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Abstract

Electroconvulsive therapy (ECT) has been repeatedly linked to hippocampal plasticity. However, 

it remains unclear what role hippocampal plasticity plays in the antidepressant response to 

ECT. This magnetic resonance imaging (MRI) study tracks changes in separate hippocampal 

subregions and hippocampal networks in patients with depression (n=44, 23 female) to determine 

their relationship, if any, with improvement after ECT. Voxelwise analyses were restricted to 

the hippocampus, amygdala, and parahippocampal cortex, and applied separately for responders 

and nonresponders to ECT. In analyses of arterial spin-labeled (ASL) MRI, nonresponders 

exhibited increased cerebral blood flow (CBF) in bilateral anterior hippocampus, while responders 

showed CBF increases in right middle and left posterior hippocampus. In analyses of gray-matter 

volume (GMV) using T1-weighted MRI, GMV increased throughout bilateral hippocampus 

and surrounding tissue in nonresponders, while responders showed increased GMV in right 

anterior hippocampus only. Using CBF loci as seed regions, BOLD-fMRI data from healthy 

controls (n=36, 19 female) identified spatially separable neurofunctional networks comprised of 

different brain regions. In graph theory analyses of these networks, functional connectivity within 

a hippocampus-thalamus-striatum network decreased only in responders after two treatments 

and after index. In sum, our results suggest that the location of ECT-related plasticity within 

the hippocampus may differ according to antidepressant outcome, and that larger amounts of 

hippocampal plasticity may not be conducive to positive antidepressant response. More focused 

targeting of hippocampal subregions and/or circuits may be a way to improve ECT outcome.
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INTRODUCTION

Electroconvulsive therapy (ECT) is an effective treatment for severe treatment-refractory 

depression, yet a mechanistic understanding of this intervention remains elusive. The most 

consistently reported site of ECT-related neuroplasticity is the hippocampus. This includes 

increases in a variety of neuroimaging markers of gray matter in humans (1–5), increased 

cellular plasticity including neurogenesis in animal models (6–8), and several reports of 

associated neurofunctional plasticity (9–12).

However, the nature of the link between hippocampal plasticity and antidepressant response 

to ECT is unclear. The majority of previous human structural neuroimaging studies have 

reported no correlation between improved depressive symptoms and gray-matter changes 

in hippocampus and/or surrounding cortical tissue (2–4, 13–15). In a recent report, 

we demonstrated that resting brain activity increased in the right anterior hippocampus 

after ECT, measured with arterial-spin labelled (ASL) fMRI. However, this hippocampal 

plasticity appeared to be more pronounced in nonresponders, suggesting that robust 

regional plasticity within the hippocampus may be detrimental to successful outcome 

(16), consistent with a recent mega-analysis of structural MRI data (15). Notably, in 

white-matter connections linked to this right anterior hippocampal region, microstructural 

markers changed after ECT in responders but not nonresponders in another of our recent 

studies (17). Taken together, existing literature paints a complex picture of the potential 

relationships between regional and network plasticity within the hippocampus with regard to 

antidepressant response to ECT.

The hippocampus is topographically and functionally organized, with afferent and efferent 

connections with the remainder of the brain varying along its anterior-posterior axis (18, 19). 

Thus, perhaps the precise location(s) of plasticity within the hippocampus determines which 

“down-stream” brain networks and regions outside the hippocampal complex are affected 

by ECT-related seizure activity and/or associate with clinical response. Furthermore, these 

patterns of plasticity may in turn impact antidepressant outcome and side effects. We attempt 

to address this hypothesis in this paper.

The goal of this study was to understand the relationship between antidepressant response 

to ECT and functional and structural change in hippocampal regions and networks. First, we 

measured loci of CBF (ASL-fMRI) and GMV (sMRI) change in the medial temporal lobe 

in patients with treatment-refractory depression undergoing ECT. Patients were grouped 

according to antidepressant outcome, and we attempted to identify separable loci of 

CBF and GMV change in responders and nonresponders to ECT (i.e., >50% or <50% 

improvement in depression scores, respectively). Then, we sought to determine whether 

these different sites of CBF change were connected with different hippocampal networks 

measured with BOLD-fMRI using data from non-depressed controls. Finally, we measured 

plasticity within these networks according to ECT response with graph theory analyses. 

