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Abstract

Objective. Nociception caused by injuries may sensitize central mechanisms causing expanded pain areas. After re-
covery, the status of such pain distribution and sensitivity mechanisms is unknown. The present study investigated
whether individuals who have fully recovered from a distal radius fracture demonstrate increased pain sensitivity
and expanded distribution of pressure-induced pain. Design. Cross-sectional single-blinded study. Setting. Clinical
setting. Subjects. Twenty-three pain-free individuals with a history of painful distal radius fracture and 22 nonfrac-
tured, age/gender-matched controls participated in two experimental sessions (day 0, day 1) 24 hours apart.
Methods. Pressure pain thresholds (PPTs) were recorded bilaterally at the extensor carpi radialis longus (ECRL), infra-
spinatus, and gastrocnemius muscles. Spatial distribution of pain was assessed following 60-second painful pres-
sure stimulation at the ECRL (bilateral) and the infraspinatus muscles on the fractured or dominant side. Participants
drew pain areas on a body map. After day 0 assessments, prolonged pain was induced by eccentric exercise of wrist
extensors on the fractured/dominant side. Results. Compared with controls, pressure-induced ECRL pain in the frac-
ture group referred more frequently toward the distal forearm (P< 0.005) on day 0. Both groups showed larger pain
areas on day 1 compared with day 0 (P<0.005), although the fracture group showed a larger relative change be-
tween days (P< 0.005). The fracture group showed larger pain areas on the fracture side compared with the contra-
lateral side on both days (P< 0.005). Conclusions. Prolonged pain and recovered prior painful injuries like fractures
may sensitize pain mechanisms manifested as expanded pain distribution. Pressure-induced referred pain can be a
simple pain biomarker for clinical use.
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Introduction

The neuroanatomy linked with potential tissue trauma

determines the location of pain within the body map as

well as central mechanisms governing spreading pain and

pain referral [1]. Interestingly, there is a diverse spatial

distribution of pain among pain patients [2, 3] and in ex-

perimental pain models [1, 4], where a more common

pain pattern is expected. Moreover, within clinical and

experimental settings, clusters of pain are associated with

pain history location [5, 6]. The spatial distribution of
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pain may be fundamental information of the pain system

and a factor associated with relevant central mechanisms

controlling the pain distribution.

The pattern of pain distant from the tissue trauma (re-

ferred pain) is highly variable and is considered a cen-

trally mediated phenomenon [7, 8]. For instance,

nociceptive stimulation of wrist extensor muscles can

produce referred pain in the dorsal forearm and wrist [9,

10]. Individuals with tennis elbow pain exhibit larger re-

ferred pain areas from a standardized nociceptive stimu-

lus in the forearm when compared with healthy controls

[9], indicating sensitization of the mechanisms for re-

ferred pain. Interestingly, experimental models of pro-

longed muscle pain such as delayed-onset muscle

soreness (DOMS) after eccentric exercise or intramuscu-

lar injection of nerve growth factor, expand the referred

pattern of pain in healthy individuals [9–12]. A previous

study showed that those who have recently recovered

from an ankle sprain compared with controls more fre-

quently present referred pain areas expanding toward the

site of injury in response to pressure-induced pain [13].

Similar findings have been found in individuals years af-

ter resolution of a painful fracture [12] or days following

the extraction of a painful tooth [14].

Severe pain is one of the major features immediately af-

ter a distal radius fracture [15, 16], with severity attenuat-

ing after bone stabilization [17, 18]. Following fractures,

there are also initial changes in pain mechanisms contribut-

ing to the pain experience (e.g., peripheral neuroplasticity

and sensitization) [19–21]. The sensitivity of pain

mechanisms is normalized upon tissue recovery, together

with the gradual decrease of pain within the first six

months after fracture [15]. Nevertheless, sensitization may

persist despite tissue repair and is associated with the transi-

tion from acute to chronic pain [20, 22–28]. However, less

is known about the status of pain mechanisms in individu-

als who have successfully recovered from fracture pain.

The aim of this cross-sectional study was to investi-

gate whether individuals who have fully recovered from

a distal radius fracture (fracture group) demonstrate in-

creased pain sensitivity and expanded distribution of

pressure-induced pain within and remotely to the prein-

jury region compared with healthy controls (control

group) without a history of distal radius fracture. It was

hypothesized that the fracture group would demonstrate

1) increased pain sensitivity, 2) an expanded distribution

of pain, referred toward the fracture site when provoked

from the proximal forearm, and 3) an expanded distribu-

tion of pain referred to the arm and back provoked from

pressure stimulation on the back, as compared with the

control group. Moreover, the expansion of pain areas

was hypothesized to be further facilitated after inducing

a prolonged pain model in wrist extensors.

Methods

Participants
Asymptomatic individuals with a history of distal radius

fracture were recruited via an accident and emergency

unit database at a local public hospital (Figure 1). For

Figure 1. Flowchart depicting the recruitment process.
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inclusion in the fracture group, individuals needed to be

between 20 and 80 years old, with a previous extra-

articular fracture of the distal third of the radius that had

recovered so that they were free of pain and any known

functional limitations at inclusion. Exclusion criteria

were a history of pain in the trunk, upper extremities, or

head in the preceding three months, the presence of a spe-

cific pathology with pain as the main symptom (e.g.,

chronic low back pain or migraine) or another serious

disease, history of other fractures in the upper limb, or

pregnancy. Age- and sex-matched healthy controls were

recruited from the university campus and the local com-

munity. Controls had to be pain-free at study participa-

tion and have no history of fracture in the upper

extremities. Participants in both groups were not allowed

to take medication that could potentially affect pain sen-

sitivity (e.g., pain medication or nonsteroidal anti-

inflammatory drugs) throughout the study. Based on a

power of 80% and minimal detectable change (MDC) in

the area of pressure-induced pain of 3,036 pixels, it was

estimated that 22 participants were needed in each

group. The MDC was obtained by applying the following

formula: MDC ¼ 1.96*SEM*
ffiffiffi

2
p

[29]. The values for

calculating the SEM (the standard deviation and the

square root of the sample size) were taken from a study

using the same protocol [12]. A total of 45 healthy indi-

viduals were included in this study; 23 persons for the

previously fractured group (mean age ¼ 45 years, range

¼ 21–79 years, 14 females) and 22 age- and gender-

matched controls for the control group (mean age ¼
45 years, range ¼ 21–80 years, 13 females). All partici-

pants received detailed information about the protocol

and provided their informed consent before entering the

study. The participants were naı̈ve to the hypotheses and

experimental methods. The study was approved by the

local Ethics Committee (C.P.-C.I. PI16/094) and con-

ducted in accordance with the Helsinki Declaration. The

study was carried out in accordance with the STROBE

statement for observational studies and registered on

ClinicalTrials.gov (NTC03531801).

