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Background: Volume increases of the hippocampus after electroconvulsive therapy (ECT) are a robust
finding, pointing into the direction of neurogenesis. However, such volumetric increases could also be
explained by edema and/or neuroplastic changes (such as angiogenesis).
Objectives: If edema explains the volume increase of the hippocampus we hypothesize it would lead to
increased mean diffusivity (MD). If neuroplastic would explain the volume increase, it would lead to
decreased MD. To investigate angiogenesis as explanation we studied the perfusion fraction f and the
pseudodiffusion component D* obtained from intravoxel incoherent motion (IVIM) data, and relative
perfusion changes obtained from arterial spin labelling (ASL) data.
Methods: Using ultra-high field (7 tesla) MRI we acquired IVIM and ASL data. We compared MD, f, D* and
ASL values for both hippocampi in 21 patients (before and after 10 ECT sessions) and 8 healthy controls
(without ECT) in a linear mixed model adjusting for age and gender.
Results: We found a significant decrease in MD (which was absent in the healthy controls) in the left and
right hippocampus (t ¼ -3.98, p < 0.001). In addition, a decrease in f (t ¼ -4.61, p < 0.001, but not in
controls) and no differences in D* or ASL perfusion values (both p > 0.05) were found.
Conclusions: The decrease in MD in perfusion fraction f suggest that formation of edema nor angio-
genesis are responsible for the ECT-induced volume increases in the hippocampus. Also, it supports the
hypothesis that hippocampal volume increases might be due to neuroplastic changes.
© 2020 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
Introduction

Originated in the 1930s, electroconvulsive therapy (ECT) is the
most effective treatment for severe major depression [1e4], and is
still widely used today to treat refractory depressive disorders.
Research over the past decades focused on elucidating the mech-
anism by which ECT exerts its beneficial effects. These efforts,
benefitting from technological advancements of studying the brain
Sciences of Cells and Systems,
Groningen, Antonius Deusin-

uninga).
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in vivo and drawing from preclinical studies, yielded several
important insights [5,6].

Compelling evidence suggest that a series of ECT treatments
increases the volume of the hippocampus [7e9]. Interestingly, this
increase selectively pertains to the dentate gyrus (DG) [8,10], the
primary neurogenic region of the human adult brain (alongside the
subventricular zone) [11,12]. The observation of DG volume in-
crease adds to the plasticity hypothesis of the working mechanism
of ECT [13,14], suggesting that neurogenesis in the DG is related to
the anti-depressive effect of ECT. However, other processes could
also contribute to the volume increase seen in the DG. For example,
preclinical evidence suggest that plastic changes such as angio-
genesis or synaptogenesis, might contribute to volume increases in
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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the DG [15e17]. But, less beneficial processes such as the formation
of edema could also contribute to volume increases.

In a previous study we used ultra-high field (7 T) magnetic
resonance imaging (MRI) to measure changes in volume of the
hippocampal subfields after ECT and reported a significant increase
in volume exclusively for the DG [8]. To investigate whether this
observed increase of DG volume could be explained by either
angiogenesis or edema we now investigate the hippocampus using
diffusion weighted imaging (DWI; specifically, we acquired intra-
voxel incoherent motion (IVIM) data) and arterial spin labelling
(ASL) in the same patient group receiving ECT. We also included a
control group to assess whether changes found after ECT were due
to systematic MRI scanner artifacts (such as scanner drift).

To investigate whether edema contributes to the increase in DG
volumewe compared themean diffusivity (MD) of water molecules
pre and post ECT. The restriction of diffusion of water molecules in
the brain can be measured via diffusion weighted imaging and
expressed in MD values, where low MD values reflect high re-
striction of water molecules (e.g. restriction due to cells, axons,
dendrites etc.). In the human brain, three major types of cerebral
edema can be observed: vasogenic (i.e. accumulation of extracel-
lular fluids due to impairments of the blood-brain-barrier), cyto-
toxic (i.e. cell swelling due to cellular injury), and interstitial
(caused by cerebrospinal fluid (CSF) entering the brain via the
ependymal lining in the case of obstructive hydrocephalus) edema
[18e20]. Since interstitial edema is associated to hydrocephalus, it
is not expected to explain the volumetric increase in the DG/hip-
pocampus. Vasogenic edema constitutes the accumulation of
extracellular fluid, and therefore, it may be reflected as an increase
in MD in the hippocampus [21]. In contrast, for cytotoxic edema a
decrease in MD will be expected since the influx of extracellular
fluids into the cells will cause swelling at the expense of the
extracellular space [21]. However, cytotoxic edema does not result
in tissue swelling (only cell swelling), since there is a redistribution
of fluids from outside the cells to inside the cells and no new fluids
are added to the tissue involved, making this option less likely to
explain the growth in volume of the hippocampus [22]. If the in-
crease in volume could be explained by neuroplasticity a decrease in
MDwill be expected since the extracellular space will be filled with
newborn cells, axons, synapses, dendrites, thus decreasing the MD
(i.e. diffusion will be restricted by new tissue). In the clinical and
preclinical ECT literature to date, no cases of cytotoxic edema have
been reported. In contrast, increased permeability of the blood
brain barrier (BBB) with mild vasogenic edema has been reported
as an effect of ECT [23].

