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ARTICLE INFO ABSTRACT
Keywords: Temporomandibular disorders (TMDs) are a common musculoskeletal condition, presenting treatment chal-
Temporomandibular disorders lenges due to their non-specific nature. Categorizing patients with TMDs into clusters based on neurobiological

Network analysis
Pain phenotypes
Nociplastic
Nociceptive

pain mechanisms could provide a promising approach to facilitate targeted treatments. This observational study
(1) used a network analysis (NA) to explore the complexity of TMDs by investigating relationships among bio-
psychosocial variables, and (2) validated potential TMD subgroups based on mechanism-specific pain categories.

One hundred and two patients with TMD were included. Biopsychosocial variables covered: general health,
psychosocial features, TMD pain, and TMD characteristics. A NA evaluated the associations between variables
and determined the role of each feature within the network. Hierarchical clustering was used to identify TMD
subgroups. The NA revealed significant correlations primarily within the same feature domains, indicating a
strong interplay between symptoms and psychological factors. Cluster analysis identified two subgroups driven
by nociceptive and nociplastic pain mechanisms; the nociplastic group exhibited higher levels of anxiety,
depression, pain catastrophization, central sensitization, pain duration, and more pain locations, along with
poorer sleep quality, quality of life, and health status. In contrast, the nociceptive group exhibited restricted
maximal mouth opening (MMO), heightened pain during TMJ palpation and mouth opening, and a greater
positive response to manual therapy. Across all features, psychological factors, pain locations, and MMO pri-
marily contributed to the separation of subgroups. By adopting a data-driven approach, these results support the
significant role of considering the neurobiological basis of pain to improve patient classification. This knowledge

may facilitate clinical reasoning and personalized treatments.

Perspective: This study used a network analysis to explore the complex biopsychosocial interactions present in
people with TMDs, identifying important variables such as the Central Sensitization Inventory and pain-free
maximal mouth opening. The findings distinguish potential nociceptive and nociplastic pain subgroups, offer-

ing important insights for targeted therapeutic strategies.

Introduction remain a challenge and are often described as nonspecific since a clear
cause is not identified, or traditional classification systems are adopted

Temporomandibular disorders (TMDs) are a global health challenge which define each disorder based on anatomical structures (e.g., TMD
contributing to a high number of years lived with disability.' Principal Arthralgia versus Myalgia), without giving sufficient attention to
symptoms are pain, with possible restricted jaw mobility and joint non-anatomical and etiological factors.” Additionally, treatments are
sounds.>® Notwithstanding the research effort in this field, TMDs often guided by pathoanatomical classifications, which may not fully
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consider the complexity of such disorders.”® A promising approach to
overcome this challenge is the categorization of patients into clusters
based on the neurobiological mechanisms underlying their pain.” >
This approach could enhance the understanding of a patient’s specific
clinical condition, thereby guiding the selection of more effective
treatment strategies by looking at multiple domains and delivering more
personalized treatments.®'! In this regard, previous research on pa-
tients with TMDs identified different clusters of individuals by studying
numerous biopsychosocial variables.'! Patients were predominantly
distributed in two clusters termed ‘pain-sensitive’ and ‘global--
symptoms’.'! The pain-sensitive cluster was characterized by increased
sensitivity to experimental pain, while the global-symptoms cluster
showed both higher pain sensitivity and psychological distress.'!
Furthermore, additional research has identified a heightened risk of
developing a painful TMD among individuals exhibiting a multisystem
phenotype characterized by the triad of bodily pain, psychological
distress, and sleep disturbance.'® These findings suggest that pain and
related treatments should not be viewed in isolation but rather as part of
a more comprehensive context, integrated into a complete "distress
monitoring system" focusing on overall individual health.'® In a narra-
tive review reporting on clinical reasoning for the management of pa-
tients with TMDs, potential subgroups of patients with TMDs have been
described based on the dominant type of sensitization present (i.e.,
central versus peripheral).!* Tissue-based interventions are suggested
for those with peripheral sensitization, while strategies targeting the
central nervous system are proposed for those with central sensitiza-
tion.'* Nevertheless, empirical evidence confirming the existence of
such subgroups within a cohort of patients with TMDs is currently
lacking.

