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Abstract

Objectives: Conditioned pain modulation (CPM) is a psy-
chophysical parameter that is used to reflect the efficacy of
endogenous pain inhibition. CPM reliability is important
for research and potential clinical applications. The aim of
this systematic review and meta-analysis was to evaluate
the reliability of CPM tests in healthy individuals and
chronic pain patients.

Methods: We searched three databases for peer-reviewed
studies published from inception to October 2020: EMBASE,
Web of Science and NCBI. Risk of bias and the quality of the
included studies were assessed. A meta-analysis with a
random effects model was conducted to estimate intraclass
correlation coefficients (ICCs).

Results: Meta-analysis was performed on 25 papers that
examined healthy participants (k=21) or chronic pain
patients (k=4). The highest CPM intra-session reliability was
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with pressure as test stimulus (TS) and ischemic pressure
(IP) or cold pressor test (CPT) as conditioning stimulus (CS)
in healthy individuals (ICC 0.64, 95% CI 0.45-0.77), and
pressure as TS with CPT as CS in patients (ICC 0.77, 95% CI
0.70-0.82). The highest inter-session ICC was with IP as TS
and IP or CPT as CS (ICC 0.51, 95% CI 0.42-0.59) in healthy
subjects. The only data available in patients for inter-session
reliability were with pressure as TS and CPT as CS (ICC 0.44,
95% CI 0.11-0.69). Quality ranged from very good to
excellent using the QACMRR checklist. The majority of the
studies (24 out of 25) scored inadequate in Kappa coefficient
reporting item of the COSMIN-ROB checKklist.

Conclusions: Pressure and CPT were the TS and CS most
consistently associated with good to excellent intra-session
reliability in healthy volunteers and chronic pain patients.
The inter-session reliability was fair or less for all modalities,
both in healthy volunteers and chronic pain patients.

Keywords: conditioned pain modulation; meta-analysis;
pain assessment; pain measurement; reliability.

Introduction

Endogenous pain modulation is a broad term that describes
multiple central nervous system mechanisms resulting in
reducing or increasing pain [1]. The psychophysical param-
eter of conditioned pain modulation (CPM) is commonly
used to assess the efficacy of endogenous pain inhibition in
humans [2-4]. The CPM test paradigm involves the “pain
inhibits pain” phenomenon, where pain with a test stimulus
(TS) is reduced either during the application or immediately
after discontinuation of a conditioning stimulus (CS) [2, 4].
The extent of the resulting inhibition in pain is the CPM
magnitude, typically presented as positive CPM values.
However, the categorization into positive or negative values
may be misleading, as a recent study showed that healthy
subjects can display negative CPM values [5]. It has been
proposed that CPM effects should be reported on an indi-
vidual level as facilitatiry and inhibitory manifestations [6].
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The CPM paradigm has been used to assess pain inhi-
bition in several clinical studies [7-10]. There is some evi-
dence for the role of inefficient pain inhibition in promoting
chronic pain development [2, 11]. Patients with different
pain conditions have displayed a less efficient CPM effect
when compared to healthy individuals [1, 2, 12-14]. How-
ever, other reviews reported mixed results on the CPM effect
in pain and control groups [15, 16]. The CPM test was pro-
posed to be used as a biomarker to identify individuals at
high risk to develop chronic pain [11, 17]; the probability to
develop persistent pain after surgery in patients with poor
preoperative endogenous analgesic response was higher
than patients with a sufficient endogenous analgesia [18].
In addition, CPM test was suggested to predict response to
treatments that modulate endogenous inhibition [8, 14],
which may improve personalized preventive treatment
[1, 14, 17, 19, 20]. Kisler et al. used psychophysical pain
measures that included CPM to predict duloxetine efficacy,
suggesting that patients expressing a higher pain modula-
tion profile will benefit more from duloxetine than a placebo
[21]. Fernandes et al. reported nonsignificant correlations
between CPM efficiency and most clinical manifestations of
pain, but the studies were characterized by highly hetero-
geneous methodologies [22].

One essential requirement for the use of CPM is its reli-
ability. Results of the several previous studies have ranged
from poor to excellent reliability [23-27]. In an attempt to
improve the CPM test reliability, studies have investigated
different modalities, such as different combinations of TS
and CS, anatomic sites, and stimulus intensities.

To our knowledge, only one systematic review focused
on the CPM reliability and analyzed the data qualitatively
[7]. The review included 10 studies that investigated both
healthy participants and patients, nine of which reported
relative measures, one reported an absolute measure, and
five studies reported both [24, 28-36]. After publication of
that review, the number of additional studies published on
CPM reliability have nearly doubled (16 studies), suggest-
ing that an updated evidence synthesis is warranted.
Performing a meta-analysis will provide quantitative in-
formation on CPM relative and absolute reliability mea-
sures, which has not been provided before [37].

Reliability can be measured in different ways. We
focus on relative and absolute reliability for intra-session
(test repeated in the same day) and inter-session (test
repeated on different days) measures. The intraclass cor-
relation coefficient (ICC) is the most common relative reli-
ability measure used. It describes the resemblance between
results in the same group, i.e., the degree of similarity
between different ratings collected from the group [38, 39].
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The absolute reliability is the degree of difference between
different ratings collected from the same group, mostly
reported by Bland Altman limit of agreement (LoA) [40].
The current systematic review and meta-analysis aimed to
evaluate the intra-session and inter-session reliability of
CPM in both healthy individuals and chronic pain patients.
In addition, we analyzed the reliability according to gender
and age.

Methods

We followed the Consensus-based Standards for the Selection of Health
Measurement Instruments (COSMIN) 2018 guideline for systematic
reviews and the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) [41] reporting guidelines (PROSPERO regis-
tration no.: CRD42021236300). Neither patients nor healthy individuals
were involved in the design or planning of this study.

Study selection

Relevant articles were selected and included if they met the following

criteria:

—  Participants: healthy individuals or patients with chronic pain.

— Design: repeated measures of pain modulation, specifically
diffuse noxious inhibitory control (DNIC, old term later replaced
by CPM) or CPM, in two or more identical sessions, and studies
that reported the DNIC or CPM reliability.

—  Measurement procedure: measurements performed using one or
multiple TS and CS to induce CPM effect.

