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Abstract

Leading biological hypotheses propose that biological changes may underlie major depressive disorder onset and relapse/
recurrence. Here, we investigate if there is prospective evidence for biomarkers derived from leading theories. We focus on
neuroimaging, gastrointestinal factors, immunology, neurotrophic factors, neurotransmitters, hormones, and oxidative stress.
Searches were performed in Pubmed, Embase and PsychInfo for articles published up to 06/2019. References and citations
of included articles were screened to identify additional articles. Inclusion criteria were having an MDD diagnosis as
outcome, a biomarker as predictor, and prospective design search terms were formulated accordingly. PRISMA guidelines
were applied. Meta-analyses were performed using a random effect model when three or more comparable studies were
identified, using a random effect model. Our search resulted in 67,464 articles, of which 75 prospective articles were
identified on: Neuroimaging (N = 24), Gastrointestinal factors (N = 1), Immunology (N =38), Neurotrophic (N =2),
Neurotransmitters (N = 1), Hormones (N = 39), Oxidative stress (N = 1). Meta-analyses on brain volumes and immunology
markers were not significant. Only cortisol (N =19, OR =1.294, p =0.024) showed a predictive effect on onset/relapse/
recurrence of MDD, but not on time until MDD onset/relapse/recurrence. However, this effect disappeared when studies
including participants with a baseline clinical diagnosis were removed from the analyses. Other studies were too
heterogeneous to compare. Thus, there is a lack of evidence for leading biological theories for onset and maintenance of
depression. Only cortisol was identified as potential predictor for MDD, but results are influenced by the disease state. High-
quality (prospective) studies on MDD are needed to disentangle the etiology and maintenance of MDD.

Introduction

Major depressive disorder (MDD) is a disabling disorder
that is amongst the most prevalent mental health disorders
worldwide [1, 2] and is highly recurrent [3-5]. Therapeutic
strategies, such as antidepressant medication, are available,
although outcomes are suboptimal given roughly 50% of
patients do not adequately respond [6, 7]. In order to
improve treatment approaches and prevent recurrence, it is
important to examine the underlying vulnerabilities that
predispose individuals to depression onset and recurrence.
By prospectively investigating biological predictors of
MDD onset, relapse and recurrence, more insights into the
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potential causes of MDD can be gained. For these purposes,
biomarkers could be particularly informative for under-
standing the etiology of MDD, and could stimulate devel-
opment of new clinical approaches in the future.
Numerous studies suggest that MDD is related to
alterations in various biological systems [8, 9]. For instance,
MDD has been associated with alterations in brain structure
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and function, (e.g. [10, 11]), gastrointestinal factors (e.g.
[12, 13]), immunology (e.g. [14]), endocrinology (including
neurotransmitters, e.g. [15, 16]), neurotrophic factors (e.g.
[17, 18]), hormones (e.g. [19]), and oxidative stress (e.g.
[20]). Based on these frequently reported biomarker
alterations several biological hypotheses for the etiology of
MDD have been formulated. Support for these hypotheses
have primarily been derived from cross-sectional studies.
However, cross-sectional studies cannot provide evidence
for causality, and thus cannot distinguish causes from
consequences secondarily to the illness [21]. To determine
whether an etiological mechanism is potentially causal for
the development of MDD, the minimal requirement for a
study is that the biomarkers are assessed before the devel-
opment of MDD or prior to a recurrent episode. Thus,
prospective studies investigating biomarkers before the
onset or relapse/recurrence of MDD are necessary. Further,
there are indications that first onset versus relapse/recur-
rence of MDD is based on different mechanisms [22, 23].
Therefore, investigating predictive biomarkers for onset and
relapse/recurrence separately can improve predictive mod-
els. However, to our knowledge, no systematic overview of
prospective studies comparing biomarkers of onset and
relapse/recurrence of MDD has been conducted.

