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Abstract

Background—Vascular pathology is common in late-life depression (LLD) and may contribute
to alterations in cerebral blood flow (CBF) and cerebrovascular reactivity (CVR). In turn, such
hemodynamic deficits may adversely affect brain function and clinical course. The goal of this
study was to examine whether altered cerebral hemodynamics in depressed elders predicted
antidepressant response.

Methods—21 depressed elders completed cranial 3T MRI, including a pseudo-continuous
Avrterial Spin Labeling (pcASL) acquisition on both room air and during a hypercapnia challenge.
Participants then completed 12 weeks of open-label sertraline. Statistical analyses examined the
relationship between regional normalized CBF and CVR values and change in Montgomery-
Asberg Depression Rating Scale (MADRS) and tested for differences based on remission status.

Results—10 participants remitted and 11 did not. After controlling for age and baseline
MADRS, greater change in MADRS with treatment was associated with lower pre-treatment
normalized CBF in the caudal anterior cingulate cortex (CACC) and lateral orbitofrontal cortex
(OFC), as well as lower CVR with hypercapnia in the caudal medial frontal gyrus (cMFG). After
controlling for age and baseline MADRS score, remitters exhibited lower CBF in the cACC and
lower CVR in the cMFG.

Limitations—Our sample was small, did not include a placebo arm, and we examined only
specific regions of interest.
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Conclusions—Our findings suggest that increased perfusion of the OFC and the ACC is
associated with a poor antidepressant response. They do not support that vascular pathology as
measured by CBF and CVR negatively affects acute treatment outcomes.
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1. Introduction

Late life depression (LLD), or Major Depressive Disorder occurring in individuals over age
60 years, is a heterogeneous disorder with a community prevalence of approximately 4-5%
(Taylor 2014a; Park et al. 2015). It is more common in medically ill populations and is
associated with greater medical comorbidity, including higher rates of vascular risk factors
(Taylor et al. 2004, Colloby et al. 2012). Such observations contributed to the ‘vascular
depression’ hypothesis (Alexopoulos et al. 1997) that proposed “cerebrovascular disease
may predispose, precipitate and perpetuate some geriatric depressive syndromes.” This
theory led to substantial research in LLD investigating the influence of vascular disease on
the occurrence and outcomes of depression (Taylor et al. 2013). However, despite a large
body of research, the mechanisms by which sub-ischemic vascular disease may influence the
presentation or course of depression remain unclear.

The “Hypoperfusion Hypothesis,” proposes that reductions in cerebral perfusion negatively
affect brain circuits involved in cognition and mood regulation, and so influence the
presentation of depression (Taylor et al. 2013). Ilinesses common in LLD, such as
hypertension, diabetes, and atherosclerosis, contribute to vascular pathology by causing
vascular wall hypertrophy, endothelial cell dysfunction, and reduced arterial diameter and
distensibility (de la Torre 2012; Dandona et al. 2004;). This vascular pathology is often
greater in individuals with LLD (Paranthaman et al. 2010; Greenstein et al. 2010) and
negatively affects the cerebral vasculature’s autoregulatory processes (Direk et al. 2012;
Tiemeier 2002), resulting in decreased cerebral blood flow (CBF; m1/100g/min) in brain
regions supplied by affected vessels. When severe, such hypoperfusion may lead to ischemia
but even milder deficits in CBF may negatively affect protein synthesis required for neuronal
function (Kleim et al. 2003; Debiec et al. 2002;). In turn, these deficits may contribute to
abnormal cognitive function (Heo et al. 2010; Rabbitt et al. 2006).

Past work supports that depression is associated with altered CBF, although results are not
always consistent across studies. Positron Emission Tomography (PET) and Single Photon
Emission Computed Tomography (SPECT) measures of blood flow demonstrate global and
regional changes in CBF in individuals with major depression, including differences in the
prefrontal cortex, the anterior cingulate cortex (ACC), temporal, and parietal regions.
Studies of unmedicated depressed adults demonstrate reduced CBF in the middle and
inferior frontal gyri and the right anterior cingulate gyrus (Monkul et al. 2012), while studies
of antidepressant non-responders found higher CBF in the prefrontal and cingulate cortices
(Brockmann et al. 2009) and higher CBF in middle temporal regions (Videbech et al. 2001).
CBF in different brain regions may also be related to particular depressive symptoms. For
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example, subgenual cingulate cortex CBF is inversely correlated with insomnia while
orbitofrontal cortex CBF is positively correlated with anxiety (Perico et al. 2005).
Importantly, the majority of studies focus on younger or midlife adult populations rather
than specifically on older adults.

