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Summary 

Electroconvulsive therapy (ECT) is the most potent antidepressant treatment, but its mechanism 

of action remains unclear. This contributes to stigma and underutilization of the treatment. Many 

studies have reported an increase in the hippocampal volume after ECT in depressed patients, but 

the relation of the increases with clinical outcome is elusive. Moreover, little is known about the 

effect of ECT on the cortex. This knowledge is needed, as the dysfunction of cortical regions is 

involved in the pathogenesis of the disease.  

 

We aimed to examine the effect of ECT on the hippocampal volume and the thickness of the 

cortical gray matter and test whether the changes are related to the antidepressant effect. In 

addition, we assessed whether the pre-treatment hippocampal volume and cortical thickness 

could predict the clinical outcome.  

 

First, we systematically reviewed prospective MRI-studies assessing the effect of ECT on brain 

structure and conducted meta-analyses of the hippocampus (paper 1). Then, we examined a 

cohort of depressed patients treated with ECT. We scanned the patients’ brains using an MRI-

scanner before and after an ECT series, and 6 months later. In paper 2, we investigated the 

ECT's effect on major hippocampal subregions in 22 patients. In paper 3, the cortical thickness 

changes were examined in 18 patients.  

 

In our samples, the volume of major hippocampal subregions increased by 4–5% and the 

thickness of 26 cortical regions by 2–3% following ECT. The increases were temporary; at a 6-

month follow-up, the gray matter did not differ from the pre-ECT values. The increases within 

patients correlated with a decrease in depression score, but patients with more extensive 

enlargements did not have a better outcome. Finally, a smaller pre-ECT volume of a few 

hippocampal subregions was associated with a better outcome. Our review found that ECT-

related volume increases are widespread within many cortical and subcortical regions.  

 

The ECT series causes a temporary increase in the gray matter volume of many cortical and 

subcortical regions. The mechanisms underlying the increase are not clear, but neuroplasticity 

may be one of them. The relationship of the increases with clinical outcomes should be the focus 

of further research.  
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Dansk Resumé (Danish Summary) 

Elektrokonvulsiv terapi (ECT) er det mest potente antidepressivt middel, men dets 

virkningsmekanisme er uklar. Dette bidrager til stigma og tilbageholdenhed over for 

behandlingen hos patienterne. Flere undersøgelser har dokumenteret en stigning i volumen af 

hippocampus efter en ECT-serie hos patienter med depression. Dog er sammenhængen mellem 

stigningerne og den kliniske effekt ikke tilstrækkeligt belyst. Desuden mangler man mere viden 

om effekten af ECT på andre hjerneområder, fx cortex. Denne viden er vigtig, fordi depression 

anses at skyldes dysfunktion af diverse kortikale netværk.  

 

Vi har undersøgt effekten af ECT på volumen af de hippocampale subregioner og den kortikale 

tykkelse. Derudover testede vi, om ændringerne er relaterede til den antidepressive effekt, samt 

hvorvidt hippocampus volumen før ECT kunne forudsige et resultat af behandlingen. 

 

Først gennemgik vi prospektive MR-studier, der vurderede effekten af ECT på hjernestrukturen. 

Dette inkluderede også en metaanalyse af hippocampus. Derefter undersøgte vi en kohorte af 

patienter, der blev behandlet med ECT pga. depression. Patienternes hjerner blev MR-scannet før 

og efter en ECT-serie, og seks måneder senere. Effekten af ECT på hippocampale subregioner 

blev undersøgt hos 22 patienter, mens effekten på den kortikale tykkelse hos 18 personer. 

 

Efter en ECT-serie steg volumen af de fleste hippocampale subregioner med 4–5% og tykkelsen 

af 26 kortikale regioner med 2–3%. Stigningerne var dog forbigående. Ved seks måneder 

followup var hverken de hippocampale eller kortikale målinger forskellige fra værdierne før 

ECT. Inden for patienterne korrelerede disse stigninger med et fald i depressionsscore, men 

patienter med større stigninger i hippocampus havde ikke bedre antidepressiv effekt. Mindre 

volumen i bestemte hippocampale subregioner før ECT var forbundet med en bedre klinisk 

effekt. I vores oversigtartikel fandt vi, at stigningerne i volumen af den grå substans efter ECT er 

spredt over flere kortikale og subkortikale områder.  

 

Volumen af den grå substans øges midlertidigt i flere kortikale og subkortikale hjerneområder 

efter en ECT-serie. Mekanismerne bag denne øgning er ikke helt klare, men neuroplasticitet kan 

være en af dem. Der skal mere forskning til for at drage en sikker konklusion om betydningen af 

disse stigninger for de kliniske effekter af ECT.
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Background 

Depression 

Depression is common. This condition affects up to 5% of the world’s population 1. The lifetime 

risk of a depressive episode is almost 20% 2. Depression is a serious disease. Depressed women 

live 14 years shorter than women without the disorder, while depressed men may expect a ten-

year-shorter life 3. The suicide risk in the affected individuals is 15%, increasing to 30% in 

treatment-resistant depression 4. The mortality of cardiovascular diseases increases by 80% if 

depression is a comorbid condition 5.  

 

The treatment of depression is challenging. Only 28% of patients achieve remission after the first 

treatment attempt, and even a fourth attempt is successful in only 67% of patients 6. 

Approximately 27% of patients meet the criteria for chronic depression 6. Unfortunately, each 

day spent with an insufficiently treated depression reduces the chance of remission 7. 

Additionally, up to 80% of patients experience a recurrence, and the risk increases with the 

number of episodes 8. In patients with suicide impulses, depression is a life-threatening 

condition. The same applies to patients with a depressive stupor, who are unable to consume 

food and fluids. Therefore, it is crucial to offer such patients a treatment that is highly effective 

and works quickly.  

 

Electroconvulsive therapy (ECT) is such a treatment.  

ECT  

ECT is the most potent antidepressant intervention. It outperforms medication 9 and all other 

non-surgical neuromodulation methods 10. More than 60% of ECT-treated patients achieve 

remission, and more than 70% respond to the treatment 11. These rates are high, considering that 

these patients often do not respond to other therapies 11. Further, ECT works faster than 

antidepressants or psychotherapy 12. In a study of 253 depressed ECT-treated patients, over 30% 

remitted after two weeks. The remission rate increased to over 60% after three weeks 13. 

Moreover, over half of this sample responded after only one week. This rapid action is 

important, especially in patients with suicidal impulses.  
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Moreover, the high effectiveness of ECT has been documented by a study showing almost a 50% 

reduction of readmission risk within 30 days of discharge in patients treated with ECT compared 

with non-ECT patients 14. The study evaluated in-patients with severe affective disorders from 

nine American states. The readmission risk was 6.6% in the ECT-treated and 12.3% in the non-

ECT group. In addition, ECT is effective in a range of severe conditions such as catatonia, 

mania, delirium, and drug-resistant schizophrenia 11.  

 

The most important side effect of ECT is cognitive impairment. The verbal episodic memory is 

the most impaired cognitive domain, whereas attention, working memory, and visual memory 

are spared 15. Retrograde memory for autobiographical facts (the ability to recall personal events 

that occurred during or three to six months before the ECT series) is clinically most important 

deficit 16,17. Although this type of memory improves in most patients 17, some of them experience 

persistent deficits 18.  

 

Anterograde memory for verbal information (the ability to retain and retrieve new information 

acquired after the start of an ECT series) is also disturbed in many patients 15; however, these 

deficits are temporary. They are most pronounced within three days after the last ECT, but the 

memory function returns to the pre-ECT level within two weeks 15. In addition, at the long-term 

follow-up, patients perform similarly or slightly better than at a pre-ECT assessment in most of 

the cognitive domains, likely due to a reduction of depressive symptoms 15,16.  

 

The modified ECT (with anesthesia, muscle relaxation, and hyperventilation) is safe. ECT-

related death is extremely rare, and the risk is lower than the risk of the anesthesia in connection 

to general surgery, 2.1 vs. 3.4 cases per 100,000 treatments, respectively 19. ECT has been used 

for over 80 years. During this period, the stimulation parameters have been adjusted to minimize 

side effects. Previously used sine-wave stimulations had substantially more cognitive side effects 

compared with currently applied brief or ultra-brief pulse stimulations 20. For example, it took 

several hours to regain full orientation after a sinus-wave stimulation, whereas the time is only 

10 to 15 minutes, when an ultra-brief pulse is used 20. Also, a right unilateral electrode placement 

is associated with a markedly decreased risk of cognitive deficits compared with the bilateral 

ECT 18.  
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Despite the favorable risk-benefit ratio, ECT remains controversial in many countries. The 

discrepancy between the high effectiveness and low clinical utilization is probably the largest 

among all medical procedures. For example, only 1% of depressed in-patients are treated with 

ECT in Germany 21. This percentage is not much higher in the US, 1.5% 14 . Also, only 1.2% of 

patients with persistent depressive symptoms receive ECT in the Netherlands 22. Moreover, ECT 

use varies worldwide between 1 and 54 ECT-treated patients per 100,000 inhabitants 23. The 

variation is considerable, even in countries that are similar in terms of their socioeconomical 

situation. For instance, in Denmark, ECT is used in 33 persons per 100,000 inhabitants 24, but in 

Germany, the rate is only 3.4 21.  

 

A logical consequence of underutilization of a highly effective treatment is a worse clinical 

outcome in potential benefiters of the treatment. Thus, probably many patients with difficult-to-

treat affective disorders face a life with depression unnecessarily.  
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Study motivation 

Insufficient understanding of mechanisms underlying the clinical effect of ECT has negative 

consequences. This hinders the use of this treatment and contributes to the stigma. Using MRI, 

we wanted to contribute to better understanding of these mechanisms.   

   

The new knowledge could improve the clinical practice of ECT. Firstly, a better understanding 

of these mechanisms could make it possible to modify the stimulation technique, thereby 

maximizing effectiveness and reducing side effects.  

 

Secondly, a clearer working mechanism could increase the likelihood of discovering biomarkers, 

which could be used to predict: 1) response, 2) the duration of an ECT series needed for a 

sustainable remission, and 3) relapse. The currently used predictors of good response have weak 

to modest predictive value 25. Accurate identification of a good responder would help clinicians 

offer the treatment earlier. Likewise, a biomarker determining the number of ECTs needed for a 

sustained remission would reduce the risk of insufficient treatment. Also, prediction of relapse is 

of great importance, as these patients should receive more intensive follow-up treatment.  

 

Thirdly, a better understanding of the ECT’s mechanisms of action may reduce the stigma 

connected to the treatment. Finally, a clearer knowledge of working mechanism may also give 

better insight into the pathophysiology of depression with the potential for discovering new 

antidepressant treatments.  
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Mechanisms of ECT action  

 

“As Seymour Kety once famously noted, ECT results in hundreds of consistent 

effects on brain chemistry and physiology, making it almost impossible to sort out 

which effects are essential to efficacy from all that are epiphenomena 26”. 