Therefore, we will provide a systematic overview of
prospective  studies investigating leading biological
hypotheses on the etiology of MDD. The first goal is to
determine whether there is prospective evidence that these
biomarkers predict onset, and relapse/recurrence of MDD.
A systematic search for prospective studies will be per-
formed. We explicitly focus on studies using a clinical
interview to determine the onset and re-occurrence of a
major depressive episode. The search is subdivided into the
following biological areas: neuroimaging, gastrointestinal,
immunology, neurotrophic, neurotransmitters, hormones,
and oxidative stress (see Supplementary Fig. 1). The second
goal will be to establish the robustness of each biomarker
and to compare the effect size of different biomarkers.
Further, subgroup analyses and meta-regression will be
performed to investigate potential moderators.

Methods
Search process and study selection

The study was performed according to Preferred Reporting
Items for Systematic Reviews and Meta-Analyses statement
(PRISMA [24]; see Appendices A and B for search terms
and flow charts and Appendix C for PRISMA checklist).
This meta-analysis was part of a larger project on evidence
for leading theories for MDD onset, and relapse/recurrence
and mechanisms of change (for the current study see
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registration in Prospero CRD42017072990; for psycholo-
gical  predictors of  depression see  Prospero
CRD42017073975; CRD42017073977). Literature sear-
ches per biological system were performed between July
2016 and July 2017 in the online databases PubMed, Psy-
chINFO and EMBASE, and a combined search update was
performed in June 2019. No start date was included, so all
articles that were digitalized until June 2019 were included.
The search included terms related to: (1) MDD, (2) long-
itudinal studies predicting onset, relapse and recurrence, and
(3) biological systems of interest (see Appendix A). The
articles were independently screened for eligibility based on
title and abstract (see criteria below) by two team members,
including at least one of the researchers (MK, LG, or MvD),
and a member of our screening team (psychology/research
Master students; see “Acknowledgements”).

The following inclusion criteria were applied: (1) Diag-
nostic status of MDD for all participants through clinical
interview (e.g., SCID, K-SADS from DSM, CIDI from
ICD) or report of a clinician-assessed diagnosis (e.g., being
hospitalized for MDD treatment, self-report of being diag-
nosed with MDD by a clinician). (2) The study design is
longitudinal. (3) The target variable(s) (e.g., the proposed
vulnerability factors) are assessed prospectively, that is
before the onset or relapse/recurrence of MDD. (4) The
target variable is derived from one of the leading biological
models. Exclusion criteria were: diagnosis of mood dis-
orders other than MDD (e.g. bipolar disorder), late-life
depression, MDD due to the other (medical) disorders, or
studies including a mixed group of diagnoses where less
than 75% was diagnosed with MDD. In order to trace stu-
dies published after the initial search date, and to add
recently published studies, we screened of the included
articles the reference list, articles citing, and reference lists
of recent reviews. This was done between August and
September 2017, and in June 2019 for the new inclusions.

Data extraction and quality assessment

Data extraction was performed by two team members
independently (but not blind to the data extracted by the first
data extractor) including at least one author (MK, LG, and
MvD) and a member of our screening team (see
“Acknowledgement”). The following data were extracted:
number of included participants and group membership
(developing MDD or not), age, gender, study country,
MDD diagnosis at baseline, assessment tool of diagnosis,
diagnostic criteria, biomarker measurement outcome, bio-
marker type of measurement, biomarker time of measure-
ment, follow-up time, summary of main outcome. The
quality of included studies was assessed by two team
members according to a minimally adjusted version of the
GRADE guidelines on study level [25]. Information was
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extracted on selection of cohorts (similar for groups com-
pared), quality of MDD assessment instrument, presence of
baseline MDD (symptoms), matching of samples or adjus-
tion for covariates, biomarker assessment, interviewer,
description of drop-outs, description of interventions, and
other sources of bias. A score for the quality was also given,
by counting the number of questions where there was lim-
ited risk of bias (max score =9).

