fractional anisotropy (FA) along the uncinate
fasciculus, a tract known to be important for declarative memory. Tost et al. (2013)
conducted a tract-based spatial statistics (TBSS) study finding that Met allele carriers have
increased FA throughout the brain, particularly in prefrontal and occipital regions.
While there is evidence that the Val66Met BDNF SNP may play an important role in
explaining variances in cognitive performance, brain function and structure within the general
population, it is important to remember that BDNF genotype does not act in isolation. Several
other functional SNPs have been identified that could interact with BDNF genotype to
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produce some of these effects. For example, several studies have reported that a SNP in the
gene that codes for catechol-O-methyltransferase (COMT) has significant effects on
cognition (Blasi et al., 2005; Egan et al., 2001) and white and grey matter morphology (Jang
et al., 2012). Some studies have also found interaction effects between COMT and BDNF
genotypes (Witte et al., 2012), although this is not consistent (Strauss et al., 2004). In recent
years the popularity of including genetic SNPs as part of cognitive research has increased. It
is therefore important to keep in mind when interpreting results from studies that only analyse
the genotype for one specific SNP, that no single SNP works in isolation to produce
phenotypic results.
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Chapter Two: The Present Study
While there is a large body of research investigating the effect of the Val66Met SNP
on general memory, relatively little is known about the way this polymorphism affects the
underlying neural correlates of recognition memory. Previous research, outlined throughout
Chapter One, has reported that Met allele carriers have reduced accuracy on recognition tasks
(Dempster et al., 2005; Egan et al., 2003; Hariri et al., 2003; Lamb, Thompson, et al., 2015),
but these studies have only looked at overall recognition performance. Given that recognition
is comprised of two subprocesses, familiarity and recollection, we were interested in
investigating how the Met allele interacts with each of these subprocesses. To extend this
further, we also sought to measure whether the Val66Met SNP influenced the functional and
structural correlates of familiarity and recollection, differentially. In order to do this,
participants completed a recognition memory EEG, and a structural-MRI. From the EEG
portion of this study we were able to derive behavioural measures, as well as event-related
potential measures, for each of familiarity and recollection. Additionally, we extracted values
of grey matter volume and white matter integrity for regions that are specifically linked to
each of these subprocesses of recollection. Together, these approaches allow us to look at
some aspects of the behavioural, functional, and structural impact of the Val66Met SNP on
each of familiarity and recollection.
Participants
General Participants
A total of 79 individuals were genotyped for the Val66Met SNP resulting in the
following allelic distribution: 44 Val/Val, 29 Val/Met, and 6 Met/Met. The Val allele
frequency was calculated to be 0.74, the Met allele frequency was calculated as 0.26, and
therefore this sample was calculated to have a Hardy Weinberg Equilibrium value of 1
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(Rodriguez, Gaunt, & Day, 2009), and did not deviate from expected distribution values (see
Table 1). Furthermore, these frequencies are in line with previously reported allele
distributions in a variety of sample populations (Petryshen et al., 2010). Demographic
information was also collected for all genotyped individuals to ensure that distributions of
important characteristics did not differ between the Val/Val and Met carrier groups (see
Table 2).

Table 1. Comparing the observed and expected distributions of the Val and Met alleles for
the Val66Met SNP.

𝛘𝛘2

Genotype

Expected

Observed

Val/Val

43.32

44

Val/Met

30.36

29

0.16

Met/Met

5.32

6

0.16

0.16

Note: The reported chi-squared value coincides with a non-significant p-value.

Table 2. General participant information for participants included in the overall sample.

Whole sample Val/Val

Met Carriers

N

79

44

35

Mean Age (SE)

23.41 (0.45)

24.02 (0.61)

22.66 (0.64)

0.13

Females (Males)

55 (24)

28 (16)

27 (8)

0.20

39 (5)

32 (3)

0.68

Right (Left) Handed 71 (8)

p-values
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Caucasian (Other)

63 (16)

38 (6)

25 (10)

0.10

p-values are derived from testing differences between the two genotype groups using an
independent-samples t-test for age; and chi-squared analyses for sex, handedness, ethnicity.

All 79 genotyped participants were invited to take part in the following MRI and EEG
experiments described in detail in Chapters Three and Four respectively. A total of 78
participants returned to complete the EEG, and a subset of 61 individuals who completed the
EEG experiment were invited back to participate in the MRI experiment.
MRI Participants
Our MRI study consisted of 61 individuals with the following allelic distribution: 31
Val/Val, 25 Val/Met, 5 Met/Met. In line with the general study sample, the Val allele
frequency was calculated as 0.71, the Met allele frequency was calculated as 0.29, and our
observed number of each possible genotype was not significantly different from what we
would expect in the population (see Table 3). Demographic information about the
participants who completed the MRI experiment can be found in Chapter Three (Table 6).

Table 3. Comparing the observed and expected distributions of the Val and Met alleles for
the Val66Met SNP for the MRI sample.

𝛘𝛘2

Genotype

Expected

Observed

Val/Val

31.02

31

Val/Met

24.96

25

0.0

Met/Met

5.02

5

0.0

0.0

Note: The reported chi-squared value coincides with a non-significant p-value.
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EEG Participants
A total of 77 individuals completed the EEG experiment. This sample has the same
Hardy Weinberg and allele frequency values as our full study sample. The allelic
distributions of these participants were: 43 Val/Val, 28 Val/Met, 6 Met/Met. Chi-square
analyses revealed there is no deviation between expected and observed values for each of
these alleles in our sample (Table 4). Demographic information about the participants who
completed the EEG experiment can be found in Chapter Four (Table 7).

Table 4. Comparing the observed and expected distributions of the Val and Met alleles for
the Val66Met SNP for the EEG sample.

𝛘𝛘2

Genotype

Expected

Observed

Val/Val

42.19

43

Val/Met

29.61

28

0.23

Met/Met

5.19

6

0.23

0.23

Note: The reported chi-squared value coincides with a non-significant p-value.

Behavioural Task
We used a source recognition memory paradigm in order to investigate how the
Val66Met SNP influenced recognition behaviourally. Participants were shown 300 objects
during an encoding period, and were asked to make one of two encoding decisions about each
object. At retrieval, participants had to correctly identify the objects they had previously seen,
and also correctly identify the encoding decision they made about each object. This design

25

Present Study
required participants to make two recognition judgments, first an item recognition judgment,
and second an encoding source recognition judgment. These two recognition judgments are
thought to be good proxies for familiarity and recollection. More specifically, the item
recognition judgment only requires familiarity processing in order to correctly identify an
object, while the recall of the encoding context requires recollection processing.
Given previous studies have illustrated that the source memory task can be used to
differentiate familiarity and recollection, we used this task in order to gain insight into how
the Val66Met SNP influenced familiarity and recollection, behaviourally. We hypothesised
that in line with previous literature, we would observe Met carriers to have lower overall
accuracy compared to the Val/Val individuals on this recognition-based task (Dempster et al.,
2005; Egan et al., 2003; Hariri et al., 2003; Lamb, McKay, et al., 2015; Spriggs et al., 2019).
Furthermore, we also hypothesised that of the two recognition subprocesses, recollection
would be most impacted by the Val66Met SNP. This hypothesis was based on a previous link
between the Met allele, and decreased BDNF protein synthesis in the hippocampus (Chen et
al., 2004). Given that hippocampal BDNF has been implicated in LTP (Poo, 2001; Spriggs et
al., 2019), a process of synaptic potentiation that may be a mechanism of memory formation,
we hypothesise that the process of recollection is likely to be responsible for the lower
recognition accuracy reported in previous studies.
The behavioural results of this study are analysed in both Chapter Three and Chapter
Four, as each experiment subsampled slightly different combinations of our total
experimental population.
MRI Analyses
In order to assess the impact of the Val66Met SNP on gross brain structures, we used
a combination of structural-MRI and diffusion-MRI analyses. For both grey- and whitematter, whole brain analyses were first conducted to establish whether there was any
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widespread, global, differences in these structures between those with and without the Met
allele. As a follow up, region of interest analyses were conducted on structures that are
known to underpin the processing, or transduction, of recognition memory information.
Grey Matter Analyses
Whole brain and region of interest analyses were conducted on grey matter images to
test whether there were any differences in grey matter volume between Val homozygotes and
Met allele carriers (see Chapter Three). Volumetric differences in grey matter were of
particular interest because previous research has highlighted hippocampal volume as being
impacted by the Val66Met SNP (Bueller et al., 2006; Joffe et al., 2009; Matsuo et al., 2009;
Pezawas et al., 2004; Schofield et al., 2009). Using a voxel-based morphometry method, we
tested whether there were any global patterns in grey matter volume reduction for either of
our participant groups. Following the whole brain analysis, we tested grey matter volume of
five key structures known to be important for recognition memory processing (Aggleton &
Brown, 1999). These structures were the hippocampus, parahippocampal region (including
the perirhinal cortex), entorhinal cortex, thalamus, and the dorsolateral prefrontal cortex.
In line with previous research, we hypothesised that Met allele carriers would have
reduced grey matter volume for both the whole-brain and region of interest analyses. We
further hypothesised that this difference might be greatest for the hippocampus. This
hypothesis was based on previous work that has often reported the hippocampus as a site of
grey matter volume reduction for carriers of the Met allele (Kambeitz et al., 2012; Pezawas et
al., 2004). Furthermore, the hippocampus is also the region commonly linked to memory
processing, and in particularly recollection-based recognition (Aggleton & Brown, 1999).
White Matter Analyses
We were also interested in determining whether the Val66Met SNP influences the
integrity of white matter tracts. This was of interest to investigate given that the BDNF
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protein has previously been linked to the synthesis and maintenance of myelin (Du, Fischer,
Lee, Lercher, & Dreyfus, 2003). Furthermore, previous research has reported a decrease in
tract integrity for carriers of the Met allele (Tost et al., 2013). Whole brain analyses were
conducted using a tract based spatial statistics (TBSS) approach, allowing us to visualise any
global changes in tract integrity. This was also followed up with region of interest analyses
on recognition-related tracts that were reconstructed using probabilistic tractography. In line
with Aggleton and Brown’s (1999) proposed model of recognition circuitry, we used the
uncinate fasciculus, a tract that connects the prefrontal cortex to the perirhinal cortex, and the
cingulum cingulate gyrus and cingulum angular bundle, which together connect the prefrontal
cortex to the hippocampus via the anterior thalamus. Fractional anisotropy (FA), radial
diffusion (RD), axial diffusion (AD), and mean diffusivity (MD) were all calculated in order
to fully characterise the integrity of the white matter tracts.
We hypothesised that carriers of the Met allele would have reductions in the general
integrity of white matter tracts, as measured by a combination of FA, RD, MD, and AD, for
both the global and region of interest analyses. More specifically, this pattern would be
reflected by an increase in RD and MD, but a decrease in FA and AD. We further
hypothesised that given the cingulum angular bundle and cingulum cingulate gyrus together
form a circuit that might underpin recollection, that this pathway might be most greatly
impacted by the Val66Met SNP. This hypothesis was based on our previous hypotheses that
are predicting the recollection subsystem of recognition will be more greatly impacted by the
Met allele.
The analysis of both the grey- and white-matter structural data is covered in detail in
Chapter Three.
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EEG Analyses
Our final experiment was conducted using EEG, a measure that allows us to look at
the electrophysiological correlates of recognition. More specifically we used EEG to look at
the event related potentials that are elicited during a recognition memory task. For this
experiment, we used a source recognition task, adapted from Addante et al. (2012), which is
designed to incorporate a test of familiarity (item recognition) and a test of recollection
(source recognition). This experimental design allowed us to look at the ERP components
that are specifically related to each subprocess of recognition.
Previous research reported being able to use this task to dissociate familiarity and
recollection, electrophysiologically. For example, Addante et al. (2012) used a source
recognition memory paradigm to demonstrate that familiarity is associated with a negative
ERP component that occurs about 400ms post stimulus, while recollection is captured by a
late positive component (LPC) that occurs about 600ms post stimulus. They further showed
that these electrophysiological correlates of recognition were modulated by confidence,
differentially. More specifically, they showed that familiarity judgments were accompanied
by a wide range of confidence ratings, while recollection was primarily accompanied by
ratings of high confidence.
Currently, there have not been any EEG studies focusing on the influence of the
Val66Met SNP on recognition-specific ERPs. However, other electrophysiological studies
have reported reductions in amplitude for ERPs, or decreases in EEG power, in those with at
least one copy of the Met allele (Beste, Kolev, et al., 2010; Schofield et al., 2009; Soltész et
al., 2014; Spriggs et al., 2019). In line with this, we hypothesised that carriers of the Met
allele would have a reduction in the amplitudes of ERPs associated with our recognition
memory task. We further predicted that the ERP component associated with recollection, the
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LPC, would be most greatly impacted by the Val66Met allele compared to the familiarity
component, the N400.
The results of the EEG analyses are presented in detail in Chapter Four along with a
signal detection analysis of the source recognition memory paradigm used.
Statistical Analyses
Throughout this thesis we have chosen to adopt a Bayesian approach to our
hypothesis testing. This approach allows us to report evidence weighted in favor of either the
alternative hypothesis, or the null hypothesis, something that is not possible to do within a
frequentist framework. A Bayesian approach is particularly useful in the following studies as
it allows us to expand upon previously reported null results, and weigh up the evidence in
favor of the null hypothesis for our various tests. These approaches are also advantageous in
genetic studies as we would normally require a very large number of participants in order to
detect a very small effect, Importantly, given that we are aware that some readers might wish
to compare the output of the Bayesian hypothesis tests, to their frequentist equivalents, these
have been provided in the supplemental material for each chapter. When discussing
Bayesfactors in the results sections of each of the following chapters, we refer to the
standardised characterisation of Bayes factors as outlined in Table 5 (see also Wagenmakers
et al., (2018).
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Table 5. Categorisation of the Bayes factor into different levels of support for one hypothesis
(N) over another (A). Roughly adapted from Wagenmakers et al., (2018).

BFNA

Interpretation

1

Inconclusive, neither hypothesis N or A are favored

1-3

Anecdotal evidence in support of hypothesis N over A

3 - 10

Moderate evidence in support of hypothesis N over A

10 +

Strong evidence in support of hypothesis N over A
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Chapter Three: Investigating the Structural Impact of the Val66Met SNP
It is commonly reported in the Val66Met literature that carriers of the Met allele have
reduced hippocampal volume when compared to Val/Val individuals (Pezawas et al., 2004).
Given that the hippocampus has previously been linked to recollection, we were interested in
whether the Val66Met SNP might differentially impact brain structures underpinning
familiarity and recollection. We were further interested in how this might relate to the
reduction in recognition memory reported in many previous studies (Dempster et al., 2005;
Egan et al., 2003; Hariri et al., 2003). Despite a relatively large number of studies focusing on
how this SNP influences grey matter, much less is known about its impact on white matter
structures. While evidence that the Val66Met SNP influences the integrity of white matter
tracts is scarce, at least one study has reported a global reduction integrity measures for Met
allele carriers (Tost et al., 2013).
This chapter aimed to systematically investigate differences in grey- and white-matter
structures using MRI-derived data. Grey matter structures were measured using T1 weighted
images. In these images, the intensity of any given voxel is directly related to the density of
the underlying grey matter structure, making it easy to quantify grey matter volume. In
contrast, white matter structures were measured using diffusion tensor imaging (DTI). These
scans quantify the directionality of water diffusion for any given voxel, and can be used to
infer the integrity of the underlying white matter pathways. Together these methods provided
us with a non-invasive means of measuring the structures underpinning recognition memory.
The manuscript included in this chapter has been accepted for publication at
Neuroimage. The only changes that have been made to the following chapter is that figure,
table, and section numbering have been altered to be consistent with the thesis.
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Abstract
A single nucleotide polymorphism (SNP) in the gene coding for brain-derived neurotrophic
factor (BDNF) has previously been associated with a reduction in recognition memory
performance. While previous findings have highlighted that this SNP contributes to
recognition memory, little is known about its influence on subprocesses of recognition,
familiarity and recollection. Previous research has reported reduced hippocampal volume and
decreased fractional anisotropy in carriers of the Met allele across a range of white matter
tracts, including those networks that may support recognition memory. Here, in a sample of
61 healthy young adults, we used a source memory task to measure accuracy on each
recognition subprocess, in order to determine whether the Val66Met SNP (rs6265) influences
these equally. Additionally, we compared grey matter volume between these groups for
structures that underpin familiarity and recollection separately. Finally, we used probabilistic
tractography to reconstruct tracts that subserve each of these two recognition systems.
Behaviourally, we found group differences on the familiarity measure, but not on
recollection. However, we did not find any group difference on grey- or white-matter
structures. Together, these results suggest a functional influence of the Val66Met SNP that is
independent of coarse structural changes, and nuance previous research highlighting the
relationship between BDNF, brain structure, and behaviour.

