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Abstract.

BACKGROUND: Central sensitization cannot be demonstrated directly in humans. Therefore, studies used different proxy
markers (signs, symptoms and tools) to identify factors assumed to relate to central sensitization in humans, that is, Human
Assumed Central Sensitization (HACS).
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OBJECTIVE: The aims of this systematic review were to identify non-invasive objective markers of HACS and the instruments
to assess these markers in patients with fibromyalgia (FM).

METHODS: A systematic review was conducted with the following inclusion criteria: (1) adults, (2) diagnosed with FM, and (3)
markers and instruments for HACS had to be non-invasive. Data were subsequently extracted, and studies were assessed for risk of
bias using the quality assessment tools developed by the National Institute of Health.

RESULTS: 78 studies (n = 5234 participants) were included and the findings were categorized in markers identified to assess
peripheral and central manifestations of HACS. The identified markers for peripheral manifestations of HACS, with at least
moderate evidence, were pain after-sensation decline rates, mechanical pain thresholds, pressure pain threshold, sound ‘pressure’
pain threshold, cutaneous silent period, slowly repeated evoked pain sensitization and nociceptive flexion reflex threshold.
The identified markers for central manifestations of HACS were efficacy of conditioned pain modulation with pressure pain
conditioning and brain perfusion analysis. Instruments to assess these markers are: pin-prick stimulators, cuff-algometry, repetitive
pressure stimulation using a pressure algometer, sound, electrodes and neuroimaging techniques.

CONCLUSIONS: This review provides an overview of non-invasive markers and instruments for the assessment of HACS in
patients with FM. Implementing these findings into clinical settings may help to identify HACS in patients with FM.

Keywords: Fibromyalgia, central sensitization, nociplastic pain, non-invasive markers, pain threshold, electrophysiological

techniques, human assumed central sensitization

1. Introduction

The term nociplastic pain is defined as “pain that
arises from altered nociception despite no clear evi-
dence of actual or threatened tissue damage causing
the activation of peripheral nociceptors or evidence for
disease or lesion of the somatosensory system causing
the pai” [1]. Central sensitization (CS) can be described
as “an increased responsiveness of nociceptive neurons
in the central nervous system to their normal or sub-
threshold afferent input” and can therefore be an ex-
pression of nociplastic pain [2]. CS results in an en-
hanced nociceptive neural signaling, meaning that the
stimulus intensity necessary to elicit the pain response
is lowered, resulting in pain hypersensitivity [3]. This
alteration in sensory processing systems is observed in
animal experiments [4], and this phenomenon is sup-
posed to be of value to explain multiple chronic pain
conditions such as low back pain, osteoarthritis, tem-
poromandibular disorders and fibromyalgia (FM) [5].
FM, with a worldwide prevalence of 2—4%, and tem-
poromandibular disorders are among the most common
causes of pain and disability related to CS [6]. Both
disorder share features and are influenced by genetic,
biological, and psychosocial factors, such as diet, obe-
sity and stressful events [6,7,8]. Because there is no
gold standard for the assessment of CS, the presence of
it cannot be demonstrated directly in humans. Instead,
studies used different proxy markers (signs, symptoms
and tools) to identify factors assumed to relate to CS in
human, that is, Human Assumed Central Sensitization
(HACS). A proxy marker for HACS can be defined as
an indirect measurable indicator of the assumed pres-
ence of CS. These proxy markers will further be re-
ferred to as ‘marker’ in this review. The term HACS

has previously been defined in a review on HACS in
patients with chronic low back pain [9]. As FM is re-
lated to CS, rehabilitative therapy could play a useful
role in the improvement of pain-related and mobility
symptoms [7]. Thus, improving the accuracy of FM di-
agnosis can aid in the rehabilitation process of patients
with FM.

Because of the absence of a typical physiological ab-
normality specific to FM, the diagnosis of FM is based
on clinical presentation only, with a diagnostic criterium
using a list of eighteen body sites and experiencing pain
in at least 11 of the 18 tender points [10]. The 1990
American College of Rheumatology (ACR) classifica-
tion for diagnosis comprises the assessment of pain in
eighteen body sites combined with the average scores
of a self-administered questionnaire [11]. The revised
2010 ACR classification includes a calculation of the
widespread pain index, a symptom severity scale and
does not contain a tender point examination. Diagnostic
studies in patients with FM were conducted with the
aim of identifying HACS markers, varying from cere-
brospinal fluid (CSF) and serum concentrations [12,13,
14] to urinary metabolites such as creatine [11]. Sim-
ple clinical tests to objectively identify HACS markers
may, however, contribute to setting more suitable and
objective diagnosis which are clinically feasible. While
there appear to be several studies available, an overview
of the current state is missing. The aim of this study
was to review the literature to determine non-invasive
markers for the presence of HACS in patients with FM
and the instruments needed for the assessment of these
markers.
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Eligibility criteria for study selection

