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Abstract
Brain-derived neurotrophic factor (BDNF) is an important modulator of constitutive stress responses mediated by limbic
frontotemporal circuits, and its gene contains a functional polymorphism (Val66Met) that may influence trait stress sensitivity.
Reports of an association of this polymorphism with anxiety-related personality traits have been controversial and without
clear neurophysiological support. We, therefore, determined the relationship between resting regional cerebral blood flow
(rCBF) and a well-validated measure of anxiety-related personality, the TPQ Harm Avoidance (HA) scale, as a function of BDNF
Val66Met genotype. Sixty-four healthy participants of European ancestry underwent resting H2

15O positron emission
tomography scans. For each genotype group separately, we first determined the relationship between participants’ HA scores
and their resting rCBF values in each voxel across the entire brain, and then directly compared these HA–rCBF relationships
between Val66Met genotype groups. HA–rCBF relationships differed between Val homozygotes and Met carriers in several
regions relevant to stress regulation: subgenual cingulate, orbital frontal cortex, and the hippocampal/parahippocampal region.
In each of these areas, the relationshipwas positive in Val homozygotes and negative inMet carriers. These data demonstrate a
coupling between trait anxiety and basal resting blood flow in frontolimbic neurocircuitry that may be determined in part by
genetically mediated BDNF signaling.
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Introduction
Twin and family studies have shown that temperament and
personality traits are highly heritable (Floderus-Myrhed et al.
1980; Bouchard and Loehlin 2001), but the specific genes and
neurobiology underlying this heritability are largely unknown.
Resolving this question is important because anxiety-related

personality traits, such as harm avoidance (Cloninger et al.
1991), may determine resilience to stress and susceptibility to a
range of psychiatric disorders (Hansenne et al. 1999; Jylha and
Isometsa 2006).

One likely candidate gene is BDNF, which codes for brain-
derived neurotrophic factor (BDNF), a molecule that is highly
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expressed in the hippocampus (Conner et al. 1997) and through-
out the cortex, including prefrontal cortex (Hofer et al. 1990;
Huntley et al. 1992). BDNF is crucial throughout development in
maintaining neural integrity and plasticity (Messaoudi et al.
1998; Drake et al. 1999; Lu 2003), and several lines of evidence
suggest that it may be important in determining an individual’s
resilience to stress. For instance, experimentally disrupting
BDNF function in hippocampal and prefrontal regions results
in exaggerated stress-induced neural atrophy and inhibition
of neurogenesis (Duman et al. 1997; Shirayama et al. 2002;
Warner-Schmidt and Duman 2006; Forbes et al. 2011; Gerritsen
et al. 2012), whereas the administration of BDNF attenuates be-
havioral responses to stress in animals (Schmidt and Duman
2010; Ye et al. 2011).

A frequent and uniquely human single-nucleotide poly-
morphism (SNP) in the 5′pro-region of BDNF (Val66Met, rs6265) af-
fects activity-dependent intracellular trafficking and secretion of
BDNF (Egan et al. 2003; Chen et al. 2004). Transgenicmicewith the
humanMet allele demonstratemore anxious temperaments: im-
paired extinction learning (Chen et al. 2006; Soliman et al. 2010),
elevated endocrinological reactivity to stress (Yu et al. 2012), and
increased avoidant behaviors (Chen et al. 2006; Soliman et al.
2010). In humans,Met carriers also show impaired fear extinction
(Soliman et al. 2010), propensity for affective disorders (Frodl
et al. 2007), and greater trait harm avoidance (Jiang et al. 2005;
Montag et al. 2010; but see Frustaci et al. 2008). In parallel with
these observations, neuroimaging experiments have linked this
SNP to structural (Pezawas et al. 2004), neurochemical (Egan
et al. 2003), and functional (Egan et al. 2003; Hariri et al. 2003) at-
tributes of the hippocampus, a region consistently implicated in
stress adaptation (Oler et al. 2010). Moreover, basal resting-state
neural activity in the hippocampus—but also in prefrontal re-
gions involved in stress regulation, such as the subgenual cingu-
late cortex (Mayberg et al. 2005), medial orbital frontal cortex
(Shin and Liberzon 2010), and parahippocampal gyrus (Papagni
et al. 2011)—have shown strong BDNF Val66Met effects (Wei
et al. 2012).

