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Abstract: Past work demonstrated that late-life depression is associated with greater severity of ischemic
cerebral hyperintense white matter lesions, particularly frontal lesions. However, these lesions are also
associated with other neuropsychiatric deficits, so these clinical relationships may depend on which fiber
tracts are damaged. We examined the ratio of lesion to nonlesioned white matter tissue within multiple
fiber tracts between depressed and nondepressed elders. We also sought to determine if the AGTR1
A1166C and BDNF Val66Met polymorphisms contributed to vulnerability to lesion development in dis-
crete tracts. The 3T structural MR images and blood samples for genetic analyses were acquired on 54
depressed and 37 nondepressed elders. Lesion maps were created through an automated tissue segmenta-
tion process and applied to a probabilistic white matter fiber tract atlas allowing for identification of the
fraction of the tract occupied by lesion. The depressed cohort exhibited a significantly greater lesion ratio
only in the left upper cingulum near the cingulate gyrus (F(1,86) ¼ 4.62, P ¼ 0.0344), supporting past work
implicating cingulate dysfunction in the pathogenesis of depression. In the 62 Caucasian subjects with
genetic data, AGTR1 C1166 carriers exhibited greater lesion ratios across multiple tracts including the an-
terior thalamic radiation and inferior fronto-occipital fasciculus. In contrast, BDNF Met allele carriers
exhibited greater lesion ratios only in the frontal corpus callosum. Although these findings did not sur-
vive correction for multiple comparisons, this study supports our hypothesis and provides preliminary
evidence that genetic differences related to vascular disease may increase lesion vulnerability differentially
across fiber tracts. Hum Brain Mapp 34:295–303, 2013. VC 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Cerebral white matter lesions (WMLs) are hyperintense,
bright regions observed on T2-weighted and FLAIR mag-
netic resonance imaging (MRI) brain scans that are
strongly associated with increased age [Awad et al., 1986].
They are also associated with cerebrovascular risk factors
including diabetes, cardiac disease, obesity, smoking, and
hypertension [Bokura et al., 2008; Dufouil et al., 2001; Joki-
nen et al., 2009; Longstreth et al., 1996; Taylor et al., 2003a,
2005] and neuropathological studies demonstrate that
many hyperintensities are ischemic in origin [Thomas
et al., 2002a,b]. Depressed elders exhibit greater WML vol-
umes than age-matched comparison subjects [Herrmann
et al., 2008; Taylor et al., 2005], and while worsening WML
disease is associated with poorer course of depression
[Taylor et al., 2003c], there remains substantial heterogene-
ity between these radiological findings and the clinical cor-
relates. Beyond mood disorders, WMLs are additionally
associated with cognitive decline [De Groot et al., 2002;
Kramer et al., 2002, 2007] and gait disturbances [Blahak
et al., 2009; Srikanth et al., 2009], but there are also many
individuals with widespread WML disease observed on
neuroimaging who do not exhibit clinically significant
neurologic or psychiatric disturbances.

One explanation for this observed heterogeneity is that
the clinical presentation depends upon the location of the
WMLs, specifically what fiber tracts—and, by extension,
what neural circuits—are affected. Most studies have
found that WMLs occurring in the frontal white matter are
most strongly associated with late-life depression (LLD)
[Firbank et al., 2004; MacFall et al., 2005; O’Brien et al.,
2006; Taylor et al., 2003b]. This conclusion is supported by
studies utilizing diffusion tensor imaging (DTI) or magnet-
ization transfer ratio (MTR) imaging which associate LLD
with altered structural integrity of frontal white matter
[Bae et al., 2006; Gunning-Dixon et al., 2008; Taylor et al.,
2004]. In an attempt to further localize WML location, She-
line et al. found that individuals with LLD are more likely
to exhibit WMLs in specific white matter tracts including
the superior longitudinal fasciculus, the inferior longitudi-
nal fasciculus, the inferior fronto-occipital fasciculus, and
the uncinate fasciculus [Sheline et al., 2008]. This work
builds on previous reports associating depression with
increased likelihood of ischemic lesions in the dorsolateral
prefrontal cortex [Thomas et al., 2002a], where some com-
ponents of the superior longitudinal fasciculus terminate.
It also extends that work to frontotemporal tracts, which
have previously been implicated in LLD [Taylor et al.,
2007b]. Importantly, this work built on the hypothesis that
ischemic injury to specific tracts may contribute to the de-
velopment of LLD, presumptively by affecting function of
these networks.

