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Introduction

20-30% of depressed patients experience Treatment Resistant Depression (TRD).
Electroconvulsive Therapy (ECT) remains the treatment of choice for TRD. However, the
exact mechanism of ECT remains unclear. We aim to assess grey matter changes in patients
with TRD undergoing bilateral ECT treatment at different points during and after treatment.
Methods

Patients are recruited at the University Hospital of Toulouse. Eligibility criteria include a
diagnosis of TRD and an age between 50 and 70 years old. Patients received clinical
assessments (Hamilton Depression Rating Scale) and structural scans (MRI) at three points:
baseline (within 48 h before the first ECT); V2 (after the first ECT considered effective); and
V3 (within 1 week of completing ECT).

Results

At baseline, controls had significantly higher cortical thickness than patients in the fusiform
gyrus, the inferior, middle and superior temporal gyrus, the parahippocampal gyrus and the
transverse temporal gyrus (respectively: t(35)=2.7, p=.02; t(35)=2.89, p=.017; t(35)=3.1,
p=.015; t(35)=3.6, p=.009; t(35)=2.37, p=.031; t(35)=2.46, p=.03). This difference was no
longer significant after ECT. We showed an increase in cortical thickness in superior
temporal gyrus between (i) baseline and V3 (t(62)=-3.43 p =.009) and (ii) V2 and V3
(1(62)=-3.42 p =.009). We showed an increase in hippocampal volume between (i) baseline

and V3 (t(62)=-5.23 p <.001) and (ii) V2 and V3 (1(62)=-5.3 p <.001).

Conclusion: We highlight that there are grey matter changes during ECT treatment in a
population with TRD compared to a healthy control population. These changes seem to occur

after several rounds of ECT.
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thickness; Hippocampus; Amygdala.



1. Introduction

With more than 300 million people affected and a high lifetime prevalence of between 16—
17% in the general population (Kessler et al., 2005), major depressive disorder (MDD) is an
increasingly widespread illness and a leading cause of disability worldwide (“WHO |
Depression,” n.d.). Beyond its social costs and economic burden (Mrazek et al., 2014), MDD
induces both psychological and physical suffering through a broad range of health
consequences (Lépine and Briley, 2011) (i.e. increased risks of suicidal behaviour or
cardiovascular death). Treatment-resistant depression (TRD) has been estimated to represent
half of the overall treatment costs for major depression (Greden, 2001; Olsen et al., 2004). It
can be assumed that approximately between 20-30% of depressed patients experience TRD
(Rush et al., 2006), and up to one-half of patients only respond to treatment partially (Fava
and Davidson, 1996). TRD is currently defined as the failure of at least two sequential courses
of antidepressant treatments, administered at an appropriate dose and for the corresponding
duration (Berlim and Turecki, 2007; Fava and Davidson, 1996). TRD is known to have a
heterogeneous aetiology. Some sources of variability include different environmental risk
factors (e.g., childhood adversities), multiple genetic determinants (related to numerous
genetic loci), and various epigenetic contributors (e.g., hypothalamic—pituitary—adrenal axis,
immune function, monoamines, neurotrophic factors, etc. (El-Hage et al., 2013; Fava and
Davidson, 1996; Greden, 2001; Malhi et al., 2005; Olsen et al., 2004)). Moreover, our clinical
approach to TRD may be suboptimal. Despite these sources of variability, Electroconvulsive
Therapy (ECT) continues to be the treatment of choice for severe TRD (Fink and Taylor,
2007).

However, the exact mechanism of ECT remains unclear. There are many hypotheses that can
explain its efficacy, albeit only in part: involvement of (i) monoamine pathway (for details,

see (Rudorfer et al., 2003)), (i) immune inflammation (for details, see (Yrondi et al., 2017))



(ii1) neuroplastic changes (for details, see (Andrade, 2014a, 2014b; Taylor, 2008)) and brain
functional connectivity changes (Mulders et al., 2016). Currently, most structural
neuroimaging studies focus on changes in hippocampal and amygdala volume after ECT
(Gbyl and Videbech, 2018; Oltedal et al., 2018). Furthermore, most of these studies focus on
changes in the volume of these structures between baseline and the end of treatment. Only
Joshi et al. (Joshi et al., 2015) included an MRI after 2 sessions of ECT. In addition, only one
study focused on Treatment Resistant Depression (TRD) (Gryglewski et al., 2018). There are
a total of only 4 studies that focus on cortical thickness (Gryglewski et al., 2018; Pirnia et al.,
2016; Sartorius et al., 2016; van Eijndhoven et al., 2016). Only one study focused on
Treatment Resistant Depression (TRD), but without including comparisons to a control group
(Gryglewski et al., 2018). One single study assessed cortical thickness during ECT (after 2
sessions of ECT), even though ECT (with both right unilateral-RUL and bilateral-BL ECT)
and diagnosis (21 unipolar disorders/5 bipolar disorders) are heterogeneous (Pirnia et al.,
2016). Two other studies only assessed cortical thickness after the treatment (Sartorius et al.,

2016; van Eijndhoven et al., 2016).

In light of these disparate results in the literature, we aim to assess grey matter changes at
different time points during and after ECT BL treatment in patients with TRD (unipolar

disorder).

2.Methods

2.1. Participants

Patients scheduled to begin ECT at the University Hospital of Toulouse were recruited into
the study if they had been diagnosed with TRD (Thase and Rush > =2 (Thase and Rush,
1997)) and were between 50 and 70 years of age. Patient diagnoses were established by

clinical consultation using the Diagnostic and Statistical Manual of Mental Disorders 5 (DSM



5) (APA, 2013) criteria with Structured Clinical Interview (SCID-5) (First et al., 2016).
Patients with independently diagnosed comorbid psychiatric disorders including
schizophrenia, schizoaffective disorders, bipolar disorder, post-traumatic stress disorder,
attention hyper- active deficit disorder, dissociative disorders, and patients independently
diagnosed with anxiety disorders were excluded from the study. Other exclusion criteria
included comorbidity of dementia, Traumatic Brain Injury (TBI), depression related to a
medical condition, ECT or other neuromodulation therapies in the previous 6 months, or ECT

and anaesthesia contraindications.

Demographically similar healthy controls were recruited from the Toulouse area and screened
with the M.LN.I. to exclude a history of depression, other psychiatric illness, and
antidepressant use. Additional exclusion criteria for our patients included a history of alcohol
or substance abuse within 6 months and/or dependence within 12 months of participation,
neurological disorders, or conditions contraindicated for magnetic resonance imaging (MRI).

