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Abstract
Background ‒ Studies on the concurrent validity of clinically
applicable testing protocols for conditioned pain modulation

(CPM) and temporal summation of pain (TSP) in breast cancer
survivors (BCS) with persistent pain are lacking.
Objectives ‒ This study investigated the concurrent validity
of two bedside protocols for CPM and TSP in comparison to a
respective reference protocol. The participants’ preferences
for bedside CPM and TSP protocols were assessed.
Methods ‒ Thirty BCS experiencing persistent pain were
included in this study. Each participant underwent a refer-
ence test along with two bedside alternatives for assessing
both TSP and CPM. For CPM, a cold pressor test (CPT) and
blood pressure cuff (BPC) were used as conditioning sti-
mulus. The test stimulus was elicited in parallel by pres-
sure pain threshold after 45 and 90 s of conditioning at the
lower limb. The CPM reference test consisted of parallel
heat stimuli at the forearms using a two-thermode system.
TSP was elicited using a von Frey monofilament (256 mN)
and an algometer (98 kPa) at the affected site and opposite
lower limb. The TSP reference test consisted of heat stimuli
at the affected site and opposite lower limb. Participants’
testing preference was examined using a purpose-designed
questionnaire. Spearman’s rank test examined the correla-
tion between protocols.
Results ‒ The two bedside CPM protocols were strongly
correlated (r = 0.787–0.939, p < 0.005). A strong correlation
was found between the BPC protocol and reference test using
the relative effect magnitude (r = 0.541–0.555, p < 0.005). The
bedside TSP protocols were moderately correlated with each
other only at the lower limb using absolute change scores (r =
0.455, p = 0.012). No significant correlationwas found between
the bedside and reference TSP protocols.
Conclusion ‒ The significantly moderate to very strong
correlations between the bedside protocols validate their
interchangeability. Researchers and clinicians should be
able to choose which bedside protocol they utilize; how-
ever, participants favored the use of a BPC and algometer
for the evaluation of CPM and TSP, respectively.
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1 Introduction

Breast cancer remains the most prevalent cancer type
(11.7%) with 2.3 million new cases reported worldwide in
2020 [1]. Breast cancer survivors (BCS) can experience
a myriad of side effects of cancer treatment [2]. Over
one-third of women (35%) experience persistent pain, of
whom one in four (24%) experience moderate-to-severe
pain [3]. These symptoms can have a significant adverse
impact on emotional and physical functioning and quality
of life [2].

Persistent pain is often related to a dysfunction of the
somatosensory system [4]. Aberrations in central somato-
sensory functioning can be evaluated using dynamic quan-
titative sensory testing (QST), such as conditioned pain
modulation (CPM) and temporal summation of pain (TSP)
[5]. CPM relates to the reduction of pain intensity for a test
stimulus after or during the application of a conditioning
stimulus to a different part of the body. In doing so, CPM
evaluates the endogenous inhibitory descending pathways
[6]. TSP is a psychophysical measurement focusing on the
increment of experienced pain by a repetitive application
of a stimulus with equal intensity. As such, TSP serves as a
surrogate measure for the neuronal wind-up phenomenon,
which is defined as “a high frequency of action potentials
in the presynaptic neuron elicits postsynaptic potentials
that overlap and summate with each other,” thereby eval-
uating the endogenous facilitatory nociceptive pathways
[7,8]. Previous studies in persistent pain after breast cancer
treatment reported decreased CPM effects and presence of
exaggerated TSP [9,10].

Several experimental methods for CPM and TSP have
been investigated in patients with persistent musculoske-
letal pain [11,12], neuropathic pain [13,14], and osteoar-
thritis [15] and in healthy individuals [16]. These studies
have used either sophisticated laboratory equipment or
simplified bedside alternatives, defined as bedside tests.
Previous studies investigating CPM and TSP in BCS have
primarily used laboratory-based protocols with computer-
controlled thermode systems or computer-controlled cuff
algometry [10,17]. Although these protocols are considered
the gold standard because of their standardization and
control of stimuli, they are mostly unfeasible for use in
clinical practice owing to cost, inaccessibility, and required
training [18]. Since assessing the somatosensory system
and its function is suggested to improve pain management,
research into bedside QST methods is warranted [19–21].

Currently, bedside tests for the assessment of CPM and
TSP in clinical practice exist, but they have not been investi-
gated in a breast cancer population nor have their concurrent
validity, which refers to their ability to produce consistent

results when compared to a gold standard protocol, been
determined [11,14,15,21]. In addition, patients were never
involved in the development of bedside QST protocols, even
though they are at the receiving end and can provide valu-
able information concerning the application of such protocols
in clinical practice.

