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Background: Major depressive disorder (MDD) is a serious mood disorder and leading cause of disability. Despite

treatment advances, approximately 30% of individuals with MDD do not achieve adequate clinical response. Bet-

ter understanding the biological mechanism(s) underlying clinical response to specific psychopharmacological

interventions may help fine tune treatments in order to further modulate their underlying mechanisms of action.

However, little is known regarding the effect of non-pharmacological treatments (NPTs) on candidate molecular

biomarker levels in MDD. This review aims to identify molecular biomarkers that may elucidate NPT response for

MDD.

Methods: We performed a systematic review and a multilevel linear mixed-effects meta-analyses, and a meta-

regression. Searches were performed in PubMed, Scopus, and PsycINFO in October 2020 and July 2021.

Results: From 1387 retrieved articles, 17 and six studies were included in the systematic review and meta-analy-

ses, respectively. Although there was little consensus associating molecular biomarker levels with symptomology

and/or treatment response, brain metabolites accessed via molecular biomarker-focused neuroimaging techni-

ques may provide promising information on whether an individual with MDD would respond positively to NPTs.

Furthermore, non-invasive brain stimulation interventions significantly increased the expression of neurotrophic

factors (NTFs) compared to sham/placebo, regardless of add-on pharmacological treatment.

Conclusions: NTFs are candidate biomarkers to fine-tune NIBS for MDD treatment.
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TaggedH1Introduction TaggedEnd

TaggedPMajor depressive disorder (MDD) is a prevalent mood disorder and

one of the leading causes of disability-adjusted life-years worldwide

(Diseases & Injuries, 2020). Associated with elevated treatment resis-

tance and recurrence rates, MDD has been linked to poorer quality of

life, comorbidity with chronic medical diseases, increased medical costs,

as well as a heightened risk of suicide (Dong et al., 2019; Gold et al.,

2020; Johnston et al., 2019). As such, MDD is considered a serious pub-

lic health issue (Diseases& Injuries, 2020). TaggedEnd

TaggedPCurrent MDD treatment selection relies mainly on symptom exami-

nation. First-line standard of care includes pharmacotherapy and/or

non-pharmacological treatment (NPT), especially cognitive behavioral

therapy (CBT) or interpersonal therapy (IPT) (Guidi & Fava, 2021; Ken-

nedy et al., 2016; Parikh et al., 2016; Park & Zarate, 2019). Second-line

treatment involves switching or augmentation of these interventions

based on initial patient response (Kennedy et al., 2016; Parikh et al.,

2016; Park & Zarate, 2019). Non-invasive brain stimulation (NIBS)

treatments such as transcranial direct current stimulation (tDCS) and

transcranial magnetic stimulation (TMS) have also been turned to in

TaggedEnd * Corresponding authors.

E-mail addresses: jorgel@upt.pt (J. Leite), sandrarc@ua.pt (S. Carvalho).

$ Shared first authorship
# Authors share the last authorship

https://doi.org/10.1016/j.ijchp.2023.100367

Received 24 March 2022; Accepted 9 January 2023

Available online 24 January 2023

1697-2600/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/)

TaggedEndInternational Journal of Clinical and Health Psychology 23 (2023) 100367

TaggedFigure TaggedEnd

Contents lists available at ScienceDirect

International Journal of Clinical and Health Psychology

journal homepage: www.elsevier.es/ijchp

TaggedFigure TaggedEnd

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijchp.2023.100367&domain=pdf
mailto:jorgel@upt.pt
mailto:sandrarc@ua.pt
https://doi.org/10.1016/j.ijchp.2023.100367
https://doi.org/10.1016/j.ijchp.2023.100367
http://www.ScienceDirect.com
http://www.elsevier.es/ijchp


TaggedEndTaggedPrecent years due to evidence of their ability to modulate cortical activity

(Mutz et al., 2018; Nitsche et al., 2009; Zugliani et al., 2021). Pharmaco-

logical, psychotherapeutic, and NIBS interventions have been shown to

be effective on their own in some capacity to treat MDD (Butler et al.,

2006; Cipriani et al., 2018; Cuijpers et al., 2008; Fournier et al., 2010;

Mutz et al., 2018; Nitsche et al., 2009; Zugliani et al., 2021), but not

without their own limitations (e.g., treatment resistance, side effects,

accessibility, and cost barriers) (Kennedy et al., 2016; Milev et al., 2016;

