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Abstract

Major depressive disorder (MDD) is a common psychiatric illness with a wide range of symptoms such as mood decline,
loss of interest, and feelings of guilt and worthlessness. Women develop depression more often than men, and the diagnostic
criteria for depression mainly rely on female patients' symptoms. By contrast, male depression usually manifests as anger
attacks, aggression, substance use, and risk-taking behaviors. Various studies have focused on the neuroimaging findings in
psychiatric disorders for a better understanding of their underlying mechanisms. With this review, we aimed to summarize
the existing literature on the neuroimaging findings in depression, separated by male and female subjects. A search was
conducted on PubMed and Scopus for magnetic resonance imaging (MRI), functional MRI (fMRI), and diffusion tensor
imaging (DTI) studies of depression. After screening the search results, 15 MRI, 12 fMRI, and 4 DTI studies were included.
Sex differences were mainly reflected in the following regions: 1) total brain, hippocampus, amygdala, habenula, anterior
cingulate cortex, and corpus callosum volumes, 2) frontal and temporal gyri functions, along with functions of the caudate
nucleus and prefrontal cortex, and 3) frontal fasciculi and frontal projections of corpus callosum microstructural alterations.
Our review faces limitations such as small sample sizes and heterogeneity in populations and modalities. But in conclusion,
it reflects the possible roles of sex-based hormonal and social factors in the depression pathophysiology.
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Introduction

Major depressive disorder (MDD) presents with mood
decline, loss of interest, irritability, and feelings of guilt and
worthlessness (McCarter, 2008; Yang et al., 2022). Moreo-
ver, it is associated with decreased appetite, weight changes,
and sleep disturbances (Caroleo et al., 2019). Altogether,
these chronic symptoms significantly lower the quality of
life and may, in the most extreme of cases, lead to suicide
(Hoobehfekr et al., 2021). MDD used to rank fourth in the
global burden of the diseases in 2000 (Ustiin et al., 2004);
however, estimates show that it will be the leading cause of
disease by 2030 (Lépine & Briley, 2011). The high preva-
lence of depression comorbidities among people play a
significant role in its pathophysiology (Gadermann et al.,
2012). Notably, its presence with chronic medical diseases is
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associated with increased medical symptoms burden, func-
tional impairment, medical costs, poor adherence to treat-
ments, and elevated morbidity and mortality (Gold et al.,
2020; Katon, 2011). Additionally, about 80% of people with
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depression have other mental illnesses, including anxiety,
personality disorder, or alcohol abuse (Melartin et al., 2002).

The manifestation of depression between men and women
shows dissimilarities. Women are more likely to develop
depression; however, depressed men are more than three
times more likely to die from depression-related suicide
than women (Herreen et al., 2022). The gender gap in inci-
dence rates starts at age 12, peaks at adolescence (Cavanagh
et al., 2016, 2017; Ogrodniczuk & Oliffe, 2011; Romans
et al., 2007), and remains constant afterwards (Salk et al.,
2017). Moreover, the presentation of depression varies
between the two sexes. Male depression usually manifests
as anger attacks, aggression, substance use, and risk-tak-
ing behaviors that mainly do not fit the diagnosis criteria
for depression in the first stages (Cavanagh et al., 2016).
In contrast, depressed women show appetite disturbance,
impaired sleep, and depressed mood at a higher frequency
and intensity than men. These symptoms are included as
diagnostic criteria for MDD and are in line with the fact
that females are more likely to be diagnosed with depression
(Cavanagh et al., 2017; Romans et al., 2007). Depressed men
are more prone to escaping behaviors as well; these include
over-involvement at work and high sexual activities in the
forms of extramarital affairs or a series of limited sexual
encounters (Ogrodniczuk & Oliffe, 2011). Meanwhile, when
compared to males, depressed females show more frequent
depressive episodes in their lives and report higher rates of
atypical depressive symptoms (excessive fatigue, overeating,
and oversleeping), anxiety, and somatization (Smith et al.,
2008).

On the other hand, social factors could affect one’s sus-
ceptibility to depression. For example, various studies have
reported lower gender equality is significantly associated
with higher rates of female depression and that populations
with high gender equality experience a lower gender gap in
depression (Kuehner, 2017). Other social factors, such as
the lack of a partner in the household and having a small
social network, can predict the onset of depression in men,
and not in women, in later life (Sonnenberg et al., 2013).
These factors imply that not only the biological sex but also
the socially-constructed roles, behaviors, and expressions of
sexes can affect depression.

The introduction of different neuroimaging tools such as
magnetic resonance imaging (MRI), functional MRI (fMRI),
and diffusion tensor imaging (DTI) in recent years has ena-
bled researchers to study patterns of brain changes in various
diseases (Filippi & Agosta, 2016). In healthy people, various
studies have demonstrated brain-based sex differences. For
example, whole-brain volumes and volumes of the amyg-
dala and cerebellum are commonly reported to be larger in
males, while exhibiting a high density of sex steroid recep-
tors (Giedd et al., 2012). In fMRI studies, greater regional
homogeneity (ReHo) in the orbitofrontal areas of females
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has been reported, which may be responsible for females'
higher emotion perception ability (Zhang et al., 2020).
Moreover, DTI findings indicate higher fractional anisotropy
(FA) and radial diffusivity (RD) in healthy males' thalamus,
corpus callosum (cc), and cingulum (Menzler et al., 2011).
These changes in the thalamus and cingulum might be a
result of sex differences in awareness, the neural process-
ing of emotional stimuli, and interpersonal conflicts. Mean-
while, alterations of the corpus callosum might be associated
with possible sex differences in hemispheric lateralization
(Menzler et al., 2011).

Meanwhile, assessing depressed subjects, these imaging
modalities suggest that depression affects the brain in vari-
ous ways. For example, anatomical MRI studies show that
the frontal lobe, parietal lobe, thalamus, caudate, pallidum,
putamen, and temporal lobes of people with depression are
distinct from those without it (Zhang et al., 2018). Moreo-
ver, depression is associated with lateral ventricle enlarge-
ment and larger cerebrospinal fluid (CSF) volume in people
(Kempton et al., 2011). Ultra-high field (UHF, >7 T) MRI
of depressed subjects has revealed smaller hippocampal in
depressed people than controls and smaller subiculum in
depressed individuals with multiple major depressive epi-
sodes compared to those with one episode (Cattarinussi
etal., 2021).

DTI findings also reflect the microstructural changes of
white matter: the FA of the corpus callosum (cc), bilateral
anterior limb of the internal capsule, right inferior tempo-
ral gyrus, and right superior frontal gyrus are reduced in
depression (Chen et al., 2017). The most prominent find-
ing of functional studies is the abnormal involvement of the
cortico-limbic mood-regulating circuit in depressed subjects
(Wang et al., 2012). Although the literature provides data on
brain changes in depression and on sex-based differences in
the brain of healthy people, there is insufficient data regard-
ing the male and female patterns of brain alterations during
depression. Herein, we aim to contrast the sex differences
in structural and functional changes of the brain in depres-
sion. To our knowledge, this is the first systematic review of
neuroimaging studies to discuss so.