Previous studies examining mechanism-based classifications of
musculoskeletal pain have highlighted the distinct characteristics of
nociceptive and nociplastic pain.”!%!? Nociceptive pain is typically
elicited by physical stimuli, well localized, and is associated with min-
imal psychosocial impairment.'> Conversely, nociplastic pain often
manifests as generalized, unpredictable pain accompanied by significant
psychosocial distress.'? Therefore, different treatments are required
depending on the mechanism-base category of pain.*'?

In addition to identifying patient clusters, it is necessary to under-
stand the interactions among features that define the observed clusters,
as the features themselves — such as central sensitization or joint
mobility — are the actual targets of treatment, not the clusters. To this
end, a network analysis (NA) is an effective approach commonly used to
examine complex systems since it gives the possibility of evaluating and
graphically illustrating multiple relations between features.'® This
approach can identify key features that are highly interconnected with
others, which may highlight potential targets for treatment. Thus, a
better understanding of the interactions across biopsychosocial vari-
ables can help to characterize TMD subgroups and ultimately guide
treatment decisions. Similar advancements have occurred for neck pain,
with different studies employing a NA to reveal interactions and factors
contributing to chronic pain after trauma, exemplifying its potential in
unravelling complex conditions.'®!”

In a cohort of patients with TMDs, this observational study aimed to:
(1) unravel the complexity of TMDs by exploring the relationships and
conditional dependencies across biopsychosocial variables (e.g., general
health variables, psychosocial features, TMD characteristics and related
clinical tests), and by identifying the most relevant variables; (2) verify
potential TMD subgroups by differentiating mechanism-based cate-
gories of pain.'? Although estimating a network is an exploratory
approach, we hypothesized that stronger dependencies will be present
across variables belonging to the same domain (e.g., general health
domain, psychological domain) with some presenting interdomain
connections. Moreover, we hypothesized that this analysis would reveal
subgroups of TMD patients according to dominant pain mechanismsi.e.,
nociceptive versus nociplastic pain mechanisms.
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Methods

The data for the current study were obtained from a prospective
observational study that identified predictors of good outcomes
following manual therapy in a cohort of patients with TMDs.'®!° The
study was conducted in Italy (Milan) at the TMJ-Unit of the Italian
Stomatological Institute. The Ethics Committee of the Fondazione IRCCS
Ca’ Granda Ospedale Maggiore Policlinico approved the study (accep-
tance no. “534_2019bis”). Written informed consent was obtained from
all participants who received a full explanation of the study. The study
was conducted according to the Declaration of Helsinki and was pro-
spectively registered (NCT03990662). The report of this study complies
with the “Strengthening The Reporting of Observation studies in
Epidemiology” (STROBE checklist) and adequate standards for network
analyses.*%!

Participants, recruitment and procedure

All patients attending the TMJ-Unit of the Italian Stomatological
Institute (Italy) from July 2019 to May 2021 were screened for inclusion
by a dentist with more than ten years of experience in TMD and orofacial
pain assessment and management. After the screening, the dentist
excluded other forms of pain in the orofacial area (e.g. odontogenic pain,
neuropathic pain) referring to the International Classification of Oro-
facial Pain?’ and confirmed the TMD diagnosis using the Diagnostic
Criteria for Temporomandibular Disorders (DC/TMD).?*** From 131
patients with potential TMD screened for eligibility, 102 were recruited.
Inclusion Criteria were: (1) adults (>18 years); (2) presenting with one
or multiple pain-related TMD diagnoses according to DC/TMD?; (3)
had not received any interventions for the TMD in the past six months
including physical therapy, oral appliance, anti-inflammatory drugs or
surgical interventions (only self-care was allowed such as thermother-
apy and massage); (4) capable of speaking and understanding Italian; (5)
able to provide written informed consent. Exclusion criteria were: (1)
TMD pain associated with a history of systemic rheumatoid/in-
flammatory arthritis; (2) presenting with any physical (e.g. facial pa-
ralysis, odontogenic pain, neurological disorders, neuropathic pain,
head or neck cancer) or mental status (e.g. cognitive deficit, mental
illness and/or disorders) that could influence the study outcomes. After
participants provided written consent, they were assessed by a physio-
therapist with more than five years of experience in TMD management
to obtain data of the outcome measures described below.

