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Baseline brain perfusion and brain structure
in patients with major depression: a multimodal
magnetic resonance imaging study
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Background: Abnormal regional cerebral blood flow (rCBF) and grey matter volume have been frequently reported in patients with
major depressive disorder (MDD). However, it is unclear to what extent structural and functional change co-occurs in patients with MDD
and whether markers of neural activity, such as rCBF, can be predicted by structural change. Methods: Using MRI, we investigated
resting-state rCBF and brain structure in patients with MDD and healthy controls between July 2008 and January 2013. We acquired
perfusion images obtained with continuous arterial spin labelling, used voxel-based morphometry to assess grey matter volume and inte-
grated biological parametric mapping analyses to investigate the impact of brain atrophy on rCBF. Results: We included 43 patients and
29 controls in our study. Frontotemporal grey matter volume was reduced in patients compared with controls. In patients, rCBF was re-
duced in the anterior cingulate and bilateral parahippocampal areas and increased in frontoparietal and striatal regions. These abnormal-
ities were confirmed by analyses with brain volume as a covariate. In patients with MDD there were significant negative correlations be-
tween the extent of depressive symptoms and bilateral parahippocampal rCBF. We found a positive correlation between depressive
symptoms and rCBF for right middle frontal cortical blood flow. Limitations: Medication use in patients has to be considered as a limita-
tion of our study. Conclusion: Our data suggest that while changes of cerebral blood flow and brain volume co-occur in patients with
MDD, structural change is not sufficient to explain altered neural activity in patients at rest. Abnormal brain structure and function in pa-
tients with MDD appear to reflect distinct levels of neuropathology.

Introduction

In the past 2 decades, functional and structural neuroimaging
techniques have been developing rapidly, yielding a large
body of research addressing neural correlates of major depres-
sive disorder (MDD). Neuroimaging has substantially shaped
our understanding of depressive etiopathology, indicating its
potential to become an objective tool of diagnostic, therapeutic
and prognostic value.! In MDD, first neuroimaging studies
examined cerebral metabolism by means of positron emission
tomography (PET). Predominantly left-sided decreased re-
gional cerebral blood flow (rCBF) in the dorsolateral prefrontal
cortex (DLPFC), medial prefrontal cortex (MPFC) and anterior
cingulate cortex (ACC) were found.?® Comparing periods of
acute illness with periods of recovery, remission of depressive

symptoms was associated with a significant increase in rCBF
in the left DLPFC cortical midline regions, such as the MPFC
and ACC, suggesting state-relatedness of metabolic altera-
tions.* Pretreatment metabolism in the rostral (pregenual) part
of the ACC was reported to predict positive treatment re-
sponse,”” whereas hypermetabolism in the subcallosal part of
the ACC was related to treatment resistance.®! Different treat-
ment modalities have been shown to target distinct regions of
the brain in patients with MDD. For instance, cognitive behav-
ioural therapy was found to be associated with increased me-
tabolism in the hippocampus and dorsal ACC together with
metabolic decreases in prefrontal areas. In contrast, pharmaco-
therapy with paroxetine was related to prefrontal metabolism
increases and subcortical decreases.'” Based on a rapidly grow-
ing body of neuroimaging evidence, specific neurobiological
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models of MDD have been put forward. Current concepts
emphasize the pathophysiological relevance of networks in-
volved in mood regulation, such as corticolimbic—prefrontal—
amygdalar—pallidostriatal-mediothalamic pathways and
amygdalar-subcallosal ACC circuits.'** Complementing
neuroimaging data, genome-wide association studies have
identified a number of candidate loci contributing to MDD
susceptibility,’® such as the serotonin (5-HT) transporter
gene, the brain-derived neurotrophic factor (BDNF) gene,'
the neuronal calcium channel CaV1.2 (CACNAIC) gene or
the presynaptic active zone protein Piccolo (PCLO) gene."”
Genetic variation likely defines intermediate phenotypes pre-
senting with aberrant brain function, as reflected by activity
changes of a mood-regulating circuit including prefrontal re-
gions, the ACC and basal ganglia.*®

