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Abstract Overweight and obesity are rapidly becoming a

central public health challenge around the world. Previous

studies have suggested that elevated Body Mass Index

(BMI) might be associated with structural changes in both

gray and white matter, but this association is still not well

understood. The present study aimed to investigate the

relationship between BMI and brain structure with a rela-

tively large sample of young adults (N = 336) in a small

age range (20 ± 1 years). Voxel-based morphometry

results showed significant negative correlations between

BMI and gray-matter volumes in the midcingulate cortex

(MCC), left orbital frontal cortex, and left ventromedial

prefrontal cortex. There was also a significant negative

correlation between BMI and white matter integrity as

indexed by fractional anisotropy in bilateral cingulum.

Further tractography analysis showed a significant negative

correlation between BMI and the number of fibers passing

the MCC region. Regression analysis showed that gray

matter and white matter in these regions both contributed to

the variance of BMI. These results remained significant

even when analysis was restricted to the subjects with

normal weights. Finally, we found that decision-making

ability (as assessed by the Iowa Gambling Task) mediated

the association between the structure of the MCC (a region

responsible for impulse control and decision making) and

BMI. These results shed light on the structural neural basis

of weight variations.
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Introduction

Overweight and obesity are rapidly becoming a central

public health challenge around the world. In the United

States, nearly 65 % of adults are overweight or obese

(Stein and Colditz 2004). In populous China, even though

the percentage of overweight and obese adults is modest

(30 % of adults, Wang et al. 2007b), their absolute number

of over 200 million (Wu 2006) is staggering. Overweight

and obesity are associated with increased risk for cardio-

vascular/metabolic diseases, as well as several common

adult cancers (Renehan et al. 2008). Because the funda-

mental cause of overweight and obesity is an energy

imbalance between calories consumed and calories
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expended, the solution to this problem appears very simple:

eat in moderation and engage in regular physical activity.

However, this commonsense advice is difficult to follow

for many people, and the reasons involved are not clear.

There is mounting evidence that the inability to resist

calorie-rich and highly appetitive food represents a special

case of addiction behavior (Kelley and Berridge 2002;

Rolls 2007; Trinko et al. 2007; Volkow et al. 2008).

Similar to drug addiction, the loss of willpower to resist

food temptation and the development of eating habits that

can lead to obesity may be explained by a hypo-functioning

impulse control and decision-making system in the cingu-

late cortex and prefrontal cortex (Bechara 2005; Noël et al.

2013). Studies (see Table S1 and supplemental text for a

summary) have suggested that elevated Body Mass Index

(BMI) is associated with structural changes in both gray

matter (Gunstad et al. 2008; Horstmann et al. 2011;

Pannacciulli et al. 2006; Raji et al. 2010; Taki et al. 2008;

Walther et al. 2010) and white matter (Pannacciulli et al.

2006; Raji et al. 2010; Walther et al. 2010; Mueller et al.

2011; Stanek et al. 2010; Xu et al. 2011). However, the

results are mixed and the exact mechanism is still poorly

understood. More importantly, studies of young adults are

especially needed because this is the critical period for

establishing good eating habits and hence for effective

interventions. Nevertheless, due to the relatively delayed

maturation of the prefrontal cortex (Giedd et al. 1999;

Reiss et al. 1996; Sowell et al. 2003), adolescents and

young adults are particularly vulnerable to disadvantageous

decision making in their food choices. Studies have also

suggested that healthy adolescents do not show the normal

adult pattern of prefrontal responses to high-calorie food

images (Killgore and Yurgelun-Todd 2005a, b), and their

orbitofrontal response to high-calorie food images predicts

BMI (Killgore and Yurgelun-Todd 2005a, b). As a result,

these populations are known to be engaged in unhealthy

food choices (Anding et al. 2001; Johnston et al. 1998), and

their regulation of food choices may be particularly chal-

lenged by the environments at school or university cam-

puses where unhealthy food options are prominent.