Outcome measures

Outcome measures were chosen based on previous research inves-
tigating altered pain modulation and features related to different
mechanism-based categories of pain in musculoskeletal disorders and, in
particular in patients with TMDs.'%!'1-2° All outcomes are summarized in
Table 1 (a full description is reported in the supplementary file S1 of the
previous publication'?), and are structured in four domains to better
understand and describe the relationships between variables. These
domains consisted of general health, psychosocial, pain characteristics,
and TMJ mechanosensitivity domain, and they were selected to cover
features for the identification of nociceptive and nociplastic subgroups.

General health variables

Sleep quality and health-related quality of life were investigated for
their role in chronic pain and treatment outcomes in TMD patients.26 28
Sleep quality was evaluated via an 11-point Numerical Rating Scale
(NRS), where 0 is ‘the best possible sleep” and 10 is ‘the worst possible
sleep’ related to the preceding 6 months.'®'° This scale holds moderate
psychometric properties in fibromyalgia patients to evaluate sleep
quality.”’

Current health-related quality of life was measured using the Italian
version of the EQ-5D-5L [www.euroqol.org], and through the patient’s
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Table 1
Summary of the biopsychosocial variables of interest grouped for different do-
mains. Node labels used in the NA and outcome measures are also reported.

Variables Node labels ~ Outcome measures

General health domain

Quality of life QoL EQ5D%

Health status HS EuroQol VAS*’

Sleep quality Sleep 11-point [0-10] NRS relating to current
pain, from 0 indicating ‘worst possible
sleep’ to 10 indicating ‘best possible
sleep’?’

Oral Behaviours OBC Oral Behaviours Checklist®®

Psychosocial domain

Pain catastrophizing CSQ-C Catastrophizing domain score from the
Coping Strategies Questionnaire 27

Anxiety Anxiety Hospital Anxiety Scales (HADS-A)"*

Depression Depression Hospital Depression Scales (HADS-D)**

Central sensitization CSI Central Sensitization Inventory*®

Pain characteristics domain

Pain duration Pain Dur Number of days experiencing pain

Pain intensity Pain Int VAS: current rest pain, average pain and
worst pain in the past week®”

Number of pain Pain Locs Body chart (as described in the protocol of

locations DC/TMD?)
Graded Chronic Pain GCPS RDC/TMD Axis II Graded Chronic Pain
Scale Scale version 2.0 scores (Characteristic Pain

Intensity (CPI) and disability points based
on disability score and disability days)
using the Italian version of the RDC/TMD
questionnaire [Italian version - www.rdc-
tmdinternational.org]

TMJ mechanosensitivity domain

Mechanical Pain — Pain MO VRS: pain during the maximal opening of

mouth opening the mouth;

Mechanical Pain — Pain Clen VSR: pain during maximal clenching

clenching

TMJ range of motion-  MMO Maximal Mouth Opening (MMO) without

pain-free pain measured in mm through a ruler as
described in the DC/TMD protocol*

Pain TMJ palpation Pain TMJ Dynamic TMJ lateral pole palpation (1 kg
of palpation pressure) in according to DC/
TMD protocol**
Score range: 0-1 (no pain =0; pain = 1)

Pain muscle palpation =~ Pain M Palpation in the following 6 bilateral
points: lateral pterygoid area (0.5 kg
intraoral palpation), temporalis tendon
(0.5 kg intraoral palpation), masseter
muscle (1 kg extraoral palpation) as
described in the DC/TMD protocol.” Score
range: 0-1 (< 3 sites with familiar pain = 0;
> 3 sites with familiar pain = 1)

Immediate response MT JAw test'’: Immediate effects of brief

to MT response intraoral manual therapy (MT) techniques

on pain (VRS) and TMJ range of motion
™Mo

Score range 0-2: (0 = no change; 1 = pain
improvement or MMO improvement; 2 =
improvement of both)

judgement about his/her health status with a visual analogue scale
range 0-100, representing respectively ‘worst’ to ‘best’ imaginable
health state.’’ This scale showed adequate statistical proprieties and
validity.”” !

