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Espinozal, Michael R. Irwin?, Katherine L. Narr12
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SUniversity of Alabama, Birmingham, AL, USA

Abstract

Background.—Electroconvulsive therapy (ECT) is effective for treatment-resistant depression
and leads to short-term structural brain changes and decreases in the inflammatory response.

However, little is known about how brain structure and inflammation relate to the heterogeneity of
treatment response in the months following an index ECT course.

Methods.—A naturalistic six-month study following an index ECT course included 20 subjects
with treatment-resistant depression. Upon conclusion of the index ECT course and again after

six months, structural magnetic resonance imaging scans and peripheral inflammation measures
[interleukin-6 (IL-6), IL-8, tumor necrosis factor (TNF-a), and C-reactive protein] were obtained.
Voxel-based morphometry processed with the CAT-12 Toolbox was used to estimate changes in
gray matter volume.

Results.—Between the end of the index ECT course and the end of follow-up, we found four
clusters of significant decreases in gray matter volume (p < 0.01, FWE) and no regions of
increased volume. Decreased HAM-D scores were significantly related only to reduced IL-8 level.
Decreased volume in one cluster, which included the right insula and Brodmann’s Area 22, was
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related to increased HAM-D scores over six months. IL-8 levels did not mediate or moderate the
relationship between volumetric change and depression.

Conclusions.—Six months after an index ECT course, multiple regions of decreased gray
matter volume were observed in a naturalistic setting. The independent relations between brain
volume and inflammation to depressive symptoms suggest novel explanations of the heterogeneity
of longer-term ECT treatment response.

Keywords
Depression; ECT; imaging; inflammation; MRI; neuroimaging

Introduction

Electroconvulsive therapy (ECT) was established as an effective intervention for depression
over 80 years ago, and with technical refinements to maximize safety (Kaster et al., 2021),
it is associated with response rates of 60-80% (Bauer et al., 2013; Espinoza & Kellner,
2022) and remission rates over 50% (Bahji, Hawken, Sepehry, Cabrera, & Vazquez, 2019;
Dierckx, Heijnen, van den Broek, & Birkenhager, 2012). ECT is one of the few avenues for
treatment-resistant depression (Bahji et al., 2019), which affects at least 30% of people with
depression (Fava, 2003; Rush et al., 2006; Zhdanava et al., 2021). Although the mechanism
of ECT is not precisely known, it may be associated with both relatively acute changes in
neural plasticity (Gbyl & Videbech, 2018; Joshi et al., 2016; Mulders et al., 2020; Oltedal et
al., 2018) and inflammation (Belge et al., 2020; Yrondi et al., 2018).

Volumetric increases in the hippocampus and amygdala occur after the index ECT course
(Joshi et al., 2016; Qiu et al., 2016; Sartorius et al., 2016), yet few studies have explored
the durability of structural gray matter changes afterward. One study measured structural
changes in 14 subjects six months after the ECT course and found reduced orbitofrontal
thickness and decreased hippocampal volume (Gbyl et al., 2019). A second study followed
12 subjects 10-36 months after an index ECT course and reported decreased hippocampal
and thalamic volume (Jehna et al., 2021). Finally, a third study that assessed brain volume
six months after an index ECT course did not report direct comparisons between volumes
at the end of an index ECT course and the six-month follow-up (Brancati et al., 2021).
However, aside from the right amygdala, none of the 97 regions of interest significantly
differed from pre-treatment volumes, which suggests a widespread volumetric decrease after
six months.

None of the three previous longitudinal studies reported the relationship between changes in
volume/thickness and changes in mood six months after the index ECT course. The average
depression scores were roughly equivalent at the end of index ECT and follow-up in all
studies. However, the similarity of mean depression scores at the end of index ECT and
follow-up does not mean there is no relationship between mood and brain structure. That is,
depressive symptoms and brain structure may change in subgroups of subjects even though
mean depression measures do not; this hypothesis is the focus of the present investigation.

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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The role of inflammation in depression is well-documented (Haroon et al., 2018; Howren,
Lamkin, & Suls, 2009; Leonard, 2018; Osimo et al., 2020; Petralia et al., 2020; Roman

& Irwin, 2020) and several studies have suggested that inflammation, as measured by
peripheral cytokine concentrations, may play a role in ECT mechanisms (Carlier et al., 2019;
Stippl, Kirkgoze, Bajbouj, & Grimm, 2020; Yrondi et al., 2018). For example, higher IL-6
levels at baseline predict a more favorable response to an index ECT course (Kruse et al.,
2018) and subsequent increases in IL-8 over the course of ECT treatment predict treatment
response to ECT in females (Kruse et al., 2020). Generally, IL-6 and TNF-a levels appear
to decrease after index treatment with ECT, though the findings are somewhat variable,
possibly because of small sample sizes (Yrondi et al., 2018). A recent study reported an
inverse association between IL-6 and TNF-a levels and hippocampal volume after an index
ECT course, though neither change was related to ECT response (Belge et al., 2020). Thus,
while there is a growing body of evidence that inflammation may predict treatment response
to ECT and that ECT provokes inflammatory changes, little evidence relates inflammation
and brain structure to the heterogeneity of longer-term ECT response.

This six-month study sought to determine the relationship between brain volume,
inflammation, and depressive symptoms after an index ECT course. We obtained structural
magnetic resonance imaging (MRI) scans and measures of peripheral inflammatory markers
from participants after an index ECT course and again after six months to estimate changes
in gray matter volume and inflammation. Though inflammatory changes have not been
explored six months after index ECT, we anticipated that inflammation would be related

to changes in brain volume based on studies of index ECT. We further hypothesized that
decreased gray matter volume (particularly in temporal and hippocampal regions) would be
related to increased depressive symptoms six months after ECT.