To study perfusion characteristics of the hippocampus we ac-
quired IVIM and ASL data [24,25]. The IVIM framework builds upon
the observation that at low b-values (e.g. 0e200 s/mm2) the
observed MR signal is not only influenced by apparent diffusion,
but also by the perfusion of tissue [25,26]. Within the IVIM
framework, the effects of perfusion can be disentangled from that
of diffusion at low b-values, commonly resulting in two perfusion
parameters: the perfusion fraction f and the pseudo diffusion
component D* [25,26]. These IVIM parameters have been shown to
reflect angiogenesis and correlate with the density of microvessels
in biological tissue [27]. Next to IVIM imaging, non-invasive, and
more direct MRI measurements of perfusion can be obtained by
arterial spin labelling (ASL). We employed IVIM and ASL in the
hippocampus to see whether perfusion in the hippocampus in-
creases after a series of ECT treatments. If ECT stimulates angio-
genesis, this would lead to an increase in perfusion in the
hippocampus that could potentially be measured with both IVIM
and ASL.

We hypothesize that if edema takes place after ECT this will be
reflected in increased MD, while a decrease in MD will reflect
restricted diffusion due to neuroplastic changes of the hippocam-
pus including but not limited to neurogenesis (exclusively in the
DG), synaptogenesis and angiogenesis. Furthermore, based on
preclinical literature suggesting angiogenesis in the hippocampus
after electroconvulsive seizure (ECS), we hypothesize that if
angiogenesis takes place in the hippocampus, this will be reflected
in an increase in perfusion.

Methods

Sample

All patients and controls were recruited at the University
Medical Centre (UMC) Utrecht (The Netherlands) as part of a larger
study into the effects of ECT on depression, cognition and brain
measurements. For patients we used the following inclusion
criteria: 1) age over 18 years, 2) a diagnosis of uni- or bipolar
depression (as defined by the DSM-IV-TR [28] criteria), 3) an indi-
cation for electroconvulsive therapy (based on the Dutch guidelines
for ECT). Exclusion criteria constituted: 1) treatment with ECT in
previous 6 months, 2) contraindication for MRI (e.g. a pacemaker),
3) brain pathology, 4) major medical conditions (e.g. coronary heart
disease), 5) pregnancy and/or lactation.

Healthy controls were included based on the demographic
characteristics of the patients’ sample andmatched for age, sex and
education. The only inclusion criterion constituted: an age over 18
years. The exclusion criteria were: 1) a (history of a) psychiatric
disorder (as assessed with the MINI interview [29], Dutch version),
2) contraindication for MRI (e.g. a pacemaker), 3) other brain pa-
thology, 4) major medical conditions (e.g. coronary heart disease),
5) pregnancy and/or lactation. Controls were included for the
purpose of assessing whether brain changes found are due to sys-
tematic variations between the scan sessions (e.g. scanner drift).

Written informed consent was obtained from every participant
prior to participation. The study was approved by the local Medical
Ethics Board of the UMC Utrecht. In total, 38 participants were
included based on the in- and exclusion criteria (26 patients, 12
controls).

ECT treatment

Electroconvulsive therapy treatment was carried out with a
Thymatron IV ECT machine (bifrontotemporal electrode posi-
tioning, stimulus intensity of 150% of the titrated seizure
threshold). ECT was given twice a week, for five consecutive weeks,
leading up to a total of 10 ECT sessions. Patients were excluded from
the analysis when they received less than 10 ECT sessions (one
patient in the current study). The baseline MRI measurement was
planned in the week prior to the first ECT session (usually the day
before). To minimize variability, patients were scanned in the exit
assessment in the week after the tenth ECT session (usually one day
after the tenth session). Patients received extra ECT sessions after
the exit assessment if clinically indicated.

