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A number of studies have shown an association between diabetes and depression. However, the underlying mechanisms are still unclear.

Previous findings indicate a role for the prefrontal cortex and subcortical gray matter regions in type 2 diabetes and major depressive

disorder (MDD). The purpose of this study was to examine the white matter integrity in the fibers that are part of the anterior limb of

internal capsule (ALIC) in MDD and diabetic subjects using diffusion tensor imaging tractography. We studied 4 groups of subjects

including 1) 42 healthy controls (HC), 2) 28 MDD subjects (MD), 3) 24 patients diagnosed with type 2 diabetes without depression

(DC), and 4) 22 patients diagnosed with diabetes and depression (DD). Results revealed significantly decreased fractional anisotropy (FA;

P¼ .021) and a trend towards significant increase in radial diffusivity (RD; P¼ .078) of the right ALIC in depressed subjects (MDþDD)

compared to non-depressed subjects (HCþDC). While there were no significant diabetes effects or interactions between depression

and diabetes, subjects with high depression ratings and high hemoglobin A1c levels had the lowest mean FA values in the right ALIC. In

addition, we found a significant negative correlation between FA of the left ALIC with hemoglobin A1c in diabetic subjects (DCþDD;

P¼ .016). Our study demonstrated novel findings of white matter abnormalities of the ALIC in depression and diabetes. These findings

have implications for clinical manifestations of depression and diabetes as well as their pathophysiology.
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INTRODUCTION

The interaction between type 2 diabetes and major
depression has long been observed and extensively studied
(Leonard et al, 2002; Anderson et al, 2001; Nichols et al,
2003). Individuals with diabetes were twice as likely as a
comparable sample to be diagnosed with comorbid depres-
sion (estimated at around 15% to 20% in patients with
diabetes). It has been hypothesized that several neuroendo-
crine and neuroinflammatory processes contribute to the
underlying pathophysiology (Rustad et al, 2011), but the
neuroanatomical correlates are less clear.

Across several studies, our group has found distinct
subcortical alterations associated with depression and
diabetes. For example, using magnetic resonance imaging
(MRI) magnetization transfer (MT) technique, we have

previously reported significantly lower MT ratios (MTR)
in the head of the caudate nuclei bilaterally in participants
with both diabetes and major depression (MDD) compared
to healthy controls or individuals with diabetes alone
(Kumar et al, 2009). Using proton MRS (magnetic
resonance spectroscopy), we further found glutamine
and glutamate concentrations in depressed diabetic subjects
to be significantly lower in select subcortical regions
including the caudate as compared to healthy and diabetic
control subjects. Furthermore, myo-inositol concentrations
were significantly increased in depressed diabetic subjects
as well as diabetic control subjects within the frontal
white matter (WM) when compared to healthy controls
(Ajilore et al, 2007). Additionally, a recent study by
Hsu et al found significantly decreased fractional aniso-
tropy (FA) values in the bilateral frontal WM in type 2
diabetic subjects compared to healthy controls and a
significant association between disease duration and
microstructural properties in several brain regions includ-
ing bilateral cerebellum, temporal lobe WM, right caudate,
bilateral cingulate gyrus, pons, and parahippocampal gyrus
(Hsu et al, 2012).

The caudate nucleus and prefrontal white matter
region have been identified as important components of
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cortico-striatal-pallidal-thalamic (CSPT) circuits that are
thought be disrupted in major depression. These circuits
are involved in the complex regulation of motor functions,
cognition, and mood (Alexander et al, 1990). Among the
neuroanatomical abnormalities in these circuits that are
associated with major depression are decreased cortical and
subcortical volumes, white matter hyperintensities and
impaired white matter integrity (Kumar and Cook 2002;
Krishnan et al, 2006; Alexopoulos et al, 2008; Kempton et al,
2011; Bora et al, 2011).

