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Abstract
Recent evidence suggests a systematic cultural difference in the volume/thickness of prefrontal regions of the brain.
However, origins of this difference remain unclear. Here, we addressed this gap by adopting a unique genetic approach.
People who carry the 7- or 2-repeat (7/2-R) allele of the dopamine D4 receptor gene (DRD4) are more sensitive to
environmental influences, including cultural influences. Therefore, if the difference in brain structure is due to cultural
influences, it should be moderated by DRD4. We recruited 132 young adults (both European Americans and Asian-born East
Asians). Voxel-based morphometry showed that gray matter (GM) volume of the medial prefrontal cortex and the
orbitofrontal cortex was significantly greater among European Americans than among East Asians. Moreover, the difference
in GM volume was significantly more pronounced among carriers of the 7/2-R allele of DRD4 than among non-carriers. This
pattern was robust in an alternative measure assessing cortical thickness. A further exploratory analysis showed that
among East Asian carriers, the number of years spent in the U.S. predicted increased GM volume in the orbitofrontal cortex.
The present evidence is consistent with a view that culture shapes the brain by mobilizing epigenetic pathways that are
gradually established through socialization and enculturation.
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Are there differences in brain volume across cultural, ethnic,
and ancestry groups? In the past, brain volume was often erro-
neously seen as the ultimate measure of general intelligence
and moral character (Gould 1996). Given the racist overtone of
previous work, the possible cultural and ethnic variation in
brain volume has understandably alarmed many scientists and
humanists. Nevertheless, recent work presents initial evidence
of systematic differences in the gray matter (GM) volume of the
brain as a function of culture and related social psychological
variables (Chee et al. 2011; Kitayama et al. 2017; Wang et al.
2017). This line of research differs from the past work in its
focus on regionally specific GM volume as well as on a general

hypothesis that the group difference in brain volume is due
partly to experience, rather than only to genetic ancestry.

In the current work, we seek to shed light on the possible
contribution of experience to a previously reported cultural dif-
ference in the GM volume in prefrontal regions including the
orbitofrontal cortex (OFC) and the medial prefrontal cortex
(mPFC) (Chee et al. 2011). To do so, we drew on recent gene x
environment interaction research. In particular, certain poly-
morphic genetic variations, including a varying number tan-
dem repeat (VNTR) variation in the dopamine D4 receptor gene
(DRD4), modulate sensitivity to environmental influences
(Belsky and Pluess 2009; Kim and Sasaki 2014; Kitayama et al.
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2014, 2016; Silveira et al. 2016). Accordingly, if the cultural vari-
ation in GM volume is due, in part, to cultural experience, it is
likely to be moderated by some of these genetic polymorph-
isms including the DRD4 VNTR polymorphisms.

The present study is informed by prior work documenting
psychological differences between European Americans and
East Asians (Triandis 1989; Markus and Kitayama 1991; Nisbett
et al. 2001; Kitayama and Uskul 2011; Kitayama and Salvador
2017). Compared to European Americans, East Asians are
thought to be more interdependent or less independent in
social orientation (Markus and Kitayama 1991). Much of this
work is based on both self-report questionnaires and behavioral
experimental tasks, although more recent work shows similar
cultural differences in functional brain activations (Kitayama
and Uskul 2011; Han and Ma 2014; Kitayama and Salvador 2017).
Despite the advancement over the last two decades, however,
rarely has this work tested structural properties of the brain
including GM volume across the cultural groups. One important
exception is a study by Chee and colleagues (2011). They
acquired structural brain images of 70 Singaporeans and 70
European Americans and tested regionally specific GM volume
and thickness. Several striking cultural variations were
observed among young adults (in their early 20 s). In particular,
the GM volume and thickness was greater in the prefrontal
regions including OFC and mPFC among European Americans
than among East Asians.

Converging evidence emerged in two more recent structural
imaging studies, which showed that the GM volume in both
OFC and mPFC is linked to the construal of the self as interde-
pendent – one of the dimensions commonly used to explain
the cultural difference between European Americans and East
Asians. Kitayama et al. (2017) scanned 135 Japanese adults in
early and middle adulthood (20–39 years of age) and found that
interdependent self-construal (SC) was inversely associated
with the GM volume of the bilateral OFC. In another recent
study, Wang and colleagues (2017) scanned 265 Chinese young
adults (mean age of 23 years) and observed that interdependent
SC was associated with reduced GM volume of mPFC.