Inclusion criteria

Exclusion criteria

Population 1. Human population
2. Adults (age 18 or above)
Target condi- 3. Fibromyalgia diagnosis

tion

Type of stud- 4. Cross-sectional, cohort, case-control, observational diagnostic, vali-

ies dation studies

5. Studies published between 01/01/1994 to 01/04/2022
6. Neurophysiological and non-invasive markers for central sensitization

Outcomes

1. Animals

2. Children (age below 18)

3. Pain due to malignancy

4. Psychosocial problems part of the DSM-5 classi-
fication

Systematic reviews

. Meta-analyses

. Studies before 01/01/1994 OR after 01/04/2022
. Use of only invasive markers (blood, urine tests)

2. Methods

The search strategy started with a broad search
regarding non-invasive markers of HACS for three
chronic musculoskeletal pain diagnoses: fibromyalgia,
chronic low back pain and osteoarthritis. Due to the
vast amount of hits provided by the search, the authors
decided to split it in three parts. Therefore, the current
study constitutes the first part of a larger review about
pain processing in chronic musculoskeletal pain disor-
ders and is focused on markers for HACS in patients
with FM. A second part is focused on HACS in patients
with chronic low back pain and a third study focusses on
HACS in patients with osteoarthritis and other painful
syndromes. The current systematic review was reported
based on the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses (PRISMA) [15] and
has been prospectively registered in Prospero (October
2020: CRD42020172382).

2.1. Search strategy

Three electronic databases (PubMed, EMBASE and
PsycINFO) were searched on 01/04/2022. MeSH terms
in PubMed were incorporated in the search string. Key-
words were divided into the three following categories:
the target population consisted of patients with “Mus-
culoskeletal Pain” OR “Chronic Pain”. The target con-
dition was HACS. Because there is no consensus or uni-
formity in terminology, we used the following search
terms for HACS conditions: “Central Sensitizatio” OR
“Centralized Pain”, “Hypersensitivity” and synonyms.
Finally, the outcome measures “Neurophysiological
Biomarker” were related to non-invasive HACS mark-
ers. Non-invasive markers are defined as markers deter-
mined through a procedure that does not cause a break
in the skin, nor creates contact with the mucosa or an
internal body cavity. Synonyms of the different key-
word groups constituted the search request. The entire
search string is presented in Appendix A.

2.2. Eligibility criteria

The eligibility criteria for the article selection are
presented in Table 1. The following inclusion crite-
ria were applied: (1) participants had to be adults (age
18 years or older; (2) patients had to be diagnosed with
FM according to the American College of Rheumatol-
ogy (ACR) criteria of 2010 and with the ACR criteria of
1990 for papers published before 201; (3) HACS mark-
ers had to be neurophysiological and non-invasiv; (4)
the selected studies were published between 01/01/1994
and 01/04/2022. Articles were excluded if (1) included
participants suffered from other forms of pain besides
FM (but when patients with FM were compared to pa-
tients with other forms of pain besides FM these stud-
ies were included); (2) participants suffered from psy-
chiatric comorbidity following specified DSM criteria;
(3) the study designs were systematic reviews or meta-
analyse; (4) the articles used only invasive markers such
as blood tests.

2.3. Study selection

The studies were screened (based on title and ab-
stract) by three independent reviewers to exclude stud-
ies that were not specific to FM and the study aim. YS
screened all, RS screened the first hal; and HT screened
the second half. The reviewers subsequently selected
articles for inclusion based on full text (n = 112). The
reviewers discussed this list of studies to resolve dis-
agreements. In the end, there were 78 papers included
and 34 studies excluded (see Fig. 1).

2.4. Data extraction

The data extraction process was performed by YS.
Two researchers (RS and HT) reviewed the extracted
data. The following information was extracted from
each study and documented into a table: (1) the study
(author names and publication date), (2) the population
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Fig. 1. Flow diagram of study selection process. *Consider, if feasible to do so, reporting the number of records identified from each database or
register searched (rather than the total number across all databases/registers). **If automation tools were used, indicate how many records were
excluded by a human and how many were excluded by automation tools. From: Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC,
Mulrow CD, et al. The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ 2021;372:n71. doi: 10.1136/bmj.n71.

For more information, visit: http://www.prisma-statement.org/.

(number of participants with FM, number of healthy
controls (HC) if applicable, age, gender and country,
(3) study design, (4) aim of the study, (5) hypotheses,
(6) inclusion/exclusion criteria, (7) assessment meth-
ods, (8) main findings and (9) definitions of HACS,
nociplastic pain or hypersensitivity, when stated in the
article.