The aim of this study was to investigate the concurrent
validity of two bedside protocols for CPMandTSP in BCS experi-
encing persistent pain by comparing them with each other and
with a laboratory-based reference test. Furthermore, partici-
pants’ preferences for bedside CPM and TSP protocols were
assessed.

2 Methods

2.1 Participants

Participants were recruited between November 2020 and
August 2022 from a larger cross-sectional study involving cancer
survivors at the University of Leuven and University of Antwerp.
This parent study investigated different pain mechanisms using
different assessmentmethods in cancer survivorswith pain (clin-
icaltrial.gov NCT03981809) and received ethical approval from
the University Hospitals Leuven (s62584) and the University
Hospital of Antwerp (B322201940289). All participants pro-
vided written informed consent. The study adheres to the
Strengthening the Reporting of Observational studies in
Epidemiology (STROBE) statement [22].

Eligible participants were women aged ≥18 years,
treated for primary breast cancer at least three months
prior, and in complete remission (i.e., no active signs or
symptoms of cancer). BCS experiencing persistent pain
needed to report mean pain intensity during activity >3/10
on the numeric rating scale (NRS) during the past week
[23,24]. Initial NRS assessment was conducted via tele-
phone. Persistent pain related to breast cancer treatment
was determined based on the location and timing of onset.
Pain in the chest, lateral trunk, axilla, arm, or shoulder
occurring concurrently or post-treatment was considered
related. Exclusion criteria included (1) metastasis, (2) pal-
liative status, (3) cancer recurrence, (4) bilateral cancer, (5)
pregnancy, or (6) inability to communicate in Dutch.

2.2 QST

For each participant, a reference test and two bedside
alternatives for TSP and CPM were performed. The
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measurements were performed in a quiet room with the
participant in a seated position. An overview of these pro-
tocols is shown in Figure 1. The order of testing was fixed
and between each test, an average wash-out of at least 2
min was foreseen to mitigate any potential sensitization
effect due to repetitive stimulation [25].

2.3 CPM protocols

2.3.1 CPM reference test

The reference CPM protocol was performed using the Advanced
Thermosensory Stimulator TSA-2 (Medoc, Ramat Yishai, Israel).
First, the test stimulus intensity was individualized using a
Peltier thermode on the non-affected forearm, opposite to the
treated region. Pain4 temperature, evoking NRS-rated discom-
fort of 4, was determined through a series of heat stimuli. A
parallel CPM paradigm followed, applying Pain4 test stimulus to
the affected forearm for 45 s, with NRS-rated intensity at inter-
vals. After a 120 s break, the unaffected forearm received a 65 s
conditioning stimulus 0.5°C above the Pain4 temperature. Then,
after 20 s, Pain4 test stimulus was applied to the affected
forearm. NRS-rated pain intensity was assessed at 10, 20, 30,
and 40 s [26,27]. More details on the CPM reference protocol
are provided in Appendix S1. A schematic overview is presented
in Figure 2.

2.3.2 CPM bedside test 1: cold pressor test (CPT)

Pressure pain threshold (PPT) at the tibialis anterior muscle,
opposite to the affected region, was used as test stimulus.
Baseline PPT was determined using an algometer (Wagner
FDX, Greenwich CT, USA). PPT was defined as the pressure
which was first perceived as painful and was calculated as
the mean of two trials [10]. As conditioning stimulus, the CPT
was used with the unaffected hand submerged in 12°C water.
PPT was measured at 45 and 90 s during CPT [28–30].

2.3.3 CPM bedside test 2: blood pressure cuff (BPC)
occlusion

This protocol employed the same PPT test stimulus. A BPC
(BoSo Profitest, Jungingen, Germany) applied pressure on the
unaffected upper limb. The cuffwas inflated via hand squeeze
(20mmHg per squeeze) and stopped at NRS 5/10 or 220mmHg.
PPT was measured at 45 and 90 s during cuff inflation [8,31].

2.4 TSP protocols

2.4.1 TSP reference test

TSP was assessed at the most painful site and the tibialis
anterior muscle using a Peltier thermode. Heat stimuli

Figure 1: Measurement protocol. PPT = pressure pain threshold, TSP = temporal summation of pain, CPM = conditioned pain modulation, CPT = cold
pressor test, BPC = blood pressure cuff, TSA-2 = advanced thermosensory stimulator. The duration is reported in minutes (‘).

Figure 2: Schematic overview of the reference CPM protocol sequence using the TSA-2. NRS = numeric rating scale.
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were individualized to Pain4 temperature from the CPM
reference protocol. Subjects received one train of 30 sti-
muli from 38°C to the individualized peak Pain4 tempera-
ture with a ramp rate of 13°C/s, 0.8 s at peak stimulus, and a
return rate of 13°C/s. The inter-stimulus interval was set at
1 s with the stimulus frequency approximating 1 Hz. Pain
intensity was verbally rated on NRS after the first and last
stimuli [32,33].