Parikh et al., 2016; Park& Zarate, 2019). Despite the number of putative

treatment options available, approximately 30% of individuals with

MDD do not show significant symptom remission after successive treat-

ment attempts (Rush et al., 2006). To address this barrier, researchers

have begun profiling a diverse array of biological markers, or bio-

markers, in order to study biological mechanisms underlying the hetero-

geneity of MDD and variable treatment responses. TaggedEnd

TaggedPBiomarkers are beneficial to clinicians as they provide objective and

externally measured information pertaining to diagnosis, disease prog-

ress, prognosis, and/or the outcome of a therapeutic intervention (e.g.,

benefit/harm or lack of benefit/harm) preceding the intervention itself

(Gadad et al., 2018). However, there are no validated biomarkers for

MDD, which hinders clinicians’ ability to offer affected individuals pre-

cise and personalized medicine that could optimize symptom remission

and increase response rate while simultaneously minimizing the likeli-

hood of harmful side effects. Nevertheless, several molecular biomarkers

involved in neurobiological mechanisms theorized to play a role in MDD

pathogenesis (e.g., neurotrophic factors (NTFs; e.g., brain derived neuro-

trophic factor (BDNF)(Bruijniks et al., 2020), glial cell line-derived neu-

rotrophic factor (GDNF)); inflammatory markers (e.g., C-reactive

protein (CRP); tumor necrosis factor alpha (TNF-α); and hormones (e.g.,

cortisol)) have been included in randomized controlled trials (RCTs) in

order to assess their influence on MDD symptomatology over the course

of treatment (Bruijniks et al., 2020). However, many of these studies are

heterogeneous in terms of sample size, treatment type, biomarker detec-

tion technique, and participant characteristics. By limiting the scope to

non-pharmacological treatments (NPTs), insight may be gained so as

how to fine-tune or personalize these interventions for maximal clinical

benefit. While recent studies and systematic reviews have investigated

molecular biomarkers in predicting MDD treatment response (e.g., Cris-

tea et al., 2019; Gadad et al., 2018; Kennis et al., 2020; Liu et al., 2020),

to our knowledge no study has directly compared these biomarkers

exclusively across NPT classes. Therefore, the aim of this systematic

review and meta-analysis was to provide evidence on candidate molecu-

lar biomarkers that may be related to the NPT response in individuals

with MDD. We explicitly focus on studies that investigated the effects of

NPTs, namely CBT, transcranial electrical stimulation (e.g., tDCS, rhyth-

mic alpha (RAS), rhythmic delta (RDS) stimulation, theta burst stimula-

tion (TBS)), as well as TMS treatments, on the reduction of

symptomatology in individuals with MDD.TaggedEnd

TaggedH1Materials and methods TaggedEnd

TaggedH2Search strategy TaggedEnd

TaggedPThis systematic review and meta-analysis was conducted according

to the guidelines outlined by the Preferred Reporting Items for System-

atic Reviews and Meta-analyses (PRISMA) statement (Page et al., 2021).

The initial article search was conducted in October 2020, and updated

in July 2021, within three databases (PubMed, Scopus, and PsycINFO). TaggedEnd

TaggedPThe search was performed using the following keywords: “Major

depressive disorder”, “MDD”, “major depression”, “depressed”,

“depressive”, “biomarkers”, “blood”, “fecal”, “microbio*”, “MRS”,

“magnetic resonance spectroscopy”, “immun*”, “hormon*”, “metabolic*”,

“neuroendocrin*”, “neurotransmit*”, “protein*”, “neurotroph*”,

“gastrointestin*”, “proteom*”, “plasma”, “biomarker*”, “marker*”,

“surrogate*”, “serum”, “saliva”, “urine”, “cerebrospinal”, “PET”, “ELISA”,

“positron emission”, “cognitive behavioral therapy”, “CBT”, “cognitive

TaggedEndTaggedPbehav*”, “transcranial direct current stimulation*”, “transcranial magnetic

stimulation*”, “tDCS”, and “TMS”, with “*”accounting for terms with alter-

native endings. A full description of the search strategy is presented in the

Supplementary Material (SM).TaggedEnd

TaggedH2Inclusion and exclusion criteria TaggedEnd

TaggedPPeer-reviewed, since first date available, English-language parallel

RCTs meeting the following criteria were considered for inclusion: [1]

Included adult participants (≥ 18 years of age) with at least group hav-

ing MDD as a main diagnosis (as defined by recognized diagnostic crite-

ria, such as the Diagnostic and Statistical Manual for Mental Disorders

(DSM)); [2] Participants were required to be taking no or stable medica-

tion preceding the start of NPT; [3] Conducted repetitive (≥ 5) NPT ses-

sions, such as CBT, transcranial electrical stimulation (e.g., tDCS, RAS,

RDS, TBS), or TMS interventions. CBT therapy could be offered in any

format (e.g., in-person, online, in groups, etc.), so long as a certified psy-

chologist or psychiatrist was leading the treatments). Control treatments

included any other intervention or comparator group arm of the RCT.;

[4] Reported molecular biomarker data (i.e., detected via blood, saliva,

urine, molecular biomarker-focused neuroimaging methods, etc.) col-

lected both pre- and post-treatment. TaggedEnd

TaggedPThe following study exclusion criteria were applied: [1] Participants

disclosed to: (a) have a past or present systemic disease/disorder (e.g.,

diabetes, cardiovascular disease) that was the focus of the study, (b)

were pregnant, (c) had suffered a brain injury, (d) were a member of a

risk group that was the focus of the study; [2] Participant groups diag-

nosed with a personality disorder; [3] Participants reported to be depen-

dent on or abusing alcohol and/or illicit drugs; [4] Studies conducting

treatment combinations on the same participant(s) (e.g., TMS and then

CBT) if the data from a control group (i.e., group that only received one

treatment) was not reported; [5] Studies that assessed biomarker data

using other methodologies not directly measuring the levels of a specific

molecular biomarker (e.g., fMRI, EEG); and [6] Studies that exclusively

reported genetic markers (e.g., polymorphism profile). TaggedEnd

TaggedH2Quality assessment of included studies TaggedEnd

TaggedPTwo authors (CI and PC) screened the titles and abstracts of articles

retrieved from the primary search independently against inclusion and

exclusion criteria. The full text of qualifying articles was then assessed

against the same standard. Any discrepancies were resolved first through

discussion amongst themselves, and if a consensus could still not be

reached, by conferring with other group members (SC, JL, BS and ASF).

The methodological quality of selected RCTs was conducted indepen-

dently by two authors (BS and ASF) using the Jadad scale (Jadad et al.,

1996). Inter-rater agreement, as determined by Cohen’s Kappa coefficient

(McHugh, 2012), was verified at each stage prior to resolving disagree-

ments. TaggedEnd

TaggedH2Data extraction TaggedEnd

TaggedPThe following data was extracted from each study: study groups (i.e.,

type(s) of intervention and control), percentage of female participants,

mean age, description of MDD diagnosis, drug status relating to MDD

treatment (i.e., drug-naive, stable medication, tapered medication),

treatment duration and frequency, number/duration of sessions, symp-

tomatology assessment and biomarker collection timepoints, main

depressive symptomatology assessment (e.g., MADRS), symptom sever-

ity change over the trial, and all reported biomarker level data assessed

within a treatment arm (e.g., biomarker levels pre- to post- tDCS) and

between different treatment arms (e.g., biomarker levels pre- to post-

tDCS vs. pre- to post-CBT). Significant effects were defined as having a

p-value less than or equal to 0.05. TaggedEnd

2

TaggedEndC.L. Irwin et al. International Journal of Clinical and Health Psychology 23 (2023) 100367



