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Editorial on the Research Topic
Advances in chronic pain treatment

Introduction

Chronic pain is a multifaceted condition that affects millions globally (1), often
persisting beyond 3 months and significantly impairing individuals’ quality of life (2). In
recent decades, significant advances have been made in understanding the pathophysiology
of chronic pain, laying the groundwork for the development of new therapies and
therapeutic approaches. This progress has been largely driven by advances in neuroscience,
providing a deeper understanding of how the brain and central nervous system process
pain (3). The development of neuroimaging techniques has allowed scientists to observe
directly the alterations in brain activity associated with chronic pain, identifying abnormal
patterns of neural activation and desynchronization that perpetuate pain perception (4, 5).

This growing understanding of chronic pain has led to the integration of multiple
disciplines in its approach, from medicine and psychology to biotechnology and
engineering (6). This multidisciplinary approach is crucial for addressing the complexity of
this condition, enabling the development of strategies that not only focus on relieving pain
but also address its underlying causes, thus optimizing long-term outcomes for patients (7).

Neurophysiological mechanisms and risk factors

Understanding the neurophysiological mechanisms underlying chronic pain remains
a priority within the field. Pinilla-Fernandez et al. explore the neurobiological
underpinnings of chronic neuropathic pain using advanced neuroimaging techniques.
Where they quantified the difference in brain metabolite concentrations in whiplash-
associated disorders (WAD) within the anterior cingulate and dorsolateral prefrontal
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cortex, and identified key metabolites associated with chronic
neuropathic pain components during chronic WAD.

Additionally, Diao et al. employ a genetic approach to
investigate modifiable risk factors in the development and
Through a Mendelian
randomization study, they highlight the causal relationships

progression of knee osteoarthritis.

between these risk factors and the disease, underscoring the
importance of addressing modifiable elements in both preventive
and therapeutic strategies. Together, these studies reinforce the
need for a multifaceted approach to managing chronic pain,
integrating neurophysiological insights with a focus on modifiable
risk factors to optimize patient outcomes.

Neuromodulation and pain
management

One of the central themes in recent advances in chronic pain
treatment is the role of neuromodulation in managing chronic pain
conditions. Chang et al. provide a comprehensive review of the
effectiveness of transcranial alternating current stimulation (tACS)
in managing chronic pain. While results vary across different
studies, this review highlights the potential of tACS as a non-
invasive neuromodulatory tool, particularly for conditions resistant
to conventional therapies. Moreover, Escobar-Sanchez et al. explore
the long-term effects of high-frequency stimulation (HFS) on
pain and sensitivity in healthy subjects. Their study illustrates
significant bilateral changes in mechanical and thermal sensitivity
after HFS, particularly in cold sensitivity, which persisted long after
the stimulation ended. These findings suggest that demographic
characteristics, such as age and gender, may influence the efficacy of
neuromodulatory interventions. As research continues to explore
pain mechanisms, these insights will be crucial for developing more
targeted and effective therapies.

Other innovative therapies and
technology integration

The exploration of innovative therapies and technologies
remains a critical focus in the current scientific landscape. Li
et al. review the latest developments in biomimetic nanotechnology
for drug delivery, particularly emphasizing its application in
treating rheumatoid arthritis. They highlight the potential of
biomimetic nano-systems to revolutionize the treatment of chronic
inflammatory conditions by enhancing the precision and efficiency
of drug delivery. This approach could significantly improve the
management of diseases like rheumatoid arthritis, where targeted
drug delivery is essential to improve therapeutic efficacy, minimize
systemic side effects, and thus optimize patient outcomes.

Additionally, Doménech-Garcia et al. investigate the complex
interplay between placebo and nocebo effects in invasive
treatments, such as percutaneous needle electrolysis and dry
needling, for patients with patellar tendinopathy. Their research
sheds light on the intricate psychological factors involved in chronic
pain management, demonstrating how patient expectations can
profoundly influence treatment outcomes.
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Personalized therapeutic approaches

The importance of personalized approaches in treating
chronic pain is another significant theme within recent research.
Escobar-Sanchez et al. highlight how different stimulation
modalities can lead to variable changes in pain perception and
sensitivity, emphasizing the necessity of tailoring pain management
strategies to the specific characteristics of each patient. Similarly,
Sreckovic et al. explore the role of peripheral nerve blocks
in managing chronic post-surgical pain (CPSP) after knee
arthroplasty. Their findings suggest that nerve blocks, such as
the adductor canal block and interspace between the popliteal
artery and capsule of the posterior knee block, significantly reduce
opioid consumption and the incidence of CPSP, demonstrating
that personalized regional analgesia can effectively improve
postoperative outcomes and reduce long-term pain.

On the other hand, Del Piccolo et al. introduce the INTEGRO
protocol, an innovative integrated psychotherapeutic intervention
designed for fibromyalgia (FM) management. This protocol
combines Cognitive Behavioral Therapy, Acceptance and
Commitment Therapy, and somatic experiential techniques to
address the complex, multifaceted nature of FM. Through a
personalized approach that includes psychoeducation, emotion
INTEGRO

reducing

regulation, and self-efficacy enhancement, the

protocol has demonstrated its effectiveness in
FM-related pain and improving the health-related quality
of life in patients. Moreover, La Touche et al. introduce
the BioPMovQ, a novel instrument designed to assess the
relationship between pain and movement from a biobehavioral
perspective. These studies collectively highlight the critical need
for personalized therapeutic approaches in chronic pain treatment,
emphasizing the role of individualized strategies in optimizing

patient outcomes.

Integrating clinical theory and practice

In addition to personalized treatments, it is also relevant
to highlight the integration of theoretical knowledge into
clinical practice advances. Zhai et al. revisit and refine the
theory of trigger points and their role in musculoskeletal
pain, offering a comprehensive review that emphasizes the
importance of understanding muscle pain patterns in clinical
practice considering biomechanics, kinesiology and compensatory
mechanisms. Their work advocates for a more nuanced application
of trigger point theory in clinical settings, emphasizing that
a deeper grasp of these mechanisms can lead to improved
patient outcomes.

Conclusion

The articles featured in this analysis collectively advance our
understanding of chronic pain and its management. By integrating
neuromodulation, personalized therapies, theoretical insights, and
innovative technologies, these studies offer a comprehensive
overview of the current landscape in chronic pain treatment.
The findings presented here not only deepen our understanding
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of chronic pain but also pave the way for future research and
clinical applications that could significantly enhance patient care
and outcomes.
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Background: Chronic pain is common, disruptive, and often treatment-
resistant. Hence, researchers and clinicians seek alternative therapies
for chronic pain. Transcranial alternating current stimulation (tACS) is an
emerging neuromodulation technique that non-invasively modulates neural
oscillations in the human brain. tACS induces pain relief by allowing the
neural network to restore adequate synchronization. We reviewed studies
on the effectiveness of tACS in controlling chronic pain.

Methods: The PubMed, SCOPUS, Embase, and Cochrane Library databases
were systematically searched for relevant studies published until December
6, 2023. The key search phrase for identifying potentially relevant articles
was [(Transcranial Alternating Current Stimulation OR tACS) AND pain]. The
following inclusion criteria were applied for article selection: (1) studies
involving patients with chronic pain; (2) tACS was applied for controlling
pain; and (3) follow-up evaluations were performed to assess the degree of
pain reduction after the application of tACS.

Results: We identified 2,330 potentially relevant articles. After reading the
titles and abstracts and assessing eligibility based on the full-text articles,
we included four articles in our review. Among the included studies, tACS
was used for fibromyalgia in one study, low back pain (LBP) in two studies,
and migraine in one study. In the study on fibromyalgia, it did not show
a better pain-reducing effect of tACS compared with sham stimulation.
Two studies on LBP showed conflicting results. In migraine, tACS showed a
positive pain-reducing effect 24-48 h after its application.

Conclusion: There is insufficient research to draw a conclusive judgment
on the effectiveness of tACS in controlling chronic pain. More studies across
various chronic pain-related diseases are required for a definitive conclusion.

KEYWORDS

transcranial alternating current stimulation, chronic pain, fibromyalgia, low back
pain, migraine, treatment, review
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Introduction

Chronic pain is pain that persists for more than 3 months or after
complete healing, which is a leading cause of disability and disease
worldwide (I, 2). Approximately 20% of the adult population
experiences chronic pain, with 8% of individuals reporting severe pain
that disrupts their life and work activities (3). To manage chronic pain,
various therapeutic methods have been applied, including physical
therapy, psychotherapy, medication, procedures, and surgery (1, 2).
However, despite these treatments, chronic pain often
remains uncontrolled.

The brain plays a fundamental role in the processing of pain (4).
Several previous studies using electroencephalography (EEG) and
magnetoencephalography (MEG) demonstrated that chronic pain is
closely associated with abnormal neuronal oscillations (5-8). The peak
frequency of neuronal oscillations measured by EEG or MEG was
lower in patients with chronic pain compared with that of healthy
controls (5-8). Specifically, changes in neural oscillations at gamma
(30-100 Hz) frequencies in prefrontal brain area are related to chronic
pain (9). The modulation of neural oscillations has been suggested to
be a promising novel therapeutic approach for controlling
chronic pain.

Transcranial alternating current stimulation (tACS) is an
emerging neuromodulation technique that non-invasively modulates
neural oscillations in the human brain (10-12). During the application
of tACS, a weak alternating sinusoidal current is administered to the
scalp with the aim of synchronizing neural oscillations at the
stimulation frequency, thereby enhancing their amplitude and causing
a new balance by forcing the neural network to restore adequate
synchronization (10-12). This neural modulation by tACS was
proposed to induce pain relief.

Thus far, some clinical trials have been conducted to investigate
whether tACS has a pain-reducing effect in patients with chronic pain
(13-17). In this study, we review previous studies on the effectiveness
of tACS in controlling chronic pain and integrate their results to draw
a comprehensive conclusion on the therapeutic possibility of tACS for

pain reduction.

Methods

This systematic review conformed to the recommendations of the
Preferred Reporting Items for Systematic Review and Meta-analysis.
The protocol was registered on the international platform of
registered systematic reviews protocols (registration number:
INPLASY2023120012).

The population, intervention, comparison, and outcome (PICO)
setting of the current systematic review was as follows: P: patients with
chronic pain; I: tACS combined with or without other therapies for
controlling pain; C: placebo or sham stimulation; and O: pain
intensity. Two authors (MC and SY) searched for relevant studies
published until December 6, 2023, in the PubMed, SCOPUS, Embase,
and Cochrane Library databases (Supplementary material 1). The key
search phrase for identifying potentially relevant articles was
[(Transcranial Alternating Current Stimulation OR tACS) AND pain].
The following inclusion criteria were applied for the selection of
articles: (1) patients with chronic pain; (2) tACS was applied for
controlling pain; and (3) follow-up evaluations were performed after
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tACS stimulation to assess the degree of pain reduction after the
application of tACS. We excluded the following studies: (1) review
articles; (2) animal studies; and (3) conference abstracts
or presentations.

After duplicate publications were deleted, two reviewers (MC and
SY) independently evaluated potentially eligible studies that were
identified by our search. Articles were screened for eligibility based on
areview of the title and abstract, and disagreements were resolved by
consensus. The full texts of eligible articles were accessed and read
independently by the two reviewers (MC and SY).

The risk of bias of selected studies was evaluated using the criteria
described in the Cochrane Handbook for Systematic Reviews of
Interventions to assess potential bias (18). The domains to evaluate the
risk of bias were as follows: (1) random sequence generation and
allocation concealment (selection bias); (2) blinding of participants
and personnel (performance bias); (3) blinding of outcome assessment
(detection bias); (4) incomplete outcome data (attrition bias); (5)
selective reporting (reporting bias); and (6) other biases. Two
independent reviewers performed these evaluations (MC and SY), and

discrepancies were resolved through discussion.

Results
Search results

A total of 2,405 articles were identified using the search terms. Of
these, 740 duplicates were excluded from further analysis. After
reading the titles and abstracts, 1,653 articles were excluded because
they did not meet the inclusion criteria. Subsequently, 12 full-text
articles were retrieved to verify study eligibility, and a total of four
publications were finally included in this review (Figure 1) (13, 14, 16,
17). These four publications were all randomized controlled trials
(RCTs) (13, 14, 16, 17). Among these four studies, two were conducted
under a randomized, double-blind, crossover design (13, 17). Table 1
presents the characteristics of the included articles, and Table 2
presents the application methods for tACS and combined treatments
with tACS. Among four included studies, tACS was applied for
fibromyalgia in one study (16), low back pain (LBP) in two studies (13,
17), and migraine in one study (14).

Fibromyalgia

In 2022, Lin et al. conducted an RCT to evaluate the effect of tACS
on the left primary motor cortex (M1) for the management of chronic
pain from fibromyalgia (16). Thirty-eight patients having a history a
widespread pain with >3 months duration were recruited and
randomly allocated to the tACS (n =19) and sham stimulation (n =19)
groups. tACS was conducted with a daily session of 20min of
stimulation of 1 mA at 50 Hz (duty cycle with an on time of 2s and off
time of 8s) over the left M1 (C3 position in the 10/20 system for the
EEG electrode positions) for 10 sessions in 2weeks. For the
administration of the electrical current, a 4x1 ring electrode
configuration was used. The pain severity and physical function were
assessed using the numeric rating scale (NRS) and the fibromyalgia
impact questionnaire (FIQ) at baseline and after 2weeks of tACS
treatment. Additionally, the Beck Anxiety Inventory, Beck Depression
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FIGURE 1
PRISMA flow diagram. tACS, Transcranial alternating current stimulation.

Inventory-II, and Pittsburgh Sleep Quality Index (PSQI) were
checked. During the study, one patient in the tACS group and two in
the sham stimulation group dropped out. After 10 sessions of tACS
and sham stimulation, there were no significant differences in the
changes in all the measurements between the groups. After tACS,
various adverse events, including headache, scalp pain, stinging, itch,
burning sensation, drowsiness, and difficulty concentrating, were
reported. However, the severity of all the adverse events was mild, and
the occurrence rate was not different from the sham stimulation group.

Low back pain

In 2019, Ahn et al. (13) performed a randomized, double-blind,
crossover design study to investigate the effect of tACS on controlling
LBP. They recruited 20 patients with chronic LBP persisted at least
5months and randomly allocated them into two groups (tACS and
sham stimulation groups). After the first session was completed, all
the patients had a washout interval of 1-3weeks. They were then
crossed over to the other groups and had a second session. Two
stimulating electrodes (5cmx 5cm each) were placed at the bilateral
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frontal lobe (F3 and F4) and delivered a sinusoidal waveform with
1 mA amplitude for 40 min. The return electrode (5cmx 7cm) was
placed at Pz (medial parietal region). At pretreatment and after
completing each session, the Defense and Veterans Pain Rating Scale
(DVPRS, from 0 to 10, 0=no pain and 10 =worst imaginable pain,
similar to the NRS), Oswestry Disability Index (ODI), and
enhancement of alpha oscillation were measured. After tACS, the pain
severity measured by DVPRS was significantly reduced compared to
sham stimulation, but ODI was not. The increase in alpha oscillations
was significantly higher after tACS compared to sham stimulation.
In the same year, Prim et al. (17) conducted a randomized,
double-blind, crossover design study in 20 patients with chronic LBP
(pain duration: at least 6 months). The included patients were divided
into two groups (10 patients per group). The schedule for the
application of tACS, areas that place the electrodes, and electrode type
were the same as in Ahn et al’s study on the forehead. Prim et al.
defined the responders as patients who had a decrease of >2 points on
the DVPRS after completing the stimulation session. Twice as many
patients reported being responders after tACS treatment vs. after sham
stimulation, but no significant difference was found. They also checked
the degree of adverse effects, including headache, neck pain, scalp
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TABLE 1 Characteristics of the included studies.

First
author

Published
year

No. of
patient

Age, years
(mean + SD)

1 Lin (16) 2022 35 (tACS: tACS: 48.3 +£13.6

sham=18:17)

Sham: 48.9 +12.3

Disease

Fibromyalgia

10.3389/fneur.2023.1323520

Outcome Results

parameters

Pain
duration
of
patients

Study type

>3 months RCT NRS, FIQ, BAIL,

BDI-II, and PSQI

- All the measured
outcomes were not
significantly
different between
the tACS and sham

stimulation groups.

2 Ahn (13) 2019 Age range: 18-65,
no information on

mean

Low back pain

DVPRS, ODI, and
EEG

Randomized,
double-blind,

crossover design

>5months
The DVPRS score

was significantly
lower after tACS
than after sham
stimulation, but the
ODI was not.

- The increase in
alpha oscillations
was significantly
higher after tACS
compared to sham

stimulation.

3 Prim (17) 2019 43.0+13.4

Low back pain

Randomized, DVPRS
double-blind,

crossover design

>6 months

No significant
difference was
found between
tACS and sham

stimulation.

4 Antal (14) 2020 25 (tACS:

sham=16:9)

tACS: 31.1 £8.9

Sham: 28.1 £10.5

Migraine

>6 months RCT NRS

The reduction of
NRS at 2 and 4h
after stimulation
was significantly
higher in the tACS
group than in the

sham

stimulation group.

tACS, Transcranial alternating current stimulation; SD, Standard deviation; RCT, Randomized controlled trial; NRS, Numeric rating scale; FIQ, Fibromyalgia impact questionnaire; BAI, Beck
Anxiety Inventory; PSQI, Pittsburgh Sleep Quality Index; DVPRS, Defense and Veterans Pain Rating Scale; ODI, Oswestry Disability Index; and EEG, electroencephalogram.

pain, tingling, itching, ringing/buzzing noise, burning sensation, local
redness, sleepiness, trouble concentrating, improved mood, worsening
of mood, dizziness, and flickering lights, with numeric scores. The
significant difference in score for each side effect was not shown
between tACS and sham stimulation.

Migraine

In 2020, Antal et al. (14) recruited 40 patients with chronic
migraine (pain duration: >6months), and they were randomly
allocated to the tACS (25 patients) and sham stimulation (15 patients)
groups. Among these patients, 25 patients—16 in the tACS group and
nine in the sham stimulation group—completed the study. The study
was conducted over the course of 6 weeks. Patients were asked to write
a headache diary during the study period. During the study, the
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frequency of the migraine attacks, duration of the pain, and use of
analgesics were recorded. The pain degree was also measured with
NRS at the onset of a migraine attack as well as 1, 2, 4, 8, 24, and 48h
thereafter. tACS or sham stimulation was applied by the patient at
home. The stimulation was applied at the beginning of the migraine
attack. The stimulating electrode (4cm x4 cm) was placed over the
occipital lobe (Oz) and the return electrode (5cmx 7 cm) over the Cz
electrode position. tACS with 0.4 mA was applied for 15min. During
the study, 65 migraine attacks were treated in 16 patients in the tACS
group (mean: 4.06 attacks/patient) and 37 in nine patients in the sham
stimulation group (mean: 4.11 attacks/patient). In the tACS group, 27
of the 65 migraine attacks were treated with oral medications within
2h after the stimulation, compared to 14 of the 37 attacks in the sham
stimulation group. During the migraine attacks without taking oral
medications, the pain disappeared within 2h post-stimulation in 14
of the 38 attacks in the tACS group but in none of the 23 attacks in the
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TABLE 2

Intensity Duration
(mA) (min)

Simulation
site

First
author

Frequency No. of sessions
(Hz)

10.3389/fneur.2023.1323520

Application methods for tACS treatment and combined treatments with tACS.

Treatment
received by

Combined
treatments

with tACS control group

1 Lin (16) M1 1 20 50 10 No combined Sham stimulation
treatment.
2 Ahn (13) Bilateral F-lobe 1 40 10 1 per study arm No combined Sham stimulation
(F3, F4) treatment.
3 Prim (17) Ml 1 40 10 1 per study arm No combined Sham stimulation
treatment.
4 Antal (14) O-lobe (Oz) 0.4 15 140 1 (at the beginning of The included patients Sham stimulation
the migraine attack) were allowed to take and regular acute
their regular acute migraine
migraine medications medications

tACS, Transcranial alternating current stimulation; M1, Primary motor cortex; F-lobe, Frontal lobe; and O-lobe, Occipital lobe.

sham stimulation group, with a statistically significant intragroup
difference. The rate of terminated migraine attacks that did not require
acute rescue medication was significantly higher in the tACS group
(21.5%) than in the sham stimulation group (0%). The pain severity
measured with NRS was significantly lower after tACS than after sham
stimulation in 2 and 4h after the stimulation.

Risk of Bias

All four included studies had a low risk of bias in the domains of
allocation concealment, blinding of participants and personnel, and
selective reporting (Figure 2). In random sequence generation, three
studies had a low risk of bias. In the domain of blinding outcome
assessment, only one study had a low risk of bias, and in the domain
of incomplete outcome data, two studies had a low risk of bias. Three
studies had a low risk of bias in the domain of other biases. Among
the 28 domains across all four included studies, 21 domains (75.0%)
were determined to be low risk. The inter-rater agreement for the
determination of potential bias of each study was 0.900 (p <0.001)
according to the kappa index.

Discussion

In this review of tACS for chronic pain, we found four published
articles in that met our inclusion criteria (13, 14, 16, 17). The patients
included in the previous studies had fibromyalgia in one study (16),
LBP in two studies (13, 17), and migraine in one study (14).

Patients with chronic pain exhibit impaired alpha oscillations (13,
19). It is known that pain perception suppresses alpha oscillations (13,
19). Previous studies found that the amplitude of alpha oscillations in
the brain was negatively correlated with the severity of chronic pain
(20-22). tACS can modulate neural oscillations by applying oscillating
electrical currents (10-12). The enhanced alpha oscillations by tACS
can be suggested to induce pain relief. Additionally, in patients with
chronic pain, abnormal activation of the thalamic nuclei, insula,
anterior cingulate, and sensory and prefrontal cortices was observed
during pain processing (23, 24). The previous studies using EEG
found increased theta rhythm mainly located in the anterior cingulate
and frontal cortex, which are part of the thalamocortical circuit. The
thalamocortical circuit plays a crucial role in processing and
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transmitting pain signals in the human brain (25, 26). Abnormal
activation of the thalamocortical circuit is considered a key pathology
inducing the development of chronic pain (25, 26). Therefore, chronic
pain is interpreted as the result of thalamocortical dysrhythmia (25).
Low-intensity alternating currents produced by tACS could modulate
abnormal neural activation within the thalamocortical circuit, which
is supposed to be helpful for alleviating chronic pain (15).

However, contrary to our expectations, the results of our study
that integrated the findings of four previous studies were conflicting
(13, 14, 16, 17). In the study on fibromyalgia (16), it did not show a
better pain-reducing effect of tACS compared with sham stimulation
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(16). The two studies on LBP showed opposite results (13, 17). The
study of Ahn et al. (13) showed a positive pain-reducing effect of
tACS, but study of Prim et al. (17) did not find any significant
difference between the pain-reducing effect of tACS and that of sham
stimulation. Regarding migraine, the study reported that tACS was
helpful for terminating migraine attacks and reducing pain severity
during migraine attacks (14). The conflicting results hinder the
conclusion of the effectiveness of tACS for controlling chronic pain.

Responses to tACS can vary among individuals. Factors such as
the brain anatomy, exact placement of electrodes, and brain state
during stimulation would influence the pain-reducing effect of tACS
(27). Also, patients suffering from pain exhibit a wide range of pain
patterns and characteristics. The individual variation in tACS effects
might have contributed to the conflicting results in previous studies.

Additionally, even if the previous studies demonstrated a positive
pain-reducing effect of tACS (13, 14), patients with LBP reported only
immediate effects after tACS sessions (13). The pain relief effect of
tACS in patients with migraines lasted only 24-48h following tACS
treatment (14). The long-term effect of tACS was not reported or
evaluated in the previous studies. Therefore, studies investigating the
effect of tACS on controlling chronic pain are required.

In the previous studies, the number of stimulation sessions varied
in each study. The study of Lin et al. (16) applied tACS with 10
sessions, but the other studies used tACS with a single session (13, 14,
17). Also, the brain area to which tACS was applied and the intensity
of current stimulation varied across the previous studies (13, 14, 16,
17). Further research should be conducted to establish the most
effective tACS treatment protocol for controlling chronic pain.

In this review, we investigated the effectiveness of tACS in
controlling chronic pain. We reviewed four studies (13, 14, 16, 17),
among which two reported a positive effect on pain control (13, 14),
while the remaining two studies reported negative results (16, 17).
Furthermore, even if the positive pain-reducing effect of tACS was
reported in two studies, it was only an immediate or short-term pain-
relieving effect (13, 14). We think that there is still insufficient research
to draw a conclusive judgment on the effects of tACS on controlling
chronic pain. For a definitive conclusion, more studies across various
chronic pain-related diseases are required. Also, studies for
determining the optimal stimulation area, intensity, duration, and
frequency for tACS treatment should be conducted in the future.
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Chronic post-surgical pain after
knee arthroplasty: a role of
peripheral nerve blocks

Svetlana Sreckovic!?*, Nebojsa Ladjevic'?, Biljana Milicic*?,
Goran Tulic??, Darko Milovanovic??, Marija Djukanovic® and
Marko Kadija?3

!Centre of Anaesthesia and Resuscitation, University Clinical Centre of Serbia, Belgrade, Serbia, *Clinic
for Orthopaedics Surgery and Traumatology, University Clinical Centre of Serbia, Belgrade, Serbia,
$Medical School, University of Belgrade, Belgrade, Serbia, *Department of Medical Statistics and
Informatics, Belgrade, Serbia, °School of Dental Medicine, University of Belgrade, Belgrade, Serbia

Introduction: Peripheral nerve blocks are an efficient method of pain control
after total knee arthroplasty (TKA), but there is no report of their impact on
chronic post-surgical pain (CPSP).

Methods: This prospective observational study aimed to assess adductor canal
block (ACB) and IPACK block (blocks vs. no blocks) on opioid consumption,
postoperative pain score, chronic post-surgical pain 2 years after TKA.

Results: 166 patients (82 vs. 84) were analyzed. Opioid consumption was less in
the group with blocks (9.74 + 3.87 mg vs. 30.63 + 11.52 mg) (p < 0.001). CPSP was
present in 20.24% of patients in the group without blocks and 6.1% of patients
with blocks (p = 0.011). Predictor variables of CPSP included pain before surgery
(cut-off of 5.5), pain at rest (cut-off of 2.35), pain during active movement (cut-
off: 2.5), and opioid consumption (cut-off: 8 mg).

Conclusion: Peripheral nerve blocks provide adequate analgesia, significantly
decrease opioid consumption, improve functional outcomes, and reduce
CPSP 2years after surgery.

KEYWORDS

peripheral nerve block, chronic pain, adductor canal block, IPACK block, knee
arthroplasty

1 Introduction

Total knee arthroplasty (TKA) is a standard surgical procedure in the final stages of
osteoarthritis associated with intense postoperative pain, especially in the first 24h
postoperatively and during active joint movements (1, 2). After this procedure, different pain
management strategies are suggested to provide adequate analgesia without muscle weakness,
to enable early rehabilitation, and to prevent chronic pain (3-6). Adductor canal block (ACB)
and infiltration in the space between the popliteal artery and the capsule of the posterior knee
(IPACK block) are described as an effective method of pain management in these patients,
which significantly leads to a reduction in opioid consumption, pain, and improve knee
functioning in the immediate postoperative period (5, 6). However, there is no report of their
impact on chronic post-surgical pain (CPSP). CPSP after TKA was experienced in up to 44%
of patients, and 15% were in severe pain, affecting the quality of life, causing dissatisfaction, and
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becoming one of the reasons for revision surgery (7-9). One of the
predictors of CPSP is postoperative pain intensity, mainly provoked by
movement (10, 11). Some studies suggest that pain duration is equally
significant (3, 4). Various pathophysiological mechanisms, including
sensitization at the site of surgery and the spinal and supraspinal levels,
are responsible for developing chronic pain (12).

The estimation of outcomes after TKA is very challenging.
Implant survival was the most commonly referenced measure of
success after knee arthroplasty. Patient-reported outcome measures
(PROMs) have been widely used to assess pain and function after
TKA (13-16).

This single-center, observational study aimed to assess the impact
of ACB and IPACK block on the incidence of CPSP and functional
recovery 2 years after TKA.

2 Methods
2.1 Patients and study design

The study was carried out by the principles of the Helsinki
Declaration. After approval by the Ethics Committee of the University
Clinical Centre of Serbia (No 361/14; No 340/1), and obtaining
written informed consent 300 patients were included in the study. All
patients underwent elective TKA from January 2018 to April 2020, in
the Clinic for orthopedics surgery and traumatology, University
Clinical Centre of Serbia.

This study was written following the Strengthening the Reporting
of Observational Studies in Epidemiology (STROBE) guidelines.

Inclusion criteria were: primary unilateral TKA, age of
40-90years, ASA I-11I, type of implant (NexGen® Complete Knee
Solution, Zimmer Biomet, Indiana, United States), no history of
ongoing opioid treatment within 30 days before surgery. Exclusion
criteria were: incomplete data, psychological, emotional or
that
rehabilitation (drug or alcohol abuse, mental illness, neurological

neurological conditions may jeopardize postoperative

diseases-Parkinson’s disease, multiple sclerosis, etc.).

2.2 Intervention

All patients underwent a unilateral cemented TKA without patella
resurfacing using a tourniquet, inflated to 100-150 mmHg over systolic
blood pressure. Spinal anesthesia was performed using levobupivacaine
0.5% up to 3mL at the level of the L3-L4. If a patient refused spinal
anesthesia or there was its contraindication, general anesthesia was
induced with midazolam 0.05 mgkg-1, fentanyl 3mcgkg-1, propofol
1.5-2.0mgkg™", and cisatracurium 0.2mgkg™". Anesthesia was
maintained with sevoflurane at a minimum alveolar concentration of
1. Postoperatively, multimodal analgesia regime depended on the
anesthesiologist’s affinity and included: (a) non-opioid analgesics
(paracetamol 1g iv. every 8hours and ketorolac 30mg iv. every
8hours); (b) opioid analgesics (tramadol 100 mg iv., morphine 4-6 mg
iv/im/sc, and tapentadol 50-100mg per os) and (c) combination of
ACB and IPACK block. This combination of nerve blocks was
performed by one anesthesiologist. ACB was performed using a linear
probe of 10-12MHz, 15mL of 0.33% levobupivacaine (10mL of 0.5%
levobupivacaine and 5mL of 0.9% sodium chloride) injected lateral to
the femoral artery at the midpoint of the adductor canal beneath the
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sartorius muscle. The IPACK block was performed with a curved
(2-5MHz) transducer positioned over the medial thigh. After
visualizing the femoral shaft, popliteal artery, and posterior space of the
femoral shaft, 15mL of 0.33% levobupivacaine was injected.

Patients were divided into two groups based on the administration
of peripheral nerve blocks, the first group with blocks(ACB and
IPACK block) and the second without blocks.

2.3 Postoperative outcomes

2.3.1 Pain intensity

Pain intensity was measured using the Numerical Rating Scale
(NRS), at 1 hour, two, three, four, six, eight, 12h, 16h, 20h, and 24h
postoperatively. NRS is commonly used to assess pain severity at that
moment in time using a 0-10 scale, with zero meaning no pain and 10
meaning the worst pain imaginable. Patients were given an intravenous
bolus of morphine as rescue analgesia when pain at rest was more than
three or more than five when they were moving, breathing deeply, or
coughing. Morphine in a dose of 1 mg was given every 10min until the
pain intensity was reduced. NRS estimation was also performed during
early rehabilitation, five hours after surgery. It included active movements
of the operated leg and full flexion of the knee and foot: I-flexion of the
foot; II-partial flexion of the knee; III-full flexion of the knee and foot;
IV-raising the leg in full extension and holding it for 10s. Opioid
requirements were measured by converting the 24-h opioid consumption
into a standardized morphine milligram equivalent (MME).

2.3.2 Functional outcomes

The patients opinion about the operative knee and associated
problems were assessed by Knee Injury and Osteoarthritis Outcome
Score (KOOS) 2years after surgery. The questionnaire includes five
subscales: Symptoms and stiffness (seven items); Pain (nine items);
Function, daily living (17 items); Function, sports, and recreational
activities (five items) and Quality of Life (four items). All items have
calculated as the sum and transformed to a 0-100 scale, with zero
representing severe knee problems and 100 representing no knee
problems. Scores between 0 and 100 represent the percentage of the
total possible score achieved. Assessment of patients’ ability to forget
about the artificially implanted knee joint in performing daily
activities was evaluated by the Forgotten Joint Score (F]S) 2 years after
surgery. Every question is scored from 1 (never) to 5 (mostly)
according to the selected response, and the raw score ranges from 12
to 60. The raw score is linearly transformed to a 0-100 scale and then
reversed to obtain the final score (Final score=100 - ((sum(itemO1 to
item12) - 12)/48*100)). Higher scores indicate that the patient is less
aware of artificial joint when performing daily activities.

2.3.3 Postoperative complications

Low molecular weight heparin (LMWH) was administrated 12h
before surgery in all patients. The dose was prophylactic or therapeutic,
adjusted to the patient’s need, according to the value of anti-Xa, and
continued in the next 30 days after surgery. Discharge criteria were good
health condition with no wound exudation and the flexion angle of the
operative knee >90°. Nausea, vomiting, itching, sleepiness, delayed
wound healing, drainage or swelling, deep venous thrombosis, and
other cardiovascular, neurovascular, or cerebrovascular complications
during hospitalization were recorded. The persistence of CPSP in the
operative knee was assessed by pain specialists, according to the
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International Classification of Diseases, Eleventh Revision (ICD-11)  without blocks were analyzed (Figure 1). There was no difference
and intensity was estimated using NRS 2 years after surgery (17). between groups regarding patient characteristics- age, sex, ASA status,
BM]I, and the type of anesthesia. All patients were in pain for more
than 3 months before surgery, but there was no difference between
2.4 Statistical analysis groups in pain intensity and the number of painful joints affected
(Table 1). Also, there was no difference between groups in the number
For normal distribution data testing, the Kolmogorov-Smirnov  of patients in pain and its intensity 1 hour after surgery (Table 2). The
and Shapiro-Wilk tests were used. Descriptive methods (percent,  group with blocks experienced less pain at rest (1.19+0.73 vs.
mean, median, standard deviation (SD)) were used to summarize  3.10+1.08 p<0.001) and at the other time points in the first 24h
the data. The Pearson X? test; Fisher exact test; Kruskal Wallis test; (Table 2). Also, there was a statistical difference between groups in
Wilcoxon rank sum test was used to test differences between groups  pain during coughing and active movements of the operated leg
depending on the nature of the examined parameters. The receiver ~ (Table 2). In the group with blocks, 68.29% of patients were in pain
operating characteristic (ROC) curve methods were applied (AUC  during flexion of the foot with an intensity of 1.55, while in the group
ROC-area under the ROC curve according to DeLongs method; ~ without blocks, 95.25% had a pain intensity of 3.75. Differences
likelihood ratio test for AUC ROC; the best cut-off value for these  between groups also existed during partial flexion of the knee and full
parameters was set as value with maximum sensitivity and  extension of the knee and foot. All patients with blocks could raise the
specificity) to examine the discriminative potential of factors  legin full extension and hold it for 105, and only eight patients in the
relevant to the presence/absence of CPSP 2 years after TKA. All tests  group without blocks could perform the same. Pain intensity during
were two-sided, and statistical significance was considered at  this activity was higher in the group without blocks (2.54+1.16vs
p <0.05. The statistical analysis was done with the program R 8.62+3.11) (Table 2). In the first 24 h after surgery, in the group with
version 3.3.2 (2016-10-31) - “Sincere Pumpkin Patch”; Copyright  blocks, 23.2% of patients needed opioids.

(C) 2016 The R Foundation for Statistical Computing; Platform: During this period, opioid consumption was less in this group
x86_64-w64-mingw32/x64 (64-bit) (available: www.r-project.org;  (9.74+3.87 vs. 30.63+11.52) (Table 3). In the following 24h, 69
downloaded: January 21, 2022). (84.1%) patients in the group with blocks were free of opioids, and

without blocks 43 (51.2%) (p < 0.001), but without difference in the
dose of opioids (Table 3).
3 Results Two years after surgery, the KOOS score was statistically different
between groups. The higher score was in the group with blocks
This prospective observational study included 166 patients with ~ (92.61+10.85 vs. 81.81+12.28 p < 0.001) and in all its subscales
complete medical data, followed up 2years after elective  (Table 4). FJS 2years after surgery was significantly higher in the
TKA. Ninety-six patients had incomplete data, 31 were lost, and seven  group with blocks (92.52+12.43 vs. 78.72+ 13.94, p < 0.001) (Table 4).
died within 24 months of follow-up. Data for 82 patients with blocks  In the group with blocks, 91.5% of patients had FJS > 22, while without
(ACB and IPACK block) in the first group and 84 in the second  blocks 59.5% (p < 0.001) (Table 4).

‘ Assessed for eligibility ’

(n=300)
* Incomplete data (n=96)
‘ 204 patients }
O Ol10
* Lost in follow up (n=31)
* Died (n=7)

{ Data analyses }

Blocks No blocks
(ACB and IPACK block)
(n=82) (n=84)

FIGURE 1
Patient selection and study flow.
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TABLE 1 Patient characteristics.

10.3389/fmed.2023.1335405

Characteristics Blocks No blocks p value

Age ()

Mean (SD) 68.51 (8.7) 67.14 (7.62) 0.421
Median (range) 68(50-90) 67 (43-90)

Sex - n (%)

Male 30 (36.59%) 24 (28.57%) 0.349
Female 52 (63.41%) 60 (71.43%)

Weight (kg)

Mean (SD) 84.11 (15.06) 81.19 (13.91) 0.098
Median (range) 85(60-120) 80(56-115)

Height (m)

Mean (SD) 1.72 (0.09) 1.71(0.08) 0.346
Median (range) 1.72(1.5-1.91) 1.69(1.52-1.92)

BMI (kg/m?)

Mean (SD) 28.32(3.39) 27.59(3.88) 0.502
Median (range) 28.38(22.23-37.78) 27.47(20.08-38.77)

ASA physical status - n (%)

ASAT 1(1.22%) 1(1.19%) 0.51
ASATI 38 (46.34%) 46 (54.76%)
ASAIII 43 (52.44%) 37 (44.05%)

Type of anesthesia - n (%)

General 31 (37.80%) 26 (30.95%) 0.444
Spinal 51 (62.20%) 58 (69.05%)

In pain before surgery (during> 3 months) -
In the knee for surgery 80 (97.6%) 83 (98.8%) 0.983
In the knee & another place 2 (2.4%) 1(1.2%)

Pain before surgery (NRS) — mean (SD) 6.11(1.15) 6.33(1.15) 0.21

Total 82 (100%) 84 (100%) -

BMI-body mass index; ASA- American Society of Anesthesiologists; NRS- Numerical Rating Scale.

In the group without blocks, postoperative complications, nausea
(p < 0.001), and sleepiness (p < 0.001) were more often (Table 5).
Vomiting, itching, wound infection, DVT (above and below knee),
and pulmonary embolism were not present in either group. One
patient had a foot drop in the first group as a complication of
performed blocks (Table 5) (18). During 24 months after TKA, there
was no readmission to the hospital, and seven patients died in both
groups (Table 5). Two years after TKA, CPSP was present in 20.24%
of patients in the group without blocks and 6.1% of patients with
blocks (p =0.011) without differences in pain intensity (Table 5).
Potential predictor variables of CPSP were pain before surgery (cut-oft
of 5.5), and for the first 24 h after surgery pain at rest (cut-oft of 2.35),
pain during active movement (cut-off: 2.5), and opioid consumption
(cut-off: 8mg) (Table 6; Figure 2).

4 Discussion

In this study, we assessed opioid consumption, functional
outcomes, and CPSP in the case of peripheral nerve blocks and
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predictor variables of CPSP. Our results suggest that ACB and IPACK
block provide adequate analgesia at different time points, significantly
reducing opioid consumption and reducing postoperative
complications. 23.2% of patients with blocks had needed opioids in
the first 24h with a dose of less than 10 mg. Also, this study showed
that this combination of blocks improves functional outcomes by
providing higher KOOS and FJS 2 years after surgery. Patients in the
group without blocks were more likely to develop CPSP 24 months
after TKA. Potential predictor variables of CPSP were pain before
surgery (cut-off of 5.5), and for the first 24 h after surgery: pain at rest
(cut-off of 2.35), pain during active movement (cut-off: 2.5), and
opioid consumption (cut-off: 8 mg).

Peripheral nerve blocks are part of the multimodal analgesia
regimen following TKA. ACB is a part of this regimen, preserving
quadriceps strength, and enhancing recovery (4, 19, 20). The analgesic
efficiency of this block is mainly the result of blocking the saphenous
nerve and the nerve to the vastus medialis, which also play a substantial
role in knee joint innervation (21). Administering a high volume of a
local anesthetic near the end of the adductor canal could unintentionally
block other nerves close to the proximal or distal end of the canal (22).
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TABLE 2 Postoperative pain score.

Characteristics

Blocks

In pain — n (%)

No blocks

p value

10.3389/fmed.2023.1335405

Pain (NRS) — mean (SD)

Blocks

No blocks

p value

Pain after surgery, at rest
1h 41 (50) 35 (41.67) 0.28 2.34(1.77) 2.09 (0.74) 0.46
2h 44 (53.66) 80 (95.24) <0.001 2.07 (1.23) 2.84 (1.5) 0.004*
3h 52 (63.41) 84 (100) <0.001 2(1.41) 3.54 (1.96) <0.001
4h 59 (71.95) 82(97.62) <0.001 1.92 (1.25) 3.77 (1.95) <0.001
6h 53 (64.63) 80 (95.24) <0.001 1.53 (0.67) 3.71(1.92) <0.001
8h 54 (65.85) 82 (97.62) <0.001 1.78 (1.14) 4.02 (1.94) <0.001
12h 52 (63.41) 81 (96.43) <0.001 1.9 (1.5) 4(1.91) <0.001
16h 45 (54.88) 82(97.62) <0.001 1.51 (0.79) 3.34 (1.69) <0.001
20h 47 (57.32) 81 (96.43) <0.001 1.51 (0.59) 3.15 (1.57) <0.001
24h 47 (57.32) 65 (77.38) 0.006* 1.53 (0.65) 3.4 (1.64) <0.001
Within 24h 75 (91.46) 84 (100) 0.006* 1.19 (0.73) 3.10 (1.08) <0.001

Pain during activity
Flexion of the foot 56 (68.29) 80 (95.24) <0.001 1.55 (0.69) 3.75 (1.89) <0.001
Partial flexion of the knee 58 (70.73) 82 (97.62) <0.001 1.57 (0.7) 4.2 (1.82) <0.001
Full flexion of the knee and foot 64 (78.05) 84 (100) <0.001 1.78 (0.88) 8.77 (2.03) <0.001
Raising the leg in full extension and 82 (100) 8 (9.52) <0.001 2.54 (1.16) 8.62 (3.11) <0.001
holding it for 10s, done

Pain during coughing
In pain 5(6.1) 55 (65.48) <0.001 1.6 (0.55) 3.75 (1.54) 0.001*

Total 82 (100) 84 (100) - 82 (100) 84 (100) -

NRS- Numerical Rating Scale; *p <0.05.

TABLE 3 Postoperative opioid consumption.

Characteristics

Patients who needed opioids — N (%)

Dose of opioids (mg) — mean (SD)

Blocks No blocks p value Blocks No blocks p value
Opioids consumption
Within 24h 19 (23.17%) 84 (100%) <0.001 9.74 (3.87) 30.63 (11.52) <0.001
24-48h 13 (15.85%) 41 (48.81%) <0.001 11.62 (5.38) 13.9 (4.94) 0.189
48h-72h 2 (2.44%) 1(1.19%) 0.983 10 (0) 20 (0) 0.496
Total 82 (100%) 84 (100%) - 82 (100%) 84 (100%) -

But continuous ACB does not have the benefit of single-shot ACB (23).
Zhang et al,, showed that ACBs do not provide better pain control than
LIA (75mL total volume included 150mg of ropivacaine, 30mg of
ketorolac, adrenaline 200pg and 10mg of morphine), while their
combination had been recommended after TKA (24). Pain occurring
in the posterior and lateral aspects of the knee after TKA is not covered
by the ACB. A new ultrasound-guided technique has been devised that
comprises infiltration of the local anesthetic between the popliteal artery
and capsule of the posterior knee and provides effective analgesia to the
posterior aspect of the knee without affecting muscle strength (25).
Combining ACB with IPACK block provides adequate analgesia to the
anterior and posterior aspects of the knee without affecting muscle
strength (5, 6, 26). In the meta-analysis, Hussain et al. reported that in
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the absence of LIA, adding IPACK to ACB reduces pain for up to 24h,
enhances functional recovery, and does not support the addition of
IPACK to ACB when LIA is routinely administered (27). However, for
opioid-sparing effects and for pain scores different minimally clinically
important difference (MCIDs) has been used in most studies (28).
Laigaard et al. concluded that median clinician-perceived MCIDs in
postoperative pain management were 10 mg iv morphine equivalents or
40% of opioid consumption and 15-18 mm or 30% for pain scores (28).
Different analgesia regimens enable most patients to be at low risk for
moderate or severe pain (29). The use of rescue analgesics for a minor
reduction in pain scores and opioid consumption has been dampening,
and the patients with higher baseline pain scores may be more
responsible for treatment effects (29). Our study showed that if ACB and
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TABLE 4 KOOS and FJS 2 years after knee arthroplasty.