An anaesthetic drug (etomidate/methohexital) and a muscle
relaxant (succinylcholine) was administered prior to delivering the
electrical current. A trained psychiatrist (or resident) delivered the
electrical current while an anesthesiologist and licensed nurse
monitored the patients’ vital signs. An electroencephalogram was
recorded from a single channel (right frontomastoid placement). A
motor seizure duration of at least 20 s had to be observed for an ECT
session to be considered successful (based on the Dutch guidelines
on ECT [30]). If a motor seizure duration of <20s was observed, a
new current was delivered with an energy increase of 5e10% (with
a maximum of three attempts). For all patients, seizure duration of
>20s was observed on every ECT session.
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Magnetic resonance imaging acquisition

All magnetic resonance imaging (MRI) datawas acquired using a
7T magnetic resonance imaging scanner (MRI; Philips Healthcare,
Best, the Netherlands) with a 32-channel head coil (Nova Medical,
Wilmington, MA, USA). A 3D T1-weighted TFE scan was acquired
(voxel size 1 mm isotropic; TR/TE 5.5/2.04 ms; flip-angle 6�; field of
view (FOV) 256 � 256 � 190; number of slices 190). Also, a 3D T2-
weighted TSE scan was acquired (voxel size 0.286 � 0.286 mm2 in
plane resolution, 2 mm slice thickness; TR/TE 3800/60 ms; flip
angle 90�; FOV 60� 220� 220; number of slices 30). Given that the
voxel size is highly anisotropic, it is important that the FOV of the
pre and post scan are placed exactly the same. To this end, we used
automatic scan planning (SmartExam planning) automatically
placing the FOV based on a number of anatomical characteristics of
the head (extracted from a T1-weighted scan acquired before each
T2-weighted scan). An IVIM scan (1.5 mm isotropic voxel size;
FOV ¼ 160 � 160 � 30; EPI factor ¼ 55; TR/TE: 3605/60.25 ms; flip
angle 90�; no gap; no cardiac gating) was acquired with 46 vol
consisting of one b ¼ 0 s/mm2 volume and 15 b-weighted volumes
(3 vol with orthogonal directions per b-value: 2, 4, 6, 8, 10, 25, 50,
75, 100, 200, 300, 400, 600, 800, 1000 s/mm2). A single slice flow
sensitive alternating recovery (FAIR) ASL scan was acquired (voxel
size ¼ 1.875 � 1.875 � 3mm3; TR/TE ¼ 1400/13.1 ms; FOV
128 � 128 � 1mm3; flip angle 90�). Additionally, an M0 image
(voxel size ¼ 1.875 � 1875 � 3mm2; TR/TE ¼ 2000/13.1 ms; FOV
128 � 128 � 1mm3; flip angle 90�) was acquired to internally scale
the perfusion images. The purpose of including an ASL scan was
solely to confirm a possible increase in perfusion in the hippo-
campus as measured with IVIM.

Magnetic resonance imaging processing

All data was processed using FSL, MRtrix3, ANTs, R (version
3.5.0) and MATLAB tools [31e35]. For a detailed outline of the
processing of the T1-weighted and T2-weighted data and seg-
mentation of the hippocampus please see Nuninga et al., 2019 [8].
In short, T2-weighted images were processed via the Automated
Segmentation of Hippocampal Subfields (ASHS) pipeline, and ANTs
tools [32,36,37]. Given that the voxel resolution of the IVIM scan is
relatively large (1.5 mm, isotropic) the hippocampus was chosen as
a region of interest (ROI) and not the hippocampus subfields.