TaggedH2Mixed-effects meta-analysis TaggedEnd

TaggedPTo investigate the magnitude of the effect of NIBS on the change of

biomarker levels when compared to sham/placebo conditions and other

interventions, the standardized mean difference of the magnitude of bio-

marker change (i.e., endpoint level minus baseline level) was considered

as a dependent variable using the maximum likelihood estimator

method, where the standard deviation (SD) of the mean difference was

estimated as the average of the SD at baseline and follow-up measure-

ments. Due to the small number of studies (n) that measured the same

biomarker, four independent meta-analyses were performed according

to the following biological clusters: all interleukins (IL-10; IL-12p40; IL-

17α; IL-1β; IL-2; IL-4; IL-5; IL-6), pro-inflammatory interleukins (IL-

12p40; IL-17α; IL-6) (Dinarello, 1997), anti-inflammatory interleukins

(IL-10; IL-4) (Dinarello, 1997), and NTFs (BDNF; GDNF; NGF; NT-3; NT-

4) (Huang & Reichardt, 2001). As BDNF and IL-6 data were reported in

multiple studies (n ≥ 3), two additional independent meta-analyses

were performed specifically for them. A trial-specific sampling identifi-

cation (ID) was included as a random effect in all models to account for

between-RCT methodological heterogeneity. Additionally, a random

effect was included for biomarker type. TaggedEnd

TaggedPModels first investigated the magnitude of NIBS effect size whether

or not combined with (+/-) additional treatment when compared to (a)

sham conditions +/- placebo treatments, then (b) compared to other

interventions (e.g., pharmacotherapy, psychotherapy, etc.). To deter-

mine whether the magnitude of the effect of the target intervention

group (i.e., NIBS) remained significant independent of additional treat-

ment, heterogeneity was measured by both Cochran’s Q and I-squared,

and a meta-regression was further performed as an augmentation strat-

egy by considering the additional treatment as a dichotomous variable.

In the case of independent intervention groups contributing to multiple

different effect sizes (e.g., tDCS +/- psychopharmacological treatment

compared to sham tDCS + placebo), the sample size of the shared con-

trol group was divided by the number of comparisons (k) with indepen-

dent intervention groups from the same study to avoid an overweighting

of the effect sizes (Higgins et al., 2019). Small study bias and influential

cases were investigated by examining the standardized residual for each

study and checking for outliers (Biernacki et al., 2016; Viechtbauer &

Cheung, 2010). All analyses were performed using the package

“metafor” (version 2.0�0) from the open-source statistical software R

(version 3.4.3) (Team, 2021; Viechtbauer, 2010). TaggedEnd

TaggedH1Results TaggedEnd

TaggedH2Study characteristics TaggedEnd

TaggedPThe initial search yielded 2146 studies, of which 1260 unique studies

were subsequently screened by title and abstract against inclusion and

exclusion criteria (Fig. 1). After full-text screening of 62 studies, 17 and

six eligible studies were included in the systematic review and meta-

analyses, respectively. Upon rerunning a top-up search in July 2021, no

new studies were added to either the qualitative or quantitative synthe-

ses. Cohen’s Kappa coefficient (McHugh, 2012) was 0.957 (K = 95.7%)

and 0.824 (K= 82.4%) for the full-text classification and Jadadmethod-

ological assessment, respectively (Table 1). TaggedEnd

TaggedPAmong the 17 studies included in the systematic review, 906 total

participants were nested either among intervention (n= 463) or control

(n = 443) study groups (Table 1). The average number of participants

included in each RCT was 64.7 (42.0% female participants, 58.0% male

participants), with a mean age of 36.1 (range: 24.2�48.5). Intervention

groups varied across NPT classes, namely CBT (n = 6), tDCS (n = 6),

TMS (n = 2), TBS (n = 2), RAS (n = 1) and RDS (n = 1), alone or in

combination with add-on treatment or sham/placebo. Control groups

encompassed interpersonal psychotherapy (IPT, n= 1), supportive peri-

odontal therapy (SPT, n = 1), narrative cognitive therapy (NCT, n = 1),

exclusive pharmacotherapy (n = 2), pharmacotherapy plus minimal

TaggedEndTaggedPsupportive therapy (MST, n=1), treatment as usual (TAU, n=1), phar-

macotherapy plus sham (n = 6), as well as placebo plus sham (n = 5).

To note, the duration, frequency, number of sessions, and treatment pro-

tocols were heterogeneous across study groups, even between similar

intervention types (Supplementary Table 1). TaggedEnd

TaggedPAll studies reported clinical assessments of MDD symptoms, at least

at baseline and endpoint. All NPTs, excluding iTBS in Zavorotnyy et al.

(2020), were shown to reduce depressive symptoms compared to control

interventions (Table 2). Combined CBT plus pharmacotherapy was

shown to be the most effective psychological-based NPT in alleviating

symptoms. Isolated CBT was also more effective compared to IPT, SPT,

NCT, or TAU, however less successful than pharmacotherapy. Among

NIBS interventions, tDCS combined with pharmacotherapy was associ-

ated with the strongest reduction in MDD severity. TaggedEnd

TaggedPBiomarkers of various biological classes were assessed within and

between different treatment arms, namely studies investigating neuro-

trophic factors and/or neurotrophins (n = 6), inflammatory markers (i.

e., cytokines, cytokine receptors, C-reactive protein) (n = 6), hormones

(n = 2), radiolabeled metabolism markers (n = 1), and other neuronal

markers (n = 3) (Table 3). These biomarkers were sourced from various

mediums including serum (n = 4), blood (n = 1), urine (n = 1), saliva

(n = 1), plasma (n = 6), positive emission tomography (PET; n = 1),

and 1H magnetic resonance spectroscopy (1H-MRS; n= 3). TaggedEnd

TaggedFigure

Fig. 1. PRISMA flowchart depicting study selection. Note. PRISMA flowchart dem-

onstrating study inclusion process in the present systematic review and meta-

analysis. TaggedEnd
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TaggedEnd Table 1

Study characteristics of included studies.

