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Hippocampal subfield volumes in
treatment resistant depression
and serial ketamine treatment
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Introduction: Subanesthetic ketamine is a rapidly acting antidepressant that has
also been found to improve neurocognitive performance in adult patients with
treatment resistant depression (TRD). Provisional evidence suggests that ketamine
may induce change in hippocampal volume and that larger pre-treatment volumes
might be related to positive clinical outcomes. Here, we examine the effects of
serial ketamine treatment on hippocampal subfield volumes and relationships
between pre-treatment subfield volumes and changes in depressive symptoms
and neurocognitive performance.

Methods: Patients with TRD (N=66; 31M/35F; age=39.5+11.1years) received four
ketamine infusions (0.5mg/kg) over 2weeks. Structural MRI scans, the National
Institutes of Health Toolbox (NIHT) Cognition Battery, and Hamilton Depression
Rating Scale (HDRS) were collected at baseline, 24h after the first and fourth
ketamine infusion, and 5weeks post-treatment. The same data was collected for
32 age and sex matched healthy controls (HC; 17M/15F; age=35.034+12.2years) at
one timepoint. Subfield (CA1/CA3/CA4/subiculum/molecular layer/GC-ML-DG)
volumes corrected for whole hippocampal volume were compared across time,
between treatment remitters/non-remitters, and patients and HCs using linear
regression models. Relationships between pre-treatment subfield volumes and
clinical and cognitive outcomes were also tested. All analyses included Bonferroni
correction.

Results: Patients had smaller pre-treatment left CA4 (p=0.004) and GC.ML.
DG (p=0.004) volumes compared to HC, but subfield volumes remained
stable following ketamine treatment (all p>0.05). Pre-treatment or change in
hippocampal subfield volumes over time showed no variation by remission status
nor correlated with depressive symptoms (p > 0.05). Pre-treatment left CA4 was
negatively correlated with improved processing speed after single (p =0.0003)
and serial ketamine infusion (p = 0.005). Left GC.ML.DG also negatively correlated
with improved processing speed after single infusion (p=0.001). Right pre-
treatment CA3 positively correlated with changes in list sorting working memory
at follow-up (p = 0.0007).

Discussion: These results provide new evidence to suggest that hippocampal
subfield volumes at baseline may present a biomarker for neurocognitive
improvement following ketamine treatment in TRD. In contrast, pre-treatment
subfield volumes and changes in subfield volumes showed negligible relationships
with ketamine-related improvements in depressive symptoms.
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Introduction

About 30% of patients with major depressive disorder (MDD)
suffer from symptoms that remain intractable despite two or more
adequate antidepressant treatment trials (1), for which their MDD is
defined as treatment resistant depression (TRD). In the last decade,
ketamine, an N-methyl-D-aspartate receptor (NMDAR) antagonist,
has emerged as a promising fast-acting treatment for TRD (2, 3).
When administered at a subanesthetic dose, ketamine can produce a
profound reduction of depressive symptom severity within hours in
40-60% of patients (4, 5). To advance more effective, fast-acting and
low-risk antidepressant treatment modalities, much work has
attempted to characterize the mechanisms underlying ketamine’s
antidepressant effects.

Preclinical research suggests that part of the therapeutic effects of
ketamine may be attributed to neuroplastic changes derived from
improved neurotrophic signaling. The downstream effects of
ketamine’s NMDAR antagonism triggers a number of signaling
cascades, such as elevated glutamatergic firing and enhanced brain
derived neurotrophic factor (BDNF) release (6, 7), leading to increased
hippocampal spine density (8, 9). At the level of functional brain
systems, ketamine-related neuroplasticity is hypothesized to relate to
increased functional connectivity (10), cerebral blood flow (11) and
glucose metabolism (12) observed in the hippocampus in patients
with depression following ketamine treatment. Though studies are few
and negative findings exist, some neuroimaging research suggests that
ketamine treatment leads to increases in gross hippocampal volume
(13, 14) and/or in CA4 and GC-ML-DG hippocampal subfields (14).

Research on conventional antidepressant treatments suggest that
patients with larger pre-treatment hippocampal volume are more
likely to have better treatment outcomes (15, 16). There is also some
initial evidence that pre-treatment hippocampal volumes correlate
with ketamine antidepressant treatment response. Specifically, larger
right gross hippocampal volume (17) and left anterior subiculum
volume (14) have been associated with antidepressant response
following ketamine treatment, but those findings have had limited
replication (18). Notably, these ketamine studies have primarily
focused on changes in depressive symptoms as a measure of
therapeutic response. While the hippocampus is involved in emotional
processing (19), it plays a pivotal role in cognitive function,
particularly memory (20). Emerging evidence suggests subanesthetic
ketamine treatment improves neurocognitive function (21, 22) as well
as depressive symptoms. Cognitive difficulties are a core symptom of
depression that often persist after improvements in mood (23) and can
impact quality of life and overall functional outcomes (24). To date,
the relationship between pre-treatment hippocampal volumes and
changes in neurocognition following ketamine treatment is
largely unknown.

This study was designed to clarify the effects of ketamine treatment
on change in hippocampal subfield volumes and its clinical and
neurocognitive correlates in patients with TRD who received four
intravenous serial ketamine treatments. First, we compared
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pre-treatment hippocampal subfields in patients to healthy controls and
hypothesized that patients with TRD would have smaller hippocampal
subfields compared to healthy controls. Next, we investigated changes
in subfield volume in patients over the course of ketamine treatment
and based on prior findings (13, 14) hypothesized that there would
be significant increases in volume, most prominently in patients who
achieved remission. We then tested for associations between
pre-treatment subfield volume and change in clinical and
neurocognitive outcomes, which to our knowledge have not been
previously examined. We hypothesized that patients with larger
pre-treatment subfield volumes would show greater improvements in
depressive symptoms (14, 17) as well as in neurocognitive performance.

Methods
Participants

Patients who met DSM-5 diagnostic criteria for MDD (25) and
experienced inadequate response to 2 or more prior antidepressant
trials of sufficient dose and duration and had been continuously
depressed for at least 6 months were recruited. Further details on
inclusion and exclusion criteria have been previously described (22,
26, 27). Briefly, inclusion criteria entailed men and women between
the ages of 20-64, pre-treatment moderate to severe depressive
symptoms (17-item Hamilton Depression Rating Scale (HDRS) total
score > 17), stable antidepressant or mood stabilizer use for 6 or more
weeks prior to study participation. Exclusion criteria entailed dementia
diagnosis, patients experiencing a first major depressive episode,
schizophrenia, neurological condition or serious medical illness, or
substance abuse. Healthy controls (HC) group matched for age (within
2years) and sex with no current or past psychiatric condition and no
history of substance abuse or dependence were included. All
participants provided written informed consent following procedures
approved by the UCLA Institutional Review Board (IRB).

Study design

Patients received open-label ketamine treatment 2-3 times a week
for a total of 4 infusions over a 14-day period (NCT02165449).
Clinical assessments and brain imaging scans for patients were
collected pre-treatment (TP1), 24 h after the first infusion (TP2), 24h
after the fourth infusion (TP3), and 5weeks following the end of
treatment (TP4). HC brain imaging was collected at one time point.
HC did not receive ketamine (Figure 1).