Participants (n= 20; 10 males; 10 females) were recruited from individuals receiving ECT
at the University of California Los Angeles (UCLA) Resnick Neuropsychiatric Hospital.
Demographic characteristics are provided in Table 1. Participants were a subset of those
described in previous work (Joshi et al., 2016; Kruse et al., 2018, 2020; Kubicki et al., 2019;
Leaver et al., 2019) investigating changes from pre-ECT baseline to the end of an index ECT
course. The UCLA Institutional Review Board approved this study.

Subjects met DSM-IV TR criteria for a major depressive episode (MDD: = 18; bipolar
disorder: n= 2), which was confirmed by psychiatric evaluation and Mini-International
Neuropsychiatric Interview (MINI) (Sheehan et al., 1998). All subjects had at least two prior
major depressive episodes and had to meet the operational definition of treatment-resistant
depression by failing to respond to a least two antidepressants in the current episode (Gaynes
et al., 2020; Sackeim, 2001; Souery et al., 1999).

Exclusion criteria included comorbid psychiatric disorders, dementia, first-episode
depression, depression onset after 50 years of age, depression related to serious medical
illness, or any neuro-modulation treatment (e.g. vagal nerve stimulation, repetitive
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transcranial magnetic stimulation) within six months of an index ECT course. Participants
were excluded if they had a history of alcohol or substance abuse within the past six months
and/or dependence within the past year, any neurological disorder, or contraindication to
MRI. Prior treatment with ECT was not an exclusion criterion.

Participants received an index course of ECT per the usual clinical protocol and were
followed for six months. We obtained structural MRI scans at the end of the index
treatment and the six-month follow-up and, for some participants, measures of peripheral
inflammatory markers. Mood was assessed at both time points with the 17-item Hamilton
Depression Rating Scale (HAM-D) (Hamilton, 1960).

ECT treatment

The seizure threshold titration method of ECT (5000Q MECTA Corp.) was used. ECT
treatments were administered beginning with right unilateral d’Elia lead placement, using
an ultra-brief pulse-width (0.3 msec) and a charge at 6 x seizure threshold. If there was
insufficient clinical response after 10 treatments, then placement was switch to bitemporal
with a charge at 2 x seizure threshold, using a brief pulse-width (0.5 msec). For the

index course, ECT was administered three times a week, for a mean total of 11.1

sessions per participant (range 6—-16 sessions), using a standard protocol (methohexital and
succinylcholine) for anesthesia (Kruse et al., 2020). Participants resumed pharmacological
antidepressants per clinical guidelines. Because this study was naturalistic, some participants
received maintenance ECT, some antidepressants, and some a combination as clinically
determined. Response to index ECT was defined as = 50% reduction in HAM-D score
from initiation to the end of index treatment. During the six-month follow-up, nine subjects
received maintenance ECT.

Image acquisition

All subjects were scanned on a 3 T Allegra MRI scanner (Siemens Medical Systems,
Erlangen, Germany) with a structural motion-corrected (Tisdall et al., 2012) multi-echo
magnetization prepared rapid acquisition gradient-echo (MPRAGE) sequence (TES/TR =
1.74, 3.6, 5.46, 7.32/2530 ms, Tl = 1260 ms, FA = 7°; field of view = 256 x 256 mm; matrix
= 256 x 192; voxel size = 1.3 x 1 x 1 mm3).

MRI data analysis

MRI scans were normalized to the standardized MNI template within SPM using a 12-
parameter affine registration with 1.5 mm isotropic voxels and then segmented into gray and
white matter using the default ICBM tissue probability map. The segmented gray matter
images were modulated to account for the previous effects of spatial normalization and
smoothed with an 8 mm full-width at half-maximum Gaussian kernel. Longitudinal image
preprocessing was performed within the Computational Anatomy Toolbox (CAT12 v1450;
http://www.neuro.uni-jena.de/cat) using Statistical Parametric Mapping Software (SPM12
v6906; http://www.fil.ion.uclac.uk/spm/software/spm12/). CAT12 longitudinal processing
is optimized for detecting brain plasticity with voxel-based morphometry (VBM) over
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periods ranging from weeks to months and has been applied in prior longitudinal studies of
depression (Yuksel et al., 2018). For whole-brain analyses, the resulting gray matter volumes
were analyzed using a general linear model within SPM12 in which follow-up volume was
predicted by the end of index treatment volume, with total intracranial volume included

as a time-varying covariate. Statistical significance was set at p < 0.01, using family-wise
error (FWE) correction for multiple comparisons. Mean volumes of the resulting significant
clusters were computed for each subject using the mean volume tool within CAT12

for subsequent analyses. For region-of-interest analyses (ROI), we computed atlas-based
volumes (Maldjian, Laurienti, Kraft, & Burdette, 2003) and analyzed change as above using
CAT12. Volumes were converted to Talairach space and labels assigned using the Talairach
daemon with WFU PickAtlas.

Inflammatory markers

We obtained measures of peripheral inflammatory markers from a subset of participants at
the end of index treatment and follow-up (n7= 16 for CRP; n= 15 for all others). There
were no statistically significant differences between participants from whom we obtained
follow-up measures of inflammatory markers and those from whom we did not with respect
to age, #18) =-0.74, p=0.47, HAM-D at end of index ECT course treatment, #18) = 0.40,
p=0.70, or HAM-D at follow-up, £18) = -0.81, p=0.43.

All blood samples were collected within one week of the last index ECT treatment, between
8-11 a.m., to avoid diurnal variation. We used established procedures with a Bio-Plex 200
(Luminex) instrument and a high-sensitivity multiplex immunoassay (Performance High
Sensitivity Human Cytokine, R&D Systems, Minneapolis, MN) to assay IL-6, IL-8, and
TNF-a. CRP plasma levels were measured with the Human CRP Quantikine ELISA (R&D
Systems) using the manufacturer’s protocol and the following modifications: samples were
diluted 500-fold, and the standard curve was extended to 0.4 ng/mL to obtain a lower limit
of detection of 0.2 mg/mL, accounting for sample dilution (Boyle et al., 2020). Samples
were measured in duplicate, and all samples from a subject were tested in the same batch on
the same assay plate. The mean of the samples was used in analyses.

