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The understanding of how antidepressant (AD) use is associated with brain structure in individuals with major depressive disorder
(MDD) remains incomplete. We aimed to examine the association between AD medication use and brain morphology in relation to
age and sex by pooling structural neuroimaging and clinical data from 32 cohorts within the ENIGMA-MDD working group.
Interaction effects of group (2076 cases with current AD use (AD), 1495 cases not currently taking AD (nAD) and 5125 healthy
controls (HC)) with age and sex, and main effects of group on regional brain structure (cortical surface area and thickness, and
subcortical volume) were examined. Additionally, we examined the effect of AD type (SSRI, SNRI or mirtazapine) and duration of use
on brain morphology. Younger individuals in the AD group showed lower bilateral middle temporal gyrus thickness compared to
nAD and HC, but this was not seen in older individuals (crossover around 50 years). Lower hippocampal volume and thinner inferior
temporal gyrus were shown in AD compared to nAD. These effects were independent of group differences in disease-course-
related measures, but were driven by depressive symptom severity. Greater bilateral rostral anterior cingulate thickness was found
in individuals older than approximately 40 years taking mirtazapine compared to individuals taking SSRIs or SNRIs. Evidence for
subtle structural brain differences in temporal and limbic regions in individuals with MDD who currently use AD medication were
found compared to those not currently taking AD medication. Future longitudinal studies are needed to determine the causality of
these associations.

Molecular Psychiatry (2025) 30:5625–5636; https://doi.org/10.1038/s41380-025-03310-8

INTRODUCTION
Over 300 million people suffer from major depressive disorder
(MDD), a leading cause of disability worldwide [1]. Antidepressant
(AD) medication is the most used pharmacological therapeutic
treatment for MDD [2], and the number of people who are

prescribed AD continues to increase [3]. Randomized controlled
clinical trials have demonstrated a modest effect of AD treatment
on response and remission rates [4–6]. Despite the high rate of
use, our understanding of the neurobiological mechanisms
through which AD may improve mood remains limited.
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Animal studies have suggested that antidepressants, in
particular selective serotonin reuptake inhibitors (SSRIs), upregu-
late brain-derived neurotrophic factor (BDNF), enhance dendritic
arborization and total dendritic length of hippocampal neurons
and stimulate hippocampal proliferation and neurogenesis,
thereby reversing neuronal atrophy and cell loss [7–11]. Magnetic
resonance imaging (MRI) has been used to examine the
association between AD medication use and brain structure in
humans [12, 13]. Previous cross-sectional neuroimaging studies
have shown larger hippocampal and orbitofrontal cortex (OFC)
volumes in MDD patients currently taking AD (i.e. MDD patients
using antidepressants at time of scanning) compared to
medication-naive MDD patients, but smaller than those in healthy
controls [14, 15]. This suggests a potential neuroprotective effect
of AD medication on brain morphology in MDD patients.
Longitudinal studies showed significant increases in hippocampal
volume [16, 17], dorsolateral prefrontal cortex (DLPFC) volume
[18], medial orbitofrontal cortex (mOFC) thickness [19] and
thickness of other regions in prefrontal, parietal, and temporal
lobes [20] in MDD patients following AD medication treatment.
Given previous findings of brain structure alterations in unmedi-
cated MDD patients [21, 22], these findings may suggest (partial)
normalization of brain structure of MDD patients after AD
medication treatment. Conversely, other studies found no
significant longitudinal changes in hippocampal volume [23–26],
amygdala volume [24], anterior cingulate cortex (ACC) volume [24]
or whole-brain cortical thickness [27] in MDD patients following
AD treatment.
Clinical and preclinical evidence suggests that AD medication

may have different behavioral and biological effects across the
lifespan [10, 28, 29], although the underlying mechanisms remain
elusive. AD use might have a stronger impact on the developing
brain through increased plasticity and dendritic spine density,
mechanisms that have been associated with AD use [11, 30, 31].
However, our understanding of the association between AD
medication use and brain structure across the lifespan in MDD
patients based on neuroimaging studies remains incomplete,
mainly due to heterogeneous findings across previous neuroima-
ging studies and limited power to detect small effects (which may
result from variance in underlying mechanisms) in previous
studies [32, 33].
Meta-analysis of the existing literature may increase power and

