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REVIEW ARTICLE

The potential of biomarkers for diagnosing insomnia: Consensus statement
of the WFSBP Task Force on Sleep Disorders
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Anne Eckertf , Jana Kop�rivov�ag,h , Maria Ntafoulia , Kai Spiegelhalderi , Martin Hatzingerd ,
Dieter Riemanni and Constantin Soldatosa

aFirst Department of Psychiatry, Eginition Hospital, Medical School, National and Kapodistrian University of Athens, Athens, Greece;
bThird Department of Psychiatry, Sleep Medicine Center, Institute of Psychiatry and Neurology, Warsaw, Poland; cDepartment of
Electrical and Computer Engineering, University of Houston, Houston, TX, USA; dPsychiatric Services Solothurn, Faculty of Medicine,
University of Basel, Solothurn, Switzerland; eDepartment of Psychiatry and Psychotherapy, University of Regensburg, Regensburg,
Germany; fNeurobiology Lab for Brain Aging and Mental Health, Transfaculty Research Platform Molecular & Cognitive Neuroscience
(MCN), University of Basel, Basel, Switzerland; gNational Institute of Mental Health, Klecany, Czechia; hThird Faculty of Medicine,
Charles University, Prague, Czechia; iDepartment of Psychiatry and Psychotherapy, Faculty of Medicine, Medical Centre, University of
Freiburg, Freiburg, Germany

ABSTRACT
Objectives: Thus far, the diagnosis of insomnia is based on purely clinical criteria. Although a
broad range of altered physiological parameters has been identified in insomniacs, the evidence
to establish their diagnostic usefulness is very limited. Purpose of this WFSBP Task Force consen-
sus paper is to systematically evaluate a series of biomarkers as potential diagnostic tools for
insomnia.
Methods: A newly created grading system was used for assessing the validity of various meas-
urements in establishing the diagnosis of insomnia; these measurements originated from rele-
vant studies selected and reviewed by experts.
Results: The measurements with the highest diagnostic performance were those derived from
psychometric instruments. Biological measurements which emerged as potentially useful diag-
nostic instruments were polysomnography-derived cyclic alternating pattern, actigraphy, and
BDNF levels, followed by heart rate around sleep onset, deficient melatonin rhythm, and certain
neuroimaging patterns (mainly for the activity of frontal and pre-frontal cortex, hippocampus
and basal ganglia); yet, these findings need replication, as well as establishment of commonly
accepted methodology and diagnostic cut-off points. Routine polysomnography, EEG spectral
analysis, heart rate variability, skin conductance, thermoregulation, oxygen consumption, HPA
axis, and inflammation indices were not shown to be of satisfactory diagnostic value.
Conclusions: Apart from psychometric instruments which are confirmed to be the gold stand-
ard in diagnosing insomnia, six biomarkers emerge as being potentially useful for this purpose.
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Introduction

Insomnia is regarded as one of the major health chal-
lenges, deserving accuracy in its diagnosis considering
its global burden related to mental and physical
health (Collins et al. 2011). The diagnosis of insomnia,
as defined in the major diagnostic classification sys-
tems published by the World Health Organisation
(ICD-11; WHO 2019), the American Psychiatric
Association (DSM-5; APA 2013), and the American
Academy of Sleep Medicine (ICSD-3; AASM 2014), is

based on a number of clinical criteria referring to sub-
jective complaints, i.e. difficulty in initiating or main-
taining sleep, dissatisfaction with quantity and/or
quality of sleep, as well as psychological and other
negative consequences of sleep disturbance. In both
the ‘Practice Parameters for the Evaluation of Chronic
Insomnia’ developed by the American Academy of
Sleep Medicine (Chesson et al. 2000) and the most
recently published European Guideline for the
Diagnosis and Treatment of Insomnia developed by
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the European Sleep Research Society—ESRS (Riemann
et al. 2017) the diagnosis of insomnia is established
through the use of the above mentioned criteria. In
spite of the fact that these universally accepted criteria
are purely clinical, certain biological measurements are
being considered for the diagnosis of insomnia in
both the above guideline papers, as well as in an
AASM companion paper for the evaluation of insom-
nia (Sateia et al. 2000).

Since the diagnosis of insomnia is based on sub-
jective complaints (ICD-11, DSM5, ICSD-3), rating scales
and other means of psychometric assessment are
expected to show considerable diagnostic validity. On
the other hand, biological research has identified a
broad range of altered physiological parameters
among insomnia patients, which could be considered
as appropriate biomarkers (Califf 2018). However, as
yet, there has been very limited evidence on sensitiv-
ity, specificity, and/or other appropriate measures of
diagnostic accuracy of these parameters to establish
their usefulness as diagnostically valid biomarkers for
insomnia. Both the American (Chesson et al. 2000) and
the European (Riemann et al. 2017) guidelines mainly
rely on expert evaluation of the existing literature to
generate the respective recommendations for the
diagnosis of insomnia. In the extensive review of stud-
ies for the diagnosis of insomnia by Sateia et al.
(2000), on which the American guidelines are based,
the approach to detect the diagnostic potential of the
methods examined relies primarily on the value of
alpha and beta errors, indices which denote statistical
significance but do not necessarily correspond to spe-
cific measures reflecting diagnostic accuracy per se.

The present consensus paper consists of a system-
atic evaluation of biomarkers as potential diagnostic
tools for insomnia based on measures of diagnostic
accuracy, following an identical assessment of the
diagnostic accuracy of psychometric instruments in
diagnosing insomnia. For this purpose, we created a
novel grading system for assessing the studies which
are reviewed herein regarding the degree of pertin-
ence of their reported data and the level of accuracy
of their method approach in establishing the diagnosis
of insomnia. It is noteworthy that the diagnostic use-
fulness of the biological parameters for insomnia has
not been previously compared among themselves,
neither vs. psychometric measurements.

Methods

In a business meeting of the WFSBP Task Force on
Sleep Disorders, it was decided to create a consensus

statement on the value of biomarkers and other means
of assessment for the diagnosis of insomnia. To this
effect, a steering group consisting of Adam Wichniak,
Dimitris Dikeos, and Constantin Soldatos took the initia-
tive to invite several colleagues, each having expertise
in a specific research/clinical domain for the study of
insomnia. Those who contributed to the consensus
statement and their respective specific fields of expertise
are as follows: Dieter Riemann (DR) and Periklis Ktonas
(PK) on polysomnography and sleep EEG spectral ana-
lysis; Adam Wichniak (AW) on actigraphy; Kai
Spiegelhalder (KS) on neuroimaging; Thorsten Mikoteit
(TM) and Martin Hatzinger (MH) on psychophysiology
(heart rate, skin conductance, thermoregulation, oxygen
consumption rate); TM, MH, and Anne Eckert (AE) on
neuroendocrinology (HPA axis and melatonin), inflam-
mation and neuroplasticity; Dimitris Dikeos (DD) and
Constantin Soldatos (CS) on psychometrics through
scales and questionnaires for assessing insomnia; Jana
Kop�rivov�a (JK) on psychometrics through scales and
questionnaires for assessing dysfunctional beliefs and
attitudes about sleep; and Tatiana Cr€onlein (TC) on
inventories for assessing personality patterns. Maria
Ntafouli (MN) contributed to data handling, preparation
of tables, and the procedure of composing the paper.

