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Detection of altered pain facilitatory and inhibitory
mechanisms in patients with knee osteoarthritis by
using a simple bedside tool kit (QuantiPain)
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Abstract \
Purpose: Altered pain facilitatory and inhibitory mechanisms have been recognized as an important manifestation in patients with
chronic pain, and quantitative sensory testing (QST) can act as a proxy for this process. We have recently developed a simple
bedside QST tool kit (QuantiPain) for more clinical use. The purpose of this study was to investigate its test-retest reliability and to
evaluate its validity compared with the laboratory-based QST protocols in patients with knee osteoarthritis (OA).

Methods: QuantiPain consists of 3 items: “pressure algometer” (for pressure pain thresholds [PPTs]), “pinprick” (for temporal
summation of pain [TSP]), and “conditioning clamp” (for conditioned pain modulation [CPM]). In experiment-A, intrarater and
interrater test—retest reliabilities were investigated in 21 young healthy subjects by using interclass correlation coefficient (ICC). In
experiment-B, 40 unilateral painful patients with OA and 40 age-matched, healthy control subjects were included to compare the
bedside tool kit against the computerized pressure algometry.

Results: In experiment-A, excellent to moderate intrarater and interrater reliabilities were achieved in PPT and TSP (ICC: 0.60-0.92)
while the agreements of CPM were good to poor (ICC: 0.37-0.80). In experiment-B, localized and widespread decrease of PPT,
facilitated TSP, and impaired CPM was found by using the bedside tool kit in patients with OA compared with controls (P < 0.05).
The data were significantly correlated with the established laboratory-based tools (R = 0.281-0.848, P < 0.05).

Conclusion: QuantiPain demonstrated acceptable test-retest reliability and assessment validity with the sensitivity to separate
patients with painful OA from controls, which has a potential to create more practical approach for quantifying altered pain
mechanisms in clinical settings.

Keywords: Pain, Quantitative sensory testing, Pressure pain threshold, Temporal summation of pain, Conditioned pain
modulation, Osteoarthritis

1. Introduction psychophysical method and can act as a proxy to investigate the

Pain perception is always subjective and thereby challenging to  functional states of the somatosensory system by evaluating
objectively quantify; however, several biomarkers related to  thresholds or responses to standardized stimuli.3* Quantitative
mechanisms, neural activity, and susceptibility offer the possibility ~ sensory testing has been received much attention with an indirect
of this quantification.*® Quantitative sensory testing (QST) is a  measure of “pain sensitization” or “pain de-sensitization” in the
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peripheral and central pain pathways.®?' Quantitative sensory
testing modalities are categorized as static or dynamic proce-
dures that enables to monitor sensory functions regarding
different features of transmission and control of pain.®

Pressure pain threshold (PPT) has been a widely used static
QST for assessing painful musculoskeletal pain disorders.™
Localized or regional hyperalgesia may indicate sensory dys-
function at the peripheral level, whereas widespread hyperalgesia
to remote nonpainful area seems to be a proxy for abnormalities in
central nervous system processing.’® Dynamic QST includes
temporal summation of pain (TSP) as a phenomenon in which
repeated nociceptive stimuli cause an increase in pain percep-
tion®* and conditioned pain modulation (CPM) assessing the
endogenous pain modulatory pathways by the “pain inhibits pain”
phenomenon.*®

Altered pain facilitatory and inhibitory mechanisms assessed
by QST have been recognized as an important manifestation in
patients with chronic pain.® In addition, QST has been used to
predict chronic postoperative pain'®?®4” and response to
analgesic effects,®®*® and a recent review demonstrated that
the most frequent reported predictors were PPTs, TSP, and
CPM.®2 Among multiple chronic pain conditions, osteoarthritis
(OA) is one of the most intensively studied diseases, and
accumulating evidence suggests that localized and widespread
decrease of PPT, facilitated TSP, and impaired CPM are key
contributors to chronic pain in subgroups of patients with
OA.1‘4'22‘23’39

Nevertheless, laboratory-based QST tools were complicated,
expensive, training necessary, and time consuming,’”3® and
hence, it has not become a popular pain assessment for routine
clinical applications. To solve this problem, we have recently
developed a simple bedside tool kit (QuantiPain) for evaluating
PPT, TSP, and CPM. This study mainly evaluated its (1)
test-retest reliability in healthy subjects and (2) validity compared
with the laboratory-based QST protocols in patients with knee
OA. In addition, we investigated the relationship between the
bedside QST data and chronic pain-associated questionnaires
that has been receiving attention for contributing pain mecha-
nisms in patients with OA. 415

2. Materials and methods

This study comprised 2 experiments. First, test-retest reliability of
QuantiPain assessment was investigated in young healthy
subjects (experiment-A). Second, validity of QuantiPain assess-
ment was evaluated in healthy subjects and patients with knee
OA compared with laboratory-based QST tools (experiment-B).

The study protocol was approved by the Institutional Review
Board of Kochi Medical School (No. 31-61). All participants
received verbal explanation of this study and provided written
informed consent before the investigation. This study was
conducted in compliance with the tenets of the Declaration of
Helsinki.

2.1. Participants

In experiment-A, 21 healthy, pain-free subjects (10 females, age
27 years [20-38]) were participated. In experiment-B, 40 patients
with knee OA (32 females, age 67 years [49-84 years]) suffering
for at least 3 months from unilateral knee pain while walking, and
age-matched 40 healthy control subjects (17 female, age 61
years [27-84 years]) were recruited. Patients with bilateral knee
OA were included only if 1 knee was pain free. In both
experiments, subjects and patients who were diagnosed as
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having painful musculoskeletal disorders (except knee OA),
neurological disorders, psychiatric diseases, skin disorders at
examination sites, and taking pain killers 24 hours before the
experiment were excluded.