While certain unknown genetic factors could be linked to
both interdependent SC and GM volume, this association could
also be due to experience. Specifically, less interdependently
oriented individuals may be more likely to engage in psycho-
logical activities that recruit certain prefrontal regions. For
example, prior work links OFC to value-based judgment (“What
do I like?”) (O’Doherty 2011), the ability to sustain transitivity in
personal preferences (Fellows 2011), and more generally, goal-
oriented behaviors (Rolls and Grabenhorst 2008). All these
activities are likely linked to lower levels of interdependence
(Kitayama and Park 2014). Further, mPFC is implicated in the
development of a clear personal self (Kelley et al. 2002; Northoff
and Bermpohl 2004; Heatherton et al. 2006; van der Meer et al.
2010; Chua et al. 2011), another function likely inversely related
to interdependent orientations (Campbell et al. 1996). In light of
a growing body of work documenting effects of sustained
engagement in scripted behaviors on GM volume (Maguire
et al. 2000; Draganski et al. 2004; Driemeyer et al. 2008), the cul-
turally sanctioned chronic recruitment of both OFC and mPFC
functions might explain the inverse association between inter-
dependent SC and the OFC and mPFC GM volume.

To test this proposition, we drew on recent evidence that
certain genetic polymorphisms both support and modulate
environmental influences including cultural influences (Belsky
and Pluess 2009; Sasaki et al. 2013; Kim and Sasaki 2014;
Kitayama et al. 2014). Of particular interest are genes coding

the functions of dopamine, a neurotransmitter that plays a key
role in reward processing (Forbes et al. 2009). Reward proces-
sing is central to some distinct psychological operations
involved in reinforcement-based learning, such as computation
of reward prediction errors and abstraction of rules governing
reward contingencies (Set et al. 2014). It therefore may play a
key role in cultural acquisition (Kitayama and Uskul 2011;
Kitayama et al. 2016; Kitayama and Salvador 2017). Hence, if a
given cultural difference is caused by reinforcement-based
social learning of different cultural values and norms, the
extent of the cultural difference should vary as a function of
genetic polymorphisms of genes that regulate the strength of
dopaminergic signaling in the central nervous system
(Kitayama et al. 2014, 2016).

Among numerous genes that are potentially relevant (Set
et al. 2014), one gene, the dopamine D4 receptor gene (DRD4), is
particularly promising (Sasaki et al. 2013; Kitayama et al. 2014,
2016; Silveira et al. 2016; Tompson et al. 2018). Compared to a
common allelic variant (the 4-repeat allele of DRD4), two evolu-
tionarily more recent VNTR variants that are thought to have
emerged over the last 50 000 years (Wang et al. 2004), the
7-repeat and 2-repeat alleles, are associated with increased
dopamine signaling capacity and hence heightened sensitivity
to environmental influences (Sheese et al. 2007; Belsky and
Pluess 2009; Bakermans-Kranenburg and van IJzendoorn 2011).
Indeed, it has been found that the developmental outcomes
of European and European American children carrying the
7-repeat allele of DRD4 are dependent on parental quality,
whereas those not carrying this allele appear less sensitive to
the quality of parenting (Windhorst et al. 2015; King et al. 2016)
(the 2-repeat is more common in East Asians, with very few
European Americans and Europeans carrying this variant). As
may be expected from this body of evidence, the aforemen-
tioned cultural difference in social orientation (with East
Asians being more interdependent or less independent than
European Americans) is highly reliable among those who carry
the 7- or 2-repeat (7/2-R) allele of DRD4, but not among those
who carry neither (Kitayama et al. 2014). This DRD4 x culture
interaction extends to emotional experience. Prior work sug-
gests the existence of emotion norms encouraging the experi-
ence of positive emotions in lieu of negative emotions in
Western cultures; but the corresponding emotion norms in East
Asia emphasize harmonious balance between positive and
negative emotions (Kitayama et al. 2000). A recent study finds
that the pattern of emotional experience that conforms to the
varying cultural norms of emotion is observed among carriers
of the 7/2-R allele of DRD4, but not among non-carriers
(Tompson et al. 2018).

Building on this evidence, we hypothesize that if the cul-
tural difference in GM volume of the prefrontal regions (partic-
ularly, OFC and mPFC) were due in part to cultural experience,
this difference would be more pronounced among the carriers
of the 7/2-R allele of DRD4 than among non-carriers. In addi-
tion, if the 7/2-R allele of DRD4 sensitizes the carriers of these
alleles to cultural experience, they may be more influenced by
new cultural norms when they immigrate to a new country.
We explored this possibility by taking advantage of the fact
that our East Asian participants had been born in Asia, had
subsequently moved to the U.S., and had stayed there for vari-
able durations. A possible increase of the prefrontal GM vol-
ume due to exposure to U.S. culture could be moderated by
DRD4 such that these effects were more pronounced among
the carriers of the 7/2-R allele of DRD4 than among non-
carriers.
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Method
Participants

