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We sought to characterize the relationship between integrity of the white matter
underlying the ventral anterior cingulate (vAC) and depressive symptoms in older adults
with atherosclerotic vascular disease (AVD), a condition associated with preferential
degeneration of the white matter. The vAC was defined as including white matter
underlying ventral Brodmann Area 24 and Brodmann Area 25, corresponding with the
“subcallosal” and “subgenual” cingulate respectively. This region of interest was chosen
based on the preponderance of evidence that the white matter in the region plays
a critical role in the manifestation of depressive symptoms. Participants had current
unequivocal diagnoses of AVD and were between 55 and 90 years-old. Fractional
anisotropy (FA) was used as an index of white matter integrity and organization. Whole-
brain mean diffusivity (MD) was used as an index of global white matter lesion burden.
Depressive symptoms were measured using the Symptom Checklist-90-Revised (SCL-
90-R) Depression Scale. Depressive symptoms were significantly related to low FA in
the right vAC (r = −0.356, df = 30, p = 0.045) but not the left vAC (r = 0.024, df = 30,
p = 0.896) after controlling for total brain MD (a statistical control for global white matter
lesion burden). Further, depressive symptoms were significantly related to low FA in the
right vAC (r = −0.361, df = 31, p = 0.039), but not the left vAC (r = 0.259, df = 31, p =
0.145) when controlled for the contralateral vAC FA. The correlation coefficients for this
follow-up analysis were found to be significantly different between left and right vAC (Z =
2.310, p = 0.021). Poor white matter health in the vAC may be a biological mechanism
for depressive symptoms in older adults with vascular disease. Further studies may
corroborate that the right vAC plays a unique role in depressive symptom manifestation
in cases where the white matter is preferentially affected, as is the case in AVD. This
could lead to future targeting of the region for somatic antidepressant treatment, as well
as the development of a precise approach for patients with white matter damage, which
could produce significant improvement in quality of life, medical morbidity, and mortality.

Keywords: diffusion tensor imaging, atherosclerosis, subgenual cingulate, subcallosal cingulate, depression,
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Introduction

The vAC has been established as a critical hub of the
putative depression network, given evidence of its anatomical
connectivity with the regions in the limbic-cortical depression
circuit (Johansen-Berg et al., 2008; Rudebeck et al., 2014). The
vAC includes ventral Brodmann Area 24 and Brodmann Area
25, termed subcallosal and subgenual cingulate respectively
(Bijanki et al., 2014). Converging evidence from an array of
neuroimaging modalities and participant groups has implicated
the vAC in depressive symptom manifestation (Mayberg, 2009).
For example, elevated blood flow in the vAC gray matter is noted
in antidepressant treatment non-responders (Greicius et al.,
2007), currently depressed (Dougherty et al., 2003; Mayberg
et al., 2005; Kennedy et al., 2007), and transiently sad healthy
normal participants (Mayberg et al., 1999; Zald et al., 2002).
Changes in blood flow or glucose metabolism in the vAC gray
matter are also noted in response to various interventions, such
as antidepressant medication (Mayberg et al., 1999; Kennedy
et al., 2007), placebo treatments (Mayberg et al., 2002), electro-
convulsive therapy (Nobler et al., 2001), and cognitive-behavioral
therapy (Kennedy et al., 2007). Further, cellular abnormalities
have been reported in the white matter underlying the vAC
in postmortem depressed patient samples (Drevets et al., 1997;
Ongur et al., 1998; Rajkowska and Miguel-Hidalgo, 2007), and
the critical white matter fiber tracks associated with symptom
improvement in treatment-refractory depression have been
characterized as emanating from the white matter underlying
the vAC (Riva Posse et al., 2014). Based on the extensive past
literature implicating the vAC in depressive phenomenology, the
current study has taken a hypothesis-driven approach. We sought
to examine the effects of vAC white matter health on depressive
symptoms, by examining patients with ischemic damage to the
white matter without primary diagnoses of depression. The
current study has utilized a dimensional symptom approach with
the goal of avoiding common confounders such as physician
diagnostic patterns, and patients’ access to psychiatric care.