Analysis

Random effects meta-analyses were performed using com-
prehensive meta-analysis (www.meta-analysis.com). A
meta-analysis was conducted when three or more studies
were included using a similar modality of biomarker
assessment [26]. When multiple studies investigated the
same sample, analysis included only the study with the
largest sample size. Odds ratio or risk ratio were the sum-
mary effects of outcome. Significance was determined with
p =0.05 for meta-analyses. First, analysis was performed
on onset and relapse/recurrence of MDD combined to
investigate the predictive effect of all biomarkers on MDD
development in general. Differences between biomarker
effects was also investigated with a subgroup analysis. If a
difference exists, meta-analyses were performed per bio-
marker. Second, separate analyses were performed on stu-
dies including participants without baseline clinical MDD
diagnosis and/or first onset only versus studies including
participants with baseline clinical MDD diagnosis and/or
relapse/recurrence (including mixed groups with onset and
relapse/recurrence). Heterogeneity was assessed with the Q-
test and P statistic [27]. Sensitivity analyses were also
performed by re-running analyses after removal of outliers
(defined by having no overlap of the 95% CI with the
pooled effect 95% CI) and studies with low risk of bias.
Baseline age, percentage female participants, biomarker
assessment, follow-up time, and quality assessment score
were assessed as moderators, when sufficient studies (three
per subcategory) were included in the analysis. For analysis
of biomarker assessment all effect sizes reported were taken
into account. Publication bias was also assessed using
Egger’s test for asymmetry [28] of the funnel plot and
Duval and Tweedie’s trim and fill procedure [29].

Results

Search results and quality assessment

The PRISMA flow chart provides an overview of the
number of articles screened, included and excluded for all

biomarkers combined (see Fig. 1; flow charts per biological
system can be found in Appendix B). In total, 67,464

articles were screened for eligibility across all biomarkers.'
After initial screening, eligibility of 707 articles was
assessed based on the full text. In total, only 75 unique
prospective studies were identified (see Table 1; [30—104]).
Overall, 75 prospective articles were identified on: Neu-
roimaging (N =24), Gastrointestinal factors (N=1),
Immunology/inflammation (N = 8), Neurotrophic (N = 2),
Neurotransmitters (N = 1), Hormones (N =39), and Oxi-
dative stress (N=1). In total 39,028,432 participants
(median 85, range [9-9275]) were included (Table 1), of
which 3267 developed MDD over the follow-up period
(median 22, range [3—608]). The median age of study par-
ticipants was 39 [range 9-66] and the the median percen-
tage of females included was 64% [29-100%]. Follow-up
time ranged from 4 months to 22 years, which is adequate
for detecting onset, relapse or recurrence (median 3 years).
The SCID (N = 23) and versions of the (K)SADS (N =19)
were the most frequently administered clinical interviews to
assess MDD using DSM criteria (DSM N = 54) over ICD
criteria. Studies describing a clinical diagnosis made by two
independent psychiatrist or self-report of hospitalization or
diagnosis for MDD were also included incidentally (N = 7).
Most studies were performed in Western countries (e.g.
USA, UK, and Germany, see Table 1). Only 38 studies
were identified that excluded participants with baseline
clinical MDD diagnosis. First onset of MDD was investi-
gated in 31 studies, relapse/recurrence in 35 studies, and
9 studies included mixed onset and relapse/recurrence
samples. Overall, the mean quality score of studies was
good (average quality score = 6.3, median 6, range (3-9)),
19 studies had a very low risk of bias (>6 quality score),
26 studies had some risk of bias (5-6 quality score), and
8 studies had high risk of bias (4 or lower quality score).
Below, meta-analyses will be described and incidental
findings will be discussed narratively (see tables in Supple-
mentary material).