In light of the convergence of BDNF effects and stress regula-
tion on the same neural circuitry and evidence of nonlinear dy-
namics of both BDNF and stress systems in the brain (Salehi
et al. 2010; D’Amore et al. 2013), the possibility that BDNF–stress
regulation interactions are functionally meaningful in the
human brain merits investigation. Specifically, if BDNF genotype
impacts the operation of these stress-regulatory regions in a
manner relevant to anxiety-related traits, then there may be a
modulatory effect of BDNF on trait–activity relationships in
these circuits. In the context of full clinical anxiety disorders,
for instance, this would suggest that BDNF genotype may dictate
the nature of illness-related brain phenotypes. Providing cre-
dence to this hypothesis, an interaction between BDNF Val66Met
genotype and anxiety disorder diagnosis has recently been iden-
tified in the hippocampus and amygdala, where only Met carry-
ing patients (but not Val homozygotes) showed much greater
neural responses to facial stimuli than controls (Lau et al. 2009).
Whether such interaction effects might exist for BDNF and
subclinical anxiety-related traits remains an open question.

In the present study, we examined a well-characterized
cohort of healthy adults with resting-state H2

15O positron emis-
sion tomography (PET) and a self-report test of harm avoidance
(Cloninger et al. 1991) to assess regional cerebral blood flow
(rCBF) in correlation with TPQ Harm Avoidance (HA) scores dur-
ing rest as a function of BDNF genotype. Because we were inter-
ested in obtaining reliable, absolute measurements of basal
neural activity in regions near air-fluid-tissue interfaces that

may introduce artifacts during magnetic resonance based im-
aging (e.g., medial orbitofrontal cortex), H2

15O PET provided an
ideal method to test these hypothesized gene–personality
physiological relationships.

Materials and Methods
Participants

Sixty-four healthy, right-handed participants of European ances-
try, aged 18–50, provided written informed consent, as per proce-
dures approved by the National Institutes of Health CNS
Institutional Review Board and Radiation Safety Committee.
The ethnicity of our participants was assessed based on self-
report data. To ensure that the participants were free from
confounding past or present psychiatric illness, they were
screened with the Structured Clinical Interview for DSM-IVAxis
I Disorders and DSM-IV Axis II Disorders Research Version
(SCID-II; Spitzer et al. 1996). In addition, to rule outmajormedical
illness, substance abuse, centrally active medications, and neu-
rostructural abnormalities, each subject underwent physical
examination, medical history review, laboratory tests, and a
clinical magnetic resonance imaging scan series.

We restricted subject selection to Caucasians of European
ancestry because BDNF allele frequencies vary across different
populations. Notably, Met allele frequency varies from 55% to
19.9% and 43.6% in Sub-Saharan Africans, Europeans, and
Asians, respectively (Petryshen et al. 2010).

BDNF Val66Met Genotyping

All subjects underwent blood draws and DNA was extracted
using standard methods. BDNF genotyping was determined by
TaqMan 5′ exonuclease assay using a custom-designed assay
(Applied Biosystems, Foster City, CA, USA). To test for occult
genetic stratification, participants were also genotyped for a
functional polymorphism inCOMTVal158Met (rs4680), andno sig-
nificant COMT-by-BDNF interaction was found in the study popu-
lations. As is commonly done in investigations of genotype–
phenotype associations with the BDNF Val66Met SNP, BDNF Val/
Met heterozygotes and Met/Met homozygotes were combined
into a “Met carrier” group because of the rarity of Met homozy-
gotes (<5% in Caucasian samples [Shimizu et al. 2004]).