This study examined a sample of patients with AVD, a
common condition among older adults, and one with previously
demonstrated adverse effects on white matter in the context of
relatively spared gray matter (Bijanki et al., 2013a). In AVD, the
blood vessels develop atherosclerotic plaques, which protrude
into the vessel lumen preventing adequate blood flow and leading
to hypoperfusion of the target tissues (Mitchell and Schoen,
2010). If the level of blood perfusion cannot provide the necessary
oxygen and glucose to support cellular metabolism, ischemic
damage develops in the tissue. In atherosclerosis, the white
matter tends to be preferentially affected by ischemic damage
(Pantoni et al., 1996), likely owing to greater vulnerability of its
vasculature to luminal narrowing. By comparison, the cortex has
a built-in defense mechanism from the Circle of Willis, which
provides a back-up perfusion structure in the case that one of the
contributing arteries becomes occluded (Alpers et al., 1959).

Abbreviations: AVD, atherosclerotic vascular disease; df, degrees of freedom; FA,
fractional anisotropy; MD, mean diffusivity; SCL-90-R, Symptom Checklist 90 –
Revised; vAC, ventral anterior cingulate.

The link between vascular disease and depression has been
previously articulated in the vascular depression hypothesis,
which contends that cerebrovascular disease may precipitate
or perpetuate depressive symptoms in patients with significant
vascular disease (Alexopoulos et al., 1997; Krishnan et al., 1997).
White matter hyperintensities (areas of presumed ischemia
indicated by bright spots on fluid-attenuated inversion recovery
(FLAIR) magnetic resonance neuroimaging) are the most
common neuroradiological finding in participants with vascular
disease (Taylor et al., 2013). The recent longitudinal multicenter
pan-European study, “Leukoaraiosis and Disability in the elderly
(LADIS),” has shown a relationship between the progression of
white matter changes (identified as white matter hyperintensities
on FLAIR images) and late life depression symptoms (Firbank
et al., 2012). More recently, this work was extended by Khalaf
et al. (2015), who showed significant global white matter
hyperintensity accumulation over a 12-weeks antidepressant
treatment course in patients with late life depression, which was
specific to treatment non-responders. While effects of global
lesion burden have been previously demonstrated in vascular
disease, the specific contribution of the vAC has never before
been examined.

Advances in the field of neuroimaging allow us to take a
more sensitive look at the organization, health, and implicit
connectivity of the white matter in the brain. Diffusion tensor
imaging (DTI) is an important method to further study the
white matter, which works by applying a series of diffusion-
sensitizing gradients to the brain and measuring the extent to
which water molecules are able to diffuse in the direction of
the gradient. The most commonly reported measure in DTI
studies is FA, which reflects to the degree to which diffusion
is directionally constrained by white matter fibers (Basser and
Pierpaoli, 1996). Higher FA is taken to indicate healthier, more
organized white matter tracts (Assaf and Pasternak, 2008). FA
is considered a non-specific marker of tissue pathophysiology;
abnormalities (decreases) in FA have been reported from a wide
variety histological sources, including demyelination, edema,
inflammation, and gliosis (Assaf and Pasternak, 2008). By
comparison, MD, sometimes termed simply “diffusivity,” reflects
the degree of diffusion in a given voxel, regardless of the
direction. Higher MD is interpreted to most strongly indicate
ischemic white matter damage, as demonstrated by its high
degree of correlation with measures of white matter lesion
volumes manually identified from FLAIR images (Shimony
et al., 2009), which are commonly observed in vascular disease
with known association to depressive symptoms (Taylor et al.,
2003).

The current study examined the relationship between white
matter integrity in the vAC and depressive symptoms in
patients with AVD. We expected in the current sample
of patients with AVD that there would be a significant
relationship between poor white matter health in the vAC
and elevations in depressive symptoms, based on previous
findings implicating the region as a hub, and based on the
vascular depression hypothesis suggesting vascular disease leads
to ischemic white matter damage which is associated with
depressive symptoms.
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Materials and Methods