address limitations related to small sample sizes, but it is
hampered by heterogeneity in methods used to process
neuroimaging data and limited by publication bias. The MDD
Working Group within the Enhancing Neuro Imaging Genetics
through Meta-Analysis (ENIGMA; http://enigma.usc.edu/) consor-
tium aims to address these issues by performing individual
participant data (IPD)-based meta-analyses or mega-analysis of
pooled neuroimaging data from MDD patients across many
samples, processed with harmonized protocols. In the first
ENIGMA-MDD meta-analysis, we identified subcortical brain
volume changes in MDD patients when compared to healthy
controls [34]. In a supplementary meta-regression analysis the
results revealed a trend towards lower hippocampal volume in
samples with a higher percentage of patients with MDD taking AD
medication [34]. A second ENIGMA-MDD meta-analysis, focusing
on cortical structural abnormalities in MDD patients relative to
healthy controls, revealed lower cortical thickness in adult
patients, with the highest effect sizes and most widespread
alterations in thickness in patients using antidepressants (effect
size Cohen’s d ranging between −0.08 to −0.13 [35];). These
findings seem to contradict part of the previous literature on
associations between brain structure and AD use as well as
evidence from animal studies which suggested normalization of
brain structure with antidepressant use. However, in our prior
research on the combined ENIGMA-MDD sample, the strongest
subcortical and cortical brain alterations were shown in adults

with MDD that were using AD medication at time of scanning
compared to those who were not. Our previous ENIGMA-MDD
results in adults were interpreted as a potential confounding
effect of severity; i.e., patients with more severe or recurrent/
chronic depression are more likely to show the strongest
reduction in cortical thickness, surface area and subcortical brain
volumes and are also more likely to use AD. However, this was not
examined directly.
In contrast to findings in adults, an ENIGMA-MDD meta-analysis

in adolescent patients showed no differences in brain measures
between individuals with MDD who were on AD medication at
time of scanning and healthy controls, while adolescents who
were not taking AD medication at time of scanning showed lower
surface area in various regions compared to healthy controls [35].
Moreover, adolescents taking antidepressants showed larger
regional cortical surface area compared to adolescent cases that
were not taking AD medication at time of scanning. These findings
are more in line with the animal literature and potentially suggest
neuroprotective effects of AD medication on surface area in
adolescents.
In summary, many conflicting findings exist with regard to the

association between AD medication use and brain structure
alterations in MDD and it remains unclear what the influence of
age and sex is on this association. To examine the association
between AD use and cortical and subcortical morphology in more
depth and in a larger sample with more detailed and compre-
hensive information (regarding type and duration) on AD use
compared to the previous ENIGMA-MDD meta-analyses, we
employed a large sample from the ENIGMA-MDD working group
and conducted a mega-analysis to investigate the relationship
between AD medication use and brain morphology in relation to
age and sex. This mega-analytic approach allowed us to examine
the interaction with age and sex across all cohorts and the total
age range, in comparison to our previous meta-analytic approach
where these interactions could only be examined within cohorts.

Patients and methods
Samples. The ENIGMA-MDD Working Group is a collaboration
between more than 40 international research groups, from 14
different countries worldwide, that have collected neuroimaging
and clinical data from MDD patients and healthy controls. Thirty-
two of these groups have collected detailed information about
current AD use and agreed to participate in this study. In total, we
pooled and analyzed data from 8696 individuals, including 3571
MDD patients and 5125 healthy controls (HC). MDD patients were
further grouped into either: 1) cases with current AD use (AD
group) (i.e., MDD patients using AD medication at the time of
scanning; n= 2076) or 2) cases not currently taking AD (nAD
group) (i.e., MDD patients not using AD medication at the time of
scanning; n= 1495). Demographic and clinical characteristics for
the AD group, nAD group and HC are presented in Table 1. A
detailed summary of demographic and clinical characteristics of
each sample is presented in Supplementary Table S1. Diagnostic
assessment instruments and exclusion criteria for every site are
listed in Supplementary Table S2. All sites obtained ethics
approval from their local institutional review boards and ethics
committees for the original studies and sharing of the data for this
project. All participants provided informed consent at their local
recruitment institution.