 

                                                                                                                          

Harold A. Sackeim 27 

 

 

As noted in the quotation taken from Sackeim’s recent review 27, ECT triggers many 

neurobiological processes, and the key is to distinguish those crucial for the clinical effect from 

those that are not. Decades of research have given some insight into the matter. Generalized 

seizures are central for the antidepressant effect of ECT; the better the generalization, the better 

the effect 28,29. The sham-ECT using anesthesia and muscle relaxants without seizures has no 

antidepressant effect 9. Also, the application of the electrical current without seizures does not 

work, whereas chemically induced seizures are effective 30. 

 

Three theories of the ECT’s working mechanism seem plausible. Although they focus on 

different neurobiological effects of ECT, they complement—rather than exclude—each other.  

 

The anticonvulsive theory posits that the antidepressant effect is associated with the 

anticonvulsive processes triggered by repeated seizures and is based on the observation that the 

seizure threshold increases during an ECT series 31.  

 

The neuroendocrine theory assumes that ECT works by restoring the disrupted neuroendocrine 

function via stimulation of the diencephalon 32. A critical structure within the diencephalon is the 

hypothalamus. The seizure-induced release of hypothalamic substances restores the hormonal 

balance necessary for the neutral mood. Dysfunction of the hypothalamic-pituitary-adrenal 

(HPA) axis has been found in many patients with depression 33. According to the neuroendocrine 

theory, ECT improves mood by the normalization of the HPA axis.  
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As the neuroplasticity theory is a basis for this thesis, this theory is described in a separate 

section.  

The neuroplasticity theory 

The neuroplasticity theory states that the clinical effect of antidepressant interventions including 

ECT is mediated by the stimulation of neuroplasticity 29,34,35. The neuroplasticity refers to the 

ability of the brain to make adaptive structural and functional changes 36. It involves not only 

generation of new neurons (neurogenesis), but also new dendrites, axons, synapses, glia cells and 

vessels 36. Neurogenesis is ongoing throughout an entire life in humans 37 and takes place 

predominantly in the granule cell layer of the dentate gyrus (DG) within the hippocampus 37. 

Preclinical evidence suggests that the other mentioned neuroplastic processes also occur in 

adulthood; they are best documented in the hippocampus but are also observed in other regions 

(for example, the prefrontal cortex) 36.  

 

This theory is based on several findings. Firstly, depression is accompanied by reduced 

neuroplasticity. Smaller hippocampi and thinner frontal cortex have been found in depressed 

patients compared with healthy controls 38–40. Moreover, a reduced level of the brain-derived 

neurotrophic factor (BDNF)—the key neurotrophin— has been found in MDD patients 

compared with controls 41. Furthermore, dysregulation of the HPA axis and hypercortisolemia 

have been observed in a number of depressed patients 33, and the hypercortisolemia is linked to 

hippocampal atrophy 33. Additionally, preclinical studies have demonstrated markedly reduced 

neuroplasticity in animals challenged by chronic stress or treated with glucocorticoids 33.  

 

Secondly, many studies have reported on neurotrophic effects of ECT 42. The hippocampal and 

cortical gray matter volume increases following ECT in patients with depression 43,44. Similar, 

but weaker, effects have been observed after treatment with antidepressants 45 and transcranial 

magnetic stimulation 46. Interestingly, ECT has been shown to normalize the HPA-axis 

hyperactivity 33. Moreover, the brain-derived neurotrophic factor (BDNF) increases in the blood 

of depressed patients following ECT 47,48. Furthermore, electroconvulsive seizures (ECS)—an 

animal model of ECT—stimulates neurogenesis, synaptogenesis, and gliogenesis in rodents 49–51 

and primates 52. Additionally, ECS blocks the arrest of neurogenesis induced by synthetic 

glucocorticoids 53 or chronic restraint stress 54. Also, the new-born neurons created following 

ECS have been shown to survive up to 12 months 55.  
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Thirdly, neuroplasticity needs time to occur, which may explain the latency of the full effect of 

the antidepressant interventions, including ECT. Finally, disruption of neurogenesis by X-

irradiation blocks the behavioral effects of antidepressants in animals.  

 

The neuroplasticity hypothesis has some limitations. It is not clear if the ECT-related 

hippocampal volume increases are related to the clinical effect. For example, the largest study in 

the field did not find any significant associations between these increases and the antidepressant 

effect in patients with depression 56. Moreover, most of the preclinical studies were conducted on 

unchallenged animals; only a few applied models of stress- or depression-like behavior. Even an 

advanced model of depression-like behavior in animals cannot be directly compared with 

depressive disorders in humans 29. Finally, the MRI signal changes do not allow to infer on 

neural correlates of the volume increases. 

Hippocampus  

The hippocampus and cortex were the two brain areas investigated in our studies.  

 

The hippocampus has complex structure. It comprises various subregions with different cellular 

organization and function. The three major subregions include the dentate gyrus (DG), the cornu 

ammonis (CA) divided into several distinct fields, and the subiculum 57. There are also smaller 

subregions (see Methods section). The DG consists of three layers: the molecular layer 

containing dendrites of the granule cells, the granule cells layer, and the polymorphic layer with 

axons of the granule cells (the mossy fibers) extending towards CA3 57.  

 

The outstanding characteristic of the DG is the ability to create new neurons (neurogenesis) in 

adulthood 37. Moreover, the DG is the first step in the hippocampal tri-synaptic functional loop 
57. In brief, all input from neocortex enters the DG via the entorhinal cortex 57. The DG projects 

further trough axons of granule cells (mossy fibers) to pyramidal cells of the CA3 57. The signal 

is further processed to CA 2, then to CA1, and finally arrives at the subiculum 57. The subiculum 

closes the loop by sending the information back to the entorhinal cortex 57. A proper function of 

this loop is crucial in memory formation. Besides these intrahippocampal connections, the 

hippocampus communicates with other subcortical and cortical areas 58, and these connections 

play role in the regulation of mood and stress-response. 
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We hypothesized that ECT could have a different impact on these distinct subregions. Therefore, 

we investigated volume changes for each subregion separately. Our primary region of interest 

(ROI) was the dentate gyrus (DG) because of its above-mentioned role in neurogenesis. The 

other major subregions were the secondary ROIs (see Methods section).  

 

The hippocampus has been chosen for various reasons. Firstly, this region is crucial for memory 
59 and involved in emotional processing 60,61. Both memory and the regulation of emotions are 

impaired in depression. Secondly, as mentioned in the previous section, the hippocampus 

(especially the DG) is a key region of neuroplasticity. A smaller hippocampal volume in MDD 

patients compared with healthy controls is the most replicable finding of neuroimaging studies in 

the field 38,39. Moreover, the DG is the hippocampal subregion showing the most pronounced 

decreases in depression 62. A decreased volume and fewer neurons have been found in the DG of 

unmedicated depressed patients compared with non-depressed individuals in a post-mortem 

study 63. In contrast, ECT leads to hippocampal volume increases 43,44,56, and recent studies have 

found the largest enlargements in the DG 64,65. Finally, the hippocampus plays a role in stress 

response via the negative feedback loop of the HPA axis 66. After termination of a stressful 

event, the hippocampus reduces an excessive cortisol production via inhibition of the HPA axis 
66. Impairment of this inhibition contributes to the HPA axis dysregulation 66 and subsequent 

hippocampal atrophy creating a vicious circle 67. An adequate regulation of stress response is 

essential, as stressful life events are a risk factor and precede a depressive episode in many 

patients 68,69.  

Cortex 

The cortex (the cortical gray matter) is a layer of neural cells on the brain’s surface. It is, on 

average, 2.5 mm thick (with a range of 1.0–4.5 mm) 70. Four fifths of it consists of neuropil—

axons, dendrites, and synapses; the remaining 1/5 part comprises neural bodies, glia cells, and 

vessels 71. The cortex is divided into many cortical areas with different functions. In our study 

we assessed changes in 68 distinct cortical anatomical regions (see Methods section). The 

cortical gray matter can be measured either as a volume (GMV, mm3) or a cortical thickness 

(mm). We investigated the thickness because it is considered to be a more sensitive measure of 

the gray matter changes than the volume 71–73 (see Methods section).  

 

The cortex has been investigated because, like the hippocampus, it is involved in the 

pathogenesis of depression—particularly, its prefrontal part. Medial frontal cortical regions, such 
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as the anterior cingulate cortex (ACC), are vital for automatic emotional regulation, whereas 

lateral frontal cortices, such as the dorsolateral prefrontal cortex (DL-PFC), are involved in 

voluntary emotional regulation 60. The activation of these regions differs between MDD patients 

and healthy controls. The medial frontal cortices are hyperactive in depressed patients; probably, 

to override the hyperactive limbic regions 8,60. In contrast, the lateral frontal cortices are 

hypoactive, resulting in an insufficient voluntary cognitive control 8,60.  

 

Not only functional, but also structural abnormalities, have been found in the cortex of depressed 

patients. A large meta-analysis demonstrated that the thickness of orbitofrontal cortex (OFC), 

anterior cingulate cortex (ACC), and temporal and insular cortices was thinner in depressed 

patients compared with healthy individuals 40. This finding is in line with a post-mortem study, 

which found decreased cortical thickness and lower density of neurons and glial cells in the 

prefrontal cortex (PFC) of depressed patients compared with healthy controls 74. In contrast, the 

ECT has been shown to increase the thickness and volume of temporal and frontal cortical 

regions 75–77
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Aims  

The systematic review (paper 1) aimed at summarizing evidence on the ECT-related: 

 

1. Changes in the gray matter volume, including the meta-analysis of the hippocampus.  

 

2. Changes in the white matter microstructure.  

 

3. Adverse effects on brain tissue.  

 

 

The aim of the two original studies (paper 1 & 2) was to investigate: 

 

1. The short-term1 and long-term2 effects of ECT on:  

 

• The volume of hippocampal subregions focusing on the dentate gyrus (Paper 2).  

• The thickness of the entire cortex divided into 68 cortical regions (Paper 3). 

 

2. Whether the short-term changes correlate with the antidepressant effect (Paper 2 & 3). 

 

3. Whether the pre-ECT hippocampal volume or cortical thickness predicts the 

antidepressant effect (Paper 2 & 3). 

 

  

 
1 The short-term changes refer to the changes observed within one week after the last ECT in the series. 
2 The long-term changes refer to the changes observed at the six-month follow-up.  
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Hypotheses 

The hypotheses tested in this thesis are based on the neuroplasticity theory of the antidepressant 

effect of ECT 29,34,35. They are as follows: 

 

 

1. The volume of the dentate gyrus increases following ECT. The increase correlates with a 

decrease in the severity of depression (paper 2). 

 

 

2. The thickness of the frontal cortical regions increases after ECT, and this increase correlates 

with a decrease in the severity of depression (paper 3). 