IVIM datasets were preprocessed using FSL (version 5.0.9) [33]
and MRtrix3 tools [34] and MATLAB [31] functions. First, the data
was denoised, using dwidenoise [38]. Afterwards, the data was
corrected for eddy currents, subject motion and bias of the main
magnetic field using various FSL and MRtrix tools [33,34,39]. The
IVIM model was fitted to the preprocessed data with a segmented
fit (provided in the package IVIM Model fitting [40] for MATLAB)
estimating D for all b > 120 s/mm2. We note that for IVIM param-
eter estimation Dwas estimated at b > 120 s/mm2, however theMD
is computed from a subset of the IVIM volumes with stronger
diffusionweightings (500 s/mm2 < b < 1100s/mm2), which renders
it sensitive to diffusion of water in the extracellular space
[24,25,41]. IVIM maps were computed for the perfusion fraction f,
and the pseudo diffusion component D*. The diffusion unweighted
(b ¼ 0) volume was extracted from the IVIM data and registered to
the T2-weighted scan using affine registration, this registrationwas
applied consecutively to the IVIM maps [32]. The hippocampal
segment yielded by ASHS (see previous paper [8]) was used as a ROI
to extract the f and D* values from the IVIM maps. These values
were subsequently imported into R for statistical analyses (see
‘Statistical analyses’ below).

To assess the diffusivity characteristics of tissue in the hippo-
campus, the mean diffusivity (MD) was calculated at each voxel
using FSL’s dtifit on high b-values 600e1000 s/mm2 from our
dataset (preprocessed as stated above; high b-values were chosen
to minimize effects of perfusion influencing the MD values). Using
the previously computed affine transformation the MD maps were
registered to high resolution T2-space, where the hippocampal
segments were available for data extraction. MD values for the
hippocampus were subsequently extracted and imported into R for
further analysis.

ASL datasets were processed with in-house developed functions
for MATLAB. Because the only purpose of including ASL data was to
see if ASL results corroborated the IVIM findings (and absolute
quantification of ASL 7T FAIR data is not straightforward) no
quantification of the ASL data was done. Instead, we computed the
average difference between the control and the tag images (both
part of the ASL scan) and divided this by the M0-image. Differences
between the pre and post ECT scan reflect possible changes in
perfusion. ANTS tools were used to compute the affine trans-
formation between the M0-scan and the corresponding T2-
weighted scan to register the resulting ASL maps into the space
of hippocampus segments. For each subject, the hippocampus
segmentation was then used to extract ASL values, which were
subsequently imported into R for statistical analyses.

To check whether possible changes in perfusion or diffusion are
due to overall systematic differences between the pre- and post-
scan (e.g. scanner drift) an extra analysis was conducted with
values from the pons as regressor in the model. To ensure that the
ROI in the pons showed 100% overlap between the patients, a
sphere was placed in the pons comprising of 1342 voxels on the
1 mm T1-weighted MNI152 template (available in FSL; see
supplementary figure A) [33]. The T2-weighted scanwas registered
to the T1-scan using affine registration with ANTS [32]. The T1-
weighted scan was subsequently nonlinearly registered to the
1 mm MNI152-template image [33]. The inverse of both registra-
tions was then used to map the pons ROI back into native space.
Subsequently, values for the pons were extracted and imported in R
for statistical analyses.

Clinical effect

To quantify the clinical effect of ECT, the 17-item version of the
Hamilton Depression Rating Scale (HAM-D) was used [42]. The
HAM-D is widely used to assess the clinical effect of treatments for
depression [42,43].

Statistical analyses

To assess changes in diffusion and perfusion between pre and
post ECT, linear mixed models (with unstructured covariance
structures) were used (p-values < 0.05 were considered significant
from a two-sided test) [44]. For each parameter map (MD, f, D* and
the ASL map) separately, a linear mixed model was used with time
(pre/post ECT)*type(patients/controls) as fixed effect, and age, sex
as covariates and subject and hemisphere (left/right) as random
factors. Subsequently, the models were (again for each parameter
map separately), further split up into two models testing for con-
trols and patients separately. If one of these latter models showed
significant effects for time, the model was further split up into
separate models for left and right hippocampus, to see whether the
effects are driven by the left and/or right hippocampus. To examine
whether the effects were specific to the hippocampus (and not due
to an overall decrease inMD in the brain) and/or could be explained
by the increase in volume of the hippocampus, models with sig-
nificant effects for the left or right hippocampus were re-run with
volumetric measurements of the hippocampus and parameter
values in the pons as covariates (serving as an internal control



Table 2
Correlation coefficients parameter maps and Hamilton score.

Parameter map* left/right r P

MD left 0.581 0.061
right 0.065 0.850

F left 0.490 0.126
right �0.0001 0.999

D* left 0.097 0.776
right 0.086 0.798

r ¼ repeated measures correlation coefficient; p ¼ p-value; * ¼ all df ¼ 9.
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measure). Effect sizes (Cohen’s d) are computed for paired obser-
vations for patients and controls separately.