The contributors provided their respective parts of
the manuscript, each accompanied by a table presenting
the studies on which their specific reports were based.
The text provided by each contributor appears in part
as an appropriate section of the review of studies and in
part in the discussion; the unified text of the entire
paper was based on the integration of the parts pro-
vided by the contributors implemented by DD and CS.

In their tables, the contributors included summar-
ised information for each study as follows: Citation,
Type of Study, Type and Number of Subjects,
Instruments and Methods, Results, Main Conclusions,
and Comments. The tables provided by the contribu-
tors were then homogenised by DD and CS through
(a) presenting all data included in them in a similar
way, (b) adding appropriate data to the individual
entries (whenever those were not included in the
tables originally provided by the contributors) after
scrutinising the papers on which the entries were
based, (c) calculating appropriate values of Cohen’s d
or Hedge’s g based on the data available in each
study (see Supplementary Table S1), and (d) adding/
restructuring conclusions and comments by using
information originating from the texts provided by the
contributors and/or from the original papers cited by
them. Moreover, the selection of entries which were
to appear in the main tables of the paper was based

2 D. DIKEOS ET AL.

https://doi.org/10.1080/15622975.2023.2171479


on the following criteria: (a) study samples included
well defined groups of insomniacs and control sub-
jects, (b) study samples were not based only on spe-
cial populations (e.g. elderly, children, patients with
somatic disorders, etc.), and (c) respective papers were
either reviews/meta-analyses or provided precise
numerical values for diagnostic accuracy, effect size or
other values reflecting the strength of differences
between compared groups. Data of other studies
which were referred to by the contributors but did
not meet any of the above mentioned requirements
were placed in the online Supplementary Tables S2
and S3. It should be noted that, based on each ori-
ginal study’s description, it was not always possible to
specify whether patients included were diagnosed
with any type of insomnia (INS) or specifically with pri-
mary insomnia (PI). Thus, we resorted to include in the
tables the rubric used by the respective authors (e.g.
INS, PI, etc.) and to base our analysis on patients with
PI only whenever this was specifically mentioned or,
otherwise, on unspecified insomnia patients.

The review section contains two main parts: one on
Psychometric Measurements and another on Biological
Measurements. Each of these parts is accompanied by
its respective main table and the corresponding
Supplementary Table in the online material. The two
main tables are subdivided into several sections, each
corresponding to a specific scientific area (psychomet-
ric or biological approach for the diagnosis of insom-
nia) and are organised in a chronological order based
on the year of publication, whereas the entries in the
Supplementary Tables are listed in alphabetical order
based on first author’s surname.

A grading system for establishing the quality of
diagnosis was created as follows: data provided in the
individual studies which are included in the main
tables were categorised in four levels (A to D) based
on the degree of pertinence of their reported indices

to diagnose insomnia (Grade of Diagnostic Pertinence,
see Table 1). Thus, ‘A’ is for studies directly assessing
the data in a detection framework (e.g. ROC) while ‘B’ is
for studies using only general distribution parameters
like effect sizes or means and variances. The Diagnostic
Accuracy potential of the psychometric or biological
approach examined in each study was graded in four
levels (1–4), as also shown in Table 1. Thus, a diagnostic
grading index could be attributed to each study based
on the combination of the grades of diagnostic pertin-
ence and diagnostic accuracy. For example, a diagnostic
grading index of A1 corresponds to a study whose
results show high diagnostic accuracy which is based on
measures of high pertinence (i.e. Sensitivity, Specificity,
or ROC-AUC higher than 0.80), A3 corresponds to high
quality diagnostic measures showing low diagnostic
accuracy, while C1 corresponds to a study showing high
diagnostic accuracy which is, however, based on meas-
ures of low pertinence. The cut-off scores used for estab-
lishing the level of diagnostic accuracy were based on
relevant literature (Hosmer and Lemeshow 2000;
Ferguson 2009; Sawilowsky 2009). In case a study
reported several measures, the diagnostically pertinent
index which was chosen was the most accurate one
among these measures. Grade D of diagnostic pertin-
ence corresponds to a study reporting possibly useful
information on differences between insomniacs and con-
trols, but the data provided are not adequate to assess
the diagnostic validity of the existing differences; there-
fore, no level of diagnostic accuracy can be established.

Review of studies on psychometric
measurements

Rating scales and questionnaires for assessing
insomnia

There is a very large number of scales and question-
naires for diagnosing insomnia; therefore, a search

Table 1. Grading system for establishing diagnosis.
Grade of diagnostic pertinence

Grade Data reported or extracted

A (high) Sensitivity and Specificity or AUC of the Receiver Operating Characteristic (ROC) curve
B (moderate) Cohen’s d or Hedge’s g (provided or extracted from available data as shown in Supplementary Table S1)
C (low) Correlation coefficient (r)� or data from review studies relevant for the assessment of diagnostic validity
D (inadequate) Data inadequate for the establishment of diagnostic accuracy

(p-values, mean values without available standard deviations, geometric mean values)

Grade of diagnostic accuracy

Grade Sensitivity and specificity AUC of ROC Cohen’s d or Hedge’s g Correlation coefficient (r)

1 (high) �0.80 �0.80 �1.50 �0.80
2 (moderate) 0.70–0.79 0.70–0.79 1.00–1.49 0.60–0.79
3 (low) 0.60–0.69 0.50–0.69 0.70–0.99 0.40–0.59
4 (virtually absent) <0.60 <0.50 <0.70 <0.40
�Between the diagnostic method under examination and another well-established method for diagnosing insomnia.
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based on Pubmed and secondary citations was per-
formed for original papers, each having being cited at
least ten times in ‘Web of Science’ or Google Scholar.
The papers produced through this search had to
report on suitable measures of diagnostic validity for
insomnia, based on a well-defined population of
insomniacs vs. a sample of non-insomniac controls.
Consequently, five studies reporting on an equal num-
ber of psychometric instruments (Pittsburgh Sleep
Quality Index, Buysse et al. 1989; Athens Insomnia
Scale, Soldatos et al. 2000; Global Sleep Assessment
Questionnaire, Roth et al. 2002; Sleep-50
Questionnaire, Spoormaker et al. 2005; Brief Insomnia
Questionnaire, Kessler et al. 2010) were finally selected
for presentation herein.

As presented in Table 2(a), the diagnostic validity of
all five psychometric instruments was quite satisfac-
tory, based on measures of sensitivity, specificity, posi-
tive predictive value (PPV), negative predictive value
(NPV), and area under the receiver operating charac-
teristic curve (ROC-AUC). The values corresponding to
these measures indicate that scales and questionnaires
for assessing insomnia are indeed useful psychometric
tools (diagnostic grading A1 for three of the above
scales and A2 for two of them).

Further to their diagnostic validity, Cronbach’s
alphas were invariably high (0.77–0.90), indicating the
strong internal consistency of the five instruments pre-
sented above. In studies of other well-known scales
and questionnaires for assessing insomnia, which are
not presented here as they do not meet the inclusion
criteria mentioned above, similarly high values of
Cronbach coefficients were also observed (Parrott and
Hindmarch 1980; Ellis et al. 1981; Jenkins et al. 1988;
Bastien et al. 2001; Pallesen et al. 2008; Okun et al.
2009; Drake et al. 2014; Espie et al. 2014). Test-retest
reliability, in the four studies in which it was assessed
(Table 2(a)), was found to range from 0.78 to 0.90 (for
periods of 1–3weeks). The high values of both
Cronbach’s alpha and test-retest reliability show that
the psychometric instruments (scales and question-
naires) focussing on the assessment of the subjective
complaints of insomnia are indeed robust and retain
their ability to record sleep disturbance consistently
over repeated administration.