2.4.2 TSP bedside test 1: von Frey monofilament

TSP was measured at the same locations by applying a
series of stimuli using a von Frey monofilament with a sti-
mulation force of 256mN (Optihair2-Set, Marstock Nervtest,
Germany). After the first stimulus, a series of stimuli was
delivered for 30 s at a rate of 1 stimulation/s. Pain intensity
was verbally rated on NRS after the first and last stimuli [27].

2.4.3 TSP bedside test 2: algometer

For the second bedside TSP test, a digital pressure alg-
ometer (Wagner FDX, Greenwich, CT, USA) was used at
both locations. Peak pressure was set at 98 kPa with a stimu-
lation frequency of 1 Hz. Amounts of repetitions and instruc-
tions to the participant were the same as the bedside TSP test
with the von Frey monofilament [8,34].

More detail on the dynamic QST protocols is provided
in Appendix S1.

After completion of the assessment, participants were
given a purpose-designed questionnaire regarding their
experiences and bedside test preferences. The question-
naire contained two questions (yes or no): (1) testing was
comfortable and (2) instructions were clear. In addition, par-
ticipants were asked to indicate their preference for one of
the bedside protocols for CPM and TSP at themost painful site
and the opposite tibialis anterior muscle (Appendix S2).

2.5 Statistical analysis

Data analysis was performed using R statistical software
version 3.6.2 [35]. Normal distribution of the data was checked.
Descriptive statistics for continuous variables included median
[interquartile range (IQR)] for non-normally distributed and
mean [standard deviation (SD)] for normally distributed data.
Categorical variables were expressed as frequencies (%).

First, concurrent validity was examined using the
absolute and relative effect magnitudes. Spearman’s rank

(rho) coefficients were calculated for non-normally distrib-
uted data and interpreted as follows: <0.3 weak, 0.3–0.5
moderate, 0.5–0.7 good, and >0.7 very good [36,37]. Correla-
tion coefficient of >0.7 is considered to show sufficient
evidence of validity [38]. Addition of 0.1 to zero NRS scores
enabled relative effect calculations [39].

Second, concurrent validity was explored by com-
paring the proportion of responders using Fisher’s exact
test using absolute and relative changes. A meaningful
CPM effect was determined by calculating the ±2 SEM (stan-
dard error of measurement) [40].

Regarding TSP, responders were defined using the
minimal clinically important difference of more than 2
points on the NRS for absolute change and 33% for the
relative change [41–43].

Correction for multiple testing was performed using a
Bonferroni correction by dividing the alpha (0.05) by the
number of tests performed. Participant experiences and
preferences were summarized descriptively.

For the reference CPM protocol, the SEM was calcu-
lated using the NRS scores at the different time points
during phase A (Figure 2): SEM = (pooled SD of NRS scores
during phase A) × √(1 − ICC). The interclass correlation
coefficient (ICC) was calculated from the mean NRS scores
during phase A [40]. Using the ±2 SEMmethod, participants
were classified into three groups of responders: (1) anti-
nociceptive = decrease in NRS of at least 2 SEM during
phase B; (2) pro-nociceptive = increase in NRS during phase
B of at least 2 SEM; and (3) non-response = no change in
NRS or change smaller than 2 SEM. The same methodology
was applied for the bedside CPM protocols, using baseline
PPT values. The baseline PPT values were logarithmically
transformed to normalize the data distribution, after which
the ICC was calculated. Using the ±2 SEM method for the
bedside protocols, participants were grouped similarly. For
all CPM protocols, the ±2 SEM method was used for both
absolute and relative effect magnitudes. The relative effect
magnitude was calculated by dividing the 2 SEM by the
median baseline PPT or NRS scores during Phase A.

3 Results

3.1 Subjects

A total of 30 consecutive participants were included, with a
median (IQR) age of 52 (10.5) years. Participant characteristics
are summarized in Table 1. A comprehensive overview of the
participant characteristics is provided in Table S1.
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3.2 CPM

One participant was unable to perform the reference CPM
protocol because of pain during the application of the con-
ditioning stimulus (46.5°C). Another participant was not
able to keep her hand submerged for 90 s during the CPT

due to intolerable pain, and one participant did not experi-
ence unpleasant pressure during the BPC test and reached
the BPC’s limits. The CPM data are listed in Table S2.

The correlations between CPM protocols are presented
in Table 2. The bedside CPM protocols were significantly
and very strongly correlated at each time point, using both
absolute and relative CPM effect magnitudes. A significant
and strong correlation was found between the BPC pro-
tocol and TSA-2 at both timepoints using the relative effect
magnitude. No other significant correlations were found
after correction for multiple testing (Table 2).