—  Outcome: estimates of CPM relative reliability (ICC) ranging from
0 to 1, and absolute reliability (LoA) were reported.

There were no specific restrictions regarding date of publication, lan-
guage, age, race, number of participants, intervention, CPM assessment
methods, or whether CPM was a primary or secondary outcome. Liter-
ature reviews, abstracts, editorial commentaries, letters to the editor,
animal studies, and studies that did not assess DNIC/CPM, or assessed
CPM only once were excluded.

Search strategy

A comprehensive search of electronic databases was performed from
inception to April 2021, including EMBASE (OVID), Web of Science
(Thomson Reuters), and NCBI (Pubmed). Broad keywords were
created with the help of a librarian, and used to meet our aim: (1) Pain
Modulation, (2) Conditioned Pain Modulation, (3) Diffuse Noxious
Inhibitory Control, and (4) Dynamic sensory testing. Besides, refer-
ence lists of articles were hand-searched for relevant studies, and
MeSH terms were used to search NCBI (PubMed) (Appendix A). Titles
and abstracts were screened independently. One researcher (RN)
selected studies for inclusion in a two-step process. First, studies titles
and abstracts were screened. Second, full-text studies were reviewed
to identify eligibility papers.
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Outcomes and collected data

The following data were extracted from each article according to

availability:

— Participants: gender, age, and health status.

- Study Design: sample size, number of visits (defined as testing
procedures on different days), number of sessions (defined as
testing procedures in the same day), the interval between ses-
sions or visits, type of test and conditioning stimuli, and tested
body site.

—  Outcome: reliability measures for baseline TS and CPM effect, ICC
estimates as well as the LoA estimates. The reliability of the TS
was assessed to complement the analysis of CPM reliability and
contribute to the explanation of the CPM findings. The reliability
of CPM may be influenced by the reliability of the TS, because the
CPM measurement is based on changes in the response to this
stimulus.

The ICC estimates were stratified individually for each study. For
example: Cathcart et al. reported two ICC estimates, one for each body
site [29]. The ICC findings were stratified as: shoulder 0.69, finger 0.57.
ICC estimates were classified as poor when <0.4, fair if 0.4-0.59, good
if 0.6-0.75, and excellent when >0.75 [39]. All estimates were identi-
fied as intra-session (tests within the same day) and inter-session (tests
on different days). Estimates for TS and CPM reported were grouped
into four ICC classes (excellent, good, fair, and poor) for inter-session
and intra-session reliability in healthy individuals and patients.

Risk of bias assessment

Consensus-based standards for the selection of health measurement
instruments - risk of bias checklist (COSMIN-ROB): The COSMIN-ROB
tool assesses the methodological quality of studies on reliability and
measurement error of outcome measurement instruments. We used the
extended version of the COSMIN-ROB for PROM. The (COSMIN-ROB)
checklist (Consensus-based standards for the selection of health
measurement instruments) assesses the risk of bias. Each study was
assessed on a 4-point scale as ‘very good’, ‘adequate’, ‘doubtful’ or
‘inadequate’; the overall rating of its quality was determined by the
lowest rating (i.e., “the worst score counts” principle) [42]. Next, the
results of each study were rated against the updated criteria for good
measurement properties. Specifically, each result was rated as either
sufficient (+) if ICC or weighted Kappa >0.70, insufficient (-) if ICC or
weighted Kappa <0.70, or indeterminate (?) if ICC or weighted Kappa
was not reported (Appendix B Table S1).

Quality appraisal for clinical measurement research reports evalua-
tion form (QACMRR): The overall quality of individual studies was
appraised using a 12-items structured clinical measurement-specific
appraisal tool [43]. The evaluation criteria were: (1) thorough literature
review to define the research question; (2) specific inclusion/exclusion
criteria; (3) specific hypotheses; (4) appropriate scope of psychometric
properties; (5) sample size; (6) follow-up; (7) the authors referenced
specific procedures for administration, scoring and interpretation of
procedures; (8) measurement techniques were standardized; (9) data
were presented for each hypothesis; (10) appropriate statistics-point
estimates; (11) appropriate statistical error estimates; and (12) valid
conclusions and recommendations. An article’s total score reflecting
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the quality of each study was presented as a percent: sum of scores for
each item, divided by the numbers of items and multiplied by 100%.
The quality summary of appraised articles ranged from poor to
excellent, where (0-30%) was poor, (31-50%) was fair, (51-70%) was
good, (71-90%) was very good, and (>90%) was excellent [43].

Statistical analysis

All descriptive data including participants age, number of visits,
number of sessions, interval between tests, type of stimuli used (TS
and CS), ICC estimates, and checklists findings were presented as
range of values, mean + standard deviation (SD), percent, or score.

Intraclass correlation coefficients (ICC) reported in the original
articles were used for data analysis. ICC range from O to 1; approaching
1 represents strong reliability. An ICC less than 0.4 was considered
poor agreement; 0.4-0.59 fair agreement; 0.6—0.75 good agreement;
and greater than 0.75 excellent agreement [39].

A meta-analysis of reliability coefficients was performed in
STATA (StataCorp. 2019. Stata Statistical Software: Release 16. College
Station, TX: StataCorp LLC) with meta package. The meta-analyses
were conducted using a random effects model and the coefficients
were converted to z values. Heterogeneity was deemed substantial if I
values were more than 50%. Forest plots were created using 95% Cls
for coefficient estimates. Negative ICC estimates were excluded from
the analysis, as negative estimates indicate that the true ICC is low,
meaning that two members chosen randomly from any class can vary
almost as much as any two randomly chosen members of the whole
population [44]. In the presence of substantial statistical heteroge-
neity, univariate meta-regressions were performed to explain the
sources of heterogeneity. Bubble plots were utilized with 95% confi-
dence intervals. Regarding the Bland-Altman LoA analysis, the closer
to zero the values, the lower the bias and higher the agreement. In this
paper the LoA estimates were reported as ranges and means + stan-
dard deviations (SD).

Results
Study selection

Our search yielded 40,406 articles. After removal of dupli-
cates, title and abstract screening, and excluding non-CPM
related papers, 656 papers were eligible for further review.
Next, studies that assessed CPM once or did not report
CPM reliability estimates were excluded, leaving 26 articles
selected for full-text review. Of these, 25 papers were eligible
(Figure 1) [23-36, 45-56]. Nine of Kennedy’s studies [7] have
been identified and included in our meta-analysis, one was
excluded as it did not report relative reliability.