Scales and questionnaires for assessing
dysfunctional beliefs and attitudes about sleep

Cognitive processes play an important role in insom-
nia (Harvey 2002). To quantify sleep-related cognitions,
the Dysfunctional Beliefs and Attitudes about Sleep

scale (DBAS) has been developed by Morin et al.
(1993, see Supplementary Table S2), containing 30-
items. More recently, however, shorter versions have
been published (DBAS-16 by Morin et al. 2007, see
Supplementary Table S2; DBAS-10 by Espie et al. 2000
and by Edinger and Wohlgemuth 2001, see
Supplementary Table S2). Psychometric and clinical
studies reported satisfactory internal consistency of all
DBAS versions (e.g. Smith and Trinder 2001, see Table
2(b); Carney and Edinger 2006; Morin et al. 2007, see
Supplementary Table S2; Carney et al. 2010, see Table
2(b); Fortier-Brochu and Morin 2014; Hertenstein et al.
2015, see Table 2(b); Palagini et al. 2016).

Four studies demonstrated that DBAS adequately
differentiates between insomnia patients and good
sleepers (Smith and Trinder 2001, diagnostic grading
A1; Carney et al. 2010, diagnostic grading A2 for the
primary insomnia group; Hertenstein et al. 2015, diag-
nostic grading B1; Cr€onlein et al. 2014, diagnostic
grading B2; see Table 2(b)). DBAS score is also posi-
tively correlated with insomnia severity (Bluestein
et al. 2010; Cr€onlein et al. 2014, see Table 2(b); Seow
et al. 2018), although increased DBAS scores have
been also reported in other sleep disorders, such as
restless leg syndrome or restless leg syndrome with
sleep apnoea (Cr€onlein et al. 2014).

Besides DBAS, other scales focussing on cognitive
processes have also been found to be useful in diag-
nosing insomnia: the Glasgow Content of Thoughts
Inventory (Harvey and Espie 2004, diagnostic grading
A1, see Table 2(b)) and the Glasgow Sleep Effort Scale
(Broomfield and Espie 2005, diagnostic grading A1;
Hertenstein et al. 2015, diagnostic grading B1; see
Table 2(b)).

Inventories of assessing personality patterns

In the early eighties, a study of insomniacs vs. good
sleepers based on the Minnesota Multiphasic
Personality Inventory (MMPI) found more frequently at
least one pathologically elevated scale (79 vs. 29%)
and higher scores of clinical scales D (depression), Pt
(psychasthenia), Hy (hysteria), Hs (hypochondriasis) in
insomniacs, denoting a personality profile character-
ised by depression, rumination, anxiety and inhibition
of emotions in insomnia (Kales et al. 1983, diagnostic
grading A2, see Table 2(c)). Subsequent studies have
produced similar findings, as reviewed by Van de Laar
et al. (2010, diagnostic grading C2, see Table 2(c))
showing that, in the majority of studies, the scales
which were pathologically elevated were indeed D,
Hy, Hs, and Pt.
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In studies examining personality traits (such as the
Big Five, Costa and McCrae 1992) in insomniacs, a
high score on neuroticism was found to be the stron-
gest predictor of insomnia, when poor sleep was
assessed either subjectively or objectively (Williams
and Moroz 2009; Duggan et al. 2014; Hintsanen et al.
2014; Stephan et al. 2018; Kri�zan and Hisler 2019);
however, the association of neuroticism with insomnia
was not found to be diagnostically useful (Stephan
et al. 2018, diagnostic grading C4, see Table 2(c)). On
the other hand, extraversion and positive affectivity
were associated with subjectively reported good sleep
quality in studies that did not meet the criteria to be
included herein (Gray and Watson 2002; Williams and
Moroz 2009; Duggan et al. 2014).

Studies evaluating other personality characteristics
beyond those assessed through the MMPI and the Big
Five have shown that patients with chronic insomnia
were more perfectionistic than healthy controls
(Lundh et al. 1994; Vincent and Walker 2000). Cross-
sectional studies, as well as longitudinal studies, con-
firmed significant associations between perfectionism
and poor sleep even when measured with polysom-
nography (Vincent and Walker 2000; Azevedo et al.
2010; Jansson-Fr€ojmark et al. 2011; Johann et al. 2017,
see Supplementary Table S2), although the available
data did not allow to establish the diagnostic useful-
ness of measures of perfectionism in insomnia.

Review of studies on biological measurements

Polysomnography and sleep EEG analysis

To clarify the clinical value of polysomnography for
diagnosing insomnia Baglioni, Regen, et al. (2014, see
Table 3(a)) conducted a meta-analysis including all
polysomnographic studies published up to that time
in 582 patients with chronic primary insomnia and 485
good sleeper controls. Many significant differences
were found between insomniacs and good sleepers as
reflected in reduced sleep efficiency, increased sleep
onset latency, reduced total sleep time, increased
number of awakenings, reduced slow wave sleep and
REM sleep, and increased wake time. However, the
between groups difference for total sleep time was
only 25min (Cohen’s d¼�0.6); also the d-values for
all PSG measures indicating reduced sleep quantity
were generally low, the highest being for Sleep
Efficiency and Slow Wave Sleep duration (�0.7 and
�0.8, respectively), which correspond to a weak level
of evidence for diagnostic accuracy (diagnostic grad-
ing B3). Interestingly, based on sleep diary data, the
effect between groups was much stronger, with an

average difference of �2 h for subjectively estimated
total sleep time.

Through spectral analysis of sleep EEG,
Spiegelhalder et al. (2012, see Table 3(a)) were able to
demonstrate increased amounts of fast frequencies (in
the sigma and beta bands), although the level of diag-
nostic accuracy at this finding was weak (diagnostic
grading B3). It should also be noted that Colombo
et al. (2016), based on high-density EEG, demonstrated
that increased amounts of beta waves can also be
detected in the resting-state EEG of patients with
insomnia during wakefulness.

Riedner et al. (2016, see Table 3(a)) analysing all-
night NREM sleep EEG found more power in high fre-
quency EEG activity (>16Hz) in chronic insomnia sub-
jects vs. controls widespread across the scalp,
indicating a possible hyperarousal state in chronic
insomnia, even during the deepest stage of sleep.
Buysse et al. (2008, see Table 3(a)) found evidence of
hyperarousal (elevated EEG power in 18–40Hz) only in
the first NREM sleep period of insomniacs vs. controls.
However, the results of this study as well as those of
the study by Svetnik et al. (2017, see Table 3(a)) indi-
cate that hyperarousal during sleep in insomnia may
relate to female subjects only. Nonetheless, data pro-
vided in the above three studies were insufficient for
establishing diagnostic validity (grade D for all of
them). Moreover, Schwabedal et al. (2016, see
Supplementary Table S3) found that the alpha wave
frequency during sleep arousals in male insomniacs is
similar to that during wake, while it is less than wake
levels in controls, indicating a possible presence of
hyperarousal during sleep also in male insomnia
subjects.

Another possibility to analyse polysomnography is
the so-called cyclic alternating pattern (Terzano et al.
2001). This is a phenomenon of NREM sleep and
shows some overlap with certain Rechtschaffen and
Kales events (mostly arousals). The cyclic alternating
pattern (CAP) is based on the observation that certain
EEG elements, distinct from background EEG, recur
with a periodicity of 20–40 s. It marks an arousal fluc-
tuation, containing unstable or aroused parts of sleep
alternating with consolidated sleep. A large CAP rate
marks disturbed sleep with poor sleep quality.
Chouvarda et al. (2012, see Table 3(a)) showed that
altered CAP patterns differentiate insomniacs from
good sleepers, with satisfactory diagnostic accuracy
(diagnostic grading A1) arguing for a destabilisation of
sleep in insomnia.