MRI techniques such as Arterial Spin Labeling (ASL) also measures CBF. ASL MRI holds
several advantages over PET and SPECT techniques, as it is safe and non-invasive with no
ionizing radiation or exogenous contrast requirement. ASL uses arterial water magnetization
as an endogenous tracer and measures CBF by subtracting the signal from consecutively
acquired images with and without magnetic arterial blood water labeling (Williams et al.
1992). The use of ASL to study depression is limited and, as seen with PET and SPECT
studies of perfusion, results have been inconsistent. In depressed adult populations,
significant reductions in CBF are reported in the ACC and inferior prefrontal cortex (Ota et
al. 2014, Lui et al. 2009) while treatment-resistant patients exhibit increased CBF in the
prefrontal cortex and subgenual and rostral ACC (Duhameau et al. 2010). A study in
depressed adolescents identified both regional increases and decreases in CBF, finding
reduced CBF in the inferior frontal gyrus and dorsolateral prefrontal cortex, but increased
CBF in the subcallosal cingulate gyrus (Ho et al. 2013). Finally, CBF differences in
depression may not be limited to gray matter, as LLD is associated with increased CBF in
subcortical white matter (Colloby et al. 2012).

CBF alone does not provide a complete picture of dynamic vascular processes.
Cerebrovascular reactivity (CVR) is a measure of the vasculature’s ability to modify CBF in
response to metabolic or vascular demands and can be measured experimentally using a
pharmacological challenge with acetazolamide (Noguchi et al. 2011) or more recently, a
mild non-invasive hypercapnic challenge where levels of inhaled carbon dioxide are
increased (Zaharchuk et al. 1999; Donahue et al. 2014). Vascular pathology may thus not
only contribute to a reduction in basal CBF, but could also impair the ability of the
vasculature to respond to increased metabolic needs if the parenchyma is operating near
autoregulatory capacity or if the mechanisms of vasoreactivity are themselves impaired
(Glodzik et al. 2011). CVR to hypercapnia decreases with age and is impaired in individuals
with vascular disease or increased cerebrovascular risk factor severity (Glodzik et al. 2011;
Hajjar et al. 2010; Lu et al. 2011). Such CVR findings may have clinical significance as
reduced CVR may predict cognitive decline (Silverstrini et al. 2006).

The aim of the current study was to determine whether baseline measures of CBF and CVR
are predictive of antidepressant response in older depressed adults. Based on our
hypoperfusion hypothesis, we hypothesized that poor response to a 12-week open-label trial
of sertraline would be associated with lower frontocingulate CBF and less CVVR in response
to a hypercapnia challenge. We also hypothesized that remitters will exhibit higher
frontocingulate baseline CBF than non-remitters. However, as studies in other age groups
have associated increased CBF with depression (Chi et al. 2015) we also examined whether
increased CBF was associated with clinical outcomes.
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2. Methods

2.1. Design and sample

The study included twenty-one depressed subjects aged 60 years or older who met DSM-IV-
TR criteria for Major Depressive Disorder. The Mini-International Neuropsychiatric
Interview (MINI) (Sheehan et al. 1998) assessment was administered at the start of the study
to determine psychiatric diagnoses and the results were confirmed by a clinical interview
conducted by a geriatric psychiatrist (WDT). At study entry, participants had to have
Montgomery-Asberg Depression Rating Scale (MADRS) (Montgomery and Asberg 1979)
score of 15 or more and a Mini-Mental Status Exam (MMSE) (Folstein et al. 1975) of 22 or
more.