For each parameter map and for the left and right hippocampus
separately, repeated measures correlations [45] were computed to
see if a difference over time would significantly be associated to
change in depression scores (after regressing out the effects of age
and sex on parameter scores and depression scores). Afterwards, a
regression analysis was run with baseline values of the parameter
maps (only parameters that had significant effects for time in the
linear mixed model) as predictor and age, sex and baseline hip-
pocampal volume as covariates, and difference in depression scores
(baseline e exit) as dependent variable.

Results

Sample

In total, 28 participants (20 patients and 8 controls) were
analyzed (totaling 44 scan sets). See Table 1 for demographics. At
baseline, patients did not differ significantly from the controls in
terms of age, sex, handedness and IQ (Table 1). In the patient group,
the Hamilton score decreased significantly from pre to post ECT
(t ¼ 6.55, p < 0.001, effect size ¼ 0.9). Due to personal reasons (two
patients, four controls), anxiety in the scanner (one patient, one
control), less than 10 ECT sessions (one patient) and scanning ar-
tifacts (six patients, two controls), we obtained 16 (11 patients, 5
controls) complete datasets for the IVIM measurements and 13 (10
patients, 3 controls) for the ASL measurements. However, when the
data is missing completely at random linear mixed modelling is
robust to missing values allowing inclusion of participants with
either the baseline or exit measurement, which resulted in 28
participants (20 patients, 8 controls) for the IVIM measurements
and 25 for the ASL measurements (17 patients, 8 controls). The
reasons for the missing data are believed to be completely at
random (e.g. scanning artifacts).

Clinical efficacy

Patients significantly improved in depression scores (t ¼ 6.55,
p < 0.001, effect size ¼ 0.9). No significant correlations were found
between any of the parameter maps and a change in Hamilton
score (all p > 0.05; see Table 2). Baseline MD and f values were not
related to the change in depressions scores using (p > 0.05).

Mean diffusivity, IVIM f, D*, and ASL perfusion values

The first model for mean diffusivity (MD) indicated a significant
reduction for MD over time (t ¼ �4.005, p < 0.001), yet no signif-
icant effect for time*group (t ¼ 1.533, p ¼ 0.132) was found. When
split up for patients and controls, the model for patients indicated a
significant effect for time (t ¼ �3.962, p < 0.001) but not for
Table 1
Demographics of the sample.

Variable Patients Controls

Total N 21 8
Age 48.9 49.25
Gender Female 16 5

Male 5 3
IQ* 106.8 109.17
Handedness* left 3 0

right 20 5
Baseline (mean, SD) Exit (mean, SD

HAM-D 21.8(6.47) 15.25(7.56)

*n ¼ 26 c2 ¼ chi-square test statistic; diff ¼ difference; N ¼ number; IQ ¼ intelligence
controls (t ¼ �0.939, p ¼ 0.359). To see whether the effect in pa-
tients was driven by either the left or right hippocampus, the
models were further split up in two separate models for left and
right hippocampus. Both for the left (t ¼ �2.805, p ¼ 0.012) and
right (t ¼ �2.219, p ¼ 0.035) hippocampus, significant effects for
time were found (see Fig. 1). For the left hippocampus an effect size
of the paired difference of 0.85 was found, and for the right hip-
pocampus the effect size was 0.59. When including volumetric
measurements of the hippocampus and MD values of the pons in
the last two models, the model for the left hippocampus showed a
significant effect for time (t ¼ �3.083, p ¼ 0.008). For the model of
the right hippocampus, the significant effect for time disappeared
(t ¼ - 2.073, p ¼ 0.06).

For the f parameter of the IVIM fit, a significant effect for time
(t ¼ �4.162, p < 0.001) was found, and nonsignificant for time-
*group (t ¼ 1.901, p ¼ 0.0621). When the models were split up for
patients and controls separately, the model for the patients indi-
cated a significant effect for time (t¼�3.797, p < 0.001), but not for
controls (t ¼ �0.491, p ¼ 0.633). To check if the left or right hip-
pocampus showed different effects for time, themodels for patients
were re-run for the left and right hippocampus separately. The left
hippocampus (t ¼ �3.520, p ¼ 0.002) indicated a significant effect
for time, whereas the right hippocampus did not (t ¼ �1.871,
p ¼ 0.079; see Figure 1). For the left and right hippocampus effect
sizes for the paired difference between pre and post ECT of 0.92 and
0.53 were found, respectively. Including volumetric measurements
of the hippocampus and the f values for the pons in the model, the
effect for time in the left hippocampus (t ¼ �5.147, p < 0.001)
remained significant, whereas the effect for time in the right hip-
pocampus changed to significant (t ¼ �2.818, p ¼ 0.0125).

