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Abstract

Objectives: Muscle pain can be associated with hyperalgesia
that may spread outside the area of primary injury due to both
peripheral and central sensitization. However, the influence
of endogenous pain inhibition is yet unknown. This study
investigated how endogenous pain inhibition might influ-
ence spreading hyperalgesia in experimental muscle pain.
Methods: Conditioned pain modulation (CPM) was assessed
in 30 male volunteers by cold pressor test at the non-dominant
hand as conditioning and pressure pain thresholds (PPT) at
the dominant 2nd toe as test stimuli. Subjects were classified
as having inhibitory or facilitating CPM based on published
reference values. Subsequently, muscle pain and hyperalgesia
were induced by capsaicin injection into the non-dominant
supraspinatus muscle. Before and 5, 10, 15, 20, 30, 40, 50 and
60 min later, PPTs were recorded at the supraspinatus,
infraspinatus and deltoid muscle, ring finger and toe.
Results: Compared to baseline, PPTs decreased at the
supraspinatus, infraspinatus and deltoid muscle (p<0.03),
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and increased at the finger and toe (p<0.001). In facilitating
CPM (n=10), hyperalgesia occurred at 5, 10, 15, 20 and 40 min
(p=<0.026). In inhibitory CPM (n=20), hyperalgesia only
occurred after 10 and 15 min (p<0.03). At the infraspinatus
muscle, groups differed after 5 and 40 min (p<0.008).
Conclusions: The results suggest that facilitating CPM is
associated with more spreading hyperalgesia than inhibitory
CPM. This implies that poor endogenous pain modulation may
predispose to muscle pain and spreading hyperalgesia after
injury, and suggest that strategies to enhance endogenous
pain modulation may provide clinical benefits.

Keywords: capsaicin; conditioned pain modulation; muscle
hyperalgesia; pressure pain thresholds.

Introduction

Muscle pain is a prevalent clinical condition that is still
poorly understood and managed. Experimental human pain
studies have shown that pain originating from a muscle is
associated with spread of pain and hyperalgesia to other
body sites [1-3]. Spreading pain and hyperalgesia are partly
the result of alterations in central nociceptive processes,
whereby enhanced facilitating and reduced inhibitory
mechanisms lead to expansion of pain areas, amplification of
pain and hyperalgesia [4]. All these phenomena contribute to
pain and functional impairments [5]. While the facilitating
mechanisms have received much research interest in the
past, little is known about the role of inhibitory mechanisms
in the process of spreading pain and hyperalgesia.

This study therefore aimed to investigate how inhibitory
mechanisms relate to muscle hyperalgesia associated with
muscle pain, particularly the influence of descending pain
modulation on the spreading and duration of experimen-
tally induced muscle hyperalgesia. For this purpose, condi-
tioned pain modulation (CPM) was used to measure
endogenous pain inhibition [6] and to discriminate subjects
with inhibitory CPM as opposed to facilitating CPM. Intra-
muscular injection of capsaicin was then used to induce
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muscle pain [2, 7] and pressure pain thresholds were used to
measure subsequent hyperalgesia [8]. It was hypothesized
that subjects with facilitating CPM demonstrate more pro-
nounced spreading muscle hyperalgesia and that subjects
with inhibitory CPM show less spreading hyperalgesia after
intramuscular injection of capsaicin.

Methods
Subjects

The study was performed at the University Department of Anesthesi-
ology and Pain Medicine, Inselspital Bern, Switzerland, according to
good clinical practice, in accordance with the Helsinki Declaration.
Young males were recruited by advertisement in local newspapers, at
the University campus and by word of mouth. Exclusion criteria were
chronic pain, pain at the time of testing, intake of NSAIDs or acet-
aminophen within 24 h, intake of antidepressants, opioids, benzodiaz-
epines or anticonvulsants within one week prior to testing, neurological
disease or sensory deficits. The study was approved by the Ethics
Committee of the Canton of Bern (KEK 066/13) and written informed
consent was given beforehand.

