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ASL analyses in MDD patients receiving ECT Abstract

Abstract

Background: Major depressive disorder (MDD) is one of the most prevalent and disabling disorders world-
wide. Electroconvulsive therapy (ECT) is an e↵ective treatment option for (therapy-resistant) MDD pa-
tients. Often, patients experience postictal symptoms after ECT induced seizures such as cognitive deficits,
delirium and headaches. For both, patients and their relatives, the burden of ECT increases with the sever-
ity of the postictal symptoms. The mechanisms underlying these symptoms are not yet fully understood.
Vasoconstriction-induced hypoperfusion seems to be a candidate mechanism. We were specifically interested
in postictal perfusion, based on this hypothesis. Moreover, altered perfusion, also called cerebral blood flow
(CBF) has been observed in MDD patients and seems to be related to treatment response. We aim to assess
both, the short term (postictal) and long term e↵ects (week to months after treatment) of ECT on the CBF.
Methods: To assess perfusion, patients typically underwent six arterial spin labelling magnetic resonance
imaging (ASL MRI) scans. Baseline scans were acquired before the start of the first ECT session. Three
MRI scans were made one hour after an ECT induced seizure (postictal), one within two weeks after ECT
termination (end-ECT), and the last three months thereafter (follow-up). An automated imaging pipeline
was created to calculate global and regional CBF (gCBF and rCBF, respectively). Linear mixed-e↵ects mod-
els were utilised for the statistical analyses. Several factors such as seizure duration and electrode placement
were included as fixed e↵ects to find possible correlations with postictal gCBF. For the long term e↵ects
the antidepressant e↵ect of ECT was assessed with the Hamilton Rating Scale for Depression (HRSD). A
decrease in HRSD-score of 50% at end-ECT compared to baseline was considered treatment response. Six
regions known to have altered rCBF in MDD patients compared to healthy controls were included for re-
gional analyses of long term e↵ects.
Results: In all eleven patients, postictal gCBF was not statistically di↵erent from baseline in the included
patient population. Longer seizure duration resulted in a lower postictal perfusion (p = 0.04). Half of the
patients responded to ECT. Normalised gCBF had a statistically significant e↵ect on normalised HRSD-
score (p = 0.02) in the same time frame. Responders had a lower mean baseline gCBF value compared to
non-responders and showed an increase in gCBF over the ECT course. Non-responders showed a decrease in
gCBF over the ECT course. Although, the same trends were observed in most included regions these were
not statistically significant.
Conclusions: The hypothesised postictal hypoperfusion was not observed in the current study population.
Longer seizure duration was correlated with lower postictal gCBF values. The antidepressant e↵ect of ECT
seems to be related to overall perfusion, however, this e↵ect could not be replicated regionally.
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General introduction

Major depressive disorder

Major depressive disorder (MDD) has a lifetime prevalence between 8-12% in the general population [1]. It
is the one of the most prevalent and disabling disorders worldwide, and therefore has a considerable impact
on society [2]. A major depressive episode is defined by the Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) as a period of at least two weeks wherein a patient experiences (1) a depressed mood or
(2) loss of pleasure or interest in activities in addition to at least four more symptoms. Those symptoms
include feelings of worthlessness or disproportionate guilt, diminished ability to think, concentrate or decide,
significant weight loss or gain or change in appetite, psychomotor agitation or retardation, fatigue or loss
of energy and suicidal ideation or specific plans or attempts to commit suicide [3]. Both pharmacotherapy
and psychological interventions such as cognitive behavioural therapy, interpersonal therapy and supportive
therapy can be used as first-line treatments for MDD [4, 5]. Up to 30% of MDD patients do not benefit from
those treatment options [6]. Depressive patients are considered treatment-resistant when two consecutive
trials of treatment with two di↵erent psychopharmacological classes, with adequate dose and duration, fail
to induce a clinically relevant response [7]. For those treatment-resistant patients electroconvulsive therapy
(ECT) can be an e↵ective option [8].

Electroconvulsive therapy

ECT is an e↵ective and safe treatment option for patients with various psychiatric disorders such as de-
pressive, bipolar, primarily psychotic and catatonic disorders [9, 10]. During every ECT session, generalised
seizures are induced by a train of short rectangular electrical pulses applied via two surface electrodes while
the patient is under general anaesthesia and temporally paralysed. After ECT induced seizures patients
often experience postictal side e↵ects such as cognitive deficits and headache [11].

ECT parameters

For ECT, several options for electrode placements can be utilised, with right unilateral (RUL) and bifron-
totemporal (BL) electrode placements being the most common in daily practice [12, 13], see Figure 1.
Initially, supra-threshold dosed unilateral ECT over the non-dominant hemisphere (mostly right, in rare
cases left) is commonly used in The Netherlands because of the lower chance of cognitive side e↵ects and
high e�cacy. BL electrode placement induces the most generalised seizure with the highest e�cacy and
more cognitive impairments compared to unilateral ECT [14, 15]. BL ECT is usually utilised in urgent cases
whereby quick e�cacy is required.

Figure 1: The two most common electrode placements [16].

The coherence between the di↵erent stimulus parameters (i.e., energy, electric charge, pulse width, frequency,
train duration and amplitude) determines the e�cacy and side e↵ects of ECT. In general, the frequency of
ECT sessions is twice a week in The Netherlands because the therapeutic e↵ect is comparable with a
frequency of three times a week [17–19] and fewer cognitive side e↵ects are seen [18]. In case of severe
suicidality or life-threatening catatonic features, up to daily ECT sessions may be executed.
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The postictal state

Clinical symptoms

The postictal state is defined as a temporary brain condition following spontaneous or ECT induced seizures.
It may involve sensory, cognitive and motor deficits and/or psychiatric symptoms varying in severity. Pos-
tictal symptoms can last minutes to days. Examples are postictal anterograde and retrograde amnesia,
headache, nausea, delirium and psychosis [20–23]. After complete ECT, most patients su↵er from more or
less cognitive side e↵ects, which may persist for weeks to months. For both patients and their relatives,
the burden of ECT increases with the severity of the postictal symptoms after the sessions and/or cognitive
impairments after the course. Although postictal symptoms are extensively described [11, 21, 22, 24], the
underlying pathophysiology is not yet fully understood.

Postictal hypoperfusion hypothesis

Farrell et al. [25, 26] hypothesised that the behavioural impairments seen in the postictal state could
be explained by long-lasting and severe hypoxia in the brain. This hypothesis is based on the striking
similarity between the symptoms expressed by patients in the postictal state and patients with transient
hypoxic/ischaemic attacks earlier described by others [22, 27, 28].
A significant decrease in local blood flow and partial oxygen pressure was found in rodents lasting more than
an hour after both evoked and spontaneous seizures. The most severe hypoxia occurred 20 to 60 minutes
post seizure. To understand the underlying mechanisms, epilepsy-like activity was induced in acute rodent’s
brain slices in vitro to observe vasoconstriction of arterioles more directly. The shift in blood perfusion
measured in vivo corresponded with the observed extent of vasoconstriction in vitro [25].
In an attempt to reduce the observed vasoconstriction and thus hypoxia in rodents, the researchers used
cyclooxygenase-2 (COX-2) and L-type calcium channel antagonists, which both induce vasodilatation. Both
drugs were administered before seizure onset, resulting in a reduction in hypoperfusion and hypoxia. It
was hypothesised that the enzyme COX-2 which has a proven role in neurovascular coupling [29, 30], also
mediates postictal hypoperfusion. Downstream the pathway of cerebral vasoconstriction, it was expected
that L-type calcium channels would be activated as a response to COX-2 activation and thereby sustained
the hypoperfusion. Blocking this pathway before seizure onset with COX-2-inhibitors, acetaminophen and
nimodipine (calcium-antagonist) on di↵erent levels in rodents prevented vasoconstriction and thereby severe
postictal hypoperfusion and hypoxia. They found that postictal motor weakness and memory loss could
both be assigned to hypoperfusion and hypoxia by relieving these symptoms in rodents after administration
of nimodipine and acetaminophen, respectively. Seizure duration was not altered by the utilised substances
indicating that e↵ects on hypoperfusion and hypoxia could solely be attributed to neurovascular processes.
The relationship between seizures and hypoperfusion was also demonstrated in humans. Ten epilepsy pa-
tients were included and underwent perfusion weighted imaging after 24 seizure-free hours (baseline) and one
hour after a spontaneous seizure. Postictal hypoperfusion was observed in eight out of ten patients. Based
on this work the postictal hypoperfusion hypothesis was validated in both rodents and humans.

Pseudo continuous arterial spin labelling magnetic resonance imaging

Arterial spin labelling magnetic resonance imaging (ASL MRI) is a technique that measures perfusion, also
called cerebral blood flow (CBF), in a specific body part. CBF is a measure of blood volume flowing through
a point in the brain vasculature, per unit time [31]. Typically quantified in millilitres of blood per 100 gram
tissue per minute (ml/100g/min). ASL MRI is based on magnetically labelling the arterial blood water and
thereby creating contrast between static tissue and the arterial blood flow.
For acquisition, two types of images in the same region of interest (ROI) are generated, the control images
and tagged or labelled images. The signal of static tissue is identical in both images whereas the signal of
labelled blood flowing into the ROI is di↵erent [32]. To generate the labelled images radiofrequency (RF)
pulses are applied to a tissue slab proximal from the ROI to invert or saturate protons, hereby magnetically
labelling all protons in the slab [33–35]. The labelled blood protons will flow from the labelling slab to-
wards the ROI and lower the magnetisation equilibrium of the static surrounding tissue with approximately
1-2% [36, 37]. A perfusion-weighted image is generated by pairwise subtraction of label and control images
leaving only the signal from the labelled blood protons [38, 39]. Voxel values in a perfusion-weighted image
reflect the perfusion per voxel but do not provide an absolute measure of perfusion. The kinetics of ASL are
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utilised to transform the perfusion-weighted image into a CBF map with quantitative voxelwise measures
of perfusion. Because only a small part of the total signal comprises of labelled blood protons the signal to
noise ratio (SNR) is low. To increase SNR, multiple label-control pairs are generated and averaged.
Pseudo continuous (pC)ASL is a preparation module or so-called labelling module, which is a hybrid form
of the continuous ASL and the pulsed ASL. In pCASL, the relatively long labelling period comprising of
multiple short RF-pulses takes 1-2 s in total [40]. During that period all blood passing the labelling plane
is continuously inverted. As a result, all labelled protons arrive in the ROI with approximately the same
amount of T1 decay. Control images are acquired when the phase of every other pulse in the pCASL pulse
train is shifted by 180° and the e↵ect of inverting is diminished.