Study characteristics

Target population: Among all included records, 21 studies
(84%) investigated healthy individuals (n=698, 33.3 + 15.8),



Nuwailati et al.: Reliability of conditioned pain modulation in healthy individuals and chronic pain patients —— 265

Figure 1: Study flow diagram of eligible
studies [72]. CPM, conditioned pain
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three (12%) chronic pain patients (two chronic back pain
and one painful chronic pancreatitis n=206, 68.7 + 18), and
one study (4%) included both (n=324, healthy n=190 and
musculoskeletal pain patients n=134) (Table 1).

Sample size: Across all studies, the sample size
ranged from 20 to 342, mean 49.1 + 60.4. The number of
participants ranged from 20 to 26 individuals in 12 studies
(48%), 30-36 in three (12%) studies, 60-65 in three (12%),
and 50-55 in two (8%) studies. Two (8%) studies had 42
participants, one study (4%) 70, one study (4%) 89, and
one study (4%) 342 for their 134 patients and for their 190
healthy individuals (Table 1).

Testing frequency: Two studies (8%) performed their
tests in one visit; one had two sessions, and one had three
sessions. One study (4%) included ranged from 1 to 8 visits.
Eighteen studies (72%) tested their individuals in two
visits, with each consisting of one session, except for one
study; their first visit had two sessions and their second
visit had one session. Two studies (8%) had three visits,
one of which had one session and one had two sessions per
visit. Two studies (8%) examined their individuals in four
visits with two sessions each, one study (4%) had eight
visits with one session each, and one (4%) study tested
their heathy individuals group in three visits and their

modulation.

patients group in two visits each of which had one session
per visit (Table 2). The interval time between visits ranged
from one day to four months. One of the two single visit
studies reported 60 min interval between two sessions, and
one study did not specify (Table 2).

Test stimulus (TS): Nineteen (76%) studies used one
type of TS, five (20%) two types, and one (4%) four types.
Pressure stimulus mainly using the pressure pain threshold
(PPT) was the most common TS, used in fifteen (60%)
studies, followed by heat in ten (40%), electrical in four
(16%), and ischemic pressure (IP) in four studies (16%)
(Table 2).

Conditioning stimulus (CS): Nineteen (76%) studies
used one type of CS, five (20%) used two types, and one
(4%) used three types. Cold pressor test (CPT) test was the
most common CS, used in 16 studies (64%), IP in six (24%),
hot water bath (HWB) in four (16%), heat in two (8%), and
pressure in two (8%). Two studies (8%) used control
testing, where lukewarm water was used as a CS in com-
parison with HWB, heat or CPT (Table 2).

Intensity of the conditioning stimulus: Regarding
the CPT intensity, the temperature used ranged from O to
12 °C, where one (4%) study used 0 °C, four (16%) 2 °C, two
(8%) 4 °C, one (4%) 5.2 °C, two (8%) 7 °C, one (4%) 8 °C,
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three (12%) 10 °C, and two (8%) 12 °C. The HWB stimulus
intensity was reported in four (16%) as 45-46.5 °C. One
study (4%) reported their heat intensity as 46.5 °C. The IP
stimulus was reported by one study (4%) as 20 mmHg/s
with VAS score of 3/10, and one (4%) as 240 mmHg. Two
pressure (8%), one heat (4%), and four IP (16%) intensities
were subjective; the intensity of the CS was determined
according to the TS intensity used for each individual prior
to their CPM testing (Table 2).

Tested sites: The TS was applied on the forearm in 10
studies (40%), the lower leg in six (24%), the hand in five
(20%), the thigh in four (16%), the shoulder in three (12%),
the side of the face in two (8%), the foot in two (8%), the
knee in two (8%), the ankle in one (4%), the upper arm in
one (4%), and the neck in one (4%) study (Table 2).

The CS was applied to the hand in 18 studies (72%),
the upper arm in four (16%), the lower leg in four (16%), the
foot in three (12%), the forearm in two (8%), and the
earlobe in one (4%) (Table 2).

Reliability

Estimates for TS and CPM reported below were grouped
into four ICC classes (excellent, good, fair, and poor)
for inter-session and intra-session reliability in healthy
individuals and patients.

Test stimulus (TS) reliability

A total of 19 studies reported 85 ICC estimates for TS reli-
ability, which ranged from 0.15 to 0.96.

Class of ICC: The majority were excellent ICC 63 (74%),
12 (14%) were good, six (7%) were fair, and four estimates
were poor (5%).

Testing Session: 71 (83%) were intra-session estimates
and 14 (17%) were inter-session.

Target population: 76 (89%) estimates were reported
from healthy subjects, while nine (11%) were from patients.

Meta-analysis: The intra-session reliability was
excellent when electric, IP and pressure were applied on
healthy subjects: electric (k=3, 6 estimates, 163 subjects,
ICC=0.93, 95% CI: 0.89-0.95, ’=45.52%), IP (k=2, 22 esti-
mates, 488 subjects, ICC=0.88, 95% CI: 0.85-0.91,
I’=39.36%), and pressure (k=10, 21 estimates, 628 subjects,
ICC=0.83, 95% CI: 0.78—0.87, P=65.77%).

The ICC was good when heat was applied to healthy
individuals (k=7, 19 estimates, 586 subjects, ICC=0.65, 95%
CI: 0.53-0.74, ’=77.59%), and when pressure was applied
to patients (k=3; 3 estimates, 206 patients, ICC=0.64, 95%
CIL: 0.44-0.78, P=76.21%) (Figure 2).
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A univariate meta-regression was conducted to inves-
tigate the sources of the moderate statistical heterogeneity
for pressure TS intra-session reliability in healthy subjects.
The regression coefficient for the field of testing sites
was statistically significant with p<0.001 (-0.19, 95%
CI: -0.27, -0.11), with 67% of between-study variance
explained (R*=66.95%) (Figure 6).

The inter-session reliability was excellent when
pressure was applied to both heathy individuals (k=4, 8
estimates, 340 subjects, ICC=0.86, 95% CI: 0.78-0.91,
PP=78.64%), and patients (k=1, 6 estimates, 534 patients,
ICC=0.91, 95% CI: 0.89-0.93, P=40.02%) (Figure 3).
No inter-session estimates were reported from healthy
individuals or patients for other test stimuli.