Second, 2 SEM values were calculated to explore mean-
ingful CPM effects. The 2 SEM for the reference CPM pro-
tocol using the TSA-2 was 1.74 (43.5%) on the NRS. The 2
SEM for the bedside CPM protocols using baseline PPT was
127.4 (47.6%) kPa (Table S2). The proportions of BCS with anti-
nociceptive, pro-nociceptive, and no response are shown in
Table S2. Fisher’s exact tests showed no significant differences
between the proportions of CPM responses with regard to all
CPM protocols using either absolute or relative effect magni-
tudes, indicating good concurrent validity (Table 3).

3.3 TSP

Missing data were highest for the bedside TSP protocol
with the algometer at the most painful site (n = 11).
Eleven participants were unable to withstand a pressure

Table 1: Demographic characteristics of the participants (frequency (%)
unless specified otherwise) (n = 30)

Age (years), median (IQR) [range] 52.0 (10.5) [44–70]
BMI (kg/m2), median (IQR) [range] 25.1 (7.0) [17–34.4]
Pain intensity, median (IQR) [range]
– VAS at rest 31.0 (29.0) [3–80]
– VAS during activity 43.5 (34.3) [8–80]
– Maximum VAS 71.0 (15.8) [50–100]
– Minimum VAS 23.0 (20.8) [0–65]
– Mean VAS 45.5 (26.8) [0–88]
Location of the most painful site
– Chest and lateral trunk 11 (36.7%)
– Arm, shoulder, and axilla 12 (40.0%)
– Chest, lateral trunk, arm, shoulder, and
axilla

7 (23.3%)

Pain medication: type, n (%)
– Tricyclic antidepressants, gabapentinoids
or SNRI

2 (6.7%)

– NSAID, acetaminophen, or mild opioid 16 (53.3%)
– No medication 12 (40%)

IQR = interquartile range, VAS = visual analogue scale, SNRI = serotonin
and norepinephrine reuptake inhibitors, NSAID = non-steroidal anti-
inflammatory drugs.

Table 2: Correlation (Spearman’s rho) between CPM protocols using absolute and relative CPM effects and comparison (Fisher’s exact test) of the
proportion of responders

Absolute CPM effect Relative CPM effect

BPC90 CPT45 CPT90 TSA-2 BPC90 CPT45 CPT90 TSA-2

BPC45 Spearman’s rho 0.910† 0.877† 0.822† 0.423 0.939† 0.839† 0.795† 0.541†
p-value <0.005 <0.005 <0.005 0.025 <0.005 <0.005 <0.005 <0.005
Fisher’s exact test p-value 0.942 0.938 0.878 0.056 0.853 0.858 0.927 0.074

BPC90 Spearman’s rho — 0.840† 0.888† 0.504 — 0.860† 0.812† 0.555†
p-value — <0.005 <0.005 0.006* — <0.005 <0.005 <0.005
Fisher’s exact test p-value — 0.827 0.823 0.038* — 0.834 0.914 0.091

CPT45 Spearman’s rho — 0.787† 0.452 — 0.856† 0.455
p-value — <0.005 0.014* — <0.005 0.013*
Fisher’s exact test p-value — 1.000 0.112 — 0.915 0.020*

CPT90 Spearman’s rho — 0.370 — 0.347
p-value — 0.052 — 0.071
Fisher’s exact test p-value — 0.144 — 0.070

CPM = conditioned pain modulation, CPT45 = cold pressor test with 45 s of conditioning, CPT90 = cold pressor test with 90 s of conditioning, BPC45 =
blood pressure cuff occlusion with 45 s of conditioning, BPC90 = blood pressure cuff occlusion with 90 s of conditioning, TSA-2 = advanced
thermosensory stimulator.
*p < 0.05; †p-value < Bonferroni corrected threshold: 0.05/10 = 0.005.
Fisher’s exact test data are shown in italic.
Spearman’s rho values and corresponding p-values, and Fisher’s exact test p-values that are lower than the Bonferroni correct p-value are shown
in bold.
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of 98 kPa at this location due to excessive pain. In addition,
two and three participants declined TSP with the von Frey
monofilament and TSA-2, respectively, as they expected a
very painful reaction at the most painful site (Table S3).
The presence of exaggerated TSP was overall highest when
the stimulus was administered with the von Frey monofi-
lament (36.7–39.3% for absolute NRS change, 63.3–67.9% for
relative NRS change) (Table S3). TSP remained modest
when it was applied with the TSA-2 (0–3.7% for absolute
NRS change, 3.3–3.7% for relative NRS change) (Table S3).
No correlation was found between the reference TSP pro-
tocol and bedside TSP protocols at the most painful site or
the opposite tibialis anterior muscle (Table 3). A significant
and moderate correlation was found between the two bed-
side TSP protocols (von Frey monofilament versus alg-
ometer) at the tibialis anterior muscle using the absolute
(p = 0.012, rho = 0.455) changes in the NRS (Table 3).

