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Abstract

Objectives—Converging evidence suggests that the brain-derived neurotrophic factor (BDNF)
gene Val66Met polymorphism affects brain structure. Yet the majority of studies have shown no
effect of this polymorphism on hippocampal volumes, perhaps due to small effect size.

Methods—We performed a meta-analysis of studies investigating the association between
Val66Met BDNF polymorphism and hippocampal volumes in healthy subjects by combining
standardized differences between means (SDM) from individual studies using random effect
models.

Results—Data from 399 healthy subjects (255 Val-BDNF homozygotes and 144 carriers of at
least one Met-BDNF allele) in seven studies were meta-analysed. Both the left and right
hippocampi were significantly larger in Val-BDNF homozygotes than in carriers of at least one
Met-BDNF allele (SDM = 0.41, 95% Confidence Interval = 0.20; 0.62, z=3.86, £=0.0001; SDM
= 0.41; 95% Confidence Interval = 0.20; 0.61, z= 3.81, £=0.0001, respectively), with no
evidence of publication bias.

Conclusions—Healthy carriers of BDNF gene Val66Met polymorphism show bilateral
hippocampal volume reduction. The effect size was small, but the same direction of effect was
seen in all meta-analyzed studies. The association with the BDNF gene Val66Met polymorphism
makes hippocampal volume a potential candidate for an endophenotype of disorders presenting
with reduced hippocampal volumes.
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Introduction

Brain-derived neurotrophic factor (BDNF) belongs to the family of neurotrophins. Early in
life it plays an important role in neurogenesis and neurodevelopment (Balu and Lucki 2009;
Cohen-Cory et al. 2010). Later in life it facilitates neuronal plasticity and exerts
neuroprotective effects (Yoshii and Constantine-Paton 2010). The BDNF gene is situated on
chromosome 11. A common functional missense single nucleotide polymorphism located at
nucleotide 196 produces a valine to methionine amino acid substitution in the region
controlling dendritic trafficking and synaptic localization of BDNF. This leads to decreased
interaction of BDNF with a sorting protein (sortilin), which attenuates activity related
release of BDNF and results in decreased hippocampal volumes in animal models (Egan et
al. 2003; Chen et al. 2006; Martinowich et al. 2007). In keeping with this, human studies
have shown the effects of this polymorphism on memory (Egan et al. 2003; Hariri et al.
2003), hippocampal activation (Egan et al. 2003; Hariri et al. 2003), as well as hippocampal
volumes in some studies (Bueller et al. 2006; Frodl et al. 2007).

The majority of studies investigating the effects of BDNF gene Val66Met polymorphism on
hippocampal volume in human subjects have, however, been negative. This may be due to
type Il errors (false negative findings) caused by the modest to small effects of individual
genetic polymorphisms on brain structure. Performing larger studies is one, albeit difficult
solution to the problem. In the absence of such large studies, meta-analyzing data from
multiple smaller investigations is another method of addressing problems with small sample
and effect sizes.

Hippocampal volume decrease is a replicated feature of a number of neuropsychiatric
disorders, including mood disorders, schizophrenia, Alzheimer’s dementia, post traumatic
stress disorder, personality disorders (Hoschl and Hajek 2001; Geuze et al. 2005).
Identifying a genetic basis for hippocampal volume changes would thus be of marked
interest to neuropsychiatry. The effects of genetic polymorphisms on brain structure are
however initially best studied among healthy subjects. Studying such effects in patients with
major psychiatric disorders is confounded by the effects of medications, comorbid
conditions and illness burden on brain structure (Hoschl and Hajek 2001). Furthermore,
other genetic factors such as epistasis (Takahashi et al. 2008a), gene—environment
interactions (Uher 2008) or effects of medications on gene expression (Duman et al. 1997)
may further complicate genetic neuroimaging studies of clinical populations. Establishing an
association between a particular genetic polymorhism and brain structure in healthy subjects
and obtaining effect size estimates would help to design studies testing this association in
psychiatric disorders, where additional confounding factors need to be controlled for.