2.5. Risk of bias and quality assessment

Quality assessment of the included articles was car-
ried out using the National Institute of Health (NIH)
Quality Assessment Tool for case-control studies, ob-
servational cohort and cross-sectional studies, and ran-
domized controlled trials (RCTs) [16]. The NIH tool
consists of 13 questions for case-control studies, 14
questions for cross-sectional studies and 14 questions
for RCTs. Before assessing all the articles, YS, RS and
HT first assessed 6 randomly chosen articles and then
discussed it together to determine whether they all de-

duced the same understanding of the assessment ques-
tions. Possible answers for each question of the quality
assessment were “ye”’, “no”, “cannot determine, not
applicable or not reported”. The answer ‘ye’ gave one
point, whereas the other answers gave zero points to
the study. An overall score between 0 and 13 for case-
control studies or 0 and 14 for cross-sectional studies
and RCT’s, was then calculated for each included study
and the studies were subsequently judged as “good”
(score of 75% or above), “fair” (score of 50-75%) or
“poor” (score below 50%) quality [17]. Discussions be-
tween the three authors were held to solve any encoun-
tered disagreements.

The quality of the studies was taken into consid-
eration when interpreting results. Markers identified
from studies with a quality of at least ‘fair’ were in-
terpreted as more reliable markers than those identi-
fied from studies ranked as ‘poor’ quality. Furthermore,
conflicting outcomes from papers studying the same po-
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tential marker were considered as inconsistent results,
consequently weighing the marker as ‘not valid’.

2.6. Study descriptives

The study descriptives of included articles are pop-
ulation (age and sex), country and number of included
participants (patients and healthy controls). The results
were divided into two main categories based on whether
markers were detected by using measurements to assess
peripheral or central manifestation of HACS.

3. Results
3.1. Search and selection

A total of 78 studies fulfilled the eligibility criteria
(Table 1) and were included in this study. Peripheral
manifestations of HACS include quantitative sensory
testing. Central manifestations of HACS include elec-
trophysiological techniques, conditioned pain modula-
tion, pain anticipation and catastrophizing. Contrary to
the peripheral manifestation of HACS, central manifes-
tations are measurements of the CNS, such as brain per-
fusion using electrophysiological techniques and imag-
ing.

3.2. Study characteristics

The study characteristics are shown in Table 2. In
total, 2383 patients with FM, 1766 Healthy Controls
(HC), and 1085 patients with other chronic pain condi-
tions were included.

Peripheral manifestations of HACS were shown in
the following studies: temporal summation of secondary
pain (TSSP) and pain after-sensations (AS) were stud-
ied in eleven studies [18,19,20,21,22,23,24,25,26,27,
28], the autonomic nervous system and slowly repeated
evoked pain (SREP) sensitization were studied in five
studies [29,30,31,32,33], quantitative sensory testing
(QST) measures (heat, pressure and mechanical and
sound ‘pressure’ pain thresholds) were used in thirteen
studies [21,23,34,35,36,37,38,39,40,41,42,43,44] and
the motor activity and FM was studied in four stud-
ies [36,45,46,47].

Central manifestations of HACS were shown in
the following studies: pain anticipation was studied
twice [48,49], conditioned pain modulation (CPM)
was studied nine times [27,29,38,43,50,51,52,53,54],
and three studies reported on the effect of distrac-

tion on pain [44,55,56], electrophysiological techniques
were used in twenty-two studies [28,44,48,49,53,55,56,
57,58,59,60,61,62,63,64,65,66,67,68,69,70,71], laser-
evoked potential (LEP) amplitudes were applied in four
studies [72,73,74,75], and brain region activation to
stimuli and brain region connectivity were studied in
sixteen studies [28,33,44,60,61,62,63,64,66,69,76,77,
78,79,80,81].

3.3. Risk of bias and quality assessment

The average risk of bias assessment scores was 39%
for case control studies (n = 65, Table 3a), 43%, for
cross-sectional studies (n = 9, Table 3b), and 93% for
randomized controlled trials (RCTs, n = 4, Table 3c¢).
The higher the assessment score, the lower the risk of
bias. All four RCTs were ranked good quality [82,83,
84,85], 16 studies were ranked fair quality [21,23,27,
30,31,41,42,49,51,61,73,75,78,81,86,87] and 58 stud-
ies were ranked poor quality [18,19,20,22,24,25,26,29,
32,33,34,35,36,37,38,39,40,43,44,45,46,47,48,50,52,
53,54,55,56,57,58,59,60,61,62,63,64,65,66,67,68,69,
70,71,72,74,76,77,79,80,88,89,90,91,92,93,94,95,96].

3.4. Measurements to assess peripheral manifestations
of HACS

3.4.1. Quantitative sensory testing (QST)

Temporal summation of second pain (TSSP) and
after-sensations (AS): TSSP, also known as windup
(WU), is a process evoked by repetitive harmless stim-
uli supposed to cause higher excitability of the dorsal
horn neurons, mediated by C nociceptive fibers. Pres-
sure algometry was used in three studies [23,26,43] and
thermodes were used in seven studies [18,19,20,21,25,
27,28] for pressure and heat pain stimulation, respec-
tively, to measure TSSP. Higher TSSP ratings [19], no
difference in TSSP ratings [28], higher pain AS [18,
26], slower rate of AS decline [19,20,21] and lower
stimulus temperature and frequency needed to elicit
TSSP in patients [18,24,66] were demonstrated and are,
according to our division, signs associated with HACS.
The authors of eight studies showed higher TSSP sen-
sitivity in patients with FM [19,20,23,25,26,27,28,43]
compared to HC. No TSSP difference between groups
was reported in two studies [18,21]. Results are shown
in Table 4.