Methods and Materials

The present systematic review was prepared following
the Preferred Reporting Items for Systematic Review and
MetaAnalysis (PRISMA) guidelines (Swartz, 2011). Fig-
ure 1 illustrates the flow diagram of our study. Moreover, the
study protocol was registered on the International Prospec-
tive Register of Systematic Reviews (PROSPERO) website
(https://www.crd.york.ac.uk/PROSPERO/) with the code
CRD42021288043.
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Fig. 1 Flow chart of the study

selection

N = 1721 records identified through
database searching
PubMed = 1065; Scopus = 656

Identification

|

N =239 duplicate records removed

Screening

N = 1482 records screened based on
their title and abstract

N = 1367 records excluded
according to their title and abstract

Eligibility

N = 115 records underwent detailed
evaluation for eligibility

N = 32 Studies excluded as not
matching the PICO question;
N =26 Studies excluded as not

assessing MDD;
N = 15 Studies excluded as not
assessing sex differences;

N =2 Studies excluded as not
having an available full-text;
N = 3 study excluded as being a
v review article or meta-analysis;

Included

N = 30 studies included

N =5 studies excluded as evaluating
treatment effects
N =2 studies excluded as not

Literature Search and Study Selection

Using a combination of keywords, we searched two major
databases, Pubmed and Scopus, to find relevant studies on
November 19, 2022. Keywords adopted for the search were:
"Diffusion Tensor Imaging" or "Diffusion weighted magnetic
resonance imaging" or "Diffusion Tractography" or "Dif-
fusion weighted imaging" or "Diffusion weighted MRI" or
"DTT" or "White Matter" or "Grey Matter" or "Gray Matter"
or "Magnetic Resonance Imaging" or "NMR Imaging" or
"tomography NMR" or "tomography MR" or "Steady State
Free Precession MRI" or "MRI" or "Zeugmatography" or
"Imaging Chemical Shift" or "Magnetic Resonance Image"
or "Magnetization Transfer Contrast Imaging" or "MRI
Scan" or "Proton Spin Tomography" or "fMRI" or "Func-
tional MRI" or "Functional Magnetic Resonance Imaging"
or "Spin Echo Imaging" or "morphometry" or "VBM" or
"cortical thickness" or "cortical surface area" or "subcor-
tical volume" and "Phenotypic Sex" or "sex phenotypic"
or "Genotypic Sex" or "Sex" or "Women" or "Female" or
"Men" or "Male" or "Gender" or "Sex Difference" or "Gen-
der Difference" and "Major Depressive Disorder" or "MDD"

evaluating with structural or
functional magnetic resonance
imaging and diffusion tensor
imaginga

or "Depression” or "Depressive Symptoms" or "Depres-
sive Symptom" or "Emotional Depression." Two reviewers
independently screened articles by title and abstract to find
potential relevant ones in the first step. Then, the full texts
were retrieved to find eligible studies, and the discrepancies
were resolved through discussion with a third reviewer. The
third reviewer also monitored the whole process.

Inclusion and Exclusion Criteria

In this systematic review, we included observational
case—control, cross-sectional, or cohort studies matching
the PICO question that aimed to investigate the differences
in neuroimaging findings of depression in both sexes. These
studies could be case—control or cohort. Furthermore, we
excluded the following: 1) studies that included partici-
pants suffering from other neurologic disorders 2) studies
not related to major depressive disorder,3) studies that did
not assess brain neuroimaging alterations, 4) studies that did
not evaluate both sexes, 5) review articles, book chapters,
opinions, letters, and conference abstracts, 6) animal, in-
vitro, and other nonhuman studies.
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Data Items

We extracted the following data points from studies: basic
study characteristics such as author name, publication date,
and study design, the sample size and sex ratio, the age of
participants, their medications, means of neuroimaging,
and measuring tools of depression. We also mentioned if
the probands were matched for variables such as sex, age,
and education. Two reviewers independently extracted the
aforementioned data. Discrepancies were resolved through
discussion with a third reviewer.

Quality Assessment

The quality of included studies was assessed using the e
Newcastle—Ottawa scale (NOS) for case—control studies
(Stang, 2010). This scale evaluates the data quality in three
aspects: selection, comparability, and exposure in case—con-
trol studies or cohort study outcomes. A maximum score of
nine and eight stars in cohort and case—control studies can
be allocated to a particular study in this assessment tool.
Furthermore, the risk of publication bias was assessed for
each study. We used the publication bias criteria introduced
by Viswanathan et al. in a design-specific manner (Viswa-
nathan et al., 2008).

Results
Overview

The initial search yielded 1721 results. After removing the
automatic and manual duplicates, we screened the remaining
1482 studies based on titles and abstracts to find potentially
eligible studies. 115 studies went through screening the full-
texts, of which 85 were excluded due to following reasons:
32 studies due to not matching the PICO question of our
study (Acosta et al., 1991; Cohen et al., 2013; Dean et al.,
2018; Deng et al., 2018; Elbejjani et al., 2014; Frodl et al.,
2002; Gorham et al., 2019; Acosta et al., 2020; Hay et al.,
2020; Keller et al., 2021; Lebedeva et al., 2015; Lee et al.,
2019; Li et al., 2022; MacMaster et al., 2008; Maller et al.,
2007; Meruelo et al., 2021; Perlman et al., 2017; Pettemeri-
dou et al., 2021; Pimontel et al., 2013; Saleh et al., 2012;
Savitz et al., 2011; Schmaal et al., 2017a; Soe et al., 2018;
Takahashi et al., 2016; Tol et al., 2010; Wang et al., 1991,
2019; Wei et al., 2021; Wen et al., 2017; Woo et al., 2009;
Wu et al., 1993; Zhang et al., 1991), 26 studies due to not
assessing major depression (Averill et al., 2017; Brébion
etal., 2021a, 2021b; Carlson et al., 2015; Cermakové et al.,
2020; Chahal et al., 2022a; Dotson et al., 2013; Elbejjani
et al., 2015; Ellis et al., 2019; Frodl et al., 2010, 2017; Hay-
akawa et al., 2014; Kim et al., 2019; Kircanski et al., 2019;
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Kirton et al., 2014; Kronmiiller et al., 2008; Li et al., 2020;
Liu et al., 2012; Maglanoc et al., 2020; Moulinet et al., 2021;
Murray et al., 2013; Rajagopalan et al., 1994; Rakesh et al.,
2021; Spalletta et al., 2014; Tozzi et al., 2020; Victor et al.,
2017), 15 due to not assessing sex differences, 5 studies
due to evaluating treatment effects (Domschke et al., 2008;
Reinlieb et al., 2014; Vakili et al., 2000; Wei et al., 2018;
Williams et al., 2021), 2 studies due to unavailable full-texts
(Huang et al., 2014; Lavretsky et al., 2004), 2 studies as
not assessing with MRI, fMRI, or DTI (Binesh et al., 2004;
Staley et al., 2006), and 3 study due to being review articles
or meta-analyses (Binnewies et al., 2022; Delvecchio et al.,
2017; Peng et al., 2016).