Potential associations between all MRI metrics and recall memory were also explored. 

Taken together, these analyses tested the hypothesis that the location of ECT-related 

plasticity within the hippocampus associates with ECT outcome, which then relates to 

differences in network-level functional change throughout the brain.
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MATERIALS AND METHODS

Subjects

Patients with treatment-refractory depression (n=57) and demographically similar non­

depressed volunteers (n=36) gave informed written consent to participate in this UCLA IRB­

approved study (inclusion/exclusion criteria in Supplemental Methods). Clinical response 

was defined as a ≥50% reduction in mean composite score across three depression 

inventories (Supplemental Methods). Prior publications overlapping with the current cohort 

reported ECT-related structural (17, 20–23), functional (10, 24, 25), and neurochemical (12, 

26) changes, and evaluation of cognitive measures (27).

Study Visits

Patients volunteered for this research study before initiating a clinically prescribed course of 

ECT at the UCLA Resnick Neuropsychiatric Hospital administered using standard protocols 

(Supplemental Methods). Patients completed four visits: 1) within 24 hours before first 

ECT session (baseline), 2) immediately before their third ECT appointment (~4 days after 

baseline), 3) after their clinically determined ECT index series (~4 weeks after baseline), 

and 4) approximately 6 months after ECT index. Non-depressed volunteers completed two 

study visits approximately 4 weeks apart.

At each visit, volunteers underwent multimodal MRI, cognitive testing, and depression 

inventories. Cognitive tests are described for this cohort elsewhere (27); here, we targeted 

delayed recall memory of visuospatial (Brief Visuo-Spatial Memory Test Revised, BVMT) 

and verbal stimuli (Hopkins Verbal Learning Test Revised, HVLT), due to previously 

established links between the hippocampus and recall memory (28, 29).

Image Acquisition & Preprocessing

A 3T Siemens Allegra scanner acquired all images; sequence parameters are described in 

Supplemental Methods.

During ASL preprocessing, images were first corrected for motion (FSL; FMRIB, 
Functional MRI of the Brain), and CBF was quantified using simple subtraction in 

ASLtoolbox (30). Quantified images were averaged to yield a single CBF image per session 

for subsequent analysis. Upon visual inspection, 7 baseline (3 patients, 4 controls) and 

13 follow-up (10 patients, 3 controls) ASL scans were identified to have poor quality 

(i.e., susceptibility artifacts, slice artifacts, and/or global CBF <20 mL/100g/min) and were 

not analyzed further. Global CBF was calculated for each ASL-CBF image by averaging 

voxelwise CBF within a gray-matter mask (SPM8 GM template >20%, ASL pseudo-BOLD 

>100 (30)).

Voxelwise gray matter volume (GMV) was calculated in SPM8 using the Segmentation 

procedure embedded with standard MNI normalization of T1-weighted structural images 

(31). In brief, images were corrected for intensity bias and segmented by tissue type using 

prior probability maps (International Consortium for Brain Mapping). Grey matter images 

were then modulated to reflect the degree of local deformation during spatial normalization 
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to produce voxelwise GMV metrics (i.e., voxel based morphometry). All GMV images 

passed visual inspection for quality.

BOLD images were preprocessed using FSL, including slice-time correction, motion 

correction, and high-pass filter (0.01 Hz). Two leading functional volumes were discarded 

prior to preprocessing. ICA-based denoising was also applied as described previously (25). 

All BOLD images passed inspection for quality.

Preprocessed ASL and BOLD images were aligned to each subject’s MPRAGE using FSL, 

and all images (ASL, BOLD, GMV) were MNI-normalized using a nonlinear transformation 

and interpolated to 2×2×2 mm3 resolution in SPM8. Spatial smoothing was applied in FSL 

using a 6mm FWHM Gaussian kernel.

