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Abstract: Overweight or obese body habitus is associated with cognitive deficits, impaired brain func-
tion, gray matter atrophy, and white matter (WM) hyperintensities. However, few diffusion tensor imag-
ing (DTI) studies have assessed WM integrity in relation to overweight or obese status. This study
assessed relationships between body mass index (BMI) and values of DTI parameters among 51 normal
weight (lean), overweight, and obese participants who were otherwise healthy. BMI correlated negatively
with fractional anisotropy and axial eigenvalues (1) in the body of corpus callosum (CC), positively with
mean diffusivity and radial eigenvalues (%) in the fornix and splenium of CC, and positively with A; in
the right corona radiata (CR) and superior longitudinal fasciculus (SLF). These data indicate that BMI cor-
relates negatively with WM integrity in the fornix and CC. Furthermore, the different patterns of BMI-
related differences in DTI parameters at the fornix, body, and splenium of the CC, and the right CR and
SLF suggest that different biological processes may underlie BMI-related impairments of WM integrity in
different brain regions. Hum Brain Mapp 34:1044-1052, 2013.  ©2011 Wiley Periodicals, Inc.
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INTRODUCTION

Overweight or obese body habitus is associated with
impaired cognitive function and dementia [Cournot et al.,
2006; Fergenbaum et al., 2009; Fitzpatrick et al., 2009; Gun-
stad et al., 2010]. Relevant to their impaired cognition,
overweight or obese research participants exhibit altered
brain activation, different neurochemical profiles, reduced
volumes of gray matter (GM), and white matter (WM) dif-
ferences relative to lean participants [Debette et al., 2010;
Gazdzinski et al., 2008, 2010; Gunstad et al., 2008; Gustaf-
son et al., 2004b; Jagust et al., 2005; Raji et al., 2010; Taki
et al., 2008; Volkow et al., 2011; Walther et al., 2010; Ward
et al.,, 2005]. For example, older adult participants with
WM lesions exhibited greater body mass indexes (BMIs)
or waist-hip ratios (WHRs) than those with few or no WM
lesions [Anan et al., 2009; Gustafson et al., 2004a; Jagust
et al., 2005]. Obese subjects showed greater WM volumes
in the temporal lobes, fusiform and parahippocampal gyri,
brainstem, and cerebellum relative to lean participants
[Haltia et al., 2007]. The same subjects demonstrated par-
tial recovery of WM volumes after dieting for 6 weeks
with significant weight reduction [Haltia et al., 2007].
Women exhibited positive correlations between BMI and
WM volumes in the frontal, temporal, parietal, and occipi-
tal lobes [Walther et al., 2010]. While the last two studies
have found increased WM volumes in overweight or obese
relative to lean participants, a recent study reported oppo-
site findings. In this study, overweight or obese older
adults exhibited smaller WM volumes in the frontal lobes,
anterior cingulum, and corona radiata (CR) than did lean
comparison participants [Raji et al., 2010]. Taken together,
studies assessing the macrostructures of WM provide evi-
dence that being overweight or obese is associated with
WM lesions and volume differences, although the precise
findings from studies differ.

Diffusion tensor imaging (DTI) has been used to assess
integrity of WM microstructures as related to brain func-
tion and behavior in healthy participants and those with
neuropsychiatric disorders [Agarwal et al., 2010; Sexton
et al., 2009]. DTI extracts water diffusivity measures paral-
lel and perpendicular to axons (e.g., axial eigenvalue and

Abbreviations
BMI body mass index
CcC corpus callosum
CR corona radiata
DTI diffusion tensor imaging
FA fractional anisotropy
GM gray matter
MNI Montreal Neurological Institute
NAA  N-acetylaspartate
SLF superior longitudinal fasciculus
WHR  waist-hip ratio
WM white matter