We thus performed a meta-analysis of hippocampal volumes in healthy subjects genotyped
for the BDNF Val66Met polymorphism, in order to achieve a greater statistical power and a
more precise estimate of effect size relative to individual studies. We expected to find
smaller hippocampal volumes among Met carriers relative to Val homozygotes.
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Study ascertainment

Studies were considered for inclusion if they (1) were indexed in Medline as published or in
press in peer-reviewed journals by October 31, 2010 (2) investigated brain structure in
healthy subjects genotyped for BDNF gene Val66Met polymorphism, and (3) reported
manual volumetric measurements of the left or the right hippocampus. We analyzed the left
and the right hippocampus separately, as most of the available studies did not provide mean
and variance estimates for the whole hippocampal volume. When a study reported means
and standard deviations of a structure adjusted for confounds, these were used in the meta-
analysis in place of the raw means.

Studies were excluded, if (1) only overall hippocampal volumes rather than separate results
for the left and the right side were provided, (2) gray matter density (voxel based
morphometry), rather than actual volumes were reported, (3) noncontiguous slices were used
for the measurements, (4) the effect size for hippocampal volume changes could not be
extracted from the manuscript, (5) the study investigated a mixture of healthy subjects and
patients with psychiatric/neurological conditions without providing separate results for the
healthy controls. Two reviewers (TH, MK) assessed each study to ensure that all inclusion
and exclusion criteria were met and all data were transcribed correctly.

We carried out a systematic search of MEDLINE, EMBASE, SCOPUS databases for articles
published between 1999 (the first report about the effects of BDNF on brain structure
(Wassink et al. 1999)) and October 31, 2010 in any language using the following Medical
Subjects Heading categories: magnetic resonance imaging and BDNF. This is an over
inclusive search strategy which, however, ensures identification of all available studies.
Review articles relating to genetic neuroimaging and reference lists of included studies were
also searched for published articles.

Statistical analyses

Meta-analyses were performed using Comprehensive Meta Analysis software, Version 2. As
a measure of effect size, we used standardized difference between means (SDM), which is
identical to Cohen’s d measure of effect size. Since we cannot expect constant population
effect size across studies (fixed effects), we decided to use the random effects model, with
study as the random effect. This assumes that the “population” of studies has variable true
effects that are normally distributed.

No studies have reported hippocampal volumes separately for Met-BDNF homozygotes, as
these are rare. Therefore similar to individual studies, we grouped subjects as either Val-
homozygotes, or Met-carriers (a combined group of Met-BDNF homozygotes and Met-
BDNF heterozygotes).

We calculated /2, to provide an easily interpretable measure of consistency between studies.
The 7 is an estimate of the percentage of the total variation across studies due to true
heterogeneity rather than chance. £ is placed between 0 and 100%. A value of 0% indicates
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no observed heterogeneity, and larger values show increasing heterogeneity (Higgins et al.
2003). 2 values of 25, 50 and 75% denote low, moderate and large heterogeneity.

We performed a jack-knife sensitivity analysis, omitting one study at a time, to assess
whether the results would change after exclusion of any study and whether they remain
significant in replication studies, e.qg., after exclusion of the first published positive study.

We used the Egger’s regression test of funnel plot asymmetry (Egger et al. 1997), as well as
the classic fail-safe A/to examine the risk of publication bias. To test for association between
age, proportion of females, publication year and SDM of hippocampal volumes, we
performed metaregression, using non-parametric rank correlation (Kendall Tau). We adopted
a significance level of p=0.05, two tailed for all of the above-mentioned analyses.

Departures from Hardy—Weinberg equilibrium (HWE) in studies which did not provide this
information directly were tested using chi-square test.

