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Purpose: A major limitation in treatment outcomes for chronic pain is the heterogeneity of the population. Therefore, a personalized
approach to the assessment and treatment of children and adolescents with chronic pain conditions is needed. The objective of the
study was to subgroup pediatric patients with chronic MSK pain that will be phenotypically different from each other based on their
psychosocial profile, somatosensory function, and pain modulation.
Patients and Methods: This observational cohort study recruited 302 adolescents (10–18 years) with chronic musculoskeletal pain
and 80 age-matched controls. After validated self-report questionnaires on psychosocial factors were completed, quantitative sensory
tests (QST) and conditioned pain modulation (CPM) were performed.
Results: Three psychosocial subgroups were identified: adaptive pain (n=125), high pain dysfunctional (n=115), high somatic
symptoms (n=62). Based on QST, four somatosensory profiles were observed: normal QST (n=155), thermal hyperalgesia (n=98),
mechanical hyperalgesia (n=34) and sensory loss (n=15). Based on CPM and temporal summation of pain (TSP), four distinct groups
were formed, dysfunctional central processing group (n=27) had suboptimal CPM and present TSP, dysfunctional inhibition group
(n=136) had suboptimal CPM and absent TSP, facilitation group (n=18) had optimal CPM and present TSP, and functional central
processing (n=112) had optimal CPM and absent TSP. A significant association between the psychosocial and somatosensory profiles.
However, no association was observed between the psychosocial or somatosensory profiles and pain modulatory profiles.
Conclusion: Our results provide evidence that adolescents with chronic musculoskeletal pain are a heterogenous population
comprising subgroups that may reflect distinct mechanisms and may benefit from different treatment approaches. The combination
of screening self-reported questionnaires, QST, and CPM facilitate subgrouping of adolescents with chronic MSK pain in the clinical
context and may ultimately contribute to personalized therapy.
Keywords: adolescents, chronic pain, musculoskeletal pain, quantitative sensory testing, conditioned pain modulation, temporal
summation of pain

Introduction
Chronic pain is common affecting 11–38% of the children and adolescents with musculoskeletal pain being one of the
most common types of pain.1,2 Pain may have an idiopathic origin, may arise from a disease process, from treatments
such as surgery, from trauma or injury, and may even involve pathological changes in central pain processing.3 Patients
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with chronic pain also may experience functional disability, higher rates of missed school, poor sleep quality and mental
health problems.4–6 Understanding chronic pain in children and adolescents is crucial because about 20% of the children
and adolescents living with chronic pain, have persistent pain in adulthood.7–10

A major limitation in treatment outcomes for chronic pain is the heterogeneity of the population. Moreover, there is
lack of strong evidence on the efficacy or risk supporting the use pharmacological treatments in pediatric chronic pain.11

Therefore, a personalized approach to the assessment and treatment of children and adolescents with chronic pain
conditions is needed. Researchers and clinicians have turned to identify heterogeneous subgroups of pediatric chronic
pain patients.12–15 However, these studies strictly investigated pain and psychosocial characteristics in their cluster
analysis. Moreover, there are limited data evaluating subgroups based on the changes in somatosensory function and pain
modulation of pediatric patients with chronic pain conditions.16 Detailed phenotyping using recommended core
outcomes,17 and tests such as quantitative sensory testing (QST) and conditioned pain modulation (CPM) may provide
valuable information for individualized therapy.

The biopsychosocial approach to pain recognizes pain as a complex multidimensional experience that is the result of
the interaction of biological, psychological and social factors. Each individual applies the term “pain” to a specific
experience usually related to injury in their life, leading to different perception and expectation of pain.18 Therefore,
recommended core outcomes for pain trials encompass measures of psychosocial factors (eg, pain catastrophizing,
anxiety, depression, etc), pain variability and pain qualities, and sleep and fatigue.19 These domains can be assessed
through standardized interviews or a diversity of self-reported questionnaires. Pain can be clinically divided into three
categories reflecting an individual’s somatosensory functioning: nociceptive, neuropathic and nociplastic.20 Many
sophisticated quantitative sensory tests provide information on the nociceptive transduction and/or modulation from all
aspects of the somatosensory system, leading to mechanism-based pain management. QST is a set of non-invasive tests
that examines the somatosensory function in children and adolescents.21–23 Studies using static QST (ie, focusing on the
determination of sensory threshold, or the rating of a single stimulus, and the corresponding magnitude of pain) have
highlighted that in response to an objective sensory stimulus, either thermal or mechanical, an individual’s perception and
expectation of pain can be measured in a semi-objective manner.21,24–28 Studies in the pediatric population using
dynamic QST (ie, focusing on the evaluation of pain modulation) have shown that chronic pain conditions are associated
with altered excitatory and inhibitory endogenous pain modulation systems.10,15,29–36 The endogenous inhibitory path-
ways of pain modulation can be indirectly assessed using the CPM paradigm.29,37 Assessing CPM in a clinical setting
may be a valuable tool to assess any deficits in the descending inhibitory pain response found in some chronic pain
conditions such as abdominal pain and chronic musculoskeletal pain in youth when compared to healthy
controls.10,30,33,38,39 The endogenous facilitatory phenomenon of pain modulation such as temporal summation has
been shown to be involved in the development of some chronic pain conditions such as sickle cell disease, fibromyalgia,
migraines, and functional abdominal pain.15,34–36,40,41 Evaluating temporal summation through repeated or continuous
painful stimulation, at a constant intensity, may help understand the mechanisms of central sensitization in children and
adolescents and its role in the genesis and maintenance of some chronic pain conditions.15,34–36,40,41

The objective of the study was to subgroup pediatric patients with chronic MSK pain that will be phenotypically different
from each other based on their psychosocial profile, somatosensory function, and pain modulation. We hypothesized that,
through patient-reported outcomes extracted from questionnaires, and static and dynamic QST, distinct psychosocial profiles,
somatosensory phenotypes and pain modulatory phenotypes would be identified in adolescents with chronic MSK pain.