Characteristics, Blocks No blocks

2 years after

surgery

KOOS (%)
Mean (SD) 92.61 (10.85) 81.81 (12.28) <0.001
Median (Range) 94.5 (38-100) 83.5 (38-100)

Symptoms + Stiffness (%)
Mean (SD) 92.83 (12.14) 84.13 (14.63) <0.001
Median (Range) 96 (25-100) 89 (8-100)

Pain (%)
Mean (SD) 93.77 (10.19) 74.19 (14.87) <0.001
Median (Range) 97 (28-100) 78 (25-100)

Function, daily living (%)
Mean (SD) 92 (11.46) 81.88 (14.05) <0.001
Median (Range) 94 (35-100) 85 (25-100)

Function, sports, and recreational activities (%)
Mean (SD) 91.38 (11.87) 79.1 (13.27) <0.001
Median (Range) 95 (35-100) 80 (30-100)

Quality of life (%)
Mean (SD) 96.26 (10.23) 88.9 (11.65) <0.001
Median (Range) 100 (31-100) 91 (44-100)

FJS total (%)
Mean (SD) 92.52 (12.43) 78.72 (13.94) <0.001
Median (Range) 95.83(33.33-100) | 81.25(29.17-97.92)

FJS categories — N (%)
FJ§>22 75 (91.5%) 50 (59.5%) <0.001
FJS<22 7 (8.5%) 34 (40.5%)

Total 82 (100%) 84 (100%) -

KOOS- Knee Injury and Osteoarthritis Outcome Score; FJS- Forgotten Joint Score.

IPACK block were applied, some patients were not in pain, and for those
who needed opioids, the dose was less than 10mg iv in the first 24h
postoperatively. Between our groups during the first hour
postoperatively, there were not any differences, which can be explained
by the duration of spinal anesthesia or good analgesia during general
anesthesia. Nausea and sleepiness, as opioid-induced side effects, were
in the group without blocks as effects of higher opioid
postoperative consumption.

Estimation of the outcome after TKA changes through time.
Improvements in surgical techniques and implant design made
patient satisfaction evolving the most referenced measure of
success (30, 31). However, approximately 20% of patients after
TKA are dissatisfied with the outcome, and up to 34%,
experienced moderate to severe pain 3 months after surgery (32,
33). CPSP is the most common cause of dissatisfaction and one of
the reasons for revision surgery after TKA (32). Sakellariou et al.
showed that 39 % of patients had persistent pain ranging from 3-5
out of 10 a year after TKA (33). While Lui et al. included 1,030
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TABLE 5 Postoperative complications.

Characteristics Blocks No blocks = p-value
Postoperative complications

Chronic post-surgical pain

Presence-n (%) ‘ 5(6.1%) ‘ 17 (20.24%) ‘ 0.007%*
Pain- NRS

Mean (SD) 3.8 (0.45) 3.65 (0.61) 0.18
Median (Range) 4(3-4) 4(3-5)

Nausea, n (%) 0 (0%) 24 (28.6%) <0.001
Sleepiness, n (%) 4 (4.88%) 49 (58.33%) <0.001
Foot drop, n (%) 1(1.22%) 0 (0%) 0.309
Wound drainage, n (%) 1(1.22%) 1(1.19%) 0.986
Urinary tract infection, n (%) 2 (2.44%) 3(3.57%) 0.669
Characteristics, 2 years after surgery

24-month mortality, n (%) 3 (3.66%) 4 (4.76%) 0.724
Total, n(%) 82 (100%) 84 (100%) -

NRS- Numerical Rating Scale; *- p <0.05.

patients after TKA and showed that the rate of persistent pain
after TKA was 53% 1 year after surgery (34). Our study showed
that 2 years after TKA, CPSP was present in 6% of patients with
ACB and IPACK blocks and 20% of patients without blocks
without difference in pain intensity. Various factors have been
identified as predictive factors of CPSP. Several single gene
mutations have been identified as potential risk factors for
increased sensitivity but without powerful predictive value for
CPSP. Biological characteristics usually include age and sex,
where younger adults and female sex patients are more prone to
developing CPSP. Also, patients with increased BMI and persistent
comorbidities are at greater risk (28-35). Psychological factors
that could have a greater impact on the development of CPSP
include depression, sleep disorders, fear of undergoing surgery,
anxiety, and a tendency to exaggerate surgery outcomes.
Socioeconomic factors usually include lower education levels,
marital status, where unmarried patients are at greater risk,
smoking, and unemployment (35-42).

Preoperative pain scores and more severe acute postoperative
pain were associated with a higher risk of CPSP after TKA (10, 11,
43). Our study showed that risk factors for CPSP are: pain before
surgery (higher 5.5 NRS), pain at rest (higher than 2.35 NRS), and
during active movement (higher than 2.5 NRS), and opioid
consumption of 8 mg. Although there is little evidence of the type
and impact of perioperative interventions that reduce CPSP, our
results imply the importance of perioperative pain control on the
occurrence of CPSP.

KOOS score in the group without blocks was mainly affected by
pain. FJS, a newer and more sensitive score, registers the differences
in the functioning of more active patients after TKA. Recently,
Clement et al. reported that a postoperative FJS of 22 or more, was
predictive of achieving a patient-acceptable symptom state (44). Our
study showed that the group with ACB and IPACK blocks had 91.5%
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TABLE 6 Results of the ROC analysis.

Characteristics

Area Under the ROC curve

10.3389/fmed.2023.1335405

ROC cut-off value©

AUC ROC? Likelihood Cut-off Sensitivity Specifity
(95%Cl) ratio test® value (95% Cl) (95% Cl)
Pain before surgery (NRS) 65.23 (53.72-76.74) 0.0155* 55 34.72 (27.08-43.06) 86.36 (72.73-100)
During the first 24 h after surgery
Pain at rest (NRS) 70.57 (60.74-80.39) 0.002% 2.35 72.73 (54.55-90.91) = 61.81 (54.17-70.14)
Pain during flexion of the foot (NRS) 63.21 (51.3-75.12) 0.105 - - -
Pain during partial flexion of the knee (NRS) 63.59 (52.16-75.02) 0.131 - - -
Pain during full flexion of the knee and foot (NRS) 63.54 (52.24-74.84) 0.045%* 25 81.82 (63.64-95.45) = 47.22 (39.58-55.56)
Opioid consumption during the first 24 h (mg) 64.63 (52.82-76.44) 0.032%* 8 81.82 (63.64-95.45) 43.75 (35.42-52.08)
*Area Under the ROC curve (DeLong’s method).
"Likelihood ratio test for AUC ROC.
“Value with maximum sensitivity and specificity; NRS- Numerical Rating Scale; * p<0.05.
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ROC curves.

of patients with FJS >22, while in the group without blocks, there were
only 59.5% (p < 0.001).

The limitations of our study include the fact that this was a single-
center design. Also, we did not have preoperative values for KOOS and
FJS and estimation of psychological factors such as expected pain,
depression, sleep disorders, fear of undergoing surgery, anxiety, and a
tendency to exaggerate surgery outcomes that could influence recovery
and CPSP. The patients in the study group did not have a uniform
rehabilitation program, which could also affect our results. Our study
provides a basis for further validation in randomized control studies.

Frontiers in Medicine 21

5 Conclusion

The combination of ACB and IPACK block provides adequate
analgesia at various time points postoperatively, enabling early
rehabilitation, significantly decreasing opioid consumption, improving
functional outcomes by providing higher KOOS and FJS and reducing
CPSP 2years after surgery. Pain intensity before surgery at less than
5.5, at rest at less than 2.35, pain during active movement at 2.5, and
opioid consumption at less than 8mg reduce the incidence of
CPSP. Randomized controlled trials with long-term follow-up are
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needed to confirm the beneficial effects of ACB and IPACK block
after TKA.
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Introduction: Contradictory changes in pain and sensitivity at long-term
following cutaneous 100Hz high frequency stimulation (HFS) have been
previously observed. Thus, we aimed to document long-lasting changes in
multimodal sensitivity following HFS, and factors influencing them.

Methods: Long-lasting changes were assessed with mechanical [brush, von
Frey filament (588.2 mN)] and thermal [heat (40°C)/cold (25°C)] bedside sensory
testing, and electrical TS (0.2ms single electrical stimuli), at the homotopic
(ipsilateral C6 dermatome), adjacent heterotopic (ipsilateral C5 and C7
dermatomes) and contralateral (contralateral C6 dermatomes) dermatomal
sites in a single testing session. TS were applied before and after application of
100 Hz HFS at the ipsilateral C6 dermatome. Subjects rated their sensation and
pain intensity to TS, and completed questionnaires related to pain descriptors
and quality of life.

Results: Long-lasting changes in mechanical and cold sensitivity was detected
up to 45 min after HFS at homotopic C6 dermatome, and a temporary increase
in cold sensitivity at 20 min in the contralateral C6 dermatome (p<0.05). A
slow development of bilateral depotentiation to electrical pain TS was also
detected from 40 min after HFS (p <0.05). Higher HFS-induced mechanical and
cold sensitivity was identified in women (p <0.05). Age and quality of life were
associated with pain intensity (p < 0.05).

Conclusion: Long-term unilateral and bilateral changes in sensation and pain
following electrical HFS have been found. These findings may suggest a new
insight into the development of persistent pain mechanisms. Further studies are
now needed.
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1 Introduction

Cutaneous electrical high-frequency stimulation (HFS) induces
long-term potentiation (LTP), a neural mechanism of synaptic
plasticity that contributes to long-lasting experimental allodynia and
hyperalgesia following sensitization of spinal nociceptive pathways
(1-5). Indeed, the further study of LTP in patients with clearly defined
peripheral or central nervous system injury could lead to a better
understanding of the time course and pathophysiology of changes in
nociception, and the development of new strategies for the prevention
and treatment in acute and chronic pain pathologies (1, 2). More
recently widespread changes in nociception and pain have been
characterized in patients with unilateral neuropathic pain, including
adjacent and contralateral testing sites (6, 7). Information is now
required to document rapid changes in multimodal sensitivity at
several test dermatomes following cutaneous electrical HFS during the
changes in nociception and experimental pain.

LTP-like pain amplification (pain-LTP) has been reported following
cutaneous electrical HFS at stimulus intensities sufficient to activate
C-fiber nociceptors (2, 3, 8). Indeed, the use of electrode with small
contact areas favors the activation of superficial nociceptive AS fiber and
C fiber (3). Although increased pain intensity has been demonstrated
with electrical stimuli applied within the homotopic HFS area (3, 9),
reduction in electrical pain perception has also been reported (5, 9-11).

Change in pain sensitivity was also observed outside the HFS site
(heterotopic hyperalgesia) as assessed with mechanical pinprick
stimuli (1, 3, 11-14). Furthermore, a long-lasting heterotopic increase
in painful sensations in response to dynamic mechanical tactile
stimuli (3, 10, 13) and heat stimuli were also observed (15). However,
other studies have shown that thermal sensitivity remained unaltered
after HFS (14). These findings support the hypothesis that
homosynaptic and heterosynaptic mechanisms related to LTP could
play a role in the development of primary and secondary hyperalgesia
(9, 16-18), leading to peripheral and central sensitization to
multimodal stimuli in the same and adjacent dermatomes. Finally,
HFS-induced pain-LTP responses may also be affected by
demographic or psychological factors (13, 19, 20) which may
modulate the perception of experimental pain.

The aim of this study was to document long-lasting changes in
mechanical, thermal, and electrical test stimuli at adjacent homotopic
and heterotopic dermatomal sites following cutaneous electrical HES,
and to identify the impact of demographic and clinical factors on
induced experimental pain.

2 Materials and methods

This study protocol was approved by the local Clinical Research
Ethics Committee (Approval number 149; 2022) and conducted
according to the Declaration of Helsinki (21). Participants were recruited
from a reference national hospital in Toledo (Spain). All individuals
provided written informed consent before their inclusion in the study.

2.1 Subjects

Twelve participants aged between 18 and 80 years were recruited
(50% women, mean age=31+15; Table 1). The exclusion criteria were
history of chronic pain or/and neurological or psychiatric diseases,
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peripheral nervous system injury or neuropathy, diseases causing
potential neural damage (e.g., diabetes, diseases of the immune
system, oncological diseases), previous clinical history of cervical
surgery, injuries or surgery affecting the upper limb, altered sensitivity
in the tested regions, frequent headaches, and/or orofacial pain.

2.2 Experimental protocol

Each subject was invited to participate in a single testing session
that lasted approximately 1h. Sensory testing was conducted in a quiet
indoor laboratory at ambient temperature (22°C-26°C). The subjects
sat in a comfortable chair and were familiarized with the experimental
procedure. Participants were prohibited from undertaking vigorous
physical activities or drinking caffeinated beverages at least 24 h before
the experiment.

The session started with baseline testing with stimuli (TS, see
below) applied at the C5, C6, and C7 dermatomes at the dominant
side, and at the contralateral C6 dermatome at 5min intervals for
15min (see Figure 1 and TS section below). The cutaneous electrical
HFS was then applied to the C6 dermatome at the dominant side
during 60s (see HFS section below), and the subject was asked to rate
the electrical pain intensity during the electrical stimulus. After HES,
TS were applied to the C5, C6, and C7 dermatomes at the dominant
side, and at the contralateral C6 dermatome to detect homotopic and
heterotopic effects at 5min intervals for 45min. Thus, the study
compared post HFS effects on sensory and pain intensity with the
15 min baseline recordings made from the same participant. Subjects
were blinded to the study hypothesis.

2.2.1 High frequency stimulation (HFS)

Electrical stimuli were applied through a bipolar concentric
(522100, BCS-probe
Medizintechnik GmbH, Emmendingen, Germany; diameter, 2 mm)

electrode 90mm  straight, Inomed
on the dominant forearm, 5cm distal to the cubital fossa (C6
dermatome) at the dominant side (conditioned site, Figure 1), using a
constant current stimulator (DS7A, Digitimer Ltd., Hertfordshire,
United Kingdom) (1, 3). The small diameter of the electrode permitted
delivery of a high current density achieved at low stimulus intensities,
which favors activation of superficial nociceptive AS fiber and C fiber
afferents (3). Stimulus intensity was adjusted at which the electrical
stimulus induced a pain rating of 4/10 (“Pain-4") for each participant
with the 11-point numerical rating scale (NRS; 0: no pain, 10:
maximum pain) (22): prior to electrical TS and CS, “Pain-4” was
assessed and determined by applying single electrical pulses (see
below). In this sample, intensity for “Pain-4” corresponded to 10 times
the electrical detection threshold (DTh) (1-4, 10, 13, 14, 23, 24) (mean
intensity: 1.2+ 0.8 mA).

The cutaneous electrical HFS was applied as a 1s train of five
pulses applied at 100 Hz (2 ms pulse width), repeated every 105 inter-
train intervals for 1 min, to induce pain-LTP (1, 3). The participants
reported the HFS pain intensity with the NRS (0: no pain; 10:
maximum pain) at 10s intervals.

If the perceived pain became unbearable, subjects were allowed to
remove their arm from the stimulating electrode at any time.

2.2.2 Test stimuli (TS)
Changes in sensory and pain sensitivity were tested using three
different test stimuli (TS): electrical, mechanical, and thermal TS. The
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TABLE 1 Baseline demographic and clinical characteristics of healthy participants (n =12).

Subject EQ-5D-5L EQ-5D-5L PHQ-9

number (VAS) (index)

#1 M 57 321 90 1 0 2
#2 M 24 27.3 95 1 11 5
#3 F 43 19.9 70 1 6 4
#4 F 20 213 95 1 2 1
#5 F 22 26.0 95 1 5 9
#6 F 30 223 95 0.80 4 10
#7 F 21 233 80 1 4 5
#3 M 30 234 100 1 3 0
#9 M 21 21.1 95 1 4 1
#10 M 22 233 95 1 4 1
#11 F 63 17.0 95 0.80 0 1
#12 M 19 253 70 0.74 5 7
Total (n=12) 6 M 6F 31+15.1 23.6%39 89.6+10.3 0.94+0.1 429 38434

BMI, body mass index; EQ-5D-5L, the five-level version of EuroQol-5D; F, female; GAD-7, the 7-item generalized anxiety disorder (GAD) scale; M, male; PHQ-9, the Patient Health

Questionnaire-9; VAS, visual analogue scale.
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Schematic of the 100 Hz-HFS experimental test protocol and stimulation location of the test and conditioning stimuli. (A) Frontal plane (anterior):
anatomical locations for application of the test stimuli and conditioning stimulus (HFS). (B) Frontal plane (posterior): anatomical locations for the test
stimuli. (C) Schematic of the experimental protocol. The test stimuli were applied at 5 min intervals before and up to 45 min after the electrical HFS,
which was applied for 60 s at the C6 dermatome on the dominant arm. Test stimuli were applied at the C6 (homotopic), C5, and C7 (heterotopic)
dermatomes on the dominant arm, and at the contralateral C6 dermatome at 5 min intervals. BS, brush stimulus; CTS, cold test stimulus; ETS, electrical
test stimulus; HTS, heat test stimulus; LTS, light touch stimulus; PS, pinprick stimulus; R, right; L, left.

TS were applied at the forearm 5cm distal to the cubital fossa
corresponding to the C6 dermatome (3) at the dominant (homotopic
site) and nondominant (contralateral C6 dermatome, control site)
sides (Figure 1). At the dominant side, TS were also applied to the
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lateral (radial) side of the antecubital fossa just proximal to the elbow
and dorsal surface of the proximal phalanx of the middle finger
corresponding to the C5 and C7 dermatomes (heterotopic sites,
Figure 1), respectively, according to the American Spinal Injury
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Association Impairment Scale Key Sensory Point (25). These TS sites
were selected to identify local spinal modulatory effects following
the HES.

2.2.2.1 Electrical TS

Electrical TS were applied with the bipolar concentric electrode
(522100, BCS-probe 90 mm straight, Inomed Medizintechnik GmbH,
Emmendingen, Germany; 2mm tip diameter) applied over the
selected dermatomal test sites with a constant current stimulator
(DS7A, Digitimer Ltd., Hertfordshire, United Kingdom) (3). The
electrical TS was presented as 3 pulses (2ms pulse width) applied at
0.2 Hz for repeated at 5 min intervals during 15 min prior to HFS. The
electrical TS were applied at “Pain-4” intensity as assessed previously
for each participant. The intensity for DTh, electrical pain threshold,
and “Pain-4” (10 x DTh) were assessed and determined by applying
single electrical pulses steps of 0.1 mA until the subjects reported
electrical sensation, pain, and a pain rating of 4/10, respectively.
Additionally, each subject was familiarized with the electrical pulses
prior to assessment of electrical pain threshold.

For electrical TS, the subjects were instructed to assess the
unpleasantness of the sensation as well as pain intensity using the NRS
(0: no pain/discomfort; 10: maximum pain/discomfort) at 5min
intervals, before and up to 45 min after the HFS (see Figure 1). Thus,
these assessments were performed at 5, 10, and 15 min before the HES,
and 5, 10, 15, 20, 25, 30, 35, 40, and 45 min after the HFS (Figure 1).

2.2.2.2 Mechanical and thermal TS

Mechanical TS were applied using a cotton bud (Q-tip,
United States), brush (SenseLab 05, Somedic AB, Sweden), and a von
Frey filament (Stoelting Co., United States; No. 5.88, nominal buckling
force 588.2mN) applied at the test sites to assess dynamic mechanical
detection sensitivity (light touch sensation), dynamic mechanical
allodynia (brushing), and mechanical pain sensitivity (pinprick),
respectively. The sensation perceived with each mechanical stimuli at
each test area was compared by the participant to the V2 dermatome
(zygomatic bone) corresponding to the AIS Key Sensory Point (25) as
an additional control area. The cotton bud was applied as one stroke
(1-2cm length) and the brush as 4 strokes (1-2cm length) (1). The
von Frey filament was placed perpendicularly to the tested surface for
1-2s until it bent, and then kept in place for 2 additional seconds
before the stimulus was removed (26). Ap-fiber low-threshold
mechanoreceptors and Ad fiber nociceptors are predominantly
activated by these mechanical TS (14).

Finally, thermal TS were applied using thermal rollers (Somedic
SenseLab AB, Sosdala, Sweden; Roll-Temp II) at the test sites as
strokes of 5cm length to determine heat and cold sensitivity. The
thermal rollers apply heat at 40°C and cold at 25°C. A§- and C-fiber
afferents are predominantly activated by these thermal TS (14).

For thermal and mechanical TS, the subjects reported the perception
at the test sites as compared to the V2 dermatome control area using a
scale from 1 to 3 [i.e., (1) TS perceived as less intense than V2, (2) TS
perceived as same intensity as V2, (3) TS perceived as more intense than
V2]. This scale was adapted from validated scales used for standardized
sensory examinations (27, 28). In addition, the pain intensity of the TS
was assessed using the NRS (0: no pain; 10: maximum pain). Both sensory
perception and pain intensity to TS were assessed at 5-min intervals
before and up to 45min after the HFS (Figure 1). Thus, these assessments
were performed at 5, 10, and 15min before the HFS, and 5, 10, 15, 20, 25,
30, 35, 40, and 45min after the HFS (Figure 1).
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2.3 Neuropathic sensations

The presence of neuropathic characteristics related to pain and
induced by HFS was assessed with the seven items of the DN4
questionnaire: burning, painful cold, electric shocks, tingling, pins and
needles, numbness, and itching (29). The participants rated the
intensity of every neuropathic sensation using the NRS (0: absence;
10: maximum intensity) before and up to 45 min after the HES. Thus,
these assessments were performed at 5, 10, and 15 min before the HES,
and 5, 10, 15, 20, 25, 30, 35, 40, and 45 min after the HFS.

2.4 Levels of anxiety and depression

The Patient Health Questionnaire-9 (PHQ-9) and the 7-item
generalized anxiety disorder (GAD) scale (GAD-7) were self-report
instruments used to assess depression and anxiety, respectively,
at baseline.

The PHQ-9 is a self-report screening test that includes nine items
related to diagnostic criteria for major depression. The presence of
depressed mood, anhedonia, sleep problems, feelings of tiredness,
changes in appetite or weight, feelings of guilt or worthlessness,
difficulty concentrating, feelings of sluggishness or worry, and suicidal
ideation over the previous 2 weeks period were assessed with this
questionnaire. Items are scored on a four-point Likert scale from 0
(never) to 3 (most days). Thus, total severity scores range from 0 to 27
points indicating moderate (10-14 points), moderately severe (15-19
points) and severe (20-27 points) levels of depressive symptoms
(30, 31).

The GAD-7 includes 7 items related to anxiety symptoms rated on
a 4-point response scale ranging from 0 (“never”) to 3 (“nearly every
day”). The total severity score ranges from 0 to 21 points indicating
minimum (0-4), mild (5-9), moderate (10-14) and severe (15-21)
anxiety (32, 33).

2.5 Perceived quality of life

Health-related quality of life was assessed with the paper-based
five-level version of EuroQol-5D (EQ-5D-5L), which assesses
independent daily activities, mobility, self-care, perceived pain, and
depression/anxiety impact domains. All responses, ranging from 1
(absence of problems) to 3 (severe problems), were converted into a
single index number, which corresponds to the health state according
to standardized values ranging from 0 (health state equivalent to
death) to 1 (optimal health) (34, 35). Additionally, this questionnaire
also includes a visual analogue scale, where general health during the
previous 24 h is rated on a scale from 0 (worse imaginable health) to
100 (best imaginable health) (35). This assessment was performed
at baseline.

2.6 Statistical analysis

Data analysis was conducted using Sigma Plot version 11.0 (Systat
Software, Inc., United States) and SPSS version 22.0 (IBM Corp.,
Armonk, New York, United States). Results are expressed as mean,
standard deviation (SD), and standard error (SE). In general, the
Shapiro-Wilk test revealed that quantitative data, except for TS
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sensitivity, followed a normal distribution (p>0.05). Measures of TS
sensitivity were transformed into percentages; the scores of 1 to 3 were
transformed to 33%, 66% and 100%, respectively. The repeated
measures analysis of variance (RM-ANOVA) test followed by post-hoc
pairwise tests using the Holm-Sidak correction was performed in
order to investigate change in TS sensation, pain intensity following
HES, or pain intensity during HFS (trend of pain across time). General
differences for TS sensations or pain intensity, and neuropathic
sensations before and after HES were calculated with the paired
student’s t-test. The interaction between dermatomal test site and time
after HFS on TS sensation or pain intensity was analyzed with the
two-way ANOVA. Additionally, the possible influence of baseline
demographic or clinical characteristics on HFS-induced changes in
sensation or pain intensity were analyzed with the y* tests of
independence, unpaired student ¢-test, and one-way ANOVA followed
by post-hoc pairwise tests to control for multiple comparisons. Finally,
the Pearson correlation (r) test was used to evaluate associations
between variables. The statistical analysis was conducted at a 95%
confidence level with a p-value <0.05 which was considered
statistically significant.

3 Results

3.1 Demographic and clinical data of the
participants

Twelve healthy subjects (50% women, mean age =31+ 15years)
were recruited. Clinical and demographic data are presented in Table 1.
No significant differences in baseline characteristics were identified for
age or sex, except for body mass index (BMI; p=0.034): overweight
individuals (BMI: 25.0-29.9) revealed higher PHQ-9 scores compared
to normal weight (BMI 18.5-24.9) (7+£3.5 VS 3.86+1.2).

3.2 Perception of CS

No visible skin injuries occurred following the electrical HFS,
although skin blushing under the stimulated area was observed.
Figure 2A shows pain ratings perceived during the HFS. The 100 Hz
conditioning stimulation induced an increasing pain intensity during
the HFS (temporal summation), i.e., when compared to the initial
pain intensity rated with HES value, a significant increase in pain
intensity was perceived from 20s up to 60s.

3.3 Pain perception associated with
electrical HFS: impact of age and quality of
life

Figure 2A shows the mean (and SE) perceived pain intensity
elicited during the HFS at ipsilateral C6 dermatome (dominant side;
see Figure 1A). A significant increase in pain intensity was observed
from 20 to 60s (Figure 2A). The pain intensity perceived during the
electrical HFS was significantly and positively associated with age
(r=0.716; p=0.009): older individuals reported higher pain intensity
during the electrical stimulus (Figure 2B). Individuals older than
40years old perceived higher pain intensity during HFS compared to
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those subjects younger than 30years old (8 £1 vs. 4.5+ 1.9, p=0.02).
Additionally, a significant negative association was observed between
pain intensity during HFS and perceived quality of life (r=—0.633;
p=0.027): subjects who reported poor quality of life perceived higher
pain intensity with HFS (Figure 2C). No other significant differences
in age range were found (p>0.05) and no significant differences in
BMI were revealed (p>0.05).

3.4 Electrical HFS-induced changes in
electrical pain sensitivity

Single electrical test applied stimuli at the ipsilateral C6 and
contralateral C6 dermatomal test sites before and after electrical HFS
revealed significant depotentiation of pain intensity (Figure 2D). A
main effect of time was revealed: a significant decrease in perceived
pain intensity was identified for the ipsilateral C6 dermatomes at
45 min and contralateral C6 test site at 45 min after HFS (p <0.01). No
significant potentiation was observed at 20 min after HFS for the
ipsilateral test site. The percentage change in ipsilateral C6 pain
intensity at 45 min after HES is shown in Figure 2E.

Table 2 shows changes in electrical pain sensitivity reported by
each participant at 5-15, 20-30 and 35-45min after HFS: 75% of
healthy individuals showed depotentiation between 35-45 min after
HES; however, 50% of participants demonstrated potentiation at
20-30min interval after HFS.

3.5 Effect of electrical HFS on induced
neuropathic sensations

During the 45 min after HFS, a significant increase in the number
of neuropathic sensations were reported (0.6+0.7 vs. 1.0+0.8;
p=0.023), and especially when measured between 15 and 45 min after
HEFES (0.6£0.7 vs. 1.0+ 0.9; p=0.018). The greatest change in frequency
of neuropathic sensations was associated with tingling sensation: after
HES, the presence of tingling sensation tripled when compared in the
pre-HES interval (Figure 2F). No other significant changes were found.

3.6 Changes in mechanical and thermal
sensitivity after HFS

Figure 3 reveals changes in mechanical sensitivity after HFS at the
ipsilateral C6 dermatome test site (dominant side). No change in
sensitivity was identified with brush (Figure 3A). In contrast, a
significant increase in mechanical pain sensitivity (von Frey filament)
at ipsilateral C6 dermatome (Figure 3B) was identified from 5 and up
to 45min after HFS. No other significant changes or significant
differences among sites were found.

Figures 3, 4 reveal changes in thermal sensitivity after HFS at
ipsilateral C6 and C7 dermatomes, and contralateral C6 dermatome.
For cold sensitivity (Figure 3C), a significant main effect of time was
revealed: a significant increase in cold sensitivity was found at the
ipsilateral C6 dermatomes from 10 up to 40 min after HFS (Figure 3D).
In addition, an increase in contralateral cold sensitivity at the C6
dermatome at 25 min after HFS was also identified. Additionally, some
individuals also presented low pain intensity (NRS: 1-3) related to
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cold hypersensitivity after HFS. No other significant changes were
found in the ipsilateral C5 or C7 dermatomes.

3.7 Sex differences in sensitivity and pain
intensity after HFS

Significant sex differences were found in cold sensitivity
induced after HFS at C6 dermatome (dominant side), particularly
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between 15 and 45min (p =0.02): women showed higher cold
sensitivity than men (3.0£0.0 vs. 2.5+0.8). Additionally,
significant sex differences were found in mechanical pain
sensitivity (pinprick) between 5 and 45 min after HFS at the C6
dermatome (dominant side, p =0.045), particularly between
15-45min (p =0.036): women showed higher mechanical pain
sensitivity than men (0.2 £0.04 vs. 0.0 £0.0). No other significant
sex differences were found and no significant associations with
levels of anxiety or depression were revealed.
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TABLE 2 Change in individual electrical sensitivity during 100 Hz-HFS-induced potentiation or depotentiation presented as a percentage of the cohort

pre-HFS pain intensity (n =12).

Participant number

% pain modulation between

% pain modulation between

% pain modulation between

5-15min 20-30 min 35—-45min
1 +48 +34 +34
2 +25 +26 -10
3 —49 -39 _51
4 -6 +7 +3
5 -3 -3 -3
6 -17 —46 —57
7 =31 -20 —40
8 -19 —14 -6
9 -21 -30 —58
10 +11 +70 +11
11 0 +23 -12
12 0 +3 -17
Potentiation (mean +SE) and % of

28.0+10.8 (25) 32.0+10.5 (50) 16.0+9.3 (25)
cohort presenting depotentiation
Depotentiation (mean + SE) and % of

—20.9%5.9 (58.3) —25.346.7 (50) —29.6%8.5 (75)

cohort presenting depotentiation

HFS, high-frequency stimulation; SE, standard error. The individual 100 Hz-HFS-induced potentiation or depotentiation was calculated as a percentage of the pre-HFS cohort normalized

electrical pain intensity.

4 Discussion

Although the small sample size needs to be considered in the
interpretation of the current findings, this study reveals for the first
time simultaneous and significant long-lasting changes in cold
sensitivity at the conditioned site and at the contralateral test site after
electrical HFS. In addition, a possible sex and age effect on the
perception of HFS pain and induced long-lasting changes in thermal
and mechanical sensitivity were shown in healthy subjects.
Importantly the use of electrical test stimuli sufficient to activate high-
threshold afferent fibers has revealed a late development of pain
depotentiation in electrical pain sensitivity at both the conditioned
and contralateral test sites. Identification of a spectrum of long-term
potentiation and depotentiation of multi-modal stimuli determines
the need to better define both the conditioning and test stimuli
parameters for the assessment of modulatory pain mechanisms.

4.1 HFS induces neuropathic sensations
and long-lasting mechanical hyperalgesia

Electrical HFS increased the perception of neuropathic sensations,
especially tingling as the most common neuropathic descriptor.
Previously found hot and burning sensations were reported as the
most common neuropathic descriptors (23), which were related to
perceived pain intensity at the HFS site. These sensations have been
attributed to the activation of A8-fibers and C-fibers (23).

This study also showed a significant increase in mechanical pain
sensitivity at the HFS-conditioned site supporting similar findings
observed around the HFS-conditioned site in previous studies (2, 3,
8), possibly mediated by A fibers (3, 10, 13) and primary nociceptive
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C-fibers (3, 4, 12, 23, 36). Furthermore, long-lasting mechanical
hypersensitivity to pinprick stimuli for more than 45min has been
reported previously (2), with an increase in pinprick-evoked brain
potentials (37). Although the present findings should be considered
with caution due to the small sample size, the results of the current
study support the involvement of LTP in the mechanical sensitization
at the conditioned site following electrical HFS.

After HFS, significant sex differences in mechanical and cold pain
sensitivity were also revealed for the first time: women showed higher
mechanical and cold pain sensitivity than in men. A previous study
found no significant sex differences on HFS-induced pain sensitivity
(13), although women showed a greater increase in mechanical pain
sensitivity after electrical stimulation (13) and in pain sensitivity in
general (38). Although the present findings need to be considered
with caution due to the small sample size and further studies are
needed to understand possible mechanisms underlying sex
differences, pain perception during HFS could help to identify risk
factors which underlie the development of chronic pain (39). This
includes the possible association of pain perception during HFS with
age and health-related quality of life.

4.2 HFS induces bilateral long-lasting
sensitivity to cold stimuli

The current findings revealed a significant increase in cold
sensitivity in both the ipsilateral and contralateral C6 dermatomes
after HFS, unlike previous studies that reported no significant changes
(14). The significant increase in cold sensitivity at the conditioned site
could indicate a possible role for Ad-fibers in cold sensitivity and
hyperalgesia (40, 41) and thermal hyperalgesia at the stimulated area
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is a typical feature of primary hyperalgesia associated with this
sensitization (4, 42). The observation of cold sensitivity in the
contralateral dermatome could be explained that lumbar Lamina
I neurons also receive contralateral afferent information (43), which
may be disinhibited following periods of intense pain stimulation such
as that applied with the electrical HFS stimulus (6, 7). This mechanism
would lead to contralateral sensory information to projection neurons
contributing to thermal hypersensitivity and mirror-image pain.
Indeed, observations of cold hyperalgesia in participants with
unilateral carpal tunnel syndrome have been observed (44) and
quantitative sensory testing has revealed evidence for contralateral
changes in sensitivity with different pain pathologies (6, 7). Similarly,
HFS could also trigger LTP of unconditioned C-fiber synapses
through glial cell processes (16). After HFS, no significant change in
heat sensitivity was revealed supporting previous studies (2, 4, 14, 45).
Nevertheless, the present findings should be considered with caution
due to the small sample size.

4.3 HFS-induces long-term depotentiation
of electrical pain intensity

The current study also found a significant depotentiation in
electrical pain sensitivity at the conditioned and contralateral sites,
supporting a concurrent reduction of the perceived pain intensity after
HES at the conditioned site and several remote test sites (5, 9-11),
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including the contralateral test area (5, 9, 10). Initial studies of HFS on
electrical test stimuli revealed a long-term potentiation of pain
intensity elicited by single electrical stimuli at the HFS site (1-3, 8, 13).

HES could activate hypoesthesia induced by continuous electrical
stimulation at C-fiber strength (4, 46). HFS could also reverse LTP
with the induction of long-term depression (LTD) or LTP-induced
depotentiation, depending on neuronal properties such as the
membrane potential of spinal dorsal horn neurons (9), the type of cell
activated demonstrated as LTP in spinothalamic neurons and LTD at
GABAergic neurons (2, 47), and finally the implication of glia (48).
Although the present findings should be considered with caution due
to the small sample size, the recent observations of inhibition of
electrical pain intensity at several test sites after HES suggest that
careful selection of test stimulus modality is critical to understanding
processes of LTP and LTP-induced depotentiation in pain modulation.

4.4 Limitations

The small participant sample size requires some caution to
be made in the interpretation and generalization of results from the
present study. Nevertheless, sample size was based on sample sizes
used in previous studies (3, 14), which even included smaller sample
sizes (3). Furthermore, to our knowledge, this is the first study that has
identified long-lasting changes in cold sensitivity after HFS at the
conditioned site and contralateral test site. Further study of cold
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sensitization following HFS using quantitative sensory testing
protocols may provide an important insight into the development of
persistent pain mechanisms. In addition, the association of pain
intensity experienced during HFS with age and quality of life, and the
sex effect of induced pain sensitivity after HFS warrants further
investigation into the influence of these demographic and clinical
characteristics on LTP and pain sensitization in humans.

5 Conclusion

The present study revealed a significant long-lasting change in
thermal, mechanical, and electrical sensitivity after HES. These effects
included a significant increase in mechanical pain sensitivity at the
HEFS-conditioned site, in addition to an increase in cold sensitivity and
depotentiation in electrical pain sensitivity at both the ipsilateral and
contralateral test dermatomes. In addition, changes in mechanical and
cold sensitivity after HFS were dependent on sex. These results could
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lead to a better understanding of pathophysiological mechanisms in
chronic pain pathologies in order to identify risk factors and to
develop new management and prevention strategies for chronic pain.
However, these results need to be considered with caution due to the
small sample size. Future studies with larger sample sizes and chronic
pain conditions are now required to confirm the current findings.
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Natural biomimetic nano-system
for drug delivery in the treatment
of rheumatoid arthritis: a
literature review of the last S years

Jingyuan Li, Wei Li and Liping Zhuang*

Beidahuang Group Mudanjiang Hospital, Mudanjiang, Heilongjiang, China

Rheumatoid arthritis (RA) isa chronic systemic autoimmune disease characterized
primarily by synovitis, leading to the destruction of articular cartilage and bone
and ultimately resulting in joint deformity, loss of function, and a significant
impact on patients’ quality of life. Currently, a combination of anti-rheumatic
drugs, hormonal drugs, and biologics is used to mitigate disease progression.
However, conventional drug therapy has limited bioavailability, and long-term
use often leads to drug resistance and toxic side effects. Therefore, exploring
new therapeutic approaches for RA is of great clinical importance. Nanodrug
delivery systems offer promising solutions to overcome the limitations of
conventional drugs. Among them, liposomes, the first nanodrug delivery system
to be approved for clinical application and still widely studied, demonstrate
the ability to enhance therapeutic efficacy with fewer adverse effects through
passive or active targeting mechanisms. In this review, we provide a review of the
research progress on the targeting mechanisms of various natural biomimetic
nano-delivery systems in RA therapy. Additionally, we predict the development
trends and application prospects of these systems, offering new directions for
precision treatment of RA.

KEYWORDS

rheumatoid arthritis, natural biomimetic, nano-system, drug delivery, treatment

1 Introduction

Rheumatoid arthritis (RA) is an autoimmune disease characterized by bilateral
inflammation of multiple joints. It involves the infiltration of synovial inflammatory cells
in local joint cavities, leading to tenosynovitis, cartilage destruction, and bone erosion (1). In
addition to the progression of joint inflammation and cartilage destruction, the extra-articular
system is frequently affected during the course of the disease (2). Conventional drugs including
nonsteroidal anti-inflammatory drugs (NSAIDs), disease-modifying anti-rheumatic drugs
(DMARDs), glucocorticoids (GCs), and biologics are currently used for RA treatment (3, 4).
These medications predominantly aim to suppress the immune response or the inhibit specific
inflammatory mediators in order to alleviate symptoms associated with RA. However, the
efficacy of drug treatment limited by the drug’s short effective half-life and its insufficient
ability to specifically target diseased tissues, leading to poor clinical outcomes (5). Furthermore,
upon in vivo administration, the drug is disseminated throughout the body, resulting in an
elevated risk of side effects on extra-articular organs (6).

Nano-delivery systems emerge as a promising therapeutic strategy to enhance the efficacy
of drugs and optimize their therapeutic outcomes. Clinical studies reported that nano-delivery
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systems have made remarkable contributions to the treatment of
diverse diseases (7-9). Nano-delivery systems enhance drug solubility,
prolong drug circulation time, reduce drug clearance, and deliver
drugs to disease sites in a controlled manner (10, 11). In recent years,
the design of multifunctional nanocarriers with sophisticated targeted
drug delivery capabilities or transformable properties has gained
significant attention (12, 13). These advancements enable smart drug
delivery and aim to enhance therapeutic efficacy for RA. In brief, the
integration of an efficient drug with a nano-delivery system holds
promising potential as a therapeutic approach. Importantly, in
comparison to exogenous nano-delivery systems (14, 15), the
utilization of natural biomimetic nano-system for drug delivery offers
superior  biocompatibility, = reduced  cytotoxicity, = and
non-immunogenicity (16, 17). In this review, we focus on the
utilization of natural biomimetic nanomaterials in the field of drug
delivery for RA treatment, and discuss their advantages

and limitations.

2 Methods

An extensive literature review was undertaken to understand the
natural biomimetic nano-systems for drug delivery in the treatment
of RA. A literature search was conducted on ScienceDirect, PubMed,
and Web of Science for literature published between 2019 and 2023,
using the keywords natural biomimetic, drug, nucleic acid, RNA,
delivery system, endogenous albumin, extracellular vesicle, cell
membrane, genetically engineered membrane, viral vectors, non-viral
vectors, and nanoparticles (NPs) combined with rheumatoid arthritis.
Other available resources were also used to identify relevant articles.

3 Molecular mechanisms of RA
pathogenesis

The occurrence and progression of RA are associated with
dysregulated signaling pathways and autoimmune dysfunction.
Abnormal regulation of signaling pathways (Figure 1), including
MAPK, NF-kB, PI3K/AKT, JAK/STAT, among others, leads to
abnormal expression of inflammatory cells and mediators such as
fibroblast-like synoviocytes (FLSs), synovial macrophages, and other
inflammatory mediators within the affected joint cavities (18). The
interplay between multiple inflammatory cells and cytokines
contributes to the inflammatory response in RA, leading to
hyperactive immune system activity that drives the development and
perpetuation of the disease (18, 19). In the early stages of RA
pathogenesis, B cells secrete pro-inflammatory cytokines such as
rheumatoid factor and anti-citrullinated protein antibody, which play
a pivotal role in mediating T cell and macrophage activation (20).
Upon activation, T cells and macrophages secrete inflammatory
mediators such as tumor necrosis factor-o (TNF-a), matrix
metalloproteinases (MMPs), interleukin-1 (IL-1) and IL-17. These
mediators further exacerbate the inflammatory response, promote the
formation of vascular opacities, and contribute to the damage of
articular cartilage. In addition, immune cells such as dendritic cells
and FLSs play a crucial role in mediating the pathophysiologic process
of RA. In the advanced stages of immune system dysregulation during
RA pathogenesis, these synovial cells undergo excessive proliferation
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and differentiate into tissue-invasive effector cells, thereby stimulating
the formation of osteoclasts, ultimately resulting in progressive joint
damage and the persistent presence of invasive inflammation within
the synovial tissue (21).

4 Drugs delivery system

Based on the biological attributes of biomimetic units, natural
biomimetic nano-systems offer three primary advantages: extended
circulation within the body, precise targeting capabilities, and reduced
toxicity. Currently, natural biomimetic nano-systems in the field of
drug delivery for RA treatment including endogenous albumin,
extracellular vesicles, cell membranes, and genetically engineered
membranes. These innovative systems have demonstrated effectiveness
in delivering therapeutic drugs or NPs to the affected joints, thereby
enhancing the overall therapeutic outcome (Figure 2).

4.1 Endogenous albumin

Human serum albumin (HSA), the primary component of serum
proteins, serves as a versatile carrier for therapeutic and diagnostic
drugs with inflammation-targeting properties. Given its naturally
biocompatibility, biodegradability, ease of production, and cost-
effectiveness, HSA stands as a promising multifunctional drug carrier
(22-24). In recent years, several preclinical studies have reported
albumin-based biomimetic nano-systems as drug delivery vehicles for
RA treatment in animal models (25-27).

A previous study revealed the overexpression of secreted protein,
acidic and rich in cysteine (SPARC) in the synovial fluid and synovium
of both RA patients and collagen-induced arthritis (CIA) mice (28).
Moreover, augmented metabolism of synovial cells was observed in
inflamed joints compared to healthy tissues, necessitating increased
utilization of albumin for nitrogen and energy. These metabolic
alterations in inflamed joints were found to be associated with the
occurrence of hypoalbuminemia in RA patients. Consequently, the
specific aggregation of albumin at inflammation sites can be attributed
to increased blood albumin consumption, augmented permeability,
and upregulated expression of SPARC.

In 2019, Liu and colleagues successfully developed HSA-NPs with
specific targeting abilities to enhance the safety and therapeutic
effectiveness of methotrexate (MTX) in CIA mice (29). Subsequently,
Lyu et al. (30) and Chen et al. (31) developed two types of mannose-
modified MTX-loaded HSA-NPs (MTX-M-NPs) to further augment
the targeting capabilities of albumin NPs to inflammatory sites in
animals. These targeted nano-systems enables the precise delivery of
therapeutic agents to neutrophils specifically at the inflamed joint site
by binding to the mannose receptor on the surface of neutrophils.
Consequently, the utilization of MTX-M-NPs holds significant
potential in enhancing the anti-inflammatory capabilities of
neutrophils at the joint site in patients with RA. The application of
albumin NPs in RA treatment was summarized in Table 1.

Albumin-based nano-systems offer advantages in enhancing
targeted therapeutic efficacy at inflamed joint sites, as well as extending
the half-life and improving the bioavailability of drugs. Fatty acids,
such as palmitic acid, are commonly used to prolong the half-life of
proteins or peptides. Accordingly, Gong et al. (36) synthesized
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TABLE 1 Application of albumin NPs in RA treatment.

