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Abstract: Vascular endothelial growth factor (VEGF) plays a critical role in the angiogenesis and prolif-
eration of various types of cells such as neurons, astroglia, and endothelial cells in the brain. A com-
mon polymorphism in the VEGF gene (—2578 C/A) is associated with circulating VEGF levels, cancers
and Alzheimer’s disease. Nonetheless, the effects of this polymorphism on normal human brain vol-
ume, arterial blood volume, and blood supply remain unclear. In this study, the effects of this poly-
morphism on the total gray matter volume (TGMYV) and total white matter volume (TWMYV) using T1-
weighted structural images and the total arterial blood volume (TABV) and mean cerebral blood flow
(mCBF) during rest using arterial spin labeling (ASL) in 765 young adult humans were investigated. Voxel-
by-voxel whole-brain analyses of these measures were also performed. Multiple regression analyses with
age and sex as covariates revealed that the VEGF genotype (number of C alleles) was significantly and posi-
tively correlated with TGMV, TWMYV, and TABV as well as with regional gray and white matter volumes
in widespread areas and regional arterial blood volume in some areas with high arterial blood volume.
However, these regional associations were not seen when the corresponding global signal was included as
a covariate in the multiple regression analyses, indicating that we failed to obtain evidence of region-
specific associations between these brain measures and the genotype. The results suggest that the VEGF-
2578C allele, is associated with changes in the vascular system that lead to increased blood volume and

larger brain volume. Hum Brain Mapp 38:3516-3526, 2017.
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INTRODUCTION

Vascular endothelial growth factor (VEGF) plays a criti-
cal role in the angiogenesis [Ferrara et al., 2003]. Moreover,
independent of vessel-mediated effects, VEGF has direct
effects on neural tissues [Rosenstein et al., 2010]. VEGF
plays a key role in the proliferation of various types of
cells such as neurons, astroglia, and endothelial cells in
the brain [Jin et al., 2002] and promotes a wide range of
neuronal functions, both in vitro and in vivo, including
neurogenesis, neuronal migration, neuronal survival, and
axon guidance [Mackenzie and Ruhrberg, 2012]. The role
of VEGF is not limited to these during development but
extends into the plasticity of vessels for the increased
demand for the supply of blood, both in neural systems
and in pathological states (tumors) requiring nutritional
supply [Ferrara et al., 2003; Hillman et al., 2008]. A com-
mon polymorphism in the VEGF gene (—2578 C/A) has
been shown to robustly affect circulating VEGF levels
[Steffensen et al., 2010], VEGF gene expression, and VO,
max [Prior et al., 2006]. Circulating VEGF is known to be
associated with not only cancer and tumor size [Broll
et al.,, 2001], but also several brain diseases [Greenberg
and Jin, 2004; Mateo et al., 2007]. Consistently, this VEGF
polymorphism has been shown to be associated with can-
cer [for a meta analysis, see Zhao et al., 2012] and several
brain diseases such as Alzheimer’s disease [for meta analy-
ses, see Del Bo et al., 2009; Liu et al., 2013]. Multiple VEGF
polymorphisms are reported to be associated with specific
phenotypes or endophenotypes; for example, —460 T/C
and +405 G/C are both associated with circulating VEGF
levels [Steffensen et al., 2010]. However, we focused on

—2578 C/A because associations between this polymor-
phism and various phenotypes and endophenotypes have
been confirmed (often by meta-analyses).

However, despite the importance of VEGF and its poly-
morphism in the formation of blood vessels, effects on cell
proliferations in the brain, and pathological states (includ-
ing those in neural systems), the effects of this VEGF gene
polymorphism (—2578 C/A) on normal human structural
brain volume, arterial blood volume in the default state
(which could partly be associated with vessel volume),
and blood supply remain unclear. The present study
aimed to investigate these issues. This polymorphism, the
2578C allele, is known to lead to increased VEGF circulat-
ing levels [Steffensen et al., 2010], and subsequent associat-
ed phenotypes can be understood from the consequence of
the increased capacity for blood supply through the
increased angiogenesis. In addition, as described, VEGF is
known to facilitate the proliferation of various types of
cells such as neurons, astroglia, and endothelial cells in
the brain [Jin et al, 2002]. Thus, we hypothesized the
2578C allele to be associated with increased blood vessel
volume (which in turn leads to increased arterial blood
volume), increased blood supply, and larger brain volume.