Second, at both locations, Fisher’s exact tests showed
a significant difference between the reference protocol
and bedside protocols in the proportion of participants
showing an exaggerated TSP for both absolute and relative
effects after correction for multiple testing, indicating low
concurrent validity (Table 3).

3.4 Participants experience and bedside test
preference

Overall, the majority of participants (1) perceived the
testing as comfortable and (2) thought the instructions

were clear. The participants’ preferred bedside protocol
for CPM was the test with BPC as the conditioning stimulus
(n = 23, 76.7%). For TSP at the tibialis anterior muscle, 73.3%
(n = 22) of the participants preferred the algometer over
the von Frey monofilament (Figure 3). For TSP at the most
painful site, 36.7% (n = 11) of the participants indicated that
TSP using the algometer was too painful and was, there-
fore, not included in the bedside test preference count
(Figure 3). Of the remaining participants, 33.3% (n = 10)
preferred the algometer to the von Frey monofilament
(Figure 3). Five (16.7%) and three (10.0%) participants
remained undecided for their preference (Figure 3).

4 Discussion

This study aimed to explore the concurrent validity of bed-
side CPM and TSP protocols in BCS with persistent pain. We
examined CPM and TSP using absolute and relative effects
and the corresponding proportions of responders. In gen-
eral, the highest correlations were found between the two
bedside CPM protocols, both for the absolute and relative
effects, and at both the 45 and 90 second time points. Using
the relative effect magnitudes, only the BPC protocol was
found to be significantly and strongly correlated with the
reference protocol at both timepoints. No other significant
correlations were found between the BPC protocol and
reference protocol using absolute effect magnitudes, or
between the CPT protocol and reference protocol in gen-
eral. However, looking at the proportion of responders to

Table 3: Correlation (Spearman’s rho) between the absolute and relative TSP effects of the different test protocols and comparison (Fisher’s exact
test) of the proportion of responders

Absolute change in NRS Relative change in NRS

Algometer TSA-2 Algometer TSA-2

Most painful site von Frey Spearman’s rho 0.191 −0.210 0.008 −0.290
p-value 0.433 0.313 0.975 0.159
Fisher’s exact test p-value 0.759 0.002† 1.000 <0.001†

Algometer Spearman’s rho — −0.101 — −0.423
p-value — 0.701 — 0.091
Fisher’s exact test p-value — 0.015† — <0.001†

Tibialis anterior muscle von Frey Spearman’s rho 0.455 0.077 0.379 0.367
p-value 0.012† 0.685 0.039* 0.171
Fisher’s exact test p-value 0.252 <0.001† 0.793 0.003*

Algometer Spearman’s rho — −0.036 — 0.016
p-value — 0.850 — 0.932
Fisher’s exact test p-value — 0.024* — <0.001†

TSA-2 = advanced thermosensory stimulator, NRS = numeric rating scale.
*p < 0.05; †p-value < Bonferroni corrected threshold: 0.05/3 = 0.017.
Fisher’s exact test data are shown in italic.
Spearman’s rho values and corresponding p-values, and Fisher’s exact test p-values that are lower than the Bonferroni correct p-value are shown
in bold.
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the different CPM protocols using the 2 SEM method, no
significant differences were found between the bedside
protocols and the reference protocol, pointing towards
some agreement in concurrent validity. A significant and
moderate correlation was found between the two bedside
TSP tests at the tibialis anterior muscle using the absolute,
but not the relative change in NRS. No significant correla-
tions were found between bedside TSP protocols and the
reference protocol. The presence of exaggerated TSP was
significantly higher for the bedside TSP protocols than for
the reference protocols at both locations, confirming lim-
ited concurrent validity. Furthermore, the participants
favored the bedside CPM test using the BPC and algometer
as a bedside TSP test. TSP with an algometer at the most
painful site was too painful for 11 participants (36.7%);
therefore, a remote body location was preferred.