10.3389/fmed.2024.1385123

NPs Therapeutic advantages Animal models
MTX-loaded albumin NPs MTX prodrug selectively binds to the cysteine-34 position of endogenous albumin and is CIA mi
mice
(32) efficiently cleaved by histone B and fibrinolytic enzymes overexpressed in RA and releases MTX.
Albumin-TRAIL coupling polymers
(33) Has significant targeted RA and long circulation CIA mice
33
PAB-CLT
(30) PAB has significant SR-A targeting over BSA maleate (SR-A ligand) AIA rat
HAS-PD/CU Accumulates in inflamed joints through the ELVIS effect and exhibits a slow release, synergistically ALA
rat
(34) delivering a high therapeutic effect at a low dose.
HAS-MTX
28) Based on the high expression of SPARC in RA and the inherent high affinity of SPARC for albumin = CIA mice
28
MTX-M-NPg
(35) Targeting of drugs to neutrophils by binding to mannose receptors CIA rat
5

palmitic acid (PA)-modified bovine serum albumin (BSA) NPs (PAB-
NPs). Through in vivo pharmacokinetic experiments, it was
demonstrated that PAB-NPs significantly prolonged the drug’s
circulation time and improved its bioavailability compared to
BSA-NPs. Targeting studies additionally revealed the prominent
scavenger receptor-A (SRA) targeting properties of PAB-NPs,
resulting in a remarkable 9.1-fold higher uptake of PAB-NPs by
activated macrophages compared to BSA-NPs (36).

4.2 Extracellular vesicle

In recent years, significant advancements have been made in the
field of RA treatment with regards to extracellular vesicles (EVs) (37,
38). These membrane-bound vesicles derived from various cells, play
a crucial role as messengers in inter-cellular communication and the
regulation of various pathophysiological conditions. EVs can
be categorized into three primary subgroups based on their biological
origin and size: exosomes (Exo, 30 to 200 nm), macrovesicles (MVs,
200 to 1,000 nm), and apoptotic vesicles (Avs, >1,000nm) (39, 40).
EVs can naturally be secreted by diverse cell types, such as
macrophages and cancer cells, and are known for their
non-cytotoxicity, non-immunogenicity, and excellent biocompatibility
(41). In addition, the presence of consistent adhesion molecules on the
EV surface facilitates preferential binding to host cells and helps them
evade phagocytosis by endothelial reticulocytes (42, 43). EVs also play
a crucial role in intercellular communication by transferring their
cargo to various cells, thereby promoting cell transcription and
proliferation (44). Therefore, the utilization of EVs as nano-systems
for drug encapsulation can achieve effective drug delivery. Compared
to cell-mediated nano-systems, EVs provide the advantage of reducing
clearance by the mononuclear phagocyte system (MPS) and enhancing
the accumulation of NPs in tissues (45).

Considering the involvement of macrophages in the inflammatory
micro-environment of RA and their pro-inflammatory properties,
researchers have explored the potential of using macrophage-derived
EVs as drug carriers for RA treatment (46). Macrophages possess
specific targeting properties due to the presence of surface membrane
proteins, and EV's secreted by macrophages can inherit these targeting
abilities from their host cells. Yan et al. (47) developed a biomimetic
nanoparticle wherein

utilizing  macrophage-derived  Exo,
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dexamethasone sodium phosphate (Dex) was encapsulated (Exo/Dex).
The surface of these Exo was further modified with a folic acid
(FA)-polyethylene glycol (PEG)-cholesterol (Chol) compound to
create an active targeted drug delivery system known as FPC-Exo/Dex.
Their results showed that the biomimetic drug delivery system
exhibited an extended systemic circulation time for the drug, enhanced
targeting efficiency at the site of inflammation, and offered enhanced
protection against bone and cartilage damage in mice with CIA (47).
In another study, researchers utilized macrophage-derived micro
vesicles (MMVs) encapsulated within NPs (MNPs) as a targeted
approach for RA treatment (48). The proteomic profile of MMV's was
analyzed using iTRAQ (isobaric tags for relative and absolute
quantitation) labeling, providing insights into the relative and absolute
protein levels. The presence of membrane proteins in MMV that
closely resemble those found on macrophage suggests that MMV's can
exhibit similar biological activities to macrophage-targeted RA
therapy. In addition, poly (lactic-co-glycolic acid; PLGA) NPs were
encapsulated with MMV, and the targeting efficacy of the MNPs
system for inflammatory therapy was evaluated both in vitro and in
vivo. Their results indicating that MNPs hold great promise as a
biomimetic nano-delivery system for RA treatment (48). The
application of EVs in RA treatment was summarized in Table 2.

4.3 Cell membrane

In recent years, there has been a surge of interest in the study of
cell membrane-coated NPs owing to their remarkable biocompatibility,
ability to retain cellular properties, and versatility in a wide range of
therapeutic and imaging applications (50). Various immune cells have
been identified to have crucial involvement in the progression of RA,
and their cell membranes offer potential as nano-delivery systems
with functionalities and targeting abilities. In addition, from a
biological and immunological perspective, a novel interfacial
attachment technique known as cell membrane capping technology
has emerged as a promising approach to enhance the efficacy of
synthetic nanocarriers (51). Apart from the extensively studied red
blood cells (RBCs), various cell types such as platelets, white blood
cells, cancer cells, stem cells, and even bacteria offer potential as
sources for membrane materials, each possessing distinct properties
and exerting diverse targeting characteristics (52, 53).
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TABLE 2 Application of EVs NPs in RA treatment.

10.3389/fmed.2024.1385123

NPs Therapeutic advantages Animal models
IL-10-treated DC-derived
exosomes Ability to inhibit the onset of arthritis and reduce the severity of established arthritis CIA mice
(49)
FPC-Exo/Dex Targeted activation of FRp expressed by macrophages inhibits the secretion of pro-inflammatory cytokines and CIA mi
mice
(44) increases the expression of anti-inflammatory cytokines for better protection of bone and cartilage in CIA mice
MNP
45) Enhancement of therapy by targeting ICAM-1 or p-selectin highly expressed by activated macrophages CIA mice
45

TABLE 3 Application of cell membrane NPs in RA treatment.

NPs Therapeutic advantages

Neutrophil membrane-
encapsulated PLGA NPs
(57)

LFA-1 on neutrophil membranes binds to ICAM-1 and enhances targeting, a function-driven, broad-spectrum

and disease-associated blocker that inhibits inflammatory cascades in disease processes

Animal models

CIA mice/human TNF-o

transgenic mice

Platelet membrane-

encapsulated PLGA NPs Targeting disease sites by P-selectin and GVPI recognition CIA mice

(62)

TU-NPs Neutralizes cytokines, inhibits synovial inflammation and provides strong cartilage protection to prevent joint- CIA mi
mice

(63) damaging substances from penetrating deep into inflamed tissues.

Upon coating with cell membranes, NPs not only acquire the
physicochemical attributes of native cell membranes but also inherit
distinctive biological functionalities arising from the presence of
membrane-anchored proteins, antigens, and immune components
(54, 55). The inherent biological properties and functions derived
from these cell membrane-coated NPs, including immunosuppressive
effects, prolonged circulation, and targeted recognition, underscore
their significant potential in the field of biomedicine (56).
Consequently, the development of a biomimetic nano-delivery system,
emulating endogenous cells, holds promise for enabling molecular
imaging and precise drug delivery to inflamed joint sites.

Erythrocytes, favored by researchers due to their remarkable
circulatory longevity of up to 120 days, exhibit immense potential as
carriers for drug delivery (57). Erythrocyte membrane-coated NPs
have been proven to effectively extend the half-life in the systemic
circulation, surpassing the performance of polyethylene glycol-coated
nano-delivery systems (58). Li et al. reported a resveratrol-loaded
PLGA NPs functionalized with erythrocyte membranes as a
biomimetic delivery system significantly prolonged the circulation
time of resveratrol in mice (32). During the last two decades, PEG has
been the focus of studies due to its immunogenicity, which may trigger
accelerated blood clearance (ABC) and hypersensitivity reactions to
PEGylated NPs (59, 60). However, erythrocyte membrane-coated NPs
are not affected by the “ABC” effect. The presence of CD47, a
distinctive “do not eat me” protein expressed on the surface of RBCs,
plays a crucial role in enabling the NPs to evade immune clearance by
interacting with signal regulatory protein-a receptors (33).
Furthermore, researchers have explored the intrinsic interaction
between P-selectin expressed on platelets and inflamed tissues to
develop platelet membrane NPs loaded with FK506 (tacrolimus), a
potent immunosuppressant, for targeted treatment of RA at inflamed
joint sites (34). These platelet membrane NPs exhibited prolonged
drug circulation time in the bloodstream, enhanced accumulation at
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inflamed joint sites, and effectively mitigated joint swelling
and inflammation.

In a previous study conducted by Dehaini, a novel bio-coating was
developed using fused cell membranes of RBCs and platelets, resulting
in RBC-platelet membrane NPs (49). The fused membrane combines
the functionalities of erythrocytes and platelets, and experimental
findings indicated that this carrier possesses properties from both cell
sources. This innovative approach paves the way for the development
of biomimetic nano-delivery systems with diverse functionalities,
tailored to overcome existing limitations of nanoparticle-based
therapeutic and imaging platforms (49).

Neutrophils have been observed to accumulate at inflammation
sites in RA, and play an important role in reducing inflammation and
repairing tissue damage (61). Zhang et al. developed neutrophil
membrane-encapsulated NPs by fusing neutrophil membranes onto
polymer cores (62). The resulting nano-delivery system retained the
relevant membrane functions and antigenic properties of the host
cells, making it an excellent candidate for targeted delivery to
neutrophils. The NPs exhibited the ability to inhibit the secretion of
pro-inflammatory cytokines, attenuate synovial inflammation, and
provide protection against bone and cartilage damage in both CIA
models and human transgenic arthritis mouse models (62). The
application of cell membrane nano-system in RA treatment was
summarized in Table 3.

4.4 Genetically engineered membrane

The advancements in naturally biomimetic nano-delivery systems
have transformed cell membrane-coated NPs into a viable and
practical therapeutic platform (64). In order to enhance the targeted
delivery capabilities of nano-systems, it is possible to modify them
with specific ligands that target inflammatory tissues or cells. However,
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certain chemical or physical modifications may potentially disturb the
structure or functionality of proteins present in cell membranes.
Nevertheless, genetic engineering provides a means for the specific
expression of targeted ligands onto cell membranes, without
disrupting the existing membrane proteins. Taking advantage of this,
researchers utilized genetic engineering techniques to generate cell
membranes expressing tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL) from human umbilical vein endothelial cells
(65). Subsequently, the fusion of the TRAIL-anchored membrane with
hydroxychloroquine-loaded PLGA-NPs enables targeted delivery to
activated M1 macrophages at the inflammation site, with the goal of
therapeutically suppressing the secretion of pro-inflammatory.
Following intravenous injection, the bionanoparticles were observed
to accumulate and persist in the inflamed joints, leading to a favorable
anti-inflammatory therapeutic outcome (65).

4.5 Bacteria

Remarkable progress has been made in the research of utilizing
bacteria as a natural biomimetic nano-system for drug delivery in RA
treatment. Studies primarily focus on harnessing the unique attributes
of bacteria, such as their inherent targeting capabilities,
programmability, and biocompatibility, to develop novel therapeutic
approaches (66, 67). Through genetic engineering techniques,
researchers have successfully engineered bacteria to target
inflammatory sites in RA and subsequently release anti-inflammatory
drugs or bioactive molecules, including anti-inflammatory proteins,
immune modulators, siRNA, and miRNA, upon reaching the
designated location. A preclinical study by Fan et al. developed an
orally administered light-activated bacterial system that can
specifically release TNF-o at inflammatory sites for tumor treatments,
demonstrating the potential of utilizing bacteria for targeted therapy
(68). Tao et al. presented a novel approach for the highly effective and
dual-selective ablation of hypoxic tumors using engineered bacteria
sensitized with near-infrared nanoantenna (69). These breakthrough
methods hold promise as a new conceptual framework for potential
applications in the treatment of RA.

In addition, outer membrane vesicles (OMVs) play crucial roles
in various bacterial physiological activities and pathogenicity.
Leveraging the physiological characteristics of OMVs, delivery of
therapeutic substances such as siRNA, miRNA, and proteins to
tissues has been achieved (70, 71). Effective liposomal nanocarriers
designed through biotechnology methods have enhanced targeting
drug delivery and immunogenicity through homologous and
heterologous antigen modification (70). The lipid bilayer topology of
liposomes allows for encapsulation of amphiphilic therapeutic drugs,
which not only increases their stability and reduces side effects but
also prolongs their half-life. Liposome encapsulation of adjuvant
chemotherapy drugs for the treatment of colorectal cancer is
considered a promising targeted drug delivery system. OMVs can
serve as natural or engineered carriers of cell-protective factors or
cytotoxins, making them a novel therapeutic tool applicable from
regenerative medicine to targeted cancer therapy (72). To promote
the release of therapeutic drugs under specific conditions, further
research based on OMVs is required to engineer liposomal nano-
carriers, thereby improving targeting specificity and increasing the
uptake of therapeutic drugs.
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While study on the use of bacteria-based nano-systems for drug
delivery in the treatment of RA is currently limited, it is important
to acknowledge the several key challenges that must be addressed
before undertaking further studies. These challenges include
ensuring the overall safety of bacterial carriers, improving delivery
efficiency and precision, and achieving precise control over drug
release. In summary, bacteria-based nano-systems hold great
promise for the development of innovative treatments in the
field of RA.

5 Nucleic acid delivery system

Nucleic acids are biocompatible materials with unique properties
and structures. Small molecule nucleic acids such as sgRNA, siRNA,
and shRNA can be specifically employed to silence target proteins,
making them valuable tools for targeted delivery in nanomaterial
applications. RNA is a versatile biomolecule present in biological cells
as well as certain viruses and viroids. In a broader sense, RNA can
be categorized into two types: coding RNA and non-coding
RNA. Coding RNA refers to mRNA, which can be translated into
proteins. On the other hand, non-coding RNA encompasses various
types, including rRNA, tRNA, siRNA, miRNA, and antisense
oligonucleotides (ASO), among others (73). In the field of drug
research, small molecule drugs and protein-based therapeutics hold a
dominant position, as these molecules function by acting on
downstream target proteins of disease-causing genes. However, there
is a lack of targeted drugs for many disease-related proteins,
necessitating the exploration of more precise and effective
therapeutic strategies.

The advent of RNA interference (RNAi) technology has
revolutionized the ability to manipulate molecular processes with
unprecedented precision (74). Compared to DNA, RNA is less stable
and therefore requires more demanding delivery vehicles. Based on
the composition of delivery system, RNA delivery vehicles can
be broadly categorized into non-viral vectors and viral vectors
(Figure 3; Table 4).

5.1 Non-viral vectors

Non-viral vectors primarily include lipid NPs (LNPs),
N-acetylgalactosamine (GalNAc), polymer NPs (PNPs), and inorganic
NPs (INPs) (75, 76). With their flexible size, shape, structure, low
toxicity and accessible surface modification, non-viral vectors show
great promise for application in RNA delivery. Among them, LNPs
have found widespread application and are considered the optimal
carriers for mRNA vaccines (75). However, their utilization is mainly
limited to liver tissue targeting (77), and there is still a need for
develop targeting capabilities toward extra-liver tissues. LNPs have
been widely acknowledged as a promising delivery approach in the
treatment of RA, as summarized in a previous review article (78).

5.2 Viral vectors

Viral vectors, consisting of adenovirus vectors (AdV), adeno-
associated viral vectors (AAV), retroviral vectors (RV), and lentiviral
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TABLE 4 Classification and characteristics of RNA Carriers.

Classification NPs  Structure Advantages Disadvantages
Non-viral vectors LNPs Lipid vesicles with uniform Uniform packaging, efficient intracellular and Limited tissue targeting specificity
lipid core extracellular nucleic acid expression, high safety profile

GalNAc | Trivalent sugar compounds Suitable for subcutaneous administration, scalable | Limited to targeting hepatocytes

in manufacturing, with a high safety profile.

PNPs Product formed by Controlled drug release rate, biodegradable and Encapsulation High of toxicity, hydro residualphil
polymerization of a biocompatible, with target specificity organicic sol drugsvents, challenges insufficient in
monomer encaps largeulation of-scale hydro productionphilic,

drugs and, issues challenges in with large storage-scale
production and, and sterile issues withization storage

INPs Synthesis of Inorganic Particles | Hydrophilic, biocompatible, and highly stable Lack of clinical trial data, challenging clinical
and Biodegradable Polycation translation

Viral vectors AdV Large molecule double High thermal stability and strong ability to induce | immunogenicity, limited vector capacity, and
stranded uncoated innate immunity, with only transient expression restricted intracellular replication
icosahedral DNA virus

AAV Icosahedral DNA deficient High safety profile, low immunogenicity, broad Limited size of the target gene fragment, delayed
virus with non-enveloped spectrum of infection, prolonged expression of expression post host cell infection
single stranded linear structure | exogenous genes in vivo

RV Encapsulated spherical RNA | Broad infection spectrum, high specificity, high Presence of insertional mutations, potential risk of
virus integration efficiency, capable of stable expression oncogene activation, with limited vector capacity

of the target gene

LV Encapsulated spherical RNA | Wider infection spectrum, high specificity, high Presence of insertional mutations and potential risk
virus integration efficiency, capable of stable expression of oncogene activation

of the target gene, with increased vector capacity
Viral-like vector VLP Highly structured protein High specificity and biological activity, high safety = High immunogenicity

particles

profile, high delivery efficiency
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vectors (LV), are prominent vehicles for RNA delivery (79). These viral
vectors possess advantages such as broad and targeted transduction
capabilities, high delivery efficiency, and prolonged expression profiles.
Among them, AAV vectors offer high delivery efficiency and have
already been applied in clinical gene therapy for both in vivo and ex vivo
applications, making them a relatively mature delivery technology (80).
However, AAV vectors have limitations in terms of the size of the target
gene fragment they can accommodate and the delayed onset of gene
expression after infection of host cells, highlighting the need for
ongoing optimization.

5.3 Viral-like vectors

Virus-like particle (VLP) vectors stand as an innovative gene therapy
platform that has been developed in recent years, providing a novel
approach for RNA delivery (81). VLPs are highly structured protein
particles that self-assemble from one or multiple viral structural proteins.
They resemble the morphology and structure of their corresponding
natural viruses, thereby exhibiting strong immunogenicity, specificity,
and biological activity (82, 83). Importantly, VLPs do not contain viral
nucleic acids, rendering them incapable of replication and thus offering
enhanced safety (84). The VLP delivery system utilizes the recognition
principle between mRNA stem-loop structures and phage coat proteins.

10.3389/fmed.2024.1385123

Through the utilization of viral engineering techniques, the advantages
of both viruses and mRNA are synergistically combined, leading to the
development of a novel delivery technology known as VLP-mRNA. This
emerging platform has garnered significant attention as the next frontier
in RNA delivery carriers.

6 Limitations and prospects

While nano-system for drug delivery holds immense potential in
overcoming challenges in disease treatment and diagnostics by
leveraging the properties of nanomaterials, some inherent limitations
should be considered, particularly concerning the potential for cellular
toxicity at the cellular level (85). Upon cell exposure, nanomaterials
can cause varying degrees of cell damage, resulting in the generation
of reactive species such as reactive nitrogen and oxygen species (86).
Therefore, in addition to assessing the therapeutic properties of the
drugs themselves, it is crucial to evaluate the toxicological impact of
nanomaterials to ensure their safety. However, this process is costly
and may block nanomedicines promoting to clinical trials.

Nanocarrier-based drug delivery systems encounter several
biological barriers in drug transport. These transport processes occur
within different compartments, such as within the cytoplasm and
between compartments. As shown in Figure 4., biological barriers,

FIGURE 4
Basic unit of biomimetic nanoparticle design.
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including cell membranes, nuclear membranes, and endosomal
membranes, significantly interfere with drug delivery (87). Firstly,
upon contact with biological fluids, NPs accumulate molecules on
their surface and form a protein corona. The dynamic multi-layer
protein structure of the protein corona provides NPs with specific
identities, which can influence their physicochemical properties and
subsequent biological interactions and distribution. Secondly, the
activation of resident macrophages in the reticulate endothelial system
(RES) aids in the clearance of old blood cells and substances carried
in the blood circulation to RES organs. A key limitation of
nanomedicines is their rapid phagocytosis and clearance based on the
RES, resulting in a decrease in the bioavailability of nanodrugs.
Thirdly, NPs face complex fluid dynamics when passing through
curved and bifurcated regions of healthy or diseased blood vessels
(88). Fourthly, the extracellular matrix provides tissues with structural
integrity, characterized by high collagen content, rigidity, and tensile
strength. It serves as a major natural physical barrier that hinders the
delivery of nanodrugs. Finally, once NPs extravasate from blood
vessels to the site of infection, they can bind to cell membranes,
leading to internalization. This highlights the challenges faced by
nanotechnology in drug delivery. However, the development of
targeted nanomedicines that can directly deliver drugs to the inflamed
in RA
pathophysiology or immune cells can potentially overcome

site by targeting molecular constituents involved

these barriers.

7 Conclusion

The clinical treatment RA poses several challenges, making the
development of endogenous substances as drug delivery systems
necessary. Endogenous albumin, extracellular vesicles, cell
membranes, nucleic acids, and bacteria have been chosen as
biomimetic nano-delivery systems. These systems are preferred not
only for their non-immunogenic and low toxicity properties but also
for their capability to effectively evade immune system clearance and
prolong drug circulation in the body. However, the use of bacteria as
biomimetic nano-delivery systems is still in the exploratory stage,
and several challenges need to be addressed, such as ensuring
comprehensive safety of bacteria carriers, enhancing delivery
efficiency and accuracy, and achieving precise control over drug
release. Delivery carriers have improved the stability and target
specificity of RNA formulations, thereby facilitating the clinical

application of RNA-based therapeutics. Non-viral carriers,
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The biobehavioural pain and
movement questionnaire
(BioPMovQ): development and
psychometric validation of a new
questionnaire
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Objective: The purpose of this research was to design and psychometrically
validate anew instrument (the Biobehavioural Painand Movement Questionnaire/
BioPMovQ), which assesses the relationship between pain and various factors
related to motor behaviour from a biobehavioural perspective.

Methods: A mixed-method design combining a qualitative study with an
observational and cross-sectional study was employed to develop (content
validity) and psychometrically validate (construct validity, reliability and
concurrent/discriminant validity) a new instrument. A total of 200 patients with
chronic musculoskeletal pain were recruited.

Results: According to the exploratory factor analysis, the final version of the
BioPMovQ consists of 16 items distributed across 4 subscales (1, disability, 2,
self-efficacy for physical activity; 3, movement avoidance behaviours; and 4,
self-perceived functional ability), all with an eigen value greater than 1, explaining
55.79% of the variance. The BioPMovQ showed high internal consistency
(Cronbach’'s a = 0.82; McDonald's w = 0.83). The intraclass correlation coefficient
was 0.86 (95% confidence interval 0.76 to 0.91), which was considered to
demonstrate excellent test—retest reliability. The standard error of measurement
and minimal detectable change were 343 and 8.04 points, respectively. No
floor or ceiling effects were identified. There was a positive, significant and
moderate magnitude correlation with the Graded Chronic Pain Scale (r=0.54),
kinesiophobia (r=0.60), pain catastrophising (r=0.44) and chronic pain self-
efficacy (r=-0.31).
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Conclusion: The BioPMovQ showed good psychometric properties. Based on
the findings of this study, the BioPMovQ can be used in research and clinical
practice to assess patients with chronic musculoskeletal pain.

KEYWORDS

chronic pain, biobehavioural approach, self-administered questionnaires,
psychological variables, functionality

1 Introduction

Pain is a complex multidimensional experience that significantly
influences behaviour and has a perceptual character dependent on
context and individual evaluative processes. In the multidimensional
aspect of pain, movement is considered to play a key role (1).
Simmonds et al. (2) considered that movement responses are not just
a consequence of anticipating and minimising pain; the authors’
proposed that the motor behaviour involved in pain is a very complex
factor because psychological (cognition and emotions), social and
contextual factors can influence motor activity within the behavioural
component of pain as a multidimensional experience (2). Many
psychological constructs are significant predictors of outcomes, such
as pain, disability and work retention (3). These variables are relevant
in a biobehavioural approach.

Several studies have reported the onset of functional and
structural changes in the cortical motor areas of patients with chronic
pain (4, 5). Pain-related movement disorders have been proposed to
neurophysiologically involve central and peripheral mechanisms,
which have varying degrees of influence in determining behavioural
performance (6). There are also numerous studies on kinematic
abnormalities associated with musculoskeletal pain (7-9).

In the past 2 decades, several theories have been developed to
explain the relationship between pain and movement (10), which have
been designed on the basis of findings from studies of experimentally
induced pain (11) and on research assessing functional deficits and
disability through the influence or interaction of sensory, cognitive,
emotional and motor components in patients with chronic pain
(12-16).

A number of authors have suggested the general premise that
pain generates changes in the way patients move, which in turn can
change the way patients perceive the painful experience (17-19),
leading to the proposition that movement is initially involved in the
experience of pain as an adaptive and protective response to control
or diminish its perception (10, 20). These evoked responses can
influence movement by altering neuromuscular speed, variability
and efficiency. The theory of the motor behaviour dimension of the
pain experience encompasses the set of adaptive or maladaptive
motor responses related to the pain experience that affect
modulation, processing and function and that also interact with or
are influenced by contextual, cognitive and affective-motivational
factors (1).

Emotional factors related to fear of pain play an important role in
the degree of protective behaviours experienced when faced with pain
(21). Research has shown that extreme fear of pain is associated with
being less physically active (22, 23), having limited range of motion
(24, 25), having greater physical disability (26) and developing
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strategies for adopting alternative movements (27). Behaviours
associated with psychological distress, activity disruption and activity
avoidance are essential components of pain-related disability (28).

Current evidence supports the fact that psychosocial factors
other than fear of pain might contribute to pain-related functional
impairment (29-31). Sullivan et al. suggested that certain
psychological factors, such as pain catastrophising, fear and
depression can influence pain behaviour by lowering the threshold
for activating motor programmes related to the experience of
pain (21).

Although more research is still needed to determine the
complex interactions between movement and pain and their
mutual influence on cognitive, behavioural and social factors, it is
important to understand the relationship between movement and
pain (32). It is now considered a clinical necessity to evaluate these
interactions from a biobehavioural perspective, taking into account
that pain-related movement disorders have a significant effect on
the deterioration of the patient’s functional capacity and quality of
life (33).

Biobehavioural factors related to pain, functional limitation
and disability can be classified into three broad categories: (1)
cognitive-perceptual (cognitive-perceptual bias, perceived control,
perceived disability, fear of pain, work and family perceptions and
perceived self-eflicacy); (2) behavioural-environmental (positive
and negative behavioural consequences and physical stressors);
and (3) physiological (physiological responses to work and
physiological responses to pain or other aversive somatic
stimuli) (33).

The central hypothesis of this research posits that the
Biobehavioural Pain and Movement Questionnaire (BioPMovQ),
specifically developed to evaluate the multifaceted impact of pain
on movement from a biobehavioural standpoint, will demonstrate
robust validity and psychometric properties, rendering it suitable
for application in individuals suffering from musculoskeletal pain.

In light of the intricate interplay between pain, motor
behaviour, and psychosocial factors in chronic musculoskeletal
pain management, this study aims to address three primary
objectives, each responding to a distinct need highlighted in
the literature.

The first objective is to design a self-administered instrument
assessing the impact of pain on various factors related to motor
behaviour from a biobehavioural perspective. There are currently
no valid and reliable assessment instruments that assess the
multidimensional influence of pain on movement from a
biobehavioural perspective. A single instrument that assesses
various factors related to pain and movement (such as exercise
self-efficacy, avoidance behaviours, physical discomfort, disability

frontiersin.org


https://doi.org/10.3389/fmed.2024.1358829
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

La Touche et al.

and perceived functional ability) could be useful for clinicians
involved in the study and treatment of pain.

The second objective, to evaluate the comprehension and content
validity of the designed instrument, is rooted in the necessity to ensure
that the instrument is both intelligible to patients and clinically
relevant. This is pivotal to ensure that the measurements accurately
reflect patients’ experiences and are useful for health practitioners in
clinical decision-making.

Lastly, the third objective aims to identify the basic psychometric
properties of the instrument. This objective addresses the critical need
for reliable and valid assessment tools to measure the complexities of
musculoskeletal pain and its effects on motor behaviour. Psychometric
validation is indispensable for advancing both research and clinical
practice, enabling more tailored and effective interventions.

2 Methods

A mixed method design combining a qualitative study with an
observational and cross-sectional study was employed to develop
and psychometrically validate the new instrument. The design of the
BioPMovQ was developed using a standardised methodology based
on six phases (34): (1) perform an intensive literature review; (2)
perform semi-structured interviews; (3) synthesise the literature
review and analyse the semi-structured interviews; (4) develop the
items (detail the items and identify the domains); (5) perform expert
validation (content validity); and (6) assess the instrument’s
comprehension and feasibility (cognitive debriefing) in a small
group of patients (pilot testing). The procedures during the
psychometric validation were performed according to the COSMIN
Study Design checKklist for patient-reported outcome measurement
instruments (35).

The study was approved by the bioethics committee of the Centro
Superior de Estudios Universitarios La Salle (CSEULS-PI-005/2020).
The objective of the research was explained to all participants in detail,
who provided written informed consent to participate in the study.
The data were collected between January 2020 and February 2022.

2.1 Development of the items

2.1.1 Literature review

A search of the scientific literature was performed in 6 specialised
databases (Medline, PEDro, PsycINFO, CINAHL, EMBASE and Web
of Science). Information was extracted from narrative reviews,
qualitative studies, observational studies, systematic reviews and
meta-analyses addressing the topics of pathophysiology of
musculoskeletal pain, neurophysiology of chronic pain, pain-related
motor impairments, function and disability, assessment of pain and
movement and the social and psychological implications related to
disability and functional ability.

The content analysis of the scientific literature was independently
evaluated by 2 researchers who performed a tabular extraction of the
relevant topics.

A second search was conducted to identify psychometrically
validated self-report instruments aimed at identifying motor and
functional implications related to pain, disability and psychosocial
aspects. A total of 17 self-reporting instruments were identified and
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analysed in depth from a critical perspective, taking into account each
instrument’s differences, similarities, advantages, disadvantages and
limitations (36-52).

2.1.2 Semi-structured interviews

Based on the scientific literature review, a semi-structured
interview for patients with chronic musculoskeletal pain was designed
by consensus. The interview was developed by focusing on the
relationship between pain and movement function and possible
psychosocial interference. Drafts of the interview questions were
discussed and reviewed by the research team during a pre-established
session. A semi-structured interview was conducted involving 12
patients with chronic musculoskeletal pain.

2.1.3 Synthesis of the literature review and
semi-structured interview analysis

The results of the semi-structured interview were analysed,
employing an interpretative phenomenological analysis (53), which is
a qualitative study that assesses the meaning that people attach to their
own experiences (54-56).

From the qualitative analysis, it was possible to extract the
experiences and a construct meaning, and a list of three main themes
and seven sub-themes was generated, which included (1) behaviours
and cognitions of fear-avoidance; (2) pain-related changes in motor
behaviours; (3) coping behaviours; (4) pain-related disability; (5)
pain-related bodily perceptions; (6) self-efficacy related to activities of
daily living; and (7) exercise self-efficacy.

The final analysis of this phase was performed by 2 researchers
who, through a consensus methodology, grouped and sorted the
results of the qualitative study and literature review.

From the synthesis of scientific evidence obtained through
literature review, five fundamental conclusions can be drawn:

1 A multitude of studies have delineated or hypothesised various
neurophysiological mechanisms, both central and peripheral,
associated with pain. These mechanisms might be linked to
alterations in movement and functionality, such as changes in
motor control, range of movement, muscle strength and
endurance, as well as the onset of disability.

2 Various factors influencing motor behaviour associated with
pain—such as disability, avoidance behaviours, movement fear,
and deficits in self-efficacy—can significantly impact patient
quality of life. These factors are interconnected with multiple
psychological aspects.

3 Disability is identified as a crucial factor in the analysis of
patients with chronic pain, highlighting how these individuals
face challenges in performing daily activities, recreational
activities, physical activities, and work-related tasks.

4 Motor and functional alterations associated with pain could
be conceptualised as a multidimensional construct that
encompasses  cognitive,  emotional,  sensory, and
social dimensions.

5 Currently, there are no psychometrically validated instruments
available that comprehensively assess the implications of motor
and functional alterations associated with pain from a
multidimensional perspective. There are various instruments
that specifically and separately evaluate disability, self-efficacy

in different pain-related contexts (physical activity, exercise,
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pain self-management) and factors associated with fear and
activity avoidance.

2.1.4 Developing items

Findings from the relevant literature and data from the semi-
structured interviews were qualitatively analysed by 3 researchers to
define the conceptual construct of “pain related to movement and
function from a biobehavioural perspective.” Subsequently, the articles
were written. A total of 28 items were designed through a structured
consensus process (57), with 27 items ultimately established for this
phase and ordered by their relevance within each dimension
(sub-constructs).

2.1.5 Expert-validated content

A 26-item preliminary list was drafted for the scale, the
suitability of which (relevance, pertinence, clarity, coherence and
degree of coverage of the relevant aspects) was evaluated by an
external expert panel (validation by judges). The requirements to
be considered an expert judge were (1) having at least 4 publications
related to chronic pain, movement and function; (2) at least 10 years
of clinical or scientific experience in the area of pain and movement;
and (3) about the
of questionnaires.

knowledge psychometric  validation

The expert content validation panel consisted of 11 expert judges
with research and clinical backgrounds (1 medical doctor, 7
physiotherapists and 3 psychologists), who were asked to conduct a
qualitative  evaluation (relevance, comprehensiveness and
comprehensibility) of every item, using a 5-level Likert scale (1,
strongly agree; 2, agree; 3, neither agree nor disagree; 4, disagree; and
5, strongly disagree).

To consider an item for deletion, the following performance
indicators were considered: (1) mean item score of <0.70 Aiken’s V
statistic (58); (2) the behavioural content did not have a generally
accepted meaning or definition; (3) the item was ambiguously defined;
(4) the content item was irrelevant or repetitive to the purposes of
measurement; and (5) whether the qualified judges had agreed that

the item had been adequately sampled based on consensus.

2.1.6 Cognitive debriefing

A cognitive debriefing methodology was applied as a qualitative
evaluation of the preliminary version of the instrument by a small
group of patients (32 patients). The cognitive debriefing was based on
the instrument’s evaluation, considering 5 aspects that analyse the
completeness, relevance and clarity of expression (59): (1)
comprehension of each question; (2) relevance of the information; (3)
decision processes (response time, response/abandonment rate); (4)
response processes; and (5) general comments.

2.2 Psychometric validation

2.2.1 Participants

A consecutive non-probability sample of participants were
recruited from 2 physiotherapy clinics. All participants were assessed
by physiotherapists with experience and academic training in
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managing musculoskeletal disorders, and the patients were classified
as having chronic musculoskeletal pain. Chronic musculoskeletal pain
is defined as “persistent or recurrent pain arising as part of a
pathological process that directly affects the bones, joints, muscles or
related soft tissues” (60).

Patients were selected if they met all the following criteria: (1)
presence of pain of more than 6 months’ duration; (2) a pain
intensity greater than or equal to 3 points on the numerical pain
rating scale (NPRS); (3) an age of 18years or older; (4) chronic
primary musculoskeletal pain, classified as primary chronic pain
(cannot be directly attributed to a known disease or damage
process) or as secondary if caused by a disease or process that
directly affects the bones, joints, muscles and/or related soft tissues
(61); (5) a good understanding of the Spanish language; and (6) not
having started physiotherapy or having undergone fewer than 2
treatment sessions.

The exclusion criteria were (1) cognitive impairment; (2)
psychiatric limitations that impede participation in the study
assessments; (3) inability to grant written informed consent; (4) a
history of musculoskeletal trauma (e.g., fracture); (5) postoperative
musculoskeletal pain during the previous 6months; and (6)
musculoskeletal pain suspected to originate from neurological (e.g.,
stroke), neoplastic (e.g., breast cancer) and/or referred pain (e.g.,
visceral referred pain).

2.2.2 Sample size

The sample size for the psychometric evaluation was specifically
established through a theoretical profile based on exploratory factorial
analysis. We estimated that the sample size should exceed 200 cases
based on a moderate condition where communalities of between 0.40
and 0.70 and at least 2 factors with more than 4 items each are
expected (62). This estimate is in line with the methodological criteria
of experts who consider that even under ideal conditions, such as
obtaining high communalities and well-determined factors, the
sample for studies that perform a factorial analysis should exceed 200
cases (62, 63).

For the sample size calculation for the test-retest reliability study,
we employed the method described by Walter et al. (64), which is
based on estimating the sample size from assumptions of the intraclass
correlation coeflicient (ICC) result. The minimum acceptable ICC
estimated for the test-retest assessments (2 assessments) was P0=0.75;
however, we expected an ICC higher than P1=0.90. Considering a
power of 95% ($=0.5) and an alpha error level of 0.05, the study
sample size should comprise 45 participants; after estimating possible
losses of 15% for the sample, the total recommended sample size is 53
participants. The sample size was calculated with a web calculator (65).

2.2.3 Procedure

After consenting to participate in the study, the recruited
participants received a series of self-reports to assess disability-related
and other psychological variables, as well as to record demographic
characteristics. The self-reports included the preliminary version of
the BioPMovQ, the Spanish version of the Chronic Pain Self-Efficacy
Scale (CPSS), the Spanish version of the Pain Catastrophising Scale
(PCS), the Spanish version of the Tampa Scale for Kinesiophobia
(TSK-11) and the Spanish version of the Graded Chronic Pain
Scale (GCPS).
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The sociodemographic questionnaire collected information on
gender, date of birth, marital status, educational level and
employment status.

Biobehavioural Pain and Movement Questionnaire (BioPMovQ)
(Draft version).

The preliminary version of the BioPMovQ consisted of 25 items
and 5 theoretical subscales (factors) that evaluated (1) movement
avoidance behaviours; (2) self-efficacy for physical activity; (3)
physical discomfort; (4) self-perceived functional ability; and (5)
disability. The items were scored on a 5-level Likert scale (1, strongly
agree; 2, agree; 3, neither agree nor disagree; 4, disagree; and 5,
strongly disagree). Higher scores indicate greater implications for
pain-related motor and functional impairment.

2.3 Data analysis

The theoretical construct was determined and its reliability and
external validity evaluated using SPSS software version 21 (IBM SPSS
Statistics). Descriptive statistics were employed to summarise the data
for categorical variables as absolute (number) and relative frequencies
(percentage). Sociodemographic and clinical variables are presented
as mean +standard deviation (SD), 95% confidence interval, range
(minimum-maximum), Skewness and Kurtosis. A normality analysis
was conducted using the Kolmogorov-Smirnov test.

2.3.1 Construct validity

The construct validity was evaluated using an exploratory
factor analysis (EFA) to determine the optimal factor structure.
The factorial structure was investigated using Generalised Least
Squares factoring (66) with OBLIMIN rotation. (67) The quality of
the factor analysis models was assessed with the Kaiser-Meyer-
Olkin (KMO) test and the Bartlett sphericity test. The KMO
measures the degree of multicollinearity and ranges from 0 to 1
(with an optimal range of >0.50-0.60) (68). We established the
optimal number of factors based on Kaiser’s eigenvalue criterion
(eigenvalue >1), evaluation of the scree plot (69), parallel analysis
(70), and exploratory graph analysis (EGA); (71) and by choosing
stable factors (more than 2 items per factor, lowest number of
cross-loadings). These, parallel analysis and EGA, were executed
using the psych and EGAnet R packages (72, 73). To evaluate the
fit of the model to the data, a semi-confirmatory parallel analysis
was conducted utilising various fit indices. The Root Mean Square
Error of Approximation (RMSEA) was calculated, with a 90%
Confidence Interval (CI). Typically, RMSEA values up to 0.08 are
considered to indicate a reasonable fit to the data, with values
closer to 0.05 or below suggesting a good fit. The Tucker-Lewis
Index (TLI) was also determined. This index compares the fit of the
proposed model to a null or baseline model. TLI values
approaching or exceeding 0.95 are commonly viewed as indicative
of an excellent fit to the data. The Bayesian Information Criterion
(BIC) was computed as an additional measure of fit. Lower BIC
values (more negative) are generally preferred, indicating a model
that better captures the underlying data structure with fewer
parameters. Lastly, the model’s goodness of fit was assessed using
the chi-square test. A non-significant chi-square value suggests
that the observed and expected covariances are not substantially
different, indicating a suitable model fit.
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Finally, items were selected in such a way as to preserve the
theoretical structure in order to ensure the content validity of the test.
For EFA, a factor loading greater than 0.4 was considered necessary
for the item’s inclusion in each factor (74).

An additional measure to assess the appropriateness of the
proposed factorial solution involved the use of alternative models (1,
2, 3 factors). For this purpose, fit measures, and the percentage of
explained variance were analysed. Furthermore, the distribution of
factors and their respective factorial weights will be presented.

2.3.2 Floor and ceiling effect

The floor and ceiling effect were evaluated by calculating the
percentage of patients who obtained the minimum or maximum
possible scores. If at least 15% of the patients achieved the minimum/
maximum score, a floor/ceiling effect was considered to
be present (75).

2.3.3 Concurrent validity

The concurrent validity was measured using Pearson correlations
between BioPMovQ and the other disability and psychological
measures. A value <0.30 was considered a low correlation, 0.30-0.60
a moderate correlation and > 0.60 a strong correlation (75).

1 Disability. Disability was assessed with the Spanish version of
the GCPS, which has been employed to measure the degree of
interference from chronic pain in activities of daily living. The
GCPS consists of 8 items with response options in 11-point
Likert format, with a total range of 0-70 points. The scale has
2 sub-scales, one measuring pain intensity and the other
disability, and grades disability into moderate and severe levels.
The Spanish version of this scale has demonstrated good
internal consistency (Cronbach «, 0.87) (40).

2 Pain intensity. Self-reported pain intensity was assessed with
the NPRS (0-10/10). On this scale, a score of 0 indicates “no
pain” while a score of 10 indicates “maximum possible pain
intensity” (76).

3 Pain catastrophism. To measure the level of pain
catastrophising, we employed the Spanish version of the PCS,
which has demonstrated adequate internal consistency
(Cronbachs a, 0.79) and test-retest reliability (ICC, 0.84) (77).
The scale contains 13 items subdivided into 3 domains:
rumination (constant worry and inability to inhibit pain-
related thoughts, 4 items), magnification (exaggeration of the
unpleasantness of pain, 3 items), and hopelessness (loss of hope
for achieving something or for some physical and/or
psychological aspect detrimental to health to disappear, 6
items) (77).

4 Chronic pain self-efficacy. The level of self-efficacy was assessed
using the Spanish version of the CPSS, which has acceptable
psychometric properties for assessing perceived self-efficacy
and the ability to cope with the consequences of chronic pain
(Cronbach’s a, 0.91) (78). The version consists of 19 items
subdivided into 3 dimensions: self-efficacy in coping with
symptom control, self-efficacy in pain management and self-
efficacy in physical function. The final score ranges from 0 to
190, and the total score is obtained with the sum of the 3
dimensions, with higher scores indicating higher self-
efficacy (48).
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5 Fear of movement. To measure fear of movement, we employed
the Spanish version of the TSK-11, which has adequate
psychometric properties and good internal consistency
(Cronbach’s a, 0.81) (42). The scale consists of 2 subscales, one
related to fear of physical activity and the other related to fear
of harm. Each of the 11 items was scored from 1-4 (1 =“strongly
disagree,” 2 =“disagree,” 3="agree,” 4="“strongly agree”), for
total scores ranging from 11 to 44, with higher scores indicating
greater fear of movement (42).

2.3.4 Reliability

Internal consistency was measured with Cronbach’s a and
item-total correlation coefficients. The internal consistency was
considered appropriate when the a coefficient was >0.70 (79).
We also computed McDonald’s coefficient o (total) using the psych
R package (73). This is one index recommended as an alternative
to Cronbach’s a (80).

We examined the test-retest reliability using the ICC and
considered that values <0.50 indicated poor reliability, 0.50-0.75
indicated moderate reliability, 0.75-0.90 indicated good reliability
and > 0.90 indicated excellent reliability (81).

Measurement error was expressed as a standard error of the mean
(SEM), which was calculated using the formula SEM=SD
*\/ (1-1ICCQC), in which SD is the standard deviation of the values from
all participants (82, 83).

The minimum detectable change (MDC) was calculated to
establish whether the magnitude of change observed between the 2
measures (separated by 7-8 days) reflected real change and not just
measurement error. The MDC at the 95% confidence interval (MDCys)
was calculated as SEM x 2’\/ x1.96 (82).

2.3.5 Discriminant validity

Discriminant validity analysis of the BioPMovQ was
employed to assess varying degrees of pain-related motor and
functional impairment. As a criterion variable, the disability
sub-scale from the GCPS was utilised, which gauges the extent of
pain interference on daily activities. Scores ranging from 17 to 24
are classified as moderately limiting interference, while those
from 25 to 40 indicate severely limiting interference. In this
analysis, we will classify the participants into subclinical,
moderate, and severe levels of pain-related motor and
functional impairment.