Image acquisition and processing
Structural T1-weighted images were acquired locally at each site.
Image acquisition parameters and processing software of each
sample are listed in Supplementary Table S3. T1-weighted images
were analyzed using the fully automated and validated segmenta-
tion software FreeSurfer [36], following standardized protocols to
facilitate harmonized image analysis and quality control proce-
dures across sites (see http://enigma.ini.usc.edu/protocols/
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imaging-protocols/). Mean (across left and right hemisphere)
cortical thickness and surface area measures of 34 cortical gray
matter regions and average thickness and surface area were
obtained based on the Desikan-Kiliany atlas, as well as mean
volume segmentations of 7 subcortical gray matter structures
together with lateral ventricles and total intracranial volume (ICV).
Segmentations were visually inspected and statistically reviewed
for outliers. Regions that were not properly segmented according
to visual inspection, were excluded from the analyses. Despite the
standardized segmentation and QC protocols for FreeSurfer, there
remain site differences in the extracted brain imaging features
because of the different scanner types and T1-weighted
sequences, and these site differences can be a potentially strong
confound in multisite analysis [37]. In order to correct the
neuroimaging measures for this residual heterogeneity due to
scan site, we used ComBat harmonization [37] in R (version 3.3.1)
(R Core Team). ComBat adjusts for the variability between sites
using an empirical Bayes approach, whereas variability associated
with the included covariates (age, sex and diagnosis) is preserved.
Within-site outliers (defined as measures greater than three
standard deviations away from the mean of a region) were
excluded from the analyses.

Statistical framework
Group (AD group, nAD group and HC) differences in demographic
and clinical characteristics were examined using analysis of
variance and chi-square tests in R (version 3.3.1) [38]. To examine
group differences in subcortical volumes, and cortical thickness
and surface areas, multiple regression analyses were performed
separately for every region of interest (ROI). The subcortical
volume, cortical thickness and surface area of each ROI was
introduced as the dependent variable in separate univariate
models. The regression models included group (AD group, nAD
group and HC), age and sex. Furthermore, in analyses with cortical
surface area and subcortical volume, ICV was included as an
additional covariate. Given that head size does not scale with
cortical thickness, ICV was not included as a covariate in the
cortical thickness analyses [39]. We first assessed the significance
of group-by-age and group-by-sex interactions on regional brain
structure (cortical thickness and surface area, and subcortical
volume). In the case of a significant group-by-age interaction
effect, the data was plotted and visual inspection was used to
examine a crossover point. If no significant interaction effects
were detected (false-discovery rate; FDR p-value > 0.05), these
interaction terms were removed from the model to investigate the
main effect of group, while including age and sex as covariates. If
a significant group effect was present (FDR p-value < 0.05), we
performed pairwise comparisons between each pair of groups in
post-hoc tests. Effect size estimates of group-by-age and group-
by-sex interactions, as well as the main effect of group were
calculated using the effectsize package in R [40]. For interaction
effects and the main effect of group, we calculated partial η-
square as effect size. In two-group comparisons following a
significant main effect of group, we calculated the Cohen’s d
metric. In interaction analyses, to correct for the number of brain
regions, FDR multiple comparison corrections were applied for the
total number of ROIs (N= 78) including 7 subcortical volume
structures, lateral ventricle volume, 34 cortical thickness regions,
34 cortical surface area regions, average thickness, and average
surface area. In main effect of group analyses, to correct for the
number of brain regions, FDR multiple comparison corrections
were applied for the total number of ROIs showing no significant
interaction effects. Lastly, in post-hoc tests, to correct for the
number of brain regions, FDR multiple comparison corrections
were applied for the total number of ROIs showing a significant
main effect of group. Results were considered significant if the
FDR corrected p-value was lower than 0.05.
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Secondary analyses
For ROIs that showed a significant interaction or main effect of
group in the primary analyses, we performed additional sensitivity
analyses to examine whether they remained significant after
correcting for symptom severity or disease course. In these
secondary analyses we performed the analyses described above
with the following additional secondary covariates in separate
analyses: total Beck Depression Inventory (BDI-II [41];) or the total
17-item Hamilton Depression Rating Scale (HDRS-17 [42];) score,
number of depressive episodes (subdivided into 3 categories,
either 1, 2 or 3 or higher number of depressive episodes), stage of
illness (first episode vs recurrent) and remission status (acutely
depressed or remitted patients). As these variables were not
available in HC, we performed the secondary analyses in a sample
consisting of only the AD and nAD group.
In exploratory analyses we investigated effects of duration and