Voxelwise Statistical Analyses

All statistical analyses were completed in R (https://www.r-project.org). Voxelwise statistical 

analyses were limited to an anatomical mask of the hippocampus, amygdala, and 

parahippocampal gyrus (Harvard-Oxford Atlas in FSL).

To address the a priori hypothesis that the location of peak CBF and GMV change differed 

in responders and nonresponders to ECT, CBF and GMV images from responders and 

nonresponders were analyzed separately using linear-mixed effects models. To identify 

locations of CBF change, time was the fixed factor of interest (baseline vs. post-index) and 

nuisance variables included age, ECT electrode placement (% right-unilateral), total number 

of treatments, voxelwise gray matter volume, (fixed factors) and subject (random factor). 

To identify locations of GMV change, time was the fixed effect of interest (baseline vs. post­

index), and nuisance regressors included age, ECT electrode placement (% right-unilateral), 

total number of treatments, (fixed) and subject (random). For completeness, these same 

models were applied to the entire sample to identify main effects of time in all patients (with 

mean % change in depression scores as an additional fixed nuisance factor), and interactions 

between time and response (mean % depression score change).

The location of peak CBF and GMV change was identified separately in responders and 

nonresponders using an initial exploratory threshold of p < 0.05 k > 25 and validated 

using leave-one-out subsampling requiring 100% overlap at p < 0.05 across all subsample 

tests in each group (k > 25; Supplemental Methods). Clusters of CBF and GMV change 

were retained that met threshold p < 0.05 across 100% of subsample tests in each group 

(k > 25). Cluster locations consistent across 100% of subsample tests were considered 

robust (i.e., not due to Type I error); this assumption was tested using subsampling in 

control data (Supplemental Methods). Validated CBF clusters were used as seed regions for 

subsequent network analyses. Conventional correction methods addressing Type 1 error are 

also reported in figures (i.e., FDR-corrected q < 0.05 for voxels and RFT-corrected p < 0.05 

for clusters).

In all regions of CBF and GMV change after ECT identified for responders and 

nonresponders, post-hoc region-of-interest (ROI) analyses explored interactions between 

time and response (% depression score change) using linear mixed models as described 
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above, with FDR-correction within each MRI metric (i.e., separately for CBF and GMV). 

Main effects of time were also explored in each group (responders, nonresponders, all 

patients, and controls).

Network Analyses

BOLD-fMRI data from non-depressed controls were used to define hippocampal networks 

(Supplemental Methods) using CBF clusters validated using subsampling procedures. 

Subsequent graph theory analyses using BOLD-fMRI data in depressed patients measured 

whether connectivity within these hippocampal networks changed after ECT, separately 

in responders and nonresponders (Supplemental Methods). Overall network strength and 

hippocampal centrality were derived for each hippocampal network and each dataset (i.e., 

each patient’s MRI session). Linear mixed effects models examined interactions between 

time and response (% depression score change) for both acute (after 2 treatments) and 

post-treatment (after index) changes, where nuisance variables included age, ECT electrode 

placement (% right-unilateral), total number of treatments, (fixed factors) and subject 

(random factor). Statistics were FDR-corrected within each network metric (i.e., separately 

for network strength and hippocampal centrality).

ROI Analyses of Delayed Recall Memory

In all regions exhibiting CBF or GMV change after ECT, and in all hippocampal networks, 

post-hoc ROI analyses explored relationships between change in MRI metric and change 

in memory scores. A general linear model was used, where nuisance regressors included 

age, % depression score change, ECT electrode placement (% right-unilateral), and total 

number of treatments. No overall reductions in memory scores were noted after ECT, nor 

were interactions with antidepressant response present in this cohort (Supplemental Results) 

(27); therefore we targeted main effects of change in memory score for this analysis (i.e., 

rather than interactions with response). These analyses were considered exploratory and no 

correction for multiple comparisons was applied.