Thirty studies were included in our systematic review: 15
MRI studies (Ancelin et al., 2019; Carceller-Sindreu et al.,
2015; Cyprien et al., 2014; Furtado et al., 2008; Hastings
et al., 2004; Kong et al., 2013; Kronmiiller et al., 2009;
Lavretsky et al., 1998; Lewine et al., 1995; MacMaster et al.,
2006; Nielsen et al., 2020; Piani et al., 2021; Ritter et al.,
2021; Soriano-Mas et al., 2011; Yang et al., 2017), 12 fMRI
studies (De Almeida et al., 2011; Amiri et al., 2021; Bricefo
et al., 2015; Chuang et al., 2017; Dong et al., 2022; Geng
etal., 2019; Jenkins et al., 2018; Mei et al., 2022; Piani et al.,
2021; Talishinsky et al., 2022; Yao et al., 2014; Young et al.,
2017), and 4 DTI ones (Ho et al., 2021; Kliamovich et al.,
2021; Lyon et al., 2019; Ugwu et al., 2015) (One study had
assessed both MRI and fMRI findings (Piani et al., 2021).
The publication year of MRI studies varied from 1995 to
2022. However, due to their novelty, fMRI and DTI studies
were all published after 2011. All studies had recruited more
females than males, except three with exact equal numbers
(Lavretsky et al., 1998; Mei et al., 2022; Young et al., 2017)
and one with less females (Yang et al., 2017). Moreover,
most studies focused only on the presence of major depres-
sive disorder. Regarding the depression phenotype, however,
some others assessed only treatment-resistant (Amiri et al.,
2021; Furtado et al., 2008; Talishinsky et al., 2022), late-
life (Cyprien et al., 2014), somatic/non-somatic (Geng et al.,
2019), remitted (Jenkins et al., 2018), first episode/chronic/
recurrent (Carceller-Sindreu et al., 2015), and early/late-
onset depression (Lavretsky et al., 1998).

While Healthy probands formed the majority of controls,
one study included patients with schizophrenia, schizoaffec-
tive, and bipolar disorder as controls as well (Lewine et al.,
1995) and another study only compared early-onset and late-
onset depression patients (Lavretsky et al., 1998). One study
had also categorized both the case and control participants
regarding their child adversity history (Ugwu et al., 2015).
Details of medication regimens in depressed subjects were
provided in 25 studies. Among these, participants of 12 stud-
ies did not take any medications (Dong et al., 2022; Hastings
et al., 2004; Jenkins et al., 2018; Kliamovich et al., 2021;
Kong et al., 2013; Lavretsky et al., 1998; MacMaster et al.,
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2006; Mei et al., 2022; Piani et al., 2021; Ritter et al., 2021;
Yang et al., 2017; Yao et al., 2014; Young et al., 2017).
Eleven studies' probands administered antidepressants (De
Almeida et al., 2011; Ancelin et al., 2019; Chuang et al.,
2017; Cyprien et al., 2014; Furtado et al., 2008; Geng et al.,
2019; Kronmiiller et al., 2009; Lyon et al., 2019; Piani et al.,
2021; Talishinsky et al., 2022; Ugwu et al., 2015). Of note,
the probands' medications were a combination of Imipra-
mine, selective serotonin reuptake inhibitors (SSRI), Ven-
lafaxine, Clomipramine, and other antidepressants (Soriano-
Mas et al., 2011). The characteristic data of included studies
are presented in Table 1.

Quality of the Included Studies

The quality of included studies is provided in Supplemen-
tary Tables S1 and S2. Studies were assessed regarding the
case selection, comparability, and exposure in case—control
studies or cohort study outcomes. Moreover, as presented
in Table 1, participants were matched for age in 14 studies,
for sex in 14 studies, and for education in 7 studies. The
publication bias risk of each included study is demonstrated
in Supplementary Table S3.

Analysis of Depression

Included studies used various tools to measure depression
in participants. The 17-item Hamilton Depression Rating
Scale (HAMD-17/HDRS) (Hamilton, 1960) was the most
frequently used depression assessment (De Almeida et al.,
2011; Amiri et al., 2021; Bricefio et al., 2015; Carceller-
Sindreu et al., 2015; Dong et al., 2022; Furtado et al., 2008;
Geng et al., 2019; Kong et al., 2013; Kronmiiller et al., 2009;
Lyon et al., 2019; Mei et al., 2022; Piani et al., 2021; Ritter
et al., 2021; Soriano-Mas et al., 2011; Talishinsky et al.,
2022; Ugwu et al., 2015; Yang et al., 2017; Yao et al., 2014).
Some others used interviews such as the Mini-International
Neuropsychiatric Interview (MINI) (Ancelin et al., 2019;
Cyprien et al., 2014; Furtado et al., 2008; Geng et al., 2019;
Sheehan et al., 1998) and structural clinical interview for
DSM disorders (SCID) (Hastings et al., 2004; Kronmiiller
et al., 2009; Ritter et al., 2021; Spitzer et al., 1992; Young
et al., 2017) to evaluate depression in subjects. To diagnose
depression, one study (Ho et al., 2021a) also used Kiddie
Schedule for Affective Disorders and Schizophrenia—Pre-
sent and Lifetime (K-SADS-PL) (Kaufman et al., 1997).
Another study (Kliamovich et al., 2021) employed the
Semi-Structured Assessment for the Genetics of Alcoholism
(SSAGA) (Brown et al., 2015). Some studies also scored the
severity of depression in participants; the measurement tools
included the Centre for Epidemiologic Studies-Depression
Scale (CDS-D) (Cyprien et al., 2014; Radloff, 1977), Chil-
dren's Depression Inventory (CDI) (Kovacs n.d; Nielsen

et al., 2020), Beck's Depression Inventory (BDI) (Beck
et al., 1961; Ritter et al., 2021; Ugwu et al., 2015), Reynolds
Adolescent Depression Scale (RADS-2) (Ho et al., 2021a;
Reynolds, 2004), Depression Anxiety and Stress Scales-21
(DASS-21) (Osman et al., 2012; Piani et al., 2021), Child-
hood Depression Rating Scale-Revised (MacMaster et al.,
2006; Poznanski et al., 1985), and Montgomery-Asberg
Depression Rating Scale (MADRS) (Montgomery &
Asberg, 1979; Ritter et al., 2021; Ugwu et al., 2015). The
details of all measurement tools are provided in Table 1.

MRI Studies

A total of 15 studies were selected. As presented in Table 2,
most studies explored merely the volume of brain regions.
Among these, three studies reported changes in the amyg-
dala. Assessing people with a lifetime history of depres-
sion and people with current MDD, the first one revealed
that there was an association between depression history
and lower gray matter (GM) volumes in men's amygdala, in
contrast to women (Ancelin et al., 2019). The other reported
that females with MDD tend to have a smaller amygdala
than healthy females (Hastings et al., 2004). Other findings
of these studies included a larger rostral anterior cingulate
cortex in women with a lifetime MDD than their male coun-
terparts (Ancelin et al., 2019) and a smaller inferior ante-
rior cingulate normalized volume in MDD males than their
healthy counterparts (Hastings et al., 2004). Their explora-
tion of the orbitofrontal cortex, total cerebral volume, and
hippocampus did not show any sex differences.