The Kruskal-Wallis H test and the Mann-Whitney test were
applied to discern differences between the levels of motor and
functional impairment linked to pain. Furthermore, the area
under the receiver operating characteristic curve was evaluated
to determine the proportion of patients accurately classified
across different levels. The highest value for this metric is 1,
indicating optimal diagnostic utility. Diagnostic accuracy is
deemed excellent for values ranging from 0.9 to 1, very good for
0.8 to 0.9, good for 0.7 to 0.8, fair for 0.6 to 0.7, and poor for 0.5
to 0.6. Any value below 0.5 renders the test non-informative (84).
The optimal cutoff point between levels of motor and functional
impairment associated with pain was determined using the
Youden index (85). Additionally, for each score, diagnostic test
indicators such as sensitivity, specificity, negative predictive
value, and positive predictive value were calculated.
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3 Results
3.1 Content validity analysis

In the expert analysis of the content, 2 items were eliminated (“a.
Physical activity can be counterproductive for my problem” and “b. Did
cardiovascular exercise such as walking or cycling to reduce my pain”)
because the score according to Aiken’s V was <0.70, and there were
numerous comments questioning the specificity and usefulness of
these items.

A total of 25 items were validated, with a range of 0.70-0.95
according to Aiken’s V. All theoretical constructs were validated by the
expert committee.

Table 1 shows the Aiken V values for each item, the theoretical
constructs and the general comments of the expert committee.

3.2 Characteristics of the sample

The total sample consisted of 200 participants with chronic
musculoskeletal pain, 68.6% of whom were women. Table 2 presents
the patients’ sociodemographic characteristics and scores on the
various self-reported scales. The BioPMovQ data did not follow a
normal distribution, but the instrument’s response rate was 100%. In
Table 3, the descriptive statistics for each item of the BioPMovQ are
presented, along with the ‘if item dropped’ metrics such as Item,
Mean, SD, Skewness, Kurtosis, frequencies for 0 to 4, Item-rest
correlation, Cronbach’s &, and McDonald’s o.

3.3 Exploratory factor analysis

Item statistics are presented in the Table 3. It can be seen how all
items contribute to internal consistency and that skewness and kurtosis
generally remain below 2. The KMO test showed an acceptable data
suite for factor analysis (KMO score of 0.829), there were no
multicollinearity problems, and Bartlett’s test of sphericity rejected the
identity matrix null hypothesis (y* (120) =869.88, p<0.001).

Based on these results, continuing with the EFA would be justified.
Lastly, we used the generalised least squares method of factor extraction
with oblimin rotation. The semi-confirmatory parallel analysis
recommended between 3 and 5 factors, although the EGA analysis with
500 bootstrap iterations showed that the most repeated solutions were
those with 3 to 5 factors (with proportions of 0.324, 0.376, 0.184,
respectively). For theoretical reasons and in order to cover all relevant
areas described in developing items section finally present a four-factor
solution. The four-factor model of the BioPMovQ exhibited a favourable
fit as indicated by the model fit metrics: ¥* (62)=74.6, p=0.131;
BIC=-254; TLI=0.967; RMSEA =0.031 with a 95% confidence interval
0f 0.001-0.055.

The four-factor solution which together represented 55.79% of the
total variance. The first factor (28.85% of the total variance) consisted
of 4 items. The theoretical content of this factor was labelled
“disability.” The second factor (13.55% of the total variance) consisted
of 4 items and referred to self-efficacy for physical activity. The third
factor (“movement fear-avoidance beliefs and behaviours”) included
3 items and accounted for 6.84% of the total variance. The fourth
factor (“self-perception of functional ability”) presented 4 items and
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TABLE 1 Aiken V values for each item, the theoretical constructs and the general comments of the expert committee.

Theoretical factors and
items

TFE. Movement avoidance

behaviours

Content analysis by expert judges (n = 11)

Relevance

0.9 (0.71 t0 0.97)

Comprehensiveness

1(0.83t0 1)

Comprehensibility

0.95 (0.76 to 0.99)

10.3389/fmed.2024.1358829

Comments

The pain increases if I perform

more movements during the day

0.75 (0.53 to 0.88)

0.7 (0.48 to 0.85)

0.8 (0.58 to 0.91)

Reviewer 3. This can be an

avoidance belief or an experience

Certain movements worsen my

problem, and I avoid making them

0.9 (0.71 t0 0.97)

0.95 (0.76 to 0.99)

0.85 (0.64 to 0.95)

Reviewer 7. This item appears to
be redundant considering the

previous one

Physical activity can
be counterproductive for my

problem

0.7 (0.48 to 0.85)

0.6 (0.38 t0 0.78)

0.55 (0.34 to 0.88)

Reviewer 2, 4. Redundancy
Reviewer 6. The word “problem” is
very general, and the patients
might not relate it to the pain

specifically

The less I move the area that hurts,

the better I will recover

0.8 (0.58 to 0.91)

0.85 (0.64 to 0.95)

0.9 (0.71 to 0.97)

I avoid performing certain

movements that can injure me

0.85 (0.64 to 0.95)

0.95 (0.76 to 0.99)

0.9 (0.71 t0 0.97)

My work activity worsens my pain

0.8 (0.58 t0 0.91)

0.85 (0.64 to 0.95)

0.85 (0.64 to 0.95)

Revisor 10. I do not consider this is

an avoidance belief

TE. Self-efficacy for physical

activity

1(0.83to 1)

1(0.83to 1)

1(0.83to 1)

I can perform a therapeutic
exercise programme to reduce the

pain

0.9 (0.71 t0 0.97)

0.95 (0.76 to 0.99)

0.9 (0.71 t0 0.97)

I can perform a therapeutic
exercise programme, although the

symptoms increase slightly

0.95 (0.76 to 0.99)

0.95 (0.76 to 0.99)

1(0.83to 1)

I can perform daily life activities

that are physical demanding

0.8 (0.58 to 0.91)

0.85 (0.64 to 0.95)

0.85 (0.64 t0 0.95)

Reviewer 1. There are many types
of daily life activities. It might
be interesting to add some

examples

I can perform a physical exercise
programme despite fatigue

symptoms appearing

0.8 (0.58 t0 0.91)

0.85 (0.64 to 0.95)

0.75 (0.53 to 0.88)

Reviewer 8, 9. Redundancy

I can perform work activities that

are physical demanding

0.9 (0.71 to 0.97)

0.8 (0.58 t0 0.91)

0.85 (0.64 to 0.95)

TE. Physical discomfort

0.9 (0.71 to 0.97)

0.9 (0.71 t0 0.97)

0.95 (0.76 to 0.99)

Reviewer 5. There are several items
in this factor that could be in the
section of avoidance beliefs and

behaviours

When I have pain, I avoid moving

to feel better

0.8 (0.58 t0 0.91)

0.85 (0.64 to 0.95)

0.85 (0.64 to 0.95)

‘When I have pain, I lie down to try
to make the pain go away

0.95 (0.76 to 0.99)

0.95 (0.76 to 0.99)

0.9 (0.71 to 0.97)

Due to the pain, the movements
I make are uncoordinated and lack

fluidity

1(0.83t01)

0.8 (0.58 t0 0.91)

0.85 (0.64 t0 0.95)

I try recreational physical activities

to distract myself from the pain

0.75 (0.53 to 0.88)

0.7 (0.48 to 0.85)

0.75 (0.53 to 0.88)

Reviewer 8. Only a small group of

patients would be reflected in this

item.
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TABLE 1 (Continued)

Theoretical factors and
items

I perform body movements to

reduce the pain

Content analysis by expert judges (n =11)

Relevance

0.8 (0.58 to 0.91)

Comprehensiveness

0.85 (0.64 to 0.95)

Comprehensibility

0.85 (0.64 to 0.95)

10.3389/fmed.2024.1358829

Comments

I perform cardiovascular exercises
such as walking and cycling to

reduce my pain

0.55 (0.34 to 0.74)

0.6 (0.38 t0 0.78)

0.7 (0.48 to 0.85)

Reviewer 9. This is highly technical,
difficult-to-understand language.
Reviewer 4. This item is not very
generalizable.

Reviewer 8. Only a small group of
patients would be reflected in this

item.

The pain stops me from
maintaining a comfortable posture,
and I have to constantly change

position

0.8 (0.58 t0 0.91)

0.7 (0.48 to 0.85)

0.75 (0.53 to 0.88)

TE. Self-perceived functional
ability

0.95 (0.76 to 0.99)

1(0.83t01)

0.95 (0.76 to 0.99)

My daily life activities tire me out

0.9 (0.71 t0 0.97)

0.95 (0.76 to 0.99)

0.85 (0.64 to 0.95)

My muscles are tense (rigid) and

lack flexibility

0.7 (0.48 to 0.85)

0.85 (0.64 to 0.95)

0.85 (0.64 to 0.95)

Reviewer 3. This item does not
correspond to the functional

capacity concept

The movements I make are

uncoordinated and jerky

0.9 (0.71 to 0.97)

0.95 (0.76 to 0.99)

0.9 (0.71 to 0.97)

I have little strength or muscle

resistance

1(0.83to 1)

1(0.83to 1)

1(0.83t0 1)

T have difficulty performing
movements that require a lot of
precision such as grasping,

manipulating, or cutting objects.

0.9 (0.71 t0 0.97)

0.95 (0.76 to 0.99)

0.9 (0.71 t0 0.97)

TF. Disability

1(0.83to 1)

1(0.83to 1)

1(0.83to 1)

Reviewer 11. It appears to me that
this factor evaluates the
interference of pain in activities

more than the disability construct

The pain stops me from adequately

performing my work activity

0.8 (0.58 to 0.91)

0.85 (0.64 to 0.95)

0.85 (0.64 to 0.95)

The pain stops me from adequately

performing my household chores

0.75 (0.53 to 0.88)

0.7 (0.48 to 0.85)

0.85 (0.64 to 0.95)

The pain has decreased or halted
my recreational and societal

activities

0.95 (0.76 to 0.99)

0.9 (0.71 to 0.97)

0.85 (0.64 to 0.95)

The pain stops me from
performing physical and sport

activities

0.8 (0.58 t0 0.91)

0.7 (0.48 to 0.85)

0.85 (0.64 to 0.95)

TF, Theoretical factors.

accounted for 6.82% of the total variance. The factor loadings for each
item are shown in Table 4. A total of 7 items were eliminated because
the factorial weight was <0.40.

solution (Tables 5, 6).

The alternative models analysed do not offer a suitable factorial

solution, as their fit metrics are not acceptable. Additionally,
several items exhibit factorial weights below 0.40, and the
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maximum (0.001%/72 points).

percentage of variance explained by each of these alternative
models is significantly lower than that of the proposed factorial

There was no floor or ceiling effect. Two patients scored 18 points,
which is the minimum possible (0.01%), and only 1 patient scored the

frontiersin.org


https://doi.org/10.3389/fmed.2024.1358829
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

La Touche et al.

10.3389/fmed.2024.1358829

TABLE 2 Sociodemographic and clinical data and scores obtained on the self-reported scale.

Sociodemographic and clinical data Mean + SD Range (Min-Max)
Age (years) 48.87+14.75 19-82
BDI (kg/m?) 25.66+4.61 17.36-39.45
BioPMovQ 38.36+11.07 14-64
Pain duration (months) 35.12+34.02 6-156
Self-efficacy for physical activity 7.43+3.51 1-16
Disability 10.04+4.07 1-16
Movement fear-avoidance beliefs and behaviours 9.15+2.85 1-12
Self-perceived functional ability 11.62+£4.94 1-20
TSK-11 27.51+7.64 12-44
TSK harm 12.05+4.87 3-28
TSK activity avoidance 15.53+5.25 4-28
PCS 15.37+10.43 1-45
PCS rumination 5.54+3.97 0-16
PCS magnification 3.37+2.53 0-12
PCS helplessness 6.47£5.02 1-20
CPSS 137.83+33.1 28-190
PSE 57.22+14.34 9-80
SSE 30.81+12.36 0-50
FSE 49.74+11.91 8-60
GCPS 36.98+13.95 6-63
GCPS pain intensity 19.41 +4.66 4-30
GCPS disability 17.70+10.92 0-40
Numerical pain rating scale 6.52+1.66 3-10
Categorical variables n (%)

Gender

Women 153 (68.6)

Men 47 (21.1)

Employment status

Employed 120 (53.8)

Unemployed 18 (8.1)

Medical leave due to disability 27 (12.1)

Retired 35(15.7)

Level of Education

Uneducated 3(1.3)

Primary education 26 (11.7)

Secondary education 82 (36.8)

University education 89 (39.9)

BDI, Body mass index; BioPMovQ, Biobehavioural Pain and Movement Questionnaire; TSK-11, Tampa Scale of Kinesiophobia; PCS, Pain Catastrophising Scale; CPSS, Chronic Pain Self-
Efficacy Scale; GCPS, Graded Chronic Pain Scale; PSE, self-efficacy in pain management; SSE, self-efficacy in coping with symptom control; FSE, self-efficacy in physical function; SD, standard

deviation.

3.4 Concurrent validity

Overall, the BioPMovQ total score presented moderate
magnitude correlations with most of the psychological and disability
variables. With respect to the BioPMovQ subscales, the correlations
were small to moderate in magnitude. Table 7 shows the correlations
between the BioPMovQ and its subscales with all the assessed self-
reported scales.

Frontiers in Medicine

3.5 Reliability

The internal consistency of the BioPMovQ was Cronbach’s
Alpha=0.82 and McDonald’s @ =0.83, with its 4 subscales showing an
internal consistency of 0.64-0.75. To assess the instruments test-retest
reliability, 51 patients (74.5% women; age, 47.74 + 14.71 years) re-took
the scale 10.13+12.52 days later. According to the ICC, the scale’s
stability over time was excellent, with an MDCys of 9.50. Table 8 shows
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TABLE 3 Descriptive statistics.

if item dropped

Skewness Kurtosis Freq. O Freq. 1 Freq. 2 Freq. 3 Freq. 4 Item-rest Cronbach’sa  McDonald’'s o
correlation
1 2.97 1.27 -1.17 0.24 0.09 0.08 0.08 031 0.46 0.43 0.83 0.84
2 1.82 118 0.55 —0.57 0.10 0.38 0.30 0.09 0.15 031 0.84 0.84
3 245 1.34 —0.41 -1.08 0.10 0.19 0.15 0.29 0.28 045 0.83 0.84
4 1.80 1.30 0.38 -1.09 0.15 0.39 0.14 0.19 0.15 031 0.84 0.84
5 245 1.38 —0.40 -1.23 0.10 0.23 0.09 0.30 0.29 0.50 0.83 0.83
6 3.20 116 —1.55 1.49 0.06 0.06 0.07 0.27 0.56 0.49 0.83 0.84
7 1.83 112 0.44 —0.40 0.10 0.33 0.36 0.11 0.12 0.20 0.84 0.85
8 2.12 1.45 -0.03 —1.43 0.17 026 0.13 0.20 0.25 0.29 0.84 0.84
9 2.88 1.34 ~1.10 —0.04 0.12 0.07 0.08 031 043 0.33 0.84 0.84
10 241 1.36 —0.44 ~-112 0.12 0.19 0.11 033 0.26 0.55 0.83 0.83
11 1.71 1.39 0.36 -1.26 022 0.35 0.08 021 0.15 036 0.84 0.84
12 1.95 1.09 031 —0.61 0.07 0.32 034 0.18 0.11 0.22 0.84 0.84
13 3.26 114 -1.73 2.13 0.06 0.06 0.03 0.29 0.57 031 0.84 0.84
14 3.06 1.28 -1.38 0.74 0.10 0.06 0.05 0.30 051 0.46 0.83 0.84
15 2.81 135 -0.78 —0.80 0.07 0.18 0.06 0.26 0.44 0.46 0.83 0.84
16 1.55 1.38 0.57 -0.97 027 0.34 0.12 0.13 0.15 0.25 0.84 0.85
17 1.81 1.09 037 —0.47 0.10 034 033 0.15 0.09 031 0.84 0.84
18 1.70 1.44 033 -1.21 0.28 0.22 0.20 0.13 0.18 0.35 0.84 0.84
19 2.09 1.46 -0.16 —1.45 0.20 0.22 0.07 0.31 0.20 0.57 0.83 0.83
20 2.99 1.31 -1.22 021 0.09 0.10 0.02 0.32 0.48 0.50 0.83 0.84
21 1.89 1.28 0.29 —0.92 0.14 0.29 0.28 0.13 0.17 0.26 0.84 0.84
22 1.98 L11 0.49 —0.43 0.06 0.30 041 0.08 0.16 0.44 0.84 0.84
23 2.55 1.46 —0.60 -1.10 0.15 0.15 0.09 0.27 0.36 0.57 0.83 0.83
24 2.39 1.54 —0.42 -1.38 0.19 0.15 0.09 0.23 0.35 031 0.84 0.84
25 221 1.50 -0.23 —1.44 0.20 0.19 0.11 0.25 0.27 0.48 0.83 0.84

SD, standard deviation.
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TABLE 4 Observational factor analysis.

Movement avoidance

Disability Self-efficacy for

Self-perceived

physical activity behaviours functional ability
5. The pain stops me from adequately performing my work activity 0.84 0.40
10. The pain stops me from adequately performing my household 0.68 0.44 0.39
chores
24. The pain has decreased or halted my recreational and societal 0.49
activities
15. The pain stops me from performing physical and sport activities 0.44 0.35 0.41
2.1 can perform a therapeutic exercise programme to reduce the 0.73
pain
22.1 can perform work activities that are physical demanding 0.67
17.1 can perform a physical exercise programme despite fatigue 0.66
symptoms appearing
12. I can perform daily life activities that are physical demanding 0.59
6. Certain movements worsen my problem, and I avoid making 0.37 0.90 0.42
them
20. I avoid performing certain movements that can injure me 0.40 0.47 0.45
1. The pain increases if I perform more movements during the day 0.45 0.39
23. I have little strength or muscle resistance 0.60 0.72
25. I have difficulty performing movements that require a lot of 0.34 0.70
precision such as grasping, manipulating, or cutting objects.
19. I have difficulty performing daily life activities such as walking 0.41 0.67
fast or climbing stairs
14. My muscles are tense (rigid) and lack flexibility 0.37 0.51
11. My daily life activities tire me out 0.45

Method-GLS_Oblimin. Bold values indicate factor analysis results >0.40.

TABLE 5 Comparations fit measures for factor models.

RMSEA 90% ClI Model test
RMSEA Lower Upper df % of
variance
4 Factors 0.031 0.001 0.055 0.967 —254 74.6 62 0.131 55.79%
3 Factors 0.056 0.038 0.074 0.895 —274 124 75 <0.001 48.9%
2 Factors 0.066 0.051 0.082 0.857 -303 168 89 <0.001 42.12%
1 Factors 0.106 0.093 0.119 0.639 213 338 104 <0.001 28.57

RMSEA, Root Mean Square Error of Approximation; CI, Confidence Interval; TLI, Tucker-Lewis Index; BIC, Bayesian Information Criterion; x?, Chi-squared Test; df, Degrees of Freedom; %

of Variance, Percentage of Variance Explained; 90% CI, 90% confidence interval.

the descriptive statistics and results of the test-retest reliability and
responsiveness analysis for the BioPMovQ and its subscales. The
highest correlations with the other instruments of the global scale
were presented with the GCPS and the TSK-11 and were lower with
the NPRS.

3.6 Discriminant validity

Utilizing the Kruskal-Wallis test, significant differences in
BioPMovQ were observed among levels of pain-related motor and
functional impairment (H=64.54, p<0.001). Subsequent Mann-
Whitney tests indicated disparities between: (a) individuals subclinical
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and those with moderate pain-related motor and functional
impairment (U= 1340.50, p=0.003), (b) those subclinical and those
with severe pain-related motor and functional impairment (U=706,
p<0.001), and (c) moderate versus severe levels (U=803.50, p<0.001).
The rank averages consistently reflected a pattern where the scores
increased with the severity of pain-related motor and functional
impairment, suggesting a clear distinction in BioPMovQ scores based
on the level. In Figure 1, a violin plot representation of the various
levels of the BioPMovQ based on pain-related motor and functional
impairment can be observed.

The BioPMovQ demonstrated robust diagnostic precision in
discerning patients at the severe level, evidenced by high specificity
and sensitivity. In terms of the moderate level, sensitivity was
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TABLE 6 Factorial structure using alternative models to the proposed factorial structure.

1 Factor 2 Factors 3 Factors Model
Model Model
5. The pain stops me from adequately performing my work activity 0.63 0.68 0.71
10. The pain stops me from adequately performing my household chores 0.65 0.66 0.63
24. The pain has decreased or halted my recreational and societal activities 0.37%%* 0.42 0.46
15. The pain stops me from performing physical and sport activities 0.51 0.52 0.49
2.1 can perform a therapeutic exercise programme to reduce the pain 0.33%%* 0.21%%* 0.71
22. 1 can perform work activities that are physical demanding 0.38%%* 0.27%% 0.67
17. I can perform a physical exercise programme despite fatigue symptoms appearing 0.26%%* 0.14%% 0.67
12. T can perform daily life activities that are physical demanding 0.18%%* 0.58 0.58
6. Certain movements worsen my problem, and I avoid making them 0.57 0.58 0.922
20. I avoid performing certain movements that can injure me 0.55 0.55 0.49
1. The pain increases if I perform more movements during the day 0.47 0.45 0.45
23. T have little strength or muscle resistance 0.71 0.72 0.33%%
25. T have difficulty performing movements that require a lot of precision such as grasping, 0.55 0.55 0.56
manipulating, or cutting objects.
19. I have difficulty performing daily life activities such as walking fast or climbing stairs 0.62 0.60 0.61
14. My muscles are tense (rigid) and lack flexibility 0.48 0.47 0.43 -
11. My daily life activities tire me out 0.41 0.40 0.40

*#*[tems recommended for removal due to factor loadings below 0.40.

TABLE 7 Concurrent validity of the BioPMovQ.

Concurrent validity BioPMovQ
Total score Disability Self-efficacy for Movement Self-perceived
physical activity avoidance functional ability
behaviours

GCPS #50,52 #50,55 #50,27 #50.39 40,38

GCPS disability #50,51 40,54 #540,28 #50.34 50,35

GCPS pain intensity **0.44 **0.40 *0.17 **0.38 **0.33

NPRS 50,31 #0.17 #0.15 50,28 40,26
TSK-11 #50,60 #50,45 #50,22 #50,53 40,54

TSK harm 50,51 #540,25 50,51 40,32 50,38

TSK activity avoidance *#0.32 **#0.35 *0.14 **%0.34 **0.37

PCS 50,44 50,43 0,18 50,32 50,38

PCS rumination 50,39 #50,37 #50,22 40,28 #50.33

PCS magnification *#0.32 **0.31 **0.16 **0.24 *%0.26

PCS helplessness **0.42 **0.44 0.13 *#0.31 *%0.39

CPSS #5-0.31 #4032 50,44 #4-0.22 #4-0.21

PSE #5-0.26 #4027 #4037 #4-0.19 #5019

SSE #5-0.26 #54-0,29 #5040 ##-0.21 #4018

FSE #5027 #540,25 #4034 #-0.16 #4018

BioPMovQ, Biobehavioural Pain and Movement Questionnaire; NPRS, Numerical Pain Rating Scale; TSK, Tampa Scale of Kinesiophobia; PCS, Pain Catastrophising Scale; CPSS, Chronic Pain
Self-Efficacy Scale; PSE, self-efficacy in pain management; SSE, self-efficacy in coping with symptom control; FSE, self-efficacy in physical function; GCPS, Graded Chronic Pain Scale.

satisfactory, while specificity was commendable. Table 9 delineates the ~ and > 45 for severe levels. For the moderate level, sensitivity was 0.87

diagnostic precision, including the salient cut-off points. The optimal ~ with a 95% CI of [0.76-0.84], while specificity stood at 0.59 with a 95%
cutoffs were determined to be <37 for subclinical, >37 for moderate, ~ CI of [0.44-0.62]. For the severe level, sensitivity and specificity were
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TABLE 8 Reliability analysis.

10.3389/fmed.2024.1358829

McDonald'’s Cronbach'’s Mean + SD ICC (95% ClI) SEM MDCq, MDCgs
) alpha
Test 1 Test 2
BioPMovQ 0.83 0.82 36.06+10.7 38.16+£8.03 0.86 (0.76 to 0.91) 3.43 8.04 9.50
Disability 0.71 0.70 9.54+4 10.26 £3.55 0.86 (0.77 to 0.91) 1.41 3.29 391
Self-efficacy for 0.75 0.75 6.16+2.67 6.88+2.33 0.88 (0.80 to 0.93)
physical activity 0.87 2.03 2.41
Movement fear- 0.65 0.64 8.54+3.27 8.69+2.95 0.86 (0.77 to 0.91)
avoidance beliefs 1.16 2.71 3.22
Self-perceived 0.74 0.73 11.56+4.33 12.26+3.23 0.83 (0.72 to 0.90)
functional ability 1.58 3.68 4.37

BioPMovQ, Biobehavioural Pain and Movement Questionnaire; SD, standard deviation; ICC, intraclass correlation coefficient; MDCy,, minimal detectable change at the 90% confidence level;

MDCys, minimal detectable change at the 95% confidence level; SEM, standard error of the mean.
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FIGURE 1
Differences in functional and motor alterations levels related to pain
as measured by the BioPMovQ. *Indicates statistical significance
(p<.001) and the 95% confidence interval considered for
comparisons between variables using the Mann—-Whitney U test.

0.72 ([0.61-0.82]) and 0.98 ([0.92-1]), respectively. Figures 2, 3
further elucidate these findings. To determine the optimal cut-off
points and conduct sensitivity and specificity analyses, the R package
named OptimalCutpoints was used (86).

4 Discussion

The BioPMovQ is an instrument designed to assess (from a
biobehavioural perspective) pain related to functional and motor
impairments in patients with musculoskeletal pain. This study
provides evidence on the psychometric properties of the BioPMovQ,
including its content validity, factor analysis, internal consistency,
test-retest reliability and concurrent validity, which suggest that this
instrument meets the recommended minimum standards for patient-
centered measures proposed by the International Society for Quality

Frontiers in Medicine

of Life Research (87). Overall, the findings of this research show that
the BioPMovQ has adequate psychometric properties, showing good
validity and reliability for the assessment of the designed construct.

The results of the study indicate that the BioPMovQ has good
content validity as assessed by experts, indicating that the questions in
the questionnaire have adequate relevance, completeness and
comprehensibility and are suitable for measuring the construct of pain
related to functional and motor impairments from a biobehavioural
perspective in the population with musculoskeletal pain. The BioPMovQ
also met the criteria proposed by Patrick et al. (88) for determining good
content validity: a correct qualitative phase of instrument development
and construction and evidence that identifies adequate understanding of
the instrument (88). In the content analysis phase, the experts validated
5 theoretical sub-constructs of the initial instrument; in the exploratory
factor analysis, they obtained a 4-factor solution that together accounted
for 55.79% of the total variance. The values obtained in the KMO index
indicate that the instrument has a good level of multicollinearity between
items (89). Each of the subscales had 3-5 items, as recommended by a
number of authors (89). The factor loadings of 17 of the 18 items
were > 0.44, which are considered strong (74), increasing the solidity of
the obtained factor structure. Another positive aspect is that a 5-point
Likert scale was employed, which is a good option when the data follow
a normal distribution, as in our case (67).

Lastly, the following 4 factors or subscales were included:
disability; self-efficacy for physical activity; movement avoidance
behaviours; self-perceived functional ability. For 2 of the factors,
however, the initial theoretical name had to be redefined, possibly
because 7 items were eliminated during the exploratory factor analysis,
and 3 items were distributed differently from the initial
theoretical assumption.

The BioPMovQ has been designed and constructed from a
biobehavioural perspective, which implies that the biological,
psychological (affective, cognitive) and social aspects are interrelated
(90), thereby providing a broader view in understanding the impact
of pain on movement and function in patients with chronic
musculoskeletal pain. It makes sense to employ global scoring for
decision making using the biobehavioural paradigm.

With its various subscales, the BioPMovQ provides an innovative
and comprehensive clinical assessment, with 4 measured factors that
can be considered determinants for the functional approach to
patients with chronic pain, for which other instruments are not
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TABLE 9 Diagnostic accuracy results and all optimal cut-off points of BioPMovQ.

Subclinical Moderate Severe

Mean +SD 30.73+8.03 36.85+9.27 47.49+8.15
95% CI [28.91-32.54] [34.16-39.86] [45.56-49.42]
Median (25th percentile; 75th

30 (P25=25; P75=38) 36 (P25=29.25; P75=44) 49 (P25=42; P75=53)
percentile)
Cases, N (%) 78 (39.59%) 48 (24.37%) 71 (36.04%)
Optimal cuff-off point <37 >37 >45
Sensitivity (95% CI) - 0.87 [0.76-0.84] 0.72[0.61-0.82]
Specificity (95% CI) - 0.59 [0.44-0.62] 0.98 [0.92-1]
Positive predictive value (95% CI) - 0.73 [0.61-0.75] 0.98 [0.90-0.98]
Negative predictive value (95% CI) - 0.78 [0.62-0.74] 0.78 [0.68-0.99]

SD, standard deviation; 95% CI, confidence interval.
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Optimal cut-off point between levels of BioPMovQ (Subclinical vs. Severe). A ROC (receiver operating characteristic) curve that represents the
sensitivity of a diagnostic test that produces continuous results, depending on false positives (complementary to specificity), for different cut-off
points, the image where the cut-off point at which the highest sensitivity and specificity is achieved and finally, a subclinical and moderate sample
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currently integrated into a single construct. The physical activity self-
efficacy subscale assesses the patient’s confidence in their ability to
perform physical activities despite pain. The disability subscale
assesses the impact of pain on the performance of work and daily

Frontiers in Medicine

living activities. The movement avoidance behaviour subscale assesses
the individual’s tendency to avoid certain activities due to pain. The
,

self-perceived functional ability subscale assesses the individual’s
ability to perform specific tasks related to physical exertion.
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Optimal cut-off point between levels of BioPMovQ (Moderate vs. Severe). A ROC (receiver operating characteristic) curve that represents the sensitivity
of a diagnostic test that produces continuous results, depending on false positives (complementary to specificity), for different cut-off points, the
image where the cut-off point at which the highest sensitivity and specificity is achieved and finally, a subclinical and moderate sample distribution
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Findings related to concurrent validity show that the BioPMovQ
presents low/moderate correlations with instruments measuring
chronic pain self-efficacy, pain catastrophising, pain intensity,
disability and kinesiophobia, the latter 2 correlations being the highest
recorded (r=0.52 and r=0.60, respectively). These results describe
possible relationships with other constructs but also demonstrate that
the BioPMovQ and its subscales measure different aspects and rule
out the possibility that the instrument is repetitive or redundant with
respect to other instruments. The internal consistency of the
BioPMovQ was good (Cronbach’s @=0.82; McDonald’s @ =0.83); that
of most of the subscales was also acceptable (Cronbach’s «, >0.70),
except for the subscale of avoidance motor behaviours (Cronbach’s a,
0.64), which were poor. This subscale includes only 3 items was the
shortest subscale and that could have affected internal consistency.

The test-retest reliability of the BioPMovQ was good (ICC of
0.86), as were those of all the subscales (ICC>0.83). A mean of
separation of 10.13+12.52days between the 2 measurements was
employed to prevent patients from recalling their previous responses
and avoid strong fluctuations in their clinical status. This period was
adequate, considering that a period of 2-14days between
measurements is considered acceptable for assessing test-retest
reliability (91). Considering the BioPMovQss total score, the SEM and
the MDC,, presented relatively low values (3.43 and 8.04, respectively),
a relevant aspect given that the purpose of the MDC is to detect real
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changes that are outside the measurement error (92), with smaller
results indirectly indicating that the measure is stable in repeated
measurements over time.

As for the floor/ceiling effect, only 2 patients (0.01%) obtained the
minimum score, while 1 patient (0.001%) obtained the maximum
score, which indicates an absence of the floor/ceiling effect (75). The
100% BioPMovQ response rate could have been due to several
reasons, including the rigorous process employed for developing the
items and the adequate understanding demonstrated in the pilot test
with patients. Another factor to consider is the instrument’s brevity.
Other authors have reported an association between the
questionnaire’s high response rate and length, given that longer
questionnaires have lower response rates (93).

4.1 Clinical implications

The introduction of the BioPMovQ represents a significant
advancement in the assessment and management of chronic
musculoskeletal pain from a biobehavioural perspective. This
psychometrically validated tool offers a comprehensive approach to
understanding how pain impacts patient functionality and motor
behaviour, acknowledging the interplay of biological, psychological, and
social factors.
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To our knowledge, this is the first instrument developed and
psychometrically validated to assess the construct of pain related to
functional and motor impairment from a biobehavioural perspective,
integrating 4 subscales, 3 of which (self-efficacy for physical activity,
disability, movement avoidance behaviours) already have instruments
assessing similar constructs. Self-perceived functional ability have not
however been sufficiently reported in the literature on chronic
musculoskeletal pain, highlighting one the major advantages of the
BioPMovQ: the integration of several sub-constructs into a short
questionnaire, an important advantage for its clinical use in patients with
chronic musculoskeletal pain, given its a broad view of pain-related
functional and motor impairments. In certain contexts, the use of
multiple questionnaires can be a limitation; as Vickers suggests, this can
lead to excessive patient drop-out, undue burden of data management
and difficulties with interpreting the results (94). In the context of
musculoskeletal pain research and clinical implications, the BioPMovQ
could be a solution to the overuse of self-registration.

One of the key contributions of the BioPMovQ to clinical practice is
its ability to facilitate a more personalised approach to treating
musculoskeletal pain. By assessing various dimensions related to pain
and its influence on motor behaviour, clinicians can identify specific
therapeutic targets for each patient, such as improving self-efficacy for
physical activity, reducing movement avoidance behaviours, and
enhancing perceived functional capacity. This customization of care aims
not only to optimise therapeutic outcomes but also to improve the
quality of life for patients.

Furthermore, the BioPMovQ holds potential as a valuable tool in
future research on musculoskeletal pain. Its application in longitudinal
studies could provide new insights into how specific therapeutic
interventions, such as exercise programs or psychosocial coping
strategies, affect the experience of pain and its functional consequences
over time. Additionally, it could facilitate the exploration of the dynamics
between biological and behavioural components of pain, paving the way
for more effective biobehavioural interventions.

Another relevant clinical implication of the BioPMovQ lies in its
capacity to serve as a means of communication among different
healthcare professionals involved in the management of musculoskeletal
pain. By providing a common language to describe the complexity of
pain and its effects on mobility and functionality, it enables more effective
collaboration, essential for

interdisciplinary comprehensive

therapeutic approaches.

4.2 Limitations and future studies

Although the BioPMovQ has
psychometric properties, we acknowledge several limitations that

demonstrated promising

underline the need for future research. First, the current study focused
on a population with chronic musculoskeletal pain. It is essential to
replicate these findings in populations with acute pain conditions and
across cultural contexts to validate the instrument’s universality.
Secondly, while exploratory factor analysis provided a solid factorial
structure for the BioPMovQ, confirmation of this structure through
confirmatory factor analysis in independent samples is crucial. This step
will not only reinforce the construct validity of the instrument but also
its applicability across different populations and contexts.
Furthermore, item response analysis (IRT) offers an opportunity to
examine the utility of each item across the construct measurement
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spectrum. This approach could provide valuable insights into the
BioPMovQ’s sensitivity to clinically meaningful changes, helping to
further refine the instrument to capture crucial aspects of pain and
movement from a biobehavioural perspective.

An exhaustive evaluation of the DIF and the measurement
invariance of the instrument through variables such as sex remains to
be done. On a tentative basis, we ran the Mantel-Haenszel procedure
with purification and found that items 14, 17 and 25 appeared to
be marked with DIE It is important to verify this result in a larger
sample and better balanced by sex.

A particular area of interest is the exploration of individual and
group differences in responses to the BioPMovQ. Investigating
measurement invariance across demographic groups, such as gender,
age, and pain type, will determine if the instrument consistently
interprets across diverse groups, ensuring its fairness and accuracy in
measurement across different populations.

Finally, longitudinal studies employing the BioPMovQ to assess the
efficacy of specific interventions, such as therapeutic exercise programs
or psychosocial interventions, could provide additional evidence on the
instrument’s sensitivity to changes over time. This is essential for
confirming the BioPMovQ’s utility in monitoring treatment progress
and assessing outcomes in patients with musculoskeletal pain.

5 Conclusion

This study provides evidence for the psychometric properties of
the BioPMovQ. The fact that it showed good content validity, internal
consistency and test-retest reliability suggests that it is a reliable and
accurate instrument for assessing the relationship between pain and
functional impairements and movement. In addition, the identification
of 4 subscales provides a more detailed and accurate assessment tool
for health professionals involved in the care of patients with chronic
musculoskeletal pain. We consider the BioPMovQ to be an instrument
that can be used in future clinical research.
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Placebo and nocebo effects of
percutaneous needle electrolysis
and dry-needling: an intra and
inter-treatment sessions analysis
of a three-arm randomized
double-blinded controlled trial in
patients with patellar
tendinopathy

Victor Doménech-Garcial, Daniel Pecos-Martin?,
Julia Blasco-Abadia?, Pablo Bellosta-Lopez!* and
Maria Pilar Lopez-Royo!

!Facultad de Ciencias de la Salud, Universidad San Jorge, Zaragoza, Spain, 2Departamento
de Enfermeria y Fisioterapia, Universidad de Alcala, Alcald de Henares, Spain

Objective: This study aimed to investigate the influence of potential placebo and
nocebo effects on pain perception of percutaneous needle electrolysis (PNE) in
individuals with patellar tendinopathy.

Methods: In this secondary analysis of a three-arm randomized double-
blinded controlled trial, intra and inter-session pain perception data from 48
sporting participants with patellar tendinopathy between 18 and 45 years were
investigated. Participants were divided into 3 parallel groups: "no-sham group”
[PNE intervention], “single-sham group” [sham PNE by using dry needling],
and “double-sham group” [sham PNE by using sham needles]. Every group
received 4 sessions of the needling therapies targeting the patellar tendon
over 8 weeks and was instructed to perform a unilateral eccentric exercise
program of the quadriceps muscle on the affected side. Clinical and needle-
related pain was assessed before, during, and after each treatment session using
a visual analog scale.

Results: No differences were found between groups intra- or inter-session in
terms of pain reduction (P = 0.424) despite clinical pain decreased in all groups
since the first treatment session (P < 0.001). Furthermore, although the double-
sham group showed a lower percentage of participants reporting needle-related
pain during needle intervention (P = 0.005), the needle-related pain intensity
after needle intervention was similar between groups (P = 0.682). Moreover,
there were no group differences for the duration of pain sensation after any
needle intervention (P = 0.184), extending in many cases beyond 24 h.

Conclusion: Needling therapies for individuals with patellar tendinopathy are
prone to elicit placebo effects regarding clinical pain and nocebo effects
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regarding needling-related pain. Clinicians and physical therapists treating
musculoskeletal pain conditions should consider the added value and potential
mechanisms of action before routinely using needle techniques.

KEYWORDS

placebo, nocebo, needling techniques, percutaneous needle electrolysis, dry needling,

tendinopathy

1 Introduction

Musculoskeletal painful disorders represent the primary
contributor to rehabilitation needs and a major worldwide health
problem (1). Patients with musculoskeletal painful disorders often
seek a physiotherapist for assistance, and physiotherapists employ
various therapeutic interventions, which are often complex, to
reduce pain and disability (2). Ideally, specific treatment effects
drive most of these changes, although non-specific effects such
as regression to the mean, natural history, and contextual effects
also contribute (3). Placebo effects can be described as beneficial
effects that are not due to an active treatment components (4).
and depends on contextual factors related to the reduction of
symptoms caused by the psychosocial context, such as positive
expectations or patient satisfaction, and not solely by the properties
of the treatment itself (5). In contrast, nocebo effects are adverse
treatment outcomes elicited by non-active treatment components
(4) and are produced by negative expectations or context that may
exacerbate the patient’s symptoms (6).

Clinically, placebo and nocebo effects are important during
therapy administration, representing the result of the adjuvant
or harmful use of contextual factors (7, 8). Information provided
about treatment, patient expectations, previous encounters
with a procedure, therapist characteristics, and the therapeutic
relationship between the patient and the therapist can all generate
these effects (8-13). While isolated placebo treatments seem
to lack clinical meaningfulness, recent meta-analysis findings
show that within the realm of non-pharmacological conservative
interventions for musculoskeletal conditions, the placebo effect
can contribute up to 30% of the minimally clinically important
difference (14). Interestingly, the authors hypothesized that certain
interventions such as needles or manual therapy may elicit even
more substantial placebo effects. However, despite adequately-
designed randomized controlled clinical trials that should include
placebo controls to disentangle placebo and nocebo effects from the
general effect of the intervention (15), only a very small proportion
of randomized controlled clinical trials testing physiotherapy
interventions do so (16).

In recent years, minimally invasive procedures for managing
musculoskeletal painful disorders, such as dry needling (DN)
or percutaneous needle electrolysis (PNE), have gained global
popularity (17, 18). PNE is an invasive approach that involves
applying a galvanic current through an acupuncture needle into
the soft tissue lesion to elicit a local inflammatory response
(19). Discomfort related to applying galvanic current could
make PNE an unpleasant procedure for the patient. Indeed, the
most common adverse effects of PNE, such as pain during the
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intervention and in the days following treatment, (18) are similar
to those observed in DN (20). Furthermore, using needles as
a therapeutic tool may cause a certain degree of apprehension
in the patient, (20) and fear of needles or fear of pain could
predispose the subject to react with negative emotions to pain and
in anticipation of pain (21, 22). Conversely, it is unknown to what
extent these interventions produce improvements in patients with
musculoskeletal painful disorders due to non-specific effects such
as placebo hypoalgesia. Placebo hypoalgesia is observed when a
sham intervention results in pain relief and can also be acquired
through operant conditioning. This uncertainty is probably due
to the challenge that represents its evaluation represents, not only
in needling interventions but in musculoskeletal interventions in
general (15). Although the PNE technique has been compared with
placebo interventions, the potential influence of the placebo effect
on the results has not been considered (23).

Therefore, this study aimed to investigate the influence
of potential placebo and nocebo effects on pain perception
of an intratissue PNE-based intervention in individuals with
patellar tendinopathy.

2 Material and methods

2.1 Study design and settings

This study was part of a three-arm randomized double-blinded
controlled trial (ClinicalTrial.gov: NCT02498795) (24). The study
followed the Helsinki Declaration and was approved by the local
Ethics Committee (C.P.—C.I. PI15/0017), and all participants
consented their enrolling in this study.

2.2 Participants

Adults aged between 18 and 45 years were recruited from
various sports clubs and federations. To be eligible, participants
had to meet specific inclusion criteria: (1) experienced anterior
knee pain below the patella while engaging in sports for over
3 months; (2) engaged in sports activities at least 3 times a
week; and (3) scored below 80 on the Victorian Institute of Sport
Assessment-Patellar questionnaire (VISA-p). Exclusion criteria
included: (1) knee surgery in the past 6 months; (2) patellar
tendon corticosteroid injection in the past 3 months; (3) diagnosed
with chronic joint disease; (4) contraindications for needling
(e.g., needle phobia, needle material allergy); (5) consumption
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FIGURE 1

[llustration depicting the common setting and intervention
procedures for all three groups, along with a list of controlled
factors.

of anti-inflammatory, analgesic, or antibiotic medications within
the past 48 h; and (6) undergoing concurrent physiotherapy
treatment. Additionally, ultrasound examination of the knee joint
and adjacent musculoskeletal structures was conducted before
enrollment in the study. This examination aimed to exclude
the presence of joint effusion or signs of inflammation and
to identify the presence of degenerative signs, characterized by
a hypoechoic area in the body of the tendon. None of the
participants in the final selected sample had received prior needling
treatment in the tendon.

2.3 Groups and interventions

Participants were divided into three groups according to the
intervention received: (1) PNE [no-sham group], (2) sham PNE by
using DN [single-sham group], and (3) sham PNE by using sham
needles [double-sham group]. The setting and procedure followed
with each participant was similar regardless of group, isolating
the effects related to galvanic current and needling (Figure 1). All
interventions were targeted at the patellar tendon.

2.3.1 No-sham group

For the no-sham group, 0.25 x 0.25 mm needles (APS safety
tube dry needles; Agupunt) were connected to the electrolysis
device (model EPI®, CESMAR Electromedicina. S.L., Spain).
The researcher utilized ultrasonography to guide the procedure,
ensuring precise application to the injured area and maintaining
safety. The needle was inserted into the injured area three times,
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targeting the hypoechoic region within the patellar tendon. Each
insertion lasted 3 s and involved the use of 3 mA of galvanic current.

2.3.2 Single-sham group

In the single-sham group, the needle was inserted following the
same protocol as in the no-sham group. The only difference was
that the electrolysis device was turned on with a current intensity
of 0 mA (i.e., no galvanic current). The needle reached the relevant
treatment area in the patellar tendon guided by ultrasonography.

2.3.3 Double-sham group

For the double-sham group, a sham needle was placed upon
the treatment zone, simulating the same procedure as in the other
groups. In addition, the needle was manipulated in and out to
simulate a real treatment. The holder had a cover over the bottom
part to prevent the needle from contacting the skin.

2.4 Procedure

Participants underwent 4 intervention sessions over an 8-
week period, with each session spaced 2 weeks apart. During
each session, a standardized procedure was followed to ensure
participant blinding during needle interventions, attempting to
overcome biases found in previous studies on needling techniques
(25). Participants were positioned supine with their knee flexed
at 20°, supported by a pillow. The researcher performing the
intervention wore latex gloves and cleansed the area with a 70%
propan-2-ol antiseptic solution. A disposable protective cover was
applied to a lubricated ultrasound probe (Logic S7 Expert, General
Electric Healthcare), which was used for real-time ultrasound
guidance. The ultrasound display screen was positioned behind
the participants. Each participant held the anode connected to the
electrolysis device and received the following instruction: "During
the needle intervention, please try to remain still. The treatment
may cause some pain or discomfort. If you experience any, please
let me know, and I will stop immediately.” After needle removal, the
area was gently compressed with cotton wool for 5 s (Figure 1).