For this purpose, we recruited a large sample of several
hundred normal young adult subjects and scanned their
brain through magnetic resonance imaging (MRI). Brain
structural volume of each individual was assessed by the
total gray matter volume (TGMV) and total white matter
volume (TWMYV). In addition, to assess the arterial blood
volume and blood supply, we measured the total arterial
blood volume (TABV) and mean cerebral blood flow
(mCBF) during rest using arterial spin labeling (ASL; see
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Methods). We focused on these total or mean measures of
the brain based on the assumed global effects of VEGF on
brain and vascular mechanisms. However, there is an
important body of evidence supporting the local effects of
VEGEF. In animal models, VEGF has been shown to play a
role in both paracrine and autocrine signaling in the main-
tenance of neurons and endothelia in the central nervous
system [Ogunshola et al., 2002]. It also has both indirect
and direct vessel-mediated effects on neural tissues [Rose-
nstein et al., 2010]. Also, following cerebral ischemia,
VEGF enhanced the delayed survival of newborn neurons
in the dentate gyrus and subventricular zone, and stimu-
lated angiogenesis in the striatal ischemic penumbra, but
not in the dentate gyrus, suggesting the existence of
region-specific effects [Sun et al., 2003]. VEGF promotes
hippocampal cell proliferation [Oosthuyse et al., 2001]. In
addition, VEGF increases long-term potentiation (LTP)
responses in the dentate gyrus and improves memory pri-
marily a result of increasing plasticity of mature neurons
rather than through the contribution of newly added hip-
pocampal neurons [Licht et al.,, 2011]. In addition, insuffi-
cient VEGF-dependent neuroprotection specifically leads
to motor neuron degeneration [Ogunshola et al., 2002] and
insufficient VEGF levels plays an important role in the
progression of amyotrophic lateral sclerosis [Cleveland
and Rothstein, 2001]. Therefore, we also performed supple-
mentary voxel-by-voxel whole-brain analyses.

Based on these investigations, we were able to demon-
strate the role of VEGF and its gene polymorphism on
normal human structures and the vascular system. Fur-
thermore, these investigations will provide new insights
into the mechanism underlying the protective and facilita-
tive effects of this polymorphism on pathological states.

MATERIAL AND METHODS
Subjects

Data from 765 healthy, right-handed individuals (425
men and 340 women; 20.7 = 1.9 years of age) were used in
this study as a part of an ongoing project, consisting of
various types of MRI scanning and psychological test bat-
teries besides the ones analyzed in this manuscript, to
investigate associations among brain imaging, cognitive
functions, aging, genetics, and daily habits [Takeuchi
et al., 2013a,c,2014]. Data derived from the subjects in this
study are also going to be used in other studies that are
irrelevant to this study. Some of the subjects who partici-
pated in this study also became subjects of intervention
studies (psychological and imaging data recorded before
the intervention were used in this study) [Takeuchi et al.,
2013b]. All subjects were university, college, or postgradu-
ate students or subjects who had graduated from these
institutions within 1 year before the experiment and had
normal vision. None had a history of neurological or psy-
chiatric illness. Handedness was evaluated using the

Edinburgh Handedness Inventory [Oldfield, 1971]. Written
informed consent was obtained from each subject in accor-
dance with the Declaration of Helsinki (1991). This study
was approved by the Ethics Committee of Tohoku
University.