Keywords: Diffusion tensor imaging; Structural magnetic resonance imaging; Source
memory; Dual-process; Neurotrophic factor; rs6265
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Introduction
Recognition is a critical aspect of memory that allows us to distinguish between items
we have experienced before and those we have not. Judgments of recognition are
underpinned by two memory subsystems, supporting familiarity and recollection. Familiarity
is defined as a type of recognition that allows for the identification of a previously seen
stimulus and is often associated with a ‘feeling’ of knowing. In contrast, recollection is a
slower, more deliberate process that calls upon associated and detailed information to
accompany object identification. For example, recollection could be associated with the
specific context the item was last seen in or particular information related to the study period.
Familiarity and recollection have been behaviourally and structurally dissociated in previous
research (Aggleton & Brown, 1999; Aggleton et al., 2011; Brown & Xiang, 1998;
Eichenbaum et al., 2007; Henson, Rugg, Shallice, Josephs, & Dolan, 1999; Mitchell &
Johnson, 2009; Wixted, 2007; Yonelinas, 1994; Yonelinas, Kroll, Dobbins, Lazzara, &
Knight, 1999; Yonelinas, Otten, Shaw, & Rugg, 2005). For example, it has been suggested
that familiarity is a process dependent upon a diffuse neural network that includes the
perirhinal cortex and the uncinate fasciculus, whereas recollection is a conscious and effortful
process that relies primarily on structures such as the hippocampus and the cingulum
cingulate gyrus (Aggleton & Brown, 1999).
Beyond the neural structures supporting recognition memory, a common single
nucleotide polymorphism (SNP) in the gene coding for BDNF offers some insight into the
genetic basis for variation in recognition memory performance observed across individuals
(Egan et al., 2003; Hariri et al., 2003; Toh, Ng, Tan, Tan, & Chan, 2018). This SNP, known
as rs6265 or Val66Met, involves a non-synonymous base pair substitution, which results in a
change to one of the amino acids of the resulting protein. This switch from a Valine to a
Methionine amino acid results in three possible genotypes, Val/Val, Val/Met, and Met/Met.
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This amino acid substitution is known to result in functional and structural changes in the
BDNF protein (Chen et al., 2004). Specifically, it has been reported that this SNP decreases
the availability of the mature BDNF protein within the brain (Chen et al., 2005, 2006). This is
of particular interest as BDNF is linked to cellular processes that are important for the
formation of memory, the maintenance of neuronal connections, and the development of
brain structures (Ghosh, Carnahan, & Greenberg, 1994; Hu, Nikolakopoulou, & Cohen-Cory,
2005; Poo, 2001). Given these links, a large body of work has increasingly investigated
whether this SNP confers any cognitive disadvantage (Toh et al., 2018).
Previous studies have found that individuals with at least one copy of the Val66Met
minor allele (i.e., Val/Met and Met/Met) fare worse on learning and memory tasks
(Bekinschtein, Cammarota, Izquierdo, & Medina, 2008; Lamb, Thompson, et al., 2015; Pang
& Lu, 2004; Rattiner, Davis, & Ressler, 2005; Spriggs et al., 2019; Tyler, Alonso, Bramham,
& Pozzo-Miller, 2002). For example, Egan et al. (2003) reported that Met allele carriers
performed significantly worse on episodic memory, as measured by the revised version of the
Wechsler Memory Scale (WMS-R). In line with this finding, Hariri et al. (2003) reported a
reduction in recognition accuracy and hippocampal activation during a functional-MRI
(fMRI) based version of the same task. Further, Ho et al. (2006) found that Met allele carriers
have reduced performance on word recognition memory as well as visuospatial tasks. While
these findings paint a consistent picture suggesting that the Met allele confers a disadvantage
for memory performance, it is important to note that some attempts to replicate these results
in clinical populations have not been successful (see Dempster et al., (2005), for example).
Furthermore, these studies have measured recognition with a single memory score, despite
evidence that recognition is comprised of two distinct memory subprocesses. Given that
familiarity and recollection subserve distinct parts of recognition, disentangling the impact of
the Val66Met SNP on these processes independently, seems essential. Indeed, it is possible
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that the influence of the Val66Met SNP is generic across recognition processes, but it could
also be that one of these subprocesses drives the overall pattern of reduced accuracy noted in
the literature. This is of particular relevance because recollection has been linked explicitly to
the hippocampus (Brown & Aggleton, 2001; Yonelinas, 1997), demonstrated in rat studies to
be the site of the highest concentrations of BDNF in the brain (Hofer, Pagliusi, Hohn,
Leibrock, & Barde, 1990; Maisonpierre et al., 1990).
In line with these behavioural results, structural magnetic resonance imaging (sMRI)
studies have provided evidence for differences in grey matter volume between Val/Val
individuals and those with one or more copies of the Met allele. Several volumetry studies
have reported that Met allele carriers have reduced hippocampal grey matter compared to
Val/Val individuals (Bueller et al., 2006; Pezawas et al., 2004; Schofield et al., 2009).
Because it is the region in which the highest concentrations of activity-dependent secretion of
BDNF are found, the hippocampus is thought to be particularly impacted by Val66Met
genotype (Chen et al., 2004). However, the hippocampus is not the only region where
Val66Met genotype is reported to influence grey matter volume: Met allele carriers have also
been reported to have reduced grey matter volume in the prefrontal cortex (Nemoto et al.,
2006), the parahippocampal region (Montag, Weber, Fliessbach, Elger, & Reuter, 2009), as
well as a a global reduction in cortical thickness (Yang et al., 2012). Finally, additional
evidence to support these findings can be observed in the healthy controls of several clinical
studies (Chepenik et al., 2009; Frodl et al., 2007; Ho et al., 2006; Joffe et al., 2009; Matsuo et
al., 2009; Szeszko et al., 2005).
The Val66Met SNP is also thought to influence white matter microstructure. Previous
research has suggested that BDNF modulates myelinogenesis (Du et al., 2003); therefore it is
also of interest to consider how this SNP might impact white matter structures within the
brain. Several studies have measured diffusion parameters of white matter tracts for Val/Vals
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and carriers of the Met allele; most commonly, fractional anisotropy (FA) is used as a proxy
for tract integrity (Chiang et al., 2011; Forde et al., 2014; Kennedy, Rodrigue, Land, & Raz,
2009; Meng et al., 2017; Montag, Schoene-Bake, Faber, Reuter, & Weber, 2010; Tost et al.,
2013; Voineskos et al., 2011). Yet, results have been inconsistent across studies. Some
studies have reported an increase in FA (implying higher white matter integrity) in Met allele
carriers (Carlson, Cha, Harmon-Jones, Mujica-Parodi, & Hajcak, 2014; Chiang et al., 2011;
Tost et al., 2013). For example, Tost et al. (2013) found increased FA in the splenium,
posterior thalamic radiation, superior corona radiata, and the superior longitudinal fasciculus.
In line with these findings, Chiang et al. (2011) also reported increased FA in the splenium,
the superior corona radiata, the left optic radiation and the inferior fronto-occipital fasciculus.
In contrast, several studies have reported Met allele carriers to have lower FA in specific
white matter tracts such as the uncinate fasciculus (Carballedo et al., 2012), and the anterior
corona radiata (Choi et al., 2015), at least in individuals with Major Depressive Disorder.
Finally, one study has reported no significant differences in FA between the two genotype
groups (Montag et al., 2010).
Given the equivocal results for structural differences between individuals with and
without the Val66Met SNP, we sought to quantify structural differences between these
groups systematically. We were particularly interested in extending these analyses to regions
that underlie recognition memory processing, and in correlating our findings to performance
scores on a recognition task. To this end, we used a source memory task to measure both
familiarity- and recollection-based recognition memory, and collected sMRI and diffusionMRI (dMRI) images to obtain structural parameters of the underlying neural circuitry related
to each subprocess. We hypothesised that, in line with the dominant previous literature,
Val/Val individuals would outperform Met allele carriers on the recognition memory task.
Furthermore, we hypothesised that the accuracy difference between our genotype groups
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would be greatest for recollection judgments than for familiarity judgments, based on the
documented link between recollection processes and the hippocampus. Structurally, we
hypothesised that Val/Val individuals would show greater grey matter volume, and increased
white matter integrity across the brain, and further postulated that this would be particularly
evident in the neural circuitry associated with recollection, compared to that of familiarity. In
order to test this hypothesis, we included global measures of grey matter volume, together
with white matter diffusion parameters–(FA), axial diffusivity (AD), mean diffusivity (MD),
radial diffusivity (RD). Each of these diffusion parameters is important for characterising the
movement of water within the brain. Previously AD has been linked to axonal damage
(Harsan et al., 2006), MD to cellular disarray (Clark et al., 2011), and RD to demyelination
(Sun et al., 2006), all important characteristics to consider when using diffusion patterns as a
proxy for white matter integrity. We also measured grey matter volume for the hippocampus
and parahippocampal region, as these have been directly associated with recollection and
familiarity processing (Aggleton & Brown, 1999). Additionally, we measured diffusion
parameters across the uncinate fasciculus, cingulum angular bundle, and cingulum cingulate
gyrus, tracts that have been previously described as linking regions associated with
familiarity and recollection processes, respectively (Aggleton & Brown, 1999).
Methods
Participants
Sixty-one healthy adults, aged 18-33 (M = 23.1, SE = 0.53), volunteered for this study
(see Table 1 for demographics). All participants were recruited at The University of
Auckland and reported no history of neurological disorder. Upon genotyping, the participants
were divided into two groups, those with the Val/Val genotype, and those with at least one
copy of the Met allele. Two participants were unable to complete the behavioural task and
were therefore excluded from task-based analyses. All participants gave informed consent,
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and this study was approved by The University of Auckland Human Participants Ethics
Committee.

Table 6. General participant information for participants included in the MRI analyses.

Whole sample Val/Val

Met Carriers

N

61

31

30

Mean Age (SE)

23.13 (0.53)

24.03 (0.78)

22.20 (0.69)

0.08

Females (Males)

45 (16)

21 (10)

24 (6)

0.28

Right (Left) Handed 53 (8)

26 (5)

27 (3)

0.48

Caucasian (Asian)

29 (2)

23 (7)

0.06

53 (8)

p-values

p-values are derived from testing differences between the two genotype groups using an
independent-samples t-test for age; and chi-squared analyses for sex, handedness, ethnicity.

Genotyping
Saliva samples were collected from all participants using Oragene-DNA Self
Collection kits and stored at room temperature until analysis could take place. Prior to
collection, participants were asked not to eat or drink for at least 30 minutes. DNA was
extracted from the sample and was resuspended in Tris-EDTA buffer and quantified using a
Nanodrop ND-1000 1-position spectrophotometer (Thermo Scientific). Amplification was
conducted on the 113bp fragment that coincides with the Val66Met SNP within the BDNF
gene. The primers used for this amplification were BDNF-F 5’-GAG GCT TGC CAT CAT
TGG CT-3’ and BDNF-R 5’-CGT GTA CAA GTC TGC GTC CT-3’. Polymerase chain
reaction (PCR) was then applied to the samples, and enzyme digestion was used to cut the
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samples into the relevant sections. Val fragments of the DNA samples result in two sections
of differing lengths, one of 78bps and the other of 35bps, while Met fragments resulted in one
section of 113bps in length. DNA was then visualised under ultraviolet light and participants
were classified as either Val/Val or Met carriers (those with either Val/Met or Met/Met
genotypes).
Source Memory Task
A modified version of the source memory task outlined in Addante et al. (2012) was
used. This task requires participants to learn items along with an associated judgment and
allows for two types of recognition to be assessed. Item recognition thought to index
familiarity, and judgment recognition thought to index recollection. During the study phase of
the experiment, participants were presented with 300 objects and were asked to make an
associated judgment for each object. On 150 of these trials, participants were asked to decide
whether the object presented to them was man-made, and on the remaining 150 trials,
participants were asked to decide whether the object presented could fit in a box (size
specified by the researcher). Objects were presented to participants in six blocks of 50
stimuli, with breaks of at least 30 seconds between each block. Prior to each stimulus
presentation, a fixation cross was presented. The encoding probe (man-made or box) then
appeared on the screen for 400 ms. Following this, participants were presented with the
object for 1500 ms, and following the trial, participants were asked to respond with a “yes”
(press 1) or “no” (press 2) to the cued judgment for that trial. After the study phase,
participants were given a 30-minute break with a distraction task (sudoku), and light
refreshments were provided. During the retrieval phase, the 300 objects presented in the
study phase were mixed with a further 100 novel objects. These 400 objects were presented
to the participants in eight blocks of 50. Before each object presentation, a fixation cross was
presented for 750 ms. The object was then presented for 1500 ms, and following the end of
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the trial, participants were asked to decide whether the object presented was from the
previous study phase, “old” (press 1), or was a new picture, “new” (press 2). If participants
responded that the object was old, a second response screen was presented that asked with
which of the two judgments the object was paired within the study phase, “man-made” (press
1), or “box” (press 2). All trials were preceded by a blank screen that lasted between 750 and
1250 ms, to avoid any expectation bias influencing reaction times (see Figure 2).

Figure 2. Source recognition memory paradigm. A schematic depiction of the paradigm
used for the experiment (adapted from Addante et al., (2012). Participants were shown 300
items in the encoding phase and asked to make an associated judgment for each. After a 30
minute delay, participants then completed the retrieval phase of the experiment.

Stimuli
Picture stimuli were selected from the Bank of Standardized Stimuli (BOSS)
(Brodeur, Dionne-Dostie, Montreuil, & Lepage, 2010). This database consists of 930 photos
of everyday objects that have been normalised for name, category, familiarity, visual
complexity, object agreement, viewpoint agreement, and manipulability (Brodeur, Guérard,
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& Bouras, 2014). All images are edited so that luminance and colour are equal across the
images. Of these 930 photo stimuli, a subset of 500 images was chosen as stimuli for this
study. Two images were removed after pilot participants’ feedback that the object was not
known in a New Zealand context. Each participant was exposed to a random selection of 400
of these images, 300 in the encoding phase, and a further 100 were introduced in the retrieval
phase.
Behavioural Analyses
Performance on the source memory task was used to evaluate differences between the
two groups. Mean accuracy was calculated for the old/new judgment, as well as the memory
for the associated source judgment, man-made/box. Accuracy on the old/new judgment is
thought to index familiarity, while accuracy on the associated source judgment is proposed to
index recollection (Addante et al., 2012).
Image Acquisition
The scanning protocol employed for this study is a modified version of the UK
BioBank scanning protocol (Miller et al., 2016). Images were acquired on a 3 Tesla Siemens
Magnetom Skyra scanner with a 32 channel head coil. Anatomical scans were collected with
a T1-weighted magnetised prepared rapidly acquired gradient echo (MPRAGE) sequence.
This was collected in a sagittal orientation with the following parameters: TE = 2.83ms, TR =
2000ms, TI = 880ms, FOV = 256mm, Flip angle = 8, slices = 208, GRAPPA acceleration
factor = 2, acquisition time = 4m 56s. Diffusion images were collected at an angle
approximately parallel to the line joining the anterior and posterior commissures (AC-PC
line) using a single shot, simultaneous multi-slice (SMS), spin-echo echo-planar-imaging
(EPI) sequence with the following parameters: TE = 92ms, TR = 3600ms, voxel size =
2x2x2mm, FOV = 210x210mm, excite flip angle = 78, refocus flip angle = 160, slices = 72,
multiband acceleration factor = 3. The diffusion direction scheme was 100 non-collinear

43

NO ASSOCIATION BETWEEN VAL66MET GENOTYPE AND BRAIN STRUCTURE
directions at two diffusion weightings (b = 1000, b = 2000 s/mm2) . Six images were also
collected with no diffusion weighting (b = 0 s/mm2), three of which had reversed phase
encoding to the main imaging sequence, to perform distortion correction.
Preprocessing
All DICOM images were imported to a Linux workstation and converted to NIFTI
format using MRIcron (Li, Morgan, Ashburner, Smith, & Rorden, 2016). All subsequent
image processing steps were undertaken within FMRIB’s Software Library (FSL) and
FreeSurfer (Woolrich et al., 2009). All images were reoriented, and the FSL brain extraction
tool (BET) was used to remove the skull and other non-brain structures from the image
(Smith, 2002). Each image was checked manually to determine if additional or specialised
extraction steps were necessary.
Diffusion images were further processed via the following steps. Eddy current
distortions and motion artefacts were corrected for using the FSL Eddy Current tool
(Andersson & Sotiropoulos, 2016). Any slices that were detected to have signal loss were
replaced by non-parametric predictions generated by Eddy’s underlying Gaussian process.
An image with no diffusion weighting for each individual was used to create a binary brain
mask (Smith, 2002). FA, MD, AD, and RD maps were generated for each participant using
the DTIFIT tool (Behrens, Woolrich, et al., 2003). Separately, T1 structural images were also
preprocessed using the standard FreeSurfer structural pipeline (FreeSurfer 6.0). Structural
images were corrected for any artefacts (Reuter, Rosas, & Fischl, 2010), then a watershed and
surface deformation procedure was used to remove the brain from the skull within the image
(Ségonne et al., 2004). Images were then registered to Talairach space for subcortical white
and grey matter structures to be segmented (Fischl et al., 2002, 2004). A tessellation step was
then employed to estimate the grey and white matter structural boundary, and apply any
necessary topological correction (Fischl, Liu, & Dale, 2001; Ségonne, Pacheco, & Fischl,
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2007). All intersurface boundaries (white matter-grey matter, grey matter-cerebral spinal
fluid) were placed in their optimal locations using surface normalisation and intensity
gradients (Dale, Fischl, & Sereno, 1999; Dale & Sereno, 1993; Fischl & Dale, 2000). Finally,
images underwent surface inflation and registration to a spherical atlas (Fischl, Sereno, &
Dale, 1999). Individual participants’ brain tissue segmentation and cortical parcellations were
then used as regions of interest for tractography.
Whole-Brain Approaches
Voxel-based morphometry analysis. Voxel-based morphometry (VBM) was
conducted using the standard VBM processing pipeline in FSL v 5.0 (Andersson, Jenkinson,
& Smith, 2007b; Douaud et al., 2007; Good et al., 2001; Smith et al., 2004). Brain extracted
images were segmented into white matter, grey matter and cerebrospinal fluid volume
probability maps using FMRIB’s Automated Segmentation Tool (FAST) (Zhang, Brady, &
Smith, 2001). A study-specific grey matter template was created using a subset (60) of
participants’ images that were chosen from each of the genotype groups. First, these were
affinely registered using FMRIB’s Linear Image Registration Tool (FLIRT) into standard
space, then concatenated and averaged (Greve & Fischl, 2009; Jenkinson, Bannister, Brady,
& Smith, 2002; Jenkinson & Smith, 2001). These images were then re-registered to the new
averaged template image using FMRIB’s Non-Linear Registration Tool (FNIRT) (Andersson
et al., 2007b). The resulting images were then averaged to create the study-specific template.
The grey matter images of all participants were then non-linearly registered to the study
template and modulated using the Jacobian of the warp field. The resulting images were
concatenated and smoothed, and a general linear model (GLM) approach was used to
compare voxel-wise differences in grey matter volume of Val/Val and Met carrier
participants, using age as a covariate. Non-parametric statistics were performed using the
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FSL’s Randomise tool with 5000 permutations and the threshold-free cluster enhancement
(TFCE) option (A. M. Winkler, Ridgway, Webster, Smith, & Nichols, 2014).
Tract-based spatial statistics. FSL’s tract-based spatial statistics (TBSS) method
was used as a whole-brain approach to look at global white matter differences in the
preprocessed diffusion images (Jbabdi, Behrens, & Smith, 2010; Smith et al., 2006). Tractbased spatial statistics (TBSS) allows the implementation of a unique nonlinear registration
and projection onto an alignment-invariant tract representation (Andersson, Jenkinson, &
Smith, 2007a; Andersson et al., 2007b). This technique solves the issue of voxel alignment
between participants, ensuring that only voxels that are present in all subjects are included,
and does not require smoothing. All FA images were then aligned to the 1x1x1mm
FMRIB58_FA standard space target, using a nonlinear registration (Andersson et al., 2007a,
2007b). A standard space version of each subject’s FA image was generated by transforming
the FA image to MNI152 standard space (Rueckert et al., 1999). An image containing the
mean FA values for all of the subjects was generated and projected onto a mean FA skeleton
image, where the skeleton is representative of the centres of all of the tracts common to the
subjects. Lastly, for each subject, FA data were projected onto the mean FA skeleton to carry
out voxel-wise cross-subject analyses. To also look at how the Val66Met genotype impacts
MD, AD, and RD, we used the nonlinear warps and skeleton projection from the FA TBSS
analysis to project onto these other diffusion parameter maps.
Specific Region of Interest Analyses
Grey matter volumetric analyses. Region of interest volumetric measures were
calculated using Freesurfer 6.0. Of particular interest were grey matter structures within the
recognition memory circuits; the thalamus, the hippocampus, the parahippocampal gyrus, the
dorsolateral prefrontal cortex, and the entorhinal cortex (see Figure 3). The standard
FreeSurfer pipeline for processing structural images was adopted. First images were corrected
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for any artefacts (Reuter et al., 2010), then a watershed and surface deformation procedure
was used to remove the brain from the skull within the image (Ségonne et al., 2004). Images
were then registered to Talairach space in order for subcortical white and grey matter
structures to be segmented (Fischl et al., 2002, 2004). A tessellation step was then employed
to estimate the grey and white matter structural boundary, and apply any necessary
topological correction (Fischl et al., 2001; Ségonne et al., 2007). All intersurface boundaries
(white matter-grey matter, grey matter-cerebral spinal fluid) were placed in their optimal
locations using surface normalisation and intensity gradients (Dale et al., 1999; Dale &
Sereno, 1993; Fischl & Dale, 2000). Finally, images underwent surface inflation and
registration to a spherical atlas (Fischl et al., 1999). Volumetric measures were collected from
these processed images for the regions of interest. The resulting values were analysed using a
Bayesian approach to test whether average volume differs between genotype groups.

Figure 3. Regions of interest for grey matter analyses. Structures used for the region of
interest analyses. In red is the hippocampus, green is the entorhinal cortex, blue is the
parahippocampal region (including the perirhinal cortex), and in yellow is the thalamus. In
addition to these structures, we also used a section of the dorsolateral prefrontal cortex, which
has been excluded from the figure for simplicity.
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White matter tractography analyses. White matter pathways associated with
memory processing were isolated for region of interest analyses. These included the uncinate
fasciculus, cingulum angular bundle, and cingulum cingulate gyrus (see Figure 4). Region of
interest tractography analyses were conducted using FreeSurfer’s TRActs Constrained by
UnderLying Anatomy (TRACULA) tool (Yendiki et al., 2011). TRACULA is an automatic
pipeline for reconstruction of major white matter pathways that uses global probabilistic
tractography with anatomical priors. These are estimated using FSL’s Bayesian Estimation of
Diffusion Parameters Obtained using Sampling Techniques (BEDPOSTX) tool with crossing
fibres modelling (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens, Woolrich,
et al., 2003; Jbabdi, Sotiropoulos, Savio, Graña, & Behrens, 2012). An advantage of using
TRACULA is that it uses a combination of the prior distributions derived from an anatomical
atlas in combination with the cortical parcellation and subcortical segmentation of the
individual being analysed. This results in the reconstructed tracts being constrained by the
underlying anatomy of the individual.
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Figure 4. Probabilistic maps of white matter regions of interest. Probabilistic maps
depicting the tracts used in the white matter region of interest analyses. The top panel (A)
depicts the uncinate fasciculus, the middle panel (B) depicts the cingulum cingulate gyrus,
and the bottom panel (C) depicts the cingulum angular bundle. The standard MNI152_1mm
image is used as a background reference.
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Statistics
All statistical analyses were conducted in JASP (JASP Team, 2016), and subsequent
plots were made using R (R Core Team, 2019). We used Bayesian statistics for all our
analyses to allow quantifying support for the hypotheses we tested–this approach allows a
fine-grained representation of the evidence, especially appealing in the cumulative
assessment of mixed findings (for a discussion of the advantages of Bayesian analyses over
frequentist analyses, see Kruschke, (2013), or Wagenmakers, (2007)). To analyse the
behavioural data we used two separate Bayesian independent-samples t-tests, one for each
accuracy measure. To analyse both structural and diffusion data, we used separate Bayesian
ANCOVAs, one for each structure (hippocampus, parahippocampal region, thalamus,
entorhinal cortex, dorsolateral prefrontal cortex, uncinate fasciculus, cingulum cingulate
gyrus, and cingulum angular bundle) for each measure of interest (grey matter volume, FA,
MD, AD, RD). In the following results section, we report Bayesian model comparisons to
quantify evidence for our hypotheses. The resulting Bayes factors are described using the
categories proposed by Wagenmakers et al. (2018). Because we understand that some readers
may wish to compare these results with the equivalent frequentist analyses, we are providing
all of these in the Supplemental Material. In all instances these analyses are broadly
consistent with the results presented below.
Results
Behavioural Analyses
We ran two separate Bayesian independent-samples t-tests to quantify the evidence
for Val66Met group differences in recognition memory. Specifically, we were interested in
evaluating the support for the null hypothesis that there is no difference between the two
genotypes for our accuracy measures, and also the hypothesis that Val/Val participants scored
higher on accuracy measures than Met carriers. For each analysis, the t-test was run with the
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default Cauchy scale (r = 0.707; (R. Morey & Rouder, 2018), a sensible method for
estimating the prior distribution when prior values are unknown. For the familiarity measure,
we found anecdotal support for a difference in favour of Val/Val participants, whose
accuracy scores were higher than Met carriers (BF10 = 2.4, ε = 6.0x10-4%, M = 0.82, SD =
0.06 and M = 0.79, SD = 0.09, respectively). For the recollection measure, we found
anecdotal evidence for the null hypothesis of no group difference between the two genotype
groups (BF01 = 1.9, ε = 3.0x10-3%, M = 0.76, SD = 0.06 and M = 0.74, SD = 0.07,
respectively). Distributions for the scores of each group for each measure are shown in Figure
5. Posterior and prior distributions, as well as sequential analyses and robustness checks for
these tests, are available in the Supplementary Material (Figures SM1.1 and SM1.2).
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Figure 5. Distributions of behavioural scores. Distributions for the two behavioural
measures, familiarity and recollection, split by genotype. Val/Val individuals are shown in
red, while Met allele carriers are depicted in blue.