The present study aimed to investigate the relationship

between BMI and brain structure in a relatively large

sample of normal Chinese young adults (N = 336) in a

very narrow age range (20 ± 1 years). We employed

voxel-based morphometry (VBM) to analyze gray-matter

volume (GMV), track-based spatial statistics (TBSS) to

analyze white matter integrity [fractional anisotropy (FA)],

and TrackVis to analyze fiber tractography. In addition, the

Iowa Gambling Task (IGT) was used to assess the subjects’

decision-making capacity, which might serve as one of the

cognitive mechanisms linking brain structure to BMI. We

hypothesized that BMI would be inversely correlated with

the IGT performance as well as with the gray and white

matter structures in the brain regions responsible for

decision making and impulse control.

Methods

Participants

Participants of this study were 336 (141 males, 195

females) healthy Chinese college students (18–24 years

old, mean age = 20.38 years, SD = 1.00). They had nor-

mal or corrected-to-normal vision, and had no history of

neurological or psychiatric problems according to self-

report. None of them was identified to have alcohol or

nicotine dependence according to the Alcohol Use Disor-

ders Identification Test (Saunders et al. 1993) and the

Fagerström Test for Nicotine Dependence (Heatherton

et al. 1991). They also scored within the normal range on

the Beck Depression Inventory (Beck et al. 1996) and Beck

Anxiety Inventory (Beck and Steer 1990). The Chinese

version of these tests was administered by a trained

research assistant. Informed written consent was obtained

from all participants. The study was approved by the

Beijing Normal University (BNU) Institutional Review

Board.

BMI measurement

Subjects reported their weight and height in a self-report

questionnaire, and their BMIs were calculated as weight

(kg)/height (m)2. Self-reported data on weight and height

have been used by previous large-scale studies on body

mass (van Strien et al. 2010; Edwards et al. 2012; Yang

et al. 2010; Lim et al. 2011; Strauss 1999; Kuczmarski

et al. 2001; Goodman et al. 2000) and proved to be reliable

in calculating BMI, with a high correlation (r = 0.92)

between BMI calculated from self-reports and that from

actual measurements (Goodman et al. 2000). Furthermore,

all BNU students including all of our participants were

given an annual physical examination at the beginning of

the academic year in September and they were informed of

their height and weight. Self-report data on height and

weight were collected in December.

The IGT

A computerized version of the IGT (Bechara et al. 2000b)

was used in the present study. It was designed to assess

decision making under ambiguity and risk (Bechara et al.

1994, 1997, 2000b, 2005). To motivate subjects, they were

informed that the amount of their winning would be con-

verted into real money. Subjects were asked to select one

card at a time (100 trials in total) from one of the four
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decks (labeled A, B, C, and D). As described in previous

studies (Bechara et al. 2000b; He et al. 2010, 2012; Kor-

itzky et al. 2013) and the IGT manual (PAR, Inc.), two of

the decks were disadvantageous because they yielded high

immediate gain but a greater loss in the long run (i.e., net

loss of 250 yuan on average over 10 cards), and two decks

were advantageous because they yielded lower immediate

gain but a smaller loss in the long run (i.e., net gain of

250 yuan on average over 10 cards). The IGT score [cal-

culated by subtracting the total number of selections of the

disadvantageous decks (A and B) from the total number of

selections of the advantageous decks (C and D)] for the

first 40 and last 60 trials were calculated to represent per-

formance in decision under ambiguity and decision under

risk, respectively (Bechara et al. 1997). Higher IGT scores

indicated superior performance.

MRI protocol

One high-resolution structural MRI measurement and one

diffusion tensor procedure were performed on each subject

in a halfhour MRI session on a 3T Siemens MAGNETOM

Trio system (Siemens Medical Systems, Iselin, NJ) with

Total Imaging Matrix (TIM) at BNU Imaging Center for

Brain Research. A T1-weighted 3D-Magnetization Pre-

pared RApid Gradient Echo (MPRAGE) sequence was

used to cover the whole brain (TR/TE = 2,530/3.39 ms,

flip angel = 7�, matrix = 256 9 256, 128 sagittal slices,

1.33 mm thickness). The diffusion tensor data for each

subject were acquired using a diffusion-weighted, single-

shot, spin-echo, EPI sequence (TR/TE = 7,200/104 ms,

matrix = 128 9 128, 49 axial slices, 2.5-mm slice thick-

ness, b value = 1,000 s/mm2) in 64 directions. A dual

spin-echo technique combined with bipolar gradients was

employed to minimize the geometric distortion induced by

eddy currents.