Fain thresholds: Statistically significant lower pres-
sure pain thresholds (PPT) [23,34,35,36,37,41,42,43,
441], heat pain thresholds (HPT) [34,41,42,43,44], cold
pain thresholds (CPT) [34,37,39,43,44], mechanical
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Summary of temporal summation of second pain, pain after-sensation and pressure pain threshold findings

Table 4

TSSP Stimulus frequency elic-  After sensations Rate of WU after sensation ~ Pressure pain threshold
iting TSSP decline
Patients T 1118,20,24] TP <0.04[18,26] 1119,20,21] 1[36,43,44,98]
with FM Poor quality studies Poor quality studies Janal et al. [21]: fair quality
Healthy 4 4 ! 1 1
controls

TSSP: temporal summation of second pain, WU: wind-up of pain, FM: fibromyalgia, 1: increased compared to other group, |: decreased compared

to other group. References [18,10,20,21,22,23,24,25,26,27,41,43,44,87,98].

Table 5
Summary of electrophysiological technique findings in patients with fibromyalgia
EMG EEG fMRI PET VBM SPECT fNIRS
J NFR threshold  Explosive syn- | mean ALFF in dorsal 1 rCBF in retro | GMV in Hypoperfusion: 1 A—HbO
chronization column pathway splenial cortex  ACC, inferior bilateral frontal,  between 2
conditions in 1 mean ALFF in at rest frontal gyrus, ant/post cingu-  stimuli at MC
resting state spinothalamic tract JrCBF in amygdala late, med tem-
EEG region fronto-temporal | brainstem and  poral cerebellar

1 signal in contralateral
S1&S2, ipsilateral S2,
IPL, cerebellum
Similar activation pat-
terns in both groups
during sensitivity-
calibrated stimuli

and

left precuneus

cortices

tempo-parieto- GMV Hyperperfusion:
occipital 1 GMV in S1&S2
cortex bilateral S1

FM: fibromyalgia, 1: higher compared to healthy controls, |: lower compared to healthy controls, NFR: nociceptive flexion reflex, ALFF: amplitude
of low-frequency fluctuations, rCBF: regional cerebral blood flow, GMV: gray matter volume, ACC: anterior cingulate cortex, S1 & S2: primary
and secondary somatosensory cortices. EMG: electromyography, EEG: electroencephalography, fMRI: functional magnetic resonance imaging,
fNIRS: Functional near-infrared spectroscopy, MC: motor cortex, PET: positron emission tomography, VBM: voxel-based morphometry, SPECT:
single-photon emission computed tomography. References [44,57,59,65,67,68,70,71,81,87,91,93].

pain thresholds (MPT) [34] and electrical pain thresh-
olds (EPT) [38] and sound ‘pressure’ threshold [42] in
patients with FM compared to HC were demonstrated.
Janal and co-workers observed no statistically signif-
icant differences in thermal pain thresholds between
patients with temporo-mandibular joint disorder with
FM and patients with temporo-mandibular joint dis-
order without FM [21]. Patients with FM displayed
higher warmth detection thresholds (WDT) compared
to HC [44]. Bourke and colleagues however showed no
difference for WDT and cold detection threshold (CDT)
between groups [43].

3.4.2. Other peripheral measurements

Other markers of HACS include slowly repeated
evoked pain (SREP) sensitization, the autonomic ner-
vous system (ANS) response to pain measured with an
electrocardiogram, electromyography and measures of
the cardiovascular system [32], attentional task perfor-
mance with concurrent pain stimuli [44], the relation
between pain perception and motor activity and cuta-
neous silent period [96]. Patients showed SREP sen-
sitization, measured as higher difference in VAS pain
ratings between the last and first pain stimulation tri-

als [30,31] compared to HC. The stimulation trials con-
sisted of a series of nine low-intensity pressure stimuli
with 30 second interstimulus intervals. Patients also
showed a positive correlation between clinical pain and
SREP sensitization, and a lower pain threshold and pain
tolerance compared to HC [31]. Patients demonstrated
the need for longer interstimulus intervals (ISI) in order
to perform an attentional rapid serial visual presentation
(RSVP) task at 70% of optimal, compared to HC [44].
Furthermore, studies conducted with ECG on the ANS
have shown that the abnormal ANS response to cold
pressor tests in patients with FM is caused by lower
effectiveness of the baroreflex responses, a homeostatic
mechanism that helps to minimize considerable varia-
tions in blood pressure [29]. This was also demonstrated
by lower baroreflex sensitivity (BRS) and baroreflex
effectiveness (BEI) in patients with FM compared to
HC during rest, as well as during the cold pressor test.
Additionally, there was a positive correlation between
BEI and heart rate variability (HRV). A negative corre-
lation between BRS and BEI with cold pressor pain was
also found, as well as between BEI and the pre-ejection
period of the heart, the latter representing measures of
the sympathetic influences on myocardial contractil-
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ity. Furthermore, a reduced reactivity of blood pressure
and cardiac stroke volume was demonstrated in patients
compared to HC during the cold pressor test [32]. In
contrast, one study showed no significant group dif-
ference in heart rate increase during cold pressor test
but did underline a significantly higher heart rate in
patients with FM compared to HC at rest [33]. Finally,
one study demonstrated a negative correlation between
motor activity and pain intensity [45]. There was a posi-
tive correlation between patients with FM who reported
participating in regular physical activities and activ-
ity in pain regulatory regions of the brain (dorsolateral
prefrontal cortex, posterior cingulate cortex, posterior
insula) during painful stimulation [47]. On the contrary,
lower PPT and higher pain ratings to pain stimulation
during handgrip exercise was observed in patients with
FM compared to HC [36]. Furthermore, a lower no-
ciceptive withdrawal reflex threshold after stimuli in
patients with FM compared to HC was shown in three
studies [53,57,58]. Finally, a longer cutaneous silent
period after painful electrical stimuli was measured in
patients with FM compared to HC [96]. These findings
are shown in Table 5 as well.