One hundred and thirty-two healthy right-handed undergradu-
ate students at University of Michigan were paid to participate
in the study. All those participants were part of a larger study
of cross-cultural variation (n = 635). Participants in the present
study were recruited from this large pool of subjects based on
their DRD4 status (7/2-R vs. other alleles), such that roughly
equal number of carriers of 7/2-R and non-carriers were tested.
Sixty-six participants were European Americans who were born
and raised in the U.S. (45 females and 21 males; age range
18–23 years; mean age of 20.2 years), and 66 were Asian-born
East Asians who were born in an East Asian country (i.e., China,
Japan, Korea, and Taiwan) and had been in the U.S. for less
than 10 years (40 females and 26 males; age range 18–27 years;
mean age of 21.2 years). Six of them were excluded from fur-
ther analysis due to poor quality of their structural magnetic
resonance imaging (MRI) scans which prevented optimal tissue
segmentation, leaving us with 63 in each cultural group for a
total of 126 participants. Data and structural brain images of
the present study are available at: https://osf.io/wpfuv/. The
study was approved by the Internal Review Board of University
of Michigan, and all participants in the study provided written
informed consent.

Image Acquisition

Scanning was performed using a Philips three Tesla MRI scan-
ner (Phillips Medical Systems, Andover, MA). A high-resolution
T1-weighted structural image was acquired from all partici-
pants (echo time = 4.6ms, repetition time = 9.8ms, 256 × 200
matrix, flip angle = eight degrees, field of view = 256 × 256 × 180
(mm), 180 contiguous 1mm sagittal slices per volume).

Genotyping

The genotyping procedure has been described in detail in
Kitayama et al. (2014). An Oragene saliva kit (OG-500) was used
for saliva collection (DNA Genotek, Kanata, Ontario, Canada).
Genomic DNA was extracted using a high-capacity membrane-
based column (QuickGene810, AutoGen, Inc., Holliston, MA) and
was quantitated using an A260/A280 ratio with a NanoDrop
spectrophotometer (ThermoScientific, Inc., Wilmington, DE) and
agarose gel electrophoresis. The DRD4 VNTR polymorphism was
amplified, with 0.2 μM of DRD4 forward primer 5′-GCGACTACGT
GGTCTACTCG and 0.2 μM of DRD4 reverse primer 5′-AGGACCCT
CATGGCCTTG (Lichter et al. 1993), using the Roche GC-Rich
PCR System amplification buffer (Roche Applied Science, Inc.,
Mannheim, Germany) and 20 ng of genomic DNA in a volume of
25 μl. The samples were heated in a Stratagene thermocycler
(Life Technologies, Inc., Grand Island, NY) at 95 °C for 3min,
then cycled 40 times at 95 °C for 20 s, 57 °C for 20 s, and 72 °C for
1min, followed by 72 °C for 3min. Polymerase chain reaction
products were separated and visualized on a 2% agarose gel
(type 1-A, Sigma, St. Louis, MO) stained with ethidium bromide.

Among the 126 participants that were included in the brain
image analysis, frequencies of the DRD4 VNTR alleles were: for
European American participants, 10.3% 2 R, 4.0% 3 R, 65.9% 4 R,
0.8% 5 R, 16.7% 7 R, and 2.4% 8 R; for East Asian participants,
22.2% 2 R, 0.8% 3 R, 76.2% 4 R, and 0.8% 5 R. As in previous work
(Reist et al. 2007; Sasaki et al. 2013; Kitayama et al. 2014), car-
riers of 7 R and 2 R alleles were compared (32 European
Americans and 26 East Asians) with non-carriers of these

alleles (mostly 4 R/4 R, together with more infrequent variants
including the 3 R, 5 R, and 8 R alleles; 31 European Americans
and 37 East Asians).

Questionnaires: Self-Construal (SC) Scale

The SC scale was composed of 30 items designed to assess the
degree of each participant’s SC as independent (15 items) or
interdependent (15 items) (Singelis 1994). Sample items for
independent SC include, “I enjoy being unique and different
from others in many respects” and “I feel it is important for me
to act as an independent person”. Sample items for interdepen-
dent SC include, “I will sacrifice my self interest for the benefit
of the group I am in” and “My happiness depends on the happi-
ness of those around me”. Participants rated each item on a
scale from 1 (strongly disagree) to 7 (strongly agree). Internal
consistency of the independent SC and the interdependent SC
were adequate for both European American participants (α =
0.65 and α = 0.62, respectively) and East Asian participants (α =
0.68 and α = 0.72, respectively). The scale was administered
during the pre-scanning survey, which occurred approximately
two weeks prior to the scanning session.