RESULTS

Demographic and clinical variables

Of volunteers who completed the post-ECT index study visit, 41% (18/44) were defined as 

responders, showing at least 50% average reduction in depression scores across the three 

inventories used (Table 1). Responders, nonresponders, and nondepressed controls did not 

differ in age or sex, and, as expected, nonresponders had on average ~2 more treatments 

and had a lesser proportion of right-unilateral ECT treatments than responders (73 vs 97% 

right-unilateral, respectively). Depression scores improved significantly in both groups after 

two treatments and after ECT index, which was maintained at 6 months.

Loci of hippocampal CBF change in responders and nonresponders to ECT

Separable loci of CBF change were identified that survived validation by subsampling 

(100% overlap at p<0.05, k>25mm3; Figure 1&3, Table 2, Supplementary Table 1). In 

patients who responded to ECT, post-index CBF increases were identified in the right 

middle and left posterior hippocampus. In nonresponders, CBF increased in relatively larger 
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clusters located in the anterior hippocampi bilaterally, with effects more robust in the right 

hippocampus. These hippocampal clusters were retained as seed regions for subsequent 

analyses.

Loci of hippocampal GMV change in responders and nonresponders to ECT

In patients who did not respond to ECT, large bilateral increases in voxelwise GMV 

were noted after treatment. In responders, a small region of right anterior hippocampus 

overlapping the amygdala exhibited increased GMV after treatment (Figure 2&3, Table 2, 

Supplementary Table 2).

Hippocampal networks

Seed-based functional connectivity analyses of BOLD-fMRI data from non-depressed 

control volunteers established spatially separable functional networks associated with each 

hippocampal region identified in CBF analyses described above (Figure 4A). The anterior 

hippocampal seed defined a network similar to the default-mode network, and included 

the following regions: medial prefrontal cortex, posterior cingulate cortex, precuneus. The 

seed located in the middle of the hippocampus defined a network comprised of the basal 

ganglia and thalamus. Finally, the posterior hippocampal seed defined a network comprised 

of lateral and medial posterior parietal cortex, which is often designated as the posterior 

default mode network.

In graph theory analyses of these hippocampal networks (Figure 4B), a response-by-time 

interaction was identified in the hippocampus-thalamus-striatum network defined using the 

mid hippocampal seed (HCN-R1, Figure 4A), where network strength decreased after two 

treatments in ECT responders. This change persisted after index in responders, but did 

not change in nonresponders. Response-by-time interactions were not noted in connectivity 

metrics for the other two networks or hippocampal centrality (Supplementary Table 3, 

Supplementary Figure 1).

Correlations with recall memory

Post-ECT change in mean CBF in left anterior hippocampus was negatively correlated with 

post-ECT change in verbal recall, such that improved recall associated with decreased CBF 

(p=0.02). Relatedly, post-ECT change in anterior hippocampal network metrics (network 

strength and hippocampal centrality) were also negatively correlated with change in 

visuospatial scores, where improved performance associated with decreased connectivity.

Positive correlations were noted between GMV change after ECT and change in verbal 

recall. Here, increased GMV associated improved performance (p<0.05). Scatterplots for 

all correlations p < 0.10 are displayed in Figure 5 for this exploratory analysis (see also 

Supplemental Results and Supplementary Figure 2).

DISCUSSION

Hippocampal plasticity has long been associated with ECT, yet its relation to antidepressant 

outcome is not well understood. In our study, we identified structural and functional changes 
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in the hippocampi and surrounding regions associated with antidepressant response to 

ECT. Patients that did not respond to ECT exhibited increased CBF in bilateral anterior 

hippocampus, as well as robust increases in GMV bilaterally. In ECT responders, changes 

were more circumscribed, with CBF increases occurring in right middle and left posterior 

hippocampus, and GMV increases occurring in right anterior hippocampus. Notably, loci of 

CBF change were associated with separable functional networks, suggesting that plasticity 

in different hippocampal subregions regions could have downstream effects in different brain 

regions and networks. Indeed, graph theory analyses of these networks showed acute and 

post-index modulation of a hippocampus-thalamus-striatum network in ECT responders. 