Participants
As a part of the parent study, “Aging, Vascular Disease,
and Cognition,” (grant number R01AG030414-01A2 from the
National Institute on Aging), older adult participants aged 55–
90 were recruited through the University of Iowa Heart and
Vascular Care clinic, and healthy comparison (HC) participants
were recruited through newspaper and magazine advertisements.
All AVD participants had unequivocal clinical diagnoses of AVD
and a history of one or more of the following: angina pectoris,
myocardial infarction, percutaneous transluminal coronary
angioplasty, placement of coronary artery stent, or peripheral
vascular disease (claudication). Exclusion criteria included more
invasive cardiovascular procedures, stroke, epilepsy, dementia,
head injury, and focal neurological signs as described elsewhere
(Moser et al., 2007). HC participants were required to meet
none of the AVD inclusion or exclusion criteria. All procedures
were conducted in accordance with the ethical standards of the
institutional review board of the University of Iowa and the
Helsinki Declaration of 1975. Informed consent was obtained
from all patients prior to initiating any study procedures.
Participants then provided demographic data and received a
complete history and physical assessment.

Of the parent study AVD participants, 36 took part in
neuroimaging. Unfortunately, one scan was unsuitable for DTI
analyses because of abnormal warping in the posterior lobes.
Therefore, 35 AVD patients participated in the current study with
a mean age of 67.2 (7.4 SD), mean education of 14.8 years (3.3
SD), including 14 women and 21 men who were predominantly
right-handed (29 right-handed, 5 left-handed, 1 ambidextrous).
25.7% of participants were treated with antidepressants, and the
average score on the SCL-90-R Depression Scale was 53.1 (9.4
SD). No participants in the current study used antipsychotic or
antiepileptic medications.

Procedures
The SCL-90-R (Derogatis and Melisaratos, 1983) was used by
the parent study to measure depressive symptoms, represented
as T-scores and adjusted to separate norms for men and
women, where higher scores indicate more severe symptoms. The
SCL-90-R Depression Scale has shown strong correlation with
the Beck Depression Inventory (Beck et al., 1988), suggesting
convergent validity (Steer et al., 1994). Previous analysis by
our group has shown that scores on the SCL-90-R are suitably
sensitive to show relationships with brain structural measures
(Bijanki et al., 2013b). In the parent study of 111 AVD and 51
HC participants, the AVD participants had significantly elevated
SCL-90-R depression scores compared with the HC participants
(AVD mean 55.18, HC mean 50.67, t = 2.466, df = 160,
p = 0.015), supporting the premise that AVD participants
experience elevated levels of depressive symptoms. The full
range of SCL-90-R scores in the current neuroimaging sample
is demonstrated in Supplementary Figure S1. The data cover
a broad range, including participants as far as 2.5 SD above
the mean and approximately 1.5 SD below the mean. In the
current sample, there were six participants with scores more

than 1.5 SD above the mean, which may be consistent with
clinically significant depressive illness in spite of a high rate of
antidepressant medication use.

Participants underwent anatomical and DTI using a Siemens
Avanto 1.5T magnetic resonance imaging scanner (Erlangen,
Germany). DTI data were gathered on 56 slices using an
interleaved slice acquisition, slice thickness of 2.5 mm, gap
between slices of 0 mm, in a 256 mm × 256 mm field of view.
The acquisition matrix was 128 × 128, the reconstruction
matrix was 128 × 128, using 12 directions and a b-value of
1000 s/mm2. TR/TE = 9500/94 ms, flip angle was 90◦, pixel
bandwidth was 1347 Hz, and the imaging frequency was
63.623624 MHz. The anatomical images collected included a
3D T1 weighted scan, 2D T2 weighted scan, and a 2D FLAIR
scan. The 3D T1 weighted images were collected in the coronal
plane using a FLASH sequence (TE = 4.7 ms, TR = 25 ms, flip
angle = 30◦, field of view = 260 mm × 260 mm × 192 mm,
matrix = 256 × 256 × 128, averages= 2, bandwidth = 130 Hz/
pixel). The T2 weighted images were acquired in the coronal plane
using a fast spin-echo sequence (TE = 95 ms, TR = 9750 ms,
field of view = 260 mm × 260mm, matrix = 256 × 256,
slice thickness/gap = 3.0/0.0 mm, averages= 2, bandwidth = 130
Hz/pixel, echo train length = 20). The FLAIR images were
collected in the axial plane (TE = 110 ms, TR = 9600 ms, TI =
2500 ms, field of view= 260mm× 260 mm,matrix = 256× 256,
slice thickness/gap = 3.0/0.0 mm, averages= 2, bandwidth = 130
Hz/pixel, echo train length = 15).