In this paper, we were interested in examining the white
matter microstructural integrity of a key component in
CSPT circuits in both MDD and diabetes. Specifically, we
studied fibers in the anterior limb of the internal capsule
(ALIC) which contains the anterior thalamic radiation
(ATR), prefrontal corticopontine tracts, thalamo-striate and
striate-striate tracts (Kahle et al, 2002; Axer and Keyserlingk
2000; Cunningham 1903). Fibers in the ALIC are directed
horizontally, obliquely laterally, and upward toward the
frontal lobe and in horizontal sections of the hemisphere
they appear to be cut longitudinally (Carpenter, 1991).
Previous studies of the ALIC region in MDD have shown
decreased white matter volume in treatment-resistant
depression, decreased FA in depressed subjects and more
specifically, suicide attempters (Philips et al, 2012; Zou et al,
2008; Jia et al, 2010; Zhu et al, 2011).

In addition to standard diffusivity measures of white
matter integrity, such as FA and mean diffusivity, we
explored two additional measures including the axial
diffusivity (the degree of water diffusion along the direction
parallel to the fiber bundles) and the radial diffusivity
(water diffusion perpendicular to the axonal wall). These
two measures may provide additional information on the
relative diffusivity of water molecules beyond standard FA,
and have been utilized to differentiate among various white
matter microstructural changes (Song et al, 2003). Specifi-
cally, a decrease of axial diffusivity may reflect axonal injury
while an increase of radial diffusivity may indicate a
dysmyelination process (Song et al, 2002).

In this paper, we hypothesized that white matter
abnormalities will be present in ALIC tracts of subjects
with both MDD and diabetes when compared to healthy
controls, with intermediate alterations for either disease
state alone. We also hypothesized that these white matter
integrity alterations will be negatively correlated with
severity of MDD and diabetes.

MATERIALS AND METHODS

Subject Recruitment

Four groups of subjects were recruited from the greater
Chicago area through flyers and local advertisements: 1)
healthy control (HC); 2) depressed (MD); 3) diabetic (DC);
4) diabetic depressed (DD). This four-group design allows
us to study the independent depression and diabetes effects
on white matter integrity as well as any possible interaction.
The inclusion criteria for all subjects were 30 years of age
and older, medication-naive or anti-depressant free for at
least two weeks and no history of unstable cardiac or
neurological diseases. The exclusion criteria included:
schizophrenia, bipolar or any psychotic disorders; history

of anxiety disorder outside of major depressive episodes;
history of head trauma; history of substance abuse other
than alcohol or marijuana. Subjects with a history of alcohol
or marijuana use greater than or equal to 5 years prior to
study entry were acceptable. This study was approved by
the University of Illinois-Chicago Institutional Review
Board, and written informed consent was obtained from
each participant.

All eligible subjects were assessed by a trained research
assistant with the Structured Clinical Interview for Diag-
nostic and Statistical Manual of Mental Disorders, Fourth
Edition (DSM-IV) (First et al, 1997). The severity of
depression was quantified by a board-certified/board-
eligible psychiatrist (AK or OA) using the 17-item Hamilton
Depression Rating Scale (HAM-D) (Hamilton 1967). At the
time of enrollment, MD and DD subjects met DSM-IV
criteria for MDD and required a score of 15 or greater on
the HAM-D. Subjects were also administered the Center for
Epidemiologic Studies of Depression (CES-D) scale as an
independent measure of depression severity (Radloff 1977).
DD subjects had no more than two major depressive
episodes prior to the onset of diabetes. The CES-D was used
for correlation analyses as the HAM-D was the measure
used in the determination of subject eligibility for depres-
sion. All diabetic participants were on oral hypoglycemic
and/or insulin (Please see Supplementary Table 1 for
medications classes used by all subjects). The diagnosis of
type 2 diabetes was confirmed by anti-diabetic medications
or elevated hemoglobin a1c (hgb A1c) levels.

MRI Image Acquisition

All brain MRI data were acquired using a Philips Achieva 3T
scanner (Philips Medical Systems, Best, the Netherlands)
with 8-element SENSE (Sensitivity Encoding) head-coil.
Subjects were fitted with soft ear plugs, positioned
comfortably in the coil, and instructed to remain still.
Foam pads were used to minimize head motion. For each
subject, DTI images were acquired using single-shot spin-
echo echo-planar imaging (EPI) sequence (field of view or
FOV¼ 240mm; acquired voxel size ¼ 2.21� 2.21� 2.20
mm; reconstructed voxel size ¼ 0.83� 0.83� 2.2 mm; TR/
TE¼ 6,994/71 ms; Flip angle¼ 90o). Sixty seven contiguous
axial slices aligned to the anterior commissure–posterior
commissure (AC-PC) line were collected along 32 gradient
directions with b¼ 700 s/mm2 and one minimally diffusion-
weighted scan (the b0 image). Parallel imaging was utilized
with p-factor of 2.5 to reduce scan time to approximately
4 min.