In patients with MDD both brain function and structure
have been found to be abnormal. Structural MRI studies indi-
cate widespread cortical and subcortical loss of brain volume
involving prefrontal areas, particularly orbitofrontal, dorsolat-
eral and dorsomedial regions, together with volume reduc-
tions of the ACC, hippocampus and striatum.’®2* These re-
gions have also been found to exhibit aberrant activity at rest
and during cognitive or emotional challenge,® suggesting
considerable spatial overlap between regions exhibiting both
abnormal brain structure and function. Considering both MRI
and PET data, a recent meta-analysis suggested that regional
volume loss and regions exhibiting metabolic changes in pa-
tients with MDD partly overlap.® At present, there is still con-
siderable uncertainty whether abnormal neural activity is
coupled to regionally confined brain volume loss or whether
distinct MRI modalities may provide complementary and es-
sentially nonredundant information on neural dysfunction in
patients with MDD. For instance, it is possible that regional
volume loss substantially affects levels of neural activity; in
this case functional alterations in patients with MDD may be
regarded as epiphenomena. Alternatively, abnormal brain
volume and aberrant neural activity could reflect distinct lev-
els of neuropathology, each differentially contributing to
symptom expression during the course of the disorder. Al-
though multimodal neuroimaging together with analysis
techniques that directly integrate structural data and func-
tional data have been shown to be suitable to address such is-
sues,” ¥ studies investigating both brain structure and neural
activity in patients with MDD are scarce.

In the present study, we investigated brain structure and
resting-state rCBF in patients with MDD and healthy controls
using high-resolution structural data and MRI perfusion
images obtained with continuous arterial spin labelling
[CASL].*® This method uses magnetically labelled arterial
blood water to trace and quantify regional changes in CBF as
a surrogate measure reflecting underlying neural activity.*® It
allows safe, economical and noninvasive repeated measure-
ments with high stability over time.?"** The specific aims of
the present study were three-fold. First, under naturalistic
treatment conditions, we were interested in identifying rCBF
changes at rest in a clinically well-characterized and rela-
tively large sample of adult patients with MDD. Second, to
account for possible effects of brain volume change in the pa-

tient group, we integrated high-resolution structural data
with the CBF data analyses for patients and controls, correct-
ing for regional brain atrophy across the whole brain. Third,
in patients with MDD we explored the association between
rCBF and clinical features, such as the severity of depressive
symptoms and the duration of illness, including the number
of depressive episodes. Based on cerebral perfusion data in
adolescent,® adult***¢ and late-life depression*” and on PET
findings reporting metabolic changes in patients with MDD,
we predicted that patients would exhibit abnormal lateral
prefrontal, anterior cingulate and medial temporal rCBF
compared with controls. Given that regions exhibiting abnor-
mal neural activity and aberrant brain volume in patients
with MDD may spatially overlap, we expected that correc-
tion for brain atrophy would also affect rCBF data. Consider-
ing the extant data,*® we specifically expected to find signifi-
cant associations between prefrontal volume loss and rCBF.
In contrast, we expected to find ACC and basal ganglia blood
flow to be unrelated to the extent of regional volume.

Methods
Participants

We recruited patients with MDD at the Department of Psych-
iatry and Psychotherapy III, University of Ulm, Ulm, Ger-
many. None of the patients was recruited through study-
specific advertising. Medication use did not preclude patients
from participating in the study. All patients were electrocon-
vulsive therapy (ECT)-naive at the time of scanning. No pa-
tient fulfilled criteria for treatment-resistant depression.??
Exclusion criteria were history or presence of any medical or
neurologic disorder, drug or alcohol abuse and previous
head trauma with loss of consciousness.

Healthy controls were recruited from the general commun-
ity via personal communication. Individuals with a past or
current diagnosis of any psychiatric disorder; drug or alcohol
abuse or dependence, as documented using the Structured
Clinical Interview for DSM-IV (SCID); drug treatment other
than oral contraception; or a positive family history of neuro-
logic diseases and mental disorders were not eligible for par-
ticipation in the control group.

We assessed handedness using the Edinburgh Inventory.*
Diagnostic assessments using the German versions of the
Structured Clinical Interview for DSM axis I and II disorders
(SCID) were performed by trained raters. In addition to a de-
tailed interview conducted by an experienced clinical psych-
iatrist involved in the study (N.D.W., RC.W., N.V,, ZS.V,
B.J.C), case notes were reviewed to corroborate a definitive
diagnosis of MDD and exclude comorbid axis I or II disor-
ders. Depression severity was evaluated using the Beck De-
pression Inventory* (BDI) and the 21-item Hamilton Rating
Scale for Depression*> (HAMD-21).

All participants were recruited for MRI scanning exclu-
sively under resting-state conditions (i.e., no other experi-
mental tasks were involved). The local ethics committee (Ulm
University, Germany) approved our study protocol, and we
obtained written informed consent from all participants.
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Continuous arterial spin labelling MRI
Data acquisition

We obtained CASL brain volumes using a 3 T MRI system
(Magnetom Allegra, Siemens) equipped with a head volume
coil at the Department of Psychiatry and Psychotherapy III at
Ulm University. Scanning was carried out in darkness, and
all participants were explicitly instructed to keep their eyes
closed, not to think about something special, not to fall asleep
and to move as little as possible. Adherence to these instruc-
tions was verified by verbal contact immediately after the
scan and as part of a postscanning exit interview.