At the end of the study, participants were asked via email to
guess the type of treatment they received. The options provided
were: "No needling treatment," "Needling treatment,” or "I don’t
know." If participants selected "Needling treatment,” they were
further asked to specify whether they received PNE or DN, with
the options being "PNE," "DN," or "I don’t know."

Complementary to the real or sham needle intervention, all
participants were instructed to perform a unilateral eccentric
exercise program of the quadriceps muscle on the affected side,
specifically aimed at the patellar tendon. This program consisted
of performing 3 sets of 15 repetitions daily on a decline board
(26). The correct execution of the exercise as well as the follow-
up of the prescribed program was monitored by the research team
every two weeks, coinciding with the day the participant received
the intervention.

2.5 Randomization

Participants who fulfilled the inclusion criteria and consented
to participate in the trial were randomly assigned by a researcher
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TABLE 1 Detailed description of the outcome variables
included in the study.

Variable description

Clinical pain
intensity before
needle intervention.

Needle-related pain
during needle
intervention.

Needle-related pain
intensity after needle
intervention.

Clinical pain
intensity during a
provocative test after
needle intervention.

Clinical pain
reduction after

needle intervention.

Days until
needle-related pain
sensation completely
disappears after
needle intervention.

Participants rated their pain before each needle
intervention using a Visual Analogue Scale where a
score of 0 indicated "absence of pain", whereas a score
of 10 represented the "maximum tolerable pain".

Participants were asked to report by "yes" or "no" if
they had pain during the needle intervention (i.e.,

Have you felt any pain during the procedure?).

Participants rated their level of pain in the tendon area
after each needle intervention (i.e., How painful is the
area of the puncture after the procedure?) by using a
Visual Analogue Scale where a score of 0 indicated
"absence of pain", whereas a score of 10 represented

the "maximum tolerable pain".

Five minutes after the real or sham needle
intervention, participants performed a provocative test
for the patellar tendon, consisting of a half single squat
(until 90 degrees of knee flexion) performed with the
symptomatic leg. Upon completion, participants were
asked to rate their pain intensity during the
provocative test using a Visual Analogue Scale where a
score of 0 indicated "absence of pain" whereas a score
of 10 represented the "maximum tolerable pain".

Pain reduction after needle intervention was calculated
by subtracting pain intensity values before needle
intervention from pain intensity values during the

provocative test.

At the beginning of each intervention session, except
for the first session, the participants reported the
duration of pain sensation after the last intervention
(i.e., How long was the area of the puncture painful
after the last session?), where the possible answers

were: "No pain or soreness", " < 24 h", "24-48 h", or
"> 48 h".

not involved in the study by generating random participant
sequences with a 1:1:1 allocation using an opaque envelope,
with a block size of 15 participants, using a computer program
(Randomizer).

2.6 Outcome measures

Assessments were made by an assessor blinded to group
allocation. The primary outcomes for placebo and nocebo
effects were clinical pain reduction after needle intervention
and needle-related pain intensity after needle intervention,
respectively. While the secondary outcomes were clinical pain
intensity before needle intervention, clinical pain intensity
during a provocative test after needle intervention, needle-related
pain during needle intervention, and days until needle-related
pain sensation completely disappears after needle intervention.
Outcome measures in this study are detailed in Table 1. Description
and clinical findings in VISA-p and ultrasonographic measures
after the 8-week period are available elsewhere (27).

1 https://www.randomizer.org
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2.7 Statistical analysis

Statistical analysis was performed using SPSS, v.25 (IBM Corp.,
Chicago, IL). A P-value < 0.05 was accepted as a significant
difference between compared variables. Variables distribution was
assessed using the Shapiro-Wilk test and described in percentage,
mean and standard deviation or median and interquartile range,
according to the distribution of data. Differences between groups
were compared using chi-squared tests (%2) for categorical data
and mixed-model repeated-measures analysis of variance (RM-
ANOVA) for continuous data with time (session 1, 2, 3, and 4) as
within and group (no-sham group, single-sham group, and double-
sham group) as between factors. Pairwise Bonferroni comparisons
were performed as post hoc analyses.

2.8 Sample size calculation

The original sample size was calculated based on the VISA-p,
and details were reported elsewhere (27). However, a secondary
post hoc sample size calculation with G*Power (v3.1.9.2, Heinrich-
Heine-University, Dusseldorf, Germany) revealed the feasible
sample size for a mixed model RM-ANOVA with three groups
(no-sham group, single-sham group, and double-sham group)
participating in four experimental sessions. With a power of 90%
and an alpha level of 0.01, a total of 42 participants (14 per group)
were needed for participation to detect the minimal important
difference of 1.2 points (partial #? = 0.05) in the Visual Analogue
Scale (28).

3 Results

Recruitment began in January 2019 and was completed in
December 2019. Out of the 72 subjects assessed for eligibility, 5
declined to participate, while 19 did not meet eligibility criteria (24).
A total of 48 participants (16 per group) were enrolled and received
the allocated intervention. One participant in the no-sham group
withdrew after the first session due to moving to another city and
was subsequently removed from the statistical analysis. Figure 2
shows the study flowchart.

Table 2 shows the characteristics of the 47 participants who
completed the study. No significant differences were found between
the groups regarding sociodemographic and clinical variables at
baseline. Participants who completed the blinding questionnaire
(n=29; no-sham group: 12; single-sham group: 9, and double-sham
group: 8) reported receiving a needle intervention, from which 82%
(n =23) indicated PNE as the needle intervention.

3.1 Clinical pain intensity before needle
intervention

No time and group interaction (RM-ANOVA: Fg 13 = 1.1;
P =0.357) was found for pain intensity before needle intervention,
indicating no differences in the evolution of pain intensity between
groups across sessions. However, a time effect was found (RM-
ANOVA: F313, = 16.5; P < 0.001), indicating that the three
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Enrollment

Assessed for eligibility (n=72 )

Excluded (n=24)

A

- Not meeting inclusion criteria (n= 19)
* VISA-p >80 [n=1]
« older than 45 [n=2]
« previous knee surgery [n=2]

« corticosteroid injection [n=3]

« knee osteoarthritis [n=1]

« receiving other physiotherapy treatments [n=8]
« no tenon pathology on ultrasound [n=2]

‘ Randomized (n= 48) ‘

- Declined to participate (n=5)

Allocation

A 4

Allocated to “no sham” group (n= 16)
- Received allocated intervention (n= 15)
- Did not receive allocated intervention: moving

Allocated to “single sham” group (n= 16)
- Received allocated intervention (n= 16)
- Did not receive allocated intervention (n= 0)

Allocated to “double sham” group (n= 16)
- Received allocated intervention (n= 16)
- Did not receive allocated intervention (n= 0)

to another city reasons (n= 1)

A4

Follow-up

A4

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n= 0)

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n= 0)

Lost to follow-up (give reasons) (n=0)
Discontinued intervention (give reasons) (n= 0)

A 4 A,

Analisys

A

A4

Analysed (n=15)

Analysed (n=16)

Analysed (n=16)

FIGURE 2

Participant flow chart. DN, dry needling group; PNE, Percutaneous needle electrolysis group.

TABLE 2 Participant characteristics in the three study groups.

No sham (n = 15) Single sham (n = 16) | Double sham (n = 16)

Age, years 36.0 [28.0-39.5] 33.0 [31.0-43.5] 36.5 [31.2-39.0]

Women, n (%) 2(13.3%) 3(18.8%) 1(6.3%) 0.57
Weight, kg 80.0 [66.9-89.9] 75.5 [62.5-83.3] 80.0 [73.2-84.0] 0.50
Height, cm 179 [173-181] 176 [168-185] 179 [176-182] 0.83
BMI, kg/m2 24.4[22.7-27.1] 23.9 [21.7-26.2] 24.9 [23.0-26.6] 0.32
Sport activity, times/week 4 [4-5] 5 [4-7] 5 [4-7] 0.19
Symptoms duration, months 15.0 [12.0-24.0] 10.5 [4.3-18.0] 10.5 [6.0-23.0] 0.98
VISA-P 48.9 [30.0-75.0] 57.2 [29.0-79.0] 55.5 [42.0-79.0] 0.16

Median [interquartile range: 25th-75th percentiles]. BMI, Body Mass Index; VISA-P, Victorian Institute of Sports Assessment Questionnaire, patellar tendon.

groups decreased pain intensity over the sessions. Post-hoc analysis
showed a lower pain intensity at the beginning of session 4
compared to session one in all groups (no-sham group: P < 0.001;
single-sham group: P = 0.011, and double-sham group: P = 0.037).
See Table 3.

3.2 Needle-related pain during needle
intervention

Significant differences existed between the frequencies of
participants reporting pain in the three groups during all the needle
interventions (y2 > 10.6; P < 0.005). Specifically, 80% of the
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no-sham group, 81% to 100% of the single-sham group, and 25%
to 44% of the double-sham group reported pain during needle
intervention. See Table 3.

3.3 Needle-related pain intensity
immediately after needle intervention

No time and group interaction (RM-ANOVA: Fg13; = 0.7;
P =0.682) or time effect (RM-ANOVA: F3 13, = 1.7; P = 0.168) was
found for pain intensity after needle intervention, indicating that
the painful sensation after needle intervention was similar between
groups in all sessions. See Table 3.
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TABLE 3 Outcome measures in the three study groups.

10.3389/fmed.2024.1381515

Single sham Double sham P value
(n = 16) (n = 16)
Clinical pain intensity before needle intervention (VAS 0-10) 0.357%
Session 1 51%16 40+18 50£21
Session 2 45+£22 3.0+ 1.5 43+£20
Session 3 36+ 1.6 31+22 45425
Session 4 26+1.7 23+19 35+21
Needle-related pain during needle intervention (n yes, %)
Session 1 12 (80%)* 14 (88%)* 4(25%) <0.001*
Session 2 12 (80%)* 16 (100%)* 6 (38%) <0.001*
Session 3 12 (80%)* 15 (94%)* 7 (44%) 0.005*
Session 4 12 (80%)* 13 (81%)* 4 (25%) <0.001*
Needle-related pain intensity immediately after needle intervention (VAS 0.682°
0-10)
Session 1 1.7+19 1.7+19 11421
Session 2 20£25 21+24 1.34+20
Session 3 1.9+23 1.3+21 1.3+19
Session 4 13+£22 15+£18 0.8+ 1.6
Clinical pain intensity during a provocative test after needle intervention 0.937°
(VAS 0-10)
Session 1 0.0+0.1 0.7+ 1.4 09+ 1.5
Session 2 05+18 09+17 08+£1.6
Session 3 03+1.0 03£1.0 05+1.4
Session 4 0.0 £0.0 03+1.0 04+12
Duration of pain sensation after needle intervention (n, %)
Session 1 0.284*
No pain 1(7%) 0 (0%) 0 (0%)
<24h 8 (53%) 11 (69%) 8 (50%)
24-48 h 6 (40%) 3 (19%) 8 (50%)
> 48h 0 (0%) 2 (13%) 0 (0%)
Session 2 0.948*
No pain 2 (13%) 2 (13%) 3(19%)
<24h 9 (60%) 8 (50%) 8 (50%)
24-48h 4 (27%) 6 (38%) 5(31%)
> 48 h 0 (0%) 0 (0%) 0 (0%)
Session 3 0.670*
No pain 2 (13%) 2 (13%) 3 (19%)
<24h 8 (53%) 12 (75%) 8 (50%)
24-48 h 3 (20%) 2 (13%) 4(25%)
> 48 h 2 (13%) 0 (0%) 1(6%)

Mean + SD. VAS, Visual Analogue Scale. $ P value after RM-ANOVA. * P value after chi-squared test. *P < 0.05 indicating a higher frequency compared to the double sham group.

3.4 Clinical pain intensity during a
provocative test after needle intervention

No time and group interaction (RM-ANOVA: Fg 13, = 0.4;
P =0.937) or time effect (RM-ANOVA: F3 13, = 1.7; P = 0.179) was
found for painful sensation after needle intervention, indicating
that the painful sensation after needle intervention was similar
between groups in all sessions. See Table 3.
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3.5 Clinical pain reduction after needle
intervention

No time and group interaction (RM-ANOVA: Fg 13, = 1.0;
P = 0.424) was found for pain reduction after needle intervention,
indicating no differences in the evolution of pain reduction between
groups across sessions. However, a time effect was found (RM-
ANOVA: F3 13, = 6.3; P < 0.001), indicating that pain reduction
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within the three groups differed between sessions. Post hoc analysis
showed a lower pain reduction at session 2 (P = 0.027) and session
4 (P =0.001), compared to session 1 in all groups. See Figure 3.

3.6 Days until needle-related pain
sensation completely disappears after
needle intervention

There were no differences between the frequencies of
participants reporting the duration of pain sensation after any
needle intervention (y2 < 8.8; P > 0.184). See Table 3.

3.7 Adverse effects

No adverse events were reported other than the previously
described needle-related pain itself and the post-puncture pain
described above, which were part of the outcome measures.

4 Discussion

This study is the first to investigate placebo and nocebo
effects potentially associated with an invasive needle technique
by implementing single-sham and double-sham procedures in
individuals with patellar painful tendinopathy. The findings suggest
that needling techniques, specifically PNE, induce significant
placebo and nocebo effects on both clinical and needle-related
pain, respectively.

4.1 Contextual effects in clinical tendon
pain

The three groups similarly improving their pain over time,
both at rest (before and after intervention) and during a functional
provocative test, might reflect different effects. On the one hand,
these findings might only indicate a direct positive effect of
eccentric exercise on tendon pain, as previously reported (29).
Furthermore, it is unlikely that there was no effect at all from the
PNE intervention on pain, as previous studies have found a pain
reduction effect in tendinopathies (18). Therefore, it is unlikely that
eccentric exercise explains the clinical pain improvements observed
in the three groups.

On the other hand, the persistence of patellar tendinopathy
symptoms for 18 months in the present study, consistent with
previous literature, (30) suggests that non-specific effects such as
regression to the mean or natural history might partially explain the
observed improvements in clinical pain. However, both the present
study and previous literature show a high standard deviation in
the duration of symptoms, either at the mean value or above. This
substantial variability makes regression to the mean and natural
history less likely to account for the clinical pain improvement
observed in the three groups. Moreover, it is important to note that
these non-specific factors would not explain the observed nocebo
effect in needle-related pain. Therefore, it can be inferred that non-
specific effects, such as placebo and nocebo responses, are at least
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partially responsible for the reduction in pain among patients with
patellar tendinopathy undergoing needling therapies.

A recent study has shown that expectations may not play
as significant role as prior therapeutic experiences in placebo
and nocebo responses in healthy individuals (31). Although the
connection between these non-specific effects and the psychological
characteristics of the participants remains unknown, a recent study
with high methodological quality and one of the largest samples
in placebo research has shown that individuals with chronic pain
benefiting from placebo are characterized by low emotional stress,
pain-related fear, and catastrophizing (5). However, catastrophizing
has been linked to patellar tendinopathy only in individuals with
more severe symptoms (32). The present study, based on the
baseline pain VAS values of participants, indicates that in most
cases, tendinopathies were moderate to low. Therefore, it can be
hypothesized that the sample in the current study did not have a
high psychological burden and were more likely to benefit from
placebo effects.

4.2 Contextual effects in
needling-related pain

As expected, most participants reported pain during the
intervention when a needle was inserted into the tendon.
Interestingly, up to 44% of participants in the double-sham group
also reported pain during intervention. Furthermore, all groups
reported the same amount of needle-related pain immediately
after the intervention, and up to 25% of participants in the
double-sham group continued experiencing pain even 24-48h after
the intervention. Overall, these findings indicate that needling
interventions are susceptible to non-specific effects, aligning with
previous literature (33).

Although not measured on participants, subjective factors
such as expectations may have modulated pain (34) after the
needling intervention (35). Increased pain due to the expectation
of more pain following an intervention is a nocebo effect observed
previously (36, 37). A study in patients with chronic shoulder pain
found increased mechanical hyperalgesia immediately following
sham dry needling that lasted for 24h in individuals with
shoulder pain. The study attributed these changes to a nocebo
effect generated by negative expectations associated with the
instructions given before the procedure (38). In addition to negative
expectations, other factors that might have mediated a nocebo
effect in post needling-related pain include classical conditioning,
observational learning, (39) and prior therapeutic experiences (31).

4.3 Clinical implications

These findings clearly reflect that needling interventions in
individuals with patellar tendinopathy involve intrinsic positive
and negative non-specific factors. Therefore, the contextual factors
of needling therapies can trigger both placebo and nocebo
responses and must be considered in the clinical context. This
serves as a general recommendation for physiotherapists and
musculoskeletal clinicians, who are encouraged to understand and
manage the contextual factors [e.g., patients expectations, past
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treatments, verbal suggestions (40)] that enhance placebo effects
and avoid nocebo effects (2, 41).

In this context, it has been shown that individuals with low
back pain who received an intense briefing on the adverse side
effects of acupuncture tended to exhibit a higher adverse side effect
score compared to participants who received a regular adverse side
effect briefing (42). However, other studies did not find a significant
effect of patient expectations on the short-term effects of DN on
pain intensity and pain-inducing stimulus intensities in people with
neck pain; (43) or showed that DN treatment can produce beneficial
effects on neck pain and tissue mechanosensitivity, regardless of
whether participants received a positive, negative, or neutral verbal
stimulus before treatment (44).

All participants in the current study experienced post-DN
soreness that did not influence treatment outcomes. Interestingly,
participants were not very concerned about post-needling soreness
as long as their clinical pain complaint decreased. Therefore, it
seems that briefings about treatment in routine care might not
be as important as previously thought (42). Other variables, such
as previous therapeutic experiences (31) or patient satisfaction,
might also be important for clinically managing placebo and
nocebo effects, as these are factors that can impact the outcome of
rehabilitation (45). Indeed, according to several double-blind trials
testing pain treatments, the placebo effect can be similar to specific
treatment effects (9). In summary, current research on placebo
effects indicates that the ethical enhancement of a placebo without
using placebos or misinforming patients is feasible and ethical.
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4.4 Limitations

This study did not control for demand characteristics, (46)
potentially influencing results as participants may have guessed
evaluator’s expectations. Including measures of psychological
factors such as fear, emotional stress, catastrophizing, and
participants’ satisfaction or subjective perception of improvement
as indirect measures of the expectations, would have strengthened
the study design. This would have allowed ascribing the consistent
placebo and nocebo effects found to specific contextual factors.
Future studies should explore placebo and nocebo effects in other
needle-based techniques for the treatment of musculoskeletal pain.

5 Conclusion

The results of this research show that needling therapies
for individuals with patellar tendinopathy are prone to elicit
placebo and nocebo effects regarding clinical and needling-
related pain, respectively. Future studies involving participants
with musculoskeletal painful disorders should incorporate placebo-
controlled designs and monitor both clinical and needling-related
pain during the treatment period. Additionally, given the clear
presence of these effects, physiotherapists and musculoskeletal
clinicians are encouraged to delve into the knowledge of placebo
and nocebo to better manage their patients with tendinopathies.
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Musculoskeletal disorders, especially chronic muscle pain, have a significant
impact on public health, affecting millions worldwide. This review examines
recent advancements in the diagnosis and management of myofascial
pain, with a focus on the refined application of trigger point theory. This
theory now incorporates an intricate model that blends biomechanical and
neurophysiological mechanisms, essential for understanding the initiation
and persistence of pain, and necessitating targeted therapeutic interventions.
Utilizing a methodical approach, this paper categorizes muscle pain into three
types: Muscle Belly Pain, Origin-Insertion Pain, and Referred Pain, as delineated
in the most recent edition of "Myofascial Pain and Dysfunction—The Trigger
Point Manual.” Such classification enhances diagnostic precision and therapeutic
effectiveness by establishing a specific treatment protocol for each type of
pain. The paper discusses the implications of various treatments, such as dry
needling and manual therapy, which are informed by empirically derived trigger
point charts. These charts are instrumental in pinpointing the exact locations of
pain sources and customizing treatment plans. Moreover, this review critically
assesses the evolving nature of trigger point charts and champions a holistic
approach to pain management. It underscores the necessity of integrating
biomechanics, kinesiology, and compensatory mechanisms to provide a
comprehensive understanding that allows practitioners to address not only
symptomatic pain but also the root causes of musculoskeletal disorders, thereby
enhancing long-term patient care outcomes in clinical environments.

KEYWORDS

trigger point therapy, muscle pain patterns, myofascial pain syndrome, dry needling,
musculoskeletal pain management

1 Introduction

Musculoskeletal disorders encompass a wide array of conditions that significantly impact
the global population, with chronic muscle pain being a predominant issue that affects millions
worldwide. These conditions not only lead to substantial personal discomfort and disability
but also contribute to enormous socio-economic burdens due to healthcare costs and lost
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productivity (1). Among the various underlying mechanisms of
musculoskeletal pain, trigger points—hyperirritable spots in skeletal
muscle that are associated with palpable nodules in taut bands—play
a critical role in the development and perpetuation of pain syndromes.
Trigger points are often a primary factor in the onset of chronic pain,
necessitating targeted treatment strategies to mitigate their effects (2).

The management of trigger points involves several therapeutic
approaches, of which dry needling and manual therapy are particularly
noteworthy (3). These treatments are guided by detailed trigger point
charts that map the locations and characteristic referred pain patterns
associated with specific trigger points. Such charts are invaluable tools
in clinical settings, enabling healthcare professionals to accurately
diagnose and effectively treat the complex presentations of myofascial
pain. By integrating these treatment modalities within a
comprehensive care plan, practitioners can significantly improve
patient outcomes by directly addressing the source of pain, thus
enhancing the overall quality of life for those affected by chronic
musculoskeletal conditions. “Myofascial Pain and Dysfunction: The
Trigger Point Manual,” authored by Janet Travell and David Simons, is
a seminal text on myofascial pain syndrome. The book provides
detailed descriptions of the locations, diagnostic techniques, and
treatment strategies for myofascial trigger points, along with extensive
charts that help physicians and therapists identify and address
associated pains. These charts enable therapists to pinpoint trigger
points linked to specific pain areas and apply manual manipulation or
needling techniques to alleviate pain and improve function. However,
the vast number of charts presents a memorization challenge for
therapists. For example, the second edition of the manual described
255 trigger points, each associated with distinct referred pain patterns
even within the same muscle, while the 2019 third edition transitioned
to describing pain patterns related to muscle groups, detailing 89
muscle pain patterns with some modifications in the locations of
referred pain. Recent studies have indicated that trigger points are
manifestations of muscle injuries and clinical symptoms (4). Through
an analysis of the muscle pain regions described in the third edition
of “Myofascial Pain and Dysfunction: The Trigger Point Manual,”
muscle pain patterns can be classified into Muscle Belly Pain, Origin-
Insertion Pain, and Referred Pain. This classification serves to provide
therapists with a rapid and precise framework for diagnosing and
identifying injured muscles in the process of musculoskeletal
pain rehabilitation.

The concept of trigger points was first introduced by American
physician Janet Travell in 1942, who posited that these points were
confined solely to the muscle belly. Her student, David Simons,
expanded upon this theory by introducing the concept of “attachment
trigger points” within tendons and by enhancing the precision of the
trigger point maps, thereby establishing them as definitive resources
in the study of trigger points (5). Trigger points typically arise from
taut bands within skeletal muscles, stemming from long-standing
muscle imbalances that lead to various myofascial pain syndromes.
When these bands are compressed or treated with techniques such as
dry needling, patients typically report characteristic radiating pain.
The formation of trigger points is believed to require three criteria: a
distinctly painful taut nodule, referred pain, and both local and distal
muscle twitch responses upon needling and palpation (6). Simons and
his colleagues hypothesized that these palpable taut bands result
primarily from the excessive release of acetylcholine at neuromuscular
junctions in the motor endplates, causing prolonged muscle fiber
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contraction, increased metabolism, and localized ischemia, which in
turn trigger pain and autonomic responses, including enhanced
sweating and vascular activity (7). The emergence of trigger points
after muscle injury is an indicator of underlying muscle damage (8).
Sensitization refers to the phenomenon where, under repeated
stimulation, the nervous system’s threshold for pain perception
decreases and its response to pain increases (9). This phenomenon is
due to local and systemic inflammatory responses triggered by trigger
points, which activate and modulate pain transmission pathways in
the nervous system. In the case of myofascial trigger points, localized
muscle tension and microcirculatory disturbances can trigger the
release of cytokines and inflammatory mediators, sensitizing
peripheral nerve endings and amplifying pain signals (10). Over time,
if this local sensitization is not effectively controlled and treated, it
may spread to the central nervous system, leading to what is known
as central sensitization. Central sensitization involves an increased
activity of neurons in the dorsal horn of the spinal cord, which can
respond actively even without external stimuli, further reducing the
pain threshold and leading to hyper-responses to normal tactile
stimuli (such as allodynia) (11). Therefore, addressing myofascial
trigger points early on, preventing further sensitization of these points,
and reducing the transmission of pain signals are crucial for the early
management of chronic pain. Moreover, for therapists, remembering
the relevant trigger points’ referred pain within the muscles is essential.

Over the past few decades, the understanding of trigger point
theory has evolved from a simplistic local muscle pain theory into
a comprehensive model encompassing extensive biomechanical and
neurophysiological mechanisms (12). The pioneering work of Janet
Travell and David Simons has provided profound insights into
trigger points, which are not only sources of muscle pain but also
key factors in various chronic pain syndromes (13). With the
emergence of further research on the mechanisms of action of
trigger points, a deeper understanding of therapeutic approaches
for these pain points has been developed, significantly impacting
pain management practices.

This evolution of the theory has led to a more refined classification
of myofascial pain, which is detailed in this paper by categorizing the
pain patterns of 89 muscles as outlined in the third edition of
“Myofascial Pain and Dysfunction—The Trigger Point Manual” The
classification divides muscle pain into Muscle Belly Pain, Origin-
Insertion Pain, and Referred Pain, each based on their distinct pain
These
pathophysiology but also incorporate a deep understanding of

features. classifications are not only grounded in
etiology, allowing for more targeted treatment approaches. For
instance, Muscle Belly Pain is commonly associated with overuse or
injury, Origin-Insertion Pain relates to mechanical stress between the
muscle and its attachment points, and Referred Pain involves more
complex neural pathways issues. This structured approach ensures
that treatment modalities are effectively aligned with the underlying

causes of pain, enhancing the specificity and efficacy of interventions.

2 Muscle Belly Pain

Muscle Belly Pain, which we define as pain in the belly of the
muscle, a prevalent type of muscle discomfort, is often induced by
external factors such as overstretching or excessive use of the muscle
belly, impacting most muscles in the human body. For example,
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excessive protraction (abduction) of the scapula can overstretch the
rhomboid muscles, leading to pain along the medial edge of the scapula
(Figure 1); overuse of the biceps may cause anterior upper arm pain; and
excessive stretching of the quadratus lumborum might result in lateral
lumbar pain. Such pain patterns are frequently observed in clinical
settings; however, therapists sometimes incorrectly identify the pain
location as the primary cause, resulting in less than optimal treatment
outcomes and recurrent patient conditions. In the management of
muscle belly pain, it is crucial to understand the biomechanical
relationships among muscles, including the interactions between
agonist and antagonist muscles, the affected postures, and potential
compensatory mechanisms. For instance, pain in the rhomboid muscles
may be triggered by excessive stretching of the pectoralis minor and
serratus anterior (14); pain in the quadratus lumborum could be caused
by stretching of the contralateral quadratus lumborum (15); excessive
shortening of the forearm supinator muscles may restrict forearm
pronation. Such conditions during actions like reaching behind the back
can lead to excessive internal rotation of the humerus, causing pain in
the anterior shoulder. Therefore, therapists should focus not only on
localized pain but also evaluate the overall functional state of the muscle
group to ensure effective treatment outcomes. This can be achieved by
relying on the relationships between agonist and antagonist muscles,
muscle strength tests, and muscle length tests, to analyze whether there
are functional issues with the muscles. Such as he semitendinosus and
gluteus maximus muscles can both cause pain in the ischial tuberosity
region when bending. By conducting length tests of the gluteus
maximus and semitendinosus, one can analyze the relevant injury
points. If the length of the semitendinosus decreases after knee flexion
and the pain still persists, it may indicate an injury to the gluteus
maximus; if the pain decreases, it suggests an injury to the
semitendinosus. In conclusion, although many patients exhibit
symptoms of localized muscle belly pain, addressing only the local
issues often does not result in lasting therapeutic benefits.

Muscle Belly Pain is typically caused by overuse or excessive
stretching of the muscles, but accurately diagnosing the specific source
of this pain can be challenging, as the symptoms often resemble
Muscle Belly Pain in surrounding muscles. Precise identification of the
pain points and the specific location of discomfort requires detailed
assessments of muscle function and strength. Understanding the
biomechanical causes of muscle belly pain is crucial for selecting the
appropriate treatment approach. For example, if the muscle pain is
induced by specific movements or improper postures, appropriate
physical therapy and adjustments to the way movements are
performed can significantly improve the patient’s symptoms.
Additionally, educating patients on how to avoid activities that may
trigger the pain forms an integral part of the treatment strategy.

3 Origin-Insertion Pain

We define Origin-Insertion Pain as the pain occurring at the
attachment points of muscles following repeated overuse. Muscle
contractions move bones by pulling on the tendons, and the
repetitive contractions can easily lead to pain in their attachment
areas. For instance, excessive use of the quadriceps can lead to pain
extending from the patella to the tibial tuberosity (16) (Figure 2).
Similarly, tennis elbow often involves the extensor carpi radialis
longus, extensor carpi radialis brevis, and supinator muscles, all of
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FIGURE 1
The Muscle Belly Pain in rhomboid muscles area is always associated
with excessive protraction (abduction) of the scapula.

Contracting of
Quadriceps Muscle Belly

Patella

Patellar Tendon

Pain Area Tibial Tuberosity

FIGURE 2
The Origin-Insertion Pain of quadriceps lead to pain extending from
the patella to the tibial tuberosity.

which connect to the lateral epicondyle of the humerus (17).
Beneath the medial malleolus, the flexor retinaculum encompasses
the posterior tibial muscle, the long flexor muscle of the toes, and
the long flexor muscle of the metatarsus, which likely contribute to
pain in this region (18). Such pain is frequently linked to muscle
overuse, where repetitive actions cause tendons to persistently pull
at their bony attachment points, thereby increasing local stress. For
example, chronic anterior knee pain might stem from the
hyperextension and excessive strain on the quadriceps, enlarging
the tibial tuberosity (19). Plantar fasciitis could result from the
repeated pulling of the quadratus plantae or plantar fascia on the
calcaneal tuberosity, causing heel spurs (20). de Quervain
tenosynovitis may be related to friction between the sheaths of the
abductor pollicis longus and the extensor pollicis brevis and the
radial styloid, causing localized swelling (21). Detecting changes in
these bony landmarks through palpation or imaging provides a
clinical basis for evaluating muscle overuse. In clinical practice,
palpating these specific areas is an effective method to determine
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muscle overuse, as many symptoms are manifest at these
anatomical sites.

Origin-Insertion Pain involves mechanical stress between muscles
and their attachment points, making this type of pain challenging to
diagnose due to its specific location. Such pain points may become
inflamed due to muscle tension or minor tears, necessitating precise
imaging studies and physical examinations for accurate identification.
Effective treatment of Origin-Insertion Pain requires alleviating
tension in the muscles and tendons to restore their normal function.
Treatment modalities may include localized injections, physical
therapy, or specific stretching and strengthening exercises. Proper
treatment not only alleviates pain but also helps prevent future injuries.

4 Referred Pain

Referred pain, historically discussed as either visceral or somatic,
is the discomfort perceived in regions distant from the source. Visceral
referred pain arises from damage to internal organs, affecting areas
served by the corresponding nerve roots of the sensory nerves (22).
Spinal referred pain, on the other hand, stems from stimulation of
structures like ligaments, intervertebral disks, and facet joints, leading
to pain elsewhere (23). In the context of trigger point theory, it is
posited that each muscle may exhibit a unique pattern of referred pain,
although the vast number of referred pain maps implies that a single
muscle could exhibit multiple referred pain manifestations. These
referred pains are classified based on their origin into Peripheral
Nerve Referred Pain, Same-root Nerve Radicular Pain, and Special
Referred Pain, each reflecting different underlying mechanisms.

4.1 Peripheral Nerve Referred Pain

Peripheral nerve involvement in musculoskeletal pain is
associated with nerves traversing within muscles. When these
nerves are activated through needling or manual techniques, they
cause pain to radiate to the areas they innervate. For example,
damage to the iliopsoas muscle may lead to pain in the anterior
thigh and groin, which cannot be fully explained by merely
examining the muscle’s origin and insertion points (24). However,
considering the impact on nerves such as the iliohypogastric,
ilioinguinal, and femoral nerves traversing the iliacus clarifies the
pain pattern. The iliohypogastric nerve’s abdominal branch and the
ilioinguinal nerve control the groin area, while the femoral nerve
covers the anterior thigh, making the resulting pain patterns more
comprehensible. Similarly, damage to the anterior scalene muscle
often causes referred pain to the chest’s front, the inner border of
the scapula, and even the thumbs and little fingers (25). This pain
pattern is linked to the nerves passing behind or between the
scalenes, including branches of the brachial plexus, the long
thoracic nerve, the dorsal scapular nerve, the radial nerve, and the
ulnar nerve (Figure 3). Consistency in the nerves running through
various muscles may lead to shared pain areas, as seen with the long
head of the triceps, teres minor, and teres major, which, together
with the humerus, form the quadrilateral space for the axillary
nerve that affects the deltoid area it innervates (26). In clinical
treatment, effectively addressing related pain first involves
identifying the nerves that innervate the affected area. Treatment
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can then proceed by needling or manually releasing the muscles
through which these nerves pass, directly alleviating the pain in the
targeted region.

4.2 Same Nerve Root Radicular Pain

The second type of referred muscle pain involves shared same
nerve root radiation, a phenomenon where prolonged stimulation
of a branch nerve can affect another branch via the same nerve root,
resulting in corresponding nerve stimulation. Muscle contractions,
regulated by nerve control, often coincide with functional
abnormalities in the peripheral nerves. According to the theory of
axonal flow, these abnormalities influence the nerve roots and
subsequently radiate through the shared nerve root, affecting the
corresponding dermatome area controlled by these nerves. For
example, damage to the infraspinatus, innervated by the upper
scapular nerve (Cs, C4), may induce pain in the long head of the
biceps brachii region at the anterior shoulder, governed by the
musculocutaneous nerve (Cs, C,, C;). If the infraspinatus is
compromised, the upper scapular nerve is impacted, altering its
internal blood supply and increasing tension in the Cs and C4 nerve
roots, which then affects the musculocutaneous nerve, leading to
biceps pain. Similarly, an injury to the gluteus minimus, which
influences the lateral areas of the thigh and lower leg, can cause pain
in these regions (27). The gluteus minimus is controlled by the
superior gluteal nerve (L, Ls, S,), and the lateral parts of the thigh
and lower leg are also innervated by the L, and Ls; nerves (Figure 4).
When needling is performed in the gluteus medius and gluteus
minimus, patients may report radiating pain in the lateral thigh and
lower leg. This type of Same Nerve Root Radicular Pain often
manifests not as pain in the muscle area through which the nerve
passes but rather in the area controlled by the nerve roots, which
makes it susceptible to misdiagnosis as a nerve root disorder. As
previously mentioned, damage to the gluteus minimus often
presents as pain in the lateral aspect of the lower leg and can
be incorrectly diagnosed as conditions such as spinal stenosis or
lumbar nerve root compression.

Peripheral Nerve Referred Pain involvement primarily targets
the nerve trunk, which may be concentrated in a specific area or
throughout the entire region innervated by the peripheral nerve.
This occurs as the nerve exits the muscle, and stimulation of the
muscle can lead to referred pain in the area innervated by that
nerve. On the other hand, Same Nerve Root Radicular Pain
associated with the same nerve root involves the nerve root itself.
This type of pain emerges when there is dysfunction in the motor
fibers of the nerve root, manifesting as muscular issues.
Subsequently, stimulation of the affected muscles can lead to pain
in the areas served by the sensory fibers of that nerve root. This pain
typically encompasses a broader area and may affect multiple body
parts innervated by the same nerve root.

4.3 Special Referred Pain
We define the third type of muscle referred pain as “Special

Referred Pain,” Which is characterized by an absence of a clear pattern
or established mechanism of referral. This category includes instances
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FIGURE 3

The Peripheral Nerve Referred Pain of scalene muscle.

such as an injury to the soleus muscle causing referred pain to the
same side of the cheek area, an injury to the subscapularis muscle
resulting in pain on the dorsal side of the wrist, and diaphragm injury
leading to pain above the first rib. These examples do not conform to
the conventional theories of peripheral nerve involvement or shared
nerve reflexes and lack consistent patterns. As a result, they are
classified under special referred pain, distinguished by their unique
and not yet fully understood nature.

The diagnosis of Referred Pain is particularly complex because the
pain sensation often appears at locations far from the actual trigger
points. This requires physicians to have a comprehensive
understanding of the pain transmission pathways related to the
involved nerves and muscle groups to accurately identify the source
of pain. The treatment of Referred Pain focuses on addressing the
underlying neural and muscular issues and may include techniques
such as dry needling, massage, and other manual therapies directly
targeting the trigger points. This treatment not only requires precise
diagnosis but also necessitates personalized treatment plans tailored
to the specific pain patterns and the overall condition of the patient.

Statistical analysis of The third edition of “Myofascial Pain and
Dysfunction: The Trigger Point Manual” presents muscle distribution
and associated pain patterns. It reports that the majority of muscles
manifest three primary types of pain: Muscle Belly Pain (85.4%),
Origin-Insertion Pain (80.9%), and Referred Pain (59.5%) (Table 1).
This detailed distribution underscores the pervasive nature of these
pain patterns across different muscle groups. Regarding Referred Pain,
Peripheral Nerve Referred Pain predominantly affects proximal limbs
and the spine. In contrast, Same-Root Nerve Reflex pain typically
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occurs around the shoulders, back, pelvis, and hips, with instances in
the forearm, wrist, and hands being rare. This observation supports
the theoretical foundation for addressing distal joint discomfort via
interventions at the spine or proximal joints. For instance, wrist pain
might stem from complications in the forearm, elbow, shoulder, or
cervical spine, necessitating a detailed assessment to pinpoint the
exact location of the injury based on the presented pain.

5 Discussion

In recent years, trigger point theory has increasingly been
recognized, though the corresponding referred pain maps remain
underdeveloped. While this theory adopts a holistic approach to
developing treatment plans, it neglects the influences of kinesiology,
biomechanics, and compensatory mechanisms. Consequently, this
article methodically categorizes muscle pain patterns into Muscle
Belly Pain, Origin-Insertion Pain, and Referred Pain. Such
classification is essential for the rapid diagnosis and effective treatment
of pain arising from muscle injuries in clinical environments,
facilitating more precise and targeted therapeutic interventions. Our
theoretical framework expands the traditional concept of myofascial
trigger points to encompass a comprehensive understanding of the
interactions between muscle groups and the nervous system,
emphasizing holistic rather than isolated point interactions. This
approach significantly improves diagnostic accuracy by accounting
for nerve pathways within muscle structures, thereby enabling more
precise localization of pain sources—a crucial advantage in managing
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FIGURE 4
The Same Nerve Root Radicular Pain of gluteus minimus.

TABLE 1 Table of muscle pain patterns by body part.

Number of
muscles

Muscle Belly
Pain

Same Nerve
Root Radicular
Pain

Origin-Insertion Referred Pain

Pain

Peripheral Nerve
Referred Pain

Head, Face, and Neck 11 8 9 8 2
Upper Back and Shoulder 13 9 11 4 8
Forearm, Wrist, and Hand 18 14 8 6 0
Trunk and Pelvis 15 13 14 5 8
Hip, Thigh, and Knee 16 16 15 4 3
Calf, Ankle, and Foot 16 16 15 4 1
Total 89 76 (85.4%) 72 (80.9%) 31 (34.8%) 22 (24.7%)

complex myofascial pain where conventional methods may
be inadequate. Additionally, our theory extends therapeutic strategies
beyond traditional treatments such as dry needling and massage,
incorporating diverse physical and rehabilitative therapies, including
functional electrical stimulation and targeted exercise regimes aimed
at comprehensive neuromuscular adjustment. This not only enhances

Frontiers in Medicine

treatment outcomes but also promotes effective preventative measures
through a deeper understanding of muscle and nerve interactions.
Moreover, it opens new research avenues into the underlying causes
of myofascial pain, especially regarding the role of the nervous system,
thereby facilitating the development of novel diagnostic and treatment
technologies and improving patient rehabilitation outcomes.
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5.1 Neuromuscular mechanisms in trigger
point therapy

Trigger points, located within muscle fibers, create highly sensitive
and painful areas, often due to localized ischemia and energy crises.
This condition results in sustained muscle contraction knots. The
continuous muscle contractions hinder blood flow, thereby reducing
oxygen and nutrient delivery and impeding waste removal (28). This
process leads to an accumulation of metabolic waste products such as
lactic acid, enhancing pain sensitivity under hypoxic conditions.
Ischemia and hypoxia activate chemoreceptors and nociceptors,
which then produce and release inflammatory mediators, including
prostaglandins and cytokines. These mediators sensitize or activate
adjacent pain nerve endings, thus triggering pain signals. Additionally,
the chemically reactive environment at the trigger point site promotes
the release of neurotransmitters like serotonin and norepinephrine.
These neurotransmitters not only modulate pain transmission but also
contribute to the cycle of sustained muscle contraction and pain (29).

Furthermore, trigger points can exacerbate pain sensitivity
through central sensitization processes. In these processes, spinal level
pain neurons undergo both functional and structural changes,
becoming more responsive to pain stimuli originating from trigger
points. This sensitization is not confined solely to the local area but
may also extend to the brain, intensifying the overall perception and
experience of pain (30).

Dry Needling directly stimulates trigger points, activating local
muscle fibers which then induce depolarization and muscle twitch
responses. These responses help disrupt the sustained contraction
within the muscle, enhance local blood flow, and decrease ischemic
pain (31). Dry needling also affects pain transmission pathways in the
spinal cord and brain, activating the endogenous analgesic system and
releasing endorphins and other natural pain relievers (32). Massage
alleviates muscle tension by applying manual pressure and kneading
to trigger points, which improves blood circulation and promotes the
elimination of metabolic waste (13). The mechanical stimulation
delivered during massage transmits signals through mechanoreceptors,
inhibiting pain signal transmission and providing analgesic effects.
Additionally, tactile stimulation during massage activates the body’s
endogenous analgesic mechanisms, further enhancing pain relief (33).
Electrical Stimulation stimulates muscles and nerves with electrical
currents, triggering muscle contractions and nerve activation (34). It
disrupts pain signal transmission and inhibits pain perception
through the gate control theory. Electrical stimulation also elevates
pain thresholds, activates the endogenous analgesic system, and
promotes the release of pain-relieving substances (35).

These therapeutic techniques underscore the extensive
neuromuscular interactions involved in treating trigger points,
emphasizing the necessity of understanding muscle referred pain from
a neurological perspective.

5.2 Completeness of trigger point charts

Trigger point charts represent a form of empirical medicine,
mainly developed by injecting a 2% saline solution and anesthetics
into trigger points and subsequently refining the referred pain
pathways based on patient descriptions (28). However, this approach
does not eliminate the subjectivity of participants or the potential
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influence of operators when patients are unable to specify their pain
locations precisely. The trigger point charts are continuously evolving;
for instance, whereas the pain pattern for the diaphragm in the second
edition was localized only to the diaphragm and rib area, the third
edition extends this to include pain above the first rib. Additionally,
the second edition lacked a pain map for the sternocleidomastoid
affecting the lateral and anterior neck areas, which was included in the
third edition. Clinically, discrepancies with the trigger point charts are
common, such as when needling the iliopsoas at the lesser trochanter
might lead patients to experience referred pain to the groin, anterior
thigh, and inner thigh—areas not described in the trigger point charts.
Similarly, needling the piriformis muscle may cause an electric shock
sensation extending from the posterior thigh to the sole of the foot,
which are areas not depicted in the maps. Moreover, needling the
internal and external obturator muscles often results in patients
reporting radiating pain in the inner thigh, controlled by the obturator
nerve, though the maps indicate radiating pain above the hamstring
on the posterior thigh. These examples demonstrate that the trigger
point maps are not yet flawless and do not comprehensively represent
muscle pain patterns, necessitating ongoing refinement of referred
pain maps. Nevertheless, based on the systematic and predictable
muscle pain patterns of Muscle Belly Pain, Origin-Insertion Pain, and
Referred Pain outlined in this article, it is feasible to develop muscle
pain pattern charts that provide a theoretical basis for clinicians to
diagnose injured muscles based on the location of a patient’s pain,
thereby enhancing clinical efficiency.

