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ARTICLE INFO ABSTRACT

Keywords: Biological markers, particularly endocrine measurements, are increasingly being integrated into clinical psy-
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Endocrine

chological research. We introduce a systematic framework that classifies different functions of such biomarkers.
The framework distinguishes between diagnostic biomarkers which add a biological perspective to conventional
clinical assessments, prognostic biomarkers that inform about an individual’s risk to develop or maintain a
mental health disorder, and intervention-related biomarkers. Regarding interventions, including prevention and
treatment, it further distinguishes between prescriptive biomarkers which predict an individual’s response to an
intervention, outcome biomarkers which evaluate intervention-related changes on a biological level and in-
dicators of change mechanisms. We demonstrate how to apply the framework by exemplarily classifying and
describing previously published systematic reviews and primary empirical studies on endogenous, peripheral
cortisol concentrations as a biomarker for posttraumatic stress disorder (PTSD). The evidence on cortisol’s
diagnostic and prognostic value is heterogeneous and still sparse regarding parameters based on multiple cortisol
measurements, such as the cortisol awakening response. With regard to interventions, most research focused on
trauma-focused psychotherapy and cortisol reactivity to trauma reminders. This field of research appears to be
growing and very promising due to its potential to optimize PTSD-related interventions. The proposed frame-
work can help in gaining a systematic overview of existing research. It can assist in structuring, comparing,
summarizing and evaluating empirical studies, and in identifying research gaps.

1. A systematic framework to classify biomarkers in clinical
psychological research

It has long been known that biological and psychological factors
interact and jointly contribute to the development and maintenance of
mental health disorders [1]. Consequently, clinical psychology aims at
describing pathogenesis and psychopathology both at the level of psy-
chological symptoms and through the underlying biological processes.
Innovative programs such as RDoC promote this development [2]. Thus,
in recent years, clinical psychological assessments have increasingly
been complemented by measurements of biological markers. These are
objective indicators of normal biological processes, pathogenic pro-
cesses, or pharmacologic responses to an intervention [3]. Biomarker
assessments can include (epi-)genetic, psychophysiological, neuronal, or
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endocrine data. Including biomarkers into clinical psychological
research has great potential, depending on their specific function. Here,
we propose a systematic framework of these functions. It distinguishes
between diagnostic biomarkers, prognostic biomarkers and intervention-re-
lated biomarkers. Intervention-related biomarkers, which can inform
both prevention and treatment, are further classified into prescriptive
biomarkers, outcome biomarkers and indicators of change mechanisms (see
Fig. 1). Together, these biomarkers can help to improve clinical diag-
nosis, predict the development of a mental health disorder and optimize
its prevention and treatment.

In the following sections, we define these different functions of
biomarkers more precisely and reflect on methodological requirements
for their implementation. Furthermore, we exemplarily apply the
framework to summarize previous evidence on hypothalamic-pituitary-
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adrenal (HPA) axis regulation, more specifically, endogenous peripheral
cortisol concentrations, in posttraumatic stress disorder (PTSD). If
available, we thereby refer to systematic reviews with meta-analyses. Of
note, these summarized primary empirical studies of various designs. If
meta-research is not available for a specific biomarker function, we
describe primary empirical evidence.

2. Application of the systematic framework: classifying research
on cortisol as a biomarker for posttraumatic stress disorder
(PTSD)

PTSD is a burdensome mental health disorder. It develops after
exposure to a traumatic event, i.e., actual or threatened death, serious
injury or sexual violence [4]. Defining symptoms of PTSD include in-
trusions, avoidance of trauma-related content, hyperarousal, and nega-
tive alterations of cognition and mood [4]. Worldwide, approximately
70% of the population experience at least one trauma during their
lifetime [5,6]. Yet, only a small fraction of trauma exposed individuals
subsequently develop a mental health disorder, such as PTSD [7].