2.2. Experiment-A

QuantiPain consists of 3 items: “pressure algometer” (for pressure
pain thresholds, PPTs), “pinprick” (for TSP), and “conditioning
clamp” (for CPM) (Fig. 1A). The pressure algometer is made by just
mounting a 1-cm? plastic probe on the tip of a hand-held analogue
mechanical force gauge (available for measurement from 0 to 100
N, IMADA Co, LTD, Aichi, Japan). The custom pinprick (Takei
Scientific Instrument Co, LTD, Niigata, Japan) incorporates a 60 g
mobile weight that provides identical repeated painful stimuli
through the conical tip (3 mm in maximal diameter). The
conditioning clamp applies extrasegmental tonic pain stimulus
(4.5 kg force applied to approximately 175 mm?). Durability of the
conditioning clamp was preliminarily confirmed that the force did
not decrease after pinching 200 times.

The participants were carefully familiarized with the methods
and then laid in a supine position on the bed and took 5 minutes
rest before the start of assessment. Pressure pain threshold was
measured by using pressure algometer on tibialis anterior muscle
(6 cm distal to the tibial tuberosity) and deltoid muscle (5 cm distal
to the acromion) without monitoring of pressure acceleration
itself, but it was increased roughly at a speed of 5 N/s, and
subjects were instructed to verbally report the point at which
pressure changed into pain (Fig. 1B). The force gauge has a peak
mode which enables to keep the PPT value accurately. TSP was
evaluated by 10 consecutive stimuli (1 second interval between
the stimulus) by using pinprick on the same sites of PPT
measurement and dorsum of hand (midpoint of the third and
fourth metacarpal bone) (Fig. 1C). The TSP effect was calculated
as the difference in the pain Visual Analogue Scale (VAS) (mm)
between the first and the last stimuli, as previously reported. '8!
The VAS was anchored with “no pain” and “worst pain imagin-
able” at 0 mm and 100 mm, respectively. Conditioned pain
modulation was evaluated by using conditioning clamp for
applying tonic pain stimulus by pinching the earlobe for 60
seconds'® (Fig. 1D). When pain VAS of the earlobe became more
than 60 mm, PPT was evaluated on contralateral tibialis anterior
and deltoid muscle. The CPM effect was calculated as the
percent change [(conditioning/baseline X 100) — 100] and
difference [conditioning—baseline] of the PPT, as previously
recommended.*® The QST was performed unilaterally, and the
test side was randomized in each healthy subject. Each measure
except CPM was recorded 3 times, and the average measure-
ment was used for analysis. Regarding each CPM measurement,
conditioning pain was applied once and PPTs were recorded
twice during the single conditioning period, and the average of the
PPT was used for the assessment. All tests were performed at a
similar time in the evening.

Two trained experimenters (Y.H. and R.S.) performed QST
with an interval of a week. Intrarater and interrater test-retest
reliabilities of the PPT, TS, and CPM at each measurement site
were analyzed by using interclass correlation coefficient (ICC).

2.3. Experiment-B

Validity of QuantiPain assessment was evaluated compared with
laboratory-based QST tools on the same day. In patients with OA,
bilateral assessments were performed for PPT and TSP, but CPM
was evaluated only on the affected side. In healthy controls, the
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Figure 1. (A) Overview of the 3 items included in the bedside quantitative sensory testing tool kit, (B) pressure algometer, (C) pinprick, (D) conditioning clamp, and
(E) cuff pressure algometry. White arrow: cuff for test stimulus. Black arrow: cuff for conditioning stimulus. The participants continuously rate their pain using a

Visual Analogue Scale controller.

assessment side was randomized in each subject. The sequence
of QST sessions by using QuantiPain or laboratory tools was also
randomized. Before QST, the patients with OA were interviewed
about the duration of their knee pain and average of the pain VAS
(mm) at rest and while walking in the past week. They were also
asked to complete chronic pain-associated questionnaires
including Central Sensitization Inventory (CSI),2° Hospital Anxiety
and Depression Scale (HADS),%° and Pain Catastrophizing Scale
(PCS).%8

QuantiPain was used identically with the experiment-A for PPT
(medial joint space of the knee and tibialis anterior muscle), TSP
(tibialis anterior muscle), and CPM (tibialis anterior muscle)
assessments.

As an established laboratory-based tool, a digital hand-held
algometer (SBMEDIC, Horby, Sweden) mounted with a 1-cm?
probe was used for PPT recordings.**° Pressure was increased
gradually at a rate of 30 kPa until the pain threshold was reached
and the participants pressed a stop button.

Temporal summation of pain and CPM were measured by
using cuff algometry (Cortex, NociTech and Aalborg University,
Denmark), which is another all-in-one laboratory-based tool for
QST (Fig. 1E).">2°%7 This consists of a 13-cm-wide tourniquet
cuff, a computer-controlled air compressor, and an electronic
VAS (Aalborg University, Aalborg, Denmark). The cuff was
connected to the compressor and wrapped around the lower
leg and was automatically inflated at a rate of 1 kPa/s. The
pressure-induced pain intensity was recorded with the electronic
100-mm VAS and sampled at 10 Hz. The subjects were
instructed to rate the VAS pain intensity continuously and to
press a hand-held pressure release button when the pain was
intolerable. This pressure value was defined as pressure
tolerance threshold (PTT).

For TSP measurement, the cuff pressure stimuli were applied
10 times with a 1 second interstimulus interval and duration. The
applied pressure was equal to the PTT.” The participants were
instructed to continuously rate their pain on a VAS. The TSP effect
was calculated as the difference in the VAS between the first and
the tenth stimuli.

For CPM measurement, another cuff applied to the contralat-
eral upper arm was promptly inflated to a pressure corresponding
to 70% of the PTT as conditioning stimuli.>” The cuff on the
ipsilateral lower leg was then inflated at a rate of 1 kPa/s. The
participants were instructed to rate the pain on their lower leg.
Similar to the QuantiPain session, the CPM effect was calculated
as the percent change and difference of pressure detection
threshold (a pressure value corresponding to the VAS = 10 mm)
with and without the conditioning stimuli. Pain VAS for the
conditioning tonic pain (QuantiPain: earlobe and cuff algometry:
upper arm) was also evaluated.