Automated processing of the anatomical images was
performed using BRAINS2 software (Magnotta et al., 2002).
The BRAINS2 software includes automated AC–PC alignment,
image alignment, image intensity standardization, tissue
classification, and brain extraction. The BRAINS2 method for
white matter segmentation has shown reliability with manual
raters and adequately addresses concerns of partial volume
contamination (Harris et al., 1999). Only the T1 and T2 weighted
images were considered in the tissue classification and thus
the white matter lesions were initially classified as gray matter.
To correct this artifact, the FLAIR and tissue classified images
were consulted and a human rater (KB) manually defined
the white matter lesions. It was determined that all white
matter tissue should be included in the DTI analysis regardless
of whether it was categorized as “lesioned” or “unlesioned”
based on the FLAIR image, so the manually segmented lesion
volumes were added into the white matter masks used to
define the diffusion-weighted data reported in the current
study.

The diffusion-weighted images were co-registered to the
B0 image, and diffusion-weighted data underwent automated
quality control using the DTIPrep package (NITRC), as well
as subsequent visual inspection for quality control to check for
artifacts such as head motion, table vibration, RF noise, and
susceptibility artifacts. Motion correction and diffusion tensor
decomposition were performed and diffusion tensors and scalars
were calculated from 12 diffusion-sensitizing gradients, using
GTRACT software (Cheng et al., 2006). The B0 image was then
registered with the anatomical image, and the resulting transform
was applied to the FA and MD images.
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FIGURE 1 | Segmentation of vAC via manual traces integrated into
automated atlas. (A) Demonstrates manual vAC traces in orange and blue.
The magenta outline demonstrates the extent of the white matter mask.
(B) Shows small yellow x marks on the vertical crosshair to indicate where the
orange trace intersects with the sagittal plane shown. ROIs are inclusive of gray

matter which is excluded via the application of the white matter mask (shown in
purple on left hemisphere of coronal image) prior to FA calculation. (C) Shows
sagittal slice with Mori atlas label map overlay, showing the extent of the
masked vAC region of interest (peach area below the violet genu of the corpus
callosum), indicated by the white arrow.

The vAC was segmented by applying a well-validated white
matter atlas (Mori and Van Zijl, 2007) to each participant’s
neuroimaging data, which had been revised to include a
vAC parcellation. There are no clear anatomical boundaries
the anterior “subgenual” (ventral Brodmann Area 24) and
posterior “subcallosal” (Brodmann Area 25) subregions, and
there is extensive evidence implicating both subregions in
the manifestation of depressive symptoms across a variety of
neuroimaging methods (Ongur et al., 1998; Rajkowska and
Miguel-Hidalgo, 2007; Johansen-Berg et al., 2008), so the current
study has sampled the vAC widely using the standardized atlas.

The vAC region of interest was defined based on a previously
published method as follows: the anterior boundary was the
first slice after the corpus callosum joined the two hemispheres,
the posterior boundary was the end of the paraterminal gyrus,
the superior boundary was defined by the corpus callosum, and
the inferior boundary was the inferior limit of the cingulate
sulcus, the lateral boundary was the most inferior tip of the
lateral ventricle, and the medial boundary was the ending of
the white matter (McCormick et al., 2006). These manual traces
were reviewed by the neuroimaging team (JM, VM, HJ, PN,
LM, and DM) and integrated into the white matter atlas. Next,
the revised atlas was registered to the anatomical images and
scalar maps, using a B-Spline registration with a 12×12×12 grid

size and a maximum displacement of 8 mm for any of the grid
control points, and FA values were generated for vAC regions
bilaterally. Figure 1 shows the coverage of the vAC achieved by
this technique.