Another MRI study assessed both GM density and vol-
ume of the amygdala in depressed people and healthy con-
trols (Kong et al., 2013). They reported reduced GM density
in the bilateral amygdala of MDD females compared to HC
females and reduced GM density and volume in the bilateral
caudate of MDD males compared to their healthy counter-
parts. Regarding the hippocampus, in contrast to previous
studies, sex differences were reflected in its lower GM den-
sity in MDD females than in HC females, which was not
seen in males (Kong et al., 2013).

Similar to the latter study, the hippocampus reflected sex
differences in another study. Males with the first episode
of MDD exhibited a left-right asymmetry in hippocampal
volume with smaller left hippocampal volume compared to
healthy controls based on their findings (Kronmiiller et al.,
2009). The researchers also tested if total brain volume dif-
fered in people with MDD and healthy controls, which was
disproven (Kronmiiller et al., 2009). However, an association
between smaller size of total brain volumes and depressive
symptoms in women with treatment-resistant depression was
observed (Furtado et al., 2008). Other results were as fol-
lows: 1) lower intracranial volume and total brain volume
to intracranial volume ratios in male patients than in male
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Table 1 Characteristics of included studies

Study Study design Study groups Sample size (F/M) Age (years) MRI/DTI/fMRI Measure of depres-  Medication Matched for
(mean+ SD) sion
Amiri et al., 2021 Case-control TRD 21/10 35.749.1 fMRI HAMD-17 NR -
HC 18/11 31.7+6.1
Ancelin et al., 2019 Case-control Lifetime MDD 3207290 (total) 70.7 (median) MRI DSM-1V Antidepressants -
No lifetime MDD MINI
Bricefio et al., 2015  Case-control MDD 27126 46.1 (mean) fMRI DSM-1V NR Age, sex
HC 31/26 44.1 (mean) HDRS
Carceller-Sindreu Case-control First-episode MDD 14/7 44.4+6.7 MRI DSM-IV-TR Psychotropic Age, gender distribu-
etal., 2015 Remitted-recurrent 18/2 47.1+8.2 HDRS medication tion, educational
MDD 16/4 48.6+8.0 level
Chronic MDD 24/10 47.9+8.1
HC
Chuang et al., 2017 Case-control MDD 82/24 15.72+1.10 (F) fMRI DSM-1V Antidepressants Age, sex, handedness
HC 24/10 15.25+1.52 (M)
15.89+1.42 (F)
15.26+1.22 (M)
Cyprien et al., 2014  Cohort LLD 75145 70.8+4.0 MRI MINI Antidepressants, -
Non-LLD 137/210 71.1+4.0 CES-D Antihypertensives
Antidepressant
intake
De Almeida et al., Case-control MDD 12/7 30.3+7 fMRI HDRS Antidepressant, Age, sex
2011 HC 1217 31.8+6.8 mood stabilizer,
antipsychotic, and
anxiolytics
Dong et al., 2022 Case-control MDD 76/48 25.68+7.90 (F) fMRI DSM-IV-TR No Sex
HC 137/106 24.75+5.16 (M) HAMD-17
21.33+4.28 (F)
20.54+2.13 (M)
Furtado et al., 2008  Case-control TRD 23/22 37.53+11.3 MRI DSM-1V Antidepressants Age, sex
HC 17/13 36.6+11.09 MINI (TCA, NaSSA,
HDRS NRI, RIMA,
SNRI)
Geng et al., 2019 Case-control SD 15/13 37.21+7.16 fMRI DSM-1IV Antidepressants Age, education, gender
NSD 16/14 34.10+9.91 MINI (SSRI, SNRI,
HC 13/17 35.83+8.15 HAMD-17 NaSSA, Benzodi-
azepines)
Hastings et al., 2004  Case-control MDD 10/8 38.9+11.4 MRI DSM-III-R No Sex
HC 10/8 34.8+13.6 SCID-P
SCID-NP
Ho et al., 2021 Case-control MDD 34/14 16.32+1.19 DTI DSM-1V Psychotropic -
HC 19/16 15.75+1.22 K-SADS-PL medication
RADS-2
Jenkins et al., 2018 Case-control MDD 32/16 21.72+1.28 (F) fMRI DSM-IV-TR No Sex
HC 25/15 20.69+1.62 (M)
21.00£1.63 (F)
20.67+1.76 (M)
Kliamovich et al., Cohort MDD 39/24 14.88+1.44 DTI DSM-IV No -
2021 HC 184/215 14.87+1.78 SSAGA
Kong et al., 2013 Case-control MDD 16/13 28.88+9.71 (F) MRI DSM-IV No Age, education
HC 17/16 31.23+8.39 (M) HAMD
28.00+9.09 (F)
31.81£7.05 (M)
Kronmuller et al., Case-control FEMD 13/13 41.46+16.64 (F) MRI DSM-IV Antidepressants -
2009 RMD 20/11 38.08+11.88 (M) SCID (TCA, SSRI,
HC 19/11 45.85+11.78 (F) HDRS Other new antide-
48.27+8.73 (M) pressants)
42.68+13.98 (F)
42.00+11.28 (M)
Lavretsky et al., Case-control EOD 21/12 57.0+5.9 MRI DSM-III-R No -
1998 LOD 27/36 63.9+8.0 HAM-D
Lewine et al., 1995  Case-control Schizophrenia 26/82 33.9+7.3 (F) MRI DSM-III-R NR -
Schizoaffective 13/7 32.4+8.1 (M)
Major depression 20/7 39.6x10.1 (F)
Bipolar 15/5 39.4+9.0 M)
HC 91/59 41.4+10.4 (F)
39.3+11.9 (M)
39.7+6.9 (F)
32.6+6.3 (M)
35.2+9.9 (F)
31.5+8.2 (M)
Lyon et al., 2019 Cohort MDD 115/106 33.6x+11.7 DTI DSM-1V Escitalopram, Sex, education
HC 34/33 30.3+12.8 HAMD sertraline, or

venlafaxine-
extended release
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Table 1 (continued)

Study Study design Study groups Sample size (F/M) Age (years) MRI/DTI/fMRI Measure of depres-  Medication Matched for
(meanz+ SD) sion
MacMaster et al., Case-control MDD 20/15 14.72+2.16 (F) MRI DSM-IV No Age, sex
2006 HC 20/15 13.82+2.81 (M) CDRS-R

14.7242.33 (F)
14.19+2.83 (M)

Mei et al., 2022 Case-control MDD 36/25 36.1+10.7 (F) fMRI DSM-IV No Age, sex, education
HC 36/25 36.4+12.8 (M) HAMD
36.6+11.8 (F)
34.9+11.9 (M)