VBM Analysis

Image processing and measurement
Participants’ brain images were preprocessed using voxel-based
morphometry (VBM) implemented in Statistical Parametric
Mapping (SPM) software (SPM8; Wellcome Department of
Cognitive Neurology, London, UK). VBM is a fully-automated and
unbiased MRI-based image analysis technique that identifies the
amount of GM of the structural scan (Ashburner and Friston
2000), frequently used to detect regionally specific differences in
brain structure (Good et al. 2002). Each participant’s T1-weighted
image was examined, and the orientation and origin point were
manually adjusted when necessary in order to better match the
template. Then the images were segmented into different tissue
types including GM, white matter (WM), and cerebrospinal fluid
(CSF). After this, the “Diffeomorphic Anatomical Registration
using Exponentiated Lie algebra” (DARTEL) algorithm was
applied to create a study-specific template of GM, which was
then affine-registered to Montreal Neurological Institute (MNI)
space. All individually segmented GM images of the participants
were then nonlinearly warped to match the space of the
DARTEL template. A modulation step was performed as well by
multiplying the warped tissue probability maps by the Jacobian
determinant of the warp on a voxel-by-voxel basis, which repre-
sents the relative volume ratio before and after the warping. As
a final preprocessing step, all segmented, normalized, and mod-
ulated images were smoothed with a 10-mm full-width half-
maximum Gaussian kernel. The global volumes of GM, WM, and
CSF for each scan were estimated as the total number of voxels
of each tissue type multiplied by the voxel size. Total intracra-
nial volume (TIV) of each image was calculated by summing the
total GM volume, total WM volume, and total CSF volume.

Region of interest definition
Based on our hypotheses, two anatomical regions of interest
(ROI), OFC and mPFC, were defined for VBM analysis using the
WFU PickAtlas toolbox (Maldjian et al. 2003). For OFC ROI, we
used bilateral middle OFC defined by Automated Anatomical
Labeling atlas (Fig. 1-A). The same anatomical OFC ROI was
used in the Kitayama et al. (2017) study and thus included the
area linked to interdependent SC in that study. For mPFC ROI,
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we followed Wang et al. (2017) by combining the bilateral
medial frontal gyrus, cingulate region, and medial orbital-
frontal gyrus voxels in the 71-segmentation version of the
IBASPM (Individual Brain Atlas using Statistical Parametric
Mapping) and then cropping to the following parameters: x =
−15mm to 15mm, y > 30mm, and z < 10mm (Fig. 1-B).

Statistical analysis
Statistical analysis was performed on the pre-processed GM
images. We examined cultural difference as well as the pre-
dicted moderation by DRD4 on cultural difference at the OFC
and mPFC GM volume by extracting normalized and smoothed
voxel values of the OFC ROI and the mPFC ROI from each par-
ticipant and analyzing them in the framework of general linear
model. TIV was included as a covariate to control for overall
head size. Age and sex were also covaried because they may
confound GM volume. Correlation with SC, as well as correla-
tion with the number of years in the U.S. for East Asian partici-
pants were tested with the same OFC and mPFC ROI values and
the same set of covariates. Statistical significance for the ROI
analysis was set at p < 0.05 (uncorrected).

We also carried out whole brain voxel-level analyses to
explore whether additional regions show a significant cultural
difference or a significant interaction between culture and
DRD4 status in the GM volume. Because of the potential edge
effects at the border of GM and WM, all voxels with a GM value
of < 0.2 were excluded to retain only those voxels that were rel-
atively homogeneous. Nonstationary cluster extent correction,
which corrects for nonisotropic smoothness of VBM data, was
also applied (Hayasaka and Nichols 2004). We used the full

factorial design implemented in SPM8 to test three contrasts, 1)
GM volume for European Americans > GM volume for East
Asians, 2) GM volume for European Americans < GM volume
for East Asians, and 3) the cultural difference (European
Americans > East Asians) in carriers > the cultural difference
(European Americans > East Asians) in non-carriers. TIV, age,
and sex were included as covariates in the model, and the
threshold of significance was set at p < 0.05 at the voxel level
(FWE-corrected).

Freesurfer Analysis

One concern of cross-cultural research using neuroimaging is
that the shape of the brain differs between Caucasians and
Asians (Zilles et al. 2001). In VBM, standard templates used dur-
ing the spatial normalization are based on European Americans
(Tang et al. 2010). In applying such templates to individual
brains, care is taken to warp the brains to create voxel-for-
voxel correspondence. Moreover, additional steps are taken to
adjust for regional stretching/constriction caused by the spatial
normalization so as to preserve the original volume (Ashburner
and Friston 2000). Nevertheless, a concern could remain since
there are very few cross-cultural comparisons on structural
MRI scans. We therefore used another neuroimaging technique,
Freesurfer, to replicate our cross-cultural comparisons. One
advantage of Freesurfer that is especially pertinent in the pres-
ent work is that unlike VBM, which can only measure structural
properties of brains that have been normalized to the standard
template, Freesurfer can generate regional measurements of
each individual brain itself. That is, for each single brain,

Figure 1. The region of interest (ROI) for the present analysis. A. A coronal (top left), sagittal (top right), and axial (bottom left) view of the middle OFC ROI for VBM

analysis. B. A coronal (top left), sagittal (top right), and axial (bottom left) view of the mPFC ROI for VBM analysis. C. Medial and lateral OFC ROI for Freesurfer analysis

from a ventral viewpoint.
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Freesurfer can extract the cortex, parcellate the cortex into dif-
ferent anatomical regions (which can serve as ROIs) based on
gyral and sulcal information derived from manually traced
training set, and produce detailed measurements on each
region (Fischl and Dale 2000; Fischl et al. 2004).