2.4. Statistical analysis

Sample size was determined according to some previous
studies. Increasing evidence suggest that a large effect size
when comparing QST parameters in patients with OA with
healthy subjects® and at least 24 subjects were needed in each
group to detect a significant difference based on a large effect
size (Cohen d = 0.8) and a significant level at 0.05 and a power of
80%.*15 This was similar to our previously published reliability
study on QST profiles." Most of the data did not pass
Shapiro-Wilk test for normal distribution and were presented in
the median and interquartile range. In experiment-A, intrarater
and interrater data of the PPT, TSP, and CPM were compared by
using the Wilcoxon signed-rank test. Intrarater reliability was
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assessed by using ICC (1, k) for data from test 1 and test 2 by a
single experimenter (R.S.). Interrater reliability was also assessed
by using ICC (3, k) for data from the 2 experimenters. Values less
than 0.5, between 0.5 and 0.75, between 0.75 and 0.9, and
greater than 0.90 are indicative of poor, moderate, good, and
excellent reliability, respectively.'® In addition, standard error of
measurement and smallest real difference were calculated as
absolute measure for the reliability of the QST parameters** (see
supplementary table 1, available at http://links.lww.com/PR9/
A155).

In experiment-B, PPTs were analyzed per each assessment
site. The Kruskal-Wallis test was performed on PPT and TSP
using the factors of group (control, OA-affected side, and OA-
contralateral side). The Mann-Whitney U test with the Bonferroni
correction was used for post hoc comparisons when the
Kruskal-Wallis test showed significant factors.

Comparison of CPM between groups was analyzed by the
Mann-Whitney U test. The differences of QST tools were
analyzed by the Wilcoxon signed-rank test in each group.
Furthermore, a ranked distribution analysis of the CPM effects®
was added for comparison between the groups and tools, and
frequency of antinociceptive (increase PPT) or pronociceptive
(decrease PPT) reaction against the conditioning stimulus was
evaluated by using the x° test.

Correlations of QST data between QuantiPain and the
laboratory-based tools were analyzed in patients with OA and
control subjects by using the Spearmen correlation coefficient.
Moreover, correlations between QuantiPain data, knee pain VAS,
and chronic pain—-associated questionnaires were investigated in
patients with OA. All analyses were performed with SPSS version
26.0 software (IBM Corp. Armonk, NY), and P < 0.05 indicated
statistical significance.

3. Results
3.1. Experiment-A

The median (interquartile range) results of the reliability analyses
and ICCs are presented in Table 1 for intrarater agreement and in
Table 2 for interrater agreement, respectively. The conditioning
pain VAS for the CPM assessment was similar between the 2
experimenters (median: 70.0 mm), which seemed relevant to a
recent methodology for evoking mechanically induced CPM.""
Regarding intrarater assessment, no significant differences of
QST data between tests 1 and 2 were seen and excellent to
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moderate reliability was achieved except CPM which was
evaluated by the difference of PPT on deltoid muscle. By
contrast, interrater assessment showed significant difference of
PPT on both sites and TSP on deltoid muscle, although reliability
of these tests was excellent. Agreements of CPM were moderate
to poor when it was evaluated by the percent change or
difference of PPT on both sites.

3.2. Experiment-B

Demographic data of the patients with knee OA and healthy
control subjects are presnted in Table 3. There was no significant
difference of age between groups, but the OA group included
more women than the control group. Four patients in the OA
group showed radiological bilateral knee OA; however, they had
no pain in the contralateral knee.

3.2.1. Quantitative sensory testing measures by different
technologies

PPTs recorded on medial joint space of the knee and tibialis
anterior muscle were bilaterally lower in patients with OA
compared with control subjects. This finding was comparable
between using QuantiPain (Fig. 2A) and the digital algometer
(Fig. 2B), but the difference did not reach statistical significance
when using the digital algometer on tibialis anterior muscle.
Moreover, excellent correlations were observed between PPTs
evaluated by QuantiPain and the digital algometer on medial joint
space of the knee (affected side: R = 0.848, P < 0.0001, Fig. 2C.
and contralateral side: R = 0.819, P < 0.0001) and tibialis anterior
muscle (affected side: R = 0.815, P < 0.0001, Fig. 2D. and
contralateral side: R = 0.807, P < 0.0001).

Enhancement of TSP was observed in both groups; however,
it was significantly facilitated in patients with OA compared with
control subjects when evaluated by QuantiPain (Fig. 3A) and cuff
algometry (Fig. 3B). A moderate correlation was seen between
TSP evaluated by both systems (affected side: R = 0.447, P <
0.0001, Fig. 3C. and contralateral side: R = 0.284, P = 0.0107).

Conditioned pain modulation was significantly impaired in
patients with OA compared with control subjects when evaluated
by QuantiPain (Figs. 4A and B) and cuff algometry (Figs. 4C and
D). A weak but significant correlation was seen between the CPM
evaluated by both systems (percent change of PPT: R = 0.281,
P = 0.0116, Fig. 4E and difference of PPT: R = 0.3786,

Results of intrarater reliability analysis.