Self-Report Measure of Characterological Anxiety

The Tridimensional Personality Questionnaire (TPQ; Cloninger
1986), version IV, was administered to all participants as part of
a larger assessment battery. The TPQ is a 100-item, self-adminis-
tered, true/false questionnaire thatmeasures 3 higher order tem-
perament/personality dimensions—HA, novelty seeking (NS),
and reward dependence (RD).

PET Data Acquisition

Participants were instructed to refrain from nicotine and caffeine
for 4 h prior to the PET session, and they were then instructed to
lie still in the scanner and rest with their eyes closed. Following
an 8-min transmission scan to correct for attenuation of radi-
ation counts by the skull and intracranial tissues, two 60-s emis-
sion scans separated by 6 min and each preceded by an
intravenous bolus of 10 mCi of [15O]-H2O were carried out. Data
were collected with a GE Advance (Milwaukee) 3D PET scanner
(septa retracted, in plane resolution 6- to 6.5-mm, 4.25-mm
slice separation, 35 slices, axial field of view 15.3 cm).
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PET Data Preprocessing

Scans were corrected for attenuation and were reconstructed
into 32 axial planes (6.5 mm full-width at half-maximum
[FWHM]). The reconstructed PET data were processed and ana-
lyzed with SPM5 (Wellcome Department of Cognitive Neurology,
http://www.fil.ion.ucl.ac.uk/spm/). Scans were corrected for
background activity, scaled proportionally to remove variations
in global counts, co-registered (by first creating a mean [non-
aligned] PET image for every participant and then co-registering
all images to the single image), anatomically normalized to the
SPM standard PET template, and smoothed using a 10-mm
Gaussian kernel. After these steps, the 2 resting scans of each
subject were averaged to enter into group-level analysis.

Statistical Procedures

Demographic, Genetic, and TPQ Analyses
General linear modeling, Pearson’s correlations, and χ2 tests for
analysis of demographics and TPQ score data were performed
with PASW Statistics 18, Release Version 18.0.0 (SPSS, Inc., 2009,
Chicago, IL, USA, www.spss.com). Haldane’s exact test for evalu-
ation of Hardy–Weinberg equilibrium was implemented in R
(http://cran.r-project.org/web/packages/HardyWeinberg/index.
html).

rCBF Analyses
First, to address our primary research objective, characterizing
the relationship between trait anxiety and basal regional neural
activity as a function of the BDNF Val66Met polymorphism, we
determined rCBF–HA relationships within BDNF Val homozy-
gotes and Met carrier groups separately with a voxel-wise,
brain-wide linear regression analysis of resting rCBF using HA
scores for each genotype group as regressors. Next, to test for be-
tween-group differences in this relationship, a brain-wide, lin-
ear regression model was estimated with 2 regressors: one
representing the HA subtest scores for Val homozygotes, and
the other representing the HA subtest scores for Met carriers.
A planned contrast test was then performed to compare the
beta weights for these 2 regressors, thereby directly testing
whether BDNF genotype predicted differential relationships be-
tween HA scores and rCBF.

Within- and between-group voxel-wise correlation results
were examined with a set of 3 regions of interest (ROIs) chosen
a priori on the basis of previous demonstrations of differential
neurophysiology by both BDNF genotype (Hariri et al. 2003;
Wei et al. 2012) and in anxious and affective phenotypes
(Mayberg et al. 2005; Oler et al. 2010; Shin and Liberzon 2010;
Papagni et al. 2011) as well as being part of the resting-state net-
work: the hippocampus/parahippocampus, subgenual cingulate
cortex (BA25), and medial orbital frontal cortex (OFC). These
ROIs were anatomically defined using Wake Forest University’s
Pick-Atlas software, and a correction for false-discovery rate
(FDR) was applied for results within a single volume including
all 3 ROIs. The FDR-corrected voxel values are calculated using
the SPM software package, which incorporates this standard stat-
istical approach to provide P-values corrected for the expected
proportion of false positives among suprathreshold voxels that
are within SPM5’s implicit gray matter mask (Genovese et al.
2002). Additionally, within- and between-genotype results out-
side the ROIs that met a whole brain, voxel-wise statistical
threshold of P = 0.05 FDR-corrected and a cluster threshold of 10
voxels are reported in Tables 2 and 3, where both uncorrected
and FDR-corrected P values are given.