Statistical analyses

Because cytokine and CRP data were not normally distributed, measures were
logarithmically transformed and corrected for BMI (Haroon et al., 2016; Kruse et al., 2018,
2020). All follow-up measures (cytokines, CRP, HAM-D) were adjusted for corresponding
values at the end of index treatment to account for initial differences. ECT maintenance
administration was effect coded for analytic purposes. Univariate linear regression was

used to test relations between cytokines, CRP, and adjusted follow-up HAM-D score and
mean change in cluster volumes over time. For exploratory purposes, we examined whether
clusters of volumetric change between end of index ECT course and six-month follow-up
predicted response to index ECT (see online Supplement). All analyses were performed with
Stata/BE v17 for MacOS. The statistical significance level was set at p < 0.05.

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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Results

Demographic characteristics of subjects are provided in Table 1.

VBM analyses

Six months after the end the index ECT course, we found widespread decreased gray
matter volume relative to the end of the index ECT course (Fig. 1). Our VBM analysis
revealed four statistically significant clusters of decreased gray matter volume depicted

in Fig. 2, with their peak-level voxel coordinates provided in Table 2. The first cluster
included Brodmann’s Area (BA) 9/32 (prefrontal/anterior cingulate) and precuneus; the
second included right insula and BA 22 (superior temporal gyrus); the third included the
left insula and caudate; the fourth included the right middle temporal gyrus (BA 21).
There were no statistically significant increases in gray matter volume between the end of
index treatment and follow-up, nor were there any significant decreases in hippocampal or
amygdala volumes in our whole-brain analyses.

Volumetric changes and mood

To evaluate the relation between the decreases in gray matter volume in the four clusters and
change in HAM-D scores, we performed linear regression analyses controlling for age and
found that decreased volume in Cluster 2 corresponded to increased HAM-D scores after the
follow-up period, {17) = 2.63, p= 0.02. The presence of maintenance ECT did not alter

the relationship between Cluster 2 volume changes and HAM-D, {16) = 2.32, p=0.03. No
other clusters were significantly related to changes in HAM-D scores.

To summarize, six months after the index ECT course, decreased Cluster 2 volume,
including the right insula, parietal lobe, and inferior frontal gyrus, corresponded to
worsening depressive symptoms. This relationship did not vary according to whether
subjects received maintenance ECT.

Responder v. non-responder status

Twelve subjects responded to the index ECT course, defined by a decrease of at least

50% in HAM-D scores after treatment (Joshi et al., 2016). Because there was a significant
difference in HAM-D change over the six-month follow-up period between responders and
non-responders, {18) = 3.29, p= 0.004, we checked whether the relationship between
volumetric change and mood varied as a function of the index response to ECT. To do

this, we again performed linear regression analyses predicting HAM-D change scores but
included responder status and the interaction between responder status and change in cluster
volume. The volumetric cluster change and responder status were not significant for either
cluster, with both p’s > 0.50. However, the relations between HAM-D change scores and
volumetric change remained significant for Cluster 2, {16) = -2.32, p=0.03. Thus, the
relationship between volumetric change and mood after six months did not vary according to
whether participants initially responded to the index ECT course.

The lack of interaction between changes in gray matter volume and responder status is likely
attributable to the heterogeneity of depressive symptoms over the six-month follow-up. As

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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shown in Fig. 2, roughly half the non-responders improved, whereas half the responders
exhibited worsening depressive symptoms during follow-up. The bidirectional change in
mood for both responders and non-responders explains why we could detect individual
differences between structural gray matter changes and HAM-D scores in the absence of
mean difference between the end of index treatment and follow-up scores.

End of index measures as predictors of follow-up HAM-D score

We also checked whether volumetric and inflammatory measures at the end of the index
ECT course predicted depressive symptoms at follow-up. We performed regression analyses
in which the follow-up HAM-D score was predicted by the end of index cluster volume or
inflammation measures, controlling for age. HAM-D score at follow-up was significantly
related only to the end of index volumes of Cluster 3, £17) = 2.30, p=.03, and Cluster 4,
{17) =252, p=.02.

Inflammatory measures, volumetric changes, and mood

Mean levels of inflammatory measures at the end of index course and follow-up are
provided in Table 3. In product-moment correlations among the inflammatory measures,
decreased IL-8 levels were significantly related to decreased HAM-D scores, r= 0.65, p=
0.01. Concerning relations between inflammatory measures and changes in brain volume,
IL-8 levels were inversely correlated with volumetric changes in Cluster 4, r=-0.52, p

= 0.05. Changes in CRP levels were negatively, though not significantly, correlated with
volumetric changes in Cluster 3, r=-0.47, p=0.07. No other correlations between
cytokines and changes in cluster volumes were statistically significant, all p’s > 0.05.

IL-8 as a mediator or moderator of depression and plasticity relationship

We next checked the degree to which inflammatory change mediated or moderated the
relationship between changes in brain volume and depression. We restricted our analyses
to Cluster 2, the only cluster significantly related to HAM-D changes. Because of the
limitations in power imposed by our sample size, we consider the mediator/moderator
analyses to be preliminary.

We tested the hypothesis that IL-8 may have served as a mediator with a standard mediation
approach (Baron & Kenny, 1986). First, we found a significant relationship between
volumetric change in Cluster 2 and HAM-D change, as we described above. Second, we

did not find a statistically significant relationship between Cluster 2 change and IL-8 change,
r=0.17, p=0.54, which means mediation conditions were not satisfied.

Nevertheless, we performed the third step of the mediation approach by performing
regression analyses in which HAM-D change was predicted by Cluster 2 change and IL-8
change. The results of the regression analyses are provided in Table 4. The inclusion of IL-8
in the regression analysis did not affect the relationship between Cluster 2 and HAM-D.
Thus, because there was no significant relationship between IL-8 and Cluster 2 change and
IL-8 did not explain the relationship between HAM-D and Cluster 2 change, we did not find
evidence that IL-8 met mediation criteria.