Image processing
The brain images were processed with Freesurfer 5.3.0
(Martinos Imaging Centre). Each image was processed by run-
ning the “recon-all” command with the default setting. The
image processing involves intensity non-uniformity correction,
automated Talairach transformation, intensity normalization,
removal of non-brain tissue using a hybrid watershed algo-
rithm, linear and non-linear transformations to a probabilistic
brain atlas, and parcellation and labeling of cortical and subcor-
tical structures based on gyral and sulcal information derived
from manually traced training set. Each pial surface and gray-
white junction mesh was carefully reviewed by a single
researcher (QY) and manually edited if necessary.

ROI definition and statistical analysis
Statistical analysis was conducted on neuroanatomical regions
produced by Freesurfer’s individual-based automated surface
parcellation using the Desikan-Killiany Atlas (Desikan et al.
2006). For OFC, we used four ROIs from this atlas – medial and
lateral OFC of the left and right hemisphere (Fig. 1-C).
Thickness measure of these regions was extracted from the
stat files that Freesurfer produced using the “aparcstats2table”
command, after the medial OFC and lateral OFC of each hemi-
sphere were combined using the “mri_mergelabels” command.
After that, the OFC of each hemisphere was averaged in thick-
ness to produce a single OFC ROI for each participant. Note that
cortical thickness was not tested for mPFC per se since this
region does not have its own parcellation in Freesurfer’s built-
in atlas (Desikan-Killiany Atlas and Destrieux Atlas) (Desikan
et al. 2006; Destrieux et al. 2010), and the OFC ROI in the
Desikan-Killiany Atlas included substantial portion of mPFC. To
examine the cultural difference as well as the predicted moder-
ation by DRD4 on cultural difference at the OFC thickness, the
OFC thickness was analyzed with the general linear model,
with age and sex included as covariates. Correlational analyses
were carried out with the same OFC ROI and the same set of
covariates.

Results
Demographics and Questionnaire Data

As expected, East Asians were more interdependent in their SC
than European Americans (t(124) = −2.565, p = 0.012); however,
the two groups did not differ on the independent SC (t(124) =
0.380, p = 0.705). See Table 1 for demographics, self-construal

mean scores, and DRD4 genotype information for both East
Asians and European Americans.

VBM ROI Analysis

We first tested OFC GM volume as a function of both culture
and DRD4 status. With TIV, age, and sex as covariates, a general
linear model showed a significant main effect of culture, with
OFC GM volume being greater for European Americans than for
East Asians (B = 0.016, t(119) = 7.253, p < .001, 95% CI = [0.012,
0.020]). Importantly, the 2-way interaction between culture and
DRD4 status proved significant (B = −0.005, t(119) = −2.585, p =
.011, 95% CI = [−0.010, −0.001]) (Fig. 2-A). The cultural difference
was significantly larger for DRD4 7/2 R carriers (B = 0.021, t(119) =
6.800, p < .001, 95% CI = [0.015, 0.027]) than for non-carriers,
although it was significant even for non-carriers (B = 0.010,
t(119) = 3.591, p = .003, 95% CI = [0.005, 0.016]).

Next, we tested whether the OFC GM volume would be asso-
ciated with interdependent SC. After controlling for TIV, age,
and sex, the OFC GM volume was inversely correlated with parti-
cipants’ interdependent SC (r = −.197, t(121) = −2.212, p = .029)
(Fig. 3-A). The same relationship existed within each cultural
group (rs = −.115 and −.134, for European Americans and East
Asians, respectively), although it did not reach statistical signifi-
cance (t(58) = −.885, p = .380 and t(58) = −1.033, p = .306, respec-
tively), plausibly due to the reduced power. As in Kitayama et al.
(2017), there was no significant correlation between the OFC vol-
ume and independent SC (r = .059, t(121) = .645, p = .520).