The lack of correlation between the bedside and refer-
ence protocols may be due to the reference protocols used
in this study. At this moment, no protocol has been vali-
dated as “the reference protocol,” probably owing to the
variability and complexity of TSP and CPM protocols in
addition to the lack of standardization in research para-
digms [44,45]. For the CPM, the last recommendation by Yar-
nitsky and colleagues dates back from 2014 and acknowledges
that currently there are insufficient data to identify a specific
CPM protocol as most preferred [46]. We utilized the TSA-2 by
Medoc for its practicality in standardization and controlling
thermal stimuli, and its previous use in studies [27,32,47]. The
reference CPM protocol was based on a prior protocol in
young healthy subjects [26]; however, it recently showed lim-
ited reliability in BCS in a study by Dams et al. [27]. We
utilized a parallel CPM protocol rather than a sequential

CPM protocol to limit the time required to perform all proto-
cols. Although sequential protocols have been suggested as
they limit distraction, parallel protocols do not seem to differ
in CPM effect [48]. Furthermore, in our study, not only did the
type of stimulus differ between protocols (heat vs cold vs
pressure), but the location of the conditioning and test stimuli
also differed. It has been shown that the CPM effect can be
influenced by its location on the body as different body sites
have different distributions of sensory receptors [47]. Alter-
natively, the CPT may be interesting since it is a well-estab-
lished and recommended protocol used for the assessment of
the endogenous pain-inhibitory systems in different pain
population and BCS experiencing pain [10,46,49].

Regarding TSP, protocol recommendations are also
lacking. The reference method selected for our study was
thermal TSP with the TSA-2 for the same reason it was
selected for CPM (i.e., standardization and control of sti-
muli), but again its validity on its own has not been exam-
ined due to protocol variability and lack of gold standard
assessment methods [32]. Our reference TSP protocol was
based on the protocol of Awali et al. who performed
thermal TSP with a Peltier thermode on young, pain-free,
healthy participants [32]. This protocol was adapted to suit
our pain population with an individualized test intensity
set at the NRS for pain of 4/10 (instead of 6 in Awali et al.)
[32]. Even though this intensity was in line with previous
research, it is possible that this pain intensity was too low
and/or that the heat stimulus was set too low for thermal
pain summation, as less than 5% demonstrated an exag-
gerated TSP at both testing locations [27,32]. Also, the Pain4
temperature was determined at the non-affected forearm,
whereas the TSP protocol was applied to the most painful

0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

TS at MPS TS at TAM

Algometer von Frey Undecided Too painful

Figure 3: Participants’ test preferences for bedside temporal summation of pain (TSP). TAM = tibialis anterior muscle, MPS = most painful site.
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site and opposite tibialis anterior muscle. It is possible that
differences in sensory receptor distribution between the
non-affected forearm and opposite tibialis anterior muscle
contributed to the low amount of pain summation [47].
Regarding the bedside TSP protocols, we utilized a von
Frey monofilament or an algometer to exert pain summa-
tion and, even though prior research has utilized both tools
to perform TSP, some considerations are needed [8,27]. The
spherical tip of the 256 mN von Frey monofilament is not
meant to stimulate nociceptors, resulting in several absent
pain scores after the first stimulus. Equally, a pressure of
98 kPa at the tibialis anterior was often perceived as non-
noxious. Individualization could increase responder rates
and improve the application of TSP with the algometer at a
painful site, as illustrated by the missing data (n = 11) due
to pain.

This study is the first to investigate CPM and TSP using
both absolute and relative effect magnitudes and the cor-
responding responder analyses in BCS with persistent pain.
Until now, most studies have either used the absolute effect
magnitude when relying on the NRS because of possible
zero ratings or relative effect magnitudes when relying on
PPTs, as zero values are uncommon. Solely using the abso-
lute effect to determine an effect has limitations owing
to the floor or ceiling effects. To avoid such limitations,
we calculated the relative effect magnitudes for the CPM
and TSP protocols. Responder analyses for CPM showed
similar proportions using both effect magnitudes, whereas
for exaggerated TSP, responder rates differed substantially
between themethods used. The responder rate could be influ-
enced by the intensity of our protocols, but it is also possible
that the cut-off value for absolute and relative change does
not match (i.e., an absolute change of 2 on the NRS is not
always equal to a relative change of 33%) [50]. Future studies
should establish methodological recommendations for assess-
ment of TSP.

4.1 Strengths and limitations

This study has several strengths. Three different protocols,
consisting of one reference protocol and two bedside pro-
tocols per paradigm were selected for comparison. In addi-
tion, different conditioning and test stimuli were used and
compared for CPM. Furthermore, this study offers a con-
servative statistical analysis and comprehensive assess-
ment of CPM and TSP by using absolute and relative
changes. A comparison of the proportion of responders in
each paradigm provides additional information regarding
its concurrent validity. The participants were asked about
their experiences and bedside test preferences.