In the context of trauma and PTSD, the HPA axis is presumably the
most extensively studied neuroendocrine system [8]. Its regulation in-
cludes a cascade of hormone releases — with cortisol released from the
adrenal gland as its end product — and negative feedback mechanisms [9,
10]. Cortisol release follows a diurnal rhythm, characterized by a peak
within 30 to 45 minutes after awakening and a subsequent linear decline
throughout the day [11]. Several indicators of HPA axis regulation exist,
evaluating either HPA axis reactivity in response to acute stressors (e.g.
[12]) or basal HPA axis activity (as explained in [13]), which also re-
flects its specific circadian patterns. The most common indicators of
diurnal cortisol secretion include the cortisol awakening response [14,
15] - characterized by peaking cortisol concentrations within the first
waking hour —, the cortisol decline over the day — often expressed as the
diurnal cortisol slope — and the total cortisol output — frequently
described by means of area under the curve (AUC) coefficients [13,16].
Each of these indicators requires multiple samplings over one day [17].
Further, cumulative cortisol output can be measured in urine, hair and
fingernail samples [18-21]. Single measurements of basal cortisol con-
centrations in saliva or blood samples are more prone to circadian in-
fluences and, as a kind of “snapshot”, are not reliable indicators of HPA
axis regulation in PTSD (as discussed in [22-24]). Additionally, the HPA
axis’ feedback sensitivity can be measured by pharmacologically
blocking glucocorticoid receptors (GR, e.g. using a low dose of dexa-
methasone) and subsequently measuring circulating cortisol concen-
trations, which are assumed to decrease with enhanced GR sensitivity
[25].
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2.1. Diagnostic biomarkers

2.1.1. Definition

In their function as diagnostic biomarker, biological measurements
can complement conventional, interview- or questionnaire-based clin-
ical assessments. Thereby, they can help to gain a more comprehensive
perspective on mental health disorders, to refine subgroups of patients
or determine symptom severity. If biological alterations that are specific
for a certain mental health disorder are identifiable, biomarkers might
even be used to confirm a diagnosis.

2.1.2. Methodological requirements

Diagnostic biomarkers can be measured within cross-sectional de-
signs, by correlating the biological measurements with self-reported
symptom severity, or by testing whether the markers differ between a
group of patients and a group of healthy individuals. In the field of
psychotraumatology, the mere impact of trauma exposure on the bio-
logical system of interest should be specifically considered, by taking
potential traumas experienced by the comparison group into account.
Thus, diagnostic biomarkers should ideally be compared between PTSD
patients, trauma exposed and trauma non-exposed controls.

2.1.3. Previous evidence on cortisol as a diagnostic biomarker for PTSD
Five meta-analyses summarizing evidence on HPA axis regulation in
PTSD have been published to date [22-24,26,27]. They all indicate
PTSD-related dysregulations but are also partly inconsistent. With re-
gard to single cortisol measurements, one meta-analysis reported no
differences between PTSD patients and trauma-exposed controls [26],
whereas two others detected lower cortisol concentrations in PTSD pa-
tients compared with non-exposed controls [22,23]. This suggests that
trauma but not trauma-related psychopathology impacts cortisol. One
meta-analysis reported no PTSD-related alterations in morning cortisol
concentrations [22] whereas two others reported a PTSD-related
decrease [23,24]. No group differences in evening cortisol were identi-
fied [23,24]. However, as noted before, these findings should be inter-
preted with caution as single cortisol measurements are not regarded as
reliable indicators of HPA axis functioning. Two meta-analyses investi-
gated total daily cortisol output and reported PTSD-related decreases
[23,24]. Another meta-analysis focused on 24-h urinary cortisol and
revealed lower urinary cortisol concentrations in PTSD patients [27].
Subgroup analysis by control group type identified significant differ-
ences between PTSD patients and trauma-exposed controls, but no dif-
ferences compared with non-exposed controls. This finding was
confirmed in one meta-analysis [24], but others did not identify any
significant effects [22,26]. Unfortunately, research on PTSD-related al-
terations in the CAR is still scarce, but one subgroup-meta-analysis
suggests that it might be a promising diagnostic biomarker for PTSD
[24]. Concerning HPA axis feedback sensitivity, two meta-analyses
detected lower post-dexamethasone cortisol concentrations and thus,

Diagnostic biomarkers
How can we describe a mental health
disorder on a biological level?