 

 

3. Lower DG volumes and thinner frontal cortical regions at baseline (pre-ECT) are associated 

with a greater drop in depression scores after ECT (paper 2 & 3). 
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Methods - systematic review  

The review (paper 1) 78 adhered to the PRISMA statement 79,80 and followed an a priori prepared 

protocol. A systematic literature search was carried out in March 2017 in Medline, Embase, and 

Web of Science and was not restricted regarding publication date. The selection process 

consisted of two steps: screening the hits by titles and abstracts, and full-text evaluation of the 

selected articles according to the following eligibility criteria:  

 

• Participants – adults (over 18 years) with MDD or bipolar depression  

• Intervention – an ECT series due to a depressive episode  

• Design – prospective studies applying at least two MRI scans 

• Outcome – changes in brain structure (GMV, cortical thickness, or white matter 

microstructure) 

 

As explained in paper 1 78, we meta-analyzed the effect of ECT on a hippocampal volume using 

the comprehensive meta-analysis software (CMA, v. 3.3). Only studies reporting relevant 

hippocampal volumes were included (n = 7) 77,81–86. The random-effects model was chosen 

because the included studies differed substantially in terms of, e.g., age or ECT-procedures 78. 

The Hedges’ g (standardized mean difference, SMD) was used to measure effect size because of 

small sample sizes of the included studies. To check for publication bias, we visually inspected 

the funnel plot and calculated a fail-safe N 78. The latter is the number of potentially missing 

studies that could raise the p-value to above .05. The heterogeneity was evaluated using the I-

squared statistics and the Cochrane Q test.  
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Methods - original studies  

Design 

Our two studies (paper 2 & 3) 87,88 had an observational prospective design. As shown in  

Figure 1, the patients were examined at three time points related to an ECT series. Both studies 

comprised a cohort of in-patients treated with ECT due to depression. These studies were 

naturalistic, which means that the research team examined the effect of ECT on the brain without 

interfering with the patients’ clinical treatment.   

 

 
 

Figure 1: The design of the study 

Participants 

All patients admitted to one of the psychiatric centers in the Capital Region of Denmark, and 

treated with ECT due to depression, were screened for participation using the criteria listed 

below 87,88. Recruitment was conducted between September 2017 and September 2019.  

 

The inclusion criteria were as follows: 

1. Age between 18 and 95 

2. A current depressive episode of major depressive disorder (MDD) or bipolar depression 

according to ICD-10 
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3. The ability to give informed consent 

Patients were excluded if they fulfilled one of these criteria: 

1. Schizophrenia 

2. Dependency of psychoactive substances, including alcohol, according to ICD-10 

3. Severe somatic diseases with potential impact on the brain 

4. Head trauma with unconsciousness lasting more than 5 minutes  

5. Severe suicidal impulses and psychotic symptoms making transportation to the MR-scanner 

hazardous 

6. Involuntary treatment  

7. Contraindications for MR-scanning, including pregnancy  

8. Treatment with ECT in the past six months  

 

The diagnosis of depression was confirmed using the Mini International Neuropsychiatric 

Interview (M.I.N.I., Danish version, 5.0.0) 89. Patients underwent a physical and neurological 

examination to exclude any organic causes of depression. The examination included blood 

samples such as thyroid-stimulating hormone (TSH), folic acid, and cobalamin. To exclude any 

ongoing drug abuse, a urine drug screening was carried out.  

 

The Ethics Committee for the Capital Region of Denmark approved the studies 87,88. All patients 

gave written informed consent for study participation. All procedures complied with the 

international standards for experiments involving humans—the Helsinki Declaration. The 

approval number is H-16042082. 

ECT and medication 

As described in the method sections of the studies 87,88, an ECT series was part of the clinical 

treatment, and all decisions regarding the ECT series were taken solely by the treating clinicians. 

The patients continued their psychopharmacological treatment during the entire study. The 

research group did not influence the treatment in any way.  

 

ECT procedures were in accordance with guidelines used in the Mental Health Services of the 

Capital Region of Denmark 87,88. The bitemporal ECT was administered three times a week. A 

Thymatron System IV (Somatics, LLC, US) was used to deliver a constant brief pulse current 

with a pulse width of 0.5–1.0 milliseconds. The charge of the first stimulation in a series was 

computed as half of the patient’s age (100% corresponded to 504 millicoulombs) 87,88. The 
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subsequent charges were based on the clinical effect and the evaluation of the 

electroencephalogram. Thiopental (2–4 mg/kg) was used for anesthesia, and muscle relaxation 

was achieved by suxamethonium (0.75 mg/kg).  

Clinical outcomes 

The clinical data were collected by a psychiatrist (KG) for all participants across all time points 
87,88. The 17-item Hamilton Rating Scale for Depression (HAMD-17) 90 was used to assess the 

severity of depression 87,88. In paper 2 87, the primary clinical outcome was the change in the 

HAMD-17 score (post-ECT score – pre-ECT score). In the thesis, we used the absolute HAMD-

17 change (pre-ECT score – post-ECT score). This was done to make it easy to compare the 

results with the results for cortical thickness. In paper 3 88, we calculated the absolute change in 

the six-item version of the Hamilton scale (pre – post score). The six-item version was chosen 

because it has a comparable sensitivity to the longer version but is more homogenous due to its 

focus on the core depressive symptoms 91.   

 

The treatment response was defined as a more than 50% reduction in the pre-ECT HAMD-17 

(paper 2) 87 or HAMD-6 score (paper 3) 88. Remission was delineated as a score of less than 

eight in the HAMD-17 total score in paper 2 87, and less than five in the HAMD-6 total score in 

paper 3 88.  In both papers 87,88, a relapse was based on the patients’ reports and medical records. 

The relapse was defined as a deterioration of depression in remitters to a degree fulfilling the 

criteria for a depressive episode.  

MRI data  

A 3 Tesla MRI scanner (Philips Achieva) with a 32-channel dStream head coil was used to 

acquire high-resolution 3D T1-weighted brain images, as described in both papers 87,88 . The 

acquisition time was 335 s. The MRI sequence parameters were as follows:  

• field of view: food/head = 256 mm, anterior/posterior = 240 mm, right/left = 180 mm  

• number of slices = 257 

• voxel size = 0.7 x 0.7 x 0.7 mm3  

• echo time = 5.1 ms  

• repetition time = 11.1 ms  

• flip angle = 8º  

• inversion delay = 950 ms  
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The hippocampal subfield volumes (paper 2) 87 and cortical thickness (paper 3) 88 were obtained 

by processing the T1-weighted brain images using version 6.0.0 of the Free Surfer. The latter is a 

software suite for processing of human brain MRI data— http://surfer.nmr.mgh.harvard.edu/. 

Images were fully automatically processed in two streams: cross-sectional and longitudinal.  

 

The key steps of the cross-sectional stream are listed at 

http://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferMethodsCitation, and the technical details of 

the steps are explained in relevant publications 92–103. The cross-sectionally processed images 

were further processed in the longitudinal stream 104. As described at the above-mentioned Free 

Surfer website, a within-patient template image was created using images of the same patient 

obtained at specific time points 92. Subsequently, each time-specific image was processed using 

common information from this within-patient template image, resulting in a final longitudinally 

processed image for each time point. This longitudinal processing reduces the inter-individual 

variability because each patient is his or her own control, which increases the reliability and 

statistical power of analyses 104.   
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Hippocampal subregions 

The processing pipeline described above measured only the entire hippocampal volume. To 

obtain volumes of its subregions, we used the longitudinal hippocampal subfield segmentation 

tool, available within the same version of Free Surfer 105. As explained in paper 2 87, analogically 

to the main longitudinal processing stream, this tool segmented the hippocampus into subregions 

using a set of images of the same patient obtained at different time points, creating a within-

subject template. Further analyses were initialized using this template. We extracted volumes of 

12 right and 12 left hippocampal subregions, and the total volume of the hippocampi 87. We 

validated the segmentation by visual inspection of the images and checking for outliers defined 

as the volumes of more than 5 SD of a subregion mean. No segmentation errors were found. 

Figure 2 shows the hippocampal subfield segmentation on T1-weighted images. 

The volumes of the right and left dentate gyrus (DG) were the primary regions of interest (ROIs) 

(n = 2) because the key role of this region in neuroplasticity (see the “The neuroplasticity theory” 

section) 87. The DG volume was calculated by adding the volumes of the granule cell layer 

(GCL) and the cornu ammonis 4 (CA4). The secondary ROIs included the entire hippocampus 

and the remaining subregions listed in Figure 2 (n = 20, 10 right + 10 left). The hippocampal 

fissure was not included because this fetal sulcus is obliterated in adulthood.  

 

 

Figure 2: The hippocampal subfield segmentation 
 A, C – Sagittal plane; B, D – Coronal plane; R – Right; L – Left. Abbreviations: GCL, Granule Cell Layer; CA4, 
Cornu Ammonis 4; HATA, Hippocampus-Amygdala-Transition-Area  
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Cortical thickness 

In paper 3 88, we assessed the cortical thickness (measured in mm). The mean thickness was 

automatically computed for each cortical region of interests by Free Surfer. The thickness was 

measured as the closest distance (for each vertex) between two boundaries delineating the gray 

matter 88. The first boundary runs between the white and gray matter and is depicted in Figure 3 

as the blue line. The second boundary delineates the cerebrospinal fluid and gray matter and is 

illustrated on Figure 3 as the red line. This method of cortical thickness measurement has been 

validated using histological and manual analyses and can detect even submillimeter changes 
106,107.  

 

We have chosen the cortical thickness because this measure is considered to be more sensitive in 

detecting changes in the cortical gray matter than the volume (GMV) 71–73. The cortical GMV is 

highly dependent on other measures of the cortical morphology, such as the cortical surface area 

and the degree of cortical folding; the cortical thickness is not. Thus, the cortical thickness is 

more specific to changes in the cortical gray matter structure than the volume.  

 

 

 
Figure 3: The boundaries of the cortical gray matter  
A – a 3D image of the cortical surface of a human brain. The B, C, and D images are slices of the brain, 
presenting the two lines (the red and blue) that are boundaries of the cortical gray matter. B – coronal 
plane, C – sagittal plane, D – axial plane. Image E shows the magnification of the cerebral gray matter. The 
red line marks the cerebrospinal fluid/gray matter boundary. The blue line shows the boundary between 
the gray and white matter.  



                                                                                                                          METHODS 

 19 

The entire cortex was automatically divided into gyral-based 34 cortical ROIs within the right 

hemisphere and 34 cortical ROIs within the left hemisphere, according to Desikan atlas 102. We 

extracted estimates of the thickness for each of these ROIs (n = 68). All images were visually 

inspected for parcellation errors, and the thickness estimates were checked for outliers. 

 

Statistical analyses 

Multiple testing 

We considered results with a p-value lower than .05 to be statistically significant. As explained 

in the original papers, the results of 20 secondary ROIs (paper 2) 87 and 68 cortical ROIs (paper 

3) 88 were adjusted for multiple comparisons using the false discovery rate (FDR) method of 

Benjamini and Hochberg, with q = .05 108.   

 

Longitudinal changes in gray matter  

In paper 2 87, the longitudinal change in the volume of each hippocampal ROI was investigated 

using the linear mixed model (LMM). The time (a categorical variable) was included in the 

model as a fixed effect. We used an unstructured covariance pattern to account for the 

correlation between the repeated measurements and changes in the variance over time. The 

restricted likelihood function was used to estimate the model’s covariance parameters, as this 

function is appropriate for small samples. The model was validated by visual inspection of the 

residual and quantile-quantile plots. As described in the original paper 87, if the volume of a ROI 

changed significantly, we conducted post hoc pairwise comparisons to test between which 

assessments the change was significant. The results of these pairwise comparisons were 

corrected for multiple testing using the Bonferroni method. As described in paper 2 87, six out of 

66 MRI-scans were missing (the reasons are available in the supplementary materials of paper 

2). The LMM handles the missing data efficiently and provides valid estimates under the 

assumption of a random mechanism of the missingness.  