LoA: Six studies reported 31 estimates from 892 healthy
subjects, ranging from —142 to 11, overall mean —13 + 30.1.
All six studies reported 28 intra-session estimates
(-13.9 + 31.66) and one study reported three inter-session
estimates (-8.3 + 6.8).

A univariate meta-regression was conducted to
investigate the sources of the moderate statistical het-
erogeneity for pressure TS intra-session reliability in
healthy subjects. The regression coefficient for the field of
testing sites was statistically significant with p<0.007,
(~0.18, 95% CI: -0.31, 0.05), with 98% of between-study
variance explained (R>=60.91%) (Figure 6).

Conditioned pain modulation (CPM) reliability

A total of 25 studies reported 94 ICC estimates for CPM
reliability, which ranged from -0.45 to 0.94. Meta-analysis
was performed on 88 estimates.

Class of ICC: 10 (11%) estimates were excellent, 16
(18%) good, 28 (32%) fair, and 34 poor (39%).

Testing Session: 24 (27%) were intra-session estimates
and 64 (73%) were inter-session.

Target population: 81 (92%) reported from healthy
subjects, while seven (8%) estimates only were reported
from patients.

Meta-analysis: The intra-session reliability was good
when pressure and IP were applied to healthy subjects:
pressure as TS with CPT or IP as CS (k=4, 11 estimates, 360
subjects, ICC=0.64, 95% CI: 0.45-0.77, P=81.74%), and IP
as TS and CS simultaneously (k=2, 3 estimates, 75 subjects,
ICC=0.62, 95% CI: -0.17 to 0.92, ’=92.64%,). The intra-
session reliability was fair when heat was applied as TS to
healthy individuals, with CPT as CS (k=2, 6 estimates, 645
subjects, ICC=0.55, 95% CI: 0.44-0.64, P=57.14%).

When heat was applied to patients as TS with CPT as
CS, the reliability was poor (k=1, 2 estimates, 268 patients,
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A Pressurein healthy subjects: Correlation  Weight Birin healthy subjects: Correlation  Weight

Study with 95% CI (%) Study with 95% CI (%)
Naugle et al - 0.94[0.90, 0.96] 6.39 Graven-Nielsen et al —l—— 0.96[0.90, 0.98] 4.24
Nuwailati et al - 0.85[0.76, 0.91] 6.20 Graven-Nielsen et al ———  094[085, 098] 4.24
Graven-Nielsen et al —— 0.89[0.74, 0.96] 4.26 Graven-Nielsen et al —@——  094[085 098] 424
Kennedy et al —. 0.89[0.72, 0.96] 3.89 Graven-Nielsen et al —— 0.93[0.83, 0.97] 4.24
Graven-Nielsen et al » 0.87[0.70, 0.95] 4.26 Graven-Nielsen et al —a— 0.93[0.83, 0.97] 4.24
Kennedy et al = 0.87[0.67, 0.95] 3.89 Graven-Nielsen et al —— 0.92[0.81, 097] 4.24
Kennedy et al - 085061, 0.95] 3.74 Graven-Nielsen et al —a— 0.91[0.78, 0.96] 4.24
Nuwailati et al - 0.90[0.84, 0.94] 6.20 Graven-Nielsen et al —— 0.91[0.78, 0.96] 4.24
Bossmann et al » 081057, 0.92] 4.26 Graven-Nielsen et al —— 0.91[0.78, 0.96] 4.24
Graven-Nielsen et al - 0.81[057, 0.92] 4.26 Graven-Nielsen et al —a— 0.90[0.76, 0.96] 4.24
Nuwailati et al - 0.84[0.74, 0.90] 6.20 Graven-Nielsen et al —a— 0.90[0.76, 0.96] 4.24
Graven-Nislsen et al 076[048, 050] 426 Graven-Nielsen et al —— 0.83[0.61, 0.93] 4.24

) Graven-Nielsen et al —a— 0.82[0.59, 0.93] 4.24
Marcuzzi et al —— 0.76[0.59, 0.86] 5.69 )

Graven-Nielsen et al —— 0.71[0.39, 0.88] 4.24

Larsen etal = 0.6710.35, 0.85]  4.47 Imia et al —— 0.75[0.51, 0.88] 5.08
Graven-Nielsen et al —— 0.66[0.31, 0.85] 4.26 |mia et al " — 0.83[0.65, 0.92] 5.08
Lewis et al —— 0.65[0.29, 0.85] 4.26 \mia et al R T— 082063, 0.92] 508
Costa et al —— 0.45[0.01, 0.74] 4.26 Imia et al R — 0.94[0.87, 0.97] 5.08
Imia et al —i— 0.80[0.60, 0.91] 4.82 \mia ot al [ — 075[051, 0.88] 508
Imia et al —— 0.96[0.91, 0.98] 4.82 Imia et al — 0.82[0.63, 0.92] 5.08
Imia et al —— 0.86[0.71, 0.94] 4.82 \mia et al T 0841067, 093] 508
Imia et al —— 0.72[0.46, 0.87] 4.82 Imia et al —— 0.87[0.73, 0.94] 5.08
Overall *> 0.83[0.78, 0.87] Overall <> 0.88[0.85, 0.91]
Heterogeneity: 1 = 0.07, I = 65.77%, H? = 2.92 Heterogeneity: 12 = 0.03, I? = 39.36%, H? = 1.65
Test of §, = 6;: Q(20) = 59.48, p = 0.00 Test of 8, = 6;: Q(21) = 34.52, p = 0.03

