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Abstract

Decreased cerebral blood flow (CBF) may be an important mechanism associated with depression. In this study we
aimed to determine if the association of CBF and depression is dependent on current level of depression or the
tendency to experience depression over time (trait depression), and if CBF is influenced by depression-related factors
such as stressful life experiences and antidepressant medication use. CBF was measured in 254 participants from the
Amish Connectome Project (age 18-76, 99 men and |54 women) using arterial spin labeling. All participants underwent
assessment of symptoms of depression measured with the Beck Depression Inventory and Maryland Trait and State
Depression scales. Individuals diagnosed with a unipolar depressive disorder had significantly lower average gray matter
CBF compared to individuals with no history of depression or to individuals with a history of depression that was in
remission at time of study. Trait depression was significantly associated with lower CBF, with the associations strongest
in cingulate gyrus and frontal white matter. Use of antidepressant medication and more stressful life experiences were
also associated with significantly lower CBF. Resting CBF in specific brain regions is associated with trait depression,
experience of stressful life events, and current antidepressant use, and may provide a valuable biomarker for further
studies.
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Introduction regions are less consistent, with some studies reporting

increased CBF in white matter and various cortical and

Recent population surveys in the United States indicate _ : :
subcortical structures, the caudate in particular

that 7.2% of adults report having experienced a major
depressive episode in the past year,! and 13.2% of
adults report having taken antidepressant medications
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within the past 30 days.? Depression represents a mas-
sive clinical burden directly and is associated with a
greater risk for cognitive decline and cardiovascular
problems in later life.>® The need to better understand
the neurobiology of depression as well as the mecha-
nisms by which depression is related to cerebrovascular
disease has motivated investigation of cerebral blood
flow (CBF) in depression.'’

Previous studies of CBF in depression have yielded
mixed findings. Although there is consistent evidence
for decreased CBF, particularly in the anterior cingu-
late and prefrontal cortex,'' ' the findings in other
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(see Supplementary Table 1 for literature review).
Differences in clinical samples (i.e., late life depression
versus adolescent-onset depression) and imaging meth-
ods (positron emission tomography versus arterial spin
labeling, ASL) could account for some variability in
findings. As depressive mood is highly state-
dependent and tends to fluctuate, it is also unclear
whether CBF changes associated with depression are
associated with the state-dependent aspects of depres-
sion or with the lifespan predisposition to experience
depression, here termed ‘trait depression.” CBF is sen-
sitive to acute changes in neural activity, but test-retest
reliability across one week has been found to be mod-
erate to good for key gray matter regions involved in
depression,'* likely due to relatively stable factors in
vascular physiology.

In this study we examine the role of CBF in depres-
sion among individuals of Old Order Amish and
Mennonite (OOA/M) heritage. Compared to the gen-
eral American population, the OOA/M have a more
homogenous lifestyle based on agricultural work,
including similar levels of education, diet and occupa-
tions, and have low rates of substance misuse.'>'® This
may allow identification of altered regional patterns of
CBF in depression that could be difficult to detect in
more heterogeneous samples. Although this is a cross-
sectional study, we approach depression from a life-
span perspective, first by including individuals who
have had a major depressive episode in the past but
are in remission at time of study, second by assessing
severity of depression symptoms both at time of study
and across adulthood, and including participants from
a broad age range. In addition, we examined the influ-
ence of experience of stressful life events and use of
antidepressants at time of study on CBF. Stressful life
experiences are well-known as a risk factor for depres-
sion,'” and traumatic experiences in childhood have
been associated with lower CBF.'® Further variability
in CBF can be introduced by use of antidepressant
medications, as changes in CBF have been observed
following short-term challenges with medications such
as citalopram and paroxetine.'®?' In this manner we
aim to determine if there is a trait-like relationship
between depression and CBF, accounting for the con-
founding effects of age, stress, and antidepressant
treatment.

