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To investigate the pain referral area (number of pi nd extent (vector length) as elicited from increasing intensities of pres-
sure-induced pain at the shoulder. \

Cross-sectional design. Q
Clinical laboratory setting. @
Twenty-two healthy men and wom ticipated in two experimental sessions.

Delayed onset of muscle sor S MS) was induced in the dominant shoulder and assessed 24 hours later. Participants rated
the level of DOMS on a 6—powrt scale. Four different intensities (pressure pain threshold [PPT]+20%, PPT+30%, PPT+40%,
and PPT+50%) were applied to the infraspinatus in a randomized, balanced fashion for 60 seconds from low to high intensity or
vice versa. The resulting location, area, and extent of referred pain as drawn by the participants on a digital body chart were
extracted and expressed in pixels. The extent of pain was defined as the vector length extending from the ipsilateral earlobe to
the most distal location of the pain.

The referred pain area from PPT+20% was smaller than PPT+30%, PPT+40%, and PPT+50%. The extent of referred pain did not
differ between the pressure pain intensities.

Pressure intensity at PPT+30%, but no more, produces the greatest referred pain area as compared with the traditional pressure
intensity of PPT+20%. Thus, the intensity of PPT+30% may be ideal for exploring the mechanisms of referred pain. The extent of

the pain represents an independent expression of the intensity of the provoking stimulus and may be more closely related to the
location of the stimulus.

Keywords: Referred Pain ; Suprathreshold Pressure Stimulation ; Digital Pain Mapping
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Introduction

Referred pain is a cardinal symptom in musculoskeletal pain, defined as pain felt remote to the site of nociceptive
activity [1]. The phenomenon is commonly seen in clinical practice [2—4] and is reproducible in experimental settings
[5, 6]. An expansion in the area of referred pain, as assessed in somatic structures, may reflect increases in the sensi-
tivity of central pain mechanisms [4, 7, 8] and may as such be an interesting parameter to evaluate in research and
clinical practice [AQ4].

Referred pain is often induced by injecting chemical agents (e.g., hypertonic saline or capsaicin) into somatic
structures [9]. This may, however, not be feasible due to the invasive nature of the procedure and calls for alternative
methods for inducing referred pain. In that respect, applying a tonic, nociceptive pressure stimulus on somatic struc-
tures is known to effectively induce referred pain in healthy individuals [7, 8, 10, 11]. Furthermore, sensitizing the
area by way of, for example, inducing exercise-related muscle soreness (delayed onset of muscle soreness [DOMS])
prior to stimulating it results in a pain referral pattern of a greater area [12], resembling what is seen following a
hypertonic saline injection [7, 13]. Considering that pain referral seems to be facilitated in persons suffering from
chronic pain [4, 12] and in people who have recovered from a musculoskeletal injury [10, 14], inducing muscle sore-
ness is a surrogate pain model to investigate referred pain.

ferred pain, the pain
in stimulation intensity
ilitated pain referral pattern.

Previous studies have shown that although suprathreshold pressure stimulation can in
area from, for example, hypertonic saline is larger [7, 10]. This may relate to a diffc 3
[10], and therefore it is possible that stimulating with greater pressure will result in
However, although the [AQS] parameters of hypertonic saline stimulation (e.g., e, concentration) are well es-
tablished [9], the optimal parameters for pressure stimulation are not known. Pfevieus studies have used stimulation
intensities at both 20% [7] and 30% [8] above the pressure pain threshold n this regard, it is unclear whether
increasing the stimulation linearly increases the pain referral pattern exp as the total area of pain or the distance
(extent) from the stimulus. From an ethical point of view, however, i '%ortant that the research tools provide as
much information as possible while causing the research participan@le discomfort as possible.