VBM analysis

Structural MRI data were analyzed with FSL-VBM, an

optimized voxel-based morphometry analysis toolbox

(Ashburner and Friston 2000; Good et al. 2001) imple-

mented in FSL (Smith et al. 2004). This approach requires

no prior information about the location of possible differ-

ences in gray matter, and has been proven to be not

operator-dependent. First, structural images were extracted

using BET (Smith 2002). Next, tissue-type segmentation

was carried out using FAST4 (Zhang et al. 2001). The

resulting gray-matter partial volume images were then

aligned to the gray-matter template in the MNI152 standard

space using the affine registration tool FLIRT (Jenkinson

and Smith 2001; Jenkinson et al. 2002), followed by non-

linear registration using FNIRT (Andersson et al. 2007a,

b), which used a b-spline representation of the registration

warp field (Rueckert et al. 1999). The spatially normalized

images were then averaged to create a study-specific tem-

plate, to which the native gray-matter images were regis-

tered again using both linear and nonlinear algorithms as

described above. The registered partial volume images

were then modulated by dividing them with the Jacobian of

the warp field to correct for local expansion or contraction.

The modulated segmented images, which represent the

GMV, were then smoothed with an isotropic Gaussian

kernel with a 3-mm standard deviation. Finally, a voxel-

wise general linear model was used to examine the corre-

lation between the resulting gray-matter images and BMI.

Non-parametric permutation methods (Randomise v2.1 in

FSL) were used for inference on statistic maps (Nichols

and Holmes 2002). The null distribution at each voxel was

constructed using 10,000 random permutations of the data.

Threshold-free cluster enhancement (TFCE) was used to

correct for multiple comparisons across the whole brain.

The mean GMV in each significant cluster was then

extracted for each individual.

TBSS analysis

The DTI data were processed by FMRIB’s Diffusion

Toolbox (FDT) implemented in FSL. Diffusion data were

corrected for eddy currents and possible head motion.

Images were then skull stripped (Smith 2002), aligned to

MNI space using FNIRT (Andersson et al. 2007a, b), and

resampled to 1 mm3. FA was reconstructed by fitting a

diffusion tensor model at each voxel. Voxelwise statistical

analysis of the FA data was carried out using TBSS (Smith

et al. 2006), part of FSL. The mean FA image was created

and thinned to create a mean FA skeleton that represented

the centers of all tracts common to the group. Each sub-

ject’s aligned FA data were then projected onto this skel-

eton and the resulting data were fed into voxelwise cross-

subject statistics. Finally, the correlation between the

resulting skeletonized FA images and BMI was computed

using non-parametric permutation methods (Randomise

v2.1 in FSL; Nichols and Holmes 2002). The null distri-

bution at each voxel was constructed using 10,000 random

permutations of the data. TFCE was used to correct for

multiple comparisons across the whole brain. The mean FA

value in each significant cluster was then extracted for each

individual.

Tractography analysis

FDT-preprocessed DTI data were then fed into Diffusion

Toolkit (version 0.6.2.1; Wang et al. 2007a) and TrackVis

(version 0.5.2.1, both available at http://www.trackvis.org/)

to do fiber tracking. TrackVis performed automatic fiber
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tracking to reconstruct fibers across the whole WM by

tracking fibers from each voxel in the brain. Basically,

fibers were reconstructed by TrackVis along the principal

eigenvector of each voxel’s diffusion tensor. Tracking

termination criteria were angle [45� and FA \0.2. Fiber

tracking was performed successively in each subject’s

native space. The cluster in the MCC region revealed by

VBM analysis was back-projected to each subject’s native

space and served as the seed region for fiber tracking. Fiber

tracking was done only in the MCC because the other two

regions (i.e., left OFC and left VMPFC) revealed by VBM

were relatively small for fiber tracking. The number of

fibers passing this region with length [5 mm was counted

and recorded for each subject. At the same time, all fibers

with length [5 mm in the whole brain were also counted

and recorded, and served as a covariate for later analysis.