Image Processing

We carefully inspected all DTI image data to ensure quality,
and 9 subjects with serious artifacts from substantial head
movements were removed from the analysis. All diffusion
weighted images (32 gradient directions) were first coregis-
tered onto the b0 images by using the automatic image
registration (AIR) algorithm with affine transformation to
minimize eddy currents and remove any potential small
bulk motions that occurred during the scans (Zhang et al,
2012; Woods et al, 1998; Woods et al, 1998). The diffusion
directions in the diffusion gradient table were transformed
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by the rotation matrix calculated by AIR, to correct changes
in section angulation due to coregistration. Diffusion tensor
calculation and fiber tracking were then carried out using
the DtiStudio software (Jiang et al, 2006) (Laboratory of
Brain Anatomical MRI, Johns Hopkins Medical Institute,
Baltimore). At each voxel, the signals from the 32 diffusion-
weighted images were fitted to obtain the six elements of the
diffusion tensor. The diffusion tensors were then diagona-
lized to obtain three eigenvalues (l1, l2, l3) and three
eigenvectors (v1, v2, v3). The eigenvector (v1) associated
with the largest eigenvalue (AD: axial diffusivity) was
assumed to represent the local fiber direction. Radial
diffusivity (RD) is the mean of two minor eigenvalues
(l2þ l3)/2. To quantify the relative degree of anisotropy in
a voxel, fractional anisotropy (FA) is calculated by the
square root of the sum of squares (SRSS) of the diffusivity
differences, divided by the SRSS of the diffusivities.

Fiber tracking was performed with the fiber assignment
by continuous tractography (FACT) method (Mori and van
Zijl, 2002). For each subject, tractography was first
performed with brute-force tracking on the whole brain
by initiating tracts at each voxel. Fiber tracking was stopped
when FA value falls below 0.15 or a turning angle becomes
larger than 601. To obtain the ALIC tract, we selected the
most superior axial slice where the genu of the internal
capsule was most clearly identified. Then, the ALIC region
was carefully traced and delineated from the junction of
internal and external capsules to the lateral tip of genu.
Virtual dissection was conducted in order to remove fibers
not consistent with known human neuroanatomy (eg, fibers
that traced beyond ATR or cortico-pontine tracts; fibers in
the contralateral hemisphere). Figure 1 demonstrates
sample tract profiles superimposed on the corresponding
coregistered MPRAGE image in a sagittal view. Intra-rater
and inter-rater reliabilities of fiber extraction were
performed on a subset of 10 tracts (the bilateral ALIC
fibers from 5 randomly chosen subjects) and 97.2% intra-
rater agreement [ICC¼ 0.972, Po0.001] and 80.0% inter-
rater agreement [ICC¼ 0.800, P¼ 0.013] were reached for

the FA values of all the tracts. To ensure consistency in
extracting fiber tracts, all reconstructed fibers were visually
inspected for quality assurance by a board-certified
psychiatrist and experienced brain imaging researcher (AL).

For white matter hyperintensity (WMH) measurements,
FLAIR images were loaded into the software package Jim
(version 6.0, Xinapse Systems, Northants, UK; http://
www.xinapse.com), and WMH were outlined using the
contour function. All areas of increased signal were
included unless: (i) the area was less than 5 mm3, (ii) the
area was a narrow band along the ventricles and (iii)
hyperintensities were due to the presence of blood vessels.
Since WMH volumes (in mm3) were not normally
distributed, the data was normalized using a natural-log
transformation for statistical analysis.