Analyses
Region of Interest Analysis
Bivariate correlations were used to examine the relationships
between demographic variables (age, sex, education, and
antidepressant use) and FA measures in the vAC white matter to
help determine the appropriate control structure for subsequent
Pearson partial correlations between FA and depression scores
on the SCL-90-R. To characterize white matter lesion burden,
we calculated global MD scores. In the current sample, whole-
brain MD values strongly correlate with manually traced white
matter lesion volumes in the whole brain (r = 0.528, df = 35,
p = 0.001), suggesting convergent validity. Then, FA in the vAC
was correlated with SCL-90-R depression scores, with statistical
control for age and whole-brain MD in the white matter (a proxy
for global white matter lesion burden). Tests of normality of
the FA and SCL-90-R data indicated that the use of parametric
analyses was appropriate in the current sample.

Next, we performed an analysis with the goal of further
characterizing the hemispheric specificity of the relationship
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between white matter health and depressive symptom variability.
This analysis controlled for FA in the contralateral vAC region in
addition to the previously included demographic covariate (age).
Although studies do not frequently use contralateral controls,
the contralateral vAC white matter was chosen as the control
region because it included the same volume of white matter
with similar anatomical properties (such as branching of white
matter tracts) as the region of interest, and it allowed for a
more intensive examination of the hemispheric specificity of the
findings. In addition to the statistically significant relationship
identified in this follow-up analysis, we examined whether
there were differences in mean FA between the right and left
hemispheres in the vAC, using paired-samples t-test, and we
examined whether there was a statistically significant difference
in correlation coefficients between the right and left hemisphere
in the relationship of FA with SCL-90-R Depression Scale scores,
using an extension of the Fisher Z transformation to test the
significance of differences between two correlated correlation
coefficients (Meng et al., 1992).

Results

Fractional anisotropy values in the vAC were examined for
significant covariates, including age, education, sex, handedness,
and antidepressant use. Consistent with previous literature
(Pfefferbaum et al., 2005), the correlation between FA in the vAC
white matter and age was found to be significant (r = −0.48,
df = 33, p = 0.003). Non-significant correlations were found
with education (r = 0.11, df = 33, p = 0.52). There were no
significant differences in mean FA in the vAC as a function
of sex (t = −0.55, df = 33, p = 0.59), right/left handedness
(t = 1.07, df = 32, p = 0.30), or antidepressant use (t = −0.837,
df = 33, p = 0.409). SCL-90-R Depression T-scores are routinely
normed for sex, but they showed no significant correlations with
age (r = −0.14, df = 33, p = 0.42) or education (r = −0.06,
df = 33, p = 0.72). Therefore, partial correlations between FA
and depression T-scores were statistically controlled for only age
(among the possible demographic covariates).

Partial correlation between vAC FA and depression T-scores
in participants with AVD showed a significant relationship
(r = −0.356, df = 30, p = 0.045) in the right hemisphere when
statistically controlled for total cerebral white matter diffusivity
(MD) and age (Table 1). The analogous relationship between left
vAC FA and depressive symptoms was not statistically significant
(r = 0.024, df = 30, p = 0.896).

TABLE 1 | Pearson partial correlation between FA in the vAC white matter
and depression score, controlled for age and total white matter MD.

df r p-value

Left vAC FA 30 0.024 0.896

Right vAC FA 30 −0.356 0.045∗

Depression score reflects the sex-normed T-score for depressive symptoms on the
SCL-90-R. FA, fractional anisotropy; vAC, ventral anterior cingulate; df, degrees of
freedom; ∗ , statistically significant.

TABLE 2 | Pearson partial correlations between FA in the vAC white matter
and depression score, controlled for age and FA in the contralateral
ventral anterior cingulate region.

df r p-value

Left vAC FA 31 0.259 0.145

Right vAC FA 31 −0.361 0.039∗

Depression score reflects the sex-normed T-score for depressive symptoms on the
SCL-90-R. FA, fractional anisotropy; vAC, ventral anterior cingulate; df, degrees of
freedom; ∗, statistically significant.

Partial correlation between vAC FA and depression T-scores
in participants with AVD also showed a significant relationship
(r = −0.361, df = 31, p = 0.039) in the right hemisphere when
statistically controlled for FA in the contralateral vAC region and
age (Table 2; Figure 2). The analogous relationship between left
vAC FA and depressive symptoms was non-significant (r = 0.259,
df = 31, p = 0.145). Controlling for other contralateral white
matter structures yielded similar correlations which did not reach
the level of statistical significance.