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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Next, we tested whether IL-8 moderated the relationship between HAM-D and Cluster 2
change by performing a linear regression analysis in which HAM-D change was predicted
by both IL-8 change and Cluster 2 change. The moderation test in this equation is the
Cluster 2 x IL-8 interaction term, which failed to achieve statistical significance, thus
providing no evidence that IL-8 moderated the relationship between Cluster 2 and HAM-D
score.

Discussion

This study provides evidence of mechanisms of heterogeneity of depressive symptoms six
months after the index ECT course.

Decreased volume in one cluster, including the insula and caudate, was related to increased
depressive symptoms after six months. Additionally, IL-8 levels inversely correlated with
volumetric change and correlated with decreased depressive symptoms over the same period
but did not mediate the relationship between brain volume and depression. Thus, after

the index ECT course, brain plasticity and inflammation were independently related to
depressive symptoms.

Our results extend previous findings by providing evidence of widespread volumetric
decreases six months after the index ECT course. We demonstrated that volumetric decrease
in the insula, parietal cortex, and inferior frontal gyrus was related to changes in depressive
symptoms. Our findings of volume decrease in the temporal cortex, insula, and caudate
volume six months after the index ECT course support results from a previous study (Gbyl
et al., 2019). Although the governing factors of volumetric changes six months after index
ECT are unclear, our finding of relationships to depressive symptoms suggests that the
neural changes were not arbitrary.

Structural brain changes are associated with recovery from depressive episodes in both
bipolar (Brooks et al., 2009; Brooks, Foland-Ross, Thompson, & Altshuler, 2011; Wise et
al., 2017) and major depressive disorders (Wise et al., 2017; Yuksel et al., 2018). There are
widespread increases in brain volume after index ECT (Ousdal et al., 2020) and notable
increases in hippocampal and amygdala volume (Brancati et al., 2021; Camilleri et al.,
2020; Joshi et al., 2016; Oltedal et al., 2018; Ousdal et al., 2021; Sartorius et al., 2016).
Hippocampal volume increases are not consistently related to clinical improvement (Oltedal
et al., 2018; Sartorius et al., 2016, 2019) though there is evidence that structural and
functional connectivity of hippocampal circuits as measured by diffusion and functional
MRI is related to ECT response (Kubicki et al., 2019; Leaver et al., 2019; Leaver et al.,
2021).

Unlike previous work, we did not find evidence of decreased hippocampal volume six
months after the index ECT course. Two studies reported hippocampal volume decreases
after 6-36 months (Jehna et al., 2021; Nordanskog, Larsson, Larsson, & Johanson, 2014)
and one did not (Brancati et al., 2021), though none reported relationships with depression
outcome. While we did not find evidence of hippocampal volume decreases, there are
several potential explanations for the variable findings. Previous studies used different

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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methodologies, though ours was designed to maximize sensitivity to detect longitudinal
volumetric change (Gaser, Dahnke, Kurth, Luders, & Initiative, 2021). Our sample was
somewhat larger those in previous studies, so our study would likely be slightly more
sensitive to detect hippocampal change. Under relaxed statistical significance criteria, there
was a trend toward a reduction in hippocampal volume in our sample. Regardless, the
evidence of relations between depression and structural changes highlights the potential
significance of structural changes.

We found that increased levels of IL-8 corresponded to increased depression six months
after the end of the index ECT course. This finding contrasts with our previous work, in
which increased IL-8 levels after index ECT were associated with better response in females
(Kruse et al., 2021). Further, we found that higher levels of IL-8 mitigated the risk of
depressed mood in response to an inflammatory challenge (Kruse et al., 2022), and higher
levels of IL-8 predicted a reduced risk of incident major depressive (Irwin, Olmstead, Kruse,
Breen, & Haque, 2022). In a subsequent comparison in this study, we observed that the
relationship between IL-8 levels and depressive symptoms was stronger in males than in
females, though our sample size did not allow for statistical inference.

Our study focused on IL-8 levels six months after the index ECT series, but it is

interesting that immediately after the index series, others reported increased IL-8 CSF
levels (Mindt, Neumaier, Hoyer, Sartorius, & Kranaster, 2020). We cannot determine the
reason for such differences from our data, though index ECT, with frequent, repeated
seizures, may stimulate I1L-8 to provide neuroprotective properties. Subsequently, in the
absence of repeated seizure activity, a pattern closer to that observed in animal models may
prevail in which increased IL-8 levels are associated with decreased gray matter volume
(Thirumangalakudi, Yin, Rao, & Grammas, 2007). In essence, index ECT may lead to
inflammatory neurotrophic effects that are subsequently down-regulated (Cavaleri & Bartoli,
2022). A greater understanding of the relationship between inflammation and depressive
symptoms after the index ECT course requires a larger sample and more detailed analyses,
which we are exploring in future studies.

Although mean depression scores did not change between the end of index ECT course and
follow-up, there was substantial individual variability. The individual variations in volume
and inflammation were related to changes in depressive symptoms. Our sample size does not
permit us to characterize subgroups of patients, but our findings of individual differences in
the relationships between depressive symptoms, brain volume, and inflammation suggest
that subgroups exist. The independent relationships between individual differences in
depressive symptoms and brain plasticity and inflammation highlight the importance of
individual differences in detecting underlying depressive mechanisms. Our longitudinal
findings suggest that the perturbations of depressive mechanisms after the index ECT course
may dissipate over six months.