Quantitative Tract-specific Measures

After fiber tracts are obtained, tract-specific measures were
computed along the coordinates of the tracts to quantify
white matter characteristics. The measures included mean
FA, axial diffusivity (AD), radial diffusivity (RD) and mean
diffusivity (MD). Mathematically for each tract, these
measures were extracted along the voxels that the fibers
travel through and weighted by the number of recon-
structed fibers in the particular voxel. All these values were
averaged from all reconstructed fibers in the ALIC to obtain
a single number for each tract.

Statistical Analyses

All statistical analyses were performed in the SPSS software,
version 18.0 (SPSS, Somers, NY). Clinical and demographic
differences were analyzed using a one-way analysis of
variance (ANOVA) for continuous variables and Pearson
Chi-Square for categorical variables. Individual two-way
analyses of covariance (ANCOVA) were used to assess
group differences in all tract measures using the diagnosis
of diabetes, the diagnosis of depression, and their interac-

Figure 1 (a) Slice selection displayed on MPRAGE image; (b) Regions of interest drawn on the corresponding color map for left and right ALIC; (c) Left
ALIC visualization superimposed on sagittal MPRAGE image; (d) Right ALIC visualization superimposed on sagittal MPRAGE image.
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tion as factors. Post-hoc pairwise comparisons of all four
subject groups for significant factors were also examined.
Given the reported impact of age and sex on neuroanato-
mical measurements across various neuroimaging modal-
ities (Barnes et al, 2010), these variables were used as initial
covariates. Given our prior hypothesis, we conducted one-
tailed Pearson’s product moment correlations to further
explore the relationship between the depression severity
scale CES-D and DTI measures in depressed subjects. These
analyses were also controlled for age and sex. We did not
perform correlation with HAM-D as it was used in our
inclusion criteria. Correlation with hgb A1c was performed
on FA measures of both tracts using one-tailed Pearson’s
correlation for the diabetic subjects. As an exploratory
analysis, we examined differences in tract measures in four
groups defined by a median split in depression severity and
diabetes severity measures.

RESULTS

Demographic and Clinical Data

Table 1 summarizes the demographic and clinical char-
acteristics of the subjects in four groups. There were no
significant group differences in age, sex, years of education,
blood pressure, body mass index (BMI) or white matter
hyperintensity volumes. There was a significant difference
in random high-density lipoprotein (HDL) levels with
diabetic subjects (DCþDD) having lower levels compared
to non-diabetic subjects (HCþMD). However, there were
no significant differences between diabetic groups. As
expected, there were significant differences across measures
of depression (CES-D and HAM-D) and diabetes (hgb A1c
and diabetes duration). No differences were found between
DD and MD subjects in terms of depression severity. There
were no pair-wise differences in hgb A1c or diabetes
duration between DD and DC subjects. In addition,
there were no significant differences in the frequency of

microangiopathy-related diabetic complications between
DC and DD subjects (neuropathy: 6 DC/8 DD, nephropathy:
2 DC/4 DD, and retinopathy: 1 DC/2 DD).

Between-group Comparison

2� 2 ANCOVA revealed a significant depression effect on
FA of the right ALIC [F(1,1)¼ 5.5, P¼ 0.021] (Table 2A,
Figure 2a). Within the right ALIC, the radial diffusivity had
a trend towards significant increase in the depressed cohort
[MDþDD, F(1,1)¼ 3.16, P¼ 0.078] while axial diffusivity
remained unchanged [F(1,1)¼ 0.26, P¼ 0.61]. No signifi-
cant between-group differences were detected for mean
diffusivity. Post-hoc pair-wise comparisons found the
depression effect was primarily driven by HC and DD
differences (P¼ 0.033) compared to HC and MD differences
(P¼ 0.106). The strongest effect size was for the right ALIC
FA difference between HC and DD subjects (Table 2B).

2� 2 ANCOVA also revealed a trend toward significant
diabetes effect on FA of the left ALIC [F(1,1)¼ 3.14,
P¼ 0.079] (Figure 2b). Within the left ALIC, no significant
between-group differences were detected for the axial, radial
and mean diffusivities. There were no significant second
order interactions between the covariates (age and sex).