Exclusion criteria included (1) current or past diagnoses of other Axis | psychiatric
disorders, including panic disorder and substance dependence; (2) any use of illicit
substances (such as marijuana or cocaine) or abuse of prescription medications (such as
benzodiazepines or opiates) within the last three months ; (3) presence of acute suicidality;
(4) current or past psychosis; (5) primary neurologic disorders, including dementia or history
of stroke or transient ischemic attacks; (6) chronic untreated medical disorders where
treatment was warranted; (7) need for continuous oxygen use or any medical disorder where
the hypercapnia challenge would put the subject at increased risk; and (8) contraindications
for magnetic resonance imaging (MRI). Other exclusion criteria pertaining to antidepressant
treatment included (1) receiving ECT in last 6 months; (2) use of antidepressant medications
in the last month (or the last 6 weeks for fluoxetine); (3) known allergy or hypersensitivity to
sertraline; (4) a failed therapeutic trial of sertraline in the current depressive episode; and (5)
current or planned psychotherapy.

Participants were recruited from community advertisements and clinical referrals to the
Vanderbilt University Medical Center Psychiatry Outpatient Clinics. The Vanderbilt
Institutional Review Board approved the study and all participants provided written
informed consent.

2.2. Assessments, antidepressant treatment and monitoring

At baseline, participants provided demographic data and completed screening assessments
including the MINI and the MMSE. As part of their clinical interview, the study psychiatrist
evaluated depression severity with the MADRS, assessed medical comorbidity using the
Cumulative IlIness Rating Scale for Geriatrics (CIRS-G) (Miller et al. 1992), and quantified
vascular risk using the Framingham Study stroke risk prediction tool (Wolf et al. 1991).

Participants who met entry criteria but were currently taking antidepressant medications had
those medications tapered and discontinued. They were antidepressant-free for at least two
weeks prior to MRI. A minority of depressed participants took sedatives as needed for sleep
at bedtime, either zolpidem (5-10mg, N=4) or lorazepam (1mg, N=1). For these individuals,
MRI was scheduled in the early afternoon to assure there were no residual drug effects from
the night before.

J Affect Disord. Author manuscript; available in PMC 2018 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Daou et al.

Page 5

After completing cranial MRI, participants entered a 12-week open-label trial of sertraline.
Sertraline was started at 25mg for two days, and then increased to 50mg daily. If tolerated
and indicated by continuing depressive symptoms, the dose could be increased by 50mg
every two weeks to a maximum dose of 200mg daily. For subjects who experienced
problems with tolerability, reductions to the previous dose were allowed. Participants had
study contacts every two weeks, via clinic visits every 4 weeks with scheduled telephone
calls in the intervening 2 week intervals. At each contact, depression severity was measured
via MADRS along with assessments for adverse events and medication compliance.

2.3. MRI Acquisition

All participants were scanned on the same research-dedicated 3.0T Philips Achieva whole-
body scanner (Philips Medical Systems, Best, The Netherlands). All subjects completed
ASL and structural imaging with data acquired using body coil radiofrequency transmission
and a 32-channel head coil for reception. Structural imaging utilized a whole-brain T1-
weighted MPRAGE image with TR/TE = 8.7/4.6 and spatial resolution = 0.9 x 0.9 x 1.2
mm, along with a FLAIR image for hyperintensity assessment, using TR = 10,000, Tl =
2700, and TE = 125. During scan sessions participants wore a close-fitting oxygen facemask
that covered the mouth and nose. Air mixtures were provided continuously at 12 L/min
using this setup. Physiological monitoring during ASL sequences was achieved using an In
Vivo Research Inc. device and Millenia Vital Systems Monitoring System (3155 MVS). This
allowed for the measurement of arterial oxygen saturation fraction and exhaled end-tidal
CO», (EtCO») using a nasal cannula throughout the gas delivery paradigms.