We carried out the same set of analyses on the GM volume
of mPFC. When the mPFC GM volume was analyzed as a func-
tion of both culture and DRD4 status after controlling for TIV,
sex, and age, the main effect of culture was significant such
that the volume was significantly greater for European
Americans than for East Asians (B = 0.023, t(119) = 8.670, p < .001,
95% CI = [0.018, 0.028]). The 2-way interaction between culture
and DRD4 status was marginally significant (B = −0.004, t(119) =
−1.717, p = .088, 95% CI = [−0.009, 0.001]) (Fig. 2-B). This cultural
difference tended to be larger for carriers (B = 0.027, t(119) =
7.213, p < .001, 95% CI = [0.020, 0.035]) than for non-carriers,
although the cultural difference was significant even for non-
carriers (B = 0.019, t(119) = 5.275, p < .001, 95% CI = [0.012, 0.026]).
In addition, as in Wang et al. (2017), the mPFC GM volume was
inversely correlated with interdependent SC albeit marginally,
controlling for TIV, age, and sex (r = −.172, t(121) = −1.920, p =
.057) (Fig. 3-B). There was no correlation with independent
SC (r = .037, t(121) = .402, p = .688).

To assess the robustness of all our findings presented above,
we also carried out voxel-level analysis with small volume cor-
rection using SPM, based on the OFC and mPFC ROI defined.
This analysis yielded consistent results. Detailed method and
results of this analysis are included in the Supplementary
Materials.

Table.1. Descriptive statistics of demographics, self-construal scores, and DRD4 status information

European Americans East Asians Significance

n 63 63
Mean age (SD) 20.2 (1.61) 21.2 (1.65) t = −3.498, p = .001
DRD4 (7/2-R vs. other alleles) 32/31 26/37 χ2 = 1.150, p = .284
Sex (male vs. female) 20/43 24/39 χ2 = 0.559, p = .455
Self-construal
Independent: mean (SD) 4.87 (0.56) 4.83 (0.59) t = 0.380, p = .705
Interdependent: mean (SD) 4.85 (0.53) 5.10 (0.56) t = −2.565, p = .012
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Freesurfer ROI Analysis

With age and sex as covariates, the Freesurfer analysis per-
formed on the OFC/mPFC thickness showed a significant 2-way

interaction between culture and DRD4 status (B = −0.022, t(120) =
−2.265, p = .025, 95% CI = [−0.041, −0.003]) (Fig. 2-C). The OFC/
mPFC thickness was significantly greater for European

Figure 2. Mean value of GM volume/thickness as a function of culture and DRD4 status. Error bars represent ± 1SE. A. Mean value of GM volume of the OFC ROI.

B. Mean value of GM volume of the mPFC ROI. C. Mean value of thickness of the OFC ROI.

Figure 3. Correlation with interdependent self-construal (SC). A. A scatter plot showing relationship between interdependence SC and GM volume of the OFC ROI.

B. A scatter plot showing relationship between interdependence SC and GM volume of the mPFC ROI. C. A scatter plot showing relationship between interdependence

SC and thickness of the OFC ROI.
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Americans compared to for East Asians among DRD4 7/2-R car-
riers (B = 0.039, t(120) = 2.666, p = .009, 95% CI = [0.010, 0.068]).
The same contrast was not statistically significant for non-
carriers (B = 0.005, t(120) = .385, p = .701, 95% CI = [−0.022, 0.032]).
In this analysis, the cultural main effect at the OFC thickness
did not achieve statistical significance (B = 0.017, t(120) = 1.649,
p = .102, 95% CI = [−0.003, 0.037]). Unlike in the VBM, there was
no significant relationship between OFC/mPFC thickness and
interdependent SC after controlling for age and sex (r = −.069,
t(122) = −.766, p = .445) (Fig. 3-C). Nor was there any significant
association between OFC thickness and independent SC con-
trolling for age and sex (r = −.009, t(122) = −.096, p = .923).

Exploratory Analyses

Effect of the years in the U.S. for East Asians
As mentioned above, East Asian participants were born in East
Asia and moved to the U.S. at a later point. This enabled us to
test whether the number of years in the U.S. would predict the
OFC and mPFC GM volume/thickness among the East Asians.
We first tested this prediction using the VBM data. After con-
trolling for TIV, age, and sex, a significantly positive relation-
ship between number of years and OFC GM volume was found
for DRD4 7/2 R carriers (r = .447, t(21) = 2.289, p = .033). This rela-
tionship was negligible for non-carriers (r = .110, t(32) = .626, p =
.536). Caution is due because the interaction between number
of years and DRD4 status was not significant (B = 0.003, t(56) =
1.133, p = .262, 95% CI = [−0.002, 0.007]) (Fig. 4-A). As for the
mPFC volume, there was no effect of the time in the U.S. for
East Asian carriers (r = .295, t(21) = 1.417, p = .171) or non-
carriers (r = .039, t(32) = .219, p = .828) (Fig. 4-B). A replication of
these findings using voxel-level analysis with small volume
correction is included in Supplementary Materials. When the
analysis was performed on Freesurfer generated OFC/mPFC cor-
tical thickness, the association between the number of years in
the U.S. and the OFC/mPFC thickness was positive, albeit mar-
ginally, for carriers, controlling for age and sex (r = .345, t(22) =
1.726, p = .098) (This correlation became highly significant
when a single data point that deviated substantially from the
predicted regression line (with the Cook’s distance greater than
the conventional cut-off, 4/N, indicated by the arrow in Fig. 3-
D) was removed (r = .536, t(21) = 2.906, p = .008)). This associa-
tion was negligible for non-carriers (r = .124, t(33) = .720, p =
.477). Caution is warranted because the interaction between
number of years and DRD4 status was not significant (B = 0.009,
t(57) = .849, p = .399, 95% CI = [−0.013, 0.031]) (The interaction
between DRD4 status and number of years in the U.S. was mar-
ginally significant when the potential outlier was excluded (B =
0.020, t(56) = 1.807, p = .076, 95% CI = [−0.002, 0.041])) (Fig. 4-C).