This study also has several shortcomings, the first of
which is its limited sample size. Recruitment was ongoing
when the COVID-19 restrictions were introduced. Therefore,
a convenience sample of 30 participants was used. We did not
perform an a priori sample size calculation. Second, during
recruitment, we screened BCS based on pain intensity via
telephone. BCS were eligible for inclusion if they indicated
a mean pain intensity of >3/10 on the NRS. Eligible partici-
pants were asked to fill in several pain ratings using a visual
analogue scale (VAS): minimum, maximum, during activity,
and during rest. Consequently, depending on the type of pain
rating, several participants had close to no pain, whereas
others had severe pain. This finding is indicative for the
dynamic nature pain holds, resulting in a non-normal distri-
bution of pain scores. It is possible that the inclusion of BCS
with nearly no pain skewed our results; however, CPM is
generally known to be highly variable, even in healthy groups
[28]. Third, we did not systematically control wash-out times
during our comprehensive assessment. However, the time
required to set up each test, together with the standardized
instructions, presumably resulted in a sufficient wash-out
between tests [25]. Furthermore, CPM effects are predomi-
nantly transient [46,48]. Fourth, our study lacked a rando-
mized testing order and familiarization to reduce expectations
or anxiety. It is possible this combination influenced our
results and test validity due to expectation effects for the
first test, and due to learning effects for the last test. Fifth,
when participants took pain medication, they were not
excluded, nor were they asked to temporarily stop medica-
tion. Although only a limited number of participants took
tricyclic antidepressants, gabapentinoids, or serotonin and
norepinephrine reuptake inhibitors, these medications are
known to impact QST outcomes by increasing various thresh-
olds, thereby potentially influencing the results.

4.2 Clinical implementations

Interest in somatosensory evaluation in clinical settings
has become popular recently in line with mechanism-
based pain approaches and clinical guidelines for the clas-
sification of pain [5,19,51,52]. These guidelines propose that
QST can aid in the assessment of somatosensory (dys)func-
tion [52,53]. However, the clinical applicability and validity of
such guidelines remain uninvestigated. This study revealed
strong correlations between bedside CPM and TSP protocols.
Participants favored the CPM protocol with the BPC and the
TSP protocol with the algometer at the tibialis anterior
muscle. Clinicians can consider using a BPC as a conditioning
stimulus for 45 s to assess CPM, and an algometer at a remote
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site to assess TSP. It remains unclear whether evaluating
these paradigms affects pain management. In addition, clin-
ical feasibility and utility of these protocols require further
investigation.

5 Conclusion

In BCS with persistent pain, bedside CPM protocols using a
CPT or BPC are significantly and strongly correlated with
each other. Bedside protocols for TSP were only signifi-
cantly and moderately correlated with each other at a
remote location using absolute scores. Participants favored
the bedside CPM test using the BPC and the algometer as a
bedside TSP test. These results indicate that researchers
and healthcare providers can assess CPM using a BPC,
PPT, and TSP, using an algometer. Further research on
the concurrent validity of dynamic bedside QST protocols
is warranted to improve their implementation.
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Appendix S1

A1 CPM protocols

1. CPM reference test
The reference CPM protocol was performed using the

Advanced Thermosensory Stimulator TSA-2 (Medoc, Ramat
Yishai, Israel). First, the intensity of the stimulus was indi-
vidualized for each participant. A Peltier 30 mm × 30 mm
contact thermode was applied on the volar side of the
unaffected forearm [26,27]. The temperature required to
evoke an unpleasant sensation with a rating of 4 on the
NRS was determined by administering a series of heat
stimuli to the non-affected forearm (Pain4). During the first
stimulation, the temperature increased to 43°C, starting
from a baseline temperature of 32°C. The temperature
increased at a rate of 2°C/s and decreased at a rate of 1°C/s.
After each stimulus, participants were asked to verbally
rate the intensity of pain using an NRS. If a score above
or below 4/10 on the NRS was given, the temperature of the
next stimulation was decreased or increased by 1°C. A max-
imum of five stimulations were administered in search of
the Pain4 temperature. The minimum and maximum tem-
peratures of the test stimulus were 39 and 46°C, respec-
tively. After determining the Pain4 test stimulus, a parallel
CPM paradigm was introduced. The Pain4 test stimulus
was administered to the volar side of the affected forearm
for 45 s. Participants were asked to verbally rate the inten-
sity of the test stimulus at 10, 20, 30, and 40 s using the NRS.
A 120 second break followed, after which the conditioning
stimulus was administered to the volar side of the unaf-
fected forearm for 65 s. The conditioning stimulus was set
0.5°C warmer than the Pain4 test stimulus. 20 s after
applying the conditioning stimulus, the Pain4 test stimulus
was applied in parallel to the volar side of the affected
forearm. Verbal ratings of pain intensity for the affected

forearm were obtained at 10, 20, 30, and 40 s of stimulation
(0–10 NRS). The reliability of the QST protocol is considered
to be weak [27] (Figure A1).
1. CPM bedside test 1: CPT