Post-hoc analyses revealed that FA and radial diffusivity
in the right ALIC were negatively correlated [r¼ � 0.770,
Po0.0001] in all subjects. Furthermore, the use of either
one of the two measures as a covariate eliminated the
depression factor group difference in the other measure for
the right ALIC, suggesting a single physiological process
responsible for FA and radial diffusivity changes. FA and
axial diffusivity in the right ALIC were also negatively
correlated across all subjects [r¼ � 0.386, Po0.0001], but
significantly less so (Po0.0001). In addition, adding axial
diffusivity as a covariate did not eliminate the depression
factor group difference.

FA was also negatively correlated with WMH volume
(r¼ � 0.255, P¼ 0.007, df¼ 110) in the right ALIC. However,

Table 1 Demographic and Clinical Characteristics of Four Groups

Characteristics Healthy Control
(N¼ 42)

Depressed
(N¼28)

Diabetic
(N¼24)

Diabetic Depressed
(N¼22)

F df P

Age (years) 57.52þ 16.00 54.86þ 14.63 62.54þ 11.38 56.05þ 9.40 1.50 3 0.22

Sex 20M/22F 8M/20F 14M/10F 11M/11F X2¼ 5.08 3 0.17

Education (years) 16.29þ 2.92 15.50þ 2.57 14.85þ 2.38 15.36þ 2.66 1.60 3 0.20

CES-D total score 4.73þ 4.79 31.59þ 8.09 8.55þ 5.03 31.71þ 12.12 105.67 3 o0.0001

HAM-D score 0.86þ 1.26 19.75þ 2.21 2.08þ 1.69 19.55þ 3.18 751.07 3 o0.0001

Hemoglobin A1c (%) 5.63þ .42 5.68þ .35 7.15þ .97 7.88þ 2.12 29.30 3 o0.0001

Diabetes Duration
(months)

— — 113.88±84.63 106.86±87.59 38.85 3 o0.0001

Systolic BP (mm Hg) 131.79±12.34 133.14±14.32 137.67±15.58 136±18.56 0.96 3 0.41

Diastolic BP (mm Hg) 80.83±11.44 83.21±11.17 84.58±9.96 86.71±12.09 1.43 3 0.24

HDL 66.38±14.80 59.41±17.49 47.08±15.36 47.55±13.35 11.59 3 o0.0001

LDL 104.60±27.44 107.44±33.41 95.55±45.71 95±35.33 0.832 3 0.48

BMI (kg/m2) 28.10±14.12 28.68±6.38 30.64±6.10 31.80±4.93 0.873 3 0.46

WMH volume (mm3) 882.64±1155.23 1900.62±4987.72 3163.68±8142.14 4147.27±14521.90 1.00 3 0.40
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adding WMH as a covariate, did not change the depression
effect which remained a significant factor for the right ALIC
[F(1,1)¼ 4.73, P¼ 0.032] and diabetes had a trend towards
significance for the left ALIC [F(1,1)¼ 3.43, P¼ 0.067].

Since HDL levels were significantly different between
groups and HDL has been associated with decreased
regional white matter integrity in the internal capsule
(Williams et al, 2012), the ANCOVA was repeated including
HDL levels as an additional covariate. The significant
depression effect on FA in the right ALIC remained
[F(1,1)¼ 7.63, P¼ 0.007]. However, there was now a
significant diabetes effect on FA in the left ALIC
[F(1,1)¼ 4.01, P¼ 0.048] (Figure 2b).

Correlations of Tract Measures to Depression Severity

We further investigated the relationship between depression
severity and tract-specific measures of the right ALIC in the
MD and DD groups. Partial Pearson’s correlation controlled
for age and sex were performed between CES-D total score
and both FA and RD. Within the MD group in the right
ALIC, neither the FA [r¼ � 0.308, P¼ 0.134] nor RD
[r¼ 0.342, P¼ 0.094] correlated with CES-D total score.
These correlations were not significant in the DD subjects
[FA: r¼ � 0.045, P¼ 0.854; RD: r¼ � 0.032, P¼ 0.896].