A pseudocontinuous ASL (pCASL) sequence was used for CBF and CVR assessments
(representative images shown in Fig. 1). This utilized a 1.65s labeling pulse train consisting
of Hanning-windowed 0.7ms pulses, followed by a post-labeling delay of 1.6s (TR=4s,
TE=14ms; spatial resolution = 3 x 3 x 7 mm?3). A separate equilibrium magnetization image
was acquired with identical geometry but spin labeling preparation removed for Mg
calculation. The entire sequence included 75 total dynamics alternating between
normocapnia (room air) and hypercapnia. For CBF measures, participants received medical
grade room air (approximately 20.9% O, and 78.1% N, with a balance of other trace
atmospheric elements). These data were drawn only from the first four minutes (30
dynamics).

For CVR assessment, identical pCASL sequences were obtained during a hypercapnic
normoxia challenge where participants inhaled a mixture of 5% CO, with 21% O, and 74%
N». To prevent prolonged continuous exposure to hypercapnic conditions and assure safety,
this stimulus paradigm consisted of two blocks of hypercapnic normoxia (2 min; 15
dynamics each) interleaved with medical-grade room air (2 min;15 dynamics). The
hypercapnic blocks were combined for analyses, while the interleaved room air block was
discarded.

2.4. MRI Analyses

After correcting for motion using mcflirt (in the FSL package), ASL images were pairwise
subtracted to get a difference in the magnetization image for each dynamic. These data were
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then averaged across time within each condition (medical air or hypercapnic normoxia) to
consolidate the results and decrease noise. CBF was quantified via application of the flow-
modified Bloch equation (Alsop et al. 2015) using a per-slice modified post-labeling delay
(slicedt) of 23ms. The Mg image was registered to the average control image to allow Mg to
be applied in a voxel-wise manner. As recommend by Alsop et al. (2015), we used a labeling
efficiency of 0.85.

We utilized FreeSurfer tissue segmentation and cortical parcellation of the T1 data to obtain
regions-of-interest limited to gray matter regions in the frontal lobe and cingulate cortex.
FreeSurfer (version 5.1) analyses were conducted in a high-performance Linux cluster
environment using standard previously published methods (Fischl 2004; Fischl et al. 2004).
All FreeSurfer parcellations were inspected and manual edits performed as needed. To allow
for comparison across subjects and utilize region-of-interest analyses, all ASL images were
co-registered to the T1 images using FSL’s flirt with a mutual information cost function
limited to six degrees of freedom. To avoid altering the ASL data, we then inverted that
transform to register the T1 images into the ASL space and applied this transform to the
FreeSurfer parcellation using nearest-neighbor interpolation. This allowed us to calculate the
mean and median CBF value for each region of interest in each condition (medical air or
hypercapnic normoxia). To eliminate outliers and the endovascular signal from the median
and mean calculations, we only included voxels within a wide physiological CBF range
between 1 and 100 ml/100g/min.

White matter hyperintensity (WMH) volumes, findings on T2-weighted or FLAIR images
that are related to cerebral ischemia, were measured using the Lesion Segmentation Toolbox
(Schmidt et al. 2012). This was implemented through the VBM8 toolbox in SPM8, using the
default threshold of 0.3. In native space, each voxel on the T1 image is assigned as gray
matter, white matter, or CSF. After bias-correction the FLAIR is coregistered to the T1
image. The toolbox initially creates a conservative binary WMH map based on outlier values
across the T1 and FLAIR images. Next, a lesion-growth algorithm using Markov Random
Fields modeling extends this conservative map to define the extent of the WMH. This lesion
map is then used to calculate total cerebral WMH volume.

2.5. Statistical Analyses

All data analyses were conducted using SAS 9.4 (Cary, NC). Regional CBF measures
utilized medical air ASL data only and were normalized for total cerebral perfusion,
calculated as regional CBF divided by total cortical CBF. Regional CVR measures were
calculated as the difference in CBF between hypercapnic normoxia and medical air
conditions, divided by CBF on medical air. Based on our hypotheses, we focused on frontal
lobe and cingulate lobe subregions as delineated by FreeSurfer segmentation.