The antidepressant treatment was not modified once a patient was included in the study.

Of a total of 17 patients were enrolled in the study. We were able to collect data for all three
time points for 15 of these patients (6 females and 9 males) (Table 1). Of the 2 patients who
were lost to the study, one continued ECT without MRI assessment and the other

discontinued ECT early.

All participants provided written informed consent as required by the CPP Sud Ouest Outre
Mer 4 (CPP15-053) (i.e. the 4th ethics research committee of south western France and

French overseas territories)

2.2 Data acquisition

Patients were assessed clinically and by structural scans (MRI) at three time points: V1

(baseline) completed within 48 hrs prior to the first ECT; V2 completed within the first ECT



that was considered effective; and V3 completed within 1 week of completing ECT.

2.2.1. Clinical assessment

The 17-item Hamilton depression rating scale (HAM-D) was administered at each visit to

assess symptoms and treatment responses.

2.2.2. ECTiske!

ECT (5000Q MECTA, Tualatin, OR, USA) was administered twice a week, using a standard
protocol for anaesthesia (propofol) and paralysis (succinylcholine). ECT followed the seizure
threshold (ST) titration method, where following establishment of the ST, treatments were
delivered at 1.5 to 2x ST for BL (using brief pulse width). The length of ECT is determined

on an individual clinical basis. Patients received a mean of 12.07 ECTs (Table 1).

2.2.3. MRI acquisition and analysis

High-resolution T1-weighted structural scans were acquired using a Philips 3 Tesla (Intera
Achieva, Philips, Best, The Netherlands) (170 sagittal slices; scan mode: 3D; multishot;

contrast T1; voxel resolution (mm?): 1.00 x 1.00 x 1.00)

Structural images were processed using the FreeSurfer’s image analysis pipeline (version
5.3.0). To extract reliable volume and thickness estimates, images were automatically
processed with the longitudinal pipeline in FreeSurfer (Reuter et al., 2012). Specifically, a
template space and intra-topic image (Reuter and Fischl, 2011) are created using robust
coregistration (Reuter et al., 2010). Several processing steps, such as skull extraction,

Talairach transformations, atlas recording, as well as surface maps and parcellations were



then initialised with common information from the internal model, thereby significantly
increasing reliability and statistical power (Reuter et al., 2012). The automated volumetric
segmentation of the grey matter and various structures, including the hippocampus and
amygdala, was performed in this manner (Fischl et al., 2004, 2002). Segmentations of the
various structures were visually reviewed by two independent evaluators (AY and PP). The
thicknesses in each region of the FreeSurfer atlas were obtained from FreeSurfer's
* aparc.stats files. The FreeSurfer cortical thickness algorithm calculates the average distance
between the vertices of a corrected and triangulated estimated GM/WM surface and the

GM/CSF (pial) surface (Fischl and Dale, 2000).

2.3. Statistical analysis

Analyses of demographic data and associations between clinical and anatomical data were
performed using SPSS (IBM SPSS Statistics for Mac OS, Version 20.0, Armonk, NY, USA).
The Chi2 test was used to compare categorical variables (gender) and the t-test was used to
compare continuous variables (age) between groups. A linear regression analysis was used to
assess associations between independent variables (delta HAM-D between V1 and V3) and
dependent variables (hippocampus and amygdala volume changes). Repeated measures

ANOVA was used to compare HAM-D throughout the time series.

Analyses of cortical thickness and subcortical nuclei volumes were performed using R (R

Core Team, 2017) and the “nlme” and “Ismeans” packages (Pinheiro et al., 2017).

Cross-sectional data at visit 1 and visit 3 were analysed using mixed-effect linear models. The
fixed effect part included cortical thickness or subcortical nuclei volume (normalised for total

intracranial volume) as dependent variables and as a group, and regions and their interaction



as independent variables. The model also included age and sex in order to correct for any
possible effects of these variables on cortical thickness and subcortical nuclei volumes. The

random effect included a random intercept for each subject.

CT/Normalised Volume — Baseline/V3;= 0 + [1Group + [B2Frontal Regions/Temporal

Regions/Subcortical Nuclei + [3Group X Frontal Regions/Temporal Regions/Subcortical

Nuclei + p4Age + P5Sex + uoi + &;

For all significant effects identified, we performed post-hoc comparisons using false
discovery rate (FDR) corrections. If the interaction between region and group was significant,
we followed up with planned comparisons: by comparing the two groups within each

region/nucleus with FDR correction.

Longitudinal data was analysed using mixed-effect linear models. The fixed-effect part
included cortical thickness of subcortical nuclei volume (normalised for total intracranial
volume) as a dependent variable and visit, group, and their interaction as independent
variables. The model also included age and sex in order to correct for any possible

confounding effects introduced by these variables.

CT/Normalised Volume=p0 + PlGroup + B2Visit + [3Group X Visit + p4Age + [5Sex +

Uoi + &j

In order to reduce the number of comparisons, we analysed the longitudinal data (1) averaged



over the sub regions in the frontal and temporal lobe and (2) focused on those regions or
subcortical nuclei that differed between patients and controls at baseline. In cases where
significant effects were observed, we performed post-hoc comparisons using false discovery
rate (FDR) corrections. If the interaction between region and group was significant, we
followed up with planned comparisons: by comparing the two groups within each

region/nucleus with FDR corrections.

The sub regions included in the frontal and temporal lobes are listed in the supplementary

materials.

The threshold for statistical significance was set to 0.05 FDR corrected.

3. Results

3.1. Demographic and clinical data

We analysed 15 patients and 24 healthy controls. Only 18 healthy controls were assessed at
all three time points. 6 of these healthy controls only had baseline assessments (MRI). There
were no differences between the two populations in terms of age (patients: 59.2 years old
(Standard Deviation (SD): 7.1); healthy controls: 61.9 years old (SD :6.9); p=0.921), gender
(patients: 6 females/ 9 males; healthy controls: 10 females/ 14 males; p=0.918), and the level
of education (patients: 11.57 years (SD :3.27); healthy controls: 12.58 years (SD: 3.94) ;

p=0.423).

3.2. Clinical data

Using a threshold of a 50% improvement in symptoms at the end of the treatment index,

100% (n=15) of patients were categorised as responsive to treatment. And using a threshold
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of HAM-D< =7, 93.3% (14 patients) went into remission.