Ketamine treatment

Patients received four serial infusions of racemic ketamine
(0.5mg/kg) administered intravenously over 40 min over the
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course of 2weeks at the UCLA Clinical and Translational
Research Center or Resnick Neuropsychiatric Hospital. Patients
were permitted to remain on antidepressant medications so long
as they were stable for at least 6 weeks prior to start of treatment.
Benzodiazepines were discontinued throughout treatment.
Details on concurrent antidepressant medication for patients can
be found in Supplementary Table S1.

Clinical assessments

Neurocognitive performance was assessed using the
NIHToolbox Cognition Battery (28), which includes seven
neurocognitive measures that assess specific cognitive domains.
These domains include: Picture Vocabulary (probing language
function), Flanker Inhibitory Control and Attention Test
(probing attention and inhibition), List Sorting Working Memory
Test (probing working memory), Dimensional Change Card Sort
Test
Processing Speed Test (probing processing speed), Picture

(probing executive function), Pattern Comparison
Sequence Memory Test (probing episodic memory), and Oral
Reading Recognition Test (probing language). Composite scores
for crystallized neurocognitive performance were calculated by
averaging the scores from Oral Reading and Picture Vocabulary.
Details regarding the seven neurocognitive assessments can
be found in Supplementary Table S2. Composite scores for fluid
neurocognitive performance were calculated by averaging the
scores from the other five measures. Using the NIHToolbox
guidelines, all scores (including composite scores) were adjusted
for demographic factors (sex and age) and the resulting z-scores
were analyzed.
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Depressive symptoms were measured using the 17-item Hamilton
Depression Rating Scale (HDRS) (29). Remitters were defined as patients
with a HDRS total score of <7 (30, 31) 24 h after the fourth infusion.

MRI acquisition

All participants were scanned at the UCLA Ahmanson-Lovelace
Brain Mapping center on a Siemens 3T Prisma MRI System using a
32-channel head coil at each time point. Imaging sequences were
performed according to the Human Connectome Project (HCP)
Lifespan studies for Aging and Development (32). T1-weighted
(T1w) multi-echo MPRAGE (0.8 mm isotropic; repetition time
(TR) = 2500 ms; multi-echo time (TE) = 1.81:1.79:7.18 ms; inversion
time (TI)=1000ms; flip angle (34)=8.0° acquisition time
(TA)=8:22min) and T2-weighted (T2w; 0.8mm isotropic;
TR =3200ms; TE =564 ms; TA = 6:35 min) were acquired with real-
time motion correction (33). Both Tlw and T2w images were
acquired with a sagittal field-of-view of 256 x 240 x 166 mm with
matrix size 320 x 300 x 208 slices, as described in (32).

MRI data analysis

T1w and T2w images were processed using the HCP minimal
preprocessing pipeline (34). The longitudinal FreeSurfer v7.2
pipeline, which estimates whole hippocampal and subfields volumes
was applied for segmentation, with both the T1w and T2w images
at input for more reliable segmentation (35). For the purpose of this
study, we investigated CA1, CA3, CA4, subiculum, molecular layer,
and GC-ML-DG (Figure 2), merging head and body subcomponents
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FIGURE 2

Hippocampal subfields were estimated using FreeSurferv7.2. Subfield
segmentations are overlaid on a Tlw image and color coded for
visualization purposes. CA, Cornu ammonis; GC-ML-DG, Granule cell
molecular layer of dentate gyrus.

as recommended by FreeSurfer.! We did not analyze the hippocampal
fissure, fimbria, HATA, and parasubiculum as these segmentations
appear prone to measurement inaccuracies (36). Subfields were
visually inspected for quality using the ENIGMA Hippocampal
Subfield Quality Control protocol (37). Left and right subfields were
analyzed separately after normalizing for whole hippocampal volume:

Subfield Volume

Normalized Subfield Volume = .
Whole Hippocampal Volume

Statistical analyses

All statistical analyses were conducted in R version 4.1.3.
Hippocampal volumes were assessed at each time point for normality
using density plots, q-q plots, and the Shapiro Wilk test. Each test was
corrected for multiple comparisons using Bonferroni correction
(0.05/6 subfields: p <0.008).

Linear regression models were used to compare normalized
hippocampal subfield volumes between HC and TRD patients
pre-treatment, correcting for age and sex (Model: Hippocampal
subfield ~ Diagnosis + age + sex). A similar model was used to
compare pre-treatment subfield volume between remitters and
non-remitters, covarying for age, sex, and pre-treatment HDRS
(Model:  Hippocampal
pretreatment HDRS). Post-hoc comparisons investigating patient-

subfield ~ Remission  status + age + sex +

control differences in whole hippocampal volume (normalized for
total intracranial volume) were also performed.

To assess change in hippocampal subfield volume occurring with
treatment, linear mixed effects models (nlme) tested for the main

1 https://surfer.nmr.mgh.harvard.edu/fswiki/
HippocampalSubfieldsAndNucleiOfAmygdala

Frontiers in Psychiatry

10.3389/fpsyt.2023.1227879

effect of time, including the first three time points (TP1, TP2, and
TP3) for each hippocampal subfield (Model: Hippocampal
subfield ~ time + random(participant)). To test for
differences in change in subfield volume between remitters and

potential

non-remitters, remission was included as an interaction term
(Model: Hippocampal subfield ~ time*Remission status +random
(participant)). Post-hoc comparisons investigated time points
pairwise, including the final follow-up time point (TP4). Additional
post-hoc comparisons of change in whole hippocampal volume
(normalized for total intracranial volume) were also performed.

Linear regression models also tested for associations between
normalized pretreatment subfield volume and percent change in
HDRS and NIHToolbox measures, adjusting for age and sex. As a
follow up, a linear regression model was used to test for an
interaction between pretreatment subfield volume and remission
status in association with percent change in neurocognitive
performance after TP3 ((TP3-TP1)/TP1). Age, sex, and baseline
HDRS were included in the model as covariates (Model:
Neurocognitive score ~ Pretreatment subfield*Remission status + age +
sex + pretreatment HDRS).

Results
Participants

Means and standard deviations for demographic characteristics of
patients and HC are provided in Table 1. Patients showed highly
significant improvements in HDRS total scores between baseline and
end of serial ketamine treatment (t=13.0, p<0.001). Clinical
improvements diminished by five-week follow-up, though remained
significantly lower compared to baseline (¢=8.2, p<0.001). As recently
reported by our group (22), patients showed significant improvements
in neurocognitive performance following ketamine treatment.
Specifically, patients showed significant improvements (p <0.001) in
composite fluid neurocognitive performance, flanker inhibition, and
processing speed between baseline and end of serial ketamine treatment
that was sustained through the 5-week follow-up time period. We have
previously reported on the significant increases in neurocognitive
performance and depressive symptoms in this dataset (22).

Patients vs. healthy controls

Pre-treatment, patients with TRD had smaller left CA4 (d=-0.6,
t=—29, p=0.004) and GC.ML.DG volumes compared to HC
(d=-0.61, t=-2.95, p=0.004) (Figure 3). No significant differences
in subfield volumes between HC and TRD were observed in the right
hemisphere or in post-hoc whole hippocampal volume in either
hemisphere (p>0.05).

Change in subfield volumes throughout
treatment

Linear mixed effect models showed no significant change in
volume over time for any subfield (p>0.05, Supplementary Table S6
and Supplementary Figure S3). Post-hoc t-tests revealed trend-level
increases in left hippocampus from TPI1 to TP4 (5-weeks post
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TABLE 1 Participant demographics.