Arterial transit time and post labelling delay

The time it takes magnetically labelled blood water to flow from the labelling region to the blood vessels in
the ROI is called the arterial transit time (ATT). This is a physiological parameter varying between indi-
viduals, regions and between healthy and pathological tissue [34, 41]. Accurate CBF quantification depends
on ATT and not accounting for the di↵erences in ATT amongst patients results in less accurate results
[40, 42–45]. The post labelling delay (PLD) is an image acquisition parameter defined as the time between
the end of the labelling pulse and the start of image acquisition [43]. Because the ATT changes with age
the PLD should be adjusted accordingly. The recommended PLD’s for paediatric, adult and geriatric (age
> 70) clinical populations are respectively 1500 ms, 1800 ms and at least 2000 ms [40, 46].
Quantification of CBF is most reliable when the PLD is chosen just longer than the longest ATT present in
the patient. In that case, all labelled blood water will be delivered to the imaging slice before acquisition
thereby avoiding bias by unfinished delivery. Nevertheless, the signal of labelled blood water decays with a
time constant T1, while labelled blood water already represents a small part of the total signal. To assure an
acceptable SNR and adequate measure of CBF, a compromise should be made between capturing the signal
of all labelled blood water and signal loss because of T1-decay [46].

Study goals

The goal of this thesis is to gain more understanding about the influence of ECT on CBF and vice versa. The
focus lies on ASL-based CBF values, measured at di↵erent time points before and after generalised seizures,
in MDD patients treated with ECT. In Chapter 1, we aim to calculate reliable global (g)CBF values in
ECT patients based on both raw ASL data and CBF maps made by built-in scanner software. Several pre-
and post-processing steps will be combined into an imaging pipeline. In Chapter 2, we study the postictal
(hypo)perfusion within one hour of an ECT induced seizure. Both postictal gCBF and regional (r)CBF will
be compared to baseline thereby evaluating the immediate e↵ect of ECT on the CBF. In Chapter 3, we
study the possible associations between the clinical e↵ect of the ECT quantified with the Hamilton Rating
Scale for Depression (HRSD)-score and the alterations in gCBF and rCBF in predefined regions.
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General methods

Study population and study design

The current study data were acquired as part of the clinical trial SYNAPSE: Study of the e↵ect of Nimodipine
and Acetaminophen on Postictal Symptoms after ECT. Within the SYNAPSE it is investigated whether the
administration of the vasodilatory drugs nimodipine and acetaminophen before the ECT session can relieve
postictal symptoms. Postictal manifestations after both ECT induced seizures and spontaneous seizures in
epilepsy patients are similar in terms of electroencephalographic and clinical characteristics [1]. Therefore,
ECT patients are included in the SYNAPSE and served as a human model to study the postictal state in a
controlled way. Prior to each ECT session, either nimodipine, acetaminophen or a placebo (i.e., a glass of
water) was administered in a random and counterbalanced way. Because patient inclusion in the SYNAPSE
is still ongoing, the interventions remained blinded and played no role in this thesis.
Patients were included in the SYNAPSE if they had a current clinical diagnosis of depressive episode, were
older than 17 years and were able to give written informed consent. When potential patients had a known
allergy to acetaminophen or nimodipine, met contraindications for MRI or electroencephalogram (EEG)
or used acetaminophen, calcium-antagonists or nonsteroidal anti-inflammatory drugs in a chronic way that
could not be interrupted during the two days leading up to the ECT session, they were excluded from the
study. All patients in the SYNAPSE were treated in Rijnstate hospital.
Included patients underwent six MRI scans. The first MRI scan was acquired before the start of the first
ECT session (baseline), three consecutive scans were made within one hour after an ECT induced seizure
(postictal) and the last two scans were made within two weeks after the last ECT session (end-ECT) and
around three months thereafter (follow-up).

ECT procedure

ECT was carried out while the patient was under short-lasting general anaesthesia induced with etomidate,
connected to non-invasive ventilation, and paralysed after administration of succinylcholine. The initial
seizure threshold was determined during the first ECT session with stimulus dose titration.
The electrical current was administered by a trained psychiatrist while an anesthesiologist and assistant
monitored the patient’s vital signs. Approximately one minute after the ECT-stimulus, the seizure ceases
and several minutes later the patient awakens [2]. In case of severe postictal confusion and agitation,
additional drugs were administered such as propofol, haloperidol, lorazepam, diazepam or midazolam. In
our study population, RUL and BL electrode placement were used most often, while one patient was treated
with left unilateral (LUL) electrode placement.
Every patient received ECT twice a week with at least one day between both sessions. The number of ECT
sessions was variable between patients and dependent on treatment response and the occurrence and severity
of postictal symptoms. In some patients, the frequency of ECT sessions was lowered to once a week, after
completion of the index ECT course. In that case, the end-ECT MRI was acquired after completion of the
index ECT course.
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1 Calculation of global CBF values based on raw arterial spin
labelling data and CBF maps generated by Philips software

1.1 Introduction

Several imaging modalities are suitable for measuring CBF such as single-photon emission computed tomog-
raphy (SPECT), positron emission tomography (PET), blood oxygen level dependent (BOLD) functional
(f)MRI and ASL MRI. With BOLD fMRI an indirect estimate of brain function is obtained based on relative
metrics [1, 2]. Both SPECT and PET require the use of radioactive tracers and spatial resolution is poor in
comparison with ASL MRI [2]. Therefore, ASL MRI was considered best suited for measuring CBF in this
study.
Various parameters and protocol choices within the ASL acquisition play a role in the quantification of
CBF values. Several readout schemes, labelling methods and quantification models are available next to
the possibility to adjust parameters such as PLD and the number of background suppression pulses. A
consensus paper, also referred to as the ’White-paper’ [3], developed by the perfusion study group of the
International Society for Magnetic Resonance in Medicine in collaboration with the European consortium for
ASL in dementia was introduced to stimulate uniformity. The ’White-paper’ provided a go-to methodology
for the implementation of ASL MRI in the clinical setting and included a deliberately simplified model and
parameter choices [4]. Several studies that adopted the recommendations showed CBF estimates similar to
the values obtained with the gold standard 150-PET [5–7].
Although the consensus statement o↵ers a reliable methodology for quantification of pCASL data in clinical
practice, several sources of error interfere with robust quantification. First, specific parameters within the
simplified model were fixed to values known in literature, whereas those parameters may vary in reality.
Secondly, the consensus model is an oversimplification of the fundamental perfusion mechanisms [4]. The
kinetic model from Buxton et al. [8] can be utilised to get closer to physiological correct CBF values. More-
over, the process of CBF and the e↵ects of several ASL acquisition parameters on the quantification thereof
has been a topic of interest. [4, 9–11]. This knowledge can be utilised to get closer to more robust CBF
quantification.
CBF maps can be generated directly after ASL data acquisition with incorporated MRI scanner software.
The built-in software is partly a black-box due to the patented software syntax. Therefore, it is not known
how this map was created exactly and which parameters were included. The built-in algorithms are very
fast, and therefore easy to use in clinical practice. A CBF map can also be generated based on raw ASL
data and image processing software, which is time-consuming but precise.
The aim of the current study is to generate an automated imaging pipeline by using FSL software to calculate
reliable gCBF values. Based on both raw pCASL data and CBF maps based on built-in Philips Ingenia
software.

1.2 Methods

1.2.1 Study population and study design

For a description of the study population and study design, we refer to the subsection ’Study population
and study design’ in the general methods on page 9 of this thesis.

1.2.2 MRI acquisition

The Philips Ingenia 3T MRI scanner (Philips Healthcare, Best, The Netherlands) with a 15-channel head coil
was utilised to acquire ASL images and T1-weighted anatomical images. Three-dimensional (3D) T1-weighted
images were acquired with an isotropic voxel size of 1.1 mm, a repetition time (TR) and echo time (TE) of
respectively 7.5 ms and 4.6 ms, a field of view of 256 x 238 x 159.5 mm and consisting of 145 sagittal slices.
The single delay ASL images were acquired with a pseudo-continuous inversion module, 3D gradient-and-
spin-echo (GRASE) readout module, labelling duration of 1800 ms, in line with the ’White-paper’ [3], PLD
of 1900 ms, voxel size of 3 x 3 x 6 mm, field of view of 240 x 240 x 126 mm and consisting of 21 transverse
slices. A 3D-readout module was utilised because it is less sensitive to movement artefacts. Normalisation
was applied by using four background suppression pulses to enable CBF quantification. The raw pCASL data
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consisted of five dynamics, whereof one dynamic served as a 3D calibration image. This calibration volume
is a proton density-weighted image with relatively long TR used to correct for the equilibrium magnetisation
of arterial blood.

1.2.3 Data structure

For pre-processing, MRI data were sorted with a DICOM sorting utility part of Python programming lan-
guage (version 3.8). The data were structured per patient and MRI session according to the Brain imaging
data structure (BIDS) format (sub-identifier/ses-identifier/data) [12]. The resulting DICOM data were con-
verted into the NifTI format to enable working with FSL 6.0.3 (FMRIB Software Library v6.0.3, Analysis
Group, FMRIB, Oxford, United Kingdom).

1.2.4 MRI spaces

Brain MRI scans were acquired in di↵erent spaces. The space in which the ASL image was acquired is
called the native space. Anatomical images, also called structural images, were acquired in the structural
space. The voxel size and field of view di↵er per MRI space. The voxel size of pCASL images was bigger
compared to structural images which makes it impossible to do voxel-based post-processing and analyses.
To enable comparison of di↵erent types of images and group analyses, images were registered to a general
coordinate system. Therefore, the MNI152 template [13] was utilised, also known as standard space. This
coordinate system created by group-wise registration of 152 healthy adults includes both structural and
functional information.

1.2.5 Registration

Image registration is a method to align multiple images to obtain spatial correspondence of anatomical
structures. Two kinds of registration algorithms can be distinguished: linear and non-linear registration
algorithms. The FSL function FLIRT [14, 15] was utilised for linear registration and FNIRT and APPLY-
WARP [16] for non-linear registration. A�ne transformations were utilised for the linear registration. A�ne
transformations involve rotation, translation, scaling and shearing along the x-, y-, and z-axis resulting in
twelve degrees of freedom. Linear registration is a global registration. On the other hand, non-linear reg-
istration can model local deformations and has a higher degree of elasticity. One can think of non-linear
registration as squeezing your image matrix like a sponge: some parts deform a lot while other parts stay the
same. In this registration-based image analysis, linear registration served as an essential first step and was
followed by non-linear registration. Output from the linear registration was needed to feed the non-linear
registration algorithm [17].