Whole brain voxel-level analysis
The whole brain analysis was performed with VBM (see
Tables S1-S3 and Fig. S1-S2 in Supplementary Materials). Of
note, a large area of the prefrontal cortex was greater in GM vol-
ume for European Americans than for East Asians (Table S1 and
Fig. S1-A). This area was centered at the right anterior prefron-
tal cortex and extended to both the bilateral OFC including the
area identified by Kitayama et al. (2017) and more medial
regions including the one identified by Wang et al. (2017). This
finding also replicates the earlier finding by Chee and colleagues
(2011). In addition, the left visual association area showed a
similar cultural difference. Regions that showed greater GM vol-
ume for East Asians than for European Americans are summa-
rized in Table S2 and Fig. S1-B. There was little correspondence

to the Chee et al. (2011) study. We did not find any region show-
ing a significant Culture x DRD4 interaction. However, with a
more liberal voxel-level threshold of p < .001 (uncorrected),
a few voxels centered at right anterior OFC and left anterior
cingulate cortex emerged as significant (Table S3 and Fig. S2).

Discussion
Our finding is the first to show that VNTR polymorphisms of
the DRD4 moderate a cultural difference in the GM volume and
cortical thickness of the prefrontal areas including OFC and
mPFC. Since these polymorphisms likely modulate the effec-
tiveness of reinforcement-based learning, our result suggests
that the cultural difference in brain volume is mediated in part
by cultural experience. Specifically, we first replicated the early
cross-cultural study by Chee and colleagues (2011) and found
that the GM volume of both mPFC and OFC is larger for
European Americans than for East Asians. Moreover, this group
difference was more pronounced for the carriers of the 7/2-R of
DRD4 than for non-carriers. This finding is unlikely to suffer
from the potential brain shape confound insofar as it was also
evident in Freesurfer-based analysis.

Although the Culture x DRD4 status interaction was statisti-
cally significant in all three cases (GM volume of mPFC, GM vol-
ume of OFC, and cortical thickness of OFC/mPFC), some
nuanced differences are also evident across the measures. The
cultural difference was apparent even for non-carriers in the
measure of GM volume of both mPFC and OFC, but it ceased to
be significant in the cortical thickness of OFC/mPFC. It might be
the case that brain shape confounds caused some biases in the
GM volume measure such that the GM volume was under-
estimated for East Asians compared to European Americans.
The fact that the measure that is free from this confound
showed no cultural difference among non-carriers is consistent
with this conjecture. It would seem desirable to use both VBM
and Freesurfer in all cross-cultural or cross-ethnic comparisons
on structural properties of the brain in future work. We also
wish to note that the current analysis yielded no significant
within-culture contrasts between carriers and non-carriers.
Future work should test a larger number of subjects in each cul-
ture to test the prediction that carriers are more likely than
non-carriers to show a cultural-typical pattern of GM volume
(i.e., increased or decreased prefrontal GM volumes for
European Americans and East Asians, respectively).

Our work is consistent with recent theorizing (Kitayama and
Salvador 2017) that when certain behaviors involving personal
decision making or goal pursuit are positively reinforced, rele-
vant connections in all neural circuitries implicated in these
behaviors, including the prefrontal regions, may also be
strengthened. This positive reinforcement may be assumed to
increase neural activities of the regions, which in turn result
eventually in gradual expansion of the GM volume or thickness
of the region. It is plausible that the structural change caused
by the reward contingencies in culture may be mediated or sta-
bilized by epigenetic pathways that are gradually established
through socialization (Meaney 2001; Cole 2014).