The objective of this explorative study is to compare the ar d extent of referred pain as elicited by using stand-
ardized increases in the PPT. We hypothesized that incrgasi bessure intensities would elicit stepwise increases in
the area of referred pain and the extent of the pain. \

Methods (QQ

A convenience sample of 22 healthy, pain—f@)a icipants (10 nonpregnant women) were recruited from a univer-
sity population. The sample size was baseg previous protocol [7] in which an expansion of pain referral was
demonstrated from a sore shoulder muscx therwise healthy individuals. To be eligible, participants needed to be
over 18 years with no current or previ istory of an ongoing pain condition and/or any other disease. Moreover,
any current or previous use of pres@? medication or other substances that might affect the sensory system at the
time of the study was an exclusi iterion. Nursing and pregnant women were also excluded. Participants were in-
cluded after providing inf rm@onsent and were blinded to the expected outcome of the study. The study was ap-
proved by the local ethics%ﬂuittee (C.P—C.I. P116/0253), conformed to the Helsinki Declaration, and adhered to
the STROBE statement for observational studies.

Protocol

This cross-sectional study was conducted in two experimental sessions 24 hours apart. All data were collected in a
closed and quiet clinical laboratory setting with a stable room temperature. In the first session, participants performed
eccentric exercise for the shoulder’s external rotators to induce DOMS. In the second session, participants rated their
DOMS level on a 0- to 6-point Likert scale. Pressure pain sensitivity was measured at the infraspinatus of the DOMS-
affected shoulder using a handheld pressure algometer. Subsequently, a painful pressure stimulation was performed at
four different suprathreshold stimulation intensities (PPT +20%, PPT +30%, PPT +40%, and PPT +50%, respective-
ly), and the pain area following the stimulation was drawn on the posterior side of a digital body chart.
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Delayed-Onset Muscle Soreness

DOMS was induced prior to applying painful pressure, as it results in a greater frequency of referred pain from
suprathreshold stimulation in healthy individuals [7, 11]. DOMS was induced in the dominant shoulder by way of
eccentric exercise until failure. The protocol for the exercise has previously been used for inducing soreness in the
shoulder [7]. When performing the exercise, the participant sat upright in a chair with full upper-body support. The
arm on the dominant side was positioned so that the glenohumeral joint was in 70—80° of flexion (sagittal plane)—a
position that has shown an optimal infraspinatus activation [15] without compromising the subacromial space [16].
The elbow was kept in 90° of flexion supported by an armrest. The participant was instructed to perform repeated
external rotations of the shoulder in this position with resistance from a firm elastic band. When fatigue set in and the
participant could no longer actively perform the exercise, the contralateral arm was used to assist the concentric phase
of the movement and then resist the eccentric phase on the way back using the dominant arm only. Participants per-
formed four sets of this exercise separated by 1-minute rests. In each set, participants continued until failure. Failure
was defined when the participant 1) could not continue due to fatigue; 2) could not perform the exercise throughout
the full range; or 3) could not remain in an upright position while performing the exercise. A 6-point Likert scale was
used to assess the effect of the DOMS exercise protocol on the test day, where 0 represented a complete absence of
pain; 1 represented minimal pain or discomfort in the shoulder; 2 represented a light p nt shoulder pain or ache;
3 represented moderate shoulder pain when moving the shoulder or lifting objec resented severe discomfort
that disturbed natural shoulder movement; and 5 represented strong shoulder p %ﬁ eding all shoulder movement
or function.

Pressure Stimulation Intensities 0
eLab Q

A handheld pressure algometer (Algometer, Somedic Sens a [AQ6], Sweden) with a 1-cm? probe was
used to record PPTs at the infraspinatus muscle and to perfor@uprathreshold stimulation. The stimulation site
was located in a standardized manner using anatomical landmarks of the shoulder blade as described previously [7].
For PPTs, the applied force was progressively increased {onstant rate of 30 kPa/s, and the participant indicated
when the sensation changed from pressure to pain. edure was repeated three times, and the average value
was extracted for data analysis. All participants rec% our suprathreshold pressure stimulations at different inten-
sities relative to the individual PPT value: 1) PPTav +20% (PPT+20%); 2) PPT value +30% (PPT+30%); 3) PPT

value +40% (PPT+40%); and 4) PPT value +5 T+50%). To minimize the risk that increasing stimulation inten-
sities would gradually cause greater test-rélated*Sensitization at the stimulation site, stimulations were applied ran-
domly in a balanced manner in an asce low to high) or descending (high to low) order, where participants re-