ID Authors (year) Study groups (N) % Female participants Mean age (SD) Drug status Diagnosis JADAD

1 Bruijniks et al. (2020)

(48)

CBT 1x weekly (15) 60 38.93 (14.45) None or stable use (≤3

months) preceding/

during trial

MDD or persistent

depressive disorder

3

CBT 2x weekly (20) 65 41.70 (10.13)

IPT 1x weekly (19) 57.9 40.21 (12.63)

IPT 2x weekly (19) 63.2 41.26 (14.75)

2 Li et al. (2018) (26) CBT (20) 50 27.3 (8.9) Drug-naïve MDD 2

SPT (20) 50 26.3 (9.2)

3 Moreira et al. (2015) (49) CBT (28) 75 24.46 (±3.61) None Depressive disorder 4

NCT (38) 81.6 23.89 (±3.18)

4 Tollefson et al. (1990)

(47)

CBT + Imipramine (12) 76.6 33.64 (±10.36) None influencing HPA

besides in intervention

groups

Nonpsychotic definite

major depressive disor-

der (unipolar

recurrent)

1

CBT (12)

Imipramine (11)

MST + Imipramine (12)

5 Rahman et al. (2018)

(28)

Internet CBT (56) 76.8 Median: 49 (IQR: 21) None or stable use

before/during trial

Mild to moderate

depression

2

TAU (27) 77.8 Median: 48 (IQR: 21)

6 Konarski et al. (2009)

(46)

CBT (12) 58.3 Nonresponders: 26.2

(6.1)

Responders: 32.7

(11.4)

None or stable use ≥2�4

weeks preceding trial

MDD 2

Venlafaxine (12) 58.3 Nonresponders: 37.8

(12.0)

Responders: 40.1 (8.6)

7 y Brunoni et al. (2014a)z

(27)

tDCS + Sertraline (21) 85 41 (13) None or stable use (≥5

half-life washout) pre-

ceding trial, excluding

benzodiazepines

Unipolar depressive dis-

order (without psy-

chotic features,

currently experiencing

an acute depressive

episode)

5

tDCS + Placebo (15) 66 41 (12)

Sham tDCS + Sertraline

(18)

61 41 (1)

Sham tDCS + Placebo

(19)

63 50 (12)

8 y Brunoni et al. (2014b)z

(38)

tDCS + Sertraline (21) 85 41 (13) None or stable use (≥5

half-life washout) pre-

ceding trial, excluding

benzodiazepines

Unipolar depressive dis-

order (without psy-

chotic features,

currently experiencing

an acute depressive

episode)

5

tDCS + Placebo (15) 66 41 (12)

Sham tDCS + Sertraline

(18)

61 41 (1)

Sham tDCS + Placebo

(19)

63 50 (12)

9 Brunoni et al. (2015a)z

(37)

tDCS + Sertraline (21) 85 41 (13) None or stable use (≥5

half-life washout) pre-

ceding trial, excluding

benzodiazepines

Unipolar depressive dis-

order (without psy-

chotic features,

currently experiencing

an acute depressive

episode)

5

tDCS + Placebo (15) 66 41 (12)

Sham tDCS + Sertraline

(18)

61 41 (1)

Sham tDCS + Placebo

(19)

63 50 (12)

10 y Brunoni et al. (2015b)z

(54)

tDCS + Sertraline (21) 85 41 (13) None or stable use (≥5

half-life washout) pre-

ceding trial, excluding

benzodiazepines

Unipolar depressive dis-

order (without psy-

chotic features,

currently experiencing

an acute depressive

episode)

5

tDCS + Placebo (15) 66 41 (12)

Sham tDCS + Sertraline

(18)

61 41 (1)

Sham tDCS + Placebo

(19)

63 50 (12)

11 y Brunoni et al. (2018) (25) tDCS + Placebo (91) 67.8 44.6 (11.9) Drug-naïve or stable use

(≥3�5 weeks) preced-

ing trial, excluding

benzodiazepines

(≤20 mg/day diaze-

pam equivalent)

Unipolar depressive dis-

order (without psy-

chotic features,

currently experiencing

an acute depressive

episode)

5

Sham

tDCS + Escitalopram

(87)

67.1 42.1 (12.5)

Sham tDCS + Placebo

(58)

67.2 41.1 (12.9)

12 Pavlova et al. (2018) (50) 30 min tDCS + Sertraline

(27)

63.0 37.0 (8.8) None or stable use (≥5

weeks) preceding trial,

excluding benzodiaze-

pines, antipsychotics,

and mood stabilizers

Mild to moderate

depression

3

20 min tDCS + Sertraline

(21)

81.0 36.0 (10.8)

Sham tDCS (20) 75.0 40.1 (12.2)

13 Zheng et al. (2010) (52) rTMS (19) 36.8 26.9 (6.2) Stable escitalopram use

(10 mg/day) ≥2 weeks

preceding trial and

onward

Major depressive episode 4

Sham rTMS (15) 33.3 26.7 (4.3)

14 Zheng et al. (2015) (51) rTMS (18) 33.3 26.9 (6.4) Stable escitalopram use

(10 mg/day) ≥2 weeks

preceding trial and

onward

Major depressive episode 5

Sham rTMS (14) 35.7 26.9 (4.3)

15 y Chou et al. (2020) (53) TBS (27) 55.6 43.6 (16.6) None or stable antide-

pressant, antipsychotic,

anticonvulsant use (≥2

weeks) preceding trial;

limited use (4 mg/day

lorazepam equivalent)

of sedatives, hypnotics,

anxiolytics

MDD 5

Sham TBS (26) 65.4 42.3 (11.1)

(continued)

4
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Table 1 (Continued)

ID Authors (year) Study groups (N) % Female participants Mean age (SD) Drug status Diagnosis JADAD

16 Zavorotnyy et al. (2020)

(44)

iTBS (27) 48.1 40.3 (12.1) None or stable benzodia-

zepines and anticon-

vulsants (washout

within 3 half-lives)

Mild unipolar MDD 4

Sham iTBS (28) 57.1 45.6 (12.9)

17 y Xiao et al. (2019) (45) RAS (11) 45.5 32.8 (13.1) None ≥5 days preceding

trial (no fluoxetine dur-

ing current episode or

long-term psychotropic

treatment within 6

months); ≥7-day psy-

chotropic medication

washout; non-benzodi-

azepine hypnotics per-

mitted ≤7 consecutive

days

MDD 5

RDS (11) 81.8 35.6 (11.3)

Note. y, studies included in meta-analysis; z, studies from same RCT; CBT, cognitive behavior therapy; tDCS, transcranial direct current stimulation; rTMS, repeti-

tive transcranial magnetic stimulation; IPT, interpersonal psychotherapy; SPT, supportive psychotherapy; NCT, narrative cognitive therapy; MST, minimal sup-

portive therapy; TAU, treatment as usual; TBS, theta burst stimulation; iTBS, intermittent theta burst stimulation; RAS, rhythmic alpha stimulation; RDS,

rhythmic delta stimulation.