Finally, we performed 2 separate exploratory analyses to test
the specificity of the HA–rCBF findings by examining the effect of
BDNF genotype on the relationship between resting rCBF and the
other personality measures derived from the TPQ (NS and RD).
For these 2 TPQ measures, the same steps described above were
carried out both within- and between-genotype groups. To fur-
ther ensure that results are not solely due to other main or inter-
active effects of no interest, we conducted additional analyses
that controlled for main effects of genotype, HA, covariates of
no-interest (sex, age, and smoking), as well as all genotype ×
covariates of no interest and HA × covariates of no interest
interactions.

Post hoc Analyses Determining TPQ–rCBF Relationships
To determine the direction of TPQ HA–, NS–, RD–rCBF relation-
ships within genotype groups, rCBF values for each subject
were extracted from spheres with 5 mm radii drawn around the
most significant voxel showing differential TPQ–rCBF associa-
tions by genotype within each ROI. Pearson’s correlation was
used to relate the extracted values to higher order tempera-
ment/personality dimensions scores.

Results
BDNF Val66Met Genotypes and Demographics

The participants in the current study were a subset of partici-
pants examined in a previous study (Wei et al. 2012). Six partici-
pants reported being smokers. There were 43 Val homozygotes
(mean age 31.7 ± 8.8 years) consisting of 21 males and 22 females
(mean ages 31.4 ± 8.6 and 31.9 ± 9.1 years, respectively), as well as
21 Met carriers (mean age 35.4 ± 8.3 years; 2 Met homozygotes)
consisting of 10 males and 11 females (mean ages 34.9 ± 9.8 and
35.9 ± 8.5, respectively). Haldane’s exact test (Haldane 1954)
confirmed that genotype frequencies were in Hardy–Weinberg
equilibrium (D = 0.0664; P = 1). Neither age nor gender distribution
differed between Val homozygotes and Met carriers (t(62) = 0.11,
P = 0.27 and 0.008 [df = 1, N = 64], P = 0.927, respectively).

BDNF Val66Met Genotype and Harm Avoidance Scores

There was no significant difference between HA scores of Val
homozygotes (8.09 ± [standard deviation (SD)] 4.44) and those of
Met carriers (8.76 ± 4.67; t(63) = 0.58, P = 0.56). HA did not correlate
with age across the whole sample (Pearson’s r = 0.01, P = 0.92) or
in either genotype group (Val/Val: Pearson’s r =−0.008, P = 0.961;
Met carriers: Pearson’s r = −0.03, P = 0.884), and there was no
age-by-genotype interaction (F2,62 = 0.09, P = 0.76). Across the
whole sample, women showed significantly higher HA scores
than men (10.09 ± 4.22 vs. 6.42 ± 4.02; t(62) = 3.56, P = 0.0007). Post
hoc uncorrected two-sample t-tests revealed higher TPQ HA
scores in women than in men for the Val homozygotes
(10.18 ± 0.90 vs. 5.90 ± 0.78; t(63) = 3.57, P = 0.0009). In the Met car-
rier group, HA scores were higher in women than men, but not
significantly so (9.80 ± 1.46 vs. 7.50 ± 1.54; t(63) = 1.19, P = 0.24).
The interaction between BDNF Val66Met genotype and gender
on HA scores did not reach statistical significance (F2,62 = 1.99,
P = 0.07).