When considering the diagnostic validity of sleep
EEG-derived measures based on the grading system
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p
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m
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re
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p
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at
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al

an
al
ys
is
(1
–3
2
H
z)

of
N
RE
M

sl
ee
p
EE
G
da
ta
,f
or

ea
ch

of
th
re
e
eq
ua
l(
on

e-
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th
e

de
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m
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e
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m
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d
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d
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B2

H
R
an
d
H
RV

ch
an
ge
s
in
di
ca
te

in
cr
ea
se
d
sy
m
pa
th
et
ic
ne
rv
ou

s
sy
st
em

ac
tiv
ity

in
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at
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ra
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R
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ra
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.
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ra
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for establishing diagnosis, as applied to the studies of
Table 3(a), CAP rate emerges as the most reliable bio-
marker for diagnosing insomnia (diagnostic grading
A1), while there is rather weak evidence that reduced
sleep efficiency and SWS duration (as measures of
sleep macro-architecture) as well as the increased
power of fast frequency EEG bands sigma and beta (as
measures of sleep micro-architecture) may also be
considered as potential biomarkers (diagnostic grading
B3 for measures of both macro- and micro-architec-
ture of sleep). It should be noted, however, that the
high diagnostic grading found for CAP is based on
just one study as yet.

Actigraphy

Actigraphy is a non-invasive method for monitoring
physical activity and the rest-activity cycle. In sleep
medicine it is used to assess circadian sleep-wake
rhythm and the duration of rest periods (Wichniak
et al. 2017; Smith et al. 2018); yet, the usefulness of
this method in the assessment of insomnia is still
being discussed. Actually, many studies on actigraphy
in insomnia report only group differences and their
level of significance, without providing diagnostic cut-
off scores of derived sleep parameters and their sensi-
tivity, specificity, and predictive values.

Actigraphy as a diagnostic method suffers also from
an absence of common standards of technical solu-
tions and software algorithms for detecting sleep;
thus, published results of studies using a certain
device cannot be generalised to apply to devices of
other manufacturers. Another obstacle for the use of
actigraphy as a diagnostic or research biomarker for
insomnia is related to its lower accuracy to detect
wakefulness in case of low sleep efficiency, since
insomniacs may frequently lie immobile in bed while
not asleep. Nonetheless, two large studies that
reported on the diagnostic accuracy of actigraphy for
insomnia (Table 3(b)) show that actigraphy has very
satisfactory diagnostic validity (Natale et al. 2009,
2014), diagnostic grading A1 and A2, respectively. In
addition, it seems that actigraphy can also be useful
for the prediction of treatment response to Cognitive
Behavioural Therapy for insomnia (Bathgate et al.
2017, see Supplementary Table S3).

Heart rate and heart rate variability

Psychophysiological stress and the consequent arousal
lead to an increase of heart rate (HR) and to a
decrease of heart rate variability (HRV), i.e. of the

variability of time between consecutive heart beats,
commonly referred to as the RR (R-wave to R-wave)
intervals. Electrocardiographic (ECG) recordings during
wake time or sleep allow the assessment of RR-inter-
vals, which vary as a function of autonomic nervous
system (for more details see Malik et al. 1996; Stein
and Pu 2012). Spectral analyses describe the oscilla-
tions of RR-intervals in three frequency bands: high
frequency power (HF), reflecting parasympathetic
input; low frequency power (LF), which depends on
both sympathetic and parasympathetic input; very low
frequency power (VLF), which is affected by parasym-
pathetic influences. An indicator of the sympathovagal
balance appears to be the LF/HF-ratio (but, see for
opposite positions Billman 2013).

In insomnia, HR was shown to be increased (or
heart period shortened) especially in the wake period
before sleep and in early stage 2 sleep, although the
level of diagnostic accuracy of this marker was found
to be variable across studies (Bonnet and Arand 1998;
de Zambotti et al. 2013; Farina et al. 2014, diagnostic
grading ranging from B1 to B3, see Table 3(c)).

Specific alterations of HRV patterns have been
reported in insomniacs (Tobaldini et al. 2013). Bonnet
and Arand (1998, see Table 3(c)) in a small sample of
individuals with objectively defined insomnia found
increased LF and decreased HF during all sleep stages;
this pattern of results mirrored the expected alteration
in sympathovagal balance. Others examined HRV of
insomniacs vs. healthy controls in resting state, before
and after sleep onset, or during specific sleep stages
(Fang et al. 2008; de Zambotti et al. 2013; Farina et al.
2014, see Table 3(c)); two patterns emerged for insom-
nia: either, there was no difference between LF or HF,
or there was a tendency for decreased HF as indicator
for decreased parasympathetic tone (Fang et al. 2008)
or an increase in LF as indicator for increased sympa-
thetic activity (de Zambotti et al. 2013; Farina et al.
2014). Findings were most prominent in wake before
sleep onset and Stage 2 sleep (Farina et al. 2014). To
explain these inconsistent results, sleep duration
should be considered as a possible confounder.
Findings on HF seem to refer prevalently to insomnia
with short sleep duration, while HF and LF was normal
in insomnia with normal sleep duration (Spiegelhalder
et al. 2011, see Table 3(c); Miller et al. 2016, see
Supplementary Table S3). Nevertheless, the level of
diagnostic accuracy of HRV, wherever it was possible
to be assessed, was virtually absent (diagnostic grad-
ing B4). On the same line, Dodds et al. (2017) having
thoroughly reviewed 22 studies on HRV and insomnia
concluded that the heterogeneity in regards to sample
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selection, methods of HRV assessment, and reporting
bias precluded empirical evidence to support the
hypothesis of HRV impairment in insomnia.

To summarise, an increased HR before and after
sleep onset can be considered as a promising psycho-
physiological biomarker for diagnosing insomnia (diag-
nostic grading ranging from B1 to B3). Based on the
reviewed studies, however, HRV does not seem to be
useful as a diagnostic biomarker for insomnia (diag-
nostic grading B4).

Skin conductance

Skin conductance level (SCL) is another psychophysio-
logical index of ANS, representing the sympathetic
activity in reaction to emotional stimuli. In an experi-
mental habituation study in wake time, Broman and
Hetta (1994, see Table 3(d)) found in individuals with
insomnia compared to healthy controls increased SCL
(without, however, providing indices useful for estima-
tion of diagnostic accuracy) and poor habituation to
repeated stimuli, although the diagnostic sensitivity of
the latter for insomnia was very low (40%), indicating
that the habituation paradigm cannot be used as a
diagnostic marker (grading A4). In contrast to the find-
ing of an increased SCL in insomnia during daytime,
which is compatible with the hyperarousal model,
other findings of SCL during sleep were shown to be
inconsistent in a review paper by Riemann et al.
(2010).