Prognostic biomarkers

Intervention-related biomarkers
for prevention and treatment

... of symptom development
Who will develop a mental health
disorder?

Prescriptive biomarkers
Who will benefit from an
intervention?

... of chronification
Who will maintain a mental health
disorder?

Outcome biomarkers
Does the intervention have effects
on a biological level?

Indicators of change mechanisms
————  How does the intervention work
on a biological level?

Fig. 1. Systematic framework classifying functions of biomarkers in clinical psychological research.
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enhanced GR feedback sensitivity in trauma exposed individuals [23,
26]. One of them extended this finding to PTSD patients [23]. However,
another meta-analysis which took pre-dexamethasone cortisol concen-
trations into account failed to confirm these findings [24]. Primary ev-
idence on HPA axis reactivity to social stress exists in adolescents [28,
29] and adults [30], even though results are inconsistent and have not
been summarized in meta-research yet. Further, there are indications of
PTSD-related increased HPA axis reactivity to reminders of trauma,
particularly abuse [31,32]. However, other studies failed to detect such
a pattern [33,34].

2.1.4. Conclusion

There are some indications of HPA axis dysregulation in individuals
with PTSD. However, inconsistencies in the cumulative evidence suggest
that cortisol concentrations cannot be considered as a specific biomarker
for PTSD. Notably, most studies relied on single cortisol measurements.
Evidence using multi-measurement-based and, thus, more reliable pa-
rameters is still scarce.

2.2. Prognostic biomarkers

2.2.1. Definition

Biomarkers can also predict future psychopathological symptoms or
mental health disorders. This function is referred to as prognostic
biomarker. Two types of prognostic biomarkers can be further distin-
guished: First, prognostic biomarkers of symptom development that
predict the onset and severity of psychopathological symptoms or
mental health disorders. Second, prognostic biomarkers that predict the
course of symptoms and whether they result in remission or chron-
ification of the mental health disorder.

2.2.2. Methodological requirements

To assess prognostic biomarkers, it is necessary to conduct longitu-
dinal studies. Prognostic biomarkers of symptom development need to
be assessed before symptoms evolve. In the field of psychotraumatology,
this would be either shortly post-trauma or, in prospective studies, even
pre-trauma, for example in high-risk populations for trauma exposure,
such as first responders or military personnel. Prognostic biomarkers of
remission or chronification of mental health disorders can also be
assessed after the onset of symptoms, since they predict the course of the
disorder. Either way, the biomarker assessment needs to take place
before the follow-up assessment of the psychopathological symptoms or
disorders of interest. The association between biomarkers and symptoms
or disorders can then be determined with any statistical analysis
methods suitable to detect the predictive value of an independent var-
iable (i.e., cortisol concentrations) on a dependent variable (i.e., PTSD
symptoms).

2.2.3. Previous evidence on cortisol as a prognostic biomarker for PTSD

2.2.3.1. PTSD development. Prognostic biomarkers, as assessed pre- or
shortly post-trauma, can be used to estimate an individual’s risk to
develop PTSD. Given the high number of individuals who remain
resilient after trauma [35-37], it is necessary to identify such at
increased risk for PTSD symptom development to provide them with
targeted (preventive) interventions [38]. There is a considerable body of
empirical evidence on cortisol’s potential as a prognostic biomarker for
PTSD development, as summarized in several reviews [39-42] and one
meta-analysis [43]. The latter revealed no significant prognostic effect,
based on k = 8 studies which related single or cumulative cortisol
measurements, as assessed within 72 h post-trauma, to subsequent PTSD
symptoms [43]. Most of the systematic overviews focused on cortisol
assessments that took place post-trauma [39-42]. They suggest that
lower cortisol concentrations predict PTSD, especially if measured in
adults and acutely post-trauma [39,41,42]. Yet, the overall evidence is
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considerably heterogeneous and as this observation was not confirmed
quantitatively, the interpretation must be noted with caution. Although
most evidence was based on single cortisol measurements, some primary
studies also used multi-measurement-based parameters, such as diurnal
cortisol profiles [44-46]. However, these have not been systematically
summarized yet, so no final conclusions regarding the prognostic value
of indicators of diurnal cortisol secretion can be made. One systematic
review reported on the prognostic value of pre-trauma cortisol con-
centrations [40]. The authors particularly emphasized the potential of
cortisol reactivity to stress tasks in predicting PTSD development, while
at the same time noting that the evidence on this matter is still sparse.