TRD Healthy controls t/ p
N 66 32 - -
Age (years) 39.5+11.1 35.03+12.2 -1.8 0.08
Sex 31M/35F 17M/32F 0.33 0.56
Race — White, Non-Hispanic 66.6% 26% - -
Race — White, Hispanic 10.1% 17.9% - -
Race - Asian 10.1% 17.9% - -
Race - Black 3% 20.5% - -
Race - More than 1 3% 7.7% - -
Duration of lifetime illness (years) 245+15.5 - - -
Age of onset (years old) 16.6+8.4 - - -
Pre-treatment HDRS 19+4.9 - - -
Pre-treatment composite crystallized neurocognitive function 57.3+9.4 - - -
Pre-treatment composite fluid neurocognitive function 47.3+9.2 - - -
A B
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FIGURE 3
Raincloud plot that includes HC, baseline TRD, Remitters, NonRemitters for (A) left CA4 and (B) left GC.ML.DG. Subfield volume (y-axis) is residualized
for age and sex. Plots and descriptive statistics for group comparisons can be found in Supplementary Tables S4, S5 and Supplementary Figures S1, S2.
A summary of all hippocampal subfields can be found in Supplementary Figure S3. Twenty-nine patients achieved remission (HDRS<7, age = 43.3 +11.9,
13M/16F) and 30 patients did not achieve remission (age = 37.1 + 9.9, 16M/14F).
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treatment), specifically CA3 (d=0.65, t=2.12, p=0.03), CA4 (d=0.63,
t=2.04, p=0.05), and GCMLDG (d=0.63, t=2.05, p=0.05)
(Supplementary Figure S3). Furthermore, there was no significant
interaction between remitter status and change in volume for any
subfield (p>0.05). Further post-hoc analysis showed no change in
whole hippocampal volume in either hemisphere (p>0.05).

Pre-treatment subfield volume associations
with changes in depressive symptoms

There were no significant associations between pre-treatment
subfield volumes and changes in HDRS at any time point (p>0.05).
Also, there were no significant differences in pre-treatment subfield
volumes between remitters and non-remitters (p>0.05, Figure 3).

Pre-treatment subfield volume associations
with changes in neurocognitive
performance

Processing speed

Pre-treatment left CA4 was negatively associated with
improvements in processing speed after single (TP2: p=0.0003,
d=-1.3, t=—4.02) and serial ketamine treatments (TP3: p=0.005,
d=-0.83, t=—2.96) (Figure 4). Similar trends toward significance
were observed with processing speed in the left CA4 at follow-up
(TP4: p=0.02, d=—1.0, t=—2.54) and in right CA4 after each time
point (TP2: p=0.02, d=—0.76, t=—2.34; TP3: p=0.05, d=—0.56,
t=-2.0; TP4: p=0.05, d=—0.93, t=—2.0), but did not pass Bonferroni
correction. Pre-treatment left GC.ML.DG was also negatively
correlated with changes in processing speed after single infusion (TP2:
p=0.001,d=—1.2, t=-3.53), with similar trends in the left hemisphere
after the fourth infusion (TP3: p=0.01, d=-0.71, t=-2.53) and
follow-up (TP4: p=0.01, d=—1.12, t=—2.85) and the right hemisphere
after fourth infusion (TP4: p=0.03, d=-0.91, t=-2.33).

List sorting working memory

Right pre-treatment CA3 was positively associated with changes
in list sorting working memory at follow-up (TP4: p=0.0007, d=1.5,
t=3.8), with similar trends at TP2 (p=0.03, d=0.71, t=2.20) and TP3
(p=0.02,d=0.65, t=2.32) (Figure 4). Left CA3 also showed trends of
positive associations with list sorting working memory (TP2: p=0.05,
d=0.66,1t=2.03; TP3: p=0.01,d=0.74, t=2.66; TP4: p=0.01, d=1.08,
£=2.69).

Discussion

In this study, we sought to investigate the effects of serial ketamine
treatment on hippocampal subfield volumes in patients with TRD and
the relationships between pre-treatment subfield volumes and changes
in both depressive symptoms and neurocognitive performance. In
accordance with prior findings from our group and others, patients
with TRD that were treated with serial ketamine showed highly
significant reductions in depressive symptoms (4, 11, 38, 39) and also
significant improvements in neurocognitive performance (21, 22, 40).
Importantly, this current study provided new evidence that
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hippocampal subfield volume, including CA3, CA4, and GC.ML.DG,
prior to ketamine treatment was associated with significant
improvements in neurocognitive performance, specifically processing
speed and working memory. In contrast, we failed to replicate prior
findings that suggested that pre-treatment hippocampal volumes were
related to improvements in depressive symptoms (17, 41). We also
were unable to replicate prior findings that identified significant
changes in hippocampal volume following ketamine treatment (13,
14, 41). Ketamine treatment remitter status did not impact these
negative findings. However, increases in left CA3, CA4, and GC.ML.
DG volumes from baseline to 5-week follow up trended toward
significance, suggesting possible longer-term effects of ketamine on
hippocampal structure. Finally, consistent with prior findings in the
field suggested that depression was associated with smaller
hippocampal volume (42, 43), we found that patients with TRD
relative to HC had smaller left CA4 and GC.ML.DG baseline volumes.

The hippocampus is widely implicated in mood disorders given
its critical role in limbic system function (44). Subfields within the
anterior hippocampus, including CA3 and CA4/dentate, have been
shown to be involved in pattern separation of emotionally charged
stimuli (20), with fMRI research reporting activation in the anterior
hippocampus in response to emotionally charged faces (45).
Hippocampal dysfunction in MDD, including reduced volume (42,
43, 46-48) and aberrant activity patterns (49, 50), is suggested to
contribute to both mood and neurocognitive symptoms. In this study,
we found that patients with TRD had significantly smaller
pre-treatment volumes in the left CA4 and GC.ML.DG when
compared to HC. Reduced volumes of CA1 (43, 46), CA3 (42, 43, 46),
CA4 (42, 43), and GC.ML.DG (42), have been reported in patients
with MDD when compared to healthy controls, although the laterality
of reports vary. There are several theories that speculate about the
underlying biological mechanism driving reduced hippocampal
volume observed in patients with depression (51). Amongst the more
commonly proposed hypotheses is that reduced hippocampal volume
in depression may be linked with impaired hippocampal adult
neurogenesis (52) and/or be attributed to chronically hyperactive
hypothalamic-pituitary-adrenal axis that leads to glucocorticoid
neurotoxicity (53, 54). Given the number of glucocorticoid receptors
in the hippocampus, the hippocampus is preferentially targeted,
resulting in the observed hippocampal atrophy (44). Interestingly,
increases in hippocampal volume have been observed following
antidepressant treatment, which suggests a possible reversal of this
process. (55) found increases in left CA3 and GC.ML.DG volumes
following an 8-week study of various antidepressant medication.
Increases in whole hippocampal volume and CA4 specifically have
also been observed following electroconvulsive therapy (56-59),
although the laterality of findings have been mixed.