Whole-Brain Analyses
Voxel-based morphometry analysis. A whole-brain grey matter analysis was run to
determine if there were any global differences within grey matter regions between
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participants with the Val/Val genotype and those with at least one copy of the Met allele.
Once images were corrected for participants’ ages, and for multiple comparisons, no
significant clusters of volumetric differences were found. Clusters that did not survive
adjustment for multiple comparisons are presented in the Supplementary Material (Figure
SM1.3).
Tract-based spatial statistics. Whole-brain white matter analyses were run to
determine if there were any global differences in the microstructure of white matter pathways
between participants with the Val/Val genotype and those with the Met+ genotype. Once
images were corrected for participants’ ages, and for multiple comparisons, no significant
regions of increased FA were found (Supplementary Material, Figure SM1.4). To more
accurately characterise the properties of the white matter pathways of these groups, MD, RD,
and AD maps were also tested for group differences on a global scale. As with the FA
analysis, no significantly different voxels were found. Voxels that represented differences
that do not survive adjustment for multiple comparisons are presented in the Supplementary
Material (Figure SM1.5).
Region of Interest Analyses
Grey matter volumetric analyses. Structures that are known to be important
correlates of recognition memory processing (hippocampus, entorhinal cortex,
parahippocampal cortex, thalamus, and dorsolateral prefrontal cortex) were compared for
volumetric differences between the two genotype groups (see Figure 6). Here we report the
results of five Bayesian ANCOVAs by structure. For each ANCOVA, grey matter volume
was used as the dependent variable, genotype (Val/Val, Met+) as the fixed factor, with age
and estimated total intracranial volume included as covariates. We used the default prior
scales of 0.5 for fixed effects, 1 for random effects, and 0.354 for covariates(R. Morey &
Rouder, 2018). For all regions of interest, we found anecdotal-moderate evidence in favour of
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the null hypotheses [hippocampus: BFM = 3.43, p(M|Data) = 0.77; parahippocampal region:
BFM = 2.94, p(M|Data) = 0.75; thalamus: BFM = 3.60, p(M|Data) = 0.50; entorhinal cortex:
BFM = 1.83, p(M|Data) = 0.65; DLPFC: BFM = 3.00, p(M|Data) = 0.75]. Equivalent analyses
controlling for Sex and Ethnicity can be found in the Supplementary Material (Table SM1).
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Figure 6. Grey matter volume estimates. Distributions of the grey matter volumes for each
genotype (Val/Val vs Met+), across each structure (thalamus, parahippocampal region,
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hippocampus, entorhinal cortex, and dorsolateral prefrontal cortex). These values split by
hemisphere can be viewed in the Supplementary Material (Figure SM1.6).

White matter tractography analyses. White matter paths that are known to be
necessary for recognition processing were reconstructed for ROI analyses to determine if the
Val66Met SNP influences white matter tract diffusivity properties. These tracts included the
uncinate fasciculus, cingulum angular bundle and cingulum cingulate gyrus. For each tract,
the average of the tract across both hemispheres was taken for each of the four diffusion
parameters. An FA threshold of 0.6 was used in order to ensure we only analysed voxels that
had a high probability of being white matter. Here we report the results of twelve Bayesian
ANCOVAs by tract. For each ANCOVA, the diffusivity measure (FA, AD, MD, RD) was
used as the dependent variable, genotype (Val/Val, Met+) as the fixed factor, with age and
estimated total intracranial volume included as covariates. We used the default prior scales of
0.5 for fixed effects, 1 for random effects, and 0.354 for covariates(R. Morey & Rouder,
2018). For all diffusion measures across the uncinate fasciculus, we found anecdotalmoderate evidence in favour of the null hypotheses [FA: BFM = 3.03, p(M|Data) = 0.75; MD:
BFM = 3.72, p(M|Data) = 0.79; AD: BFM = 3.20, p(M|Data) = 0.76; RD: BFM = 3.44,
p(M|Data) = 0.78; see Figure 7]. Similarly, we found support for the null hypothesis across
the cingulum cingulate gyrus [FA: BFM = 3.46, p(M|Data) = 0.78; MD: BFM = 2.84,
p(M|Data) = 0.74; AD: BFM = 1.71, p(M|Data) = 0.63; RD: BFM = 3.82, p(M|Data) = 0.79;
see Figure 8], and cingulum angular bundle [FA: BFM = 3.31, p(M|Data) = 0.77; MD: BFM =
3.78, p(M|Data) = 0.79; AD: BFM = 3.62, p(M|Data) = 0.78; RD: BFM = 3.61, p(M|Data) =
0.78; see Figure 9]. Equivalent analyses controlling for Sex and Ethnicity can be found in the
Supplementary Material (Table SM1.1).
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Figure 7. Uncinate fasciculus diffusion estimates. Distributions of the four diffusivity
parameters (RD = radial diffusion, AD = axial diffusion, MD = mean diffusion, and FA =
fractional anisotropy) measured across the uncinate fasciculus, by genotype. In red are
Val/Val participants, and in blue are Met allele carriers. These values split by hemisphere are
displayed in the Supplementary Material (Figure SM1.7).
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Figure 8. Cingulum cingulate gyrus diffusion estimates. Distributions of the four
diffusivity parameters (RD = radial diffusion, AD = axial diffusion, MD = mean diffusion,
and FA = fractional anisotropy) measured across the cingulum cingulate gyrus, by genotype.
In red are Val/Val participants, and in blue are Met allele carriers. These values split by
hemisphere are displayed in the Supplementary Material (Figure SM1.8).
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Figure 9. Cingulum angular bundle diffusion estimates. Distributions of the four
diffusivity parameters (RD = radial diffusion, AD = axial diffusion, MD = mean diffusion,
and FA = fractional anisotropy) measured across the cingulum angular bundle, by genotype.
In red are Val/Val participants, and in blue are Met allele carriers. These values split by
hemisphere are displayed in the Supplementary Material (Figure SM1.9).
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Behavioural-Structural Correlations
We ran a Bayesian correlation analysis to relate all behavioural scores with average
grey matter volume, and diffusivity, for each structure using the default stretched beta prior
width of 1 (R. Morey & Rouder, 2018); see Figure 10 for a summary).
Correlations with grey matter. We found anecdotal evidence of a negative
relationship between accuracy on the familiarity task and volume of the DLPFC (r = -0.31,
BF10 = 2.6, 95%CI = -0.54;-0.05), and moderate evidence of no relationship between
recollection accuracy and DLPFC volume (r = -0.12, BF01 = 4.2, 95%CI = -0.35;0.14). All
other correlations provided anecdotal-moderate evidence for the null hypothesis of no
relationship between accuracy and grey matter volume in the hippocampus (familiarity: r = 0.11, BF01 = 4.3, 95%CI = -0.35;0.15; recollection: r = 0.15, BF01 = 3.3, 95%CI = -0.11;0.38),
parahippocampal region (familiarity: r = -0.16, BF01 = 3.1, 95%CI = -0.39;0.10; recollection:
r = -0.002, BF01 = 6.2, 95%CI = -0.25;0.25), entorhinal cortex (familiarity: r = -0.08, BF01 =
5.2, 95%CI = -0.38;0.18; recollection: r = -0.05, BF01 = 5.8, 95%CI = -0.29;0.21), and
thalamus (familiarity: r = -0.17, BF01 = 2.8, 95%CI = -0.40;0.09; recollection: r = 0.07, BF01
= 5.3, 95%CI = -0.18;0.32).
Correlations with white matter. Mean accuracy for both the familiarity and
recollection measures were correlated with average scores for each of the diffusion
parameters (FA, MD, AD, RD) for each tract (uncinate fasciculus, cingulum cingulate gyrus,
cingulum angular bundle). We found weak support for a positive relationship between
accuracy on the familiarity task and AD within the uncinate fasciculus (r = 0.29, BF10 = 1.7,
95%CI = 0.03;0.50). Correlations between the two accuracy scores and all other measures
within the uncinate fasciculus show anecdotal-moderate support for the null hypothesis
(familiarity: FA: r = 0.18, BF01 = 2.4, 95%CI = -0.07;0.41; RD: r = -0.05, BF01 = 5.7, 95%CI
= -0.30;0.20; MD: r = 0.08, BF01 = 5.2, 95%CI = -0.18;0.32; recollection: FA: r = 0.13, BF01
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= 3.7, 95%CI = -0.12;0.37; AD: r = 0.02, BF01 = 6.1, 95%CI = -0.23;0.27; RD: r = -0.12,
BF01 = 4.3, 95%CI = -0.35;0.14; MD: r = -0.09, BF01 = 5.0, 95%CI = -0.33;0.17). When
correlating the diffusion parameter values of the cingulum angular bundle to accuracy on the
two recognition tasks we found moderate support for a positive relationship between AD and
recollection accuracy (AD: r = 0.33, BF10 = 4.2, 95%CI = 0.08;0.53), and strong support for a
positive correlation between FA and recollection accuracy (FA: r = 0.43, BF10 = 42.8, 95%CI
= 0.19;0.61). All other correlations with measures of diffusion within this tract showed weakmoderate support for the null hypothesis of no relationship between recognition scores and
diffusivity (familiarity: FA: r = -0.07, BF01 = 5.4, 95%CI = -0.31;0.19; AD: r = 0.20, BF01 =
2.1, 95%CI = -0.06;0.42; RD: r = 0.20, BF01 = 2.0, 95%CI = -0.06;0.42; MD: r = 0.25, BF01 =
1.0, 95%CI = -0.01;0.47; recollection: RD: r = -0.23, BF01 = 1.3, 95%CI = -0.45;0.02; MD: r
= -0.04, BF01 = 5.9, 95%CI = -0.28;0.22). Finally, all correlations between between diffusion
within the cingulum cingulate gyrus and familiarity or recollection accuracy showed weakmoderate support for the null hypothesis of no relationship (familiarity: FA: r = 0.12, BF01 =
4.2, 95%CI = -0.14;0.36; AD: r = 0.16, BF01 = 3.0, 95%CI = -0.10;0.39; RD: r = -0.09, BF01
= 4.9, 95%CI = -0.33;0.17; MD: r = 0.02, BF01 = 6.1, 95%CI = -0.24;0.27; recollection: FA: r
= 0.23, BF01 = 1.3, 95%CI = -0.03;0.45; AD: r = 0.10, BF01 = 4.7, 95%CI = -0.16;0.34; RD: r
= -0.22, BF01 = 1.5, 95%CI = -0.44;0.04; MD: r = -0.15, BF01 = 3.2, 95%CI = -0.38;0.11).
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Figure 10. Grey- and white-matter correlation summary. All grey- and white-matter
values were correlated with accuracy scores for the familiarity and recollection subtasks. A
heat map (panel A) displays the strength of the correlation for all possible combinations. In
panels B-E, scatter plots depict all instances where the resulting Bayes Factors show
anecdotal-to-strong evidence in favour of the alternative hypothesis. All other correlations
showed anecdotal or moderate support for the null hypothesis.
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Discussion
This study aimed to replicate three major findings in the BDNF and memory
literature. Firstly, that carriers of the Met allele have decreased performance on recognition
memory tasks, secondly, that they show reduced grey matter volume in structures that are
thought to underpin memory, and finally, that they have reduced white matter integrity. We
aimed to further complement these previous findings by considering the familiarity and
recollection aspects of recognition memory separately. Our reasoning for this was based on
evidence that recollection is dependent upon the hippocampus, a region known to have the
highest level of activity-dependent BDNF secretion (Chen et al., 2004; Egan et al., 2003),
while familiarity is more dependent on extra-hippocampal structures such as perirhinal cortex
(Aggleton & Brown, 1999). Given that the Met allele is known to reduce secretion, impair
folding, and slow the trafficking of the BDNF protein, it was thought that the hippocampus
and the processes it subserves would be most impacted by the cellular changes this SNP
confers. It was therefore of interest to explore whether Val66Met genotype might have a
greater influence on recollection- compared to familiarity-based recognition responses. We
used a source recognition memory task to measure familiarity and recollection accuracy for
each individual. Whole-brain grey matter volumes and white matter diffusion parameters
were calculated for global comparisons. Grey matter volumes were also calculated for the
left- and right-thalamus, hippocampus, parahippocampal region, and entorhinal and
dorsolateral prefrontal cortices. These are all structures highlighted in neuroanatomical
accounts of recognition memory (Aggleton & Brown, 1999). To examine how this genotype
influences white matter integrity in specific paths underlying recognition memory, we
measured diffusivity parameters across pathways that connect regions that are critical for
memory processing. Specifically, we reconstructed the uncinate fasciculus, a tract connecting

63

NO ASSOCIATION BETWEEN VAL66MET GENOTYPE AND BRAIN STRUCTURE
the medial temporal lobe to the prefrontal cortex, and cingulum angular bundle and cingulate
gyrus, two tracts that are responsible for linking the prefrontal cortex to the hippocampus via
the anterior thalamus (estimates for these structures, split by hemisphere, are displayed in
Figures SM1.6:8 within the Supplementary Material).
Behaviourally, we replicated the finding that Met allele carriers have lower accuracy
on recognition tasks. Interestingly, we found this to be true for our familiarity measure, but
not our measure of recollection. Initially, we had hypothesised that when recognition was
broken into its two subcomponents, Met allele carriers would show the greatest deficits on
recollection memory judgments. As noted above this hypothesis was based on evidence that
the Met allele is associated with lower levels of the BDNF protein during activity in the
hippocampus (Chen et al., 2004), a region specifically linked to recollection. Furthermore,
given that recollection reflects deeper, more complex, processing, we hypothesised that this
measure would be more sensitive to detect small differences in accuracy between groups.
However, our results suggest that the Val66Met genotype has a stronger association with the
familiarity subtask, which required the identification of a previously seen object. This
indicates that once an item is recognised as either old or new, both genotype groups are
equally able to recall associated memory details, and suggests that Met allele carriers have
more difficulty recalling weak memory traces. This is consistent with previous research using
the source memory task, which has described weaker memory traces as those items that are
recognised as old without any associated source memory (Addante et al., 2012). Given that
we used the item identification and source recognition judgments as respective proxies for
familiarity and recollection, our results are consistent with this prediction.
Previous research suggested that volumetric differences related to Val66Met genotype
could be detected in grey matter structures (Bueller et al., 2006; Montag et al., 2009; Nemoto
et al., 2006; Pezawas et al., 2004; Schofield et al., 2009; Yang et al., 2012). In the present
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study, we used a VBM approach to assess global grey matter characteristics for each group;
however, we did not find any regions of significant volumetric differences between Val/Vals
and Met carriers. In order to look at familiarity and recollection subcomponents, we also took
a region of interest approach, which allowed us to assess grey matter volume in memoryrelated structures. Five structures—the thalamus, hippocampus, parahippocampal region,
entorhinal cortex and dorsolateral prefrontal cortex—were chosen based on Aggleton and
Brown’s (1999) neuroanatomical account of the dual process model of recognition. In all
analyses, we did not find evidence to support the previous reports that Met allele carriers
have reduced grey matter volume compared to Val/Val individuals. Of particular interest is
our failure to replicate the previous finding that Val66Met genotype impacts hippocampal
volume (Bueller et al., 2006; Pezawas et al., 2004; Schofield et al., 2009). Although
hippocampal volume differences are often cited in the BDNF literature as one of the most
established effects of the Val66Met SNP, our findings are nonetheless in line with several
studies that have failed to replicate this result (Harrisberger et al., 2014; Karnik et al., 2010;
Richter-Schmidinger et al., 2011). Furthermore, several clinical studies have also failed to
replicate this result within their control participants (S. Benjamin et al., 2010; Dutt et al.,
2009; O. Gruber et al., 2012; Jessen et al., 2009; Koolschijn et al., 2010). These results may
suggest that the link between hippocampal volume and the Val66Met SNP is not as reliable
as previously thought.
Val66Met genotype has also previously been shown to influence the integrity of white
matter tracts (Carlson et al., 2014; Chiang et al., 2011; Forde et al., 2014; Meng et al., 2017;
Tost et al., 2013). In order to further corroborate this finding, we first used a TBSS approach
to assess global white matter diffusivity for each group. We looked at each of the four main
diffusion parameters; FA, MD, RD, and AD. Using this whole-brain approach, we did not
find any regions of significantly different diffusion patterns between our two groups. We also
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used probabilistic tractography to reconstruct the uncinate fasciculus, cingulum angular
bundle, and cingulate gyrus for each participant, given the reports linking these tracts with
recognition processing. The uncinate fasciculus is a white matter tract that connects the
prefrontal cortex to the perirhinal cortex; areas that are associated with familiarity and item
recognition processing (Aggleton & Brown, 1999). Both the cingulum cingulate gyrus and
cingulum angular bundle are white matter tracts that are known to connect the prefrontal
cortex to the hippocampus via the anterior thalamus; regions that are specifically linked to
recollection. As with our grey matter regions of interest, our choice of tracts is based upon the
neuroanatomical account of recognition proposed by Aggleton & Brown (1999). In line with
the whole-brain approach, we characterised water movement within these tracts using four
parameters; FA, MD, AD and RD. We found no differences in the diffusion parameters of
our two groups across these tracts. This contradicts previous work that has reported an
increase in FA for Met allele carriers across the uncinate fasciculus (Carlson et al., 2014).
However, our results do support other reports showing the absence of differences between
these two gene groups (Montag et al., 2010). Using a Bayesian approach, we were able to
circumvent many of the typical limitations associated with the assessment of null findings, to
instead quantify the evidence for the absence of group differences. In all instances, we found
varying degrees of evidence for the null model that there is no Val66Met genotype impact on
grey matter volume or white matter diffusivity. Together with the outcome of our whole brain
analyses, we take these regions of interest results as evidence that within our sample,
Val66Met genotype does not appear to influence the volume or connectivity of brain
structures.
One interesting implication of our results is that they provide support for reduced
recognition memory in Met allele carriers in the absence of any detectable structural
differences. This implies that the mechanism driving the behavioural difference noted in
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these individuals is not dependent on large-scale grey matter volumetric differences or
reduced white matter integrity. This directly contradicts previous studies that have suggested
that the role of the BDNF protein in the development and maintenance of global brain
structures could be a potential mechanism underpinning the behavioural differences observed
in carriers of the Met allele. Furthermore, previous researchers have postulated that the
impact of this SNP should be greatest at the neurophysiological level given this is less
removed from the biological impact of gene transcription, compared to processes of a higher
level such as cognition (Hariri, Drabant, & Weinberger, 2006). This idea has previously been
used as support for research proposing that structural deficits would underpin the behavioural
differences observed in these groups (Kambeitz et al., 2012). However, in line with this, and
given that the Met allele has been shown to impair the functionality of the BDNF protein as
well as it’s concentration within memory-related structures, we propose it is possible that the
behavioural effects that are being measured are the result of a short-term, functional, impact
of this allele. One such mechanism that might underpin our behavioural difference could be
related to the relatively low level of BDNF protein available in Met allele carriers.
Importantly, this is not something that can be directly explored with the current data.
There are several limitations that should be acknowledged. First, the task we used
aimed to separate familiarity and recollection response types by taking accuracy from the
item recognition judgment as a measure of familiarity, and accuracy from the associated
judgment as a measure of recollection. However, it is unlikely that familiarity and
recollection are completely distinct in this task as they are performed in a serial manner. That
is, for each object, participants are first asked whether they recognise an object, before being
asked to identify the associated judgment that was made during encoding. A further issue
with this task is that it may be better at detecting recollection dependent responses than
familiarity responses. The encoding phase of this task requires participants to mentally
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manipulate the items in a way that could bias them to recall associated information about the
item at the first instance of recognition. That is, participants may be unable to prevent recall
of the associated encoding context when the item is presented for the first recognition task.
We attempted to mitigate the impact of these two limitations by using a measure of
familiarity that is thought to be free of the influence of strong recollection (Addante et al.,
2012). Our familiarity score was derived from trials that included correct item identification
in the absence of a correct source recognition judgment. These trials are thought to index
familiarity without deeper recollective processing. Further, our recollection measure was
derived from trials where both item recognition and source recognition judgments were
correctly reported. While this means that our recollection score cannot speak to recollection
in the absence of familiarity, as some previous research has (Addante et al., 2012), it is
commonly accepted that familiarity is present in recollection responses.
A second limitation is that we grouped our participants into Val/Vals and carriers of
the Met allele. While it would be of great interest to split participants into the three possible
genotypes and explore the potential dose-like effect of the Met allele, it was not possible with
our current sample size. However, in support of our research design, many previous studies
have also split their data in this way (Bueller et al., 2006; Frodl et al., 2007; Szeszko et al.,
2005). Furthermore, studies that did investigate the possible dose effect of the Met allele have
provided inconsistent results (Beste, Baune, Domschke, Falkenstein, & Konrad, 2010; Chen
et al., 2006; Egan et al., 2003; Forde et al., 2014). Given the relatively low frequency of
Met/Met individuals (~1-4% of the population; (Mukherjee et al., 2011)), this inconsistency
across studies could be due to extremely heterogeneous samples. Despite this, of particular
relevance are the findings of Forde et al.(2014), that reported no dose effect for the Val66Met
SNP. Forde et al.(2014) observed that Val/Met individuals have the most distinct grey- and
white-matter structures compared to either Val/Val or Met/Met individuals. Contrary to
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previous studies that investigated the dose effect of the Met allele, Forde et al. (2014) was the
first study to recruit balanced genetic groups. Importantly, this allowed for the first unbiased
analysis of whether an allele dose effect exists for the Val66Met SNP. While the results of
the Forde et al. study suggest there is no dose effect for the Met allele, it does also raise
questions about the relationship between having one and two copies of the Met allele that
needs further addressing, and is beyond the scope of the current experimental design.
Finally, it is important to acknowledge our relatively low sample size. Given previous
meta-analyses on this topic have shown consistently small effect sizes (Hajek et al., 2012;
Harrisberger et al., 2014; Kambeitz et al., 2012; Molendijk et al., 2012), it is clear that the
current study design would have benefitted from a larger sample size. Despite this, a major
strength of using Bayesian analyses is that sample size is factored into the calculation of
Bayes factors–with low sample size, Bayes factors tend to favour neither the null nor the
alternative hypothesis. Our reported Bayes factors provided anecdotal-moderate support for
the null hypotheses, and therefore instil some confidence that our study design is sensitive
enough to be interpreted in a meaningful way. Furthermore, we argue that by providing
Bayes factors we enable cumulative assessments of evidence that can take into account
positive and null findings. Given this, we urge our results should not be considered in
isolation, but instead as part of the wider body of literature on this topic.
There is some controversy in the BDNF literature as to what influence the Val66Met
SNP has on the grey- and white-matter structures within the brain. In an attempt to help
resolve this, our study aimed to replicate three major findings, that those carrying at least one
copy of the Val66Met minor allele have lower accuracy on recognition memory tasks,
reduced grey matter volume, and reduced white matter integrity. We set out to further these
results by also breaking down the recognition measures into familiarity and recollection
specific measures, as well as measuring grey- and white-matter measures for structures
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critical to these behaviours separately. Our results replicated the behavioural findings of
previous researchers, with Met allele carriers having lower accuracy, specifically in the
familiarity subset of the task. However, contrary to many previous findings, we did not
observe any regions of structural differences for this group, suggesting that the impact of the
Val66Met SNP on memory might be best characterised as an acute influence, possibly linked
to the differential availability of BDNF impacting synaptic plasticity during memory
formation. It would be of interest for future extensions of this research to include additional
measures such as from fMRI or EEG, in order to directly explore the functional impact of the
Val66Met SNP during recognition. Furthermore, while our structures were selected based on
a neuroanatomical account of recognition (Aggleton & Brown, 1999), it is possible an fMRI
study could identify other structures that are important for recognition memory processing,
and therefore would be of interest to investigate too.
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Supplementary Material (SM1)