Results of the systematic search

Out of 126 studies initially found by the systematic search, 14 studies measured
hippocampal volumes in healthy subjects genotyped for BDNF gene Val66Met
polymorphism (Szeszko et al. 2005; Agartz et al. 2006; Bueller et al. 2006; Frodl et al. 2007;
Takahashi et al. 2008b; Chepenik et al. 2009; Dutt et al. 2009; Jessen et al. 2009; Joffe et al.
2009; Koolschijn et al. 2010; Benjamin et al. 2010; Gonul et al. 2011; Haukvik et al. 2010;
Karnik et al. 2010). The study by (Haukvik et al. 2010) overlapped with the (Agartz et al.
2006) study, thus yielding 13 non-overlaping datasets. The studies by Joffe et al. (2009) and
Karnik et al. (2010) did not use manual tracing, but rather automated segmentation and
registration based procedures for hippocampal volumetry, thus failing inclusion criterion 3.
Manual tracing continues to be the gold standard for hippocampal volumetry. Directly
comparing results obtained with manual volumetry and automated segmentation and
registration-based procedures, such as automated anatomical labelling is not appropriate.
The automated methods typically yield means and variance estimates for hippocampal
volumes which significantly differ from those obtained by manual volumetry as well as
show low intra-class correlations with manual volumetry (Tae et al. 2008). These studies
also provided total hippocampal volumes only (exclusion criterion number 1). There was no
association between hippocampal volume and Val-66Met BDNF polymorphism in either of
these studies. Two other volumetric studies measured the whole hippocampal volume only,
without providing separate results for the left and the right hippocampus (Agartz et al. 2006;
Chepenik et al. 2009). Only one of these studies provided sufficient details for calculation of
effect sizes (Chepenik et al. 2009), thus not allowing for a separate meta-analysis. This study
showed increased total hippocampal volume in Val-BDNF homozygotes relative to Met-
BDNF carriers. The remaining study showed no association between Val66Met BDNF
polymorphism and hippocampal volume but did not provide sufficient details to extract the
direction and extent of the effect sizes (Agartz et al. 2006). Two additional volumetric
studies provided data only on a mixture of healthy controls and patients without separating
the results (Szeszko et al. 2005; Benjamin et al. 2010). Seven of the studies thus met
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inclusion criteria for this meta-analysis (Bueller et al. 2006; Frodl et al. 2007; Takahashi et
al. 2008b; Dultt et al. 2009; Jessen et al. 2009; Koolschijn et al. 2010; Gonul et al. 2011). The
study by (Dutt et al. 2009) included four subjects with personal history of depression. Since
this represented a minority among the 61 recruited control subjects, we included this study
in the meta-analysis. All of the other meta-analyzed studies excluded subjects with a
personal history of Axis | psychiatric disorders. Four of the meta-analyzed studies excluded
subjects with family history of psychiatric Axis I disorders. All meta-analyzed studies
included both men and women. The average age of healthy controls ranged from 24 + 6 to
44 + 9 years. Due to small number of Met-BDNF homozygotes, no study separated Met-
BDNF homozygotes from Met-BDNF heterozygotes. In all studies, results for carriers of at
least one Met-BDNF allele — a combined group of Met-BDNF homozygotes and
heterozygotes — were thus provided. In six out of seven studies included in the meta-analysis
the BDNF Val66Met genotype distributions were in Hardy—Weinberg equilibrium (results
directly provided: Frodl et al. 2007; Takahashi et al. 2008b; Dultt et al. 2009; Koolschijn et
al. 2010), results calculated from genotype frequencies (Bueller et al. 2006; Gonul et al.
2011). A single study did not provide information on HWE or sufficient details to calculate
it (Jessen et al. 2009). Slice thickness in the meta-analyzed studies ranged from 1 to 2 mm,
with magnet field strength of 1.5 T in all studies with exception of 3 T magnet in Jessen et
al. (2009), please see Table | for details.

Results of the meta-analysis

Overall we meta-analyzed data from 399 healthy subjects (255 Val-BDNF homozygotes and
144 carriers of at least one Met-BDNF allele). Both the left and right hippocampi were
significantly larger in Val-BDNF homozygotes than in carriers of at least one Met-BDNF
allele (SDM = 0.41, SE = 0.11, 95% CI =0.20; 0.62, z=3.86, = 0.0001; SDM =0.41; SE
=0.11, 95% CI = 0.20; 0.61, z=3.81, £=0.0001 respectively), for details see Figures 1 and
2.