We opted to use MRI-based perfusion CASL because this
method appears better suited than blood oxygen level-
dependent (BOLD) techniques for investigating slow changes
in neural activity that could otherwise be biased by scanner
drifts, has a high stability over longer time scales and gener-
ates data that are statistically independent over time under
the null hypothesis (i.e., the data do not possess autocorrela-
tion).* Technical details on the CASL sequence used in this
study have been described in more detail elsewhere.® Briefly,
the labelling plane was 8 cm beneath the centre of the im-
aging sections. We used 20 radiofrequency pulses of 100 ms
duration and a gap of 7.5 ms for labelling. The mean duration
of each control or labelling image acquisition was 2142.5 ms.
In order to reduce transit-related effects, a delay of 1 s be-
tween the end of the labelling pulses and image acquisition
was introduced. Off-resonance artifacts were controlled by a
sinusoidally amplitude-modulated version of the labelling
pulse. We acquired T,-weighted interleaved label and con-
trol images using a gradient-echo echo-planar imaging (EPI)
sequence (matrix size 64 X 64 pixels, repetition time [TR] 4 s,
echo time [TE] 16 ms, bandwidth 3.005 Hz/Px). Eighteen
transversal slices were positioned along the anterior-
posterior commissure (AC-PC) line (thickness 5 mm, 1.5 mm
gap), and the in-plane resolution was 3.44 x 3.44 mm so that
effective resolution in x, y, z direction was 3.44 x 3.44 x
6.5 mm?, respectively, to cover the entire brain. The perfusion
block for all participants comprised 80 acquisitions of
labelled and control images, with a total duration of 320 s.

Data analysis

Preprocessing and statistical analyses of perfusion data were
performed using SPM8 (www.fil.ion.ucl.ac.uk) in combina-
tion with software implemented in MATLAB 7.3 (Math-
Works) for use as a toolbox under SPMS8. The toolbox code is
based on a MATLAB script by H.Y. Rao and J.J. Wang from
the Center for Functional Imaging at the University of Penn-
sylvania that implements a single compartment CASL perfu-
sion model® for reconstructing images of raw perfusion and
quantified rCBF in millilitres/100 g tissue/min (http://cfn
.upenn.edu/perfusion/software.html). The individual images
underwent realignment to the first image, reslicing and gener-
ation of perfusion-weighted images by pairwise subtraction of
the label and control images followed by conversion to quan-
tified rCBF. This procedure also incorporated the calculation

of a mean EPI by averaging across all acquired EPI images
and the coregistration of the mean EPI to individual T, im-
ages. The rCBF images were normalized to the canonical
Montreal Neurological Institute (MNI) space by applying the
transformation matrices estimated from the normalization of
the individual high-resolution T-weighted MRIs to a stan-
dard T, template of 3 X 3 x 3 mm?® voxels. The normalized
rCBF images were then smoothed with a 3-dimensional (3D)
10 mm full-width at half-maximum (FWHM) kernel.

To prepare group comparisons of rCBF data, we computed
individual mean rCBF images for each participant within the
framework of the general linear model (GLM) with the time
course of the volumes mean as a covariate to reduce spatially
coherent noise. During this analysis rCBF images were scaled
to a grand mean of 50. No temporal filtering was used. We
compared patients and controls at the second level using a
2-sample t test model including mean rCBF images per par-
ticipant and group together with age, sex and individual
grand mean CBF averages as nuisance variables. The latter
were included to regress out unspecific changes in overall
CBF. Inference of meaningful local group differences was
based on a correction for multiple comparisons at the cluster
level, using an uncorrected height threshold of p < 0.005 to-
gether with an extent threshold of p < 0.05.% All analyses
were inclusively masked by a statistical parametric map com-
prising voxels with positive rCBF values that were signifi-
cantly (p < 0.05) different from zero when averaged across
both groups of patients and controls.

Structural MRI
Data acquisition

For CASL, high-resolution structural data were acquired
using the same 3 T head MRI system (Magnetom Allegra,
Siemens). The MRI parameters of the 3D magnetization-
prepared rapid gradient-echo sequences were as follows: TE
3.93 ms, TR 2080 ms, inversion time (TI) 1100 ms, field of
view (FOV) 256 mm, slice thickness 1 mm, resolution 1.0 x
1.0 x 1.0 mm?, 256 slices.