Materials and Methods
Ethics approval was obtained prior to the beginning of the recruitment from the Research Ethics Board of McGill
University (A09-M17-17B). The study was conducted in accordance with the Declaration of Helsinki. Participants
received a written informed consent prior to inclusion in the study, and a signature was obtained by the participant (14
years old and older) or their parent/legal guardian prior to the beginning of the study (13 years old and younger).
Reporting is in accordance with the STROBE (Strengthening the Reporting of Observational studies in Epidemiology)
guidelines for cohort studies.42 Throughout the article, we use the World Health Organization definition of adolescents
(persons aged between 10 and 19 years).43
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Participants
Participant recruitment occurred between January 2018 and June 2021. Potential patients between 10 and 18 years old
were identified by a research assistant at the orthopedic outpatient clinics of the Shriner’s Hospital Canada and from
the Edwards Family Interdisciplinary Center for Complex Pain of the Montreal Children’s Hospital. Potential
candidates for the study included patients reporting chronic primary or secondary musculoskeletal pain (persistent
or recurrent pain at least once a week for longer than 3 months)44 in their electronic medical charts or by reference of
the patient’s physician. At their hospital visit for treatment seeking either for an orthopedic condition or for pain
itself, patients were approached by a research assistant to participate in the study and to confirm eligibility prior to
receiving signed consent. Potential aged-matched controls between 10 and 18 years old were recruited through word
of mouth, recruitment advertisements in local magazines and social media, and a collaborative high school near our
institutions. As recommended,45 a screening checklist for control recruitment was completed by a research assistant
to ensure eligibility of “healthy” participants. The exclusion criteria for age matched controls included 1) pain in the
last 14 days, 2) pain lasting more than 24 hours on more than 3 days in the past 3 months, 3) taking more than 10
tablets of medication per month in the last 3 months, 4) suffering from diseases accompanied by long-lasting pain for
longer than 3 months, 5) had psychological or psychiatric treatment for a long period in the past 5 years, 6) smoking
more than 39 cigarettes per day, 7) drinking a lot of alcohol regularly, 8) consuming illegal drugs, including cannabis
in the past month, 9) taking psychostimulants or other medication for therapeutic purposes regularly, and 10) having
health issues, disorders or chronic dermal diseases in the tested areas.45 Participants who did not speak English or
French or had a diagnosis of developmental delay that would interfere with completing measures were also excluded.

Participant-Reported Outcome Measures
Sociodemographic Characteristics and Medical History
Participant characteristics such as age, self-reported gender, ethnicity, past hospitalizations, and past surgeries were
collected by a research assistant through face-to-face interviews.

Pain Assessment
Pain assessment was mainly conducted in the form of a face-to-face interview and with the use of standardized pain-
related questionnaires that have been validated in clinical pediatric studies assessing pain.46–49 Patients were asked about
the location of their primary site of pain using a body chart from the Adolescent Pediatric Pain Tool (APPT)50 which was
divided into 67 sections, and the duration and frequency of their pain. The current pain intensity and average, worst and
best pain intensity over the last month was reported using the numerical rating scale (NRS) ranging from 0 (no pain at
all) to 10 (worst pain imaginable). Moreover, the pain experience was assessed using a list of 67 descriptive words in the
APPT, assessing the four dimensions of pain (37 sensory, 11 affective, 8 evaluative and 11 temporal descriptive words).50

The APPT has been shown to have adequate content, construct, and criterion validity, and reliability in clinical and
nonclinical groups of children and adolescents between 8 and 17 years old.51 To identify if their pain had a neuropathic
component, the Douleur Neuropathique 4 (DN4) questionnaire was completed by patients and the physicians. By
summing all 10 questions, scores of equal to or greater than 4 indicated that the pain experienced by the patient is
likely neuropathic.46,52 The DN4 questionnaire has not been validated in children and adolescents. However, despite its
very low-level evidence for satisfactory criterion validity and low-level evidence for satisfactory construct validity and
reliability, the DN4 questionnaire has been described to be the most suitable for clinical use.53,54 The Functional
Disability Inventory (FDI) questionnaire was completed by patients, in which the total score is summed to detect
different levels of disability.55 The FDI has been reported to have high internal consistency, moderate-to-high test–retest
reliability, moderate cross-informant (parent–child) reliability, and good predictive validity.48,55 The FDI is 15-item scale
using a Likert-type rating scale, ranging from 0 (no trouble) to 4 (impossible) for a maximum score of 60 (0–12 no/
minimal, 13–20 mild, 21–29 moderate, and ≥30 severe disability).
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Pain Catastrophizing
The Pain Catastrophizing Scale for Children (PCS-C) was completed by patients and controls to assess the degree to
which they experienced negative thoughts or feelings while experiencing pain.56 The PCS-C is a 13-item scale and can
be divided into three subscales: rumination, magnification and helplessness. Responses for each statement are done using
a Likert-type rating scale, ranging from 0 (not at all) to 4 (extremely) for a maximum score of 52 (0–14 low, 15–25
moderate and ≥26 high catastrophizing).57 The PCS-C has been shown to have good internal consistency58 as well as
sufficient test–retest stability,59 and good construct and predictive validity.56 The cut-offs have been established to
identify significant differences in child functioning across catastrophizing levels in children and adolescents with chronic
pain.57

Anxiety and Depressive Symptoms
The Revised Child Anxiety and Depression Scale (RCADS) questionnaire was completed by patients and controls to
assess children’s self-report of depression and anxiety.60 Based on the participant’s age and grade in school, their total
scores are converted into a T-score (≤64 below, 65–69 borderline, and ≥70 above clinical threshold). The RCADS has
been validated in clinical and nonclinical groups of children and adolescents in grades 3–12, and showed good internal
consistency (Cronbach α=0.78–0.88) and item set and factor definitions consistent with DSM-IV anxiety disorders and
depression.60,61

Sleep Quality
The Pittsburgh Sleep Quality Index (PSQI) questionnaire was completed by patients and controls to assess sleep quality,
in which a global score of 5 or higher indicated poor sleep quality.62 The PSQI is the most commonly used measure in
clinical and research settings showing good internal consistency (Cronbach α=0.70–0.83) and has been validated in
clinical and nonclinical groups of adolescents.63–65

Quantitative Sensory Testing
Each participant underwent a specific protocol of mechanical and thermal QST, lasting 37.0±11.5 minutes in a 22.7±0.7
°C private room, to obtain a comprehensive profile of somatosensory functioning adapted from previous studies to reduce
complexity and time, and fit within the time constraints of clinical routines.28,66,67 For patient participants, mechanical
QST was performed on the left volar forearm as the control area and followed by their most painful anatomical region
indicated by the patient as the affected area. For “healthy” participants, mechanical QST was performed on the left volar
forearm. For all participants, thermal QST was performed on the left volar forearm. Eight sensory parameters were tested
in the same sequence and included:

1. Mechanical detection threshold (MDT). Calibrated von Frey filaments ranging between 0.008 and 300 grams were
applied sequentially in an up-down method, and the threshold was measured as the geometrical mean of the three
last detected and three first detected filaments.

2. Dynamic mechanical allodynia (DMA). A standardized brush exerting light touch at a single stroke for 2 cm in
length was applied five times. The pain intensity (NRS 0–10) was reported after each stroke, and the average was
calculated.

3. Vibration detection threshold (VDT). A tuning fork was applied to a joint or bony prominence of the tested area
three times, and the threshold was measured as the average score at which the participants no longer detected the
vibration (x/8).

4. Mechanical pain summation (MPS). One and 10 stimulations from a calibrated pinprick were applied, and the
participants reported their pain immediately at the end of the stimulation(s) and every 15 seconds post-stimuli
during a 60-second period. The whole sequence was conducted three times. The wind-up ratio (WUR) was
measured as the ratio of the average pain intensity immediately reported after the train of 10 stimuli over the
average pain intensity immediately reported after one stimulus. The presence of painful after-sensations (ie, pain
intensity >0 using the NRS 0–10) at the end of the 60-second period after 1 and 10 stimuli were also noted.
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5. Pressure pain threshold (PPT). A handheld algometer was applied perpendicular to the body surface under
underlying bone or muscle, and the threshold was measured as the mean of three trials.