2.2.3.2. PTSD remission vs. chronification. In individuals who suffer
from PTSD, prognostic biomarkers can indicate the chance for remission
or, vice versa, risk of chronification. To our knowledge, there are no
studies that focus on the prognostic value of cortisol for PTSD remission
versus chronification, without including any intervention. Nevertheless,
it appears promising to conduct such studies in the future, as they might
guide treatment recommendations for individuals at high risk for
chronic PTSD.

2.2.4. Conclusion

Compared with the evidence on cortisol’s diagnostic value, evidence
on its potential as a prognostic biomarker is still relatively sparse,
possibly due to higher methodological requirements. The existing evi-
dence on cortisol’s potential to predict PTSD symptom development is
not conclusive. Regarding cortisol’s potential to predict PTSD remission
vs. chronification, primary research is still lacking.

2.3. Intervention-related biomarkers
2.3.1. Prescriptive biomarkers

2.3.1.1. Definition. In intervention studies, biological measurements
can serve as prescriptive markers, if they were assessed before inter-
vention onset and interact with the intervention’s effects in predicting
post-intervention psychopathological symptoms. Clinical interventions
can include both, psychotherapeutic or pharmacological interventions,
as well as both, prevention or treatment. Prescriptive biomarkers can
enable the identification of subgroups who benefit especially well from
an intervention or, vice versa, have a higher risk of not responding [47].

2.3.1.2. Methodological requirements. To examine prescriptive bio-
markers in intervention studies, the biological assessment should be
conducted before intervention onset to ensure that the biological system
of interest is not (yet) influenced by the intervention. Psychopatholog-
ical symptom assessments should be conducted at least pre- and post-
intervention. Thereby, the biomarker, as assessed pre-intervention,
can predict post-intervention psychopathological symptoms while con-
trolling for pre-intervention symptom load. Further, the biomarker’s
main (prognostic) effect should be distinguishable from its interaction
with the intervention (prescriptive effect, see [48]). To this end, some
variation in the intervention variable is required. This can be oper-
ationalized by varying the intensity of intervention provision or by
comparing an active intervention condition (e.g. psychotherapy) to a
comparison condition (e.g. waitlist or placebo). Accordingly, the sta-
tistical analyses should reflect this distinction, for example by testing
both, the main effect of the biomarker, as well as the interaction effect
with the intervention. However, it must be acknowledged that, for
ethical or practical reasons, implementing intervention variation might
not always be feasible. Additionally, in contrast to prognostic effects that
explain psychopathological symptoms after the mere passage of time, in
intervention studies, the biomarker’s predictive value is not indepen-
dent of the intervention effect. Therefore, we will also consider such
designs when discussing previous evidence on cortisol as a prescriptive
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biomarker, even though with a disclaimer that these effects are not truly
prescriptive, as time and intervention effects cannot truly be
disentangled.