TaggedEnd Table 2

General clinical findings of included studies.

ID Study groups Symptom assessment timepoints Main depressive symptomatology

assessment tool

Clinical assessment

1 CBT 1x weekly Baseline, before session 1, week 2,

months 1, 2, 3, 4, 5 and endpoint (6

months)

BDI-II

(response: ≤47%)

Twice weekly sessions significantly

improved depressive symptom out-

comes compared to weekly sessions

for CBT and IPT (24).

CBT 2x weekly

IPT 1x weekly

IPT 2x weekly

2 CBT Baseline, endpoint (16�18 weeks) HAM-D HAM-D scores did not indicate a sig-

nificant main effect of group (CBT

vs. SPT), but there was a significant

main effect pre- vs post-CBT. Post

treatment, the CBT group had signif-

icantly lower HAM-D scores com-

pared to the SPT group.

SPT

3 CBT Baseline, endpoint (7 weeks) HDRS Reduction of depressive symptomatol-

ogy from baseline to post-interven-

tion in NCT and CBT groups. CBT

revealed to be more effective

regarding the remission of depres-

sive symptoms compared with NCT.

NCT

4 CBT + Imipramine Baseline, midpoint (week 6), endpoint

(12 weeks)

HAM-D

(remission: ≤7;

(response: 7�12)

All groups experienced significant

improvement.CBT

Imipramine

MST + Imipramine

5 Internet CBT Baseline, endpoint (12 weeks) MADRS

(remission: ≤6)

MDD symptoms improved signifi-

cantly for both treatments. CBT was

revealed to be more effective

regarding the remission of depres-

sive symptoms compared with TAU.

TAU

6 CBT (responders and nonresponders) Baseline, endpoint (16 weeks) HAMD-17

(response: ≤50%)

A minimum reduction of 50% in

HAMD-17 scores were used to clas-

sify responders and non-responders;

In both groups were found respond-

ers participants:

CBT: 7 responders patients / 12 total

of patients

VEN: 9 responders patients / 12

total of patients

Venlafaxine (responders and

nonresponders)

7 tDCS + Sertraline Baseline, endpoint (6 weeks) MADRS

(remission: ≤10)

(response: ≤50%)

The combined active treatments dif-

fered significantly from placebo,

tDCS only and sertraline only

groups.

tDCS only group was significantly

superior to placebo see (10)).

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

8 tDCS + Sertraline Baseline, endpoint (6 weeks) MADRS

(remission: ≤10)

(response: ≤50%)

The combined active treatments dif-

fered significantly from placebo,

tDCS only and sertraline only

groups.

tDCS only group was significantly

superior to placebo (see (10)).

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

(continued)

5

TaggedEndC.L. Irwin et al. International Journal of Clinical and Health Psychology 23 (2023) 100367



TaggedH2Associations between molecular biomarker levels and NPT response TaggedEnd

TaggedPStudies were assessed for associations between changes in biomarker

levels pre- to post-NPT with changes in depressive symptoms, and/or

correlations between baseline levels of a biomarker and NPT response.

Altogether, 13 out of the 17 included studies reported no association

between molecular biomarker levels and NPT outcome, and the four

studies that reported an association stemmed from groups using molecu-

lar biomarker-focused neuroimaging techniques (Konarski et al., 2009;

Zavorotnyy et al., 2020; Zheng et al., 2015, 2010). The three main find-

ings reported by the authors were that the increase of Cho/NAA ratio in

the anterior cingulate cortex was identified as a significant predictor of

attenuation of MDD symptomatology, that the association between

changes in Cho/NAA ratio and changes in the attenuation of MDD symp-

tomatology is mediated by the changes in NAA, and that exclusively in

the iTBS group, an increased of NAA level during the follow-up period

predicted a more noticeable improvement of MDD severity. Altogether,

the authors not only suggested that iTBS might increase neuroplasticity,

thus facilitating normalization of neuronal circuit function, but sug-

gested that metabolic markers of neuronal viability might be modulated

via a possible neurochemical pathway in the anterior cingulate cortex.TaggedEnd

TaggedPNo robust associations were described in studies comparing

peripheral molecular biomarker levels and NPTs, although Bruijniks

et al. (2020) reported that higher baseline serum BDNF levels in indi-

viduals with high working memory were related to lower post-treat-

ment depression severity. Furthermore, Tollefson et al. (1990) found

that the magnitude of dehydroepiandrosterone sulfate (DHEA-S)

change in urine was significantly related to a reduction in depression

severity, however this was contingent on pharmacotherapy add-on

treatment. TaggedEnd

TaggedH2NTFs are candidate molecular biomarkers for NIBS treatment TaggedEnd

TaggedPThe magnitude of the effect of NIBS on changes in molecular bio-

marker levels was assessed in six studies (n= 6; Table 1) across 69 com-

parisons (k = 69): all interleukins (n = 3, k = 22), pro-inflammatory

interleukins (n = 3, k = 11), anti-inflammatory interleukins (n = 3,

k = 6), all NTFs (compared with sham/placebo: n = 3, k = 13; com-

pared with other interventions: n = 4, k = 9), BDNF (n = 3, k = 3),

and IL-6 (n= 3, k= 4) (Table 2). TaggedEnd

TaggedPNIBS interventions +/- additional treatment exclusively increased NTF

expression compared to sham/placebo (SMD = 0.25; 95% CI: 0.06, 0.44;

Table 2 (Continued)

ID Study groups Symptom assessment timepoints Main depressive symptomatology

assessment tool

Clinical assessment

9 tDCS + Sertraline Baseline, endpoint (6 weeks) MADRS

(remission: ≤10)

(response: ≤50%)

The combined active treatments dif-

fered significantly from placebo,

tDCS only and sertraline only

groups.

tDCS only group was significantly

superior to placebo (see (10)).