:z2=16.01, p=0.00 Testof 8 =0:z=22.15, p=0.00

Testof 8 =
— _——————
0.00 0.76 0.96 1.00 046 076 091 0.96 0.99
Random-effects REML model Random-effects REML model
C Heat in healthy subjects: Correlation Weight D Electric in healthy subjects: Gorrolation  Weight
Study with 95% CI (%) Study with 95% CI (%)
Naugle et al —M—  091[ 086, 094 6.17 Manresa et al —— 0.93[0.86, 0.96] 19.01
Wilson et al —a— 0.83[ 0.63, 0.93] 4.86 Lie et al —.,— 0.80[0.59, 0.91] 15.88
Lie etal —— 0.80[ 0.59, 0.91] 5.07 Imia et al — . 0.94[0.87, 0.97] 16.28
Marcuzzi et al —— 0.68[ 0.51, 0.80] 5.99 Imia et al —M—— 0.96[091, 098] 16.28
Gehlling et al —a— 0.67[ 0.37, 0.84] 5.07 Imia et al —m— 0.94[0.87, 0.97] 16.28
Granovsky et al —— 0.64[ 0.36, 0.81] 5.33 Imia et al —. 0.94[0.87, 0.97] 16.28
Granovsky et al —— 0.53[ 0.24, 0.73] 5.53 Overall . 0.93[0.89, 0.95]
Lie et al 0.47[ 0.08, 0.73]  5.01 Heterogeneity: T2 = 0.03, I? = 45.52%, H? = 1.84
Lie et al 0.42[ 0.02, 0.70] 5.01 Test of 6, = Q(5)=9.23, p=0.10
Wilson et al 0.40[-0.03, 0.70] 4.86 Testof 6 = 0: 2 = 14.67, p = 0.00
Granovsky et al —m— 0.15[-0.22, 0.48] 5.33 0h6  ov6 obi  obs  obo
Gehlling et al 0.88[ 0.75, 0.95] 5.07 Random-effects REML model
Granovsky et al —;— 0.19[-0.18, 0.52] 5.33
Granovsky et al —— 0.31[-0.03, 0.58] 5.53
Granovsky et al —a— 0.43[ 0.08, 0.68] 5.33
Imia et al —— 0.81[ 0.62, 0.91] 5.13 E Pressure in patients: Comelation  Weight
Imia et al —a— 0.69[ 0.41, 0.85] 5.13 Study with 85% CI (%)
Imia et al —a— 0.75[ 0.51, 0.88] 5.13
Imia et al — . 0.77[ 055, 0.89] 5.13 Manel ot at - 0.7210.56, 069) 31.67
overall 0.65( 058 0.74 Vuilleumier et al —— 0.72[0.60, 0.81) 3558
veral - . .53, 0.

§ ! ! Olesen et al —— 0.43[0.20, 0.61) 3275
Heterogeneity: 12 = 0.13, I? = 77.59%, H? = 4.46
Test of 8, = 8: Q(18) = 92.27, p = 0.00 Overall —— 0.64[0.44, 0.78)
Test of © = 0: z = 8.31, p = 0.00 Heterogeneity: 7 = 0.05, P = 76.21%, H* = 4.20

0.00 0.76 0.96 Testof 8,=0,: Q(2) =8.29, p=0.02
Random-effects REML model Testol 0=0:2=5.14,p=0.00

Random-effects REML model

Figure 2: Forest plot for meta-analysis of TS intra-session reliability: A. Pressure TS in healthy subjects, B. IP TS in healthy subjects, C. Heat TS
in healthy subjects, D. Electric TS in healthy subjects, and E. Pressure TS in patient. ICC, Intraclass Correlation; IP, ischemic pressure; TS, test
stimulus.

A Pressure in healthy subjects: Correlation ~ Weight B Pressure in patients: Correlaion ~ Weight

Study with 95% Cl (%) Study With95% Cl (%)
Kennedy et al ——095[091, 0.97] 1357 Vuilleumier et al ——— 094[091, 0.96] 16.67
Kennedy et al —— 094[0.90, 0.97] 1357 Vuilleumier et al —— 0.92[0.88, 0.95] 16.67
Lewis et al —— 0.87[0.70, 0.95] 10.28 Vuilleumier et al —B— 0.91[0.87, 0.94] 16.67
Nuwailati et al —— 0.77[0.64, 0.86] 14.01 Vuilleumier et al —B— 0.91[0.87, 0.94] 16.67
Nuwailati et al —B— 0.84[0.74, 0.90] 14.01 Vuilleumier et al —— 0.89[0.84, 0.93] 16.67
Cathcart et al —a— 0.82[0.59, 093] 10.28 Vuilleumier et al —— 0.87[0.81, 091] 16.67
Cathcart et al —— 0.79[0.53, 0.91] 10.28 Overall - 0.910.89, 0.93]
Nuwailati et al —a— 0.73[0.58, 0.83] 14.01 Heterogeneity: 12 = 0.01, I2 = 40.02%, H2 = 1.67

Overall > 0.86[0.78, 0.91] Testof 8,= 6, Q(5) =8.34, p=0.14

Heterogeneity: 12=0.10, I = 78.64%, H? = 4.68 Testof 8 =0:z=26.79, p=0.00

Test of 6,= 6 Q(7) = 36.22, p = 0.00 076 091 096

Test of 6 = 0:z = 10.26, p = 0.00 Random-effects REML model

Random-effects REML model

Figure 3: Forest plot for meta-analysis of TS inter-session reliability: A. Pressure TS in healthy subjects, B. Pressure TS in patients. ICC,
Intraclass Correlation; TS, test stimulus.
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ICC=0.25, 95% CI: -0.11 to 0.56, I’=89.29%). Howevet,
pressure demonstrated excellent reliability as TS, with CPT
as CS (k=1, 2 estimates, 178 patients, ICC=0.77, 95% CI:
0.70-0.82, P=0.00%) (Figure 4).

The inter-session reliability was fair when IP, pres-
sure and heat were applied to healthy subjects:

IP as TS with IP or CPT as CS (k=2, 18 estimates, 384
subjects, ICC=0.51, 95% CI: 0.42-0.59, P=5.32%); pressure as
TS with CPT, heat, IP, HWB, or pressure as CS (k=11, 21 esti-
mates, 639 subjects, ICC=0.43, 95% CI: 0.30-0.54, ’=66.93%);
and heat as TS with CPT, heat or IP as CS (k=8, 14 estimates,
759 subjects, ICC=0.43, 95% CI: 0.32—-0.53, P=60.19%).

The reliability of electric tests as TS was poor in healthy
individuals with CPT, IP and HWB as CS (k=4, 8 estimates,
245 subjects ICC=0.35, 95% CI: 0.18-0.50, P=46.28%).