Procedure
This cross-sectional study was conducted during the pe-

riod from October 2017 to June 2018. Participants were

asked to attend two sessions in a hospital setting on two

consecutive days (day 0 and day 1), with 24 hours

between sessions (Figure 2). At the start of the day 0 ses-

sion, demographic information, report of previously frac-

tured side (dominant side for controls), date and initial

treatment of fracture, and recall of pain intensity (0–10

numerical rating scale [NRS]) after the fracture were col-

lected. Pressure pain sensitivity at the extensor carpi radi-

alis longus (ECRL), infraspinatus, and gastrocnemius

muscles was assessed bilaterally. Following a suprathres-

hold pressure stimulation, the distribution of pressure-

induced pain and pain quality was recorded. The supra-

threshold pressure stimulation was performed at the

ECRL muscle (bilaterally) and on the infraspinatus mus-

cle on the previously fractured side (dominant side for

controls). Toward the end of the session on day 0,

delayed-onset muscle soreness (DOMS) was induced by

eccentric exercise of the extensor muscles of the wrist on

the previously fractured or dominant side. The level of

soreness from DOMS was assessed on day 1, and the sen-

sitivity to pressure and suprathreshold pressure stimula-

tion (similar to day 0) was performed. The exercise-

induced DOMS constituted the prolonged pain model. A

single assessor (VDG) trained in the protocol performed

all algometric procedures. The assessor was blinded to

the group allocation for each subject. All experimental

procedures, including the eccentric exercise, were

explained and demonstrated by a second researcher (PB)

in charge of registering values of pressure pain thresholds

and pressure-induced referred pain drawings.

Pressure Pain Sensitivity
A handheld pressure algometer (Algometer, Somedic

Senselab, Hörby, Sweden) with a 1-cm2 probe (covered

by a disposable latex sheath) was used to assess pressure

pain thresholds (PPTs) bilaterally at three sites (Figure 3):

1) the ECRL muscle; with the elbow pronated and flexed

90�, the exact point was situated 4–5 cm caudal on a line

connecting the lateral epicondyle with the radial styloid

process; 2) the infraspinatus muscle (the intermediate

point between the inferior angle of the scapula, the spine

of the scapula, and the medial border of the scapula); and

3) the gastrocnemius muscle (in the distal third of the me-

dial gastrocnemius muscle). The six PPT sites were

marked with semipermanent ink to ensure repeatability

within and between sessions. The force was gradually in-

creased with the pressure algometer at a constant rate of

30 kPa/s until the pressure stimulation became slightly

Figure 2. Timeline depicting the entire protocol followed in the study. DOMS ¼ delayed-onset muscle soreness; PPT ¼ pressure
pain threshold.
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painful, where the subject pressed a button to stop the

pressure. This process was repeated twice, with a mini-

mum of 30 seconds between assessments, and the average

PPT value was extracted for further analysis.

Distribution of Pressure-Induced Referred Pain
Saline-induced experimental pain in the ECRL muscle

frequently provokes referred pain to the dorsal forearm,

wrist, and hand areas [30, 31], a pain distribution pattern

similar to a sustained (60-second) suprathreshold pres-

sure stimulation [11]. In the present study, a 60-second

suprathreshold pressure stimulation pain applied with

the handheld pressure algometer (Algometer, Somedic

Senselab, Hörby Sweden) at three sites in the following

order: 1) the ECRL muscle ipsilateral to the fractured

side (dominant side for controls); 2) the contralateral

ECRL muscle; and 3) the infraspinatus muscle ipsilateral

to the previously fractured side (dominant side for con-

trols). The pressure was applied on each site at an inten-

sity equivalent to 1.2 times the PPTs assessed on the same

day [11, 12, 32]. Between each suprathreshold pressure

stimulation, a break of one to two minutes was observed.

Immediately after each suprathreshold pressure

stimulation, participants were asked to create a pain

drawing, shading the pressure-induced pain areas to re-

port any qualities such as numbness and tingling evoked

by the stimulation. All drawings were digitally recorded

on a full-body chart (anterior and posterior views) using

the Android application Navigate Pain (version 1.0;

Aalborg University, Denmark) as displayed on a

handheld PC tablet (Airis OnePad 750, Infinity System,

Spain). Digital pain drawings using the Navigate Pain

tablet-based platform are a valid and reliable method for

assessing pain areas and are comparable to paper record-

ings [33]. The size of the pressure-induced pain areas was

automatically extracted and expressed in pixels. To mea-

sure the extent of the pain area, the body chart was di-

vided into five different regions (Figure 3) for ECRL

muscle stimulation [9] and 15 different regions for infra-

spinatus muscle (Figure 3) [11, 12]. An expanded pain

area in the former distribution was considered “regional

expansion,” and an expanded pain area in the latter was

considered “widespread expansion.” The frequency of

pressure-induced pain in each region was determined in

addition to the frequency of pain referred beyond the

stimulation site [11, 12, 32].

Figure 3. Body divisions used to quantify distribution of pain following the infraspinatus and bilateral extensor carpi radialis
muscles, suprathreshold pressure stimulations, and sites where pressure pain thresholds were measured. The numbers code the
regions used for assessing pain after the infraspinatus stimulation: 1) posterior head and neck, 2) supraspinal, 3) infraspinatus, 4)
back, 5) posterior shoulder, 6) posterior arm, 7) posterior forearm, 8) posterior hand, 9) anterior head/neck, 10) supraclavicular, 11)
chest, 12) anterior shoulder, 13) anterior arm, 14) anterior forearm, 15) anterior hand. The subdivisions of the forearm (region 7,
proximal, mid, and distal forearm) were used for quantifying extensor carpi radialis stimulation.
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Model for Prolonged Muscle Pain
Following all assessments in the first session (day 0), all

participants performed an eccentric exercise of the exten-

sor muscles of the wrist (extensor carpi radialis longus,

extensor carpi radialis brevis, and extensor carpi ulnaris

muscles). The eccentric exercise was performed using the

wrist of the previously fractured side (dominant side for

controls). The objective was to produce DOMS within

24 hours (day 1). The exercise was performed using a

custom-made device consisting of a handgrip with two

parallel, flat metal plate brackets from which a weight

was suspended [34]. An adjustable strap was attached

around the hand to reduce finger flexor muscle activity

and focus mechanical stress on the wrist extensor

muscles. To maximize loading in the ECRL muscle,

which is inserted at the base of the second metacarpal

bone, the weight always hung from the medial metal

plate bracket on the fractured side (dominant side for

controls). The participants performed the exercise in sit-

ting position, resting the elbow extended and the forearm

pronated over a wedge on a table with an adjustable

height, with the glenohumeral joint in 70–80� of flexion.