Conclusions and limitations

Our study has several limitations that affect generalizability. The absence of a control group
means we cannot conclude that the observed changes in gray matter volume were not

Psychol Med. Author manuscript; available in PMC 2025 February 05.
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attributable to extraneous factors. Although we cannot exclude time-related changes as a
contributor to decreases in gray matter volume, previous studies did not observe changes
in gray matter volume or thickness in healthy controls subjects scanned twice during a
period comparable to the index ECT course (Jehna et al., 2021; Joshi et al., 2016; Pirnia et
al., 2016). We had sufficient power to detect effects for several inflammatory markers, but
our sample size may not have allowed us to detect differences or sex-related interactions
in measures. Because our study was naturalistic, some participants resumed treatment with
antidepressants as clinically indicated following ECT (Espinoza & Kellner, 2022; Gill &
Kellner, 2019), and almost half had some maintenance ECT (Espinoza & Kellner, 2022).
We cannot exclude the possibility that these treatments influenced our findings, even though
some findings were reasonably robust. Finally, because this study was conducted in a
clinical setting, ECT subjects were not randomly assigned to treatment, which may have
induced selection bias.

Our findings highlight the complex nature of the relationship between structural brain
plasticity and mood changes following the index ECT course. This study is the first to report
the longitudinal relationships among mood, volumetric brain changes, and inflammation
after the index ECT course. Specifically, we found that six months after the index ECT
course, volumetric changes in a cluster of brain regions, including the insula, were related

to worsening mood and increased levels of serum IL-8. Volumetric and inflammatory
measures were independently related to changes in mood, which suggests potential avenues
of exploration for enhancing longer-term ECT efficacy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

References

Bahji A, Hawken ER, Sepehry AA, Cabrera CA, & Vazquez G (2019). ECT beyond unipolar major
depression: Systematic review and meta-analysis of electroconvulsive therapy in bipolar depression.
Acta Psychiatrica Scandinavica, 139(3), 214-226. doi: 10.1111/acps.12994 [PubMed: 30506992]

Baron RM, & Kenny DA (1986). The moderator-mediator variable distinction in social psychological
research: Conceptual, strategic, and statistical considerations. Journal of Personality and Social
Psycholology, 51(6), 1173-1182. doi: 10.1037//0022-3514.51.6.1173

Bauer M, Pfennig A, Severus E, Whybrow PC, Angst J, Moller HJ, & World Federation of
Societies of Biological Psychiatry. Task Force on Unipolar Depressive, D. (2013). World
Federation of Societies of Biological Psychiatry (WFSBP) guidelines for biological treatment
of unipolar depressive disorders, part 1: Update 2013 on the acute and continuation treatment
of unipolar depressive disorders. World Journal of Biological Psychiatry, 14(5), 334-385. doi:
10.3109/15622975.2013.804195

Belge JB, van Diermen L, Sabbe B, Parizel P, Morrens M, Coppens V, ... van Eijndhoven P (2020).
Inflammation, hippocampal volume, and therapeutic outcome following electroconvulsive therapy
in depressive patients: A pilot study. Neuropsychobiology, 79(3), 222—-232. doi: 10.1159/000506133
[PubMed: 32114575]

Boyle CC, Cho JH, Eisenberger NI, Olmstead RE, Piber D, Sadeghi N, ... Irwin MR (2020).
Motivation and sensitivity to monetary reward in late-life insomnia: Moderating role of sex
and the inflammatory marker CRP. Neuropsychopharmacology, 45(10), 1664-1671. doi: 10.1038/
s41386-020-0735-7 [PubMed: 32544926]

Psychol Med. Author manuscript; available in PMC 2025 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brooks et al.

Page 11

Brancati GE, Brekke N, Bartsch H, Evjenth Sorhaug OJ, Ousdal OT, Hammar A, ... Oltedal L
(2021). Short and long-term effects of single and multiple sessions of electroconvulsive therapy
on brain gray matter volumes. Brain Stimulation, 14(5), 1330-1339. doi: 10.1016/j.brs.2021.08.018
[PubMed: 34464746]

Brooks JO 111, Bonner JC, Rosen AC, Wang, Hoblyn JC, Hill SJ, & Ketter TA (2009). Dorsolateral and
dorsomedial prefrontal gray matter density changes associated with bipolar depression. Psychiatry
Research: Neuroimaging, 172(3), 200-204. doi: 10.1016/j.pscychresns.2008.06.007

Brooks JO 111, Foland-Ross LC, Thompson, & Altshuler LL (2011). Preliminary evidence of within-
subject changes in gray matter density associated with remission of bipolar depression. Psychiatry
Research: Neuroimaging, 193(1), 53-55. d0i:10.1016/j.pscychresns.2010.12.012

Camilleri JA, Hoffstaedter F, Zavorotny M, Zollner R, Wolf RC, Thomann P, ... Nickl-Jockschat T
(2020). Electroconvulsive therapy modulates grey matter increase in a hub of an affect processing
network. Neuroimage. Clinical, 25, 102114. doi: 10.1016/j.nicl.2019.102114 [PubMed: 31884221]

Carlier A, Berkhof JG, Rozing M, Bouckaert F, Sienaert P, Eikelenboom P, ... Exel EV (2019).
Inflammation and remission in older patients with depression treated with electroconvulsive
therapy; findings from the MODECT study(). Journal of Affective Disorders, 256, 509-516. doi:
10.1016/j.jad.2019.06.040 [PubMed: 31279250]

Cavaleri D, & Bartoli F (2022). Biomolecular research on electroconvulsive therapy for mental
disorders: State of the art and future directions. Alpha Psychiatry, 23(2), 57-58. 10.5152/
alphapsychiatry.2022.0003. [PubMed: 36426298]

Dierckx B, Heijnen WT, van den Broek WW, & Birkenhager TK (2012). Efficacy of electroconvulsive
therapy in bipolar versus unipolar major depression: A meta-analysis. Bipolar Disorders, 14(2),
146-150. doi: 10.1111/j.1399-5618.2012.00997.x [PubMed: 22420590]

Espinoza RT, & Kellner CH (2022). Electroconvulsive therapy. New England Journal of Medicine,
386(7), 667-672. doi: 10.1056/NEJMra2034954 [PubMed: 35172057]

Fava M (2003). Diagnosis and definition of treatment-resistant depression. Biological Psychiatry,
53(8), 649-659. doi: 10.1016/s0006-3223(03)00231-2 [PubMed: 12706951]

Gaser C, Dahnke R, Kurth K, Luders E, & Initiative ASDN (2021). A Computational Anatomy
Toolbox for the Analysis of Structural MRI Data. Unpublished.