Nielsen et al., 2020  Cohort MDD 30/22 (total) 17.34+0.98 MRI CDI NR -
High-risk (total)
Low-risk
Piani et al., 2021 Case-control MDD 7/5 66.5+9.1 MRI DSM-V Antidepressants, Age
HC 517 68.7+12.3 fMRI HDRS anticonvulsants,
DASS-21 mood stabilizer,
antipsychotics,
and NSAIDs
Ritter et al., 2021 Case-control Current MDD 20/12 24.9+6.23 (F) MRI (PWI) DSM-1V No -
Past MDD 41/9 27.8+3.93 (M) SCID-1IV
Healthy 128/71 23.9+4.34 (F) HAM-D
23.4+2.88 (M) MADRS
24.9+4.48 (F) BDI
24.8+1.53 (M)
Soriano-Mas et al., Cohort MDD 41/29 61.56+9.68 MRI DSM-1V Imipramine -
2011 HC 23/17 59.23+7.09 HAM-D SSRI

Venlafaxine

Clomipramine

Other antidepres-
sants

Talishinsky et al., Cohort TRD 223/148 419+114 fMRI DSM-V Antidepressants, -
2022 HC 103/79 35.1%13.0 HDRS Psychotropic
medication

Ugwu et al., 2015 Case-control MDD with CA 11/13 40+9.1 DTI DSM-IV-TR Antidepressants Age, gender
MDD without CA 1715 41x11.2 HDRS
HC with CA 9/8 36+13.5 BDI-II
HC without CA 18/11 36+12.0 MADRS

Yang et al., 2017 Case-control MDD 53/29 30.21+10.79 (F) MRI DSM-IV-TR No Age, education, intel-
HC 53/29 27.48+7.55 (M) HAMD ligence quotient

29.0649.10 (F)
26.38£6.91 (M)

Yao et al., 2014 Case-control MDD 13/14 35.3+7.3 (F) fMRI DSM-IV-TR NR Age, education
HC 15/15 31.1+£9.6 M) HDRS
31.3+7.8 (F)
30.9+6.6 (M)
Young et al., 2017 Case-control MDD 20/20 35.5+8.13 (F) fMRI SCID No Age, sex
HC 20/20 36.1+10.2 (M) HDRS
(HC NR)

Abbreviations: MRI: Magnetic resonance imaging, DTI: Diffusion tensor imaging, fMRI: Functional magnetic resonance imaging, DSM (-TR):
Diagnostic and Statistical Manual of Mental Disorders (-Text revision), HAMD or HDRS: Hamilton Depression Rating Scale, MINI: Mini-Inter-
national Neuropsychiatric Interview, CES-D: Centre for Epidemiologic Studies-Depression Scale, SCID: Structured Clinical Interview DSM-
III-R, K-SADS-PL: Kiddie Schedule for Affective Disorders and Schizophrenia - Present and Lifetime, RADS: Reynolds Adolescent Depres-
sion Scale, SSAGA: Semi-Structured Assessment for the Genetics of Alcoholism, CDRS-R: Childhood Depression Rating Scale-Revised, CDI:
Children's Depression Inventory, DASS-21: Depression Anxiety and Stress Scales-21, NSAID: nonsteroidal anti-inflammatory drugs, MADRS:
Montgomery-Asberg Depression Rating Scale, BDI: Beck’s Depression Inventory, MDD: Major depressive disorder, rMDD: Remitted major
depressive disorder, TRD: Treatment-resistant depression, LLD: Late-life depression, SD: Somatic depression, NSD: Non-somatic depression,
FEMD: First episode major depression, RMD: Recurrent major depression, EOD: Early-onset depression, LOD: Late-onset depression, CA:
Childhood adversity, HC: Healthy control, TCA: Tricyclic antidepressant, SSRI: Selective serotonin reuptake inhibitor, NaSSA: Noradrenergic
and specific serotonergic antidepressant, NRI: Norepinephrine reuptake inhibitor, SNRI: Serotonin-norepinephrine reuptake inhibitor antidepres-
sant, RIMA: Reversible inhibitor of monoamine oxidase A antidepressant, NR: Not reported, F: Female, M: Male, SD: Standard deviation, PWI:
Perfusion-weighted imaging.

-: Data not reported.

controls and 2) greater entorhinal cortex volume in male In another study assessing late-onset depression (onset
patients than in female patients (Furtado et al., 2008). after 50), authors investigated whole-brain GM volume of
probands. They realized that normalized GM volumes of
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calcarine, olfactory, and orbitofrontal regions are increased
in healthy females than in healthy males but decreased in
MDD females compared to MDD males (Piani et al., 2021).
Another study by Yang et al. focused on various gyri altera-
tions in MDD (Yang et al., 2017). What they reported was
that the GM volume of the middle/superior temporal gyrus
and ventromedial prefrontal gyrus were decreased in MDD
males compared to HC males. Meanwhile, in females, the
dorsomedial prefrontal gyrus (extending to the supplemen-
tary motor area) and lingual (extending to the parahippocam-
pal gyrus) were smaller in the patients (Yang et al., 2017).
The pituitary gland volume was explored in only one study,
suggesting larger volumes in pediatric MDD males com-
pared to HC males, while there were no significant diagnos-
tic group differences in pediatric females (MacMaster et al.,
2006). The authors also reported that non-familial (without
a family history of mood disorder) males with MDD had
significantly larger pituitary glands than familial patients
and healthy controls (MacMaster et al., 2006).

More other studies employed structural MRI tools to
assess sex or gender disparities in depression. One aimed
to measure the habenula changes during the depression
and found out females with a first-episode depression had
larger habenula white matter (WM) volumes than both
healthy probands and people with treatment-resistant/
chronic depression (Carceller-Sindreu et al., 2015). On
the other hand, another study performed a volumetric MRI
study on people with only late-life depression, meaning
that they developed depression at age 65 and over (Cyprien
et al., 2014). In that study, there was a positive association
between late-life depressive symptoms and smaller anterior,
mid, posterior, and total corpus callosum regions in women,
as opposed to men. Nevertheless, there was no correlation
between the total brain volume and depression in the two
sexes (Cyprien et al., 2014).

White-matter hyperintensities were also studied in two
relatively old studies in the field of depression (Lavretsky
et al., 1998; Lewine et al., 1995). One of them employed
MRI to find qualitative brain morphologic anomalies in
MDD, schizophrenic, schizoaffective, and bipolar disorder
patients along with healthy volunteers. They reported that
men with either schizophrenia or major depression had more
frequently reported abnormal scans than women in either
group, predominantly showing deep white matter hyper-
intensity signals, volume loss, enlargement or asymmetry
of ventricles, and other incidental findings (Lewine et al.,
1995). Meanwhile, the other study focused on people with
early and late-onset depression. In their research, both early-
onset (meaning having the first episode before 50) and late-
onset males had larger amounts of white matter intensities
(Lavretsky et al., 1998).