Genotyping of Subjects

Saliva samples from the participants were collected in
Oragene containers (DNA Genotek Inc., Ottawa, Canada),
and high-molecular-weight DNA was isolated using Ora-
gene saliva DNA extraction kit (DNA Genotek Inc., Otta-
wa, Canada) according to the manufacturer’s protocol.
Genotype of the common VEGF promoter SNP rs699947
(22578C/A) was determined using the assay-on-demand
(Applied Biosystems, Foster City, CA)-based allelic (VIC-
and FAM-labeled) discrimination method. The reaction
was performed in 10 ml volume, containing genomic DNA
samples (20 ng/2.5 mL), 0.25 pL of the above assay-on-
demand assay mixture, and 5 pM of TagMan Universal
PCR Master Mix (Applied Biosystems, Foster City, CA),
on 96-well plates using the CFX96 real-time PCR detection
system, according to manufacturer’s instructions (Bio-Rad
Laboratories, Inc., Hercules, CA). Reaction conditions used
with the thermal cycler were as follows: an initial incuba-
tion at 95°C for 10 min; 50 cycles of 95°C for 15 s, and
60°C for 60 s. As a negative control, PCR mixtures without
DNA sample were run in several wells of every 96-well
plates to ensure that the mixture was free from any contami-
nation. The genotyping was replicated for all DNA samples
to assess reproducibility of the genotyping procedure, and
the concordance was 100%. The PCR products of represen-
tative subjects were verified by DNA sequencing.

Among the 777 participants in this study, data for the
polymorphism was successfully obtained from 765 subjects
(425 men and 340 women; 20.7 = 1.9 years of age); geno-
typing data of 12 subjects were not available, due to fail-
ures either in proper extraction of DNA sample from
saliva (10 subjects), or in amplification in the PCR proce-
dure (2 subjects), probably due to the quality of saliva
sample. The genotypic distributions of the 765 subjects
were as follows: VEGF(—2578)A/A (n=90, 11.8%),
VEGF(—2578)A/C (n =292, 38.2%), and VEGF(—2578)C/C
(n =383, 50.1%). Allele frequencies of A and C alleles were
31% and 69%, respectively, which were concordant with
previous findings. Tests for the Hardy-Weinberg equilibri-
um exhibited no deviations from the expected genotype
distribution (P > 0.05).

Assessment of Psychometric Measures of
General Intelligence

Raven’s Advanced Progressive Matrix [Raven, 1998],
which is often shown to be the measure most correlated
with general intelligence and thus the best measure of gen-
eral intelligence [Raven, 1998], was wused to assess
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Figure I.

The images during preprocessing. (a) A raw Tl-weighted struc-
tural image. (b) Segmented tissues. (c) Normalized segmented
tissues. (d) An artificial image created from the function of “I X
GM map +2 X WM map.” (e) A raw Rl map. (f) A raw CBF

intelligence and provide subjects’ basic characteristics. We
did not have a particular hypothesis regarding the psycho-
logical measures in this study. For additional details on
administration of Raven’s Advanced Progressive Matrix,
refer to Takeuchi et al. [2010a,b].

Image acquisition

All MRI data acquisition was performed using a 3-T Phi-
lips Achieva scanner. Using a magnetization-prepared rapid
gradient echo sequence, high-resolution T1-weighted struc-
tural images (240 X 240 matrix, TR=6.5 ms, TE=3 ms,
FOV =24 cm, 162 slices, slice thickness=1 mm) were
acquired. ASL was performed to measure resting state CBF
and ABV. As described elsewhere [Takeuchi et al., 2011a],

map. (g) A raw aBV map. (h) Normalized rCBF and aBV maps.
(i) A mask image of the areas where subjects were commonly
scanned in ASL scans. (j) Normalized and masked rCBF and aBV
maps. (k) Normalized and masked segmented tissues.

it was performed with quantitative signal-intensity targeting
by alternating the radio-frequency pulse labeling of arterial
regions (QUASAR), a pulsed ASL method [Petersen et al.,
2006a]. Details of the sequence and the method for calculat-
ing perfusion parameters have been outlined elsewhere
[Petersen et al., 2006a,b, 2010]. The actual imaging parame-
ters were as follows: 64 X 64 matrix, TR =300 ms, TE =22
ms, FOV =24 cm, 7 slices, slice thickness =7 mm (2.0 mm
gap), SENSE = 2.5, 84 averages, scan duration =5 min 52 s.
We determined the position of the slice by putting the
fourth of seven slices on the body of the corpus callosum in
the coronal scout view [Taki et al., 2011]. During ASL scan,
the subjects were instructed to remain still with their eyes
closed, as motionless as possible, and not to sleep or think
about anything in particular. Maps of raw resting-rCBF,
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TABLE I. Subject’s basic demographics as a function of the VEGF genotype