Also consistent with our cultural hypothesis is the increase
of the GM volume as a function of the length of exposure to
U.S. culture among East Asians with the 7/2-R allele of DRD4.
Although important, the finding should be regarded as prelimi-
nary. First, we are possibly underpowered in this analysis (N =
63, around 30 in each group). Future work with greater sample
size would be needed to replicate this finding. Second, since all
participants were around the same age (20 years of age) when
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tested, the number of years in the U.S. is confounded with how
old or young they were when they moved to the U.S (r = −.82).
Our data are consistent with the view that those who moved to
the U.S. during their puberty years are more influenced espe-
cially if they were the carriers (Cheung et al. 2011). Third, one
important function of OFC is to monitor and track reward con-
tingencies in the environment (Rolls and Grabenhorst 2008).
Hence, it remains possible that moving to new cultures may
engage OFC functions more as one is learning the new cultural
values and norms. If so, the same effect of exposure to a new
culture may also be observed in anyone, regardless of cultural
backgrounds, who goes to foreign countries.

Last, but not least, it is noteworthy that we replicated the
inverse association between interdependent SC and GM volume
of both mPFC (Wang et al. 2017) and OFC (Kitayama et al. 2017)
in a new sample. This association is consistent with the
hypothesis that interdependence is related to down-regulation
of prefrontal functions such as making decisions based on pre-
ferences and forming clear self-concepts. We should hasten to
add that while interdependent SC is higher for East Asians than
for European Americans as predicted, this cultural difference in
the interdependence SC did not mediate the cultural difference
in the prefrontal cortical volume. Evidently, then, the sense of
“me” as interdependent (as reflected in higher scores in the
interdependent SC scale) is only one of many aspects of inter-
dependence that differentiate the two cultural groups. These
aspects may include daily routines, conventions, and practices,
as well as tacit knowledge and implicit assumptions or lay the-
ories that are shared in each group. They are likely to influence
the cortical volume above and beyond the influences interde-
pendent SC might have on it.

Some limitations of the current work warrant discussion.
First, although our use of DRD4 as a marker of environmental
influence is novel, the evidence is still correlational and thus
indirect. Future work must use a longitudinal design to investi-
gate causal influences of cultural environments. Second, we
focused exclusively on one gene, DRD4. This choice was based
on a series of studies documenting the moderation of cultural
influences by this gene (Sasaki et al. 2013; Kitayama et al. 2014;
Silveira et al. 2016; Tompson et al. 2018). Nevertheless, the cur-
rent evidence must be extended to other genes involved in
dopamine signaling in the central nervous system (Forbes et al.
2009; Set et al. 2014; Kitayama et al. 2016). Only future work can
tell whether DRD4 is unique in some way as a potent moderator
of cultural influence. Third, specific mechanisms involved in
the change of cortical volume or thickness have yet to be fully
understood. Nor do we know whether there might be any func-
tional consequences of this change. These questions must be
addressed in future work to better understand the role of brain
structure as a mediating element of cultural influences on
behavior.

Last, we postulated that the carriers of the 7/2-R allele of
DRD4 perform normative tasks more, which in turn, results in
corresponding variations in the prefrontal GM volume. However,
this hypothesis must be extended in more specific terms. One
intriguing possibility involves culturally sanctioned food habits
that reflect long-standing ecological niches of the respective cul-
tural groups (Talhelm et al. 2014). In particular, foods that are
available and sanctioned in Western cultures (e.g., red meat and
milk) might have higher calories than foods that are common
and sanctioned in East Asian cultures (e.g., grain and fish), which
could yield differences in GM volume. If those who internalize

Figure 4. Correlation with number of years in the U.S. among East Asians who either carried or did not carry the 7- or 2-repeat allele of DRD4. A. A scatterplot showing

GM volume of OFC as a function of number of years in the U.S. among East Asians. B. A scatterplot showing GM volume of mPFC as a function of number of years in

the U.S. among East Asians. C. A scatterplot showing thickness of OFC as a function of number of years in the U.S. among East Asians (A potential outlier is indicated

by the arrow).
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cultural values, including the carriers of the 7/2-R allele of DRD4,
should eat culturally sanctioned foods more than non-carriers
(Levine et al. 2016; Silveira et al. 2016), the observed cultural dif-
ference could be mediated by culturally sanctioned eating
behavior.

For a long time, consideration of racial and ethnic differ-
ences in brain volume and shape has been tainted with charge
of racism and genetic determinism (Gould 1996). Our work
addressed the topic of local volumetric differences in brain
structure, but with different methods and theoretical orienta-
tion. Methodologically, we controlled for TIV and focused
on regionally specific GM volume and cortical thickness.
Theoretically, we used a measure of self-construal (one criti-
cal dimension of culture) and specific DRD4 polymorphisms as
tools to illuminate the extent of cultural influences and
thereby underscore the intriguing potential significance of
experience in shaping brain differences across cultures.

Supplementary Material
Supplementary material is available at International Journal for
Quality in Health Care online.
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