Taken together, these results appear to indicate that the location of hippocampal plasticity 

may differ according to antidepressant response to ECT, and that excessive plasticity within 

the hippocampus and surrounding tissue may not associate with positive ECT outcome.

Hippocampal plasticity in ECT

A growing body of human and animal research associates ECT-induced seizures with 

many different forms of hippocampal plasticity. Markers of neurogenesis, synaptogenesis, 

gliogenesis, and other markers of cellular plasticity increase in animal models of ECT (6–

8). In human neuroimaging studies, total hippocampal volume has been shown to increase 

after ECT in many studies (1–5, 13–15). Studies also demonstrate increases isolated to 

the dentate gyrus in high-field anatomical MRI (32, 33) and to right anterior hippocampus 

in surface-based morphometric analyses targeting primarily right-unilateral ECT (1). The 

current analyses reported here corroborate these neuroanatomical effects, while also 

supporting more extensive increases throughout the hippocampus and surrounding tissue 

in nonresponders to ECT and more circumscribed changes overlapping right amygdala in 

responders (c.f. (34) and Supplemental Results). Clearly, ECT very likely induces structural 

plasticity within the hippocampus and surrounding tissue, yet how these changes relate to 

neuroplasticity supporting antidepressant response remains unclear.

In our current study, neurofunctional changes appeared to occur in different subregions of 

the hippocampus along its anterior-posterior axis in responders and nonresponders to ECT 

as measured with ASL-fMRI. These different subregions were also linked with different 

functional brain networks, as supported by previous research (18, 19). Further, the extent 

of neurofunctional change appeared to be greater in patients who did not respond to 

ECT, mirroring our anatomical findings. Taken together, these results may indicate that 

the precise location (and/or spatial extent) of hippocampal plasticity may correlate with 

which brain networks are modulated by ECT. Many interpretations of these effects are 

possible, which are not mutually exclusive. Differing locations of hippocampal plasticity 

may reflect individual differences in the susceptibility of tissue to seizure activity, individual 

neuroanatomical differences affecting electrical current flow through medial temporal lobe 

tissue, variable influence of other brain networks on hippocampal activity during ECT­

induced seizures (e.g., during seizure termination), or other factors. Future studies linking 

the physiology of ECT-induced seizure activity to long-term neuroplastic changes are 

needed to address these hypotheses. Whether GMV change occurs in different hippocampal 

subregions in responders and nonresponders to ECT should also be confirmed in studies 
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with ultra-high spatial resolution, perhaps targeting subregional change along the anterior­

posterior axis of the dentate gyrus.

Linking long-term plasticity with seizure physiology in ECT

Generalized seizure of adequate length is purported to be important for a “successful” ECT 

session, evidenced by highly coordinated seizure activity at all/most recording sites during 

multi-channel EEG and motor symptoms (35). Thus, the process of seizure generalization 

appears to be integral to positive outcome (36), though other stages (i.e., initiation, 

termination) likely play a role as well (37, 38). Notably, evidence from animal models 

(39, 40), patients with epilepsy (41), and ECT (42–44) demonstrate that neuronal activity 

measured during generalized seizures is not homogenous throughout the brain (45). This 

suggests that different brain regions and networks may be engaged during different seizure 

stages during ECT, and perhaps that the degree to which these regions are efficiently 

engaged at each seizure stage may affect treatment outcome; yet, precise measurement of 

brain activity during different seizure stages during ECT is challenging and thus evidence is 

sparse.

SPECT studies have injected tracers before treatment to “tag” brain activity during different 

stages of ECT-induced seizures. These studies have shown increased activity in anteromedial 

temporal regions at the beginning of the ECT session, which is often interpreted as 

reflecting seizure initiation (46). After seizure initiation, however, brain-activity changes 

occur elsewhere during ECT-induced seizures, typically including increased thalamic and 

brainstem activity coupled with decreased cortical activity (46–49). The thalamus has 

been linked to the propagation of generalized seizures in animal models (50, 51), and 

the thalamus and/or thalamo-cortical networks are thought to play an important role in the 

generalization of seizures during ECT (46, 52).