A wedge with a 30� tilt was positioned under the forearm

at the edge of the table to enable the full range of motion

of the wrist extending 2 cm beyond the wedge. Each cycle

of the exercise started from a maximal wrist extension

position and ended in maximal wrist flexion. The dura-

tion of each cycle was standardized as a four-second ec-

centric contraction and one second of rest. A researcher

(PB) moved the weight during the concentric contraction

(returning back end-range extension) to minimize the

amount of resisted concentric contraction. Each subject

performed three five-minute sets separated by a two-

minute rest interval. On average, individuals performed

140 (120–150) repetitions in total. The appropriate

weight for resistance for each participant was calculated

before the eccentric exercise by measuring the maximal

wrist extension force with a digital dynamometer (Kern,

Germany), which was attached to the custom-made de-

vice. This was done in the previously described position

where the wrist was kept in a neutral position. In this po-

sition, a researcher (PB) applied a force perpendicular to

the floor (the same direction as the weight). The maxi-

mum eccentric force was determined to be the force at

which each subject could no longer prevent wrist flexion

movement initiation [10]. The average value of the three

trials was used for weight calculations. The first exercise

set was performed at 90% maximum isometric force,

with each subsequent set reduced in increments of 10%

so that the final and third set was performed at 70%

maximum isometric force. The progressive decrease in

maximum isometric force was implemented for optimal

performance without excessive fatigue [10]. On day 1,

the level of pain due to exercise was assessed with six-

point Likert scale where each number was anchored to a

predefined description [12]: 0 ¼ “complete absence of

pain”; 1 ¼ “slight discomfort or minimal pain in the

muscle”; 2 ¼ “moderate or slightly persisting soreness on

palpation”; 3 ¼ “a light muscle ache when lifting weights

or moving objects”; 4 ¼ “severe muscle discomfort that

affected the capacity of moving the arm”; 5 ¼ “a strong

pain felt in the muscle that impeded movement or func-

tion of the arm.”

Statistics
The analyses followed a previous protocol [12]. Data

were analyzed based on the results from normality tests

(Shapiro-Wilk) and after that presented as medians and

interquartile ranges (IQRs) or means and standard devia-

tions, respectively. A comparison of the level of pain due

to the DOMS exercise protocol (Likert scores) between

groups was made using unpaired tests (Mann-Whitney U

[MWU]). An analysis of variance (ANOVA) was used for

the PPTs with site (ECRL, infraspinatus and gastrocne-

mius muscles) as a dependent variable and time (day 0,

day 1), side (fracture/dominant and nonfractured/nondo-

minant), and group (fracture, control) set as fixed fac-

tors. Pain areas were logarithmically transformed to

compensate for non-normal data distribution, although

nontransformed data are presented in figures, tables, and

text. The log-transformed pain area passed the Shapiro-

Wilk test for normality and was further analyzed by an

ANOVA with time and side as repeated-measures factors

and group as a between-group factor. The log-

transformed number of body regions did not pass the

Shapiro-Wilk test and was therefore analyzed by the

Mann-Whitney U or Wilcoxon test with the Bonferroni

correction. The difference between days (relative change)

in PPTs and the size of the pain area were calculated and

analyzed using ANOVA or the Student t test. The

Newman-Keuls (NK) post hoc test was used to account

for multiple comparisons. The difference between days

(relative change) in the total number of body regions af-

fected by pain was calculated and analyzed using the

Mann-Whitney U test. To compare the frequency of pain

at each body region between days in both groups, a chi-

square or Fisher exact test (for those cases where the fre-

quency was 0) was used. Significance was set at P< 0.05.

Results

One female participant in the fracture group disclosed

that she took pain medicine between day 0 and day 1,

and therefore her data were excluded before data analy-

sis. A full data set from 22 subjects in the fracture group

and 22 subjects in the control group was available for

data analysis.

All participants in the fracture group received stan-

dard conservative treatment of their injury, consisting of

a firm cast for approximately four weeks. Additionally,

before the stabilization of the wrist, three participants

underwent surgical fixation of the radius bone.

Demographic data and scores related to (recalled)
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fracture pain are shown in Table 1. However, five out of

22 participants in the fracture group did not recall that

they specifically had felt “intense pain,” but described

other symptoms such as dizziness or inflammation. For

those who clearly recalled fracture-related acute pain, it

was felt on the distal forearm/wrist and tended to subside

within hours following the fracture event. Furthermore,

none of the participants experienced severe, prolonged

pain or complications during the recovery process.

Pressure Pain Sensitivity and Exercise-Induced

Prolonged Pain
The ANOVA of PPTs revealed no group baseline

difference in pain sensitivity. A significant interaction

was detected between days and PPT side (ANOVA

F(3,166) ¼ 3, P¼ 0.03) (Table 2), where the values on the

ECRL PPTs on the fractured (dominant in controls) side

were lower on day 1 compared with day 0 (NK

P¼ 0.00002).

The Likert pain ratings due to exercise-induced

prolonged pain (DOMS) on day 1 (IQR) were similar

between groups 3 (2–3, MWU P¼ 0.53). One participant

in each group indicated 0 (no pain) on the Likert scale.

Pain Area from Suprathreshold Pressure

Stimulation on the ECRL Muscle
All participants felt pain in (or adjacent to) the stimu-

lated body region following suprathreshold pressure

stimulation of the ECRL muscle. In general, the area of

pain spread distally, invading the mid part of the forearm

in most of the participants in both groups (Figure 4,

Table 3) and less frequently invading the distal forearm

and hand. However, on day 0, the fracture group

reported referred pain more frequently than the control

group toward the mid (v2 P¼ 0.04) and distal forearm

(the body region of the previous fracture; v2 P¼ 0.003)

and the posterior arm (v2 P¼ 0.02) on day 1. No signifi-

cant differences were found on day 1 between groups or

in either group compared with day 0.