Oral behaviour over the last month was investigated since it could
considerably impact on the evolution and maintenance of TMD
pain.®? > The Italian version of the RDC/TMD questionnaire Axis I Oral
Behaviours Checklist (OBC) [www.rdc-tmdinternational.org] was used
by following the DC/TMD protocol recommendations.”® *® The OBG
showed adequate psychometric properties, with patient behaviours
corresponding to those examined.>*°

Psychosocial features
Psychosocial factors (e.g., depression, anxiety), central sensitization
(CS) and pain catastrophizing are known to show a strong influence on
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TMD onset and chronicity.>”*® Psychological distress is associated with
high severity and persistence of TMD pain,® and it is more common
among people with chronic TMD.***? Consequently, participants were
asked to complete the Italian version of the Hospital Anxiety and
Depression Scale (HADS).*® This scale is useful for examining current
feelings of depression, anxiety and manifestations of somatic symp-
toms,”* and it showed superior concurrent validity in comparison to
other depression/anxiety scales.’® HADS is divided into one subscale for
anxiety (HADS-A) and another for depression (HADS-D), with more
elevated levels of anxiety and depression at high values.*’

The Italian version of the 27-item Coping Strategies Questionnaire
(CSQ-27) was used to measure catastrophizing during pain over the
previous month.*® The English version of the CSQ-27 demonstrated
sufficient internal consistency (Cronbach’s alpha from 0.72 to 0.86) and
adequate construct validity.”” For data analysis, only the catastrophiz-
ing domain score (CSQ-CAT) was used and was separated from other
scores since it differentiated from other domains by clustering with
pain-related distress items.*” Also, previous research suggests that cat-
astrophizing in patients with TMD might not only affect symptom
severity but also treatment outcome.*®

Finally, the Italian version of the Central Sensitization Inventory
(CSI) was used since existing literature suggests that the CSI reflects
psychological distress and hypervigilance.**>! CSI test-retest reliability
and internal consistency were shown to be satisfactory in individuals
with and without pain.®” The Italian version of the CSI has an acceptable
Cronbach’s alpha [0.871.%

Pain characteristics

Pain duration, pain intensity, number of pain locations, and pain-
related disability were examined. The duration of pain was collected
from patient hospital records and interviews.'’

Current resting pain intensity, in addition to the average and worst
pain intensity over the past week, was registered with a Visual Analogue
Scale (VAS) (10 cm horizontal line without marks, with “no pain”
written at the left extremity and “worst pain imaginable” at the right
extremity).sg’55 A verbal rating scale (VRS) was used to score pain in-
tensity during the maximal opening of the mouth and maximal clench-
ing.'” The VAS and the VRS are known to be reliable and valid tools for
assessing pain intensity.54

Additionally, participants were asked to complete a pain drawing as
described in the DC/TMD.?® Pain in different body regions (e.g., head-
ache, back pain, shoulder pain, neck pain) was summarized as a count
variable.

Finally, chronic facial pain severity in the last 6 months was exam-
ined via the Italian version of the Research Diagnostic Criteria for TMD
(RDC/TMD) questionnaire Axis II Graded Chronic Pain Scale (GCPS)
version-2.0 [www.rdc-tmdinternational.org] in according to the DC/
TMD protocol.?>3>°058 This scale combines pain intensity and
pain-related disability into five ordinal categories of chronic facial pain
severity.”® It demonstrated satisfactory internal consistency when used
for patients with TMDs (Cronbach’s alpha 0.84).%7

TMJ mechanosensitivity

According to the Taxonomy Classification of TMD, different types of
TMD are described: TMJ disorders, masticatory muscle disorders,
headache attributed to TMD, associated structures disorders, and mixed
forms disorders.’® The TMD classification for each patient was obtained
from their medical records. Moreover, maximal mouth opening (MMO)
without pain was measured in millimetres using a ruler as described in
the DC/TMD protocol.”> The measurements were taken in a neutral
craniocervical position (e.g., sitting or supine).'”?® Mechanical pain
reported during mouth opening and clenching were also recorded.
Similarly, the presence of pain during palpation of temporomandibular
joints (TMJs) and masticatory muscles was assessed according to
DC/TMD protocol.'”** Finally,

Finally, a clinical test (named JAw-test)'” was adopted to assess the
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response to a tissue-based intervention by evaluating the immediate
effects of four brief intraoral manual therapy techniques on TMD pain
and on TMJ range of motion.'® The Jaw test was performed as the final
test in the baseline assessment to avoid the possibility of influencing
other outcome measures.