1.2.6 Assessment of global grey matter CBF

For the assessment of the global brain perfusion only grey matter (GM) voxels were utilised in the current
study. The PLD of 1900ms utilised in this study is better applicable for GM CBF assessment. Due to lower
blood flow, the ATT in deep white matter (WM) can be 2000ms or longer causing low SNR in WM [3].
Moreover, GM ASL signal can easily overrule the WM signal in both in-plane or through-plane directions
[18]. Therefore, the use of pCASL for the detection of WM CBF deficits is considered too insensitive for
clinical applications [19], and only GM CBF will be used. Henceforth, the term CBF in this thesis will refer
to GM CBF only.
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Figure 2: Post-processing pipeline for both the CBF maps. For the pre-made CBF-map the whole
pipeline is applicable. Processing of the self-made CBF map starts from the dotted line. The dotted
arrows pointing to ’multiplication’ indicate that either the pre-made or self-made CBF map can serve as
input. The first block involves brain extraction, where after both the T1-weighted image and the pre-made
CBF map were registered to standard space. The self-made CBF map was already in standard space.
The T1-weighted image was utilised to segment the GM voxels and make a GM probability mask. After
thresholding, this mask was multiplied with the CBF map (self-made or pre-made) in standard space to
segment the GM-voxels.
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1.2.7 Calculation of the grey matter CBF

Command-line tools from FSL version 6.0.3 and Python version 3.8 were utilised to create an imaging pipeline
and algorithms in Atom version 1.48.0 on a Linux based system. Two types of CBF maps were utilised in
the current study. The first type was created based on raw pCASL data using functions from BASIL [20]
part of FSL. Henceforward, these CBF maps will be referred to as self-made CBF maps. The steps taken to
make the self-made CBF maps are visualised in Figure 3. The five dynamics of the pCASL data were split
into the calibration volume and four label-control pairs. Secondly, the labelled images were subtracted from
the control images to create perfusion images. A mean perfusion image was made by taking the average of
the four created perfusion images. To convert the generated perfusion image into a CBF map with absolute
values, quantification was done with the function oxford asl that utilises the kinetic model described by
Buxton et al. [8]. The input for this function consisted of the mean perfusion image, calibration image,
several scanning parameter choices in accordance with Buxton et al. [8], and the output folder of fsl anat.
The latter function included a pipeline for processing structural images involving brain extraction, cortical
and subcortical structure segmentation and registration to standard space. The ATT, T1 blood and T1 tissue

were set to 1.3, 1.65 and 1.3 s respectively. The output of oxford asl consisted of the calibrated CBF maps in
native, structural and standard space. Various parameters influenced the CBF values in the resulting maps.
The voxel values in the self-made CBF-maps were divided by 0.81 because four background suppression
pulses were applied within the Philips pCASL acquisition. The suppression e�ciency was assumed to be
95% per pulse in accordance with the built-in Philips software. Therefore, a correction factor of 0.954 = 0.81
was applied to the self-made CBF maps.

Figure 3: Generation of self-made CBF map based on several FSL functions, T1-weighted images and
raw pCASL data.
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The second type of CBF maps were automatically generated by incorporated Philips software and will be
referred to as pre-made CBF maps. Those CBF maps were only available in native space.
The pipeline utilised to calculate the GM CBF based on the pre-made and/or self-made CBF map is presented
in Figure 2. The part of the pipeline above the dotted line only applies to processing of the pre-made CBF
maps because the self-made CBF maps were available in standard space. To register the pre-made CBF map
to standard space the raw pCASL data and the structural T1-weighted images were needed. First, brain
extraction was done with the BET (Brain Extraction Tool) from FSL [21], to exclude structures such as
dura mater and skull from the images. Due to poor spatial resolution and contrast direct brain extraction of
the pre-made CBF map was not possible. The calibration image, which is part of the raw pCASL data, was
utilised to create a binary mask that served as input for BET and enabled brain extraction. The resulting
brain extracted images were registered to standard space with linear and non-linear registration. For a
complete overview of all the registration steps of the di↵erent images, we refer to Appendix I on page 47 of
this thesis.
After registration GM voxels were segmented from the rest of the brain to enable GM gCBF calculation.
Direct segmentation from the CBF map was not possible because the map does not contain structural
information and has low resolution. Therefore, segmentation was based on the T1-weighted images using
FAST [22]. One of the outputs of FAST was a probability image. The voxels in the probability image have
values between zero and one, indicating the portion of those specific voxels being identified as GM. For a
reliable analysis, only voxels with a majority of GM were considered. The probability image was thresholded
so that only voxels with a voxel value � 0.7 were included in the binary GM mask [23]. By multiplying the
CBF map in standard space with the binary GM mask, a CBF map was created including only GM voxels.
The mean value of all the non-zero voxels within that image was calculated to determine the gCBF.

1.3 Results

An imaging pipeline was written that could calculate the gCBF in all patients and for all sessions based on
both types of CBF maps. The baseline CBF values of twelve patients based on the pre-made and self-made
CBF maps are provided in Table 1. For some patients in this study, the absolute values for gCBF were low
in comparison with normal quantitative values ranging around 50 ml/100g/min [24–26]. Especially, when
the threshold for penumbra is taken into consideration which is around 20 ml/100g/min [24]. Values below
20 ml/100g/min were coloured red in Table 1.
For all patients, the values based on the pre-made CBF map are lower in comparison to the values based
on the self-made CBF maps. Absolute di↵erences range between 1.12 and 16.29 ml/100g/min. CBF values
based on self-made CBF maps were on average 22.3% (SD ± 4.34%, min = 7.95%, max = 32.68%) lower
compared to the values based on pre-made CBF maps.

Table 1: gCBF values per patient at baseline in ml/100g/min based on the self-made and pre-made CBF
maps. Values below 20 ml/100g/min are coloured in red because they indicate severe hypoperfusion.

Pre-made CBF map Self-made CBF map
sub-001 30.51 40.45
sub-003 23.90 30.70
sub-004 47.83 63.30
sub-006 31.49 41.29
sub-007 28.47 38.83
sub-008 46.98 62.38
sub-009 36.97 45.27
sub-011 14.82 18.63
sub-012 37.36 48.30
sub-013 36.38 46.02
sub-018 38.44 52.55
sub-020 17.99 22.68
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1.4 Discussion

An automatic imaging pipeline was written to calculate gCBF values per patient and MRI session based on
both raw ASL data and pre-made CBF maps, after a few steps of pre-processing. The baseline gCBF values
based on the raw ASL data in this group of severely depressed patients lay within the normal physiological
range with exception of a few low values. Whereas the values based on the pre-made scan were approximately
20% lower.

Low gCBF values based on both self-made and pre-made CBF maps

Most of the determined baseline CBF values of our patient group lay within the normal physiological range
[24–26]. Nevertheless, the absolute values for baseline gCBF exceeded the threshold for penumbra in some
severely depressed patients. These low values tended to be consistent in patients across the other sessions.
The low values could not be explained by known vascular abnormalities. Although our patients were severely
depressed, none of these patients were identified as having severe neurological dysfunctions (e.g. altered con-
sciousness, paralysis, aphasia). After a thorough post-analysis of the e↵ect of several parameters such as
calibration method, use of averaged calibration images, scaling factors within dcm2niix, and correction fac-
tors for inversion e�ciency of the labelling process it was concluded that the problem did not stem from the
made imaging pipeline. Moreover, imaging protocols and results were validated by an independent research
group aft the University of Leiden.
The found absolute CBF values are, next to the made algorithm, also dependent on assumptions within
the utilised functions and choices for scanner parameters. Within the function oxford asl, utilised to create
self-made CBF maps, a fixed value for the longitudinal relaxation time of blood T1 blood was used. But
the value of T1 blood is susceptible to fluctuations in factors defining the physiological state of blood such
as hematocrit, oxygenation and blood cell pathology’s [27–29]. Next to that, the labelling e�ciency ↵ was
fixed at 0.85 in accordance with Alsan et al. [10]. ↵ can di↵er between arteries, patients and MRI sessions
depending on magnetic field inhomogeneities, planning of the labelling plane and blood flow velocity [30, 31].
The discrepancy between the fixed parameter values in oxford asl and physiological values in the patient
may result in a CBF quantification bias [4].
Secondly, one of the scanner parameters prone to be a confounder in the quantification process is the PLD.
As discussed before, a PLD of 1900ms was chosen although elderly patients (for which a PLD of 2000ms is
recommended) were included in the study as well. Three out of twelve patients were >60 years of age and
two of them showed extremely low gCBF baseline values. Therefore, it is likely that part of the labelled
blood water did not arrive in the ROI before acquisition resulting in a lower gCBF and arterial artefacts.
The resulting gCBF values are calculated based on a robust algorithm and validated by an independent
research group. Due to a certain combination of the discussed confounders, errors in gCBF quantification
can occur in varying degrees. This may explain the found unrealistic low values in patient sub-009, sub-011
and sub-020, without clinical neurological symptoms.

Di↵erence between self-made and pre-made CBF values

On average the gCBF values determined based on the self-made CBF maps were 22.3% higher compared
to the values based on pre-made CBF maps. Although both the pre-made and self-made CBF maps were
generated based on Buxton et al. [8] voxel values in the self-made CBF maps are already higher in the un-
registered images. This argues for a di↵erence in Philips’ CBF quantification and not a di↵erence originating
from the in-house developed algorithms. There are a few dissimilarities between the Philips software and
the code made for the self-made CBF maps. First of all, the calibration image is smoothed and corrected for
incomplete longitudinal relaxation (T1) in the Philips software. Also, in the Philips software a T1 tissue of
1100 ms was utilised instead of the 1350 ms which was proposed in the ’White-paper’ [19], and implemented
in the self-made CBF-images. It is not known to what extent these di↵erences can explain the discrepancy
between both CBF maps. The Philips software is designed for radiologists and not for precise quantification
of the CBF per se. For research purposes it is recommended to create specific code adapted to the explicit
research goals.
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Strengths and limitations

Establishing CBF based on pCASL is considered a strength of this study. pCASL is a patient-friendly imag-
ing method that does not require the use of radiation nor contrast agents. Moreover, motion artefacts were
limited by utilising inflatable cushions to fixate the head of patients. Also, two healthy controls underwent
T1-weighted and pCASL MRI to validate the calculated CBF. Nevertheless, the methods of the current study
also included some limitations. A fixed number of 21 slices was utilised for the pCASL acquisition. To fit the
whole cortex within the field of view some changes needed to be made during acquisition planning. At the
start of SYNAPSE, this was not executed correctly resulting in pCASL images missing the cranial part of
the cortex. This was the case for the baseline scan up to and including the end-ECT scan of sub-001, sub-003
and sub-004. In those scans, part of the cortex was not included in the analysis. Another limitation comes
with the several variable factors that contribute to and may influence measured CBF values. First of all,
the majority of patients was on antidepressants during their participation in the study. Secondly, although
patients were restricted from two hours before ECT, several patients frequently used co↵ee and/or cigarettes
resulting in both ca↵eine and nicotine possibly a↵ecting the measured CBF. Next to that, undergoing ECT is
accompanied by administration of several drugs such as succinylcholine, etomidate and benzodiazepines. No
significant changes were reported in CBF velocity and cerebral perfusion pressure within fifteen minutes after
administration of succinylcholine [32, 33]. Nevertheless, a reduction in gCBF was reported after etomidate
and propofol injection [34, 35]. Lastly, also the depressive episode itself leads to changes in CBF [36–41].
Thus, absolute CBF values should be interpreted carefully and utilising CBF values that are normalised
with respect to baseline is advised.