VEGF(—2578)4/4

VEGF(—2578)"/C  VEGF(-2578)/C P value*, uncorrected

Male/Female 42/48
Age (mean * SD) 203 +1.7
(range) 18-26
Raven’s Advanced Progressive Matrix (mean * SD) 28.6 3.8
(range) 20-36

164/128 219/164 0.132

20.8+19 20.7+1.8 0.228
18-27 18-27

28.7+3.8 28.6 +3.6 0.884
15-36 17-36

VEGF, vascular endothelial growth factor; SD, standard deviation.

*Simple regression analysis between these variables and the VEGF genotype.

ABV and the longitudinal relaxivity [R1(=1/T1)] of each
subject were obtained using dedicated software running on
IDL (Research Systems, Boulder, Colorado) [Petersen et al.,
2006a; National Neuroscience Institute, Singapore]. The R1
map was obtained as part of the ASL scan. The technical
details of this scan were described in the previous study
[Petersen et al., 2006a]'. The following constants were used
in CBF calculation: T1 of arterial blood, 1.65 s; inversion
efficiency, 95%; blood-brain partition coefficients for GM
and WM (098 and 0.82, respectively) [Petersen et al,
2006a].

Preprocessing of Imaging Data

Preprocessing of structural and ASL data was per-
formed using SPM8 implemented in Matlab.

Preprocessing for Tl-weighted structural images for
VBM analyses was performed as has been fully described
in our previous studies [Takeuchi et al., 2015]. In brief,
using a new segmentation algorithm [Ashburner and Fris-
ton, 2005] implemented in SPMS8, T1l-weighted structural
images (Fig. 1a) obtained for each subject were segmented
into six tissues [Fig. 1b: gray matter, white matter, cerebro-
spinal fluid (CSF), skull, soft tissue outside the brain, and
air and other matter outside the head]. We then proceeded
to the Diffeomorphic Anatomical Registration Through
Exponentiated Lie Algebra (DARTEL) registration process
implemented in SPMS8, and each subject’s image was regis-
tered using this procedure. The resulting images were spa-
tially normalized to the Montreal Neurological Institute
(MNI) space to images with 1.5 X 1.5 X 1.5 mm® voxels
(Fig. 1c). In addition, we performed a volume change cor-
rection (modulation) by modulating each voxel with the

In this previous study [Petersen ET, Lim T, Golay X (2006a): Model-
free arterial spin labeling quantification approach for perfusion MRIL.
Magn Reson Med 55(2):219-232], the Rl,app,eff map is referred.
However, it is proper to call the map we used in this study as R1
map. The R1 map is calculated from the Look-Locker readout. In
order to get R1 and not R1,app,eff the control images are used and
scans are acquired at nominal flip angle as well as 1/3 of nominal as
part of the sequence. This allow to estimate the actual flip angle in
the Look-Locker readout on a voxel by voxel basis and thereby calcu-
late R1 from the acquired R1,eff (Personal communication with the
Dr. Esben Thade Petersen).

Jacobian determinants derived from spatial normalization,
which allowed us to determine regional differences in the
absolute amount of brain tissue [Ashburner and Friston,
2000]. Next, TGMV and TWMV were calculated from
these normalized rGMV and rWMV maps and used in
analyses. On the other hand, normalized rGMV and
rWMV maps were smoothed (8 mm full-width half-maxi-
mum) and subjected to the whole brain group-level analy-
ses of the genotype. For additional details of these
preprocessing procedures and rationales, please see our
previous study [Takeuchi et al., 2015].