Interestingly all studies, even the negative ones, for both the left and right hippocampi
showed the same direction of changes (i.e. Val-BDNF homozygotes having larger
hippocampi than Met-BDNF carriers). There was no statistical heterogeneity among the
studies for the left (/2 = 0), or the right hippocampus (/2 = 0%).

Sensitivity analysis

The results for either the left or the right hippocampus remained significant after exclusion
of any individual study, including the first study (Bueller et al. 2006), the study with the
largest effect (Bueller et al. 2006) or sample size (Koolschijn et al. 2010) or the study of
Japanese subjects (Takahashi et al. 2008b). Exclusion of individual studies yielded effect
sizes ranging from 0.36 to 0.48 for the left and 0.36 to 0.45 for the right hippocampus.

Meta-regression

There was no statistically significant association between age, proportion of females,
publication year (although the first study showed the largest effect size) and SDM for either
the left or the right hippocampus. Only five studies included in the meta-analysis separately
listed the proportion of Met-BDNF homozygotes and three of these contained only Met
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heterozygotes. We thus did not perform meta-regression and only visually inspected the
results. The smallest effect size was found in the study with the largest proportion of Met-
BDNF homozygotes (Takahashi et al. 2008b) and the largest effects size was seen in the
study with the smallest proportion of Met-BDNF homozygotes (Gonul et al. 2011).

Publication bias

There was no evidence for publication bias as tested by the visual inspection of funnel plots
and by Egger’s regression intercept. The lack of publication bias was also evidenced by the
fact that the majority of included studies were negative. The number of additional studies
needed to bring the Pvalue above 0.05 was 23 for both the left and right hippocampi.

Sample size calculations

A study would need to recruit 95 subjects per group to detect an effect size of 0.41 as seen in
this meta-analysis for the differences in hippocampal volumes between Val-BDNF
homozygotes and carriers of at least one Met-BDNF allele as statistically significant (P=
0.05, power = 80%, two-tailed test).

Discussion

In this meta-analysis, we found significantly larger bilateral hippocampal volumes in healthy
Val homozygotes relative to carriers of at least one Met allele of the BDNF gene Val66Met
polymorphism. Contrary to the results of this meta-analysis 11 of the 13 individual studies
reported no association between hippocampal volumes and BDNF Val66Met polymorphism
in healthy subjects. Biological, as well as statistical issues could underlie this discrepancy.

Regarding the biological heterogeneity, the prevalence of BDNF polymorphisms differs
between Asian and Caucasian samples which, however, does not mean that the effects of
these alleles differ as well. Excluding the single study investigating Japanese subjects
(Takahashi et al. 2008b) did not change the results. Furthermore, the direction of the effect
in this study was the same as in all of the other meta-analyzed studies, i.e. larger
hippocampal volumes in Val homozygotes relative to Met carriers. Gene—environment
interactions, as well as epistasis are likely to play a role in determining regional brain
morphometry. At this time it is impossible to address all of these effects as sufficient data are
missing.

A more parsimonious explanation for the discrepancy between the meta-analysis and the
individual studies seems to be the lack of statistical power due to a small sample size (false
negative finding, type Il error). The overall effect size for differences between Val-BDNF
homozygotes and Met-BDNF allele carriers was 0.41, thus requiring 95 subjects per group
to detect. The individual studies, the largest of which recruited a total of 90 healthy subjects
(Koolschijn et al. 2010), were thus underpowered to detect the association as statistically
significant. Further in support of this, all studies included in the meta-analysis reported
numerically larger left as well as right hippocampi in Val-BDNF homozygotes relative to
carriers of the Met-BDNF allele, thus yielding no statistical heterogeneity. Furthermore,
overall statistical significance of the meta-analysis was retained after exclusion of each
individual study.
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The consistency of findings is noteworthy. It has previously been shown that individual
association studies are liable to type I errors and that these can be propagated by use of loose
definitions of replication (Sullivan 2007). In this respect, the meta-analyzed studies approach
criteria for the strict definition of replication, i.e. looked at the same SNP, the same
phenotype, found association with the same allele and reported the same direction of
findings, albeit non-significant due to a small sample size.