Accuracy of pCASL CBF

To improve the accuracy of the calculated absolute CBF values several adjustments can be made to the
acquisition protocol. CBF quantification can benefit from performing additional measurements or utilising
di↵erent forms of the ASL experiment [4].
Instead of choosing literature values the T1 blood and labelling e�ciency can be measured with additional
MRI scans [29, 42]. Based on multi-PLD pCASL [43, 44] or time-encoded pCASL [45] the perfusion process
can be sampled at multiple time points. Compared to single-PLD pCASL those techniques allow for more
accurate CBF measurements and ATT quantification. Nevertheless, these adjustments take time. When
keeping the total acquisition time constant, implementing these adjustments will limit the number of ac-
quired label-control pairs and thereby the precision of CBF quantification. Bladt et al. [4] attempted to
optimise the distribution of scan time and find the optimal balance between averaging ASL data and per-
forming supporting measurements. They concluded that it is beneficial to spend part of the scan-time on
measuring the labelling e�ciency and T1 blood in the general population. The tagging e�ciency in pCASL,
which is the phase di↵erence between control and labelled images, could be a source of quantification error
[11]. At the tagging location pCASL can be sensitive to o↵-resonance fields and gradient imperfections [46].
To overcome this problem, Jung et al. [11] used a robust prescan procedure with a 7T MRI scanner. The
resulting CBF values were more consistent compared to values obtained with flow-sensitive alternating inver-
sion recovery MRI and higher compared to CBF values acquired with conventional pCASL. They concluded
that multi-phase pCASL should be utilised in clinical applications when accurate quantitative measures of
CBF are required.
Thus compared to the current acquisition protocol several adjustments can improve the reliability of pCASL
based CBF values in future research. Even without prolonging the acquisition time.

Conclusion

An imaging pipeline was created to calculate gCBF values based on two types of CBF maps. The gCBF
values based on pre-made CBF maps were lower compared to the values based on the self-made CBF maps.
We expect the calculated values to be realistic. With the exception of a few values that indicated severe
hypoxia in patients who did not show neurological deficits. For the remainder of this thesis, the self-made
CBF maps will be utilised in all analyses because it is exactly known how these were established.
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2 Arterial spin labelling based global and regional postictal cere-
bral perfusion changes after ECT induced seizures

2.1 Introduction

Perfusion studies with ECT patients have been scarce. Moreover, to our knowledge, no postictal perfusion
studies with ECT patients have been conducted up to now. Nuninga et al. [1] obtained ASL based rCBF
in the hippocampi of 21 depressed patients one week before the start of ECT and one week after the tenth
session. No significant di↵erences were established. Leaver et al. [2] studied gCBF and rCBF in 57 patients
with a major depressive episode. MRI scans were made 24 hours before the first ECT session, before the
third session, after completing the course and six months thereafter. Again no significant changes were
found in gCBF. However, in all patients rCBF was increased in the right anterior hippocampus after both
two sessions and completing the ECT course. Neither of the above mentioned studies assessed postictal
CBF. Postictal CBF may be the source of postictal behavioural impairments. The underlying hypothesis
stems from animal research, suggesting that a vasoconstriction-induced hypoxia is a candidate mechanism
for postictal hypoperfusion. Postictal perfusion studies in ECT patients have been hindered by practical
feasibility issues, as hypoperfusion is time-sensitive [3] and can only be detected within one hour after the
seizure. Measuring CBF within one hour will shine light on the possible occurrence of postictal hypoperfu-
sion.
BL electrode placement is frequently associated with an increased amount of cognitive impairments [4, 5],
compared to LUL or RUL electrode placement. The extent of postictal hypoperfusion seems to be associated
with more cognitive impairments [3].
Adding to this, seizure duration may a↵ect the extent of hypoxia in the postical phase. Like other postictal
symptoms, postictal delirium may be related to postictal hypoperfusion. In one ECT study, seizure duration
and postictal delirium were significantly correlated after adjusting for other covariates such as age, ECT
parameters and diagnosis [6].
The electroencephalogram (EEG) has frequently been used to study the postictal state. A recent measure
has been proposed in the evaluation of postictal EEG recovery, called the temporal brain symmetry index
(tBSI) [7]. With this, a timely evolution of spectral characteristics can be determined. This may be the first
quantitative measure to estimate postictal recovery time. The degree of EEG recovery may be correlated
with the degree of postictal hypoperfusion measured with ASL. As discussed above postictal hypoperfusion
may cease after one hour. Therefore, the moment of postictal ASL acquisition may a↵ect the measured
CBF. tBSI can be utilised to provide some context about brain recovery at the moment of ASL acquisition.
The aim of the current study is to assess the postictal gCBF and rCBF within one hour after an ECT session
based on ASL, including the associations between postictal perfusion and seizure duration, electrode place-
ment, time of postictal CBF measurement and EEG recovery, as well as some general patient characteristics.
It is hypothesised that (1) CBF will be decreased in the first hour after an ECT induced seizure as compared
with baseline, (2) seizure duration, electrode placement and the time to ASL (period of time between seizure
initiation and ASL acquisition) will a↵ect the calculated CBF and (3) the postictal level of EEG recovery
will have a linear relation with the normalisation of postictal CBF values.

2.2 Methods

2.2.1 Study population and study design

For a description of the study population and study design, we refer to the subsection ’Study population and
study design’ in the general methods on page 9 of this thesis. Patients from the SYNAPSE with a baseline
MRI scan and three postical MRI scans were included in the current study.

2.2.2 Image processing

Creating mean postictal CBF maps

Average postictal CBF maps were constructed to enable using the postictal MRI scans in the current study
without unblinding, see Figure 4. The self-made CBF maps of all three MRI scans were merged, resulting
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in a four-dimensional image consisting of three volumes. A mean CBF map was created by averaging those
three volumes. In the mean CBF map each voxel represented the mean voxel value in the three maps.
However, the three CBF maps based on the three postictal MRI scans were not identical. A certain voxel
might be part of one of the CBF maps whereas the same voxel belongs to the background in other CBF
maps of the same patient. The calculated mean of such voxels will be low because these voxels have no value
in one or two CBF map(s). This results in voxels at the edge of the mean CBF map that have a low and
unreliable value, as seen in Figure 4. By only including voxels that had a value above zero in all CBF maps,
this problem was solved. To do so, first, all CBF maps were binarised. Those binarised CBF-masks were
then merged and averaged. All voxels in the averaged CBF-mask had a value of 0.33, 0.66 or 1 representing
a non-zero voxel value for that specific voxel in respectively one, two or three CBF maps. Only voxels that
had a value of 1 were used in the final mask and multiplied with the original mean CBF map. In that way,
the mean CBF map was created including only voxels present in all three CBF maps.

Figure 4: Step wise generation of a mean postictal CBF map. By binarising, merging, averaging and
thresholding the three included CBF maps a mask is made representing only voxels that are present in
all three CBF maps. Multiplying that mask with the initial merged and averaged CBF maps results in a
mean postictal CBF map wherein all CBF maps contribute evenly.

Creating subtraction images

Baseline CBF maps were subtracted voxelwise from the postictal mean CBF maps to determine the change
in perfusion. In correspondence with the three postictal scans, also the CBF maps of one patient made at
di↵erent time points were not identical. Therefore, the CBF maps were binarised, merged, averaged and
thresholded before subtraction in the same way as visualised in Figure 4. In that way, only voxels that had
a value in both CBF maps were considered for analysis. A voxel in the subtraction images represented the
absolute di↵erence in CBF value for that particular voxel between baseline and the postictal phase. These
absolute values were converted into percentages for a more robust analysis. A positive percentage indicates
hyperperfusion and a negative percentage a hypoperfusion. Henceforward, when subtraction images are
mentioned we refer to subtraction images with voxels representing the percentage change. These subtraction
images were multiplied with the GM masks based on the corresponding baseline scan to only include GM.
In some subtraction images, unreasonable high voxel values were found. Those values were not reliable
and did presumably occur because of artefacts and small boundary values. The median ± three times the
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standard deviation of the voxel values per patient and session were utilised to threshold the data and remove
those outliers.
To visually assess the data, masks thresholded at di↵erent percentages of change were made. The subtracted
images in this study were thresholded at values ranging from 10% to 35% perfusion change with intervals of
5%, see Figure 5.

Figure 5: Thresholded subtraction images (postictal-baseline) of sub-008 (upper) and sub-004 (lower).
The upper panel shows the percentage decrease in the perfusion per voxel and the lower panel shows the
percentage increase per voxel. F.l.t.r sagittal, coronal and transverse plane.

2.2.3 Global descriptive analysis

A global descriptive analysis was done based on the subtraction images to get an impression of the (variability
in the) data. The degree of change in perfusion between the baseline and mean postictal scan was categorised.
Five categories were defined based on the following requirements. In those requirements, regions refer to the
four lobes and cerebellum and a cluster of nine adjacent voxels had to have a three-by-three formation.

None 1. Random distributed spots of perfusion change with di↵erent percentages.
2. Only one or two voxels thick boundaries of perfusion change visible.
3. No clusters in the two dimensional images where the perfusion change is consistent
over a cluster of nine adjacent voxels. Whereby consistent is defined as at most 10%
di↵erence between the nine adjacent voxels.

Mild 1. Random distributed spots of perfusion change with di↵erent percentages forming at
least three clusters of nine adjacent voxels.
2. Perfusion changes of at least 20% seen in two or more regions, in nine adjacent voxels.

Moderate 1. More than half of the cerebral GM voxels show a perfusion change.
2. Perfusion changes of at least 20% seen in two or more regions, in nine adjacent voxels.

Severe 1. More than 80% of the cerebral GM voxels show a perfusion change.
2. More than 50% of all change in perfusion is at least 20% per voxel.
3. Perfusion changes of at least 20% are seen in three or more regions, in nine adjacent
voxels.

Very severe 1. More than 50% of all change in perfusion is at least 35% per voxel.
2. Changes in perfusion of at least 20% are seen in all regions, in nine adjacent voxels.

20



ASL analyses in MDD patients receiving ECT Chapter 2

2.2.4 Regional CBF

Regions

The regional analyses were performed in the four lobes of the cortex and the cerebellum. These regions
were localised within standard space with the MNI Structural Atlas in FSLeyes [8] part of FSL. The MNI
Structural Atlas consisted of probability maps; every voxel had a value between 0 and 100 indicating the
probability that the voxel belonged to a certain region. To binarise these maps, they were thresholded at
25% probability to ensure minimal overlap between di↵erent regions and enough room for variability in the
data, see Figure 6.

Figure 6: Spatial maps for the frontal, parietal, occipital and temporal lobe and the cerebellum in
standard space. F.l.t.r sagittal, coronal and transverse plane.

The mean percentage change per region was calculated by multiplying the binary region mask with the GM
masked subtraction images. However, some pre-processing was necessitated. A morphological operation
within FSL was performed to sub-sample the isotropic voxels of the atlas-based regions to the voxel size of
the CBF maps. Moreover, some voxels within the GM region of subtraction images had a value of zero.
Those value are important for the mean calculation because they represent the voxels in the GM that did
not change between baseline and postictal. Including those voxels was done by multiplying the mean of the
non zero voxels by the number of non-zero voxels and divide the outcome by the number of all voxels in the
region.
In some regions both increases and decreases in perfusion occurred. When the mean perfusion change was
calculated, large changes in a small part of a region can cancel out. Therefore, next to the total perfu-
sion change, also a perfusion increase and decrease were calculated. Whereby only the voxels representing
respectively an increase or decrease in perfusion were taken into account. Moreover, the number of GM
voxels within a specific region was calculated. To ensure robust analysis, regions smaller than 50 voxels were
excluded from the analysis.