BMI was then correlated with the number of fibers passing

the MCC region, while excluding the influence of total

number of tracks.

Mediation analysis

To test the hypothesis that brain structure affects decision

making (IGT) which in turn affects BMI, a simple medi-

ation analysis was performed as described by Preacher and

Hayes (2004, 2008). SPSS macro INDIRECT (http://www.

afhayes.com/public/indirect.zip) was used to estimate the

path coefficients and generate bootstrap confidence inter-

vals for the total and specific indirect effects of indepen-

dent variable (X) on dependent variable (Y) through the

mediator variable (M). The size and significance of the

indirect effects were reported as suggested by Rucker et al.

(2011).

Results

The mean BMI for our sample was 20.4 kg/m2 (SD = 2.2),

ranging from 16.3 to 27.8. According to WHO BMI clas-

sification, there were 70 (54 female) under-weight partic-

ipants (BMI \ 18.5), 251 (136 female) normal weight

participants (18.5 B BMI \ 25), and 15 (5 female) over-

weight participants (BMI C 25). The BMI distribution in

the present study was comparable with that in other studies

of Chinese college students (Sakamaki et al. 2005; Ge

1997). Males (21.01 ± 2.28) had significantly higher BMI

than females (19.92 ± 2.05; t(334) = 4.57, p \ 0.01),

consistent with previous findings in healthy young Chinese

(Lei et al. 2005).

VBM analysis revealed that BMI was negatively cor-

related with GMV in the midcingulate cortex (MCC, local

maxima in MNI coordinates x, y, z = 0, -10, 32; Table 1;

Fig. 1a). Further analysis suggested that male (r(141) =

-0.263, p \ 0.01) and female (r(195) = -0.185,

p \ 0.01) participants showed similar, negative correla-

tions. The correlation (Fig. 1b) remained significant when

we limited the sample to the normal-weight group

(r(251) = -0.18, p \ 0.01). The GMV in the MCC region

was highest in under-weight group, lowest in the over-

weight group, and intermediate in the normal-weight group

(Fig. 1c). Two small clusters of gray matter in the left

orbital frontal cortex (OFC, MNI coordinates -24, 30,

-24) and the left ventromedial prefrontal cortex (VMPFC,

MNI coordinates -6, 36, -26) also showed negative cor-

relations with BMI in the VBM analysis (Table 1).

TBSS analysis showed that BMI was negatively corre-

lated with white matter integrity (i.e., FA value) in the left

cingulum (MNI coordinates -10, 14, 24; Table 1; Fig. 2a)

and right cingulum (MNI coordinates 17, 24, 22; Table 1;

Fig. 2d). Further analysis revealed that male and female

participants showed similar results of both left (male:

r(141) = -0.342, p \ 0.01; female: r(195) = -0.315,

p \ 0.01) and right (male: r(141) = -0.314, p \ 0.01;

female: r(195) = -0.272, p \ 0.01) cingulum. These cor-

relations (Fig. 2b, e) remained significant when we limited

the sample to normal-weight subjects (left cingulum:

r(251) = -0.21, p \ 0.001; right cingulum: r(251) =

-0.22, p \ 0.001). FA value in both cingulum regions

(Fig. 2c, f) was highest in the under-weight group, lowest in

the over-weight group, and intermediate in the normal-

weight group.