radial eigenvalue) by assessing water diffusion in multiple
directions [Assaf and Pasternak, 2008]. It generates a frac-
tional anisotropy (FA) value by calculating the normalized
standard deviation of axial eigenvalue (A;) and radial
eigenvalue (1) to index the degree to which the water dif-
fusion deviates from isotropic diffusion in the WM. It also
generates a mean diffusivity (MD) value to index the over-
all diffusivity by averaging diffusivities in three directions
[Assaf and Pasternak, 2008; Neil, 2008]. Both FA and MD
are regularly used as indexes of WM integrity, and a
decreased FA and/or an increased MD value in the WM
is usually interpreted as reflecting poorer WM integrity
[Alexander et al., 2007]. Based on the equations for calcu-
lating FA and MD, we can derive that FA correlates posi-
tively with the ratio of A, and %,, while MD correlates
positively with the sum of A, and A, (see Supporting In-
formation). Therefore, FA and MD are sensitive to differ-
ent patterns of changes in A; and A,. For example, an
increase in both A, and A, may significantly increase MD
without significantly changing FA, and a decrease in A4
along with an increase in A, may significantly decrease
FA without significantly changing MD. Furthermore, it has
been demonstrated that different neuropathological proc-
esses may influence different eigenvalues (i.e., A; vs. A ).
For example, axonal degeneration mainly associates with
altered A, values [Concha et al., 2006; Sidaros et al., 2008],
while demyelination mainly associates with increased A
values [Song et al., 2002]. Therefore, assessing changes in
M\ and A, along with FA and MD and analyzing the rela-
tionships among these changes can suggest potential path-
ophysiological processes underlying WM impairments
[Bennett et al., 2010; Burzynska et al., 2010; Zhang et al.,
2010].

Three recent DTI studies assessed the relationships
between BMI and WM microstructural integrity. The first
reported a negative correlation between BMI and FA in
the right posterior cingulum of healthy older adults
[Marks et al., in press]. The second demonstrated negative
correlations between BMI and FA values in the fornix and
corpus callosum (CC) of adults who were all healthy with
the possible exception of being overweight or obese [Sta-
nek et al., 2011]. The third observed negative correlations
between BMI and A, in the CC of both male and female
participants, and between BMI and FA in the CC of female
participants alone [Mueller et al., 2011]. These studies pro-
vide initial evidence of negative relationships between
overweight or obese body habitus and integrity of WM
microstructures. WM mediates communications in the
brain and is critical for the integrity of brain function. The
knowledge of relationships between BMI and WM integ-
rity will help us to understand how BMI affects the integ-
rity of anatomical connections in the brain related to
reward, cognition, and emotion. Considering that only a
few DTI studies on BMI and WM integrity have been pub-
lished, and that the findings from these limited studies are
not fully consistent, further DTI studies on relationships
between BMI and WM integrity are needed to clarify
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TABLE I. Demographic information

All participants

Participants with Participants with

(n = 51) BMI < 25 (n = 22) BMI > 25 (n = 29) P value
BMI*¥, mean (SD) 27.4 (5.3) 23.0 (1.4) 30.8 (4.7) <0.001
Age*: mean years (SD) 29.6 (10.0) 26.2 (9.1) 32.1 (9.8) 0.035
Gender, female 21 10 29 0.59
Education, mean years (SD) 15.0 (2.0) 15.1 (2.0) 14.9 (2.0) 0.67
Race: 0.22
Caucasian 35 16 19
African American 12 3 9
Native American 2 1 1
Asian 2 2 0

*indicates significant differences (P < 0.05) between group of participants with BMI < 25 and group with BMI > 25. Two sample t-test
was used to assess BMI, age, and education, while chi-square test used for assessing gender and race.

previous inconsistent findings and develop a biological
model of WM integrity in obesity. The aim of this study
was to assess the relationships between BMI and the DTI
parameters FA, A4, &, and MD in 51 participants using a
voxel-wise whole-brain analysis approach. We predicted
that values of BMI would correlate negatively with FA
and positively with MD and A, in the CC, fornix, and
cingulum, because previous studies have found negative
correlations between BMI and FA in these brain regions
[Marks et al., in press; Stanek et al., 2011].