Neuroimaging

Out of the 4210 articles screened for neuroimaging, 21
prospective biomarker studies fulfilled eligibility criteria
and the update revealed 3 additional articles (total N =
1952, median N = 83, MDD development N = 420, median
N =18, range for age [6-63], % female [29—-100], follow-
up time [1-10], QA score (4-9)). However, due to overlap
in study samples and heterogeneity in methods applied (e.g.
tasks, regions of interest), meta-analysis could only be
performed on some hippocampus, amygdala and frontal
brain area volumes (see Table 1 and Supplementary Fig. 2).
No significant odds ratios were observed for volume of the

! Note that this number may include duplicates since articles may be
screened two times for different classes of biomarkers.
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Immunology: CRP (n = 3); 1L2&6 (n = 3); TNFa. (n = 3)
[ Hormones: Cortisol: OR (n = 19), HR (n=5); Growth hormone (n = 3)

hippocampus (N =3, OR =0.660 [0.426 1.022], p = 0.063
[54, 73, 91]), frontal brain regions (N=3, OR =0.869
[0.480 1.673], p=0.730 [51, 74, 95]), nor the amygdala
(N=3, OR=6.108 [0.143 261.388], p=0.345 [54, 74,
81]). Due to the small number of studies, no further ana-
lyses were performed.

Incidental structural MRI studies reported that both
smaller and larger insula volume was significantly related to
MDD development in two studies [51, 91]. No significant
predictive value of the amygdala volume was found in three
studies investigating two unique samples [53, 54, 74]. Two
studies investigated cortical thickness in the same sample.
MDD was predicted by a thinner right para-hippocampus
and right fusiform gyrus but not by subcortical thickness
[85, 86]. One study reported that higher ACC gray matter
volume predicting MDD onset but did not report enough
data for analysis [77].

Ten studies investigated if baseline brain activation
predicted MDD onset, of which seven used fMRI [49, 50,
76, 82, 99—-101] and three used EEG [31, 39, 83]. Studies
were too heterogeneous to compare. These studies showed
that MDD development was predicted by: lower activity in
the frontal lobe in various contexts ([39] reward task loss-
gain contrast [83]; rest [71, 82]; go/mogo task, errors; [31]
pre- vs posttryptophan depletion), higher activity in the
insula ([99] sentence completion increasing in difficulty),
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higher subgenual anterior cingulate cortex (ACC) temporal
and striatal connectivity ([76] self-blame vs other-blame
situations) and higher mPFC activity ([S50] viewing sad vs
neutral movie clips). One study reported no group differ-
ences during rest [49]. Differences in subgenual ACC and
MEFG connectivity were also found in various regions of
these networks during rest [71, 101].

Immunology

Out of the 5603 articles screened for immunology, seven
met inclusion criteria [43, 46, 61, 69, 87, 88, 94], and one
additional study was identified in the update (total N=
27,009, median N =2514, MDD development N = 1682,
median N = 160, range for age (9—66), % female (43-100),
follow-up time (3-12), QA score (4-9)). These studies
investigated several markers for immunology: C-Reactive
Protein, Interleukin-6 (IL-6), IL-16, Tumor Necrosis Factor-
a (TNFa), Soluble Urokinase Plasminogen Activator
Receptor (suPAR), 3-nitrotyrosine, and heat-shock protein
70 (HSP70) in blood or serum

CRP was the investigated in five studies with compatible
measures for odds ratio [43, 46, 55, 69, 88, 94], IL (1 and or
6) in four studies, of which two studies investigated the
same sample. No significant predictive effects for CRP
(N=4, OR =1.557, 95% CI [0.870 2.788], p =0.136) IL
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(N=3, OR =1.025, 95% CI [0.782 1.345], p = 0.856) was
found. Due to the small number of studies, no further
analyses were conducted.

Incidental findings were also identified. One study
investigated hazard ratio and showed that CRP significantly
predicted earlier time to onset or relapse/recurrence of
depression [87]. In three studies (of which two investigated
the same sample) TNFa was not found to predict non-
significant were also reported [43, 55, 94]. A protein marker
for inflammation SuPAR was found to predict reduced time
to MDD [61]. In addition, three-nitrotyrosine and HSP70
were higher at baseline in participants that develop vs that
do not develop MDD [88].

Gastrointestinal biomarkers

Out of the 760 articles screened for the gut-related bio-
markers, only one study met our inclusion criteria [40]. The
study showed that children reporting symptoms of abdom-
inal discomfort (e.g. nausea or vomiting) in response to
tryptophan (L-SHTP) infusion have a higher risk of devel-
oping MDD than children who do not report these
symptoms.