We were unable to detect significant changes in hippocampal
subfield volumes following single or serial ketamine infusions, even
when considering remitter status. Given the small effect sizes (average
effect size for the interaction between time and remission status across
subfields: F=0.046), our findings suggest that hippocampal volume
change may have limited utility as an antidepressant response biomarker.
We did, however, observe trends that suggested an increase in the left
CA3, CA4, and GC.ML.DG from baseline to 5-week follow-up. Previous
studies have investigated changes in hippocampal volume following
antidepressant ketamine treatment (13, 14). Interestingly, (14) found
significant increases in the left CA4 and GC.ML.DG 24h following a 6th
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Scatterplots show associations between pre-treatment hippocampal volume (x-axis, residualized for age and sex) and percent change in
neurocognitive performance (y-axis). Significant associations that passed correction for multiple comparisons are outlined in red. In the CA4,

we identified a significant association between greater improvements in processing speed and smaller (A) left pre-treatment hippocampal volume and
24 h after single ketamine infusion, with trending associations (p < 0.05) after serial infusion and follow up, and (B) across time points in the right

(Continued)
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FIGURE 4 (Continued)

hemisphere. (C) Larger pre-treatment right CA3 was significantly associated with improvements in list sorting (an assessment of working memory) at
follow-up. (D) Similar trending associations were observed at the other time points and in the left hemisphere. (E) Improvements in processing was
also significantly associated with smaller pre-treatment left GC.ML.DG after single infusion, with trending associations for the remaining time points.
Descriptive statistics for associations between pre-treatment hippocampal subfields and neurocognitive assessments across timepoints can be found

in Supplementary Tables S7-S9.

serial ketamine infusion. The (14) study used a two-week treatment
course of 6 ketamine infusions, while our current study administered
only 4 ketamine infusions over a similar period of time. It is possible that
the two additional ketamine infusions administered in Zhou et al. may
have accelerated the trending increase in left CA4 and GC.ML.DG that
we observed at the 5-week follow-up. Abdallah et al. (13) found an
increase in left whole hippocampal volume following treatment only in
patients who remitted 24h following a single ketamine infusion, a
finding which was not replicated in the current study. Design differences
may explain our failure to replicate this finding. For example, (13)
defined treatment remission as patients with a total score of less than 10
on the Montgomery Asberg Depression Rating Scale, a different
measure from the HDRS that was used in the current study, although
the two measures are highly correlated (60). However, the small sample
size in (13) (N'=16) may best explain our failure to replicate that finding.
Few studies have investigated how ketamine impacts brain structure,
most likely due to the assumption that structural plasticity occurs slowly
and is most likely not evident in the short follow-up design of most
ketamine study designs (61). Further investigations over longer time
periods of observation are necessary to understand how ketamine may
impact hippocampal volume. While the current antidepressant
ketamine literature suggests that it is possible that ketamine may
increase hippocampal volume, it is important to ensure that
hippocampal atrophy observed in ketamine abuse research (62) does
not occur with repeated antidepressant ketamine treatments.

Some prior studies suggested a relationship between pre-ketamine
treatment hippocampal volume and subsequent clinical response.
Studies of gross hippocampal volume have reported larger
pre-treatment volumes associated with significant improvements in
depressive symptoms following a prolonged ketamine infusion
treatment (17) and standard single ketamine infusion (63). Only one
prior study has investigated subfields specifically and found larger
pretreatment subiculum volumes in serial ketamine responders (41).
Further, some evidence has suggested that hippocampal structure may
serve as a useful biomarker of other antidepressant treatment efficacy
(64-66). In our study, we failed to replicate these findings, as
we observed no significant associations between pre-treatment
hippocampal subfield volumes with change in depressive symptoms
or remission status. Our work more closely replicates a separate
ketamine study that reported null findings for associations between
pre-treatment hippocampal volume and changes in depressive
symptoms (18), ultimately suggesting that pre-treatment hippocampal
volume is an unreliable biomarker of antidepressant response.

We did, however, identify significant associations with pre-treatment
hippocampal subfield volumes and improvements in neurocognitive
function. Smaller pre-treatment CA4 and GC.ML.DG were significantly
associated with improvements in processing speed, most prominently
after single ketamine infusion in the left hemisphere, but with trending
associations across time points for both subfields and in the right
hemisphere for CA4. Larger pre-treatment CA3 volumes were
significantly associated with changes in list sorting working memory, an
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assessment of verbal and visual working memory, most strongly at
follow-up and in the right hemisphere, but trending associations were
identified in both hemispheres and across time points. Further research
investigating pre-treatment hippocampal subfields that look at
inflammatory biomarkers, gene expression, or other biological markers
is necessary to explain why larger pre-treatment CA3 and smaller CA4
and GCML.DG significantly associated with improvements in
neurocognitive performance. It is possible that we identified associations
between pre-treatment hippocampal subfields and changes in
neurocognitive performance, but not depressive symptoms because
neurocognitive performance relative to emotional function is more
closely linked with hippocampal subfields. Although, as previously
discussed, patients with depression have shown smaller hippocampal
subfields than healthy controls (43), and mood symptoms were found to
be unassociated with hippocampal volume (47, 67). However, some
studies have successfully mapped neurocognitive performance to
hippocampal subfield volumes in cognitively healthy populations (68)
and populations with cognitive impairment (68-70). Despite mixed
findings in prior studies, it is possible that associations with
pre-treatment hippocampal volumes may be influenced by concurrent
antidepressant medication (71, 72). For example, lithium has been found
to associate with larger hippocampal volume in patients with bipolar
disorder (73). Though one participant reported concurrent lithium use
in this study, results remained consistent with and without inclusion of
this participant in analysis. Additionally, the results remained stable
when including a covariate regarding medication status (medicated vs.
unmedicated), despite the limited sample of unmedicated participants
(n =12 unmedicated). Notably, for this study, medication was required
to have remained stable for 6weeks prior to and during treatment,
however we were not statistically powered to examine the effects of
individual medications (Supplementary Table SI). Thus it remains
possible that medication status could contribute to observations of larger
pre-treatment CA3 and smaller pre-treatment CA4 and GC.ML.DG
associations with improvements in neurocognitive performance. The
potential pro-cognitive effects of antidepressant ketamine treatment
have only been recently explored (21, 22). To our knowledge, this is the
first study to report associations between pre-treatment hippocampal
subfield volumes and the pro-cognitive effects of antidepressant
ketamine treatment, therefore, further replication is necessary to
determine the generalizability of these findings.

Limitations

The are several limitations to consider for contextualizing the
reported findings. The study was an open-label naturalistic design and
had no placebo control group. The object of the study was to model
biologically changes following antidepressant ketamine treatment,
rather than to determine the antidepressant efficacy of ketamine
treatment (26, 74). Furthermore, patients were not primed to
anticipate any improvements in neurocognitive performance. Given
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the lack of placebo, we are unable to account for the influence of
pre-treatment hippocampal volume.

Additionally, while the NIH Toolbox can be used for longitudinal
assessments, practice effects may still occur with repeated testing (28).
We have previously examined practice effects in the NIHToolbox
measures used in this study in an overlapping sample of patients
treated with ketamine (22) and a small sample of healthy controls
assessed twice at similar intervals across time. Though both patients
and controls showed improvements in the flanker inhibition task and
processing speed, patients showed significantly greater change than
controls. In a supplemental post-hoc analysis of relationships between
baseline hippocampal volume in this sample of controls, we found no
relationships with change in neurocognitive performance. This
suggests that pre-treatment hippocampal volume likely does not
predict practice effects or predispose to improved cognition over time.
However, further investigation of changes in neurocognitive
performance following ketamine treatment with more sensitive
assessments and placebo control is necessary.