The smaller hippocampal volumes in the Val66Met BDNF polymorphism detected in this
meta-analysis have been also found in some (Pezawas et al. 2004; Matsuo et al. 2009;
Schofield et al. 2009), but not other (Ho et al. 2006; Nemoto et al. 2006; Joffe et al. 2009;
Montag et al. 2009) studies using voxel-based morphometry. Converging lines of evidence
from basic science as well as clinical studies further corroborate the effects of Val66Met
BDNF polymorphism on hippocampal volumes. The dentate gyrus of hippocampus is one of
the regions of the brain where neuronal proliferation is evident even in adults (Lledo et al.
2006). Stress paradigms which decrease the levels of BDNF also lead to hippocampal
volume decreases in animal models. Conversely increasing the levels of BDNF, by for
example antidepressants, results in hippocampal volume increases (Groves 2007). Last but
not least, studies in human subjects have shown the effects of BDNF gene Val66Met
polymorphism on decreased memory performance, which is a hippocampal mediated task
(Egan et al. 2003; Hariri et al. 2003).

The effect of the BDNF gene Val66Met polymorphism on hippocampal volume has
implications for psychiatric disorders associated with decreased hippocampal volumes,
including mood disorders, schizophrenia, Alzheimer’s dementia, post traumatic stress
disorder, personality disorders (Hoschl and Hajek 2001; Geuze et al. 2005). A complex
scenario emerges in which the hippocampus may be a target for genetic effects (Pezawas et
al. 2008), disrupting the development of this critical structure, as well as for environmental
insults which can be further aggravated by the presence of the Val66Met BDNF
polymorphism (Ho et al. 2007; Mcintosh et al. 2007). A single gene may thus be implicated
in both hippocampal volume changes presenting as a risk factor for psychosis (Prasad and
Keshavan 2008), but also in hippocampal volume decline in response to illness burden
(Hoschl and Hajek 2001; Hajek et al. 2005; Macqueen et al. 2005).

The cumulative effect size from this meta-analysis has practical implications for future
genetic neuroimaging studies. For a sufficiently powered study of association between the
BDNF gene Val66Met polymorphism and hippocampal volume, 95 subjects per group
would be needed. This is in keeping with the concept of endophenotype (Gottesman and
Gould 2003). Rather than requiring thousands or tens of thousands of subjects to test for
associations between genetic polymorphisms and complex behavioral syndromes, 1 to 2
orders of magnitude smaller sample sizes may be required to test for the association between
a particular allele, such as the Val66Met BDNF polymorphism and an intermediate
phenotype, such as hippocampal volume.

This estimate applies to healthy subjects and may vary in clinical samples. Chepenik et al.
(2009) have shown, that the effects of the BDNF gene Val66Met polymorphism on brain
structure may be enhanced in patients with bipolar disorders. On the other hand, recruiting
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psychiatric patients might introduce additional heterogeneity and thus require a larger
sample size.

It is also of note that a non-quantitative review of the effects of the BDNF gene Val66Met
polymorphism on brain structure would have to conclude that the majority of studies showed
no association. The quantitative meta-analytical approach thus, in this case, provides
information not readily evident from the individual studies or from non-quantitative reviews.