Several recent DTI studies reported different patterns of
aging-related changes in DTI parameters in different brain
regions [Bennett et al., 2010; Burzynska et al., 2010; Zhang
et al., 2010]. These patterns included increases in both i,
and A, increases in A, with concurrent decreases in Aq,
increases in A, only, decreases in FA only, and simultane-
ous decreases in A; and MD. The different patterns were
hypothesized to reflect different neuropathological proc-
esses underlying WM impairment [Bennett et al., 2010;
Burzynska et al.,, 2010; Zhang et al., 2010]. Inspired by
these studies, we also assessed correlations between BMI
and four DTI parameters and expected that different brain
regions would show different patterns of BMI-related
changes in DTI parameters.

METHODS
Participants

We acquired both DTI and BMI from 56 lean, over-
weight, or obese adults who were otherwise healthy. Indi-
viduals were recruited by media advertisements and
provided written informed consent to participate in the
protocol that was approved by the Yale Human Investiga-
tions Committee. Participants were screened using the
Structured Clinical Interview (SCID) [First et al., 1996,
1997] and provided urine samples to assess recent use of
cocaine, opioids, stimulants, marijuana, and benzodiaze-
pines. Participants were excluded if any metabolites of
these substances were positive in their urine samples.

Handedness was assessed by asking participants which
hand they usually used, and left-handed individuals were
excluded. Other exclusionary criteria included pregnancy,
current psychiatric diagnoses, or unstable medical condi-
tions, hypertension, and diabetes. No participants reported
sleep apnea. Two postdoctoral associates, both with MRI
training and experience and who were blind to the iden-
tity of DTI images, independently examined the quality of
each image in the original space. Images from five partici-
pants were rated as poor quality due to excessive noise by
both investigators and were excluded from further analy-
sis. The final sample included 51 adults and their demo-
graphic information is presented in Table I. BMI was
calculated using formula BMI = mass (Ib) x 4.88/[height
(ft)]>. The body weight and height were acquired via self-
report.

Scanning Procedures

DTI data were acquired with a 3.0T Siemens Trio scan-
ner at the Yale Magnetic Resonance Research Center. Dif-
fusion sensitizing gradients were applied along 32
directions using b values of 1,000 s/ mm? (TR = 7,400, TE
= 115, matrix = 128 x 128, FOV = 256 x 256 mm?). An
additional image with b value of 0 (b, image) was
acquired. Forty contiguous slices parallel to the AC-PC
line were acquired, and each slice was 3.0-mm thick [Xu
et al., 2010]. Two repetitions were acquired for averaging.
A high-resolution T1 image was routinely acquired and
examined by a neuroradiologist to identify any structural
anomalies. Visual inspection of T1 images from all partici-
pants did not reveal any noticeable lesions in either white
or GM.

Image Processing

The procedure for DTI processing was described
recently [Xu et al., 2010]. FMRIB’s Diffusion Toolbox (FDT
2.0) and Tract-Based Spatial Statistics (TBSS 1.2) [Smith,
2004, 2006; Smith et al.,, 2007] from FMRIB’s Software
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TABLE Il. Significant correlations between BMI and DTI parameters®

Size MNI coordinates
L/R Voxels t-value® x y z
FA—negative
CC body R 431 3.7 10 -8 29
CC body L 383 4.6 —16 -3 35
M—positive
CR & SLF R 479 44 34 -17 36
M—negative
CC Body L 355 5.0 -11 —4 30
L —positive
CC Splenium, Posterior cingulum R 590 5.2 23 —42 25
CC Splenium, Posterior cingulum L 359 5.7 -20 —44 23
Fornix L/R 327 48 -7 -21 13
MD—positive
CC Splenium, Posterior cingulum R 636 54 23 —42 25
CC Splenium, Posterior cingulum L 574 6.6 -20 —44 23
Fornix L/R 307 4.8 -7 -21 13

?All clusters survived voxel level t > 2.0 and cluster P < 0.05, FWE-corrected for multiple comparisons of voxel-wise whole brain

analysis.
Pt value of the peak voxel in each significant cluster.

Abbreviations: CC = corpus callosum; CR = corona radiata; L. = left hemisphere; MNI = Montreal Neurological Institute; R = right

hemisphere; SLF = superior longitudinal fasciculus.