6. Warm detection threshold (WDT), and heat pain threshold (HPT). A 9-cm2 warm calibrated thermode connected to
a Q-sense apparatus (Medoc, Israel) with a baseline 32°C, 0.3°C/second upslope, and a limit of 50°C was applied
three times. The thresholds were calculated from the mean of the 3 three trials for each modality (when they first
sensed heat, and when they first reported pain).

Conditioned Pain Modulation
CPM assessment, lasting 22.3±4.1 minutes, was conducted using tonic heat on the right forearm as the test stimulus and
the cold pressor task on the left arm as the conditioning stimulus as previously described protocols.29,33,68–71 For the test
stimulus, a thermode was applied to the right volar forearm to reach a predetermined test temperature to a pain intensity
50/100 (T50). The maximum value of 46.9°C was used as a security cut-off. Once the target temperature was reached, it
remained constant for 120 seconds. To avoid expectation effects, participants were told that the temperature of the
thermode could increase, remain stable or decrease and that they would have to evaluate their pain with a computerized
visual analogue scale (CoVAS) throughout the test. This scale ranged from 0 (no pain) to 100 (worst pain imaginable). At
the end of the 120 seconds of the test-stimulus, the average pain intensity during the 120 seconds was calculated. A cold
pressor task (CPT) was used as the conditioning stimulus involving the immersion of their left forearm in a bath filled
with cold water (12°C) for 120 seconds to trigger the descending inhibitory pain response. Every 15 seconds, the
participants were asked to report their pain intensity using the NRS 0–10. The average pain intensity during the
conditioning stimulus was then calculated. If a participant removed their arm before the end of the 120 seconds, an
average pain intensity score of 10/10 was given. In order to evaluate the endogenous inhibitory pathways of pain
modulation, and here measured as the CPM efficiency, the CPT was immediately followed by a second tonic heat test
stimulus. The same pre-determined test temperature for each participant was used for the second tonic heat test stimulus.
In addition, the thermode was not placed on the exact same area in the right volar forearm to avoid peripheral
sensitization. CPM efficiency was measured as the percentage difference in average pain intensity of the test stimuli
reported with the CoVAS such that a negative value for CPM response represents pain reduction with a more efficient
CPM response [100% × (CoVASafter – CoVASbefore)/CoVASbefore].72 A CPM efficiency between −100% and −30% was
considered as optimal, between −30% and −10%, suboptimal, and between −10% and +100%, inefficient. These cut-offs
were determined based on a clinical important change in pain intensity measured on an 11-point numerical pain rating
scale. A 10–30% reduction in pain was labeled to be a minimal improvement, while a 30% reduction in pain intensity
was labelled to be a clinically important difference in pain intensity, and is approximately the mean value of inhibitory
conditioned pain modulation observed in previous studies.33,69–71 Endogenous facilitatory pain mechanisms, and here
measured as temporal summation of pain (TSP), was assessed as the absolute difference in pain intensity during the last
60 seconds of the first test-stimuli (temporal summation phase).69 Based on previous studies, an increase in pain intensity
was determined to be minimally clinically significant if the change was equal or larger than 2/10 during the test
stimuli.73,74

Statistical Analysis
Data were analyzed using R Studio and plotted using Prism Version 9. QST parameters were analyzed in accordance with
previous studies in adolescents.16,28 Analyses were based on available data, with no imputation for missing data.
Descriptive statistics are presented as mean and standard deviation, unless otherwise specified. Differences between
patients and healthy controls were compared with the Student t-test. Differences within patients and controls in regards to
age, gender and race for the psychosocial, QST and CPM assessment outcomes were compared with using a three-way
analysis of variance (ANOVA). Comparisons with the affected area thresholds in patients were based on within-cohort
control measures at the control area. This gives sensitive within-participant comparisons for clinical testing. Comparisons
with the control area thresholds in patients were based on between-cohort control measures at the control area. To
compare QST parameters independently of their physical dimension, z-scores were calculated (eg, z-score = affected
sitepatient – control sitepatient cohort mean/control sitepatient cohort SD). An average z-score for all QST parameters of the control
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and affected area was then calculated for each patient. Gain of function (hyperalgesia) is indicated as a positive z-score
and a loss of function (sensory loss) as a negative score.

Psychosocial profiles within the pediatric chronic pain sample were identified using an unsupervised clustering
method performed using the FactoMineR package in the R Studio software.75 The cluster analysis involved nine
quantitative indicator variables (pain catastrophizing, self-reported neuropathic component of pain, functional disability,
sensory, affective, evaluative and temporal descriptors of pain, anxiety and depression symptoms, and sleep quality). Due
to the different scales for each variable, the nine variables were standardized into z-scores to ensure that all variables are
considered equally. Hierarchical clustering with k-means consolidation using the FactorMineR package in the R Studio
software was conducted on the standardized indicator variables. The hierarchical clustering was therefore performed
multiple times to minimize within-cluster variability and maximize between-cluster variability. The best partition of
clusters was the one with the highest relative loss of inertia76 and based on parsimony. To determine cluster effect of the
indicator variables, an ANOVA model was conducted along with a Scheffe test.

We used a deterministic approach to phenotype our patient cohort using the patient’s somatosensory profile
(sensory loss, mechanical hyperalgesia, thermal hyperalgesia or healthy).16,77,78 An ANOVA model was then con-
ducted along with a Scheffe test to evaluate the main effect of the patients’ somatosensory profiles using their QST
values.

We used the pre-determined cut-offs mentioned above to subgroup our patient cohort based on their facilitatory and
inhibitory pain modulation responses.79 Patients who displayed suboptimal or inefficient CPM and temporal summation
of pain were included in the “dysfunctional central processing” subgroup. Patients who displayed optimal CPM and
temporal summation of pain were grouped under the “facilitation” subgroup. Patients who displayed suboptimal or
inefficient CPM and absence of temporal summation of pain were grouped under the “dysfunctional inhibition”
subgroup. Patients who displayed optimal CPM and absence of temporal summation of pain were grouped under the
“functional central processing” subgroup. An ANOVA model along with a Scheffe test was then conducted to evaluate
the main effect of the CPM profiles of the patients on their CPM outcomes.

To investigate associations between psychosocial profiles, somatosensory profiles and pain modulatory profiles, a chi-
square test was conducted. One-way ANOVAs were conducted for the distinct profiles to identify differences with regard
to all outcome measures.

Results
Patients Clinical Characteristics and Pain Assessment
Three hundred and six patients with chronic musculoskeletal pain were recruited from January 2018 to June 2021
(Figure 1). Four patients were excluded after subsequent evaluation revealed they did not experience pain at least once
a week (n=3) or they had difficulty understanding and answering the interview questions (n=1). Therefore, the data of
302 patients are presented (Table 1), but only 293 patients completed the CPM assessment (Figure 2). Eighty age-
matched controls were also recruited from January 2018 to June 2021. Age-matched controls were recruited through
word of mouth (n=22), our institution’s staff children (n=16), our institution’s patients relatives (n=6), pamphlets and
social media (n=9), and a collaborative high school near our institution (n=27).