There was an improvement in depressive symptoms after treatment (repeated measures
ANOVA for HAM-D(V1)=22.8 (SD=3.05); HAM-D(V2)=20.8 (SD=2.91); HAM-D(V3)=4

(SD=2.65); p< 0.001).

3.3. MRI data

3.3.1. Baseline analyses

Frontal lobe sub regions

We detected a significant effect of the group (F[1,35]=13.17, p=< 0.001), while the effect of
the region (F[11,407]=0.58, p=0.84) and the interaction between group and region
(F[11,407]=1.52, p=0.12) were not significant. Both age and sex were not significant
(F[1,35]=2.4, p=0.14; F[1,35]=0.25, p=0.62). A post-hoc analysis revealed that, at baseline,
controls had a greater cortical thickness than patients (t(37)=4.02, p<0.001) (Table 1).
Temporal Lobe sub regions

The effect of the group was not significant (F[1,35]=1.56, p=0.22), neither was the effect of
the region (F[7,259]=1.44, p=0.19). However, the interaction between group and region was
found to be significant (F[7,259]=3.74, p<0.001). Age was also found to be significant
(F[1,35]=10.48, p=0.002), while sex was not significant (F[1,35]=0.09, p=0.76). A post-hoc
analysis revealed that, at baseline, controls had a greater cortical thickness than patients in the
fusiform gyrus, the inferior, middle and superior, the parahippocampal gyrus and the
transverse temporal gyrus (respectively: t(35)=2.7, p=0.02; t(35)=2.89, p=0.017; t(35)=3.1,
p=0.015; t(35)=3.6, p=0.009; t(35)=2.37, p=0.031; t(35)=2.46, p=0.03, FDR corrected), while
there were no significant differences in the entorhinal cortex and the temporal pole (all p
values > 0.48 FDR corrected). (Table 1.)

Subcortical nuclei
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The region played a significant role in the left hemisphere (F[3,111]=454.56, p<0.001), while
the effect of the group was not significant (F[1,34]=0.40, p=0.53). The interaction between
group and region however, was found to be significant (F[3,111]=4.68, p=0.004). The effect
of total grey matter volume was also found to be significant (F[1,34]=42.96, p<0.001), while
the effects of age and sex were not significant ((F[1,34]=1.9, p=0.18; (F[1,34]=1.2, p=0.28)).
None of the planned interaction comparisons (i.e., between groups, within regions) were
found to be significant (all p values > 0.32).

The region played a significant role in the right hemisphere (F[3,111]=398.62, p<0.001),
while the effect of the group was not significant (F[1,34]=0.0, p=0.94). The interaction
between group and region was also not significant (F[3,111]=2.55, p=0.059). The effect of
total grey matter volume was significant (F[1,34]=69.9, p<0.001), while the effects of age and

sex were not found to be significant (F[1,34]=3.35, p=0.076, F[1,34]=3.75, p=0.06)

3.3.2. Visit 3 Analyses

Frontal Lobe sub regions

The effect of the group was not significant and the region was also not found to be significant
(respectively F[1,29]=1.7, p=0.2 and F[11,341]=0.27, p=0.99), their interaction was also not
significant (F[11,341]=0.59, p=0.83).

Temporal Lobe sub regions

The effect of the group was not significant (F[1,29]=2.32, p=0.14), while the effect of region
was found to be significant (F[7,217]=2.54, p=0.016), their interactions were also found to be
significant (F[7,217]=5.59, p<0.001). None of the planned interaction comparisons (i.e.,
between groups, within regions) were found to be significant (all p values > 0.14). (Table 1.)

Subcortical Nuclei

12



The region played a significant role in the left hemisphere (F[3,93]=357.7, p<0.001), while
the effect of the group was not significant (F[1,28]=0.0, p=0.95). The interaction between
group and region was not significant (F[3,93]=1.33, p=0.27). The effect of total grey matter
volume was significant (F[1,28]=36.5, p<0.001), while age and sex were not significant
(F[1,28]=0.96, p=0.23; F[1,28]=1.8, p=0.19).

The region played a significant role in the right hemisphere (F[3,93]=270.23, p<0.001), while
the effect of the group was not significant (F[1,28]=0.03, p=0.86). The interaction between
group and region was not significant (F[3,93]=0.90, p=0.44). The effect of total grey matter
volume was also found to be significant (F[1,28]=47.23, p<0.001) while age and sex were not

significant (F[1,28]=2.4, p=0.13; F[1,28]=3.74, p=0.06).

3.3.3. Longitudinal Analyses

Frontal Lobe

The effect of the group was significant (F[1,29]=6.49, p=0.016), while the effect of the visit
and their interaction were not significant (respectively F[2,62]=0.78, p=0.46; F [2,62]=1.78
p=0.18). A post-hoc analysis revealed that, at baseline, the controls had a greater cortical

thickness than patients (t(29)=2.64 p=0.12).

Temporal Lobe

The effect of the group was significant (F[1,29]=4.7, p=0.038) while the visit was not
significant (F[2,62]=0.91, p=0.40). The interaction between group and visit was found to be
significant (F[2,62]=4.99, p=0.01). A post-hoc analysis revealed that patients’ cortical
thickness in the temporal lobe increased between baseline and V3 (t(62)=-2.78 p=0.054 FDR

corrected), between V3 and V2 (t(62)=-3.19 p=0. 034 FDR corrected) but did not increase

13



between baseline and V2 (t(62)=-1.63 p=0.4 FDR corrected). Conversely, the different visits
had no effect on the controls (all p values > 0.4). Patients were marginally different from
controls at baseline (t(29) = 2.2, p=0.065) and significantly different at V2 (t(29) = 2.86,
p=0.04), but were not significantly different at V3 (t(29) = 1, p=0.36)

Regions/nuclei differing at V1

-Fusiform Gyrus

The effect of the group was significant (F[1,29]=7.26, p=0.01), while the effect of the visit
was not significant (F[2,62]=0.35, p=0.7). The interaction between group and visit was not
found to be significant (F[2,62]=1.38, p=0.26).