A comparison of mean FA in the left and right vAC white
matter showed no significant differences (n = 35, t = 0.985,
p = 0.332) using a paired-samples t-test. Comparison of the
correlation coefficients showed that the relationship of right vAC
FA with SCL-90 depression was significantly different than the
relationship of left vAC FA with SCL-90 depression (Z = 2.310,
p = 0.021; Figure 2).

Discussion

A significant association between FA in vAC white matter and
depressive symptoms was observed in participants with AVD. In
the current study, we examined FA in the vAC with statistical
control for white matter diffusivity in the whole brain (MD).
In this context, MD is used as a proxy measure of global white
matter lesion burden, which is a common neuroradiological
finding in patients with vascular disease (Taylor et al., 2003).
Without controlling for global white matter lesion burden, it
would be impossible to disentangle whether the finding in our
region of interest was driven by local effects or by global white
matter damage (for example, if AVD patients with poorer white
matter health in the whole brain tended to have higher depressive
symptom endorsement, an effect described by Shimony et al.
(2009) in a different patient group). The relationship between
vAC FA and depression was found to be statistically significant
above and beyond the previously described relationship between
depressive symptoms and whole-brain MD (Shimony et al.,
2009), suggesting a critical role for this brain region in particular
(Table 1). Further, the current findings suggest there may be
a non-ischemic pathophysiological abnormality in the region,
given that FA is sensitive to many non-ischemic sources of white
matter disturbance (Assaf and Pasternak, 2008) and the finding
has been statistically controlled for ischemic white matter lesions
(MD).

We then carried out further analyses to examine the
hemispheric specificity of our finding. In the second analysis,
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FIGURE 2 | Partial correlations between depressive scores and vAC
FA values in the right and left. (Left) Demonstrates the partial
correlation between depressive score and left vAC FA, residualized against
age and contralateral vAC FA. (Right) Demonstrates the significant partial
correlation between depressive score and right vAC FA, residualized
against age and contralateral vAC FA. Inset legends indicate partial
correlation coefficients, and lines indicate linear regression fit line using the

least squares method. To visualize these partial correlations, the
independent and dependent variables were regressed onto the covariates
using a linear regression. The resulting unstandardized residual variables
were computed for each participant and saved, and then Pearson
correlations were run on the residual variables. Residuals refer to variance
left over in the correlated variables beyond variance shared with
covariates.

we examined the correlation between FA in the right vAC
white matter and depression scores, after statistical control
for FA in the contralateral vAC region. This control region
was selected because it included the same volume of white
matter with similar anatomical properties (such as branching
of white matter tracts) as the region of interest, and it allowed
for an intensive examination of the hemispheric specificity of
the findings (Iwabuchi et al., 2011). This analysis revealed a
significant correlation between depressive symptoms and FA
in the right vAC white matter, as well as a non-significant
correlation in the left vAC in the opposite direction (Table 2;
Figure 2). By using an extension of the Fisher Z transformation,
we found that the correlation coefficients for the left and right
vAC regions were significantly different (Meng et al., 1992).
Finally, we asked whether the laterality of our finding could
be explained by simple differences in white matter integrity
or organization in the left vs. right vAC in our sample. We
compared mean FA values between the left and right vAC using
paired-samples t-tests, and found that there was no difference
between the two, suggesting a difference in function (rather
than structure) between the hemispheres. Laterality studies on
the relationship between white matter health and depression are
mixed. There is significant historical evidence that stroke damage
to the left hemisphere gray matter is associated with elevated
depressive symptoms (Robinson and Price, 1982), but there is
growing evidence that poor white matter health on the right side
of the brain is associated with depressive symptoms in the elderly
(Taylor et al., 2004; Bae et al., 2006).