5.3 Limitations of trigger point theory

Trigger point theory suggests that muscle injury is the primary
source of pain, primarily concentrating on local muscle dynamics, yet
often disregards the impacts of biomechanics, kinesiology, and
compensatory mechanisms on the human body. While manual and
dry needling therapies effectively alleviate most pain, recurrence is
frequent, as these treatments fail to address the root causes of muscle
injuries. For example, treating pain along the medial border of the
scapula typically involves needling the rhomboid muscles or the neck
area. The third edition of the relevant manual advises treatment of the
scalene and levator scapulae muscles due to the passage of the dorsal
scapular nerve, a branch of the brachial plexus, through these muscles.
However, such an approach often overlooks essential biomechanics
and kinesiology. Pain in the rhomboid muscle area usually results
from scapular abduction, which over-stretches the medial muscles,
primarily caused by the tension and pulling of the serratus anterior
and pectoralis minor muscles. Consequently, treatment should
primarily target these muscles instead of merely addressing the pain
in the dorsal area. Similarly, pain at the front of the knee from a
quadriceps injury should prompt consideration of the iliopsoas’
weakness and compensatory hip flexion by the rectus femoris, or an
anterior pelvic tilt leading to knee hyperextension. Thus, clinical
application of trigger point theory in diagnosing muscle injuries
should incorporate an understanding of biomechanics, kinesiology,
and compensatory processes, as the underlying causes of local muscle
damage are often intricate and necessitate a comprehensive clinical
approach. Additionally, chronic musculoskeletal pain is usually not
caused by a single trigger point or muscle issue but involves a complex
interplay of biological, psychological, and social factors. Biologically,
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the interactions among nerves, muscles, bones, and soft tissues, as well
as potential degenerative changes, form the basis of pain. Psychological
factors such as stress, anxiety, and depression play significant roles in
pain perception and the chronicity of the condition. Social factors,
including occupational stress and lifestyle habits, also impact the
progression and severity of the pain. This multifactorial nature
necessitates the adoption of more comprehensive and personalized
treatment strategies in future clinical practice (36).

5.4 The importance of muscle pain patterns
in clinical diagnosis and treatment

In the assessment of musculoskeletal pain, conducting extensive
specialized examinations is crucial. However, novice therapists might
overlook certain influential factors or rare causes during these
assessments, which can lead to missed or incorrect diagnoses. By
precisely analyzing the patient’s described area of pain and correlating
it with established muscle pain patterns—Muscle Belly Pain, Origin-
Insertion Pain, and Referred Pain—it becomes possible to swiftly
pinpoint the specific muscle responsible for the pain. This approach
also aids in assessing the severity of the muscle injury based on the
results of specialized examinations, thereby facilitating effective
treatment measures that yield positive clinical outcomes. Modern pain
treatment requires therapists to not only focus on localized symptoms
but also to consider the origins of pain from a holistic perspective. The
pain patterns of Muscle Belly Pain, Origin-Insertion Pain, and
Referred Pain not only address local symptoms but also illustrate how
pain can spread from proximal to distal parts of the body. Research
indicates that approximately 85% of referred pain propagates from
proximal to distal locations (37). For example, pain in the lateral
epicondyle of the humerus may stem from issues in the triceps or
supraspinatus muscles (38); pain on the outer side of the calf may
result from damage to the piriformis muscle (39). Viewing the upper
limbs and cervical spine as one integrated system, and the lumbar
spine and lower limbs as another, highlights the critical interaction
between muscles within these systems for understanding pain.
Therefore, acknowledging the overall transmission of pain in the
diagnosis and treatment of chronic pain is essential, as it facilitates a
more comprehensive approach to addressing pain issues.

5.5 The importance of comprehensive
assessment for pain

The evaluation of pain in patients should not focus solely on
individual muscles or trigger points, but instead incorporate a series
of integrated assessment strategies to thoroughly analyze the patient’s
movement and biomechanical properties. Firstly, movement
assessment forms the core of functional evaluation. By observing
patients performing specific movements or daily activities, we can
identify potentially harmful movement patterns that may cause or
exacerbate pain. For instance, patients might be asked to perform
squats, walk, or engage in other specific activities to observe muscle
coordination, joint mobility, and pain trigger points during these
(31). Next,
understanding how a patient’s physical structure impacts their pain.

movements biomechanical assessment aids in

This involves analyzing body symmetry, joint alignment, and the
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balance between muscle strength and flexibility. Through detailed
assessment of these factors, we can identify structural and functional
issues that contribute to pain, such as excessive muscle tension,
uneven joint pressure, or instability. Additionally, we consider other
relevant factors, including the functional status of the nervous system
and psychosocial factors, which can affect a patient’s perception of
pain and response to treatment (40). By utilizing neurofunctional tests
and psychological assessment tools, we can gain a more comprehensive
understanding of the multidimensional complexity of pain and devise
more effective treatment strategies. During these assessments,
we employ a variety of tools and technologies, including but not
limited to dynamic electronic devices, pressure sensors, and visual
analysis software. These tools enable us to precisely measure and
record data during the assessment process, providing quantitative
feedback to help optimize treatment plans.

In summary, functional assessment is a dynamic and interactive
process that requires a holistic consideration from multiple
perspectives to deeply understand and address pain issues. Through
this approach, we can offer patients personalized treatment plans that
not only alleviate pain but also enhance their overall function and
quality of life.

5.6 Integrated multidisciplinary strategies
for chronic pain management

Chronic pain represents a multifaceted clinical challenge that
involves intricate interplays between biological, psychological, and
sociological factors (36). Effective management of chronic pain
requires the synergistic integration of diverse professional expertise,
including that of physical therapists, neurologists, psychologists,
orthopedic surgeons, rehabilitation specialists, and pain management
clinicians. Such collaborative efforts enable a comprehensive
assessment of the root causes of pain, facilitating the formulation of
tailored treatment strategies designed to optimize patient outcomes.

Critical to this approach is the meticulous assessment of trigger
point pain, which necessitates accurate localization of pain points,
characterization of their nature, and evaluation of their impact on the
patient’s quality of life (41). This assessment process encompasses an
extensive collection of medical history, thorough physical
examinations, detailed functional assessments, and comprehensive
neurological evaluations. The multidisciplinary treatment modalities
for addressing trigger point pain might include physical therapy
interventions such as dry needling, thermotherapy, cryotherapy, and
electrical stimulation; pharmacological management using anti-
inflammatory agents, muscle relaxants, or antidepressants;
psychological interventions, notably cognitive behavioral therapy; and
rehabilitation programs that feature personalized exercise regimens
and lifestyle adjustments. Additionally, educational and self-
management strategies are employed to empower patients (42).

This cohesive and coordinated treatment paradigm not only
directly targets the sources of pain but also significantly aids patients
in navigating the psychological and social complexities associated
with chronic pain. By leveraging the combined expertise of a
multidisciplinary team, the effectiveness of the therapeutic
interventions is markedly enhanced, offering patients a comprehensive
pathway toward sustained recovery. This approach is aligned with the
principles of patient-centered care, which prioritize individual health
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needs and preferences in the design and implementation of
healthcare strategies.

5.7 Summary

Categorizing muscle pain into Muscle Belly Pain, Origin-Insertion
Pain, and Referred Pain not only enhances the efficiency of diagnosing
and treating musculoskeletal pain but also lays a theoretical
foundation for the further development of trigger point theory and
charts. Additionally, considering a variety of factors that contribute to
muscle injuries is crucial for managing chronic pain, which aids in
comprehensively addressing pain issues and promotes overall
advancements in musculoskeletal medicine.
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Introduction: Whiplash injury (WHI) is characterised by a forced neck flexion/
extension, which frequently occurs after motor vehicle collisions. Previous
studies characterising differences in brain metabolite concentrations and
correlations with neuropathic pain (NP) components with chronic whiplash-
associated disorders (WAD) have been demonstrated in affective pain-processing
areas such as the anterior cingulate cortex (ACC). However, the detection of a
difference in metabolite concentrations within these cortical areas with chronic
WAD pain has been elusive. In this study, single-voxel magnetic resonance
spectroscopy (MRS), following the latest MRSInMRS consensus group guidelines,
was performed in the anterior cingulate cortex (ACC), left dorsolateral prefrontal
cortex (DLPFC), and occipital cortex (OCC) to quantify differences in metabolite
concentrations in individuals with chronic WAD with or without neuropathic
pain (NP) components.

Materials and methods: Healthy individuals (n=29) and participants with
chronic WAD (n=29) were screened with the Douleur Neuropathique 4
Questionnaire (DN4) and divided into groups without (WAD-noNP, n=15) or
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with NP components (WAD-NP, n=14). Metabolites were quantified with
LCModel following a single session in a 3T MRI scanner within the ACC, DLPFC,
and OCC.

Results: Participants with WAD-NP presented moderate pain intensity and
interference compared with the WAD-noNP group. Single-voxel MRS analysis
demonstrated a higher glutamate concentration in the ACC and lower total
choline (tCho) in the DLPFC in the WAD-NP versus WAD-noNP group, with no
intergroup metabolite difference detected in the OCC. Best fit and stepwise
multiple regression revealed that the normalised ACC glutamate/total creatine
(tCr) (p=0.01), DLPFC n-acetyl-aspartate (NAA)/tCr (p=0.001), and DLPFC
tCho/tCr levels (p=0.02) predicted NP components in the WAD-NP group
(ACC r’=0.26, a=0.81; DLPFC r’=0.62, a=0.98). The normalised Glu/tCr
concentration was higher in the healthy than the WAD-noNP group within the
ACC (p<0.05), but not in the DLPFC or OCC. Neither sex nor age affected key
normalised metabolite concentrations related to WAD-NP components when
compared to the WAD-noNP group.

Discussion: This study demonstrates that elevated glutamate concentrations
within the ACC are related to chronic WAD-NP components, while higher NAA
and lower tCho metabolite levels suggest a role for increased neuronal—glial
signalling and cell membrane dysfunction in individuals with chronic WAD-NP

components.

KEYWORDS

glutamate, n-acetyl-aspartate, choline, neuropathic pain, whiplash injury, anterior
cingulate cortex, dorsolateral prefrontal cortex, occipital cortex

1 Introduction

Whiplash injury (WHI) is characterised by a forced flexion
extension of the neck, which frequently occurs after motor vehicle
collisions, and may involve damage to intervertebral joints, discs,
ligaments, muscles, and nerve roots (1). Symptoms of whiplash-
associated disorders (WAD) include persistent neck pain, headache,
dizziness, concentration disturbance, sleeping difficulties, and fatigue
(2, 3). WAD symptoms usually resolve within 3months, but
approximately 30 and 50% of participants experience chronic pain for
longer than 6 months (2-6). Although WAD is characterised by
regional musculoskeletal symptoms, the development of central
pathophysiological mechanisms that lead to neuropathic pain (NP)
descriptors and sensory changes have also been described (3, 7-9).
There is a need therefore to understand the central and peripheral
pathophysiological mechanisms to improve the early diagnosis and
prevention of chronic WAD symptoms, including high-impact
chronic NP components (6).

Proton magnetic resonance spectroscopy ('H MRS) is a
non-invasive technique that enables quantification of metabolite
concentration and can provide an essential insight into
pathophysiological mechanisms and therapeutic targets (10-14).
Quantification of metabolite concentrations within brain pain-
processing areas permits a mechanistic approach to detect site-specific
biochemical changes in neuronal and glial cell dysfunction and their
relationship with nociceptive and neuropathic pain types (10, 13, 14).
Indeed, differences in key metabolite concentrations, such as
glutamate (15-17), N-acetyl-aspartate (10, 18, 19), and GABA (20,
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21), have been detected with pain subtypes. Furthermore, brain MRS
has been used to demonstrate the therapeutic effects of analgesic
treatments (22-24) and non-invasive neuromodulation of the cortex
(25, 26). Metabolite concentrations within the anterior cingulate
cortex (ACC) and periaqueductal grey matter (PAG) are known to
correlate with  WAD-NP components and endogenous pain
modulation during chronic WAD, possibly related to changes in
glutamatergic and neuroinflammatory mechanisms (27). However, no
general difference in metabolite concentrations has been identified
within the primary motor cortex, somatosensory cortex, ACC, or PAG
when compared between individuals with WAD with or without
chronic pain (27, 28). Furthermore, the involvement of metabolite
modulation within other key areas, such as the dorsolateral prefrontal
cortex (DLPFC), during chronic WAD pain has not been previously
reported (29).

The technical challenges associated with 'H MRS acquisition
methodology and metabolite analysis (30, 31) may explain the failure
to detect subtle differences in metabolite concentrations related to
chronic WAD pain. This limitation can be addressed with the use of
the semi-adiabatic localisation by adiabatic selective refocusing
sequence (semi-LASER) (30), single-voxel spectroscopy acquisition
for specific anatomical regions (30, 31), and the development and
implementation of a simulated basis set into the analysis (30). Analysis
programmes available on scanner software are usually less sensitive,
and therefore, expert consensus groups, such as the MRSinMRS
group, recommend software that allows pre-processing, such as phase
and frequency correction and final metabolite quantification (30).
Furthermore, the inclusion of anatomical areas as reference areas to
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assess differences in metabolite concentrations in brain areas unrelated
to specific pain types is not commonly adopted (27).

This study aimed to quantify a difference in metabolite
concentration levels in the brain, in participants with chronic WHI
pain screened for neuropathic components, within the ACC and the
left dorsolateral prefrontal cortex (DLPFC), areas known to specifically
modulate pain-related affective and mood components (32-34). The
secondary aim of the study was to identify key metabolites related to
chronic neuropathic pain components during chronic WHI.

2 Materials and methods

2.1 Ethics statement

This study protocol was approved by the local Clinical Research
Ethics Committee (Approval number #2559/674; 2021) and was
conducted at the National Hospital for Paraplegics in Toledo according
to the Helsinki Declaration (35).

2.2 Study participant recruitment

Participants with WAD were recruited by orthopaedic surgeons at
a hospital in Toledo (Spain). The period of recruitment was between
September 2021 and July 2023. All individuals screened for eligibility
provided written informed consent before their inclusion in the study.
No a priori sample size calculation was made as similar studies
performed in the chronic WHI phase did not detect differences in
brain metabolite concentrations in individuals with WAD general pain
(27, 28).

2.3 Inclusion criteria

For participants to be eligible, they were required to meet the
following conditions: (1) clinical diagnosis of acute WAD assessed
within 72h of a traffic accident; (2) present WAD with WAD grades of
between II-IIT according to the Quebec Task Force grading system
(36-38), (3) daily pain intensity of >3 rated on the 11-point numeric
rating scale (NRS) reported within 1 week of injury; (4) one or more
specific descriptors assessed with the DN4 questionnaire (see below);
(5) more than 3 months after WHI; and (6) 18 years of age or older (39).
The exclusion criteria were as follows: (1) a history of chronic pain and/
or rheumatic, neurological, or psychiatric diseases; (2) diseases causing
potential neural damage (e.g., diabetes, diseases of the immune system,
and oncological diseases); (3) bone injuries associated with trauma and
detected in the X-ray of the cervical spine; (4) previous clinical history
of cervical injuries (e.g., disc herniation, osteoarthritis, and WAD),
frequent headaches, and/or orofacial pain; (5) a history of cervical
surgery or surgery to the upper extremity; and (6) treatment for
chronic pain previously received for long periods of time (39).

2.4 Assessment of pain interference

The Brief Pain Inventory (BPI) questionnaire was used to assess
the patients perception of pain severity and its interference with
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several dimensions of daily life (27, 40). The pain interference scale
includes pain interference related to general activity, mood, enjoyment
of life, walking ability, ability to work and perform daily tasks, and
relationships with other people (40, 41). BPI pain interference was
calculated as a total score of the seven items (including the sleep item)
and was also calculated as subscores (41) for psychological affective
interference [relationships with others, enjoyment of life and mood
(REM)] and physical activity interference [walking ability, general
activity, and ability to work (WAW)] (41).

2.5 Assessment of NP components

2.5.1 Physician assessment

The presence of NP components was assessed using conventional
physician assessment, which was considered the gold standard (39,
42). The physician assessment was performed following routine
clinical practise (39), international recommendations (43-45), and the
NeuPSIG neuropathic pain criteria for probable NP (45).

This evaluation included detailed history, physical examination
(e.g., movement testing, clinical bedside somatosensory function
testing, and general neurological and clinical testing), and appropriate
diagnostic workup including pain distribution and sensory
examination (43).

2.5.2 Douleur neuropathique 4 screening
questionnaire

The DN4 questionnaire is a reliable tool with high discriminatory
value for the identification of NP symptoms and signs (46, 47) and has
proven valid for mixed pain syndromes (sensitivity: 83%; specificity:
90%) (47). The Spanish version of the DN4 with substantial inter-rater
reliability (Cohen’s kappa coefficients: 0.79) and internal consistency
(Cronbach’s a: 0.7) has been used (39, 46). This questionnaire consists
of a total of 10 items (NP descriptors): 7 items are related to the quality
of pain (burning, painful cold, and electric shocks) and its association
with abnormal sensations (tingling, pins and needles, numbness, and
itching), and 3 items are related to clinical examination in the painful
area (touch hypoesthesia, pinprick hypoesthesia, and tactile allodynia).
A score of 1 is given to each positive (yes) item. The total score is
calculated as the sum of the 10 items, and the cutoff value to determine
the presence of NP components is a total score of DN4 of >4 (46).

The presence of NP components using the DN4 questionnaire was
determined according to the following characteristics of pain: (1) the
presence of pain descriptions such as burning or hot, electric shocks
or shooting, painful cold, pricking or pins and needles, pain evoked
by light touching or loss of sensitivity to mechanical stimuli, or
non-painful sensations such as numbness and tingling (46, 47) and (2)
the presence of abnormal findings in the clinical examination such as
the sensory change to mechanical stimuli (46, 47).

2.6 Brain imaging data acquisition and
processing

A total of 29 healthy participants with no chronic pain and 29
participants with WHI [WAD-noNP (n=15) and WAD-NP (n=14)]
consented to brain imaging performed with a 3T whole body system
MRI scanner (Siemens Magnetom TrioTim Syngo MR B19) with
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32-channel Rx CP head coil (Siemens). MRS acquisition and analysis
parameters are included as an MRSinMRS checklist (Supplementary
Table S1). First, T1-weighted structural images were acquired using a
three-dimensional magnetisation-prepared rapid gradient-echo (3D
MPRAGE) (48) with the following parameters: 256 slices, slice
thickness=0.90mm, TR/TE=2300/3.01ms, flip angle=9°, and
isotropic voxel size=0.9 mm. The anatomical information was used
for MRS voxel placement, and the images were segmented using
SPM12 to determine the fractions of grey and white matter and
cerebrospinal fluid volume in each region of interest (ROI) (49). The
percentage grey matter for the non-injured and chronic WHI groups
for each ROI was as follows: ACC:—47.9+3.8% vs. 47.4+4.1%, OCC:
63.4+6.9% vs. 64.7£3.7%, and DLPFC: 33.0+6.4% vs. 32.2+9.5%.
These grey matter percentages facilitate discussion of neuronal or
white matter differences in key metabolites detected with MRS.

Single-voxel MRS was acquired using the pulse sequence MEGA-
semi-LASER SVS (CMRR Spectroscopy Package Release 2017-07,
University of Minnesota: mslaser, TE=85ms, TR=3,000ms,
bandwidth =2 KHz, average of 128 scans (64 scans for edit-off and 64
for edit-on), 2,048 data points, and total scan time = 10.8 min per ROI)
with a field strength of 3T. A longer TE time was adopted to optimise
GABA + quantification with the MEGA-semi-LASER sequence (50,
51). The centre frequency was —1.7 ppm, and the shimming method
was achieved using the Siemens shim “Brain” application (System
3D-GRE). An unsuppressed water reference was acquired, thus the
water suppression method used was VAPOR with an optional
embedded outer volume suppression (OVS) to suppress water and
improve the localisation of the volume of interest (VOI).

Voxels were positioned manually in the ROIs in the axial plane
by well-trained technicians with many years of experience witha 3T
scanner for MRS under the supervision of a radiologist experienced

10.3389/fmed.2024.1404939

in the identification of anatomical landmarks (52). MRS acquisition
of spectra within each ROI was always in the same order. The first
voxel (35 x 35 x 10 mm?) was placed in the anterior cingulate cortex
(ACC) (Figure 1A), the second voxel (20 x 20 x 20 mm”®) was placed
in the occipital lobe (OCC) (Figure 1B), and the third voxel
(20x20x40 mm?®) was placed in the left dorsolateral prefrontal
cortex (DLPFC) (Figure 1C). Voxel size was based on previous
studies (26, 27). MRS voxels were first registered to the T1-anatomical
space and segmented (grey matter, white matter, and CSF) using
SPM12 (53, 54). In this study, spectra were acquired from the DLPFC
in a smaller cohort (WAD-noNP, n =13, WAD-NP n=17) compared
to the number of individuals with spectra obtained from the ACC
and OCC (WAD-noNP n =29, WAD-NP »n=29). During the MRS
data acquisition, participants were not given specific instructions.
All MRS spectra (see Figure 1D as an example) were obtained in
DICOM (IMA) format and processed using MRspa version 1.5f (55),
which runs with MATLAB R2022b (56). For GABA + quantification,
MRS data were obtained as the difference between two separate
measurements (64 spectra for each edit-on and edit-off). The MRspa
freeware spectral processing and analysis package was used in
conjunction with programs SPM12 and LCModel version 6.3-1R (for
fitting and quantification of metabolites). SPM12 and LCModel interface
with MRspa (53, 54, 56, 57). Frequency and phase corrections were
performed followed by eddy current correction. The resulting summed
semi-LASER spectra were fitted using LCModel and were scaled to
water. Final GABA+ concentration was calculated from the edited
spectra by calculating the difference between edit-on and edit-off spectra,
while the rest of the metabolites were fitted from the edit-off spectra.
The basis set file was created specifically for our sequence MEGA-
semi-LASER SVS by Dr. Deelchand from the Center for Magnetic
Resonance Research at the University of Minnesota. No macromolecules

Non Injured

WHI-noNP WHI-NP

05 4

15 1

FIGURE 1

35

Chemical shift (ppm)

An example of a representative MR spectra, illustrating voxel mask placement for the anterior cingulate cortex (A), occipital cortex (B), and left
dorsolateral prefrontal cortex (C). Typical MRS spectra from the anterior cingulate cortex of a healthy participant (D)
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TABLE 1 Demographic and clinical characteristics of healthy non-injured individuals, participants with whiplash-associated disorders without
neuropathic pain (WAD-noNP), and participants with whiplash-associated disorders with neuropathic pain components (WAD-NP).

Non-injured (n = 29) WAD (n =29) WAD-noNP (n =15) WAD-NP (n =14)
Age 25.0 (21.8-40.8) 39.0 (30.0-45.8)%** 40.0 (33.5-48.8) 38.5(29.0-43.0)
Sex, n (%) female 16.0 (55.2%) 20 (69.0%) 8(53.3%) 12 (85.7%)
% WAD Ila 0 3(10.3%) 3 (20%) 0™
9% WAD IIb 0 14 (48.3%) 10 (66.7%) 4(28.6%)*
% WAD III 0 12 (41.4%) 2(13.3%) 10 (71.4%)™
Evaluation time since WHI (days) 0 100 (89-108) 102 (95-108) 98 (87-117)
MRS time since WHI (days) 0 100.6+32.7 94.1+27.1 108.1+37.9
7-day pain intensity (NRS:0-10) 0 4 (1-6) 1(0-4) 6 (4-6) T
DN4 (0-10) 0 3.0 (0.8-6.0) 1.0 (0.0-3.0) 6.0 (4.0-7.0) Tt
Pain interference (BPI REM) 0 1.5 (0.0-4.8) 0.0 (0.0-0.3) 4.7 (2.9-7.3) 11
Pain interference (BPI WAW) 0 2.7 (0.0-5.7) 0.0 (0.0-1.3) 5.7 (3.5-7.3) t1
Pain interference (total BPI) 0 2.8 (0.2-5.6) 0.3 (0.0-1.2) 5.2 (4.1-7.3) 1

Data are shown as mean (+ SD) or median scores (25th-75th percentiles).
**(Non-injured vs. WHI, t-test, p<0.01).

*(WAD-noNP vs. WAD-NP, chi-square, p <0.01).

"(WAD-noNP vs. WAD-NP, Mann-Whitney, p <0.01).

'(WAD-noNP vs. WAD-NP, Mann-Whitney, p<0.001).

DN4, Douleur Neuropathique 4; NRS, Numeric Rating Scale; BPI, Brief Pain Inventory: REM (Relation with others, Enjoyment of Life, Mood), WAW (Walking, General Activity, Working);
‘WAD-noNP, whiplash-associated disorders without neuropathic pain; WAD-NP, whiplash-associated disorders with neuropathic pain.

were included in the basis files. The basis set contained 18 basis spectra
for edit-off, out of which 7 were reported: total creatine (Cr), total
n-acetyl-aspartate (NAA), inositol (Ins), total choline (Cho), glutamate
and glutamine (Glx), glutamate (Glu), and gamma-aminobutyric acid
(GABA+) and normalised to total creatine (tCr). Importantly, no
difference in creatine levels was identified between groups, and therefore,
metabolite ratio values were calculated using tCr. In this study, glutamate
was not highly correlated with glutamine (Spearman’s correlation: 0.43)
in line with other sequences using 3T scanners (58). Quality control
measures as recommended by the MRSinMRS consensus group are
shown in Supplementary Table S2 and are presented as signal-to-noise
ratio (SNR), line width (LW), full-width-half maximum (FWHW), and
Cramér-Rao Lower Bound (CRLB) for each metabolite.

2.7 Statistical analyses

Statistical analysis was performed with a commercial software
package (SigmaPlot 11.0 for Windows, Systat Software, Inc.,
Germany). Metabolite data were expressed either as mean + standard
deviation or as median values with 25th-75th interquartile percentiles,
according to the Shapiro-Wilk normality test. Intergroup differences
in metabolite concentrations were detected either with the Student’s
t-test or Mann-Whitney test for comparisons between the healthy and
WHI groups or with the one-way analysis of variance (ANOVA) or
Kruskal-Wallis test for comparisons between the three groups:
healthy, WAD without NP (WAD-noNP), and WAD with NP (WAD-
NP). Bonferroni tests were performed with the Holm-Sidak or Dunn’s
method. Intergroup clinical data were compared using the Student’s
t-test or Mann-Whitney test. Differences and the impact of age and
sex on significant differences in metabolite concentrations were
assessed with an analysis of covariance (ANCOVA) using a different
commercial package (JASP, version 0.18.1.0). The possible impact of
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age-related differences on metabolite concentrations in the healthy
younger non-injured group was also controlled by performing analysis
with the general WAD group and also specifically by comparing
differences between the WAD-noNP and WAD-NP groups.

To reduce the number of multiple comparisons between brain
MRS metabolites within the ACC, DLPFC, and OCC with the DN4
screening score, a best-fit analysis was first performed for each
metabolite (SigmaPlot 11.0). A forward stepwise multiple linear
regression analysis was performed to identify the best predictive
model for both the metabolite concentrations for total Cr, total NAA,
Ins, total Cho, Glx, Glu, and GABA and also for metabolite
concentrations normalised to total Cr (27). In addition, the statistical
power was reported for each predictive model.

Spearman’s correlation coefficient was calculated to assess the
relationship of the metabolite concentrations that best predicted NP
components as measured with the DN4 screening questionnaire.

3 Results

3.1 Demographic and clinical
characteristics

Demographic and clinical data of recruited participants are
presented in Table 1. No significant differences based on age or sex
were seen in non-injured participants compared with those with
WHI, or with the WAD-noNP-NP and WAD-NP. Furthermore, no
differences were revealed between groups with reference to the time
of clinical or MRS evaluation.

Significant differences were revealed in the clinical characteristics
for the number of participants diagnosed with WHI with WAD IIa,
IIb, and III (p<0.001). Specifically, participants reported NP
components with either a WAD IIb (29%) or III (72%) grade. Finally,
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TABLE 2 Occipital cortex (OCC) metabolite concentration (mM) and metabolite ratios normalised to total creatine (tCr) in healthy non-injured
individuals, participants with whiplash-associated disorders without neuropathic pain (WAD-noNP), and participants with whiplash-associated
disorders with neuropathic pain components (WAD-NP).

Non-injured (n = 29) WAD (n = 29) WAD-noNP (n =15) WAD-NP (n =14)
tCr 5.60+0.48 5.70+0.53 5.64+0.55 5.77+0.53
tCho 1.0240.11 1.08+0.16 1.06+0.16 1.11£0.16
NAA 10.82+1.08 109113 10.77 £ 1.41 11.05+1.20
Glx 7.04 (6.07-8.06) 6.88 (6.05-7.72) 6.10+1.96 7.24+141
Ins 6.45 (5.98-7.02) 7.06 (6,33-7,31) 6.94 (86.30-7.23) 7.00 (6.08-7.35)
GABA 1.34 (0.98-1.48) 1.31 (1.14-1.66) 9 § 1.30 (1.09-1.51) 1.60 (1.17-1.78)
Glu 2.97 (2.59-3.67) 2.74 (1.77-3.70) 270+1.39 ¢ 2.68+1.19
tCho/tCr 0.18+0.02 0.19+0.02 0.19+0.02 0.19+0.017
NAA/Cr 1.93+0.11 1.91+0.14 1.91£0.15 1.92£0.15
Glx/tCr 1.21 (1.12-1.39) 1.23 (1.06-1.28) 1.16 (0.97-1.28) 1.24 (1.15-1.37)
Ins/tCr 1.18+0.14 1.22+0.19 1.25+0.22 1.19£0.15
GABA/tCr 0.23 (0.19-0.26) 0.23(0.2-0.28) ¢ ¢ 0.23 (0.19-0.27) § 0.26 (0.20-0.32) §
Glu/tCr 0.54+0.15 0.48+0.1894 ¢ 051+0.189 ¢ 0.46+0.19

Cr, Total creatine; NAA, total n-acetyl-aspartate; Ins, Inositol; tCho, total choline; Glx, glutamate and glutamine; Glu, glutamate; GABA+, gamma-aminobutyric acid. tCho is calculated as the

sum of phosphocholine (pCho) and glycerophosphocholine (GPC).
*(non-injured vs. WAD, t-test, p<0.05).

“(1 subject with unanalysable metabolite data).

4(2 subjects with unanalysable metabolite data).

Data are shown as mean (+ SD) or median scores (25th-75th percentiles).

higher scores for 7-day pain intensity and interference were measured
with the total BPI or subscores when compared between the
WAD-noNP and WAD-NP groups (p<0.001) (Table 1).

3.2 Metabolite concentrations within the
OCC, ACC, and DLPFC

No difference in concentration (mM) or normalised metabolite levels
were revealed in the OCC compared to the groups (Table 2). In contrast,
concentration (mM) and normalised glutamate levels within the ACC
were higher in the WAD-NP group compared to the WAD-noNP group.
The normalised Glu/tCr concentration was higher in the healthy
compared to the general WAD group (p<0.01) and WAD-noNP group
within the ACC (Table 3) (p<0.05), but not in the DLPFC (Table 4) or
OCC (Table 2). Furthermore, the tCho/tCr metabolite ratio within the
DLPFC was higher in the WAD-noNP than in the healthy group (Table 4)
(p<0.025). Neither sex nor age or normalised metabolite concentrations
affected concentration (mM) related to WAD-NP components when
compared to the WAD-noNP group..

Regarding the left DLPFC, lower concentration (mM) and
normalised tCho were found in the WAD-NP group than in the
WAD-noNP group. Finally, a reduction in concentration (mM) Ins
metabolite levels in DLPFC is shown in the WAD-NP group compared
to the WAD-noNP group.

3.3 Best fit and forward stepwise regression
analysis of MRS metabolites

The best fit and multiple linear regression between metabolite
concentrations within the OCC, ACC, and DLPFC with the DN4
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screening scores is shown in Table 5. Forward stepwise regression
revealed that chronic normalised glutamate concentrations predicted
chronic WAD-NP components (r*=0.26, p<0.01, alpha=0.81) as
shown in Figure 2A (tho=0.54, p=0.003). In the left DLPFC, both
concentration (mM) and normalised tCho and NAA metabolite
concentrations predicted chronic WAD-NP components (r*=0.62,
with significance ranging between p <0.05 and p <0.001, alpha=0.98)
as shown in Figure 2B (rho=-0.66, p=0.004), Figure 2C (rho=-0.62,
p=0.01), and Figure 2D (rho=0.25, p=0.336).

4 Discussion

This is the first study to show significant differences in metabolite
concentrations within pain-processing cortical areas, such as the ACC
and DLPFC, in participants with chronic whiplash injury and WAD
neuropathic pain components when compared to individuals without
WAD-NP components. Importantly, the adoption of the latest
MRSinMRS recommendations for metabolite analysis, including
calibration with a simulated basis set into the analysis routine, and
rigorous signal preprocessing including quality control, may have
contributed to improved metabolite detection and quantification of
metabolite differences during chronic WAD-NP. Indeed, elevated
glutamate concentrations within the ACC predicted chronic WAD-NP
components, while higher NAA and lower tCho metabolite levels
within the DLPFC suggest a role for increased neuronal-glial
signalling and neuronal membrane dysfunction with central chronic
pain mechanisms. Radiological evidence for biochemical differences
in affective pain-processing areas provides further evidence of the
involvement of definite NP components in chronic WAD.

Although this study was performed on a small cohort of
individuals reporting chronic WAD pain with neuropathic
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TABLE 3 Anterior cingulate cortex (ACC) metabolite concentration (mM) and metabolite ratios normalised to total creatine (tCr) in healthy non-injured
individuals, participants with whiplash-associated disorders without neuropathic pain (WAD-noNP), and participants with whiplash-associated
disorders with neuropathic pain components (WAD-NP).

Non-injured (n = 29) WAD (n =29) WAD-noNP (n = 15) WAD-NP (n =14)
tCr 6.58 (5.77-6.83) 6.54 (5.96-7.14) 6.54 (5.92-7.19) 6.57 (5.98-6.95)
tCho 2.16 (1.93-2.33) 2.19 (1.84-2.52) 2.32 (1.87-2.54) 2.17 (1.85-2.38)
NAA 10.26 (8.35-11.09) 10.44 (8.51-11.01) 10.44 (8.48-11.13) 10.31 (8.73-10.68)
Glx 7.64+1.20 7.53+131 7.44+1.28 7.63+1.38
Ins 7.15+1.31 7.56+1.44 7.59+1.58 7.53+1.34
GABA 1.12 (1.05-1.35) 1.26 (1-1.50) 1.19£0.32 1.29£0.32
Glu 5.15+0.97 4.62%1.19 4.21+1.33#1 5.05+0.850#2
tCho/tCr 0.34 (0.32-0.36) 0.35 (0.32-0.39) 0.34 (0.31-0.39) 0.34 (0.32-0.37)
NAA/Cr 1.58+0.11 1.52+0.12 1.51+0.13 1.54+0.10
Glx/tCr 1.20£0.09 1.17£0.12 1.14%0.11 1.21£0.13
Ins/tCr 1.12 (1.04-1.22) 1.14 (1.04-1.32) 1.14 (1.01-1.39) 1.15 (1.05-1.30)
GABA/tCr 0.19+0.04 0.19+0.04 0.18+0.05 0.21+0.04
Glu/tCr 0.82 (0.75-0.88) 0.76 (0.67-0.79) 1 0.67 (0.58-0.76)#3 0.78 (0.76-0.85) OOIDI#4

Cr, Total creatine; NAA, total n-acetyl-aspartate; Ins, Inositol; tCho, total choline; Glx, glutamate and glutamine; Glu, glutamate; GABA +, gamma-aminobutyric acid. tCho is calculated as the

sum of phosphocholine (pCho) and glycerophosphocholine (GPC).

Data are shown as mean (+ SD) or median scores (25th ~75th percentiles).
(non-injured vs. WHI, Mann-Whitney, p <0.01).

{(one-way ANOVA, p<0.05).

#1(non-injured vs. WAD-noNP, Holm-Sidak p <0.05).

#2(WAD-noNP vs. WAD-NP, Holm-Sidak p <0.05).

BB (Kruskal-Wallis, p <0.001).

#3(non-injured vs. WAD-noNP, Dunn’s method p <0.05).

#4(WAD-NP vs. WAD-noNP, Dunn’s method p<0.05).

TABLE 4 Left dorsolateral prefrontal cortex (DLPFC) metabolite concentration (mM) and metabolite ratios normalised to total creatine (tCr) in healthy
non-injured individuals, participants with whiplash-associated disorders without neuropathic pain (WAD-noNP), and participants with whiplash-
associated disorders with neuropathic pain components (WAD-NP).

Non-injured (n = 13) WAD (n=17) WAD-noNP (n = 8) WAD-NP (n=9)
tCr 7.65+0.57 7.52+0.89 7.87+0.71 7.21+0.96
tCho 2.48+0.40 2.70+0.60 3.07+0.48#1 2.37£0.51#2
NAA 1343£1.97 12.67+1.69 1291£1.38 12.44£1.99
Glx 9.75+1.31 10.11+1.41 10.22+1.75 10.01+1.14
Ins 11.18+1.08 11.35+2.21 12.54 (12.09-13.82) 10.98 (9.29-11.18)QK#3
GABA 1.39£0.41 1.23+0.38 1.22£0.34 1.24%0.44
Glu 5.72+0.72 5.07+1.48¢ 5.05+1.80 5.08+1.199
tCho/tCr 0.32£0.05 0.36+0.055 0.39+0.04#4 0.33+0.050)0#5
NAA/Cr 1.75+0.19 1.69+0.16 1.65+0.14 1.73£0.17
Glx/tCr 1.28+0.14 1.35+0.16 1.30£0.19 1.40£0.12
Ins/tCr 1.46£0.13 1.50£0.19 1.58+0.25 1.43+0.07
GABA/tCr 0.18+0.05 0.17£0.06 0.16£0.05 0.17+0.07
Glu/tCr 0.75+0.09 0.68+0.18¢ 0.63 (0.50-0.69) 0.77 (0.70-0.82) @ §

Cr, Total creatine; NAA, total n-acetyl-aspartate; Ins, Inositol; tCho, total choline; Glx, glutamate and glutamine; Glu, glutamate; GABA+, gamma-aminobutyric acid. tCho is calculated as the

sum of phosphocholine (pCho) and glycerophosphocholine (GPC).
Data are shown as mean (+ SD) or median scores (25th-75th percentiles).
€(1 subject with unanalysable metabolite data).

O (one-way ANOVA, p<0.01).

#1(non-injured vs. WAD-noNP, Holm-Sidak p <0.05).
#2(WAD-noNP vs. WAD-NP, Holm-Sidak p <0.025).

B (Kruskal-Wallis, p=0.06).

B (Kruskal-Wallis, p<0.01).

#3(WAD-NP vs. WAD-noNP, Dunn’s method p<0.05).
#4(non-injured vs. WAD-noNP, Holm-Sidak p <0.025).
#5(WAD-noNP vs. WAD-NP, Holm-Sidak p <0.05).
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TABLE 5 Best-fit factor and forward multiple regression analysis for occipital cortex (OCC), anterior cingulate cortex (ACC), dorsolateral prefrontal

10.3389/fmed.2024.1404939

cortex (DLPFC) MRS metabolite concentration (mM) and ratio normalised to tCr with DN4 scores for participants with chronic WAD with NP

components.

Concentration (mM) metabolite OCCIP ACC DLPFC
tCr E. —1.45+0.69* E.
Glx 1.23+0.48* E. 0.9+0.31%
NAA —0.65+0.56 E. 0.76 £0.04*
tCho E. E. —4.08 +0.89%**
Ins —0.35+0.44 0.18+0.35 —0.55+0.03*
GABA E. 2.48+1.52 —1.02+£0.99
Glu —0.68+0.48 1.29+0.44%* E.
Best subset regression r? 0.31 0.34 0.83

NAA (0.56+0.34)

Glu (0.91+0.38)
Forward stepwise E. tCho (—1.04+0.95)
r2=0.18
1’ =0.62
Power o E. 0.63 0.98
Metabolite Normalised Ratio (tCr) OCCIP ACC DLPFC
Glx/tCr 7.34+2.96* —0.63+4.23 6.44+2.34%
NAA/Cr —-3.99+3.90 0.63+3.78 3.09+2.60
tCho/tCr E. E. —30.19+6.59%%*
Ins/tCr E. E. —5.26+2.14*
GABA/tCr E. 16.74+10.98 E.
Glu/tCr —4.56+2.84 8.55+3.29* E.
Best subset regression r* E. 0.33 0.81
tCho/tCr (—34.82£8.30)
Glu/tCr (8.62£2.83)
Forward stepwise r* E. NAA/Cr (7.36+2.88)
1*=0.26
1’ =0.62

Power o E. 0.81 0.98

Cr, Total creatine; NAA, total n-acetyl-aspartate; Ins, Inositol; tCho, total choline; Glx, glutamate and glutamine; Glu, glutamate; GABA +, gamma-aminobutyric acid. tCho is calculated as the
sum of phosphocholine (pCho) and glycerophosphocholine (GPC). Data are shown as mean (+ SE). E. Excluded.

#(p<0.05), ** (p<0.001), ** (p <0.001). Significant results presented in bold.

components, statistically powered predictive correlations were
attained between the glutamate/tCr ratio in the ACC (x=0.81) and
the tCho/tCr and NAA/tCR ratios in DLPFC with WAD-NP
components (DN4, a=0.98). Furthermore, metabolites within the
DLPFC region revealed a higher regression value with NP components
in chronic WAD (r*=0.62 [compared to an r* of 0.26 within the
ACC]). Importantly stepwise regression was not able to detect
predictive relationships between metabolite levels and WAD-NP
components within the occipital cortex, which was included in this
study as a putative control ROL

4.1 Neuropathic pain components
associated with chronic WAD

Approximately 34% (25-75%) of patients present NP
characteristics following WHI, characterised by sensory dysfunction
and nerve mechanosensitivity (59). Pain associated with WAD has
often been diagnosed as musculoskeletal pain in the absence of clear
evidence of nerve or brain lesions tested using neurophysiological or
radiological techniques; pain and sensory disturbances in a

Frontiers in Medicine

neuroanatomically defined area consistent with a specific nerve lesion
have not been forthcoming for WAD (45). However, an early study of
NP symptoms and signs in patients with acute WHI (8) and, more
recently, small fibre structural and functional deficits in chronic WAD
have been demonstrated (9).

In this study, 48% of the chronic WHI cohort presented NP
symptoms and signs as measured with the DN4 questionnaire.
Compared with the WAD-noNP group, individuals with chronic
WAD-NP were characterised by a higher 7-day pain intensity (NRS)
and pain interference scores (BPI). For those subjects diagnosed with
WAD grade II and III scores, NP symptoms and signs were detected,
suggesting that NP components were associated with or without
presumed central or peripheral nerve injury. The difficulty in
diagnosing and differentiating musculoskeletal and NP components
may lead to poor treatment, which could be improved with the
extensive use of NP screening tools and the detection of pain types
(39, 60). Accurate small nerve fibre examination (9) and radiological
evidence of either structural or biochemical differences within pain-
processing areas of the brain, especially those related to affective pain,
may help to support the clinical diagnosis of chronic NP with sensory
descriptors and changes during chronic WHI.
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Relationship between metabolite concentrations quantified using brain MRS within the anterior cingulate (A,B; n = 29) and left prefrontal dorsolateral
cortex (C,D; n=17) and neuropathic pain components as screened with the "douleur neuropathique 4" (DN4) screening tool in participants with
chronic whiplash injury. The regression coefficient, Spearman correlation, and statistical significance of the correlation are included in each graph. To
reduce type Il error Spearman correlations were calculated only from the best predictive models of metabolite measures for chronic WAD-NP

4.2 Current application of MRI techniques
for chronic pain and consensus-driven
MRS analysis

Proton magnetic resonance spectroscopy ("H MRS) imaging of
pain-processing areas permits a mechanistic approach to detect
site specific biochemical changes in neuronal and glial cell
dysfunction and can be used to demonstrate the therapeutic effects
of analgesic treatments (22-24) and non-invasive neuromodulation
of the cortex (25, 26). However, '"H MRS imaging is only one of
several non-invasive techniques that enable quantification of
structural, functional, or biochemical alterations in brain function
for chronic pain research (61) that collectively can provide an
essential insight into pathophysiological mechanisms and
therapeutic targets. These techniques have proven highly effective
in revealing alterations in brain regions implicated in pain
modulation (62, 63) and emotional processing (64, 65). However,
challenges persist regarding the application of MRI techniques in
pain research, such as issues related to protocol standardisation
and variability in imaging results across studies. Future directions
for researchers may involve refining imaging protocols to enhance
reproducibility (66), adoption of multimodal imaging techniques,
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and developing machine learning algorithms for more precise
analysis of MRI data (67-69).

The technical challenges associated with the '"H MRS imaging and
metabolite analysis (30, 31, 70) may explain the failure to detect subtle
differences in metabolite concentrations related to chronic WHI pain
(27). Analysis methods available on scanner software are usually
inferior to demonstrating differences in metabolite concentrations
with MRS techniques, and therefore, expert consensus groups
recommend the use of software that allows pre-processing, such as
phase and frequency correction, quality control, tissue segmentation,
and final metabolite quantification using modelling algorithms (30).
In this study, the use of the semi-adiabatic localisation by adiabatic
selective refocusing (semi-LASER) sequence (30), single-voxel
spectroscopy imaging of specific anatomical regions (30, 31), and the
development and implementation of a simulated basis set into the
analysis routine (30) were implemented into the analysis routine.
Furthermore, a binary mask of voxel locations was co-registered with
the T1-weighted images, and this mask was applied using SPM12
scripts to determine total tissue (grey and white matter) and
cerebrospinal fluid fractions in each voxel (26). A checklist for full
reporting of MRS parameters in line with the recommendation of the
MRSinMRS consensus group (66) was followed, and metabolite
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concentrations were presented as concentration (mM) values and
ratios normalised to total creatine levels (71). Finally, the possible
contribution of demographic cofactors, such as sex and age, should
also addressed with ANCOVA (72, 73). In the present study, these
techniques have ensured high-quality analysis of metabolite
concentration levels and detection of group differences in the ACC
and DLPFC, but not the OCC, for metabolites that predict
WAD-NP components.