Patients were permitted to remain on concurrent antidepressant
medication, so long as it was stable for at least 6 weeks prior. The
distribution of concurrent medication in the current sample was
insufficient to investigate the potential confounding effects on
hippocampal subfields for this study, but are reported in
Supplementary Table S1. Finally, ultra-high resolution scans acquired
on a 7 Tesla MRI is optimal for delineating the subtle boundaries of
hippocampal subfields. Although the current study was acquired on
a 3T MRI, we employed validated methods that utilize both T1 and
T2 images, which has been shown to improve segmentation accuracy
(35). Furthermore, we excluded smaller, less reliable segmentations
from the analysis.

Conclusion

To our knowledge, in this study we reported for the first-time new
results that suggest pre-treatment hippocampal subfield volume may
present a useful biomarker for pro-cognitive effects of antidepressant
ketamine treatment. Further replication of this new finding is
necessary to confirm these results and determine the generalizability
and clinical relevance. In contrast, pre-treatment hippocampal
subfield volumes showed negligible relationships with ketamine-
related improvements in mood symptoms and subfield volumes did
not significantly change over time.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

References

1. Gaynes BN, Warden D, Trivedi MH, Wisniewski SR, Fava M, Rush AJ. What did
STAR*D teach us? Results from a large-scale, practical, clinical trial for patients with
depression. Psychiatr Serv. (2009) 60:1439-45. doi: 10.1176/ps.2009.60.11.1439

2. Berman RM, Cappiello A, Anand A, Oren DA, Heninger GR, Charney DS, et al.
Antidepressant effects of ketamine in depressed patients. Biol Psychiatry. (2000)
47:351-4. doi: 10.1016/S0006-3223(99)00230-9

Frontiers in Psychiatry

10.3389/fpsyt.2023.1227879

Ethics statement

The studies involving humans were approved by University of
California Los Angeles Institutional Review Board. The studies were
conducted in accordance with the local legislation and institutional
requirements. The participants provided their written informed
consent to participate in this study.

Author contributions

AZ-P, SM, and KN: study conception and design. BT, NA-S, RE,
and KN: data collection. AZ-P, SM, KN, §J, NA-S, and BT: analysis and
interpretation of results. AZ-P, SM, SJ, RE, and KN: draft manuscript
preparation. All authors reviewed the results and approved the final
version of the manuscript.

Funding

This work was supported by the National Institute of Mental Health
Grant No. U01MH110008 and the National Institute of Neurological
Disorders and Stroke of the National Institutes of Health under Award
Number T32NS048004. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the
National Institutes of Mental Health or the National Institutes of Health.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1227879/
full#supplementary-material

3. Yavi M, Lee H, Henter ID, Park LT, Zarate CA Jr. Ketamine treatment for depression:
a review. Discov Ment Health. (2022) 2:9. doi: 10.1007/s44192-022-00012-3

4. Marcantoni WS, Akoumba BS, Wassef M, Mayrand J, Lai H, Richard-Devantoy S,
et al. A systematic review and meta-analysis of the efficacy of intravenous ketamine
infusion for treatment resistant depression: January 2009 - January 2019. J Affect Disord.
(2020) 277:831-41. doi: 10.1016/j.jad.2020.09.007

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1227879
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1227879/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpsyt.2023.1227879/full#supplementary-material
https://doi.org/10.1176/ps.2009.60.11.1439
https://doi.org/10.1016/S0006-3223(99)00230-9
https://doi.org/10.1007/s44192-022-00012-3
https://doi.org/10.1016/j.jad.2020.09.007

Zavaliangos-Petropulu et al.

5. Zarate CA Jr, Singh JB, Carlson PJ, Brutsche NE, Ameli R, Luckenbaugh DA, et al.
A randomized trial of an N-methyl-D-aspartate antagonist in treatment-resistant major
depression. Arch Gen Psychiatry. (2006) 63:856-64. doi: 10.1001/archpsyc.63.8.856

6. Ballard ED, Zarate CA Jr. The role of dissociation in ketamine’s antidepressant
effects. Nat Commun. (2020) 11:6431. doi: 10.1038/s41467-020-20190-4

7. Deyama S, Duman RS. Neurotrophic mechanisms underlying the rapid and
sustained antidepressant actions of ketamine. Pharmacol Biochem Behav. (2020)
188:172837. doi: 10.1016/j.pbb.2019.172837

8. LiN, Lee B, Liu R-J, Banasr M, Dwyer JM, Iwata M, et al. mTOR-dependent synapse
formation underlies the rapid antidepressant effects of NMDA antagonists. Science.
(2010) 329:959-64. doi: 10.1126/science.1190287

9. Zhang J, Qu Y, Chang L, Pu Y, Hashimoto K. (R)-ketamine rapidly ameliorates the
decreased spine density in the medial prefrontal cortex and Hippocampus of susceptible
mice after chronic social defeat stress. Int ] Neuropsychopharmacol. (2019) 22:675-9. doi:
10.1093/ijnp/pyz048

10. Vasavada MM, Loureiro J, Kubicki A, Sahib A, Wade B, Hellemann G, et al. Effects
of serial ketamine infusions on corticolimbic functional connectivity in major
depression. Biol Psychiatry Cogn Neurosci Neuroimaging. (2021) 6:735-44. doi: 10.1016/j.
bpsc.2020.06.015

11. Sahib AK, Loureiro JRA, Vasavada MM, Kubicki A, Joshi SH, Wang K, et al. Single
and repeated ketamine treatment induces perfusion changes in sensory and limbic
networks in major depressive disorder. Eur Neuropsychopharmacol. (2020) 33:89-100.
doi: 10.1016/j.euroneuro.2020.01.017

12. Lally N, Nugent AC, Luckenbaugh DA, Niciu MJ, Roiser JP, Zarate CA Jr. Neural
correlates of change in major depressive disorder anhedonia following open-label
ketamine. ] Psychopharmacol. (2015) 29:596-607. doi: 10.1177/0269881114568041

13. Abdallah CG, Jackowski A, Salas R, Gupta S, Sato JR, Mao X, et al. The nucleus
accumbens and  ketamine treatment in major depressive disorder.
Neuropsychopharmacology. (2017) 42:1739-46. doi: 10.1038/npp.2017.49

14. Zhou Y-L, Wu F-C, Liu W-], Zheng W, Wang C-Y, Zhan Y-N, et al. Volumetric
changes in subcortical structures following repeated ketamine treatment in patients with
major depressive disorder: a longitudinal analysis. Transl Psychiatry. (2020) 10:264. doi:
10.1038/s41398-020-00945-9

15. MacQueen GM, Yucel K, Taylor VH, Macdonald K, Joffe R. Posterior hippocampal
volumes are associated with remission rates in patients with major depressive disorder.
Biol Psychiatry. (2008) 64:880-3. doi: 10.1016/j.biopsych.2008.06.027

16. Zarate-Garza PP, Ortega-Balderas JA, Ontiveros-Sanchez de la Barquera JA, Lugo-
Guillen RA, Marfil-Rivera A, Quiroga-Garza A, et al. Hippocampal volume as treatment
predictor in antidepressant naive patients with major depressive disorder. ] Psychiatr Res.
(2021) 140:323-8. doi: 10.1016/j.jpsychires.2021.06.008