BDNF Val66Met Genotype and Novelty Seeking/Reward
Dependence

There was no significant genotype effect on NS or RD scores
(Table 1). Correlations of agewith NS and RD did not reach statis-
tical significance in the sample as a whole (NS and RD Pearson’s
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r’s≤ |0.25|, P’s≥ 0.06) or within either genotype group (Val/Val: NS
and RD Pearson’s r ≤ |0.21|; P ≥ 0.18; Met Carriers: NS and RD
Pearson’s r ≤ |0.31|; P ≥ 0.17), and there was no age-by-genotype
interaction (NS and RD: F2,62 ≤ 0.64, P ≥ 0.88). NS and RD scores
did not differ significantly betweenmen and women in the sam-
ple as a whole (NS and RD: t(62) ≤ 0.96, P ≥ 0.34) or within either
genotype group (NS and RD Val/Val and Met Carriers: t(62)≤ 1.86,
P ≥ 0.07), and therewere no sex-by-genotype interactions (NS and
RD: F2,62≤ 2.13, P≥ 0.15).

Between- and Within-BDNF Genotype Effects on
the Relationship of rCBF to Harm Avoidance

In Val homozygotes, within-group, voxel-wise, whole-brain re-
gression analyses demonstrated significant positive relationships

between rCBF and HA in several brain areas, including regions
chosen a priori, particularly those in medial OFC and medial
temporal regions (Table 2). Post hoc examination of these
data revealed extension of the parahippocampal cluster
well into the amygdala. In contrast, there were no such posi-
tive relationships in the Met carriers. Additionally, there were
no regions in which there were significant negative relation-
ships at P = 0.05, FDR corrected, within either genotype
group, although trends in this direction were observed in
Met carriers.

Between-genotype analysis demonstrated a significantly
different HA–rCBF relationship in Val homozygotes compared
with Met carriers in several of the regions chosen a priori: left
parahippocampal gyrus, subgenual cingulate, and right medial
OFC (all P’s = 0.00002 uncorrected, P = 0.05 FDR corrected). De-
tails of these results are given in Table 3. Several additional
loci in the medial OFC were significant at the P < 0.00007, uncor-
rected level and the P = 0.05 FDR-corrected level: (right OFC: 12,
62, −20; left: −10. 40, −22 and −34, 60, −10). When analyses were
repeated including sex, age, smoking status, BDNF × sex and
BDNF × age interaction in the model, the findings were
unchanged.

When an expanded model analysis controlling for main
effects of genotype, personality characteristics, covariates of
no-interest (sex and age), as well as all genotype × covariates
of no interest and HA × covariates of no interest interactions re-
sults were less robust (P < 0.001, uncorrected) but otherwise
unchanged.

Table 2 Within-genotype HA–rCBF correlation analysis

Brain region MNI coordinates Cluster size T values Puncorrected PFDR-corrected

x y z

A priori ROI analysis
L subgenual cingulate (BA25) −14 16 −20 480 5.29 0.000001 0.009
R subgenual cingulate (BA25) 8 18 −2 100 4.76 0.000006 0.009
R orbital frontal cortex (BA11) 34 62 −14 65 4.50 0.00002 0.009
L orbital frontal cortex (BA11) −14 48 −14 149 4.29 0.00003 0.01
L parahippocampal gyrus (BA36) −32 0 −36 90 3.79 0.0002 0.01
L parahippocampal gyrus (BA28) −18 −6 −32 76 3.74 0.0002 0.01
R parahippocampal gyrus (BA28) 22 −2 −30 80 3.64 0.0003 0.01