The primary location of pain of the patients included the head and neck (n=11), upper limbs (n=24), thorax (n=4),
back (n=175), and lower limbs (n=88). Pain radiated for 48% of the patients, and the presence of a secondary pain site
was reported by 52% of the patients. Mild-moderate pain intensity (3.34±2.41) was reported by the patients the day of the
assessment using the NRS 0–10. Patients reported moderate intensity average pain (5.81±1.93), severe intensity worst
pain (8.39±1.56), and mild intensity best pain (1.87±1.86) during the last month before the evaluation. A majority of the
patients report their pain for more than 12 months (n=223), while others report pain for 3–6 months (n=29) or between 6
and 12 months (n=50). Most of the patients report pain at least once a day (n=232), while 50 patients report pain
every second day and 20 patients report pain only once a week. Moreover, most of the patients reported their painful
episode to be constant (n=180). Other durations of the painful episodes included a few seconds (n=5), a few minutes
(n=42) and a few hours (n=75).
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Differences Between Patients with Chronic Musculoskeletal Pain and Healthy Controls
Patients reported significantly higher pain catastrophizing score, T-score for the RCADS, global score for the PSQI than
controls (Table 1). Patients displayed a significantly lower vibration detection threshold and lower pressure pain

Figure 1 Flow chart of patient recruitment and evaluations.
Abbreviations: PCS-C, Pain Catastrophizing Scale – Child version; DN4, Douleur Neuropathique 4 questionnaire; RCADS, Revised Child Anxiety and Depression Scale;
PSQI, Pittsburgh Sleep Quality Index; FDI, Functional Disability Inventory; APPT, Adolescent Pediatric Pain Tool; control, control area test site; pain, most painful location
test site; MDT, mechanical detection threshold; DMA, dynamic mechanical allodynia; VDT, vibration detection threshold; WUR, wind-up ratio; PPT, pressure pain threshold;
WDT, warm detection threshold; HPT, heat pain threshold; CPM, conditioned pain modulation.
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Table 1 Characteristics of the Patient and Control Cohorts

Variable Chronic MSK Pain
Patients (n = 302)

Age-Matched
Controls (n = 80)

Test
Statistic

p-value Cohen’s
d

Age, mean ± SD 14.93 ± 1.95 14.99 ± 1.96 0.25† 0.805

Younger adolescent (10–13 years), n (%) 87 (28.81) 20 (25.00) 0.29* 0.593

Older adolescent (14–18 years), n (%) 215 (71.19) 60 (75.00) 0.576

Gender, n (%) 53.98* <0.001
Female 247 (81.79) 32 (40.00)
Male 55 (18.21) 48 (60.00)

Racea, n (%) 0.41* 0.521

Caucasian (White) 231 (76.49) 58 (72.50)

Person of color 70 (23.18) 22 (27.50)

Past hospitalizations (>48 hours), n (%) 4.23* 0.040
No 212 (70.20) 66 (82.50)
Yes 90 (29.80) 14 (17.50)

Past surgeries, n (%) 1.59* 0.207
No 182 (60.26) 55 (68.75)

Yes 120 (39.74) 25 (21.25)

Adolescent Pediatric Pain Tool
Pain locations, x/67 8.78 ± 8.40 -

Sensory descriptors, x/37% 23.26 ± 15.36 -
Affective descriptors, x/11% 15.57 ± 17.41 -

Evaluative descriptors, x/8% 43.73 ± 24.52 -

Temporal descriptors, x/24% 29.01 ± 15.96 -

Douleur Neuropatique 4 questionnaire
Total score, mean ± SD 2.96 ± 2.03 -
Likely neuropathic, n (%) 133 (44.04) -

Functional Disability Inventory
Total score 15.79 ± 9.76 -

No/minimal disability, n (%) 119 (39.40) -

Mild disability, n (%) 80 (26.49) -
Moderate disability, n (%) 71 (23.51) -

Severe disability, n (%) 27 (8.94) -

Pain catastrophizing scale
Total score, mean ± SD 28.40 ± 9.98 18.55 ± 8.77 8.66† <0.001 1.01

Low catastrophizers, n (%) 30 (9.93) 29 (36.25) 56.145* <0.001
Moderate catastrophizers, n (%) 84 (27.81) 36 (45.00)

High catastrophizers, n (%) 186 (61.59) 15 (18.75)

Revised Child Anxiety and Depression Scale
Total T-score, mean ± SD 52.27 ± 14.08 46.35 ± 11.59 3.87† <0.001 0.44

Below clinical threshold, n (%) 244 (80.79) 74 (92.50) 5.55* 0.062
Borderline clinical threshold, n (%) 10 (3.31) 1 (1.25)

Above clinical threshold, n (%) 45 (14.90) 5 (6.25)

Pittsburgh Sleep Quality Index
Total score, mean ± SD 7.81 ± 3.77 4.88 ± 2.61 7.93† <0.001 0.82
Good sleep quality, n (%) 62 (20.53) 35 (43.75) 16.43* <0.001
Poor sleep quality, n (%) 229 (75.83) 43 (53.75)

(Continued)
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threshold than controls (Table 1). Furthermore, patients displayed a significantly less efficient conditioned pain modula-
tion than age-matched controls.

A significant main effect of age, gender and race was heterogeneously present across the psychosocial, QST and CPM
assessment outcomes (for details see Supplementary Tables 1 and 2). However, subsequent post-hoc comparisons were
not significant, except for younger adolescent (10–13 years) controls displaying a lower pressure pain threshold than the
older (14–18 years) controls (p=0.003).

Table 1 (Continued).

Variable Chronic MSK Pain
Patients (n = 302)

Age-Matched
Controls (n = 80)

Test
Statistic

p-value Cohen’s
d

MDTlog (mN), mean ± SD
Control area 0.69 ± 1.22 0.42 ± 1.05 1.93† 0.055
Tested area 0.67 ± 1.77 - 0.60‡ 0.552

DMAlog (NRS 0–10), mean ± SD
Control area −4.27 ± 1.18 −4.53 ± 0.48 3.01† 0.003 0.24

Tested area −3.40 ± 2.07 - 7.74‡ <0.001 0.52

VDT (x/8), mean ± SD
Control area 6.72 ± 0.98 7.04 ± 0.85 2.92† 0.004 0.34

Tested area 5.96 ± 1.35 - 17.18‡ <0.001 0.64

WURlog (ratio), mean ± SD
Control area 0.75 ± 0.98 0.60 ± 0.54 1.81† 0.072
Presence of painful after sensations after 10 stimuli

in the control area, n (%)

113 (37.42) 17 (21.25) 7.05* 0.008

Tested area 0.66 ± 1.03 - 0.62‡ 0.534
Presence of painful after sensations after 10 stimuli

in the tested area, n (%)