 

In paper 3 88, the cortical thickness changes were analyzed in each of the 68 cortical ROIs using 

the LMM. The Akaike’s Information Criterion (AIC) and inspection of the spaghetti-plots were 

used to choose the best fitting model, i.e., the covariance pattern that fit data best. Four out of the 

54 planned MR-scans were missing (the reasons are listed in paper 3 88), and this was handled by 

use of LMM, as described above.  
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Within-patient correlation with antidepressant effect 

We used repeated-measures correlation (rm correlation) 109,110 to test whether the volume 

increase in a hippocampal ROI during ECT within-patients was correlated with a decrease in 

depression score (paper 2) 87. In this thesis, the rm correlation was also used to analyze the 

association between the increase in the cortical thickness and the decrease in depression score.  

 

The rm correlation estimates a regression line shared by all patients in a sample and describes the 

within-patient association 109. It answers the intra-individual research question: “Is an increase in 

the volume within the individual related to a decrease in the depression score?” 110. Like in 

Pearson’s correlation, the strength of the association is expressed by a repeated-measures 

correlation coefficient rrm with a range from −1 to 1.  

 

The advantage of the rm correlation is that it uses all collected data, i.e., the pre- and post-

treatment measurements, which markedly increases the statistical power 109. In addition, the rm 

correlation can detect a significant association between two variables with small variations, 

where Pearson’s correlation is less powerful.  

 

Between-patient correlation with antidepressant effect 

To test whether patients with larger increases in a hippocampal ROI after ECT had better 

outcomes, we conducted Pearson’s correlation of the absolute change in HAMD-17 score (pre – 

post) regressed against a change in hippocampal ROI volume (post – pre). The results were 

adjusted for the number of ECT stimulations in a series, the baseline HAMD-17, the baseline DG 

volume, age, and gender. As explained in “Clinical outcomes” paragraph, we used the absolute 

HAMD-17 change in the thesis (pre – post), in contrast to the post – pre HAMD-17 change used 

in paper 2 to make the comparison with the results of cortical thickness easier.  

 

In the cortex 88, this relationship was tested by regressing the absolute change in HAMD-6 after 

ECT (pre-ECT score – post-ECT score) against a percentage change in the cortical thickness 

(post-ECT thickness – pre-ECT thickness / pre-ECT thickness x 100). This relationship was 

examined for the 26 ROIs that showed a significant overall change in thickness during the entire 

study. Partial correlation was used to control for age.  
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Prediction of antidepressant effect 

To test whether the baseline volume of the hippocampal ROIs was associated with antidepressant 

effect (pre – post HAMD-17 score), we used partial correlation with age and gender as control 

variables. The baseline volume of each hippocampal ROI was normalized to the total intracranial 

volume using a method described by Jack et al. 111. In the cortex (paper 3) 88, the partial 

correlation controlling for age was used to test whether a baseline thickness of the 26 cortical 

ROIs correlated with the absolute change in the HAMD-6 score (pre – post). 

Repeated-measures correlation was conducted using rmcorr-package in R (v. 3.6.2), while other 

statistical analyses were performed using IBM SPSS Statistics software (version 25).  
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Results - systematic review 

The review (paper 1) 78 included 32 prospective MRI studies of the effect of ECT on the brain 

structure in patients with depression. The articles were divided into the three groups listed below.  

 

1. 21 studies of changes in the GMV or cortical thickness (gray matter studies) 

2. 5 diffusion tensor imaging (DTI) studies assessing the brain microstructure (DTI studies) 

3. 8 studies of adverse effects of ECT on the brain tissue (adverse effects studies) 

 

This thesis focuses on ECT-related changes in the gray matter volume (GMV) or cortical 

thickness (the first group). Therefore, the DTI studies investigating the white matter 

microstructure and the studies of adverse effects of ECT are described briefly. Two studies 112,113 

reported changes in the GMV and DTI-parameters; therefore, they are included in both the first 

and second group.   

Gray matter studies 

The first group of studies described in our review 78 comprised 324 patients and 268 gender and 

age matched controls. The patients were scanned at least twice: 1) less than one week before, and 

2) within two weeks after the ECT series. The sample sizes were small in most studies (range, 

10–66). The mean age varied (range, 34–73 years).  

 

Whole-brain analysis  

Thirteen studies analyzed the gray matter changes using the whole-brain approach: 10 measured 

GMV 77,84,113–120,  and three 75–77 the cortical thickness 78. All but one 113 found significant 

increases in the gray matter immediately after an ECT series compared with the pre-treatment 

assessment 78. The increases were most pronounced in the medial and lateral part of the temporal 

lobe (see Figure 4). The medial part included the hippocampus, the amygdala, the 

parahippocampal gyrus; the lateral part included the superior, middle, inferior temporal gyrus, 

and the temporal pole 78. The insula, the anterior cingulate cortex (ACC), and the caudate 

nucleus were other regions with significant increases. 
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ROI studies 

The hippocampus 77,81–86,112,114, the amygdala 77,82,84,85,112,114, and the ACC 75,84,114 were the most 

often investigated regions in studies with ROI approach 78. All of the studies found significant 

GMV increases in these regions (Figure 4). The other regions, which were investigated only in a 

few studies, included parts of the prefrontal cortex (PFC) such as the orbitofrontal cortex (OFC) 
112 and the dorsolateral prefrontal cortex (DL-PFC) 112,114, the basal ganglia 121, the hypothalamus 
112, and the cerebellum 120. Of these regions, the GMV increases were found in the putamen, 

hypothalamus, and cerebellum 78. Two studies found ECT-related GMV decreases in the DL-

PFC 112,114. 

 

Meta-analyses of hippocampus 

Meta-analyses of seven studies 77,81–86 assessing the effect of ECT on hippocampal volume 

showed an increase in the volume with a small to moderate effect size in the right (Hedges’ g = 

0.39, 95% CI = 0.18–0.61, p < .001) and left hippocampus (Hedges’ g = 0.31, 95% = 0.09–0.53, 

p = .007) 78. The heterogeneity in the studies was low, and no publication bias was evident.  

 

Long-term effects 

The long-term hippocampal volume changes were assessed only in a few studies. The increased 

hippocampal volume was still present four weeks after the series 112 but was returned to the pre-

treatment value when measured six 86,122 and 12 months later 122. 

 

 

 

 

 

 

 

 

 

 

 

 



RESULTS 

 24 

 

 

 

Figure 4: Studies of ECT's impact on gray matter volume a  after the ECT series b 
a or cortical thickness, b within two weeks after the end of the ECT series. All studies contributing to each 

depicted brain region are included in our review (paper 1) 78, and their references are listed below. The 
blue arrows indicate that all studies examining the specific region found significant increases in the gray 
matter volume (GMV) or cortical thickness after ECT. The red arrow indicates that the two studies found 
significant decreases in the GMV in the dorsolateral prefrontal cortex following ECT. “n” shows the 
number of ECT-treated depressed patients participating in the studies of the specific region. Two studies 
are not displayed: Nickl-Jockschat et al. 113 study (n = 21) with no significant changes in the GMV using a 
whole-brain analysis, and Depping et al. 120 study (n = 12) showing GMV-increases in the cerebellum.   
 

• Caudate 115                                                                          
• Hypothalamus 112                                                               
• Putamen 121 
• Amygdala 77,82,84,85,112,114,117                                               
• Hippocampus 77,81–86,112,114,116,117 
• ACC (Anterior Cingulate Cortex) 75,84,114,117   
• DL-PFC (Dorsolateral Prefrontal Cortex) 112,114 
• Insula 76,77,114,115 
• Temporal lobe 75–77,84,114,115,119  
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Diffusion tensor imaging studies 

Five studies examined 92 depressed patients and 62 healthy controls using diffusion tensor 

imaging (DTI) 78. Four of them investigated the microstructure of the white matter 113,123–125, and 

one study assessed the gray matter 112. The number of patients examined was small (range 8–24), 

and the studies differed substantially in design, the medication status, and MRI data analyses 

approach.  

 

DTI measures directionality of water diffusion in the tissue 126. Its two basic parameters are 

fractional anisotropy (FA) and mean diffusivity (MD). The white matter has high FA and low 

MD values, as water moves predominantly in one direction, i.e., along parallelly running densely 

packed fibers. The gray matter usually has low FA and medium MD. Both FA and MD are 

unspecific measures. Nevertheless, it is thought that increasing FA values reflect greater 

organization and compactness of white matter fibers 126, while higher MD values represents a 

decrease in membrane density 126, for example, due to an increase in extracellular fluid (edema).  

 

Radial diffusivity (RD) and axial diffusivity (AD) are considered more specific measures of 

concrete cellular elements 126. Higher RD values may represent myelin damage, whereas an 

increase in AD can indicate damage to axonal microstructure. Taken together, increasing FA, 

and decreasing MD and RD values are thought to reflect more constrained water diffusion in one 

direction, which may indicate better organization of the tissue. 

 

Three 123–125 of the four white-matter studies found a significant increase in FA of the frontal 

white matter pathways following an ECT series in depressed patients 78. The most 

methodologically advanced study comprised 20 MDD patients and a group of 28 healthy 

controls 123. The control group was scanned twice. An increase in FA and a decrease in MD and 

RD was observed in major fronto-limbic white-matter tracts only in the patients, not in the 

control group. Finally, one study did not find any significant changes in the DTI parameters 113.  

 

The study of the gray matter microstructure 112 assessed 5 ROIs (the hippocampus, the amygdala, 

the orbitofrontal cortex, the dorsolateral prefrontal cortex, the hypothalamus) and one control 

ROI (the occipital cortex) in 16 patients with MDD 78. Following the ECT series, MD decreased 

significantly in the hippocampus and the hypothalamus. The FA increased in the hypothalamus 

and decreased in the hippocampus. No significant changes were detected in the remaining ROIs.  
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Adverse effects studies 

We included eight studies investigating adverse effects of the ECT on the neural tissue 78. Five of 

them measured T1- and T2-relaxation times acutely after a single ECT session to investigate 

edema—the relaxometry studies. Three studies scanned the patients before and after an ECT 

series to assess any ECT-related focal abnormalities in the neural tissue—the anatomical studies.  

 

The relaxometry studies  

These studies consisted of 60 MDD patients and were largely uncontrolled 78. The relaxation 

times were measured in a period between 15 minutes and 24 hours after the ECT session. An 

increase in the relaxation times may reflect an increase in the water content in the tissue (edema). 