type of AD medication use in the AD group on all ROIs. These
analyses were done in a subset of the total sample that had
information on duration of use and type of AD. The analyses were
performed with either 1) type of AD medication (i.e., SSRI; n= 405,
serotonin-norepinephrine reuptake inhibitor: SNRI; n= 383; mirta-
zapine; n= 120) or 2) duration of current AD medication use in
months (n= 303) included in the regression model. First,
significance of interactions between either 1) type of AD
medication or 2) duration of current AD medication use with
age and sex was assessed. If no significant interaction effects were
detected (FDR p-value > 0.05), these terms were removed from the
model to investigate the main effect of type of AD medication or
duration of current AD medication use. When a significant group-
by-sex or group-by-age interaction or main effect of AD group was
found for either duration or type of AD medication use, we
performed the analyses using the additional secondary covariates
as described above.

RESULTS
Demographic and clinical characteristics
Demographic and clinical characteristics for the AD, nAD and HC
group are presented in Table 1. The groups significantly differed in
1) age, with higher mean age in the AD group compared to the
other groups, and higher age in HC compared to the nAD group,
2) sex, with more females in the nAD group compared to the other
groups, and more females in the AD group compared to HC, 3)
age of MDD onset, with an older age of onset in the AD group
compared to the nAD group, 4) HDRS-17 and BDI-II scores, with
higher current symptom severity in the AD group compared to the
nAD group, 5) number of depressive episodes, with more
depressive episodes in the AD group compared to the nAD
group, 6) percentage in remission, with more patients in remission
in the nAD group compared to the AD group, and 7) stage of
illness with a higher ratio of recurrent episodes versus first episode
in the AD group compared to the nAD group.

Interaction and main effects on brain morphology
While there were no significant group-by-sex interaction effects
on brain morphology (see Supplementary Tables S4-6), significant
group-by-age interaction effects were found for volume of two
subcortical regions (thalamus and lateral ventricle; see Fig. 1A,
Supplemental Fig. 1, Supplementary Table S4; partial η2 0.0019
and 0.0013 respectively), 13 out of 35 cortical thickness regions
(see Fig. 2A, Supplemental Fig. 2, Supplementary Table S5; partial
η2 between 0.0039 and 0.0011) and surface area of the lateral
occipital cortex and insula (see Fig. 3A, Supplemental Fig. 3,
Supplementary Table S6; partial η2 0.0012 and 0.0015 respec-
tively). In addition, we observed significant main effects of group
on the volume of the hippocampus (see Fig. 1B, Supplementary
Table S4; partial η2 0.0020), thickness of 17 cortical regions (see
Fig. 2B, Supplementary Table S5; partial η2 between 0.0079 and

Fig. 1 Effect sizes for subcortical volume regions showing significant group-by-age interaction effects and main effect of group. Effect
sizes for volume of the (A) thalamus and lateral ventricles showing a significant group-by-age (AD, nAD and HC group) interaction effect and
of the (B) hippocampus showing a significant main effect of group. AD: cases with current AD use; nAD: cases not currently taking AD; HC:
healthy controls.
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0.0011) and surface area of the isthmus cingulate cortex (see
Fig. 3B, Supplementary Table S6; partial η2 0.0011). These effects
are further detailed below, reported separately for effects driven
by AD use and effects driven by MDD diagnosis in general.

AD medication use and brain morphology
Two of the abovementioned significant group-by-age interaction
effects showed that the association between age and regional
cortical thickness were different in the AD group than both the
nAD group and HC, suggesting an effect of current AD use,
namely in the middle temporal gyrus and inferior frontal gyrus
(pars triangularis). Upon visual inspection, these two regions
showed a cross-over around the age of 50, with lower thickness in

the AD group, compared to both the nAD group and HC in
younger participants, while there was no difference in older
participants (see Fig. 4). When correcting for additional clinical
variables, including HDRS-17 score, number of depressive
episodes, illness stage and remission status, the significant
group-by-age interaction for cortical thickness of the middle
temporal gyrus remained (Supplementary Table S7-S12), except
for when including BDI-II score (Supplementary Table S9).
In terms of main effects of group, post-hoc tests showed lower

hippocampal volume in the AD group compared to the nAD
group (see Fig. 5A; Supplementary Table S13; Cohen’s d −0.1300).
This finding remained significant after correcting for the number
of depressive episodes, stage of illness and remission but not after

Fig. 2 Effect sizes for cortical thickness regions showing significant group-by-age interaction effects and main effect of group. Effect sizes
for (A) significant group-by-age (AD, nAD and HC group) interaction effects and (B) significant main effect of group on cortical thickness
regions, plotted on the right hemisphere. AD: cases with current AD use; nAD: cases not currently taking AD; HC: healthy controls.