Gaynes BN, Lux L, Gartlehner G, Asher G, Forman-Hoffman V, Green J, ... Lohr KN (2020).
Defining treatment-resistant depression. Depression and Anxiety, 37(2), 134-145. doi: 10.1002/
da.22968 [PubMed: 31638723]

Ghyl K, Rostrup E, Raghava JM, Carlsen JF, Schmidt LS, Lindberg U, ... Videbech P (2019).
Cortical thickness following electroconvulsive therapy in patients with depression: A longitudinal
MRI study. Acta Psychiatrica Scandinavica, 140(3), 205-216. doi: 10.1111/acps.13068 [PubMed:
31265120]

Gbyl K, & Videbech P (2018). Electroconvulsive therapy increases brain volume in major depression:
A systematic review and meta-analysis. Acta Psychiatrica Scandinavica, 138(3), 180-195. doi:
10.1111/acps.12884 [PubMed: 29707778]

Gill SP, & Kellner CH (2019). Clinical practice recommendations for continuation and maintenance
electroconvulsive therapy for depression: Outcomes from a review of the evidence and a consensus
workshop held in Australia in May 2017. The Journal of ECT, 35(1), 14-20. doi: 10.1097/
YCT.0000000000000484 [PubMed: 29419559]

Hamilton M (1960). A rating scale for depression. Journal of Neurology, Neurosurgery, and Psychiatry,
23(1), 56-62. doi: 10.1136/jnnp.23.1.56 [PubMed: 14399272]

Haroon E, Daguanno AW, Woolwine BJ, Goldsmith DR, Baer WM, Wommack EC, ... Miller AH
(2018). Antidepressant treatment resistance is associated with increased inflammatory markers
in patients with major depressive disorder. Psychoneuroendocrinology, 95, 43-49. doi: 10.1016/
j.psyneuen.2018.05.026 [PubMed: 29800779]

Haroon E, Fleischer CC, Felger JC, Chen X, Woolwine BJ, Patel T, ... Miller AH (2016).

Conceptual convergence: Increased inflammation is associated with increased basal ganglia
glutamate in patients with major depression. Molecular Psychiatry, 21(10), 1351-1357. doi:
10.1038/mp.2015.206 [PubMed: 26754953]

Psychol Med. Author manuscript; available in PMC 2025 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brooks et al.

Page 12

Howren MB, Lamkin DM, & Suls J (2009). Associations of depression with C-reactive protein,

IL-1, and IL-6: A meta-analysis. Psychosomatic Medicine, 71(2), 171-186. doi: 10.1097/
PSY.0b013e3181907c1b [PubMed: 19188531]

Irwin MR, Olmstead R, Kruse J, Breen EC, & Haque R (2022). Association of interleukin-8 and risk
of incident and recurrent depression in long-term breast cancer survivors. Brain, Behavior, and
Immunity, 105, 131-138. doi: 10.1016/j.bbi.2022.07.003 [PubMed: 35803481]

Jehna M, Wurm W, Pinter D, Vogel K, Holl A, Hofmann P, ... Enzinger C (2021). Do increases
in deep grey matter volumes after electroconvulsive therapy persist in patients with major
depression? A longitudinal MRI-study. Journal of Affective Disorders, 281, 908-917. doi:
10.1016/j.jad.2020.11.035 [PubMed: 33279261]

Joshi SH, Espinoza RT, Pirnia T, Shi J, Wang Y, Ayers B, ... Narr KL (2016). Structural plasticity
of the hippocampus and amygdala induced by electroconvulsive therapy in Major depression.
Biological Psychiatry, 79(4), 282-292. doi: 10.1016/j.biopsych.2015.02.029 [PubMed: 25842202]

Kaster TS, Vigod SN, Gomes T, Sutradhar R, Wijeysundera DN, & Blumberger DM (2021). Risk
of serious medical events in patients with depression treated with electroconvulsive therapy: A
propensity score-matched, retrospective cohort study. The Lancet. Psychiatry, 8(8), 686—695. doi:
10.1016/S2215-0366(21)00168-1 [PubMed: 34265274]

Kruse JL, Boyle CC, Olmstead R, Breen EC, Tye SJ, Eisenberger NI, & Irwin MR (2022).
Interleukin-8 and depressive responses to an inflammatory challenge: Secondary analysis of a
randomized controlled trial. Scientific Reports, 12(1), 12627. doi: 10.1038/s41598-022-16364-3
[PubMed: 35871638]

Kruse JL, Congdon E, Olmstead R, Njau S, Breen EC, Narr KL, ... Irwin MR (2018). Inflammation
and improvement of depression following electroconvulsive therapy in treatment-resistant
depression. Journal of Clinical Psychiatry, 79, 2. doi: 10.4088/JCP.17m11597

Kruse JL, Olmstead R, Hellemann G, Breen EC, Tye SJ, Brooks JO I, ... Irwin MR (2021).
Interleukin-8 and lower severity of depression in females, but not males, with treatment-resistant
depression. Journal Psychiatric Research, 140, 350-356. doi: 10.1016/j.jpsychires.2021.06.009

Kruse JL, Olmstead R, Hellemann G, Wade B, Jiang J, Vasavada MM, ... Irwin MR (2020).
Inflammation and depression treatment response to electroconvulsive therapy: Sex-specific role
of interleukin-8. Brain, Behavior, and Immunity, 89, 59-66. doi: 10.1016/j.bbi.2020.05.069
[PubMed: 32479994]

Kubicki A, Leaver AM, Vasavada M, Njau S, Wade B, Joshi SH, ... Narr KL (2019). Variations in
hippocampal white matter diffusivity differentiate response to electroconvulsive therapy in major
depression. Biological Psychiatry: Cognitive Neuroscience and Neuroimaging, 4(3), 300-309. doi:
10.1016/j.bpsc.2018.11.003 [PubMed: 30658916]