Correlations of Tract Measures to Diabetes Severity

In our exploratory partial correlation analysis (controlled
for age and sex) with hgb A1c and both FA and RD in
diabetic subjects (DCþDD), we found a significant
correlation with the left ALIC FA [r¼ � 0.360, P¼ 0.016]
and a trend towards significance in RD [r¼ 0.261,
P¼ 0.088] but not in the right ALIC [r¼ � 0.179,
P¼ 0.244]. Within the DC group, FA of the left ALIC
correlated with hgb A1c [r¼ � 0.436, P¼ 0.043] but not RD
[r¼ 0.249, P¼ 0.264]. Within the DD group, RD of the right
ALIC correlated [r¼ 0.486, P¼ 0.030] but not FA
[r¼ � 0.301, P¼ 0.197].

Influence of Alcohol and Marijuana Abuse History

While we excluded any subjects with current substance or
alcohol abuse, there were 15 subjects with a history of
marijuana and/or alcohol abuse (X5 years prior to study
entry). To examine the influence of these subjects, we re-
analyzed the data without them. Without these subjects, the
2� 2 ANCOVA revealed that the right ALIC FA was reduced
in depressed subjects compared to non-depressed subjects

Table 2A Tract Measures by Group (adjusted means with standard deviations). Depression Factor Statistics are Shown

Tract
measure

Healthy
control
(N¼42)

Depressed
(N¼ 288)

Diabetic
(N¼ 24)

Diabetic
depressed
(N¼222)

F df P

FA—Right ALIC 0.458±.019 0.449±.022 0.457±.025 0.445±.023 5.91 1,110 0.017

RD—Right
ALIC

0.591±.045 0.599±.043 0.583±.045 0.606±.046 2.76 1,110 0.100

FA—Left ALIC 0.454±.019 0.455±.022 0.449±.025 0.446±.023 0.122 1,110 0.728

RD—Left ALIC 0.610±.038 0.609±.038 0.621±.040 0.622±.037 0.021 1,110 0.886

Table 2B Non-depressed vs. Depressed Pairwise Comparisons
of FA in the Right ALIC

Depression P-value Effect Size

No Yes

HC MD .106 .439

HC DD .033 .619

DC MD .226 .340

DC DD .086 .500

FA
 o

f R
ig

ht
 A

LI
C

0.52

0.50

0.48

0.46

0.44

0.42

0.40

FA
 o

f L
ef

t A
LI

C

0.52

0.50

0.48

0.46

0.44

0.42

0.40

Healthy control Depressed Diabetic Diabetic depressed

Healthy control Depressed Diabetic Diabetic depressed

a

b

Figure 2 Scatter plots of FA values by group: (a) right ALIC; (b) left
ALIC.
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(0.448±.027 vs 456±.023), however it was no longer
significant (P¼ 0.078). Hgb A1c was still significantly
correlated with the left ALIC FA [r¼ � 0.362, P¼ 0.02]
among all diabetic subjects.

The Effect of Diabetes Severity on Depression
Differences

Since the effect size for HC vs. DD differences were larger
but not statistically significant and diabetic subjects
represent varying levels of severity (defined by hgb A1c
levels), an exploratory analysis was done to examine the role
of diabetes severity on depression differences in FA of the
right ALIC. Using a median split for depression severity
(defined by CES-D scores above or below 16) and diabetes
severity (hgb A1c below or above 5.8), subjects were divided
into four groups. The four severity groups were closely
matched to original diagnostic groups. 91% of the low
diabetes/low depression group was HC, 82% of the
low diabetes/high depression group was MD, 67% of the
high diabetes/low depression was DC, and 63% of the high
diabetes/high depression was DD. There was a significant
difference in right ALIC FA values between low and high
depression severity subjects only when hgb A1c levels were
greater than 5.8 [F(1,1)¼ 8.38, P¼ 0.006] (Figure 3).