3.5. Measurements to assess CNS manifestations of
HAC

3.5.1. Electroencephalogram (EEG)

Various electrophysiological techniques were used to
assess HACS. Resting EEG measurements have shown
a positive correlation between having FM and explosive
synchronization conditions in patients with FM [59]
(explosive synchronization being a condition in which
a small perturbation leads to global propagation [59]).
Furthermore, EEG has been helpful in demonstrating
higher [72], lower [73] and identical [74,75] amplitudes
of the N1 and P2 components of laser-evoked poten-
tials (LEP) in patients with FM compared to HC [72].
One study analyzed the biphasic N2P2 component of
LEP’s and found an altered N2P2 habituation index in
patients with FM [75] (habituation index representing
whether or not subjects showed a decreased or increased
response to stimuli repetition).

3.5.2. Brain activity and perfusion

Furthermore, fMRI was used to demonstrate higher
mean amplitude of low-frequency fluctuations in the
ventral hemicord, which turned out to be decreased in
the dorsal quadrants of patient’ cervical spinal cord
compared to HC [65]. Higher activation in fMRI-based
neurologic pain signature regions was observed in pa-

tients with FM compared to HC during painful stim-
ulation [61], indicating that this region is hyperactive
in patients, suggesting to be an expression of HACS in
patients with FM. fMRI also showed higher brain activ-
ity in different brain regions during identical pressure
stimulation in patients with FM compared to HC [67].
When the stimulation intensity was adapted to create
subjectively equal pain intensity for subjects in both
groups, patients and HC showed similar fMRI activ-
ity [67]. This suggests that hyperactive regions can be
an expression of HACS in patients with FM, as it was
not activated in HC during identical pressure stimula-
tion fMRI measures during TSSP, elicited by heat stim-
uli adjusted to individual’s pain threshold, also showed
higher blood-oxygen-level-dependent (BOLD) activa-
tion patterns in the spinal cord of patients with and
without FM. This activation also seemed to be associ-
ated with increased BOLD activity in the brainstem of
patients with FM compared to HC [28]. Another study
also demonstrated similar activation patterns in both
groups after sensitivity-adjusted thermal stimuli, except
for an increased activation of two brain regions in HC
compared to patients with FM [44]. Furthermore, there
was a positive correlation between the analgesic effect
of the task and the BOLD activity detected on fMRI
in both groups [44]. Brain perfusion analysis offered
promising results using PET and SPECT neuroimaging.
PET scan analysis showed increased regional cerebral
blood flow (rCBF) bilaterally in the retrosplenial cor-
tex (area that encodes sensory events, pain included)
at rest in patients with FM compared to HC [68], in-
creased rCBF in the parietal cortex and decreased rCBF
in the retrosplenial cortex during painful stimulation
compared to rest was also observed with PET scans
in patients with FM [69], hyperperfusion in S1 and
S2 areas of patients with FM was demonstrated using
SPECT neuroimaging [70]. Functional near-infrared
spectroscopy (fNIRS) measurements at the motor cortex
(MO) showed greater hemoglobin-oxygen (HbO) con-
centration differences between two consecutive ther-
mal stimuli in patients with FM compared to HC, sug-
gesting a slower rate of cortical activation in the motor
cortex of patients with FM [81]. In contrast, another
study demonstrated a higher increase in HbO concen-
tration in the left PFC between rest and cold pressor
test in patients with FM compared to HC [33]. During
CPT, patients with FM reached peak HbO concentra-
tions faster than HC [33] and also demonstrated greater
electrodermal activity amplitudes than HC [33].
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3.5.3. Gray matter volume alterations

As final electrophysiological technique, voxel-based
morphometry (VBM) analysis, showing gray matter
volume alterations, yielded different results between
FM patients and HC. Patients with FM presented with
decreased grey matter volume in the anterior cingulate
cortex [71] and increased grey matter volume in S1 bi-
laterally, compared to HC [60]. It was demonstrated that
VBM-detected gray matter volume alterations in the
anterior cingulate cortex are associated to HACS [71].
In contrast, the anterior cingulate cortex and amygdala
volumetric changes are not associated with pain dura-
tion or functional disability. This suggests that these
volumetric differences are not consequences of FM but
could rather be a pre-condition for HACS development
in FM [71], potentially making voxel-based morphom-
etry a marker for HACS assessment. Additional results
are displayed in Table 5.