A significant side effect was found in the size of the

pain area following the PPT stimulation bilaterally at the

ECRL on day 0 (RM-ANOVA F(1,42) ¼ 10.5, P¼ 0.002)

(Table 3) and day 1 (RM-ANOVA F(1,42) ¼ 9.12,

P¼ 0.004) (Table 3). The fracture group demonstrated a

larger referred pain area when stimulating on the ECRL

muscle on the fracture side when compared with the con-

tralateral ECRL muscle on day 0 (NK P¼ 0.0005) and

day 1 (NK P¼ 0.0002). Moreover, a significant time ef-

fect was found in the pressure-induced pain area after the

stimulation of the ECRL on the exercised side (fracture

or dominant side; RM-ANOVA F(1,42) ¼ 4.3272,

P¼ 0.04) (Table 4). Additionally, the fracture group

showed a relatively larger change from day 0 to day 1 in

the size of the referred pain area for the fracture (t test

P¼ 0.002) and contralateral sides (t test P¼ 0.004).

No significant differences were found in the total

number of body regions affected by pressure-induced

pain on the ECRL muscle between days, sides, or groups

(Wilcoxon and Mann-Whitney U tests P> 0.05)

Table 1. Demographic data expressed in years, percentages (N¼22 per group), or scores on a 0–10 scale

Demographic Data Fracture Group Control Group

Age, mean (range), y 45 (21–79) 45 (21–80)

Proportion of males, % 41 41

Time from fracture, mean (range), y 7.9 (1–25)

Recalled fracture pain (0–10 NRS), mean 6 SD 5.2 6 3.3

Right dominance, % 95.5 86.4

Fractures on the right side, % 54.6

Fractures on the dominant side, % 59.1

NRS ¼ numeric rating scale.

Table 2. Mean 6 SD (N¼22) pressure pain thresholds assessed bilaterally on day 0 and day 1 for the fracture and control groups,
on the ipsilateral (the exercised side after assessment on day 0) and contralateral sides at the extensor carpi radialis longus, infra-
spinatus, and gastrocnemius muscles

PPTs Assessment Site

Fracture Group, kPa Control Group, kPa

Day 0 Day 1 Day 0 Day 1

Ipsilateral ECRL 214 6 86.0 125 6 57.5*,† 214 6 86.5 133 6 57.3*,†

Infraspinatus 287 6 96.4 231 6 80.8 272 6 85.5 243 6 57.3

Gastrocnemius 343 6 127.0 278 6 115.0 310 6 93.2 283 6 92.6

Contralateral ECRL 212 6 84.7 181 6 62.5 218 6 61.2 189 6 69.5

Infraspinatus 262 6 75.7 237 6 84.4 249 6 70.3 253 6 74.7

Gastrocnemius 336 6 121.3 289 6 99.8 328 6 121.4 290 6 80.8

Significantly different compared with day 0 (*Newman-Keuls post hoc test: P< 0.0001) or the contralateral side (†Newman-Keuls post hoc test: P< 0.001).

ECRL ¼ extensor carpi radialis longus; PPT ¼ pressure pain threshold.
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(Table 3). For the relative change in total number of

body regions from day 0 to day 1, no differences were

found between sides or groups (Wilcoxon and Mann-

Whitney U tests P> 0.05) (Table 3).

Pain Area from Suprathreshold Pressure

Stimulation on the Infraspinatus Muscle
The pressure-induced pain area following stimulation of

the infraspinatus muscle on day 0 and day 1 mainly

Figure 4. Distribution of pressure-induced referred pain following stimulation of the extensor carpi radialis longus (on both sides,
although not at the same time) on day 0 and day 1 in healthy and asymptomatic participants with a history of radius fracture. Dark
color was scaled as maximal (100%) overlying level for each side in 18 and 15 participants for the fracture (dominant for controls)
and contralateral sides, respectively. If the fracture was on the left side, the pain drawings were mirrored and illustrated on the right
side. Likewise, if the left side was dominant in control subjects, these drawings were mirrored and shown on the right side.

Table 3. Percentages of participants (N¼22 per group) indicating pain in the arm, forearm, and hand regions after suprathreshold
pressure stimulation on the ipsilateral (fracture or dominant side) and contralateral extensor carpi radialis muscles at day 0 and day
1, 24 hours after induction of prolonged pain by exercise

Body Region

Fracture Group Control Group

Day 0 Day 1 Day 0 Day 1

Ipsi Contr Ipsi Contr Ipsi Contr Ipsi Contr

Posterior arm, % 5 0 32* 9 5 9 5 5

Proximal third of the forearm, % 91 95 95 86 95 91 77 91

Medial third of the forearm, % 95* 59 95 82 73 82 86 82

Distal third of the forearm, % 73* 27 64 41 27 36 41 36

Hand, % 64 41 64 41 45 45 64 55

Regions affected by pain, median (IQR) 2 (2–4) 2 (1–3) 4 (2–4) 2 (2–3) 2 (2–3) 2 (2–4) 3 (2–4) 3 (1–4)

Contra ¼ contralateral; Ipsi ¼ ipsilateral; IQR ¼ interquartile range.

*Significantly more frequent compared with the control group on the same side and day (v2 test, P< 0.05).
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Table 4. Mean 6 SD (N¼22) size of the pressure-induced pain area induced by stimulation of the ipsilateral (fracture or dominant
side) and contralateral extensor carpi radialis longus and infraspinatus muscles sites on day 0 and day 1, 24 hours after induction
of prolonged pain by exercise

Stimulation Site

Fracture Group Control Group

Day 0 Day 1 Day 0 Day 1

Ipsilateral ECRL 1,717 6 1,165.5* 2,580 6 1,846.3*,† 1,588 6 1,711.0 1,798 6 1,633.6†

Contralateral ECRL 933 6 877.2 1,618 6 1,847.6 1,730 6 1,752.7 1,982 6 2,178.0

Ipsi. infraspinatus 4,003 6 3,963.9 3,416 6 3,597.9 1,590 6 1,121.1 1,972 6 1,421.4

Relative change from day 0 to day 1

Fracture Group Control Group

Ipsilateral ECRL 862 6 1,353.8‡ 210 6 863.4

Contralateral ECRL 686 6 1,833.2‡ 253 6 1,031.6

Ipsi. infraspinatus �587 6 3,231.0 382 6 1,060.7

Significantly different compared with the contralateral ECRL (*Newman-Keuls post hoc test P< 0.001), day 0 (†Newman-Keuls post hoc test P< 0.05), or the

control group (‡t test P< 0.005).

ECRL ¼ extensor carpi radialis longus; Ipsi ¼ ipsilateral.