In a parallel series of investigations, there has been sub-
stantial work examining associations between genetic vari-
ation and WML severity. Such work has examined a wide
range of candidates, including genes implicated in ische-

mic stroke, dementia, cardiac disease, and hypertension
[Paternoster et al., 2009]. Despite heritability of WML vol-
ume being estimated between 55% and 80% [Atwood
et al., 2004; Carmelli et al., 1998; Turner et al., 2004], these
candidate gene studies and genome-wide association stud-
ies have had mixed results that are difficult to interpret.
There may be many reasons for this discrepancy, includ-
ing insufficient sample sizes or epistatic effects [Paternos-
ter et al., 2009]. However, if genetic differences contribute
to regional rather than global vulnerability to WML devel-
opment, and if different genetic influences increase vulner-
ability to ischemia in different brain regions, it is possible
that the phenotype of examining whole-brain WML vol-
ume may be too broad.

In this study we hypothesized that in LLD subjects, fiber
tracts involved in mood regulation would have a greater
proportion of their volume occupied by WMLs, defined as
an increased fiber tract-white matter lesion (ftWML) ratio.
We further hypothesized the AGTR1 A1166C and BDNF
Val66Met polymorphisms, which have previously been
associated with greater cerebral WML severity [Taylor
et al., 2008, 2010], may have differential regional influences
on WML development. We first examined if a diagnosis of
Major Depressive Disorder in this elderly cohort was asso-
ciated with greater ftWML ratios in discrete frontal tracts.
In subsequent exploratory analyses, we then examined if
the AGTR1 and BDNF polymorphisms were associated
with greater tract-specific ftWML ratios.

METHODS

Depressed participants were age 60 or over and were
enrolled in the National Institute of Mental Health-spon-
sored Conte Center for the Neuroscience of Depression in
Late Life at Duke University Medical Center (DUMC).
Subjects were subsequently enrolled in the Neurocognitive
Outcomes of Depression (NCODE) study, where they
received antidepressant treatment. At time of enrollment,
all depressed participants met DSM-IV criteria for Major
Depressive Disorder as diagnosed using the Diagnostic
Interview Schedule [Robins et al., 1981] and confirmed via
a clinical evaluation by a geriatric psychiatrist. Exclusion
criteria for study entry included: (1) another major psychi-
atric illness, including bipolar disorder, schizophrenia, or
dementia; (2) history of alcohol or drug abuse or depend-
ence; (3) primary neurologic illness, including stroke or
dementia; (4) medical illness, medication use, or disability
that would prevent study participation; (5) metal in the
body precluding magnetic resonance imaging (MRI) and
(6) Mini Mental State Exam score less than 25. Depressed
participants were primarily recruited from clinical referrals
and limited advertisements.

Nondepressed participants were community-dwelling
Conte Center participants recruited primarily through
advertisements and from the Aging Center Subject Regis-
try at Duke University. Eligible participants met similar
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entry criteria, but additionally had no evidence of a cur-
rent or past psychiatric disorder based on the Diagnostic
Interview Schedule.

Assessment of hypertension consisted of self-report and
followed a format used in the NIMH Epidemiological
Catchment Area Study [Regier et al., 1984]. The study proto-
col was approved by the Duke University Medical Center
Institutional Review Board. All participants provided writ-
ten informed consent before beginning study procedures.

Antidepressant Treatment

Although depressed participants were required to meet
DMS-IV criteria for MDD at study entry, not all subjects
continued to be depressed at time of imaging. All
depressed participants received antidepressant treatment
through the Duke STAGED approach [Steffens et al.,
2002]. This algorithm mimics ‘‘real world’’ treatment
options, accounting for past treatments and current
depression severity rather than adhering to a rigid clinical
trial design. All marketed antidepressant treatments are
allowed and most participants start on a selective sero-
tonin reuptake inhibitor. Although electroconvulsive ther-
apy is allowed, none of the subjects in the current study
had received ECT prior to imaging.