3.5.4. Conditioned pain modulation (CPM)

Pain during ascending (fingers first) and descending
cold water immersion of the arm (elbows first) in HC
and patients with FM was tested. One study demon-
strated that HC felt less pain in their fingers during
descending sessions compared to ascending, whereas
patients with FM felt no difference [29]. Furthermore, it
was demonstrated that patients with FM felt no changes
in pain ratings after a pressure pain conditioning and
a cold-water stimulation condition, whereas HC felt
lower pain [50]. When comparing the efficacy of cold
pressor test conditioning, one study [38] observed no
CPM differences between both groups whereas another
study [52] observed lower CPM efficacy in patients
with FM compared to HC. When using tourniquet cuff
conditioning, a study demonstrated that 95% of patients
with FM showed inefficient CPM in comparison with
zero HC cases [43]. However, lower PPT, HPT and
higher pain ratings after a tourniquet cuff condition-
ing in patients with FM compared to HC were identi-
fied [51]. One study [53] observed that CPM decreases
the nociceptive flexion reflex (NFR) amplitude in HC
when painful conditioning was applied. However, in
patients with FM, the nociceptive flexion reflex am-
plitudes were lower after applying non-painful condi-
tioning CPM [53]. These findings are also shown in
Table 5.

3.5.5. Pain anticipation and catastrophizing

Some studies were conducted on pain anticipation
and catastrophizing in patients with FM. It was demon-
strated that patients showed lower responses in the ven-

tral tegmental area, a dopamine-rich region, during pain
anticipation compared to HC [49]. It was shown that
patients who were more prone to catastrophizing had
a lower pain threshold with cuff algometry [48]. Log-
gia et al. demonstrated that patients displaying lower
pain anticipation, showed reduced activity in the lateral
prefrontal cortex (LPC). By means of mediation anal-
yses, it was shown that this reduced activity mediates
the hyperalgesic effect of catastrophizing [48]. Oliva et
al. showed no difference in attentional analgesia dur-
ing concurrent thermal painful stimuli, calibrated to
each individual’s pain threshold, between groups: both
groups demonstrated a decrease in pain score during
the hard task compared to the easy task [44]. One study
demonstrated lower blood-pressure and cardiac stroke
volume reactivity during a mental arithmetic task in
patients with FM compared to the reactivity of ANS
parameters during the cold pressor test [32].

Table 6 shows an overview of the identified markers,
with an asterisk next to the markers identified from fair
quality papers.

4. Discussion

In this review, patients with FM showed differences
on HACS markers compared to healthy subjects. The
markers identified to assess peripheral manifestation
of HACS are higher pain after-sensation intensity (and
lower decline rates), lower mechanical pain threshold
detected by pin-prick stimulators,lower sound ‘pres-
sure’ pain thresholds tested with auditory wideband
noise testing, cutaneous silent period duration recorded
with electrodes, abnormal autonomic nervous system
responses to pain, higher slowly repeated evoked pain
(SREP) sensitization (elicited by pressure stimuli) and
lower nociceptive flexion reflex detected with elec-
tromyography. The markers identified to assess cen-
tral manifestations of HACS are electroencephalo-
gram (EEG) differences observed between FM and
HC, brain and spinal activity variations (amplitude of
low-frequency fluctuations (ALFF), region connectiv-
ity, neurologic pain signature response) detected with
fMRI, brain perfusion differences observed on PET and
SPECT scans, gray matter volume changes detected
with voxel-based morphometry and cuff pressure con-
ditioning.

4.1. Measurements to assess peripheral manifestations
of HACS

Peripheral assessments of HACS markers have pro-
vided inconsistent results. First of all, higher TSSP sen-
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Overview of the identified markers

HACS markers

Tools

Peripheral manifestations of HACS
Pain after sensations and decline rates
Mechanical pain threshold
Pressure pain threshold
Sound ‘pressure’ pain threshold*®
Autonomic nervous system response to pain
SREP sensitization™
Cutaneous silent period
Nociceptive flexion reflex

Central manifestations of HACS
Explosive synchronization networks

Numerical pain scale (NPS)

Pin prick stimulators

Pressure algometry

Wideband noise auditory testing
Electrocardiography

Pressure stimuli

Electrode

Electromyography

EEG

Brain activity variations (ALFF, neurologic pain signature response)*  fMRI

Brain perfusion differences*
Gray matter volume changes
Conditioned pain modulation*

PET, SPECT scans, fNIRS and fMRI
Voxel based morphometry
Tourniquet cuff pressure conditioning

*Markers identified from fair quality papers.