Two methodologically solid studies did not find any significant increases in the T2-relaxation 

time two hours after the second ECT-session in the assessed regions of interests including the 

hippocampus and the thalamus 127,128. Two studies, conducted in 1990s on older MRI-scanners 

(0.08−1.5T), found a significant increase in T1- or T2-relaxation times in the entire MR-scan 

slice 129,130, and one study found the increases in the thalamus 131 two to six hours after an ECT 

session. The increased values returned to the pre-treatment level 24 hours after the session and 

did not correlate with cognitive side effects. However, these results were limited by several 

methodological issues. The most serious was the risk of including the cerebrospinal fluid into the 

calculations (the partial volume effect). The cerebrospinal fluid has a very high relaxation time.  

 

The anatomical studies 

Three prospective uncontrolled MRI studies 132–134, performed in 1990s, investigated whether 

ECT causes any focal brain tissue damage 78. Fifty patients with depression were included. None 

of them found any abnormalities that were unambiguously related to the ECT series. The largest 

study examined 35 depressed patients before and up to three days after an ECT series, as well as 

at the 6-month follow-up 134. Two independent teams of radiologists, blinded to the order of 

scans, assessed the T1- and T2-weighted images for any pathology of the brain tissue. No ECT-

related abnormalities were found at the scan performed up to three days after the series. During 

the six-month follow-up, a clear progression of the pre-existing subcortical white matter lesions 

has been observed in two individuals, and an uncertain progression has been detected in three 

additional patients. The authors interpreted the findings as evolution of the pre-existing 

cardiovascular disease.  
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Results - original studies  

Sample 

The cortical thickness study (paper 3) included 18 in-patients 88, and the hippocampal subregions 

study (paper 2) has been extended by four additional participants (n = 18 + 4 = 22) 87.  Table 1 

presents the clinical characteristics of the two samples. All but one patient in paper 2 were 

diagnosed with MDD; thus, only one individual had bipolar depression. In paper 3, all patients 

had MDD. In both studies, approximately 2/3 of patients had recurrent depression, 2/3 presented 

with melancholic, and 1/3 psychotic symptoms. At inclusion, almost all patients were treated 

with antidepressants (Table 1). Over 40% were receiving antipsychotics, over 20% 

benzodiazepines; only a few participants were taking lithium or antiepileptics. The medication 

doses had not changed significantly during the study. 

Antidepressant effect  

ECT had a marked antidepressant effect in both cohorts 87,88. Table 2 shows the evolution of 

depression scores during the study. In paper 2 87, the HAMD-17 score dropped substantially 

after ECT (mean change = −20.0, SE = 1.5, p < .0001) and remained low six months later (mean 

change between a six-month follow-up and pre-ECT = −20.2, SE = 1.8, p < .0001). Similar 

changes were observed in paper 3 88. The response, remission, and relapse rate are reported in 

Table 2.  
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Table 1: The clinical characteristics of the cohort  
Paper 2 87, Paper 3 88.  Abbreviations: n, number; SD, standard deviation; IQR, interquartile range; %, 
percent; MDD, major depressive disorder; EEG, electroencephalogram; HAMD-17, 17-item Hamilton 
rating scale for depression. This table has been reused (after modifications), in accordance with the 
copyright policy of the publisher (Elsevier). The original table was published in paper 2 87. 
 

 

 

 
 
 

 
Paper 2  

 
Paper 3 

Patients, n 22 18 
Men/women, n 11/11 8/10 
Age, years, mean (SD) 44.7  (14.4) 46.8   (14.6) 
Unipolar depression (MDD), n  21  18  
Single/recurrent MDD, n 5/16 5/13 
Baseline HAMD-17 score, mean (SD) 29.7   (4.9) 29.4   (5.2) 
Current episode duration, months, median (IQR) 4.8   (7.0) 2.8   (8.6) 
Psychotic symptoms,  n  6  6  
Melancholic symptoms, n 18  14  
Depressive disorder duration, years, median (IQR) 7.0  (14.0) 5.5  (12.4) 
Age of onset, years, mean (SD) 34.4  (12.4) 37.1  (11.6) 
   
Antidepressants at inclusion, n 
Tricyclic antidepressants 
Selective serotonin reuptake inhibitors 
Serotonin and norepinephrine reuptake inhibitors  
Noradrenergic and specific serotonergic antidepressants  
Other antidepressants 

21 
8 
8 
6 
4 
3 

17 
6 
6 
6 
2 
3 

Antipsychotics 9 8 
Antiepileptics 3 2 
Lithium 2 1 
Benzodiazepines 5 5 
   
ECTs in a series, mean (SD) 12.5   (4.9) 11.9   (4.5) 
Charge per single ECT, millicoulombs, median (IQR) 176.4   (178.2) 198.2   (140.7) 
EEG seizures per single ECT, seconds, mean (SD) 42.8   (13.3) 43.5   (14.5) 

 



                                                                                                                           RESULTS 

 29 

 

 

Table 2: The antidepressant effect of ECT 
Paper 2 87, Paper 3 88.  Abbreviations: HAMD-17, 17-item Hamilton rating scale for depression; HAMD-6, 
6-item version; SD, Standard deviation; n, the number of patients, %, percentage; —, non-applicable. 
 

  

 

  
pre-ECT  

 
post-ECT 

 
Follow-up  
 

 
Paper 2 

 
Mean   SD 

 
Mean   SD 

 
Mean   SD 

HAMD-17 score 30        5 10        7 10        6 
HAMD-6 score 14        3  5         4   4        4 
  n          % n         % 
Responders — 18        82 — 
Remitters — 11        50 — 
Relapse — — 2         18 
 
Paper 3  

 
Mean   SD  

 
Mean   SD 

 
Mean   SD 

HAMD-17 score 29       5 10         7 10         7 
HAMD-6 score 14       3   5         4   5         4 
  n          % n         % 
Responders — 14         78 — 
Remitters — 11         60 — 
Relapse — — 2          18 
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Longitudinal changes in hippocampal volume  

The volume of the right and left dentate gyrus (DG) changed significantly during the entire study 
87. As shown in Table 3, the Bonferroni-corrected pair-wise comparison of the changes between 

three time points revealed that the volume of the right and left DG increased significantly after 

the ECT series and decreased at the six-month follow-up, leaving no statistically significant 

difference between the six-month follow-up and pre-ECT volumes 87. Similar changes were 

observed in most of the secondary subregions in the right and left hippocampus (see Table 3) 87. 

Figure 5 depicts the changes in the right and left DG. 

 

The mean percent increase of the right DG volume after ECT was 5.9% (SD = 3.5), and the 

increase was higher than increases in four right secondary ROIs: the hippocampus, the cornu 

ammonis 1, the molecular layer, and the hippocampal tail 87. The mean percent increase of the 

left DG volume was 5.0% (SD = 3.3) and was higher than increases in the left presubiculum and 

left hippocampal tail 87. 
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Table 3: Mean changes in volumes of hippocampal regions of interest 
The mean changes in the volume are based on marginal means derived from linear mixed model. All 
displayed regions of interest (ROIs) except for the right fimbria showed an FDR-corrected overall 
significant change in the volume during the entire study. For each ROI, the pairwise comparison of changes 
between three time points was performed. The asterisks indicate significant results after Bonferroni 
correction; <.001 ***, <.01 **, <.05 *. The secondary ROIs are ordered from the lowest to highest p-value, 
separately in the right and left hippocampus. Abbreviations: SE; standard error of estimate; HATA, 
hippocampus-amygdala-transition-area. This table has been reused (after modifications), in accordance 
with the copyright policy of the publisher (Elsevier). The original table was published in paper 2 87. 
 
 

 

  
Post- vs. pre-ECT 

 

 
Follow-up vs. post-ECT 

 
Follow-up vs. pre-ECT 

    
  mm3              SE 

    
  mm3                 SE 

   
   mm3         SE 

Right  Dentate gyrus   35 ***       4           −34 ***       4           1            4        
Left     Dentate gyrus   27 ***       4        −26 ***       4          1            3        
  
Right  Hippocampus 147 ***     15    −162 ***     14        −15         13       
Right  Molecular layer   26 ***       3           −28 ***       3            −2           3         
Right  Subiculum   16 ***       2         −16 **         4                0            4         
Right  Cornu ammonis 3   13 ***       2            −14 ***       2            −1           2         
Right  Cornu ammonis 1   23 ***       4            −29 ***       3            −6           4        
Right  HATA     4 ***       1              −3 ***       1              1            1        
Right  Hippocampal tail   16 **         5              −27 ***       6         −11           6         
Right  Presubiculum   11 **         4              −10 **         3                1            3        
Right  Parasubiculum     2              1                −3 **         1                0            1        
Right  Fimbria     1              3                  1              2               2            3         
  
Left  Hippocampus 120 ***      15       −116 ***      17          4         14       
Left  Molecular layer   21 ***        3          −21 ***        4           1           3        
Left  Cornu ammonis 1   25 ***        4           −26 ***        4         −1           3         
Left  Cornu ammonis 3   11 ***        2           −10 ***        2            1            1        
Left  Subiculum   16 ***        3           −13 **          4              3            3        
Left  HATA     3 ***        1               −3 ***        1            0            1        
Left  Parasubiculum     3 **          1               −2           1              1            1        
Left  Presubiculum     6               3               −6           3            −1           3        
Left  Hippocampal tail     8               4             −14 *           5           −6           3        
Left  Fimbria     1               2                 4           3              5            2        
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Figure 5: Volume changes in right (upper row) and left (lower row) dentate gyrus 
These results were published in paper 2 87. On the left – changes in individual patients, on the right – 
changes in sample’s mean. Bonferroni-corrected level of significance is flagged with asterisks: <.05*, 
<.01**, <.001***. See Table 3 for mean volume differences between the three time points. Abbreviations: 
n.s., non-significant; mm3, cubic millimeters. This figure has been reused (after modifications), in 
accordance with the copyright policy of the publisher (Elsevier). The original figure was published in paper 
2 87.  
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Longitudinal changes in cortical thickness 

As shown in Figure 6, the cortical thickness of 26 out of 68 ROIs changed significantly during 

the entire study (after FDR-correction for multiple testing) 88. Fourteen of the ROIs were 

localized within the right hemisphere, twelve within the left. Most of them were within the 

frontal cortex (n = 14), followed by temporal (n = 7), parietal (n = 3), and insular cortex (n = 2) 
88.  In each of the 26 ROIs, the thickness increased after the ECT series and decreased at a six-

month follow-up; thus, no significant difference between the six-month follow-up and pre-ECT 

assessment was detectable (Table 4) 88. Figure 7 presents the thickness evolution of the right 

superior temporal gyrus—the ROI showing the most significant changes.   

 

The percent change in thickness of the 26 ROIs varied from 1.4% (SD = 1.8) in the right 

postcentral gyrus to 5% (SD = 3.2) in the left temporal pole. The mean change in the thickness of 

the 26 ROIs was 2.3% (SD = 0.9) 88.  