Methods

Participants

This study included 254 participants from the Amish
Connectome Project over the age of 18 without bipolar
or psychotic disorder (age range 18-76, 39% males).
The Structured Clinical Interview (SCID) for

DSM-IV or 5 was used to identify current or past psy-
chiatric disorders. Individuals with seizure disorders,
history of traumatic brain injury or cerebrovascular
accident, intellectual disability, or unstable medical
conditions were excluded. The sample included 44 par-
ticipants with history of a unipolar depressive disorder
that was in remission at time of study; 36 participants
with current unipolar depression not in remission; and
174 individuals without a history of depression or other
serious mental illness. Sex ratio was significantly differ-
ent between these groups, with women being overrep-
resented in both depression groups compared to the
control group. Further demographic information
including antidepressant medication use is provided
in Table 1. Participants gave written informed consent
approved by the University of Maryland Baltimore
IRB. All study procedures were conducted in accord
with ethical guidelines as expressed in the Belmont
Report.

Clinical assessments

Symptoms of depression were assessed quantitatively
with the Beck Depression Inventory (BDI??) and the
Maryland Trait and State Depression scales (MTSD).
The MTSD is a self-report questionnaire containing
two scales assessing depressive symptoms experienced
over the past week (state) and over the course of adult
life (trait). The MTSD was initially validated in a
sample of patients with schizophrenia and community
comparison controls.”® Further validation data for the
MTSD in the OOA/M population was included in a
more recent manuscript.”* Experience of stressful life
events was assessed using a version of the Life Stressor
Checklist-Revised®® adapted for use in the OOA/M
community. The range for this scale is 0 to 15, based
on how many items that participants indicate they have
experienced. Current stress levels were assessed with
the Perceived Stress Scale.?®

Imaging

All imaging was performed on a 3 T Siemens Prisma
scanner with a 64-channel head coil. Resting cerebral
blood flow (CBF) data were acquired using a three-
dimensional (3 D) pseudo-continuous ASL (pCASL)
with background suppressed gradient and spin-echo
sequence consisting of 13 pairs of labeled and control
scans. The acquisition parameters were: spatial resolu-
tion =2.5mm X 2.5mm x 2.6 mm, matrix size =96 x 96
with 58 axial slices, repetition time/echo time (TR/
TE) =4000/37 ms, field of view (FoV) read =220 mm,
FoV phase=100%, post-label delay = 1700 ms, label-
ing duration=1650ms, number of segments=>3.
Total scan time was approximately 10 minutes. A 3D
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Table 1. Demographic and imaging differences between individuals without history of depression, individuals with active unipolar
depressive disorder, and individuals with history of depression that was in remission at time of study.

Full sample No depression  Current depression  Past depression
(n=1254) (n=174) (n=36) (n=44) Test-statistic ~ p-value
Age (years) 41.6+ 149 41.6+154 4094153 4224129 F=.08 .98
Sex (M/F), (%M) 99/155 (39.0%)  79/95 (45.4%) 10/26 (27.8%) 10/34 (22.7%) 7> =9.80 .007
Current smoker, n 21 (8.3%) 16 (9.2%) 3 (8.3%) 2 (4.5%) »2=1.00 61
On antidepressant, n (%) 38 (15.0%) 6 (3.4%)° 20 (55.6%) 12 (27.3%) 1> =70.0 <.001
— SSRI 24 (9.4%) 5 (2.9%) 13 (36.1%) 6 (13.6%)
— SNRI 6 (2.4%) | (0.6%) 3 (8.3%) 2 (4.5%)
— tricyclic I (0.4%) 0 0 I (2.3%)
— multiple 6 (2.4) 0 3 (8.3%) 3 (6.8%)
BDI 4.1+43 14.5+8.1 65461 F=54.0° <.001
MTSD-State 0.12+0.18 0.84+0.73 0.18+0.28 F=675° <.001
MTSD-Trait 0.30£0.37 1.25+0.61 1.01 £0.79 F=68.4° <.001
Stressful life events 28+ 1.6 3.7+20 35+1.9 F=4.66° 010
Total CBF 554+938 532+10.0 577 £113 F=3.45° 032
Average GM CBF 59.1+£10.6 56.7+10.9 61.5+123 F=3.49" .032
Average WM CBF 232+46 22.1 £4.1 23.8+4.0 F=225° A1

Variance provided as standard deviation. BDI: Beck Depression Inventory; MTSD: Maryland Trait and State Depression scales; CBF: cerebral blood

flow.