Test 1 Test 2 Wilcoxon (P) ICC (1, k) [95% CI]
PPT (N)
Tibialis anterior 51.3 [37.2—60.3] 47.0 [38.0-53.8] 0.677 0.90 [0.76-0.96]
Deltoid 30.5 [24.0-36.7] 33.0 [20.8-37.9] 0.955 0.94 [0.84-0.97]
TSP (mm)
Tibialis anterior 16.0 [8.0-24.5] 11.0 [6.0-20.0] 0.196 0.84 [0.61-0.93]
Deltoid 15.0 [6.5-27.0] 11.0 [6.0-28.0] 0.265 0.77 [0.43-0.90]
Hand 15.0 [7.5-24.5] 12.0 [6.5-21.5] 0.575 0.60 [0.13-0.83]
CPM
Tibialis anterior
Percent change (%) 17.8 [9.8-26.0] 21.8[9.6-28.5] 0.677 0.76 [0.41-0.90]
Difference (N) 6.7 [4.5-12.8] 9.0 [6.2-13.7] 0.794 0.80 [0.52-0.92]
Deltoid
Percent change (%) 32.5 [15.5-50.0] 20.3 [10.7-43.9] 0.313 0.67 [0.20-0.87]
Difference (N) 8.0 [4.3-16.3] 6.0 [4.5-9.7] 0.266 0.39 [-0.47-0.75]

Data from tests 1 and 2 are presented as median [interquartile range]. ICC (1, k) was presented with 95% Cl.
Cl, confidence interval; ICC, interclass correlation coefficient; PPT, pressure pain threshold; TSP, temporal summation of pain; CPM, conditioned pain modulation.
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Table 2
Results of interrater reliability analysis.
Experimenter 1 Experimenter 2 Wilcoxon (P ICC (3, k) [95% CI]
PPT (N)
Tibialis anterior 48.4 [39.4-56.3] 55.7 [49.8-71.5] 0.0002 0.92 [0.80-0.97]
Deltoid 31.8 [22.2-37.6] 39.7 [25.5-46.8] 0.0002 0.90 [0.76-0.96]
TSP (mm)
Tibialis anterior 13.5 [8.0-22.0] 9.0 [3.0-20.0] 0.357 0.86 [0.64-0.94]
Deltoid 14.0 [5.3-21.3] 8.0 [2.0-22.5] 0.038 0.91 [0.78-0.96]
Hand 14.0 [7.5-24.3] 10.0 [5.0-21.0] 0.578 0.71 [0.28-0.88]
CPM
Tibialis anterior
Percent change (%) 17.0 [9.2-30.5] 10.4 [8.3-19.1] 0.23 0.61 [0.04-0.84]
Difference (N) 6.8 [4.4-12.5] 7.0 [4.4-13.0] 0.972 0.37 [-0.56-0.74]
Deltoid
Percent change (%) 27.9 [15.1-38.9] 25.9 [16.1-43.8] 0.876 0.72 [0.31-0.89]
Difference (N) 7.8 [4.8-12.5] 10.0 [5.2-14.6] 0.179 0.45 [-0.36-0.78]

Data from experimenters 1 and 2 are presented as median [interquartile range]. ICC (3, k) was presented with 95% Cl.

Bold indicates significant difference between the experimenters.

Cl, confidence interval; ICC, interclass correlation coefficient; PPT, pressure pain threshold; TSP, temporal summation of pain; CPM, conditioned pain modulation.

P = 0.0005, Fig. 4F). The percent change of PPT was
significantly greater by using QuantiPain compared with cuff
algometry in patients with OA (Wilcoxon; P = 0.001), but not in
control subjects (Wilcoxon; P = 0.077). Pain VAS for the
conditioning tonic pain was significantly greater in QuantiPain
(earlobe) than cuff algometry (upper arm) in both groups (patients
with OA: 80.0[70.0-80.0] mm vs 64.1[48.0-70.0] mm; Wilcoxon;
P < 0.000001 and control subjects: 67.0[60.0-80.0] mm vs 62.0
[48.3-70.0] mm; Wilcoxon; P = 0.00028). The conditioning pain
VAS was higher in patients with OA than control subjects in
QuantiPain session (Mann-Whitney, P = 0.005), but this
difference was not seen when using cuff algometry (Mann—
Whitney, P = 0.972).

The ranked distribution analysis demonstrated that 75% of the
patients with OA showed antinociceptive reaction while it was
93% for the control subjects assessed by QuantiPain (x%; P =
0.034, Figs. 5A and B). By contrast, cuff algometry categorized
43% of the patients with OA and 70% of the control subjects as
antinociceptive, respectively (x%; P = 0.013, Figs. 5C and D).

3.2.2. Quantitative sensory testing and chronic
pain-associated questionnaires

Correlations between QuantiPain data, knee pain VAS, and
chronic pain-associated questionnaires were displayed in
Supplementary table 2 (available at http://links.lww.com/PR9/
A155). Ipsilateral PPTs on medial joint space and tibialis anterior
muscle were negatively correlated with pain VAS at rest (R =
—0.35, —0.33), on walking (R = —0.38, —0.44), and PCS (R =
—0.37, —0.37). Ipsilateral TSP was associated with CSI (R =
0.37), whereas CPM was not correlated with all questionnaires.
PCS was correlated with CSI (R = 0.53) and HADS anxiety (R =
0.32). CSI was also correlated with HADS anxiety (R = 0.60).
Among QST parameters, PPT on tibialis anterior muscle was
correlated with TSP (R = —0.38) and CPM (R = 0.48), but no
significant correlation was observed between TSP and CPM.

4. Discussion

This study demonstrated that QuantiPain had acceptable test-
retest reliability. In addition, this tool kit successfully detected
localized and widespread decrease of PPT, facilitated TSP, and
impaired CPM in patients with OA compared with controls, and

the data were significantly correlated with laboratory-based QST
assessment. Because the tool kit has promising benefits such as
being cheap, easy to use, and portable, it seems to have enough
potential for clinical application.

4.1. Test-retest reliability of the bedside quantitative sensory
testing tool kit

Regarding PPT and TSP, good to excellent intrarater and
interrater reliabilities were confirmed except TSP assessed on
dorsum of hand being moderate, which were comparable with
established pressure algometry and cuff algometry reported in
the previous studies.'?*2 A plausible reason of lower reliability of
TSP was the hand being thinner and had more mobile skin with
less deep tissues compared with other assessment sites.
However, rapid assessment on hand seems to be a great
advantage for clinical application.