 

 

 

Figure 6: Overall changes in cortical thickness during the entire study  
The yellow-red colors indicate 26 cortical ROIs, which thickness changed significantly during the entire 
study (the three time points). The results are corrected for multiple testing using false discovery rate 
method. The gray color indicates the remaining ROIs. The bar shows F-values derived from linear mixed 
model with corresponding raw p-values. * The right banks superior temporal sulcus region is not visible 
on the image.  
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Table 4: Cortical ROIs showing significant overall change in thickness during the entire study 
The table lists only the 26 out of 68 examined cortical regions that showed an FDR-corrected significant 
change in the thickness during the entire study. The mean changes in thickness (μm) are based on 
estimates of marginal means obtained from the linear mixed model (LMM). For each ROI, the pairwise 
comparison of the changes between three time points was carried out. The asterisks indicate significant 
results after Bonferroni correction; <.001 ***, <.01 **, <.05 *. The ROIs are ordered from the highest to 
lowest F-value of the overall thickness changes during the study, separately for the right and left 
hemisphere (see Figure 6). Abbreviations: SE, standard error of the estimate; μm, micromillimeters (1 mm 
= 1000 μm). This table has been reused (after modifications), in accordance with the publisher’s copyright 
policy (Wiley and Sons). The original table was published in paper 3 88. 
 

 
 Post-ECT 

vs.  
Pre-ECT 

Follow-up  
vs.  
Post-ECT 

Follow-up  
vs.  
Pre-ECT 

    
 μm 

 
SE 

   
    μm 

 
SE 

  
 μm 

 
SE 

Right superior temporal gyrus   83  *** 11   −59 *** 12   24 12 
Right temporal pole 149  *** 27 −129 *** 29   20 29 
Right pars triangularis   73  *** 13   −59 *** 15   14 15 
Right superior frontal gyrus   61  *** 11   −52 *** 13     9 13 
Right supramarginal gyrus   46  *** 11   −46 ** 12     0 12 
Right middle temporal gyrus   53  *** 12   −50 ** 13     2 13 
Right pars opercularis   54  *** 12   −45 ** 14     9 14 
Right insula   71  *** 17   −71 ** 19     0 19 
Right caudal anterior cingulate cortex   48  ** 16   −74 *** 17 −26 17 
Right pars orbitalis   55  ** 16   −55 ** 17     1 17 
Right rostral middle frontal cortex   49  ** 14   −39 * 15     9 15 
Right lateral orbitofrontal cortex   47  ** 14   −47 ** 16     0 16 
Right postcentral gyrus   30  **   9   −14   9   16 16 
Right banks superior temporal sulcus   55  ** 18   −45 20     9 20 
       
Left temporal pole 174  *** 25 −152 *** 27   22 27 
Left pars opercularis   63  ***   9   −64  *** 10   −1 10 
Left superior temporal gyrus   63  *** 11   −59 *** 12     4 12 
Left insula 101  *** 18   −75 ** 20   26 20 
Left pars triangularis   53  *** 11   −53  *** 12     0 12 
Left supramarginal gyrus   41  ***   9   −39 ** 10     2 10 
Left superior frontal gyrus   44  ** 12   −54 *** 13   −9 13 
Left middle temporal gyrus   44  ** 12   −49 ** 13   −6 13 
Left precentral gyrus   36  ** 11   −42  ** 12   −6 12 
Left rostral middle frontal cortex   39  ** 12   −38 * 14     1 14 
Left caudal middle frontal gyrus   35  ** 12   −29 13     6 13 
Left caudal anterior cingulate cortex   57  ** 20   −53 22     4 22 
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Figure 7: Changes in cortical thickness of right superior temporal gyrus 
On the left – changes in individual patients, on the right – changes in sample’s mean. Bonferroni-corrected 
level of significance is flagged with asterisks: <.05*, <.01**, <.001***. See Table 4 for mean differences 
between the three time points. Abbreviations: n.s., non-significant; mm, millimeters. 

 

  

n.s. 
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Within-patient correlation with antidepressant effect 

Hippocampus 

Repeated-measures correlation revealed that a decrease in depression score within the patient 

after ECT was correlated with an increase in the right DG (r rm = −0.77, p < .001, 95% CI = 

−0.90, −0.50), and an increase in the left DG (r rm = −0.75, p < .001, 95% CI = −0.89, −0.46) 87. 

Figure 8A depicts this relationship in individual patients for the right DG and Figure 8B shows 

the common regression line shared by all patients in the sample—according to the repeated-

measures correlation model. Similar moderate to strong correlations were found in 8 of 10 right 

secondary ROIs and 6 of 10 ROIs on the left side (after FDR-correction for multiple testing) 87.  

 

Cortical thickness 

For each of the 26 cortical ROIs, an increase in cortical thickness within the patient after ECT 

was significantly correlated with a decrease depression score (after correction for multiple 

testing using FDR). The repeated-measures correlation coefficients r rm ranged from –0.46 (p = 

.046) in the left caudal ACC to –0.91 (p = .00000008) in the right superior temporal gyrus.  The r 

rm in the right lateral OFC was –0.74 (p = .0003). Figure 9A shows the relationship in the right 

lateral OFC in individual patients and Figure 9B presents the repeated-measures correlation 

model of this relationship. 
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Figure 8A: Relationship between volume and depression score after ECT in individual patients 
The increase in the right dentate gyrus volume after an ECT series was related to the decrease in 
depression score (r rm = −0.77, p < .001.). See the statistical model below (Figure 8B). This figure has been 
reused (after modifications), in accordance with the copyright policy of the publisher (Elsevier). The 
original figure was published in paper 2 87. 
 

 
Figure 8B: Repeated-measure correlation model of the data depicted on Figure 8A 
Distinct colors indicate individual patients. The dots with the same colors show the pre- and post-ECT 
measurements in the same patient. The individual regression lines have the same slope that is shared by 
all individuals in the sample. 
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Figure 9A: Relationship between thickness and depression score after ECT in individual patients 
The blue dots show measurements taken before the ECT series. The pink dots indicate the measurements 
taken within one week after the ECT series. The increase in the thickness was related to the decrease in 
the depression score (r rm = −0.74, p = .0003). See the statistical model below (Figure 9B). 
 

 

Figure 9B: Repeated-measures correlation model of the data depicted on Figure 9A 
Distinct colors indicate individual patients. The same color dots show the pre- and post-ECT 
measurements in the same patient. The individual regression lines have the same slope that is shared by 
all individuals in the sample. 

0

5

10

15

20

2.3 2.4 2.5 2.6 2.7
Right lateral orbitofrontal thickness, mm

H
AM

D
−6

 s
co

re

Time
Pre−ECT
Post−ECT

A

2.3 2.4 2.5 2.6 2.7

0
5

10
15

20

B

Right lateral orbitorfrontal thickness, mm

H
AM

D
−6

 s
co

re



                                                                                                                           RESULTS 

 39 

Between-patient correlation with antidepressant effect 

Hippocampus 

Neither the change in the right nor the left DG volume (post – pre ECT) was correlated with the 

change in the depression score (pre – post ECT). Pearson’s correlation coefficient r was −0.29 (p 

= .21) for the right DG, and –0.22 (p = .34) for the left DG. The patients who had the greatest 

DG enlargements did not have the greatest drop in depression scores 87. Controlling for age, 

gender, the number of ECTs, the baseline depression score, and the relevant DG volume did not 

change the results considerably. Figure 10 shows the scatterplot of the relationship for the right 

DG.  

 

Similarly, the ECT-related volume increases in the 20 secondary ROIs were not correlated with 

the decrease in depression score, nor were they after controlling for the five variables 87. 

Although the results were not statistically significant, we observed negative associations in most 

subregions. Patients with the largest volume increase tended to have the worst outcome.   

 

 

 
Figure 10: Change in right dentate gyrus volume by change in depression score after ECT  
The blue line is the regression line. No significant association has been found (Pearson’s r = −0.29, p = .21). 
Controlling for age, gender, the number of ECTs, the baseline right dentate gyrus volume and the baseline 
depression score did not change the results substantially. This figure has been reused (after 
modifications), in accordance with the copyright policy of the publisher (Elsevier). The original figure was 
published in Supplementary materials of paper 2 87. 

20 40 60 80

10
15

20
25

30
35

Volume & Depression score

 Change in right dentate gyrus volume, mm³ (post − pre ECT)

C
ha

ng
e 

in
 H

AM
D
−1

7 
sc

or
e 

(p
re

 −
 p

os
t E

C
T)



RESULTS 

 40 

Cortical thickness 

In paper 3, we found that the percent increase in the thickness of the right lateral orbitofrontal 

cortex (OFC) after ECT was correlated with the change in the depression score (pre-ECT 

HAMD-6 score – post-ECT HAMD-6 score), when controlling for age (r = 0.75, p = .0005) 88. 

Patients with a larger increase in the thickness of this region had a better clinical effect (Figure 

11). There were four additional ROIs, in which a larger thickness increase correlated with a 

better clinical effect at the significance level of p < .05; three of them were localized within the 

right frontal lobe (the pars triangularis, the caudal anterior cingulate cortex (ACC), and the 

rostral middle frontal cortex, and one within the right parietal lobe (the postcentral gyrus) 88. 

However, these associations were not statistically significant after correction for multiple testing. 

In contrast to the results concerning the hippocampus, the association between the thickness 

change and clinical outcome was positive for all but one cortical ROI.  

 

 

 
Figure 11: Percentage change in cortical thickness by change in depression score after ECT 
OFC, Orbitofrontal cortex. The blue line represents the regression line. Patients with larger increases in the 
thickness of this region had a larger drop in depression scores when controlling for age (r = 0.75, p = .0005) 
after correction for multiple testing (26 regions of interest). This table has been reused (after modifications), 
in accordance with the publisher’s copyright policy (Wiley and Sons). The original table was published in 
paper 3 88. 
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Prediction of antidepressant effect 

We demonstrated that lower pre-treatment volumes of five secondary hippocampal subregions 

were associated with a greater reduction in depression score when controlled for age and gender. 

This applied to the left hippocampus (r = −0.61, p = .005), left molecular layer (r = −0.60, p = 

.005), left subiculum (r = −0.57, p = .009), left presubiculum (r = −0.55, p = .012), as well as the 

right hippocampal tail (r = −0.56, p = .011). Figure 12 depicts the association for the left 

hippocampus. The baseline normalized DG volumes were not associated with change in 

depression score after ECT when controlling for age and gender 87.  

 

A thinner baseline thickness of 3 out of the 26 cortical ROIs was associated with a larger 

decrease in HAMD-6 score when controlled for age at the significance level of p < .05 88. All 

were localized within the right hemisphere (the right lateral OFC, r = −0.67, p = .003; the right 

insula, p = −0.59, r = .01; and the right postcentral gyrus, r = −0.52, p = .03). However, the 

results were not statistically significant after correction for multiple comparisons.  

 

 

Figure 12: Baseline volume by change in depression score after ECT 
The blue line represents the regression line. The baseline left hippocampal volume was normalized for 
total intracranial volume (see Methods section). After controlling for age and gender, patients with 
smaller baseline volumes of the left hippocampus had a lager drop in the depression score after ECT (r = 
–0.61, p = .005) after correction for multiple comparisons (20 regions of interests).  
 