Data analysis

We conducted a voxel-based morphometry (VBM) analysis
using Christian Gaser’s VBM toolbox (http://dbm.neuro
.uni-jena.de/vbm8/) running within SPM8. The segmenta-
tion algorithm used by this toolbox is based on an adaptive
“Maximum A Posterior” (MAP) technique. This approach
does not require a priori information about tissue probabil-
ities (i.e., the tissue probability maps are used for spatial nor-
malization only).* During the MAP estimation local param-
eter variations are modelled as varying spatial functions, thus
accounting for intensity inhomogeneity and other local inten-
sity variations. During the data segmentation step, each par-
ticipant’s original T, image was spatially normalized and seg-
mented into grey and white matter and cerebrospinal fluid
(CSF). This segmentation procedure is followed by partial
volume estimation,”® data denoising based on a spatially
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adaptive nonlocal means filter,** and the application of
Markov Random Fields.* The toolbox also integrates normal-
ization using DARTEL. With DARTEL, deformations are pro-
duced by exponentiation of a velocity field thus ensuring that
the Jacobian determinants always remain positive. This pre-
condition guarantees that the transformations are inversely
consistent through generating both forward and inverse
transformations from the same flow field.*” After data pre-
processing, the modulated normalized grey matter segments
were smoothed using a 10 mm FWHM Gaussian kernel be-
fore between-group analyses at the second level. To test for
grey matter volume differences between groups, we used
2-sample f tests with age and sex included as nuisance vari-
ables. Using VBM8 we saved modulated images by correct-
ing for nonlinear warping only, which results in data cor-
rected for head size. Given that total intracranial volume
(TIV) significantly differed between controls and patients, we
nevertheless chose to include TIV as an additional nuisance
variable to remove any potential residual effect of TIV differ-
ences in the modulated images. For completeness, results de-
rived from between-group comparisons not covaried for TIV
are provided in Appendix 1, Fig. S1, available at jpn.ca.

In second-level analysis models we used an absolute
threshold of 0.2 to prevent effects located at tissue border re-
gions. Local group differences were considered significant
when surviving a correction for multiple comparisons at the
cluster level. To achieve this significance we used an uncor-
rected height threshold of p < 0.005 together with an extent
threshold of p < 0.05.%

Regional CBF data with brain volume as covariate

In order to investigate perfusion changes controlled for
voxel-wise regional atrophy we used the Biological Paramet-
ric Mapping (BPM) toolbox (www.ansir.wfubmc.edu).*® The
BPM analysis algorithm is based on a voxel-wise use of the
general linear model (GLM)* and permits integration of mul-
tiple imaging modalities (e.g., functional and structural data)
as regressors in voxel-based analyses. The BPM algorithm
solves a GLM analysis where imaging data can be used as a
covariate. Prior to BPM individual normalized and modu-
lated grey matter volume maps were interpolated to the
voxel size of the functional data to achieve the same spatial
resolution for both modalities. We investigated between-
groups rCBF differences using an analysis of covariance
(ANCOVA) model, as implemented in BPM. Within this
model, individual grey matter volume maps (as obtained by
the VBM analysis) were included as covariates, together with
age, sex, TIV and individual grand mean rCBF averages. We
considered between-group differences to be significant when
surviving a correction for multiple comparisons at the cluster
level (uncorrected height threshold of p < 0.005, extent
threshold of p < 0.05).

For all analyses (structural data and rCBF data, both uncor-
rected and corrected for brain atrophy), stereotaxic coordin-
ates obtained by between-group comparisons are reported as
coordinates of cluster-maxima in MNI space. Anatomic re-
gions were labelled according to the Talairach Daemon labels

and the Automatic Anatomic Labelling atlas (AALY), imple-
mented in the Wake Forest University (WFU) PickAtlas tool-
box (http:/ /fmri.wfubmc.edu/software/PickAtlas). To facili-
tate comparisons between the different analyses, Appendix 1,
Table S1 displays stereotaxic coordinates and z scores for both
SPM8 and BPM outputs, and Appendix 1, Fig. S2 displays re-
sults of both SPM8 and BPM analyses. To evaluate potential
effects of medication in patients, we reanalyzed all the im-
aging data using a medicated subsample of patients with
MDD (demographic characteristics and clinical scores are
shown in Appendix 1 Table S2). Detailed results of these an-
alyses are shown in Appendix 1, Table S1 and Fig. S3. Poten-
tial effects of psychotropic treatment were additionally inves-
tigated using psychotropic medication status as nuisance
variable. Grey matter volume and rCBF between-group an-
alyses on the second level were recalculated using antidepres-
sant monotherapy or drug combinations as distinct covariates.

Brain structure and function: region-of-interest analyses

In addition to BPM, we performed exploratory region of in-
terest (ROI) analyses to investigate associations between grey
matter volume and rCBF in patients. Based on meta-analyses
of volumetric abnormalities in patients with MDD, %% we
first identified regions consistently reported to exhibit lower
grey matter volume in patients with MDD (i.e., MPFC, ACC,
hippocampus and striatum [putamen and caudate nucleus]).
Subsequently, we defined ROIs using the AAL, including the
following regions: medial orbitofrontal cortex, ACC, hippo-
campus, caudate and putamen. Since we did not have spe-
cific hypotheses on lateralization, we chose a bilateral spatial
distribution. We applied these masks to VBM and CASL
within-group analyses based on 1-sample t test models ad-
justed for age and sex and thresholded at p < 0.005, uncor-
rected for height. For each ROI, we extracted mean grey mat-
ter volume parameter estimates and mean rCBF values.
Exploratory correlation analyses (p < 0.05, uncorrected) be-
tween grey matter volume and rCBF were calculated offline
using the Statistica software package version 6.0.