Figure SM1.1. Supporting plots for the familiarity t-test. Panel A: Prior and posterior
distributions for the t-test conducted on the familiarity scores. Panel B: Robustness checks
showing how the resulting Bayes factor changes across a wide range of priors. Panel C: A
sequential analysis depicting the evidence for each of the null and alternative hypotheses, as
sample size increases. Accompanying Bayes factors and the credible interval are also
displayed.

Figure SM1.2. Supporting plots for the recollection t-test. Panel A: Prior and posterior
distributions for the t-test conducted on the recollection scores. Panel B: Robustness checks
showing how the resulting Bayes factor changes across a wide range of priors. Panel C: A
sequential analysis depicting the evidence for each of the null and alternative hypotheses, as
sample size increases. Accompanying Bayes factors and the credible interval are also
displayed.
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Figure SM1.3. VBM results prior to multiple comparison correction. Depicted are the
results of the VBM analysis prior to multiple comparison corrections. The cluster in red
indicates greater volume for Val/Val participants compared to Met carriers; clusters in blue
represent areas where Met carriers have greater volume compared to Val/Val participants.
The standard MNI152_1mm image is used as the background template.

Figure SM1.4. Results of the TBSS analysis. TBSS results show no voxels of greater FA,
MD, RD, or AD in either genotype group compared to the other. Displayed in green is the
mean white matter skeleton for the analysed sample. The standard MNI152_1mm image is
used as the background template.
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Figure SM1.5. TBSS results prior to correction for multiple comparisons. TBSS results
prior to the corrections for multiple comparisons. Panel A: Fractional Anisotropy, Panel B:
Axial Diffusion, Panel C: Radial Diffusion, Panel D: Mean Diffusivity. Voxels in red are
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areas where Val/Val participants have greater values for the diffusivity parameter compared
to Met+ carriers, while voxels in blue represent areas where Met+ carriers have greater values
for the diffusivity parameter than Val/Val participants. Voxels showing no group differences
are shown in green.
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Figure SM1.6. Grey matter volumes split by hemisphere. Distributions of the grey matter
volumes for each genotype (Val/Val vs Met+), across each structure (thalamus,
parahippocampal region, hippocampus, entorhinal cortex, and dorsolateral prefrontal cortex),
by hemisphere (left, right).
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Figure SM1.7. Uncinate fasciculus diffusion values split by hemisphere. Distributions of
the four diffusivity parameters (RD = radial diffusion, AD = axial diffusion, MD = mean
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diffusion, and FA = fractional anisotropy) measured across the uncinate fasciculus, by
genotype, and hemisphere. In red are Val/Val participants, and in blue are Met allele carriers.
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Figure SM1.8. Cingulate gyrus diffusion values split by hemisphere. Distributions of the
four diffusivity parameters (RD = radial diffusion, AD = axial diffusion, MD = mean
diffusion, and FA = fractional anisotropy) measured across the cingulum cingulate gyrus, by
genotype, and hemisphere. In red are Val/Val participants, and in blue are Met allele carriers.
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Figure SM1.9. Cingulum angular bundle diffusion values split by hemisphere.
Distributions of the four diffusivity parameters (RD = radial diffusion, AD = axial diffusion,
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MD = mean diffusion, and FA = fractional anisotropy) measured across the cingulum angular
bundle, by genotype, and hemisphere. In red are Val/Val participants, and in blue are Met
allele carriers.

Frequentist Alternative Analyses
Presented here are the frequentist equivalent analyses to the Bayesian analyses within
the main body of text. In order to make these analyses as comparable as possible, we did not
correct for multiple comparisons here.
Behavioural analyses. Two separate independent-samples t-tests were used to
compare the accuracy scores on our two tasks. For each test, we restricted the direction of
testing, based on previous evidence that Val/Vals score higher on recognition tasks compared
to Met allele carriers. On our measure of familiarity accuracy Val/Vals scored significantly
higher than Met allele carriers (t(57) = 1.95, p = 0.03, d = 0.51, 95%CI = 0.07; ∞). However,
for our recollection measure, there was no significant difference between the two groups
(t(57) = 0.79, p = 0.22, d = 0.21, 95%CI = -0.22; ∞).
Grey matter region of interest analyses. A repeated measures ANOVA with mean
grey matter volume values as a dependent variable, genotype (Val/Val, Met+) as the between
subjects factor, structure (thalamus, parahippocampus, hippocampus, DLPFC, entorhinal
cortex) as the within subjects factor, and eTIV and Age as covariates revealed no significant
results. More specifically, there was no main effect of Val66Met genotype (F(1, 57) = 0.01, p
= 0.93, n2p < 0.01). However, each of the covariates did significantly influence grey matter
volume [eTIV: F(1, 57) = 167.25, p < 0.01, n2p = 0.75; Age: F(1, 57) = 6.31, p = 0.02, n2p =
0.10].
White matter region of interest analyses. Four separate repeated measures ANOVAs were
conducted to look at how Val66Met genotype influences tract integrity, one for each
diffusion parameter (FA, MD, RD, AD). A repeated measures ANOVA with mean FA values
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as a dependent variable, genotype (Val/Val, Met) as the between subjects factor, tract
(uncinate fasciculus, cingulate gyrus, cingulum angular bundle) as the within subjects factor,
and Age and estimated intracranial volume as covariates revealed no significant results of
interest. More specifically, there was no main effect of the Val66Met genotype (F(1, 57) =
0.58, p = 0.45, n2p < 0.01) on FA values. However, each of the covariates did significantly
influence grey matter volume [eTIV: F(1, 57) = 4.81, p = 0.03, n2p = 0.08; Age: F(1, 57) =
1.56, p = 0.22, n2p = 0.03]. Similar results are also observed for MD [Val66Met: F(1, 57) =
0.09, p = 0.76, n2p < 0.01; eTIV: F(1, 57) = 8.53, p < 0.01, n2p = 0.13; Age: F(1, 57) = 15.60,
p < 0.01, n2p = 0.24], AD [Val66Met: F(1, 57) = 1.25, p = 0.27, n2p = 0.02; eTIV: F(1, 57) =
0.96, p = 0.33, n2p = 0.02; Age: F(1, 57) = 9.74, p < 0.01, n2p = 0.15], and RD [Val66Met:
F(1, 57) = 0.09, p < 0.76, n2p < 0.01; eTIV: F(1, 57) = 7.78, p < 0.01, n2p = 0.12; Age: F(1,
57) = 8.98, p < 0.01, n2p = 0.14].
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Bayesian Alternative Analyses
Table SM1.1. Bayes factors (BF01) for the additional ANCOVAs run to include Sex and
Ethnicity as covariates.
Measure

ROI Tested

Sex

Ethnicity

GM Volume

Hippocampus

3.67

2.61

GM Volume

Parahippocampus

3.40

3.20

GM Volume

Entorhinal Cortex

2.44

1.96

GM Volume

Thalamus

3.58

3.52

GM Volume

DLPFC

2.63

3.13

FA

Uncinate Fasciculus

2.46

3.49

FA

Cingulate Gyrus

3.20

3.48

FA

Cingulum Angular Bundle

2.95

3.46

MD

Uncinate Fasciculus

3.56

3.70

MD

Cingulate Gyrus

3.02

2.17

MD

Cingulum Angular Bundle

3.66

3.55

AD

Uncinate Fasciculus

3.07

3.55

AD

Cingulate Gyrus

1.76

3.71

AD

Cingulum Angular Bundle

3.22

3.66

RD

Uncinate Fasciculus

3.09

3.61

RD

Cingulate Gyrus

3.61

3.77
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RD

Cingulum Angular Bundle

3.59

3.59
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Chapter Four: Investigating the Electrophysiological Impact of the Val66Met SNP
This chapter aims to explore the influence of the BDNF Val66Met SNP on functional
processing measured by electroencephalography. Specifically, we were interested in looking
at a functional measure that could detect differences between our groups at high temporal
resolution. That is, we were interested in looking at whether this SNP influences processing
at a level that is immediate and detectable. By combining the results from this chapter and the
MRI results of the previous chapter, we are able to get a broader picture of how this SNP
might be impacting recognition by creating a functional difference in carriers of the Met
allele that does not seem to be underpinned by any structural changes within this group.
Importantly, EEG is a measure of the electrical signal of the brain, measured at the
level of the scalp. Two main characteristics are necessary in order for the signal to be
recorded at this level. The first, the cells must have an open field arrangement, ensuring their
electric potential does not cancel out, and second, there must also be a large number of almost
simultaneous firing. Because of these two features, the EEG signal is known to be
predominantly made up of the postsynaptic potentials of large numbers of pyramidal cells.
The signal detected during an EEG task is extremely small, and via a series of offline
processing steps, we are able to amplify this signal and average it across many dimensions to
produce event related potentials. Here, in this chapter, we evaluate ERPs for a recognition
memory task to examine whether the Val66Met SNP impacts functional correlates of
recognition memory.
The manuscript included in this chapter has been submitted to the preprint service,
biorxiv. Additionally, this manuscript has been prepared for submission to the journal:
Neuroimage
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Abstract
The Val66Met single nucleotide polymorphism (SNP) has previously been reported to impact
performance on recognition memory tasks. Whether the two subprocesses of recognition—
familiarity and recollection are differentially impacted by the Val66Met SNP remains
unknown. Using event-related potentials (ERPs) recorded during a source memory task, we
attempted to dissociate these two subprocesses. Behaviourally, we used participants’ scores
on the item recognition subtask as a measure of familiarity, and participants’ scores on the
source recognition subtask as a measure of recollection. Our findings suggest that Val/Val
individuals outperform Met allele carries on the item- but not the source-recognition task.
Electrophysiologically, we were interested in the N400, an early frontal component
previously linked to familiarity, and the late positive component (LPC), a posterior
component linked to recollection. Our results provide evidence for Val/Val individuals
having larger positive ERP amplitudes for the LPC component compared to Met allele
carriers, and evidence for no difference in the ERP amplitudes of these groups for the N400.
Based on the lack of dissociation between familiarity and recollection specific ERPs at the
LPC time window, we argue that our behavioural and ERP results might reflect better item
recognition for Val/Val individuals compared to Met allele carriers. We further suggest that
both these results reflect differences that may best be described as related to familiarity,
rather than recollection.

Keywords: BDNF; Recognition Memory; Familiarity; Recollection; Val66Met; rs6265
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Introduction
Dual-process accounts of recognition memory propose that recognition of prior
experience can be based on two types of information processing; familiarity and recollection
(see Yonelinas et al., 2007, for a review). Familiarity is an automatic process that gives rise to
a sense of whether or not an object has been previously experienced, independent of any
contextual information. In contrast, recollection is a slower, more effortful process that
involves additional episodic information to be recalled. These two subprocesses of
recognition have been behaviourally and structurally dissociated in previous research
(Aggleton & Brown, 1999; Aggleton et al., 2011; Brown & Xiang, 1998; Eichenbaum et al.,
2007; Henson et al., 1999; Hintzman et al., 1998; Mitchell & Johnson, 2009; Wixted, 2007;
Yonelinas, 1994; Yonelinas et al., 1999, 2005). A consistent behavioural distinction between
these two subprocesses is that familiarity-based recognition is much faster, and can reflect a
wide range of confidence levels, while recollection requires more processing time, and is
only associated with high levels of confidence (Yonelinas, 2002). Structurally, familiarity has
been demonstrated to be especially reliant on the perirhinal cortex, while recollection is
critically dependent upon the hippocampus (see Aggleton and Brown, 1999, for a review).
In addition to behavioural and structural distinctions, many studies have reported that
familiarity and recollection are also characterised by unique electrophysiological correlates
(Addante et al., 2012; Cansino & Trejo-Morales, 2008; T. Curran, 2000; Friedman &
Johnson, 2000; Hoppstädter, Baeuchl, Diener, Flor, & Meyer, 2015; Leynes, Landau, Walker,
& Addante, 2005; Rugg & Curran, 2007; Wilding & Rugg, 1996; Yu & Rugg, 2010). Eventrelated potentials (ERPs), derived from the electroencephalogram (EEG) recorded during
recognition memory tasks, are one method used to investigate functional dissociations of
these two subprocesses of recognition. This method is particularly useful as despite
familiarity and recollection having unique temporal properties, both these processes are
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thought to emerge in the order of milliseconds after stimulus onset. More specifically, at
retrieval familiarity has been linked to a frontal, negative, ERP component that occurs
approximately 400ms post-stimulus, known as the N400 (Friedman & Johnson, 2000; M. J.
Gruber & Otten, 2010; Rugg & Curran, 2007; Voss & Paller, 2007). In contrast, recollection
has been linked to a late positive component (LPC) that occurs approximately 500-800ms
post-stimulus in posterior-parietal regions, particularly over the left hemisphere (Addante et
al., 2012; T. Curran, 2000). These two ERP components have been reported across a large
number of recognition experiments using a variety of measures, such as confidence levels, to
discriminate familiarity from recollection (Addante et al., 2012; Düzel, Yonelinas, Mangun,
Heinze, & Tulving, 1997; Wilding & Rugg, 1996; Woodruff, Hayama, & Rugg, 2006; Yu &
Rugg, 2010).
One paradigm that is thought to be able to dissociate familiarity and recollection
within a single trial is the source memory task (Addante et al., 2012). This task requires
participants to not only recognise previously presented items but also to retrieve associated
episodic information about the encoding period of that item. Specifically, in this task
familiarity is important for the initial recognition of a studied item regardless of whether the
encoding period is remembered (item recognition). In contrast, recollection is required for the
recognition of episodic details from the encoding period for each item (source recognition).
By comparing performance on trials where items were correctly identified as old with correct
source recognition, to trials where items were correctly identified as old without correct
source recognition, it is thought that we can get a measure of recollection. These assumptions
have been supported by a number of ERP studies that suggest that performance on the item
recognition judgment is associated with modulations of the N400, while performance on the
source recognition judgment is associated with the LPC (Addante et al., 2012; Eichenbaum et
al., 2007; Mollison & Curran, 2012; Woodruff et al., 2006). More specifically, these studies
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have found that the N400 occurs for all correctly recognised items, while the LPC is largest
when items are correctly remembered alongside details of their encoding context.
Given the above-mentioned studies, it is interesting to consider how individual
differences in recognition memory might relate to the familiarity and recollection
subprocesses of the source memory task. One origin of performance differences could be
common genetic variations within the population (Payton, 2006). One such example, a single
nucleotide polymorphism known as the Val66Met SNP (rs6265), occurs within the gene
coding for brain-derived neurotrophic factor (BDNF) and has been previously related to
reduced accuracy on a large number of memory tasks (Dempster et al., 2005; Egan et al.,
2003; Hariri et al., 2003; Kennedy et al., 2015; Lamb, Thompson, et al., 2015). More
specifically, several recent studies have reported that carriers of this SNP show reduced
accuracy on recognition memory tasks (Komulainen et al., 2008; Spriggs et al., 2019). This
Val66Met SNP is a non-synonymous single nucleotide polymorphism (SNP) that results in a
switch from a Valine (Val) to Methionine (Met) amino acid. This new amino acid impacts the
trafficking of the resulting BDNF protein, and its activity-dependent secretion (Chen et al.,
2004). These biological changes are thought to influence memory formation by impacting
context-specific synaptic plasticity (Schofield et al., 2009; Spriggs et al., 2019), an important
mechanism underpinning learning and memory.
The influence of the Val66Met SNP on brain electrophysiology has been previously
measured using both oscillations and ERPs recorded during a variety of cognitive tasks
(Beste, Kolev, et al., 2010; Gajewski, Hengstler, Golka, Falkenstein, & Beste, 2012; Gatt et
al., 2008; Soltész et al., 2014). For example, carriers of the Met allele are reported to have
decreased oscillatory activity and synchrony during error processing (Soltész et al., 2014),
and weaker error-specific phase locking (Beste, Kolev, et al., 2010). Other studies have
reported Met allele carriers have increased latency and reduced amplitude for the P300, an
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ERP component potentially generated by the hippocampus (Getzmann, Gajewski, Hengstler,
Falkenstein, & Beste, 2013; Schofield et al., 2009; Soltész et al., 2014). Furthermore, serum
levels of BDNF have been positively correlated with power values of gamma oscillations
(Hiramoto et al., 2017). Despite the abundance of EEG-derived research showing a
relationship between BDNF and electrophysiological measures, little is known about how this
SNP influences the electrophysiology of the brain during recognition.
We sought to test whether BDNF genotype differentially impacted familiarity- and
recollection-based recognition judgments. We used a source memory paradigm to
differentiate between these two subprocesses both on the behavioural and
electrophysiological levels. We hypothesised that Val/Val individuals would perform with
increased accuracy on our overall recognition memory task, and specifically the two
subscores of item recognition and recognition of source context, compared to Met allele
carriers. In particular, we predicted that the accuracy difference between our genotype groups
would be greatest for the source recognition subtask, a recollection-based judgment, because
of the association between recollection processing and the hippocampus (Aggleton & Brown,
1999). Previously, context-dependent BDNF secretion, which is important for memory, had
been shown to be highest in this region (Chen et al., 2004). We further hypothesised that
there would be differences in the average ERP amplitudes of Val/Val and Met carrying
participants calculated across the N400 and LPC time windows. We predicted that Val/Val
individuals would have larger amplitudes, and a greater magnitude of the old/new effect,
compared to Met allele carriers. This is in line with previous research that has found
increased amplitudes on this task to be correlated with increased accuracy. Specifically, we
predicted that the differences in these ERP amplitudes might be greatest for the LPC, the ERP
component linked to recollection processing, compared to the N400, the component related to
familiarity.
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Methods
Participants
Seventy-seven healthy adults, aged 18-33 (M = 23.3, SE = 0.50), volunteered to
complete this study. Nine participants were excluded from the study due to insufficient task
performance (3) or technical issues with preprocessing their EEG data (6). Demographic
information for the remaining 69 participants included in this study can be viewed in Table 7.
All participants were recruited through the University of Auckland and reported no history of
neurological disorder. Genotyped participants were divided into two groups, those with the
Val/Val genotype, and those with at least one copy of the Met allele. A subset of sixty-one of
the participants that completed the EEG task also participated in an MRI, which has been
previously reported (McKay, Moreau, Henare, & Kirk, 2019). All participants gave informed
consent, and this study was approved by the University of Auckland Human Participants
Ethics Committee.