-Superior Temporal

The effect of the group was significant (F[1,29]=5.74, p=0.02), while the effect of the visit
was not significant (F[1,62]=2.2, p=0.12). The interaction between group and visit was found
to be significant (F[2,62]=6.82, p=0.002). Post-hoc analysis of the group factor revealed that,
on average, controls had a greater cortical thickness than patients, at baseline (t(29)=2.18,
p=0.037). Pairwise comparison of the interaction revealed that, cortical thickness in the
superior temporal gyrus in the patient group did not significantly increase between baseline
and V2 (1(62)=-0.02, p=0.99), but it did significantly increase between V1 and V3 (t(62)=-
3.43, p=0.009) and between V2 and V3 (t(62)=-3.42, p=0.009). In contrast, cortical thickness
did not increase in the controls (all p values > 0.2). The difference in cortical thickness
between controls and patients was significant at baseline and V2 (respectively t(29)=2.40,
p=0.054; t(29)=3.7, p=0.004), but was not significant at V3 (t(29)=2, p=0.068) (Figure 1A).
-Middle Temporal

The effect of the group was significant (F[1,29]=4.4, p=0.045), but the effect of the visit was
not significant (F[1,29]=1.59, p=0.21). The interaction between group and visit was also not

found to be significant (F[2,62]=3, p=0.057).
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-Parahippocampal gyrus

The effects of the group and the visit were not significant (respectively F[1,29]=0.2, p=0.17;
F[2,62]=0.1, p=0.9), and their interaction was also not significant (F[2,62]=2.75, p=0.071).
-Transverse occipital gyrus

The effect of the group was significant (F[1,29]=5.92, p=0.021), while the visit was not
significant (F[2,62]=1.87, p=0.16). The interaction between group and visit was also not
found to be significant (F[2,62]=0.35, p=0.70).

-Hippocampus

The effects of the group and the visit were not significant (respectively F[1,31]=0.19, p=0.66;
F[2,61]=1.47, p=0.24). However, the interaction between group and visit was significant
(F[2,62]=15.3, p<0.001). A post-hoc analysis revealed that in the patient group, cortical
thickness in the hippocampus did not increase between baseline and 2 (t(62)=-0.44, p=0.63),
but it did significantly increase between V1 and V3 (t(62)=-5.23, p<0.001) and between V2
and V3 (t(62)=-5.3, p<0.001). ). In contrast, cortical thickness did not increase in the controls
(all p values > 0.65). A significant difference between patients and controls was detected at all

the time points examined (all p values > 0.65). (Figure 1B)

-Amygdala

The effects of the group, the visit, and their interaction were not significant (respectively
F[1,29]=0.2, p=0.64; F[2,61]=0.96, p=0.39; F[2,61]=2.71, p=0.074). The effect of total grey
matter volume was significant (F[1,61]=33.46, p=<0.001).

-Caudate

The effects of the group, the visit, and their interaction were not significant (respectively
F[1,29]=2.3, p=0.14; F[2,61]=0.06, p=0.93; F[2,61]=0.5, p=0.61). The effect of total grey

matter volume was significant (F[1,61]=17, p=<0.001).
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-Putamen
The effects of the group, the visit, and their interaction were not significant (respectively
F[1,29]=1.37, p=0.25; F[2,61]=0.4, p=0.67; F[2,61]=0.46, p=0.63). The effect of total grey

matter volume was significant (F[1,61]=31.3, p=< 0.001).

3.4. Effect of clinical response
There was no significant association between structural MRI changes and clinical
improvement (Delta HAM-D between V1 and V3): (i) Hippocampus ($=0.245; p=0.38) and

(i) Amygdala (B=-0.256; p=0.357)

4. Discussion

A baseline comparison of a population of patients with TRD and healthy controls detected a
significantly greater cortical thickness in the controls in the fusiform gyrus, in the
parahippocampal gyrus, and in the transverse, middle and superior temporal gyrus. These
differences were no longer significant after the whole sessions of ECTs. Moreover, we
detected a significant increase in cortical thickness in the superior temporal gyrus in the
patient group between (i) baseline and V3 and (ii) V2 and V3, but not between baseline and
V2. This suggests that grey matter changes only occur after multiple ECT sessions.

In addition to changes in cortical thickness, we observed an increase in hippocampal volume
between (i) baseline and V3 and (ii) V2 and V3 in our patient group. These results parallel
those found for cortical thickness, suggesting that grey matter volume only increases after
multiple sessions of ECT. We did not detect any changes in the amygdala, caudate, or
putamen.

As suggested by Pirnia et al. (Pirnia et al., 2016) and Gryglewski et al.(Gryglewski et al.,

2018), we showed an increase in cortical thickness in the superior temporal gyrus in patients
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with TRD treated using ECT (and not in controls). Our results are in agreement with the
current literature (Gbyl and Videbech, 2018; Oltedal et al., 2018; Yrondi et al., 2016), as we
detected an increase in hippocampal volume. Our results nevertheless suggest that these
changes only occur after several effective sessions of ECT. Indeed, we did not find any
differences between baseline and the first assessment in hippocampal nor cortical thickness. It
seemed that we cannot discount a cumulative effect of ECT on these brain structures, since
we were unable to detect effects of a single ECT session, perhaps because this effect may
have be too weak to be detected in our sample.

To our knowledge, this is the first study to monitor differences in grey matter (cortical
thickness and subcortical region) at 3 distinct time points in a population of patients with
TRD treated with ECT BL, compared to a healthy control population. As it is likely that the
majority of patients treated with ECT for MDD probably have TRD, our results can therefore
be compared to many others studies focusing on MDD, but which did not specifically
examine treatment resistant depression. The consortium Global ECT-MRI Research
Collaboration (GEMRIC ) find that volume enlargement is not significantly related to
treatment outcome. This is consistent with our results specifically in our TRD population.
Indeed, we did not find any significant association between structural MRI changes and
clinical improvement. However, contrary to our results, Oltedal et al. (GEMRIC) (Oltedal et
al., 2017) show an inverse relationship between hippocampal volume and the improvement of

symptoms.

In addition to the Gbyl’s meta-analysis (Gbyl and Videbech, 2018), recent studies seem to
confirm this increase of hippocampal and amygdala volume in MDD populations. In the
largest study (N=92) examining the effect of ECT on the brain structure of an MDD
population (not specifically resistant), Sartorius et al. (Sartorius et al., 2019) show an increase

in temporo-mesial regions mainly in the hippocampus and amygdala. When examining
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subfields of hippocampus, Nuninga et al. (Nuninga et al., 2019) report a large and significant
increase in Dentate Gyrus volume (MRI 7 tesla) after ten bilateral ECT sessions. Moreover,
Bouckaert et al. (Bouckaert et al., 2016) also detected an increase in hippocampal volume
after ECT in specific populations (N=88) with late life depression (>55 years old). The age of
this population is comparable to our population and, even though this was not a specific TRD
population, these results are consistent with ours.