Leaver AM, Vasavada M, Joshi SH, Wade B, Woods RP, Espinoza R, & Narr KL (2019). Mechanisms
of antidepressant response to electroconvulsive therapy studied with perfusion magnetic resonance
imaging. Biological Psychiatry, 85(6), 466—476. doi: 10.1016/j.biopsych.2018.09.021 [PubMed:
30424864]

Leaver AM, Vasavada M, Kubicki A, Wade B, Loureiro J, Hellemann G, ... Narr KL (2021).
Hippocampal subregions and networks linked with antidepressant response to electroconvulsive
therapy. Molecular Psychiatry, 26, 4288-4299. doi: 10.1038/s41380-020-0666-z. [PubMed:
32029885]

Leonard BE (2018). Inflammation and depression: A causal or coincidental link to the
pathophysiology? Acta Neuropsychiatrica, 30(1), 1-16. doi:10.1017/neu.2016.69

Maldjian JA, Laurienti PJ, Kraft RA, & Burdette JH (2003). An automated method for neuroanatomic
and cytoarchitectonic atlas-based interrogation of fMRI data sets. Neuroimage, 19(3), 1233-1239.
doi: 10.1016/s1053-8119(03)00169-1 [PubMed: 12880848]

Mindt S, Neumaier M, Hoyer C, Sartorius A, & Kranaster L (2020). Cytokine-mediated
cellular immune activation in electroconvulsive therapy: A CSF study in patients with
treatment-resistant depression. World Journal of Biological Psychiatry, 21(2), 139-147. doi:
10.1080/15622975.2019.1618494

Mulders PCR, Llera A, Beckmann CF, Vandenbulcke M, Stek M, Sienaert P, ... Tendolkar | (2020).
Structural changes induced by electroconvulsive therapy are associated with clinical outcome.
Brain Stimulation, 13(3), 696-704. doi: 10.1016/j.brs.2020.02.020 [PubMed: 32289700]

Psychol Med. Author manuscript; available in PMC 2025 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brooks et al.

Page 13

Nordanskog P, Larsson MR, Larsson EM, & Johanson A (2014). Hippocampal volume in relation to
clinical and cognitive outcome after electroconvulsive therapy in depression. Acta Psychiatrica
Scandinavica, 129(4), 303-311. doi: 10.1111/acps.12150 [PubMed: 23745780]

Oltedal L, Narr KL, Abbott C, Anand A, Argyelan M, Bartsch H, ... Dale AM (2018). Volume
of the human hippocampus and clinical response following electroconvulsive therapy. Biological
Psychiatry, 84(8), 574-581. doi: 10.1016/j.biopsych.2018.05.017 [PubMed: 30006199]

Osimo EF, Pillinger T, Rodriguez IM, Khandaker GM, Pariante CM, & Howes OD (2020).
Inflammatory markers in depression: A meta-analysis of mean differences and variability in
5166 patients and 5083 controls. Brain, Behavior, and Immunity, 87, 901-909. doi: 10.1016/
J.bbi.2020.02.010 [PubMed: 32113908]

Ousdal OT, Argyelan M, Narr KL, Abbott C, Wade B, Vandenbulcke, & Gemric M (2020). Brain
changes induced by electroconvulsive therapy are broadly distributed. Biological Psychiatry, 87(5),
451-461. doi: 10.1016/j.biopsych.2019.07.010 [PubMed: 31561859]

Ousdal OT, Brancati GE, Kessler U, Erchinger V, Dale AM, Abbott C, & Oltedal L (2021).

The neurobiological effects of electroconvulsive therapy studied through magnetic resonance:
What have we learned, and where do we go? Biological Psychiatry, in press. doi: 10.1016/
j.biopsych.2021.05.023

Petralia MC, Mazzon E, Fagone P, Basile MS, Lenzo V, Quattropani MC, ... Nicoletti F (2020).

The cytokine network in the pathogenesis of major depressive disorder. Close to translation?
Autoimmunity Reviews, 19(5), 102504. doi: 10.1016/j.autrev.2020.102504 [PubMed: 32173514]

Pirnia T, Joshi SH, Leaver AM, Vasavada M, Njau S, Woods RP, ... Narr KL (2016). Electroconvulsive
therapy and structural neuroplasticity in neocortical, limbic and paralimbic cortex. Translational
Psychiatry, 6(6), €832. doi: 10.1038/tp.2016.102 [PubMed: 27271858]

QiuH, Li X, Zhao W, Du L, Huang P, Fu Y, ... Luo Q (2016). Electroconvulsive therapy-induced brain
structural and functional changes in major depressive disorders: A longitudinal study. Medical
Science Monitor: International Medical Journal of Experimental and Clinical Research, 22, 4577—
4586. doi: 10.12659/msm.898081

Roman M, & Irwin MR (2020). Novel neuroimmunologic therapeutics in depression: A clinical
perspective on what we know so far. Brain, Behavior, and Immunity, 83, 7-21. doi: 10.1016/
j.bbi.2019.09.016 [PubMed: 31550500]

Rush AJ, Trivedi MH, Wisniewski SR, Nierenberg AA, Stewart JW, Warden D, ... Fava M (2006).
Acute and longer-term outcomes in depressed outpatients requiring one or several treatment
steps: A STAR*D report. American Journal of Psychiatry, 163(11), 1905-1917. doi: 10.1176/
ajp.2006.163.11.1905 [PubMed: 17074942]

Sackeim HA (2001). The definition and meaning of treatment-resistant depression. Journal of Clinical
Psychiatry, 62(Suppl 16), 10-17. Retrieved from https://www.nchi.nlm.nih.gov/pubmed/11480879,
https://www.psychiatrist.com/read-pdf/4083/.