Experimental protocol

For training, pressure pain thresholds (PPTs) were recorded bilaterally
at the supraspinatus, infraspinatus and deltoid muscle, ring finger and
second toe. Once the participants felt familiar with the procedures,
single baseline measurements were obtained. Single measurements
rather than averaging multiple measurements does not cause relevant
measurement error in the tests we used [9] Next, conditioned pain
modulation (CPM) was assessed using the cold pressor test on the non-
dominant hand as conditioning, and PPT of the contralateral toe as test
stimulus. After a 10 min break, experimental muscle pain was induced
by intramuscular injection of capsaicin. Pain intensity, pain area and all
PPTs were recorded 5, 10, 15, 20, 30, 40, 50 and 60 min after injection.
Figure 1 depicts the time course of the experiment.

Pressure pain thresholds

PPTs were measured using an electronic algometer (Somedic AB, Horby,
Sweden) with a probe of 1 cm? Pressure was increased by 30 kPa/s up to
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Figure 1: Time course of the experiment. PPT, pressure pain thresholds;
CPM, conditioned pain modulation; AUC, area under the curve of pain
intensity during the first 10 min (assessed by electronic visual analogue
scale).
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1,000 kPa. Subjects pressed a button when the pressure sensation turned
to pain. If 1,000 kPa were reached without pain detection, this value was
considered as PPT. PPTs were recorded bilaterally at the supraspinatus
muscle (innervated by the suprascapular nerve), a non-injected muscle
supplied by the same nerve (infraspinatus muscle, suprascapular
nerve), a non-injected muscle innervated by a different nerve but within
the same spinal segment (deltoid muscle, axillary nerve, C5 segment), an
area outside the C5 segment (ring finger) and a remote area as distant as
possible (second toe).

Conditioned pain modulation

The cold pressor test was used as conditioning stimulus. The non-
dominant hand was immersed in ice-saturated water (1.5 + 1 °C). As soon
as the cold pain at the hand reached 7/10 on a 0-10 numerical rating
scale (NRS, 0=no pain, 10=worst pain imaginable) or after a maximum of
2 min, one single assessment of PPT at the toe of the dominant side was
performed (hand remaining in the water). The percent change of PPT
during hand immersion from baseline was calculated as a measure of
CPM. Participants were then divided in two groups with either pain
facilitation or pain inhibition during the CPM test.

This was done based on the reference values for this exact CPM test
paradigm, which have been published previously [10]. In that study, the
25th percentile of reference values corresponded to a 6.5 % increase in
PPT during the cold pressor test. Therefore, subjects with a CPM effect of
>6.5 % were allocated to the inhibitory group, subjects below 6.5 % were
allocated to the facilitating group.

Experimental muscle pain and electronic VAS-tracking

Capsaicin (50 mcg, 1mL) was injected into the non-dominant supra-
spinatus muscle under ultrasound (SonoSite M-Turbo, Amsterdam,
Netherlands using a linear transducer, 6-13 MHz) in the middle of the
supraspinatus fossa.

During 10 min after injection, pain intensity was constantly indi-
cated on an electronic visual analogue scale (VAS, 0=no pain, 10=worst
pain imaginable). The participant continuously moves a ruler on a 10-cm
VAS corresponding to his momentary pain intensity. The device samples
the pain intensity every 10 s (eVAS, Aalborg University, Denmark). The
result is a “bar chart” of VAS-scores with a bar-width of 10 s, the sum of
which reflects the area under the VAS-time curve. The area of pain was
drawn on an anatomical map using the Navigate-Pain-Software.

Sample size considerations

PPTs over the infraspinatus muscle of the capsaicin injected side was the
primary outcome measure because we hypothesized that spreading
hyperalgesia occurs most probably in the same innervation area of the
injection. A 20 kPa difference in PPTs following capsaicin injection was
assumed between the two CPM-groups with a standard deviation of 15.
The 25th percentile of CPM-reference values was derived from a pre-
vious study [10] and used as the cutoff above which a subject was defined
as having inhibitory CPM and below which as having facilitating CPM.
As a consequence, group sizes were expected to be unequal. Group sizes
of 6 vs. 24 subjects would result in 80 % power, 8 vs. 22 would result in
87 % power to detect a significant difference. Therefore, we aimed at
recruiting 30 participants.
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Statistical analysis

Analyses were performed using STATA SE 13 (College Station, Texas,
USA). For power analysis and figures, SigmaPlot V13 was used (Systat
Inc., Bath, UK). Statistical tests were done using raw data. For graphs,
PPT values were normalized to baseline=1. Pain intensity is presented on
a 0-10 numeric rating scale (NRS). Pain areas are expressed in arbitrary
units. Significance was accepted for p-values <0.05.