In light of the results reported in the literature, the strengths of our study are (i) an MRI scan
very early (after the first ECT session that was considered effective) which suggests that there
is a cumulative effect of ECT on brain structure; (i1) a population limited to patients ranging
from 50 to 70 years of age (to select a more homogeneous population in terms of aging brain
structures) with only unipolar TRD (to limit the heterogeneity of our sample) and (iii)
exclusion criteria including anxiety disorder and PTSD (to limit the heterogeneity of our

sample).

However, although this is a population with severe TRD according to the thresholds
recommended in the APA's Handbook of Psychiatric Measures (Rush et al., 2008) to define
grades of severity on the HAM-D: mild to moderate: 8-18; severe: 19- 22; very severe >23
(ranging from 19 to 29 in our sample) and according to the thresholds recommended in Thase
and Rush scale to define different grades of resistance: >2 (Thase and Rush, 1997) (ranging
from 2 to 4 in our sample), the severity and the resistance could be considered as relatively
low with, in addition to this, 2 attempted suicides and 2 lifetime hospitalisations for
depressive disorders. Moreover, the patients are rather old (50-70 years), which is a
prognostic response factor (van Diermen et al., 2018). In addition to this, patients do not have
any psychiatric comorbidity. Finally, patients received a large number of ECTs [12.1 (5.26)].
These data could explain the very high response and remission rates in our sample. All these

issues should be taken into account when extrapolating from our results.
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Limitations

Our study does have some limitations. Firstly, we included only a small number of patients
(15), which precluded the analyses of different MDD clusters (Drysdale et al., 2017). Thus,
this increases the risk of a heterogeneous population. Moreover, we decided to maintain the
antidepressant treatment during ECT (as we do in daily care in our unit). This can affect grey
matter changes if we take the effects of antidepressants into consideration. But to limit this
effect, we did not alter antidepressant treatment after inclusion of patients into the study.
Moreover, our last visit was close to the end of the course of ECT. However, some studies
report a decrease in the volume of brain structures such as the hippocampus throughout the
time following the treatment without a relapse in depressive symptoms (Bouckaert et al.,
2016; Nordanskog et al., 2014). These data should be taken into account when interpreting
our results.

Perspectives

Future studies with larger sample sizes and/or consortium initiatives such as the GEMRIC
(Oltedal et al., 2017) seem to be necessary to better understand the mechanisms underlying
ECT effects. Moreover, assessment of mean diffusivity and fractional anisotropy (in
Diffusion Tensor Imaging) of hippocampus in addition to volume could be of interest to
understand these mechanisms and potentially assess a link between volumetric increases and

treatment effects and side effects.

5. Conclusion

We report grey matter changes during ECT in a population with TRD when compared to a

healthy control population. These changes seem to occur after multiple ECT sessions. This
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may contribute to a better understanding of the ECT mechanism.

Conflicts of interest disclosure

The authors declare no competing financial interests.

Acknowledgements: This work was supported by a grant from the Délégation Régionale a la
Recherche Clinique des Hopitaux de Toulouse “2015”.

We thank the Clinical Investigation Centre in Toulouse (Calvas F. Galitski M), the technical
platform for neuroimaging (TONIC: Gros H. Vayssiere N.) and HoPes: FHU (Fédération
Hospitalo-Universitaire) devoted to “Cognitives, Psychic and Sensorial disabilities” (Méligne

D))

Reference

Andrade, C., 2014a. A primer for the conceptualization of the mechanism of action of
electroconvulsive therapy, 1: defining the question. ]. Clin. Psychiatry 75, e410-412.
https://doi.org/10.4088/]CP.14f09185

Andrade, C., 2014b. A primer for the conceptualization of the mechanism of action of
electroconvulsive therapy, 2: organizing the information. ]. Clin. Psychiatry 75, e548-
551. https://doi.org/10.4088/]CP.14f09234

APA, 2013. Diagnostic and Statistical Manual of Mental Disorders (DSM-5®) - American
Psychiatric Association - [WWW Document]. URL
https://books.google.fr/books?hl=fr&lr=&id=-
JivBAAAQBA]&o0i=fnd&pg=PT18&dg=american+psychiatric+association+DSM+5&ots=c
dTO12PNvc&sig=xEvZ_I_ugYLkik_PBS4BFARjZHw#v=0nepage&q=american%20psychia
tric%20association%20DSM%?205&f=false (accessed 5.26.16).

Berlim, M.T., Turecki, G., 2007. Definition, assessment, and staging of treatment-resistant
refractory major depression: a review of current concepts and methods. Can. J.
Psychiatry Rev. Can. Psychiatr. 52, 46-54.

Bouckaert, F., Dols, A., Emsell, L., De Winter, F.-L., Vansteelandt, K., Claes, L., Sunaert, S.,
Stek, M,, Sienaert, P., Vandenbulcke, M., 2016. Relationship Between Hippocampal
Volume, Serum BDNF, and Depression Severity Following Electroconvulsive Therapy in
Late-Life Depression. Neuropsychopharmacol. Off. Publ. Am. Coll.
Neuropsychopharmacol. 41, 2741-2748. https://doi.org/10.1038 /npp.2016.86
Drysdale, A.T., Grosenick, L., Downar, J., Dunlop, K., Mansouri, F., Meng, Y., Fetcho, R.N.,
Zebley, B., Oathes, D.J., Etkin, A., Schatzberg, A.F., Sudheimer, K., Keller, ]., Mayberg, H.S.,
Gunning, F.M., Alexopoulos, G.S., Fox, M.D., Pascual-Leone, A., Voss, H.U., Casey, B.J.,
Dubin, M.],, Liston, C., 2017. Resting-state connectivity biomarkers define
neurophysiological subtypes of depression. Nat. Med. 23, 28-38.

20



https://doi.org/10.1038/nm.4246

El-Hage, W., Leman, S., Camus, V., Belzung, C., 2013. Mechanisms of antidepressant
resistance. Front. Pharmacol. 4, 146. https://doi.org/10.3389/fphar.2013.00146

Fava, M., Davidson, K.G., 1996. Definition and epidemiology of treatment-resistant
depression. Psychiatr. Clin. North Am. 19, 179-200.