For analyses of ASL measures using each individual’s
unnormalized segmented GM map and WM map, which
were produced from the abovementioned segmentation
process, we created an artificial image created from the
function of “1 X GM map +2 X WM map” for each indi-
vidual (Fig. 1d, we call this artificial “1 X GM +2 X WM
map” in this subsection). The contrast of this artificial
“1 X GM+2 X WM map” was similar to that of the R1
map of ASL (as confirmed by visual inspection) and was
used in the following preprocessing of ASL images. In
addition, the R1 map of ASL that is preprocessed by the
abovementioned software lacked the skull and skin sec-
tions (Fig. 1e).

Next, using the within-subject registration method, each
individual’s R1 map of ASL [which is in alignment with
each individual’s rCBF map (Fig. 1f) and ABV map (Fig.
1g)] was coregistered to the individual’s artificial “1 X
GM +2 X WM map” together with the rCBF map and
ABV map (this means that each individual’s ASL images
were coregistered to each individual’s T1-weighted struc-
tural image). The R1 map, rCBF map, and ABV map from
each subject were then resliced to 3 X 3 X 3 mm® voxels.
Next, these coregistered ASL-related images were normal-
ized wusing the normalization parameter of the T1-
weighted structural image created in the abovementioned
preprocessing procedure of the Tl-weighted structural
image (Fig. 1h). For the volume measure of ASL (ABV),
we performed a volume change correction (modulation)
by modulating each voxel using the Jacobian determinants
derived from spatial normalization, allowing for the deter-
mination of regional differences in the absolute amount of
ABYV [Ashburner and Friston, 2000].

We resliced the R1, rCBF, and ABV maps to 3 X 3 X
3 mm® voxels before normalization, since without this
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Figure 2.

Associations between VGEF genotype (number of C alleles) and brain measures. Partial regres-
sion plots with trend lines depicting the correlations between residuals in the multiple regression
analyses with (a) total gray matter volume, (b) total white matter volume, and (c) mean arterial
blood volume in the analyzed area as the dependent variable and number of C alleles and other

confounding variables as independent variables.

procedure, normalization of these ASL maps to standard
space of 3 X 3 X 3 mm® voxels resulted in image
distortions.

Following this, using the normalized R1 map, a mask
image of the areas where subjects were commonly scanned
in ASL scans was created (Fig. 1i). The areas of this mask
were defined as the areas where all the 63 subjects of this
project (from which the template of this experiment was
created [see Takeuchi et al., 2015 for details]) had signals
larger than 0 in the normalized R1 maps. We applied this
common mask to the normalized rCBF map and ABV map
of each participant (Fig. 1j). Next, the mean rCBF value and
TABV within this mask were calculated for each subject.
This masking procedure was performed because the ASL
scan cannot cover the entire brain and we had to avoid the
possibility that the differences of the areas scanned affect
individual differences in values of ASL measures.

In addition, we applied this mask to the normalized
gray matter- and white matter-segmented images (from
the preprocessing procedure of Tl-weighted structural
images; Fig. 1k) and extracted the mean gray matter signal
and mean white matter signal in the masked normalized
gray and white matter segmented images. We then

calculated the ratio of the total signal of gray matter and
total signal of white matter in the masked area. This value
was added as a covariate in the analysis of the associations
between genotype and TABV or mean rCBF value. This
procedure was performed to rule out the possibility that
the difference of extent (density) of gray matter and white
matter, (there are substantial differences in rCBF values in
gray matter and white matter areas) impacts mCBF and
TABYV,

Voxel-by-voxel analyses of normalized and masked
rCBF maps and the regional ABV map were smoothed
(8 mm full-width half-maximum) and subjected to whole-
brain group-level analyses of the genotype.