Thermoregulation

Thermoregulation refers to the circadian rhythm of
core body temperature and skin temperature (Lack
et al. 2008; Te Lindert and Van Someren 2018).
Healthy sleep goes along with a decline in core body
temperature at night. In contrast, the desynchronisa-
tion between wake-sleep and temperature rhythms
may underlie certain specific types of insomnia (Morris
et al. 1990, see Table S3; Lack et al. 2008).
Accordingly, objective sleep maintenance insomnia in
the elderly was related to elevated nocturnal core
body temperature (Lushington et al. 2000, see
Supplementary Table S3), which might be associated
with hyperarousal and hypermetabolism. Increased
core body temperature in insomniacs vs. normal
sleepers, as shown by Gradisar et al. (2006, see Table
3(e)), could be considered as a potential biomarker of
insomnia based on a finding of low diagnostic accur-
acy (diagnostic grading B3). Moreover, while warming
of the body is associated with increased sleep

propensity in healthy sleepers, this does not seem to
be the case for individuals with insomnia (Raymann
et al. 2007, see Supplementary Table S3).

Oxygen consumption rate

Overall oxygen use (VO2) as a proxy of whole body
metabolic rate enables to assess the physiological
activity. Chapman et al. (2018) concluded in a system-
atic review that metabolic rate in insomnia is modestly
elevated during the day and throughout the night.
This finding is in line with the hyperarousal model,
which refers both to wake and to sleep time.
Remarkably, the metabolic rate was not only found to
be increased in objectively verified insomnia (Bonnet
and Arand 1996), but was also shown to be increased
in ‘sleep state misperception’ insomnia, albeit to a
lesser degree (Bonnet and Arand 1998), as shown in
Table 3(f), with diagnostic grading being B3 and B4,
respectively. Consequently, there is some evidence
that VO2 consumption rate may be considered as a
potential biomarker for objectively verified insomnia.

Neuroimaging

In the last two decades, neuroradiological and nuclear
medicine techniques have been used to investigate
biological markers of insomnia. The first study in this
field acquired single photon emission computerised
tomography (SPECT) data from five patients with
insomnia and four healthy controls (Smith et al. 2002,
see Table 3(g)), and surprisingly, reported a reduced
cerebral blood flow in medial frontal, parietal and
occipital brain areas as well as in the basal ganglia of
insomnia patients during NREM sleep. This finding,
which shows high diagnostic validity (grading B1), is
in disagreement with the hyperarousal model of
insomnia (Riemann et al. 2010), and has not been
replicated.

Some further studies used 18F-FDG-PET ([18F]fluoro-
deoxyglucose positron emission tomography) to quan-
tify brain metabolic patterns. Nofzinger et al. (2004)
investigated seven patients with insomnia in compari-
son to 20 healthy controls during NREM sleep and
wakefulness. One of the key findings was that patients
with insomnia had a smaller decrease in brain metab-
olism from wakefulness to NREM sleep than healthy
controls, in particular in the ascending reticular acti-
vating system (ARAS) as well as in areas related to
emotion regulation (amygdala, hippocampus, and
anterior cingulate cortex) and cognition (prefrontal
cortex). This finding has been partially replicated in a
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later study from the same group of 44 patients with
insomnia and 40 healthy controls (Kay et al. 2016,
diagnostic grading D, see Table 3(g)). A further study
of this group suggests that brain areas involved in
conscious awareness might also be involved in the
perception of wake-sleep transitions (Kay et al. 2017),
which is characteristically altered in insomnia (Harvey
and Tang 2012).

Studies using functional magnetic resonance imag-
ing (fMRI) in insomnia can be divided into those that
used specific tasks in the scanner and those that
investigated functional connectivity during resting
state conditions. One task-related study investigated
22 patients with insomnia and 38 healthy controls and
suggested an increased reactivity of the amygdala in
patients with insomnia in response to the presentation
of sleep-related stimuli (Baglioni, Spiegelhalder, et al.
2014). Furthermore, during the performance of cogni-
tive tasks, a reduced recruitment of frontal brain areas
has been reported in several studies using Tower of
London, working memory, and category and letter flu-
ency tasks (Altena et al. 2008 with diagnostic grading
B1, see Table 3(g); Drummond et al. 2013; Stoffers
et al. 2014). More recently, Seo et al. (2018) reported a
delayed deactivation of the fear extinction network in
23 patients with insomnia compared to an equal num-
ber of healthy controls.

Resting-state functional connectivity (RSFC) in
insomnia was investigated in many recent studies;
however, the results are clearly very inconsistent,
partly due to a liberal use of statistical significance
thresholds. Most notably, Leerssen et al. (2019, see
Table 3(g)) reported an increased connectivity
between the hippocampus and the prefrontal cortex
in 65 patients with insomnia compared to 65 healthy
controls (diagnostic grading B1) while Regen et al.
(2016, see Table 3(g)) did not find significant group
differences in 20 patients with insomnia and 20
healthy controls; however, RSFC components were
found to be weakly correlated to sleep efficiency and
sleep latency (diagnostic grading C3).

Reviewing the literature summarised above, previ-
ous narrative reviews came to the conclusion that cor-
ticolimbic overactivity is a key feature of patients with
insomnia (e.g. Riemann et al. 2015). However, an acti-
vation likelihood estimation meta-analysis reported a
lack of consistent brain alterations in insomnia across
studies (Tahmasian et al. 2018). While this kind of
meta-analysis has specific strengths and limitations, it
still appears to be too early to draw definitive conclu-
sions based on reported data from neuroradiological
and nuclear medicine studies on insomnia. In

particular, small sample sizes in combination with
purely exploratory data analysis strategies limit the
validity of this literature and confer a high risk for
false negative and false positive findings (Button et al.
2013). Moreover, based on our data it seems that
some studies provide evidence that various indices could
have diagnostic validity for insomnia (see Table 3(g)
where diagnostic grading values are B1 for three studies
and C3 for another one); yet, the inconsistencies and
large diversity of these indices make it difficult to estab-
lish common standards across neuroimaging approaches
for diagnostic purposes.

HPA axis

Findings of alterations in cortisol levels in individuals
with insomnia have been inconsistent. Some studies
described statistically significantly elevated ACTH and
cortisol levels in the evening and in the first half of
the night in insomniacs compared to healthy controls
(Vgontzas et al. 2001 and Seelig et al. 2013, see Table
3(h); Steiger 2007; Zhang et al. 2014, see
Supplementary Table S3), and other studies did not
(Riemann et al. 2002; van Neijenhof et al. 2018).
Different degrees of insomnia severity across studies
may explain these discrepant findings: individuals with
insomnia and a shortened total sleep time (TST) dem-
onstrate elevated ACTH and cortisol concentrations in
the first half of the night and also in the morning; in
contrast, individuals with insomnia and a normal or
only slightly decreased TST show unaltered cortisol
levels (Vgontzas et al. 2001 see Table 3(h); Fernandez-
Mendoza et al. 2014; D’Aurea et al. 2015, see
Supplementary Table S3).

A similarly inconsistent pattern of results is
observed for the morning HPA axis activity: salivary
morning cortisol after awakening was either decreased
(Backhaus et al. 2004, see Supplementary Table S3;
Mikoteit et al. 2019, see Table 3(h)) or comparable to
cortisol levels of normal sleepers (Seelig et al. 2013;
Zhang et al. 2014; van Neijenhof et al. 2018). Lower
morning cortisol concentrations correlated with lower
sleep quality and with non-restorative sleep (Backhaus
et al. 2004; Mikoteit et al. 2019). On the other hand
short objective TST was related to increased morning
cortisol levels (D’Aurea et al. 2015; Fernandez-
Mendoza et al. 2017). Finally, the dexamethasone/cor-
ticotropin releasing hormone (Dex/CRH) test, the gold
standard of a pharmacological HPA axis challenge,
does not show a hyperactivity of HPA axis in insomnia
(Lattova et al. 2011, see Supplementary Table S3). One
explanation for this finding may be that chronic
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insomnia is often associated only with a mild to mod-
erate shortened sleep time, which appears to allow for
adaptation of the HPA axis activity.