Fink, M., Taylor, M.A., 2007. Electroconvulsive therapy: evidence and challenges. JAMA
298, 330-332. https://doi.org/10.1001/jama.298.3.330

First, M.B., Williams, ]., Karg, R., Spitzer, R.L., 2016. Structured Clinical Interview for
DSM-5 (SCID-5), American Psychiatric Association. ed.

Fischl, B., Dale, A.M., 2000. Measuring the thickness of the human cerebral cortex from
magnetic resonance images. Proc. Natl. Acad. Sci. U.S. A. 97, 11050-11055.
https://doi.org/10.1073/pnas.200033797

Fischl], B, Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, C., van der Kouwe, A.,
Killiany, R., Kennedy, D., Klaveness, S., Montillo, A., Makris, N., Rosen, B., Dale, A.M., 2002.
Whole brain segmentation: automated labeling of neuroanatomical structures in the
human brain. Neuron 33, 341-355.

Fischl, B., Salat, D.H., van der Kouwe, A.].W., Makris, N., Ségonne, F., Quinn, B.T., Dale,
AM.,, 2004. Sequence-independent segmentation of magnetic resonance images.
Neurolmage 23 Suppl 1, S69-84. https://doi.org/10.1016/j.neuroimage.2004.07.016
Gbyl, K., Videbech, P., 2018. Electroconvulsive therapy increases brain volume in major
depression: a systematic review and meta-analysis. Acta Psychiatr. Scand. 138, 180-195.
https://doi.org/10.1111/acps.12884

Greden, J.F., 2001. The burden of disease for treatment-resistant depression. J. Clin.
Psychiatry 62 Suppl 16, 26-31.

Gryglewski, G., Baldinger-Melich, P., Seiger, R., Godbersen, G.M., Michenthaler, P., Klobl],
M., Spurny, B., Kautzky, A., Vanicek, T., Kasper, S., Frey, R., Lanzenberger, R., 2018.
Structural changes in amygdala nuclei, hippocampal subfields and cortical thickness
following electroconvulsive therapy in treatment-resistant depression: longitudinal
analysis. Br. J. Psychiatry J. Ment. Sci. 1-9. https://doi.org/10.1192 /bjp.2018.224
Hamilton, M., 1960. A rating scale for depression. J. Neurol. Neurosurg. Psychiatry 23,
56-62.

Joshi, S.H., Espinoza, R.T., Pirnia, T., Shi, ]., Wang, Y., Ayers, B., Leaver, A., Woods, R.P.,
Narr, K.L., 2015. Structural Plasticity of the Hippocampus and Amygdala Induced by
Electroconvulsive Therapy in Major Depression. Biol. Psychiatry.
https://doi.org/10.1016/j.biopsych.2015.02.029

Kessler, R.C., Berglund, P., Demler, O., Jin, R.,, Merikangas, K.R., Walters, E.E., 2005.
Lifetime prevalence and age-of-onset distributions of DSM-IV disorders in the National
Comorbidity Survey Replication. Arch. Gen. Psychiatry 62, 593-602.
https://doi.org/10.1001/archpsyc.62.6.593

Lépine, ].-P., Briley, M., 2011. The increasing burden of depression. Neuropsychiatr. Dis.
Treat. 7, 3-7. https://doi.org/10.2147 /NDT.S19617

Malhi, G.S., Parker, G.B., Crawford, J., Wilhelm, K., Mitchell, P.B., 2005. Treatment-
resistant depression: resistant to definition? Acta Psychiatr. Scand. 112, 302-309.
https://doi.org/10.1111/j.1600-0447.2005.00602.x

Mrazek, D.A., Hornberger, ].C., Altar, C.A., Degtiar, 1., 2014. A review of the clinical,
economic, and societal burden of treatment-resistant depression: 1996-2013. Psychiatr.
Serv. Wash. DC 65, 977-987. https://doi.org/10.1176/appi.ps.201300059

Mulders, P.C.R,, van Eijndhoven, P.F.P., Pluijmen, |., Schene, A.H., Tendolkar, I,
Beckmann, C.F., 2016. Default mode network coherence in treatment-resistant major

21



depressive disorder during electroconvulsive therapy. ]. Affect. Disord. 205, 130-137.
https://doi.org/10.1016/j.jad.2016.06.059

Nordanskog, P., Larsson, M.R,, Larsson, E.-M., Johanson, A., 2014. Hippocampal volume in
relation to clinical and cognitive outcome after electroconvulsive therapy in depression.
Acta Psychiatr. Scand. 129, 303-311. https://doi.org/10.1111/acps.12150

Nuninga, ].0., Mandl, R.C.W.,, Boks, M.P., Bakker, S., Somers, M., Heringa, S.M., Nieuwdorp,
W., Hoogduin, H., Kahn, R.S., Luijten, P., Sommer, L.E.C., 2019. Volume increase in the
dentate gyrus after electroconvulsive therapy in depressed patients as measured with
7T. Mol. Psychiatry. https://doi.org/10.1038/s41380-019-0392-6

Olsen, L.R.,, Mortensen, E.L., Bech, P., 2004. Prevalence of major depression and stress
indicators in the Danish general population. Acta Psychiatr. Scand. 109, 96-103.

Oltedal, L., Bartsch, H., Sgrhaug, 0.J.E., Kessler, U., Abbott, C., Dols, A., Stek, M.L., Ersland,
L., Emsell, L., van Eijndhoven, P., Argyelan, M., Tendolkar, 1., Nordanskog, P., Hamilton, P.,
Jorgensen, M.B., Sommer, L.E., Heringa, S.M., Draganski, B., Redlich, R., Dannlowski, U.,
Kugel, H., Bouckaert, F., Sienaert, P.,, Anand, A., Espinoza, R, Narr, K.L., Holland, D., Dale,
AM.,, Oedegaard, K.J., 2017. The Global ECT-MRI Research Collaboration (GEMRIC):
Establishing a multi-site investigation of the neural mechanisms underlying response to
electroconvulsive therapy. Neurolmage Clin. 14, 422-432.
https://doi.org/10.1016/j.nicl.2017.02.009