17. Siegel JS, Palanca BJA, Ances BM, Kharasch ED, Schweiger JA, Yingling MD, et al.
Prolonged ketamine infusion modulates limbic connectivity and induces sustained
remission of treatment-resistant depression. Psychopharmacology. (2021) 238:1157-69.
doi: 10.1007/s00213-021-05762-6

18. Niciu MJ, Tadarola ND, Banerjee D, Luckenbaugh DA, Park M, Lener M, et al. The
antidepressant efficacy of subanesthetic-dose ketamine does not correlate with baseline
subcortical volumes in a replication sample with major depressive disorder. J
Psychopharmacol. (2017) 31:1570-7. doi: 10.1177/0269881117732514

19. Rajmohan V, Mohandas E. The limbic system. Indian J Psychiatry. (2007) 49:132-9.
doi: 10.4103/0019-5545.33264

20. Small SA, Schobel SA, Buxton RB, Witter MP, Barnes CA. A pathophysiological
framework of hippocampal dysfunction in ageing and disease. Nat Rev Neurosci. (2011)
12:585-601. doi: 10.1038/nrn3085

21. Shiroma PR, Velit-Salazar MR, Vorobyov Y. A systematic review of neurocognitive
effects of subanesthetic doses of intravenous ketamine in major depressive disorder,
post-traumatic stress disorder, and healthy population. Clin Drug Investig. (2022)
42:549-66. doi: 10.1007/s40261-022-01169-z

22. Zavaliangos-Petropulu A, McClintock SM, Khalil J, Joshi SH, Taraku B, Al-Sharif
NB, et al. Neurocognitive effects of subanesthetic serial ketamine infusions in treatment
resistant depression. J Affect Disord. (2023) 333:161-71. doi: 10.1016/j.jad.2023.04.015

23.Mohn C, Rund BR. Neurocognitive profile in major depressive disorders:
relationship to symptom level and subjective memory complaints. BMC Psychiatry.
(2016) 16:108. doi: 10.1186/5s12888-016-0815-8

24. Perini G, Cotta Ramusino M, Sinforiani E, Bernini S, Petrachi R, Costa A.
Cognitive impairment in depression: recent advances and novel treatments.
Neuropsychiatr Dis Treat. (2019) 15:1249-58. doi: 10.2147/NDT.S199746

25. First MB, Williams JBW, Karg RS, Spitzer RL. Structured clinical interview for
DSM-5-research version (SCID-5 for DSM-5, research version; SCID-5-RV). Arlington,
VA: American Psychiatric Association (2015).

26. Sahib AK, Loureiro JR, Vasavada MM, Kubicki A, Wade B, Joshi SH, et al.
Modulation of inhibitory control networks relate to clinical response following ketamine
therapy in major depression. Transl Psychiatry. (2020) 10:260. doi: 10.1038/
541398-020-00947-7

27. Taraku B, Woods RP, Boucher M, Espinoza R, Jog M, Al-Sharif N, et al. Changes
in white matter microstructure following serial ketamine infusions in treatment resistant
depression. Hum Brain Mapp. (2023) 44:2395-406. doi: 10.1002/hbm.26217

Frontiers in Psychiatry

10.3389/fpsyt.2023.1227879

28. Weintraub S, Dikmen SS, Heaton RK, Tulsky DS, Zelazo PD, Bauer PJ, et al.
Cognition assessment using the NIH toolbox. Neurology. (2013) 80:554-64. doi:
10.1212/WNL.0b013e3182872ded

29. Hamilton M. A rating scale for depression. ] Neurol Neurosurg Psychiatry. (1960)
23:56-62. doi: 10.1136/jnnp.23.1.56

30. Bech P, Engelhardt N, Evans KR, Gibertini M, Kalali AH, Kobak KA, et al. Why
the Hamilton depression rating scale endures. Am J Psychiatry. (2005) 162:2396; author
reply 2397-8. doi: 10.1176/appi.ajp.162.12.2396

31. Moller H-J. Outcomes in major depressive disorder: the evolving concept of
remission and its implications for treatment. World ] Biol Psychiatry. (2008) 9:102-14.
doi: 10.1080/15622970801981606

32. Harms MP, Somerville LH, Ances BM, Andersson J, Barch DM, Bastiani M, et al.
Extending the human connectome project across ages: imaging protocols for the lifespan
development and aging projects. Neurolmage. (2018) 183:972-84. doi: 10.1016/j.
neuroimage.2018.09.060

33. Tisdall MD, Reuter M, Qureshi A, Buckner RL, Fischl B, van der Kouwe AJW.
Prospective motion correction with volumetric navigators (vNavs) reduces the bias and
variance in brain morphometry induced by subject motion. Neuroimage. (2016)
127:11-22. doi: 10.1016/j.neuroimage.2015.11.054

34. Glasser ME, Sotiropoulos SN, Wilson JA, Coalson TS, Fischl B, Andersson JL, et al.
The minimal preprocessing pipelines for the human connectome project. Neuroimage.
(2013) 80:105-24. doi: 10.1016/j.neuroimage.2013.04.127

35. Iglesias JE, Van Leemput K, Augustinack J, Insausti R, Fischl B, Reuter M, et al.
Bayesian longitudinal segmentation of hippocampal substructures in brain MRI using
subject-specific  atlases.  Neuroimage. (2016) 141:542-55. doi: 10.1016/j.
neuroimage.2016.07.020

36. Khlif MS, Bird L], Restrepo C, Khan W, Werden E, Egorova-Brumley N, et al.
Hippocampal subfield volumes are associated with verbal memory after first-ever
ischemic stroke. Alzheimers Dement. (2021) 13:12195. doi: 10.1002/dad2.12195

37.Sdmann PG, Iglesias JE, Gutman B, Grotegerd D, Leenings R, Flint C, et al.
FreeSurfer-based segmentation of hippocampal subfields: a review of methods and
applications, with a novel quality control procedure for ENIGMA studies and other
collaborative efforts. Hum Brain Mapp. (2022) 43:207-33. doi: 10.1002/hbm.25326

38. Price RB, Kissel N, Baumeister A, Rohac R, Woody ML, Ballard ED, et al.
International pooled patient-level meta-analysis of ketamine infusion for depression: in
search of clinical moderators. Mol Psychiatry. (2022) 27:5096-112. doi: 10.1038/
541380-022-01757-7

39. Vasavada MM, Leaver AM, Espinoza RT, Joshi SH, Njau SN, Woods RP, et al.
Structural connectivity and response to ketamine therapy in major depression: a
preliminary study. J Affect Disord. (2016) 190:836-41. doi: 10.1016/j.jad.2015.11.018

40. Aratjo-de-Freitas L, Santos-Lima C, Mendonga-Filho E, Vieira F, Franga RJAE,
Magnavita G, et al. Neurocognitive aspects of ketamine and esketamine on subjects with
treatment-resistant depression: a comparative, randomized and double-blind study.
Psychiatry Res. (2021) 303:114058. doi: 10.1016/j.psychres.2021.114058

41. Zhou Y-L, Wu F-C, Wang C-Y, Zheng W, Lan X-F, Deng X-R, et al. Relationship
between hippocampal volume and inflammatory markers following six infusions of
ketamine in major depressive disorder. ] Affect Disord. (2020) 276:608-15. doi: 10.1016/j.
jad.2020.06.068

42. Han K-M, Kim A, Kang W, Kang Y, Kang J, Won E, et al. Hippocampal subfield
volumes in major depressive disorder and bipolar disorder. Eur Psychiatry. (2019)
57:70-7. doi: 10.1016/j.eurpsy.2019.01.016

43.Sun Y, Hu N, Wang M, Lu L, Luo C, Tang B, et al. Hippocampal subfield alterations
in schizophrenia and major depressive disorder: a systematic review and network meta-
analysis of anatomic MRI studies. ] Psychiatry Neurosci. (2023) 48:E34-49. doi: 10.1503/
pn.220086

44. Campbell S, Macqueen G. The role of the hippocampus in the pathophysiology of
major depression. ] Psychiatry Neurosci. (2004) 29:417-26.