Sartorius A, Demirakca T, Bohringer A, Clemm von Hohenberg C, Aksay SS, Bumb JM, ... Ende G
(2016). Electroconvulsive therapy increases temporal gray matter volume and cortical thickness.
European Neuropsychopharmacology, 26(3), 506-517. doi: 10.1016/j.euroneuro.2015.12.036
[PubMed: 26792445]

Sartorius A, Demirakca T, Bohringer A, Clemm von Hohenberg C, Aksay SS, Bumb JM, ...

Ende G (2019). Electroconvulsive therapy induced gray matter increase is not necessarily
correlated with clinical data in depressed patients. Brain Stimulation, 12(2), 335-343. doi:
10.1016/j.brs.2018.11.017 [PubMed: 30554869]

Sheehan DV, Lecrubier Y, Sheehan KH, Amorim P, Janavs J, Weiller E, ... Dunbar GC (1998).
The Mini-international neuropsychiatric interview (M.I.N.1.): The development and validation
of a structured diagnostic psychiatric interview for DSM-IV and ICD-10. Journal of Clinical
Psychiatry, 59(Suppl 20), 22-33.

Souery D, Amsterdam J, de Montigny C, Lecrubier Y, Montgomery S, Lipp O, ... Mendlewicz
J (1999). Treatment resistant depression: Methodological overview and operational criteria.
European Neuropsychopharmacology, 9(1-2), 83-91. doi: 10.1016/s0924-977x(98)00004-2
[PubMed: 10082232]

Psychol Med. Author manuscript; available in PMC 2025 February 05.


https://www.ncbi.nlm.nih.gov/pubmed/11480879
https://www.psychiatrist.com/read-pdf/4083/

1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Brooks et al.

Page 14

Stippl A, Kirkgoze FN, Bajbouj M, & Grimm S (2020). Differential effects of electroconvulsive
therapy in the treatment of Major depressive disorder. Neuropsychobiology, 79(6), 408-416. doi:
10.1159/000505553 [PubMed: 32344410]

Thirumangalakudi L, Yin L, Rao HV, & Grammas P (2007). IL-8 induces expression of matrix
metalloproteinases, cell cycle and pro-apoptotic proteins, and cell death in cultured neurons.
Journal of Alzheimers Disease, 11(3), 305-311. doi: 10.3233/jad-2007-11307

Tisdall MD, Hess AT, Reuter M, Meintjes EM, Fischl B, & van der Kouwe AJ (2012). Volumetric
navigators for prospective motion correction and selective reacquisition in neuroanatomical MRI.
Magnetic Resonance in Medicine, 68(2), 389-399. doi: 10.1002/mrm.23228 [PubMed: 22213578]

Wise T, Radua J, Via E, Cardoner N, Abe O, Adams TM, ... Arnone D (2017). Common and distinct
patterns of grey-matter volume alteration in major depression and bipolar disorder: Evidence from
voxel-based meta-analysis. Molecular Psychiatry, 22(10), 1455-1463. doi: 10.1038/mp.2016.72
[PubMed: 27217146]

Yrondi A, Sporer M, Peran P, Schmitt L, Arbus C, & Sauvaget A (2018). Electroconvulsive therapy,
depression, the immune system and inflammation: A systematic review. Brain Stimulation, 11(1),
29-51. doi: 10.1016/j.brs.2017.10.013 [PubMed: 29111078]

Yuksel D, Engelen J, Schuster V, Dietsche B, Konrad C, Jansen A, ... Krug A (2018). Longitudinal
brain volume changes in major depressive disorder. Journal of Neural Transmission, 125(10),
1433-1447. doi: 10.1007/s00702-018-1919-8 [PubMed: 30167933]

Zhdanava M, Pilon D, Ghelerter I, Chow W, Joshi K, Lefebvre P, ... Sheehan JJ (2021). The
prevalence and national burden of treatment-resistant depression and major depressive disorder in
the United States. Journal of Clinical Psychiatry, 82(2), 20m13699. doi: 10.4088/JCP.20m13699.

Psychol Med. Author manuscript; available in PMC 2025 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Brooks et al.

Page 15

Cluster 1

Cluster 2

Cluster 3

Cluster 4

Fig. 1.
Four significant clusters of decreased gray matter volume were observed six months after the

index course of ECT. Images are thresholded at p< 0.01 (FWE). There were no regions of
significant volumetric increase. Cluster numbers correspond to peak voxel labels provided in
Table 3. Numbers next to axial slices for Clusters 2 and 3 refer to Talairach x-coordinates.

(FWE, Family-wise error).
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Fig. 2.

Cr?ange in HAM-D scores from the end of the index ECT course to six-month follow-up
according to whether participants responded to the index ECT course. Response was defined
as a decrease in the HAM-D score of at least 50% from pre-treatment to end of the index
ECT course.
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Table 1.

Demographics and clinical characteristics

Mean or n
Age 425 (13.7)
Age at onset 27.2 (12.4)
Sex: Male/Female () 10/10
HAM-D pre-ECT 26.2 (5.8)
HAM-D at the end of index 12.7 (7.3)
HAM-D at follow-up 11.5(7.2)
Maintenance ECT (1) 9
Antidepressants after index ECT () 4

Maintenance ECT + Antidepressants (1) 3

Note: Standard deviation in parentheses. 7= 20.

Psychol Med. Author manuscript; available in PMC 2025 February 05.

Page 17



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Brooks et al. Page 18

Table 2.

Coordinates of peak-level voxels of significant clusters of gray matter changes between the end of index
course and follow-up

Peak coordinates

X y z Cluster size
Follow-up > End of index No significant differences
Follow-up < End of index
Cluster 1 (R BA 9/32/precuneus) 2 -69 54 5909
Cluster 2 (R insula, BA22) 51 -15 21 5331
Cluster 3 (L Insula & caudate) —44 4 6 4689
Cluster 4 (R BA 21) 70 -32 -2 1267

Note: For all clusters: p < 0.01, FWE-corrected. Cluster size provided in voxels. Coordinates are in Talairach space. (FWE: Family-wise error).
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