A two-way mixed model ANOVA was run on raw PPTs from every
measurement site on the capsaicin-injected side, with CPM status
(inhibitory vs. facilitating) as between-group factor and time after
injection (8 time points) as repeated factor. In case of significance, post-
hoc comparisons were done using contrasts of marginal linear
predictions (“contrast” command in STATA).

As an additional measure of difference between CPM groups, the
area under the PPT-curve (AUC) was calculated by adding the normal-
ized PPT values of each time point for each participant and each muscle
of the capsaicin-injected side separately. The obtained AUCs were
compared using Wilcoxon’s rank-sum test (because of small group sizes
and non-normal distribution). Data are presented as median and
interquartile range (IQR).

The size of the painful area and the pain intensity NRS scores were
compared between the two CPM groups using a two-way mixed model
ANOVA with CPM-status (inhibitory vs. facilitating) and time after in-
jection (8 time points) as non-repeated and repeated factors, respec-
tively. In case of significance, post-hoc comparisons were done using
Scheffe’s test.

Data obtained from electronic VAS-tracking (AUC during the first
10 min after capsaicin injection) were compared between inhibitory and
facilitating CPM groups using Wilcoxon’s rank-sum test.

For demographic variables age, height, weight, body mass index
and CPM-effect, non-parametric Mann-Whitney-U-Tests were used to
compare between groups. Proportion of left- and right-handers in both
groups were compared using a chi-square test.

Results

Among the 30 included subjects (age 23 years, SD 3.5), 10
participants were allocated to the facilitating CPM group and
20 were allocated to the inhibitory CPM group. The facili-
tating group had an average CPM effect of —6.5 % (SD 8.5), the
inhibitory CPM group had an average CPM effect of 26.7 %
(SD 14.9). Details are shown in Table 1.

Pressure pain thresholds in subjects with
facilitating vs. inhibitory CPM

Supraspinatus muscle

Compared to baseline, PPTs of the supraspinatus muscle
decreased over time: F(8,265)=21.2, p<0.001. There was no
significant difference between CPM groups (F(1,265)=0.11,
p=0.7) and no significant interaction (F(8,265)=0.64, p=0.74).
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Up to 40 min post-injection, PPTs were significantly lower
than baseline (all p<0.001 and p=0.01 at 40 min, respectively).
The area under the PPT curve was not significantly different
between groups (6.2 (IQR 4.9-8.4) in the inhibiting, 6.4 (IQR
5.7-6.8) in the facilitating CPM group, p=0.71). Figure 2
illustrates the time course of PPTs for all muscles in the two
CPM groups.

Infraspinatus muscle

There was a significant decrease in PPTs over the infra-
spinatus muscle in both CPM groups (Figure 2; F(8,265)=5.5,
p<0.001) and a CPM-time-interaction (F(8,265)=2.44, p=0.01).
In the facilitating CPM group, PPTs were reduced at 5, 10, 15,
20 and 40min compared to baseline (p=0.001, p=0.001,
p=0.005, p=0.026 and p=0.001, respectively), whereas in the
inhibitory CPM group, PPTs were only reduced compared to
baseline at 10 and 15 min (p=0.01 and p=0.03). Differences in
PPTs between the two CPM groups were noted after 5 and
40 min (p=0.008, p=0.001). Areas under the PPT curves
differed between groups (7.7 (IQR 7.0-9.3) in the inhibiting,
6.8 (IQR 6.0-7.2) in the facilitating CPM group, p=0.03).

Deltoid muscle

There was an effect of time for the deltoid muscle (F(8,265)
=2.18, p=0.03). The CPM groups were not significantly
different (F(1,265)=0.16, p=0.69), and there was no significant
interaction (F(8,265)=0.81, p=0.6). PPTs were lower than
baseline after 10 and 15 min (p=0.001 and p=0.01). The areas
under the PPT curves were not significantly different (6.6
(IQR 5.9-8.1) in the inhibiting, 6.8 (IQR 6.6-6.9) in the facili-
tating CPM group, p=0.9).