Regional descriptive analysis

Because of large variability and a lack of power, regional results will be presented in a descriptive way,
without statistical analyses. A regional descriptive analysis was developed and carried out to find changes
in perfusion in specific regions. The subtraction images that represented complete change in perfusion were
utilised for this analysis. In other words, increases and decreases in perfusion per voxel were not assessed
separately. Farrell et al. [3] defined hypoperfusion as a decrease in CBF of at least 10 ml/100g/min com-
pared to baseline. They also defined a normal gCBF to be 60 ml/100g/min. So, they considered a perfusion
decrease of approximately 16.7% to be hypoperfusion. The calculation of this percentage is an interpretation
of the choices made by Farrell et al. [3], and not a hard threshold. To account for the uncertainty in this
percentage its value was rounded to two significant digits. In the current study, hypoperfusion and hyper-
perfusion were defined as a decrease and increase of 17% in perfusion, respectively. Regional hypoperfusion
is therefore defined according to the following three criteria: (1) at least half of all patients show a decrease
in perfusion of at least 17%, (2) on top of that, at least two-thirds of all patients show a decrease in perfusion
and (3) within the tolerated one-third of patients that do not show a decrease in perfusion at most two show
an increase larger than 17%. Vice versa, those criteria also apply for hyperperfusion.
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2.2.5 Postictal EEG recovery

Postictal EEG recovery can be quantified with the temporal brain symmetry index (tBSI) which is an exten-
sion of the original BSI [9]. Hereby, the normalised di↵erence between the considered spectral characteristics
and a baseline EEG epoch is calculated. See Equation 1, with Si,j the Fourier coe�cient belonging to
frequency i = 1, ..., N of bipolar derivations j = 1, 2, ...,K [9].

tBSI 0 =
1

N

NX

i=1

1

K

KX

j=1

���Si,j�Sref,i,j

Si,j+Sref,i,j

��� (1)

EEGs were bandpass filtered between 1 and 25 Hz with a first-order Butterworth filter. The normalised
di↵erence between postictal and baseline spectral characteristics was determined per five-second epoch util-
ising Welch’s averaged periodogram method. Values ranged between zero and one. A value of zero indicated
maximal asymmetry and a value of one perfect symmetry between the baseline and postictal epoch. A
time constant (⌧) was calculated based on fitting an exponential function to the tBSI data, see Equation 2.
Coe�cients a0 and a were estimated. Complete explanation of the estimation of the coe�cients goes beyond
the scope of this thesis.

a0� a ⇤ e� t
⌧ (2)

Resulting coe�cients were used for extrapolation to the moment of CBF measurement with pCASL.
At seizure o↵set the EEG is characterised by so-called postictal suppression [10]. After some time, the EEG
will recover to its baseline activity. The goal of SYNAPSE is to visualise postictal hypoperfusion within one
hour after seizure initiation. The EEG and recovery thereof can provide information about hypoperfusion
as well [11]. The extend of EEG recovery at the moment of CBF measurement is of interest because it may
reflect the extend of postictal hypoperfusion found with pCASL. Because the EEG recording is terminated
before the start of ASL acquisition, the tBSI is extrapolated to that moment based on the slope of the EEG
recovery curve.

2.2.6 Statistical analysis

To assess (1) the possible di↵erences in CBF measured at baseline and one hour after an ECT induced
seizure and (2) to find possible e↵ects of seizure duration, electrode placement, time to ASL , and level of
EEG-recovery on that correlation, multiple statistical tests were performed. Missing data were prevalent
and patients were measured repeatedly, introducing a nested structure in the data. A linear mixed-e↵ects
model works well with low sample sizes, accounts for structured data and allows using all data even though
some data points are missing. Therefore, a linear mixed-e↵ects model was used in the current study. There
are multiple types of linear mixed-e↵ects models. A random intercept model assumes that patients have
separate baseline values (i.e. random intercept). Next to that, it expects that all patients respond in the
same way to the explanatory variable. A random coe�cients model (i.e. random intercept and random
slope) allows each group, in this case: each patient, to have a di↵erent slope and thus react di↵erently on
the explanatory variable. The first model (1) was a random intercepts model and the second model (2) a
random coe�cients model.
In the models, gCBF was the dependent variable because we are interested in how several parameters
impact the measured gCBF. In a linear mixed-e↵ects model, a distinction is made between fixed e↵ects
and random e↵ects. Variables that are suspected to influence the dependent variable, and are measured at
specific instances of interest are considered fixed e↵ects. For the first part of the statistical analysis (1), the
fixed e↵ect was the session, because a di↵erence was expected between the gCBF measured at baseline and
post-seizure. The fixed e↵ects for (2) were the seizure duration, electrode placement, time to ASL and level
of EEG recovery. Random e↵ects are usually grouping factors measured at randomly chosen instances only
as representatives of the study population and might influence the patterns we see. In both models, the
patients were the random e↵ects. A two-tailed p-value of <0.05 was considered statistically significant. R
(R Core Team, version 1.4.1717, Vienna, Austria [12]) was used for statistical analysis.
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2.3 Results

A total of eleven patients were included from the twenty patients included in the SYNAPSE at the start of
data analysis. Data of two patients were not available yet, four patients dropped out of the SYNAPSE and
five patients did not undergo MRI or stopped with MRI after baseline. An overview of patient characteristics
is given in Table 2. The mean age was 47.5 ± 12.8 years, 55% was female and 64% was treated with
BL electrode placement. Mean postictal CBF maps were made and analysed, therefore the mean seizure
duration, mean time to ASL and mean tBSI are given in Table 2.

Table 2: Patient characteristics
Patient Sex Age

(yrs)
Electrode
placement

Mean seizure du-
ration ± SD (s)

Mean time to ASL
± SD (min)

Mean tBSI ± SD (s)

sub-001 m 42 BL 60.7 ± 2.7 63.13 ± 6.22 0.77 ± 0.06
sub-003 f 44 RUL 65.1 ± 4.1 64.61 ± 10.73 0.74 ± 0.06
sub-004 f 24 BL 92.6 ± 27.1 64.63 ± 12.36 0.62 ± 0.08
sub-006 f 45 BL 52.4 ± 4.4 56.13 ± 2.52 0.64 ± 0.08
sub-007 m 43 BL 55.1 ± 5.5 69.33 ± 7.57 0.80 ± 0.04
sub-008 f 47 BL 69.6 ± 19.9 65.33 ± 14.29 0.67 ± 0.13
sub-009 m 45 RUL 87.9 ± 22.9 66.33 ± 14.36 0.65 ± 0.02
sub-011 m 74 BL 44.6 ± 4.9 74.67 ± 13.61 0.66 ± 0.05
sub-012 m 42 LUL 46.5 ± 9.3 61.67 ± 10.26 0.69 ± 0.05
sub-013 f 55 RUL 46.7 ± 1.6 63.53 ± 5.22 0.75 ± 0.02
sub-018 f 62 BL 33.9 ± 8.8 66.18 ± 15.55 0.79 ± 0.03

m = male; f = female; ; BL = bifrontotemporal; RUL = right unilateral; LUL = left unilateral; SD = standard
deviation; BSI = brain symmetry index

2.3.1 Global CBF values

The gCBF values based on the self-made CBF maps are seen in Table 7. The results of the CBF data
were variable with di↵erences within and between subjects (mean=42.36 ± 13.99, min=12.91, max=65.29
ml/100g/min).
In Figure 7, the gCBF values per patient are given for both the baseline MRI scan and the mean of the three
postictal MRI scans. The absolute gCBF values di↵er per patient. Seven out of eleven patients showed a
postictal decrease in perfusion compared to baseline.

Table 3: gCBF values per patient, at baseline and after three separate ECT sessions, in ml/100g/min based
on the self-made CBF maps. Values below 20 ml/100g/min are coloured in red because they indicate severe
hypoperfusion.

Baseline Postictal t=1 Postictal t=2 Postictal t=3
sub-001 40.45 43.96 32.94 38.09
sub-003 30.70 45.66 41.18 37.57
sub-004 63.30 62.6 57.08 65.29
sub-006 41.29 31.49 35.06 27.04
sub-007 38.83 46.74 43.79 37.88
sub-008 62.38 50.78 45.82 61.69
sub-009 45.27 19.00 24.05 23.47
sub-011 18.63 12.91 23.05 13.51
sub-012 48.30 51.65 56.12 45.38
sub-013 46.02 54.70 59.53 51.92
sub-018 52.55 52.40 52.06 51.96
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Figure 7: Absolute gCBF values per patient whereby light blue indicates the baseline (base) gCBF
values and dark blue the postical (post) values.

Two linear mixed-e↵ect models were utilised to answer questions (1) and (2) as stated in the methods. The
results of the first model are presented under the first blue row in Table 4. Baseline and mean postictal
gCBF values were included in the first model. The estimate of the dependent variable (gCBF) was 74.572
ml/100g/min whereby the averaged postictal gCBF values were 1.772 ml/100g/min lower after correction
for age and sex. Both age and sex have a nearly significant e↵ect on the gCBF values (p = 0.051 and
p = 0.057, respectively). In the second model, one patient was excluded because it was the only patient
treated with LUL electrode placement. Creating a separate group in the model based on just one patient
was considered unreliable, leaving ten patients for analysis. The outcomes of the second model are presented
under the second blue row in Table 4. All postictal gCBF values were included without averaging. After
correction for all other included fixed e↵ects, a statistically significant e↵ect of seizure duration was seen
on the postictal gCBF (p = 0.041). Indicating that a longer seizure duration may result in more postictal
hypoperfusion. Based on visual assessment of the Q-Q-plot, the residuals were normally and not perfectly
normally distributed in the first and second model, respectively.

Table 4: Results of the two linear mixed-e↵ects models.