*Taking antidepressants for anxiety disorders in remission at time of study.

PAge, sex and smoking status included as covariates.

T1-weighted image with the following parameters:
TR=2400ms, TE=2.22ms, TI=1000ms, flip
angle =8°, matrix =320 x 320, slices per slab=208,
0.8mm x 0.8 mm x 0.8 mm spatial resolution with
slice thickness =0.80 mm was acquired for anatomical
reference. A volume of M, image was also acquired
without background suppression to normalize the
control-label difference for CBF quantification. The
M, image was smoothed with a Smm Gaussian-
kernel to suppress effects of noise.”” CBF data analysis
was performed with the FSL software package; perfu-
sion was estimated by using a standard single compart-
ment ASL model; partial volume effects correction was
performed with a spatially regularized method.?®
Spatial regularization, motion correction and partial
volume corrections were performed in FSL v6.0.1.
Tlw image processing and registration to ASL
images were performed using the FSL commands fsl_a-
nat Oxford asl. The high-resolution structural image
provides partial volume estimates (PVE) for the differ-
ent tissue types (gray matter (GM), white matter
(WM), and cerebrospinal fluid). Partial volume cor-
rected CBF maps were used to extract the regional
CBF signals from parcellated GM and WM structures,
separately for both hemispheres, resulting in 107
regions of interest (ROIs) based on the brain template
‘Everything Parcellation Map in Eve Space’ atlas- also
called the ‘EvePM’ atlas;?® we refer to this as the JHU-
MNI atlas from now on. The ROI values were used in
the statistical analyses. Example CBF maps are shown
in Figure 1.

Statistical analyses

Comparisons of CBF and clinical measures between
individuals with depression, history of depression,
and no history of depression were conducted with
ANCOVA tests using age and sex as covariates.
Normality of variables was tested with Kolmogorov-
Smirnov tests. Depression (MTSD-trait, MTSD-state,
BDI) and depression-related variables (antidepressant
use, stressful life experiences) measures were each cor-
related with regional CBF in linear regression models
covarying for age, sex, and current smoking status. For
regional analyses, results from these analyses were con-
sidered significant if they passed Benjamini-Hochberg
correction for multiple comparisons of 107 regions with
false discovery rate ¢ set at .05.°® Secondary analyses
were based on the significant results of the primary
analyses and aimed to determine potential confounding
and interaction effects, including the role of
hematocrit.

Results

Group differences

Whole-brain average CBF differed significantly among
individuals with no lifetime history of depression (con-
trols), individuals with a diagnosis of depression in
full remission, and individuals with current depression
(F(2,248) =3.45, p=.032). Post-hoc contrasts showed
that a diagnosis of current depression was associated
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CBF maps for a representative patient participant

Figure 1. CBF maps for representative participants from the control and current depression cohorts.

with lower CBF compared to both controls (p=.014)
and depression in remission (p =.020). Similar results
were found for CBF averaged across gray matter
regions (F(2,248) =3.49, p=.032), with current depres-
sion associated with lower gray matter CBF compared
to controls (p=.014) and participants with depression
in remission (p=.020). CBF averaged across white
matter regions did not differ significantly among
groups (F(2,248)=2.25, p=.11). For regional analysis,
after controlling for multiple comparisons, there was
no individual region in which a significant difference
in CBF was found between the 3 groups.

Relationship of depression symptoms to regional CBF

Whole-brain average CBF was not significantly associ-
ated with BDI (= —.04, p=.44), but was negatively
associated with MTSD-state (f=—.11, p=.045) and
MTSD-trait (f=-.16, p=.003). No brain region
showed significant correlation between current depres-
sion symptoms as measured by BDI and CBF follow-
ing correction for multiple comparisons. Similarly,
MTSD-state depression was not significantly

correlated with CBF in any regions after correction
of multiple comparisons. In comparison, MTSD-trait
depression was significantly and negatively correlated
with CBF in 88 regions following Benjamini-Hochberg
corrections (see Figure 2(a)). The strongest correlations
were in the cingulate gyrus both in right (f=—.195,
p=.00027) and left (f=-.191, p=.00042) hemi-
spheres (see Figure 3 for scatterplot for left cingulate

gyrus).