In patients, the inter-session reliability for pressure as
TS with CPT as CS was fair (k=3; 3 estimates, 206 patients,
ICC=0.44, 95% CI: 0.11-0.69, ’=84.98%) (Figure 5).
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LoA: Six studies reported 32 estimates from 917 healthy
subjects, ranging from -18.1 to 42, overall mean 4.9 + 11.8.
One study reported three intra-session estimates with a
mean of 5.3 + 4.7, and six studies reported 29 estimates with
a mean of 5.05 + 12.6.

Gender and age

Gender: Twenty studies (80%) included both genders, two
(8%) included men, two (8%) women, and one (4%) did not
specify. Three studies (12%) reported ICC for both genders
(Table 1). Collectively, the results suggest that CPM is more
reliable in women than men. A subgroup analysis of Martel
et al. found the test’s reliability to be significantly higher in
women (excellent ICC=0.75) than men (poor ICC=0.33) [28].
Overall, Nuwailati et al. also found the test to be slightly
more reliable in women (ICC=0.27) than men (ICC=0.15),
but for both genders the reliability was poor [45].

A Pressure in healthy subjects: Correlation  Weight B 1P in healthy subjects: Correlation  Weight
Study with 95% Cl (%) Study with 95% Cl (%)
Lewis et al ———0094[ 085, 098] 837  Hoeghetal ——092[ 082, 0.96] 33.33
Lewis et al —— 0.85[ 0.65, 0.94] 837 Cummins et al —— 0.47[ 0.09, 0.73] 33.33
Lewis et al —— 0.75[ 0.46, 0.90] 837  Cumminsetal —— 0.06[-0.34, 0.44] 33.33
Alsouhibani et al —— 0.70[ 045, 0.85] 9.32 Overall —_— 0.62[-0.17, 0.92]
Cathcart et al —— 069[ 0.36, 0.87] 837  Heterogeneity: 2= 0.57, I = 92.64%, H? = 13.58
Lewis et al —— 0.60[ 0.21,082] 837  Testof§,=6:Q(2)=27.17,p=0.00
Nuwailati et al —— 057[ 037,072 1037  Testof®=0:z=159,p=0.11
Catheart et al —— 057[ 0.17, 0.81] 837 0.00 0.76 0.96
Alsouhibani et al —— 0.43[ 0.08, 0.68] 9.32 Random-effects REML model
Nuwailati et al ——- 0.22[-0.04, 0.45] 10.37
Nuwailati et al —— 0.20[-0.06, 0.43] 10.37
Overall - 0.64 0.45, 0.77) C  Heatin Healthy: Correlation ~ Weight
Heterogeneity: T2 = 0.16, I2 = 81.74%, H2 = 5.48 Study with 95% Cl (%)
Test of 6,= 6 Q(10) = 5250, p = 0.00 Valencia et al —- 064 055 0.72] 25.03
Test of 6.=0:2=5.60, p=0.00 Valencia et al i 0.60[ 0.50, 0.68] 25.03

000 046 076 091 096 Cummins et al —B——058[ 024, 0.79] 831

Random-effects REML model Valencia et al E = 0.55[ 0.44, 0.64] 25.03

Cummins et al —— 0.36[-0.04, 0.66] 8.31
Cummins et al —— 0.10[-0.31, 0.48]  8.31
Overall L 2 0.55[ 0.44, 0.64]
Heterogeneity: 1= 0.01, 2= 57.14%, H? = 2.33
Test of 6, = 6;: Q(5) = 10.98, p = 0.05
Testof 6=0:2=8.68,p=0.00
-0.46 0.00 0.46 0.76
Random-effects REML model
D Heat in patients: Correlation  Weight E Pressure in patients: Corrclation  Weight
Study with 95% CI (%) Study with 95% CI (%)
Valencia et al —M——0.42[ 0.27, 0.55] 50.00 Vuilleumier et al —a— 0.78[0.68, 0.85] 50.00
Valencia et al — 0.07[-0.10, 024] 5000 Vuilleumier et al —— 0.75[0.64, 0.83] 50.00
Overall R —— 0,25 -0.11, 0.56] Overall ——_— 0.77[070, 082]
Heterogeneity: 12 = 0.06, |2 = 89.29%, H? = 9.34 Heterogeneity: 12 = 0.00, 12 = 0.00%, H? = 1.00
Testof 6,= 8: Q(1) =9.34, p = 0.00 Testof 0,=6;:Q(1) =0.23, p = 0.63
Testof 8=0:2=137,p=0.17 Testof 0 =0:z=13.23, p=0.00
0.66 0.76 0.83 0.89

-020 000 020 038 054

Random-effects REML model

Random-effects REML model

Figure 4: Forest plot for meta-analysis of CPM intra-session reliability: A. Pressure TS in healthy subjects, B. IP TS in healthy subjects, C. Heat
TSin healthy subjects D. Heat TS in patients, E. Pressure in patients. ICC, Intraclass correlation; IP, ischemic pressure; TS, test stimulus; CPM,

conditioned pain modulation.
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A\ Pressure in healthy subjects Weight B 1P in healthy subjects:

Correlation Correlation Weight
Study with 95%Cl (%)  Study with 95% Cl (%)
Lewis et al —@——0.82[ 059, 093] 4.23 Graven-Nielsen et al —l—— 0.75[ 046, 0.90] 5.18
Lewis et al —@—— 0.80[ 055, 0.92] 4.23 Graven-Nielsen et al ——— 073[ 042,089 518
Bossmann et al ——— 076[ 048,090 423  Graven-Nielsen etal —@—— 0.70[ 0.37,087] 5.18
Lewis et al —— 0.66[ 0.31,0.85] 423  Graven-Nielsen et al —M——  068[ 0.34,0.86] 5.18
Graven-Nielsen et al —— 061[ 0.23,083] 423  Graven-Nielsen etal —@——  063[ 026,084 518
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Figure5: Forest plot for meta-analysis of CPM inter-session reliability: A. Pressure TS in healthy subjects, B. IP TS in healthy subjects, C. Heat
TS in healthy subjects D. Electric TS in healthy subjects, and E. Pressure TS in patients. ICC, Intraclass correlation; IP, ischemic pressure; TS,
test stimulus; CPM, conditioned pain modulation.