MRI Acquisition

Cranial MRI was performed using the eight-channel par-
allel imaging head coil on a 3 T whole-body MRI system
(Trio, Siemens Medical Systems, Malvern, PA). Proton den-
sity (PD), T1-weighted, T2-weighted, and fluid-attenuated
inversion recovery (FLAIR) images were acquired. Parallel
imaging was employed with an acceleration factor of 2. All
pulse sequences used a square field-of-view of 256 mm and
Nex ¼ 1. The T1-weighted image set was acquired using a
three-dimensional axial TURBOFLASH sequence with TR/
TE ¼ 22/7 msec, flip angle ¼ 25�, a 100 Hz/pixel band-
width, a 256 � 256 matrix, 160 slices with a 1-mm slice
thickness, yielding an image with 1 mm cubic voxels. The
T2-weighted acquisition used a two-dimensional turbo spin-
echo pulse sequence with TR/TE ¼ 7,580/86 msec, turbo
factor ¼ 7, a 210 Hz/pixel bandwidth, a 256 � 256 matrix,
100 slices with a 1.5 mm slice thickness, yielding a 1 � 1 �
1.5 mm voxel. The PD weighted acquisition used a two-
dimensional turbo spin-echo pulse sequence with TR/TE ¼
7,580/17 msec, turbo factor ¼ 3, a 210 Hz/pixel bandwidth,
a 256 � 256 matrix, 100 slices with a 1.5 mm slice thickness,
yielding a 1 � 1 � 1.5 mm voxel. Finally, the FLAIR image
was acquired with TR/TI/TE ¼ 9,000/2,400/101 msec, a
210 Hz/pixel bandwidth, a turbo factor of 11, a 256 � 256
matrix, 75 slices with a 2 mm slice thickness, yielding a 1 �
1 � 2 mm voxel.

MRI Processing: Whole Brain Segmentation

The MR images were transferred to the Duke Neuro-
psychiatric Imaging Research Laboratory (NIRL) where

images were resliced to a common geometry of 1 � 1 �
1.5 mm voxels and all analyses performed. An automated
four-channel tissue and lesion segmentation, utilizing
FLAIR images for WML detection, was performed to
assess gray matter, white matter, cerebrospinal fluid, and
WMLs. The algorithm used was a variation on the fully
automated Expectation Maximization Segmentation (EMS)
method [Van Leemput et al., 1999, 2001, 2003] optimized
for WML assessment [Chang et al., 2011]. The software
assigns a probability that each pixel should be classified as
gray matter, white matter, cerebrospinal fluid, lesion, or
nonbrain in the following manner. First, images are
aligned to an atlas of tissue probability images using the
mutual information registration tool (MIRIT) [Maes et al.,
1997]. The probability atlas provides spatial priors for each
tissue that are used to initialize the tissue intensity histo-
grams for the segmentation algorithm. The tissue probabil-
ities are then derived in an iterative process using the
intensity distributions of the different tissues for each of
the input image contrasts. The process also evaluates and
compensates for spatial distributions of intensity that
could be due to various magnetic resonance imaging arti-
facts such as radiofrequency inhomogeneity (bias correc-
tion). Lesions are detected as ‘‘outliers’’ to the normal
tissue distributions.

MRI Processing: Fiber Tract Identification

White matter fiber tracts were identified with a proba-
bilistic white matter tract atlas including 20 fiber tracts
(Table I; all are present bilaterally except for CCF and
CCO) developed from the manually traced maps of 27
neurologically normal subjects (atlas provided by S. Mori
and the Johns Hopkins Medical Institute Laboratory of
Brain Anatomical MRI). The reproducibility of such tracing
techniques has been evaluated and shown to have main
variability from biological differences between subjects,
with interrater reliability contributing only minor variance
[Wakana et al., 2007]. Thus the probabilistic atlas approach
reflects the biological variability of the course of white
matter fiber tracts.