Ring finger

An effect of time was observed for PPTs at the finger (F(8,265)
=4.62, p<0.001). The groups were not significantly different
(F(1,265)=0.08, p=0.7), and there was no significant interac-
tion (F(8,265)=0.29, p=0.9). PPTs increased compared to
baseline at 5 and 10 min (p=0.01 and p=0.001). The areas
under the PPT curves were not significantly different (8.0
(IQR 7.7-9.0) in the inhibiting, 8.4 (IQR 7.8-8.7) in the facili-
tating CPM group, p=0.68).

Toe
An effect of time was observed for PPTs at the toe (F(8,251)=4.3,

p<0.001). There was no significant group difference
(F(1,251)=0.47, p=0.5) and no significant interaction
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Table 1: Baseline characteristics of participants.

Age, years Height, cm Weight, kg BMI (kg/m?) Dominant body side CPM, %

CPM facilitation 21 172 78 264 Right -6.9

20 192 80 21.7 Left -7.2

24 178 72 227 Right -3.2

21 177 87 27.8 Left -18.6

24 180 65 20.1 Right -6.5

27 193 79 21.2 Right -8.9

20 170 90 31.1 Right 0.3

20 181 82 25.0 Right 1.9

27 173 60 20.0 Right 6.4

19 183 68 20.3 Left -19.9

Mean, SD (% left) 22.3(2.9) 179.9 (7.8) 76.1 (9.6) 23.6 (3.8) 3/10 -6.5 (8.5)

CPM inhibition 29 185 69 20.2 Right 257

22 181 64 19.5 Right 247

25 175 84 274 Right 49.0

23 181 85 259 Left 355

23 198 78 19.9 Right 67.3

26 180 100 30.9 Right 219

24 185 84 245 Right 121

23 179 76 237 Right 44.2

24 174 70 231 Right 19.1

22 177 68 21.7 Right 121

28 177 72 23.0 Right 48.5

26 183 88 26.3 Right 18.5

25 185 85 24.8 Right 26.3

19 186 80 23.1 Right 17.8

18 170 68 235 Left 16.9

25 180 85 26.2 Right 259

26 178 82 25.9 Right 17.4

20 179 73 22.8 Right 9.2

26 182 80 24.2 Right 16.5

25 190 88 244 Right 247

Mean, %left 23.9 (2.8) 181.3 (6.1) 78.9 (8.9) 24.1(2.7) 2/20 26.7 (14.9)

p-Value® 0.18 0.48 0.48 0.6 0.16 <0.00001

Demographic characteristics of participants. BMI, body mass index; CPM, conditioned pain modulation; Mean, arithmetical mean for continuous data; SD,
standard deviation. For dominant body side, the proportion of left-handers is indicated. *p-Values are from Mann-Whitney-U-Tests except for dominant

body side, where a chi-square test was used.

(F(8,251)=1.34, p=0.22). PPTs were increased compared to
baseline at all time points (5-20 min p<0.001, 30 min p=0.002,
40 min p=0.001, 50 min p<0.001, 60 min p=0.004). The areas
under the PPT curve were not significantly different (9.3 (IQR
8.5-11.1) in the inhibiting, 9.2 (IQR 8.4-9.7) in the facilitating
CPM group, p=0.45).

Pain areas of experimental pain

Pain areas reached a maximum 5 min after capsaicin injec-
tion and decreased continuously over time (F(7,238)=27.9,
P<0.001), with no significant differences between the two CPM
groups (F(1,238)=1.99, p=0.16) and no interaction (F(7,238)

=0.89, p=0.5, Figure 3A). Scheffe’s test revealed that 15, 20, 30,
40, 50 and 60 min were different from 5 min (all p<0.002),
from 20 to 60 min was different from 10 min (p<0.03) and
that 50 and 60 min were different from 15 min (p=0.01 and
p=0.009, Figure 3).