Valencia et al. found the test to be more reliable in than men (ICC=0.55). The inter-session reliability was very
women than men, both in healthy individuals and patients  similar in healthy women (ICC=0.61) and men (ICC=0.59).
[32]. The intra-session reliability was good for female Age: Healthy participants’ age ranged from 19.3 + 1.5
patients (ICC=0.65) and fair for men (ICC=0.40). In healthy to 67.6 + 64.8 years, and patients’ age from 43.83 + 17.80
individuals, the reliability was higher in women (ICC=0.63) to 56 + 15.9 years (Table 1). Two studies (8%) reported age
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as an influential factor on test reliability. Naugle et al.
found the test to be more reliable in a younger group
(ICC=0.54) compared with an older group (ICC=0.14) [56].
Although the test had poor reliability in both age groups,
Nuwailati et al. reported the test to be more reliable in
31-65 years old (ICC=0.36) than in 18-30 years old
individuals (ICC=0.14) [45].

Risk of bias assessment

COSMIN-ROB checklist

The checklist is presented in Table 3. Item-1 was rated as
adequate in twenty-four (96%) studies and as very good in

Figure 6: Bubble plot of pressure TS in
healthy subjects. Testing sites: 1: forearm,
2: hand, 3: leg, 4: upper extremity, 5: face.
A) Intra-session reliability B) inter-session
reliability.

one (4%), items 2, 6 and 7 were rated as very good in all
twenty-five (100%) studies, item 3 was rated as very good in
nineteen (76%) studies and as adequate in six (24%), item 4
was rated as very good in two (8%) studies and doubtful in
twenty-three (92%), items 5 and 8 were rated as doubtful in
all twenty-five (100%) studies, and item 9 was rated as
inadequate in twenty-four (96%) studies and as very good
in one (4%). As mentioned previously, the worst score
determined the overall rating of the study quality. There-
fore, as item 9 (a Kappa coefficient question) was rated as
the worst, the overall rating of the 24 studies was inade-
quate; none of these studies reported the Kappa coefficient.
The overall rating of one study was very good. Furthermore,
the individual study assessment against the updated
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criteria for good measurement resulted in 18 (72%) studies
rated as insufficient (-) and 7 (28%) as sufficient (+)
(Table 3).

Quality appraisal for clinical measurement research
reports evaluation form QACMRR

All studies obtained an overall positive rating, four were
rated as excellent papers (quality ranged from 92 to 96%),
and 21 were rated as very good (71-88%). Mainly, two
shortcomings were identified: the sample size determina-
tion item was addressed by nine studies (36%) only, and
reporting a statistical error measurement estimates (SEM)
was reported by eight studies (32%) (Table 3).

Discussion

This meta-analysis showed highly variable CPM reliability
across studies, ranging from poor to excellent. Random
error due to small sample sizes is a possible explanation for
the variability. Despite the intensive research conducted

Table 3: Risk of bias assessment.
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throughout the past two decades, and experts’ recommen-
dations to adopt uniform and standardized methodology
[4], the testing method of CPM still lacks standardization,
possibly contributing to variability in reliability. Also, the
inconsistent reliability findings may be related to the vari-
able measures used for reporting results, such as using
different measures to report absolute reliability.

Multiple factors have been found to influence the CPM
effect, some of them non-modifiable such as age and
gender, and other ones modifiable such as the CPM testing
methodology [2]. The inter-session reliability was worse
than the intra-session reliability. The poor inter-session
reliability may not necessarily be due only to limitations is
the CPM methodology and random error, but also to vari-
ability over time in endogenous inhibition, which may be
a dynamic process rather than a stable trait. This is an
essential point that should be the object of future mecha-
nistic research. For instance, longitudinal studies may
assess CPM in association with brain imaging measures of
endogenous pain modulation to test whether changes in
CPM over time are associated with changes in brain
endogenous modulatory processes [57-59].

Study Psychometric properties reported COSMIN-ROB COSMIN rating (criteria) QACMRR

1. Cathcart et al. Reliability Inadequate - Very good
2. Olesen et al. Reliability Inadequate - Very good
3. Lewis et al. Reliability Inadequate + Very good
4. Martel et al. Reliability Inadequate - Very good
5. Valencia et al. Reliability Inadequate - Very good
6. Wilson et al. Reliability Inadequate - Very good
7. Biurrun-Manresa et al. Reliability Inadequate - Very good
8. Jurth et al. Reliability Inadequate - Very good
9. Vuilleumier et al. Reliability Inadequate + Very good
10. Imai et al. Reliability Inadequate - Very good
11. Gehlling et al. Reliability Inadequate - Excellent

12. Granovsky et al. Reliability Inadequate - Very good
13. Bossmann et al. Reliability Inadequate + Excellent

14. Costa et al. Reliability Inadequate - Very good
15. Marcuzzi et al. Reliability Very good - Very good
16. Graven-Nielsen et al. Reliability Inadequate + Very good
17. Lie et al. Reliability Inadequate - Very good
18. Lie et al. Reliability Inadequate - Very good
19. Kennedy et al. Reliability Inadequate - Excellent

20. Larsen et al. Reliability Inadequate + Very good
21. Alsouhibani et al. Reliability Inadequate + Very good
22. Hoegh et al. Reliability Inadequate + Very good
23. Nuwailati et al. Reliability Inadequate - Excellent

24. Naugle et al. Reliability Inadequate - Very good
25. Cummins et al Reliability Inadequate - Very good

Criteria for good measurement properties: +, sufficient; —, insufficient; ?, indeterminate. COSMIN-ROB, Consensus-based standards for the
selection of health measurement instruments-risk of bias tool to assess the quality of studies on reliability and measurement error of outcome
measurement instrument [29]; QACMRR, quality appraisal for clinical measurement research reports evaluation form [28, 29].
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Methodological aspects

Although only four studies included patients, their total
number of participant was acceptable (n=396); one study
included 190 patients. The CPT was the most frequently
utilized CS. The test reliability ranged from poor to fair with
temperatures ranging from O to 10 °C, while the reliability
was good when the CPT test was set at 12 °C. This is
consistent with Kennedy et al. suggestion regarding using
temperature between 8 and 12 °C. It is sufficient to induce
CPM effect, and it is well tolerated by participants, espe-
cially chronic pin patients [7]. Lower temperatures (more
intense) could lead the participants to violate the testing
protocol, for instance with an early withdrawal of their
hand from ice cold water.