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

10 tDCS + Sertraline Baseline, endpoint (6 weeks) MADRS

(remission: ≤10)

(response: ≤50%)

The combined active treatments dif-

fered significantly from placebo,

tDCS only and sertraline only

groups.

tDCS only group was significantly

superior to placebo (see (10)).

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

11 tDCS + Placebo Baseline, midpoint (week 3), endpoint

(week 10)

HDRS-17

(remission: ≤7)

(response: ≤50%)

MDD symptomatology significantly

decreased across all groups between

baseline and week 3. Between week

3 and week 10, symptomology sig-

nificantly changed according to

study group:

tDCS + Placebo: Reduced symp-

toms

Sham tDCS + Escitalopram:

Reduced symptoms

Sham tDCS + Placebo: Increased

symptoms

Sham tDCS + Escitalopram

Sham tDCS + Placebo

12 30 min tDCS + Sertraline Baseline, endpoint (2 weeks) HDRS

(remission: ≤7)

(response: ≤50%)

Significant difference in remission rate

was observed between 30 min vs.

sham and vs. 20 min groups. No dif-

ference was observed between

20 min tDCS vs. sham groups.

20 min tDCS + Sertraline

Sham tDCS

13 rTMS Baseline, endpoint (4 weeks) HAMD-17

(response: ≤50%)

Significant depression symptom

improvement after active treatment.Sham rTMS

14 rTMS Baseline, endpoint (4 weeks) HAMD-17

(response: ≤50%)

Significant depression symptom

improvement after active treatment.Sham rTMS

15 TBS Baseline, midpoint (weeks 1 and 2),

endpoint (week 3), posttreatment

(weeks 4, 6, 8,12, 16, 20, and 24)

HAMD-21

(response: ≤50%)

Depressive symptoms reduced

between 0 and 4 week that

remained significant at weeks 8,

12,16, 20, and 24.

Sham TBS

16 iTBS Baseline, endpoint (week 4) HRSD-21

BDI

No difference pre- to post-treatment

(BDI and HRSD-21).Sham iTBS

17 RAS Baseline, midpoint (weeks 1, 2, 3, and

4), endpoint (week 6)

HAMD-17

(remission: ≤7)

(response: ≤50%)

Depressive symptoms reduced over

the course of treatment.

No differences in response and

remission between RAS and RDS.

RDS

Note. CBT, cognitive behavior therapy; tDCS, transcranial direct current stimulation; rTMS, repetitive transcranial magnetic stimulation; IPT, interper-

sonal psychotherapy; SPT, supportive psychotherapy; NCT, narrative cognitive therapy; MST, minimal supportive therapy; TAU, treatment as usual; TBS,

theta burst stimulation; iTBS, intermittent theta burst stimulation; RAS, rhythmic alpha stimulation; RDS, rhythmic delta stimulation; BDI-II, Beck Depres-

sion Inventory-II; HAM-D/HAMD/HDRS, Hamilton Depression Rating Scale; MADRS, Montgomery-Asberg Depression Rating Scale.
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TaggedEnd Table 3

Overall molecular biomarker findings of included studies.

ID Study groups Biomarker(s)

(Medium)

Biomarker assessment

time points

Within-arm effect(s)

(↑, ↓, ns, -)

Between-arm effect(s)

(↑, ↓, ns, -)

1 CBT 1x weekly BDNF (Serum) Baseline, endpoint (6 months) ns ns

CBT 2x weekly

IPT 1x weekly

IPT 2x weekly

2 CBT CRP (Blood) Baseline, endpoint (16�18

weeks)

ns �

SPT

3 CBT IL-6; TNF-α (Serum) Baseline, endpoint (7 weeks) IL-6↓; TNF-α↓ �

NCT ns

4 CBT + Imipramine DHEA-S (Urinary 24 h

collection)

Over 2 consecutive days at

baseline and endpoint (12

weeks)

� Dichotomization Pharmaco-

therapy vs CBT (mean

ΔDHEA-S)

↑ CBT

↓ Pharmacotherapy

CBT

Imipramine

MST + Imipramine

5 Internet CBT Cortisol (Saliva) Baseline, endpoint (12 weeks) ns ns

TAU

6 CBT (responders and

nonresponders)

(18)F-fluoro-2-deoxy-D-glu-

cose (PET)

Baseline, endpoint (16 weeks) ↑
DOC,PHG (nonresponders vs.

responders)

↑
VACC (all nonresponders vs.

all responders)

Venlafaxine (responders and

nonresponders)

↓
CER (nonresponders vs.

responders)

7 tDCS + Sertraline IL-2; IL-4; IL-6; IL-10; IL-17α;

IFN-γ; TNF-α (Plasma)

Baseline, endpoint (6 weeks) IL-2↓; IL-4↓; IL-6↓; IL-10↓; IL-

17α↓; IFN-γ↓

�

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

8 tDCS + Sertraline BDNF (Plasma) Baseline, endpoint (6 weeks) ns ns

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

9 tDCS + Sertraline sTNFR1; sTNFR2 (Plasma) Baseline, endpoint (6 weeks) ns ns

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

10 tDCS + Sertraline NT-3; NT-4; NGF; GDNF;

BDNF(ID #8) (Plasma)

Baseline, endpoint (6 weeks) ns ns

tDCS + Placebo

Sham tDCS + Sertraline

Sham tDCS + Placebo

11 tDCS + Placebo IL-12p70; TNF-α; IL-10; IL-6;

IL-8; BDNF; GDNF; NGF; IL-

18; IL-33; sTNFR1; IL-1β;

sTNFR2 (Plasma)

Baseline, midpoint (3 weeks),

endpoint (10 weeks)