Table 7. General participant information for participants included in the EEG analyses.

Whole sample Val/Val

Met Carriers

N

68

37

31

Mean Age (SE)

23.4 (0.50)

24.1 (0.67)

22.4 (0.72)

.09

Females (Males)

45 (23)

22 (15)

23 (8)

.20

32 (5)

27 (4)

.94

Right (Left) Handed 59 (9)

p-values

Note: p-values are derived from testing differences between the two genotype groups using
an independent-samples t-test for age; and chi-squared analyses for sex, handedness,
ethnicity.
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Genotyping
Saliva samples were collected from all participants using Oragene-DNA Self
Collection kits and stored at room temperature until analysis could take place. Prior to
collection, participants were asked not to eat or drink for at least 30 minutes. DNA was
extracted from the sample and was resuspended in Tris-EDTA buffer and quantified using a
Nanodrop ND-1000 1-position spectrophotometer (Thermo Scientific). Amplification was
conducted on the 113bp fragment that coincides with the Val66Met SNP within the BDNF
gene. The primers used for this amplification were BDNF-F 5’-GAG GCT TGC CAT CAT
TGG CT-3’ and BDNF-R 5’-CGT GTA CAA GTC TGC GTC CT-3’. Polymerase chain
reaction (PCR) was then applied to the samples, and enzyme digestion was used to cut the
samples into the relevant sections. Val fragments of the DNA samples result in two sections
of differing lengths, one of 78bps and the other of 35bps, while Met fragments resulted in one
section of 113bps in length. DNA was then visualised under ultraviolet light and participants
were classified as either Val/Val or Met carriers (those with either Val/Met or Met/Met
genotypes). Based on the resulting DNA visualisation, our participants were classified as
either Val/Val or Met carriers resulting in 37 Val/Vals and 31 Met carriers.
Source Memory Task
We used a modified version of the source memory task outlined in Addante et al.
(2012). This task requires participants to learn items as well as make an associated judgment,
and allows for two types of recognition to be assessed (see Figure 2). Item recognition
thought to index familiarity, and source recognition thought to index recollection. During the
study phase of the experiment, participants were presented with 300 objects and were asked
to make an associated judgment for each object. On 150 of these trials, participants were
asked to decide whether the object presented to them was man-made, and on the remaining
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150 trials, participants were asked to decide whether the object presented could fit in a box
(size specified by the researcher). Objects were presented to participants in six blocks of 50
stimuli, with breaks of at least 30 seconds between each block. Prior to each stimulus
presentation, a fixation cross was presented. The encoding probe (man-made or box) then
appeared on the screen for 400 ms. Following this, participants were presented with the
object for 1500 ms, and following the trial, participants were asked to respond with a “yes”
(press 1) or “no” (press 2) to the cued judgment for that trial. After the study phase,
participants were given a 30-minute break with a distraction task (sudoku), and light
refreshments were provided. During the retrieval phase, the 300 objects presented in the
study phase were mixed with a further 100 novel objects. These 400 objects were presented
to the participants in eight blocks of 50. Before each item presentation, a fixation cross was
presented for 750 ms. The object was then presented for 1500 ms. At the end of the trial,
participants were asked to decide whether the object presented was from the previous study
phase, “old” (press 1), or was a new picture, “new” (press 2). If participants responded that
the object was old, a second response screen was presented that asked with which of the two
judgments the object was paired within the study phase, “man-made” (press 1), or “box”
(press 2). All trials were preceded by a blank screen that lasted between 750 and 1250 ms, to
minimise any expectation bias influencing responses.
All key presses were made by participants on a standard keyboard number pad, and
participants were given unlimited time to respond within each trial. All testing was conducted
in a dimly lit, electrically shielded room. Stimuli were presented on an LCD monitor with
screen dimensions of 47.7 x 26.8cm, and participants were positioned 57cm away from the
screen to control for visual angle. E-prime (v 2.0.8.74) was used to control stimulus
presentation and synchronisation with the EEG recording and participants’ responses.
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Stimuli
Picture stimuli were selected from the Bank of Standardized Stimuli (BOSS) (Brodeur
et al., 2010). This database consists of 930 photos of everyday objects that have been
normalised for name, category, familiarity, visual complexity, object agreement, viewpoint
agreement, and manipulability (Brodeur et al., 2014). All images are edited so that luminance
and colour are equal across the images. Of these 930 photo stimuli, a subset of 500 images
was randomly chosen as stimuli for this study. Two images were removed after pilot
participants’ feedback that the object was not known in a New Zealand context. Each
participant was exposed to a random selection of 400 of these images, 300 in the encoding
phase, and a further 100 were introduced in the recognition phase.

Figure 2. Source recognition memory paradigm. A schematic depiction of the paradigm
used for the experiment (adapted from Addante et al., (2012). Participants were shown 300
items in the encoding phase (green) and asked to make an associated judgment for each. After
a 30 minute delay, participants then completed the retrieval phase of the experiment (blue).
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Data Acquisition
EEG activity was recorded using an Electrical Geodesics Inc. (EGI) system (EGI Inc.,
Eugene, Oregon, USA). A high-density 128-channel Ag/AgCl HydroCel Geodesic Sensor
Net was used for the recording, and each participant’s head circumference was measured to
ensure a correct fitting net was applied. The signal was recorded at 1000Hz with an online
reference electrode located at the vertex (Cz) and a ground electrode (COM) located between
the vertex and the Pz electrodes. EEG activity was amplified with an EGI net amps 400
amplifier with 24-bit A/D conversion, an input impedance of ≥ 200 MΩ, and a 4kHz
antialiasing filter (500Hz low pass cut off). Electrode impedance levels were kept below
40kΩ, and EGI’s implementation of the driven common technique (Common Active Noise
Sensing and Limiting) was used throughout.
Data Processing
All EEG data were processed within EEGLAB (Delorme & Makeig, 2004), an
analysis toolbox that works within the Matlab environment (2016a, Mathworks Inc.). EEG
data were processed twice, once in a manner specialised for independent component analysis
(ICA), and once in a manner specialised for ERP analysis. This was necessary as optimal
preprocessing for ICA denoising requires a 1Hz high-pass filter to be applied to the data,
something that is known to distort late ERP components such as the N400 and LPC. After our
data were analysed using ICA, the resulting weights were transferred to data resulting from a
more conventional ERP preprocessing pipeline (Luck, 2014). This allowed us to use the
components from the ICA to remove eye and muscle artefacts, without having to apply
unsuitable filters to our data (see:
https://sccn.ucsd.edu/wiki/Makoto's_preprocessing_pipeline for pipeline overview). Specific
processing parameters for each stream are outlined below.
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ICA preprocessing. EEG data were first downsampled to 250Hz. A 1Hz high-pass
filter was applied to remove baseline drift (I. Winkler, Debener, Müller, & Tangermann,
2015). Channel information was imported, and channels with excessive noise were identified
and removed. In order to accomplish this, we calculated and removed any channel that had
spectral power between 0-35Hz and was more than 15 standard deviations from the mean of
our other channels. Then we calculated peak-to-peak differences for each channel in windows
of 5000 sampling points, across the entire length of recorded data. If any electrode’s peak-topeak difference was calculated as more than 10 standard deviations from the mean, more than
5 times, it was removed. For any channel that was removed, a spherical interpolation of the
surrounding channels was introduced in its place. Data was then re-referenced to the average
of all electrodes, and line noise was removed using the CleanLine plugin (Mullen, 2012).
ICA was then performed with the PCA option selected to reduce data dimensions due to
previously interpolated channels, and also so we would only examine the top 30 contributing
components.
ERP preprocessing. EEG data was kept at the original 1000Hz sampling rate. A 0.130Hz Butterworth bandpass filter was applied using the ERPLAB plugin for EEGLAB
(Lopez-Calderon & Luck, 2014). Channel location information was imported, and data were
epoched 200ms pre-stimulus to 1500ms post-stimulus. Channels identified as containing bad
data were removed and interpolated following the same criteria as stated above. The ICA
variables calculated via the ICA preprocessing steps were transferred to this data, and ICA
components associated with artefacts were identified by the ADJUST toolbox (Mognon,
Jovicich, Bruzzone, & Buiatti, 2011). All ICA components identified by this toolbox were
manually inspected, and only those that fell within the 10 largest contributing components,
were rejected, resulting in an average of 3.6 ICA components being rejected per person.
Epochs that contained amplitudes that exceed +/- 100μV were also rejected. Data were then
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re-referenced to the average of all electrodes. Data were then epoched into the following
condition types: correctly identified new items (Correct Rejections), correctly identified old
items with correctly recognised source judgment (Hit-Hit), correctly identified old items with
incorrectly recognised source judgment (Hit-Miss), and incorrectly identified old items
(Missed). We were unable to epoch our data reliably into a condition for incorrectly
identified new items (False Alarms) because many participants had a small number of False
Alarm responses. Importantly, the conditions we were able to epoch enabled us to make
comparisons between both correctly identified old and new items, as well as between
correctly identified old items with correct source judgment, and correctly identified old items
with incorrect source judgment. Participants with less than 10 trials for any condition were
removed, leading to five individuals being dropped from our analyses. The remaining
participants had an average of 81 trials per condition.
We used a priori defined time windows and electrode sites of interest based on
previous research dissociating familiarity and recollection using ERPs (Addante et al., 2012).
ERPs were derived by taking the average of a cluster of electrodes from each of the regions
of interest (Figure 11). Familiarity has been previously localised to frontal, central regions, so
a cluster of seven electrodes centred on electrode 6 was used to produce familiarity-related
ERPs. This cluster corresponds to a region that would fall between the locations of the Cz
and Fz electrodes of the International 10-10 system. In contrast, recollection has been
previously localised to posterior, left-lateralised regions, so a cluster of seven electrodes
centred on electrode 60 was used to produce recollection-related ERPs. This cluster
corresponds to a region that would fall approximately between the locations of the Pz and P3
electrodes of the International 10-10 system. Additionally, each subprocess of recognition has
been previously linked to specific time windows of interest, therefore, old/new effects were
examined for two time windows of 300-500ms post-stimulus and 500-800ms post-stimulus.
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Analyses examining differences between familiarity (Hit-Miss) and recollection (Hit-Hit)
ERPs were conducted on the late 500-800ms time window.

Figure 11. Specific electrode locations for each time window of interest. Electrodes
mapped in red are the cluster of seven electrodes used for the N400 analyses, while electrodes
mapped in blue are the cluster of seven electrodes used for the LPC analyses.

Analyses
Given the experimental setup, signal detection measures were derived from the
resulting behavioural data on both subtasks. Hit and Miss rates were calculated as the
proportion of the old items that were correctly and incorrectly recognised. Correct rejections
(CR) and False Alarms (FA) were calculated as the proportion of new items that were
correctly identified as new, and the proportion of new items that were incorrectly recognised
as old. In order to examine whether there was an impact on an individual’s ability to
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discriminate between old and new items, we derived a measure of sensitivity (Pr) by
subtracting False Alarms from the Hit rate on the item recognition task. Our sensitivity
measure allowed us to ensure any potential results for differences in Hit rate were not an
artefact of participants just responding “old” for all items, and also allowed us to take
participant errors into account when considering how well they performed on the task.
Finally, we derived a measure of Response Bias (Br) using the following equation:
𝐵𝐵𝑟𝑟 = 𝐹𝐹𝐹𝐹 / 1 − 𝑃𝑃𝑃𝑃

The above measures were calculated for the item recognition subtask and therefore were
independent of whether a participant also scored correctly on the source recognition task. In
order to compare the relationship between accuracy on the item recognition and source
recognition tasks, we first manipulated our item recognition scores so that both the item
recognition and source recognition tasks had a chance accuracy rate of 50%. Item recognition
accuracy was calculated as the sum of Hits and Correct Rejections, divided by the total
number of trials. Source recognition accuracy was calculated calculating the proportion of
items that were correctly recognised as old with correct source recognition, divided by the
number of correctly recognised old items.
All statistical analyses were conducted in JASP (JASP Team, 2016), and subsequent
plots were made using R (R Core Team, 2019). We used Bayesian statistics for all our
analyses, however, the frequentist equivalents are provided in the Supplementary Material to
allow the reader to compare results across frameworks. To analyse the behavioural data we
used six separate Bayesian independent-samples t-tests with the default Cauchy scale (r =
0.707; Morey & Rouder, 2018), one for each unique behavioural measure; Hits, CR, Pr, Br,
Item Accuracy, Source Accuracy. The additional behavioural measures were not subjected to
further tests as they are complementary measures to the ones included. To analyse the ERP
results we first examined differences between the amplitudes for ERPs evoked by correctly
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recognised old (Hits) vs new (Correct Rejections) items for each time window of interest,
using two separate Bayesian paired-samples t-tests with the default Cauchy scale (r = 0.707).
To specifically compare recollection and familiarity, we ran a further Bayesian pairedsamples t-test with the default Cauchy scale (r = 0.707) on peak amplitudes of ERPs evoked
by items correctly recognised with source recognition (Hit-Hit), and items correctly
recognised without source recognition (Hit-Miss). Finally, to examine how Val66Met
genotype influences these effects, we performed three separate Bayesian independentsamples t-tests with the default Cauchy scale (r = 0.707). These t-tests were performed on
difference scores computed across the time windows of interest. The first two looked at the
difference between old and new ERPs for the N400 and LPC time windows, and the third
looked at the difference between familiarity (Hit-Miss) and recollection (Hit-Hit) ERPs
across the LPC time window.
Results
Behavioural Analyses
We ran six separate Bayesian independent-samples t-tests to quantify the behavioural
evidence for Val66Met group differences in recognition memory. Specifically, we were
interested in evaluating the relative support for the null hypothesis that there is no difference
between the two genotypes for our accuracy measures, and also the hypothesis that Val/Val
participants scored higher on accuracy measures than Met carriers. Our Response Bias
measure was subjected to a two-tailed independent-samples t-test as we had no directional
hypothesis a priori.
For both the Hit and Correct Rejection rates we found anecdotal evidence in favor of
Val/Val participants having higher accuracy compared to Met allele carriers (Hit: BF10 = 1.2,
ε = 8.0x10-3%, M = 0.77, SD = 0.10 and M = 0.73, SD = 0.13, respectively; Correct rejection:
BF10 = 1.4, ε = 6.2x10-5%, M = 0.93, SD = 0.04 and M = 0.90, SD = 0.07, respectively). This
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can be interpreted as weak evidence that Val/Val individuals were better at recognising old
items, as well as better at identifying new items, compared to Met allele carriers. In line with
this, for our measure of Discriminability, Pr, we found moderate support for Val/Val
individuals being better able to discriminate old items from new items compared to Met allele
carriers (BF10 = 4.4, ε = 4.9x10-4%, M = 0.70, SD = 0.10 and M = 0.63, SD = 0.14,
respectively). Our measure of item recognition accuracy also supports these results. We
found anecdotal evidence for Val/Val individuals having greater accuracy on the item
recognition task (BF10 = 1.9, ε = 5.0x10-3%, M = 0.81, SD = 0.07 and M = 0.77, SD = 0.10,
respectively). In contrast, for our source recognition accuracy measure we find anecdotal
evidence to support the null hypothesis that there is no difference in score for Val/Val
compared to Met allele carriers (BF01 = 1.5, ε = 5.0x10-3%, M = 0.78, SD = 0.07 and M =
0.76, SD = 0.07, respectively). Finally, for the measure of Response Bias, Br, we found
moderate support for the null hypothesis that there was no difference in Response Bias for
each of the two genotype groups (BF01 = 3.9, ε = 6.0x10-3%, Val/Val: M = 0.26, SD = 0.16
and Met: M = 0.27, SD = 0.16). Distributions for the scores of each group for each measure
are shown in Figure 12. Posterior and prior distributions, as well as sequential analyses and
robustness checks for these tests, are available in the Supplementary Material (Figures
SM.1:3).
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Figure 12. Distributions for each of the performance measures. A: Distributions of the
accuracy scores across the source memory task. Correct rejections measure the percentage of
trials with new items that participants correctly identified as new. Source accuracy measures
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the accuracy of the recollection specific subtask, while Item Accuracy measures the accuracy
of the familiarity specific subtask. Finally, Hits are measuring the raw Hit rate for the overall
source memory task. B: Distributions of the error scores across the source memory task. False
alarms are incorrectly recognised new items, and Missed are items that were incorrectly
identified as new. C: This panel shows distributions of Discriminability, a measure of
sensitivity calculated by subtracting False Alarms from the overall Hit rate. D: Distributions
of Response Bias for each group. In all cases, Met carriers are depicted in blue, and Val/Val
individuals are depicted in red.
N400 Component
In order to test whether we replicated the early old/new effect reported in previous
research, a Bayesian paired-samples t-test was conducted on the average amplitude of ERPs
across the N400 time window in response to correctly identified old items, and correctly
identified new items (Figure 13). We found strong evidence for a difference between the
amplitudes of ERPs elicited in response to correctly identified old items compared to
correctly identified new items (BF10 = 2.3x1010, ε = 6.0x10-17%, M =-1.7, SD = 1.7 and M = 2.3, SD = 1.8, respectively).
Genetic impact on N400. To determine whether the Val66Met SNP impacted the
N400 component of the ERPs gathered, we first determined the magnitude of the difference
between the ERP evoked in response to correctly identified old items, and the ERP evoked in
response to correctly identified new items. The average of this difference value across the
N400 time window was then subjected to a Bayesian independent-samples t-test to examine
whether the size of the old/new effect was different for the two Val66Met groups. We found
anecdotal evidence for the null hypothesis that there is no difference in the magnitude of the
old/new effect between Val and Met allele individuals (BF01 = 1.4, ε = 3.0x10-3%, M =0.70,
SD = 0.54 and M = 0.54, SD = 0.62, respectively).
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Distributions for the scores of each group for each measure are shown in Figure 7.
Posterior and prior distributions, as well as sequential analyses and robustness checks for
these tests, are available in the Supplementary Material (Figure SM2).
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Figure 13. ERPs illustrating the electrophysiological responses to each of the correctly
identified Old (Hits), and New (CR) items. A: ERPs for the overall group showing
replication of previously reported old/new effects at frontal electrode sites. B: ERPs split by
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genotype demonstrating how each of Val/Val and Met allele individuals respond to different
trial types. C: Difference waves calculated between ERPs elicited to old and ERPs elicited to
new items. These are recorded at a cluster of electrodes centred around electrode 6, a central,
frontal electrode. Time window of interest for the N400 component is highlighted in yellow
(250-500ms).

Late Positive Component
In order to test whether we replicated the late old/new effect reported in previous
research, a Bayesian paired-samples t-test was conducted on the average amplitude of ERPs
across the LPC time window in response to correctly identified old items, and correctly
identified new items (see Figure 14). We found moderate evidence for the absence of a
difference between the amplitudes of ERPs elicited in response to correctly identified old
items compared to correctly identified new items (BF01 = 5.4, ε = 3.7x10-5%, M = 3.1, SD =
2.1 and M = 3.0, SD = 2.2, respectively). We further aimed to examine whether we replicated
the findings of Addante et al. (2012), that showed a dissociation in the LPC time window
between correctly identified old items with remembered source judgment (Hit-Hit), and those
where the associated judgment was not remembered (Hit-Miss). Therefore, a second
Bayesian paired-samples t-test was conducted on the average amplitudes for each of these
conditions across the LPC time window. We found further support for the null hypothesis of
no difference in the mean amplitude for our conditions for the LPC time window (BF01 = 3.5,
ε = 2.4x10-5%, Hit-Hit: M = 3.1, SD = 2.1 and Hit-Miss: M = 2.9, SD = 2.4, respectively).
Therefore, we did not replicate the effect described in the Addante et al. (2012) paper.
Genetic impact on LPC. In order to examine the impact of Val66Met genotype on
recognition ERPs across the LPC time window, we first calculated difference scores across
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the time window of interest between ERP amplitudes elicited as a response to correctly
identified old items and correctly identified new items. Using a Bayesian independentsamples t-test, we found anecdotal evidence for a difference in the magnitude of the old/new
effect across the LPC time window for Val/Val individuals compared to Met allele carriers
(BF10 = 5.3, ε = 2.0x10-3%, M = 0.36, SD = 0.9 and M = -0.21, SD = 1.1, respectively).
Furthermore, in order to determine if there was an impact of Val66Met genotype on the
difference between familiarity and recollection across the LPC time window, we calculated
the difference scores between items correctly identified as old with correct source recognition
(Hit-Hit), and items correctly identified as old with incorrect source recognition (Hit-Miss).
Using a Bayesian independent-samples t-test on these differences scores, we find moderate
evidence for the null hypothesis that there is no difference in ERP amplitudes for items
correctly identified as old with correct and incorrect source recognition, across genotype
groups (BF01 = 3.7, ε = 2.0x10-3%, Val/Val: M = 0.16, SD = 0.77 and Met: M = 0.08, SD =
0.87, respectively).
Distributions for the scores of each group for each measure are shown in Figure 16.
Posterior and prior distributions, as well as sequential analyses and robustness checks for
these tests, are available in the Supplementary Material (Figures SM4:5).