Our study has several limitations. Every meta-analysis depends on the quality of the primary
data, comparability of methods and control for known confounding variables. The
methodological comparability with regards to MRI methods was good. All studies used at
least 1.5-T scanners, maximum 2 mm slice thickness and 3D acquisitions. These methods
are optimal and sufficient for volumetry of the hippocampus. Exclusion of the only study
which used a 3-T scanner (Jessen et al. 2009) or 2 mm slice thickness (Gonul et al. 2011) in
the sensitivity analysis did not change the results. Furthermore it has been shown that slice
thickness does not affect hippocampal volumes (Campbell et al. 2004). In keeping with this
we, as well as others have previously combined data obtained with a range of slice
thicknesses for meta-analytical purposes (Hajek et al. 2008, 2009; Kempton et al. 2008).
Five out of seven volumetric analyses were blinded to the genotype of the participants.
When reported, the inter-rater reliability estimates were sufficiently high. With seven studies
in 399 subjects we were above the cut-off of three studies in at least 50 subjects set up in
previous meta-analysis (McDonald et al. 2004). Meta-analytical techniques could be misled
by preferential publications of positive findings. There was no evidence for publication bias
in the reviewed studies and, in fact, most of the meta-analyzed studies reported nominally
non-significant results. Six of the identified studies did not meet inclusion criteria for this
meta-analysis. Only one of these studies reported a statistically significant difference
between Val-BDNF homozygotes and Met-BDNF carriers. In keeping with the overall
results of our meta-analysis, the Val-homozygotes had larger hippocampal volumes than
Met-BDNF carriers (Chepenik et al. 2009). None of the other studies showed statistically
significant association between Val66Met BDNF polymorphism and total hippocampal
volume. One of these studies showed numerically larger (Szeszko et al. 2005), whereas two
studies reported non-significantly smaller hippocampal volumes (Joffe et al. 2009; Benjamin
et al. 2010) in Val homozygotes relative to Met-BDNF carriers. Two studies did not provide
details about the direction of the non-significant effect (Agartz et al. 2006; Karnik et al.
2010). Based on our analyses, the number of additional studies needed to bring the p value
above 0.05 was 23 for both the left and right hippocampi. Therefore, the four studies with
either opposite or unknown statistically non-significant effect direction would be unlikely to
change the results. We included only healthy subjects, as the complex nature of psychiatric
syndromes with oligo or polygenic underpinnings and frequent gene environment and
epistatic effects, as well as other factors affecting brain structure (burden of illness,
medication, comorbid conditions) would introduce noise into the meta-analysis, which
would be impossible to account for. Clarifying the association between regional brain
volumes and individual genes is thus a necessary first step before more complex interactions
can be studied. We were unable to formally test whether Met-BDNF homozygotes differed
from Met-BDNF heterozygotes (dose—response effect). Met allele is rare in western
populations which were studied in most of the included studies. Only five studies provided
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proportion of Met-BDNF homozygotes, two of which contained no met homozygotes.
Furthermore, no studies reported hippocampal volumes separately for Met homozygotes.
Visual inspection of the data, however, did not provide support for the dose response effect
as in fact the largest effects size was seen in the study with the smallest proportion of Met-
BDNF homozygotes. The studies did not provide results separately for males and females.
We thus at least looked at association between proportion of females and effect sizes using a
meta-regression. There was no statistically significant association between proportion of
females and SDM for either the left or the right hippocampus.

Overall, the available evidence suggests that there are bilateral hippocampal volume
reductions in healthy carriers of the BDNF gene Val66Met polymorphism. The effect size of
this difference is small (ES = 0.41), but the same direction of findings was seen in all studies
included in the meta-analysis, regardless of statistical significance. Association with the
BDNF gene Val66Met polymorphism makes hippocampal volume a potential candidate for
an endophenotype of disorders presenting with hippocampal volume decreases. Because of
the small effect size, a sample size of at least 95 subjects per group would ensure sufficient
power to further investigate the effects of BDNF gene on brain structure.
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Figure 1.

Comparison of the left hippocampal volumes between healthy Val homozygotes and carriers
of BDNF gene Val66Met polymorphism.
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Figure 2.

Comparison of the right hippocampal volumes between healthy Val homozygotes and
carriers of BDNF gene Val66Met polymorphism.
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