ceived either the highest (PPT+50% est (PPT+20%) stimulation first. All participants were blind to the stimu-
lation sequence. To reduce the pos )\7 of tissue damage and residual soreness, only one 60-second stimulation was
assessed for each stimulation in To maintain consistency, each stimulation intensity was reached within 2 sec-
onds. Following each stlmul@‘artlclpants indicated the pain intensity from the stimulation using a verbal rating
scale (VRS) from 0 to 10 0=no pain and 10=worst pain imaginable. A 5-minute break was given between each
stimulation.

Assessment of Pressure Induced Pain Area and Extent

The area of referred pain was quantified using a Navigate Pain software application (Navigate Pain, Aal-
borg [AQ7], Aalborg University, Denmark) [17]. Based on the pain drawing, the total size of the referred pain area
(expressed as pixels) was extracted. The extent of referred pain was post-processed using MATLAB (MathWorks,
Natick, MA) to calculate the distance from a reference point (ipsilateral earlobe) to the most distally located pixel
drawn on the body chart. The distance was presented as a pain vector length, expressed as pixels, and was used to
determine how extensively the pain referral spread down the arm. For these purposes, the distance from the earlobe to
the most distant pain area on the posterior view of the body chart was extracted for data analysis.

Previous studies using a similar pain model have shown that stimulating the infraspinatus results in a large pain
referral area [18, 19], with pressure stimulation inducing referred pain mainly on the posterior side of a body chart
[7]. As the purpose of this study [AQS8] was to evaluate differences in pain referral between different stimulation in-
tensities, only the pain referral area drawn on the posterior part of the body chart was extracted for data analysis.
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Statistics

Data were analyzed using a repeated-measures analysis of variance (ANOVA) or Friedman’s ANOVA depending
on the distribution of data, which was determined using the Shapiro-Wilk test. A log transformation was performed
on data that did not pass the normality tests before choosing the statistical method. Parametric data were expressed as
means (+ standard deviation), whereas nonparametric data were expressed as median (interquartile range). For post
hoc comparisons, the Newman-Keuls test (parametric data) or the Wilcoxon paired test with a Bonferroni correction
(nonparametric data) were used. For significant findings, a correlation analysis (Pearson’s correlation coefficient or
Spearman’s rank-order correlation, depending on normality) was used to assess the relationship between pain intensi-
ty (VRS) and pain referral (area in pixels and pain vector length). Likewise, the relationship between the size of the
pain area (pixels) and extent (pain vector length) was investigated.

The effect of sequence was investigated prior to pooling data using a mixed-model ANOVA, where order (increas-
ing or decreasing order of stimuli) was set as a fixed factor and the stimulation intensities were repeated factors. Sim-
ilarly [AQ9], gender was investigated prior to pooling the data, as women report referred pain more frequently and
their areas of pain are larger as compared with men [9, 20].

To account for the large variability in pain referral patterns from a standardized stimulation as seen in previous
experimental pain studies [7, 10, 14], the coefficient of variation was calculated to determi y potential differen-
ces in the variation in size of the pain area, the pain vector length, and the pressure-ir pain intensity between
the different stimulation intensities (percentage of PPT). A P value less than 0.05 w &n idered statistically signifi-
cant.

Due to the exploratory nature of this study, the achieved power was calcu{@%ost hoc using G*Power (version
3.1.9.4, University of Diisseldorf, Diisseldorf [AQT0]) [21]. Q

Results

A full data set from 22 participants (age, 30 years [23—44 years]; height, 172 cm [154-186 cm]; and weight, 67 kg
[46-90 kg]) was available for data analysis. The pain intensi RS) and pain area passed the normality test (pain
area following log transformation), whereas pain vector, | nd DOMS symptoms did not. An investigation of
sequence (increasing or decreasing order of stimuli) s\% no effect of order of stimuli (mixed-model ANOVA:
P>0.05). Moreover, no effects of gender were found. Data Were therefore pooled prior to analysis.