Statistical analysis

All analyses were conducted using R software (version 4.2.1).
Descriptive statistics were used to present demographic characteristics
and the biopsychosocial variables of interest. Mean and standard devi-
ation were used for continuous variables and frequencies for ordinal
variables. Questionnaire scores were assessed and reported based on the
corresponding guidelines. Outcome measures were grouped into four
domains to further evaluate their relationships within the network
analysis. These domains were general health, psychosocial, pain char-
acteristics and TMJ mechanosensitivity (Table 1). This comprehensive
organization facilitates the exploration of different mechanism-based
categories of pain.

Network analysis

To initially explore the relationships between all the variables of
interest, bivariate correlations were conducted using Spearman corre-
lation. For the NA, the variables of interest were grouped into different
domains in accordance with those presented in Table 1. Overall, four
variables were present in the general health domain (i.e., quality of life
[QoL], health status [HS], sleep quality [Sleep], oral behaviour [OBC]),
four in the psychosocial domain (i.e., pain catastrophising [CSQ-C],
anxiety, depression, central sensitization [CSI]), five in the pain charac-
teristics domain (i.e., pain duration [Pain Dur], pain intensity [Pain Int],
number of pain locations [Pain Locs], characteristics of pain and
disability [GCPS]), and six in the TMJ mechanosensitivity domain (i.e.,
pain mouth opening [Pain MO], pain clenching [Pain Clen], maximal
mouth opening [MMO], pain TMJ palpation [Pain TMJ], pain muscle
palpation [Pain M], immediate response to manual therapy [MT
response]). Given the exploratory approach of the present work and the
absence of previous studies using a similar cohort of patients, an a priori
sample size calculation was not possible. However, a post-hoc sample
size analysis was conducted by performing simulations where six met-
rics (i.e., betweenness, closeness, correlation, sensitivity, specificity,
strength) obtained from the estimated network were assessed against
those obtained from re-estimated networks using different sample sizes
(i.e., 50, 75, 100, 150, 200, 500).>* Such an approach aims to facilitate
the replicability of results in future studies and provide an estimate of
the required sample size.®"

The NA was conducted using the R-package bootnet.’ In a network,
the variables are visually reported as nodes, while the relationships
between them, defined by partial correlation coefficients, are repre-
sented by edges.’®! Such partial correlations are also defined as con-
ditional (in)dependence associations since they are calculated after
considering all other nodes in the network.®® Consequently, the presence
of an edge between two nodes indicates a conditional dependency, or
independency when not present.®’ The graphical display of edges in the
network uses different colors to represent positive and negative corre-
lations, with the thickness of the edge reflecting the strength of the
correlation (referred to as edge weight). To address the presence of both
continuous and ordinal variables, Spearman correlation was used.®”
Moreover, to mitigate spurious associations (i.e., false positive) and
address the dense structure that often arises from partial correlations, a
common regularization technique known as “graphical least absolute
shrinkage and selection operator” (glasso) was utilized.®® The glasso
algorithm sets weak coefficients to zero, effectively controlling for
spurious correlations. The algorithm also optimizes the structure of the
network by minimizing the Extended Bayesian Information Criterion
(EBIC).

Once the network structure was estimated, centrality indices such as
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strength, closeness, and betweenness were assessed to examine the
extent to which each feature was associated with the others, as well as
identify the most relevant variables in the network.’ For example, when
a variable has a high strength value, any changes in that variable would
have a large impact on the other variables. From a clinical perspective,
this implies that the treatment of a variable with high strength value
should receive special attention because the improvement of that
particular variable is likely to have a notable influence on the inter-
connected ones. Non-parametric bootstrapping (resample with
replacement, n = 1000) was used to obtain an estimate of the variability
of the centrality indices.®® Moreover, to determine the importance of a
node to connect different domains, we calculated its bridge strength.
The bridge strength corresponds to the sum of absolute values for all
connections between node A and all nodes outside its domain, i.e., nodes
that do not belong to the same domain as node A.°° To assess the ac-
curacy of edge weights, we used bootstrapping, similar to the approach
used for the centrality indices.°” Edge weights are reported using the
original value obtained in the estimated network along with the 95 %
confidence intervals (CIs) resulting from the bootstrapping analysis.