IL-12p70↓; IL-10↓; IL-1ß↓; IL-

8↓; sTNFr1↓

ns

Sham tDCS + Escitalopram

Sham tDCS + Placebo

12 30 min tDCS + Sertraline BDNF (Plasma) Baseline, endpoint (2 weeks) BDNF↑ ns

20 min tDCS + Sertraline

Sham tDCS

13 rTMS m-Ino; Cho; Cr; NAA; Glx; m-

Ino/Cr; Cho/Cr; NAA/Cr;

Glx/Cre (1H-MRS)

Baseline, endpoint (4 weeks) m-Ino↑LPFC (from those that

responded to the rTMS

treatment)

�

Sham rTMS ns

14 rTMS NAA; m-Ino; Cho; Cr; Glx; m-

Ino/Cr; Cho/Cr; NAA/Cr;

Glx/Cre (1HMRS)

Baseline, endpoint (4 weeks) NAA↑LACC (responders) �

Sham rTMS ns

15 TBS IL-1β; IL-2; IL-4; IL-5; IL-6; IL-

12p40; IFN-γ; IP-10; CRP

(Serum)

Baseline, endpoint (3 weeks) ns �

Sham TBS CRP↑

16 iTBS NAA; Cho; Cho/NAA; NAA/

Cr; Cho/Cr; Cr (1H-MRS)

Baseline, endpoint (4 weeks) ns ns

Sham iTBS

17 RAS BDNF (Serum) Baseline, midpoint (2 weeks,

4 weeks), endpoint (6

weeks)

BDNF↑ BDNF↑ (Week 2 only, RAS)

BDNF↓ (all responders vs.

all nonresponders at base-

line)

BDNF↑ (all responders vs.

all nonresponders over

time)

RDS BDNF↓ (until week 2) and

after BDNF↑ (between

week 2 and week 6)

Note. CBT, cognitive behavior therapy; tDCS, transcranial direct current stimulation; rTMS, repetitive transcranial magnetic stimulation; IPT, interper-

sonal psychotherapy; SPT, supportive psychotherapy; NCT, narrative cognitive therapy; MST, minimal supportive therapy; TAU, treatment as usual;

TBS, theta burst stimulation; iTBS, intermittent theta burst stimulation; RAS, rhythmic alpha stimulation; RDS, rhythmic delta stimulation; PET, posi-

tive emission tomography; 1H-MRS, magnetic resonance spectroscopy; BDNF, brain-derived neurotrophic factor; CRP, C-reactive protein; TNF-α,

tumor necrosis factor alpha; DHEA-S, dehydroepiandrosterone sulfate; IL, interleukin; IFN-γ, interferon gamma; sTNFR(1�2), soluble tumor necrosis

factor receptor (1�2); NT-3, neurotrophin-3; NT-4, neurotrophin-4; NGF, nerve growth factor; GDNF, glial cell line-derived neurotrophic factor; m-

Ino, myo-inositol; Cho, choline; Cre, creatine; NAA, N-acetylaspartate; Glx, glutamine + glutamate; DOC, dorsal occipital cortex; PHG, parahippocam-

pal gyrus; CER, cerebellum; VACC, ventral anterior cingulate cortex; LPFC, left prefrontal cortex; LACC, left anterior cingulate cortex; ns, not statisti-

cally significant (p>0.05); -, not reported; ↑, increased/elevated; ↓, decreased/lowered.
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TaggedEndTaggedPp = 0.009) (Fig. 2), but not when compared to other intervention arms (e.

g., pharmacotherapy, psychotherapy, etc.) (Table 4). This remained the

case when considering only tDCS and TBS studies. A meta-regression

revealed that this finding remained statistically significant for NIBS inter-

ventions independent of add-on pharmacological treatment (NIBS only:

SMD=0.28; 95% CI: 0.07, 0.50; p=0.009; NIBS + pharmacological treat-

ment: SMD=−0.14; 95% CI:−0.59, 0.30; p=0.527). No significant effects

were found for the nested interleukins (i.e., all interleukins, pro-inflamma-

tory interleukins, and anti-inflammatory interleukins) nor for BDNF or IL-6.

Egger’s regression test for funnel plot asymmetry did not show evidence of

publication bias nor between-study heterogeneity for the reported signifi-

cant finding (Supplementary Fig. 1). Furthermore, no influential cases

were identified for the NTF cluster.TaggedEnd

TaggedH1Discussion TaggedEnd

TaggedPThis systematic review and meta-analysis investigated candidate

molecular markers that may be related to NPT response in individuals

with MDD. Of 2146 screened studies, 17 eligible studies were retrieved

for the systematic review, from which six were included in the meta-

analysis.TaggedEnd

TaggedPIn line with the literature, NPTs were found to effectively reduce

depressive symptoms (Butler et al., 2006; Cuijpers et al., 2008; Mutz et

al., 2018; Nitsche et al., 2009; Zugliani et al., 2021). Although no consis-

tent correlations were observed between changes in biomarker levels

pre- to post-NPT with changes in depressive symptoms, nor associations

between baseline levels of a biomarker and NPT response, descriptive

TaggedFigure

Fig. 2. Neurotrophic factors mixed-effect meta-analysis (n = 3, k = 13). Note. TDCS, transcranial direct current stimulation; Pharmaco, pharmacotherapy; NT-4, Neuro-

trophin-4; BDNF, Brain-derived neurotrophic factor; NT-3, Neurotrophin-3; GDNF, Glial cell line-derived neurotrophic factor; NGF, nerve growth factor; GDNF, glial

cell line-derived neurotrophic factor. TaggedEnd

TaggedEnd Table 4

Meta-analytical findings.