Fig. 3 Effect sizes for cortical surface area regions showing significant group-by-age interaction effects and main effect of group. Effect
sizes for surface area of the (A) insula and lateral occipital cortex showing a significant group-by-age (AD, nAD and HC group) interaction
effect and of the (B) isthmus cingulate cortex showing a significant main effect of group, plotted on the right hemisphere. AD: cases with
current AD use; nAD: cases not currently taking AD; HC: healthy controls.
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correcting for current depression severity (HDRS-17 and BDI-II
scores) (Supplemental Tables S14-S18). Cortical thickness of nine
of the 17 significant regions showed lower cortical thickness in the
AD group compared to the nAD group in the fusiform gyrus,
inferior temporal gyrus, lateral orbitofrontal cortex, medial
orbitofrontal cortex, parahippocampal gyrus, inferior frontal gyrus
pars opercularis, superior temporal gyrus, frontal pole and insula
(see Fig. 5A; Supplementary Table S19; Cohen’s d between

−0.0765 and −0.1349). Only the inferior temporal gyrus remained
significantly lower in AD compared to nAD when correcting for
number of depressive episodes, stage of illness and remission
status, but not when correcting for current severity (HDRS-17 and
BDI-II scores) (Supplementary Tables S20–24). Differences in
surface area of the isthmus cingulate cortex were not present
between the AD group and nAD group (see Fig. 5A; Supplemen-
tary Table S25; Cohen’s d 0.0344).

Fig. 4 Significant group-by-age interaction effects on mean thickness of the middle temporal gyrus and inferior frontal gyrus (pars
triangularis). Mean cortical thickness for these regions is presented corrected for sex (estimated marginal means). HC: Healthy controls; nAD:
cases not currently taking AD; AD: cases with current AD use.
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MDD diagnosis and brain morphology
For other regions that showed a significant group-by-age interac-
tion, results showed that the association between brain structure
and age differed in either or both of the AD and nAD group
compared to HC (but not between the AD and nAD group),
suggesting that this may be an effect of MDD diagnosis, instead of
an effect of AD use. For instance, volume of the thalamus showed
upon visual inspection lower volume in both the AD and nAD group
before age 40 compared to HC, while no differences were observed
at older age (Supplementary Figure 1). For 13 out of the 35 cortical
thickness regions that showed a significant group-by-age interac-
tion (i.e., inferior parietal cortex, supramarginal gyrus, superior
parietal cortex, lateral occipital gyrus), we observed upon visual
inspection lower cortical thickness in younger (mostly before age
40–50) MDD patients (both in the AD and nAD group) compared to
HC (Supplementary Figure 2). There were no significant findings to
suggest that the association between sex and brain structure was
different in the AD and nAD group compared to HC.
Similarly, there were significant main effects of group on brain

morphology which showed that brain structure was altered in
specific regions in either the AD or nAD group, but not both,
compared to HC (Supplementary Table S26–31). Lower hippo-
campal volume was observed in the AD group compared to HC
(see Fig. 5B; Supplementary Table S26; Cohen’s d −0.0996). Lower
cortical thickness was observed in 17 regions in the AD group
compared to HC (see Fig. 5B; Supplementary Table S28; Cohen’s d
between −0.08 and −0.22). Lower cortical thickness of the banks
of the superior temporal sulcus, fusiform gyrus, inferior temporal
gyrus, lateral orbitofrontal cortex, pars opercularis of the inferior
frontal gyrus, posterior cingulate cortex, rostral anterior cingulate
cortex and insula was also shown in the nAD group compared to
HC (see Fig. 5C; Cohen’s d between −0.07 and −0.12;
Supplementary Table S29). Higher surface area of the isthmus
was observed in the AD group compared to HC (see Fig. 5B;
Supplementary Table S30; Cohen’s d 0.0807).