108

VAL66MET GENOTYPE INFLUENCES RECOGNITION ERPs

Figure 14. ERPs illustrating the electrophysiological responses to each of the correctly
identified Old (Hits), and New (CR) items at the LPC electrode cluster. A: ERPs for the
overall group showing replication of previously reported old/new effects at posterior
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electrode sites. B: ERPs split by genotype demonstrating how each of Val/Val and Met allele
individuals respond to different trial types. C: Difference waves calculated between ERPs
elicited to old and ERPs elicited to new items. These are recorded at a cluster of electrodes
centred around electrode 60, a left-ward, posterior, electrode. Time window of interest for the
LPC component is highlighted in yellow (500-800ms).

110

VAL66MET GENOTYPE INFLUENCES RECOGNITION ERPs

Figure 15. ERPs illustrating the electrophysiological responses to each of the correctly
identified Old with correct source memory (Hit-Hits), correctly recognised old with
incorrect source memory (Hit-Misses), and New (CR) items at the LPC electrode
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cluster. A: ERPs for the overall group showing no replication of previously reported HitHit/Hit-Miss effects at posterior electrode sites. B: ERPs split by genotype demonstrating
how each of Val/Val and Met allele individuals respond to different trial types. C: Difference
waves calculated between ERPs elicited to Hit-Hit and ERPs elicited to Hit-Miss items.
These are recorded at a cluster of electrodes centred around electrode 60, a left-ward,
posterior, electrode. Time window of interest for the LPC component is highlighted in yellow
(500-800ms).
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Figure 16. Distributions of the mean amplitude across the time windows of interest. A:
Amplitude distributions for all four trial types, measured across the N400 time window (300500ms post-stimulus). B: Amplitude distributions for all four trial types, measured across the
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LPC time window (500-800ms post-stimulus). C: Distributions of difference waves that were
calculated for the three Bayesian independent-samples t-tests analysed in this chapter. These
difference waves have been averaged across the specified time windows. In all instances Met
allele carriers are depicted in blue, while Val/Val individuals are depicted in red.

Behavioural-ERP correlations
We ran a Bayesian correlation analysis to relate all behavioural scores with average
voltage within each condition for each time window of interest using the default stretched
beta prior width of 1 (R. Morey & Rouder, 2018).
Correlations with the N400 time window. Mean voltage across the N400 time
window for items correctly recognised as old (Hits), items correctly identified as new
(Correct Rejections), and items that were incorrectly identified as new (Missed), were
correlated with each of the unique behavioural measures (Hits, Correct Rejections, Item
Accuracy, Source Accuracy, Discriminability, Response Bias). We found anecdotal-moderate
evidence for the null hypothesis that the ERP amplitudes in response to items correctly
recognised as old were not correlated with our accuracy measures (Hits: r = -0.19, BF01 = 2.0,
95%CI = 0.05;-0.40; Correct Rejections: r = 0.20, BF01 = 1.8, 95%CI = 0.41;-0.04; Item
Accuracy: r = -0.16, BF01 = 2.9, 95%CI = 0.08;-0.38; Source Accuracy: r = 0.06, BF01 = 6.0,
95%CI = 0.29;-0.18), or our Discriminability measure (r = -0.09, BF01 = 5.2, 95%CI = 0.15;0.31), and inconclusive support for whether Response Bias was correlated with average
voltage ( r = -0.25, BF10 = 1.2, 95%CI = -0.01;-0.46). Similar results were found for the
average amplitude in response to new items correctly identified as new (Hits: r = -0.10, BF01
= 1.8, 95%CI = 0.04;-0.41; Correct Rejections: r = 0.20, BF01 = 1.8, 95%CI = 0.41;-0.04;
Item Accuracy: r = -0.17, BF01 = 2.6, 95%CI = 0.07;-0.38; Source Accuracy: r = -0.00, BF01
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= 6.6, 95%CI = 0.23;-0.24; Discriminability: r = -0.10, BF01 = 4.9, 95%CI = 0.14;-0.32;
Response Bias: r = -0.24, BF10 = 1.1, 95%CI = -0.00;-0.44), and old items incorrectly
identified as new (Hits: r = -0.17, BF01 = 2.7, 95%CI = 0.07;-0.38; Correct Rejections: r =
0.06, BF01 = 6.0, 95%CI = 0.28;-0.18; Item Accuracy: r = -0.16, BF01 = 2.9, 95%CI = 0.08;0.38; Source Accuracy: r = -0.06, BF01 = 6.0, 95%CI = 0.28;-0.18; Discriminability: r = 0.13, BF01 = 3.7, 95%CI = 0.11;-0.35; Response Bias: r = -0.11, BF01 = 4.6, 95%CI = 0.13;0.33).
Correlations with the LPC time window. Mean voltage across the LPC time
window for items correctly recognised as old with incorrect source judgment (Hit-Miss),
items correctly recognised as old with correct source judgment (Hit-Hit), and items correctly
identified as new (Correct Rejections), were correlated with each of the unique behavioural
measures ((Hits, Correct Rejections, Item Accuracy, Source Accuracy, Discriminability,
Response Bias). We found anecdotal-moderate evidence for the null hypothesis that the ERP
amplitudes in response to items correctly recognised as old with incorrect source judgment
were not correlated with our behavioural measures (Hits: r = -0.07, BF01 = 5.8, 95%CI =
0.17;-0.29; Correct Rejections: r = -0.15, BF01 = 3.2, 95%CI = 0.09;-0.37; Item Accuracy: r =
-0.09, BF01 = 5.0, 95%CI = 0.15;-0.32; Source Accuracy: r = -0.02, BF01 = 6.5, 95%CI =
0.22;-0.25; Discriminability: r = -0.14, BF01 = 3.6, 95%CI = 0.10;-0.36; Response Bias: r =
0.11, BF01 = 4.4, 95%CI = 0.33;-0.13). Consistent with these results, we also found moderate
support for no correlation between items correctly identified as old with correct source
judgment (Hits: r = -0.03, BF01 = 6.4, 95%CI = 0.20;-0.26; Correct Rejections: r = -0.17,
BF01 = 2.6, 95%CI = 0.07;-0.39; Item Accuracy: r = -0.06, BF01 = 5.8, 95%CI = 0.18;-0.29;
Source Accuracy: r = -0.06, BF01 = 6.0, 95%CI = 0.18;-0.28; Discriminability: r = -0.12, BF01
= 4.3, 95%CI = 0.12;-0.34; Response Bias: r = 0.16, BF01 = 2.9, 95%CI = 0.38;-0.08).
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Discussion
In this study, we aimed to investigate the impact of the Val66Met SNP on the
electrophysiological correlates of recognition memory. First we aimed to replicate previous
studies that reported a reduction in memory accuracy for carriers of the Met allele, when
compared to Val/Val individuals (Egan et al., 2003; Hariri et al., 2003). We aimed to extend
these reports by examining the relationship between Val66Met genotype and the two
subprocesses of recognition memory; familiarity and recollection. In addition to these
behavioural aims, we were also interested in examining whether the ERP components
associated with each of these two recognition subprocesses are impacted by the Val66Met
SNP, differentially. Previous research has indicated that familiarity processing is associated
with a frontal negativity, the N400, while recollection is associated with a posterior positivity,
the LPC. We, therefore, were interested in comparing the amplitudes of ERPs across time
windows associated with these two ERP components in order to investigate how Val66Met
genotype influences each of familiarity and recollection, electrophysiologically. Using a
source memory task we compared the amplitudes of the ERPs of each condition (Hits, HitHit, Correct Rejections) for each genotype group, across the time windows associated with
the N400 and LPC. We hypothesised that given the reduction in memory performance
reported in previous work, Met allele carriers would also have reduced ERP amplitudes on
trials associated with accurate recognition. We further hypothesised that any differences in
ERP amplitudes would be greatest for the LPC time window compared to the N400 time
window, given that this is associated with recollection based processing.
Behaviourally, we replicate previous work reporting that Met allele carriers have
reduced accuracy compared to Val/Val individuals on recognition memory tasks (Egan et al.,
2003; Hariri et al., 2003; Spriggs et al., 2019). More specifically, we found anecdotal
evidence in support of Val/Val individuals outperforming Met allele carriers on the item

116

VAL66MET GENOTYPE INFLUENCES RECOGNITION ERPs
recognition portion of our task. That is, our results provide evidence for Val/Val individuals
being better at recognising previously seen items, as well as identifying new items compared
to carriers of the Met allele. This result is supported by other work also reporting greater
recognition of previously seen items in Val homozygotes (Egan et al., 2003; Hariri et al.,
2003). Interestingly, this pattern does not persist into the source recognition subtask of our
paradigm. Specifically, our results show evidence for the null hypothesis that Val/Val and
Met allele carriers are equally accurate at remembering the encoding context of items that
have been previously recognised. In line with this, our measure of Discriminability (Pr) also
provided evidence for Val/Val individuals being better able to discriminate old from new
items. Finally, we also measured Response Bias (Br), using this measure we find support for
the null, meaning that there does not appear to be any systematic difference in the response
strategy of these groups. Together these findings suggest that the Met allele carriers of our
sample are less accurate in recognising previously seen objects, however once recognised,
they are equally able to recognise the encoding context of that previously seen object. To
date, this is the first attempt to tease out the contributions that the Val66Met SNP makes to
each of these subtasks of recognition. Given that the item recognition subtask is a proxy
measure of familiarity, and the source recognition subtask is a proxy measure of recollection,
our results seem to suggest that the Val66Met SNP influences the familiarity aspects of this
source memory task only.
Electrophysiologically, we have partially replicated previous reports of a difference
between ERP amplitudes for items that have been previously presented, compared to new
items. These previous studies have reported that items which have been presented before tend
to elicit a more positive ERP compared to items that are new (Rugg & Curran, 2007). We
replicate this old/new effect at the N400 time window, but not at the LPC time window. More
specifically, our results provide strong evidence for a difference in the ERP amplitudes to old
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versus new items presented during the item recognition subtask. Interestingly, our results
provide moderate support for the null hypothesis at the LPC time window, that there is no
difference in the amplitude of ERPs elicited in response to old and new items. Additionally,
recent work has reported that at this later LPC time window, a dissociation can be made
between items that have been recognised with and without accurate source recognition
(Addante et al., 2012). For example, it has been reported that within the LPC time window, a
dissociation can be made between items that have been correctly recognised with correct
source recognition (Hit-Hit) and those that are correctly recognised with incorrect source
recognition (Hit-Miss). In an attempt to replicate this, we split our ERPs corresponding to
correctly recognised objects into those with correct and incorrect source recognition.
However, our results provide moderate evidence for the null hypothesis of no difference
between Hit-Hit and Hit-Miss ERP amplitudes across this time window, and therefore we did
not replicate this dissociation.
Our primary interest was to assess the influence that the Val66Met genotype has on
recognition related ERPs. In order to pursue this, we focused our analyses on the magnitude
of the old/new effect. We calculated difference waves subtracting average amplitude in
response to correctly identified new items from average amplitude in response to correctly
recognised old items, for both the N400 and LPC time windows. As described above, the
N400 time window is linked to item recognition processing, while the LPC time window is
linked to source recognition processing. Our results show support for the null hypothesis that
there was no difference in the size of the old/new effect for the N400 time window of item
recognition subtask. However, we do find support for a difference in the size of the old/new
effect for the LPC time window for the source recognition subtask. That is, we found
evidence for Val/Val individuals having larger differences in the amplitudes of ERPs
produced in response to correctly recognised old items compared to correctly recognised new
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items. A final comparison was made between ERPs in response to correctly recognised old
items with correct source recognition and correctly recognised old items with incorrect source
recognition as a way to examine the impact of recollection over familiarity. In order to assess
this, we subtracted the two associated ERPs. Our results show evidence for the null
hypothesis that there was no difference in the size of this differenced ERP between the two
genotypes. This is in direct contrast to our predictions as we originally hypothesised that
differences in ERPs would be greatest for the LPC time window, given its link to
recollection.
Interestingly, few EEG studies investigated the impact of the BDNF Val66Met SNP
on memory. Most previous work comparing ERPs for these groups has focused on working
memory (Schofield et al., 2009), attention (Getzmann et al., 2013), and error processing
(Beste, Kolev, et al., 2010). While our results are not a direct comparison, we do notice one
recurring relevant theme within some of these studies; all report an increase in ERP
amplitude across their time windows of interest for Val/Val individuals compared to Met
allele carriers. These increases in amplitude have been tied to various cognitive processes that
are necessary for the respective tasks. Importantly, the increase in amplitude is not global
across all regions of the ERPs of these studies, evidence that these modulations might be
directly linked to differential task processing for individuals of these genotypes. Our results
also reflect this pattern, which we interpret as support that our results are not an artefact of a
general, global, processing difference between the two genotype groups. Consistent with
these electrophysiological findings, several other studies interested in the impact of Val66Met
genotype have focused on EEG oscillations and spectral power, rather than ERPs (Bachmann
et al., 2012; Gatt et al., 2008; Geist, Dulka, Barnes, Totty, & Datta, 2017; Guindalini et al.,
2014; Jones et al., 2017a; Soltész et al., 2014). Generally, these studies have also found
dampened electrophysiological activity in Met allele carriers compared to Val/Val
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individuals.
One interpretation of our results is that they add to a large body of literature that
describes the functional impact of the BDNF Val66Met SNP (Egan et al., 2003; Hariri et al.,
2003; Ho et al., 2006). Given that BDNF is known to be secreted in response to cellular
activity, and that the Met allele is furthermore associated with reduced secretion (Chen et al.,
2004) and impaired movement of the protein within the cell (Farhadi et al., 2000), Met allele
carriers have lower concentrations of available BDNF protein. There are clear demonstrations
of the importance of the BDNF protein to long-term potentiation (Poo, 2001), a cellular
mechanism underpinning memory. Therefore, we speculate that this reduction in available
BDNF could underpin the memory and ERP differences we detected. This would mean our
results could be an illustration of the immediate functional impact of the BDNF SNP rather
than evidence of any long-term, developmentally derived, influence.
More specifically, we observed a behavioural disadvantage of the Met allele during
the item recognition—but not the source recognition—subtask of our overall source memory
task. This observation is consistent across judgments and item types (i.e., correctly
recognising old items, correctly identifying new items, and overall item recognition
accuracy), likely a result of an increased Discriminability, which we also found for our
Val/Val individuals. Importantly, these patterns were not the result of a change in response
strategy between the two groups.
Interestingly, our ERP observations show a difference between the Val66Met
genotype groups that is specific to the source recognition subtask and not the item recognition
subtask. While at first these results seem to be contradictory, it is possible they are each
reflecting an overall difference in the old/new effect between our two groups, and are
therefore complementary findings. Evidence for this comes from the fact that we did not
replicate the late dissociation between familiarity and recollection across the LPC time
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window, as observed in previous research (Addante et al., 2012). Despite this, our results are
supported by several other groups that have also failed to dissociate familiarity and
recollection during this time window (Gold et al., 2006; Wais, Wixted, Hopkins, & Squire,
2006). Overall,we report a behavioural impact of the Met allele for the item recognition
subtask, while we are only able to observe the old/new difference, electrophysiologically, at
the LPC time point.
One possible alternative explanation for our results is that structural changes between
the genotype groups could result in electrophysiological differences. For example, it has been
previously reported that there are differences in cortical thickness (Nemoto et al., 2006; Yang
et al., 2012), as well as subcortical volumetric differences (Bueller et al., 2006; Pezawas et
al., 2004; Szeszko et al., 2005) between these groups. Given that the EEG signal is known to
be highly impacted by underlying cortical structure, this could be an issue if there are
systematic differences in brain morphometry between Val/Val individuals and Met carriers.
While the current study does not directly investigate this question, a subset of these
individuals also participated in an MRI study that aimed to investigate possible structural
differences associated with the Val66Met SNP (McKay et al., 2019). This study found no
detectable differences in ROI or global analyses for either grey- or white-matter measures,
and therefore, instills some confidence that our results might not be an artefact of large
structural variations in these groups. Furthermore, the observation that our results are
constrained to the LPC time window also suggests that we are measuring something specific,
rather than a diffuse electrophysiological difference.
There are some significant limitations to consider when evaluating our results. First,
our results showed no evidence for a correlation between the size of the old/new effect at
either time window (N400 or LPC), and the accuracy on either the item recognition or source
recognition subtasks. This is problematic and limits our ability to draw strong conclusions
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about what this increase in amplitude across the recollection-relevant time window might
reflect. Furthermore, we find behavioural differences between the two genotype groups that
are directly linked to the item recognition subtask, while our ERP differences occur at the
later LPC time window, associated with the source recognition subtask. While this might
seem incongruous, it is possible that both the behavioural and ERP results are reflecting an
overall influence of the Val66Met SNP on the old/new effect (i.e., general recognition),
rather than any impact specific to either familiarity or recollection. A further related
limitation is that we were unable to replicate the findings of Addante et al. (2012) who found
dissociations between familiarity and recollection-related ERPs at the late time window. One
reason for our divergent results could be that the original paper used confidence ratings to
ensure they were able to contrast only items that were remembered with the highest
confidence, as their recollection sample. Due to time constraints, we were unable to probe our
participants for confidence ratings during our recognition trials, therefore, our study was not
an exact replication of the original experiment. This points to the importance of contrasting
familiarity with only high confidence recollection, an observation highlighted in several key
papers (Mitchell & Johnson, 2009; Woodruff et al., 2006; Yu & Rugg, 2010).
A final major limitation is the source recognition memory task itself. This task
involves participants making two binary decisions, one regarding item recognition (“old” or
“new”) and one regarding source recognition (“manmade” or “box”). These decisions do not
necessarily reflect the exact nature of the familiarity and recollection processes that we
associate them with. While one option could be to add confidence ratings and make each
decision a 5-point scale, it is also possible that another task would be better suited to
dissociate familiarity and recollection. For example, the remember-know task has also
previously been used to dissociate familiarity from recollection (Duarte, Ranganath,
Winward, Hayward, & Knight, 2004; Mollison & Curran, 2012; Vilberg, Moosavi, & Rugg,
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2006). While most previous studies have found that the source recognition subtask is
generally associated with recollection, there are several examples where researchers have
found familiarity to be equally associated with source memory (Duarte, Ranganath, Trujillo,
& Knight, 2006; Hicks, Marsh, & Ritschel, 2002). These observations are important as they
illustrate that we may not be able to entirely dissociate familiarity from recollection, using the
source memory task. However, one important reason why the source recognition task was
chosen for this study was its unique ability to potentially dissociate familiarity and
recollection within single trials, thus facilitating its implementation in an EEG design.
Despite these limitations, our results replicate previous reports that individuals with
the Val66Met SNP have reduced accuracy during a recognition memory task. Our results
extend these previous studies by providing evidence that differences between individuals
with and without the Met allele might be related to the familiarity subcomponent of
recognition. Supporting this behavioural finding, we also detect electrophysiological
differences between these groups. However, this ERP result is only present at the time
window that has previously been linked to recollection, the LPC, and not the time window
directly linked to item recognition. While this seems incongruent, we propose that our results
reflect the impact of the Val66Met SNP on general recognition, or potentially on familiarityrelated recognition.
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Supplementary Material
Supporting Bayesian Plots