To better understand our TBSS results, white matter

tractography was carried out for each subject using the

identified MCC region as the seed region. Individuals dif-

fered greatly in the number of tracks passing the MCC

region. Whereas some participants showed many tracks

passing the MCC region (Fig. 3a, b), others showed only a

few tracks (Fig. 3c, d). There was no gender difference in

how many tracks passed the MCC region (t(334) = 1.03,

p = 0.30). Results showed that BMI was negatively

Table 1 Summary of VBM and TBSS results

Brain region Voxels MNI x MNI y MNI z TFCE

corrected p

VBM results for gray matter

MCC 629 0 -10 32 0.009

L OFC 74 -24 30 -24 0.030

L VMPFC 25 -6 36 -26 0.040

TBSS results for white matter

R Cingulum 194 17 24 22 0.008

L Cingulum 139 -10 14 24 0.004

MNI Montreal neurological institute coordinates, TFCE threshold-

free cluster enhancement, VBM voxel-based morphometry, MCC

midcingulate cortex, L left, OFC orbitofrontal cortex, VMPFC ven-

tromedial prefrontal cortex, TBSS tract-based spatial statistics
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correlated with the total tracks passing the MCC seed region

after controlling for the total number of tracks of the whole

brain (partial r(333) = -0.164, p \ 0.01, Fig. 3e). The

correlation remained significant when we limited our sample

to the normal-weight subjects (r(248) = -0.110, p \ 0.05).

As showed in Fig. 3f, the over-weight group showed fewer

tracks passing the MCC region than both the under-weight

(t(83) = -2.18, p \ 0.05) and normal-weight groups

(t(264) = -2.20, p \ 0.05), with no difference between the

latter two groups (t(319) = 0.84, p = 0.40).

Further regression analysis suggested that all three fac-

tors described above (MCC GMV, bilateral cingulum

FA, and number of tracks passing the MCC region)

made unique contributions to BMI in our sample

(F(4,331) = 23.79, p \ 0.001, R2 = 0.22). The regression

coefficients were all negative: The MCC GMV (b =

-0.20, t = -4.06, p \ 0.001), left (b = -0.24, t = -3.94,

p \ 0.001) and right cingulum FA (b = -0.20, t = -3.33,

p = 0.001), and the number of tracks passing the MCC

region (b = -0.13, t = -2.66, p = 0.008). Results were

similar even when we limited the sample to the normal-

weight subjects (F(4,246) = 21.76, p \ 0.001, R2 = 0.19).

Finally, BMI was negatively correlated with the IGT

score in the first 40 trials (i.e., decisions under ambiguity;

r(336) = -0.13, p \ 0.05) but not with IGT score in the

last 60 trials (i.e., decisions under risk; r(336) = 0.01,

p = 0.85). The correlation between BMI and IGT score in

the first 40 trials was significant even when the sample was

limited to the normal-weight group (r(251) = -0.11,

p \ 0.05). These results were compatible with a previous

report (Horstmann et al. 2011). Mediation analysis sug-

gested that the IGT score in the first 40 trials mediated the

association between GMV in the MCC region and BMI

(indirect effect = -0.23, p \ 0.05) as well as between the

number of white matter tracks passing this region and BMI

(indirect effect = -0.27, p \ 0.05).

Discussion

In this study, we found moderate but statistically significant

correlations between BMI and GMV in the MCC region as

well as GMVs in the left OFC and VMPFC. White matter

analysis also revealed significant negative correlations

Fig. 1 a VBM analysis revealed that the GMVs in the MCC, left

VMPFC, and left OFC regions were negatively correlated with BMI.

b Scatter plot shows the pattern of correlation between GMV in the

MCC and BMI. c ROI analysis suggested that GMV in the MCC

region was highest in the under-weight group, lowest in the over-

weight group, and intermediate in the normal-weight group. The

number on each bar denotes the number of subjects in each group.

Error bars indicate standard errors
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between BMI and white matter integrity (FA) in bilateral

cingulum. Further tractography analysis showed a signifi-

cant negative correlation between BMI and number of

fibers passing the MCC region. Furthermore, gray matter

and white matter both contributed to the variance of BMI.

Finally, BMI was inversely correlated with IGT perfor-

mance, and the IGT performance mediated the correlation

between MCC morphometry and BMI. Taken together,

these results suggested that both gray and white matter

structures in brain regions responsible for decision making

and impulse control contributed to individual difference in

BMI. The results remained significant when we only con-

sidered the normal-weight group, so the results of the

present study shed light on the structural neural basis of

normal variations in BMI as well as overweight.