The first model for the D* parameter of the IVIM fit indicated no
significant effect for time (t ¼ �0.817, p ¼ 0.416), yet a significant
effect for time*group was found (t ¼ 2.295, p ¼ 0.024). To see if the
effects for time in either the patient or control group was signifi-
cant, the models were split up for each of these groups separately.
Neither the patients (t ¼ �1.343, p ¼ 0.186) or the controls
(t ¼ 1.619, p ¼ 0.121) showed significant effects for time.

The first model for the ASL maps indicated no significant effects
for time (t ¼ �0.442, p ¼ 0.662), nor group*time effects (t ¼ 0.142,
diff Statistic(test) p

e e e

0.33 0.05 (t) 0.96
e .54 (c2) 0.46

2.37 0.50 (t) 0.62
e Fisher’s exact 1

) t(df)y p ESz
6.55 (19) <0.001 0.9

quotient; p ¼ p-value; y ¼ paired t-test; z ¼ effect size d for paired observations.



Fig. 1. Perfusion fraction f and mean diffusivity in the hippocampus, pre and post ECT.
This figure shows individual data points (red horizontal bar indicates averages) of MD and perfusion fraction f in the left and right hippocampus, before (red dot) and after ECT (blue
triangle) for patients. Panel A shows the location of the hippocampus in the MNI152 1 mm template. Panel B shows the averages for the MD and f before ECT. Panel C shows the
averages of MD and f after ECT. The colour scale shows low values as blue colours and high values in red. The plots show individual datapoints with standard deviation (black error
bar) and average (red horizontal bar). All averages differ significantly except for right f* ¼ p > 0.05; ECT ¼ electroconvulsive therapy; MD ¼ mean diffusivity. (For interpretation of
the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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p ¼ 0.888). When split up for patients and controls, no significant
effects for time were found (t ¼ �0.332, p ¼ 0.734; t ¼ 0.061,
p ¼ 0.963; see supplementary B for barp lots of the estimated
marginal means).

Discussion

Using high field magnetic resonance imaging we investigated
the effect of ECT on parameters of diffusivity and perfusion in the
hippocampus. We found that a series of 10 ECT sessions signifi-
cantly decreased MD in both the left and the right hippocampus.
This effect could not be explained by a general decrease in MD nor
by the volume increase of the hippocampus for the left hippo-
campus. In addition, the IVIM perfusion fraction f in the left hip-
pocampus significantly decreased after ECT (and could not be
explained by a general decrease in f or by a volume increase in the
hippocampus), whereas f in the right hippocampus did not signif-
icantly decrease. However, after adjusting for f values in the pons
and the increase in volume in the right hippocampus (making sure
that the effects found were not due overall decreases in MD, see
methods), the perfusion did significantly decrease in the right
hippocampus after ECT. The pseudo-diffusion component D* did
not change significantly over time, nor did the ASL perfusion values.

The decrease in MD, which is in line with recent studies looking
into the effects of ECT on DTI measurements [46,47], indicates that
the formation of edema is a very unlikely explanation for the
volumetric increase in the hippocampus. As vasogenic edema
would increase the water content in the extracellular space, this
could be reflected in an increase in MD or at least a no detectable
change in MD (depending on the sensitivity of the IVIM framework
and IVIM scan), as opposed to a decrease inMD. Cytotoxic edema, in
contrast, could be reflected by a decrease in MD, since water of the
extracellular space traverses to the intracellular space restricting
diffusion in the extracellular space. However, since water of the
extracellular space moves into the intracellular space, and thus
reflects a redistribution of the water content, tissue swelling does
not occur [22], making it therefore highly unlikely that cytotoxic
edema explains the volume increase of the hippocampus.