Cluster analysis

To address the second aim of this study and identify potential
mechanism-based subgroups of patients with TMD, Agglomerative Hi-
erarchical Clustering (AHC) was performed. AHC is an established
technique in unsupervised machine learning, and its objective is to
identify clusters or groups of observations within a dataset without
requiring predetermined characteristics for each cluster, or a different
importance of the variables to identify such clusters.®* Overall, similar
characteristics are expected within the same cluster and dissimilar
characteristics are expected between different clusters. Furthermore,
AHC allows us to visualise the similarities (and dissimilarities) across
patients using the dendrogram, an upside-down tree structure.®* The
algorithm follows an iterative process where the two most similar ob-
servations (i.e., patients or groups of patients) are merged to create a
higher-level cluster. This process continues until all observations are
part of a single cluster. Two main parameters are necessary to define the
final clustering structure, the distance metric and the linkage method.
To address continuous and ordinal variables, the distance matrix was
obtained using the Gower distance metric, and the final structure was
retrieved by applying the Ward linkage method.® Continuous variables
were standardized to have a mean of zero and a variance of one (z-score
standardization) so that the scale on which the features were measured
does not impact the similarity between clusters.

After identifying the structure of the dendrogram, different numbers
of clusters ranging between 2 and 10 were tested. The Silhouette score
and the Calinski-Harabasz index (or Variance Ratio Criterion) were
computed to evaluate the goodness of splitting the sample into k
different clusters and verifying our hypothesis to separate the sample
into two clusters.’”® Once the optimal number of clusters was identi-
fied, the relative importance of each variable to the separability between
clusters was evaluated based on the cluster centroid (average value for
each cluster symptom). Finally, differences between subgroups were
tested for each variable using the Wilcoxon rank-sum test in order to
handle both continuous and ordinal variables. Categorical variables
were compared between subgroups using chi-square tests.

Results

From 131 patients with TMD screened for eligibility, 102 (80 fe-
males, age: 36.45 + 14.05) were recruited and included in the analyses.
Descriptive statistics on demographic characteristics and the variables of
interest of the total sample are presented in Table 2. No missing data
were present in the dataset.
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Table 2

Demographic characteristics and variables of interest in the total sample and in
the two subgroups identified with the cluster analysis. Data are reported as mean

(standard deviation) or number of patients (frequency).

Variable Total Nociceptive Nociplastic Effect p_value
sample cluster (n = cluster (n = Size
= 57) 45)
102)
Demographic characteristics
Gender (n): 0.16 0.112
— Female 82 49 (86.0 %) 33 (73.3 %)
(80.4
%)
— Male 20 8(14.0 %) 12 (26.7 %)
(19.6
%)
Age 36.45 35.21 38.02 0.12 0.243
(14.05) (14.20) (13.85)
TMD 0.37 <
classification 0.001
(n):
— Muscular 21 5 (8.8 %) 16 (35.6 %)
(20.6
%)
- Articular 17 14 (24.6 %) 3 (6.7 %)
(16.7 %
Mixed 64 38 (66.7 %) 26 (57.8 %)
(62.7
%)
Biopsychosocial variables of interest
Sleep quality 5.52 6.56 (2.26) 4.20 (1.96) 0.48 <
(0-10) (2.43) 0.001
Anxiety (0-21) 7.62 5.53 (2.63) 10.27 (3.56)  0.64 <
(3.87) 0.001
Depression 4.65 2.47 (2.20) 7.40 (4.00) 0.67 <
(0-21) (3.96) 0.001
Quality of life 0.82 0.89 (0.08) 0.73 (0.19) 0.57 <
(0-1) (0.16) 0.001
Health status 78.36 83.86 71.40 0.41 <
(0-100) (16.15) (13.53) (16.65) 0.001
Pain 8.75 5.14 (6.68) 13.33(7.84) 0.55 <
catastrophizing (8.26) 0.001
(0-36)
Central 34.62 27.00 (8.02) 44.27 0.64 <
sensitization (13.21) (12.17) 0.001
(0-100)
Oral behaviours 30.70 28.23 (9.11) 33.82 0.26 0.009
(0-84) (10.18) (10.71)
Characteristics 0.26 0.008
of pain &
disability (n):
-1 31 23 (40.4 %) 8 (17.8 %)
(30.4
%)
-1I 44 23 (40.4 %) 21 (46.7 %)
(43.1
%)
-1 12 6 (10.5 %) 6 (13.3 %)
(11.8
%)
-1V 15 5 (8.8 %) 10 (22.2 %)
(14.7
%)
Pain duration 10.08 6.24 (12.36) 15.12 0.40 <
(months) (17.40) (21.48) 0.001
Pain intensity 52.90 48.90 57.96 0.24 0.016
(VAS, 0-100) (19.21) (19.86) 17.27)
Number of pain 2.40 1.74 (0.84) 3.24 (1.58) 0.52 <
locations (1.43) 0.001
Pain-free max 31.45 27.40 (6.72) 36.58(9.05)  0.50 <
mouth opening (9.04) 0.001
(mm)
Pain tmj 0.33 <
palpation (n): 0.001
- Yes 81 52 (91.2 %) 29 (64.4 %)
(79.4