The IGT is a task with very salient immediate rewards

conflicting with the achievement of long-term goals, which

is similar to everyday choice between tasty food (i.e., rich

in fat and sugar) and healthy food. We found a negative

correlation between BMI and IGT score in the first 40

trials. In the early phase of IGT (approximately the first 40

trials), subjects do not have yet explicit knowledge about

the contingencies in the task (Brand et al. 2007). At this

stage, the decisions are made under ambiguity and are

largely guided by implicit information, as opposed to the

decisions during the later trials of the task, namely

decisions under risk (Brand et al. 2007). Studies have

shown that this earlier stage (but not the later stage, i.e.,

decision making under risk) was related to problem gam-

bling severity (Brevers et al. 2012), and 5-HTTLPR

genotype (He et al. 2010). In line with a previous study

(Brogan et al. 2011), our result suggest that people who are

overweight tended to show deficits in decision making and

impulse control ability. This finding supports the functional

relevance of the observed correlation between brain

structure and BMI. We found that BMI was inversely

correlated with GMV in the MCC, OFC, and, VMPFC, all

of which have been shown to be important in decision

making and impulse control based on lesion studies (Bec-

hara 2005; Bechara and Damasio 2005; Bechara et al.

1994, 2000a) and neuroimaging studies (Li et al. 2009; Xue

et al. 2009). In the context of eating behavior, poor deci-

sion making and impulse control may facilitate overeating,

especially when faced with a constant supply of highly

palatable food.

As mentioned above, we found that the GMVs in the

MCC, OFC, and, VMPFC regions were negatively corre-

lated with BMI. The MCC, along with the anterior cingu-

late cortex (ACC), have long been suggested to play a vital

role in impulse control from both monkey and human

studies (for reviews, see Shackman et al. 2011; Cole et al.

2009). The revealed regions are located at the ventral

Fig. 2 TBSS analysis revealed that FA values in both left (a) and

right (d) cingulum were negatively correlated with BMI. Scatter plots

show the pattern of correlations between FA values in left (b) and

right (e) cingulum and BMI. ROI analysis suggested that FA values in

left (c) and right (f) cingulum were highest in the under-weight group,

lowest in the over-weight group, and intermediate in the normal-

weight group. The number on each bar denotes the number of

subjects in each group. Error bars indicate standard errors
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MCC, both anterior and posterior MCC according to the

cingulate four-region model (Yu et al. 2011; Destrieux

et al. 2010; Palomero-Gallagher et al. 2009; Vogt 2005,

2009). These regions have been demonstrated to be

involved in many different functions, including negative

affect, pain, and cognitive control (see Shackman et al.

2011 for a review). The MCC is also the main hub for the

impulse control network, which connects to the OFC and

Fig. 3 Anterior (a) and left lateral view (b) of a sample participant

who had many tracks passing the MCC region. In contrast, c and

d show a sample participant who had few tracks passing the MCC

region. The MCC ROI is shown in yellow. Red indicates the medio-

lateral plane, green the dorso-ventral orientation, and blue the rostro-

caudal direction. Background images are in radiological orientation.

e Scatter plot shows the negative correlation pattern between BMI and

total tracks that passed the MCC region. f The over-weight group

showed fewer tracks passing the MCC region than both under-weight

and normal-weight groups. The number on each bar denotes the

number of subjects in each group. Error bars indicate standard errors
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VMPFC—two key regions known to be important for

neural mechanisms of decision making. The impulse con-

trol system controls the basic impulses generated by food

cues and allows more flexible pursuit of long-term goals.

Studies have suggested that obese subjects did poorly in

impulse control tasks (Elias et al. 2003; Horstmann et al.