45. Dolcos F, LaBar KS, Cabeza R. Interaction between the amygdala and the medial
temporal lobe memory system predicts better memory for emotional events. Neuron.
(2004) 42:855-63. doi: 10.1016/S0896-6273(04)00289-2

46. Doolin K, Allers KA, Pleiner S, Liesener A, Farrell C, Tozzi L, et al. Altered
tryptophan catabolite concentrations in major depressive disorder and associated
changes in hippocampal subfield volumes. Psychoneuroendocrinology. (2018) 95:8-17.
doi: 10.1016/j.psyneuen.2018.05.019

47.Ho TC, Gutman B, Pozzi E, Grabe HJ, Hosten N, Wittfeld K, et al. Subcortical
shape alterations in major depressive disorder: findings from the ENIGMA major
depressive disorder working group. Hum Brain Mapp. (2022) 43:341-51. doi: 10.1002/
hbm.24988

48. Schmaal L, Veltman DJ, van Erp TGM, Sdmann PG, Frodl T, Jahanshad N, et al.
Subcortical brain alterations in major depressive disorder: findings from the ENIGMA
major depressive disorder working group. Mol Psychiatry. (2016) 21:806-12. doi:
10.1038/mp.2015.69

49.Li G, Liu Y, Zheng Y, Wu Y, Li D, Liang X, et al. Multiscale neural modeling of
resting-state fMRI reveals executive-limbic malfunction as a core mechanism in
major depressive disorder. Neuroimage Clin. (2021) 31:102758. doi: 10.1016/j.
nicl.2021.102758

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1227879
https://www.frontiersin.org
https://doi.org/10.1001/archpsyc.63.8.856
https://doi.org/10.1038/s41467-020-20190-4
https://doi.org/10.1016/j.pbb.2019.172837
https://doi.org/10.1126/science.1190287
https://doi.org/10.1093/ijnp/pyz048
https://doi.org/10.1016/j.bpsc.2020.06.015
https://doi.org/10.1016/j.bpsc.2020.06.015
https://doi.org/10.1016/j.euroneuro.2020.01.017
https://doi.org/10.1177/0269881114568041
https://doi.org/10.1038/npp.2017.49
https://doi.org/10.1038/s41398-020-00945-9
https://doi.org/10.1016/j.biopsych.2008.06.027
https://doi.org/10.1016/j.jpsychires.2021.06.008
https://doi.org/10.1007/s00213-021-05762-6
https://doi.org/10.1177/0269881117732514
https://doi.org/10.4103/0019-5545.33264
https://doi.org/10.1038/nrn3085
https://doi.org/10.1007/s40261-022-01169-z
https://doi.org/10.1016/j.jad.2023.04.015
https://doi.org/10.1186/s12888-016-0815-8
https://doi.org/10.2147/NDT.S199746
https://doi.org/10.1038/s41398-020-00947-7
https://doi.org/10.1038/s41398-020-00947-7
https://doi.org/10.1002/hbm.26217
https://doi.org/10.1212/WNL.0b013e3182872ded
https://doi.org/10.1136/jnnp.23.1.56
https://doi.org/10.1176/appi.ajp.162.12.2396
https://doi.org/10.1080/15622970801981606
https://doi.org/10.1016/j.neuroimage.2018.09.060
https://doi.org/10.1016/j.neuroimage.2018.09.060
https://doi.org/10.1016/j.neuroimage.2015.11.054
https://doi.org/10.1016/j.neuroimage.2013.04.127
https://doi.org/10.1016/j.neuroimage.2016.07.020
https://doi.org/10.1016/j.neuroimage.2016.07.020
https://doi.org/10.1002/dad2.12195
https://doi.org/10.1002/hbm.25326
https://doi.org/10.1038/s41380-022-01757-7
https://doi.org/10.1038/s41380-022-01757-7
https://doi.org/10.1016/j.jad.2015.11.018
https://doi.org/10.1016/j.psychres.2021.114058
https://doi.org/10.1016/j.jad.2020.06.068
https://doi.org/10.1016/j.jad.2020.06.068
https://doi.org/10.1016/j.eurpsy.2019.01.016
https://doi.org/10.1503/jpn.220086
https://doi.org/10.1503/jpn.220086
https://doi.org/10.1016/S0896-6273(04)00289-2
https://doi.org/10.1016/j.psyneuen.2018.05.019
https://doi.org/10.1002/hbm.24988
https://doi.org/10.1002/hbm.24988
https://doi.org/10.1038/mp.2015.69
https://doi.org/10.1016/j.nicl.2021.102758
https://doi.org/10.1016/j.nicl.2021.102758

Zavaliangos-Petropulu et al.

50. Milne AMB, MacQueen GM, Hall GBC. Abnormal hippocampal activation in
patients with extensive history of major depression: an fMRI study. J Psychiatry Neurosci.
(2012) 37:28-36. doi: 10.1503/jpn.110004

51. Wolkowitz OM, Epel ES, Reus VI, Mellon SH. Depression gets old fast: do stress
and depression accelerate cell aging? Depress Anxiety. (2010) 27:327-38. doi: 10.1002/
da.20686

52. Miller BR, Hen R. The current state of the neurogenic theory of depression and
anxiety. Curr Opin Neurobiol. (2015) 30:51-8. doi: 10.1016/j.conb.2014.08.012

53. Sheline YI. Depression and the hippocampus: cause or effect? Biol Psychiatry.
(2011) 70:308-9. doi: 10.1016/j.biopsych.2011.06.006

54. Tata DA, Anderson BJ. The effects of chronic glucocorticoid exposure on dendritic
length, synapse numbers and glial volume in animal models: implications for
hippocampal volume reductions in depression. Physiol Behav. (2010) 99:186-93. doi:
10.1016/j.physbeh.2009.09.008

55.Katsuki A, Watanabe K, Nguyen L, Otsuka Y, Igata R, Ikenouchi A, et al.
Structural changes in hippocampal subfields in patients with continuous remission
of drug-naive major depressive disorder. Int ] Mol Sci. (2020) 21:3032. doi: 10.3390/
ijms21093032

56. Cao B, Luo Q, Fu Y, Du L, Qiu T, Yang X, et al. Predicting individual responses to
the electroconvulsive therapy with hippocampal subfield volumes in major depression
disorder. Sci Rep. (2018) 8:5434. doi: 10.1038/s41598-018-23685-9

57.Joshi SH, Espinoza RT, Pirnia T, Shi J, Wang Y, Ayers B, et al. Structural
plasticity of the Hippocampus and amygdala induced by electroconvulsive therapy
in major depression. Biol Psychiatry. (2016) 79:282-92. doi: 10.1016/j.
biopsych.2015.02.029

58. Leaver AM, Vasavada M, Kubicki A, Wade B, Loureiro J, Hellemann G, et al.
Hippocampal subregions and networks linked with antidepressant response to
electroconvulsive therapy. Mol Psychiatry. (2021) 26:4288-99. doi: 10.1038/
541380-020-0666-z