As recognized, CPM is one of the most unstable QST test
partly because of its methodological complexity and variability of
test and conditioning stimulus, and hence, intrarater and
interrater reliabilites were lower in general.?®3® QuantiPain
showed, however, moderate to good intrarater reliability of
CPM effect except the difference of PPT on deltoid, and the
ICC (1, k) was comparable with a similar bedside tool reported as
0.67 to 0.72."° As for the interrater assessment, moderate
reliability was confirmed when evaluated the CPM effect with
percent change of PPT, whereas the reliability became poor when
evaluated with the difference of PPT. However, the reliability of
CPM assessment by QuantiPain does not seem to be far less
than cuff algometry of which ICC (3, k) was documented as 0.47
t0 0.73 in a previous study.

4.2. Quantitative sensory testing measures by
different technologies

Localized and widespread hyperalgesia, facilitated TSP, and
impaired CPM were found in patients with OA, which were similar
results from laboratory-based tools in this study, and consistent
with current understanding of altered pain mechanisms in
patients with OA .82

Looking at each parameter, PPT measured by our pressure
algometer showed excellent correlation with the use of the digital
algometer. Although it is not surprising as PPT measurement itself
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Demographic data of patients with knee osteoarthritis and control
subjects in experiment-B.

Variable Patients with knee 0A Control subjects
N 40 40
Age () 69 [58-74] 66 [48-73]
Sex, n (%)
Male 8 (20) 23 (37)
Female 32 (80) 17 (43)
Pain duration, mo 36.0 [4.5-168.0] 0
VAS at rest, mm 0.0 [0.0-19.3] 0
VAS on walking, mm 48.0 [31.8-67.3] 0
sl 20.5 [11.3-27.8] —
HADS
Anxiety 3.5[2.0-6.3] —
Depression 4.0 [3.0-9.0] —
PCS 16.0 [8.0-25.0] =

Data are presented as median [interquartile range].
CSl, Central Sensitization Inventory; HADS, Hospital Anxiety and Depression Scale; OA, osteoarthritis;
PCS, Pain Catastrophizing Scale; VAS; Visual Analogue Scale.

was technically almost identical, this finding suggests that roughly
increasing pressure at a speed of 5 N/s and verbally indicated
thresholds were acceptable measurement for bedside testing.
For TSP, the pinprick stimulation was a different procedure
compared with cuff algometry, ie, pinprick mainly stimulated
localized superficial tissues while cuff algometry compressed
larger area of deep tissues. According to a previous experimental
study, TSP was likely to be facilitated by painful stimuli to deep
structures rather than superficial tissues.?* Nevertheless, there
was a significant moderate correlation between TSP measured
by both systems. One possible explanation of this accordance
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results from structural characteristics of our pinprick device that
incorporates a 60 g mobile weight in the body and conical tip.
Compared with filaments used in other studies,'”"3* this device
may provide more effective stimuli to superficial and deep
structures for facilitating TSP. Because the assessment is
extremely easy, this procedure will become a good option for
bedside TSP testing.

Impaired CPM in patients with OA was indicated by QuantiPain
and cuff algometry; however, the correlation of CPM data
between both systems was weaker compared with that of PPT
and TSP. As mentioned, CPM is a highly variable assessment in
general, so the main reason of the discordance was probably
derived from the difference of test and conditioning stimulus
between the 2 systems. In addition, pain intensity of conditioning
stimulus was significantly higher when assessed by QuantiPain
than cuff algometry in both patients with OA and healthy controls.
Because recent studies supported that more painful conditioning
stimulus evokes more CPM effect,'?>2” management of the
cramping force to earlobe for individual subject might be needed
to achieve a more stable result.

The ranked distribution analysis of the CPM provided further
interesting information in this study. Frequency of antinociceptive
and pronociceptive reaction was significantly different not only
between the groups but also between the assessment devises.
Because the CPM effects are usually biphasic (ie, antinociceptive
and pronociceptive) especially in patients with chronic pain
having sensitization, simple analysis using representative values
(e.g., average) of the cohorts may be at a risk of overlooking true
outcomes. Moreover, it is important that both healthy subjects
and patients with OA could individually demonstrate a “scat-
tered,” not a “binary” CPM response. In this regard, our new
approach would help understanding the characteristics of CPM
assessment.
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4.3. Quantitative sensory testing and chronic
pain-associated questionnaires

Relationship between QST data and chronic pain—associated
questionnaires still remains unclear, but assumed to be weak in
recent reports. Walton et al.*® showed that depression,
catastrophizing, and kinesiophobia were able to explain small
variance in local PPT in people with mechanical neck pain.
Coronado et al.” showed that CSI was associated with resilience,
anxiety, and negative effects but not with PPT on remote sites in
patients with shoulder pain. In patients with knee OA, Gervais-
Hupe et al.® reported that CSI was weakly correlated with
decreased PPT locally and remotely, and with CPM, but not with
TSP. They also mentioned that the CSI is more strongly
associated with psychological factors than QST results. Consis-
tent with these reports, this study showed weak correlations
between some, but limited QST data and questionnaires (local
PPT vs PCS and TSP vs CSl); however, the impact was much
smaller than that of PCS vs CSl or CSI vs HADS anxiety. It makes

sense because psychophysical tests and psychological ques-
tionnaires are not identical measures, although part of patients
with chronic pain has overlapped abnormalities detected by both
items.

No significant correlation was observed between TSP and
CPM. Temporal summation of pain is often facilitated, and CPM is
often impaired in patients with chronic pain compared with
healthy subjects.® However, a recent human experimental study
revealed that these 2 dynamic QST assessments were not
associated, '* which was similar to the findings in this study.