Correlations with clinical measures

We chose a nonparametric analysis to minimize potential ef-
fects of data outliers and of a non-Gaussian distribution of
the data. Spearman rank correlations within the entire MDD
patient group were calculated using mean rCBF values from
clusters showing significant differences between patients and
controls and clinical measures. Using MarsBar,” we extracted
individual participants” voxelwise rCBF values averaged
across clusters. These values were subsequently analyzed
using the Statistica software package version 6.0 (StatSoft
Inc.). As a nominal level of significance, we identified a level
of p < 0.05 adjusted for multiple comparisons using false-
discovery rate (FDR) correction® according to the number of
ROIs (clusters showing between-group differences) and clin-
ical measures (BDI, HAMD, duration of illness, number of
episodes) for which correlations were computed (adjusted to
p <0.0260).
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Results
Participants

We included a total of 43 patients with MDD and 29 healthy
controls, matched for age, education and right-handedness in
this study (Table 1). Thirty-three patients were treated as in-
patients, 7 patients were treated in our hospital’s day clinic
and 3 were outpatients. Twenty-nine patients were on a stable
psychotropic drug regime at the time of the scanning (Appen-
dix 1, Table S3). Patients who were on medication were treated
for a mean period of 1.33 months before scanning. Nine of
29 patients received a new drug treatment regime for approxi-
mately 1 week without showing clinical improvement within
this period. The others were on medication for at least 2 weeks
but did not show signs of substantial clinical improvement
under their respective treatment regimes.

Continuous arterial spin labelling MRI

Patients showed lower rCBF than controls in the cuneus, bi-
lateral parahippocampal cortex (PHC) and subgenual ACC.
Higher rCBF in patients was found in right temporoparietal
regions, in a cluster comprising predominantly right frontal
regions (middle, medial and superior frontal gyri) and in
right striatal areas (lentiform nucleus and caudate; Fig. 1,
Table 2 and Appendix 1, Table S1). Abnormal rCBF in these
regions was confirmed in the medicated patient subsample
(Appendix 1, Fig. S3 and Table S1). In rCBF between-group
analyses adjusted for medication status patients showed
lower rCBF than controls in the cuneus, bilateral PHC and
left superior temporal cortex. The subgenual ACC did not
survive correction for spatial extent. Compared with controls,
patients showed higher rCBF in right frontoparietal regions
(superior and inferior parietal cortices; superior, middle and
medial frontal cortices), left superior and middle frontal gyri
and right lentiform nucleus (Appendix 1, Table S4).

Structural MRI

Patients had lower grey matter volume than controls in the
right middle and superior temporal cortices (MNI space x, y,

z=65,1,-9; z score 3.99 v. x, y, z = 57, —48, 21; z score 3.13;
k =501) and in the left superior frontal/middle frontal gyrus
(x,y,z=-17,1, 67; z score 3.13; k = 320; Fig. 2 and Table 2).

Considering the medicated patient subsample (1 = 29), these
participants showed lower grey matter volume than controls in
inferior and middle temporal regions, the right inferior frontal
gyrus, left middle and superior frontal gyrus, precentral cortex
and bilateral cingulate gyrus (Appendix 1, Fig. 54 and supple-
mentary Table S5). In between-group analyses of grey matter
volume adjusted for medication status patients showed lower
grey matter volume than controls in the right middle frontal
(MNI space x, y, z = 30, 39, 43; z score 3.11; k = 259), right middle
temporal (x, y, z = 57, 42, -5; z score 2.97; k = 218) and right me-
dial frontal cortex (x, y, z =4, 64, 12; z score 2.77;k =228).

Regional CBF data covaried for brain structure

The BPM essentially aligned with the findings from the an-
alysis uncorrected for structural change: patients showed
lower rCBF than controls in the cuneus, bilateral PHC and
subgenual ACC. Higher rCBF in patients was found in the
right striatum, right temporoparietal areas and in a cluster
comprising predominantly right middle, medial and superior
frontal regions (Appendix 1, Table S1 and Fig. S2).

Considering the medicated patient subsample, these par-
ticipants also showed higher rCBF in the left middle frontal
gyrus in addition to those regions of abnormal rCBF that
were already detected by analyses uncorrected for structural
change (Appendix 1, Table S1 and Fig. S3).