59. Oltedal L, Narr KL, Abbott C, Anand A, Argyelan M, Bartsch H, et al. Volume of
the human Hippocampus and clinical response following electroconvulsive therapy. Biol
Psychiatry. (2018) 84:574-81. doi: 10.1016/j.biopsych.2018.05.017

60.Jiang Q, Ahmed S. An analysis of correlations among four outcome scales
employed in clinical trials of patients with major depressive disorder. Ann General
Psychiatry. (2009) 8:4. doi: 10.1186/1744-859X-8-4

61. Zavaliangos-Petropulu A, Al-Sharif NB, Taraku B, Leaver AM, Sahib AK, Espinoza
RT, et al. Neuroimaging-derived biomarkers of the antidepressant effects of ketamine.
Biol Psychiatry. (2022) 8:361-86. doi: 10.1016/j.bpsc.2022.11.005

62. Strous JEM, Weeland CJ, van der Draai FA, Daams JG, Denys D, Lok A, et al. Brain
changes associated with long-term ketamine abuse, a systematic review. Front Neuroanat.
(2022) 16:795231. doi: 10.3389/fnana.2022.795231

Frontiers in Psychiatry

11

10.3389/fpsyt.2023.1227879

63. Abdallah CG, Salas R, Jackowski A, Baldwin P, Sato JR, Mathew SJ. Hippocampal
volume and the rapid antidepressant effect of ketamine. J Psychopharmacol. (2015)
29:591-5. doi: 10.1177/0269881114544776

64. Colle R, Dupong I, Colliot O, Deflesselle E, Hardy P, Falissard B, et al. Smaller
hippocampal volumes predict lower antidepressant response/remission rates in
depressed patients: a meta-analysis. World ] Biol Psychiatry. (2018) 19:360-7. doi:
10.1080/15622975.2016.1208840

65. Hu X, Zhang L, Hu X, Lu L, Tang S, Li H, et al. Abnormal hippocampal subfields
may be potential predictors of worse early response to antidepressant treatment in drug-
naive patients with major depressive disorder. ] Magn Reson Imaging. (2019) 49:1760-8.
doi: 10.1002/jmri.26520

66. Nogovitsyn N, Muller M, Souza R, Hassel S, Arnott SR, Davis AD, et al.
Hippocampal tail volume as a predictive biomarker of antidepressant treatment
outcomes in patients with major depressive disorder: a CAN-BIND report.
Neuropsychopharmacology. (2020) 45:283-91. doi: 10.1038/s41386-019-0542-1

67. Tannous J, Godlewska BR, Tirumalaraju V, Soares JC, Cowen PJ, Selvaraj S. Stress,
inflammation and hippocampal subfields in depression: a 7 tesla MRI study. Transl
Psychiatry. (2020) 10:78. doi: 10.1038/s41398-020-0759-0

68.Kang DW, Lim HK, Joo S-H, Lee NR, Lee CU. The association between
hippocampal subfield volumes and education in cognitively normal older adults and
amnestic mild cognitive impairment patients. Neuropsychiatr Dis Treat. (2018)
14:143-52. doi: 10.2147/NDT.S151659

69. Broadhouse KM, Mowszowski L, Duffy S, Leung I, Cross N, Valenzuela M]J, et al.
Memory performance correlates of hippocampal subfield volume in mild cognitive
impairment subtype. Front Behav Neurosci. (2019) 13:259. doi: 10.3389/fnbeh.2019.00259

70. Huang Y, Huang L, Wang Y, Liu Y, Lo C-YZ, Guo Q. Differential associations of
visual memory with hippocampal subfields in subjective cognitive decline and
amnestic mild cognitive impairment. BMC Geriatr. (2022) 22:153. doi: 10.1186/
$12877-022-02853-7

71. Kraus C, Seiger R, Pfabigan DM, Sladky R, Tik M, Paul K, et al. Hippocampal
subfields in acute and remitted depression-an ultra-high field magnetic resonance
imaging study. Int ] Neuropsychopharmacol. (2019) 22:513-22. doi: 10.1093/ijnp/pyz030

72. Malykhin NV, Carter R, Seres P, Coupland NJ. Structural changes in the
hippocampus in major depressive disorder: contributions of disease and treatment. J
Psychiatry Neurosci. (2010) 35:337-43. doi: 10.1503/jpn.100002

73. Hallahan B, Newell ], Soares JC, Brambilla P, Strakowski SM, Fleck DE, et al.
Structural magnetic resonance imaging in bipolar disorder: an international
collaborative mega-analysis of individual adult patient data. Biol Psychiatry. (2011)
69:326-35. doi: 10.1016/j.biopsych.2010.08.029

74. Loureiro JRA, Leaver A, Vasavada M, Sahib AK, Kubicki A, Joshi S, et al.
Modulation of amygdala reactivity following rapidly acting interventions for major
depression. Hum Brain Mapp. (2020) 41:1699-710. doi: 10.1002/hbm.24895

frontiersin.org


https://doi.org/10.3389/fpsyt.2023.1227879
https://www.frontiersin.org
https://doi.org/10.1503/jpn.110004
https://doi.org/10.1002/da.20686
https://doi.org/10.1002/da.20686
https://doi.org/10.1016/j.conb.2014.08.012
https://doi.org/10.1016/j.biopsych.2011.06.006
https://doi.org/10.1016/j.physbeh.2009.09.008
https://doi.org/10.3390/ijms21093032
https://doi.org/10.3390/ijms21093032
https://doi.org/10.1038/s41598-018-23685-9
https://doi.org/10.1016/j.biopsych.2015.02.029
https://doi.org/10.1016/j.biopsych.2015.02.029
https://doi.org/10.1038/s41380-020-0666-z
https://doi.org/10.1038/s41380-020-0666-z
https://doi.org/10.1016/j.biopsych.2018.05.017
https://doi.org/10.1186/1744-859X-8-4
https://doi.org/10.1016/j.bpsc.2022.11.005
https://doi.org/10.3389/fnana.2022.795231
https://doi.org/10.1177/0269881114544776
https://doi.org/10.1080/15622975.2016.1208840
https://doi.org/10.1002/jmri.26520
https://doi.org/10.1038/s41386-019-0542-1
https://doi.org/10.1038/s41398-020-0759-0
https://doi.org/10.2147/NDT.S151659
https://doi.org/10.3389/fnbeh.2019.00259
https://doi.org/10.1186/s12877-022-02853-7
https://doi.org/10.1186/s12877-022-02853-7
https://doi.org/10.1093/ijnp/pyz030
https://doi.org/10.1503/jpn.100002
https://doi.org/10.1016/j.biopsych.2010.08.029
https://doi.org/10.1002/hbm.24895

	Hippocampal subfield volumes in treatment resistant depression and serial ketamine treatment
	Introduction
	Methods
	Participants
	Study design
	Ketamine treatment
	Clinical assessments
	MRI acquisition
	MRI data analysis
	Statistical analyses

	Results
	Participants
	Patients vs. healthy controls
	Change in subfield volumes throughout treatment
	Pre-treatment subfield volume associations with changes in depressive symptoms
	Pre-treatment subfield volume associations with changes in neurocognitive performance
	Processing speed
	List sorting working memory

	Discussion
	Limitations
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions

	References