4.4. Comparison with other bedside quantitative sensory
testing tool kit

Development of easy-to-use bedside QST tool kit has been a hot
topic for phenotyping patients with chronic pain. Koulouris et al.l’?
developed a bedside equipment for evaluating patients with
neuropathic pain. They confirmed moderate test-retest reliability
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of the assessment, and the results were highly correlated with
laboratory-based QST variables. Reimer et al.>® presented
another bedside equipment and demonstrated that sensory loss,
thermal hyperalgesia, and mechanical hyperalgesia were nom-
inated as bedside cluster assessment. Their new equipment will
help stratification of patients with neuropathic pain; however, it
seems a bit complicated and concerned that most of the
parameters are assessed by static QST with suprathreshold
stimulus response.

By contrast, our concept for development of QuantiPain is
“copying laboratory-based mechanistic QST as simple as possible
at bedside,” and hence, the algometer was used for analyzing
subthreshold stimulus response and detecting PPT. Moreover,
TSP and CPM, known as the 2 measure paradigms of dynamic
QST, are incorporated by adding quite simple items (pinprick and
conditioning clamp) to evaluate overreaction and dysfunction of the
central nervous system. This concept would be partly supported by
a latest report developing a bedside tool kit for assessing
sensitization in patients with chronic OA knee pain.® They included
mechanical pinprick sensitivity, dynamic mechanical allodynia,
pressure pain sensitivity, TSP, and CPM for analysis and detected
46% of patients showed signs of sensitization.

4.5. Limitations

There were some limitations to be noted when interpreting the
results of this study. First, the number of patients with OA and
healthy subjects was relatively small and recruited from single
institution because this is a preliminary study investigating
test-retest reliability and validity of QuantiPain. Second, 80%
females were included in patients with OA while only 43% females
in control group in experiment 2, which might affect the outcome of
comparison between the 2 groups. However, the main purpose of
this comparison was to confirm the validity of QuantiPain

compared with laboratory-based QST tools; therefore, the effects
of sex difference probably worked equally when using both tools. In
addition, correlations of QST variables between both tools were
analyzed by using the data from patients with OA and controls
together for minimizing the effects of sex difference. Third,
QuantiPain focused on mechanistic approach of QST and mainly
targeted on deep somatic pain. Lack of thermal and light touch
stimulus  sensitivity might be a disadvantage of QuantiPain,
especially for neuropathic pain evaluation; however, we prioritized
simple protocols than comprehensive sensory testing in this study.

5. Conclusion

The presented, simple bedside tool kit demonstrated acceptable
test-retest reliability and assessment validity that would be
capable of evaluating painful patients. Although this has not
become a complete alternative of laboratory-based tools and
further research is warranted for improving reliability, the tool kit
has a potential to create more practical approach for quantifying
altered pain mechanisms in clinical settings.

Disclosures

M. Izumi received grants from Shionogi & Co., Ltd. during the
conduct of this study. The remaining authors have no conflicts of
interest to declare.

This study was financially supported by Shionogi & Co, Ltd
(Osaka, Japan).

Acknowledgements

This research was conducted as a collaborative project with Kochi
University (Nankoku, Kochi, Japan) and Shionogi Inc. (Osaka,
Japan). The authors thank all collaborative members of pain



7 (2022) 998

biomarker department in Shionogi Inc for practical assistance.
Center for Neuroplasticity and Pain (CNAP) is supported by the
Danish National Research Foundation (DNRF121).

Authors’ contribution: Study design: M. Izumi, Y. Hayashi,

S. Oda, K.K. Petersen, and L. Arendt-Nielsen. Data collection:
Y. Hayashi and R. Saito. Data analysis: M. Izumi, Y. Hayashi,

R. Saito, S. Oda, and K.K. Petersen. Drafting or revising
manuscript: M. Izumi, Y. Hayashi, S. Oda, K.K. Petersen,

L. Arendt-Nielsen, and M. Ikeuchi. All authors made substantial
contributions to conception and design, acquisition of data, or
analysis and interpretation of data; took part in drafting the article or
revising it critically for important intellectual content; agreed to
submit to the current journal; gave final approval of the version to be
published; and agree to be accountable for all aspects of the work.

Appendix A. Supplemental digital content

Supplemental digital content associated with this article can be
found online at http://links.lww.com/PR9/A155.

Article history:

Received 29 October 2021

Received in revised form 25 January 2022
Accepted 10 February 2022

References

[1] Arant KR, Katz JN, Neogi T. Quantitative sensory testing: identifying pain
characteristics in patients with osteoarthritis. Osteoarthritis Cartilage
2021;20:801-7.

[2] Arendt-Nielsen L, Larsen JB, Rasmussen S, Krogh M, Borg L, Madeleine
P. Anovel clinical applicable bed-side tool for assessing conditioning pain
modulation: proof-of-concept. Scand J Pain 2020;30:17-31.

[3] Arendt-Nielsen L, Morlion B, Perrot S, Dahan A, Dickenson A, Kress HG,
Wells C, Bouhassira D, Mohr Drewes A. Assessment and manifestation of
central sensitisation across different chronic pain conditions. Eur J Pain
2018;22:216-41.

[4] Arendt-Nielsen L, Nie H, Laursen MB, Laursen BS, Madeleine P,
Simonsen OH, Graven-Nielsen T. Sensitization in patients with painful
knee osteoarthritis. PAIN 2010;149:573-81.

[6] Arendt-Nielsen L, Skou ST, Nielsen TA, Petersen KK. Altered central
sensitization and pain modulation in the CNS in chronic joint pain. Curr
Osteoporos Rep 2015;13:225-34.

[6] Arendt-Nielsen L, Yarnitsky D. Experimental and clinical applications of
quantitative sensory testing applied to skin, muscles and viscera. J Pain
2009;10:556-72.

[7]1 Coronado RA, George SZ. The Central Sensitization Inventory and Pain
Sensitivity Questionnaire: an exploration of construct validity and
associations with widespread pain sensitivity among individuals with
shoulder pain. Musculoskelet Sci Pract 2018;36:61-7.