@ Springer

Assessing the cortical thickness, different matter vol-
umes, and perfusion measures, further studies have reported
the sex differences in depression neuroimaging findings. For
example, a study examined the thickness of the orbitofron-
tal cortex (OFC) in adolescents with depression (Nielsen
et al., 2020). What they observed was an inverse correla-
tion between depressive symptoms and the left lateral OFC
in males and a positive one between depressive symptoms
and left medial OFC in females. However, the right hemi-
sphere did not reflect any sex differences (Nielsen et al.,
2020). On the other hand, a structural whole-brain study
tested white and gray matter disparities between the two
sexes. They recruited people with melancholic depression
alongside healthy controls; the results indicated a significant
reduction in the gray matter volume of the right thalamus in
MDD males, which was not seen in their female counterparts
(Soriano-Mas et al., 2011). Finally, a recent study conducted
perfusion tests in people with depression and reported cere-
bral perfusion alterations that varied with Hamilton Depres-
sion Scale (HAM-D)(Hamilton, 1960),Beck's Depression
Inventory (BDI)(Beck et al., 1961), and Montgomery-
Asberg Depression Rating Scale (MADRS) (Montgomery
and Asberg, 1979) scores. Sexual dimorphism appeared as
a positive association between whole-brain perfusion and
female depressive symptoms in the HAM-D, BDI, and
MADRS scores. In contrast, male patients' cerebral perfu-
sion exhibited a positive association for the MADRS score
(Ritter et al., 2021).

DTI Studies

As previously explained, only four studies assessed sex dif-
ferences in DTI findings in depression. The detailed data
of these are presented in Table 3. One study focused on
WM pathways involved in emotional regulation in subjects
with and without MDD. Their results showed that males
with MDD had lower FA in the parahippocampal cingulum
and higher longitudinal diffusivity (LD) in fronto-occipital
fasciculus than healthy males. Also, MDD males showed
greater LD in superior longitudinal fasciculus compared
with MDD females (Ugwu et al., 2015). Another study
examined the whole brain changes in adolescent-onset
depression. They reported that mean diffusion indices of a
cluster of precentral gyrus white matter bordering on the
superior corona radiata differ in males and females; MDD
females showed lower FA and higher radial diffusivity (RD)
in this area compared to healthy probands. By contrast,
males with MDD had higher FA, higher axial diffusivity
(AD), and lower RD in the same region (Kliamovich et al.,
2021).

Another recent study similarly focused on adolescents
with depression. Women with MDD had a significantly
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higher R1 of left uncinate fasciculus (UF) and corpus cal-
losum genu than healthy women. Furthermore, severe
depressive symptoms in females correlated with greater
R1 in the left uncinate fasciculus (Ho et al., 2021a). These
regions were also assessed in another DTI study. In this
study, Lyon et al. observed elevated FA in the genu of the
corpus callosum, bilateral cerebral peduncle, and left UF
in HC females compared to MDD females and higher AD
in the left frontal projection of the corpus callosum in HC
females compared to those with MDD (Lyon et al., 2019).
Moreover, in their longitudinal assessment of 8-week treat-
ment with escitalopram, sertraline, or venlafaxine-extended
release, they assessed if DTI metrics' alterations vary by
sex. However, no significant difference was observed in the
two sexes regarding the remission vs. non-remission status
(Lyon et al., 2019).

fMRI Studies

As provided in Table 4, 12 studies explored sex differences
in functional brain alterations during MDD. Two studies
focused on the resting-state functional connectivity (rs-FC)
of the treatment-resistant depression (TRD) probands and
healthy controls. The first one reported that, compared to
TRD males, TRD females had higher degree values of func-
tional connectivity in various regions: subcallosal cingulate
gyrus, ventral caudate, nucleus accumbens, inferior thalamic
peduncle, and left lateral habenula (Amiri et al., 2021). The
second study similarly explored the sex differences in rs-FA
of TRDs (Talishinsky et al., 2022). Their large cohort study,
which comprised 371 TRD patients and 182 HCs, revealed
elevated connectivity in subgenual and posterior cingulate
areas and decreased connectivity in the anterior insula,
temporal pole, and lateral prefrontal cortex in male patients
compared to HC males. No significant difference was seen
in females (Talishinsky et al., 2022).

Literature provided more evidence of sex differences in
resting-state fMRI findings by measuring the amplitude of
low-frequency fluctuation (ALFF). For example, a study
demonstrated decreased ALFF in the bilateral caudate
nucleus and posterior cingulate gyrus of MDD males com-
pared to MDD females and HC females (Mei et al., 2022).
Plus, ALFF in the bilateral caudate nucleus and posterior
cingulate gyrus of MDD females was increased when com-
pared to HC males. Disease duration was also positively cor-
related with the ALFF of the right caudate nucleus in MDD
females (Mei et al., 2022). The other study mainly focused
on the gyri of the probands (Yao et al., 2014). In their study,
male MDD patients had significant differences when com-
pared to the patients of the opposite sex. These differences
included higher ALFF values in the left postcentral gyrus
and right superior temporal gyrus and lower ALFF values in

the left superior temporal pole, left superior temporal gyrus,
and left superior frontal gyrus (Yao et al., 2014).

Various studies also measured fMRI metrics' changes
in response to different facial expressions. For instance, to
examine the prefrontal cortical-amygdala neural circuitry, a
study made the participants complete an emotional dynamic
face-processing task (De Almeida et al., 2011). They sug-
gested that in response to happy faces, MDD females
show abnormal inverse left ventromedial prefrontal cortex
(vmPFC)-amygdala connectivity, left subgenual anterior cin-
gulate cortex (sgACC)—amygdala connectivity, and reduced
positive left vmPFC-sgACC compared to healthy females.
In response to fearful faces, affected females also had abnor-
mally increased positive left sgACC—amygdala connectiv-
ity in this comparison. Regarding males, however, there
was not any significant result (De Almeida et al., 2011).
Another study also administered facial emotion perception
(happy, sad, angry, and fearful) to assess the fMRI metrics'
alterations in MDD (Briceifio et al., 2015). However, among
fronto-limbic regions, there were no regions significant for
an MDD status by gender interaction (Bricefio et al., 2015).
The last study, which assessed resistant MDD patients had
different results. Their whole-brain study revealed the effects
of depression on facial emotion processing. Compared to
their male counterparts, resistant MDD females presented
greater activities in the right thalamic cluster and right
superior frontal gyrus cluster for neutral and sad contrasts,
respectively. In contrast, there were associations between
male resistant depression and activities of the left middle
temporal gyrus and bilateral midbrain for the sad face con-
trast (Jenkins et al., 2018).

Interestingly, two studies explored sex differences in
depression by using the Go/No-Go paradigm, a well-estab-
lished tool to measure sustained attention (Piani et al., 2021).
The first study showed negative responses during the go/
no-go condition in the right parahippocampus of MDD
females compared to MDD males and in that of HC males
than HC females (Piani et al., 2021). The second study
similarly assessed MDD and HC participants of two sexes.
Results suggested more activation of the supramarginal
gyrus and posterior cingulate cortex in healthy males than
healthy females and in MDD females than in MDD males
(Chuang et al., 2017). Both studies showed that the diagnosis
of depression reverses the fMRI findings.