The median Likert score of DOMS on day 2 @(2—3), with one participant reporting no DOMS. The partici-
pants’ data were nevertheless included in the d@et in accordance with previous procedures [7].

Pressure-Induced Area and Exten\&eferred Pain

The pressure stimulation caused
size of the pain area between th

ensive pain referral (Figure 1), with a significant interaction found in the
ent pressure intensities used to induce referred pain (repeated-measures AN-
OVA [AQIT]: F[3,63]1=3.8, . Here, the pain area induced at PPT+20% was significantly smaller than that at
PPT+30% (Newman-Keu AQI2]: P<0.02), PPT+40% (NK: P < 0.05), and PPT+50% (NK: P < 0.04) (Ta-
ble 1). No significant différence in pain area was found when comparing the other stimulation intensities (NK:

P>0.05). A significant effect for pressure intensity was found for pain vector length (x2[3] = 15.5, P<0.001), where
the PPT+50% intensity extended farther away from the stimulus than PPT+30% (Wilcoxon: P < 0.002) (Table 1).

Figure 1. Overlays of each pain drawing associated with the different pressure intensities showing the pressure-induced pain refer-
ral pattern, as viewed from anterior and posterior perspectives. The overlays of pain drawings are presented as overlays of all the
original individual pain drawings for each stimulation intensity. The darkest regions and lightest shading indicate the areas of max-
imum and minimum overlap, respectively, for the group at PPT + 20%, PPT + 30%, PPT + 40%, and PPT + 50%. PPT = pressure
pain threshold. [AQ36]
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Table 1. Mean (+SD) size of the area (in pixels), pain vector length (log-transformed values), and pain intensity on a verbal rating
scale following tonic pressure stimulation \

383.04141.8  PPT+20% 2,623+3,002 (114.5) 3644256 5.9+1.8 (30.5)
PPT+30% 3,972+4,069* (102.4) 266M54) 6.4+1.3 (20.3)
PPT+40% 4,270+4,452* (104.3) 262%133 (51) 6.8+1.5% (22.1)
PPT+50% 3,924+4,015% (102.3) N}Zﬂgg’r (58) 7.3+1.8% (24.7)
A

SD = standard deviation; PPT = pressure pain threshold

* Newman-KeulsNet kaown [AQ35]—different cor@with PPT+20%.

+ Wilcoxon (Bonferroni corrected) difference be‘a@ e indicated stimulation intensities.
I NetknewnNewman-Keuls—different frgn er stimulation intensities.

A significant effect was found for paj sity between the four different pressure intensities (ANOVA: F[3,63]
= 8.1, P < 0.0001), where the PPT o Jintensity caused greater pain than all the other pressure intensities (NK:
P<0.05) and PPT+40% caused gre in than PPT+20% (NK: P<0.02) (Table 1).

An investigation of the ass %’n mong the size (number of pixels), extent (vector length), and the pain intensity
(VRS) demonstrated no re @ ip between pain intensity and size (Spearman’s [AQIB]R, = —0.018, P<0.87) or
extent (Spearman’s Ry=—0.029, P<0.79). A significant positive correlation between the size (number of pixels) and
rngas found (Pearson’s = 0.55, P<0.0001).

The coefficient of variation indicated that the greatest variability was seen in the lowest stimulation intensity (PPT

+20%) for the size of the referred pain area, the pain vector length, and the perceived pain (Table 1). However, the
coefficients were comparable between the other stimulation intensities.

extent (pain vector len,

Discussion

The results from the current study indicate that a sustained pressure stimulation of 30% above the PPT value is
optimal in terms of inducing the largest pain referral area with the least amount of pressure. Moreover, the relation-
ship between pressure stimulation intensity and the extent of the pain area does not seem to be linear. The potential
value of this information will be discussed in the following sections.

Pressure-Induced Pain Referral Increases with Higher Pressure Intensities

Using pressure stimulation to assess pain referral patterns is a safe and noninvasive method used to explore the
sensitivity of the pain system. Increasing the pressure stimulation intensity from 20% to 30% above the PPT results in
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a significantly larger pain referral area, but applying pressure at greater intensities does not seem to increase the size
of the pain area despite increases in pain intensity (Table 1).