Figure 5. Distribution of pressure-induced referred pain following stimulation of the infraspinatus muscle (fracture side or dominant
side in controls) on day 0 and day 1 in healthy and asymptomatic participants with a history of radius fracture. Dark color was
scaled as maximal (100%) overlying level for each view (10 and 14 participants for the anterior and posterior body chart views, re-
spectively). If the fracture was on the left side, the pain drawings were mirrored and illustrated on the right side. Likewise, if the left
side was dominant in control subjects, these drawings were mirrored and shown on the right side.
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spread across the stimulation and adjacent regions such

as the posterior shoulder and supraspinal regions and re-

ferred to the anterior aspect of the shoulder and chest

regions. To a lesser extent, pain also referred to the ante-

rior and posterior arm regions (Figure 5, Table 5).

Compared with controls, the fracture group showed

higher frequencies of pain referred to the supraspinal (v2

P¼ 0.03), chest (v2 P¼ 0.03), and anterior arm (Fisher

exact test P¼ 0.004) regions on day 0 and to the chest re-

gion on day 1 (v2 P¼ 0.03).The size of the pain area on

day 0 and day 1 was not significantly different between

groups or between days within the groups (Table 4).

Additionally, no significant relative change was found in

the size of the referred pain area between day 0 to day 1

within or between groups. Lastly, no significant between-

or within-group differences were found for the total

number of body regions covered by referred pain at day 0

or day 1.

Discussion

This study investigated whether a previous history of

fracture is associated with regional expansion of pain dis-

tribution, and it is the first study to investigate the wide-

spread expansion of pain distribution in this population.

The main findings were that individuals who had recov-

ered from a fracture at the distal radius demonstrate an

expanded area of pain referred toward the previously

fractured region, compared with the opposite side, which

did not occur in individuals without a previous fracture.

Despite the fact that exercise-induced prolonged pain ex-

panded the pressure-induced pain area in both groups,

the expansion of pain was further enhanced in those with

a history of distal radius fracture.

Pain Sensitivity, Experimental Referred Pain, and

Bone Pain After Fracture
Skeletal injuries are known to result in sensitivity changes

of central pain mechanisms to a greater extent than inju-

ries to other tissues such as muscle or skin [35], which

may relate to the unique innervation properties of the

bone [21]. An immediate increase in pain sensitivity is

commonly seen following a musculoskeletal injury and is

dependent on functional changes in the immune system

[36] as well as peripheral [37] and central nervous system

changes [19, 20, 22]. For some, these changes are main-

tained following tissue recovery [26, 38–40], potentially

contributing to the development of maintained musculo-

skeletal pain [21, 26]. It is assumed, however, that for

most people, these changes revert to normal following

tissue recovery [38, 41]. In fact, recent evidence suggests

that both the effectiveness of endogenous pain sensitivity

control and the required pressure intensity to evoke re-

markable pain may increase following recovery, which

has been described as an adaptive response of the pain

system [13]. An expanded referred pain area into the pre-

viously injured region was also described as part of this

adaptive response following injury [13]. Recent findings

indicate that stimulating musculoskeletal structures close

to the previously fractured site results in a relatively

larger expansion in pain referral area when compared

with control [12] even though baseline pain sensitivity is

comparable. In the current study, the expansion of the

pain area is specific to the affected region and is not

widespread, as evidenced by no differences (between

groups or sessions) in pain referral from stimulating the

infraspinatus muscle. These findings, together with previ-

ous studies investigating the sensitivity of central pain

mechanisms after an injury [12, 13], indicate that

Table 5. Percentages of participants (N¼22 per group) indicating pain in 15 body regions after suprathreshold pressure stimulation
on the ipsilateral (fracture or dominant side) infraspinatus muscle at day 0 and day 1

Body Region

Fracture Group Controls

Day 0 Day 1 Day 0 Day 1

Posterior head and neck, % 18 18 0 9

Supraspinal, % 36* 32 9 18

Infraspinatus, % 100 95 100 100

Back, % 18 27 14 23

Posterior shoulder, % 45 32 36 36

Posterior arm, % 32 14 9 14

Posterior forearm, % 14 14 0 5

Posterior hand, % 14 18 0 5

Anterior head/neck, % 0 0 0 0

Supraclavicular, % 14 14 5 0

Chest, % 59* 55* 27 23

Anterior shoulder, % 59 50 36 32

Anterior arm, % 36† 18 0 18

Anterior forearm, % 14 14 0 0

Anterior hand, % 14 18 0 0

Regions affected by pain, median (IQR) 4.5 (2–8) 4.5 (2–6) 2 (1–3) 3 (1–4)

IQR ¼ interquartile range.

*Significantly more frequent compared with the control group (v2 test, P< 0.05).
†Significantly more frequent compared with the control group (Fisher exact test, P< 0.05).
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peripheral pain sensitivity is normalized following recov-

ery, although parts of the nervous controlling pain distri-

bution can remain sensitized. In line with the general

population [42], most participants were right-handed in

both groups (95.5% and 86.4% for the fracture and con-

trol groups, respectively). However, only 54.6% of indi-

viduals in the fracture group had the right side fractured.

This mismatch implies that the right side was overrepre-

sented as the exercise-induced pain side and the infraspi-

natus stimulation side in the control group. Specifically,

100% of controls vs. 59.1% of individuals in the fracture

group had exercise-induced prolonged pain (DOMS) and

infraspinatus stimulation on the dominant side Literature

investigating the relationship between limb dominance

and pain perception is scarce. However, some studies

have found no relationship between these two variables

when investigating the pain response to mechanical stim-

ulus in neural tissue [43, 44]. Additionally, the fact that

no differences between sides were found for the size of

the area of pain in the control group rules out limb domi-

nance as a potential confounding factor affecting the dif-

ferences found in pain distribution.

Acknowledging that pain sensitivity is modality-

specific where different methods for testing may indicate

various levels of pain sensitivity in the same individuals

[12, 45–47], it seems that stimulating at the pain thresh-

old level does not reveal any evidence of pain hypersensi-

tivity following recovery from injury and pain.

Interestingly, stimulating above the pain threshold seems

to unmask signs of sensitization. This unmasking was

evidenced by the expanded pain referral spreading to-

ward the previous injury [12–14], and these changes have

been attributed to increased sensitivity of central pain

mechanisms [11, 12, 48]. These previous findings are in

line with the current study. First, the suprathreshold pres-

sure stimulation on the fracture side provoked larger re-

ferred pain areas when the system was sensitized by

exercise-induced prolonged pain (DOMS), compared

with baseline and compared with the contralateral (non-

injured) side. Second, the referred pain area spread more

distally on the fracture side as the frequency of referred

pain to the distal forearm was higher in the fracture

group, compared with the control group, on day 0.