Figure SM2.1. Supporting plots for the hit and correct rejection measures. Panel A:
Prior and posterior distributions, robustness checks, and sequential analysis for the t-test
conducted on the hit scores. Panel B: Prior and posterior distributions, robustness checks, and
sequential analysis for the t-test conducted on the correct rejection scores. Robustness checks
show how the resulting Bayes factor changes across a wide range of priors. Sequential
analysis depict the evidence for each of the null and alternative hypotheses, as sample size
increases. Accompanying Bayes factors and the credible interval are also displayed.
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Figure SM2.2. Supporting plots for the item recognition and source recognition
measures. Panel A: Prior and posterior distributions, robustness checks, and sequential
analysis for the t-test conducted on the item recognition scores. Panel B: Prior and posterior
distributions, robustness checks, and sequential analysis for the t-test conducted on the source
recognition scores. Robustness checks show how the resulting Bayes factor changes across a
wide range of priors. Sequential analysis depict the evidence for each of the null and
alternative hypotheses, as sample size increases. Accompanying Bayes factors and the
credible interval are also displayed.
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Figure SM2.3. Supporting plots for the discriminability and response bias measures.
Panel A: Prior and posterior distributions, robustness checks, and sequential analysis for the
t-test conducted on the discriminability values. Panel B: Prior and posterior distributions,
robustness checks, and sequential analysis for the t-test conducted on the response bias
scores. Robustness checks show how the resulting Bayes factor changes across a wide range
of priors. Sequential analysis depict the evidence for each of the null and alternative
hypotheses, as sample size increases. Accompanying Bayes factors and the credible interval
are also displayed.
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Figure SM2.4. Supporting plots for the EEG measures. Panel A: Prior and posterior
distributions, robustness checks, and sequential analysis for the t-test conducted on the N400
amplitude values. Panel B: Prior and posterior distributions, robustness checks, and
sequential analysis for the t-test conducted on the LPC amplitude values. Panel C: Prior and
posterior distributions, robustness checks, and sequential analysis for the t-test conducted on
the hit-hit and hit-miss LPC amplitude values. Robustness checks show how the resulting
Bayes factor changes across a wide range of priors. Sequential analysis depict the evidence
for each of the null and alternative hypotheses, as sample size increases. Accompanying
Bayes factors and the credible interval are also displayed.
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Figure SM2.5. Supporting plots for the EEG measures. Panel A: Prior and posterior
distributions, robustness checks, and sequential analysis for the t-test conducted on the N400
difference wave values. Panel B: Prior and posterior distributions, robustness checks, and
sequential analysis for the t-test conducted on the LPC difference wave values. Panel C: Prior
and posterior distributions, robustness checks, and sequential analysis for the t-test conducted
on the hit-hit and hit-miss LPC difference wave values. Robustness checks show how the
resulting Bayes factor changes across a wide range of priors. Sequential analysis depict the
evidence for each of the null and alternative hypotheses, as sample size increases.
Accompanying Bayes factors and the credible interval are also displayed.
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Frequentist Analyses
Behavioural Analyses
Six separate independent-samples t-tests were used to examine the impact of
Val66Met genotype on the behavioural scores derived from the source memory task. For each
test, we restricted the direction of testing, based on previous evidence that Val/Vals score
higher on recognition tasks compared to Met allele carriers. For our measure of
Discriminability, we found evidence that Val/Vals are better at discriminating old items from
new items (t(66) = -2.3, p = 0.01, d = -0.56, 95%CI = -∞; -0.15). Similarly we also find
evidence for Val/Val individuals outperforming Met allele carriers on the item recognition
task (t(66) = -1.8, p = 0.04, d = -0.44, 95%CI = -∞; -0.33). However, there was no significant
difference between the two groups for overall Hits (t(66) = -1.5, p = 0.07, d = -0.36, 95%CI =
-∞; 0.04), Correct Rejections (t(66) = -1.6, p = 0.06, d = -0.39, 95%CI = -∞; 0.02), source
recognition (t(66) = -1.1, p = 0.15, d = -0.56, 95%CI = -∞; 0.15), or Response Bias (t(66) =
0.29, p = 0.61, d = 0.07, 95%CI = -∞; 0.47).
N400 Component
In order to test whether we replicated the old/new effects previously described at the
N400 time window, we ran a paired-samples t-test comparing the mean amplitude of ERPs to
correctly identified old items to ERPs to correctly identified new items. We find correctly
recognised old items to have more positive average amplitude across the N400 time window
compared to correctly identified new items (t(67) = 9.0, p = <0.001, d = 1.1, 95%CI = 0.79;
1.39).
Genetic impact on N400. In order to examine whether there were any differences in
the magnitude of the old/new effect for each of the Val66Met genotypes, we conducted an
independent-samples t-test on mean difference amplitude for correctly identified old items
and correctly identified new items, across the N400 time window. We restricted the direction
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of the t-test so that we could specifically examine whether Met allele carriers had smaller
old/new effects compared to Val homozygotes. We find no genotype effect on the old/new
effect for the N400 time window (t(66) = -1.11, p = 0.14, d = -0.27, 95%CI = -∞; 0.13).
Late Positive Component
In order to test whether we replicated the old/new effects previously described at the
LPC time window, we ran a paired-samples t-test comparing the mean amplitude of ERPs to
correctly identified old items to ERPs to correctly identified new items. We find no
difference between the average amplitude of ERPs in response to correctly recognised old
items, compared to correctly identified new items (t(67) = 0.83, p = 0.41, d = 0.1, 95%CI = 1.39; 0.34).
Genetic impact on LPC. In order to examine whether there were any differences in
the magnitude of the old/new effect for each of the Val66Met genotypes, we conducted an
independent-samples t-test on mean difference amplitude for correctly identified old items
and correctly identified new items, across the LPC time window. We restricted the direction
of the t-test so that we could specifically examine whether Met allele carriers had smaller
old/new effects compared to Val homozygotes, which we do confirm (t(66) = -2.39, p = 0.01,
d = -0.58, 95%CI = -∞; -0.17). Additionally, in this same time window, we were interested in
testing whether there was a genotype influence on the average amplitude of ERPs that
correspond to items that are correctly recognised as old with correct source judgment, and
items that are correctly recognised as old with incorrect source judgment (t(66) = -0.40, p =
0.35, d = -0.10, 95%CI = -∞; 0.31).
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Chapter Five: General Discussion
This thesis reported two experimental results that aimed to further the understanding
of how the Val66Met SNP interacts with performance on recognition memory tasks. To date,
research measuring recognition performance in carriers of this SNP has often been limited to
tasks that measure recognition as a single accuracy score. Given the consensus that
recognition is comprised of two types of information processing; familiarity and recollectionjudgments (Yonelinas, 2002), we were interested in investigating whether the reduced
accuracy on recognition tasks previously described in carriers of the Met alelle, might reflect
a differential impact of the Val66Met SNP on these two processes. In addition to this, we
gathered evidence from a variety of neuroimaging methods to help disentangle how the
Val66Met SNP interacts with the neural correlates of recognition, specifically each of
familiarity and recollection.
Tested Hypotheses
We used a source memory task to derive a behavioural measure of both familiarity
and recollection accuracy. This paradigm consists of two subtasks, an item recognition task
and a source recognition task. The item recognition subtask requires participants to
discriminate between new items and those items they have previously encountered, while the
source recognition subtask asks participants which of two judgments they made during the
encoding of the object. These two subtasks are thought to be good proxies for familiarity and
recollection. We hypothesised that, in line with previous literature, we would observe Met
carriers to have lower accuracy compared to Val/Val individuals (Egan et al., 2003; Hariri et
al., 2003). We also hypothesised that given the link between the Val66Met SNP and
decreased activity-dependent secretion of the BDNF protein among Met carriers, especially
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in the hippocampus (Chen et al., 2004), we may observe this decrease in accuracy as either
isolated to the recollection subtask, or greatest for the recollection subtask.
To enable us to also make inferences related to brain structures that underpin
recognition memory processing, we conducted analyses on MRI derived data. Previous
studies have linked the Val66Met allele to reductions in grey matter within the hippocampus
(Bueller et al., 2006; Joffe et al., 2009; Matsuo et al., 2009; Pezawas et al., 2004; Schofield et
al., 2009; Szeszko et al., 2005), and throughout other regions of the brain (Ho et al., 2006;
Montag et al., 2009; Nemoto et al., 2006; Yang et al., 2012). We aimed to replicate these
findings and extend them to other recognition-related subcortical structures of the brain.
Therefore, we first conducted a whole-brain analysis of grey matter volume and followed this
up with volumetric analyses of five structures that have previously been demonstrated to be
important in recognition processing (Aggleton & Brown, 1999; Yonelinas et al., 1999),
namely the hippocampus, the parahippocampal regions, the entorhinal cortex, the thalamus,
and the dorsolateral prefrontal cortex. We hypothesised that Met allele carriers would have
reduced grey matter volume, for both the whole-brain and region of interest analyses. We
further hypothesised that grey matter differences between our two groups would be largest in
the hippocampus, a structure known to have increased activity-dependent secretion of the
BDNF protein.
Diffusion images were also collected for our participants. This allowed us to look at
white matter integrity across the whole brain, and within structures that are linked explicitly
to recognition memory processing. Previously, white matter integrity, measured by
characterising water movement within white matter tracts relative to the rest of the brain, has
been demonstrated to be decreased in individuals who carry the Met allele (Carballedo et al.,
2012; Choi et al., 2015; Meng et al., 2017; Soliman et al., 2010). As with our previous
analyses, we aimed to replicate and extend these findings to recognition-related tracts. We
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first used a whole-brain TBSS approach to test whether any of the four primary diffusivity
parameters differed between our groups. We followed this up by also calculating diffusivity
parameters across the uncinate fasciculus, cingulate gyrus, and cingulum angular bundle. The
uncinate fasciculus is a tract that connects the perirhinal cortex to the prefrontal cortex - two
regions tied explicitly to familiarity processing - while the cingulum cingulate gyrus and
cingulum angular bundle, together, connect the prefrontal cortex to the hippocampus, a
region specifically linked to recollection (Aggleton & Brown, 1999). We hypothesised that
Met allele carriers would have decreased white matter integrity for the global and region of
interest measures. In line with previous hypotheses, we also predicted that this might be most
evident in the cingulum cingulate gyrus and cingulum angular bundle, tracts specifically tied
to recollection processing.
Finally, our participants undertook an EEG. This allowed us to examine the ERP
correlates that were associated with familiarity and recollection during the source memory
task described above. Very few previous EEG studies have specifically investigated
recognition memory tasks within the Val66Met groups. However, in line with other
electrophysiological studies (Bachmann et al., 2012; Beste, Kolev, et al., 2010; Gatt et al.,
2008; Getzmann et al., 2013; Schofield et al., 2009), we hypothesised that ERP amplitudes
for components that were associated with familiarity and recollection processing during the
task would be reduced for Met allele carriers. Furthermore, we hypothesised that Val/Val
individuals would have a larger old/new effect in the ERP components associated with both
familiarity and recollection. This would be visualised by a larger difference between ERP
amplitudes in response to old and new items. In line with our previous prediction, we also
hypothesised that this impact might be greatest for the component that is directly linked to
recollection processing, the LPC.
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Empirical findings
Across the various neuroimaging methods employed for this series of studies, we
have found an activity-dependent difference related to Val66Met genotype, that appears to
exist independently of any large-scale structural changes in the underlying neural circuitry.
Behaviourally, we replicated the findings of previous studies in which Met allele
carriers performed with reduced accuracy on recognition memory tasks (Egan et al., 2003;
Hariri et al., 2003; Spriggs et al., 2019). More specifically, we observe this result for the
overall measure of accuracy derived from correctly recognised old, and correctly identified
new items within our source recognition memory task. That is, Val/Val individuals were
more accurate at detecting previously presented items, and were better at correctly identifying
new items for this task. When we break these scores down into components that represent
familiarity and recollection, we find evidence supporting the hypothesis of differences in
accuracy between genotype groups on the familiarity task, but that each group performs
equally on our recollection measure. These results suggest that Met allele carriers are worse
at recognising whether an item has been presented previously or not, but that once an item is
recognised they are equally able to recall its associated encoding context, compared to
Val/Val individuals. Finally, signal detection measures to assess discriminability and criterion
also support these findings. We report evidence for larger discriminability for Val/Val
individuals compared to Met allele carriers, possibly explaining their improved recognition
accuracy. Furthermore, we find support for no difference in the criterion value for our two
groups, suggesting there is no overall difference in response bias. These results are interesting
because while they do not entirely confirm our original hypotheses, it is clear there is a
behavioural impact of this SNP. This is in line with previous literature that also reports lower
accuracy on tests of item recognition for Met allele carriers (Egan et al., 2003; Hariri et al.,
2003). Our original hypotheses predicted that recollection accuracy was more likely to be the
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site of a behavioural difference between our genotype groups. However, we do not observe
this predicted result within our sample and instead we report a group difference in accuracy
on the familiarity subtask that is consistent across both the EEG and MRI subsamples.
In our EEG subsample, we further broke down our accuracy measures in order to
more fully interpret differences in the performance of our two genotype groups. We used an
adjusted accuracy score, which was calculated by subtracting false alarm rate from the hit
rate of the item recognition subtask. This adjusted accuracy measure allows us take into
account the possibility of participant’s getting a high hit rate purely by responding “old” to all
items. As with general accuracy, this adjusted accuracy showed clear evidence that Val/Val
individuals outperformed Met allele carriers on the source recognition task. Met allele
carriers were also shown to have increased errors, both for incorrectly recognised new items
(false alarms) and forgotten old items (missed) trial types. Response bias factors were also
taken into account by calculating the criterion point for each individual. Comparing across
genotype groups, we find no evidence for a systematic shift in criterion for either genotype
group.
Contrary to the behavioural results, our structural results do not align with previous
research that found differences in grey matter volume for Met allele carriers (Bueller et al.,
2006; Joffe et al., 2009; Matsuo et al., 2009; Montag et al., 2009; Pezawas et al., 2004; Yang
et al., 2012). Instead, we observe evidence for the null hypothesis that there is no difference
in grey matter volume across both the whole-brain and region of interest analyses for the
Val66Met genotype groups. While this result does not confirm our hypotheses, several other
researchers have also reported null effects in grey matter volumetric studies of the BDNF
Val66Met SNP (S. Benjamin et al., 2010; Dutt et al., 2009; O. Gruber et al., 2012;
Harrisberger et al., 2014; Jessen et al., 2009; Karnik et al., 2010; Richter-Schmidinger et al.,
2011). Interestingly, we observed similar results in our diffusion MRI study. Using TBSS and
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probabilistic tractography, we do not replicate previous findings of reduced white matter
integrity across the whole-brain, or in our region of interest analyses (Carballedo et al., 2012;
Choi et al., 2015; Meng et al., 2017; Soliman et al., 2010). As with our previous structural
findings, we find no differences in the white matter connectivity or integrity, for our two
groups. While our hypotheses for the diffusion analyses were not confirmed, we do find
support for these observations from other studies that find inconsistent white matter integrity
results for these groups (Kennedy et al., 2009; Kim et al., 2016; Montag et al., 2010;
Voineskos et al., 2011). Given the equivocal results in both grey- and white-matter studies
across the BDNF literature, it is possible the findings are not as grounded and established as
we first thought.
Electrophysiologically, we observed differences between our genotype groups for
ERPs recorded during the source memory task. More specifically, Val/Val individuals were
found to have a larger old/new effect compared to Met allele carriers for the LPC time
window. This means that during the source recognition subtask, the difference between the
LPC amplitude for old and new items is increased in Val/Val individuals compared to Met
allele carriers. While these results do align with our overall hypotheses, it is interesting to
note that this same effect is not observed across the N400 time window, or at the frontal
electrode cluster. This implies that the BDNF Val66Met SNP have a preferential impact on
the LPC component of recognition. To date, there are currently no other EEG studies
comparing Val66Met genotypes that have examined ERPs in recognition processing, so we
are unable to make direct comparisons with the previous literature. However, we do find
several studies that also provide evidence of dampened electrophysiological responses during
task processing in other EEG based studies comparing Met allele carriers to Val/Val
individuals (Bachmann et al., 2012; Gatt et al., 2008; Guindalini et al., 2014; Jones et al.,
2017b).
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Together, our studies provide some interesting insight into how the Val66Met SNP
influences recognition memory performance. Firstly, we show a clear behavioural impact of
this SNP, illustrated by a reduction in overall accuracy on the source memory task. We also
find clear evidence that this behavioural effect is driven by differences in performance on
item recognition (hits and correct rejections), rather than on general memory. Secondly,
despite these behavioural differences, our structural analyses show clearly that, within our
sample, there are no volumetric grey matter differences and no reductions in white matter
tract integrity for carriers of the Met allele. Finally, using EEG, we demonstrated that carriers
of the Met allele have reduced magnitude of the old/new effect during source recognition
processing.
Interpretations of gene effects on recognition memory
We propose our results could be interpreted as demonstrating a functional and taskdependent impact of the BDNF SNP. That is, we have measured differences between our
groups that may be related to activity-dependent functions of the BDNF protein rather than
long-term brain development. This is at odds with the predictions of some other research
groups who hypothesise that much of the SNP’s impact is due to structural changes within
the brains of Met allele carriers (Choi et al., 2015; Montag et al., 2009; Park et al., 2017;
Pezawas et al., 2004; Szeszko et al., 2005). However, in line with our hypothesis, previous
research has shown that BDNF is secreted in response to activity within the cell, for example
during memory processing (Chen et al., 2004). Carriers of the Met allele are known to have
reduced secretion in response to cellular activity and impaired routing of the BDNF protein to
regions within the cell that require it (Chen et al., 2004; Farhadi et al., 2000). These both
contribute to a reduction in the amount of BDNF available to Met allele carriers compared to
Val/Val individuals during cellular activity, such as that which underpins cognitive
processing. LTP is one such activity in which BDNF has previously been implicated (Antal et
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al., 2010; Bliss & Collingridge, 1993; Cooke & Bliss, 2006; Korte et al., 1995; Lamb,
McKay, et al., 2015; Poo, 2001). LTP is a cellular mechanism that is thought to underpin the
formation of memory (Bliss & Collingridge, 1993). LTP is potentially the mechanism by
which the differential availability of BDNF for those carrying this SNP impacts memory
performance. It is important to note that we do not have direct measures of BDNF levels
within our individuals, so these comments are purely speculative. However, we do find
support for this suggestion from other studies reporting evidence that could be interpreted as
illustrating an immediate and functional impact of the BDNF protein (Egan et al., 2003;
Goldberg et al., 2008; Hariri et al., 2003). The notion that BDNF affects brain function rather
than structure is further supported by the large number of studies that have failed to detect
structural differences in these groups (S. Benjamin et al., 2010; Dutt et al., 2009; O. Gruber et
al., 2012; Harrisberger et al., 2014; Jessen et al., 2009; Karnik et al., 2010; Kennedy et al.,
2009; Kim et al., 2016; Koolschijn et al., 2010; Montag et al., 2010; Voineskos et al., 2011).
Our results show several behavioural and electrophysiological differences in our
groups during a recognition memory task. We find no evidence that these effects are the
result of any structural differences in either subcortical regions or white matter pathways
associated with recognition memory. This is of particular interest because BDNF has
previously been linked to myelinogenesis (Du et al., 2003), neuronal differentiation (Pang &
Lu, 2004), pruning, and proliferation (Singh et al., 2008; Ziegler et al., 2013). Furthermore,
the concentration of BDNF within the brain peaks soon after birth, and does not decline with
age (Murer et al., 2001). These findings have led many researchers to hypothesise that the
Val66Met SNP, which is linked to altered BDNF concentration, might have an impact on
brain structure via either altering brain development or perhaps in modifying brain structure
in the mature brain via neuronal maintenance and pruning.
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One important alternative explanation is that the behavioural and electrophysiological
differences we observed could also be the result of structural differences that our MRI
measures are not sensitive enough to detect. That is, even though we did not report any
structural deviations between out two groups in either white or grey matter, they could still
exist. These structural differences could be the result of influences that the BDNF protein has
on the development of brain structures, or on the mechanisms by which structural integrity is
maintained within the mature brain. It is also possible that this Val66Met SNP is influencing
both structural development, and the maintenance of integrity. Importantly, it is also plausible
that if these structural differences do exist, they could underpin the differences observed for
our sample concerning recognition accuracy and ERP amplitudes. The EEG signal is
susceptible to small structural changes, such as folding patterns of the cortex (Scherg, 1990),
therefore if structural differences do exist they could underpin the electrophysiological
differences we observed. Despite this alternative explanation, we do have some confidence in
our findings given the large number of supporting studies that have also not detected
structural differences between these two groups.
In light of the mixed results in the current BDNF literature, one strength of the present
series of experiments is that we have adopted a Bayesian approach for our statistical analyses.
An advantage of the Bayesian approach is that it allowed us to quantify the evidence for the
null model, which is not possible using a classical frequentist approach. Using the Bayesian
approach, we can confirm that our data for both the grey and white matter analyses are best
described as evidence for a null effect, that is that there is no difference between Val/Val and
Met carriers in grey matter or white matter volume (Wagenmakers et al., 2018). Our data is
between two and seven times more likely, depending on the region of interest, to support a
null effect compared to the alternative hypotheses. From this, we can proceed with some
confidence that these results are not due to sensitivity issues that might arise from our sample
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size. Bayesian analyses also allow us to have higher confidence in the resulting evidence as
Bayes factors tend to be more conservative measures of hypothesis tests, compared to
frequentist approaches. Furthermore, given that Bayes factors are weighted evidence for each
of the null and alternative hypotheses, we do not have to be as concerned about power issues
that might be related to the size of our experimental sample. More specifically, sample size is
factored into the Bayes factor calculations, in that, with small sample sizes you are more
likely to end up with an inconsistent Bayes factor (ie BF = 1), in comparison with any
specific support for one hypothesis over the other.
Limitations
Several limitations are worth considering when evaluating the findings outlined in this
thesis.
For example, our two experiments are conducted with relatively small sample sizes,
particularly for the detection of genetic effects. Several contributing factors made it necessary
to conduct our research on this sample size. Firstly, funding limitations meant that we were
constrained to a maximum of 61 participants in the MRI portion of the experiment. Despite
this limitation, we find results in our behavioural and EEG aspects of the experiment that
persist even within such a small sample size. Furthermore, where we obtained null findings,
using a Bayesian approach to our statistical analyses allows us some confidence that our null
finding is not merely a result of the small sample.
A second limitation of our sample is that we have chosen to split our pool into two
groups, despite the Val66Met SNP having three different genotypes. This decision was made
because we were not able to recruit enough Met homozygotes in our genotyped pool to make
a three-way split viable. There is a relatively low frequency of Met homozygotes, with up to
20% of the population carrying one or two copies of the Met allele in Western populations
(Petryshen et al., 2010). In defence of this decision, most other research in this field has also
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chosen to split their participants into groups with and without the SNP (see Harrisberger et al.
(2014) for a summary). Furthermore, are participant demographics are in line with most other
major Val66Met studies on cognition. We do not have any detectable differences in ethnicity,
sex, handedness, or age, all factors known to influence brain structure and function.
Another consideration is that it is not possible to dissociate familiarity and
recollection completely. Familiarity is the automatic, fast, and less effortful process that
precedes recollection. Even from a dual process perspective, it is hard to conceive of an
instance where recollection would occur without familiarity. This is because familiarity is
essential for the initial detection of the item as being recognised. Because of this, it is likely
that familiarity bleeds into our recollection measures, at least in our behavioural and EEG
studies. It has also been demonstrated that while the perirhinal cortex and hippocampus are
specifically linked to familiarity and recollection respectively, the hippocampus is also
important for familiarity. It is probable that while these structures are more directly linked to
each subtype of recognition, their exact mechanism of interaction and contribution is far more
complex than can currently be tested, particularly in the scope of this study. Importantly, this
is also true of structures like the uncinate fasciculus. This structure likely does link the
prefrontal cortex to medial temporal lobes, but it is unlikely to purely transmit familiarityonly signal.
Our method of structural segmentation for our two MRI studies also has some
limitations. We used structures that were segmented within Freesurfer via its standard MRI
processing pipeline. Previous studies have found that Freesurfer overestimates subcortical
structural volumes, at least compared to manual tracing (R. A. Morey et al., 2009).
Furthermore, using Freesurfer resulted in us being unable to specifically use the perirhinal
cortex as a single, isolated structure. Previous research has implicated the perirhinal cortex as
especially important for familiarity processing. For our grey matter analyses, we instead used
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the entorhinal cortex and parahippocampal region, which are thought to encompass the
perirhinal cortex. While it is likely we captured the volume of the perirhinal cortex in our
measurement, the exact influence of the parahippocampal gyrus on our results is not
apparent. Despite this, the benefits of using Freesurfer for structure segmentation still make
this method worthy of including. For example, Freesurfer has been demonstrated to be more
accurate than other automated segmentation algorithms, and more closely overlaps with
manual tracings (R. A. Morey et al., 2009).
Our diffusion studies also have some methodological limitations that should be
considered. For example, we use four diffusion parameters as measures of underlying tract
integrity. While many studies have also relied on these parameters to derive integrity
estimates, it is important to note that these parameters are actually quantifying the movement
of water within the brain, rather than explicitly characterising the white matter tracts. Given
that, when unconstrained, water would typically diffuse in all directions equally, we use our
four diffusion parameters to characterise of how directional the diffusion in any voxel is.
Biological barriers, such as the long-range axons of white matter are thought to impact the
ability of water to diffuse evenly in all directions. The extent to which the displacement of
water molecules is impeded will be dependent upon factors such as axon diameter, axon
density, membrane permeability, and the level of myelination that is present (Beaulieu,
2002). Secondly, tractography is not a direct tracing of underlying anatomical tracts.
Tractography is conducted by following the path outlined by the principal diffusion direction
of the underlying voxels. Therefore, it does not guarantee anatomical connections in the way
that trace injections or dissection could.
Finally, it is important to acknowledge that the Val66Met SNP does not operate in
isolation from other genetic influences. It is likely this genetic variation interacts with a large
number of other genes, and their SNPs, to produce the phenotype that we observe in these
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studies. Current research gathering large consortiums of data is more likely to have the power
and resources to probe some of these more complex gene-gene interactions. However, this
does not discredit single SNP studies, as when they are designed well, and theoretically
driven, they can offer interesting insight into how these small genetic changes can influence
large behavioural observations.
Future directions and applications
The findings from the presented studies do convey important directions for future
studies in this area. In future iterations of this research, it would be useful to use measures of
confidence to help tease out responses that illustrate true recollection, independent of
familiarity. This has previously been demonstrated by Addante et al. (2012), who shows that
recollection can occur in the absence of familiarity. Furthermore, confidence ratings can also
be used to build ROC curves and allow for signal detection measures to be derived. These
measures could be used to illustrate the specific behavioural characteristics of the two
subtasks for each genotype group. Previous research has highlighted that each of the
familiarity and recollection processes have unique and specific, ROC curve shapes
(Yonelinas & Parks, 2007). It would be interesting to see if these were consistent across the
two genotype groups. Furthermore, some of our results point to a possible greater impact of
the Val66Met SNP on familiarity over recollection. Therefore, SDT measures might help to
characterise whether this behavioural difference during familiarity is due to greater accuracy
detecting old items, or greater accuracy detecting new items.
It would also be interesting to probe our hypothesis that the impact of the Val66Met
SNP results in effects that are immediate, transient, and related to task-demands, rather than
long-term structural/development effects. Resting-state MRI (rs-fMRI) is a novel method that
could allow some extra support for this hypothesis. Given our proposal that this SNP is
influencing recognition in a task-dependent sense, we would expect to see no differences in
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resting state functional connectivity for these groups. This would provide some evidence that
the observations we report in this thesis are not merely a functional difference for these two
groups, but rather a task-dependent functional difference. Contrasting rs-fMRI with a taskdependent fMRI measure could allow for comparisons to be made about functional
connectivity during a task. If our proposal holds true and extends to fMRI, we would expect
to see differences between the gene groups for the task-dependent connectivity analyses, but
no differences in the resting state analyses. This same hypothesis could also be tested using
resting state EEG data.
Conclusion
Recognition describes the type of memory that allows us to identify whether an object
or event is one that we have previously experienced or one that is new to us. It is one of the
most extensively studied examples of declarative memory, as it is relatively simple to ask
research participants to recall objects they have previously studied. It is thought that
recognition memory is comprised of two subprocesses, familiarity and recollection. Together
these processes allow us to remember items we have already experienced as well as
associated information about that item. There has been some debate in the literature as to
whether these subprocesses are extremes of the same process, or two distinct types of
recognition. A neuro-anatomical model has been proposed by Aggleton and Brown (1999)
and purports to support the existence of two distinct subprocesses underlying our ability to
recognise objects. Some individual differences in recognition memory accuracy have been
reported in those who carry a common genetic variant found within the gene for BDNF.
Previous research has suggested that carriers of this variant have been found to have lower
recognition accuracy and smaller grey matter volumes in memory related structures. This
thesis sought to replicate these findings, and extend them to investigate how the Val66Met
SNP influences each subcomponent of recognition differentially. We find evidence that this
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SNP influences recognition memory in a task-dependent way. Our results show that,
behaviourally, Met allele carriers have lower accuracy on recognition related tasks, and also
have reduced ERP amplitudes that are collected during the source memory task. More
specifically, Met carriers have reduced magnitude of the late, parietally-distributed old/new
effect (the LPC) of the ERP. In contrast to previous work, we found no evidence of any grey
or white matter structural differences in our two groups. We propose that, together, these
results could be interpreted as evidence that this SNP’s primary impact on recognition is
limited to short-term functional effects resulting from a reduction in BDNF available to its
carriers.
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Chapter Six: General Appendices
R Packages
Across the thesis, the following R packages were used to manipulate some data, and create
the included visualisations.
corrplot (Version 0.84; Wei & Simko, 2017), cowplot (Version 0.9.2; Wilke, 2017),
dplyr (Version 0.7.4; Wickham et al., 2017), ggplot2 (Version 2.2.1; Wickham, 2009),
Hmisc (Version 4.1.1; Harrell Jr, Charles Dupont, & others., 2018), Jtools (Version
1.0.0; Long, 2018), plyr (Wickham, 2011; Version 1.8.4; Wickham et al., 2017),
RcolorBrewer (Version 1.1-2; Neuwirth, 2014), Readr (Version 1.1.1; Wickham et al.
2017), reshape2 (Version 0.8.7; Wickham, 2007), shiny (Version 1.0.5; Chang,
Cheng, Allaire, Xie, & McPherson, 2017), stringi (Version 1.1.6; Gagolewski, 2017),
tidyr (Version 0.6.3; Wickham, 2017), xtable (Version 1.8.2; Dahl, 2016).
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Participant Information Sheet
SCHOOL OF PSYCHOLOGY
Faculty of Science
The University of Auckland
Private Bag 92019
Auckland. 1142, New Zealand
Ph (09) 373-7599 ext 88557
Facsimile (09) 373-7450
www.psych.auckland.ac.nz