Estimate SE df t p

Baseline and mean postictal scans
Intercept gCBF 74.572 11.661 9.351 6.395 1.064e-4 ***
Age -0.520 0.235 9.000 -2.256 0.051 .
Sex male -12.533 5.737 8.995 -2.185 0.057 .
Session postictal -1.772 2.863 10.409 -0.619 0.549
Postictal scans
Intercept gCBF 95.123 20.418 15.332 4.610 3.221e-4 ***
Age -0.535 0.316 6.505 -1.698 0.137
Sex male -16.295 7.940 5.933 -2.052 0.086 .
Electrode placement unilateral -2.40 8.299 5.843 -0.354 0.736
Seizure duration -0.170 0.077 16.449 -2.218 0.041 *
Time to ASL 0.029 0.094 16.029 0.306 0.763
Level of EEG recovery -16.145 15.638 17.580 -1.032 0.316

SE= standard error, df = degrees of freedom, significance codes: 0 ‘***’ 0.05 ‘.’
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2.3.2 Global descriptive analysis

Based on the proposed criteria, subtraction images of all patients with three postictal MRI scans were
divided into five categories, see Table 5. Subtraction images including solely voxels representing an increase
or decrease in perfusion were assessed separately to understand the generation of the di↵erence in postictal
gCBF values compared to baseline. A perfusion change is considered from the category ’mild’ and upward
based on the subtraction image. Five patients show both an increase and decrease in perfusion. Two patients
show only an increase and four patients only a decrease. Based on the descriptive analysis, three patients
are considered to show postictal hypoperfusion because the subtraction scan representing the decrease in
perfusion of those patients falls within a higher category compared with the subtraction scan representing
the increase in perfusion. Whereas according to the absolute gCBF values, see Figure 7, seven patients
show a decrease in postictal perfusion compared to baseline. The subtraction images of sub-003, sub-007,
sub-013 and sub-018 are classified by the descriptive analysis as showing an increase in perfusion. Whereas
the absolute gCBF values in Figure 7, show an increase in postictal perfusion in sub-003, sub-007, sub-012
and sub-013. Thus, there is some discrepancy between the categorical descriptive analysis and the absolute
values.

Table 5: Categorisation of the thresholded subtraction images.
Patient Increase in perfusion Decrease in perfusion
sub-001 None Moderate
sub-003 Severe None
sub-004 Mild Mild
sub-006 Mild Mild
sub-007 Mild None
sub-008 Mild Moderate
sub-009 None Very severe
sub-011 Mild Mild
sub-012 Mild Mild
sub-013 Moderate None
sub-018 Mild None

2.3.3 Regional descriptive analysis

According to the criteria for regional hypoperfusion and hyperperfusion in the four lobes and the cerebellum,
no regional hypoperfusion was found in the subtraction images, see Table 6. Among patients, the changes
per region varied considerably (columns). The perfusion changes between regions within the same patient
are more consistent (rows).

Table 6: Regional percentage di↵erence between baseline and postictal subtraction images.
Patient Frontal lobe Parietal lobe Occipital lobe Temporal lobe Cerebellum
sub-001 -24.03 -24.01 -21.81 -17.23 -5.57
sub-003 28.41 30. 87 34.08 47.20 41.50
sub-004 -7.97 -4.24 10.03 6.25 19. 61
sub-006 -11.32 -7.78 5.76 -9.62 -0.27
sub-007 12.85 12.54 10.62 5.56 0.10
sub-008 -20.82 -21.98 -20.60 -13.86 -13.75
sub-009 -48.94 -49.11 -27.51 -37.84 -17.53
sub-011 -8.46 6.94 66.55 13.66 33.30
sub-012 1.20 -0.83 -2.11 3.48 1.53
sub-013 20.54 19.13 24.13 18.18 12.62
sub-018 0.87 0.13 -4.46 -0.63 0.34

Colour-code: green = hypoperfusion (more than 17% decrease), light green = decrease in perfusion smaller than
17%, red = hyperperfusion (more than 17% increase), pink = increase in perfusion smaller than 17%.
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2.4 Discussion

The short-term e↵ect of ECT induced seizures on cerebral perfusion was assessed with pCASL MRI. Seven
out of eleven patients showed a postictal decrease in perfusion compared to baseline. The proposed method
for a descriptive analysis of the changes in gCBF was not accurate enough to di↵erentiate between all changes
involved in the baseline and postical CBF maps. Also, neither hypoperfusion nor hyperperfusion were found
in the four lobes and cerebellum according to the proposed regional descriptive analysis of CBF. Based on a
linear mixed-e↵ects model postictal gCBF was not significantly di↵erent compared to baseline. Nevertheless,
a significant negative correlation was found between seizure duration and postictal gCBF.

Descriptive analyses

A lack of power in the current data set led to the conception of global and regional descriptive analyses.
The global descriptive analysis based on the classification of subtraction images into five categories was not
accurate enough to distinguish between the small di↵erences between baseline and postictal CBF values
in patients. A reason for this could be the large variability in the absolute CBF values. The descriptive
analysis might benefit from the definition of an extra category between mild and moderate. The regional
descriptive analysis including the four lobes and cerebellum was based on di↵erences in perfusion of at least
17%. None of the regions could be classified as showing hypo- or hyperperfusion based on this analysis.
Based on Table 6, this conclusion may be solid because large inter-patient and small intra-patient variability
in rCBF changes were seen. By including smaller regions the proposed regional analysis can be improved.
Currently, no large disparity was found between the several regions within patients. The e↵ect of changes
in smaller regions might be currently cancelled out by examining large areas of the brain, resulting in ap-
proximately the same rCBF values in all regions. This theory is supported by literature, where changes in
CBF are often reported in small regions of the brain [13–15]. Also, Farrell et al. [3] concluded that postictal
hypoperfusion in epilepsy patients is a local phenomenon after locating the hypoperfusion specifically in
regions involved in the seizure. In future research, brain structures subjected to seizure activity, such as
cortical regions underneath the ECT-electrodes, should be included in the regional analysis. Also, the de-
sign of the descriptive analyses might be improved by organising a consensus meeting with experts in the field.

Postictal CBF compared to baseline

In the current study, no significant di↵erences were found between baseline and postictal gCBF. With a
study design similar to the current Farrell et al. [3] utilised pCASL MRI to determine CBF within one hour
of a habitual seizure in ten patients with focal epilepsy. Maximal postictal gCBF reductions of at least 10
ml/100g/min were found in eight out of ten patients. In th same study quantitative CBF data was obtained
based on manually drawn ROIs in single brain areas exhibiting the maximal postictal CBF decreases. In
those ROIs, all adjacent voxels with a CBF change of at least 10 ml/100g/min were included. A mean
reduction of 26.6 ± 6.0% in CBF compared to baseline was found in those ROIs. Although both methods
suggest postictal hypoperfusion no statistically significant di↵erences were found.
Takano et al. [15] assessed gCBF before, during and after ECT induced seizures with 15O � H2O-PET
in six depressed patients. After a significant interictal increase in gCBF, values returned to baseline 10-30
minutes post-seizure. Another study, including six epilepsy patients and perfusion weighted imaging, re-
ported the same finding of initial reduction in CBF followed by a normalisation towards baseline [16]. The
bolus-peak-ratio was determined as a semiquantitative measure of CBF and rose back to baseline values
28-72 minutes post-seizure. These studies [15, 16] suggest that postictal hypoperfusion lasts about half an
hour. Nevertheless, the study populations are small and heterogeneous. Moreover, Scott et al. [17] found a
significant rCBF reduction in the inferior anterior cingulate cortex 45 minutes after an ECT induced seizure
with SPECT in depressed patients. Next to that, gCBF reductions of at least 15 ml/100g/min were found
in twelve out of thirteen people within 80 minutes after seizure utilising computed tomography perfusion
measurements [18].
Thus, postictal reduction in gCBF and rCBF have been replicated but results are not always statistically
significant [3, 18], as is the case in the current study. The inconsistency in literature suggests a relation
between postictal perfusion and moment of CBF measurement and the ROI.
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Factors a↵ecting postictal CBF

Whereas age, sex, electrode placement, time to ASL and level of EEG recovery did not have a significant
e↵ect on the postictal gCBF, seizure duration showed a significant negative correlation. A finding supported
by previous studies [3, 18]. This suggests that prolonged seizure activity and thus prolonged general neuronal
firing is more demanding on the brain and results in more severe hypoperfusion.
The variable ’time to ASL’ represents the period of time between seizure initiation and the start of pCASL
MRI acquisition. Factually, this is the time point in the postictal state at which the CBF is measured. Al-
though this factor was not significantly correlated with postictal gCBF in the current study, several authors
described the relevance of this parameter on the determined CBF [3, 16, 18, 19]. The discrepancy in studies
assessing the postictal perfusion, may be based on the moment of measurement. Based on observations
of severe hypoxia in rats, postictal hypoperfusion is preferably measured 20-60 minutes post-seizure [3].
Therefore, we aimed to measured CBF within one hour after the ECT stimulus. However, the start of ASL
acquisition frequently exceeded this time frame due to patient safety issues (e.g., recurrence of consciousness
before leaving the recovery room after anaesthesia) and logistics (e.g. availability of the MRI scan). This
might explain why the time to ASL was not significantly correlated with the postictal CBF.

Strengths and limitations

Evaluating the current study several strengths can be specified. Firstly, all included patients underwent
both the baseline and all three postictal scans thus there was no missing data. Moreover, this study included
patients, which were severely ill, to examine potential new insight in the postictal phase.
This study also had several shortcomings. First of all, preliminary data from the blinded SYNAPSE was
utilised which resulted in three postictal scans possibly a↵ected by the unknown intervention. Within
SYNAPSE, it is sought to reduce postictal hypoperfusion with vasodilatory drugs. Two of the three postic-
tal scans involved a pre-ECT administration of vasodilatory drugs that may have influenced postictal CBF.
Although mean postictal CBF maps were utilised in the current study, these maps are polluted with the
unknown e↵ect of the interventions probably interacting with the measured postical CBF. Secondly, circum-
stances under which the baseline and postical scans were made varied. At baseline, patients might have
drunk co↵ee or smoked before the ASL acquisition. Whereas before the postictal scan patients underwent
an ECT session engendering a variety of parameters that interfere with CBF. Such as preoxygenation before
the ECT-stimulus and administration of etomidate [20–22] and benzodiazepines or propofol [15], in case of
severe postictal confusion. As discussed, late and variable timing of postictal CBF measurement was another
limitation. Next to that, multiple studies determined the seizure onset zone per patient and found local hy-
poperfusion especially in those areas of the brain [3, 18]. In the current study, the seizure onset zone was not
defined which made it more di�cult to locate small changes in perfusion. The current study is preliminary
and should be interpreted as such. Only eleven patients were included in the current preliminary study
limiting the sample size. Lastly, the current study is preliminary and should be interpreted as such. The
residuals of the utilised mixed-e↵ects model were not strictly normally distributed. Therefore, the results of
the model may not be accurate and prone to overinterpretation.

Clinical relevance

Postictal symptoms form a considerable burden in the continuation and use of ECT in depressed patients. To
understand the cause of these symptoms we need to learn more about the aftermath of seizures. Measuring
the postictal perfusion is part of this process. In the current study, a negative correlation was suggested
between seizure duration and postictal CBF. Thus, a longer seizure duration might result in more severe
postictal hypoperfusion and postictal symptoms. Potentially, vasodilatory drugs can be administered after
long ECT induced seizures to facilitate postictal recovery of the brain and reduce postictal symptoms.