[8] Fingleton C, Smart K, Moloney N, Fullen BM, Doody C. Pain sensitization
in people with knee osteoarthritis: a systematic review and meta-analysis.
Osteoarthritis Cartilage 2015;23:1043-56.

[9] Gervais-Hupé J, Pollice J, Sadi J, Carlesso LC. Validity of the central
sensitization inventory with measures of sensitization in people with knee
osteoarthritis. Clin Rheumatol 2018;37:3125-32.

[10] Graven-Nielsen T, Arendt-Nielsen L. Assessment of mechanisms in
localized and widespread musculoskeletal pain. Nat Rev Rheumatol
2010;6:599-606.

[11] Graven-Nielsen T, Izumi M, Petersen KK, Arendt-Nielsen L. User-
independent assessment of conditioning pain modulation by cuff
pressure algometry. Eur J Pain 2017;21:552-61.

[12] Graven-Nielsen T, Vaegter HB, Finocchietti S, Handberg G, Arendt-
Nielsen L. Assessment of musculoskeletal pain sensitivity and temporal
summation by cuff pressure algometry: a reliability study. PAIN 2015;156:
2193-202.

[13] Graven-Nielsen T, Wodehouse T, Langford RM, Arendt-Nielsen L, Kidd
BL. Normalization of widespread hyperesthesia and facilitated spatial
summation of deep-tissue pain in knee osteoarthritis patients after knee
replacement. Arthritis Rheum 2012;64:2907-16.

[14] Holden S, Petersen KK, Arendt-Nielsen L, Graven-Nielsen T.
Conditioning pain modulation reduces pain only during the first

www.painreportsonline.com 9

stimulation of the temporal summation of pain paradigm in healthy
participants. Eur J Pain 2019;23:1390-6.

[15] Izumi M, Petersen KK, Laursen MB, Arendt-Nielsen L, Graven-Nielsen T.
Facilitated temporal summation of pain correlates with clinical pain
intensity after hip arthroplasty. PAIN 2017;158:323-32.

[16] Koo TK, LiMY. A guideline of selecting and reporting intraclass correlation
coefficients for reliability research. J Chiropr Med 2016;15:155-63.

[17] Koulouris AE, Edwards RR, Dorado K, Schreiber KL, Lazaridou A, Rajan
S, White J, Garcia J, Gibbons C, Freeman R. Reliability and validity of the
Boston bedside quantitative sensory testing battery for neuropathic pain.
Pain Med 2020;21:2336-47.

[18] Kurien T, Arendt-Nielsen L, Petersen KK, Graven-Nielsen T, Scammell
BE. Preoperative neuropathic pain-like symptoms and central pain
mechanisms in knee osteoarthritis predicts poor outcome 6 Months after
total knee replacement surgery. J Pain 2018;19:1329-41.

[19] Larsen JB, Madeleine P, Arendt-Nielsen L. Development of a new bed-
side-test assessing conditioned pain modulation: a test-retest reliability
study. Scand J Pain 2019;19:565-74.

[20] Mayer TG, Neblett R, Cohen H, Howard KJ, Choi YH, Williams MJ, Perez
Y, Gatchel RJ. The development and psychometric validation of the
central sensitization inventory. Pain Pract 2012;12:276-85.

[21] Moore RL, Clifford AM, Moloney N, Doody C, Smart KM, O’Leary H. The
relationship between clinical and quantitative measures of pain
sensitization in knee osteoarthritis. Clin J Pain 2020;36:336-43.

[22] Neogi T, Frey-Law L, Scholz J, Niu J, Arendt-Nielsen L, Woolf C, Nevitt M,
Bradley L, Felson DT, Study MOM. Sensitivity and sensitisation in relation
to pain severity in knee osteoarthritis: trait or state? Ann Rheum Dis 2015;
74:682-8.

[23] Neogi T, Guermazi A, Roemer F, Nevitt MC, Scholz J, Arendt-Nielsen L,
Woolf C, Niu J, Bradley LA, Quinn E, Law LF. Association of joint
inflammation with pain sensitization in knee osteoarthritis: the multicenter
osteoarthritis study. Arthritis Rheumatol 2016;68:654-61.

[24] Nie H, Arendt-Nielsen L, Andersen H, Graven-Nielsen T. Temporal
summation of pain evoked by mechanical stimulation in deep and
superficial tissue. J Pain 2005;6:348-55.

[25] Nir RR, Granovsky Y, Yarnitsky D, Sprecher E, Granot M. A
psychophysical study of endogenous analgesia: the role of the
conditioning pain in the induction and magnitude of conditioned pain
modulation. Eur J Pain 2011;15:491-7.

[26] Oono'Y, Nie H, Matos RL, Wang K, Arendt-Nielsen L. The inter- and intra-
individual variance in descending pain modulation evoked by different
conditioning stimuli in healthy men. Scand J Pain 2011;2:162-9.

[27] Oono Y, Wang K, Svensson P, Arendt-Nielsen L. Conditioned pain
modulation evoked by different intensities of mechanical stimuli applied to
the craniofacial region in healthy men and women. J Orofac Pain 2011;25:
364-75.

[28] Petersen KK, Arendt-Nielsen L, Simonsen O, Wilder-Smith O, Laursen
MB. Presurgical assessment of temporal summation of pain predicts the
development of chronic postoperative pain 12 months after total knee
replacement. PAIN 2015;156:55-61.

[29] Petersen KK, Graven-Nielsen T, Simonsen O, Laursen MB, Arendt-
Nielsen L. Preoperative pain mechanisms assessed by cuff algometry are
associated with chronic postoperative pain relief after total knee
replacement. PAIN 2016;157:1400-6.

[30] Petersen KK, Olesen AE, Simonsen O, Arendt-Nielsen L. Mechanistic
pain profiling as a tool to predict the efficacy of 3-week nonsteroidal anti-
inflammatory drugs plus paracetamol in patients with painful knee
osteoarthritis. PAIN 2019;160:486-92.