Pain intensity of experimental pain

The NRS scores of pain intensity after capsaicin injection was
maximal after 5min and decreased continuously over time
(F(7,239)=95.6, p<0.001), with no significant differences
between the two CPM groups (F(1,239)=1.0, p=0.3) and no
significant interaction (F(7,239)=0.18, p=0.9, Figure 3).
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Scheffe’s test revealed that all NRS scores from 10 min on-
wards were lower than at 5 min (all p<0.005), from 20 min
onward lower than at 10 min (all p<0.001), from 30 min
onward lower than at 15min (all p<0.001), and 50 and
60 min significantly lower than at 20 min (p<0.001). Median
areas under the VAS-time curve obtained from electronic
VAS tracking were 3,957 (IQR 3210-4,283) in the inhibitory
group and 2,930 (IQR 2637-3,569) in the facilitating CPM
group (p=0.15).

thresholds were overall significantly different
from baseline. All values: mean + SEM.

Discussion

Capsaicin caused hyperalgesia not only in the injected
supraspinatus muscle, but also in the surrounding infra-
spinatus and deltoid muscles of the same body side.
Conversely, distant hypoalgesia was observed at the finger
and toe. The spreading hyperalgesia was more pronounced
and longer lasting in the infraspinatus muscle of subjects
with facilitating CPM than in subjects with inhibitory CPM.
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Figure 3: A: Areas of muscular pain after capsaicin injection as digitized
using the NavigatePain software, expressed in arbitrary units. B: Pain
intensity after capsaicin injection as indicated on a 0-10 numeric rating
scale (NRS). All values: mean + SEM.

These results indicate that pre-injury CPM-state influences
the development of spreading hyperalgesia, and that stra-
tegies to enhance endogenous pain modulation may provide
clinical benefits.

Local hyperalgesia in subjects with
facilitating vs. inhibitory CPM

After capsaicin injection into the supraspinatus muscle, pain
thresholds decreased at the supraspinatus, infraspinatus
and deltoid muscles of the injected side, reflecting spread of
hyperalgesia outside the muscle of primary nociceptive
input. This finding is consistent with previous research [1-3].
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Spreading of pain beyond the injured area is oftentimes
explained by convergence of different primary afferent
neurons on the same secondary afferent neurons in the
dorsal horn, or sometimes by propagation of the nociceptive
signal along axon collaterals leading back to the periphery
(axon reflex). However, whether these mechanisms also
contribute to the spread of hyperalgesia, is unknown. To our
knowledge, axon collaterals of neurons of the suprascapular
nerve that innervate both the supra- and infraspinatus
muscle, have not been described. It seems more plausible
that the spreading of hyperalgesia to other muscles of the
same innervation territory is due to nociceptive processes in
the dorsal horn.

Hyperalgesia was less pronounced in the inhibitory CPM
group than in the facilitating CPM group at the infraspinatus
muscle, where a significant PPT-decrease started at 5min
and lasted up to 20min in the facilitating CPM group,
whereas it only lasted from 10 to 15 min in the inhibitory
CPM group. The groups did not differ at the supraspinatus
and deltoid muscle. At the site of primary nociceptive input,
peripheral sensitization and capsaicin-mediated TRPV1
activation may be predominant over potential differences in
central modulation between the CPM groups.

Previous studies have investigated muscle hyperalgesia
using different human models, such as intramuscular in-
jection of hypertonic saline [3], nerve growth factor [1],
capsaicin [7] and intramuscular electrical stimulation [11].
These studies consistently found referred pain and spread of
hyperalgesia. Hyperalgesia is determined, at least in part, by
facilitatory nociceptive and nociplastic processes. Facilita-
tory processes that have been identified in humans include
sensitization of nociceptors [12, 13], temporal summation [14]
and expansion of receptive fields [15]. The present study
focused on inhibitory processes of hyperalgesia, which have
received far less attention in the past. It found that the status
of endogenous pain modulation plays a role in the magni-
tude and duration of hyperalgesia, but only within the
innervation area of the same nerve.

Distant hypoalgesia after capsaicin

Pain thresholds at the finger and toe increased, reflecting
hypoalgesia at these distant territories. This result is in line
with the findings of a previous study that also applied the
capsaicin model; the study detected hyperalgesia at neighbor
structures but hypoalgesia at distant tissues [2]. Interestingly,
hypoalgesia was not affected by naloxone in that study,
suggesting that non-opioid endogenous inhibitory mecha-
nisms are involved in hypoalgesia at distant tissues. In the
present study, although the two groups did not significantly
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differ at finger and toe, there was a slight trend for hypo-
algesia at the toe to be stronger in the inhibitory CPM group.
As this was not the primary outcome measure and the study
was not powered to this end, the lack of difference in this
case might possibly represent a type 2 error.