Relationship of stress and antidepressants to
regional CBF

Greater number of past stressful life events was signif-
icantly associated with lower whole-brain average CBF
(p=-.14, p=.011) and lower CBF in 36 regions
(Figure 2(b)), after correction for multiple compari-
sons. These regions included the cingulate gyrus, hip-
pocampus, cerebellum, pons, parahippocampal gyrus,
superior occipital gyrus, and cuneus (both hemispheres
for all) as well as several white matter tracts and other
mostly occipital and parietal gray matter regions.
Levels of recent perceived stress were not significantly
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Figure 2. Areas of significant negative correlations between regional CBF and (a) trait depression; (b) stressful life events and

(c) antidepressant use at time of study, based on linear regression models covarying for age, sex and smoking. No significant positive
associations between CBF and the above variables were found. The range for colored regions is based on t score for the regression
coefficients, with the lower limit based on the minimum t score significant after correction for multiple comparisons, and the upper

limit based on the highest t score found in the set of analyses.

30

CBF L. Cingulate gyrus

-30 T T T T T
0.0 05 1.0 15 20 25 30 35

MTSD - Trait

Figure 3. Scatterplot showing relationship of MTSD-trait to
CBF in left cingulate gyrus (residual after regressing for age, sex
and smoking status).

associated with CBF in any region. Antidepressant use
was significantly associated with lower CBF in 105
regions after correction for multiple comparisons
(Figure 2(c)).

Secondary analyses

To clarify whether trait depression was associated with
regional CBF without the confounding effects of anti-
depressants, we examined the relationship of MTSD-
trait to CBF in the sample after removing participants
taking an antidepressant at time of study (n =38, leav-
ing n =216 for the analysis), covarying for age, sex, and
smoking. There were no significant associations
between trait depression and CBF that survived correc-
tion for multiple comparisons, though of the 88 regions
where this association was found above, the association
remained nominally significant (p < .05 without correc-
tion) for 5 regions (Figure 4(b)). We then repeated this
analysis in the sample excluding both participants
taking antidepressants and participants with current
depression (leaving n=200). Again, no significant
association was found after correction for multiple
comparisons, but nominally significant associations
were found for trait depression and CBF in 13 regions,
primarily cingulate gyrus and frontal white matter
(Figure 4(c)). For instance, the relationship of trait
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Figure 4. Areas of negative correlations between regional CBF and trait depression in (a) full sample; (b) sample with participants on
antidepressants removed and (c) sample with participants on antidepressants or experiencing current depressive episode removed.
The range for colored regions is based on t score for the regression coefficients for analysis A, with the lower limit based on the
minimum t score significant after correction for multiple comparisons, and the upper limit based on the highest t score found in the

set of analyses.

depression to CBF of the right cingulate cortex was
p=—.195 in the full sample but was reduced to
fp=—.147 (p = .013) in the sample not taking antidepres-
sants or f=—.161 (p=.010) in the sample not taking
antidepressants or diagnosed with active depression.
Similarly, in the full sample with the addition of antide-
pressant use as a covariate, this relationship between
trait depression and CBF of the right cingulate cortex
remained nominally significant at f=—.155 (p =.007).
These secondary analyses suggest that controlling for
antidepressant use at time of study only partially attenu-
ates the relationship between CBF and trait depression.

We also examined the correlation of fluoxetine
equivalent dosage of current antidepressant medica-
tion’! to CBF in the subset of participants taking anti-
depressants (n=38). However, these analyses showed
no correlation between antidepressant dose and CBF
that was significant for whole-brain average CBF
(p=.68) or for any region in regional analysis after
correction for multiple comparisons.

To test if hematocrit levels could have confounded
results from the primary analyses, we first examined
diagnostic group differences for hematocrit, which
showed a non-significant trend for hematocrit levels
to be lower in the current and remitted depression

groups compared to the control group (F=2.63,
p=.074). We then repeated a linear regression analysis
including both hematocrit and MTSD-trait as predic-
tors. Consistent with previous studies, hematocrit was
negatively associated with whole brain CBF (= —.54,
p <.001), and the association between MTSD-trait and
CBF remained significant (f=—.12, p=.015). Taking
a similar approach to determine if hematocrit con-
founded the relationship between antidepressant treat-
ment and CBF, we found that participants taking an
antidepressant had significantly higher hematocrit than
participants not on an antidepressant (F=15.23,
p=.023). Linear regression showed that antidepressant
was still negatively associated with total CBF even with
hematocrit added as a covariate (f=—.14, p=.003).