2800 3000 3200 3400 3600 3800

10
15

20
25

30
35

Baseline Volume & Depression score

Normalized pre−ECT left hippocampus volume, mm³

C
ha

ng
e 

in
 H

AM
D
−1

7 
sc

or
e 

(p
re

 −
 p

os
t E

C
T)

 



DISCUSSION 

 42 

Discussion 

Short-term gray matter changes  

“Short-term” in this paragraph refers to a period within two weeks after the ECT series. In line 

with our review, two other meta-analyses found an increase in the hippocampal volume after 

ECT 43,44. They found larger effect sizes than us, probably due to slightly different studies 

included. In addition, a mega-analysis 56 performed by the Global ECT-MRI Research 

Collaboration (GEMRIC) 135 corroborated these results. The study comprised over 280 depressed 

patients from 10 independent sites. The healthy control group consisted of 95 individuals who 

were scanned twice. The increase in the hippocampal volume after ECT was present in the 

patients, not in the control group. Moreover, the volumetric changes following right unilateral 

ECT were lateralized to the right side, and a higher number of ECT-sessions was associated with 

greater volumetric enlargements 56.  

 

Further, we found that the hippocampal volume increases were present in most subregions; 

however, they were slightly larger in the dentate gyrus (DG). Three out of five other studies of 

the hippocampal subfields reported that increases were present in most subfields 83,136,137, one 

study demonstrated the increase exclusively in the DG 65, and one found the enlargement was 

most pronounced in the DG compared with other subfields 64. These discrepancies may be 

explained by differences in the software used to MR-data analyses, sample age, and an MR-

scanner resolution 87.  

 

The ECT-induced increase in GMV is not limited to the hippocampus. In our review, we found 

that the enlargements were present in many cortical and subcortical regions 78. In our sample, we 

demonstrated the ECT-related increase in the thickness of many cortical regions, especially 

within the frontal and temporal lobes 88, which is in accordance with three other studies 

examining the cortical thickness 75–77. The gray matter volume increases outside the 

hippocampus have been recently reported by a GEMRIC mega-analysis of 320 patients from 14 

sites—the largest study to date 138. The authors found that GMV of 79 out of the 84 cortical and 

subcortical ROIs increased following ECT. The largest effect sizes of the increases were 

observed in the amygdala and the hippocampus. The authors also examined changes in the 

volume of four brain compartments: the cortical and the subcortical gray matter, the white 

matter, and ventricles 138. Only the GMV increased significantly. Cohen’s d was higher for the 
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subcortical (1.4) than the cortical increase (1.0). The volume of ventricles decreased and was 

negatively correlated with changes in the subcortical GMV. The white matter volume remained 

unchanged. The same evolution of the volume in the four compartments immediately after the 

ECT series was found in our sample (exploratory analyses not presented). Moreover, we found 

that at six-month follow-up, the increased cortical and subcortical GMV, as well as the decreased 

volume of the ventricles returned to the pre-ECT values. The white-matter volume was still not 

significantly different from the baseline. Furthermore, this GEMRIC mega-analysis found that 

the placement of electrode and the number of ECT sessions modulated the cortical and 

subcortical volume changes 138. A higher number of ECT was related to greater enlargements, 

and the right unilateral stimulation resulted in greater subcortical GMV volume on the right side 

compared with bilateral stimulation 138.  

 

Both electrical current and seizures impact the brain tissue during an ECT session. Little is 

known about which of these two contributes to the ECT-related volumetric increases. To test 

whether the electric field correlates with the increases in 85 brain regions, the most recent 

GEMRIC study used electric fields modeling in 151 depressed patients treated with right 

unilateral stimulation 139. The study demonstrated that mean electric field was higher in the right 

hemisphere than in the left. The regions with higher electric fields showed larger volume 

increases; however, the association was only weak to moderate (r = 0.38) 139.The increase in the 

volume of left amygdala and left hippocampus correlated positively with higher electric fields 
139. Despite some limitations, which are discussed in the Sackeim’s recent review 27, the study 

contributed to our understanding of the causes of the volumetric increases. It appears that the 

electric field has an impact but cannot alone explain the increases. The effect of seizures on the 

volumetric increases needs to be investigated.  

Long-term gray matter changes  

“Long-term” in this paragraph refers to one month or longer after the ECT series. The changes in 

GMV beyond two weeks after ECT have been investigated only by a few studies, and only in the 

hippocampus 78. The ECT-related enlargement in this region was still present one month after 

ECT 112 , but three 65 , six 86,122, and twelve 122 months later, the volume was not different from 

the pre-treatment values 78. We extended the results by demonstrating the long-term effects in 

distinct hippocampal subfields 87 and the cortex 88. The ECT-related enlargements in all 

hippocampal subfields and all 26 cortical ROIs returned to the pre-ECT values at a six-month 

follow-up. No long-term decreases compared with the baseline values were evident 87,88.  
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To sum up, convergent evidence shows that ECT induces a temporary increase in the GMV 

volume of many cortical and subcortical regions, with the most pronounced increases in the 

dentate gyrus, other hippocampal subfields, the amygdala, and the frontal and temporal cortex. 

The higher number of ECT sessions covaries with larger increases, and the right unilateral 

stimulation causes larger increases on the right side. The white matter volume remains 

unchanged.  

 

Below, we discuss two important issues: the relation of the volumetric increases with the 

antidepressant effect, and mechanisms underlying the increases.   

Correlation with antidepressant effect 

Firstly, we tested whether a post-ECT increase in the hippocampal GMV 87 and cortical 

thickness within the patient were correlated with a decrease in depression score. This within-

patients association was tested using repeated-measures correlation (see Figures 8A, 8B, 9A, and 

9B). We found significant moderate to strong relationships for most hippocampal 87 and all 26 

tested cortical regions. In line with our results, all studies using a repeated-measures approach 

found similar associations in the hippocampus 64,85,140 and cortical thickness of the 

frontotemporal regions 75.  

 

Then, we tested whether patients with larger gray matter increases (the post-ECT change) tended 

to have a significantly greater drop in depression scores after ECT. This between-patients 

association was examined using Pearson’s correlation (see Figures 10 and 11). We found no 

significant associations in the hippocampus 87. This agrees with other studies 56,81,82,84,86, 

including the largest study—the GEMRIC mega-analysis 56.  

 

In five cortical ROIs, the significant correlations were present at the significance level of p < .05, 

but after correction for multiple testing, only the right lateral orbitofrontal cortex showed a 

significant positive correlation 88. The patients with higher increases in the cortical thickness in 

this region had a greater drop in depression score. This is in line with other study of cortical 

thickness that reported a positive relationship between an increase in the insula thickness and the 

clinical outcome 76. However, this is in contrast to the largest study in the field— the GEMRIC 

mega-analysis. The study did not find any significant associations between changes in the GMV 

of 66 tested cortical regions and the clinical effect in a sample of over 320 patients 138. 

Methodological differences may explain the discrepancy. We examined the cortical thickness, 
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whereas Ousdal and co-authors 138 analyzed the cortical GMV. Furthermore, we used the six-

item version of HAMD, not the 17-item version of HAMD. Finally, our results are controlled for 

age, while in the GEMRIC study the results are controlled for more variables.  

 

Interestingly, our Pearson’s correlation for the hippocampus showed that patients with larger 

volume increases tended to have the worst outcome (non-significant association) 87. Because 

non-responders are likely to be treated with a higher number of ECT-sessions, we corrected the 

results for the number of sessions, but the direction of the non-significant association did not 

change 87. Similar inverse association was observed in the largest GEMRIC study, but the 

association was not significant after correction for the number of sessions 56. In contrast, 

although non-significant in most regions 88, the correlations for the cortical regions were 

positive. The patients with larger increases in cortical thickness tended to have better outcome. 

Therefore, we speculate as to whether the cortical and hippocampal increases in gray matter 

reflect different processes in relation to clinical effect.  

 

In addition, Mulders and co-workers conducted a multivariate analysis of the association 

between the volume change and clinical outcome in a GEMRIC sample of over 190 patients 141. 

They found that a pattern of GMV-changes localized in the brain midline, the lateral frontal 

cortex, and the striatum discriminated responders from non-responders with 75% accuracy. 

However, as stated by the authors, caution is needed when interpreting the results 141. Due to a 

multivariate character of the analysis, none of the regions contributing to the discrimination 

made it alone; therefore, these results cannot be directly compared to the univariate analyses 141.  

 

As discussed by Sackeim 27, the naturalistic design of ECT studies may contribute to the 

complex picture of the relationship between the volumetric changes and clinical effect. In this 

design, the decision about the termination of an ECT series depends primarily on the clinical 

effect. Non-responders usually receive more ECTs and are treated with higher charges. 

Therefore, the non-responders may have more pronounced enlargements in the hippocampus 27. 

Another issue is that there may be a variation between patients in how large volume increase is 

necessary for the antidepressant effect. It is possible that for some patients a small volume 

increase may be translated to a marked clinical effect, whilst for others a larger increase is 

needed for the same effect.  
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In summary, it appears that the relationship between an increase in GMV and the clinical effect 

is complex. When we look at the individual patient, the ECT-related cortical and hippocampal 

grey matter increase correlate with the decrease in depression score (within-patients association). 

However, when we look at whether the magnitude of the volume or thickness increase covaries 

with the magnitude of the change in the depression score, the picture changes. Patients with 

larger hippocampal increases do not have a greater drop in depression score (between-patients 

association). However, in the cortex, larger increases in some cortical regions may be related to a 

better outcome. 

Prediction of antidepressant effect 

Even the best clinical predictors of response to ECT, such as psychotic symptoms, have only 

modest predictive value 25. Therefore, a more reliable prediction of who is likely to benefit from 

ECT could help clinicians offer the treatment earlier and encourage potential responders to 

consent to ECT.  

 

We found that a smaller baseline volume of the left hippocampus, left subiculum, left 

presubiculum, left molecular layer, and the right hippocampal tail was associated with a larger 

drop in depression score after the treatment 87. This agrees with other studies that examined the 

predictive value of the pre-ECT volume of the entire hippocampus 85,142,143 and its distinct 

subregions 64,136,137. However, the subfields with predictive value differed between studies 87. For 

example, Nuninga and co-workers reported it was the dentate gyrus 64. Gryglewski et al. found 

significant predictive value of subiculum and presubiculum 137. Finally, Cao and co-authors 

demonstrated that more subfields including subiculum, presubiculum, granule cell layer, cornu 

ammonis 1, and cornu ammonis 3 could predict a better outcome 136. Differences in the samples’ 

age, the resolution of the scanners, and the hippocampal segmentation method are likely to 

explain this discrepancy 87.  

 

As discussed in the original study 87, the smaller baseline hippocampal volume may be the neural 

representation of a melancholic depression. ECT is especially effective in melancholia, and the 

effect is believed to be mediated by HPA-axis normalization 144,145. Thus, the small hippocampal 

volumes may be a neural manifestation of melancholia. This condition is linked to a hyperactive 

HPA-axis and hypercortisolemia, leading to hippocampal atrophy 33.  
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Interestingly, the baseline volumes of subiculum and presubiculum could predict a better 

outcome in three studies, the two mentioned above 136,137 and our own 87. The ventral part of the 

subiculum has been shown to play a key role in the regulation of stress response in animals 
146,147. This region is considered to reduce the HPA-activity via its connections to the 

hypothalamus. Lesions of the subiculum have been shown to increase stress response following 

psychogenic stress 148. The inadequate regulation of stress may trigger a vicious circle. The 

excessive level of glucocorticoids could have a toxic effect on the subiculum, leading to its 

atrophy and even greater functional impairment. Thus, the small volumes of subiculum may 

indicate an impaired HPA-axis regulation. Therefore, we speculate that ECT may work better in 

patients with smaller volumes in the subiculum because the treatment normalizes the 

dysregulated HPA-axis. 