The atlas was constructed using the T1-weighted images
associated with the manually traced fiber tracts for each of

TABLE I. White Matter Fiber Tract Abbreviations

Anterior thalamic radiation ATR
Cingulum, cingulate gyrus region CgC
Cingulum, hippocampus region CgH
Corpus Callosum, frontal (forceps minor) CCF
Corpus Callosum, occipital (forceps major) CCO
Corticospinal tract CST
Inferior fronto-occipital fasciculus IFO
Inferior longitudinal fasciculus ILF
Superior longitudinal fasciculus, body SLFb
Superior longitudinal fasciculus, temporal SLFt
Uncinate fasciculus UNC
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the 27 individuals which were transformed to align with a
template image (Wrap 5 Atlas of ICBM452 T1 atlas (LONI,
ICBM 452 T1 Atlas; available at: http://www.loni.
ucla.edu/ICBM/Downloads/Downloads_452T1.shtml.), using
an initial 12th-order affine transformation followed by a
high-order nonrigid registration algorithm [Denton et al.,
1999; Rueckert et al., 1999; Schnabel et al., 2001] which uses a
b-spline based transformation based on normalized mutual
information. The same transformation was then applied to
the tract map to align with the template image. For each fiber
tract, in each pixel, the fraction of the maps of all subjects
that had the tract pass through that pixel was then inter-
preted as the probability that the tract passed through the
pixel in the atlas space. The lesion maps of our population
were aligned with the template in a similar fashion using a
nonlinear transformation derived using the T1-weighted
image and applying it to the lesion map for that subject.
After this procedure, each subject’s T1-weighted MRI scan
and lesion map were aligned with the probability maps of
fiber tracts in the atlas space.

All images were visually examined for quality of align-
ment to the template. Due to use of the high order trans-
formation, only 5% of the images processed were
considered to have unsatisfactory alignment. Those five
scans with unsatisfactory alignment were not included in
study analyses. There were no scans exhibiting severe
encephalomalacia requiring removal of individual tract
data or entire scans from the dataset, although mild or
moderate diffuse hyperintense lesions intersecting tracts
were allowed given the study hypotheses.

The fraction of lesion in each tract, F, was calculated as:

F ¼ VLinT

VTp
, where VLinT ¼

P

All

ðVvoxel � Iprob � IlesionÞ and

VTp ¼
P

All

ðVvoxel � IprobÞ,
P

All

means to sum up over all

voxels in the space of the template image; Vvoxel is the vol-
ume of a single voxel; Iprob is the probability value of the
voxel in the probability map of the given tract; Ilesion is the
binary ‘‘intensity value’’ of the voxel in the lesion map of
the given subject, where 1 means a lesion is present in that
voxel and 0 means a lesion is not present. F is an exten-
sion from the standard idea of an overlap integral between
two binary maps to the case of overlap between a proba-
bility map and a binary map. This metric F, the fraction of
lesion in the tract, illustrates the proportion of voxels
within a tract consisting of lesions, among voxels projected
as being within that fiber tract modulated by the probabil-
ity of the voxel being in the tract. This was used as our
primary measure, defined as the fiber tract-white matter
lesion (ftWML) ratio.

Genetic Analyses

As previously described [Taylor et al., 2010], single nu-
cleotide polymorphism (SNP) genotyping was performed
by TaqMan, using ‘‘Assays-on-Demand’’ SNP genotyping
products (Applied Biosystems, Foster City, CA). For all

assays, quality control measures were applied, including
genotyping a series of blinded duplicate samples and
Centre d’Etude du Polymorphism Humain (CEPH) con-
trols. The genotypes of all duplicate samples had to match
100% in order for the assay to pass quality control. Fur-
ther, we required that each assay achieve 95% efficiency
(the genotypes of at least 95% of the samples could be
called with certainty) before statistical analysis. PCR was
performed on the ABI 9700 dual 384-well Geneamp PCR
system and genotypes analyzed using an ABI Prism
7900HT Sequence Detection System (Applied Biosystems,
Foster City, CA). Each reaction contained 2.7 ng of total
genomic DNA which had been extracted from whole
blood using the Pure Gene Method by Gentra.

Statistical Analyses

All analyses were conducted using SAS 9.2 (Cary, NC).
Based on our prior approaches and frequency of the less
common alleles [Taylor et al., 2007c, 2010], subjects were
categorized as being BDNF Val66 homozygous or Met66
carriers, and AGTR1 A1166 homozygous or C1166 carriers.
Initial comparisons between diagnostic cohorts used v2

tests for categorical variables and pooled, two-tailed t-tests
for continuous variables.