DISCUSSION

In this study, we investigated tract-specific white matter
alterations of ALIC in both depressed and diabetic subjects
utilizing DTI-tractography based diffusivity measures. The
main finding of our study showed that white matter
integrity in the right ALIC is significantly impaired in
depressed subjects compared to non-depressed subjects as
measured by FA. This finding of decreased integrity of the

ALIC in depression complements the growing literature
demonstrating white matter alterations in the prefrontal
cortex in late-life depression (Taylor et al, 2001; Bae et al,
2006; Shimony et al, 2009; Mettenburg et al, 2012). The
decrease of FA in the right ALIC may be explained by a
trend towards significant increase in the radial diffusivity
(an index of myelin integrity), without significant altera-
tions in axial diffusivity. As concluded in the pioneering
work of Song et al, (Song et al, 2003; Song et al, 2002), a
decrease of axial diffusivity may reflect axonal injury while
an increase of radial diffusivity may indicate a dysmyelina-
tion process. Thus, our results (unchanged axial but
increased radial diffusivity) suggested that the white matter
impairment of the right ALIC may be related to dysmye-
lination in nature. This dysmyelination process could be
due to inflammation or vascular damage as discussed in our
previous work (Kumar and Cook, 2002). Alternatively, it is
also possible that the local fiber architecture becomes less
coherent, resulting in an artificial drop-off of FA values and
an increase of radial diffusivity.

The link between impaired myelination and depression
has been described in a number of neurological conditions
characterized by white matter pathology including multiple
sclerosis (MS). Since myelin can provide a 100-fold increase
in action potential transmission speed, demyelinating
conditions like MS can have a significant impact on the
brain’s information processing capabilities (Bartzokis,
2012) and lead to cognitive and behavioral disturbances
(Brassington and Marsh, 1998). Although demyelination in
MS is a widespread process involving multiple brain
regions, impaired white matter integrity in selected key
tracts like the ALIC have been detected in MS (Ciccarelli
et al, 2001; Tillema et al, 2012) and may underlie the
increased risk of major depression.

The FA reduction in the right ALIC implicates that the
brain regions connected via ALIC could contribute to the
impairment of the white matter integrity, which confirms
our earlier results in caudate nuclei using MT and MRS
techniques (Kumar et al, 2009; Ajilore et al, 2007).
Decreased FA in the ALIC has also been reported in a
number of previous studies (Jia et al, 2010; Zhu et al, 2011).
However, the left ALIC was implicated in those reports as
opposed to the right ALIC in the present study. Different
methodological techniques might explain the discrepancy.
Those previous studies used voxel-based techniques such as
tract-based spatial statistics (TBSS) and statistical para-
metric mapping (SPM), in contrast to our tract-specific
approach which reduces the confound of fiber mixing and
crossing that can occur in the ALIC. It is likely that both the
left and right ALIC exhibit white matter alterations. Further
evidence for the bilateral involvement of the ALIC is derived
from deep brain stimulation (DBS) studies. Bilateral
stimulation of the ALIC in MDD patients has been shown
to induce acute improvements in mood (Machado et al,
2009). In addition, a tractography analysis of the bilateral
ALIC as a DBS target revealed common networks with the
subgenual cingulate, another region important in mood
regulation (Gutman et al, 2009).

The trend towards significant diabetes effect in the left
ALIC implicates that the diabetes condition contributes to
the white matter impairment in the left side of the ALIC.
Even though WMH significantly correlated with FA and

Figure 3 Effect of diabetes severity vs. depression severity on FA values
of the right ALIC. Blue (low CES-D scores o16), green (high CES-D scores
X16).
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thus may be a confound, this trend remained even after
adding WMH as a covariate. This finding complements
previous studies on frontal WM impairments in diabetes
(Ajilore et al, 2007, Hsu et al, 2012). For example, Hsu et al
found lower FA values in bilateral frontal WM in type 2
diabetic subjects compared to healthy controls. Further-
more, the significant negative correlation between diabetes
severity and FA of the left ALIC agrees with the finding from
the same study where they found a significant association
between disease duration and microstructural properties in
several brain regions including bilateral cerebellum, bilat-
eral cingulate gyrus and pons (Hsu et al, 2012). The
involvement of the left ALIC in diabetes and the right ALIC
in depression suggest that patients with both diabetes and
depression are more likely to have bilateral white matter
integrity impairment compared to subjects with either
disease alone. This implies that while there may not be a
statistical interaction between diabetes and depression,
there may be additive effects.