Regarding the diagnostic usefulness of HPA axis
measures as a biomarker for insomnia, one study
showed that higher 24-h serum ACTH and cortisol lev-
els can distinguish insomniacs from healthy controls
(Vgontzas et al. 2001, see Table 3(h); diagnostic grad-
ing B1), while for three other studies using either
evening and nocturnal serum cortisol levels (Riemann
et al. 2002, see Table 3(h)) or midnight and morning
salivary cortisol levels (Seelig et al. 2013 and Mikoteit
et al. 2019, see Table 3(h)) diagnostic grading was B4.

Melatonin

The hormone melatonin is an important moderator of
the circadian sleep-wake rhythm. The nocturnal dark-
ness-dependent rise of melatonin levels induces
proneness to sleep and seems to be also involved in
the physiological sleep structure characterised by the
preponderance of SWS in the first half of the night
(Zhang et al. 2014; Xie et al. 2017). Moreover, mela-
tonin is considered to regulate the circadian rhythm
of the HPA axis activity (Lattova et al. 2011). Melatonin
has been found to start its rise earlier in the evening
and to have a lower peak at night in insomniacs com-
pared to healthy controls; this finding has a satisfac-
tory diagnostic validity for insomnia (Hajak et al. 1995
and Riemann et al. 2002; for both B2 diagnostic grad-
ing, see Table 3(i)).

Markers of inflammation

Insomnia was related to moderately increased CRP lev-
els and unrelated to IL-6 and TNF-a levels (Okun et al.
2009; Laugsand et al. 2012, see Supplementary Table
S3; Slavish et al. 2018). Higher CRP levels were also
observed in patients with insomnia persisting over a
six-year period compared to non-insomniacs as well as
to patients with non-persistent insomnia, although the
data in that study (being expressed as geometric
means only) were not pertinent for the assessment of
the usefulness of CRP level as a biomarker of insomnia
(Parthasarathy et al. 2015, see Table 3(j), diagnostic
grading D).

Markers of neuroplasticity

After controlling for comorbid depression, individuals
with insomnia had lower serum BDNF levels than
healthy controls (Giese et al. 2014, see Supplementary

Table S3). A subsequent study provided support for
this finding, also showing that serum BDNF seems to
be a valuable biomarker for insomnia irrespectively of
objectively assessed sleep continuity (Mikoteit et al.
2019, diagnostic grading A1, see Table 3(k)). In
another study, as well, low BDNF levels were found to
be a biomarker for the diagnosis of insomnia with
short sleep duration in PSG, as well as of insomnia
with normal sleep duration (Fan et al. 2019, diagnostic
grading B1, see Table 3(k)).

Among individuals with insomnia, lower BDNF lev-
els were associated with a lower percentage of REM
sleep, although this was not the case for objective
sleep continuity parameters assessed through poly-
somnography (Deuschle et al. 2018, see
Supplementary Table S3; Mikoteit et al. 2019). Finally,
an association between low BDNF levels and poor
cognitive performance has been found in individuals
with insomnia and shortened sleep duration (Fan
et al. 2019, see Table 3(k)).

Discussion

This is the first study to establish the usefulness of
various methods for the diagnosis of insomnia by
comparing diagnostic validity indices of psychometric
and biological measurements. To achieve this goal, a
diagnostic grading system was developed consisting
of the estimation of both diagnostic pertinence and
diagnostic accuracy for the evaluation of the measure-
ments used in each study. In most studies reviewed,
there was adequate data to extract an index of diag-
nostic discrimination, provided that the actual diagno-
sis of each study’s sample had been performed by
accepted means (i.e. following recommendation of
diagnostic manuals); it must be noted, however, that
in a few studies, it was stated that the patient group
had the diagnosis of insomnia, without specifying the
exact diagnostic procedure. Some of the studies exam-
ined did not provide data adequate enough for the
evaluation of diagnostic accuracy (grade D of diagnos-
tic pertinence); nonetheless, their data on the existing
differences between insomniacs and control subjects
are still scientifically valuable for understanding the
nature and mechanisms of insomnia as well as to
potentially guide treatment practices (Dikeos and
Soldatos 2005; Pevernagie 2021).

As expected, scales and questionnaires specifically
developed for diagnosing insomnia were found to
have the highest diagnostic gradings; this is under-
standable taking into account that the diagnostic cri-
teria for insomnia are based solely on subjective
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complaints of poor sleep quantity and/or quality, with-
out including any biological or other objectively meas-
urable parameters (APA 2013; AASM 2014; WHO 2019).
This finding shows that the assessment of subjective
sleep complaints, which actually constitute the condi-
tion of insomnia, reflects the impact of insomnia on
the suffering of the individual and the accompanying
help-seeking behaviour. Moreover, the existence of
cut-off scores of insomnia scales allows them to be
useful tools in clinical and research practice for reliably
establishing the diagnosis of insomnia (Soldatos et al.
2003).

The fact that high diagnostic gradings were also
found for scales and questionnaires assessing beliefs
and attitudes about sleep is not surprising since the
dysfunctional beliefs about sleep are intrinsically
related to the development of insomnia (Doos Ali
Vand et al. 2014; Yang et al. 2014), as well as to its
persistence (Norell-Clarke et al. 2014). In addition,
these dysfunctional beliefs have been associated with
treatment adherence (Cvengros et al. 2015) and treat-
ment response (Tremblay et al. 2009); thus, their
knowledge by clinicians may guide optimal treatment
choice (Montserrat S�anchez-Ortu~no and Edinger 2010).
Consequently, it seems that scales on dysfunctional
beliefs about sleep are useful tools for the prevention,
diagnosis, and treatment of insomnia.

The potential of MMPI as a tool for diagnosing
insomnia was found to be quite satisfactory, although
lower than that of the scales and questionnaires men-
tioned above. The personality profile of insomniacs
according to MMPI is characterised by a pattern of ele-
vation of certain scales denoting the presence of neur-
otic depression, rumination, anxiety, and internalisation
of negative emotions leading to psychophysiological
activation and ultimately to the vicious cycle of gener-
ation and perpetuation of insomnia (Kales et al. 1983;
Dikeos and Soldatos 2005; Van de Laar et al. 2010). It
is noteworthy that in a study by Vgontzas et al. (1994)
comparing the validity and clinical utility of sleep
laboratory measurements for diagnosing insomnia to
those of MMPI patterns, the latter were found to have
a better positive predictive value than the former (73
vs. 48%, p< 0.01). Neuroticism and perfectionism were
also found to be predictors of insomnia through the
Big Five inventory and other personality assessment
tools; however, contrary to the MMPI, these tools do
not seem to be useful for diagnosing insomnia.
Neurotic persons show negative mood, anxiety, dys-
functional thoughts, as well as behaviours and coping
strategies leading to emotional distress (Costa and
McCrae 1992). This may add to vulnerability for stress-

related sleep disturbance and the development of
insomnia (Williams and Moroz 2009; Van de Laar et al.
2010; Harvey et al. 2014).