126 (41.72) 17 (21.25) 13.19* <0.001

PPTlog (kPa), mean ± SD
Control area 5.11 ± 0.47 5.38 ± 0.54 4.01† <0.001 0.55

Tested area 5.11 ± 0.65 - 2.26‡ 0.024 <0.01

WDTlog (°C from baseline), mean ± SD
Control area 0.43 ± 0.69 0.48 ± 0.66 0.64† 0.523

HPT (°C), mean ± SD
Control area 39.35 ± 2.73 39.02 ± 2.60 0.99† 0.324

CPM efficiency (%), mean ± SD −22.16 ± 44.28 −33.37 ± 33.28 2.48† 0.014 0.27
Inefficient, n (%) 104 (34.44) 18 (22.50) 5.56* 0.062

Suboptimal, n (%) 60 (19.87) 16 (20.00)

Optimal, n (%) 130 (43.05) 46 (57.50)

TSP (NRS −10-+10), mean ± SD 0.02 ± 2.27 0.33 ± 2.05 1.16† 0.25

Absence, n (%) 249 (82.45) 66 (82.50) 0.09* 0.761
Presence, n (%) 45 (14.90) 14 (17.50)

Notes: Percentages do not always add up to 100% due to missing data for some demographic variables. aDue to low frequency of some racial groups, races typically
identified by Statistics Canada as a visible minority group (American Indian or Alaska Native, Asian, Black or African American, Latin American, Arab, and Mixed Race) were
collapsed into a single category. *Test statistic for chi-square test. †Test statistic for Student’s t-test between patients and controls. ‡Test statistic for Student’s t-test between
control area and tested pain area. Significant p-values < 0.05 are bolded. Cohen’s d values are displayed for significant p-values for the Student’s t-test (0.2 – small; 0.5 –
medium, 0.8 – large).
Abbreviations: MSK, musculoskeletal; log, log-transformed data; MDT, mechanical detection threshold; DMA, dynamic mechanical allodynia; VDT, vibration detection
threshold; WUR, wind-up ratio; PPT, pressure pain threshold; WDT, warm detection threshold; HPT, heat pain threshold; CPM, conditioned pain modulation; TSP, temporal
summation of pain.
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Self-Reported Questionnaires Identifies Distinct Psychosocial Profiles
Based on the highest relative loss of inertia and parsimony, the best partition of psychosocial profiles of the chronic
pain sample was three clusters accounting for 31.27% of the total variation in the data. Psychosocial profiles differed
significantly from each other (F2,2649 = 622.00, p < 0.001), and psychosocial parameter × profile interaction (F16,2649 =
13.87, p < 0.001) was observed, meaning that a patient’s response to a specific questionnaire differed based on their
profile. No significant main effect of the psychosocial parameters was observed (F8,2649 = 1.03, p = 0.412)
(Figure 3A).

Adaptive pain (AP) cluster: One hundred and twenty-five patients (41%) were grouped in this cluster. Patients
grouped in the AP cluster reported significantly the lowest scores for pain catastrophizing, were less likely to report their
pain as neuropathic in nature, report less functional disability, less locations of pain, less descriptors of pain, reported less
anxiety and depression symptoms and better sleep quality than the other two clusters (see Supplementary Table 3).
Patients grouped in the AP cluster reported higher scores for pain catastrophizing, but similar scores for anxiety and
depression symptoms and sleep quality than controls (Figure 3B–D).

High pain dysfunctional (HPD) cluster: one-hundred and fifteen (38%) were grouped in this cluster. Patients in the
HPD cluster 2 reported significantly higher scores for nearly all questionnaires than the AP cluster, except similar number
of temporal descriptors of pain. Patients in the HPD cluster were significantly older compared to those in the AP cluster.
Moreover, patients in the HPD cluster reported significantly higher pain intensity the day of the assessment, and higher
average, worst and best pain intensity over the last month compared with patients in the AP cluster (see Supplementary
Table 3). Patients grouped in the HPD cluster reported higher scores for pain catastrophizing, more anxiety and
depression symptoms and worst sleep quality than controls (Figure 3B–D).

High somatic symptoms (HSS) cluster: Sixty-two patients (21%) were grouped in this cluster. Patients in the HSS
cluster reported similar scores for the Functional Disability Inventory, the Revised Child Anxiety and Depression Scale,
and the Pittsburgh Sleep Quality Index, and reported a similar number of pain locations than those of the HPD cluster.

Figure 2 Inhibitory and facilitatory pain modulations responses in adolescents with chronic musculoskeletal pain and age-matched controls. The distribution of conditioned
pain modulation in (A) patients and (a) age-matched controls show a spectrum of individual responses. Bar = individual participants. A CPM efficiency between −100% and
−30% was considered as optimal, between −30% and −10% suboptimal and between −10% and +100% inefficient. The distribution of temporal summation of pain during the
test stimulus before the conditioning stimulus in (B) patients and (b) age-matched controls also show a spectrum of individual responses. Bar = individual participants. An
increase in pain intensity was determined minimum clinically significant if the change was equal or larger than 20/100 during the last 60 seconds of the first test stimulus (ie,
presence of temporal summation of pain).
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However, patients grouped in the HSS cluster reported significantly higher scores for the pain catastrophizing, were more
likely to report their pain as neuropathic in nature, and use more descriptors of pain (sensory, affective, evaluative, and
temporal) than the HPD cluster. Patients in the HSS cluster also reported higher pain intensity the day of the assessment,
in higher average, worst and best pain intensity over the last month compared with patients in the AP cluster (see
Supplementary Table 3). Patients grouped in the HSS cluster reported higher scores for pain catastrophizing, more
anxiety and depression symptoms and worst sleep quality than controls (Figure 3B–D).

Quantitative Sensory Testing Identifies Distinct Somatosensory Profiles
For each adolescent patient, pain site z-scores were calculated using control measures for their forearm and for age-matched
controls, and plotted across available modalities. A deterministic approach was taken for allocation to the closest matching
profile including healthy controls. Profiles of sensory loss thermal hyperalgesia, mechanical hyperalgesia and normative QST
differed significantly from each other, with a significant main effect of somatosensory profile (F3,2043 = 39.51, p < 0.001),
modality (F6,2043 = 37.46, p < 0.001), and modality × somatosensory profile interaction (F18,2043 = 14.05, p < 0.001). Clinical
characteristics and pain intensity did not vary across somatosensory profiles (see Supplementary Table 4).