4.3 Higher glutamate concentration in ACC
predicts chronic WAD-NP components

The anterior cingulate cortex (ACC) plays a leading role in chronic
pain, specifically in the modulation of affective and mood components
(32, 33). This is supported by synaptic, molecular structural changes
in the ACC, which contribute to chronic pain states (74-76). The ACC
is also implicated in the cognitive impairment in chronic pain patients,
potentially mediating the impact of pain-related distress on cognitive
functions (32, 77). Thus, the ACC is a potential target for
neuromodulation and clinical pain management (24, 25, 78).

In this study, MRS revealed elevated concentration (mM) and
normalised glutamate concentrations in the group with WAD-NP
components and a significant predictive relationship between
normalised glutamate ratios with the DN4 NP scores. Glutamate as
the main excitatory neurotransmitter has a leading role in nociception
and central sensitisation, which is associated with chronic pain (79).
Glx (glutamate plus glutamine) levels pooled across pain-related brain
regions have been positively associated with pain sensitivity (15),
while tonic noxious stimulation leads to increased concentrations of
glutamate and Glx at the onset of pain (80). Higher glutamate levels
within the ACC have been shown in individuals with chronic low back
pain (81, 82), while Glx levels have also been linked to psychological
state and depression (82). Furthermore, treatment with transcranial
direct current stimulation or morphine decreases Glx levels in the
ACC (23-25), suggesting a potential mechanism for its analgesic
effect. Future studies should assess the relationship between
normalised ACC glutamate metabolite concentrations with pain
intensity and affective measures chronic
WAD-NP components.

in people with

4.4 Lower total choline levels and higher
n-acetyl-aspartate DLPFC metabolite
concentrations predict the presence of
chronic WAD-NP components

The dorsolateral prefrontal cortex (DLPFC) undergoes a
functional and structural reorganisation in chronic pain conditions
(83) and plays a crucial role in the modulation of pain perception and
processing. Thus, the DLPFC exerts active control on pain perception
by modulating pain signals in the brain (34). In fact, Ong et al. (84)
and Loggia et al. (85) highlight the involvement of the DLPFC in pain
modulation, emphasising its role in chronic pain and negative
cognition-induced hyperalgesia. These findings highlight the
importance of the DLPFC in chronic pain and its potential as a target
for therapeutic interventions.
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In this study, lower total choline (tCho) concentrations predicted
WAD-NP components during chronic pain. Phosphocholine and
glycerophosphoryl choline are key components in cell membrane
synthesis and a marker of cellular turnover (86) and are associated
with glia cells within the brain (87). Neuropathic pain can lead to
changes in choline levels following head trauma within pain-
processing centres (13, 19). Moreover, neuropathic pain has been
associated with neuroinflammation, characterised by elevated choline-
containing compounds, such as phosphocholine, found in higher
concentrations in glial cells than neurons (10). However, only one
study has shown reduced chronic choline levels in cases of human
immunodeficiency virus infection, with initially elevated levels of
choline levels which then decreased significantly at a later stage (88).
Although the exact pathophysiological mechanism that implicates
reduced choline levels with chronic pain is unknown, it is of interest
that cortical targeting of central cholinomimetics has been suggested
as an effective therapy for neuropathic pain (89). Indeed, choline
supplementation can have beneficial effects on brain health, including
reducing inflammation and cognitive deficits in an experimental
model of Alzheimer’s disease (90).

Even though N-acetyl-aspartate is a metabolite related to neuronal
density activity or cell death (91), higher concentrations of NAA have
been recently identified in myelin and oligodendrocytes compared
with neurons (92). Although previous studies of lower NAA levels in
the DLPFC have been related to chronic back pain (12, 93), higher
NAA levels have been associated in other pain-processing areas with
chronic NP severity, post-traumatic stress disorder, and post-
concussive symptoms in individuals with traumatic brain injury (19).
Taken together, lower choline and higher NAA levels may be related
to pathophysiological mechanisms associated with neuroinflammation
during chronic WHI pain and may represent robust biomarkers of
chronic WAD pain with neuropathic components.

4.5 Study limitations

This study was not conducted on age- or gender-matched
individuals within each group. Importantly, analysis of covariance
demonstrated that neither sex nor age or normalised metabolite
concentrations affected concentration (mM) related to WAD-NP
components when compared to the WAD-noNP group. However,
in this study, higher glutamate concentrations were found in the
healthy non-injured group than in the WHI-noNP group. In line
with the demographic data presented in Table 1, which shows that
the median age of the WAD-NP was 14 years lower than the general
WHI group, glutamate levels are known to be higher in younger
subjects (94). When metabolite concentrations in the WHI-NP
group were specifically compared to the WHI-noNP control group,
ROI-specific changes in glutamate were seen in both the ACC and
DLPEC.
concentration were observed between the non-injured and

Importantly, no differences in glutamate ratio
WHI-noNP control groups (Table 4). Finally, caution should also
be made with the interpretation of tCho in spectroscopy studies, as
higher tCho metabolite concentrations have been observed in older
healthy subjects (95), which may explain the higher levels of this
metabolite identified in the DLPFC for the WHI-noNP control

group (Table 4).
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Reliance on stepwise regression analysis to identify target
metabolites associated with WAD-NP components may be influenced
by several statistical problems with this test, including overfitting of
data, biased estimates, and inflated type I errors (96). As such,
significant best-fit metabolites should also be considered as predictors
for NP components in chronic WAD components, including GABA
and Ins (10, 20, 27, 97). The best-fit analysis performed in this study
demonstrated that lower Ins concentrations in DLPFC are a predictor
of chronic NP components, although previous studies have revealed
a relationship between higher Ins levels and chronic pain with other
pathologies (19, 82). The relationship between Ins metabolite levels
and chronic pain may reflect differences between different pain
pathologies (10, 13). In future studies, parallel adoption of multiple
regression and machine learning analysis techniques may provide a
better interpretation of key metabolite levels in the development of
chronic pain (67, 68).

Although no metabolite predictors of chronic WAD pain were
identified in the OCC, the inclusion of control areas should be more
closely examined in longitudinal studies where the contribution of
metabolite changes to the development of chronic pain can be assessed
during acute WAD. Indeed, chronic WAD dysfunction of the visual
system is associated with functional impairment in occipital cortical
areas sensitive to coherent motion (98) while EEG changes in OCC
have been associated with motor-evoked jaw pain (99).

Finally, total creatine concentrations in MRS studies have been used
to standardise metabolite levels in the brain. In this study, no difference
in creatine levels was identified between groups, although lower
concentrations (mM) of creatine levels within the ACC were associated
with NP components in the best-fit analysis. It is important to understand
therefore that these basal Cr levels, which are expressed predominantly
in glia, may also change during neuroinflammation (10, 100) or with age
(73). These findings suggest that caution should be made with the
normalisation of metabolite levels using ratio measures (27).

5 Conclusion

The results of this study show that elevated glutamate
concentrations within the ACC predict chronic WAD-NP components,
while higher NAA and lower total choline (tCho) metabolite levels
within the DLPFC suggest a role for increased neuronal-glial
signalling and cell membrane dysfunction with central chronic pain
mechanisms. No chronic differences were seen in the occipital cortex,
which supports the role of altered metabolite concentrations within
the affective pain-processing areas such as the ACC and
DLPEC. Detection of metabolite signals that reflect pathophysiological
mechanisms of glutamatergic, neuroinflammatory, and cell signalling
dysfunction could lead to a better understanding of the development
of pathophysiological mechanisms of chronic pain that lead to high-
impact chronic NP components of chronic WAD and future
therapeutic targets for the neuromodulation of chronic WHI pain.
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Background: While several risk factors for knee osteoarthritis (KOA) have been
recognized, the pathogenesis of KOA and the causal relationship between
modifiable risk factors and KOA in genetic epidemiology remain unclear. This
study aimed to determine the causal relationship between KOA and its risk
factors.

Methods: Data were obtained from published Genome-Wide Association study
(GWAS) databases. A two-sample Mendelian randomization (MR) analysis was
performed with genetic variants associated with risk factors as instrumental
variables and KOA as outcome. First, inverse variance weighting was used as
the main MR analysis method, and then a series of sensitivity analyses were
conducted to comprehensively evaluate the causal relationship between them.

Results: Univariate forward MR analysis revealed that genetically predicted
hypothyroidism, hyperthyroidism/thyrotoxicosis, educational level, income
level, metabolic syndrome (MS), essential hypertension, height, hot drink
temperature, diet (abstaining from sugar-sweetened or wheat products),
and psychological and psychiatric disorders (stress, depression, and anxiety)
were causally associated with KOA. Reverse MR exhibits a causal association
between KOA and educational attainment. Multivariate MR analysis adjusted for
the inclusion of potential mediators, such as body mass index (BMI), smoking,
alcohol consumption, and sex, exhibited some variation in causal effects.
However, hyperthyroidism/thyrotoxicosis had a significant causal effect on
KOA, and there was good evidence that height, hypothyroidism, educational
level, psychological and psychiatric disorders (stress, depression, and anxiety),
and abstaining from wheat products had an independent causal relationship.
The mediating effect of BMI as a mediator was also identified.

Conclusion: This study used MR to validate the causal relationship between
KOA and its risk factors, providing new insights for preventing and treating KOA
in clinical practice and for developing public health policies.

KEYWORDS

Mendelian randomization, knee osteoarthritis, risk factors, causal relationship, genetic
variants
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1 Introduction

Knee osteoarthritis (KOA) is a common type of osteoarthritis
(1), and its clinical manifestations include chronic knee pain,
limited activity, and dysfunction (2). KOA affects approximately
16% of the population worldwide, and the number of new cases of
KOA reached 86.7million in 2020 (3, 4). Therefore, KOA
significantly contributes to disability (5), imposing substantial
social and economic burdens and presenting a significant
challenge to global public health (6, 7). The pathogenesis of knee
osteoarthritis remains unclear. Previous observational studies
have found increasing evidence that risk factors such as
educational level, economic level (8, 9), metabolic syndrome
(MS), essential hypertension (10), thyroid dysfunction (11), diet
(12), hot drink temperature (13), height (14), and psychological
and mental diseases (such as stress, depression, and anxiety) (15)
are associated with the pathogenesis of KOA. Despite this
relationship, the causal association obtained from observational
studies of traditional epidemiology may be challenging and
cannot be used as reliable evidence because residual confounding
factors and reverse causality may lead to bias in traditional
(16).

randomized controlled studies are expensive and time-consuming,

observational studies Concurrently, large-sample
making them difficult to use in practice.

Mendelian randomization (MR) is an emerging method for
inferring causal associations in genetic epidemiology that provides
reliable evidence for inferring causal effects between risk factors
and outcomes using genetic variants from genome-wide
association studies (GWAS) as instrumental variables (IV) (17).
Because human genetic variation is characterized by random
allocation, irreversibility, and fixity, MR can be used to effectively
avoid the influence of confounding factors and reverse causality
(18). Thus, univariate MR could be used to estimate the direct
causal association between each risk factor and KOA. Multivariate
MR is an extension of MR and has great advantages in avoiding
unobserved confounding factors and collider biases. It can assess
direct effects even when a single nucleotide polymorphism (SNP)
is associated with multiple exposures. Multivariate MR can also
be used to infer the potentially causal relationship between risk
factors and KOA and the effect of mediating factors (19-21).
Therefore, this study aimed to investigate the relationship between
KOA and thyroid dysfunction, educational level, economic
income, MS, essential hypertension, diet, height, hot drink
temperature, and psychological and mental disorders (tension,
depression, and anxiety) using MR, from the perspective of
genetic inheritance.

2 Methods
2.1 Study design

This study follows the Strengthening the Reporting of
Observational Studies in Epidemiology using MR (STROBE-MR)
reporting guidelines (22, 23) (Supplementary Table S1). In this
study, genetic variants significantly associated with exposures were
selected as IV to infer causal relationships between exposures and
outcomes, and we chose SNPs significantly associated with each risk
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factor as IVs for the MR analyses. To ensure the validity of IVs,
we needed to satisfy the three assumptions of relevance,
independence, and exclusivity for MR. Firstly, the genetic variants
should be directly associated with the exposures in question.
Second, genetic variants should be uncorrelated with any of the
other confounders. Third, genetic variants should not be directly
related to the outcome (KOA), but should only influence the
outcome through exposure (16). In this study, SNPs were obtained
from published GWAS data, and causal and sensitivity analyses
were performed. Figure 1 shows a schematic of this process.

All data in this study were obtained from published data, and
ethical approval for each study was obtained from the appropriate
ethics committee. The current study was a secondary analysis of the
data and did not therefore require ethical approval. In this study, three
types of analyses—namely, two-sample bidirectional MR, multivariate
MR, and mediation analyses-were conducted as research methods.

2.2 Data sources

All GWAS data used in this study are available from the IEU
OpenGWAS project' and FinnGen alliance.” The pooled KOA data
used in this study were obtained from a large GWAS conducted by
Tachmazidou et al. (24), which included 24,955 cases and 378,169
controls from England, Scotland, Wales, and Northern Ireland.
Additionally, meta-analysis was performed using GWAS data from
the United Kingdom Biobank and arcOGEN database. Based on a
comprehensive consideration of previous literature review and
clinical observation, the risk factors for KOA included in this study
were hyperthyroidism, hypothyroidism, economic income, diet
(abstaining from sugar-sweetened or wheat products), height,
essential hypertension, educational level, hot drink temperature,
psychological and mental disorders (stress, depression, and
anxiety), and MS. Educational level was included in both subtypes.
Diseases associated with these risk factors were diagnosed
according to the International Classification of Diseases-10th
Revision criteria. Hot drink temperature was derived from a
questionnaire containing the following main question: ‘What hot
drinks do you prefer (e.g., coffee or tea)?’, with the response options
being ‘very hot, ‘hot, ‘mildly hot, and ‘non-hot’ drinks (13).
Additionally, genetic variation data on risk factors were provided
by the FinnGen Consortium, Medical Research Council Integrative
Epidemiology Unit, United Kingdom Biobank, Neale Lab, and
Science Genetic Association Consortium (Supplementary Table S2).
The present study also included potentially relevant mediators such
as BMI, alcohol consumption, smoking, and sex (25-27), with BMI
and smoking coming from the United Kingdom BiobanK’s big data
analysis and with alcohol consumption from the GWAS and
Sequencing Consortium of Alcohol and Nicotine use. Pooled data
on sex were from the combined analysis data of five different
cohorts (23andMe, United Kingdom Biobank, iPSYCH, FinnGen,
and Biobank Japan), totalling 3,309,398 samples by Pirastu
et al. (28).

1 https://gwas.mrcieu.ac.uk/
2 https://r8.finngen.fi/
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2.3 Genetic instrument selection

Independent SNPs with thresholds smaller than the genome-wide
significance threshold (5% 107*) were selected as IV to ensure the
authenticity and reliability of the causal relationship between risk
factors and KOA. Simultaneously, to avoid bias caused by linkage
disequilibrium among I'Vs, we used the TwoSampleMR package in R
to remove linkage disequilibrium (R*<0.001 and clumping
distance=10,000kb) (29), resulting in a total of 2039 SNPs. The F
statistic was employed to evaluate the effects of weak instrumental
variables. When F> 10, there is no bias caused by the influence of weak
IV (30). The F values of the SNPs in this study were > 29.69, providing
sufficient evidence that the strong association will not introduce bias.
SNP
Supplementary Table S3. To ensure that the SNP effects on exposure

summary data for risk factors are presented in
and outcome correspond to the same alleles and to avoid any
distortions in strand orientation or allele coding (31), we excluded

SNPs with incompatible alleles and those exhibiting palindromic

10.3389/fmed.2024.1405188

incompatible alleles and 57 SNPs with palindromic structures were
excluded (Supplementary Table S4).

2.4 Statistical analysis

2.4.1 Univariate and multivariate MR analyses

A univariate two-sample bidirectional MR analysis was performed
to clarify the direct genetic causality between KOA and its risk factors.
In this study, the Wald ratio method was first used to test the causal
effect size of each IV on KOA and provide evidence for the identified
association (32). Multiple independent and valid IVs were included,
and inverse variance weighting (IVW) was used as the main analysis
method to test causality. Additionally, to prevent the influence of
unknown confounding factors and ensure the reliability of the results,
four supplementary analysis methods—weighted median estimation,
MR-Egger regression, simple mode, and weighted mode—were used
for verification (33). The premise of IVW analysis is that there is no

structures with intermediate allele frequencies. Finally, 14  pleiotropy in the IV. Fixed effect IVW is usually used when all
A [ Study design and procedure of Mendelian randomization study ]
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Genetic instruments

Knee Osteoarthritis

Schematic diagram of Mendel randomization research design process. (A) Flow chart of Mendelian randomization. (B) Univariate two-sample
Mendelian randomization analysis of risk factors and KOA. (C) Multivariate Mendelian randomization analysis of risk factors and KOA. SNP, single
nucleotide polymorphism; KOA, knee osteoarthritis; MR, Mendelian randomization.

included SNPs are valid, and random effect IVW is used only when
there is obvious heterogeneity among the SNPs (34-36). When the
instrumental strength meets the requirement of independence from
the direct effect, the MR-Egger regression test can provide stronger
proof for the causal estimate. Additionally, when the intercept of the
MR-Egger regression is infinitely close to zero, the result is infinitely
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close to the IVW (37). Even if up to 50% of the IVs are invalid, the
weighted median estimation can still provide robust analytical results
(38). Simple and weighted modes ensure that when some IVs are
invalid, the results will not be distorted by the influence of bias (39).
To further assess the direct causality, mediating effects, and potential
horizontal multidirectionality between KOA and thyroid dysfunction,
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income, educational level, diet, mental disorders, height, essential
hypertension, multiple sclerosis, and other risk factors, all factors
(including the four mediators of BMI, smoking, drinking, and sex)
were incorporated in the same model, and multivariate MR analysis
was conducted based on linear weighted regression IVW and
MR-Egger methods to jointly estimate their causal effects on the risk
of KOA. However, because more exposures are likely to cause
collinearity, the mv-lasso function was applied to remove unnecessary
exposures and correct the results. Additionally, the formula
F=(N-k-1)/kxR2/(1-R2) was used to determine whether a
weak instrument bias influenced the F-value measurement.

2.4.2 Mediation analysis

Multivariate MR results indicated that BMI might be a mediator;
hence, mediation analysis was performed using R software in order to
further evaluate the mediating effect and mediator share of BMI in the
causal relationship between KOA and the risk factors. First,
two-sample MR was conducted to ensure that there was a causal
relationship between exposure and BMI and between BMI and KOA,
and the effect value between exposure and BMI (BetaXZ) was then
calculated. Second, multivariate MR was used to examine the effect of
BMI as a potential mediator on KOA (BetaZY) and the adjusted effect
value between exposure and KOA (BetaXY1). Finally, univariate MR
was performed to evaluate the causal effect between exposure and
KOA (BetaXY) and to calculate the mediating effect (BetaXZxBetaZY)
and the share of the mediating effect (BetaXZxBetaZY/BetaXY).
Additionally, the coefficient product test was used to calculate the
mediating effect and its confidence interval (CI).

2.4.3 Sensitivity analyses

Sensitivity analyses can be used to test whether the causal
associations from MR analyses are robust. First, heterogeneity among
the IVs was assessed by calculating Cochran’s Q value; if significant
heterogeneity existed, a random-effects model was used (29). Second,
MR-Egger regression was performed, and the p value of its intercept
was used to test horizontal pleiotropy. Leave-one-out tests were
performed to assess whether causal associations were driven by a
SNP (40). using MR-PRESSO detection,
we re-examined whether level pleiotropy existed, removed the outliers,

specific Finally,
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and corrected the causal effect values (41). We also used R language
to visualize the MR analysis results, including scatter, forest, and
funnel plots and sensitivity analysis. All statistical analyses were
the ‘TwoSampleMR;, ‘MR-PRESSO;,
‘MendelianRandomization, and ‘MVMR’ packages of R software

performed  using
version 4.2.2 (The R Foundation for Statistical Computing, Vienna,
Austria), with two-sided p values <0.05 being considered
statistically significant.

3 Results
3.1 Causal effects of risk factors and KOA

Univariate MR analysis revealed that genetically predicted
hypothyroidism, hyperthyroidism/thyrotoxicosis, economic income,
diet (abstaining from sugar-sweetened or wheat products), height,
essential hypertension, educational level, hot drink temperature,
mental disorders (stress, depression, and anxiety), and MS were
causally associated with KOA (Supplementary Figure S1). The results
indicated that hypothyroidism (odds ratio (OR): 5.56, 95% CI: 1.22-
25.32, p=0.026), hyperthyroidism/thyrotoxicosis (OR: 711.17, 95%
CI: 49.38-10242.78, p=1.40E-06), abstaining from wheat products
(OR: 23.89, 95% CI: 5.13-111.22, p=5.256E-05), abstaining from
sugar-sweetened products (OR: 6.95, 95% CI: 1.83-26.42, p=0.004),
height (OR: 1.09, 95% CI: 1.03-1.17, p=0.006), primary hypertension
(OR: 2.11, 95% CI: 1.11-4.02, p=0.023), and MS (OR: 1.13, 95% CI:
1.04-1.22, p=0.003) increased the risk of KOA, whereas income (OR:
0.69, 95% CI: 0.58-0.82, p=4.062E-05), educational level (OR: 0.52,
95% CI: 0.38-0.71, p=2.829E-5), years of schooling(OR: 0.58, 95% CI:
0.52-0.64, p=3.254E-24), hot drink temperature (OR: 0.55, 95% CI:
0.36-0.85, p=0.007), and psychiatric disorders such as stress,
depression, and anxiety (OR: 0.37, 95% CI: 0.003-0.47, p=0.011)
reduced the risk of KOA (Figure 2; Supplementary Table S5;
Supplementary Figure S2). In the reverse MR analysis, KOA was only
associated with educational level (OR: 0.96, 95% CI: 0.93-0.99,
p=0.011), and no significant evidence was obtained for the causal
relationship or association of KOA with hypothyroidism (p=0.362),
hyperthyroidism/thyrotoxicosis (p=0.662), income (p=0.171),

Exposure Outcome Pvalue OR 95%CI
Hypothyroidism Knee osteoarthritis 0.026 . 5.56 1.22-25.32
Wisvear et @gzs, dlfly, wihee, ampze Whenk Knee osteoarthritis 5.26E-05 ; 23.89 5.13-111.22
products
Never eat eggs, dairy, wheat, sugar: Sugaror o0 ogovarthriis 0,004 i e 695  1.83:2642
foods/drinks containing sugar H
0 20 40 60 80 100 120
Exposure Outcome Pvalue OR 95%Cl
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FIGURE 2
Univariate Mendelian randomization results for the causal relationship between KOA and its risk factors. The blue diamond and error line indicate the
odds ratio and 95% confidence interval, respectively. OR, odds ratio
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FIGURE 3

Multivariate Mendelian randomization results for the direct causal relationship between KOA and its risk factors. The blue diamond and error line
indicate the odds ratio and 95% confidence interval, respectively. OR, odds ratio

abstinence from sugar-sweetened products (p=0.228), abstaining
from wheat products (p=0.651), essential hypertension (p=0.533),
MS (p=0.675), height (p=0.148), hot drink temperature (p=0.823),
and mental disorders (stress, depression, and anxiety) (p=0.447).

3.2 Multivariate MR analysis

In the multivariate MR model, owing to the potential collinearity
problem, we used the mv-lasso function to perform a lasso test
(collinearity correction) to correct outliers (34). After incorporating
the mediators of BMI, smoking, alcohol consumption, and sex, the
adjusted results indicated that hyperthyroidism/thyrotoxicosis (OR:
39.18, 95% CI: 1.85-825.95) had a significant causal relationship with
KOA. Sufficient evidence also suggested that hypothyroidism (OR:
10.37, 95% CI: 2.19-48.97), abstaining from wheat products (OR:
18.18,95% CI: 3.35-98.45), mental disorders (stress, depression, and
anxiety) (OR: 3.71, 95% CI: 1.01-13.75), height (OR: 1.22, 95% CI:
1.14-1.31), and educational level (OR: 0.58, 95% CI: 0.42-0.80; OR:
0.67, 95% CI: 0.58-0.78) were casually associated with KOA, whereas
essential hypertension (OR: 1.89, 95% CI: 0.92-3.88), MS (OR: 0.99,
95% CI: 0.77-1.27), income (OR: 0.82, 95% CI: 0.65-1.02), hot drink
temperature (OR: 0.71, 95% CI: 0.46-1.07), and abstaining from
sugar-sweetened products (OR: 1.7, 95% CI: 0.65-4.42) were not
statistically significant. Therefore, there was no evidence of a direct
effect on the incidence of KOA (Figure 3). In addition, we found in a
multivariate MR study that adjusted for smoking, alcohol
consumption, and sex were not mediators between risk factors and
KOA, and that the true mediator of significance was BMI.

3.3 Sensitivity analyses

The F-statistic for the genetic instrument ranged from 29.69 to
1976.82 (Supplementary Table S3). Therefore, there was sufficient
evidence to suggest that a weak instrument bias was unlikely.
Heterogeneity tests revealed potential heterogeneity in the causal
effect estimates between KOA and hypothyroidism, abstaining from
wheat and sugar-sweetened products, height, essential hypertension,
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educational level, hot drink temperature, MS, and psychiatric
disorders (Supplementary Figure S3). A random-effects model was
used to estimate the MR effect size, and the results suggested a causal
relationship (p <0.05). Based on the evidence of the pleiotropic effect
of essential hypertension on KOA, determined by means of the
MR-Egger’s intercept test, we repeated the MR-PRESSO test after
deleting the outliers in the IV, and no significant pleiotropic effect was
observed (Supplementary Table S6). Finally, leave-one-out analysis
showed that the causal effect between risk factors and KOA was robust
(Supplementary Figure S4).

3.4 BMI mediated The genetic predictive
effect of risk factors On KOA

Mediation analysis revealed that genetically predicted BMI
mediated income (mediation effect=—-0.2736; 95% CI: —0.3138,
—0.2334; mediated proportion=73.99%), abstaining from wheat
products (mediation effect=0.9789; 95% CI: 0.6204, 1.3374; mediated
proportion=230.85%), abstinence from sugar-sweetened products
(mediation effect=1.1101; 95% CI: 0.5556, 1.6646; mediated
proportion=>57.27%), height (mediation effect=—0.0717; 95% CI:
—0.1142, —0.0292; mediated proportion=99.18%), educational level
(mediation effect=—0.2774; 95% CI: —0.3172, —0.2376; mediated
proportion =42.66%; mediation effect=—0.2442; 95% CI: —0.2755,
—0.2129; mediated proportion=44.18%), mental disorders (nerves,
anxiety, tension, or depression) (mediation effect=—0.675; 95% CI:
—1.0436, —0.3064; mediated proportion=20.47%), and KOA.
(Table 1).

4 Discussion

Currently, the prevention, diagnosis, and treatment of KOA are
major challenges for the public health system. In this study, based on
large GWAS data, we used an MR analysis system to verify the causal
association between 12 KOA-related risk factors and KOA and to
determine whether this relationship could be trusted. Single-sample
MR analysis based on genetic predictions revealed that
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TABLE 1 BMI mediated the genetic predictive effect of risk factors on KOA.

10.3389/fmed.2024.1405188

Exposure Intermediary Outcome Mediation Proportion of 95%Cl
factors effect mediation effect
Average household income before taxes BMI KOA —-0.2736 73.99% —0.3138, —0.2334
Never eat eggs, dairy, wheat, sugar: Wheat
BMI KOA 0.9789 30.85% 0.6204, 1.3374
products
Never eat eggs, dairy, wheat, sugar: Sugar or
BMI KOA 1.1101 57.27% 0.5556, 1.6646
foods/drinks containing sugar
Standing height BMI KOA -0.0717 99.18% —0.1142, —0.0292
Age at completion of full-time education BMI KOA —-0.2774 42.66% —0.3172, —0.2376
Education level BMI KOA —0.2442 44.18% —0.2755, —0.2129
nerves, anxiety, tension or depression BMI KOA —0.6750 20.47% —1.0436, —0.3064
hypothyroidism,  hyperthyroidism/thyrotoxicosis, ~ income, chondrocalcinosis (46), which is consistent with the results of our

educational level, height, hot drink temperature, diet (abstaining
from wheat and sugar-sweetened products), psychiatric disorders
(stress, depression, and anxiety), and KOA risk were causal factors.
MVMR analyses showed that the causal effects somewhat changed
after the inclusion of BMI, sex, smoking, and alcohol consumption
and that hyperthyroidism/thyrotoxicosis, essential hypertension,
educational level, abstaining from wheat products, and income
remained to be significantly causally associated with KOA and could
directly influence KOA, whereas height, hot drink temperature,
hypothyroidism, abstinence from sugar-sweetened products,
depression, and other psychological factors were not directly
causally associated with KOA. A mediating factor, BMI, was
also identified.

4.1 Thyroid function and KOA

Few observational studies have examined the association between
thyroid function and the incidence of KOA. In the Framingham
Osteoarthritis Study of 1996, involving 798 women and 577 men, no
association was observed between serum thyroid-stimulating
hormone (TSH) concentration and KOA. Therefore, there was no
evidence that thyroid function was associated with KOA. However,
this study only considered serum TSH concentration over a certain
period and ignored the development and changes in TSH levels (42,
43). Our MR study made important adjustments, and the results
showed that there was a significant positive correlation between
hyperthyroidism or hypothyroidism and KOA. A recent retrospective
study of 109 patients with thyroid dysfunction who underwent
musculoskeletal ultrasound (MSUS) examination and clinical
evaluation showed that the knee joint effusion rate, overall MSUS
severity score, Visual Analog Scale score, and abnormal frequency of
MSUS were significantly higher in patients with thyroid dysfunction,
and the imaging examination results were consistent with the clinical
evaluation. Therefore, hypothyroidism and hyperthyroidism are
causally associated with KOA and could increase the risk of KOA (11).
The potential mechanism may be that TSH affects the synthesis of
hyaluronic acid and proteoglycans, and increases the viscosity of the
knee synovial fluid, leading to KOA-related symptoms (44, 45).
Another prospective cohort study also demonstrated that
hypothyroidism could cause knee joint degeneration through
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MVMR analysis.

4.2 Hypertension, MS, and KOA

Hypertension is an important risk factor for KOA (47, 48), and
some recent studies have identified MS as a new risk factor for KOA,
which has increasingly gained attention (49, 50). Univariate MR
results indicated a causal relationship between MS, hypertension,
and KOA; in contrast, multivariate MR analysis showed no statistical
significance, which was a somewhat surprising result. We randomly
performed mediation analysis and found that BMI mediated the
association between MS, essential hypertension, and KOA. A large
meta-analysis of four databases-EMBASE, PubMed, Cochrane
Library, and MEDLINE-and conference materials, including 1,609
articles, showed that KOA was positively correlated with MS (OR:
1.41, 95% CI: 1.16-1.73) and hypertension (OR: 1.70, 95% CI:
1.411-2.052) in radiology studies and with MS (OR: 1.17, 95% CI:
1.03-1.33) and hypertension (OR: 1.32, 95% CI: 1.18-1.47) in
symptomatic studies (10). A previous meta-analysis combined with
MR analysis highlighted that hypertension increased the incidence
of KOA by 62% and that the association between hypertension and
KOA persisted even when the association strength decreased from
3.06 to 1.42 after adjustment for body mass index (BMI) (51). The
underlying mechanism may be that hypertension may cause
intraosseous hypertension, leading to arterial and venous blockage,
reduced bone blood flow, subchondral bone ischaemia, and bone
cell apoptosis. Therefore, osteoclasts mediate bone resorption,
destroy the mechanical support of the covering cartilage, interfere
with the exchange of gasses and metabolites in the bone-cartilage
functional unit, and thus induce KOA (52, 53). Concurrently,
hypertension can also damage vascular endothelial cells and
promote the secretion of prostaglandins, which leads to joint
inflammation and cartilage damage (54). A cohort study based on
baseline data and controlling for covariates such as sex, race, and
BMI not only demonstrated a causal relationship between
hypertension and KOA but also demonstrated an association
between hypertension and pain in patients with KOA (55). MS is a
series of diseases caused by abnormal human metabolism, including
central obesity, dyslipidaemia, and insulin resistance (56). However,
the mechanisms underlying the relationship between MS and KOA
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remain unclear. Inflammatory mechanisms, oxidative stress, the
accumulation of advanced glycation end products (AGE), and
ectopic lipid deposition in chondrocytes caused by abnormal lipid
metabolism can cause KOA (57). Recent studies have shown that
macrophages play a key role in this process. On the one hand, MS
can promote the polarization of M1 macrophages by acting on AGE
and free fatty acids (FFAs) of macrophages, and AGE can increase
the transcription of interleukin (IL)-1p by regulating the NF-xB
pathway. FFAs bind to toll-like
pro-inflammatory factors (58, 59), whereas the adipokine leptin
activates the JAK2-STAT3 and PI3K-AKT-mTOR pathways in
macrophages, promoting a pro-inflammatory phenotype through
the secretion of tumor necrosis factor (TNF)-o and IL-1p (60, 61),
resulting in chronic inflammatory hyporesponse and cartilage

receptor 4 to release

destruction or deformation. On the other hand, MS can increase
chondrocyte degradation through AMPK activity inhibition,
whereas excessive mTOR activation inhibits chondrocyte autophagy,
preventing self-repair and causing knee chondrocyte damage and
KOA (62-64).

4.3 Educational attainment, income, and
KOA

With respect to the social economy, educational level and income
are closely related to KOA onset (9). This is supported by the results
of the univariate MR analysis in the present study, which indicated
that educational level and income were negatively associated with
KOA onset. Nevertheless, no independent effect of income on KOA
was observed in multivariate MR, which may be mediated by BMI. A
study based on data from the Korean National Health and Nutrition
Examination Survey (KNHANES V) found that the risk of KOA was
1.5 times higher for people with low income than for those with high
income, and 2.6 times higher for those with a low educational level
than for those with college or higher education. These findings did not
vary based on sex. The results remained significant after adjusting for
confounding factors such as age and BMI, and the imaging findings
provided evidence supporting this idea (65). This point of view has
also been confirmed in relevant studies in China, the United States,
Denmark, and Japan (66-69). The underlying reason may be that
people with a lower relative income engage in relatively heavy physical
labor, experience more serious wear on the knee joint, and are less
willing to seek medical treatment when they experience discomfort in
the early stage (66). Educational level was generally positively
correlated with income. However, this correlation was not absolute.
People with low educational levels are less aware of KOA and related
health policies, which cannot be effectively prevented. This is also a
potential cause of KOA development and aggravation (70).

4.4 Depression and KOA

Previous studies have found that mental disorders such as
depression increase the risk of KOA (71, 72). This was supported by a
recent national cohort study, which showed that depression increased
the risk of KOA at baseline over a 4-year follow-up and found a
bidirectional association between depression and KOA (73). The
association between depression and KOA may be explained by the
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inflammatory immune mechanism, which is related to the production
and release of TNF-«, IL-1f, IL-6, and IL-8 (74, 75). Additionally, the
proposed bone-brain axis may provide new insights into this
association (76). Our MR results showed that psychological factors
such as depression were negatively associated with KOA. We also
performed reverse MR; however, this was contrary to the above
clinical observations and did not achieve the expected results.
Therefore, more rigorous clinical trials in genetics should be conducted
to verify this association, which is a new direction for future
in-depth research.

4.5 Diet and KOA

In this study, we mainly studied the consumption of whole
wheat and its products and the consumption of sugar-sweetened
products. Univariate and multivariate MR revealed a significant
positive correlation between abstaining from whole wheat and its
products and the risk of KOA. In other words, the intake of wheat
and its derivative products was negatively correlated with the risk
of KOA. The results of previous studies were consistent with our
MR analysis results (77). Wheat is an important source of dietary
grain fiber (78, 79), and it is also part of the grains included in the
Mediterranean diet, which can reduce the risk of KOA owing to its
high dietary fiber content (80, 81). Presently, there is limited
research on the mechanism linking wheat and its products to KOA;
however, the whole wheat diet may be associated with a reduced
inflammatory response (82), and clinical trials have demonstrated
that it can lower blood lipid and cholesterol levels (83), which could
impact KOA. The univariate MR analysis of genetic prediction also
showed a causal association between sugar deprivation and KOA;
however, the multivariate MR analysis showed that this association
was not obvious. Therefore, we believe that this association can
be due to the existence of mediating factors. The mechanism
underlying the relationship between glucose deprivation and KOA
remains unclear. Current studies have shown that articular cartilage
is an indispensable part of the knee joint, where only chondrocytes
reside. The metabolic homeostasis of chondrocytes is related to the
structure and function of cartilage tissue. Chondrocytes are
required to obtain glucose and oxygen from the subchondral valley
and synovial fluid for glucose metabolism (84). If this process leads
to an insufficient nutrient supply, the cartilage will be damaged.
Approximately 95% of adenosine triphosphate in chondrocytes is
produced by glucose metabolism. We hypothesized that prolonged
fasting from carbohydrate products may restrict chondrocyte
glucose intake, leading to inhibited mitochondrial respiration,
overactive or impaired glycolysis, and reduced total adenosine
triphosphate production, assuming other factors remain constant
(85-87). Therefore, it leads to a glucose metabolism disorder in
chondrocytes and destroys the stability of the structure and
function of cartilage tissue, leading to joint degeneration (88, 89).
Additionally, current experiments have demonstrated that a high-
sugar diet can increase the risk of KOA (90). A high-sugar diet can
increase the release of free radicals, accelerate the process of
degeneration, and increase the production of pro-inflammatory
factors, leading to the formation of a local pro-inflammatory
environment and increased risk or aggravation of KOA (91).
Therefore, sugar should be moderately consumed in daily life.
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4.6 Height and KOA

We observed a possible association between height and genetically
predicted KOA. A Finnish population-based cohort study that adjusted
for confounding factors yielded consistent results (92). Current research
has focused on obesity and KOA. Particularly, most studies have
focused on the associations among BMI, weight, and KOA. Interestingly,
few studies have focused on the causal relationship between height and
KOA. Hart et al. incidentally found a positive correlation between
height and KOA in knee joint radiological observations in middle-aged
British women (93). Presently, the basic index for determining obesity
is BMI; however, most researchers consider weight, waist circumference,
and fat (94) and ignore the effect of height, especially in patients with
KOA having a normal BMI. From a mechanical perspective, leg length
is directly proportional to the pressure generated by the knee. In
addition, some studies have found that height and upper body weight
are closely related to knee cartilage compression (92). Concurrently,
some studies have shown that height is closely related to bone
morphology and cartilage thickness, which may be a potential factor
influencing the relationship between the two (95).

4.7 Hot drink temperature, balneotherapy,
and KOA

In daily life, drinking hot drinks helps attenuate the risk of KOA, as
compared to cold drinks. Nonetheless, very little research has been
conducted on this topic, with a greater focus on balneotherapy and
KOA. We found a genetic link between hot drink temperature and KOA,
whereas previous studies reported that balneotherapy effectively relieved
the symptoms of KOA (96, 97). As a non-drug complementary therapy
for KOA, the mechanism of balneotherapy remains unclear; however,
balneotherapy has been verified to affect the progression of KOA
through thermal, chemical, and mechanical pathways, among which
thermal stimulation plays a more important role (98). Matsumoto et al.
found that balneotherapy can significantly improve pain, stiffness, and
functional limitations of patients and greatly improve their quality of life
(99). Moreover, soaking the knee joint in warm water causes a
neuroendocrine response through overheating stimulation, which
increases the concentration of serum opioid peptides (such as enkephin)
to achieve analgesic and sedative effects (100, 101). Heat stimulation also
relieves muscle spasms, inflammation, and oxidative stress. A hot mud
bath may reduce the release of pro-inflammatory factors IL-1p, TNF-a,
and IL-8, increase the level of anti-inflammatory transforming growth
factor-p, and increase the level of cortisol to reduce the inflammatory
response. Promoting the reduction in serum extracellular heat shock
protein 72kDa levels can also reduce the release of pro-inflammatory
factors (102, 103). Cells and microRNAs (miRNAs) can regulate each
other. miRNAs play an important role in the pathogenesis of
osteoarthritis and have been detected in human synovial fluid. Therefore,
miRNAs can be used as both diagnostic markers and therapeutic targets
(104, 105). miRNA-181a has a positive correlation with KOA owing to
its involvement in cartilage degradation (106), and the upregulation of
miRNA-155, miRNA-223, miRNA-181a, and miRNA-146a levels all play
a role in the pathogenesis of cartilage damage and synovitis (107). A
previous trial found that after mud bath treatment, miRNA-155,
miRNA-223, miRNA-181a, and miRNA 146a levels in patients with KOA
were significantly decreased, suggesting that balneotherapy has a unique
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therapeutic effect on KOA (108). In our MR study, hydrotherapy was the
main focus of balneotherapy, and the multivariate MR results suggest a
potential mediating effect. Through literature review, we found that
balneotherapy also includes mud therapy; therefore, confounding factors
may affect the MR results. Consequently, we included mud therapy in
this study. Bath therapy has the advantages of safety and convenience,
and as an alternative therapy for KOA, it has a certain effect, which can
appropriately reduce the use of non-steroidal anti-inflammatory drugs,
as well as reduce pain and certain economic burden for patients with
KOA (109), with good economic and social benefits (110).

4.8 Advantages and limitations

This study has several advantages. First, the MR method used was
novel and could avoid bias caused by traditional epidemiological
observational studies. In this study, we used univariate and
multivariate MR analyses to evaluate the causal relationship between
risk factors and KOA from genetics and conducted multiple sensitivity
analyses to eliminate outliers. A comprehensive assessment of
causality makes the results more reliable. Second, we used publicly
available large GWAS data to ensure sufficient sample size and reliable
results. We also used independent data for validation to avoid an
overlap between the exposure and outcome samples (111). Third, the
data were obtained from a European population to avoid bias caused
by different populations. We used stringent standard screening tool
variables to ensure that extreme values did not affect the results.

However, this study had some limitations. First, there was
significant heterogeneity between some risk factors and KOA. Although
the evaluation using the random-effects model showed that the results
were robust, it inevitably posed some challenges to causality. Second,
our use of rigorous criteria for the selection of IV might have missed
some outcomes. Third, because of the excessive number of risk factors
studied, the results from the multivariate MR analysis were inaccurate
owing to bias caused by the existence of collinear problems; therefore,
our application of the mv-lasso function to solve collinear problems
corrected some outliers. Fourth, this study was based on a European
population, which limits the generalizability of the results because of
genetic differences among ethnic groups. Finally, the results of the MR
analysis suggested a causal association; however, further clinical trials
are needed to investigate the underlying mechanisms.

4.9 Clinical implications

This study provides an in-depth causal exploration of several potential
risk factors for KOA. We found that BMI plays an irreplaceable role as a
mediator between risk factors and KOA, which is in line with previous
MR and meta-analysis studies on the causal relationship (112-114)
between BMI and KOA that found that BMI increases the risk of KOA in
line with our-study results. In clinical settings, physicians can emphasize
the importance of weight management in KOA prevention and can
encourage healthy eating (advising them to avoid prolonged abstinence
from wheat products) and regular exercise to reduce obesity and related
health problems. By identifying factors that have a clear causal relationship
with KOA (hyperthyroidism/thyrotoxicosis, essential hypertension, MS),
physicians can be more precise in assessing a patient’s risk, and
concurrently treating and managing his or her thyroid disease,
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hypertension, and MS may help to reduce the risk of KOA. Public health
policymakers can build on these findings to develop more targeted
prevention and intervention measures, and by improving public health
education, the associations between educational attainment and income
and KOA risk found in the study remind public health policymakers of
the need to consider the impact of socioeconomic factors on health.
Policies can target low-income and less-educated populations with more
health support and resources. The findings could also be used to develop
health education policies for the general public, particularly in the areas
of diet and lifestyle, and consideration could be given to incorporating
screening and management of thyroid disorders and hypertension into
public health programs, as well as raising public awareness of KOA
risk factors.

5 Conclusion

In summary, our study systematically analyzed the causal
relationships between genetically predicted KOA and thyroid
dysfunction, MS, essential hypertension, educational level, income,
dietary factors, height, balneotherapy, and psychophysiological
factors. This study highlights the impact of modifiable risk factors on
KOA and suggests that the use of drugs that interfere with risk factors
can also affect the progression of KOA. Therefore, this study provides
a new research direction for the prevention and treatment of KOA and
information for the formulation of public health policies.
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Chronic pain management in
fiboromyalgia: the INTEGRO
(INTEGRated Psychotherapeutic
InterventiOn) protocol and its
application on two case studies

Ilenia Pasini'!, Valeria Donisi, Elisa Veneziani!, Cinzia Perlini?,
Marta Nizzero?, Irma Lippolis®, Enrico Polati?,
Vittorio Schweiger? and Lidia Del Piccolo*

Section of Clinical Psychology, Department of Neurosciences, Biomedicine and Movement Sciences,
University of Verona, Verona, Italy, 2Pain Therapy Centre, Department of Surgery, Dentistry, Maternal
and Infant Sciences, Verona University Hospital, Verona, Italy, *Rheumatology Unit, University of
Verona, Verona, Italy

Objectives: To present an innovative integrated manualized psychotherapeutic
intervention for fibromyalgia (FM) based on cognitive and behavioral therapy,
acceptance and commitment therapy, and somatic experiential techniques
(namely the INTEGRated Psychotherapeutic InterventiOn, INTEGRO) and
illustrate its application on two case studies.