It has been also reported that personality character-
istics, degree of psychopathology, comorbid psychi-
atric disorders, and levels of sleep disturbance can be
used to subclassify insomnia into various phenotypes;
early onset insomnia was the most severe of these
phenotypes (Van de Laar et al. 2017, see
Supplementary Table S2). In another study, five robust
insomnia disorder subtypes have been identified
based on life history, personality traits, and affect
(Blanken et al. 2019, see Supplementary Table S2),
opening the door widely for further research.

Etiologic models of insomnia emphasise the bidirec-
tional interaction between psychological symptoms,
such as extensive worrying about sleep (Harvey 2002),
and physiological conditions, such as hyperarousal
(Riemann et al. 2010). Insomnia patients trapped in
this vicious cycle show more or less homogenous pat-
terns of personality and psychopathology, although
whether the persistence of insomnia leads to further
changes in personality or vice versa has not been
clearly understood (Van de Laar et al. 2010).

The review on the usefulness of biological measures
for the diagnosis of insomnia showed that these meas-
ures have a lower diagnostic potential than that of
scales and questionnaires. It also showed that there is
a marked variability of the level of evidence across
studies both for the diagnostic pertinence of measures
provided as well as for the diagnostic accuracy of the
methods examined.

The evidence for diagnostic accuracy of PSG-based
macroarchitecture of sleep as diagnostic marker for
insomnia is shown to be rather weak. For many years
it has been reasonably assumed that PSG would be a
very helpful tool for the diagnosis of insomnia. Yet,
this has not been proven to be the case and, conse-
quently, US guidelines (Chesson et al. 2000) do not
routinely recommend polysomnography (PSG) as a
diagnostic tool for insomnia in clinical practice, while
the European guidelines (Riemann et al. 2017) suggest
a broader indication to perform polysomnography
only in certain cases of insomnia. One of the main rea-
sons for the hesitant approach to include PSG in the
diagnostic process for insomnia resulted from the fact
that polysomnographic data do not strongly correlate
with the subjective assessment of sleep by insomniac
patients themselves. An early study to document this
(Carskadon et al. 1976), clearly showed that patients
with insomnia consistently underestimate the time
spent asleep and overestimate the time it takes them
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to fall asleep, denoting that there is a significant dis-
crepancy between objective and subjective findings
(for overview see Harvey and Tang 2012). However, in
spite of the overall weak diagnostic potential of PSG,
objectively assessed sleep quantity parameters may
distinguish insomniacs from those with short or with
normal sleep duration, with the former constituting
the most biologically severe phenotype, with signifi-
cant therapeutic and prognostic implications
(Vgontzas et al. 2013; Bertisch et al. 2018).

Since the publication of the neurocognitive model
of insomnia (Perlis et al. 1997), spectral analysis of
sleep EEG is assumed to provide a more fine grained
approach to evaluate changes in sleep of patients
with insomnia; fast frequencies (in the sigma/beta
range), which seem to be overexpressed in the sleep
of insomniac patients, may reflect increased levels of
consciousness during sleep, thus corresponding or
even reflecting the increased ruminations patients
with insomnia typically suffer from. As shown in Table
3(a), all four studies reviewed indicate the presence of
sleep EEG spectral analysis findings denoting a consid-
erable degree of hyperarousal during sleep; however,
in three of them, the data reported were inadequate
to establish diagnostic validity (Buysse et al. 2008;
Riedner et al. 2016; Svetnik et al. 2017), while the
diagnostic grading of the remaining one
(Spiegelhalder et al. 2012) corresponds to low diag-
nostic accuracy. To the contrary, a study on CAP rate
analysis showed high diagnostic accuracy (Chouvarda
et al. 2012). In general, the evidence from studies
applying more fine-grained neurophysiological meth-
ods, such as sleep EEG spectral analysis or CAP rate
analysis, favours the hypothesis of an increased CNS
hyperarousal in patients with insomnia in relation to
good sleepers (Riemann et al. 2010, 2015; Morin et al.
2015; Zhao et al. 2021), which may be reduced after
cognitive behavioural therapy for insomnia (Cervena
et al. 2004; Krystal and Edinger 2010, see
Supplementary Table S2 for both).

Actigraphy seems to be a valuable method for the
diagnosis of insomnia, with the studies reviewed
herein showing high diagnostic accuracy (Natale et al.
2009, 2014), although the quantification of the result-
ing recordings and the establishment of relevant diag-
nostic cut-offs have not been achieved as yet.
Actually, recent guidelines for the treatment of insom-
nia (Riemann et al. 2017), recommend actigraphy only
in the case of clinical suspicion of irregular sleep-wake
schedule or circadian rhythm disorders (strong recom-
mendation), but to a much smaller extent for the
quantitative assessment of sleep parameters (weak

recommendation). On the other hand, the value of
actigraphy is also supported by the fact that acti-
graphs are easy to use across many nights with almost
no impact on patient’s activities and habits. Finally,
with the existing pace of progress regarding personal
electronic devices and wearables, we can look forward
to new methods of collection and analysis of acti-
graphic data.

The studies presented in Table 3(c) show that an
increase of heart rate before and after sleep onset can
be considered as a psychophysiological biomarker for
the diagnosis of insomnia. To the contrary, no diag-
nostic usefulness has been shown for heart rate vari-
ability (HRV), although alterations of HRV patterns
have been reported, as an indication of autonomic
hyperarousal and a sympathovagal disbalance in
insomnia. Consequently, it has been suggested that
more research needs to be conducted including fur-
ther HRV measures, such as VLF, non-linear complexity
indices, or qEEG-ECG coupling analyses (Jurysta et al.
2009; Yang et al. 2011; Mikoteit et al. 2017, 2019).

Regarding other psychophysiological measures,
which have been studied in insomnia and are
reviewed in this paper (Tables 3(d–f)), an increased
core body temperature in insomniancs shows some
promise for diagnostic potential, although the proced-
ure of measuring core body temperature is obviously
impractical for clinical purposes. Oxygen consumption
rate has also shown to have some diagnostic ability,
but not for insomniacs with only subjective complaint;
the clinical application of this method, however, is
also impractical. As far as skin conductance is con-
cerned, it has not shown diagnostic accuracy. In spite
of the lack of usefulness of the above methods for
diagnostic purposes, converging evidence from many
studies on different psychophysiological markers of
the autonomic nervous system (ANS), support the
hyperarousal model for insomnia (Riemann et al.
2010). However, there is a need for further research to
clarify if indicators of hyperarousal are secondary to
sleep disturbance and fragmentation caused by insom-
nia, or if hyperarousal is a primary background of
insomnia itself.

Neuroimaging studies, especially those based on
PET scan and fMRI, generally indicate that in insomnia
there is a failure of arousal mechanisms to decline in
activity from wake to sleep; besides, in certain studies,
a lower recruitment of frontal areas during cognitive
tasks has been observed. While these findings are in
keeping with the understanding that insomnia is char-
acterised by the persistence of hyperarousal, it is diffi-
cult to draw definitive conclusions due to small
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number of participants and the variability of methods
used across various studies. Also, even if the diagnos-
tic validity is satisfactory, as shown in certain studies,
the use of the neuroimaging methods for diagnostic
purposes in insomnia is practically prohibited by their
complexity and high cost. The recently established
sleep working group within the ENIGMA neuroimaging
genetic consortium constitutes a promising inter-
national effort, which is expected to provide further
insight regarding neuroimaging of sleep disorders
(Tahmasian et al. 2018).