Statistical Group-Level Analysis of Genetic Data

Genetic data were analyzed using SPSS 16.0 (SPSS Inc.,
Chicago, IL). Multiple regression analyses were employed
to investigate the association between the VEGF gene poly-
morphism [VEGE(——2578)/ =0, VEGF(—2578)"=1,
and VEGF(—2578)“/“=2] and imaging values (TGMYV,
TWMV, mCBF, and TABV). We assumed this type of
quantitative model (treating three types of genotypes as

TABLE Il. Subject characteristics as a function of VEGF genotype and statistical values from multiple regression

analyses

P value (uncorrected)

VEGEF(—2578)A/4 VEGF(—2578)A/¢ VEGEF(—2578)</¢ t value,
Total gray matter volume 690.1 = 56.1 696.2 +57.9 707.7 £56.8 1.83 X 1073
2.915, 0.081
Total white matter volume 492.5+414 499.1 =434 507.7 =43.2 950 X 104
3.116, 0.091
Mean cerebral blood flow 29.1+43 29.7 £4.5 29.7+4.38 0.122
1.163, 0.041
Total arterial blood volume (a.u.) 151.6 =49.1 162.6 =54.4 168.4 = 53.1 6.83 X 1073
2.472, 0.089

VEGEF, vascular endothelial growth factor; SD, standard deviation.
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Figure 3.

Positive correlations between VGEF genotype (number of C
alleles) and rGMV. The results shown were obtained using a
threshold of threshold-free cluster enhancement (TFCE) of
P <0.05, based on 5,000 permutations. The results were cor-
rected at the whole-brain level. (a) Regions with significant cor-
relations are overlaid on a “single subject” T| image from SPM8.
The color represents the strength of the TFCE value. Significant
correlations were found in the extensive gray matter areas
across the whole brain, particularly in subcortical areas. (b)
Regions with significant correlations are projected onto the ren-
dered brain from SPM8. Significant correlations were found in
the extensive gray matter areas across the whole brain.

continuous variables), based on the results of the meta-
analysis of this polymorphism using the largest sample
[Cao et al., 2011], which suggested the order of effects of
VEGF(——2578)*/#, VEGF(—2578)*/€, and VEGF(—2578)/
€. However, even when analyses of covariance (ANCO-
VAs) models that treated the three genotypes as a fixed
group factor with other variables that are described below

are added as covariates, were employed, all the significant
associations between the VEGF gene polymorphism and
imaging values in this study remain significant (P values
of the effects of VEGF polymorphism on TGMV, TWMYV,
and TABV were 0.004, 0.004, and 0.044, respectively). We
nonetheless chose quantitative model to increase the sensi-
tivity of the analyses because increasing the sensitivity of
analyses is critical for studies of polymorphisms, which
usually have to find tiny effects using a large sample.

Analyses of TIW1-related measures were performed with
covariates of age and sex, while analyses of mCBF measures
were performed with covariates of age, sex, and the ratio
between the mean gray matter density and mean white mat-
ter density of the analyzed area. Results with a threshold of
P <0.05, were considered statistically significant.

Whole-brain imaging data analysis

Whole-brain statistical analyses of the brain imaging
data were performed using SPM8. Whole-brain multiple
regression analyses were performed to investigate the
associations between the VEGF genotype (number of C
alleles) and rGMV, rtWMYV, rCBF, and ABV.

For each imaging measure, we performed two multiple
regression analyses. In one type of multiple regression
analysis, the covariates were age and sex. In another type
of multiple regression analysis, the covariates were age,
sex, and global signal (the mean imaging signal in the ana-
lyzed area). We used the former procedure because we
were interested in the absolute differences (compared with
the relative difference between imaging measures such as
rGMV of one area and those of other brain regions) with
regard to the VEGF genotype [Mechelli et al., 2005].
Removing the global differences would correspond to
assuming that the total GMV (etc.) would be the same in
all participants, and in this case, tGMV represents the rela-
tive difference compared with other areas.

In the analysis of tGMV (or rWMV), we only included
voxels that showed rGMV (or rtWMYV) values of greater
than 0.05 in all subjects. The analyses of rCBF and ABV
were limited to the mask of the scanned area that was cre-
ated above. A multiple comparison correction of the cross-
sectional analyses was performed using threshold-free
cluster enhancement (TFCE) [Smith and Nichols, 2009],
with randomized (5,000 permutations) nonparametric per-
mutation testing in the TFCE toolbox (http://dbm.neuro.
uni-jena.de/tfce/). We applied the threshold of an FWE
corrected P < 0.05.

RESULTS
Genetic Analysis

The basic demographic variables were presented in
Table I.