sitivity in patients with FM compared to HC was shown
in seven studies [19,20,23,25,26,27,28], with three of
these studies being ranked fair quality [23,27,87], and
four ranked poor quality [19,20,25,26]. On the other
hand, no TSSP difference between groups was found in
two other studies [18,21], with one study being ranked
fair quality [21] and one with poor quality. From these
findings, we cannot deduce that TSSP is a valid marker
for the presence of HACS. However, the demonstrated
higher pain after-sensation (AS) intensities [18,26] and
lower rates of pain AS decline [19,20,21] can support
the suggestion to use them as markers for HACS in
patients with FM. This is because HC showed opposite
results and the higher pain sensation felt in patients
with FM can be expressed through the higher pain AS
intensities demonstrated in two studies [18,26]. One
study showed lower sound ‘pressure’ pain thresholds in
patients with FM compared to HC, further expanding
the noxious sensation spectrum of patients with FM to
auditory mechanisms [42]. Regarding measurements
of HPT and CPT (thermal sensory devices) [21,34,37,
39,41] in patients with FM, one study [21] did not ob-
serve thermal pain threshold differences between pa-
tients with FM and HC. From these findings, and con-
sidering the fact that the study was only ranked fair
quality, we cannot undoubtedly classify thermal pain
thresholds as a usable marker for HACS identification
in patients with FM. Lower MPT detected with pin-
prick stimulators [34] in patients with FM compared to
HC showed to be a promising tool for pain hypersensi-
tivity detection in patients with FM. It is important to
note that two of these studies [31,41], were ranked fair
quality. Furthermore, authors of several studies [23,31,
34,35,36,37,38,41,42,43,44] demonstrated PPT mea-
surements with pressure algometry to indicate the pres-

ence of hyperalgesia in patients with FM. However,
one study found SREP specificity to be 25% higher
(0.92) and sensitivity 4% higher (0.79) for discrimi-
nating between patients with FM and HC compared to
PPT measurements (PPT 0.67) [31]. This may indicate
that SREP, evoked by a series of pressure stimuli, is a
better marker to discriminate for HACS between pa-
tients with FM and HC compared to PPT.The increased
cutaneous silent period (CSP) duration after stimulation
of the cutaneous nerve in patients with FM compared
to HC represents a faster conduction of pain and longer
period of sustained muscle contraction in patients [96].
This may suggest the effectivity of CSP as a peripheral
marker for altered pain sensitization in FM.

By means of ECG, measuring ANS responses to cold
pressor tests could be used in a clinical setting to de-
tect abnormalities in the baroreflex responses in pa-
tients [29,32]. The reduced baroreflex sensitivity and ef-
fectiveness during cold pressor test in patients with FM
can be a manifestation of altered CNS activity. Addi-
tionally, the demonstrated reduced heart rate variability
could be a result of a decreased baroreflex function in
patients with FM [32]. Even though another study [33]
showed no difference in heart rate increase during cold
pressor test between both groups, results still indicated
a higher heart rate and lower heart rate variability in
patients with FM compared to HC at rest. Furthermore,
the results on the correlation between pain modulation
and motor features are inconsistent [36,45,46,47], and
we can therefore not deduce that assessing pain modu-
lation during motor activity can be regarded currently
as a valid marker.
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4.2. Measurements to assess central manifestations of
HACS

Feasibility of measurements of central manifesta-
tions of HACS in patients with FM was shown in sev-
eral studies [28,43,44,48,49,53,55,56,57,58,59,60,61,
62,63,64,65,66,67,68,69,70,71]. However, except for
three [49,61,87], these studies were qualified as poor
quality. Furthermore, an explosive synchronization net-
work is a network where a small perturbation rapidly
propagates throughout the whole network. Explosive
synchronization (ES) networks detected with EEG have
shown to elicit higher sensitivity to external stimula-
tion than non-ES networks [59]. Lee et al. [59] con-
cluded that the presence of ES conditions in the brains
of patients with FM can be an underlying mechanism
of hypersensitivity. ES conditions may thus be a po-
tential marker for HACS. Studies on LEP, on the con-
trary, yielded inconsistent results. Therefore, it cannot
be concluded that LEP amplitude analysis with EEG is
a valid method to assess HACS in patients with FM [72,
73,74,75].

Conditioned pain modulation (CPM) can be de-
scribed as a painful conditioning stimulus leading to de-
creased pain intensity of another noxious stimulus [97].
The reduced NFR after non-painful conditioning (me-
chanical stimulation) in patients with FM points to-
wards the presence of altered pain inhibitory path-
ways [53]. However, this was performed in a poor-
quality study, which suggests that NFR amplitude mea-
sured with EMG after the application of a painful condi-
tioning cannot be considered a valid marker for HACS
detection. One additional study showed the positive ef-
fect of attentional analgesia in patients with FM, putting
forward the capability of patients with FM to modulate
pain when the given stimulus is sensitivity-adapted and
the attentional task difficulty is correctly calibrated [44].