Library [FSL 4.1.4, Smith et al., 2004; Woolrich et al., 2009;
http://www .fmrib.ox.ac.uk/fsl/] were used for image
analyses. A set of mean images was created by aligning
and averaging the two image sets from each subject and
was used to construct the diffusion tensor using FDT. FDT
typically generates maps of FA, axial (A;), mean diffusivity
(MD), lamda_2 (%), and lamda_3 (X3). The map of the ra-
dial eigenvalue (A,) was generated by averaging the maps
of A, and As.

TBSS was used to register the FA map of each subject
into Montreal Neurological Institute (MNI) template space.
A mean FA map was created by averaging registered FA
images from all subjects, and a mean FA skeleton was cre-
ated by thinning the mean FA image and using 0.2 as FA
threshold [Smith, 2004; Smith et al.,, 2006, 2007]. The
aligned FA data of each participant were projected onto
the mean skeleton by searching the area around the skele-
ton in the direction perpendicular to each tract, finding the
highest local FA value, and assigning this value to the
skeleton. The transformation matrices created for FA map
registration were used to register A;, A, and MD maps.
Skeletons for &4, A;, and MD were created using the same
procedures for creating the FA skeleton.

We performed voxel-wise whole-brain analyses for
assessing the correlations between values of BMI and DTI
parameters FA, Ay, A, and MD while using participants’
gender and age as covariates. Image analyses were exe-
cuted using the “randomise” program with 5,000 permuta-
tions. The “randomise” program uses permutation-based,
nonparametric inferences to perform voxel-wise cross-sub-
ject statistics [Nichols and Holmes., 2002]. Statistical

thresholds for all image analyses were voxel-level t > 2.0
and cluster P < 0.05, FWE-corrected for multiple compari-
sons of the voxel-wise whole-brain analysis. JHU ICBM-
DTI-81 White-Matter Labels and JHU White-Matter Trac-
tography Atlas provided by FSLVIEW (3.1.2) were used to
identify the anatomical location of significant clusters in
the brain [Mori et al., 2008, 2009]. The function “fslmeants”
from FSL was used to extract means of FA, A, A, and
MD from each significant cluster surviving correction for
multiple comparisons during whole-brain analysis. These
means were used in figures for demonstrating correlations
between BMI and DTI parameters. Between-group (obese/
overweight versus normal weight) analyses were also per-
formed (see Supporting Information). Forty-seven partici-
pants performed a continuous performance task and they
did not show significant correlations between task per-
formance and values of any DTI parameters (see Support-
ing Information).

RESULTS

The clusters showing significant correlations between
values of BMI and DTI parameters after controlling for
age and gender are listed in Table II.

FA Map

In the FA map, two clusters, each at left and right body
of CC, correlated negatively with BMI (Fig. 1).
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152127333945 152127333945

BMI BMI

Figure 1.

Correlations between BMI and FA values. Red-yellow color on
MNI T1 template indicates brain regions exhibiting significant
correlations between BMI and FA values. Scatter-plots demon-
strate correlations between BMI values (x-axis) and mean values
of FA (y-axis) within the indicated clusters. The green color
shows the “group mean_FA_skeleton,” the number below each
brain image indicates Z coordinates in MNI space, and only clus-
ters surviving voxel level t > 2.0 and cluster P < 0.05, FWE-cor-
rected for multiple comparisons of voxel-wise whole-brain
analysis are shown. Mean values of DTI parameters were calcu-
lated from all voxels in each significant cluster for each partici-
pant. Abbreviation: L = left.

Ay Map

In the A map, one cluster at the right CR and superior
longitudinal fasciculus (SLF) correlated positively with
BMI (Fig. 2). Another cluster at the left CC body correlated
negatively with BMI (Fig. 2). This cluster overlapped
extensively with the significant cluster at the left CC body
in the FA map.

L, Map

In the A, map, three clusters correlated positively with
BMI. One involved the fornix, while the remaining two
involved the right and left splenium of CC, respectively

(Fig. 3).

MD Map

In the MD map, three clusters correlated positively with
BMI. One involved the fornix. The remaining two involved
the right and left splenium of CC, respectively (Fig. 4).