In the current study, patients who responded to ECT exhibited increased CBF in a 

region of right middle hippocampus, which was functionally connected with a hippocampus­

thalamus-striatum network. Notably, ECT responders showed acute and long-term changes 

in this network, exhibiting decreased network connectivity strength after two treatments 

and after completing treatment index. In our previous work in this cohort, we have also 

noted decreased pre-treatment thalamic CBF in responders that “normalized” after ECT 

(16), as well as modulation of thalamus-striatum-frontal functional connectivity after ECT 

related to antidepressant response (53). Taken together, these results suggest that the lasting 

neuroplastic effects of seizure generalization (and/or the transition from seizure initiation to 

generalization) may play a role in successful clinical outcome in ECT, perhaps in the form of 

long-term plasticity within thalamic networks.

Hippocampal plasticity and memory in ECT

Episodic memory, including autobiographical memories, may be affected in some patients 

undergoing ECT (54, 55). In our study, patients received predominantly right-unilateral 

ultra-brief-pulse ECT, explicitly chosen to reduce potential impairments in episodic 

autobiographical memory (54, 55). This may explain, at least in part, why this cohort 

did not appear to exhibit memory impairments after ECT. However, we did not assess 
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episodic autobiographical memory directly, and care must be taken when using experimental 

memory tasks to assess episodic memory impairments sometimes associated with this ECT. 

In our study, increased hippocampal volume after ECT correlated with improved delayed 

recall of words after treatment, suggesting that increased overall hippocampal GMV may 

not associate with memory-related side effects in ECT, in contrast to a recent report 

(56). Delayed recall of visuo-spatial items in our study was also modestly associated with 

changes in anterior hippocampus and its associated network, which has been linked with 

autobiographical memory in many previous neuroimaging studies (57). Interactions with 

antidepressant response were not apparent, either of the memory scores themselves, or of 

their relationships with brain markers. Future studies should assess whether these changes 

are associated with impaired episodic and/or autobiographical memory following ECT, an 

underrepresented topic in this field (27, 58).

Limitations and Conclusions

Several limitations should be considered. Primarily, independent validation of these results 

in a larger sample is needed, using ultra-high-resolution MRI data better able to resolve 

subfields/subnuclei of medial temporal lobe structures. ECT electrode placement was also 

not balanced in this naturalistic study, though the great majority received predominantly 

or only RUL ECT. Indeed, a recent mega-analysis showed that ECT electrode placement 

(bilateral versus RUL) affected the extent of volume change in left, but not right 

hippocampus (15). Multi-site studies like these will be better powered to address whether 

the laterality of hippocampal neuroplasticity is related to ECT electrode placement, 

pathophysiology underlying depression (59), or a combination of both. Such studies 

are also needed to parse the potential contributions of co-morbidities, ECT stimulation 

parameters, cognitive outcomes (27, 54), psychotropic medication history, and other factors 

on ECT-induced neuroplasticity. Our results suggest that patterns of functional and structural 

changes in the hippocampus after ECT may differ according to antidepressant response. In 

particular, the spatial location and extent of CBF change appears to differ in responders 

and nonresponders to ECT, which may associate with different patterns of down-stream 

plasticity in different hippocampal networks. Thus, although the distribution of electrical 

current applied at each electrode may be comparable during ECT (60, 61) and all patients 

experience generalized seizures (35), the regional distribution of ECT-induced seizure 

activity and/or its lasting functional effects may differ according to antidepressant response.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Regional CBF increases in responders and nonresponders to ECT within the hippocampus 

and surrounding tissue. A. Resting brain function measured with CBF increased over time 

(pre-treatment vs. post-index) in right middle and left posterior hippocampus in patients who 

responded to ECT (top left), while CBF increased in bilateral anterior hippocampus after 