An explanation of the decrease in MD could be that the extra-
cellular space in the hippocampus becomes more occupied (e.g.
due to neurogenesis in the DG, or the formation of synapses and
axons in the other subfields of the hippocampus), leaving less space
for freewater diffusion. Indeed, it has been shown that the diffusion
decreases when the cell density of tissue increases [48]. Interest-
ingly, in animal models of ECT (ECS) widespread neuroplastic
changes have been observed in the hippocampus. For example,
dendritic spine formation, maturation and branching, mossy fiber
sprouting, synaptogenesis and even gliogenesis have been
observed after ECS [17,49e56]. It can be expected that all of these
processes would take up the extracellular space in the hippocam-
pus, thereby restricting diffusion and leading to the observed
decrease in MD.

Animal research has also shown that ECS is capable of inducing
angiogenesis in the hippocampus [15,16,57]. However, in the cur-
rent study we did not find evidence of angiogenesis in the hippo-
campus after ECT. Instead, we found a decrease in perfusion
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fraction f and no change in D* and ASL perfusion values. The
perfusion fraction f can be interpreted to reflect the volume of
blood flowing into the capillaries [24,25,27]. In addition, the
perfusion fraction f has been shown to correlate with microvessel
density, an important marker for angiogenesis [27]. Therefore,
observing a decrease in f does not suggest an increase in angio-
genesis in the hippocampus after ECT. It could be, however, that the
relative density of microvessels declines due to the fact that the
absolute amount of microvessels remains the same yet the volume
increases, therefore decreasing the fraction of microvessels. How-
ever, as this is highly speculative, future research replicating our
finding of decreased perfusion fraction f while subsequently
investigating the biological basis of this decline is warranted. In the
current study we report no CBF changes in the hippocampus, as
measured by ASL. Recently, however, several studies showed CBF
increases in the hippocampus after ECT [58,59]. Moreover, these
changed seemed to precede grey matter structural changes [58].
Our results are not in line with these studies. However, as noted
below, the absence of an effect could indicate that our ASL data was
underpowered. Future studies remain, therefore, warranted to
investigate the link between structural and functional plasticity in
the hippocampus.

Our study has several limitations. First, the sample size is small
resulting in possible type II errors. We note, however, that we were
able to detect significant decreases in MD showing that power to
detect changes was sufficient and effectively ruling out increases in
MD. However, the current study remains preliminary and replica-
tion with larger datasets is needed to confirm the current results.
Additionally, we have not corrected the results for multiple com-
parisons in order to be sensitive enough to pick up effects in the
current small sample. However, this might introduce Type I errors.
Therefore, we have, using the Benjamini-Hochberg procedure [60]
corrected the p-values reported in the manuscript. The results
indicate that only the effect of ECT for the MD values in the right
hippocampus did not survive multiple comparisons correction. The
other effects remained significant (FDR corrected p < 0.05). Another
limitation is that we only acquired a single slice for the ASL mea-
surements resulting in that we could only image a section of the
hippocampus. Consequently, we could have missed perfusion ef-
fects, possibly explaining why we did find a decrease in perfusion
fraction f from the IVIM data with a larger coverage but not in the
ASL measurements (albeit that IVIM and ASL do not necessarily
need to correlate). Another restriction is the limited resolution of
the IVIM data (i.e. 1.5 mm isotropic voxel size). Therefore, we could
not adequately investigate subfields of the hippocampus. Investi-
gating the subfields of the hippocampus could be an interesting
focus of future research since our previous work showed a signif-
icant volume increase solely in the dentate gyrus of the hippo-
campus. In addition, we are unable to directly study cytotoxic
edema. Although it is not likely that cytotoxic edema explains
volume increases, definitively ruling out this process is not possible.
Lastly, because patients were scanned after exactly ten ECT sessions
in order to minimize variability introduced by differences in
numbers of ECT sessions, we were not able to investigate the as-
sociation of remission and hippocampal changes. Future studies
could focus on studying which effects of ECT are necessary for
remission.

In conclusion, we studied the effects of ECT on diffusion and
perfusion related measurements by using ultra high field (7T) MRI
in patients with severe depression. We found a significant decrease
in MD and perfusion fraction f after a series of 10 ECT sessions. This
decrease was not present in healthy controls nor in ASL perfusion
values or the pseudo-diffusion component D*. There were no cor-
relations between any of the parameters studied and decreased
depression severity. These findings question the notion that ECT
induces vasogenic edema or strong angiogenesis in the hippo-
campus, and strengthen our previous suggestion that neuroplastic
changes are responsible for the previously reported volumetric
increase of the hippocampus DG.
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