Finally, individuals in the fracture group chose more

adjectives to describe the quality of pain, compared with

controls.

Fracture Pain
Initial pain due to wrist fractures is relevant to consider

as the intensity of pain [49] and sensitivity [50] in the

acute phase may predict future complications such as

complex regional pain syndrome (CRPS) and the devel-

opment of chronic pain [16]. However, there are other

sources of pain associated with fracture that cannot be

excluded as potential contributors to the findings of this

study. For example, muscle injury is common in closed

fractures [51], and it may contribute to pain after tissue

healing via sensitization of neurons at the dorsal root

ganglia [52]. Additionally, it has been shown that immo-

bilization can induce sensitization of spinal cord neurons

in animal models [53] and produce mechanical hyperal-

gesia in healthy individuals [54]. Unfortunately, the pre-

sent study did not account for such manifestations, and

therefore it was not possible to investigate the role of

these additional factors. In the present study, participants

recalled only fracture pain characteristics, including in-

tensity, time, and location. Recalling the intensity of past

pain experiences in patients has limitations [55], can be

potentially biased [56], and has low correspondence with

momentary pain [57]. However, there is also evidence

showing that pain recall may be as valid as momentary

pain reports [58]. The intensity of the pain experience

was moderate and similar to previously reported pain

values following distal radius fracture [16]. The pain was

normally felt in the distal forearm and wrist regions,

which are the same regions where experimental referred

pain was more frequently reported in the fracture group

compared with controls. The more frequent reports are

in agreement with previous studies indicating a tendency

of experimental referred pain to spread toward a previ-

ously injured area [12–14]. Nevertheless, attributing this

finding only to the fracture should be done with caution,

as the controls also tended to experience referred pain to

the distal forearm and wrist, but it may explain some of

the variance seen in the pain distribution in the general

cohort [1].

Prolonged Experimental Pain Facilitates Pain

Expansion
Eccentric exercise can induce prolonged pain (DOMS)

and increase pain sensitivity [59], as shown in this study

for the ECRL muscle. The sore ECRL muscle resulted in

an expanded distribution of pressure-induced pain com-

pared with the control condition (the contralateral side)

in both groups. However, the fracture group demon-

strated a relatively larger expansion than controls due to

prolonged pain. According to this, a previous similar

study obtained comparable results in both a pain-free

fracture-recovered group and healthy controls [12].

Moreover, other experimental studies including only

healthy controls, have obtained similar results [11, 48].

Neuroplastic Changes After Fracture
Several peripheral and central mechanisms may underlie

and contribute to the sensitization of pain mechanisms

after a fracture and returning back to normal following

recovery. It has been shown in animals that inflammation

can prime peripheral sensory nerve fibers, rendering

them more sensitive to pressure stimulation weeks after

recovery [60], potentially contributing to a generation of

a “pain memory” [61] and episodic pain syndromes [60].

Therefore, it may be hypothesized that a primed
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peripheral nervous system could influence not only pres-

sure pain sensitivity but also pain referral in asymptom-

atic individuals. However, a recent study demonstrated

an expanded referred pain area but not increased pain

sensitivity in asymptomatic individuals recovered from

fracture [12]; increased sensitivity of central pain mecha-

nisms after a fracture has only been shown to occur when

pain persists [22].

It is known that an upregulation of nociception-

related neurotransmitters (e.g., dynorphin, calcitonin

gen-related peptide [CGRP], and substance P) occurs in

the spinal cord following skeletal injury [21, 36].

Likewise, other sensitizing molecules derived from glial

activation can contribute to the unmasking of latent in-

terneuron synapses at the dorsal horn and higher neural

centers [62]. Moreover, changes in N-methyl-D-aspartate

(NMDA) glutamate receptors have also been found,

some of them related to the long-term potentiation of

synapses like the phosphorylation of NMDA receptors

[63]. Interestingly, these changes involve mechanisms

that physiologically overlap with those considered rele-

vant for the generation of referred pain, which was

spread toward the previous fracture pain area (Figure 4).

For example, referred pain is associated with synaptic re-

organization of the sensory neurons at the dorsal horn af-

ter peripheral injury of the skeletal muscle [64, 65].

Additionally, referred pain can be reduced by ketamine,

an NMDA antagonist, in both healthy volunteers [8] and

patients [7]. Although speculative, the proposed mecha-

nisms could, to some extent, explain the findings of the

present study. Nevertheless, it is worth notice that despite

being naı̈ve to the study hypothesis, individuals with a

history of fracture were asked to recall their fracture pain

at the beginning of the experimental session. This fact

may have exerted a confounding effect on the perception

and report of the pressure-induced pain. However, as

fracture pain is generally localized on the fracture site

[18], it may be hypothesized that fracture pain memory

biases would account for only a small proportion of the

total referred pain area.

Clinical and Methodological Considerations
The finding of expanded distribution of pressure-induced

referred pain despite normal pain sensitivity may be a

useful biomarker for assessing the sensitivity of pain

mechanisms in patients. The proposal of using pressure-

induced pain as a pain biomarker is in line with other

studies recommending the use of other modalities of

suprathreshold painful stimulation in combination with

pain thresholds to assess increased sensitivity of pain

mechanisms [45, 46]. Nonetheless, only a few studies use

suprathreshold pressure stimulation as a diagnostic tool

in specific populations (clinical and nonclinical) and col-

lectively indicate that suprathreshold pressure stimula-

tion alone is insufficient for assessing pain mechanisms.

With this in mind, the proposal of using pressure-induced

referred pain [11] integrated into a battery of tests for

assessing the pain mechanisms [12] is reinforced.

Conclusions

The present study used pressure-induced referred pain as

a biomarker of sensitized pain mechanisms in asymptom-

atic individuals who had recovered from a distal radius

fracture. Compared with the noninjured side, asymptom-

atic individuals demonstrated an expanded referred pain

area for the fracture side, whereas no difference between

sides was observed in healthy controls. Moreover,

exercise-induced prolonged pain resulted in a signifi-

cantly larger referred pain area in asymptomatic individ-

uals with a history of previous fracture and healthy

controls, although individuals with a history of fracture

presented a relatively larger expansion from day 0 to day

1. These results indicate that prolonged pain and prior in-

juries like fracture may sensitize pain mechanisms, mani-

festing as expanded spatial distribution of pressure-

induced referred pain.
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Malmström EM. Sex-based differences in pain distribution in a

cohort of patients with persistent post-traumatic neck pain.

Disabil Rehabil 2018;40(9):1085–91.