Hormones

Out of the 17,114 articles screened, 38 articles were
included and 1 study was identified with the update. The
studies investigated the following hormonal axes: 35
hypothalamic-pituitary axis (HPA axis; the feedback loop
regulation stress responses, including ACTH, CRH, CREF,
cortisol), 5 hypothalamic-pituitary-gonadal-axis (HPG-
axis: regulating the reproductive system e.g. DHEAS), 4

hypothalamic-pituitary-somatic axis (HPS axis: mainly
regulating growth and includes growth hormone (GH)),
and 3 hypothalamic-pituitary-thymus-axis (HPT axis;
mainly regulating metabolism e.g. thyroid hormone).
Results will be described below by these biological/
hormonal axes.

HPA axis

The predictive value of cortisol on subsequent MDD was
investigated in 35 prospective studies (total N =7823,
median N =74, MDD development N = 1236, median N =
26, range for age (12-56), % female (44—100), follow-up
time (1-22), QA score (3-9)). Cortisol was primarily
measured in saliva, but differed in time of day of mea-
surement (morning, evening, diurnal, nocturnal, reactivity),
and both single time point and multiple time point mea-
surements were included. Cortisol was a significant pre-
dictor of subsequent MDD with a small effect size (N = 19,
OR =1.294, 95% CI [1.035 1.616], p =0.024 [30, 32, 37,
41, 42, 45, 48, 58, 60, 63, 65, 78, 80, 84, 90, 92, 96, 102,
104], see Fig. 2) overall comparible studies on unique
samples. Heterogeneity was large and significant (76%, p <
0.001). The effect became nonsignificant when outliers
were removed (OR =1.228; p=0.052) or low quality
studies were removed (QA <4; OR =1.206, p=0.094).
Inspection of the funnel plot showed indication of pub-
lication bias (7 studies were missing on the left side),
though the Eggers test was not significant p >0.05. Cor-
rection for publication bias led to a nonsignificant effect.
Further, the quality score of the studies moderated the effect
(= —0.176, p = 0.012) indicating a lower study quality is
related to an increased effect size.

Fig. 2 Forest plot of a meta- Study name OddStat:.stics for e:ch study Outcome
. . . . . S ower er

analysis on studl.es investigating ratio limit IFi)rI:ﬁt p-Value

measures of cortisol before Adametal (2010) 1055 0392 2837 0915 Combined

MDD onset, relapse or Appelhofetal (2005) 1970 0669 5800 0218 DEX/CRH

recurrence. Charles et al. [42] Bocktingetal (2012) 0665 0206 2146 0495 = Combined

and Cosgriff et al. [48] are Carnegie et al. (2014) 1.009 0.697 1.460 0.964 ——- Combined

identified as outlers, and Corches 1?5(92}(;15} B o6 oTm 0450 it

. . olich et al. 3 . = ombine

excluding them from analysis Cosgriff et al. (1990)* 32.765  2.630 408.207  0.007 DST

resulted in a Goodyeretal (2009) 2.249 1162  4.353  0.016 —— Morning cortisol

nonsignificant effect Grynderupetal. (2013)0.721  0.496 1048  0.087 - Combined
Harris et al. (2000) 1978 0910 4.301 0.085 Combined
Herbert et al. (2012)  1.120 1.024 1.225 0.013 m Morning cortisol
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Comparing studies including participants with baseline
MDD/mixed group versus no baseline MDD showed a
significant higher effect size in the first group (p = 0.027),
confirming the significance of including baseline clinical
MDD diagnosis in studies (disease state effect). The pooled
odds ratio for studies including baseline diagnosis was
medium and significant (N =13, OR=1.919, 95% CI
[1.072 1.231], p =0.012), while studies excluding baseline
diagnosis had a small nonsignificant pooled odds ratio (N =
6, OR =1.082, 95% CI [0.938 1.249], p =0.280). Com-
paring studies investigating onset, relapse or recurrence, or
a mixed groups not significant (p = 0.107).