2.3.1.3. Previous evidence on cortisol as a prescriptive biomarker. One
meta-analysis investigated cortisol assessment in studies on psycho-
therapeutic treatment for PTSD [49]. Of the k = 12 included studies,
only k = 5 wused pre-intervention cortisol levels to predict
post-intervention clinical outcomes [50-54]. Schumacher et al. [49]
refrained from meta-analytically summarizing them. However, most of
the single effects that were calculated were non-significant. Most
included studies (k = 4) investigated combat-related PTSD in military
personnel and all studies investigated the effects of trauma-focused
psychotherapy, including exposure. The cortisol parameters investi-
gated were the CAR [50,52,53], CAR after the dexamethasone sup-
pression test [50] and cortisol reactivity to trauma reminders [51,53].
As reviewed by Schumacher et al. (2018) [49], these analyses yielded
mixed results regarding prescriptive effects of cortisol: Rapcencu et al.
(2017) [52] found that the CAR predicted greater decrease of PTSD
symptoms. In contrast, Nijdam et al. (2015) [50] reported that greater
CAR suppression by dexamethasone, but not natural CAR, predicted
PTSD symptom decrease. Norrholm et al. (2016) [51] found a pre-
scriptive effect of cortisol reactivity to trauma reminders, but not
baseline cortisol, in patients who underwent virtual exposure therapy
enhanced with alprazolam, but not in such who received p-cycloserine
enhancement or a placebo. Likewise, Rauch et al. (2015) [53] found
prescriptive effects of the CAR and cortisol reactivity to trauma re-
minders only in patients who received prolonged exposure instead of
present-centered therapy. A more recent investigation not included in
the meta-analysis found that total cortisol output during exposure to a
trauma reminder, but not cortisol reactivity to the reminder, predicted
treatment response in youths who underwent trauma-focused psycho-
therapy [55]. All these studies serve as examples of how biological
measurements can be implemented into clinical trials to predict psy-
chotherapeutic treatment success. Pre-intervention cortisol can further
be used to evaluate potential prescriptive effects in PTSD prevention. To
date, only one study tested how different cortisol parameters interacted
with a pharmacological preventive intervention. However, neither the
natural, nor suppressed CAR, nor single cortisol measurements inter-
acted with the effects of repeated intranasal oxytocin administration
[56].

2.3.1.4. Conclusion. So far, only few studies have evaluated cortisol’s
potential as a prescriptive biomarker in trauma-focused psychotherapy.
It is to be considered positive that mainly methodologically sophisti-
cated designs and multi-measurement-based cortisol parameters, such
as the CAR or cortisol reactivity to trauma reminders, have been
investigated.

2.3.2. Outcome biomarkers

2.3.2.1. Definition. Next to their prescriptive value, biological mea-
surements can also serve as an outcome variable in intervention studies.
A prerequisite for this approach is the assumption that the mental health
disorder is associated with dysregulations in the respective biological
system of interest. Consequently, successful interventions should alle-
viate or even reverse this dysregulation. Accordingly, a biological
marker which is assumed to act as a surrogate for the system can be
selected to investigate intervention-induced changes on both a biolog-
ical and psychological level. Hence, biological measurements can be
regarded as outcome biomarkers if a change from pre-to post-interven-
tion is related to changes in psychopathological symptoms.

2.3.2.2. Methodological requirements. Concerning methodological re-
quirements, at least one pre- and another one post-intervention
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assessment for both, the biological and psychopathological symptom
measurement should be conducted. The circumstances of data collection
should be held as constant as possible between pre- and post-
intervention. This concerns aspects like the time of day of sampling or
sampling during the week vs. the weekend. For practical issues, it is
seldomly possible to keep season of the year constant, but it might be
worthwhile to control for this influence. Many statistical techniques are
suitable to test how the intervention’s psychological effects accompany
potential changes in cortisol as a dependent variable. One possibility is a
responder analysis. Hence, patients who show a significant symptom
reduction following the intervention can be compared to patients who
do not show a response, using the (residual) change in the biological
measurement as outcome.

2.3.2.3. Previous evidence on cortisol as an outcome biomarker. In the
aforementioned meta-analysis by Schumacher et al. (2018) [49], k =8
of the k = 12 included studies used a cortisol parameter as an outcome
variable to test the biological effects of psychotherapeutic treatment.
While most of these studies also focused on exposure-based therapy
approaches [52-54,57-60], one study tested the effects of mindfulness
or meditation interventions on PTSD symptoms and cortisol parameters
[61]. Summarizing the evidence for different cortisol parameters,
including single measurements and the CAR, Schumacher et al. [49]
identified no changes from pre-to post-treatment, neither in analyses
including all patients, nor in responder analyses.