Using these CBF and CVVR measures, we examined three sets of potential relationships
between ASL measures and depressive symptoms. As advanced age is associated with
vascular risk factors, vascular pathology, and WMH severity, we included age as a covariate
in all models. First, in models controlling for age, we examined the relationship of CBF and
CVR with baseline depression severity measured by MADRS. Next, in models controlling
for age and baseline MADRS score, we examined as the primary outcome measure, the
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relationship of CBF or CVR with change in depression severity over the course of the 12-
week trial. As a secondary outcome measure, we tested for differences in CBF between
individuals who did and did not remit over the course of study participation, defining
remission as a final MADRS score of 7 or less. We similarly tested for differences based on
response, defined as a 50% or greater improvement in MADRS score. For individuals who
completed at least one follow-up assessment but withdrew early we used a last observation
carried forward (LOCF) approach, wherein the last available MADRS score was used as the
final score.

Finally, in post-hoc analyses, we examined the effect of WMH volumes on ASL measures
and whether WMH measures altered the observed relationships between ASL measures and
change in depression severity. For these analyses, we focused only on frontocingulate
regions implicated in previous analyses. To examine total cerebral WMH effects on ASL
measures, we examined CBF or CVR as dependent variables, with independent variables of
age and WMH volume. To examine whether WMH volume altered previous findings, we
added it as an additional independent variable to models examining change in depression
severity while controlling for age and baseline MADRS score.

Twenty-one eligible patients were enrolled in the study, took sertraline and completed at
least one follow-up session. An additional 10 participants enrolled in the study but were
withdrawn prior to receiving study medication as they did not meet entry criteria (2 due to
concomitant medication issues, 4 did not meet the minimum depression severity criterion
and 4 due to MRI contraindications). Using a definition of remission of achieving a final
study MADRS of 7 or less, 10 participants remitted (R) and 11 did not (NR). There were no
statistically significant differences between remitting and non-remitting subjects in
demographic variables, baseline MADRS scores, MMSE score, or medical comorbidity
severity, either globally measured by the CIRS or related to specific vascular risk measured
by the Framingham Study stroke risk prediction tool or WMH volume (Table 1). The mean
final daily dose of sertraline was 97.5 mg (SD=46.3mg, range 50-200mg) for remitting
participants and 144.4mg (SD=58.3mg, range 50-200mg) for nonremitting participants (t =
1.95, 19df, p = 0.0675).

3.1 Analyses of CBF

We first tested for a relationship between CBF and baseline MADRS. After controlling for
age, baseline MADRS was not significantly associated with regional CBF in any frontal or
cingulate region (data not shown). In subsequent analyses controlling for age and baseline
MADRS, change in MADRS score was associated with CBF in the lateral orbitofrontal
cortex (OFC) (F1,17 = 6.20, p = 0.0234) and caudal anterior cingulate cortex (CACC) (Fq 17 =
7.19, p = 0.0157). In these models, regional CBF was negatively associated with subsequent
MADRS change, so a higher baseline CBF was associated with less MADRS change (Fig.
2). Finally, we tested for differences in baseline CBF between remitters and nonremitters
while controlling for age and baseline depression severity. We detected a statistically
significant group difference in the cACC (Remitters (R): 0.98 (0.07); Nonremitters (NR):
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1.05 (0.08); F1 17 = 4.59, p = 0.0469), but not in the lateral OFC (R: 0.93 (0.08); NR: 1.02
(0.17); F1 17 = 2.04 p = 0.1709) or other frontocingulate regions. Similar results were
observed when examining response, defined as a 50% improvement in MADRS score, with
a group difference observed in the cACC (Responders (N=12): 0.99 (0.07); Nonresponders
(N=9): 1.06 (0.09); F1 17 = 4.62 p = 0.0463) but not lateral OFC (Responders (N=12): 0.94
(0.09); Nonresponders (N=9): 1.02 (0.18); Fq 17 = 1.41, p = 0.2506).

3.2 Analyses of CVR

Hypercapnia data were available for 18 participants (10 remitting and 8 nonremitting
participants). All participants exhibited the expected increase in exhaled CO2 levels during
the hypercapnia challenge. We observed a mean exhaled CO2 level (EtCO,) on medical air
of 43.06 mmHg (5.31) and a mean hypercapnic normoxia EtCO, level of 49.33 mmHg
(4.35), resulting in a mean increase of 6.28 mmHg (SD=2.30; t = 11.60, 17df, p < 0.0001).
There were no significant differences in these measures between remitters and non-remitters.