Whole-brain voxel-wise analysis
R anterior cingulate (BA24) 12 34 4 310 5.37 0.0000007 0.009
Anterior cingulate (BA24) −2 24 22 151 4.27 0.00004 0.01
Anterior cingulate (BA32) 0 44 12 155 4.21 0.00004 0.01
L superior frontal gyrus (BA10) −6 62 10 115 5.33 0.0000008 0.009
L superior frontal gyrus (BA9) −12 50 40 78 3.79 0.0002 0.01
R superior frontal gyrus (BA10) 22 66 −4 85 4.84 0.000005 0.009
R superior frontal gyrus (BA8) 6 26 62 126 3.51 0.0004 0.01
L middle frontal gyrus (BA8) −48 14 48 60 3.62 0.0003 0.01
R middle frontal gyrus (BA10) 36 54 26 94 4.60 0.00001 0.009
L middle temporal gyrus (BA21) −48 −30 −18 249 4.90 0.000004 0.009
L inferior temporal gyrus (BA21) −46 −14 −26 78 4.15 0.00005 0.01
L middle temporal gyrus (BA21) −60 −24 −14 69 3.76 0.0002 0.01
R inferior temporal gyrus (BA21) 56 −4 −30 73 4.32 0.00003 0.01
R temporopolar (BA38) 24 8 −42 84 4.60 0.00001 0.009
L fusiform gyrus (BA37) −48 −62 −24 98 3.79 0.0002 0.02
R fusiform gyrus (BA20) 52 −26 −30 74 3.78 0.0002 0.01
R fusiform gyrus (BA37) 58 −56 −24 54 3.49 0.0005 0.02

Positive HA–rCBF relationships in BDNF Val homozygotes during rest in regions chosen a priori, as well as those not hypothesized but identified in whole-brain analysis.

Peak voxel coordinatesmeeting a threshold of P≤ 0.05, FDR-corrected, and their exact uncorrected and corrected P values, T values, and cluster sizes are listed. Therewere

no statistically significant negative HA–rCBF relationship in the Val homozygotes, and Met carriers showed no positive or negative HA–rCBF relationships at the P ≤ 0.05

FDR-corrected level. L, left; R, right; MNI, Montreal Neurological Institute.

Table 1 TPQ HA, novelty seeking, and reward dependence scores
(Cloninger 1986) by genotype

Val homozygotes
(mean ± SD), range

Met carriers
(mean ± SD), range

Harm avoidance
(max score: 34)

8.09 ± 4.44, 0–21 8.76 ± 4.67, 0–15

Novelty seeking (34) 14.76 ± 4.44, 6–25 13.9 ± 4.44, 3–23
Reward dependence (32) 19.77 ± 3.74, 10–25 17.19 ± 5.78, 6–25

No statistically significant genotype effects were seen.

2178 Cerebral Cortex, 2017, Vol. 27, No. 3|



Post hoc examination using Pearson’s correlation to examine
and decompose the statistically significant genotype-by-HA rCBF
interaction (Table 3) revealed a consistent pattern within geno-
type groups: all observed associations between HA and rCBF

were positive in Val homozygotes (P’s < 0.006) and negative in
Met carriers (P’s < 0.01). These findings in the a priori ROIs, BA25
(subgenual cingulate), medial OFC, and left parahippocampus,
are shown in Figure 1.

Table 3 Between-genotype differences in HA–rCBF correlations

Brain region MNI coordinates Cluster size T values Puncorrected PFDR-corrected

x y z

A priori ROI analysis
Val≥Met

L subgenual cingulate (BA25) −12 14 −20 495 4.43 0.00002 0.05
R orbital frontal cortex (BA11) 14 18 −22 248 4.46 0.00002 0.05
L parahippocampal gyrus (BA28) −20 −2 −28 368 4.48 0.00002 0.05

Whole-brain voxel-wise analysis
Val≥Met

L dorsal anterior cingulate (BA32) −8 20 −8 549 4.77 0.000006 0.05
R inferior frontal gyrus (BA45) 12 34 6 106 4.67 0.00001 0.05
R superior frontal gyrus (BA10) 12 54 28 73 4.07 0.00007 0.05

Regions where HA and rCBF relationships differ between BDNF Val homozygotes and Met carriers during rest, showing results in brain areas chosen a priori as well as

those not hypothesized but identified in whole-brain analysis. Peak voxel coordinates meeting a threshold of P ≤ 0.05, FDR corrected, and their exact uncorrected and

FDR-corrected P values, T values, and cluster sizes are listed. There were no regions in which the correlation was greater in Met Carriers than in Val homozygotes at

the P < 0.05 FDR-corrected level. L, left; R, right; MNI, Montreal Neurological Institute.