Type and duration of AD medication use
An age-by-type of AD medication use interaction effect was
observed for thickness of the rostral anterior cingulate cortex
(rACC) (Supplementary Table S33; partial η2 0.0183). We observed
upon visual inspection that older participants (after 40 years of

age) who use mirtazapine showed higher thickness of the rACC
than older participants taking SSRIs or SNRIs (see Fig. 6). After
correcting for additional secondary covariates indicating severity
of (the course) of depression, the interaction effect of age with
type of AD medication use on thickness of the rACC remained
significant, except when correcting for BDI-II severity (Supple-
mentary Tables S38–42). In the AD group there were no significant
interactions between sex and 1) type of AD medication or 2)
duration of AD medication use on any brain measure (see
Supplementary Tables S32–37).
For the regions that did not show significant interaction effects,

we examined the main effect of type of AD medication use or
duration of AD medication use. No significant findings were
observed (Supplementary Tables S32–37).

DISCUSSION
In a large multi-study mega-analysis which included data from
almost 9000 individuals, we examined whether there were
interactions between age, sex and AD use group (AD, nAD and
HC) on brain morphology (regional subcortical volume, and
cortical thickness and surface area), while also examining main
effects. In a subsample of the AD group, we examined the
association between duration of AD use and brain structure, and
examined interactions between brain structure and type of AD use
(SSRI, SNRI, or mirtazapine). Our results reveal a complex
association between AD use and MDD diagnosis on regional
brain structure across the lifespan.
For two brain regions, the middle temporal gyrus and the

triangular part of the inferior frontal gyrus, thickness was lower in
younger participants in the AD group compared to both younger
participants in the nAD group and HC (before age 50). In addition,
lower hippocampal volume and inferior temporal gyrus thickness,
as well as lower thickness in 8 other regions (in the frontal and
temporal lobe) were shown in the AD group compared to the nAD
group, suggesting an association between AD use (and not merely
MDD) and brain morphology.
Our findings of lower middle and inferior temporal gyrus

thickness, and hippocampal volume in the AD group compared
to the nAD group could not be explained by clinical measures such
as number of depressive episodes, recurrence of MDD (first episode

Fig. 5 Effects sizes for subcortical volume, cortical thickness, and cortical surface area regions showing a significant difference between
groups. Effects sizes for subcortical volume, cortical thickness, and cortical surface area regions showing a significant difference between (A)
AD-nAD individuals, (B) AD-HC individuals, and (C) nAD-HC individuals. Cortical thickness and cortical surface area regions showing a
significant difference between groups are plotted on the right hemisphere. AD: cases with current AD use; nAD: cases not currently taking AD;
HC: healthy controls.
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or recurrent MDD) or remission status (current or remitted MDD),
suggesting that these findings may be more specifically related to
current AD use. However, these findings may have been driven by
higher current depression symptom severity in the AD group
compared to the nAD group, as findings were no longer significant
after correcting for BDI-II and/or HDRS-17 scores. These findings
may therefore, also reflect a state effect of depressed mood as
opposed to, or in addition to, a direct effect of AD use. Interestingly,
the differences between AD and nAD were mainly located in the
temporal lobe (specifically thickness of the middle and inferior
temporal gyrus and hippocampal volume). Temporal gyri, while
classically thought to be involved in sensory information processing,
are also important for emotional information processing and social
cognition [43, 44]. In addition, the hippocampus is involved in both
memory and emotional information processing [45]. Alterations of
temporal lobe brain structure in individuals with MDD could
therefore be related to impaired emotional and memory processing
associated with MDD.
Findings from an animal study showed that antidepressant

treatment was associated with reduced apoptosis in both the
hippocampus and temporal cortex, suggesting that AD medica-
tion may act upon general cell survival enhancement in these
regions [46]. Also, previous studies using positron emission
tomography (PET) and single photon emission computed
tomography (SPECT) suggest that AD medication may normalize
fronto-temporal metabolism in MDD patients [12]. Moreover, prior
studies in adult individuals with MDD showed that short-term use
of SSRIs (e.g., paroxetine and citalopram) was associated with
increased middle temporal gyrus and hippocampal volume [47].
Thus, AD medication use seems to predominantly impact the
temporal cortex, which could potentially be explained by its role
in emotional information processing, which shows a strong
connection to MDD. However, while some studies across all age
ranges also report increases in brain morphology following AD
treatment, others report a decrease or find no differences (for a
review please see [48]).