After controlling for age, we did not find any significant relationships between baseline
MADRS and CVR in any frontocingulate region. Subsequent analyses controlling for age
and baseline MADRS only found a statistically significant relationship between change in
MADRS and caudal medial frontal gyrus (c(MFG) CVR (Fq 14 = 7.89, p = 0.0139). This was
a negative relationship; greater CVR in the cMFG was associated with less MADRS change
(Fig. 3). We also found that cMFG CVR differed by remission status (R: 0.068 (0.091); NR:
0.217 (0.193); Fy1 14 = 5.29, p = 0.0373) and response status, using a definition of 50%
improvement in MADRS score (Responders (N=11): 0.072 (0.087); Nonresponders (N=7):
0.233(0.203); F1 14 = 4.94, p = 0.0432). CVR did not significantly differ between remitting
and nonremitting subjects in any other frontocingulate region.

3.3. Effect of MRI hyperintensity volumes on observed relationships with CBF and CVR

In post-hoc exploratory analyses we first examined the relationship between WMH and ASL
measures, focusing on the regions identified in the analyses described above. In models
controlling for age, we found that WMH volume was not significantly associated with CBF
of the lateral OFC or cACC (data not shown). In a similar model, we did not observe a
relationship between WMH volume and cMFG CVR (data not shown).

Next we examined whether addition of WMH to models predicting change in MADRS over
the study altered the observed relationships with ASL measures. Adding WMH volume to
models described above did not significantly alter the observed relationship between change
in depression severity and lateral OFC CBF, cACC CBF, or cMFG CVR (data not shown).

4. Discussion

In this pharmacoimaging ASL-MRI study, our primary finding was that higher pre-treatment
CBF in the lateral OFC and cACC was associated with less change in depression severity
over 12-weeks of open-label sertraline. Additionally, greater CVR (a greater change in CBF
during hypercapnia) in the cMFG was also associated with less change in depression
severity. Similar findings were observed when testing for differences between remitters and
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nonremitters. There were no frontocingulate regions where poor antidepressant response was
related to lower CBF or lower CVR.

These findings are contrary to our initial hypothesis, as we anticipated that regional
reductions in CBF and lower CVVR would be associated with poor antidepressant response.
These findings thus do not appear to support our Hypoperfusion Hypothesis (Taylor et al.
2013) that posits that reductions in CBF would be associated with the persistence of
depressive symptoms. However, our association of increased CBF with poor antidepressant
response is supported by studies associating higher perfusion in frontocingulate regions with
either diagnoses of depression or poor response to treatment, including temporal structures
such as the amygdala and hippocampus and frontal areas such as the inferior frontal gyrus
and OFC (Chen et al. 2011; Duhameau et al. 2010; Weiduschat et al. 2013). The ACC has
been similarly implicated in depression, with increased perfusion and metabolic activity
identified in the subgenual ACC (Duhameau et al. 2010, Su et al. 2014) or subcallosal ACC
(Ho et al. 2013) although these regions are not the same as observed in our study. In contrast
to our hypothesis that reduced CBF would be related to vascular pathology, our findings of
regionally increased CBF may represent underlying increases in metabolic activity of these
regions (de la Torre 2012; ladecola 2004).

Detection of a signal associating response with CBF in the OFC and cACC may be related to
functional interactions between these regions. The OFC, which has been previously
associated with LLD (Taylor et al. 2007), is involved in stimulus evaluation and encoding,
playing a key role in the hedonic experience by representing the affective value of stimuli
and contributing to decision making (Kringelbach 2005). It is functionally connected to the
ACC, which is in turn involved with multiple cognitive processes including the encoding the
subjective value of stimuli and action selection (Gleichgerrcht et al. 2010). Importantly, the
OFC and ACC are structurally connected through the uncinate fasciculus, a fiber tract
wherein damage is also associated with poor antidepressant response in older adults (Taylor
et al. 2014b). Thus, these regions play a key role in decision making, and through further
connections, are involved in the reward system. Imaging studies support alterations in the
reward system in depression (Tremblay et al. 2005), while dysfunction of these regions is
thought to impair executive function and decision making in late-life depression and
neurodegenerative diseases (Gleichgerrcht et al. 2010; Elderkin-Thompson et al. 2009).
Thus, while contrary to our initial hypothesis, these findings support that increased CBF in
these regions, potentially as a marker of increased metabolic activity, may serve as a marker
of a decreased likelihood of responding to a serotonin reuptake inhibitor. Supportingly, past
PET studies have associated pre-treatment hyperactivity in the subgenual and pregenual
ACC with failure to respond to antidepressant treatments (Konarski et al. 2009, Mayberg et
al. 2005, Yang et al. 2009).