Figure 3 Psychosocial profiles in adolescents with chronic musculoskeletal pain. (A) Individual patient questionnaire scores were transformed and presented as z-scores.
Higher z-scores represent higher scores for the questionnaire completed. Differences are significant if p<0.05 Significant difference between #the adaptive pain and high pain
dysfunctional cluster, ‡the adaptive pain and high somatic symptoms cluster or †the high pain dysfunctional and high somatic symptoms cluster. Data points = mean. (B) The
pain catastrophizing score is represented by psychosocial cluster and compared with age-matched controls. Bars = mean ± SEM. (C) The Revised Child Anxiety and
Depression Scale total T-score is represented by psychosocial cluster and compared with age-matched controls. Bars = mean ± SEM. (D) The Pittsburgh Sleep Quality Index
global score is represented by psychosocial cluster and compared with age-matched controls. Bars = mean ± SEM. *p<0.05, **p<0.01, ****p<0.0001. PCS-C, pain
Catastrophizing Scale – Child version; DN4, Douleur Neuropathique 4 questionnaire; FDI, Functional disability inventory; Sensory, sensory descriptors; Affective, affective
descriptors; Evaluative, evaluative descriptors; Temporal, temporal descriptors; RCADS, Revised Child Anxiety and Depression Scale.
Abbreviations: PSQI, Pittsburgh Sleep Quality Index; AP, adaptive pain; HPD; high pain dysfunctional; HSS; high somatic symptoms; HC, healthy controls.
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Out of the 302 patients, 155 (51%) displayed normative QST values comparable to healthy controls. Thermal
hyperalgesia was the most common profile in our cohort of adolescents with chronic MSK pain (n = 98; 32%). This
included increased sensitivity to mechanical stimuli, WDT and HPT (Figure 4, for details, see Supplementary Table 4).
Fifteen (5%) patients presented sensory loss profile with decreased sensitivity to mechanical and thermal stimuli.
Mechanical hyperalgesia was observed for 34 (11%) patients with marked loss of function in HDT and HPT, and gain
of function in PPT. Wind-up did not differentiate between somatosensory profiles.

Conditioned Pain Modulation Assessment Identifies Distinct Profiles
Four distinct pain modulatory profiles within patients were observed: patients with optimal CPM efficiency and absence
of temporal summation (ie, functional central processing; n = 112), patients displaying only temporal summation of pain
(ie, facilitation; n = 18), patients displaying only suboptimal or inefficient CPM (ie, dysfunctional inhibition; n = 136),
and patients displaying both suboptimal or inefficient CPM and presence of temporal summation of pain (ie, dysfunc-
tional central processing; n = 27) (Figure 5). Demographic characteristics and pain intensity did not vary across pain
modulatory profiles (see Supplementary Table 5).

Associations Between Psychosocial Profiles and Somatosensory Profiles and Pain
Modulatory Profiles
As factors have been shown to influence QST and CPM in adolescents, associations between the psychosocial profiles,
somatosensory profiles and pain modulatory profiles were assessed (Figure 6). A chi-square test revealed a significant
association between the psychosocial and somatosensory profiles (Χ2 = 13.53, p = 0.035) such that a larger proportion of
patients in the mechanical hyperalgesia profile were grouped in the adaptive pain cluster. No association was observed
between the psychosocial profiles and pain modulatory profiles (Χ2 = 6.65, p = 0.355). No association between the

Figure 4 Quantitative sensory testing profiles in adolescents with chronic musculoskeletal pain. Individual patient pain area thresholds were converted into z-scores
calculated with reference to within-cohort control measures at the control area. Individual patient control area thresholds were converted into z-scores calculated with
reference to between-cohort control measures at the control area. z-Scores for dynamic mechanical allodynia to brush and for the presence of painful after-sensations at the
end of the 60-second period after 10 pinprick stimuli were were calculated with reference to the pain intensity reported by the patients using the numerical rating scale
(NRS 0–10). An average z-score for all QST parameters for the control and affected area was then calculated for each patient. The z-score plot for each individual patient
was grouped according to the closest matching adult mechanism-related profile: mechanical hyperalgesia, sensory loss, thermal hyperalgesia or normative QST. Gain of
function (hyperalgesia) is indicated as a positive z-score and a loss of function (sensory loss) as a negative score. Data points = mean.
Abbreviations: MDT, mechanical detection threshold; VDT, vibration detection threshold; WUR, wind-up ratio; PPT, pressure pain threshold; WDT, warm detection
threshold; HPT, heat pain threshold; brush, dynamic mechanical allodynia; pinprick, painful after-sensations at the end of the 60-second period after 1 and 10 stimuli.
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somatosensory profiles and pain modulatory profiles was observed (Χ2 = 10.69, p = 0.298). When looking at the
individual outcome measures with respect to the distinct profiles, significant differences were observed.

Psychosocial profiles: Adolescent patients grouped in the HSS cluster displayed more dynamic mechanical allodynia
than patients grouped in the AP cluster (see Supplementary Table 3). Moreover, more patients in the HSS clusters
displayed the presence of painful after-sensations after 10 stimuli in the control and affected area tested than patients in
the AP cluster. Patients in the HSS cluster also displayed a significantly higher vibration detection threshold, but lower
pressure pain threshold in the affected area, when compared to patients in the AP cluster. Interestingly, patients in the
HSS and AP clusters displayed more temporal summation of pain than patients in the HPD cluster.

Somatosensory profiles: Patients allocated to the thermal hyperalgesia profile reported significantly higher scores for
the DN4 questionnaire than patients allocated to the normative QST subgroup. Moreover, patients allocated to the
thermal hyperalgesia profile were more likely to report their pain neuropathic in nature (see Supplementary Table 4). In
addition, patients allocated to the mechanical hyperalgesia profile reported lower scores for the functional disability index
than patients allocated in the thermal hyperalgesia profile.

Pain modulatory profiles: Patients allocated in the functional central processing profile reported significantly lower scores
for the DN4 questionnaire and were, therefore, less likely to report their pain neuropathic in nature in comparison to patients
allocated to the dysfunctional central processing, dysfunctional inhibition or facilitation profiles (see Supplementary Table 5).

Figure 5 Pain modulation profiles in adolescents with chronic musculoskeletal pain and age-matched controls. Mean pain intensity during the tonic thermal heat stimulations of the
conditioned pain modulation assessment. Each individual patient was grouped according to their inhibitory and facilitatory pain modulation responses: dysfunctional central
processing (suboptimal or inefficient CPM and presence of temporal summation of pain), dysfunctional inhibition (suboptimal or inefficient CPM and absence of temporal
summation of pain), facilitation (optimal CPM and presence of temporal summation of pain) and functional central processing (optimal CPM and absence of temporal summation of
pain). ACPM efficiency between −100% and −30%was considered as optimal, between −30% and −10% suboptimal and between −10% and +100% inefficient. Presence of temporal
summation of pain was defined as an increase in pain intensity equal or larger than 20/100 (using the CoVAS) during the last 60 seconds of the first test stimulus.
Abbreviation: CoVAS, computerized visual analog scale.
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Discussion
Youth with chronic pain are heterogeneous in regard to their clinical presentation. Therefore, the objective of the study
was to subgroup pediatric patients with chronic MSK pain that will be phenotypically different from each other based
on their psychosocial profile, somatosensory profile and pain modulatory profiles. Overall, patients reported higher
pain catastrophizing, more anxiety and depression symptoms, and poor sleep quality than age-matched controls.