Studies investigating time until MDD onset, relapse or
recurrence using Hazard ratios showed no significant pre-
dictive effect of cortisol (HR=1.011, 95% CI [0.963
1.040], p =0.447 [32, 38, 62, 79, 98]). Due to the small
number of studies, no further analyses were conducted.

Besides cortisol, other HPA-axis markers in relation to
relapse or recurrence of MDD were investigated inciden-
tally. Nonsignificant findings were reported for adreno-
corticotrophic hormone (ACTH) [32, 84, 89, 96, 104], and
cortisol releasing hormone (CRH; [35]). One study reported
lower ACTH in reaction to a DEX/CHR predicts relapse
[90]. Thus, it remains unclear if HPA-axis biomarkers
predict MDD development or whether results reflect disease
state or quality of studies.

HPG axis

HPG biomarkers were investigated in five studies (total
N =2468, median N =187, MDD development N = 408,
median N = 31, range for age (14-45), % female [50-100],
follow-up time (1-10), QA score (6-7)). Four studies
investigated dehydroepiandrosterone (DHEA) or DHEA-
sulfate, (DHEAS) in saliva [56, 63, 79], but studies included
the same sample and included OR and HR measures, which
are not comparable. Both significant predictive effects
[56, 57] as well as no significant predictive effects [63] were
reported. One study showed that a higher cortisol: DHEAS
ratio predicted a shorter time to recurrence [79]. One study
investigated serum concentratioins of testosterone, andros-
tenedione, and sex hormone-binding globuline (SHBG) and
found no predictive effect on first onset nor the combination
of onset/recurrence over 17 years [33]. Thus, it remains
unclear if androsterones predict MDD development.

HPS axis

Four studies [47, 52, 66, 84] investigated the predictive
effect of GH on subsequent MDD (total N = 118, median N
=29, MDD development n = 23, median N = 22, range for
age [15-57], % female [52—100], follow-up time (0.5-9.6),
QA score (4-8)), of which 2 investigated the same sample
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and one study that did not provide sufficient data for ana-
lysis [47]. Three studies investigated GH secretion over
night and a steeper increase in GH secretion was found in
participants that had later onset [47] and recurrence [52] of
MDD, but another study (on the same sample) found no
significant predictive value for recurrence [66], and lower
GH is also reported in individuals that relapse [84]. No
differences were found in somatostatin (GH releasing fac-
tor) in CSF between relapsing and not relapsing participants
[35]. Thus, it remains unclear if HPS markers predict MDD
development.

HPT axis

Three studies reported results investigating the HPT axis
(total N =113, median N = 25), MDD development n = 84,
median N =9, range for age [38-51], % female [54-66],
follow-up time [0.25-10], QA score (4-5); [48, 67, 96].
Higher thyroid stimulating hormone (TSH) was related to
recurrence in one study [96], but was also found to not
differ between people with and without relapse in another
study [48]. One study investigated T4, T3, and TSH using
cox regression survival analyses, and reported that lower T3
was related to shorter time until relapse/recurrence [67].
Thus, the relation with HPT axis and subsequent MDD
remains unclear and study quality was low.

Oxidative stress

Out of the 1336 articles screened, 1 article met inclusion
criteria [88]. Pasquali et al. [88] investigated markers for
oxidative stress in blood (see Table 1). Lipid peroxidation
was higher in participant that develop MDD (N = 37)
compared to participants who did not develop MDD (N =
111). No significant differences between these groups
were found for protein carbon and thiol content. Thus,
whether oxidative stress predicts subsequent MDD
remains unclear.