These clusters overlapped with the significant clusters at
corresponding locations in the A, map.

DISCUSSION

The main aim of this study was to examine the relation-
ships between BMI and WM integrity. The analyses indi-
cate that BMI correlates: (1) negatively with FA and A; in
the CC body, (2) positively with A; in the right CR and
SLF, and (3) positively with MD and %, in the fornix and
CC splenium. These data indicate that elevated BMI is
associated with poorer WM integrity in the CC and fornix,
and that different pathological processes may underlie this
relationship in different brain regions. These findings sup-
port our a priori hypotheses, and their implications are
discussed below.

Relationships Between BMI and DTI Parameters

Two recent studies reported negative correlations
between BMI and WM integrity in the fornix and CC. One
reported negative correlations between BMI and FA in the
fornix and CC genu and splenium, and lower FA in the
fornix and CC genu, body, and splenium among

CR & SLF

i

CR & SLF

152127333945 152127333945
BMI BMI

Figure 2.

Correlations between BMI and A, values. Red-yellow color on
MNI T1 template indicates brain regions exhibiting significant
correlations between BMI and A, values. The green color shows
the “group mean_FA_skeleton,” the number below each brain
image indicates Z coordinates in MNI space, and only clusters
surviving voxel level t > 2.0 and cluster P < 0.05, FWE-cor-
rected for multiple comparisons of voxel-wise whole-brain analy-
sis are shown. Scatter-plots demonstrate correlations between
BMI values (x-axis) and mean values of A (y-axis) within each
indicated cluster. Abbreviations: CC = corpus callosum; CR =
corona radiata; L = left; SLF = superior longitudinal fasciculus.
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Right Splenium

0.08
0.07
< 0.06
0.05
0.04
152127333945

BMI

0.25 Fornix

0.20
< 0.15
0.10
0.05

152127333945
BMI

Figure 3.
Correlations between BMI and ), values. Red-yellow color on
MNI T1 template indicates brain regions exhibiting significant
correlations between BMI and A values. The green color shows
the “group mean_FA_skeleton,” the number below each brain
image indicates Z coordinates in MNI space, and only clusters
surviving voxel level t > 2.0 and cluster P < 0.05, FWE-cor-
rected for multiple comparisons of voxel-wise whole-brain analy-
sis are shown. Scatter-plots demonstrate correlations between
BMI values (x-axis) and mean values of A, (y-axis) within each
indicated cluster. Different ranges are used on the y-axes of
scatter plots given range differences in A, values for the fornix
and splenium. Abbreviation: L = left.

overweight or obese participants relative to lean ones [Sta-
nek et al., 2011]. The other showed a negative correlation
between BMI and X in the entire CC [Mueller et al., 2011].
The present finding of negative correlations between BMI
and FA and A, in the CC body and positive correlations
between BMI and MD and %, in the fornix and splenium
indicates that obesity associates with low WM integrity.
This finding corroborates with previous findings regarding
the relationships between BMI and WM integrity. How-
ever, the findings from the three studies are not fully con-
sistent in specific DTI parameters showing significant
correlations with BMI at specific WM locations. This differ-
ence could in part relate to different methods and partici-
pants used in these studies and should be addressed in
future studies using larger sample size. Furthermore, the
several participants (x~6) with the highest BMI values
showed large variability in FA and A; values as compared
with other participants (see scatter plots in Figs. 1 and 2).
These data suggest that BMI may differentially relate to
WM integrity in different individuals. This issue should be
investigated in future studies with larger samples.