Figure 6 Associations between psychosocial profiles and somatosensory profiles and pain modulatory profiles. (A) The proportion of distinct somatosensory profiles is
shown divided by the identified psychosocial profiles. (B) The proportion of distinct pain modulatory profiles is shown divided by the identified psychosocial profiles. (C)
The proportion of distinct somatosensory profiles is shown divided by the identified pain modulatory profiles.
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Moreover, patients displayed lower pressure pain thresholds and less efficient conditioned pain modulation than
controls. Our analysis revealed that pain assessment through self-reported questionnaires, quantitative sensory testing
and conditioned pain modulation identified distinct psychosocial, somatosensory, and pain modulatory profiles
(Figure 7).

Psychosocial Phenotyping
Studies have highlighted differences between the psychosocial characteristics of pediatric patients with chronic
pain.12–16,80 Similarly to previous cluster analyses on the psychological and behavioural characteristics of pediatric
patients with chronic pain, three subgroups were identified, one with high levels of distress and disability, another
with relatively low scores of distress and disability, and a third group that scored in between the other two on these
measures.12,13,15,80 In our study, three distinct profiles were identified based on cluster analysis of self-reported
measures of pain catastrophizing, neuropathic pain-like experiences, functional disability, descriptors of pain, anxiety
and depression symptoms and sleep quality. The subgroups identified (adaptive pain, high pain dysfunctional, and
high somatic symptoms) also differed based on their pain intensity the day of the assessment, and their average, worst
and best pain over the last month. This result is important as it highlights the fear-avoidance mechanism81,82 that may
be at play in the high pain dysfunctional subgroup, but especially the high somatic symptoms subgroup. The high
catastrophizing and negative affect of patients in the HPD and HSS psychosocial subgroups may lead them into
a cyclical nature of prolonged avoidance of activities that is associated with increased pain, functional impairment
and disability.82,83 Moreover, our results showed that the high somatic symptom subgroup showed more frequent
dynamic mechanical allodynia and presence of painful after-sensations after pinprick stimuli. The high somatic
symptom cluster also displayed a higher vibration detection threshold, but lower pressure pain threshold in their most
painful location. The associations highlight that the effects of psychosocial factors on QST should not be overlooked,
and identifying patients similar to those grouped in the HSS cluster would allow clinicians to intervene early to
reduce pain symptoms and its negative impact on the daily lives of the patients.

Figure 7 Comprehensive patient pain assessment and rational predicted treatment efficacy. Pain assessment through self-reported questionnaires, quantitative sensory
testing and conditioned pain modulation identifies distinct psychosocial, somatosensory, and pain modulatory profiles. Predictions for differential efficacy of treatment
approaches across profiles are depicted. + represents beneficial; ++ represents very beneficial.
Abbreviations: AP, adaptive pain; HPD; high pain dysfunctional; HSS; high somatic symptoms; MH, mechanical hyperalgesia profile; SL, sensory loss profile; TH, thermal
hyperalgesia profile; N, normative QST profile; DCP, dysfunctional central processing; DI, dysfunctional inhibition; F, facilitation; FCP, functional central processing.
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Somatosensory Phenotyping
Somatosensory signs vary within diagnostic characteristics of patients with neuropathic pain, and subgrouping based on
different profiles may improve mechanism-based treatment.16,84 In our sample of adolescents with chronic musculoske-
letal pain, we also identified distinct sensory loss, thermal hyperalgesia, and mechanical hyperalgesia profiles, but also
included a profile in which patients presented QST values closer to “healthy” controls. Although it is important to
consider the sample size of our age-matched controls and methodology that may influence the z-scores for some
modalities, our results parallel clusters reported in adolescents and adults with neuropathic pain.16,77,78 Patients without
confirmation of a lesion in the somatosensory system but with altered sensory processing may reflect nociplastic pain as
the dominant mechanism at play.85

More than half of the patients displayed QST values that were relatively similar to “healthy” controls. Unlike
Verriotis et al, whose sample consisted of adolescents with peripheral neuropathic pain,16 and our previous work in
a sample of pediatric patients and young adults with chronic back pain,86 which did not include healthy controls, this
study highlights that there are patients that display no gain or loss of sensory functions and, therefore, their pain may be
due to other underlying mechanisms.

Sensory loss is common in children with rare conditions (eg, postherpetic neuralgia78) or with conditions that produce
subclinical sensory signs (eg, diabetes87,88), but was relatively uncommon in our cohort of patients with chronic MSK
pain (5.3%) similarly to a cohort of patients with peripheral neuropathic pain (21.2%).16 This sensory profile is
characterized by a loss of small and large fiber function and has been described to be similar to a compression nerve
block.78,89,90 Therefore, the spontaneous pain, despite the “deafferation” or “painful hypoesthesia”, may be likely due to
ectopic action potentials generated in proximal sites of injured nociceptors, such as the dorsal root ganglion or the
deafferented central nociceptive neurons.91

Thermal hyperalgesia was the most common profile in our cohort of patients with chronic MSK pain displayed
through increased sensitivity to mechanical and thermal stimuli. Interestingly, a higher proportion of patients in the
thermal hyperalgesia profile were more likely to report their pain as neuropathic, highlighting that a change in
somatosensory function may be involved in the ongoing pain. Increased thermal sensitivity has been seen in
adolescents with complex regional pain syndrome92 and chronic musculoskeletal pain93; however other studies in
youth with functional abdominal pain have observed no difference in heat pain threshold or test temperature when
compared to pain-free youth.30,39,94 This sensory profile is characterized by relatively preserved large and small fiber
sensory functions in combination with heat hyperalgesia, which may be likely due to peripheral sensitization.78,95 In
response to a painful stimuli, sensitized nociceptors will generate an increased number of action potentials to be
processed centrally and interpreted are more intense pain.96,97 However, it is important to consider that the thermal
stimulation was only conducted in a control area of the body. Sensitized nociceptors in the control area of the body
may be associated with an overexpression of pronociceptive mediators, channels and receptors leading to patholo-
gical spontaneous discharges and lowered activation threshold for thermal and mechanical stimuli. Therefore, the
ongoing pain experienced by the patients may be due to ongoing hyperactivity in surviving nociceptors in the
affected area.