Discussion

A systematic search for prospective studies investigating
biomarkers of MDD onset, relapse, and recurrence was
performed. Of the 67,464 articles screened, only 75 pro-
spective studies were identified that studied biomarkers
before MDD onset or relapse/recurrenc. Of those, only
38 studies reported results on participants that were healthy
(had no MDD diagnosis) at baseline and are thus uncon-
founded by disease state. Prospective evidence for the
majority of biomarkers predicting onset, and relapse/recur-
rence of MDD was scarce (N = 75) and spread over a wide
range of topics: Neuroimaging (N = 24), Gastrointestinal
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factors (N = 1), Immunology (N = 8), Neurotrophic (N =
2), Neurotransmitters (N =1), Hormones (N =39), and
Oxidative stress (N = 1). Marked heterogeneity across stu-
dies was observed for neuroimaging studies (N = 24). These
included assessments based on EEG, task-based functional
MRI, and structural MRI that focused on different brain
regions, thereby precluding the calculation of an overall
effect [105]. This highlights the urgent need for standar-
dized methods in order to be able to compare data from
different samples. The only significant biomarkers that
increased odds for MDD onset, and relapse/recurrence was
cortisol. However, the inclusion of baseline clinical diag-
nosis was shown to influence this effect. Therefore, the
effect of disease state cannot be ruled out. Meta-analyses on
CRP, TNFa, IL2&6, GH, hippocampus, amygdala, and
frontal brain areas volume were not significant, potentially
due to the limited amount of studies included in these
analyses [range 3—4]. Only incidental (<3) studies investi-
gated TSH, DHEAS, amygdala volumes, neurotrophic
factors, oxidative stress, ACTH, neurotransmitters and
gastrointestinal biomarkers. In addition, results on bio-
markers were inconsistent.

Our meta-analysis showed increased cortisol had a small
predictive effect on onset or relapse and recurrence of
MDD, which is in line with literature showing increased
cortisol levels in MDD cross-sectionally [106, 107]. Yet,
this effect disappeared when studies including baseline
clinical diagnoses were excluded. Since increased cortisol is
also a marker of stress [108], increased cortisol may be an
indirect marker of previous stressful life events or stress
induced by being ill. This underlines the importance of
future research following healthy samples without sub-
clinical depression longitudinally until a MDD diagnosis is
established. Further, cortisol results were influenced by
publication bias and study quality and the effect dis-
appeared when outliers were removed or poor quality stu-
dies were removed. This underlines the need for high-
quality prospective research on biomarkes for MDD.

Some limitations of the studies included and of the meta-
analyses are noted. On a study level, poor quality studies
were identified and small samples that develop MDD at
follow-up were investigated. Neuroimaging studies use
smaller samples than immunology and hormons studies.
This limits the interpretation and generalization of findings
for sample size topics. Further, we did not correct for
multiple testing by applying p = 0.05 as threshold for sig-
nificance. A correction would result in disappearance of the
cortisol effect, indicating this may be a false positive. Based
on our narrative synthesis heterogeneity of studies was
visible and studies reporting no significant results were
prominent, yet tend to not report sufficient data for inclusion
in meta-analysis, resulting in a bias in the meta-analyses on
significant effects. These limitations may have resulted in

inflated odds ratios in our meta-analysis, and results should
thus be interpreted with caution.

Overall, the findings of the current systematic review
highlight the lack of prospective evidence for biomarkers as
predictors of onset of MDD and relapse/recurrence. Our
systematic search uncovers the causality gap that is present
in biomarker research. It is striking not to find strong pro-
spective evidence for any of the postulated biological the-
ories. Thus, most of the leading hypotheses are based on
results from cross-sectional research, treatment studies,
symptomatology studies, or animal studies (e.g.
[8, 12, 16, 18, 20]), which cannot determine causality [21].
Whether the observed changes in putative biomarker sys-
tems in MDD is a potential cause or consequence of
depression thus remains unclear.