Oltedal, L., Narr, K.L., Abbott, C., Anand, A., Argyelan, M., Bartsch, H., Dannlowski, U., Dols,
A, van Eijndhoven, P., Emsell, L., Erchinger, V.J., Espinoza, R.,, Hahn, T., Hanson, L.G.,
Hellemann, G., Jorgensen, M.B., Kessler, U., Oudega, M.L., Paulson, O.B., Redlich, R.,
Sienaert, P., Stek, M.L., Tendolkar, I., Vandenbulcke, M., Oedegaard, K.J., Dale, A.M., 2018.
Volume of the Human Hippocampus and Clinical Response Following Electroconvulsive
Therapy. Biol. Psychiatry 84, 574-581. https://doi.org/10.1016/j.biopsych.2018.05.017
Pirnia, T., Joshi, S.H., Leaver, A.M., Vasavada, M., Njau, S., Woods, R.P., Espinoza, R., Narr,
K.L., 2016. Electroconvulsive therapy and structural neuroplasticity in neocortical,
limbic and paralimbic cortex. Transl. Psychiatry 6, e832.
https://doi.org/10.1038/tp.2016.102

Reuter, M., Fischl, B., 2011. Avoiding asymmetry-induced bias in longitudinal image
processing. Neurolmage 57, 19-21. https://doi.org/10.1016/j.neuroimage.2011.02.076
Reuter, M., Rosas, H.D., Fischl, B., 2010. Highly accurate inverse consistent registration: A
robust approach. Neurolmage 53, 1181-1196.
https://doi.org/10.1016/j.neuroimage.2010.07.020

Reuter, M., Schmansky, N.J., Rosas, H.D., Fischl, B., 2012. Within-subject template
estimation for unbiased longitudinal image analysis. Neurolmage 61, 1402-1418.
https://doi.org/10.1016/j.neuroimage.2012.02.084

Rudorfer, M., Henry, M., Sackeim, H., 2003. Electroconvulsive therapy. In : Psychiatry
Therapeutics, John Wiley & Sons. ed. A. Tasman, ]. Kay, and J.A. Lieberman.

Rush, A, First, M.B., Blacker, D., 2008. Handbook of Psychiatric Measures. American
Psychiatric Pub.

Rush, A]., Trivedi, M.H., Wisniewski, S.R., Nierenberg, A.A., Stewart, ].W., Warden, D.,
Niederehe, G., Thase, M.E., Lavori, P.W., Lebowitz, B.D., McGrath, P.]., Rosenbaum, J.F.,
Sackeim, H.A., Kupfer, D.]., Luther, J., Fava, M., 2006. Acute and longer-term outcomes in
depressed outpatients requiring one or several treatment steps: a STAR*D report. Am. J.
Psychiatry 163, 1905-1917. https://doi.org/10.1176/ajp.2006.163.11.1905

Sartorius, A., Demirakca, T., Bohringer, A., Clemm von Hohenberg, C., Aksay, S.S., Bumb,
J.M., Kranaster, L., Ende, G., 2016. Electroconvulsive therapy increases temporal gray
matter volume and cortical thickness. Eur. Neuropsychopharmacol. ]. Eur. Coll.

22



Neuropsychopharmacol. 26, 506-517.
https://doi.org/10.1016/j.euroneuro.2015.12.036

Sartorius, A., Demirakca, T., Bohringer, A., Clemm von Hohenberg, C., Aksay, S.S., Bumb,
J.M., Kranaster, L., Nickl-Jockschat, T., Grézinger, M., Thomann, P.A., Wolf, R.C., Zwanzger,
P., Dannlowski, U., Redlich, R, Zavorotnyy, M., Z6llner, R., Methfessel, I., Besse, M., Zilles,
D., Ende, G., 2019. Electroconvulsive therapy induced gray matter increase is not
necessarily correlated with clinical data in depressed patients. Brain Stimulat. 12, 335-
343. https://doi.org/10.1016/j.brs.2018.11.017

Taylor, S.M., 2008. Electroconvulsive therapy, brain-derived neurotrophic factor, and
possible neurorestorative benefit of the clinical application of electroconvulsive therapy.
J. ECT 24, 160-165. https://doi.org/10.1097/YCT.0b013e3181571ad0

Thase, M.E., Rush, A.]., 1997. When at first you don’t succeed: sequential strategies for
antidepressant nonresponders. ]. Clin. Psychiatry 58 Suppl 13, 23-29.

van Diermen, L., van den Ameele, S., Kamperman, A.M., Sabbe, B.C.G., Vermeulen, T.,
Schrijvers, D., Birkenhager, T.K., 2018. Prediction of electroconvulsive therapy response
and remission in major depression: meta-analysis. Br. ]. Psychiatry ]. Ment. Sci. 212, 71-
80. https://doi.org/10.1192/bjp.2017.28

van Eijndhoven, P., Mulders, P., Kwekkeboom, L., van Oostrom, L., van Beek, M., Janzing,
J., Schene, A., Tendolkar, 1., 2016. Bilateral ECT induces bilateral increases in regional
cortical thickness. Transl. Psychiatry 6, e874. https://doi.org/10.1038/tp.2016.139
WHO | Depression [WWW Document], n.d. . WHO. URL
http://www.who.int/mediacentre/factsheets/fs369/en/ (accessed 2.26.18).

Yrondi, A., Péran, P., Sauvaget, A., Schmitt, L., Arbus, C., 2016. Structural-functional brain
changes in depressed patients during and after electroconvulsive therapy: a systematic
review of magnetic resonance imaging studies. Acta Neuropsychiatr.
https://doi.org/10.1017 /neu.2016.62

Yrondi, A., Sporer, M., Péran, P., Schmitt, L., Arbus, C., Sauvaget, A., 2017.
Electroconvulsive therapy, depression, the immune system and inflammation: A
systematic review. Brain Stimul. Basic Transl. Clin. Res. Neuromodulation 0.
https://doi.org/10.1016/j.brs.2017.10.013

23



Superior Temporal Gyrus

Cortical Thickness

N N

()] ~l
—

x

b
) ¥

—]

%
2.5
%k
2.4
v v2 v3
A
Hippocampus
0.0070 X
o) *
£
S 0.0065_ T I— -
D ,,
8 }
N 0.0060 | L 1
5 [ |
£
(@) _
2 0.0055
0.0050
v1 v2 v3
B

*: p<.05



Figure 1. Longitudinal change in superior temporal gyrus (A) and Hippocampus (B) over
time