Mechanical hyperalgesia was also relatively uncommon in our cohort of patients with chronic MSK pain. This sensory
profile was characterized by a loss of heat-sensitive small fiber function in combination with pressure hyperalgesia. Increased
sensitivity to pressure has been in observed in a large population of adolescents with chronic pain in comparison to healthy
controls, providing evidence of regional sensitization.27 However, the dissociation of thermal and mechanical hyperalgesias
may be explained by the differences in neural signaling of thermal and mechanical pain that starts with peripheral encoding
in distinct subsets of nociceptors or central sensitization, which is more prominent for mechanical stimuli.95,96 The increased
excitability at the spinal level in response to stimuli may be associated with an increased in the receptive fields of the
nociceptive spinal cord neurons.96,97 The ongoing pain in this sensory profile may be due to spontaneous activity in the
nociceptive system originating from the peripheral and/or central nervous system.
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Pain Modulation Phenotyping
Improving the diagnostic process by identifying patients with chronic MSK pain based on the results of inhibitory and
facilitatory pain modulation responses can provide additional standardized outcomes for clinical trials.98 The CPM
response is based on a spino-bulbar-spinal loop that involves serotonin and noradrenergic mechanisms in the descending
pain inhibitory systems.99,100 Impaired CPM has been identified in youth with chronic abdominal, neuropathic and
musculoskeletal pain when compared to age-matched controls.10,30,33,38,39,82 Facilitated TSP, involving NMDA receptors
in humans,101 have been shown to be involved in some chronic pain conditions such as sickle cell disease, fibromyalgia,
migraines, and functional abdominal pain.15,34–36,40,41 Our results provide evidence of distinct combinatory profiles of
facilitatory and inhibitory pain modulation responses similarly seen in adults.79 Vaegter and Graven Nielsen (2016)
observed that adult patients demonstrating impaired CPM and facilitate TSP expressed more pain areas, higher clinical
pain intensity and experimental pain sensitivity than patients demonstrating normal CPM and TSP responses. Although
this was not observed in our cohort and chronic widespread pain is a chronic conditioned heterogeneous with respect to
pain modulation, youth grouped in the dysfunctional central processing may be important to be identified for interven-
tion. With such manifestation of impairment in central pain modulation, these patients are suggested to be at high
propensity for widespread pain and comorbidities in the future if not present already.79,102

Clinical Implications
The management and treatment of chronic pain may remain a challenge. Current pain guidelines highlight multi-
disciplinary management using a biopsychosocial model as the standard of care. A comprehensive use of exercises,
physical therapy, cognitive behavioural therapy, and medical treatments with active commitment of the patients and
parents are associated with positive clinical outcomes.103,104 Studies investigating quantitative sensory testing in relation
to musculoskeletal pain have shown the importance of a multidimensional assessment.27,33,105,106 Georgopoulos et al
highlight that the baseline assessment with quantitative sensory testing was a valuable instrument to predict clinical
outcomes including disability in patients with musculoskeletal pain. Improving the diagnostic process by identifying
distinct psychosocial, somatosensory and pain modulatory profiles of patients with chronic musculoskeletal pain based on
results of quantitative sensory testing, pain-related outcomes, and psychosocial factors may help clinicians provide an
improved individualized care to patients.98

Exercises, physical therapy and psychological therapies are aimed to focus on helping patients return to their desired
level of functioning through progressive engagement in previously avoided activities and a self-management approach to
pain.98,103 Studies targeting the central pain processes have used physical activity to reduce the presence of temporal
summation pain.107,108 Therefore, the patients displaying facilitated TSP (ie, grouped in the dysfunctional central
processing or facilitation pain modulatory profiles) may benefit from a multidisciplinary program centered on physical
activity.109

Psychological therapies included in multidisciplinary care, delivered individually or in groups in the pediatric chronic
pain population, may break the fear-avoidance cycle, reduce pain symptoms, disability and negative affect, but also
modify social environmental factors to enhance functional status.110 Hence, a multicomponent approach focused on
psychological therapeutic interventions addressing anxiety, depression and poor sleep quality, and on the probable pain
hypersensitivity may be more beneficial for patients that are grouped in the high pain dysfunctional and high somatic
symptoms cluster who display more functional disability, mental distress and sleep problems.

Multidisciplinary pain management centered on pharmacological treatments and interventional procedures are mainly
supported through studies conducted in adults. Several trials in adults with neuropathic pain have used baseline QST
phenotyping to identify predictors of treatment response that are relevant to the distinct somatosensory profiles and are
supported by different pharmacological profiles.78 Clinical trials in adults suggested that sodium channel modulators such
as local anesthetics could be useful to treat pain conditions associated with peripheral sensitization, and therefore may be
more beneficial for patients grouped in the thermal hyperalgesia somatosensory profile.111,112 Moreover, patients with
potential involvement of central pain processes (ie, grouped in the mechanical hyperalgesia somatosensory profile) or
displaying facilitated TSP (ie, grouped in the dysfunctional central processing or facilitation pain modulatory profiles)
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could benefit more from calcium channel modulators such as gabapentinoids, inhibiting central neuronal sensitization.113

Adult patients with a baseline QST profile similar the sensory loss somatosensory profile observed in our cohort
displayed a higher efficacy in a retrospective analysis of a placebo-controlled trial with oral opioids.114 However, studies
have shown very low certainty evidence for the use of opioids for children and adolescents with chronic pain.115 Patients
with impaired CPM response (i.e. grouped in the dysfunctional central processing or dysfunctional inhibition pain
modulatory profiles) could benefit more from selective serotonin reuptake inhibitors or serotonin-noradrenaline re-uptake
inhibitors, which augment descending inhibition by spinal monoamine re-uptake inhibition.116,117

The overall biopsychosocial approach management and treatment of chronic pain support the clinical relevance of the
distinct profiles identified within our cohort. Our predictions for differential efficacy of treatment approaches across
profiles are summarized in Figure 7. However, a recent review on the efficacy and safety of pharmacological, physical,
and psychological interventions for the management of chronic pain in children observed that although all interventions
showed some benefit for reducing pain, most critical outcomes of pain intensity, quality of life, and physical, role and
emotional functioning were rated as low or very low certainty.117 Moreover, a recent study on children with chronic pain
revealed that at their 7-year follow-up, irrespective of whether or not they experienced ongoing chronic pain, they
demonstrated worse physical and mental health and continued to seek more frequent health care.118 Therefore, the
potential efficacy and size effect in treatment response between profiles remains to be proven in future prospective trials.

Limitations
Data were obtained from a heterogenous sample of patients with diverse pathological diagnoses (eg, scoliosis, osteogen-
esis imperfecta, chronic widespread pain, etc) that were not considered in this study but is important to consider in pain
management. Comparisons between profiles with smaller sample of patients should be interpreted with caution. The QST
protocol measures have similarities to the DFNS protocol measures28 with modifications or exclusions. Somatosensory
profiles were distinct from each other. However, although they are parallel, they do not completely mirror adult
mechanism-related profiles.78 Somatosensory profiles were based on within- and between-cohort comparisons, and
additional pediatric control data will improve the sensitivity of site-, age- and sex-corrected z-scores. Only one method
assessing the inhibitory and facilitatory pain modulation responses were used. Other studies have used blunt pressure as
the test stimulus for the CPM paradigm and have applied a series of heat-pain stimuli of the same temperature to induce
temporal summation of pain.15,29 Medication taken by the participants were not controlled at the time of the assessment,
and medication use was variable. Confirmatory tests and biomarkers may be important to be added to further evaluate
adolescents with chronic musculoskeletal pain.

Conclusion
Our results provide evidence that adolescents with chronic musculoskeletal pain are a heterogeneous population
comprising subgroups that may reflect distinct mechanisms and may benefit from different treatment approaches.
Screening self-reported questionnaires, QST, and CPM facilitate phenotyping of adolescent with chronic MSK pain in
the clinical context. The combination may allow recognition of different subgroups of patients with chronic MSK pain
and may ultimately contribute to personalized therapy.
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