Methods: INTEGRO is composed of 12 individual sessions. The main objectives
of the intervention were psychoeducation of chronic pain mechanisms,
understanding the role of cognitive and emotional variables in one's pain
perception, teaching patient-tailored skills to increase pain awareness and its
management, and learning how to live with pain experience. A 57-year-old
woman (patient A) and a 26-year-old woman (patient B) with FM have been
selected to describe their care pathways connected to the INTEGRO protocol.
Data related to assessment variables and clinical processes have been reported,
focusing on the mechanisms that contribute to the maintenance (i.e., avoidance
or overcompensation) of chronic pain in FM, on the role of patients’ naif theories,
and on the implications that all these aspects may have on the burden related
to pain management.

Results: Both patients showed a reduction in FM burden and an increase in self-
efficacy in pain management: patient A reported an improvement in emotional
regulation ability; patient B showed a decrease in pain interference in work
activities and on emotional dimension.

Conclusion: Examining each phase of the clinical protocol through the lens
of its clinical application, the paper provides insights into the relationship
among crucial psychosocial mechanisms, pain perception, management
in FM treatment, and how all these aspects have been dealt with during
psychotherapeutic treatment.

KEYWORDS

chronic pain management, fibromyalgia, cognitive behavioral therapy, acceptance
and commitment therapy, mind—body intervention, self-efficacy, clinical protocol,
health-related quality of life
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1 Introduction

Fibromyalgia (FM) is one of the prevalent causes of chronic,
widespread pain that primarily affects women (3:1, female-to-male
ratio) (1). The prevalence of FM varies depending on the diagnostic
criteria used to characterize the disorder, although it generally
accounts for 2-3% worldwide (2).

Persons with FM report mainly chronic and diffuse
musculoskeletal pain, together with a heterogeneous set of complex
poly-symptomatology, such as physical and mental fatigue, anxiety
and depressive symptoms, sleep disorders, headache, hypersensitivity
to external stimuli, and other functional disorders (3-6). However, the
clinical presentation might vary significantly within the same person,
by context and time, and among persons themselves (7, 8).

The FM pathogenesis is multifactorial and still needs to
be clarified. Several factors should be considered as potential disease
triggers (9). One recognized hypothesis describes FM as a central
sensitization syndrome characterized by the alteration of nociceptive
processes (10-12). However, recent findings support the hypothesis
that the disease manifests as stress-related dysautonomia with
neuropathic pain features (9, 13). Without reliable and easy-to-use
biomarkers for daily clinical practice, self-reported instruments are
generally utilized to assess this condition (14). The diagnostic process
is often long and complex, contributing to patients’ feelings of being
invisible, neglected, and “not taken seriously” (15, 16).

The disabling symptoms of FM cause a significant decrease in
health-related quality of life (HrQoL), a considerable impact on daily
functioning and social interactions, and an increase in emotional
distress (17, 18). According to a recent study, the HrQoL categories
most affected are “physical pain” and “vitality” (19). Individuals with
FM appear to have difficulties in emotion regulation, higher presence
of negative affective states, and alterations in enteroception; 60% of
persons with FM present a lifetime prevalence of anxiety disorders,
while depression is observed in 14-36% of cases (2, 3, 20). Anxiety
and depressive symptoms are examples of emotional distress that
exacerbates the primary FM symptoms (such as pain, fatigue, and
insomnia). This lowers HrQoL and indirectly increases the negative
impact of pain on HrQoL (20-22). Moreover, emotional distress,
associated with pain-related catastrophic thoughts and fear of pain,
contributes to a more intense and aversive pain experience (23, 24).
Several studies showed that improved emotional awareness and
regulation enhance psychological wellbeing, pain adaptation, positive
stress management, and treatment compliance (22, 25-27).

In persons with FM, body perception is characterized by selective
and dysfunctional attention to somatic signals, especially those related
to painful symptoms, resulting in more significant concerns about
their body and avoidance of bodily sensations (28-30).

As regards other psychological variables, self-efficacy and coping
strategies have been frequently studied in patients with chronic pain,
including FM. Pain-related self-efficacy is associated with better pain
adaptation and reduced disability, mediating the effects on the possible
development of depressive state symptoms (24, 31, 32). Avoidance,
overdoing, and pacing coping strategies result in prevalent approaches
to dealing with pain in FM (33). Specifically, pain-related fear leads to
avoidance behaviors (34), which, in turn, modify patients’ motor
patterns, altering body awareness and reducing physical agility (e.g.,
loss of balance) (29, 35). Distraction and “overdoing” are two examples
of avoidance behaviors, whereas the ‘pacing’ coping strategy, defined
as an “activity-rest” cycle or “slow-but-steady” movement (36),
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appears to be adaptive for chronic pain management (33). Distraction
without reframing what happened negatively impacts the severity of
the perceived pain (28, 37). Excessive persistence or “overdoing”
means that the activity is prolonged or performed at a higher intensity
than the patient can tolerate (i.e., when perseverance in the activity
permits a task to be completed without a flare-up of discomfort, this
appears to be a functional approach; on the contrary, it represents a
maladaptive overdoing) (33, 38).

Taking into account the characteristics of FM, treatment should
be tailored to the patient and based on a biopsychosocial approach by
integrating different components, such as pharmacological and
psychosocial treatment, as well as physical activity (39-41).

A growing body of evidence supports the effectiveness of
psychological therapy in managing the wide range of cognitive,
emotional, and behavioral symptoms associated with FM, with a
relevant role for clinical psychologists in the multidisciplinary team for
FM treatment. Given the critical role of psychological variables in FM
(42), psychotherapy may be beneficial for treating chronic pain (40, 43,
44), with some approaches being especially effective in improving
emotion regulation competencies and functional pain-related coping
strategies. Specifically, cognitive behavioral therapy (CBT) has been
shown to reduce painful symptoms and negative mood deflection and
to improve HrQoL and self-efficacy (45, 46) in pain management of
FM patients. Acceptance and commitment therapy (ACT) has been
shown to enhance the acceptance of pain and reduce pain
catastrophizing (47). Body-oriented psychotherapy interventions (i.e.,
mind-body interventions, embodied cognition approach, and body
awareness therapy) also seem to have a positive effect on the
management of somatic symptoms related to chronic pain (48) and
fibromyalgia syndrome (49, 50). Recently, in the management of FM,
practices focused on embodied cognition, based on movement or the
perception of it and aimed at reestablishing sensorimotor integration
has been considered crucial for fostering reconnection with bodily
sensations, promoting a confident and non-judgmental view of one’s
body (29).

Given the documented relevance and benefits of CBT, ACT, and
the recent interest in embodied cognition approaches for pain
management, the INTEGRated psychotherapeutic intervention
(namely INTEGRO) protocol has been created to help persons with
fibromyalgia manage chronic pain (51). The INTEGRO protocol has
the peculiarity of integrating, in a manualized treatment, evidence-
based practices that help FM patients deal with pain to achieve the
following targets:

o To reduce the impact of fibromyalgia symptoms on daily activities
by improving HrQoL,

« To lower pain intensity perception,

« To increase perceived self-efficacy in pain management,

« To improve emotional regulation skills.

This study aimed to: (i) describe in detail all steps and topics of the
INTEGRO intervention; (ii) show how the implementation of
multimodal pain management in clinical practice can be organized by
describing the INTEGRO application to two different cases,
prototypical of FM patients; (iii) report how the intervention impacts
on HrQoL, pain perception, pain-related coping strategies and
perceived self-efficacy, psychosocial mechanisms related to pain,
emotional regulation skills and body awareness in each of the
two patients.
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2 Materials and methods
2.1 Procedure

The INTEGRO INTEGRated Psychotherapeutic
InterventiOn’ is an exploratory longitudinal prospective study (see

study

Pasini et al. (51) for a complete description of the study protocol) and
is based on the collaboration between the Clinical Psychological
Unit, the Pain Unit, and the Rheumatology Unit of Verona Hospital
(Azienda Ospedaliera Universitaria Integrata—AOUI). The study
has been approved by the Ethical Committee of Verona Hospital
(Prot n. 54513, 12/09/2022). The medical staff of the Pain Unit and
the Rheumatology Unit recruit patients who meet the inclusion
criteria (i.e., FM diagnosis according to established ACR criteria—
American College of Rheumatology (52), and idiopathic chronic
pain; 18-65years old; Italian-speaking; able to provide
informed consent).

After being selected, patients sign the informed consent form
before participating.

The timeline and procedure of the INTEGRO protocol are

reported in detail in Figure 1.

10.3389/fmed.2024.1408693

2.2 INTEGRO assessment

Each patient was assessed by using the following instruments:

Revised Fibromyalgia Impact Questionnaire (FIQ-R) Italian

version (53, 54) to evaluate functioning, symptoms, and impact
on daily activities (HrQoL) of FM;

McGill Pain Questionnaire (MPQ) Italian version (55, 56) and the
Brief Pain Inventory (BPI) Italian version (57-60) to measure pain
intensity perception and different components of pain;

Pain Self-Efficacy Questionnaire (PSEQ) Italian version (61, 62)
to evaluate self-efficacy in chronic pain management;

Difficulties in Emotion Regulation Scale (DERS) Italian version
(26, 63) to assess emotion dysregulation and the acquired skills
to reduce it.

The evaluation of pain using the MPQ has been performed at T0,
T2,7T5,T9,and T12.

The pre- and post-assessment of the other psychosocial variables
was conducted before the intervention (T0) and 1 week before the end
of treatment (T13).

[
EVALUATION AND ENROLLEMENT (T0a)
CRF, socio-demographicschedule, SCL-90

PRE-TREATMENT (T0b)
FIQR, MPQ, BPI, PSEQ, ASQ, TEC, DERS, FFMQ, and psychophysiological profile

—SR (82)). The
stimuli.

are also
*Only by specific patient consent submission
** The evaluation involves both the patient and the therapist

FIGURE 1
Timeline and procedure of the INTEGRO protocol.

TREATMENT
_n
| 2
T3-T4
Psychotherapy MPQ scale Fr TS
Psychotherapy T6
Physiologicalrecording Ps _
ychotherapy MP | - =
Audio-video recording® psych otg::: Pi Iﬂ 13 T9
g ! g ¥
SEEVAS E'ng\elssj Physiologicalrecording  psychotherapy T10 -T11
Audio-video recording* Psychotherapy MPQ scale -_ T12
VAS-E, WAI-SR scales™* Psychotherapy |
Physiologicalrecording Psychotherapy MPQ scale
Audio-video recording*® Psychotherapy

VAS-E, WAI-SR
scales**

Physiologicalrecording
Audio-video recording®
SEP, VAS-E, WAI-SR
scales**

POST-TREATMENT (T13)
FIQ-R, BPI, DERS, PSEQand psychophysiological profile

FOLLOW-UP 1 MONTH
FIQ-R, BPI, DERS, PSEQand psychophysiological profile

FOLLOW-UP 6 MONTHS
FIQ-R, BPI, DERS, PSEQ

At TOa, patients complete the Socio-demographic schedule, the Clinical Record Form (CRF), and the Symptom Checklist(SCL-90 Italian version (72-74)).

At TOb, patients complete the Revised Fibromyalgia Impact Questionnaire (FIQ-R (53,54)), McGill Pain Questionnaire (MPQ (55,56)), Brief Pain Inventory (BPI (57-60)), Pain Self-Efficacy Questionnaire (PSEQ (61,62)),
Difficulties in Emotion Regulation Scale (DERS (26,63)), Attachment Style Questionnaire (ASQ (75,76)), Traumatic Experience Checklist (TEC (77)), Five Facet Mindfulness Questionnaire (FFMQ (78,79)), Visual Analogue
Scale-Empathy (VAS-E), Perceived Empathy Scale (SEP Italian version (80) of the empathic understanding EUS, subscale of the Barrett-Lennard relationship inventory (81)), Working Alliance Inventory Short Revised (WAl
i i 1l d: cardiac activity (ECG), electrodermal activity (EDA), respiratory activity, and temperature-T, while presenting several cognitive and emotional
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For more details on all questionnaires adopted in the INTEGRO  psychologists skilled in CBT and ACT and trained in the application
study, see Pasini et al. (51). of relaxation and mindfulness-based approaches with expertise in
chronic pain management.
The intervention is structured in three phases and comprises
2.3 Description of the INTEGRO 12 sessions of 1 h each, performed every 7 or 15 days, according
intervention to the patient’s needs. Clinical psychologists manage the
intervention according to a manualized protocol containing
INTEGRO is implemented in the Clinical Psychology Unit of the  specific aims, topics, and exercises for each session.
Verona University Hospital, Italy, and is led by two clinical The principal steps of the intervention are described in Table 1.

TABLE 1 INTEGRO intervention’s main characteristics.

Phase 1—Engagement, Motivation, Psychoeducation

Sessions 1-2—Description of pain history, theories, and experiences related to disease and introduction to pain mechanisms.

Promote pain awareness using the McGill Pain Questionnaire (MPQ) and pain monitoring log (i.e., antecedent to the onset of the painful symptom, possible triggering
factors, related thoughts, emotions and physical sensations, pain reaction, and outcomes).

Psychoeducation on pain (e.g., evolutive functions of pain, sensory, cognitive, affective, and behavioral components of pain, mechanisms of functioning) that aims to help the
patient recognize pain components through a specific pain monitoring log (created ad hoc for INTEGRO).

Sessions 3—Psychoeducation on chronic pain (e.g., the difference between acute and chronic pain, central sensitization and alterations of pain inhibitory mechanisms, the
role of perception in the experience of pain).

To promote awareness of pain-related cognitive mechanisms by using a pain monitoring log (created ad hoc for INTEGRO).

Session 4—Pain maintenance mechanisms (i.e., presence of pain management strategies based on the control paradigm, pain maintenance cycles related to discouragement/
depression, anger, anxiety, and fear, both using illustrative graphic representations and through the construction of one’s schemes)

Session 5—Pain communication (i.e., the patient learns how to communicate one’s needs and states of distress, interpersonal cycles of rejection, and distancing or over-
caring)

Self-awareness of interpersonal cycles can be achieved using graphical representations (forms created ad hoc for INTEGRO).

Promote awareness of current pain using the MPQ Scale.

Session 6—Coping strategies (i.e., the patient becomes aware of personal coping strategies and protective behaviors by using graphic representations showing stress-pain and
vicious maintenance cycles) (e.g., rumination, hyperarousal, and avoidance) (forms created ad hoc for INTEGRO).

Learning the distinction between “clean” pain (“nociceptive pain”) and “dirty” pain (the subjective sensation related to the pain that inhibits our life) through the patients
reports and pain monitoring log [forms created ad hoc for INTEGRO and partially modified from Joann and Lundgren (69)].

Phase 2—Cognitive Restructuring, Avoidance Reduction, Promotion of Alternative Behavioral Strategies, Experiential Awareness Techniques, and Defusion

Session 7—Body awareness (i.e., to promote the distinction between “clean” and “dirty” pain using a specific log in which the patient describes the situational antecedent,
clean pain vs. dirty pain intensity; to reduce avoidance and to promote alternative behavioral strategies; to introduce body awareness techniques to recognize and distinguish
somatic signals with the aim of appropriately regulate them).

To help the patient understand her relationship with her body regarding emotions and sensations, she should observe what can be perceived through the body (without
focusing on painful sensations) and use grounding resources [adapted from Ogden and Fisher (70)].

Session 8— Awareness of body sensations to improve relaxation skills (i.e., psychoeducation on the physiological component of emotions to improve awareness of bodily
sensations and their variation in stressful situations)

Embodied techniques to improve relaxation skills focused on body temperature.

Session 9—Value orientation (i.e., to help the patient identify her values and actions in line with her values).

To promote awareness of current pain using the MPQ Scale, evaluating how the ability to recognize bodily sensations is evolving.

Session 10—Cognitive defusing to promote pain acceptance

Use of embodied techniques focused on the breath to identify somatic centering resources [adapted from Ogden and Fisher (70)].

Introduction of embodied techniques to explore the qualities of pain and not be judgmental toward pain [forms created ad hoc for INTEGRO and partially modified from
Marchi and Blasutti (71)].

Session 11—Pain acceptance (i.e., cognitive defusing using a pain log) [forms created ad hoc for INTEGRO and partially modified from Joann and Lundgren (69)].
Embodied techniques to accept pain, welcoming pain in its characteristics, observing it without judgment, and guiding the breath through it.

Phase 3—Conclusion

Session 12—Definition of own toolkit for pain management (i.e., sharing of the objectives achieved during the treatment and identification of the tools acquired;
consideration of the difference between acceptance and resignation, also through an imaginative exercise)

Value the awareness of current pain using the MPQ Scale and how it is evolving, underlining the changeability of pain and the skills acquired by the patient to distinguish pain

components.
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2.4 Description of the two patients
selected to explain how INTEGRO protocol
works

Two patients were selected from the study to show how different
strategies for dealing with FM symptoms can be managed within the
INTEGRO protocol.

Case 1—Patient A:

o Patient A is a 57-year-old woman who lives alone and is
unmarried. She works as a professional nurse. FM was diagnosed
when she was 55 years old, although the pain began 2 years earlier.

o Characteristics of pain and fibromyalgia: Reported symptoms
included poly-district pain, the continuous and diffuse hitch
that primarily affected the lower and upper limbs, pelvic area,
and craniofacial area; severe asthenia; muscle fatigue; cognitive
deficit (reduction in concentration, memory, and attention);
non-restorative sleep; paresthesia; significant qualitative
changes in vision; poor tolerance to various foods; constant
profuse sweats accompanied by nausea; and a feeling of
deep anguish.

o Medical-surgical history: Clinical history is characterized by
significant psychological suffering as a result of traumatic events
(in childhood and early adulthood), mechanistic arthropathy
(polyarthritis) supported by the effects of ligamentous
hyperlaxity-type Ehlers-Danlos syndrome, spondylolysis,
spondylolisthesis (L5/S1) due to recurrent lumbago; bilateral
gonarthrotic pain, musculoskeletal headache, and migraine with
aura (adolescent onset), three traumatic brain injuries; removal
of myxoid liposarcoma in the right lower limb and local
radiotherapy, with the removal of the soleus muscle and sclerosis
of the surrounding soft tissues. The subsequent alteration of the
skeletal alignment has accentuated the preexisting widespread
pain in the compensatory postural phase and made it necessary
to use a walking aid.

o Pharmacological and non-pharmacological treatments and their
efficacy: The patient underwent cycles of hydrokinetic therapy
and free body gymnastics for deep muscle building, with
moderate results. She is treated with duloxetine (60 mg+30mg),
quetiapine (25mg), pregabalin (3x 25mg), and ibuprofen at
need, with 50-70% perceived pain relief.

Functional, emotional, and cognitive impact on the patient: Patient
A is currently on sick leave. She plans to apply for early retirement
due to a significant impairment in her ability to perform daily
activities (e.g., she is unable to drive autonomously and requires
specific assistive devices for mobility). Friends give her social
support, whereas her brother rarely does.

Case 2—Patient B:

« Patient B is a 26-year-old woman who works as a clerk, is single,
and lives with her parents. The diagnosis of FM was confirmed
in 2021, but the onset of pain traces back to childhood and
worsened during the previous year.

Characteristics of pain and fibromyalgia: Reported symptoms
include widespread pain, specifically in the cephalic and cervical
area, upper limbs, and rarely in lower limbs, chronic pelvic pain,
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lumbago, fatigue, cognitive impairment, non-restorative sleep,
the feeling of swelling in the hands, auditory sensory losses, and
poor tolerance to various foods.

o Medical-surgical history: clinical history is characterized by
numerous admissions to the Emergency Service without apparent
evidence, a significant episode of psychological suffering due to
a traumatic event (in early adulthood); irritable bowel syndrome,
medically unexplained ligamentous laxity, cervical C3-C4 disk
protrusions in the absence of radiculopathy, adenomyosis in
extra-progestin therapy, bilateral labyrinthitis, and infectious
mononucleosis in 2018. She also underwent surgery for
adenoidectomy and bilateral inguinal hernioplasty at a young
age. In 2021, a few months after the diagnosis of FM, she reported
a minor road injury that was followed by a minor cervical
distractive injury.

o Pharmacological and non-pharmacological treatments and their
efficacy: The patient underwent several physical therapies, such
as a cycle of magnetotherapy, without any efficacy. She is treated
with therapeutic cannabis—CBD 8-10% (10 drops daily use),
Paracetamol (1,000mg daily use), Diazepam, and NSAIDs at
need, with 60% perceived pain relief.

o Functional, emotional, and cognitive impact on the patient: Parents
give her solid social support, while she feels discouraged and
fears judgment from friends and colleagues.

3 Results

3.1 Changes observed in the two selected
patients during the INTEGRO therapeutic
intervention

This section describes the clinical progression of each selected
patient by reporting the main qualitative changes according to the
topics and the steps that define the INTEGRO intervention: pain
description and perception, pain mechanisms and coping strategies to
manage pain, pain and interpersonal relationships, exploration of
“clean and dirty pain,” body awareness, pain acceptance, cognitive
defusing, and value orientation. Differences and commonalities
among patient A and patient B for each thematic area of the
intervention have been detailed.

3.1.1 Pain description and perception

Patient A experienced intense pain during the morning, with
greater rigidity and gradual worsening throughout the day. Going to
work or engaging in any activity requiring continuous hand use and/
or physical activity (such as shopping, gardening, or physical exercise)
worsened the pain.

In patient B, the pain reached the maximum intensity toward
evening; at this time of the day, she felt wholly rigid and contracted.
When the same posture was held for more than 15 to 20 min, the pain
worsened, and it was frequently necessary to stand up or remain in a
standing position. This phenomenon also occurred throughout the
INTEGRO intervention sessions. Even routine tasks like smiling, blow
drying their hair, and tanning determined an increase in the intensity
of pain.
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3.1.2 Pain mechanisms and coping strategies to
manage pain

When discussing approaches to coping and pain mechanisms in
sessions 3-6, both patients reported pain management strategies such
as overinvestment or avoidance. However, they used those coping
strategies with a different frequency.

In patient A, the main pain-coping strategies were ignoring the
pain and persisting with tasks beyond the perceived limit, rest,
distraction, containing and demoralizing, and medication use (even
with preventive purposes). The most used strategy was
overinvestment in managing pain, rigidly continuing with the
activity she was doing even at the cost of worsening the pain
intensity. In these situations, she was aware that she had reached
physical limits (i.e., physical fatigue and pain in her hands) but did
not stop, addressing herself with anger and criticism to continue the

», <«

activity (i.e., by saying to herself: “You have no excuse”; “You're just
a lazy brat”) and subsequently reporting physical exhaustion,
depressed mood, and inability to move limbs due to perceived pain.
Continuous ruminating on how frequently she had accomplished
her objectives resulted in greater arousal, muscle stiffness, tension,
a sense of the head on fire, and torn muscles. This process made it
difficult for the patient to manage her resources, causing her to
avoid activities relevant to her health. A significant amount of time
had to be spent within the clinical protocol examining and
comprehending the pain-related vicious cycles, emphasizing the
cost associated with the patient’s overdoing mechanisms. Only in
the last sessions did patient A gain the ability to recognize her
overdoing mechanism and to decrease the tendency to apply it as
an automatic mechanism.

The prevalent pain management strategies of patient B
included ignoring the pain, avoiding behaviors, using medication,
increasing physical activity, and controlling nutrition. She was
inclined to stay away from social events because of worry that she
would become unwell in an environment where no one was
familiar with her disease. Indeed, in these situations, the fear of
being judged as different and of little value prevailed. Avoiding
social situations was also prompted by dysfunctional thoughts
about the possible consequences: “If others see that I am sick, they
will exclude me” This increased the sense of frustration and the
idea of being in the “prison of pain” Such thoughts were related
to feelings of panic, anxiety, and fear and, subsequently, to a
significant increase in excitement, muscle tension, and physical
stiffness, which, in turn, amplified the perceived pain. Significant
avoidance of body signals, including pain, was also present to
pander to the primary need for social approval. This pattern was
also evident in ignoring body awareness exercises performed
during sessions. In the subsequent sessions, patient B gained the
ability to recognize painful avoidance behaviors and catastrophic
thoughts through pain monitoring exercises. By recognizing her
pain management strategies, she was able to think through the
effects of these processes and begin to employ alternative coping
strategies (i.e., exposing herself to fearful situations and not
preemptively giving up on pleasant experiences).

3.1.3 Pain and interpersonal relationships

Patient A focused on caring for others rather than herself and
did not perceive it possible to ask others for help. She could share
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thoughts about FM only in the friend network, but she did not
ask for support due to the fear of being judged negatively. This
mechanism progressively increased social withdrawal, self-
criticism, poor self-efficacy, sadness, and anger toward herself.
The only people the patient felt she could share her experience
with were healthcare professionals.

Patient B tended to rely heavily on family care, showing an
addictive attitude toward them, triggering a cycle of overcaring,
thus strengthening the idea of not being able to manage the pain
independently. Toward friends and colleagues, she presented
feelings of distrust mainly related to the fear of not being
understood, rescued, or being judged weak. This attitude
reinforced the need to control the pain symptoms, resulting in an
increased likelihood of experiencing anxiety, as well as social
isolation and reduced positive experiences.

Both patients reported a history of invalidation of their pain by
significant ones. Therefore, in all subsequent intervention sessions, it
was necessary to pay attention to interpersonal issues (tendency
toward selflessness in patient A and social, emotional, and experiential
avoidance in patient B). Both patients showed greater awareness of
their interpersonal patterns and an initial drive for change during the
therapeutic sessions.

3.1.4 Exploration of pain: “clean and dirty pain”

Patient A quickly learned to identify the “dirty pain” component
(e.g., in the constant judgmental and self-punishing demands she
made on herself) and its consequences in terms of increased perceived
pain and negative impact on daily functioning. Interestingly, in later
sessions of the clinical protocol, the patient reported moments in
which she did not recognize an initial ‘clean’ component of pain. Still,
she was able to recognize the emotional component defined by a sense
of helplessness, overwhelm, and high anxiety. This key could also
be related to the naive theory of her illness: the belief that the
emotional component played an essential role in the symptomatologic
onset and maintenance of pain.

Patient B’s naive theory of her illness was mainly based on organic
causes without an apparent symptomatologic onset. The patient tried
not to pay attention to her pain, being afraid of identifying its
presence. This was also evident in the inconsistent completion of the
“clean and dirty pain” diary between the INTEGRO sessions. Despite
the difficulty of distinguishing between the emotional and physical
components of pain, especially when it was very intense, the patient
was able to identify dirty pain in fear reactions and in the tendency to
run away. Therefore, during the treatment, special attention was given
to the distinction between the two components of “clean and dirty”
pain by helping the patient recognize those components and their
related emotional function.

3.1.5 Body awareness

At the beginning of phase 2, both patients expressed initial
skepticism about the feasibility of performing activities that entailed
“being’ with ones body without seeking to avoid any sensations” as
suggested by the ACT approach. Indeed, for both patients listening to
physical sensations was directly associated with pain perception. This
belief that observing physical stimuli could contribute to pain-
increased perception was associated with anxiety feelings (which
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caused panic attacks in patient B). Moreover, looking at other factors
associated with pain, in both cases, the painful perception was
exacerbated by environmental stimuli (e.g., poor light conditions,
cold, and humidity) or emotional factors (e.g., anxiety or fear;
depressed mood).

Despite these difficulties, patient A tried to listen to body
sensations, at least in situations not perceived as risky. For example,
after a few sessions, she could focus on and describe the pain in her
leg: T have the feeling that I can see myself inside the tissues, the
ligaments as if I can observe fiber by fiber...I can move freely in this
space...I sit in a kind of neutral basin but close enough to the area of
pain: its a ‘big dark, dense, molasses-like mass, dangling between
tissues...it sticks here and there...

Patient B, especially in the first sessions, struggled to stay in touch
with her bodily sensations (i.e., stating that the more she tried to relax,
the more her body stiffened and felt a sense of nausea). She tended to
control her internal states because of the fear that something
irreparable might happen. Although she benefited from the proposed
exercises, she tended to become distracted in the first few sessions and
did not persist in practicing them at home. During the first exercises
to manage pain, she reported: T cannot be around it; this damn nausea
overrides everything... it disgusts me. Only as the exercises progressed
did the patient consider that she could observe what was happening
in her body without feeling the need to control it, fostering acceptance
of the pain: “By focusing on the breath, I can imagine the pain flowing
through the body”

3.1.6 Pain acceptance, cognitive defusion, and
value orientation

By the end of phase 2, patient A improved awareness of how
some actions ideally designed to protect her from pain instead
moved her away from a life based on desired values. By using
“defusing” strategies on thoughts related to dirty pain, she learned
to slow down when she perceived a painful sensation, to be in
contact with the pain and have a clear, non-fearful representation
of pain, and to perceive herself as able to continue to live with the
pain and carry out, according to her limitations, acting in line
with her values.

Patient B realized how obsessively her life focused on preventing
pain (perceived as a prison that distanced her from the freedom to
choose her own life). The intervention helped her to identify the costs
of this struggle and to distance herself from thoughts and emotions
related to “dirty pain” By embracing a certain amount of risk and
rediscovering some of the previously avoided life events, it was
possible to tolerate the unpredictable nature of pain and increase one’s
self-efficacy while dealing with it.

In the last sessions, both patients showed an improvement in
cognitive “defusing” ability by accepting pain as a disturbing but not
limiting presence. This awareness allowed them to actively identify which
strategies could be more functional for specific pain experiences. Patient
A reported an improvement in self-care and pacing strategies, a decrease
in dysfunctional overdoing, and preventive use of drugs by becoming
aware that she could “shape her pain through experiential techniques.”
Patient B showed a reduction of avoidance and increased social exposure,
assertive communication of their own needs, and the use of relaxation
techniques to reduce the perception of pain.
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3.2 Evaluations along the INTEGRO
intervention

This section describes quantitative and qualitative variations in
INTEGRO measures.

3.2.1 Pain intensity and quality

In the first sessions, patient A reported large and overlapping
pain locations (sessions 1 and 2) (see Figure 2). She used a wide
range of pain descriptors (i.e., Number of Words Chosen—NWC)
in the MPQ Scale (such as flickering, jumping, pricking, tender,
exhausting, sickening, fearful, and wretched). She also described
the pain in the hands as ‘flaming flows, while pain in the feet as
“moving insects” Contact with surfaces caused pain, and sitting
on the bed or in chairs was difficult. The difficulty of choosing
certain words or body parts appeared to be related to challenges
relevant to pain moment-by-moment awareness, which decreased
during the therapeutic sessions.

Since the beginning, patient B selected specific pain descriptors
and narrowly defined body areas (see Figure 2). During the therapeutic
sessions, she selected similar descriptors of the MPQ Scale (mainly
using sensory descriptors such as aching, tender, pulling, tiring,
troublesome, pulsing or beating, and pressing or crushing). She
indicated similar pain areas and intensity, thus suggesting a constant
type of pain perception over time.

Figure 3 describes pain using MPQ and how it varied
during sessions.

Both patients A and B show a general decrease in the indexes of
PRI and NWC.

Note that patient A shows an increase in the PRI index at T9.
This increase in pain rating does not correspond to a worsening
perceived pain (PPI=3) or the evaluative dimension (score =0.8).
Still, it may be a consequence of the scoring related to the sensory
dimension, which may occasionally change due to the use of
worse words to describe pain by the patient.

Focusing on the description of pain during the encounters led
both patients to consider pain as changing in intensity and not
necessarily being the same over hours and days.

Figure 4 reports McGill Pain Questionnaire (MPQ) scores in the
three dimensions: Pain Sensory, Pain Affective, and Pain Evaluative,
across INTEGRO measurement sessions (TO—pre-treatment
evaluation; T2, T5, and T9—intermediate treatment evaluations;
T12—final treatment evaluation).

Patient A
(score 5.6) and miscellaneous (score 3.0) at T9. Both patients

shows increased sensorial component
show a reduction in scores on the sensory and affective subscales
(patient A score in the sensory dimension is 2.0 and that in the
affective dimension is 1.7; patient B scores are 2.3 and 0.5,
respectively).

Patient A shows an increase in evaluative dimension (from a T2
score of 0.4 to a T12 score of 1), whereas patient B shows no variation
over time.

Section b of Figure 4 highlights how the proportion of pain
dimensions changes along the intervention. Both patients show a
reduction and a redistribution of sensory and affective components at

the end of the intervention.
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FIGURE 2

Graphic representation of pain localization as reported by Patient A (in red) and Patient B (in blue).
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FIGURE 3

MPQ changes during INTEGRO evaluation sessions (TO-pre-
treatment evaluation; T2, T5, T9-Intermediate treatment evaluations;
T12-final treatment evaluation). PPI=Present Pain Intensity (Score
range 0-5)is a numeric-verbal combination that indicates overall pain
intensity rated on a 6- point Likert scale ranging from ‘none’(0) to
‘atrocious’(5); NWC=Number of Words Chosen (Score range 0-20),
this index represents the number of words used to describe pain;
PRI-Pain Rating Index (Score range 0—-78),the score is based on
position or order of rank in the set of words and describe a
qualitative pain perception (55, 56).
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3.2.2 Pre (TO)- and post (T13)-intervention
assessment: fibromyalgia interference, pain
intensity, perception of self-efficacy, and
emotional regulation

Table 2 shows the results of clinical assessment at T0 and T13.

As for FM interference, both patients showed an improvement in
the total score of FIQ (patient A ranged from 93.8 to 84; patient B
ranged from 77.3 to 53) as well as for the Physical function subscale
(patient A ranged from 28.3 to 28; patient B ranged from 21.3 to 16),
Overall impact (patient A ranged from 20 to 18; patient B ranged from
11 to 0), and Symptoms (patient A ranged from 45.5 to 38; patient B
ranged from 45 to 37). In patient B, the change at T13 in total score was
high enough to result in a change in severity status from “severe
disease” (defined as a score range of 64-82) to “moderate disease”
(defined as a score range of 41-63) according to the scores reported by
Salaffi et al. (14).

As for the intensity and impact of pain (BPI questionnaire) during
the previous 24h, a slight reduction in pain intensity in patient A
emerged (from a score of 8.6 to 7.8), while the dimensions of
emotional interference and work interference were stable. In patient
B, there is a reduction in pain interference on both the emotional
dimension (from a score of 7, indicating a severe degree of
interference, to 4.7, indicating a moderate degree of interference) and
work-life activities (from a score of 6, indicating a low-moderate
degree of interference to 2, indicating a mild low degree of
interference) after the intervention.

As for self-efficacy (PSEQ questionnaire), in patient B a
relevant increased sense of self-efficacy in pain management after
the intervention was evident (from a score of 17 to 45),
while patient A showed only a slight increase (from a score of
9to11).

The Emotional Regulation (DERS questionnaire) Scale
improved in patient A, as evidenced by a decline in total scores
(from a score of 131 to 98) and the subscale capacity to accept
emotional responses (Non-acceptance TO score of 28; T13 score of
13), impulse control (Impulse TO score of 27; T13 score of 17),
access to emotion regulation strategies (Strategies TO score of 28;
T13 score of 22), and emotional clarity (Clarity TO score of 20; T13
score of 16).
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Affective dimension (range 0-5) reflects tension, fear, emotional aspects

Patient B reported a slight decrease in the Impulse subscale scores
(Impulse TO score of 22; T13 score of 18) and no significant changes
in the other scores.

4 Discussion

Most protocols in the literature for the management of
fibromyalgia syndrome tend to focus on standard cognitive
behavioral therapies or individually implemented approaches in
group sessions (64) The INTEGRO protocol integrates different
strategies and techniques that draw on various methods. It also
modulates the individual sessions’ content based on the patients’
experiences, making it possible to create a flexible intervention
focused on the most problematic areas. It is also important to
highlight how INTEGRO protocol integrates with treatments of a
more medical nature and can easily be combined with
rehabilitative interventions.

Examining each phase of the clinical INTEGRO protocol
through the lens of its clinical application permitted us to
comprehend (i) the relationship between various psychosocial factors
and FM pain management and (ii) the process of change on which
clinicians had to pay attention to consent the adaptation of
INTEGRO
patient’s peculiarities.

intervention to clinical issues related to each
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Major FM patient characteristics were evident in both cases,
representing an example of the wide range of symptoms and
psychosocial mechanisms influencing pain and HrQoL (7, 8) in FM.

Patient A and patient B showed relevant differences in
terms of:

Pain perception: more diffuse, with a peak during morning
times and a higher affective component in patient A, and more
selective, with a peak during evening times and with a prevalent
avoiding attitude in patient B;

2 Psychosocial context: both were single, but patient A lived
alone and could rely on a good network of friends, even if she
did not share her pain-related worries; patient B lived with her
parents and was very demanding of them;

Psychological functioning: patient A tended to blame herself
when she was unable to gain her aims and tended to deny her
needs; patient B tended to avoid feelings, paying attention
mainly to bodily sensations and showing difficulties in
mentalization processes;

4 Naive explanation of illness: patient A tended to find a strong
connection between emotional condition and physical
response; patient B sought an explanation only through
organic miens;

Coping strategies: patient A persisted with tasks beyond the
perceived limit, iper-invested in managing pain, and tried to
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TABLE 2 Results of clinical assessment Pre-treatment (T0) and post-
treatment (T13).

Patient A Patient B

T13

TO T13 TO

Revised Fibromyalgia Impact Questionnaire—FIQ

Total score (score 93.8 84 77.3 53
range 0-100)

Physical function 283 28 213 16

(score range 0-30)

Overall impact 20 18 11 0

(score range 0-20)

Symptoms (score 455 38 45 37
range 0-50)

Brief Pain Inventory—BPI

Pain intensity 8.6 7.8 6.4 7

(score range 0-10)

Emotional 9.3 8.7 7 4.7
interference (score

range 0-10)

Work interference 9.7 10 6 2
(score 0-10)

Pain Self-Efficacy Questionnaire—PSEQ

Pain self-efficacy 9 11 17 45

(score range 0-60)

Difficulties in Emotion Regulation Scale—DERS

Total score (score 131 98 89 89
range 33-165)

Non-acceptance 28 13 10 13

(score range 6-30)

Goals (score range 21 21 19 19
5-25)

Impulse (score 27 17 22 18
range 6-30)

Awareness (score 7 9 3 4
range 3-15)

Strategies (score 28 22 25 24
range 8-40)

Clarity (score 20 16 10 11
range 5-25)

For each scale, minimum and maximum score variations are reported. For FIQ, lower scores
indicate a lower impact of FM; for BPI and PSEQ, higher scores indicate higher interference
of pain and perceived self-efficacy in pain management, respectively; for DERS, higher scores
indicate more significant difficulties in emotional regulation.

prevent it by using several painkillers; patient B tried to use
mainly control strategies, giving up when they were no longer
effective with avoidance attitudes.

Despite these differences, after the INTEGRO intervention, both
patients showed a reduction in the burden of FM as measured by the
Revised Fibromyalgia Impact Questionnaire—FIQ, even if only
patient B reported a significant change from the “severe disease” to the
“moderate disease” category.
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The improvement in health-related quality of life, despite the
severity of physical disease, was related to the specific characteristics
of each patient as has been evidenced by the combined use of many
tools for assessing pain. This approach permitted a better investigation
of the changes that have taken place during the intervention as well as
a deeper analysis of the mechanisms on which to act to enhance
positive outcomes.

Patient A started treatment with the idea that the onset and
worsening of her symptoms were strongly interconnected with
emotional stress and traumatic experiences, patient B tended to
mainly trace the cause to previous medical conditions. Therefore,
patient A showed much more sensitivity to all practices related to self-
awareness, recognizing the progress obtained and feeling legitimated
in her suffering. In contrast, patient B, as stated below, demonstrating
a more significant improvement in perceived effectiveness in pain
management, tended not to acknowledge these results, focusing more
on the fatigue experienced to obtain them. Thus, these results suggest
that the attribution of the causes of pain to mental or organic factors
can primarily influence the predisposition to listen to one’s internal
states and recognize them. The more the attribution of the causes of
pain is physical, the more the patient increases the search for external,
rather than internal, resolution strategies, with a negative impact on
the engagement in the treatment (e.g., in terms of carrying out
homework foreseen in the protocol).

Although starting from different assumptions, both patients
significantly improved their perceived self-efficacy in pain management
and reduced the severity of the affective pain descriptors chosen during
the sessions. In patient A, this was related to less need to use all
categories to describe pain, selecting only those closely related to the
present pain, suggesting a greater awareness of her bodily sensations.
In patient B, this was related to achieving essential objectives in
carrying out one’s daily activities, reducing the tendency to avoid.

Another relevant mechanism to understand the change process
regards the patient’s subjective evaluation of pain and the role of
affective and cognitive variables in pain perception (31, 65). Patients
who perceive a lack of confidence in their pain management abilities
also show negative expectations, a lower sense of agency, and poor
investment in different coping strategies, which easily predisposes to a
negative evaluation of one’s level of functioning and emotional states
characterized by anger, sadness, and fear. On the contrary, a more
remarkable ability to regulate one’s emotional states related to chronic
pain promotes adaptation to the disease and using flexible and
functional strategies for one’s condition (25, 27). These observations
are consistent with the results reported in the DERS Scale. Patient A
showed an improvement in the subscales related to the tendency to
experience negative secondary emotions or non-acceptance reactions
in response to one’s distress, the difficulties in maintaining control of
one’s behavior, the perception of having limited access to emotion
regulation strategies, and lack of clarity to the emotions experienced.
Still, as proposed in the protocol, experiential techniques made it
possible to observe bodily signals with different attention (e.g.,
distinguishing, for example, whether what one feels is a painful
stimulus or an expression of other experiences). In patient A, during
the first sessions, the simple recognition of any internal change was
confused with the preamble of something already experienced, such as
pain, from which it was necessary to defend oneself and move away as
quickly as possible (preventive avoidance strategies). In the last
sessions, however, the patient considered how a physical signal did not
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necessarily determine the onset of unmanageable pain, showing a
welcoming and non-judgmental perception of her internal states. This
allowed the patient to ‘stay’ with the pain at the proper emotional
distance and evaluate which coping strategies might be most functional
for her at that moment (shifting of attention—distraction, persistence
in carrying out some activities—overdoing, even with a different
rhythm—pacing, rest, and use of the drug). Patient B achieved essential
goals in managing daily activities, for example, by proceeding with her
activities with more functional rhythms and rest phases (pacing
strategies). This was also possibly associated with a reduced tendency
toward impulsivity in the DERS Scale. Patient B maintained the ability
to recognize her internal states while maintaining difficulty in accepting
her emotional reactions to exclude any form of vulnerability, including
the experience of pain.

Finally, it is interesting to note how the intensity of pain in the last
24h, measured in the two patients using the BPI Scale, did not show any
clinically relevant variation in pre- and post-treatment due to high
variability in the ongoing pain in FM patients. Therefore, it would
be helpful to consider this variation on a larger timescale. Furthermore,
this variability described by patients was perceived as an element capable
of worsening their experience of uncertainty and anxiety about the
future, a typical response to chronic medical conditions (66, 67). During
the INTEGRO clinical protocol, great attention was paid to this aspect,
helping patients consider how the prospect of significant variability
between 1day and another allowed them to accommodate even fewer
“bad/ugly” moments to carry out different activities. Both patients
achieved this objective due to using the MPQ Scale during the clinical
sessions. A lower severity and intensity of sensory perceptions and
reduced emotional involvement related to the pain experience allowed
the two patients to coexist with the pain, reducing feelings of helplessness
and the degree of interference with daily activities. This aligns with the
reduction observed in the FIQ Scale and the increased sense of self-
efficacy in pain management reported on the PSEQ Scale. Techniques
focused on pain perception and, more generally, on interoceptive and
exteroceptive stimuli enabled patients to learn to ‘be’ with their bodily
sensations, perceiving them as less burdensome and catastrophic.

The clinical application of the protocol also allows some reflections
regarding its limitations and future developments.

INTEGRO protocol although the
description of the two reported cases evidences how the potential

seems promising,
effectiveness of the intervention depends on some specific
characteristics of the patients, such as the subjectivity of pain
evaluation. Thus, although considering all the topics covered in
the clinical protocol, clinical psychologists must adapt the
intervention to the patient’s peculiarities. A good balance needs
to be taken between the replicability of the intervention protocol
and the need to modulate the number of psychotherapeutic
sessions based on the history of the patient with FM, especially
as many patients have a history of traumatic experiences (68),
which often make body-based intervention more difficult.

INTEGRO intervention is provided only in person, which could
be a restriction for patients who cannot move independently, for
example, due to worsening pain symptoms. It might be helpful to
provide the possibility of consultations through telematic platforms,
which have proven useful and effective in breaking down barriers to
accessibility and promoting positive outcomes, even in the case of
chronic pain and fibromyalgia (39).
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Our study aimed to show preliminary results on applying the
INTEGRO intervention in the context of fibromyalgia. The high
variability observed in the pain and psychological features of patients
with fibromyalgia makes it challenging to generalize the findings
reported in these cases to the larger clinical population. However, as
regards future research, the INTEGRO intervention will be tested in
a larger sample of patients with FM to explore its effectiveness and
feasibility, and results will allow higher generalizability.

Moreover, applying the INTEGRO intervention on a larger
clinical sample would allow us to adapt the intervention based on
emerging needs and possible clinical subgroups, which could
be categorized by type of pain, coping strategies employed, personality
and clinical characteristics, the presence of trauma involving bodily
dynamics, the stage of disease acceptance, and the patient’s theories
regarding the causes of the illness.

Another possible future evolution of INTEGRO protocol could
be the promotion of maintenance groups focused not only on
sharing experiences with other patients but also on maintaining the
skills learned during the individual path, the integration of sessions
dedicated to the creation of an information and educational space
led by different specialists in the sector, open to caregivers
and patients.
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