Figure 1. BDNF genotype and HA interactions affect rCBF. Statistical parametric map and graphs of differential BDNF genotype ×HA relationships with resting rCBF in

BA25, OFC, and the left parahippocampus (figure at left shown at P = 0.001, uncorrected for display). Associated plots show post hoc linear fits of HA scores versus

extracted mean rCBF values from a sphere with 5 mm radius drawn around the seed voxel at BA25 (MNI x, y, z =−12, 14, −20), BA 11 (MNI x, y, z = 14, 18, −22), and the

left parahippocampus (MNI x, y, z = −20, −2, −18) demonstrating positive relationships with HA for the Val homozygotes and negative relationships with HA for the

Met carriers. Between-genotype group differences at these regions of interest t = 4.43, 4.46, 4.48, respectively, P = 0.006, FDR corrected (Table 3). BDNF, brain-derived

neurotrophic factor; HA, harm avoidance; rCBF, regional cerebral blood flow; BA25, subgenual cingulate; OFC, medial orbital frontal cortex.
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Between- and Within-BDNF Genotype Effects on
the Relationship of rCBF to Novelty Seeking and Reward
Dependence

In contrast to the HA–rCBF findings, there were no significant re-
lationships between rCBF and NS or RD within genotype groups.
Nor were there significant genotype-related differences in corre-
lations between rCBFandNS or RD in ROI’s chosen a priori (all P’s
> 0.06, uncorrected).Whole-brain, voxel-wise analyses revealed a
single, unpredicted region in which there was a differential NS-
rCBF correlation between Val homozygotes and Met Carriers:
BA 7 (P = 0.04, FDR corrected). Post hoc analyses in this region re-
vealed the same pattern of relationships within genotype groups
that was observed for HA: a positive NS-rCBF relationship was
seen in the Val homozygotes (r = 0.41, P = 0.007), whereas there
was a negative NS-rCBF correlation in the Met carriers (r =−0.68,
P = 0.001).

Discussion
Our data support differential relationships between the trait anx-
iety measure of harm avoidance and resting rCBF in BDNF Val
homozygotes and Met carriers in brain regions previously
shown to be modulated by BDNF genotype and involved in anx-
iety regulation. However, at the behavioral level, the present
study did not confirm several previous reports of association be-
tween the BDNF Val66Met polymorphism and HA scores (Jiang
et al. 2005; Montag et al. 2010), which is consistent with other
negative findings in the literature (Frustaci et al. 2008), suggesting
that if there is a reliable genotype–HA relationship, its effect size
may be relatively small. Nonetheless, our finding of higher HA
scores in women than in men is consistent with past research,
suggesting greater female bias toward negative valence, such as
susceptibility to someanxiety-related personality traits (Feingold
1994) as well as anxiety and depressive disorders (WHO 2008).

H2
15O PET, a gold-standard method for measuring rCBF, pro-

vides a direct, well-validated, perfusion-based estimate of
regional neural activity andmetabolism, which [unlike canonical
functional magnetic resonance imaging (fMRI) based ap-
proaches) does not rely on comparisons with control conditions
or on interregional covariance of fluctuating hemodynamic
signal variation over time (as does resting-state fMRI). Taking ad-
vantage of this methodology, we have demonstrated the exist-
ence of statistically robust relationships between HA and basal
neural activity in several brain regions that are implicated in anx-
iety and affect regulation, and have even been identified as po-
tential treatment targets (Nestler et al. 2002; Mayberg et al.
2005; Martin et al. 2009), including the hippocampus/parahippo-
campus, subgenual anterior cingulate, and medial OFC. These
findings align well with the notion of HA as a trait closely asso-
ciated with the development of anxiety and depressive illnesses
(Ongur et al. 2005; Nery et al. 2008, 2009). Additionally, in the con-
text of this study’s cohort—individuals without current or past
anxiety or affective disorders—such an observation highlights
the likelihood that similar neural circuitsmight underlie subclin-
ical, characterological anxiety phenomena.