PPT was used as a test stimulus at the upper part of
the tibialis anterior muscle opposite to the affected side.
First, a baseline PPTwithout the presence of a conditioning
stimulus was determined using a digital pressure alg-
ometer (Wagner FDX, Greenwich CT, USA) with a flat
round rubber tip and probe area of 1 cm2. The PPT was
defined as the amount of pressure at which the sensation
of pressure was first perceived as unpleasant, and was
determined by two series of ascending pressure at a rate
of approximately 0.98 kPa/s [28]. The final threshold was
the arithmetic mean of two trials (kgf) [10]. Participants
were blinded to the algometer's screen, making them unin-
formed of the imposed pressure [29,30].

The conditioning stimulus used in this first bedside
CPM protocol consisted of a CPT in which the participants’
unaffected hand was submerged in a cold-water bath of
approximately 12°C. Tap water was brought to this target
temperature by cooling for approximately 45 min using
simple household cold packs. The participants’ hand was
then placed in a cold water bath until the wrist crease. After
30 s participants were asked to verbally rate the intensity of
pain in the hand on the NRS. PPT was performed at 45 and
90 s, respectively, providing two PPT outcomes during the
presence of a conditioning stimulus. Ascending pressure at a
rate of 0.98 kPa/s was used until the participant verbally
indicated that the pressure was unpleasant [28].

2. CPM bedside test 2: BPC occlusion
This protocol consisted of the same PPT test stimulus as

the bedside CPM test with CPT. For the second bedside CPM test,
a single, 8.5-cm-wide chamber BPC (Boso Profitest, Jungingen,
Germany) exerted pressure on the unaffected arm, 2 cm
superior to the cubital fossa. The occlusion cuff was inflated

Figure A1: Schematic overview of the reference CPM protocol sequence using the TSA-2. NRS= numeric rating scale.
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manually by the examiner via hand squeeze (approximately 20
mmHg per squeeze). After each squeeze, the participant was
asked to rate the intensity of the pain on the NRS. The occlusion
cuff was inflated until the participant experienced 5/10 on the
NRS for pain or until 220 mmHg was exerted by the BPC. Arm
ischaemia was not intended to happen [31]. PPT measurements
were performed at the same timepoints (45 and 90 s) and rate of
pressure as the CPM protocol using CPT [8].

A2 TSP protocols

1. TSP reference test
TSP was measured at the most painful site (chest,

lateral trunk, axilla, arm, or shoulder) and the upper
part of the opposite tibialis anterior muscle by applying
a series of heat stimuli utilizing the TSA-2 (Medoc, Ramat
Yishai, Israel) with a 30 mm × 30 mm Peltier thermode.
The intensity of the heat stimuli was individualized for
each subject using the Pain4 temperature assessed in the
CPM reference protocol. The participants received one
train of 30 heat stimuli, starting from a baseline tem-
perature of 38°C and with a peak temperature set at an
individualized Pain4 temperature. Thermal TSP was
executed with an increase in temperature at a rate of
13°C/s, 0.8 s at peak stimulus, and a return rate of 13°C/s
to baseline temperature. The inter-stimulus interval was
set to 1 second with the stimulus frequency approxi-
mating 1 Hz [32]. Participants were asked to verbally
rate the intensity of pain immediately after the first
and last heat stimulus on the NRS [33].

2. TSP bedside test 1: von Frey monofilament
The first bedside TSP test was measured at the same

locations by applying a series of stimuli using a von Frey
monofilament with a stimulation force of 256mN (Optihair2-
Set, Marstock Nervtest, Germany). After the first stimulus, a
series of stimuli was delivered for 30 s at a rate of 1 stimula-
tion/s. Participantswere asked to score the pain after thefirst
stimulus on the NRS and immediately after the series of
stimuli [27].

3. TSP bedside test 2: algometer
For the second bedside TSP test, a digital pressure

algometer (Wagner FDX, Greenwich, CT, USA) was used
at both locations. Peak pressure was set at 98 kPa with a
stimulation frequency of 1 Hz. Amounts of repetitions,
and instructions to the patient were the same as the
bedside TSP test with the von Frey monofilament [8,34].

Appendix S2

Participants’ experience
1. The testing was comfortable: yes/no
2. Instructions were clear: yes/no

Participants' test preference
1. Temporal summation at the most painful site

Algometer vs von Frey monofilament
2. Temporal summation at the tibialis anterior

Algometer vs von Frey monofilament
3. Conditioned pain modulation

Cold pressor test vs blood pressure cuff

Concurrent validity of bedside quantitative sensory testing paradigms  13
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