PARTICIPANT INFORMATION SHEET
Please retain this information sheet for future reference.

Project title
Investigating genetic influences on recognition memory
Researchers
Professor Ian Kirk, Associate Professor Paul Corballis, Nicole Mckay
Research Background
The aim of this project is to investigate the impact that common genetic variation has on
recognition memory. In order to do this, this study will be using an approach that correlates
behavioural performance on recognition memory tasks to measures of structural and
functional connectivity within the brain
Procedure
The initial phase of this experiment requires volunteers to come in to complete a short
questionnaire regarding demographic and handedness information. This will be used to
ensure you are eligible to be included in the study. In addition to this, you will also be asked
to give a small sample of saliva so that we can test to see what variant of the BDNF gene you
possess. In total, this should take no more than 15 minutes.
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If you are eligible to participate, you will be invited to participate in related studies such as
those listed below. Please note, while all volunteers are required to complete the initial phase
of the study, participation in one subsequent study is not dependent on completing any other
study. You are free to choose to participate in none, one, or as many of the offered studies as
you like.

Initial Phase: (15 mins)
-Demographics questionnaire
-Handedness questionnaire
-Genotyping
Study 1: (2 hours)
-EEG experiment (optional)
Study 2: (0.5 hours)
-MRI scanning (optional)

Study 1: EEG Experiment
Study 1 consists of one session that will take no more than 2 hours including set-up to
complete.
During the experiment you will be asked to make simple judgments about stimuli
presented on a computer monitor. Your responses will be in the form of button presses using
the computer keyboard of a button box. You will be given specific instructions at the start of
each task. In addition, your brain waves will be measured during the task using an
electroencephalogram (EEG). Therefore electrodes will be placed on the surface of your scalp
by means of an elastic ‘cap’. The electrodes are encased in sponges, which are soaked in an
electrolyte solution (consisting of shampoo, salt, and water). You will be given brief rest
breaks every few minutes during the experiment and you will be free to ask the experimenter
any questions that may arise while you are doing the task(s).
Study 2: MRI Scanning
Study 2 consists of one session that will take no more than 1 hour and 30 minutes including
approximately one hour in the MRI scanner.
This MRI session will take place at the Centre for Advanced MRI (CAMRI), located
in the Faculty of Medical and Health Sciences, Park Road, Grafton. The MRI scan will last
approximately 1 hour and is comprised of several different scan types. Some scans will
require you to complete a task, while others require you to do nothing. For this session you
will first change into a gown, removing all metallic objects and jewellery. You will then be
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asked to lie on your back on a bed, and lightweight equipment will be placed around your
head. Because the scanning is noisy you will be given protective headphones to wear. You
will then be slid into the scanner tunnel on the bed. You will be asked to remain as still as
possible so that the images are movement free. You will be able to make contact with the
MRI operator via voice or the emergency buzzer at all times, and can request to be slid out of
the scanner at any time. In the first part of the scan you will listen to music for ten minutes
while we image your brain anatomy. In the next part we will be taking images of your brain
activity while you complete memory tasks. Task information will be projected to a small
screen above your head, and you will respond by pressing buttons.
Risks and discomforts
Study 1: EEG Experiment
There are no known side effects or risks associated with EEG. If you feel any discomfort
during the experiment, please inform the experimenter immediately. You can choose to stop
participation at any time and the experimenter will be with you all the time. The electrodes
and the device used to record your brain waves are electrically isolated so there is no
possibility of shock in the unlikely event of an electrical fault in the equipment. The electrode
cap is disinfected after each use to prevent the possibility of biological contamination.
Study 2: MRI Scanning
There are no known side effects or risks associated with MRI scanning. It is painless, and
involves no radiation exposure, needles or injections. However MRI is unsafe for people who
have magnetic metal implants in their body (e.g. pacemaker, hearing aid, screws/plates from
an operation, etc.). At the MRI centre, you will be asked to fill out a safety checklist to make
sure that this is not the case for you. People who are prone to claustrophobia can find lying in
the narrow tunnel of the MRI scanner difficult, therefore we do not recommend that they
participate. Very rarely people can find the scanner makes them feel warm or can feel a
tickling or twitching sensation. These are harmless. However, if you feel uncomfortable for
this or any reason whilst in the scanner you should let the MRI operator know via the
communication system or the emergency buzzer. It is always your right to request that
scanning be discontinued and that you be removed from the scanner.
Fatigue during experiments: Study 1 and Study 2
Completing the tasks may be a little tiring. During the EEG experiment (Study 1), you will be
provided many breaks throughout the experiment that can be for as long as needed. During
the MRI scan (Study 2), you will have a short break between each scan.
Detection of Abnormalities
If you choose to complete Study 2, please note your MRI scan is for research and is not a
medical examination; therefore images are not routinely reviewed by a radiologist. It is
possible (although unlikely) that we may incidentally find an abnormality in your brain that is
clinically significant. In this event, it is CAMRI policy that you must be informed. You
should be aware that such knowledge would have consequences for you. For instance it could
affect your ability to obtain insurance (whether or not you take the matter further), or your
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ability to work in certain professions. If you would not want to know, you should not
participate in Study 2.
Benefits
Your participation will contribute towards our understanding of the genetic influences on
recognition memory. As compensation for your time you will receive $10 for each session
you participate in. If you decide to leave the study early, you will be compensated for the
time you participated. You can also request a copy of the final published report of this study.
Confidentiality
Participation in this study is entirely voluntary, and if you choose to participate, you can
change your mind at any time without giving a reason and without any negative
consequences. After your participation is completed, you will still have the right to request
that your data be withdrawn from the study for up to one month. You will be given a copy of
this document to keep. The data you provide will be preserved and any information that
identifies you as a participant will be used confidentially. Your name will only appear on the
attached Consent Form, which will be coded with an identification number that will be used
throughout the study. If the information you provide is reported or published, this will be
done in a way that does not identify you as its source.
Access to consent forms and data will be restricted to the researchers directly involved in this
project and will be stored in a locked cabinet on university premises. All de-identified data
will be kept indefinitely (minimum period of six years) to allow for publication and future reanalysis. Consent forms will be securely and confidentially destroyed after six years.
Assurance of participation
Please note that if the Principal Investigator (Professor Ian Kirk) is your teacher for any
course, your participation in this study is entirely separate from class activities, and there is
neither benefit nor cost associated with your participation (or lack thereof) in this research.
Participation or non-participation will not influence your academic grades or relations within
the Psychology department.
Participants will be required to be between 18-35 years of age. Participants with a history of
epilepsy or migraine will be excluded, as will participants with uncorrected visual deficits
(participants with eyeglasses or contact lenses will be included).
If you would like to participate in this research project, please contact me (Nicole Mckay) via
email. If you any have questions or concerns about the project, please contact one of the
following:
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Principal Investigator
Professor Ian Kirk
School of Psychology
The University of Auckland
Private Bag 92019
Auckland 1142
Ph: (09) 373 7599 ext
88524
i.kirk@auckland.ac.nz

PhD Student
Nicole Mckay
School of Psychology
The University of Auckland
Private Bag 92019
Auckland 1142
Ph: (09) 373 7599 ext 88421
nmck031@aucklanduni.ac.nz

The Head of Department of Department of Psychology
Professor William Hayward
School of Psychology
The University of Auckland
Private Bag 92019
Auckland 1142
Ph: (09) 923 8516
w.hayward@auckland.ac.nz
Please retain this information sheet for future reference.
For any queries regarding ethical concerns you may contact the Chair, The University of
Auckland Human Participants Ethics Committee, The University of Auckland, Office of the
Vice Chancellor, Private Bag 92019, Auckland 1142. Telephone 09 373-7599 extn. 83711.
If you believe your participation or non-participation has had an influence on your grades or
relationship with the researchers of the University, please contact the HOD, Professor Will
Hayward.
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Consent Form
SCHOOL OF PSYCHOLOGY
Faculty of Science
The University of Auckland
Private Bag 92019
Auckland. 1142, New Zealand
Ph (09) 373-7599 ext 88557
Facsimile (09) 373-7450
www.psych.auckland.ac.nz

CONSENT FORM

THIS CONSENT FORM WILL BE HELD FOR A PERIOD OF SIX YEARS
Project title: Investigating genetic influences on recognition memory
Researchers:
Professor Ian Kirk, Associate Professor Paul Corballis, Nicole Mckay
I have read and understood the accompanying Participant Information Sheet, which
explains this research project and my role as a participant. I have had an opportunity to
ask questions and have had them answered satisfactorily.
In particular I understand that:
· I have the right to stop participation at any time without having to give a reason.
· Whether or not I participate will not affect my relationship with the researchers.
· If the Principal Investigator (Professor Ian Kirk) is my teacher for any course, my
participation in this study is entirely separate from class activities and there is neither cost nor
benefit associated with my participation (or lack thereof). Participation or non-participation
will not influence my academic grades or relations within the Psychology department.
· For one month after my participation I will still have the right to request that my
data be withdrawn from the study.
· My name will appear only on this form. The data from this research will be stored
confidentially, coded by number which will not be traceable to me.
· All data will be kept for a minimum period of six years to allow for publication and
future re-analysis, after which consent forms will be securely and confidentially
disposed. De-identified data will be kept indefinitely.
· Research publications and presentations from this study will not contain any
information that could identify me.
· I will receive a $10 Westfield voucher in compensation for my time
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I voluntarily agree to take part in this research.

Signed:
___________________________
(Researcher Use Only)
Name: ___________________________
Participant Number:
(please print)
Date: ___________________________
Please only complete the sections below that have been circled by the researcher:

For participation in the EEG portion of this research project:
I agree to take part in this research that will take no more than two hours. I understand that I
will have a net fitted to my head and electrical activity will be recorded while I perform
simple tasks. I understand that I am free to withdraw at any time and that my data will be kept
for 6 years.
I voluntarily agree to take part in this research:
Signed:

___________________________

Name: ___________________________
(please print)
Date: ___________________________
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For participation in the MRI portion of this research project:
I agree to take part in this research that will take no more than 1.5 hours I understand that I
will have an anatomical and functional scan. I understand that I am required to remain as still
as possible during the scanning session. I agree to be informed about any incidental findings
that may arise from the scan. I understand that I am free to withdraw at any time and that my
data will be kept for 6 years.
I voluntarily agree to take part in this research:
Signed:

___________________________

Name: ___________________________
(please print)
Date: ___________________________

Please indicate by ticking the box if you would like a summary of the results of this
study sent to you once the research has been completed:

If you would like a summary, please provide contact details so we can send you this
summary:
Email:
Address:

If you believe your participation or non-participation has had an influence on your grades or
relationship with the researchers of the University, please contact the HOD, Professor Will
Hayward.
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Demographic Form
Demographic Questionnaire
Please complete the questionnaire by answering all questions. This is entirely voluntary and
the information will be treated confidentially.
Date: ______________
1. Sex:

Female

Male

2. Age:

___________

3. Ethnicity:

___________

4. Years of tertiary education:

___________

5. Is English your first language:

Yes

No

6. Vision:
a. Do you have corrective eyewear?
Yes No
b. If so, what type of corrective eyewear Glasses
are you wearing right now? Contact Lenses
c. What best describes your vision? Nearsighted
Nearsighted: nearby objects can be seen
Farsighted
clearly, but distant objects are blurry
I’m not sure
Farsighted: distant objects can be seen
clearly, but nearby objects are blurry
7. Do you have any history of epilepsy?
8. Do you have any history of migraine?

Yes
Yes

No

No

--------------------------------------------------Experimenter--------------------------------------------Experiment: _________________ Version:
Participant #: _________________
Handedness: _________________
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Edinburgh Handedness Inventory
Edinburgh Handedness Inventory
Please indicate your preferences in the use of hands in the following activities by putting + in
the appropriate column.
Where the preference is so strong that you would never try to use the other hand unless
absolutely forced to, put ++
If in any case you are really indifferent, put + in both columns.
Some of the activities require both hands. In these cases, the part of the task, or object, for
which hand preference is wanted is indicated in brackets.
Please try to answer all questions, and only leave a blank if you have no experience at all of
the object or task.
Activity

Left

Right

1. writing
2. drawing
3. throwing
4. scissors
5. toothbrush
6. knife (without fork)
7. spoon
8. broom (upper hand)
9. striking match (match)
10. opening box (lid)
i. which foot do you prefer to kick with?
ii. which eye do you use when using only one?
--------------------------------------------Experimenter-----------------------------------------L.Q.:
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