We employed multiple regression analyses that coded
genotype as a continuous variable [VEGF(—2578)"/# =0,
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Figure 4.

Positive correlations between VGEF genotype (number of C
alleles) and rWMV. The results shown were obtained using a
threshold of threshold-free cluster enhancement (TFCE) of
P <0.05, based on 5,000 permutations. The results were cor-
rected at the whole-brain level. Regions with significant

VEGF(—2578)*/“=1, VEGF(-2578)</“=2].  Multiple
regression analysis revealed that after controlling for con-
founding variables, the VEGF genotype (number of C
alleles) was significantly and positively correlated with
TGMV, TWMYV, and TABV but not with mCBF (Fig. 2a—c,
for average and statistical values, see Table II).

Whole-Brain Analysis of the Correlation
Between Regional Gray Matter Volume and
VEGF Genotype

A whole-brain multiple regression analysis corrected for
age and sex revealed that the VEGF genotype (number of
C alleles) was significantly and positively correlated with
rGMV in extensive gray matter areas across the whole
brain, particularly in subcortical areas (Fig. 3a, b). For sta-
tistical values and anatomical areas where significant cor-
relations were found, see Supporting Information Table 1.

In a whole-brain multiple regression analysis corrected
for age, sex, and global rGMYV signal, the VEGF genotype
(number of C alleles) was not significantly correlated with
any of the regions.

correlations are overlaid on a “single subject” T| image from
SPM8. The color represents the strength of the TFCE value. Sig-
nificant correlations were found in the extensive white matter
areas across the whole brain.

Whole-Brain Analysis of the Correlation
Between Regional White Matter Volume and
VEGF Genotype

A whole-brain multiple regression analysis corrected for
age and sex revealed that the VEGF genotype (number of
C alleles) was significantly and positively correlated with
rWMYV in the extensive white matter areas across the
whole brain (Fig. 4). For statistical values and anatomical
areas where significant correlations were found, see Sup-
porting Information Table 2.

In a whole-brain multiple regression analysis corrected
for age, sex, and global riWMYV signal, the VEGF genotype
(number of C alleles) was not significantly correlated with
WMV in any of the regions.

Whole-Brain Analysis of the Correlation
between Regional Arterial Blood Volume and
VEGF Genotype

A whole-brain multiple regression analysis corrected for
age and sex revealed that the VEGF genotype (number of
C alleles) was significantly and positively correlated with
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Figure 5.

Positive correlations between VGEF genotype (number of C
alleles) and regional ABV. The results shown were obtained
using a threshold of threshold-free cluster enhancement (TFCE)
of P<0.05, based on 5,000 permutations. The color represents
the strength of the TFCE value. The results were corrected at
the whole-brain level. In the left panels, regions with significant
correlations are overlaid on a “single subject” Tl image from
SPM8. In the right panels, regions with significant correlations
are overlaid on the mean of preprocessed images acquired from
those subjects used to create the template. Significant correla-
tions were found in the anterior midline areas and bilateral tem-
poral areas. Note that only part of the whole brain was scanned
and analyzed, as can be seen in the right panel.

ABV in the anterior midline and bilateral temporal areas
(Fig. 5). Areas of significant correlations were concentrated
in the areas with greater signals (see right panel of the Fig.
5), possibly because of a greater signal to noise ratio in
these areas. For statistical values and anatomical areas

where significant correlations were found, see Supporting
Information Table 3.

In a whole-brain multiple regression analysis corrected
for age, sex, and global ABV signal, the VEGF genotype
(number of C alleles) was not significantly correlated with
ABV in any of the regions.