ECT in responders (bottom left). Regions of increased CBF in all patients (top right) and 

interaction between time and response (bottom right) are also displayed. B. Mean regional 

CBF (corrected for global CBF) is plotted for the significant results shown in A for clusters 

of CBF change in responders and nonresponders. In each plot, data for responders is shown 

in black lines, nonresponders are plotted in dashed gray lines, and data from non-depressed 

control volunteers is plotted in open squares.
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Figure 2. 
Regional GMV increases after ECT in responders and nonresponders. A. GMV increased in 

right anterior hippocampus and amygdala in responders (top left) and throughout bilateral 

hippocampus in nonresponders after ECT (bottom left). Regions of increased GMV when 

analyzing all patients (upper right) and interactions between time and response (bottom 

right) area also displayed. B. Mean regional GMV is plotted for the significant results shown 

in A for clusters of GMV change identified in responders and for nonresponders. In each 

plot, data for responders is shown in black lines, nonresponders are plotted in dashed gray 

lines, and data from non-depressed control volunteers is plotted in open squares.
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Figure 3. 
Leave-one-out (LOO) subsampling validates the location of CBF and GMV increases in 

responders (R) and nonresponders (NR) to ECT. A. A schematic illustrates the validation 

method applied. For each group, data from one volunteer was removed from the dataset, and 

a linear mixed effects model (LMM) was applied to the remaining subsample to identify 

maps of significant change (Δ) in CBF and (separately) ΔGMV after ECT, voxelwise p < 

0.05. This process was applied iteratively across all possible subsamples, and maps of 100% 

overlap across all subsamples were generated. Clusters k > 25 of voxels exhibiting 100% 

subsample overlap were considered significant, and retained for follow-up analysis with 

BOLD-fMRI data (for CBF clusters). B. Overlap maps are displayed for CBF (left panels) 

and GMV (right panels), separately validated in responders (top panels) and nonresponders 

(bottom panels). Voxel color denotes overlap across subsamples at p < 0.05 for responders 

in green and nonresponders in red; regions of 100% overlap k > 25 are shown in pink for 

responders and cyan for nonresponders. Note the locations of 100% overlap match clusters 

shown in Figures 1 & 2. C&D. The choice of voxelwise threshold p < 0.05 was exploratory 
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and arguably arbitrary; therefore, mean voxel counts (C) and max cluster size (D) for across 

LOO subsamples are displayed for several voxelwise thresholds (x-axes). Asterisks mark 

values significantly higher than those obtained from control data (FDR-corrected p < 0.05; 

Supplemental Results).
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Figure 4. 
Seed-based functional connectivity analyses of BOLD-fMRI data from non-depressed 

control volunteers established spatially separable functional networks associated with each 

hippocampal region exhibiting regional CBF change validated with LOO subsampling 

(Figure 3). A. The hippocampal functional network (HCN) associated with regions of 

CBF change identified in nonresponders (NR) is shown in red (HCN-NR1), the network 

associated with increased CBF in right mid hippocampus in responders (R) is shown in 

green (HCN-R1), and in left posterior hippocampus in blue (HCN-R2). The location of the 

pair of seed regions used to define each network is displayed in white. B. Graph theory 

analyses assessed changes in network strength and hippocampal centrality over treatment 

course. Plots of network strength over time are displayed, with data from responders 

plotted in a solid black line, and data from nonresponders plotted in a dashed gray line. 

Corresponding hippocampal centrality data can be found in Supplementary Figure 1.
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Figure 5. 
Post-treatment changes (delta) in MRI metrics were modestly correlated with changes 

in memory scores in some hippocampal subregions and networks. Scatter plots display 

relationships between recall scores and hippocampal metrics p < 0.10 for this exploratory 

analysis.
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Table 1.