4. Rubin TK, Lake S, van der Kooi S, et al. Predicting the spatio-

temporal expression of local and referred acute muscle pain in

individual subjects. Exp Brain Res 2012;223(1):11–8.

5. Boudreau SA, Royo AC, Matthews M, et al. Distinct patterns of

variation in the distribution of knee pain. Sci Rep 2018;8

(1):16522.

6. Holden S, Straszek CL, Rathleff MS, Petersen KK, Roos EM,

Graven-Nielsen T. Young females with long-standing patellofe-

moral pain display impaired conditioned pain modulation, in-

creased temporal summation of pain, and widespread

hyperalgesia. Pain 2018;159(12):2530–7.

7. Graven-Nielsen T, Aspegren Kendall S, Henriksson KG, et al.

Ketamine reduces muscle pain, temporal summation, and re-

ferred pain in fibromyalgia patients. Pain 2000;85(3):483–91.

8. Schulte H, Graven-Nielsen T, Sollevi A, Jansson Y, Arendt-

Nielsen L, Segerdahl M. Pharmacological modulation of experi-

mental phasic and tonic muscle pain by morphine, alfentanil and

ketamine in healthy volunteers. Acta Anaesthesiol Scand 2003;

47(8):1020–30.

9. Slater H, Arendt-Nielsen L, Wright A, Graven-Nielsen T.

Sensory and motor effects of experimental muscle pain in

patients with lateral epicondylalgia and controls with delayed

onset muscle soreness. Pain 2005;114(1-2):118–30.

10. Slater H, Arendt-Nielsen L, Wright A, Graven-Nielsen T.

Experimental deep tissue pain in wrist extensors–a model of lat-

eral epicondylalgia. Eur J Pain 2003;7(3):277–88.

2860 Dom�enech-Garc�ıa et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/painm

edicine/article/21/11/2850/5955618 by guest on 22 February 2023



11. Dom�enech-Garc�ıa V, Palsson TS, Herrero P, Graven-Nielsen T.

Pressure-induced referred pain is expanded by persistent sore-

ness. Pain 2016;157(5):1164–72.

12. Dom�enech-Garc�ıa V, Skuli Palsson T, Boudreau SA, Herrero P,

Graven-Nielsen T. Pressure-induced referred pain areas are more

expansive in individuals with a recovered fracture. Pain

2018;159(10):1972–9.

13. Palsson TS, Boudreau SA, Krebs HJ, Graven-Nielsen T.

Experimental referred pain extends toward previously injured

location: An explorative study. J Pain 2018;19

(10):1189–200.

14. Hutchins HC, Reynolds OE. Experimental investigation of the

referred pain of aerodontalgia. J Dent Res 1947;26(1):3–8.

15. MacDermid JC, Roth JH, Richards RS. Pain and disability

reported in the year following a distal radius fracture: A cohort

study. BMC Musculoskelet Disord 2003;4(1):24.

16. Mehta SP, MacDermid JC, Richardson J, MacIntyre NJ, Grewal

R. Baseline pain intensity is a predictor of chronic pain in indi-

viduals with distal radius fracture. J Orthop Sports Phys Ther

2015;45(2):119–27.

17. Haegerstam GA. Pathophysiology of bone pain: A review. Acta

Orthop Scand 2001;72(3):308–17.

18. Santy J, Mackintosh C. A phenomenological study of pain

following fractured shaft of femur. J Clin Nurs 2001;10

(4):521–7.

19. Woolf CJ. Evidence for a central component of post-injury pain

hypersensitivity. Nature 1983;306(5944):686–8.

20. Mantyh PW. Mechanisms that drive bone pain across the life-

span. Br J Clin Pharmacol 2019;85(6):1103–13.

21. Mantyh PW. The neurobiology of skeletal pain. Eur J Neurosci

2014;39(3):508–19.

22. Alves CJ, Neto E, Sousa DM, et al. Fracture pain-traveling un-

known pathways. Bone 2016;85:107–14.

23. Kuner R. Spinal excitatory mechanisms of pathological pain.

Pain 2015;156(Suppl 1):S11–7.

24. Luo C, Kuner T, Kuner R. Synaptic plasticity in pathological

pain. Trends Neurosci 2014;37(6):343–55.

25. Graven-Nielsen T, Arendt-Nielsen L. Assessment of mechanisms

in localized and widespread musculoskeletal pain. Nat Rev

Rheumatol 2010;6(10):599–606.

26. Arendt-Nielsen L, Fern�andez-de-Las-Pe~nas C, Graven-Nielsen

T. Basic aspects of musculoskeletal pain: From acute to chronic

pain. J Man Manip Ther 2011;19(4):186–93.

27. McGreevy K, Bottros MM, Raja SN. Preventing chronic pain

following acute pain: Risk factors, preventive strategies, and

their efficacy. Eur J Pain Suppl 2011;5(S2):365–72.

28. Chartier SR, Thompson ML, Longo G, Fealk MN, Majuta LA,

Mantyh PW. Exuberant sprouting of sensory and sympathetic

nerve fibers in nonhealed bone fractures and the generation and

maintenance of chronic skeletal pain. Pain 2014;155

(11):2323–36.

29. Dontje ML, Dall PM, Skelton DA, Gill JMR, Chastin SFM,

Seniors U; Seniors USP Team. Reliability, minimal detectable

change and responsiveness to change: Indicators to select the

best method to measure sedentary behaviour in older adults in

different study designs. PloS One 2018;13(4):e0195424.

30. Travell JG, Simons DG. Myofascial Pain and Dysfunction: The

Trigger Point Manual. Baltimore: Williams & Wilkins; 1982.

31. Fern�andez-Carnero J, Fern�andez-de-Las-Pe~nas C, de la Llave-

Rinc�on AI, Ge HY, Arendt-Nielsen L. Prevalence of and referred

pain from myofascial trigger points in the forearm muscles in

patients with lateral epicondylalgia. Clin J Pain 2007;23

(4):353–60.

32. Gibson W, Arendt-Nielsen L, Graven-Nielsen T. Referred pain

and hyperalgesia in human tendon and muscle belly tissue. Pain

2006;120(1–2):113–23.

33. Boudreau SA, Badsberg S, Christensen SW, Egsgaard LL. Digital

pain drawings: Assessing touch-screen technology and 3D body

schemas. Clin J Pain 2016;32(2):139–45.

34. De Martino E, Petrini L, Schabrun S, Graven-Nielsen T. Cortical

somatosensory excitability is modulated in response to several

days of muscle soreness. J Pain 2018;19(11):1296–307.