%)
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Table 2 (continued)

Variable Total Nociceptive Nociplastic Effect p_value
sample cluster (n = cluster (n = Size
(n= 57) 45)
102)
- No 21 5 (8.8 %) 16 (35.6 %)
(20.6
%)
Pain muscle 0.24 0.017
palpation (n):
- Yes 85 43 (75.4 %) 42 (93.3 %)
(83.3
%)
- No 17 14 (24.6 %) 3 (6.7 %)
(16.7
0/0)
Pain mouth 4.80 5.61 (2.49) 3.77 (3.64) 0.22 0.030
opening (VRS, (3.17)
0-10)
Pain clenching 2.79 3.14 (2.89) 2.36 (3.23) 0.15 0.123
(VRS, 0-10) (3.06)
Immediate 0.46 <
response to MT 0.001
(n):
- No change 11 2 (3.5 %) 9 (20.0 %)
(10.8
%)
- Partial 31 10 (17.5 %) 21 (46.7 %)
improvement (30.4
%)
- 60 45 (78.9 %) 15 (33.3 %)
Improvement (58.8

%)

Network analysis

An overview presenting the bivariate correlations between the bio-
psychosocial variables included as nodes in the NA is reported in Fig. 1.
The partial correlation network estimated from the 18 nodes reported in
Table 1 is illustrated in Fig. 2. Of 153 possible edges, 64 were retained
after regularization. The within-domain edges with larger weights were
mainly observed in the TMJ mechanosensitivity domain (0.35 [0.19 to
0.50] for Pain Clen — Pain MO, 0.27 [0.12 to 0.44] for MT response — Pain
MO, —0.21 [-0.36 to —0.08] for Pain TMJ — MMO) and in the psycho-
social domain (0.34 [0.19 to 0.46] for CSQ-C — depression and 0.23 [0.07
to 0.34] for CSI — anxiety). The strongest relationships across domains
were between n Pain Locs — CSI (0.37 [0.20 to 0.50]) and between GCPS
— HS (—0.22 [-0.37 to —0.07]).

An overview with the estimate of edge weights and 95 % quantile
confidence interval obtained through bootstrapping is presented in
Fig. 3. MMO was the node with the highest number of connections for
the TMJ mechanosensitivity domain, whereas CSI and depression were
the nodes with more connections for the psychosocial domain (11 and
12, respectively). Moreover, CSI was the node with the highest strength
in the network (followed by Pain MO and anxiety), and also the one with
the highest bridge strength (i.e., across domain connections). A sum-
mary of the strength of all nodes in the estimated network, as well as
bridge strength, are presented respectively in Fig. 4A and B. According
to the correlation stability indices obtained from non-parametric boot-
strapping (Suppl File 1), Strength was the only centrality index showing
adequate stability (Cscor=0.7 = 0.52). Instead, the stability of Closeness
was critical (Cscor=0.7 = 0.21), whereas the variability of Betweenness
was too large because of its wide confidence interval (Cscor=0.7=0.13).

The post-hoc sample size analysis (Suppl File 2) revealed that 100
participants are sufficient to retain a correlation of at least 0.7 for all the
six performance indices considered, except for betweenness which re-
quires a sample size of at least n = 200. Furthermore, the largest
improvement in the correlations is observed by increasing the sample
size from 50 to 75.
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Fig. 1. Bivariate correlations between the variables of interest using the Spearman correlation method. *p-value < 0.05. Abbreviations: QoL, quality of life; HS,
Health Status; CSQ-C, pain catastrophizing; CSI, central sensitization inventory; OBC, oral behaviours; GCPS, graded chronic pain scale; MMO, maximal mouth
opening; Pain M, pain muscle palpation; Pain MO, pain mouth opening; MT response, immediate response to manual therapy.