Region of interest analyses

The ROI correlations between grey matter volume and rCBF
did not yield significant findings (correlation plots available
on request from the authors).

Correlations with clinical measures

In the patient group there were significant negative correla-
tions between right parahippocampal rCBF and HAMD
scores (p = —0.45, p = 0.003) and BDI scores (p = -0.37, p =
0.016). We found a positive correlation between right middle

Table 1: Demographic and clinical characteristics of the study sample

Group, mean + SD*

Characteristic Control, n =29 MDD, n =43 p value
Age, yr 34.5+10.7 37.1+£10.9 0.32
Education, yr 149+26 10415 0.009
Sex, male:female 11:18 17:26 —
Duration of illness, yr — 72+7A1 —
No. of episodes — 31+19 —
BDI score 15+24 29.0+9.3 < 0.001
HAMD score 0917 209 +5.1 < 0.001
TIV, mL 14175+ 125.9 1352.2 + 114.6 0.026

BDI = Beck Depression Inventory; HAMD = Hamilton Rating Scale for Depression; MDD = major depressive
disorder; SD = standard deviation; TIV = total intracranial volume.

*Unless otherwise indicated.
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frontal cortical blood flow and BDI scores (p = 0.38, p = 0.012;
Fig. 1). We found trends toward significance (not surviving
the FDR-corrected threshold for multiple comparisons) when
correlating HAMD scores with ACC rCBF (p = -0.32, p =
0.04) or with left parahippocampal blood flow (p =-0.34, p =
0.027). We found no significant correlations between rCBF
and duration of illness or number of episodes.

Discussion

We investigated rCBF at rest and brain structure in patients
with MDD. Five main findings emerged. First, in patients
with MDD rCBF was reduced in subgenual anterior cingu-
late and bilateral parahippocampal areas and increased in
frontoparietal and striatal regions. Second, grey matter vol-
ume was reduced in patients with MDD in temporal and
frontal regions. Third, the between-group differences in rCBF
did not substantially change when voxel-wise correction for
brain volume was applied, nor did ROI-based analyses re-
veal significant associations between grey matter volume and
rCBF in patients with MDD. Fourth, changes in rCBF but not
in grey matter volume correlated with individual expressions
of symptom severity. Finally, we found no significant associ-
ations between rCBF and illness duration or number of de-
pressive episodes.

In contrast to previous PET findings, we detected hypo- but
not hyperperfusion of the subgenual ACC. Patient sample char-
acteristics may account for this divergence (for example, see the
review by Lorenzetti and colleagues®), but methodological as-
pects of the selected neuroimaging technique should also be
considered. For instance, perfusion measures in healthy controls
indicate both regional and individual differences with some-
times higher ASL-CBF values than ["O]JPET-CBF values in corti-
cal areas despite overall similar results between ASL and PET.®
Also, in neuropsychiatric diseases such as Alzheimer disease,
ASL and FDG-PET have been shown to detect similar, but not
identical, perfusion/metabolism abnormalities,”*! suggesting
complementary and nonredundant information provided by
both imaging modalities. Modality-dependent characteristics,
however, cannot fully account for our finding of lower rCBF in
the subgenual part of the ACC. Concomitantly, previous MRI-
based perfusion studies in adults did not find rCBF differences
between healthy controls and patients with MDD in this re-
gion.¥” > In another report, only patients with poor treatment re-
sponse exhibited hypoperfusion of the ACC,* indicating that
lower cingulate blood flow may be associated with drug-related
clinical outcomes. In accordance with our present findings, a re-
cent transdiagnostic study reported lower ACC blood flow in
adult patients with MDD than in healthy controls and patients
with schizophrenia.® It appears that patterns of blood flow or
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Fig. 1: Regions with abnormal regional cerebral blood flow (rCBF) in patients with major depressive disorder (MDD; n = 43) compared with
healthy controls (n = 29). Results of the second-level between-group analysis (p < 0.005, uncorrected at the voxel level; p < 0.05, corrected
for spatial extent). The color bar indicates t values. Correlation plots show the association between rCBF and depression scores in patients
with MDD (p < 0.05, false discovery rate—corrected). Left: association between Beck Depression Inventory (BDI) scores and right middle fron-
tal cortical blood flow (p = 0.38, p = 0.012). Middle: association between BDI scores and right parahippocampal blood flow (p = —-0.37 and p =
0.016). Right: association between HAMD scores and right parahippocampal blood flow (p = —0.45 and p = 0.003).
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metabolism may be critically linked to clinical aspects of the
disorder, especially when studied cross-sectionally. Patients
in our sample were acutely ill but have not yet been charac-
terized treatment-refractory, for whom hyperperfusion® or
hypermetabolism® in the subcallosal regions of the ACC
have been reported.”