[31] Petersen KK, Simonsen O, Laursen MB, Arendt-Nielsen L. The role of
preoperative radiologic severity, sensory testing, and temporal
summation on chronic postoperative pain following total knee
arthroplasty. Clin J Pain 2018;34:193-7.

[32] Petersen KK, Vaegter HB, Stubhaug A, Wolff A, Scammell BE, Arendt-
Nielsen L, Larsen DB. The predictive value of quantitative sensory testing:
a systematic review on chronic postoperative pain and the analgesic
effect of pharmacological therapies in patients with chronic pain. PAIN
2021;162:31-44.

[33] Reimer M, Forstenpointner J, Hartmann A, Otto JC, Vollert J,
Gierthmuhlen J, Klein T, Hdllemann P, Baron R. Sensory bedside
testing: a simple stratification approach for sensory phenotyping. Pain
Rep 2020;5:e820.

[34] Rolke R, Baron R, Maier C, Tolle TR, Treede RD, Beyer A, Binder A,
Birbaumer N, Birklein F, Botefur IC, Braune S, Flor H, Huge V, Klug R,
Landwehrmeyer GB, Magerl W, Maihofner C, Rolko C, Schaub C,
Scherens A, Sprenger T, Valet M, Wasserka B. Quantitative sensory
testing in the German Research Network on Neuropathic Pain
(DFNS): standardized protocol and reference values. PAIN 2006;
123:231-43.


http://links.lww.com/PR9/A155
www.painreportsonline.com

10 M. lzumi et al. # 7 (2022) €998

[85] Sachau J, Otto JC, Kirchhofer V, Larsen JB, Kennes LN, Hillemann P,
Arendt-Nielsen L, Baron R. Development of a bedside tool-kit for
assessing sensitization in patients with chronic osteoarthritis knee pain or
chronic knee pain after total knee replacement. PAIN 2022;163:308-18.

[36] Schliessbach J, Litolf C, Streitberger K, Scaramozzino P, Arendt-Nielsen
L, Curatolo M. Reference values of conditioned pain modulation. Scand J
Pain 2019;19:279-86.

[37] Staffe AT, Bech MW, Clemmensen SLK, Nielsen HT, Larsen DB,
Petersen KK. Total sleep deprivation increases pain sensitivity, impairs
conditioned pain modulation and facilitates temporal summation of pain
in healthy participants. PLoS One 2019;14:e0225849.

[38] Sullivan MJL, Stanish W, Waite H, Sullivan M, Tripp DA. Catastrophizing,
pain, and disability in patients with soft-tissue injuries. PAIN 1998;77:
253-60.

[39] Suokas AK, Walsh DA, McWilliams DF, Condon L, Moreton B, Wylde V,
Arendt-Nielsen L, Zhang W. Quantitative sensory testing in painful
osteoarthritis: a systematic review and meta-analysis. Osteoarthritis
Cartilage 2012;20:1075-85.

[40] Tracey |, Woolf CJ, Andrews NA. Composite pain biomarker signatures
for objective assessment and effective treatment. Neuron 2019;101:
783-800.

[41] Urquhart DM, Phyomaung PP, Dubowitz J, Fernando S, Wiuka AE,
Raajmaakers P, Wang Y, Cicuttini FM. Are cognitive and behavioural
factors associated with knee pain? A systematic review. Semin Arthritis
Rheum 2015;44:445-55.

[42] Waller R, Straker L, O’Sullivan P, Sterling M, Smith A. Reliability of
pressure pain threshold testing in healthy pain free young adults. Scand J
Pain 2015;9:38-41.

PAIN Reports®

[43] Walton DM, Levesque L, Payne M, Schick J. Clinical pressure pain
threshold testing in neck pain: comparing protocols, responsiveness, and
association with psychological variables. Phys Ther 2014;94:827-37.

[44] Weir JP. Quantifying test-retest reliability using the intraclass correlation
coefficient and the SEM. J Strength Cond Res 2005;19:231-40.

[45] Wylde V, Sayers A, Lenguerrand E, Gooberman-Hill R, Pyke M, Beswick
AD, Dieppe P, Blom AW. Preoperative widespread pain sensitization and
chronic pain after hip and knee replacement: a cohort analysis. PAIN
2015;156:47-54.

[46] Yarnitsky D, Bouhassira D, Drewes AM, Fillingim RB, Granot M, Hansson
P, Landau R, Marchand S, Matre D, Nilsen KB, Stubhaug A, Treede RD,
Wilder-Smith OH. Recommendations on practice of conditioned pain
modulation (CPM) testing. Eur J Pain 2015;19:805-6.

[47] Yarnitsky D, Crispel Y, Eisenberg E, Granovsky Y, Ben-Nun A,
Sprecher E, Best LA, Granot M. Prediction of chronic post-operative
pain: pre-operative DNIC testing identifies patients at risk. PAIN 2008;
138:22-8.

[48] Yarnitsky D, Granot M, Nahman-Averbuch H, Khamaisi M, Granovsky Y.
Conditioned pain modulation predicts duloxetine efficacy in painful
diabetic neuropathy. PAIN 2012;153:1193-8.

[49] Youssef AM, Macefield VG, Henderson LA. Pain inhibits pain; human
brainstem mechanisms. Neuroimage 2016;124:54-62.

[50] Zigmond AS, Snaith RP. The hospital anxiety and depression scale. Acta
Psychiatr Scand 1983;67:361-70.

[51] Zolio L, Lim KY, McKenzie JE, Yan MK, Estee M, Hussain SM, Cicuttini F,
Wiuka A. Systematic review and meta-analysis of the prevalence of
neuropathic-like pain and/or pain sensitization in people with knee and
hip osteoarthritis. Osteoarthritis Cartilage 2021;29:1096-116.