The functional significance of increased CVR in the caudal middle frontal gyrus (cMFG)
being associated with poor antidepressant response is unclear. Again, this finding is contrary
to our initial hypothesis and does not support that vascular pathology is contributing to
dysfunction in this region. The cMFG is part of the broader dorsolateral prefrontal cortex, a
region involved in attention, executive function, and cognitive control that is implicated in
both functional connectivity and structural studies of LLD (Chang et al. 2011; Alexopoulos
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et al. 2012). Hypothetically, it is possible that increased CVR may reflect compensatory
processes in a suboptimally performing region. However, this needs to be further examined
in other studies, perhaps including other markers of vascular pathology.

As we focus on LLD, it is important to consider how these findings fit in context of aging.
Normal aging is associated with increased perfusion of the anterior cingulate cortex and
medial temporal lobe, but decreased perfusion in superior temporal regions and the OFC
(Lee et al. 2009). Regional increases in CBF are hypothesized to be a compensatory
response, potentially playing a role in early neuropathology. For example, although Mild
Cognitive Impairment and Alzheimer’s Disease are generally associated with reduced
parietal and temporal CBF (Zhang et al. 2017), some have observed regional hyperperfusion
in asymptomatic individuals at risk for Alzheimer’s Disease (Ostergaard et al. 2013).
Although an admittedly controversial hypothesis, some have proposed that increased CBF,
not decreased CBF, may represent vascular pathology early in disease processes (Jespersen
and Ostergaard 2011). In this model, microvascular disease may result in red blood cells
traversing capillaries in a heterogeneous fashion with a higher overall velocity. This would
result in red blood cells being present in the capillary bed for a shorter period, with oxygen
transfer being less efficient, thus requiring a higher CBF to maintain required oxygen
delivery. It is also possible that CVR may be higher because of similar processes.

To our knowledge, this is the first study to examine regional baseline measures of CBF and
CVR as predictors of subsequent antidepressant response. Other studies have focused on
general hemodynamic changes in relation to treatment. Some show CBF to be elevated in
depression in temporal, frontal and anterior cingulate regions, and this may decrease after 6
weeks of escitalopram treatment (Kaichi et al. 2016). CVVR is reportedly reduced in
depression (Neu et al. 2004, Lemke et al. 2010) but tends to improve in those who remit to a
euthymic state (Lemke et al. 2010).

Strengths of the study include use of ASL as an imaging modality and our standardized
method of creating the hypercapnia challenge, resulting in the expected increase in exhaled
carbon dioxide and allowing us to measure CVR. ASL MRI is low-risk, reliable and easy to
use compared with other radiologic techniques that measure perfusion.

Our study also has limitations including a relatively small sample size that limits the power
of our results and may have prevented us from detecting subthreshold findings, especially
since LLD is a heterogenous diagnostic category. This limitation is somewhat mitigated as
the remitted and nonremitted groups did not exhibit significant differences in clinical or
medical variables. Moreover, as the majority of participants exhibited a mild to moderate
level of depression severity, enrollment of a more severely affected cohort may have changed
our conclusions. While we chose to focus on certain regions of interest (ROI) based on our
background knowledge regarding the role they play in depression, we may have missed
signals in other regions by failing to examine signals outside these ROIs. Additionally, as we
this is an open-label study that did not include a placebo group, the relationship between
ASL measures and clinical response is not necessarily entirely related to the drug effect.
Placebo responses are common in depression trials, but occur through neural pathways that
may be distinct from those involved in drug responses (Mayberg et al. 2002). Finally, in our
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effort to be comprehensive in our search for the various implicated regions, we did not adjust
for multiple comparisons given the preliminary nature of these data. When considering the
overall study in context of these limitations, study results should be viewed cautiously.
These findings require replication using a more rigorous controlled trial design.