Decreased rCBF in the PHC in the acute phase of the ill-
ness is consistent with reported lower mean medial temporal
lobe blood flow in adolescent depression.® Perfusion deficits
of medial temporal lobe structures may partly explain cogni-
tive deficits, particularly mnemonic and executive functions,
in patients with MDD.5%! Higher striatal perfusion revealed
in our sample might be part of the overall increased activity/
responsiveness of limbic structures according to currently
hypothesized MDD models.®* Different forms of antidepres-
sant therapy modulate activity in key regions associated with
mood regulation and affective processing, most notably in
lateral prefrontal cortices and the ACC.®* Accordingly, when
considering psychopharmacological therapy, increased stria-
tal perfusion might be more pronounced in unmedicated pa-
tients, being attenuated by antidepressant treatment. Hyper-
perfusion in the frontoparietal regions is in accordance with
some previous CBF findings in patients with MDD, particu-
larly derived from single-photon emission computed tomog-

raphy (SPECT) investigations.>*% This may be explained by
the fact that most patients were on antidepressants. Non-
medicated patients may present prefrontal hypoperfusion
when measured with ASL.% %

Major depressive disorder has been repeatedly associated
with brain volume change.’*?* 21222 Volume reduction of the
ACC, as found in our medicated patient subsample, is a ro-
bust finding in patients with MDD.'¥2! Furthermore, volu-
metric decrease of this brain structure correlated significantly
with both cross-sectional symptom burden in acute depres-
sion® and with MDD illness duration.®® To our knowledge,
only 1 study so far has combined ASL with measures of corti-
cal thickness,* whereas a recent transdiagnostic study inves-
tigating patients with MDD and schizophrenia used whole-
brain grey matter volumes to account for partial volume
effects in ASL data.”® Perfusion changes observed in these
studies were not related to structural change.> Similarly, al-
though based on correlations between brain volume and
brain activity at rest, a recent study conducted in medication-
naive patients with MDD reported no overlap between func-
tional abnormalities and volume reduction.”” In synopsis
with these data, our present findings support the notion that
abnormal patterns of brain activity in patients with MDD
could occur in the absence of structural deficits, at least

Table 2: Brain areas showing brain perfusion changes at rest in unmedicated and medicated patients with MDD (n=43) compared to controls (n=29)*

SPM analysis BPM analysis
No. of No. of
Comparison Region X y z z voxels Region X y z z voxels
Controls > Right cuneus 16 -90 8 457 2703  Right cuneus 15 -90 8 455 2725
patients
Right parahippocampal 24 —24 -16 3.21 Right parahippocampal 22 —26 -14 3.45
gyrus gyrus
Left parahippocampal -18 -26 -18 3.54 449 Left parahippocampal -18 —26 -18 3.40 389
gyrus gyrus
Left anterior cingulate -8 26 -6 3.44 214 Left anterior cingulate -8 28 -6 3.48 238
Patients > Right inferior parietal 34 -62 44 4.23 1955 Right inferior parietal 34 -62 44 4.31 1933
controls lobule lobule
Right middle temporal 52 —45 8 3.43 Right middle temporal 52 —45 8 3.47
gyrus gyrus
Right middle frontal 20 28 46 4.07 2905 Right middle frontal 20 28 46 4.09 3242
gyrus gyrus
Right medial frontal 10 25 44 3.91 Right superior frontal 25 32 38 3.95
gyrus gyrus
Right superior frontal 8 30 48 3.91 Right medial frontal 8 25 44 3.72
gyrus gyrus
Right middle frontal 38 15 45 3.72 Right middle frontal 38 15 45 3.53
gyrus gyrus
Left middle frontal -24 20 50 3.25 Right middle frontal 40 -2 52 3.47
gyrus gyrus
Right superior frontal 20 55 10 3.38
gyrus
Left middle frontal —24 20 50 3.22
gyrus
Right lentiform nucleus 20 10 -2 4.03 848 Right lentiform 22 10 —4 4.30 896
nucleus
Right caudate 15 10 12 3.58 Right caudate 16 10 12 3.55

BPM = Biological Parametric Mapping; MDD = major depressive disorder; SPM = Statistical Parametric Mapping.
*Results of second-level t tests (standard SPM8 analysis) and analysis of covariance (BPM analysis), p < 0.005 uncorrected at the voxel level, p < 0.05 corrected for spatial extent.
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within the limits given by predefined detection thresholds of
whole-brain VBM and cortical thickness comparisons. Thus,
functional and structural change might differentially contrib-
ute to the development, maintenance and individual expres-
sion of affective symptoms. This said, we are aware that the
neural abnormalities observed in our patient sample may not
be specific to MDD. Prefrontal, anterior cingulate and tempo-
roparietal regions have been shown to exhibit abnormal vol-
ume and activity in patients with other affective disorders
(e.g., bipolar disorder®®®) or in patients with depressive co-
morbidity and affective dysregulation, such as borderline
personality disorder (BPD).” It is possible that rCBF changes
in our patient sample and the relationships between rCBF
and depressive symptoms could reflect associations between
neural activity and psychopathology independent from a
diagnosis of MDD. Future transdiagnostic studies are war-
ranted to identify structural and functional signatures that
are associated with specific symptom dimensions and
psychopathology independent of disorder category. Such in-
vestigations essentially acknowledge the limited associations
between neurobiology and current clinical diagnoses.”