For research purposes, assessing pain referral in clinical groups may seem important, as it may help to establish
whether the condition is related to increased sensitivity of central pain mechanisms [22]. The invasiveness of meth-
ods traditionally used to induce referred pain [AQ14], such as chemical or electrical stimulations [23], may, however,
not be feasible due to, for example, patients’ fear of needles and the accuracy needed to stimulate the desired struc-
ture. Using a stimulation intensity of 30% above the PPT has been used to assess pain referral patterns in the lower
leg [8], and the current findings suggest that this intensity may be ideal for inducing referred pain if weighing the
nonsignificant increase in pain against the significant increase in pain referral.

In this study, the participants indicated the size and location of the pain area by drawing on an electronic body
chart (Navigate Pain). The drawn area can quickly be extracted as the number of colored pixels within the body chart.
Without a visual representation, information regarding the extent of pain spreading away from the originating noci-
ceptive stimulus will be missing. Pain can be referred by stimulating both the somatic and neural structures with a
considerable overlap with regard to location of symptoms. This overlap can be seen by comparing the findings of, for
example, Palsson and Graven-Nielsen [24] with the recent findings of Furman and Johnson [25]. Therefore, assessing
the distance between the site farthest from the nociceptive stimulus was extracted and presented as the pain vector
length. Combining these two values (size and pain vector length) into one number inste resenting them sepa-
rately (Table 1) would be desirable. The correlation analysis indicated a significant ass@ci between pain size and
pain vector length, but only 30% of the variability in one variable can be explained changes in the other (based
on a correlation of 7=0.55). Therefore, the two measurements (size in pixels and ector length) seem to present
unique characteristics of referred pain that cannot be represented by only extrac one of the variables. This can be
seen in the data where, for example, the lowest (PPT+20%) and highest (? %) stimulation intensities seem to
induce the longest pain vector lengths. Further investigations into the ul% contributions of size in pixels and pain

vector length are warranted to understand referred pain.
Interestingly, no associations were found between the pain infensity and the size or extent of the pain referral, al-
though similar associations have previously been reported [1 he reason for this discrepancy is unclear but may

relate to the high variability seen in the PPT values, pain % , and pain referral patterns (Table 1).

Methodological Considerations and Limitaﬁ@

As shown in Table 1, the variability in paingref: is considerable, indicating that the response to suprathreshold
pressure stimulation is different between indiréals who receive the same relative stimulus. When considering the
coefficient of variation, however, the varia s greater at PPT+20% than at the other stimulation intensities for all
outcome measures (area, pain vector | and self-reported pain). The variability seen in this study is similar to
what has been demonstrated in prevj udies using both chemical and mechanical stimulations to induce referred
pain [7, 10] and is important to 1, as it inevitably questions the value of using pain referral as a stand-alone
diagnostic tool for assessing t itivity of central pain mechanisms. Indeed [AQ1S5], it has been recommended to
integrate referred pain are? battery of other quantitative pain measurements to assess pain mechanisms [26].

PPTs were only assessed\after eliciting DOMS in the shoulder muscles. Previous studies have [AQ16] shown that
DOMS reduces PPT, increases the probability of pain referral, and enhances pain referral in comparison with pre-
DOMS conditions [7, 13, 14]. Considering that DOMS is transient and is primarily used as a model of musculoskele-
tal pain, patterns of pain referral were only investigated for suprathreshold pressure stimulations during this condi-
tion. In this way, stimulations would require less force to induce patterns of referred pain, reduce the possibility of
residual soreness, and provide information about a sensitized system.