Specific genetic phenotypes of some individuals with MDD
might have partly driven our findings of lower middle and inferior
temporal gyrus thickness, and hippocampal volume in the AD
group compared to the nAD group. A previous study investigating
the association between the serotonin transporter promoter
polymorphism (5-HTTLPR) and functional responses to citalopram
in healthy controls, showed a greater decrease in glucose
metabolism in temporal and frontal lobes in response to
citalopram in specific 5-HTTLPR genotypes compared to other
5-HTTLPR genotypes [49]. Therefore, the 5-HTTLPR may be
associated with reduced capacity for neuroplasticity in amongst
others, the temporal lobe [50]. Exploring the effect of AD
treatment on brain structure in individuals with MDD with various
5-HTTLPR genotypes might be interesting for future studies.
Results of interaction analyses with age showed altered regional

brain morphology in younger MDD patients (i.e., before 40–50 years
of age), for example lower thalamus volume, and lower thickness in
frontal, occipital and parietal lobe regions, compared to HC, in both
the AD and nAD groups. As this association was observed in both
the AD and nAD groups, these effects seem driven by the
diagnostic status of MDD rather than AD medication use per se.
In older participants we did not observe a difference in brain
morphology between these groups. We speculate that due to
developmental neural changes (including structural, neurochemical
and molecular changes) the brain of younger people might be
more vulnerable to the effects of chronic stress associated with
MDD and its underlying pathophysiology (e.g., inflammation,
increased oxidative stress, increased cortisol) [51, 52]. Alternatively,
physiological aging effects in older participants might obscure
MDD-related changes in brain structure in this age group [53].
These findings extend our previous findings showing MDD
associations with structural brain alterations that are modulated
by age [35]. In previous meta-analyses we were not able to examine
this question properly, as diagnosis-by-age interactions were done
within each site separately (and thus limited to the age range of
each specific sample) and then meta-analyzed.

Fig. 6 Significant age-by-type of AD medication use interaction effect for mean cortical thickness of the rostral anterior cingulate cortex.
Mean cortical thickness for this region is presented corrected for sex (estimated marginal means). SNRI: Selective serotonin and noradrenalin
reuptake inhibitor; SSRI: Selective serotonin reuptake inhibitor.
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Cortical thickness of multiple regions was lower in the AD group
compared to HC, while these differences were not present when
comparing AD to nAD. This may suggest a subtle AD effect, with
cortical thickness of the nAD group being in between the AD and
HC groups. This included cortical thickness of 9 regions, mainly
located in the frontal, cingulate and temporal cortex. These
regions are involved in integrating cognitive, emotional and social
information [54–58] Evidence suggests that early changes in
emotional information processing underlie subsequent mood
improvement following AD medication treatment [59–61]. Thus,
alterations of frontal, cingulate and temporal cortex brain
structure in individuals with MDD could be related to changes
in emotional information processing and mood improvement
following AD medication treatment.
Our finding of altered brain structure in younger patients with MDD

who are also using AD medication adds to the ongoing discussions
about the implications of AD use in children, adolescents and young
people [62, 63]. However, given the fact that the ENIGMA-MDD cohorts
did not collect information on duration of lifetime AD use or other
psychotropic medication and given the cross-sectional nature of this
study, we cannot interpret these findings as direct effects of AD use in
younger people.
Supplemental analyses in a subgroup of the AD group for