Initial general linear models including all subjects with
available data were created examining ftWML ratio as the
dependent variable. These models examined differences
between diagnostic cohorts, while controlling for age, sex,
race, and presence or absence of hypertension, but to max-
imize sample size, did not include genetic polymorphism
data. Subsequent models were limited to those Caucasian
subjects with genetic data; models again examined ftWML
ratio as the dependent variable, while including the inde-
pendent variables of diagnostic cohort, AGTR1 genotype,
BDNF genotype, age, sex, and hypertension. Finally, these
same models were again examined after including an
AGTR1-BDNF interaction term. We report uncorrected P
values from these models for this report. A conservative
Bonferroni correction for the 20 fiber tracts assessed across
both hemispheres would have resulted in a nominal P
value of 0.0025 to achieve statistical significance.

RESULTS

This study examined 54 depressed and 37 nondepressed
subjects who completed clinical assessments and 3T MRI,
and whose scans exhibited satisfactory alignment to the
atlas-based template image. The only difference in demo-
graphics between cohorts was in age (Table II), where the
nondepressed participants were significantly older. Uni-
variate analyses of total cerebral WML volume showed no
significant difference between depressed and nonde-
pressed subjects. Of note, the depressed cohort included
individuals who were currently symptomatic as well as
individuals remitted at the time of MRI. Using a MADRS
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<8 as a definition of remission, 21 depressed subjects were
remitted, and 33 were nonremitted.

Fiber Tract WMLVolume Differences

Between Diagnostic Cohorts

We tested for differences in ftWML ratio between
depressed and nondepressed cohorts after controlling for
age, presence of hypertension, and racial background (Ta-
ble III). There was a significant difference between cohorts
in the ftWML measure in the left CgC, where the
depressed cohort exhibited a significantly higher mean
ftWML ratio than did the nondepressed cohort.

Influence of Genetic Polymorphisms

on Fiber Tract WMLVolumes

For the genetic analyses, we restricted the sample to
Caucasian participants, as both the AGTR1 A1166C poly-
morphism and BDNF Val66Met polymorphism have been
associated with differences in allele frequency across indi-
viduals of different racial backgrounds [Hindorff et al.,
2002; Taylor et al., 2007c]. Moreover, genetic data were
unavailable for 18 participants, resulting in genetic analy-
ses being conducted on a subset of 62 individuals. Results
of testing for Hardy-Weinberg equilibrium have previ-
ously been reported [Taylor et al., 2007c, 2010]. There were
no significant differences in SNP frequencies between the
depressed and nondepressed cohorts (Table II).

Statistical models predicted ftWML ratio in each fiber
tract and included the independent variables age, sex,
hypertension, diagnostic cohort, AGTR1 and BDNF geno-
types. In these models with a reduced sample, the left

CgC continued to exhibit a significant difference in ftWML
ratio between diagnostic cohorts (F(1,55) ¼ 5.39, P ¼
0.0240).

In these models, the ftWML ratio significantly differed
by AGTR1 A1166C genotype in multiple fiber tracts (Table
IV), including: the ATR and IFO bilaterally; the right CgC,
CST, and SLFb; the left ILF; and the CCO. In all cases, the
at-risk AGTR1 C1166 allele carriers exhibited significantly
greater ftWML volumes in these regions than did A1166
homozygous individuals. However, in contrast to the
widespread associations between AGTR1 and multiple
ftWML ratios, BDNF Val66Met genotype was significantly
associated only with ftWML ratio of the CCF. In this anal-
ysis, BDNF Met66 allele carriers exhibited greater CCF
ftWML ratios (Met carriers ¼ 0.0082 (0.0146)) than did
Val/Val homozygous individuals (Val/Val ¼ 0.0032
(0.0046); F(1,55) ¼ 4.54, P ¼ 0.0375).