The fornix is the main output of the hippocampus, while
the splenium consists of commissural fibers originating
from the temporal and parietal cortices [Di Paola et al.,

2010; Hofer and Frahm., 2006; Zarei et al., 2006]. Therefore,
the present findings of negative correlations between BMI
and WM integrity in the fornix and splenium complement
previous observations of negative correlations between
BMI or WHR and volumes of the hippocampus, temporal
and parietal cortices [Gustafson et al., 2004a,b; Ho et al.,
2010; Jagust et al., 2005; Pannacciulli et al., 2006; Raji et al.,
2010; Taki et al., 2008]. In line with these current and pre-
vious data, spectroscopy studies have reported that BMI
correlates negatively with concentrations of N-acetylaspar-
tate (NAA) in the frontal, temporal, and parietal WM, and
of choline-containing compounds (Cho) in the frontal WM.
Lower NAA suggests lower axonal density in the WM,
whereas lower Cho suggests altered axonal membrane
and/or myelin [Gazdzinski et al., 2008, 2010]. Further-
more, preclinical studies found that relative to lean mice,
obese mice showed less brain myelin and altered composi-
tion of myelin fatty acids [Sena et al., 1985], reduced den-
sity of dendritic spines in the hippocampus [Stranahan
et al., 2008], and greater axonal degeneration after neuro-
toxin administration [Sriram et al., 2002]. While the exact
mechanisms for why these WM factors associate with
overweight/obese status are not clear at present, it has
been reported that overweight/obesity is associated with
brain inflammation which may be mediated by fat-rich

Left Splenium

152127333945
BMI

Splenium

Fornix
Fornix

152127333945
BMI

Figure 4.

Correlations between BMI and MD values. Red-yellow color on
MNI T1 template indicates brain regions exhibiting significant
correlations between BMI| and MD values. The green color
shows the “group mean_FA_skeleton,” the number below each
brain image indicates Z coordinates in MNI space, and only clus-
ters surviving voxel level t > 2.0 and cluster P < 0.05, FWE-cor-
rected for multiple comparisons of voxel-wise whole-brain
analysis are shown. Scatter-plots demonstrate the correlations
between BMI values (x-axis) and mean values of MD (y-axis)
within each indicated cluster. Different ranges are used on the y-
axes of scatter plots given range differences in MD values for
the fornix and splenium. Abbreviation: L = left.
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diets and increased blood levels of free fatty acids, leptin,
and other chemicals associated with energy metabolism
[Bruce-Keller et al., 2009; Cazettes et al., 2011; Pistell et al.,
2010]. Therefore, the currently observed BMlI-related WM
findings could be due to overweight/obesity-related loss
of myelin and/or axons. Future studies concurrently
obtaining DTI and other neuronal integrity measures are
needed to better understand the nature of the observed
BMI-related WM findings.

Relationships Among BMI-Related Differences
in DTI Parameters

This study found four patterns of BMI-related differen-
ces in DTI measures. The first pattern was exhibited in the
WM at the fornix and splenium. These WM regions
showed BMlI-related increases in both A, and MD, but no
significant correlations between BMI and FA and ;. This
pattern of increased diffusivity has been observed during
chronic stages following corpus callosotomy or tramautic
brain injury [Concha et al., 2006; Sidaros et al., 2008] and
was hypothesized to reflect increased extracellular space
after the loss of axons and myelin [Bennett et al., 2010;
Burzynska et al., 2010]. Such a hypothesis might be consid-
ered with respect to the smaller volumes of the hippocam-
pus and parietal and temporal cortices reported in
overweight and obese as compared with lean individuals
[Gustafson et al., 2004a,b; Ho et al.,, 2010; Jagust et al.,
2005; Pannacciulli et al., 2006; Raji et al., 2010; Taki et al.,
2008]. That is, it is tempting to hypothesize that hippocam-
pal or cortical atrophy may relate to WM tract integrity,
and that linked changes in GM structures and the WM
tract with which they communicate relate to the processes
underlying being overweight or obese. This hypothesis is
consistent with spectroscopy data indicating negative cor-
relations between BMI and NAA in the temporal and pari-
etal WM, with lower NAA suggesting lower axonal
density in the WM. It is also consistent with the preclinical
data of obese relative to lean mice showing more axonal
degeneration after neurotoxin administration [Sriram et al.,
2002]. This hypothesis could be tested by analyzing rela-
tionships between BMI-related differences in WM and GM
in future studies.