Taken together, it can be postulated that inducing
muscle pain evokes both facilitatory and inhibitory pro-
cesses that act in an opposite direction to eventually deter-
mine hyper- or hypoalgesia. The net effect is hyperalgesia at
the muscles surrounding the site of primary nociception,
indicating that facilitatory processes prevail at these sites. At
distant sites, inhibitory processes seem to dominate, leading
to hypoalgesia. The present study showed that a stronger
endogenous modulation has a favorable influence on these
processes, leading to less hyperalgesia within the innerva-
tion area of the same nerve.

While the present study in healthy subjects detected
hypoalgesia, studies that induced muscle pain in patients
with chronic pain found hyperalgesia at distant body sites
[16-18]. This difference is likely due to alterations in supra-
spinal nociceptive processing that have been well docu-
mented in chronic pain patients and can lead to widespread
hyperalgesia [19, 20].

Interestingly, the two CPM groups did not differ in terms
of area and intensity of pain, suggesting that these are not a
function of endogenous modulation in pain-free volunteers. It
would be worthwhile to investigate whether this is different
in chronic pain patients, where other central adaptive pro-
cesses might be present and interact with endogenous
modulation.

Strengths and limitations

The experimental design allowed the determination of CPM
before the induction of muscle pain, and therefore the
evaluation of how the pre-injury status of CPM influences
post-injury hyperalgesia. The capsaicin model has several
advantages. It activates the transient receptor potential
vanilloid 1 (TRPV1) channel, which is physiologically
involved in nociception [21]. Capsaicin induces pain and
hyperalgesia at local and referred areas, as observed in
clinical conditions [7]. Finally, its effect lasts long enough [7]
to allow a sufficient time frame to detect the expected effects.

While the sample size was sufficient to detect the
expected effect, it did not allow the inclusion and analysis of
potentially relevant covariates, such as sex. When the study
was conceived, we intended to reduce data variability by
including male volunteers only, especially as there is some
evidence that CPM may vary during the female menstrual
cycle [22]. In terms of external validity, the inclusion of males

Schliesshach et al.: Effects of conditioned pain modulation on experimental hyperalgesia —— 741

only represents a clear weakness of the study. With n=30, the
sample size was large enough to detect the expected main
outcome, but possibly too small for secondary outcome
measures, thus increasing the risk of false-negative findings
or type-2-error. The relatively homogenous (though young)
age of this study samples reduces the risk of age-effects
having significant influence on the present results. On the
other hand, as pain perception changes with age, so might
the relation of CPM and spreading hyperalgesia. The results
can therefore not be generalized to older age groups or
populations with relevant comorbid conditions.

Conclusions

Inhibitory CPM was associated with less and shorter-lasting
hyperalgesia within the innervation area of primary muscle
injury, whereas facilitating CPM was associated with stron-
ger and longer-lasting hyperalgesia. Pre-injury CPM could
thus offer one potential explanation for the variability of the
clinical course among patients sustaining the same muscle
injury.

Bearing in mind that only healthy young males were
studied in this experiment, the results need to be interpreted
with caution. On the other hand, it is not rare for this pop-
ulation to suffer from trauma, accidents or sports injuries
associated with muscular pain. Therefore, at least in this
population, strategies to enhance CPM might provide clinical
benefits. Whether or not this pertains to other patient pop-
ulations or age groups as well, needs to be investigated in
larger-scale studies. Interventions that increase CPM include
duloxetine [23], pregabalin [24] and non-pharmacological
treatments such as eccentric training [25], exercise-induced
hypoalgesia [26], neural tension techniques [27] and trans-
cranial direct current stimulation (tDCS) [28]. Since stress
decreases CPM [29], interventions that reduce stress may
improve CPM. Patients with loss-of-function mutations in
genes encoding for receptors and transporters of glycine, an
inhibitory neurotransmitter, have impaired CPM [30], sug-
gesting that interventions targeting this pathway may
enhance CPM. Future clinical trials may explore CPM as
predictive biomarker for the efficacy of such treatments,
with the perspective of improving personalized medicine.
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