To test for interactions between trait depression and
either age or sex we repeated linear regression analyses
for whole brain CBF with the addition of interaction
terms. There were no significant age x MTSD-trait or
sex x MTSD-trait interactions.

Discussion

The primary findings of the study are that more severe
depression symptoms experienced across adulthood
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was significantly associated with reduced whole-brain
average CBF, and also with reduced CBF in a majority
of the brain regions, especially in the cingulate gyrus
and frontal white matter. Although present diagnosis
of a unipolar depressive disorder was associated with
lower average gray matter CBF compared to controls
or individuals with a history of depressive disorder in
remission, severity of depressive symptoms at time of
study was not significantly associated with CBF.
However, we also found evidence that use of antide-
pressant medications and greater exposure to lifetime
stressful events were also significantly associated with
decreased CBF, and when controlling for these varia-
bles the relationship between trait depression symp-
toms and CBF was largely attenuated.

Importantly, our study assessed symptoms both at
the time of study (state) and across adult life (trait).
This allowed us to address the question if there are
changes in CBF associated with the acute manifesta-
tion of depression, or the tendency to experience
depression over time. As CBF was related primarily
to trait depression, and not state depression or to the
diagnosis of depression itself, our findings suggest that
decreased CBF is more likely related to the underlying
neurovascular predisposition or longitudinal sequelae
of depression as opposed to a state-dependent change
in cerebrovascular biology or neurobiology. However,
as this is a cross-sectional study this conclusion must be
considered tentative and should be tested with a longi-
tudinal design.

The strongest regional association of trait depres-
sion was with lower CBF in the cingulate cortex, con-
sistent with the findings of multiple other studies'' '3
(see also Supplementary Table 1). This replication
despite considerable differences in clinical cohorts and
methods of measuring CBF is reassuring. Subregions
of the cingulate cortex have been strongly implicated in
research on depression. The subcallosal cingulate is one
of the major targets for deep brain stimulation treat-
ment for depression.>? Multiple studies have identified
hyperactivation or increased glucose metabolism of this
region in individuals with depression,>** even in
euthymic periods.®

The association of both greater trait depression and
antidepressant use with lower CBF raises questions
regarding the interpretation of CBF changes. Several
previous studies of acute challenge with citalopram
found decreased CBF in multiple regions of interest,
including hippocampus, amygdala, orbitofrontal
cortex, and occipital cortex.'”?! Treatment with parox-
etine for 7 days was also associated with decreased
CBF across multiple regions, most prominently frontal
and temporal cortex, as well as caudate; in contrast
bupropion had only modest effects on decreasing
CBF.?® A study in rats also found an acute decrease

in CBF following citalopram administration in multi-
ple brain regions, with concomitant decrease in glucose
consumption; the effects were most pronounced in
occipital cortex.>® In this study, use of an antidepres-
sant at time of study was strongly associated with
decreased average whole-brain CBF. Although we
cannot discount the possibility that participants
taking antidepressants represented the most severe
cases of depression, our secondary analyses indicated
that both antidepressants and trait depression were
associated with lower CBF when both were included
as covariates in linear models. Therefore, antidepres-
sant use and trait depression are both, paradoxically,
associated with lower CBF. Further complicating inter-
pretation of these seemingly contradictory findings,
there have been several recent findings of an inverse
association between resting CBF and cardiovascular
fitness.*”*® In adolescents lower resting CBF was asso-
ciated with greater performance on a battery of cogni-
tive tests, leading to the counter-intuitive hypothesis
that in some contexts lower resting CBF could indicate
greater metabolic efficiency and dynamic potential.*
Increased activity of the cingulate cortex has been
implicated in rumination and negative self-referential
thought,***" and decreased resting CBF could poten-
tially indicate greater efficiency or capacity for engage-
ment of the cingulate cortex in these behaviors.
Extending this line of reasoning, lower CBF with use
of antidepressants could represent a therapeutic down-
regulation of neural activity related to heightened per-
ception and attentiveness to negative stimuli and
memories. Longitudinal studies tracking both symp-
tom changes and CBF changes are needed to further
explain these findings. An additional consideration is
the potential for antidepressant effects on CBF to be
drug-specific, though the sample size was not sufficient
to examine the relative effect of different types of anti-
depressants. We also did not have data on past use of
antidepressants or duration of use. Regardless, our
findings demonstrate that antidepressant use should
be considered an important confound in future studies
of risk factors on changes in CBF.