Few studies examined different tested sites for both TS
and CS, while others examined a single site only. It seems
that the distance between TS and CS sites may be an
influential factor on the test reliability. Particularly when
both stimuli were applied contra-laterally on the same site
or one segment away from each other [23, 27, 29, 32, 48, 54],
their reliability ranged from fair to excellent. On the other
hand, when the TS and CS were applied at sites distant
from each other, the reliability was generally poor to fair
[24-27, 31, 34, 35, 46, 50, 52, 54]. For instance, Oono et al.
reported their best reliability when both stimuli were
applied to the hand and forearm and to the upper arm and
forearm, whereas the tests were less reliable when applied
at head and forearm, and head and lower leg [30]. Imia
et al. and Graven-Nelson et al. found better reliability when
both stimuli were applied to the lower leg [25, 27].
Furthermore, the test seemed to be less reliable when
applied to the side of the face and hand [45, 50].

Most of the estimates of TS ICC were excellent, but this
was not associated with CPM reliability. The choice of the
TS and CS type may have an impact on the test reliability.
The CPT was suggested to be one of the most efficient
stimuli to induce CPM, in particular when combined with
pressure as a TS [60, 61]. Imai et al. and Graven-Nielsen
et al. assessed multiple combinations of TS and CS. Among
all, the IP demonstrated the highest inter-session reliability
when used as TS and as CS, or when combined with CPT as
CS [25, 27]. Findings of studies that used one TS were in line
with the results of Imai et al. and Graven-Nielsen et al. The
IP as a TS demonstrated an excellent inter- and intra-
session CPM reliability, as well as pressure used as a TS
when combined with either CPT or IP as a CS [24, 46, 54].
Our meta-analysis confirmed that the pressure and IP
stimuli yielded the most reliable CPM test when used as TS
and CS, or when used with CPT as CS.
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Reliability according to gender and age

The test’s reliability was slightly better in women than
men in most studies, while a few studies reported no
difference between genders. In women, Wilson et al.
reported poor CPM stability, i.e. CPM fluctuations, during
the follicular and luteal phases of the menstrual cycle [33],
but no data were reported regarding the ovulatory phase.
The CPM effect was reported to be less efficient during the
follicular and luteal phases when compared to the
ovulatory phase [62, 63]. The gender variability in CPM
reliability may be due to several factors. It may reflect
gender differences in the central nervous system (CNS)
processing of pain. This explanation has been proposed
by others as well; women exhibit lower p-opioid receptor
binding activity than men during the activity of opioi-
dergic systems [64, 65]. Another factor that might have
caused the variability is expectation [66]. Bjorkedal et al.
suggested that expectation can influence the CPM effect,
as information on the CPM effect affected women, but not
men [66].

One study reported the test to be more reliable in
younger individuals [56]. Similar to gender influence on
reliability, numerous studies concluded that the CPM effect
is more efficient in younger individuals, as older adults
expressed less inhibition of cold stimulation pain [2, 67-70].

Risk of bias assessment

The COSMIN-ROB tool assesses the methodological quality
of studies on reliability and measurement error of all types
of outcome measurement instruments. We used the
extended version 1.0 of the COSMIN-ROB for PROM dated
in December 2020 [42]. All studies were published prior to
this date, the latest was published in November 2020 [26].
All studies scored very good and adequate in multiple
items. However, 96% scored inadequate in item-9 only,
meaning that the kappa calculation was not reported by
most of the studies. Cohen’s kappa coefficient is used to
measure intra and inter-rater reliability, and considers the
possibility of the agreement occurring by chance [71]. The
kappa coefficient was reported by one study only [53].

Because the scoring system of this particular checklist
considers the worse score as the overall score for each
study, all studies not reporting kappa calculation were
scored overall as inadequate.

An additional identified issue was blinding. Blinding of
participants or examiners in clinical trials is a key method-
ological procedure, and a certain degree of bias due to non-
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blindness should be expected [72]. The professionals’
knowledge of scores or values of other measurements (item-
4 and 5) was under-reported. Blinding was reported in two
studies only. In the study by Bossman et al., raters were
blinded to each other’s findings [48]. Kennedy et al. reported
various forms of blinding: raters blinded to the findings of
other raters, raters blinded to their prior findings, raters
blinded to clinical information related to the subject, and
any cues that were not part of the study design [53].

All studies had an excellent or good overall rating for
QACMRR, but two shortcomings were identified. First, the
samples size calculation (item-5) was under-reported; it
was addressed by nine studies only. An example to follow
is Biurrun-Manresa et al.’s sample size calculation, which
was based on two parameters: the detection of a significant
CPM effect and the reliability of that effect over time [34].
Furthermore, an appropriate statistical error estimate,
such as the standard error of measurement (SEM) (item-11),
was reported in only eight studies. It indicates the amount
of variability in the test that is caused by measurement
error and its effect on individual results. This finding
stresses the importance of reporting the absolute reliability
measurement for the CPM test.

Strengths and limitations

To the best of our knowledge, this is the first meta-analysis
that quantified the reliability of CPM and provided a review
of its influential factors. We added several studies to the
previously published systematic review [7], thereby
improving the precision of the reliability estimates. We
used two different quality appraisal tools that helped
identify methodological limitations in the included in-
vestigations and provide information to improve the
quality of future reliability studies.

The data did not allow estimation of the absolute
reliability. An attempt to conduct a meta-analysis for CS
was challenging due to insufficient data for further strati-
fication of estimate by stimulus type and tested site
(18 estimates were reported by seven studies). It created
smaller subgroups, thereby inducing lower statistical po-
wer. It is unclear whether the results for healthy partici-
pants can be generalized to patients due to the small
number of participants.

Conclusions

The reliability of CPM test is highly variable across
studies. Intra-session reliability using pressure and CPT
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were the TS and CS most consistently associated with
good to excellent values in healthy volunteers and pa-
tients. The inter-session reliability was fair or less for all
modalities, both in healthy volunteers and patients. An
important goal of future research is to determine whether
poor inter-session reliability is due to dynamic changes in
endogenous inhibition, rather than to methodological
limitations. Future studies can improve their methodol-
ogy by including sample size calculation, reporting
measures of absolute reliability (Bland-Altman, SEM, and
kappa), and including blindness in their design. The use
of CPM in clinical research and potentially in clinical
practice will depend on improvement in its reliability,
as well as more convincing evidence of its clinical
usefulness.
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