The current protocol used a stimulation paradigm consisting of a 60-second-long pressure stimulation on the infra-
spinatus muscle in accordance with previous procedures [11]. This duration was chosen because it is known that the
spreading of pain is delayed with regard to the onset of the primary nociceptive stimulus [27, 28]. A stimulation of a
shorter duration would be feasible, especially when assessing people in pain. However, a stimulation of a shorter du-
ration (e.g., 5 seconds) results in a smaller area of pain referral than if the stimulation lasts longer [7]. A study de-
signed for capturing the temporal development of referred pain would be useful for determining the optimal duration
of stimulation.
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The infraspinatus muscle was chosen to determine the effects of different pressure pain on referred pain despite
the tibialis anterior muscle being commonly investigated [8, 10]. For the tibialis anterior, the protocols use relatively
low stimulation intensities (PPT+20% and PPT+30%). The main reason [AQ17] for the lower intensities is that the
tibialis anterior muscle is located in the anterior compartment of the lower leg. When applying pressure to the tibialis
anterior, the force is more easily transferred into the deeper layers of the compartment, thus requiring greater force to
reach the PPT. In contrast [AQI18], the infraspinatus muscle is relatively thin, with the scapula lying deep within the
muscle, making the muscle and location ideal for this study. As this study used tonic stimulations of up to 50% above
the PPT, the infraspinatus site would reduce the possibility of residual soreness at higher stimulation intensities.
Moreover, it has previously been shown that painful stimulation of the infraspinatus muscle can evoke referred pain
in the majority (up to 83%) of healthy participants [18].

Using the binary stimulation order—either low-to-high stimulation or high-to-low stimulation—did not seem to
affect the outcome. Nevertheless, it introduces a risk of expectation affecting the outcome (self-reported area of pain
referral). Likewise, even though 5 minutes passed between each stimulation intensity, it is not possible to rule out the
possibility of residual pain influencing the outcome. To minimize the potential influence of order, randomizing the
order of stimulation intensities might be a feasible option for future studies. However, the current results do not sup-
port a progressive summation of pain (area and extent) due to increasing or decreasing\pressure pain. The finding
that [AQI19] the pressure pain—evoked area (e.g., at PPT+30%) did not differ froﬁ\ of the two higher pressure

pain intensities counterindicates a summation effect.

Although previous studies indicate that women more often experience refép)ain than men from a standardized
stimulus [9, 20], no gender differences were observed in this study. It is lﬂ%‘ t the sample size (N=22, 10 women)
was too small to capture gender differences, considering that this ha@ y been demonstrated in a larger sample

(N=72) [20]. The choice of muscle and stimulation type and intensiti€differs in this study as compared with others.
The presence of DOMS in the infraspinatus muscle leads to patt evoked referred pain that are consistent with
those of clinical populations [18, 29, 30]. Additionally, the in inatus muscle is generally smaller, more superfi-
cial, and may exhibit fewer anatomical differences, such as%e, in the tibiablis anterior between sexes. It would be
interesting to investigate whether increasing stimulation i ities causes gender-specific responses.

The current findings may be interesting to consi% ough the lens of pain referral from manual stimulation of
pain-sensitive musculoskeletal structures. It has bgeh,suggested that a taut band, a hypersensitive spot, and referred

pain are the diagnostic criteria for a musculos trigger point [31]. Although no attempt was made to determine
the presence of a taut band—bearing in mig, the'difficulty of doing so in a valid manner [32]—the participants repor-
ted pain in the shoulder on the test day erienced referred pain from pressure stimulation. In this study, the pain
area increased with higher pressure ¥al here, by merely increasing the stimulation intensity by 10% (from 20%

to 30% above the PPT), the pain a cdybEcame significantly larger. The current findings cannot be directly applied to
pre-DOMS conditions or extra &d to clinical populations, as the participants were healthy individuals experienc-
ing transient pain created by &cise-induced muscle soreness protocol. Nevertheless, the findings presented here-
in may have value in a clinical setting, where it is more difficult to standardize the pressure applied manually, and
indicate that clinicians be careful when interpreting the response to their manual assessment and treatment.

Conclusion

This study compared the pain referral patterns from suprathreshold pressure stimulation at four different intensities
above the PPT at the infraspinatus muscle. The findings indicate that a stimulation intensity at 30% above the PPT
value is a feasible option when considering the size of the pain referral pattern and the perceived pain.
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