The development and maintenance of insomnia is
most often associated with chronic stress (Basta et al.
2007; Lo Martire et al. 2020). It appears plausible that
insomnia is associated with alterations of the neuroen-
docrine stress response system, i.e. with the hypothal-
amic-pituitary-adrenal (HPA) axis, and with increased
cortisol concentrations. Actually, certain studies on the
HPA activity indices show that cortisol levels and
ACTH are elevated in insomnia either throughout the
24-h period or at certain time-points before, during, or
after sleep. The findings of some other studies, how-
ever, did not show differences between insomniacs
and controls for cortisol or ACTH levels, neither for the
Dexamethasone Suppression Test. Differences in hor-
monal sampling methods (serum vs. saliva and/or col-
lection time-points) across studies may partly explain
such discrepancies; also, participant characteristics
may play a role, since it has been shown that HPA
axis irregularities are more pronounced in insomniacs
with objectively verified short sleeping time (Vgontzas
et al. 2001; Fernandez-Mendoza et al. 2017). Regarding
the value of HPA axis activity indices for diagnosing
insomnia, in only one of the two studies on 24-h corti-
sol and ACTH serum levels reviewed herein, the level
of diagnostic accuracy was high; moreover, in both
studies on salivary cortisol the differences found
between insomniacs and controls were significant, but
not strong enough to reach even a low level of diag-
nostic accuracy.

Plasma melatonin levels are lower among insom-
niacs than among good sleepers, regarding the entire
night and especially the first half and the middle of
the night. Melatonin levels, also, start rising earlier in
the evening, thus showing a more flattened circadian
rhythm in insomnia. This finding seems to be inde-
pendent of objectively assessed sleep parameters
through PSG. The association of melatonin levels with
insomnia is further strengthened by the fact that
melatonin administration has been found to improve
sleep onset insomnia (Brzezinski et al. 2005) both in
children (Van Der Heijden et al. 2005, 2007; Van

Maanen et al. 2017) and in adults (Lemoine et al.
2007; Luthringer et al. 2009). Melatonin level differen-
ces between insomniacs and controls in the two stud-
ies reviewed herein (Hajak et al. 1995; Riemann et al.
2002) show a satisfactory level of diagnostic accuracy,
although the fact that this finding regards night-time
blood sampling poses limitations for its clinical
application.

The levels of C-reactive protein (CRP), as a marker of
inflammation, were found to be moderately elevated in
insomnia (particularly when its course is chronic) in
comparison to normal levels, but no diagnostic use of
this marker could be established based on the study
reviewed herein. Since insomnia, especially in its
chronic form, is characterised by stress and anxiety, it is
expected to be accompanied by high levels of markers
of inflammation. CRP and proinflammatory cytokines,
such as Interleukin-6 (IL-6) and tumour necrosis factor
(TNF-a), have been reported to be elevated in individu-
als with chronically disturbed sleep and to mediate the
association between chronic sleep deprivation and
somatic diseases, e.g. inflammatory diseases or cancer
(Irwin et al. 2016). However, of the above markers,
insomnia was only found to be associated with ele-
vated CRP, while, in addition, chronically elevated CRP
levels were not found to mediate the association
between insomnia and mortality (Parthasarathy et al.
2015), thus obscuring the exact relationship of inflam-
mation to either insomnia or chronic sleep deprivation.

Serum levels of BDNF, a marker of neuroplasticity,
have been found to be significantly reduced in insom-
niacs compared with normal controls; the diagnostic
accuracy of low BDNF for insomnia was high in both of
the two studies reviewed herein. It is known that serum
levels of BDNF correlate with central BDNF concentra-
tions (Duman and Monteggia 2006) and that synaptic
homeostasis and memory consolidation occur during
sleep (Tononi and Cirelli 2014), which suggests that
poor sleep may be associated with impaired neuroplas-
ticity. Also, an acute stress challenge, such as acute
sleep deprivation, increases BDNF levels; in contrast,
chronically poor sleep is associated with decreased
BDNF (Schmitt et al. 2016). Finally, a causality relation-
ship between abnormal BDNF values and insomnia is
supported by the finding that a genetic association has
been observed between insomnia and the BDNF gene
(Zaki et al. 2019, see Supplementary Table S3).

Conclusion

In conclusion, as shown in the overview presented in
Table 4, besides the psychometric instruments (scales
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and questionnaires for insomnia or beliefs about
sleep) which are the gold standard for the diagnosis
of insomnia based on established cut-off scores, the
biological measurements which emerge with high
diagnostic performance for insomnia and can be con-
sidered as its diagnostic biomarkers are the polysom-
nography-derived cyclic alternating pattern (CAP),
actigraphy, and low serum BDNF levels; they are fol-
lowed by increased heart rate (immediately before or
right after sleep onset), neuroimaging findings (show-
ing high activation of certain brain circuits during
sleep and/or wakefulness) and a deficient circadian
melatonin rhythm. It must be noted, however, that for
some of the above potential biomarkers for diagnos-
ing insomnia (e.g. for MRI or for measurements requir-
ing serial blood sampling) their applicability as
widespread methods for diagnosing insomnia is cur-
tailed, both in terms of their cost-effectiveness as well
as in terms of the complexity of the procedures
involved. Another issue that needs to be taken into
account for the majority of emerging biomarkers is
that, after having evaluated their discrimination power,
they should be further examined regarding the
domain they assess (e.g. HPA axis) as well as regarding
possible diagnostic entities that these markers may
add information to. Thus, more work is needed in
order: (a) to replicate findings that are based on one
or a very small number of studies, in view of the need
of having a sufficient number of studies to assess
diagnostic discrimination, (b) to create commonly
accepted methodologies and algorithms for their out-
come measures across studies, and (c) to establish
appropriate diagnostic cut-off points for insomnia and
other diagnostic entities. In any event, for future
research, it is most important to report diagnostic
accuracy measures for all identified group differences.

Further to their use as diagnostic indices, biomarkers
are relevant in understanding the nature and mecha-
nisms of insomnia, in distinguishing among subtypes
of this disorder, and in potentially guiding targeted
treatment. For example, macro-architecture of sleep,
as assessed through polysomnography and measure-
ments of HPA axis activity, although they are not pro-
ven as yet to be diagnostically useful, may have the
potential to distinguish subtypes of insomnia with dif-
ferent clinical characteristics, prognosis, and treatment
needs. Another major observation regarding the value
of most biomarkers (diagnostically useful or not) in
understanding the nature of insomnia is the proof
they provide in favour of the hyperarousal concept of
insomnia both during sleep and wakefulness.
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Table 4. Overview of the diagnostic potential for insomnia of psychometric tools and biological measurements.
Diagnostic potential Psychometric tools Biomarkers

Excellenta Scales for assessing insomnia
Scales for assessing beliefs and attitudes about sleep

Actigraphy�
BDNF
CAP��

Moderateb MMPI HR around sleep onset
Neuroimaging���

Limitedc Melatonin
Inconsistentd HPA axis

BDNF: brain-derived neurotrophic factor; CAP: cyclic alternating pattern; HPA: hypothalamus-pituitary-adrenal; HR: heart rate; HR: heart rate variability;
MMPI: Minnesota Multiphasic Personality Inventory.�Absence of common standards of technical solutions and cut-off values.��Based on only one study.���Varying methodologies.
aDiagnostic grading A1 in at least one study.
bDiagnostic grading A2 or B1 in at least one study.
cDiagnostic grading B2 in at least one study.
dOne study providing positive evidence is outweighed by studies providing negative evidence.
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