Conclusion

In conclusion, no statistically significant postictal cerebral hypoperfusion was found. A significant correlation
was found between longer seizure duration and lower postictal gCBF. No correlations were found between
the postictal gCBF and electrode placement, time to ASL and level of EEG recovery. Future research should
focus on local changes in perfusion preferably in the seizure onset zone, within one hour post-seizure.
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3 In search of antidepressant ECT mechanisms: relation between
clinical e↵ect and perfusion changes in candidate brain regions

3.1 Introduction

The response rate of ECT varies between 50% and 80% depending on the subtype of MDD and the e↵ec-
tiveness of prior pharmacotherapy trials [1–3]. Although its e↵ectiveness in the majority of MDD patients,
ECT is mostly indicated for treatment-resistant patients in The Netherlands [4]. As a consequence, ECT is
often the last option for remission of MDD patients that already underwent at least two consecutive trials
of ine↵ective psychopharmacological treatments. It is still unclear why ECT is ine↵ective in some patients,
partly because the specific antidepressant working mechanisms of ECT remain unknown [5].
Numerous studies assessed the neural e↵ects of ECT on the human brain. Although the ECT induced
seizures are referred to as generalised, not all brain networks and regions are equally involved [6, 7]. Most
neuroimaging studies addressing the e↵ects of ECT, found several involved brain regions instead of whole-
brain e↵ects [8–14]. However, how regional changes contribute to the e�cacy of ECT is less clear [14–18].
Di↵erentiation between nonspecific e↵ects and e↵ects associated with, and possibly responsible for, antide-
pressant response to ECT, remains a topic of interest.
Antidepressant e↵ects of ECT are expected in regions that are altered in MDD. However, MDD is a hetero-
geneous disease and as a result, there is no consensus about the specific brain regions or structures involved
[19]. Nonetheless, various neuroimaging studies were conducted to determine regions of altered rCBF in
patients with MDD. In most studies, SPECT, PET or ASL MRI was utilised. In MDD patients, a decrease
in rCBF is often replicated in the prefrontal cortex [20–25], anterior cingulate cortex [20, 21, 23, 24, 26, 27],
parahippocampal cortex [21, 26, 28] and frontal lobe [27, 29, 30]. An increase in rCBF was found in the
amygdala [23, 31–33]. These regions with altered rCBF may serve as key elements in the substantiation
of ECT e�cacy and will be analysed in the current study by utilising pCASL MRI. Next to that, the hip-
pocampus will be included, because of its known role in MDD and observed functional changes after ECT
[34–37].
The aim of the current preliminary study is to relate altered gCBF and rCBF measured with pCASL in
predefined brain regions to the antidepressant e↵ect of ECT. It is hypothesised that clinical remission of
the depression is associated with an improvement in rCBF in the regions known to show altered rCBF in
patients with MDD.

3.2 Methods

3.2.1 Study population and study design

For a description of the study population and study design, we refer to the subsection ’Study population
and study design’ in the general methods on page 9 of this thesis. In the current study, MRI scans made at
baseline, end-ECT and follow-up were utilised.

3.2.2 Quantification of ECT response

The e↵ectiveness of ECT was assessed with the 17-item Hamilton Rating Scale for Depression (HRSD).
A post-treatment decrease in HRSD-score of at least 50% compared to baseline was defined as treatment
response [38, 39]. The HRSD was scored at baseline, at most two weeks after termination of the ECT course
(end-ECT) and three months thereafter (follow-up). For the analysis, the study population was divided into
non-responders and responders based on the HRSD-score at end-ECT.
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3.2.3 Determining regions a↵ected in MDD

Based on earlier research, six regions that showed significant altered CBF in MDD patients compared to
healthy controls were considered in the current regional analysis. The included subcortical and cortical
structures were the hippocampus, amygdala, prefrontal cortex, also called frontal pole, cingulate cortex,
parahippocampal cortex and frontal lobe. Besides the binary Oxford-Imanova Striatal Structural Atlas,
both the Harvard-Oxford Subcortical and Cortical Structures Atlas were used to make masks for these
regions. Only the latter two, had to be thresholded at 50% to make a binary mask. All included regions
are visualised in Figure 8. Region masks were utilised to find the GM voxels in the self-made CBF maps or
subtraction images that were part of a specific region. The amount of GM voxels included per region was
calculated per patient. A minimum of 35 GM voxels per region was required to be included in the analysis.

Figure 8: Brain regions included in the current study visualised in f.l.t.r sagittal, coronal and
transverse plane.

3.2.4 Statistical analysis

Two linear mixed-e↵ects models were utilised to assess the association between improvement in HRSD-score
over the course of ECT and 1) changes in the gCBF and 2) changes in rCBF of predefined regions. Both
models were random intercepts models. These models were a good fit for the current data because of the
repeated measures, low sample sizes and missing data points. The CBF values and HRSD-scores were
normalised by dividing the respective parameters by their corresponding baseline value. This was considered
more robust because the absolute values of both CBF and HRSD-score varied considerably between patients.
In the first model, normalised HRSD-score was the dependent variable. Normalised gCBF values, age and
sex were fixed e↵ects and patients the random e↵ect. In the second model, rCBF values of all regions
mentioned above were included as fixed e↵ects instead of the gCBF. A two-tailed p-value of <0.05 was
considered statistically significant. R (R Core Team, version 1.4.1717, Vienna, Austria [40]) was used for
statistical analysis.

3.3 Results

In total, twelve patients were included. Twelve baseline, eleven end-ECT and eight follow-up MRI scans
were available for analyses. The gCBF values at baseline, end-ECT and follow-up are given in Table 7, values
below 20 ml/100g/min are coloured in red because they indicate severe hypoperfusion. In the next three
rows the HRSD-scores acquired at the same time points are given. Six out of twelve patients responded to
ECT. Those results can be seen in the last column of Table 7.
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Table 7: The first three columns represent the gCBF values per patient and MRI session in ml/100g/min.
The last four columns include the HRSD-score at three time points and the response to ECT.

Baseline End-ECT Follow-up HRSDbase HRSDend HRSDfol Response
sub-001 40.45 26.10 – 23 15 – Non-responder
sub-003 30.70 38.34 35.74 17 4 2 Responder
sub-004 63.30 46.68 59.59 34 34 27 Non-responder
sub-006 41.29 37.4 28.85 18 13 23 Non-responder
sub-007 38.83 30.38 35.26 35 19 18 Non-responder
sub-008 62.38 40.84 34.88 27 24 31 Non-responder
sub-009 45.27 – 51.83 20 9 2 Responder
sub-011 18.63 25.57 – 26 11 – Responder
sub-012 48.30 36.28 33.97 29 13 9 Responder
sub-013 46.02 43.40 52.97 32 12 23 Responder
sub-018 52.55 53.35 – 17 18 – Non-responder
sub-020 22.68 24.33 – 19 7 – Responder

HRSDbase= baseline Hamilton Rating Scale for Depression; HRSDend = HRSD within two weeks after last ECT
session; HRSDfol = HRSD after three months.

3.3.1 Global CBF analysis

In the left panel of Figure 9, the HRSD-scores per patient are plotted against the moment of measurement.
Ten out of twelve patients show a decrease in HRSD-score at end-ECT compared to baseline. Four out of
eight patients show a continuing decrease in HRSD-score at follow-up. After an initial decrease at end-ECT
the HRSD-score increased at follow-up in three patients. In one patient a small increase was seen at end-ECT
followed by a decrease at follow-up. In the right panel of Figure 9, a decrease in HRSD-score is seen over
time. Not only between baseline and end-ECT but also between end-ECT and follow-up. Hereby, it should
be noticed that the data set at follow-up is not complete and consists of eight measurements. Over time the
responders show an increase in gCBF whereas the non-responders show a decrease as can be seen in Figure
10. The baseline gCBF values of responders are lower compared to the non-responders.
The results of the first linear mixed-e↵ects model testing the e↵ect of normalised gCBF on normalised HRSD-
score can be found in Table 8. The estimate of the dependent variable (normalised HRSD-score) was 1.282
(SE = 0.330) after correction for the e↵ects age and sex. The normalised gCBF had a significant e↵ect on
the normalised HRSD-score (p = 0.02). Based on visual assessment of the Q-Q-plot, the residuals were not
perfectly normally distributed.

Figure 9: Left panel: HRSD-scores per patient at baseline, end-ECT and follow-up. Right panel: linear
data fit of the data visualised in the left panel. The grey area indicates the 95% CI.
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Figure 10: Patients were divided in non-responders (left panel) and responders (right panel) based on
the HRSD-score. The course of gCBF values is visualised per patient and the black triangles represent
the median at every time-point. In both figures a linear fit of the data is visualised in blue with the

95% CI depicted in grey.

Table 8: Results of linear mixed-e↵ects model with normalised gCBF as fixed e↵ect.
Estimate SE df t p

End-ECT and follow-up
Intercept normalised HRSD-score 1.282 0.330 10.113 3.886 2.974e-3 ***
Age 0.007 0.007 9.621 1.059 0.316
Sex male -0.314 0.144 8.810 -2.172 0.059 .
Global CBF -0.935 0.345 11.433 -2.708 0.020 *

SE= standard error, df = degrees of freedom, significance codes: 0 ‘***’ 0.01 ‘*’ 0.05 ‘.’

3.3.2 Regional CBF analysis

The normalised rCBF values for responders and non-responders in the six included regions can be seen
in Figure 11. Compared to baseline all responders have a higher rCBF in all six regions in comparison
with non-responders. The responders show an increase in rCBF at end-ECT compared to baseline in the
amygdala, frontal lobe and hippocampus, as can be seen in Figure 11(a). At follow-up the responders show
an increase in rCBF compared to baseline in five regions except for the parahippocampal cortex, see Figure
11(b). The non-responders show a decrease in rCBF in all regions at both end-ECT and follow-up compared
to baseline.
The course of the rCBF per region over time, divided by responders and non-responders is visualised in Figure
12. In all regions, the responders have a lower rCBF start-value compared to non-responders. Except for the
parahippocampal cortex, an increase in rCBF is seen in the responders and a decrease in the non-responders
over time. The course of the rCBF in the amygdala and parahippocampal cortex was not as hypothesised.
In the parahippocampal cortex, the rCBF values of both responders and non-responders decreased over time
whereby the di↵erences between both groups reduced. Variation is seen between the absolute rCBF values
in the six regions.
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(a)

(b)

Figure 11: Regional CBF values in all included regions split in responders and non-responders. Normalised
by dividing absolute values by corresponding baseline values. The dotted line at y=1 represents the transition
between an increase or decrease in CBF a) Normalised CBF values at end-ECT, b) normalised CBF values
at follow-up.
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(a) (b)

(c) (d)

(e) (f)

Figure 12: The course of absolute regional CBF values. Linear lines are with 95% CI, are included to fit the
data of responders (dark-blue) and non-responders (light-blue) separately. a) amygdala, b) cingulate cortex,
c) frontal lobe, d) hippocampus, e) parahippocampal cortex and f) prefrontal cortex.