NIBS vs. sham/placebo NIBS vs. other interventions

n (k) b (p) Q (p) n (k) b (p) Q (p)

All biomarkers 5 (44) −0.05 (0.751) 53.2 (0.136) 4 (24) .09 (0.059) 20.5 (0.606)

All interleukins

(IL-10; IL-12p40; IL-1α; IL-1β; IL-2; IL-4; IL-5; IL-6)

3 (22) −0.11 (0.579) 33 (0.046) 2 (11) � �

Pro-inflammatory interleukins

(IL-12p40; IL-17α; IL-6)

3 (11) −0.19 (0.443) 20.6 (0.024) 2 (7) � �

Anti-inflammatory interleukins

(IL-10; IL-4)

3 (6) .04 (0.798) 2.9 (0.708) 2 (3) � �

All neurotrophic growth factors

(BDNF; GDNF; NGF; NT-3; NT-4)

3 (13) .25 (0.009) 7.3 (0.831) 4 (9) .15 (0.293) 7.1 (0.517)

BDNF 2 (3) � � 3 (3) .19 (0.446) 3.7 (0.154)

IL-6 3 (4) −0.31 (0.095) 2.8 (0.411) 2 (2) � �

NIBS vs. all control conditions

All biomarkers 5 (68) −0.06 (0.707) 76.3 (0.203)

Note. n, number of studies; k, number of comparisons; b, estimate. IL, interleukin; NIBS, non-invasive brain stimulation; BDNF,

brain-derived neurotrophic factor; GDNF, glial cell line-derived neurotrophic factor; NGF, nerve growth factor; NT-3, neurotro-

phin-3; NT-4, neurotrophin-4.

8

TaggedEndC.L. Irwin et al. International Journal of Clinical and Health Psychology 23 (2023) 100367



TaggedEndTaggedPfindings revealed that brain metabolites accessed via molecular bio-

marker-focused neuroimaging techniques (i.e., PET, 1H-MRS) may pro-

vide promising information on whether an individual with MDD would

respond positively to widely-used NPTs. Interestly, it is important to

highlight that Li et al. (2018) stated that neuroinflammation in the cen-

tral nervous system may not be closely related to peripheral immune

activation in MDD. In this sense, molecular biomarker-focused neuroim-

aging techniques may serve as a more sensitive tool to measure molecu-

lar biomarker changes modulating mood disorders than biomarkers

collected peripherally, for instance, from blood. However, it is important

to emphasize that the sample size is low, and the included studies differ

in methodology (including the description of “stable” medication

allowed over the course of treatment) and means of biomarker collection

(Supplementary Table 1). Altogether, it would be beneficial to explore

the levels of similar biomarkers derived from molecular biomarker-

focused neuroimaging techniques compared to peripheral sources better

define the precision and accuracy of each extraction technique. Further-

more, both Bruijniks et al. (2020) and Zheng et al. (2015) highlighted

that the examination of biological markers and cognitive profiles may

provide a promising approach to understanding the mode of action of

NPTs for MDD.TaggedEnd

TaggedPLastly, the presented meta-analyses suggest that NTF expression is

significantly increased following NIBS interventions compared to sham/

placebo (SMD = 0.25; 95% CI: 0.06, 0.44; p = 0.009), but not when

compared to other intervention arms. This finding is supported by the

neurotrophic hypothesis of depression, which postulates that a major

depressive episode occurs when neuroplasticity decreases as a result of a

deficit in BDNF levels (Karege et al., 2002). BDNF plays a central role in

neuroplasticity, as it is related to synaptic strengthening and neuronal

survival (Miranda et al., 2019). Its putative role in the NIBS mechanism

of action has been explored in several studies, with some reports of ele-

vated blood BDNF levels over the course of a treatment trial (e.g., Yuki-

masa et al., 2006; Zanardini et al., 2006), while other studies reported

no change (Brunoni et al., 2015). These mixed results may be influenced

by between-study heterogeneity regarding NIBS treatment type and

depression clinical features, such as refractoriness and concomitant use

of pharmacotherapy. Although between-study heterogeneity (as mea-

sured by Cochran’s Q) was not found to be significant within the six stud-

ies included in the meta-analysis, it is difficult to draw robust

conclusions considering the low sample size mainly stemming from con-

trasting RCT methodology and varying biomarker collection techniques

(Tables 1, 3; Supplementary Table 1). This was the same reason for not

performing more biologically relevant separate meta-analyses for all

individual biomarkers and wahy additional meta-regressions were not

conduced to test the possible confounding effects of sex, age, body mass

index, MDD severity at baseline, duration of current depressive episode,

and other factors on biomarker levels. Furthermore, the sample size may

be biased toward tDCS-specific findings, and a portion of included stud-

ies originated from the same overarching RCT (though this was in part

accounted for by including RCT-specific sampling IDs in our meta-analy-

sis). Despite significant methodological limitations, this finding may

support the association of reduced neuroplasticity with depressive symp-

tomology and therefore may provide insight into the pathogenesis of

other conditions involving perturbed neuroplasticity such as post-stroke

depression (PSD), in which reduced BDNF levels have been observed

(Xu et al., 2018). TaggedEnd

TaggedPIn order to identify biomarkers that would provide valuable clinical

insight into MDD treatment outcome, there is a need for high-quality

studies focused on investigating a wider range of biomarkers and

accounting for treatment type. For instance, suitable MDD biomarkers

for a corrected thinking or ‘top-down’ approach such as cognitive

behavioral therapy (Ruggiero et al., 2018) would likely be different than

those for pharmacological treatments relying on molecular mechanisms

of action (e.g., serotonin selective reuptake inhibition) (Kennedy et al.,

2016), and likewise for NIBS treatments whose exact mode of action are

still not fully known (Chan et al., 2021; Noda et al., 2015). Rather than

TaggedEndTaggedPextensively researching isolated and individualized biomarkers hinging

on preconceived but incomplete mechanisms, it is critical that future

studies work collaboratively and comprehensively in order to search for

a more robust link between molecular biomarkers and MDD.TaggedEnd

TaggedPIn sum, brain metabolites accessed via molecular biomarker-focused

neuroimaging techniques may provide promising information on

whether an individual with MDD would respond positively to NPTs. Fur-

thermore, non-invasive brain stimulation interventions significantly

increased the expression of neurotrophic factors (NTFs) compared to

sham/placebo, regardless of add-on pharmacological treatment. Despite

the low number of studies, this data highlights the potential usefulness

of molecular biomarkers to better understand the biological mechanism

(s) underlying NPTs, which may ultimately drive more fine-tuned treat-

ments and therefore improve therapeutics effects. TaggedEnd
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