 

Thinner pre-treatment cortex of 3 out of 26 tested cortical regions correlated with a greater 

decrease in the depression score after ECT at the level of p < .05, but the results were not 

significant after correction for multiple comparisons 88. Due to small sample size, type-II error 

cannot be excluded; therefore, the predictive value of baseline cortical thickness for 

antidepressant response should be investigated in larger samples.  

Neuroplasticity 

The neural correlates of the observed GMV increases are unclear. As discussed in our original 

reports 87,88, at least two mechanisms must be considered, neuroplasticity and edema.  

 

Neuroplasticity is defined as the ability of the brain to change its neural circuits, which involves 

creating new neurons (neurogenesis), axons, dendrites, synapses, glia cells, and vessels and is 

essential for learning and adjustment to new environments 36. It was previously thought that the 

brain is plastic only prenatally and during the childhood, but it is now broadly accepted that 

neuroplastic processes occur in adulthood 36,37. 

 

Neuroplasticity is reduced during depression, which may be linked to the hypercortisolemia, 

subsequent to dysfunction of the HPA-axis 33. The hippocampal volume deficits 38,39 and cortical 

thinning 40,74 are considered to be the consequences of insufficient neuroplasticity. As described 

in the background (see “The neuroplasticity theory”), several antidepressant interventions, 

including ECT, have been shown to restore the atrophy, probably via the upregulation of key 

neurotrophic factors such as the brain-derived neurotrophic factor (BDNF) 42,47,48. Further, 
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electroconvulsive seizures (ECS)—an animal model of ECT—stimulates not only the 

neurogenesis, but also the other neuroplastic processes in the dentate gyrus of rodents 33,49,51–53 

and primates 52. Moreover, the hippocampus is not the only place of the ECS-related 

neuroplasticity; increased synaptogenesis has also been reported in a rat prefrontal cortex 50. As 

noticed in our original study 87, a larger volume increase in the dentate gyrus than in other 

hippocampal subregions suggests that the neurogenesis may play a role in the observed volume 

increases 64,65. Finally, the ECT-related improved organization of the white matter microstructure 

found by DTI studies, described in our review 78,  may also reflect neuroplastic processes. A 

recent large meta-analysis demonstrated small disturbances in the white matter microstructure in 

depressed patients compared with healthy controls 126 

 

However, as pointed out in a recent Sackeim’s review 27 and in our own study 87, other 

observations make neurogenesis and other neuroplastic processes less likely to be the only 

mechanisms. The hippocampal volume increases after ECT by up to 5%, which corresponds to 

200 mm3. Even if we consider neurogenesis together with all other neuroplastic processes, it still 

seems unlikely that neuroplasticity accounts for such a large volume increase alone. 

Furthermore, an increase in hippocampal volume has been observed after the second ECT 

session 85. It is probably too early if the neuroplasticity alone should account for the increases. 

Thus, other mechanisms must be considered.  

Edema and other mechanisms 

As discussed in our study 87, the transient character of the GMV increases and their broad 

distribution in the brain may indicate edema. Two main kinds of edema occur in the brain, the 

vasogenic and cytotoxic 149. In vasogenic edema, excessive fluid accumulates in the extracellular 

space as the result of breach of the blood-brain barrier and leakage of the blood proteins into this 

space 149. ECT is accompanied by a sharp increase in blood pressure, which may temporarily 

disturb the blood-brain barrier function 150. However, ECT-related edema has not been proven 

yet. In our samples 87,88, the anatomical images of our participants were visually inspected by a 

neuroradiologist for any focal abnormalities. The evaluation included the fluid-attenuated 

inversion recovery (FLAIR) and diffusion-weighted imaging (DWI), two modalities especially 

sensitive to detect edema. No sign of this was evident on the images immediately after an ECT 

series, nor at a six-month follow-up.  
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As noticed in our previous reports 78,87,88, neither did other studies find any clear sign of edema 

after ECT, although they were designed to investigate this. Firstly, the methodologically sound 

relaxometry studies did not detect any increase in T1 and T2 relaxation times acutely (few hours) 

after ECT (see Results section) 78. Secondly, a DWI study investigated edema in the 

hippocampus acutely after ECT and did not find any indication of it 151. Thirdly, findings of 

studies using diffusion tensor imaging (DTI) did not support edema either. DTI measures mean 

diffusivity (MD) in the tissue. When the water content in the extracellular space increases, the 

water molecules can move more freely, increasing MD. As described in the results section, a 

DTI study (n = 16) found a decrease in MD in the hippocampus following ECT 112. This finding 

was replicated in an independent study of 15 MDD patients 152. Moreover, a recent study using 7 

Tesla MRI-scanner aimed at investigating ECT-related vasogenic edema in the hippocampus 153. 

The study corroborated the findings of the two previous studies demonstrating a decrease in MD 

in both hippocampi. Thus, the decrease in the hippocampal MD does not support vasogenic 

edema as the plausible mechanism of the volumetric increases. On the contrary, this decrease in 

MD suggests the creation of new tissue elements such as neurons, glia cells, and synapses, 

restricting a free water movement. As mentioned previously, all these processes have been 

observed in animals after ECS.  

 

In cytotoxic edema, an excessive amount of Na+ accumulates in the cells due to a disturbed 

function of cellular membranes resulting in cell swelling 149. Na+ depletion in the extracellular 

space is compensated by the influx of Na+ and water from vessels. Therefore, the cytotoxic 

edema is accompanied by accumulation of fluid extracellularly. This should have led to an 

increase in MD; yet the opposite has been found in three independent studies 112,152,153.  

 

Other mechanisms have also been considered by other studies. For instance, an acute 

neuroinflammatory response 154,155, increased creation of new vessels 155,156, and changes in 

blood perfusion 35,157,158 may also play a role in the volume increases.  

 

Taken together, the mechanisms of the GMV increases remain elusive. It cannot be excluded that 

several mechanisms with different temporary trajectories co-occur. More evidence supports 

neuroplasticity than edema. However, caution is warranted when interpreting the results of the 

MRI studies, which is discussed in the following section.  
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Limitations of MRI studies  

An important limitation of MRI must be mentioned. As stated by Weinberger & Radulescu 

“MRI is not a direct measure of brain structure” 159. MRI measures a signal from hydrogen atoms 
159. The important issue in MRI is the contrast between distinct tissues, and the contrast is mainly 

based on different magnetic properties of water protons in different tissues such as the 

cerebrospinal fluid, the gray and white matter 159. The cellular elements are not a direct basis of 

the signal, but they can influence it 159. As the brain consists of 80% of water, it is not hard to 

imagine that even small changes in water content without any cellular change may influence the 

MRI signal. A hydration status or cerebral blood perfusion are examples of the confounders with 

a huge impact on the MRI signal, but there are many others: a cortisol level, lipid status, body 

weight, and medication 159.  

 

In our studies, the patients were their own controls and the pre- and post-ECT scans were 

performed only a few weeks apart. Therefore, it is unlikely that body weight or lipid status have 

changed substantially in such a short time. Moreover, we demonstrated that the doses of 

medication did not change significantly throughout the study. Neither is there a reason to believe 

that the hydration status had changed substantially, as all patients were physically examined 

including blood samples without any sign of dehydration. However, a confounding effect of the 

cerebral blood perfusion cannot be excluded.  
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Strengths and Limitations 

The strengths of our original studies are as follows. We investigated not only the short-term, but 

also long-term effects of ECT on the brain structure. Moreover, we assessed changes in the 

volume of distinct hippocampal subregions and in many cortical areas of the entire cortex. 

Furthermore, we explored both the within- and between-subjects relationship between 

volumetric and clinical changes. Additionally, all in-patients with depression receiving ECT 

have been consecutively referred to the study. This should minimize selection bias and result in a 

sample representative for depressed patients treated with ECT. Finally, all participants have 

undergone a throughout somatic screening to ensure that the depressive episode was not due to a 

physical condition. 

 

Several limitations need to be considered. Firstly, the sizes of our cohorts were small, which may 

result in overlooking important effects of ECT due to the type II error. The small sample size 

hindered us in subgroup analyses; especially, comparing volume changes between responders vs. 

non-responders could have been important. Secondly, the lack of a control group made it 

impossible to control the effects of medication, depression, and time. However, our findings are 

in line with the results of controlled studies. Moreover, the doses of the psychopharmacological 

treatment in our samples had not changed throughout the entire study. Thirdly, the cortex was 

divided into 68 fairly large anatomical cortical regions of interest. Clinically important effects of 

ECT may be limited to smaller areas; thus, the important effects might have not been detected. 

Fourthly, as discussed in the previous section, MRI is not a direct measure of the brain structure. 

Therefore, the changes described as GMV or cortical thickness are, in fact, changes in the T1-

weighted MRI signal and may be confounded by factors that influence this signal. Finally, the 

naturalistic character of the studies resulted in that patients differed in terms of the number of 

ECTs and the cumulative charge received during an ECT series. On the other hand, this ensures 

that the results can be generalized to the clinical population.  
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Conclusions and Perspectives 

ECT has a substantial impact on the gray matter of patients with depression. Firstly, the 

thickness of several cortical regions and the volume of major hippocampal subregions increase 

after ECT. The enlargements are temporary; they return to the pre-treatment values after six 

months. The mechanisms underlying the volumetric enlargements remain elusive; 

neuroplasticity is one of the possibilities but cannot be proved by structural MRI studies. 

Secondly, the relationship between the volumetric changes and the clinical outcome is probably 

more complex than assumed. An increase in the cortical thickness or hippocampal volumes 

within the patient after ECT is associated with a decrease in depression scores. However, 

patients with larger increases in hippocampal volume did not have a greater drop in depression 

scores. Whether larger increases in cortical thickness are associated with larger drop in 

depression scores needs further investigations. Thirdly, smaller pre-ECT volumes of a few 

hippocampal subfields are associated with a better antidepressant effect. Finally, MRI studies 

included in this thesis have not found any evidence of persistent ECT-related brain damage.  

 

Future research should focus on better understanding of 1) the clinical meaning and 2) the neural 

correlates of the ECT-related increases in the gray matter. 

 

To address the first issue, future studies should further investigate:  

1) the relationship between the GMV-increases and cognitive side effects 

2) the relationship with the clinical outcomes considering a within-subject association 

3) the predictive value of the baseline GMV for the clinical outcomes 

4) the predictive value of the ECT-related GMV-increases for the risk of relapse  

 

To address the second issue, studies should consider: 

1) exploring temporary trajectories of the GMV-increases during ECT and weeks after the series  

2) analyzing data obtained by distinct MRI modalities in the same sample  

3) examining the effect of the charge and seizures on the GMV increases  

 

To overcome small sample sizes, future studies should ideally be conducted by initiatives such as 

the GEMRIC 135. 
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