The results of the second linear mixed-e↵ects model, are listed in Table 9. No significant correlation was
found between the normalised HRSD-score and age, sex or normalised rCBF in the six included regions.
Based on visual assessment of the Q-Q-plot, the residuals were not perfectly normally distributed.
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Table 9: Results of linear mixed-e↵ects model with normalised rCBF of six regions as fixed e↵ects.
Estimate SE df t p

End-ECT and follow-up
Intercept normalised HRSD-score 1.055 0.552 10 1.912 0.085
Age 0.002 0.011 10 0.170 0.868
Sex male -0.233 0.146 10 -1.595 0.142
Amygdala -1.105 0.930 10 -1.189 0.262
Cingulate cortex 1.759 1.245 10 1.413 0.188
Frontal lobe 0.189 0.712 10 0.265 0.796
Hippocampus -0.521 1.334 10 -0.391 0.704
Prefrontal cortex -1.195 0.992 10 -1.204 0.256
Parahippocampal cortex 0.496 0.789 10 0.629 0.544

SE= standard error, df = degrees of freedom

3.4 Discussion

We aimed to find the antidepressant e↵ects of ECT in the brain. Neural function, in regions known to
be a↵ected in MDD, was assessed by rCBF measured based on pCASL MRI scans and combined with the
clinical response by means of the HRSD-score. Half of the included patients responded to treatment and
a decrease in HRSD-score was seen over the ECT course. The change in gCBF over the ECT course had
a statistically significant e↵ect on the change in HRSD-score in the same time frame. Responders had a
lower mean baseline gCBF and rCBF in comparison with non-responders. A decrease in gCBF and rCBF
in the amygdala, cingulate cortex, frontal lobe, hippocampus and prefrontal cortex was seen over the course
of ECT in responders. The exact opposite was seen in non-responders for both gCBF and rCBF.

Change in gCBF and HRSD-score over the ECT course

Although on the lower side, the response rate in this study was comparable with values found in previous
studies [1–3]. A significant correlation was found between the change in gCBF and in HRSD-score.
Bonne et al. defined a clinical response as a change in HRSD-score of at least 60% [41]. They found a
significant global increase in CBF in patients that responded to ECT in accordance with the current study.
These findings imply that reduced gCBF plays a role in MDD and can be reversed by e↵ective treatment.

Course of CBF in responders and non-responders

Our results are in line with Leaver et al. [10], who found a lower pretreatment gCBF in responders compared
to non-responders based on ASL MRI in a study with 57 included depressive patients. Accordingly, Awata
et al. [42] found a significantly lower mean rCBF in ECT patients before treatment compared to controls.
In their study, all patients responded to ECT and thus non-responders were not assessed. They utilised
an ROI-based semiquantitative SPECT analysis with cerebellar normalisation, whereby eighty-five circular
ROIs are combined into ten anatomical regions. However Järnum et al. [27] reported a significant decrease in
rCBF in non-responders compared to healthy controls at baseline. Nevertheless, their definition for clinical
response di↵ered compared to the current study and previously mentioned studies. Only patients with an
HRSD-score below seven were considered as responders which makes their results less comparable.
After ECT (both end-ECT and follow-up) a decrease in normalised rCBF in non-responders was found in all
included regions in this study. Vangu et al. [43] also found unchanged or diminished rCBF in non-responders
in the temporal regions, frontal regions, and anterior cingulate gyrus compared to baseline. Also, the increase
in rCBF in responders found in this study was previously replicated [10, 41–43]. In the ROI-based analysis
of Awata et al. [42] the mean rCBF of responders both at two weeks and three months after ECT increased
significantly compared to baseline, thereby reaching the mean rCBF level of healthy controls. A comparable
analysis was performed by Bonne et al. [41] who found a relative rCBF increase in responders five to eight
days after ECT in the anterior and posterior cingulate, frontal and parietal cortices. Lastly, a study utilising
pCASL just like in the current study, also found transiently increased gCBF in responders after two initial
ECT sessions [10]. Our results and those of previous studies suggest that ECT responders have a lower
gCBF and rCBF in specific regions at baseline that raises back to normal values after successful ECT. How-
ever, the mechanisms behind this potential link between lower baseline CBF and thus lower brain activity,
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and antidepressant response are unknown. Reduced brain function before treatment could prevent neuronal
hyperexcitability during treatment which can be harmful to neuronal cells. Also, neurons might have more
capacity to respond to ECT induced seizure activity when baseline CBF values are lower. To further investi-
gate this putative link, animal studies could be conducted on a cellular level. Clinical studies might explore
whether an induced state of low CBF before ECT induced seizures improves the antidepressant response [10].

Change in rCBF and HRSD-score over the ECT course

A correlation between normalised rCBF and HRSD-score was seen in five out of six regions. Hereby, the
influence of the HRSD-score was included by dividing the patients into responders and non-responders. How-
ever, no statistically significant correlations were found. In the previously described study by Bonne et al.
[41] a significant change in rCBF in the anterior and posterior cingulate gyrus, and in the frontal and parietal
regions was reported in patients that responded to ECT whereas no changes were found in non-responders.
Accordingly, Milo et al. [44] concluded that statistically significant rCBF changes, specifically in the frontal
and parietal regions in the brain, only occurred in patients with an excellent clinical response to ECT. They
utilised 99mTc-SPECT and assessed the rCBF two to three days before the first ECT session and four days
after termination of the treatment. On the other hand, Segawa et al. [12] did not find positive correlations
between rCBF changes and HRSD-changes. Nevertheless, they reported a strong significant negative corre-
lation between the rCBF in the left amygdala and the HRSD-score, as was hypothesised based on literature
[23, 31–33] but not found in the current study. Also, Segawa et al. made 99mTc-SPECT images before the
first ECT session and within three to twenty days after the last ECT session. Based on the results of the
current study and previous literature, a correlation between changes in rCBF and HRSD-score over the ECT
course is suggested.

Limitations

The small study population made the results less representative. Including an adequate number of patients
based on a power calculation could generate more reliable conclusions. But a priori power calculation was
aggravated by the novelty of this line of research. Moreover, pairing included subjects with matching healthy
controls may give more information about the variability of CBF over time which could be corrected for
within the analyses. Another disadvantage was the limited number of regions included in the current study.
Based on literature, six regions that are suggested to have diminished rCBF in MDD patients were included.
Nevertheless, like other abnormalities of higher mental functions, the precise locations and manifestations
of depression in the brain are di�cult to assess and may di↵er per individual [19]. Thus, important regions
could be missed in the current analysis. Utilising a generalised linear model based on global imaging data
could give more information about the regions involved. This study may be prone to selection bias because
only cooperative depressed patients could be included. Lastly, the residuals of both mixed-e↵ects models
were not perfectly normally distributed. Therefore, results are susceptible to overinterpretation.

Clinical relevance

ECT responders seem to have a decreased gCBF and rCBF that can return to normal values after successful
ECT. This suggests that reduced CBF could be a state marker for MDD rather than a trait abnormality.
However, it has become increasingly di�cult to interpret all the reported changes in local perfusion in MDD
related to get one widely applicable standard for this state marker. The baseline di↵erence in rCBF between
responders and non-responders may also imply a dichotomy in MDD-patients. It is speculated that MDD
might lead to impaired CBF in one group and a↵ects the brain in other ways in the second group. Patients
in the first group may benefit from ECT whereas the patients in the second group do not because it does
not treat their cause of depression. This theory might explain why certain patients do benefit from ECT
and others do not.

Conclusion

ECT responders and non-responders di↵ered in global and regional CBF values at baseline and across the
ECT course. This suggests that pCASL MRI based CBF might be utilised as an objective marker for treat-
ment response in MDD. Nevertheless, MDD is a complex and heterogeneous disease that can not only be
explained by perfusion changes. Conducting a voxel-based regional analysis on the complete data set of
SYNAPSE may give more information in the future.
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Conclusions

This thesis was focused on assessing the short term (postictal) and long term (weeks to months after treat-
ment) e↵ects of ECT on CBF in depressed patients. Although we observed a decrease in postictal CBF
compared to baseline in the majority of patients, the di↵erences were not statistically significant. These
findings do not support the hypothesis of postictal hypoperfusion. Limitations concern variation in the
moment of CBF measurement, small sample size, and using mean postictal CBF maps which resulted in
less reliable results. Longer seizure duration resulted in lower perfusion and therefore might also be related
to more postictal symptoms. Future research should focus on exact timing of ASL acquisition and higher
sample sizes. Moreover, the long term antidepressant e↵ects of ECT on the CBF were assessed. The nor-
malised gCBF seems to be related to overall perfusion. This e↵ect could not be replicated for normalised
rCBF. Moreover, responders had lower mean baseline CBF values and showed an increase over the course
of the ECT. Whereas, non-responders showed a decrease. There seems to be a relation between CBF and
antidepressant e↵ect of ECT whereby responders and non-responders already show di↵erences in CBF at
baseline. This study highlights perfusion-based di↵erences in ECT responders and non-responders, paving
new paths for treatment options and future research.
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Appendices

Appendix I: Registration of the T1-weighted images and pre-made CBF maps

The self-made CBF maps were available in standard space. But the T1-weighted images and pre-made CBF
maps had to be registered to standard space to enable further processing and group analyses. An overview
of the complete registration of both images is seen in Figure A1. The first step was linear registration of
the T1-weighted image to standard space. Brain extracted images served as input for FLIRT to ensure an
optimal result. One of the output measures of FLIRT was a 4x4 a�ne matrix which included information
about how to register the input (T1-weighted image) to the reference (standard MNI152 brain). That a�ne
matrix served as input for the non-linear registration of the T1-weighted image to standard space. Also,
the full T1-weighted image and full MNI152 2mm image served as input, see Figure A1 B. Unlike FLIRT,
FNIRT performs best with non-brain extracted input images. Predefined configuration files containing all
parameters needed for specific registrations are available within FNIRT. The configuration file for registration
from structural space to standard space was the last input for FNIRT. The result of FNIRT consisted of
a warp-field and T1-weighted image in standard space. A warp is the parametric model that explains the
deformation between the input image and the image to register to.
Registration of the pre-made CBF map could not be executed in the same way as the T1-weighted image. A
configuration file for the non-linear registration from a CBF map to standard space was not available. And
generating personal configuration files was discouraged by the developers of FNIRT. A di↵erent approach
was executed whereby the configuration file for registration from structural to standard space, was utilised
see Figure A1 C and D. The process was started with linear registration of the pre-made CBF map to
structural space. The resulting a�ne transformation matrix served as input for APPLYWARP. The warp is
derived from the non-linear registration of the T1-weighted image to standard space, see Figure A1 B. Thus,
APPLYWARP received information both on how to register the CBF map to structural space and on how
to non-linearly register structural space to standard space. By combining these inputs with the reference
image (MNI152) and the brain extracted pre-made CBF map a non-linear registration to standard space
was achieved with APPLYWARP.
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Figure A1: For the non-linear registration of the pre-made CBF map to standard space, four operations,
part of two distinct registrations were needed. A) Linear registration from the T1-weighted image to standard
space, resulting in a 4-by-4 a�ne transformation matrix. B) Non-linear registration from the T1-weighted
image whereby the transformation matrix generated in A) served as input in addition to the full T1-weighted
image, full MNI152 image and configuration file, resulting in a 4D NIfTI-file containing the spline coe�cients
which were used in D). C) Linear registration of pre-made CBF map to structural space. D) Combining all
pre-processing steps by using APPLYWARP.
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