Limitations

We acknowledge several limitations to our study. It is im-
portant to note that CASL is a relatively new technique
compared with PET, SPECT or even BOLD fMRI,”* which
might partly account for the lack of clinically relevant data
in psychiatric samples™ acquired with this specific method.
Also, findings obtained under resting-state conditions do
not necessarily imply either intact or deficient function of
distinct brain regions when active cognitive, social or affect-
ive processing is required. While we sought to acquire data
unbiased by explicit stimulus manipulation, we acknow-
ledge that resting-state functional neuroimaging data are
conducted in a poorly controlled experimental environ-
ment, so we cannot directly relate CBF changes in patients
to specific cognitive or affective events occurring during the
scan. Recently, in patients with MDD reciprocal associations
between neural activity and rumination have been reported
for hippocampal, inferior and superior frontal and anterior
cingulate regions.”*”” Contrasting our findings with the ex-
tant literature, it is noteworthy that we observed very lim-
ited overlap between regions exhibiting abnormal rCBF in
patients and brain regions that were found to be associated
with rumination in patients with MDD. Yet given that we
didn’t explicitly assess these symptoms, definitive conclu-
sions cannot be drawn from the present findings. Further-
more, most of the included patients were on antidepressant
treatment, and it is now well-recognized that drug treat-
ment can modulate activity in several regions of the de-
pressed brain, most markedly in lateral prefrontal and
anterior cingulate regions.®”® The substantially lower
proportion of unmedicated patients and the associated loss
of power prevented us from computing separate analyses
for medicated and unmedicated individuals. As an attempt
to differentiate between medicated and unmedicated pa-
tients, we performed subsample analyses and additionally

controlled for psychotropic drug treatment as covariates of
no interest. In line with previous reports,’** we found dif-
ferences in grey matter volume depending on medication
status. In the medicated patient subsample grey matter vol-
ume loss was found to be more widespread, and covaria-
tion for drug treatment did not fully replicate findings ob-
tained across the entire patient population. For rCBF,
however, results obtained across the entire sample were
replicated in the medicated patient subgroup, and adding
medication status as a covariate did not substantially alter
the main findings of our study. In analyses covaried for
drug treatment the ACC did not survive correction for spa-
tial extent, yet the reduction of degrees of freedom in this
type of analysis could have contributed to this result. Al-
though patterns of rCBF perfusion change in the MDD
group appear to generalize across medicated and unmedi-
cated patients, further research in larger samples of un-
medicated individuals is needed to characterize medication
effects on brain perfusion in more detail. Aberrant brain
structure and function has been reported in euthymic indi-
viduals with MDD,”7-8! suggesting a pattern of neural dys-
function that persists after clinical remission, although in
patients with MDD brain activity can change over time as a
function of treatment.®® Given our cross-sectional study de-
sign, we cannot sufficiently address the question whether
the observed rCBF changes in patients with MDD reflect
state or trait aspects of the disease. The correlations between
rCBF and depressive symptoms scores (HAMD, BDI) in the
absence of a significant association between rCBF and dura-
tion of illness suggest correlates of acute symptom exacer-
bation, yet this notion needs to be confirmed by follow-up
assessments.

Fig. 2: Brain regions with decreased grey matter volume in patients
with major depressive disorder (MDD; n = 43) compared with
healthy controls (n = 29). Results of the second-level between-
group analysis (p < 0.005, uncorrected at the voxel level; p < 0.05,
corrected for spatial extent). The shade bar indicates t values.
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Conclusion

Keeping the limitations of our study in mind, our findings
support the notion of abnormal frontolimbic neural activity in
patients with MDD during conditions of absent experimental
stimulation. Although several cortical regions were found to
exhibit abnormal grey matter volume, the pattern of perfusion
deficits in patients remained stable after correction for regional
atrophy across the whole brain. This indicates that volume loss
in patients with MDD does not have a substantial impact on
brain perfusion at rest and that volume loss and abnormal
rCBF may differentially contribute to symptom expression,
psychopathology and course of the illness. Future longitudinal
studies integrating multimodal neuroimaging data are needed
to disentangle these effects on neural structure and function
and to generate the predictive value of distinct neural markers
for treatment monitoring and outcome.
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