DF F/t! p?
Main Effects. Interactions. post-hoc
Frontal Lobe — V1
Group 1.35 5.67 > 0.001
Region 11.407 | 0.59 0.840
Group x Region 11.407 | 1.52 0.12
HC vs PT 35 4.3 0.001
Temporal Lobe — V1
Group 1.35 1.56 0.22
Region 7.259 | 1.44 0.189
Group x Region 7.259 | 3.7 0.007
HC.entorhinal - PT.entorhinal 35 -1.25 0.25
HC.fusiform - PT.fusiform 35 2.72 0.02
HC.inferior temporal - PT.inferior temporal 35 2.89 0.017
HC.middle temporal - PT.middle temporal 35 3.1 0.015
HC.parahippocampal - PT.parahippocampal 35 2.37 0.031
HC.superior temporal - PT.superior temporal 35 3.55 0.009
HC.temporal pole - PT.temporal pole 35 0.72 0.48
HC.transverse temporal - PT.transverse temporal | 35 2.46 0.031
Left Subcortical Nuclei— V1
Group 1.34 0.54 0.54
Region 3.111 | 454.95 | <0.001
Group x Region 3.111 | 4.68 0.004
HC.Amygdala - PT.Amygdala 34 0.63 0.99
HC.Caudate - PT.Caudate 34 -2.18 0.39
HC.Hippocampus - PT.Hippocampus 34 1.36 0.86
HC.Putamen - PT.Putamen 34 -2.29 0.37
Right Subcortical Nuclei — V1
Group 1.34 0 .94
Region 3.111 | 398.63 | <0.001
Group x Region 3.111 | 2.56 0.059
Frontal Lobe — V3
Group 1.29 1.7 0.2
Region 11.341 | 0.27 0.99
Group x Region 11.341 | 0.6 0.83
Temporal Lobe — V3
Group 1.29 2.32 0.14
Region 7.217 | 2.54 0.016
Group x Region 7.217 | 5.59 <0.001
HC.entorhinal - PT.entorhinal 29 -1.52 0.16
HC.fusiform - PT.fusiform 29 2.46 0.053




HC.inferior temporal - PT.inferior temporal 29 2.6 0.053
HC.middle temporal - PT.middle temporal 29 1.62 0.15
HC.parahippocampal - PT.parahippocampal 29 1.44 0.16
HC.superior temporal - PT.superior temporal 29 1.76 0.15
HC.temporal pole - PT.temporal pole 29 -1.72 | 0.15
HC.transverse temporal - PT.transverse temporal | 29 3.041 | 0.053
Left Subcortical Nuclei— V3

Group 1.28 0 0.95
Region 3.93 357.7 | <0.001
Group x Region 3.93 1.33 0.27
Right Subcortical Nuclei — V1

Group 1.28 0.3 0.86
Region 3.93 270.22 | <0.001
Group x Region 3.93 0.91 0.44
Frontal Lobe - Longitudinal

Group 1.29 6.5 0.016
Visit 2.62 0.78 0.46
Group x Visit 2.62 1.78 0.18
HC vs PT 29 2.55 0.016
Temporal Lobe - Longitudinal

Group 1.29 4.7 0.038
Visit 2.62 0.91 0.40
Group x Visit 2.62 4.99 0.01
HC.vl - PT.vl 29 2.22 0.065
HC.v2 - PT.v2 29 2.86 0.039
HC.v3 - PT.v3 29 1.07 0.035
HC.vl - HC.v2 62 -1.21 | 0.65
HC.vl - HC.v3 62 -0.01 |0.94
HC.v2- HC.v3 62 1.13 0.36
PT.vl - PT.v2 62 0.41 0.73
PT.vl - PT.v3 62 -2.78 | 0.039
PT.v2- PT.v3 62 -3.19 | 0.034
Fusiform — Longitudinal

Group 1.29 7.6 0.01
Visit 2.62 0.35 0.7
Group x Visit 2.62 1.38 0.26
HC vs PT 29 3.4 0.002
Inferior Temporal — Longitudinal

Group 1.29 7.68 0.009
Visit 2.62 0.56 0.58




Group x Visit 2.62 0.71 0.49
HC vs PT 29 2.77 0.009
Superior Temporal — Longitudinal

Group 1.29 5.74 0.023
Visit 2.62 2.26 0.12
Group x Visit 2.62 6.82 0.002
HC.vl - PT.vl 29 3.36 0.005
HC.v2 - PT.v2 29 3.73 0.004
HC.v3 - PT.v3 29 2.05 0.068
HC.vl - HC.v2 62 -1.17 | 0.28
HC.vl - HC.v3 62 0.3 0.81
HC.v2- HC.v3 62 1.47 0.18
PT.vl - PT.v2 62 -0.01 | 0.99
PT.vl-PT.v3 62 -3.43 | 0.004
PT.v2- PT.v3 62 -3.42 | 0.004
Middle Temporal — Longitudinal

Group 1.29 4.4 0.045
Visit 2.62 1.59 0.21
Group x Visit 2.62 3 0.057
HC vs PT 29 3.1 0.005
Parahippocampal— Longitudinal

Group 1.29 1.98 0.17
Visit 2.62 0.1 0.9
Group x Visit 2.62 2.75 0.071
Transverse Temporal— Longitudinal

Group 1.29 5.92 0.021
Visit 2.62 1.87 0.16
Group x Visit 2.62 0.35 0.71
HC vs PT 29 2.51 .018
Caudate — Longitudinal

Group 1.29 2.31 0.14
Visit 2.61 0.07 0.94
Group x Visit 2.61 0.5 0.61
Putamen — Longitudinal

Group 1.29 1.37 0.25
Visit 2.61 0.4 .68
Group x Visit 2.61 0.46 0.63
Hippocampus — Longitudinal

Group 1.29 0.19 0.66




Visit 2.61 1.47 0.24
Group x Visit 2.61 15.29 | <0.001
HC.vl - PT.vl 29 -0.44 | 0.71
HC.v2 - PT.v2 29 -0.54 | 0.71
HC.v3 - PT.v3 29 1.35 0.65
HC.vl - HC.v2 62 0.86 0.71
HC.vl - HC.v3 62 1.71 0.46
HC.v2- HC.v3 62 0.85 0.71
PT.v1 - PT.v2 62 0 0.99
PT.vl - PT.v3 62 -5.23 | <0.001
PT.v2- PT.v3 62 -5.29 | <0.001

Table 1. Degrees of Freedom (DF). statistics and significance of the cross-sectional and longitudinal
statistical analyses. Main effect and interactions are in plain text. post-hoc analyses are underlined.
HC = Healthy Controls. PT = Patients. F statistic is reported for main effects and interactions while t
statistic is reported for post-hoc comparisons. 2Uncorrected p values are reported for main effects

and interactions. FDR corrected p values are reported for post-hoc comparisons