5. Conclusions

Our study in a LLD population does not support that cerebral hypoperfusion is associated
with response to antidepressants. However, we did find regions where increased baseline
CBF was associated with poor antidepressant response. Prior work associates increased
metabolism in these regions with poor response. While our CBF findings may reflect
differences in metabolic activity in these areas, this is another hypothesis that warrants
further corroboration. Future work should incorporate additional measures to obtain a
broader view of CBF in context of bran metabolism. It should also examine whether the
hypoperfusion hypothesis may inform us of vulnerability to depression or whether it is
related to the cognitive presentation of LLD.
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Highlights
. Vascular pathology is greater in and mechanistically related to late-life
depression.
. Cerebrovascular reactivity (CVR) is a measure of dynamic vascular processes.
. Frontocingulate cerebral blood flow (CBF) is associated with antidepressant
response.
. Greater CBF may reflect greater regional metabolic activity.
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Fig. 1.
Example of CBF and CVR Images, Images from a representative subject displaying the T1-

weighted image (left) with the corresponding normocapnia CBF image (center) and
hypercapnia CBF image (right). Darker red colors indicate higher levels of CBF, while blue
indicates low CBF. CBF scales between 0-60 ml/100g/min.
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Relationship between cerebral blood flow on room air and change in depression severity,
Figures show relationship between regional cerebral blood flow (x-axis) and change in
depression severity by MADRS (calculated as baseline MADRS - final MADRS). Both
figures demonstrate that individuals with the highest CBF in the lateral OFC and caudal
ACC exhibited the least change in depression severity with sertraline treatment.
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Fig. 3.
Relationship between cerebrovascular reactivity and change in depression severity, Figure

shows the relationship between caudal middle frontal gyrus CVR (calculated as the
difference in CBF between hypercapnic normoxia and medical air conditions, divided by
CBF on medical air) and change in depression severity by MADRS (calculated as baseline
MADRS - final MADRS). Individuals with the highest CVR exhibited the least change in
depression severity with sertraline treatment.
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Differences between sertraline remitters and nonremitters

Remitters (SD)  Nonremitters (SD) t-value pvalue
(N=10) =
Age 69.1(7.7) 67.1(6.9) 0.63  0.5341
Sex (% F) 63.6 (7) 60.0 (6) - 1.0000
Education - yrs. 159 (2.1) 15.0 (1.6) 1.13 0.2717
Framingham 9.7 (4.1) 9.9(3.7) 0.12 0.9036
CIRS 45(2.9) 4.9(2.8) 0.33  0.7438
WMH volume (ml) 6.8 (9.5) 9.8 (12.6) 0.61 05481
MMSE 28.1(1.3) 28.6 (1.4) 0.77  0.4529
MADRS, baseline 26.8 (4.8) 28.0 (5.0) 056  0.5806
MADRS, final 3.0@3.2) 18.8(5.1) 8.37 <0.0001
Cortical CBF, room air 33.1(4.5) 34.6 (7.1) 0.56 0.5796
Cortical CVR N=10 N=8 0.84 0.4106
0.08 (0.09) 0.11 (0.09)

Page 19

Continuous variables presented in mean (standard deviation), categorical as percent (number). Comparison of continuous variables made using
pooled, two-tailed t-tests with 19 degrees of freedom, except for group comparisons of cortical CVR which had 16 degrees of freedom due to a
smaller sample. Comparison of categorical variables (sex) made using a Fisher’s exact test. CBF = cerebral blood flow, CIRS = Cumulative IlIness
Rating Scale, CVR = cerebrovascular reactivity, MADRS = Montgomery-Asberg Depression Rating Scale, MMSE = Mini-Mental State Exam,
WMH = white matter hyperintensity
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