fMRI was used in eleven studies [28,44,48,49,61,62,
63,64,65,66,67] to examine various aspects of HACS
in patients with FM. The variations of mean ampli-
tude of low-frequency fluctuations (ALFF) in patients
with FM indicate an imbalance between pain and sen-
sory processes [65]. This suggests the presence of al-
tered central nervous system activity in patients with
FM [65]. fMRI showed increased connectivity between
various brain regions in patients with FM compared to
HC [63,64,66], reflecting the expression of HACS in
pain processing mechanisms in patients with FM [63].
Furthermore, increased brain activation of pain-related
areas during non-painful stimulation in patients with
FM indicate physiological evidence of their increased

pain perception [62]. Similar patterns of brain activa-
tion after sensitivity-adjusted painful stimuli in both
groups also suggest increased pain sensitivity in pa-
tients with FM [28,44]. The same study found a positive
correlation between spinal activation during TSSP and
increased BOLD activity in the brainstem, suggesting a
different pain modulation mechanism in patients with
FM [28]. The higher neurologic pain signature (NPS)
responses, an fMRI-based neurologic correlate of phys-
ical pain, provides evidence of amplified pain process-
ing and HACS in patients with FM [61]. These studies
help us conclude that fMRI is a useful tool to help in-
dicate the following markers of HACS in patients with
FM: amplitude of low-frequency fluctuations (ALFF)
variations, brain activity and connectivity differences,
neurologic pain signature responses and pain anticipa-
tion dysfunction. On the other hand, rCBF variations
indicate patient’” higher attention to innocuous sensory
signals at rest. These findings make PET and SPECT
imaging potential tools for the investigation of brain
perfusion abnormalities [68,69,70]. Lastly, two stud-
ies [43,51] point out the potential role of CPM assess-
ment with tourniquet pain conditioning as a marker for
HACS in patients with FM [51].

All taken together, seventy-four studies were ranked
as poor or fair quality. Those studies indicate a high risk
of bias, which should be taken into consideration when
interpreting results. The markers identified from studies
ranked as poor quality cannot be determined as being
as valid as markers identified in higher quality papers.
Out of the markers identified in this review, the follow-
ing were suggested from at least fair quality papers:
higher SREP sensitization (elicited by pressure stim-
uli) [30,31], NPS response detected with fMRI [61],
lower sound ‘pressure’ pain thresholds [42], brain per-
fusion differences [81,87] and conditioned pain modu-
lation with cuff pressure conditioning [51]. The lower
pain AS decline rates were suggested from three pa-
pers [19,20,21], out of which only one is fair qual-
ity [21].

A limitation to this review is the fact that due to the
heterogeneity of the studies, especially in the vast num-
ber of markers, measurements and differences in study
protocols, a meta-analysis could not be conducted. The
current study has implications in the clinical setting, be-
cause these findings can be utilized to construct a more
objective diagnostic protocol for HACS assessment in
patients with FM. Furthermore, assessing HACS de-
velopment over time as a proxy for disease progres-
sion in the day-to-day clinical practice may be valu-
able. Questionnaires combined with a short battery of
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objective tests, grouping the markers and their respec-
tive tools could be a solution to objectively quantify
patients pain markers. Markers that are best executable
and affordable in daily practice are tourniquet cuff pres-
sure conditioning [51] and pressure stimuli, the latter
being derived from a fair quality paper [31]. By as-
sessing these markers, HACS may be more objectively
quantified Additionally, the diagnosis of HACS devel-
opment over time can also be combined with methods
which do not require questionnaires or markers [10].
Physicians could strengthen the diagnosis by assess-
ing amplified pain distribution (number of pain regions
and/or pain intensity per region) compared to previ-
ous assessments. This will ultimately help to make a
personalized treatment plan for daily clinical practice.
Studies have shown that the implementation of physical
and pharmacological therapy in patients with temporo-
mandibular disorders has led to the reduction of pain-
and mobility-related symptoms [6]. Hence, FM, as an
overlapping chronic pain disorder with relations to cen-
tral nervous system dysfunction due to HACS, could
also benefit from physical therapy for the rehabilitation
of HACS and, as result, for the improvement of pain.
Further research, however, is warranted to validate these
hypotheses. It is important to note that there is currently
no single test or gold standard that can identify patients
with HACS and that a combination of different mea-
surements could formulate a gold standard, possibly
also combined with more invasive markers which were
left outside the scope of the current study.

5. Conclusion

The current study identified non-invasive markers for
peripheral manifestations of HACS in FM including
quantitative sensory testing measurements and noci-
ceptive flexion reflex assessment. This study also re-
vealed that various techniques can be used to assess the
aforementioned HACS. Among them are markers such
as EMG for the assessment of nociceptive flexion re-
flex. Lastly, conditioned pain modulation by tourniquet
cuff pain conditioning and techniques such as EEG,
PET, SPECT, fMRI and VBM were also identified to
be useful in the assessment of central manifestations
of HACS. More studies should be conducted in order
to determine which markers can clinically be used to
identify HACS in patients with FM.
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