whom this information was available revealed that there was a
significant interaction between type of AD (SSRI, SNRI or
mirtazapine) and age on brain structure. These results showed
that in older people (after approximately 40 years), those using
mirtazapine showed greater thickness of the rACC than older MDD
patients using SSRIs or SNRIs. Similar to SNRIs, mirtazapine acts on
both the serotonin and noradrenergic neurotransmitter systems.
Mirtazapine blocks pre-synaptic noradrenergic ɑ2 receptors, and
thereby increases norepinephrine release, while also blocking
heteroreceptors on serotonergic neurons and thereby increasing
serotonin release [64]. In contrast to SNRIs such as venlafaxine,
mirtazapine does not influence monoamine reuptake [64].
Mirtazapine may specifically influence the ACC, as it has a high
binding potential in cortical regions [65], and the ACC is enriched
with serotonin receptors [66]. Given that the rACC plays a crucial
role in emotional regulation and reward processing [67–69], the
observed greater rACC thickness in older MDD patients using
mirtazapine may reflect a compensatory neuroplastic response.
This could be driven by mirtazapine-induced serotonergic
modulation, potentially enhancing synaptic plasticity and struc-
tural integrity in a region critical for emotional control and reward
processing. Additionally, a previous randomized controlled trial
has shown that a 4-week treatment with mirtazapine boosts
serum levels of brain-derived neurotrophic factor (BDNF) while
BNDF declined in patients treated with venlafaxine [70]. Given the
important role of BDNF in neurogenesis and neuroplasticity, we
speculate that mirtazapine, through this mechanism, may exert a
protective effect against age-related decline in thickness of the
rACC. However, we note that mirtazapine is not a first-line
treatment for MDD and is often prescribed after insufficient
response to more standard medication such as SSRIs or SNRIs.
Hence, an alternative explanation may be that mirtazapine
associated differences in brain morphology could be confounded
by a longer and potentially more complex history of AD use. While
in this study we did not observe associations between duration of
current AD use and brain morphology, conclusions from this are
limited in the view of a lack of information on lifetime duration of
AD use. The observed association between mirtazapine use and
greater rACC thickness in older MDD patients might partly reflect
clinical characteristics of MDD patients for whom mirtazapine is
prescribed, such as insomnia [71, 72], rather than a direct
pharmacological effect of AD medication use itself.
While the clinical relevance of subtle effects remains to be fully

elucidated, they may still reflect meaningful insights into the neural
mechanisms underlying AD medication use in MDD, particularly in

light of the large sample size and use of harmonized protocols to
obtain brain morphology measures. However, the findings need to
be interpreted in light of several limitations. First, this is a cross-
sectional study, and future large and ideally randomized long-
itudinal studies are needed to precisely examine the interaction
between age and AD use on brain structure. Importantly, such
future longitudinal studies should not only examine the short-term
but also long-term (over many years) effects of AD use on brain
structure, while adequately correcting for potential confounders.
Since depressive symptom severity influenced observed effects of
AD use on temporal lobe structures, future longitudinal studies are
needed to examine the long-term effects of AD use on brain
structure while accounting for depression severity across different
ages and at various time points before and following AD initiation.
This approach could provide a more comprehensive understanding
of the interplay between AD treatment, brain structure alterations,
and depressive symptoms over time. Additionally, future long-
itudinal studies should investigate both short-term and long-term
effects on AD use on brain structure in MDD patients, as well as the
trajectories of brain changes in medication-naïve MDD patients and
healthy individuals. The findings from the current study may help
select brain regions of interest for future longitudinal studies on this
topic. Following MDD patients who discontinue AD treatment
during such a longitudinal study would be particularly valuable for
assessing long-term effects of AD use. Second, while we have
detailed clinical information available on MDD in this sample, we
cannot rule out the presence of (pre-clinical) neurodegenerative
diseases in older participants, which may have affected our results.
Third, we were unable to take other factors into account which may
play a role in changes in brain structure with age, and may differ
between groups, including IQ, education level, lifestyle and
metabolic factors [73–75]. Finally, we could not control for other
psychotropic medication that participants may have been using or
presence of comorbid anxiety disorders, as this information was not
available for most participants.
To conclude, we report the first robust evidence for an

association between current AD medication use and regional
brain morphology in a mega-analysis of almost 9000 participants.
Specifically, we observed lower middle temporal gyrus thickness
in AD users (under ~50 years of age), and lower hippocampal
volume and inferior temporal gyrus thickness in the AD group
compared to the nAD group. In addition, we observed several
brain alterations, which were likely driven by MDD diagnosis, and
not AD use per se. Supplementary findings suggest mirtazapine
may have a differential effect on brain structure in older
participants compared SSRIs or SNRIs, however future research
needs to replicate this finding and explore potential underlying
mechanisms. In addition, it is recommended for future studies to
take age into account when examining the association between
AD medication use and the brain.
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