DISCUSSION

In this study, we demonstrated that the VEGF —2578C
allele was associated with significantly larger TGMYV,
TWMYV, and TABV, which was consistent with our
hypothesis. Voxel-by-voxel analyses in which the global
signals were not regressed out revealed widespread associ-
ations between the VEGF —2578C allele and greater
rWMYV and rWMYV and the associations between the VEGF
—2578C allele and greater regional ABV in some of the
areas where ABYV is larger. However, in any of these cases,
there were no significant associations with the VEGF
—2578C allele after regressing out the corresponding glob-
al signal, indicating that we failed to obtain the evidence
for region-specific associations between these brain mea-
sures and the genotype. However, the VEGF —2578C allele
was not associated with mCBF, though a statistical result
close to a tendency toward the expected direction
(P=0.122) was observed. The results suggest that the
VEGF —2578C allele, which is robustly known to increase
the risk of cancer and decrease the risk of Alzheimer’s dis-
ease, is associated with changes in the vascular system
that lead to increased blood volume and larger brain vol-
ume. There were no significant differences in the perfor-
mance of general intelligence measures between
genotypes, suggesting lack of evidence that the genotypic
neural difference is substantially affecting general cogni-
tive function in the present sample.

As reasoned in the Introduction, the VEGF —2578C
allele is known to lead to increased VEGF levels [Steffen-
sen et al., 2010]. VEGF is critical for the formation of blood
vessels, and this may lead to increased cerebral ABV.
However, other possibilities such as increased vasodilation
in the default state cannot be excluded from this study. In
addition, VEGF is known to facilitate the proliferation of
various types of cells such as neurons, astroglia, and endo-
thelial cells in the brain [Jin et al., 2002]. Increased capacity
for blood supply through the increased blood vessels
throughout development may enable efficient formation of
brain volume, as observed in this study, while increasing
the risk of cancer in later life [Broll et al., 2001].

One interesting speculation is that greater cortical and
vessel structures caused by the VEGF —2578C allele may
work as an extra reserve to reduce the risk of Alzheimer’s
disease. Meta-analyses have shown the association
between the VEGF —2578A allele and the increased risk of
Alzheimer’s disease [Del Bo et al., 2009; Liu et al., 2013] as
well as other diseases [Borroni et al., 2010; Borroni et al.,
2008]. It is known that Alzheimer’s disease is associated
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with cortical atrophy [Frisoni et al., 2005] and reduced
blood supply [Yoshiura et al., 2009]. The declines in these
measures in old age are essentially associated with func-
tional losses [Head et al., 2008]. Moreover, Katzman et al.
[1988] showed that individuals with larger brains were
more likely to remain unaffected by dementia despite hav-
ing similar numbers of Alzheimer lesions to those who
were suffering dementia. Perhaps, greater brain volume
(structures) and changes in the vascular system that lead
to increased arterial blood volume caused by the VEGF
—2578C allele may work as an extra reserve against the
development of Alzheimer’s disease because subjects with
the allele have a greater preservation of those tissues and
need to undergo greater tissue loss before showing symp-
toms of dementia.

The reason why we could not obtain a significant associ-
ation between VEGF gene polymorphism and mCBF
remains unclear. Because a P value of 0.128 in the
expected direction was obtained and given that single
common polymorphisms usually have small effect sizes at
least on phenotypes [Terracciano et al., 2008], the lack of
significance may just reflect a lack of statistical power. Sec-
ond, CBF is affected by many transient factors such as
mood of the day [Schneider et al., 1994], and the test-retest
reliability of CBF is not as high as that of brain structure
measures [Petersen et al., 2010]. These factors may partly
explain the lack of a significant association in this study.

This study had at least one limitation, which was com-
mon to our previous studies and other studies that used
college cohorts [Jung et al., 2010; Song et al., 2008; Take-
uchi et al, 2010a, b, 2011b], that is, limited sampling
among young, healthy subjects with a high educational
background. As described previously, limited sampling
from the full range of intellectual abilities is a common
hazard when sampling from college cohorts [Jung et al.,
2010]. Nonetheless, it should be considered that limited
sampling may be an important step to rule out the
effects of age or education level that could strongly
influence the brain structures and increase the sensitivity
of the analyses. Also, this is a cross-sectional genetic
study, and although the polymorphism is associated
with phenotype, phenotype cannot affect polymorphism
(also, false correlation due to mediation by a third factor
is usually unlikely in studies of polymorphisms). How-
ever, how the change in gene sequence leads to the
observed changes in brain structure cannot be revealed
in this kind of study. This needs to be revealed in
future studies.
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