Experience of more stressful life events was negative-
ly associated with CBF in multiple regions, including
hippocampus, cerebellum, and occipital and temporal
cortical areas. We should note that trait depression and
past stressful life events are significantly correlated
(r=.41, p<.001). However, the regional pattern of
the stressful life events — CBF associations indicates a
potential effect specific to the posterior circulation of
the brain, including the vascular territories of the bas-
ilar and posterior cerebral arteries, and not entirely
overlapping with the trait depression — CBF associa-
tion pattern. A study of people with Cushing’s disease,
characterized by chronic hypercortisolism, found
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reduced CBF compared to healthy controls in regions
across the cerebral cortex, including occipital, temporal
and frontal regions as well as cingulate gyrus,** consis-
tent with the association of stressful life events and
pattern of reduced CBF in cingulate, temporal and
occipital regions in this study. However, the study of
Cushing’s patients also found increased CBF compared
to controls in subcortical regions, including hippocam-
pus and parahippocampal gyrus.** Glucocorticoids
may interfere with vasodilating signaling pathways
that allow increased vascular supply in response to
increased neuronal activity.**** Our results are also
consistent with previous findings of an association
between childhood trauma and lower CBF.'® The asso-
ciation of lower CBF with more stressful life events
may also reflect some level of pathology induced by
stress-induced inflammation, possibly via endothelial
damage.*®

Our study included individuals with depression in
remission at time of study as well as individuals with
active depression to further parse past vs. current
depression effects on CBF. However, one limitation
of our study is that we also included a wide age
range of participants, without consideration to age of
onset of the depressive disorder. This approach may
miss important biological and clinical nuances specific
to child/adolescent onset or late life depression. On the
other hand, the finding of significant associations
between CBF and depression after covarying age in a
sample with a wide age range may indicate that vascu-
lar effects in depression may not be primarily depen-
dent on age of onset, though this must be directly tested
in future studies. A second limitation is that our study
focused on the OOA/M population. Rates of medical
conditions that likely influence CBF such as diabetes,
hypertension and hyperlipidemia are lower in the
OOA/M population compared to the general US pop-
ulation, due in part to lower rates of smoking and
greater levels of physical exercise.*® In the current
study we did not have data on participants’ exercise
habits or physical activity, though in general the
OOA/M are accustomed to high levels of physical
labor. The generalizability of the current results to
the other populations should be considered with cau-
tion. However, it is reassuring that our study replicated
the finding between depression and reduced CBF and
also between antidepressant use and reduced CBF.
Another limitation of this study is that we excluded
participants with serious mental illnesses other than
depression. This was due to inadequate power to com-
pare depression to bipolar disorder and schizophrenia,
and the potential that these illnesses may involve dif-
ferent pathophysiology related to CBF. This remains
an important direction for future research. In this study
we examined left and right brain regions separately to

be comprehensive, though this added to the burden of
multiple comparisons. Although we did not observe
right-left asymmetry in CBF, this may be worth
closer investigation in further studies. Another valuable
direction for future research that was not addressed in
the current work is the comparison of changes in CBF
and structural volume of corresponding regions, which
may provide further insight into the nature of structur-
al brain changes in depression.

In conclusion, experiencing more depression over
one’s adult life was found to be significantly associated
with reduced whole-brain average CBF, but in a com-
plex manner that was influenced by lifetime exposure
to stressful life events as well as use of antidepressant
medications. Further studies incorporating longitudi-
nal follow-up and measures of cerebrovascular reactiv-
ity will be necessary to advance our understanding of
the role of cerebrovascular abnormalities in depression
and its treatment.
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