2.3.2.4. Conclusion. Outcome biomarkers have the potential to bridge
the gap between psychological and biological intervention effects. If
measured properly, they can provide valuable insights due to their po-
tential to identify individuals that may respond differently based not
only on demographic or psychological characteristics, but biological
systems. However, to date, no cortisol parameters that are clearly
indicative for PTSD-treatment associated changes on a biological level
have been identified.

2.3.3. Indicators of change mechanisms

2.3.3.1. Definition. Lastly, the regulation a biological system during (a
specific part or technique of) an intervention can be decisive for its
effectiveness. Therefore, biomarkers can provide insights into the
mechanisms of change underlying effective interventions. Thereby,
biological indicators of change mechanisms can help to understand how
exactly an intervention exerts its effects and to identify its active in-
gredients. Promoting these active ingredients can ultimately contribute
to optimizing intervention efficacy and effectiveness, by speeding up
remission and increasing response rates [62].

2.3.3.2. Methodological requirements. On a content level, prior knowl-
edge about the intervention and its psychological mechanisms of change
are required. On a methodological level, coordinated measurements of
these known psychological and the assumed associated biological
mechanisms of change are required, ideally at least once during the
intervention, at the point in time at which the psychological change
mechanisms take their effects.

2.3.3.3. Previous evidence on cortisol as an indicator of change mecha-
nisms. Only few previous studies investigated cortisol as an indicator of
change mechanisms, all focusing on trauma-focused psychotherapies,
including exposure. Their results have not been summarized in sys-
tematic reviews, yet. Consequently, these primary empirical studies are
only exemplarily presented here, with the disclaimer that no final con-
clusions regarding cortisol’s potential as an indicator of change mech-
anisms can be made at this point in time. A study by van Gelderen et al.
(2020) [63] demonstrated that higher cortisol concentrations before and
after exposure sessions were associated with a greater psychotherapy
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response. This is in line with findings by Rauch et al. (2015) [53] who
investigated the CAR and cortisol reactivity to trauma cues as a potential
biological underpinning of trauma-focused psychotherapies. In both,
prolonged exposure and present centered psychotherapy, cortisol con-
centrations, as measured before and several times after trauma-related
imagery tasks before, during and after the intervention, were higher in
treatment responders than in non-responders. However, with an
increasing number of completed therapy sessions, cortisol reactivity to
trauma-related imagery showed stronger increases in non-responders
than in responders [64].

2.3.3.4. Conclusion. As noted, the evidence on cortisol as an indicator
of change mechanisms in (exposure-based) interventions is still sparse,
but it might be very promising. The rationale of these investigations is
built upon a more basic theory regarding the influence of cortisol on
extinction learning and memory consolidation [65]. Therefore, exciting
studies on this topic can certainly be expected in the future, especially
since one can already notice the practical implications of such in-
vestigations, for example in the application of hydrocortisone in PTSD
prevention [66,67].

3. Summary and integration

As this paper demonstrated, using the example of cortisol, the pro-
posed systematic framework can be helpful in gaining a clear, precise,
and comprehensive overview of studies on selected biomarkers in clin-
ical psychological research, depending on the respective scientific
question and, accordingly, biomarker function of interest. Such an
overview is warranted, as on the one hand, clinical psychology has
already benefited from translational approaches that enhanced our un-
derstanding of the biological mechanisms underlying PTSD [68]. On the
other hand, it has to be acknowledged that despite considerable efforts,
“we’re still waiting” [69] for specific biomarkers that provide precise,
reliable and valid diagnoses. Further, it can be challenging to keep up
with, structure, compare, summarize and evaluate the growing number
of studies that is being published every year. Additionally, the proposed
framework can be helpful to identify gaps and potentials in this growing
field of research. We hope to provide researchers who plan to perform
biomarker studies in the future with a proposal for an accurate
nomenclature, with reflections on methodological requirements, and,
regarding the example of cortisol, an initial overview on the current
state of research. Lastly, we would like to note that, although here, we
focused on cortisol as a biomarker for PTSD, this framework can of
course also be applied to other mental health disorders or other
biomarkers.
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