Demographic and Clinical Information

Responders Nonresponders Controls

Sample Size n = 18 n = 26 n = 36

Age, mean (SD) 43.53 (13.17) 39.50 (13.97) 39.06 (12.29)

Sex, females/males 7/10 16/10 19/17

Clinical Information

 Diagnosis, unipolar/bipolar 13/4 21/5

 Age at 1st diagnosed depressive episode, mean (SD) 27.24 (12.31) 23.12 (12.14)

 ECT electrode placement, only-RUL/other 15/2 11/15
a

 Number of ECT Index Treatments 10.35 (2.62) 12.62 (3.57)
a

Baseline Study Visit

 HAM-17, mean (SD) 27.06 (5.60) 22.27 (4.98)
a

 MADRS, mean (SD) 43.71 (7.40) 33.69 (5.73)
a

 QIDS-SR, mean (SD) 21.71 (3.51) 18.73 (3.99)
a

 Corrected Sample Size, ASL/Other 18/18 26/26 32/32

Post-2tx Study Visit

 HAM-17, mean (SD) 19.88 (6.20)
b,c

16.5 (7.55)
a,b,c

 MADRS, mean (SD) 32.76 (7.78)
b,c

25.20 (11.83)
b,c

 QIDS-SR, mean (SD) 16.35 (4.65)
b,c

14.60 (6.67)
b,c

 Corrected Sample Size, ASL/Other 17/18 26/26 n/a

Post-Index (4wk) Study Visit

 HAM-17, mean (SD) 7.12 (3.53)
b,c

17.50 (6.23)
a,b,c

 MADRS, mean (SD) 8.59 (5.30)
b,c

26.35 (8.04)
a,b

 QIDS-SR, mean (SD) 6.76 (4.02)
b,c

14.23 (4.81)
a,b,c

 Corrected Sample Size, ASL/Other 17/18 26/26 33/33

Post-6mo Study Visit

 HAM-17, mean (SD) 12.80 (8.23)
b,c

10.71 (6.91)
b,c

 MADRS, mean (SD) 18.20 (13.41)
b,c

16.00 (11.70)
b,c

 QIDS-SR, mean (SD) 11.13 (5.57)
b,c

9.65 (6.11)
b,c

 Corrected Sample Size, ASL/Other 14/15 18/18 n/a

Results of chi-squared and t-tests are indicated as follows:

a
Significant difference between Responders and Nonresponders, p < 0.05,

b
significant difference between baseline and follow-up (within group), p < 0.005,

c
Significant difference from previous visit (within group), p < 0.02. All other comparisons were not significant.
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Table 2.

Locations of CBF & GMV Change after ECT

Statistical Model Anatomical Description

MNI Coordinates (Center of Gravity)

Volume (mm3)X Y Z

CBF-R-Main Right mid hippocampus 30.4 −20.2 −11.9 512

Left posterior hippocampus −25.9 −33.6 −2.0 1304

CBF-R-Validated Right mid hippocampus 30.6 −20.3 −11.6 296

Left posterior hippocampus −26.5 −31.8 −1.7 488

CBF-NR-Main Right ant hippocampus 26.3 −13.7 −19.8 5152

Left ant hippocampus −24.8 −17.0 −19.3 1896

CBF-NR-Validated Right ant hippocampus 26.2 −12.9 −19.8 5094

Left ant hippocampus −24.7 −16.8 −19.4 1450

GMV-R-Main Right ant hippocampus/amygdala 29.1 −5.92 −23.5 3443

GMV-R-Validated Right ant hippocampus/amygdala 29.3 −5.75 −24.2 3192

GMV-NR-Main Right hippocampus+ 25.5 −14.4 −17.8 20436

Left hippocampus+ −24.3 −19.7 −15.3 19264

GMV-NR-Validated Right hippocampus+ 26.0 −13.6 −19.0 21015

Left hippocampus+ −24.8 −17.9 −17.2 17840

Left hippocampus −15.5 −34.7 −6.2 459

Notes. Cluster locations are given in MNI (Montreal Neurological Institute) coordinates for changes in cerebral blood flow (CBF) and gray matter 
volume (GMV) in responders (R) and nonresponders (NR) to ECT both in main statistical models (Main) and after leave-one-out subsampling 
validation (Validated).
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