The lack of a significant interaction may be due to the
limitation of the relatively small sample size in our diabetic
subjects relative to non-diabetic subjects. Also suggestive of
the influence of sample sizes was the finding of smaller
effect sizes for DC comparisons to depressed subjects
compared to HC subjects. When examining diabetes
severity, FA differences in the right ALIC due to depression
were more prominent with higher hgb A1c levels. In our
exploratory correlation analysis in the combined diabetic
subjects (DCþDD), we found FA of the left ALIC correlated
with hgb A1c. This implies that while there were no overall
significant diabetes effects detected, white matter integrity
in the ALIC was nevertheless sensitive to diabetes severity
and may be due to the additive effects of diabetes and
depression.

Another limitation of the study was the inclusion of
subjects with a history of alcohol and marijuana abuse in
our sample. Alcohol and marijuana abuse are very common
co-morbidities with major depression (Davis et al, 2008).
Our analysis without these subjects demonstrated a similar
result (reduced FA in the right ALIC) albeit non-significant.
Given p value of 0.078, it is likely that the lack of
significance was due to the sample size reduction rather
than an inherent effect of a history of substance abuse.
Furthermore, removing these subjects did not significantly
change the effect size with Cohen’s d reduced from 0.48 to
0.33 (z¼ 0.26, P¼ 0.4). This suggests that a history of
alcohol and/or marijuana abuse in our depressed sample
did not have a significant impact on measures of white
matter integrity. In addition, the pattern of significant
correlations without these subjects remained the same. We
also note that the use of the CES-D, a self-rated scale, as a
measure of depression severity may be a limitation.
However, we used it since HAM-D scores were used in the
determination of subject eligibility. Our results must also be
interpreted in the context of medication factors which we
did not control for. Even though all depressed subjects were
antidepressant-free, other medications, such as oral hypo-
glyemics, may have altered extracellular fluid compartment
water, especially in diabetic subjects, thus impacting FA
measurements.

One important limitation of this study is in the
reproducibility of the extracted ALIC tracts. However,

although our one-ROI approach may seem to imply
substantial compromise in the tract reproducibility, we
demonstrated reasonable inter- and intra-rater reliabilities.
Additionally, as noted in the Methods, the reconstructed
fibers as reported here underwent several careful rounds of
virtual dissection in order to remove fibers not consistent
with the tracts in the ALIC. As the virtual dissection was
carefully conducted (after initial candidate fibers were
generated using the said first ROI), a substantial percentage
of our final reconstructed fibers were nevertheless extracted
by selecting additional ROIs, applied in concert with the
first ROI by a logical ‘‘AND’’, thus allowing us to greatly
minimize potential false-positive erroneous fibers. There
may also be additional limitations in our MRI protocol and
image acquisition. With regard to the DTI acquisition, we
applied the well-established protocol optimized for Philips
3T scanners, with a SENSE factor of 2.5 chosen to well
balance the scan time and the signal-to-noise ratio (Reich
et al, 2006). Note that the sequence uses a lower b-value of
700 s/mm2 to reduce eddy current effects. However, any
residual effects were further minimized by the coregistation
step in image post-processing before tensor fitting.
Although we did not perform cardiac gating due to time
constraints, we carefully conducted quality control on the
raw images and removed all subjects with artifacts due to
head movement. Lastly, our ratio of non-diffusion weighted
to diffusion weighted volumes may not be optimal based
on the criteria proposed in (Smith et al, 2007), which
recommends 1 non-diffusion weighted for every 8 diffusion
weighted images.

In summary, based on previous findings suggesting the
role of select regions of the frontal cortex and striatal region
in mood regulation in major depression and diabetes, we
investigated the white matter microstructural integrity of
the ALIC in depression and diabetes using DTI-tractogra-
phy. Our study makes the following novel contributions in
clarifying tract-specific abnormalities in major depression:
1) supports the involvement of the ALIC in the pathology of
MDD; 2) demonstrates that radial diffusivity has a trend
towards significant alteration in the right ALIC; and 3) links
hgb A1c in diabetic subjects with FA in the left ALIC. This
study complements the growing literature on the neuro-
anatomical correlates of the pathophysiology of depression
and diabetes. Future work needs to be done to understand
the longitudinal effects of these structural connectivity
alterations and their functional consequences.
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