Finally, we incorporated a gene-gene interaction term
into these models. This interaction term did not achieve
statistical significance in any model, although a trend was
observed for the right CST ftWML ratio (F(1,54) ¼ 3.31, P ¼
0.0742). This trend appeared to be driven by the cohort of
subjects who carried both the BDNF Met66 and AGTR1
C1166 alleles (N ¼ 8, mean CST ftWML ratio ¼ 0.0286
(0.0423)), compared with the mean ftWML ratios for other
genotype combinations (Met*, A/A: N ¼ 13, 0.0030
(0.0041); Val/Val, C*: N ¼ 18, 0.0103 (0.0179); Val/Val, A/
A: N ¼ 23, 0.0047 (0.0076)).

DISCUSSION

Although WMLs are observed even in healthy aging, it
is a mistake to assume they are benign. WMLs are visible
signs of ischemic injury to white matter tracts, which

TABLE II. Demographic Differences Between Diagnostic Cohorts

Depressed (N ¼ 54) Nondepressed (N ¼ 37) Test value P

Age (yr) 68.9 (5.6) 73.8 (5.8) t ¼ 4.25 0.0001
Sex, % Female (N) 64.8 (35) 64.9 (24) v2 ¼ 0.00 0.9961
Race, % Caucasian (N) 83.3 (45) 94.6 (35) Fisher’s exact 0.1888
MMSE 28.9 (1.3) 29.2 (0.9) t ¼ 0.89 0.3785
MADRS 10.1 (7.8) — — —
Cerebral WML volume (ml) 8.7 (9.3) 8.8 (12.7) t ¼ 0.06 0.9497
Total cerebral volume (ml) 1,238.1 (145.6) 1,259.5 (126.1) t ¼ 0.73 0.4690
Cerebral WML ratio 0.0070 (0.0072) 0.0068 (0.0090) t ¼ 0.10 0.9200
Genetic cohort N ¼ 29 N ¼ 33
AGTR1 genotype
A/A 58.6% (17) 57.6% (19) v2 ¼ 0.01 0.9337
C allele carrier 41.4% (12) 42.4% (14)

BDNF genotype
Val/Val 58.6% (17) 72.7% (24) v2 ¼ 1.37 0.2416
Met allele carrier 41.4% (12) 27.3% (9)

All continuous variables presented as mean (standard deviation) and were compared using pooled, two-tailed t-tests with 89 degrees of
freedom. Categorical variables presented as percentage (N) and compared using a v2 test (for sex, AGTR1, and BDNF) or Fisher’s exact
test (for race), with 1 degree of freedom.
MADRS ¼ Montgomery Asberg Depression Rating Scale; MMSE ¼ Mini-mental state exam; WML ¼ white matter lesion.
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likely is the mechanism behind the observed relationships
between WMLs and depression, cognitive decline [De
Groot et al., 2002; Kramer et al., 2002, 2007], and gait dis-
turbances [Blahak et al., 2009; Srikanth et al., 2009]. Such
injury to fiber tracts would hypothetically result in impair-
ment in neural network communication and function,
whether they are networks involved in emotion, cognition,
or motor function. The current study lends credence to the
concept that the presence of clinically relevant mood
symptoms is associated with WMLs occurring in specific
fiber tracts.

In our primary analysis comparing depressed and non-
depressed elders, we found that the only statistically sig-
nificant difference between diagnostic groups was in the
ftWML ratio of the cingulum, around the region of the cin-
gulate gyrus (CgC). This finding is supported by a sub-
stantial amount of structural and functional neuroimaging
data implicating the anterior cingulate cortex (ACC) in
Major Depressive Disorder (reviewed in [Pizzagalli, 2011]).
Moreover, our finding was limited to the left hemisphere
CgC, which is concordant with much work implicating left
hemispheric lesions in the generation of depression symp-
toms [Narushima et al., 2003]. Thus our work supports
and builds on these two bodies of literature, although it is
important to note our findings differ from a prior study,
where LLD was associated with greater WML volume in
multiple fiber tracts, including the SLF, IFO, ILF, and
UNC [Sheline et al., 2008]. These discrepant findings may
have been related to either methodological differences in
determining which fiber tracts were affected by WMLs or
related to the underlying heterogeneity of LLD.