Two studies implemented different approaches to find the
sex differences of MDD. One explored brain activation dur-
ing the recall of autobiographical memories (Young et al.,
2017). Their results of positive memories assessment were
as follows: higher activity in the right dorsomedial prefron-
tal cortex (dmPFC) of MDD males and lower activity in
the right caudate of MDD females compared to all other
groups. Moreover, they showed that during a negative mem-
ory recall, activity in the posterior cingulate cortex (PCC)

@ Springer
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and insula of HC females increases when compared to both
male groups, and the precuneus of HC males becomes less
active than all other groups (Young et al., 2017). The other
study made participants undergo the Montreal imaging stress
task, in which acute psychosocial stressor (time limit to do
arithmetic questions) affected the patients and their subse-
quent fMRI results (Dong et al., 2022). In the study, there
was less deactivation in the amygdala, hippocampus, and
nucleus accumbens of the female MDD group compared
to healthy females. This difference was not seen in males
(Dong et al., 2022).

Finally, the last study explored fMRI alterations in people
with somatic and non-somatic depression. Based on their
reports, depressed participants develop elevated regional
homogeneity (ReHo) in the left inferior triangular frontal
gyrus (Geng et al., 2019). This measure evaluates functional
similarity of a given voxel with its nearest neighbors (Liu
et al., 2008). In their study, in contrast to men, women with
somatic depression had increased ReHo in the right supe-
rior temporal gyrus and decreased ReHo in the right middle
frontal gyrus compared to their non-somatic counterparts
(Geng et al., 2019).

Discussion

This systematic review summarizes the current literature on
sex differences in abnormal neuroimaging findings among
depression patients. As the results explained, most conven-
tional MRI studies reflected the sex effect on temporal lobe
components in depression; the hippocampus and amygdala,
along with total brain volume and orbitofrontal regions, dif-
fered between the two sexes. However, the specific changes
were heterogeneous. Also, connections of the limbic path-
ways showed disparities in males and females with MDD;
these included habenula, anterior cingulate cortex, and
corpus callosum. Meanwhile, DTI findings were mainly
associated with frontal connections like uncinate fascicu-
lus, superior longitudinal fasciculus, and fronto-occipital
fasciculus, and even frontal projections of the cc. Other
microstructural alterations in the white matter involved cin-
gulum, thalamic radiations, and corpus callosum. Moreover,
regarding fMRI, functions of various frontal and temporal
gyri, along with caudate nucleus and prefrontal cortex, were
different between the two sexes. Similar to DTI findings,
the cingulum-related regions, especially posterior cingulate
cortex, showed disparities as well.

Being a part of the limbic system, the hippocampus has
long been implicated in emotional memory recalling and
regulation (Zhu et al., 2019). Regarding depression, a sys-
tematic review and meta-analysis of late-life depression
reported hippocampal size reduction as the most consistent
evidence (Geerlings & Gerritsen, 2017). Healthy males and

females tend to have similar sizes of the hippocampus (Eijk
et al., 2020; Perlaki et al., 2014), but sex might affect the
volumetric hippocampal changes in depression. The proof
of higher binding potential in healthy females compared
with healthy males in positron emission tomography (PET)
receptor-binding studies of the serotonin receptor also sup-
ports this effect (Parsey et al., 2002). Another component of
the limbic system, the amygdala, manages the fear response
and processing of facial emotional expressions (Burke
et al., 2011). Reports show that lower amygdala volumes
are associated with a longer disease duration (Zavorotnyy
et al., 2018) and predict anxiety symptoms (Hu et al., 2020).
The fact that depressed women experience higher symptom
severity and higher lifetime anxiety disorders (Eid et al.,
2019; Schuch et al., 2014) might explain a smaller amyg-
dala in female depression than in healthy ones. Regarding
its gray matter volumes changes, stress might be involved,
as a study showed that mindfulness-based stress reductions
decrease right basolateral amygdala gray matter density
(Holzel et al., 2010).

The DTI and fMRI studies reflected gender differences in
the cingulum. An example is the active subcallosal cingulate
gyrus. Notably, the higher activity of this gyrus is associ-
ated with negative emotional processing in a depression
setting (Laxton et al., 2013). This higher activity reduces
after depression treatment interventions, such as deep brain
stimulation, anti-depressants, cingulotomy, electroconvul-
sive therapy, and repetitive transcranial magnetic stimulation
(Hamani et al., 2011). Another gender disparity example
was parahippocampal cingulum. More research needs to be
conducted on this association, as hippocampal pathways
play significant roles in reward processing (Bracht et al.,
2015). Recent research on neuroimaging of the two sexes
has revealed that diffusion findings could predict suscep-
tibility to depressive symptoms across adolescence during
the COVID-19 pandemic: females show lower fiber density
and cross-section (FDC) of the cingulum than males, which
leads to higher chances of depressive symptoms, lower resil-
ience, and more stress (Chahal et al., 2022b).

The two hemispheres connector, the corpus callosum
(cc), has also shown disparities in included volumetric and
microstructural studies. Nevertheless, there is evidence of
similar cc volumes in depressed and healthy subjects (Piras
et al., 2021) and that only familial MDD is associated with
cc thinning (Lacerda et al., 2005). However, there might
be underlying physiological mechanisms of hormones for
the latter sex difference. Low estrogen levels could lead
to mood disturbances, and besides, estradiol is reported to
regulate interhemispheric communication in women (Weis
et al., 2008). Another reported dissimilarity was the cor-
pus callosum genu. In MDD subjects, lower FA of some cc
regions is associated with a longer illness duration. These
regions include premotor and supplementary motor cortices
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along with parietal, temporal, and occipital cortices (Zhao
et al., 2021). Moreover, a related study suggested epigenetic
changes during the cc microstructural changes in depression.
They reported higher DNA methylation of the serotonin
transporter gene and lower FA of the cc body were signifi-
cantly correlated (Won et al., 2016). Note that the serotonin
transporter gene (SLC6A4) reuptakes serotonin molecules,
and the disturbed serotonergic system has been reported as a
key factor in depression etiology (El-Mallakh & Ali, 2019).

Finally, a variety of brain fasciculi have also shown sex
or gender dissimilarities in white matter studies. In males,
it was the FOF and SLF, and in females, it was the left unci-
nate fasciculus (UF) that reflected sex differences. Notably,
the onset time might affect the microstructure of FOF, as
only late-onset MDD patients have shown decreased FA in
the white matter (WM) of the FOF, with an inverse correla-
tion with the severity of the disease (Cheng et al., 2014).
Regarding the SLF, a study has shown that its FA degree
values negatively correlate with depression severity, and the
right SLF FA values associate with illness duration (Lai &
Wu, 2014). Meanwhile, a report shows that lower FA in
the left UF correlates with higher anhedonia scores, not the
total depression scores (Fernandes et al., 2021). Anhedonia,
meaning the inability to feel pleasure from pleasurable expe-
riences, is reported to be comparable in the two sexes (Rueda
2019). However, there are reports that females experience
seasonal variations of anhedonia in contrast to males, with
peaks in the winter (Lyall et al., 2018).