Our results, of course, do not indicate that there are no
causal biomarkers, but highlight the dearth of prospective
evidence that biomarkers explain onset, and relapse/recur-
rence of MDD. In addition, prospective evidence would
suggest causality, yet it is only the minimum requirement for
detecting causal relations. Manipulation studies should also
be performed in order to demonstrate that alteration of one
variable (biomarker) leads to the expected outcome (MDD).
Indeed, experimental challenges including depletion stu-
dies, such as tryptophan depletion are available and have
been shown to predict depressive relapse in certain cir-
cumstances [109]. Yet, a limitation of these studies is the
temporary nature of the measured outcome (e.g., brief
symptom reduction) and that common higher order biolo-
gical (e.g. neuromodulatory) changes may also account for
the differences in depletion responses [31, 109]. Combining
different techniques from different biological levels may
disentangle which factors are most directly causally linked
to depression etiology. Future studies applying transcranial
magnetic stimulation or other brain stimulation approaches
to simulate symptoms/relapse may provide more insights
into causal neuroimaging biomarkers [110]. It must be
noted that we did not search for relatively newly identified
biomarkers, such as fatty acids [111], which are not yet part
of an established etiological theory. Thus, future research is
necessary to investigate if novel biomarkers can predict
MDD and replicate the current incidental findings.

Notwithstanding the overall lack of prospective evidence
for leading biological models for onset, relapse and recur-
rence of MDD, future research may be directed to focus on
potential predictive biomarkers identified in a small number
of studies or showing inconsistent results. These were insula
volume [36], thickness [51], and activity [99, 100] frontal
brain activity [31, 39, 50, 76, 82], gastrointestinal sensitivity
[40], norepinephrine [68], immunology markers [61, 87],
androsterones [33], and oxidative stress markers [88]. Pro-
spective research on these biomarkers investigating devel-
opment of MDD from healthy samples is needed to
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replicate these incidental finding and further investigate if
predictive effects exist irrespectively of disease state.
Indeed, there are indications that biomarkers may be cau-
sally involved, for example based on genetics research.
Recent large consortium results (e.g. depression PGC [112])
have been successful in identifying genetic loci associated
with depression. More importantly, depression is not a
single gene disease but rather seems to be related to multiple
genes in interaction with environmental factors, which lead
to a spectrum of aversive outcomes, ranging from depres-
sive symptoms to full-blown MDD [112]. The genetic loci
identified explain only limited variance of depression (e.g.
2% genetic risk score [112] and mendelian randomization
studies <1% [113]), whereas the heritability of MDD has
been estimated at ~40% [114]. This suggests that MDD may
be a more heterogeneous disorder both in etiology and
pathophysiology. To unravel the biological mechanisms of
MDD we therefore suggest to investiate interactions
between biomarkers instead of investigating biomarkers
separately for example in pathway or network approach.

In order to falsify biological theories for MDD better
comparisons between or integration of studies is neces-
sary. Open science initiatives could play a role in these
efforts by enabling researchers to combine datasets over
multiple cohorts (Consortia studies). However, it is
noteworthy that there are large cohort samples available
that allow prospective analysis on the clinical diagnosis
MDD, yet clinical symptoms are more frequently inves-
tigated. In addition, baseline measurements where parti-
cipants are healthy (before the development of MDD
onset or relapse/recurrence) are frequently lacking in
cohort studies. Further, investigating differential effects of
onset versus relapse/recurrence is not common practice in
biology research, whilst different mechanisms may
underlie MDD onset versus maintenance. Future studies
should separate samples with first onset from samples
with previous episodes in order to investigate the differ-
ential mechanisms. Finally, given most theories on
depression etiology include biological, psychological and
social factors [115, 116], it is noteworthy that few studies
have investigated combinations of these factors in a single
study. Viewing depression from a more holistic perspec-
tive may help capture important interactions and improve
prediction models.

Conclusion

This systematic search for prospective evidence for bio-
markers of MDD revealed scarce prospective evidence for
leading biological models. Prospective evidence for etiolo-
gical involvement of gastrointestinal factors, neuroimaging,
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neurotrophic factors, neurotransmitters, hormones (other
than cortisol), immunology and oxidative stress in MDD is
lacking. Cortisol was found to be a predictor for onset/
relapse/recurrence of MDD, but this effect was confounded
by baseline clinical depression and quality of studies.
Therefore, there is a need for high quality, prospective
studies on the relative contribution of biomarkers (in com-
bination with psychosocial factors) in order to disentangle
the etiology of MDD and to better understand its clinical
course.
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