It is also important to acknowledge that WMLs, regard-
less of location, are only one factor of many that contrib-
utes to the pathogenesis of LLD [Alexopoulos, 2005].
Psychosocial stressors, disability, and genetic differences
have substantial influences on vulnerability to depression.
Moreover, cortical atrophy and other neuroanatomical
findings may have independent but complementary effects
on depression vulnerability [Kumar et al., 2000].

In analyses examining genetic influences, we found
widespread associations between AGTR1 genotype and
ftWML ratios, including the ATR, IFO, ILF, and CCO. By
comparison, in these same models BDNF genotype was
significantly associated only with the CCF ftWML ratio.
These findings support our initial hypothesis that if
genetic differences contribute to ischemia or the develop-
ment of WMLs through different mechanisms, they may
also exhibit different influences on where the WMLs de-
velop. We have previously hypothesized that AGTR1 con-
tributes to the development of WMLs through its
relationship with hypertension and cardiac disease
[Deinum et al., 2001; Hindorff et al., 2002; Miyaki et al.,
2006; Rubattu et al., 2004; Taylor et al., 2010], so it is rea-
sonable it would have a broad relationship with multiple
ftWML measures. We have also hypothesized that BDNF
may be important in the tissue response to transient ische-
mia [Taylor et al., 2008], as increased BDNF expression

may facilitate neuroprotection and be associated with
improved functional outcomes [Dmitrieva et al., 2010;
Nomura et al., 2005; Yanamoto et al., 2004]. In this study,
BDNF appears to have more of a localized effect, although
it’s also possible it has a weaker effect than AGTR1 var-
iants, resulting in this study being underpowered to fully
detect its effect.

Despite limited power, we conducted analyses testing
for a gene-gene interaction between the AGTR1 and BDNF
SNPs. Although exploratory, this decision was not atheor-
etical as we hypothesized these genes may contribute to
tissue vulnerability to ischemia through different but com-
plementary mechanisms, so individuals with both risk
genes would be expected to exhibit the highest ftWML
volumes. Although we identified a trend in the right CST
for individuals who carried both the BDNF Met66 and
AGTR1 C1166 alleles to exhibit higher ftWML ratios, this
did not reach statistical significance and could not support
our hypothesis. However, recognizing we were underpow-
ered to detect such a difference, this is worth exploring in
future studies with larger samples.

It should be noted that visible WMLs do not occupy an
extensive proportion of the fiber tracts we examined.
When we examined differences between diagnostic cohorts
(Table III) and between AGTR1 genotypes (Table IV),
mean ftWML ratios are not greater than 0.03, with many
ftWML ratios being less than 0.01. However, these visible
hyperintense regions may only be the ‘‘tip of the iceberg,’’
as we have previously demonstrated a strong association
between WML volumetric measures and fractional anisot-
ropy as measured by diffusion tensor imaging (DTI) [Tay-
lor et al., 2007a], so a relatively small proportion of a tract
being occupied by WMLs may represent broader loss of
tract integrity. In turn, this would hypothetically affect
communication and function of the connected regions.

The study has several limitations that need to be consid-
ered. The primary issue is that we examined a relatively
small and heterogeneous sample, particularly for a study
examining genetic associations, a problem compounded by
making multiple comparisons. We examined 20 fiber tracts
and using a Bonferroni correction this would result in an
adjusted alpha of 0.0025. At this adjusted alpha, none of
our reported findings would have reached statistical sig-
nificance, so this raises concerns about Type I error and
necessitates replication. Additionally, the functional impli-
cation of these findings is unclear as with our current
imaging data we are unable to link ftWML ratios with
measures of brain activity. Finally, our depressed popula-
tion was a mixture of individuals who were and were not
clinically remitted at the time of MRI, although it is
unlikely that remission from depression would alter our
measure WMLs.

Future studies should endeavor to link these fiber tract
WML ratios with measures of brain activation to deter-
mine the functional significance of these findings. These
efforts can be combined with methods of analyzing DTI
fiber tract data to provide multiple measures of tract
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integrity. Such approaches would inform us not only of
the mechanism by which WMLs may contribute to the
pathogenesis of depression, but could be applied to treat-
ment outcome studies to determine if treatment nonres-
ponse in LLD is related to structural changes of fiber tracts
influencing the function of the ACC and its connected
regions.
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