The study of white matter health in AVD is complicated
by the presence of white matter lesions, which have significant
effects on one of the most common methods for whole-brain

DTI analysis – tract-based spatial statistics or TBSS. In TBSS,
white matter lesions have been found to produce unpredictable
results on the skeletonized FA image used to define the common
tracts for voxel-wise cross-subject statistical analysis (Cercignani,
2011). In the absence of appropriate and statistically powerful
whole-brain DTI analyses for use in patients with AVD, as
well as based on the preponderance of evidence suggesting a
hypothesis-driven examination of the vAC, the current study
sought to focus on thoroughly characterizing the relationship
between white matter health in one specific region of interest
(vAC) and depressive symptoms. By comparison to whole-brain
exploratory analyses, the statistical power of examining only
an a priori defined region of interest via the application of a
white matter atlas is much greater. The ROI analysis in the
current study also allowed for statistical control for whole-brain
MD (lesion burden), thereby addressing the issue of regional
specificity that would otherwise need to be addressed by a whole-
brain analysis.

A variety of neurological and psychiatric illnesses are
proposed to arise from the disconnection or hyperconnection of
functionally coordinated cortical units (Geschwind, 1965; Catani
and ffytche, 2005). Based on the findings in the present study
and others (Grool et al., 2013), we propose that the elevation
of depressive symptoms in participants with vascular disease
is related to the accumulation of white matter damage in the
critical limbic cortical white matter pathways. Our findings are
in agreement with the finding of previous DTI studies on elderly
patients with depressive symptoms (Taylor et al., 2004), including
the right-lateralized FA finding (Bae et al., 2006). The findings of
the current study are especially noteworthy, given that significant
correlation coefficients were detected, ranging between r = 0.356
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and r = 0.361. These correlations are generally consistent with
the literature relating brain structure and mental functions. For
instance, a study examining DTI in a group of 75 depressed
and 23 control participants reported significant findings with
correlations between r = 0.26 and r = 0.32 (Shimony et al., 2009).

We speculate the current findings are specific to white matter
pathology, and possibly related to a type of non-ischemic change
in white matter that occurs in AVD. The current study made
use of an AVD sample because of the interesting phenomenon
that brain changes are constrained to the white matter due to the
anatomy of the supporting vasculature.With changes constrained
to the white matter, we are able to more clearly examine the role
of the white matter in depressive symptom manifestation, in the
absence of gray matter lesions often observed in other types of
vascular disease. The clinical relevance of studying AVD is also
clear, in that AVD is a very common condition and takes place at
a relatively early stage where aggressive treatment could alter the
course of disease.

The current study is limited by basic experimental issues:
a moderately small sample, only one measure of depressive
symptoms, and the use of 1.5 Tesla MRI imaging with only
12 diffusion-sensitizing gradient directions. Further studies are
needed to replicate the observed relationship and extend the
current findings to include tractography analysis from the vAC
to mood-related brain regions in the limbic and cortical systems.
Furthermore, future studies should aim to elucidate the extent
to which current findings are specific to AVD as opposed to
other forms of vascular disease, as well as examining whether
the current findings are specific to vascular disease as opposed
to patients with depressive symptoms without vascular disease.
Additional study is needed to explore whether the relationship
betweenwhitematter health in the vACand depressive symptoms
can be demonstrated in aging healthy control participants,
who are known to undergo a base rate of subtle white matter
lesion accumulation. In addition, a prospective longitudinal
analysis could examine the causality of the relationship between
white matter damage and depressive symptoms, which remains
unclear. While there is a convergence of evidence that depressive
symptoms can arise from white matter changes in the brain
caused by hypoperfusion in vascular disease, there is significant
evidence suggesting that depression can cause cardiovascular
abnormalities as well (see Musselman et al., 1998 for a review).

The current study has shown that in older adults with vascular
disease, more severe depressive symptoms are related to lower
anisotropy (a putative indicator of poor white matter health)
in the white matter underlying the right vAC. These findings
suggest an important role for the health of white matter at the

vAC hub for mood regulation. These findings, with appropriate
replication and expansion, may lead to the development of better
treatment approaches for older adults with vascular disease, with
the added goal of identifying those at greatest risk for developing
depressive symptoms. Based on recent findings by Khalaf et al.
(2015), we posit that aggressive treatment of vascular disease may
be an important mitigator of white matter degeneration, which
is related to depression as well as treatment non-response in
older adults. Further, somatic interventions for depression may
be more effective when targeted to the right hemisphere in older
adults with vascular disease. We hope that greater understanding
of the neural substrates of depressive symptoms will help inform
treatment strategies for patients with vascular disease.
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