A second pattern was exhibited in the WM at the left
CC body. This WM region showed BMI-related decreases
in both FA and ;. This pattern of changes in DTI parame-
ters was observed within days after stroke or corpus cal-
losotomy [Pierpaoli et al., 2001; Song et al., 2003; Thomalla
et al., 2004] and was hypothesized to reflect acute axonal
degeneration [Bennett et al., 2010; Burzynska et al., 2010].
Therefore, this pattern suggests that elevated BMI might
involve acute axonal degeneration in the CC body. This
hypothesis is consistent with the previous findings of
greater axonal degeneration in obese mice relative to lean
mice after neurotoxin treatment [Sriram et al., 2002]. How-
ever, future studies are needed to examine this possibility.

The third pattern was exhibited by the cluster involving
the right CC body. This cluster showed a BMlI-related
decrease in FA, but not other DTI parameters. It has been
suggested that reductions in FA alone might reflect mild
microstructural changes including minor fiber loss without
gross tissue changes [Burzynska et al., 2010]. The final pat-
tern was exhibited in the cluster at the right CR and SLF.
This cluster showed a BMI-related increase in A;, but no
significant relationship to other DTI parameters. Increases
in A; from its initial injury-related decrease without con-
current changes in other DTI parameters was observed af-
ter traumatic brain injury (TBI) and was hypothesized to
reflect axonal recovery, axonal regrowth, or reorganization
of local WM microstructures, because the increase in A; in
some brain regions positively correlated with cognitive
function and clinical outcome of patients [Kinnunen et al.,
2011; Sidaros et al., 2008]. Therefore, the current fourth
pattern may indicate axonal reorganization in the right CR
and SLF related to BMI status. This and other possibilities
warrant direct examination, particularly in longitudinal
studies.

LIMITATIONS

An important limitation of this study is that the BMI
was calculated based on self-reported body weight and
height. Participants in other studies tended to over-report
height and under-report weight [Gorber et al., 2007; Grieb-
eler et al., 2011; Hill and Roberts., 1998]. Therefore, the
BMI was probably higher than estimated for some partici-
pants. A second limitation is related to the ability to inter-
pret current findings with respect to underlying biological
processes. Factors other than axonal degeneration and de-
myelination can affect DTI eigenvalues, including direc-
tions and patterns of crossing fibers, local axon packing
density, and glial infiltration [Bennett et al., 2010; Burzyn-
ska et al., 2010; Jbabdi et al., 2010; Wheeler-Kingshott and
Cercignani., 2009]. Therefore, the relationships between
DTI eigenvalues and pathological processes should be fur-
ther examined (e.g., in animal studies in which cellular ex-
amination is more feasible), particularly as DTI measures
exhibit some interdependency. A third limitation is that
the spatial resolution used in this study is not optimal for
assessing the fornix. The fornix is a small structure and
flanked by cerebral spinal fluid (CSF). Partial volume
effects may contribute to the increases in A; and MD of
the fornix. Using a voxel size smaller than the current size
may reduce the partial volume effect on the fornix [Fuji-
wara et al., 2008]. A fourth limitation involves the lack of
images sensitive to WM hyperintensity (such as high-reso-
lution T2 images), and this absence limits the ability to
detect WM lesions at macroscopic levels. Finally, this
study did not assess nutrition, physical activity, obesity
history, aerobic fitness (e.g., VO2 max), and metabolic fac-
tors of participants. Lack of these data prevents us from
analyzing the potential relationships between these factors
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and BMI and WM integrity. Therefore, these data should
be acquired in future studies.

CONCLUSIONS

We used DTI to assess the relationships between BMI
and WM integrity among 51 lean, overweight, or obese
adults who were otherwise healthy. These participants
showed negative correlations between BMI and WM integ-
rity in the fornix, CC body and splenium, CR and SLF, as
evidenced by negative correlations between BMI and FA
and A; and positive correlations between BMI and MD
and A, . Furthermore, different WM locations exhibited dif-
ferent patterns of BMlI-related differences in DTI parame-
ters, such as BMI-related increases in both MD and A, in
the fornix and CC splenium and decreases in both FA and
A in the left CC body. These different patterns of BMI-
related differences in DTI parameters suggest different bio-
logical processes may underlie the relationships between
elevated BMI and WM integrity in different brain regions.
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