As demonstrated in the results, there was heterogeneity
among the reports of included studies. A potential factor
leading to the results' heterogeneity could be the different
definitions of sex and gender among the included stud-
ies. The term "sex" refers to the biological dissimilarities
between males and females, while "gender" indicates a sub-
jective sexual identity, masculine or feminine (Reale et al.,
2021). Some of the included studies have used these terms
interchangeably (Cyprien et al., 2014; Furtado et al., 2008;
Hastings et al., 2004; Kronmiiller et al., 2009). Most studies
do not define the terms in their methodology. There were
inconsistent reports of the same regions in studies using the
terms “sex” and “gender”. For example, as explained in the
DTI results section, the study by Ho et al. showed no sex-
specific changes in the FA of the genu of the corpus cal-
lusum (Ho et al., 2021a), while Lyon et al. reported gender
differences in this region (Lyon et al., 2019).

One limitation is worth noting. Our study systematically
searched all available relevant articles on sMRI, DTI, and
fMRI investigations; however, we found no specific brain
region showing alterations in all three of these imaging
tools. The most frequently repeated regions with significant
changes include limbic areas like the amygdala and hip-
pocampus (mentioned in DTI and sMRI studies) and cin-
gulum (in DTI and fMRI papers) as we have discussed in

@ Springer

previous paragraphs. This heterogeneity might result from
different regions of interest, various methodologies, and the
diverse nature of these modalities and the comorbidities of
the subjects. Such differences include studies of the whole
brain vs. specific brain areas, GM vs. WM, volume vs. den-
sity assessments, and activation vs. resting-state connectiv-
ity investigations. Moreover, DTI measures the diffusion of
water molecules, making it more suitable for WM explora-
tions along tracts, in contrast to fMRI and sMRI modali-
ties which interrogate the gray matter (Ghazi Sherbaf et al.,
2019).

We did not include results from other reviews or meta-
analyses in the present systematic review. However, the com-
parison between our findings and well-known meta-analyses
might shed light on the precise differences in depression
of the two sexes. The Enhancing Neuro Imaging Genetics
through Meta-Analysis (ENIGMA) consortium is an interna-
tional collaborative group that currently includes 40 research
samples from 14 different countries globally (Institute
UMaMSNal, 2023). In an sMRI study, the ENIGMA MDD
working group assessed subcortical brain alterations in 1728
MDD cases and 7199 normal controls from 15 cohorts. They
observed no significant diagnosis-by-sex interaction effects
in the subcortical GM of subjects (Schmaal et al., 2016).
Similarly, they found no significant impact of sex when
assessing structural cortical abnormalities of 2148 MDD
patients and 7957 normal controls from 20 research sites
(Schmaal et al., 2017b). They also performed a DTI-based
analysis of 1305 MDD cases and 1602 HCs from 20 sam-
ples. These results revealed a significant diagnosis-by-sex
interaction; male adolescent patients (age <21) had higher
uncinate fasciculus radial diffusivity than adolescent male
controls, and this interaction was absent in females (Velzen
et al., 2020). In our review, uncinate fasciculus alterations
mainly reflected differences between females with and with-
out depression. We did find sex differences in the composite
of sSMRI studies that we reviewed.

Of the underlying mechanisms of depression, the con-
tribution of sex hormones to female and male differences
remains to be discussed. As previously explained, the inci-
dence rates of depression are similar in the sexes before
puberty, and the gender gap starts afterward (Wesselhoeft
et al., 2015). According to a systematic review by Mors-
sinkhof et al., sex hormones, including estradiol, proges-
terone, luteinizing hormone (LH), and follicle-stimulating
hormone (FSH), do not seem to have different absolute lev-
els in depressed subjects and healthy controls (Morssink-
hof et al., 2020). Previous reports have demonstrated asso-
ciations between sex hormones and neuroimaging findings.
For example, the GM volumes of the supplementary motor
area, inferior frontal gyrus, and superior temporal gyrus
are positively correlated with serum levels of estradiol in
healthy post- and pre-menopause women (Kim et al., 2018),
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and there have been reports of associations between higher
midlife testosterone levels and larger hemispheric, frontal,
and parietal regional brain volumes and with smaller left
occipital brain volume (Lessov-Schlaggar et al., 2005).

As most studies have reported comparable levels of sex
hormones in healthy and depressed people (Morssinkhof
et al., 2020), it is unlikely that brain alterations in depres-
sion are directly related to sex hormones. However, the sex
hormones may still play a role in depression. For example,
post-partum depression affects 7-20% of women following
delivery, and there are reports that prophylactically admin-
istering conjugated estrogen after delivery can prevent its
symptoms (Schiller et al., 2015). This response of patients
may suggest the role of estrogen/progesterone withdrawal
in depression development (Schiller et al., 2015). Similar
hormonal withdrawal happens in the menopause transition in
older age, and various studies have indicated the short-term
efficacy of estradiol in depressed perimenopausal women
(Schmidt & Rubinow, 2009). However, further studies are
needed to unravel the interactions between sex hormones
and brain alterations in these depressed people.

The findings of our systematic review should be inter-
preted in light of some limitations. First, we only included
case—control and cohort studies, and therefore, clinical trials,
case reports, narrative reviews, and systematic reviews were
excluded. We could not also add all the eligible demographic
and patient characteristic data, as these specifics of some
studies were not available. Moreover, the included studies
themselves had varying degrees of different biases, which
could have affected the power of our systematic review. Con-
cerning the sample of studies, some studies had recruited a
small sample size, and not all of them matched participants
for potential confounding variables. The onset of the disease,
the response to treatment, and history of anti-depressants use
might also affect the neuroimaging results, which differed in
the included studies.

Another significant limitation of our study was the het-
erogeneity of study samples regarding the age of patients.
Studies have repeatedly reported that depression often
emerges during adolescence (Ho et al., 2021b) and that
depression symptoms of adolescent and adult patients dif-
fer (e.g., adults experience more anhedonia, while appetite
and weight change, loss of energy, and insomnia are more
common in adolescents) (Rice et al., 2019). These differ-
ences in epidemiology and clinical manifestations might
have affected the results of our study. Moreover, the diag-
nosis of patients in studies varied, as some assessed MDD
subjects of all ages and status of treatment, while others only
assessed treatment-resistant or early/late-onset depression.
Finally, the imaging methodology and precision play a role
in the final results; for example, not all studies assessed the
whole-brain alterations.

In conclusion, our study provides information on the cur-
rent literature regarding the neuroimaging findings of sex
differences in depression. These findings should be inter-
preted alongside the differences in phenotype and clinical
manifestations of the disease so that a better understanding
of male and female depression emerges. In order to achieve
more reliable results, further studies should be conducted
with larger sample sizes and homogenous imaging meth-
odologies considering the depression onset, age, treatment
status, and treatment response of the participants. Moreover,
future studies would better consider and define gender and
biological sex in their investigations, since not all people
with the same sex present the same subjective sexual identity
and social behaviors. Treating gender as a continuous vari-
able rather than a categorical dichotomous one, as suggested
by previous neuropsychiatric researchers (Reilly, 2019), may
be a useful research practice in this regard.
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