Furthermore, we have shown that these HA–rCBF relation-
ships are very different depending on BDNF genotype, with
strongly positive relationships in Val homozygotes and trends to-
ward negative relationships in Met carriers. This is in line with a
large body of evidence supporting the influence of the BDNF
Val66Met polymorphism on the development, operation, and
structure of these same regions, most notably the hippocampus
(Smith et al. 1995; Chen et al. 2001; Nestler et al. 2002), but also the

subgenual cingulate (Gerritsen et al. 2012;Wei et al. 2012) and the
OFC (Lotfipour et al. 2009; Forbes et al 2011). Though associative in
nature, these results make plausible the possibility that either
developmental or ongoing functional effects of the Val66Met
polymorphism modulate the neural substrates of trait anxiety.
TheMet allele is associatedwith heightened basal neural activity
in anxiety circuit nodes (Wei et al. 2012); impaired extinction
learning, a phenotype commonly observed in anxiety disorders
(Soliman et al. 2010); and, in BDNF Met knock-in mice, increased
anxiety-like behavior (Chen et al. 2006; Soliman et al. 2010).
Taken together with the present data, these findings encourage
speculation that with greater trait anxiety, Met carriers increas-
ingly shunt neural resources away from frontotemporal limbic
structures already operating at capacity, to ancillary networks,
whereas Val homozygotes are able to more flexibly engage
these same circuits in the predictedmanner (Oler et al. 2010). De-
termining whether this is, in fact, the case and whether this
interaction is relevant to the greater risk of stress-related affect-
ive illness in Met carriers must await further research.

Several additional caveats warrant mention regarding the
present work. First, although many important factors including
age, race, sex, and past psychiatric illness were carefully con-
trolled, other factors such as hormones (e.g., menstrual cycle
phase), early life stress, and the environment could interact
with genes and influence the underlying neurobiology of the
intermediate phenotype. Moreover, the HA scores were acquired
from self-administered questionnaires, and the measure may be
susceptible to reporting bias. Additionally, rCBF measurements,
although a well-validated “snap-shot” of metabolic topography,
are dynamic and sensitive to changes in emotion and cognitive
activity, as are all functional neuroimaging methods. Though in-
creasingly utilized, resting-state paradigms are subject to the va-
garies of the thought processes enacted by participants aswell as
their experiences. Thus, we cannot rule out the possibility that
systematic differences in thought content or reaction to the scan-
ning environment are responsible for the findings presented
here. Indeed, some work has suggested that BDNF genotype af-
fects predisposition to ruminative thoughts in response to life
stressors (Clasen et al. 2011). Lastly, depending on themagnitude
of the effect size of the BDNF ×HA interaction on rCBF, which has
been heretofore unknown, it is possible that the present dataset
may be underpowered. Suboptimal statistical power increases
the risk of a false-negative result but may also inflate false-dis-
covery rates. This is particularly the case where the variance of
the predictor is restricted or the prior probability of finding a sig-
nificant effect is low (Duncan and Keller 2011). In the present
study, however, these concerns are relatively diminished be-
cause of the sizeable Met allele carrier group, the fair distribution
of the HA scores, and the consistent prior biological evidence for
convergence of BDNFand anxiety effects in the examined circuit-
ry. Alongwith the robustness of our findings,which achieve P-va-
lues well below corrected thresholds, these considerations
suggest the most likely interpretation of our findings is that
they are driven by true biological signal rather than statistical
error. In addition, our studyadopts a hypothesis-driven approach
involving a single polymorphism, already well known to be func-
tional in the studied circuitry at both the cellular and systems
level, as well as an incisive PET assay of basal rCBF.

In conclusion, while correlation does not infer causality,
our data suggest that trait anxiety-limbic system neurophy-
siology relationships are genetically influenced. Further studies
including examining the observed genotype-by-personality-
trait interaction on resting rCBF in a separate larger cohort and in-
vestigating the effects of sex on the present findings are
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necessary to understand how BDNF-related characteristics of
these reward systems-level relationships might contribute to
susceptibility to stress-related neuropsychiatric illness.
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