2011). They also showed deficits in decision making tested

by the IGT (Brogan et al. 2010, 2011). Functional MRI

studies also showed that lean individuals had less activity

in the impulse control/decision making network than obese

individuals in response to food cues (Batterink et al. 2010;

Le et al. 2006, 2007). Consistent with these studies, the

present study found BMI inversely correlated with GMV in

regions important for impulse control (i.e., the MCC) and

decision making (i.e., left OFC and VMPFC) in healthy

Chinese young adults, suggesting that the same impulse

control and decision making deficits may have emerged

even before they became obese.

While gray matter reflects the neuronal cell bodies,

white matter reflects myelinated axon tracts connecting

different neurons. In the present study, the TBSS results

revealed that BMI was inversely correlated with FA value

in bilateral cingulum, which is a medial associative bundle

that runs within the cingulate gyrus courses rostral, dorsal

and caudal to the corpus callosum (Catani and Thiebaut de

Schotten 2008). Anatomically, it contains fibers connecting

the anterior temporal gyrus, orbitofrontal cortex, medial

frontal cortex, parietal lobe, occipital lobe, and temporal

lobe to different portions of the cingulate cortex (Catani

and Thiebaut de Schotten 2008). Previous studies sug-

gested that the cingulum connected several brain regions

sub-serving neural mechanisms of attention, memory, and

emotion (Rudrauf et al. 2008). Using the MCC region as an

ROI, DTI tractography analysis showed the number of

fibers passing the MCC region was inversely correlated

with BMI. The major difference between tracks of low- and

high-BMI individuals is in the connections between the

MCC and subcortical regions (Fig. 3), suggesting some-

what fewer connections (i.e., neuronal axons) between

cortical and subcortical regions in higher BMI individuals.

Fewer such axons might lead to weaker control over sub-

cortical regions. Consistent with this finding, studies have

suggested that obese and over-weight individuals are

unable to suppress the urge to consume high-calorie food

(Kelley and Berridge 2002; Rolls 2007; Trinko et al. 2007;

Volkow et al. 2008). The failure of this impulse control

system in obese and over-weight individuals might be

driven by the hyperactive subcortical impulsive neural

system to instigate behavioral response to food.

The present study had several limitations. First, height and

weight were self-reported rather than measured. Although

other large-scale studies also used self-reported data (van

Strien et al. 2010; Edwards et al. 2012; Yang et al. 2010; Lim

et al. 2011; Strauss 1999; Kuczmarski et al. 2001; Goodman

et al. 2000) and there is a high correlation (r = 0.92) between

BMI calculated from self-reports and that from actual mea-

surements (Goodman et al. 2000), it would still be better to

measure weight and height during the experiment. Second,

BMI is only a rough measure of body fat. Recent VBM

studies have shown the complexity of obesity-related brain

abnormalities (Kurth et al. 2012; Weise et al. 2013) and the

resulting limitation of BMI as a surrogate of obesity. Third,

the present study only looked at the GMV. Future studies

should also consider cortical thickness in addition to GMV to

better understand how gray matter influences BMI (Erpel-

ding et al. 2012).

The use of a normal healthy sample to investigate the

neuroanatomical basis of BMI is both a strength and a

weakness. On the positive side, this study suggested that

even within the normal range of BMI, there is a small but

significant gradual change in gray and white matter infor-

mation in the MCC region. However, the BMI in the

present study had a narrow range with only 15 participants

being overweight and none being obese. These results may

or may not be generalizable to other populations (e.g.,

clinical samples, other ethnic groups).

In conclusion, the present study investigated the corre-

lation between BMI and brain structure in a large sample of

Chinese young adults. We found that BMI was inversely

correlated with the IGT score in the first 40 trials; GMV in

the MCC, left OFC, and left VMPFC; white matter integ-

rity in bilateral cingulum; and white matter tracks con-

necting MCC and subcortical regions. Moreover, IGT score

mediated the correlation between brain structure and BMI.

Taken together, these results suggested that the gray and

white matter in the MCC region, which is responsible for

decision making and impulsive control, made small but

significant contributions to BMI in healthy Chinese college

students. These results shed light on the neuroanatomical

basis of individual differences in BMI.
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