35. Woolf CJ, Wall PD. Relative effectiveness of C primary afferent

fibers of different origins in evoking a prolonged facilitation of

the flexor reflex in the rat. J Neurosci 1986;6(5):1433–42.

36. Voscopoulos C, Lema M. When does acute pain become

chronic? Br J Anaesth 2010;105:i69–85.

37. Amaya F, Izumi Y, Matsuda M, Sasaki M. Tissue injury and re-

lated mediators of pain exacerbation. Curr Neuropharmacol

2013;11(6):592–7.

38. Latremoliere A, Woolf CJ. Central sensitization: A generator of

pain hypersensitivity by central neural plasticity. J Pain 2009;10

(9):895–926.

39. Woolf CJ. Central sensitization: Uncovering the relation between

pain and plasticity. Anesthesiology 2007;106(4):864–7.

40. Woolf CJ. Central sensitization: Implications for the diagnosis

and treatment of pain. Pain 2011;152(3 Suppl):S2–15.

41. 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(9):2907–16.

42. Vuoksimaa E, Koskenvuo M, Rose RJ, Kaprio J. Origins of

handedness: A nationwide study of 30,161 adults.

Neuropsychologia 2009;47(5):1294–301.

43. Boyd BS, Villa PS. Normal inter-limb differences during the

straight leg raise neurodynamic test: A cross sectional study.

BMC Musculoskelet Disord 2012;13(1):245.

44. Sierra-Silvestre E, Torres Lacomba M, de la Villa Polo P. Effect of

leg dominance, gender and age on sensory responses to structural

differentiation of straight leg raise test in asymptomatic subjects: A

cross-sectional study. J Man Manip Ther 2017;25(2):91–7.

45. Abrishami A, Chan J, Chung F, Wong J. Preoperative pain sensi-

tivity and its correlation with postoperative pain and analgesic

consumption: A qualitative systematic review. Anesthesiology

2011;114(2):445–57.

46. Arendt-Nielsen L, Yarnitsky D. Experimental and clinical appli-

cations of quantitative sensory testing applied to skin, muscles

and viscera. J Pain 2009;10(6):556–72.

47. Hübscher M, Moloney N, Leaver A, Rebbeck T, McAuley JH,

Refshauge KM. Relationship between quantitative sensory test-

ing and pain or disability in people with spinal pain—a system-

atic review and meta-analysis. Pain 2013;154(9):1497–504.

48. Gibson W, Arendt-Nielsen L, Graven-Nielsen T. Delayed onset

muscle soreness at tendon-bone junction and muscle tissue is as-

sociated with facilitated referred pain. Exp Brain Res 2006;174

(2):351–60.

49. Di Pietro F, McAuley JH, Parkitny L, et al. Primary somatosen-

sory cortex function in complex regional pain syndrome: A sys-

tematic review and meta-analysis. J Pain 2013;14(10):1001–18.

50. Roh YH, Gong HS, Baek GH. Prognostic value of pain sensitiza-

tion during early recovery after distal radius fracture in complex

regional pain syndrome. Pain Med 2019;20(6):1066–71.

51. Liu W, Wang D, Ouyang H, et al. Ultrasound assessment of mus-

cle injury associated with closed limb fracture. BioMed Research

International 2019;2019:1–9.

History of Fracture Expands Referred Pain 2861

D
ow

nloaded from
 https://academ

ic.oup.com
/painm

edicine/article/21/11/2850/5955618 by guest on 22 February 2023



52. Abe K, Inage K, Orita S, et al. Longitudinal evaluation of the his-

tological changes in a rat model of paravertebral muscle injury.

Spine Surg Relat Res 2018;2(4):324–30.

53. Hamaue Y, Nakano J, Sekino Y, et al. Immobilization-induced

hypersensitivity associated with spinal cord sensitization during

cast immobilization and after cast removal in rats. J Physiol Sci

2013;63(6):401–8.

54. Terkelsen AJ, Bach FW, Jensen TS. Experimental forearm immo-

bilization in humans induces cold and mechanical hyperalgesia.

Anesthesiology 2008;109(2):297–307.

55. Gendreau M, Hufford MR, Stone AA. Measuring clinical pain in

chronic widespread pain: Selected methodological issues. Best

Pract Res Clin Rheumatol 2003;17(4):575–92.

56. Karimi Z, Pilenko A, Held SM, Hasenbring MI. Recall bias in

patients with chronic low back pain: Individual pain response

patterns are more important than pain itself! Int J Behav Med

2016;23(1):12–20.

57. Stone AA, Broderick JE, Shiffman SS, Schwartz JE.

Understanding recall of weekly pain from a momentary assess-

ment perspective: Absolute agreement, between- and within-

person consistency, and judged change in weekly pain. Pain

2004;107(1–2):61–9.

58. Jamison RN, Raymond SA, Slawsby EA, McHugo GJ, Baird JC.

Pain assessment in patients with low back pain: Comparison of

weekly recall and momentary electronic data. J Pain 2006;7

(3):192–9.

59. Murase S, Terazawa E, Queme F, et al. Bradykinin and nerve

growth factor play pivotal roles in muscular mechanical hyperal-

gesia after exercise (delayed-onset muscle soreness). J Neurosci

2010;30(10):3752–61.

60. Parada CA, Yeh JJ, Reichling DB, Levine JD. Transient

attenuation of protein kinase Cepsilon can terminate a

chronic hyperalgesic state in the rat. Neuroscience 2003;120

(1):219–26.

61. Bogen O, Alessandri-Haber N, Chu C, Gear RW, Levine JD.

Generation of a pain memory in the primary afferent nociceptor

triggered by PKCe activation of CPEB. J Neurosci 2012;32

(6):2018–26.

62. Chen R, Cohen LG, Hallett M. Nervous system reorganization

following injury. Neuroscience 2002;111(4):761–73.

63. Ren K, Dubner R. Neuron-glia crosstalk gets serious: Role in pain

hypersensitivity. Curr Opin Anaesthesiol 2008;21(5):570–9.

64. Hoheisel U, Koch K, Mense S. Functional reorganization in the

rat dorsal horn during an experimental myositis. Pain 1994;59

(1):111–8.

65. Hoheisel U, Mense S, Simons DG, Yu XM. Appearance of new

receptive fields in rat dorsal horn neurons following noxious

stimulation of skeletal muscle: A model for referral of muscle

pain? Neurosci Lett 1993;153(1):9–12.

2862 Dom�enech-Garc�ıa et al.

D
ow

nloaded from
 https://academ

ic.oup.com
/painm

edicine/article/21/11/2850/5955618 by guest on 22 February 2023