Fig. 2. Estimated network. The variables of interest are presented as nodes in
the network and grouped into four domains. Positive partial correlations are
identified by blue edges and negative partial correlations in yellow. Abbrevi-
ations: QoL, quality of life; HS, Health Status; CSQ-C, pain catastrophizing; CSI,
central sensitization inventory; OBC, oral behaviours; GCPS, graded chronic
pain scale; MMO, maximal mouth opening; Pain M, pain muscle palpation; Pain
MO, pain mouth opening; MT response, immediate response to manual therapy.

Cluster analysis

The dendrogram showing the results of the AHC is presented in
Fig. 5. In accordance with the hypothesis and the metrics evaluating the
quality of clustering solutions, an optimal number of two clusters was
selected which also resulted in a balanced number of patients in both
subgroups (n =57 and 45). Specifically, the highest values of the
silhouette score and Calinski-Harabasz index were observed when the
number of clusters was two (Suppl File 3). As illustrated in Fig. 6, psy-
chological factors (CSI, anxiety, and depression), number of pain

locations, and MMO were the variables contributing the most to the
overall separability between clusters (43.2 %).

By inspecting the distribution and median values of the variables of
interest illustrated in Fig. 7, the two clusters were labelled following our
hypothesis as potential nociceptive and potential nociplastic pain
mechanism subgroups. Differences between subgroups were supported
by the large effect size for psychological variables showing higher
anxiety, depression, pain catastrophisation, central sensitization, pain
duration, number of pain locations and worst sleep quality, quality of
life, and health status in the potential nociplastic group (p < 0.001 for
all variables). In contrast, variables related to nociceptive pain revealed
that MMO was restricted and higher pain was elicited by TMJ palpation,
as well as, mouth opening in the nociceptive cluster. Compared to the
potential nociplastic group, more TMD patients in the nociceptive group
reported an immediate improvement in response to manual therapy
(33.3 vs 78.9 %, respectively, p < 0.001). Differences between sub-
groups for all of the variables of interest are presented in Table 2. Age
and gender did not differ between the two clusters (p > 0.05).

Discussion

This study represents the first application of a NA in a cohort of
patients with TMDs which aimed to reveal the intricate relationships
between biopsychosocial variables within and across different domains.
The results supported our primary hypothesis and the presence of
feature domains since notable correlations were primarily observed
among variables belonging to the same domains. Due to their high
strength and number of associations with other features, pain during
mouth opening and MMO for the TMJ mechanosensitivity domain, and
CSI, depression, and anxiety for the psychological domain were the most
influential features in the network. Also, important between-domain
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Fig. 4. A: Raw values of centrality indices, B: Raw values of bridge strength.

associations were identified, including the one between the response to data-driven approach for the classification of patients with TMDs into
manual therapy and anxiety, as well as between the number of pain pain-mechanism clusters, specifically distinguishing between nocicep-
locations and central sensitization. This is the first study performing a tive and potential nociplastic mechanisms, which supports our



G. Asquini et al.

The Journal of Pain 26 (2025) 104721

Dendrogram for subgrouping TMD patients
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Fig. 6. Contribution of each variable of interest in the separation of the centroids.

secondary hypothesis.

According to the NA, CSI emerged as a crucial variable for patients
with TMDs due to its connections with numerous variables, even across
different domains. In particular, CSI exhibits conditional dependence on
anxiety within the same domain, aligning with existing literature that
suggests that CSI reflects psychological hypervigilance rather than a CS
syndrome.®” Although bivariate correlations also show significant as-
sociations between CSI, depression, and catastrophizing (Fig. 1), the
partial correlations in the NA reveal stronger conditional dependence

between anxiety and CSI and between catastrophism and depression
(Fig. 2). This is because in the NA partial correlations are estimated after
controlling for other variables.'®> However, CSI remains a central feature
as it shares conditional dependence on other domains. Notably, CSI
demonstrates substantial connections with the pain characteristics
domain, showing a partial correlation with longer pain duration and a
high number of painful body sites. This finding is consistent with recent
evidence linking CSI scores to widespread pain.”® Partial correlations
between CSI and the general health domain are also observed, indicating
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Fig. 7. Characteristics of the identified subgroups (potentially nociceptive and nociplastic) considering all the biopsychosocial variables of interest.

a negative association with quality of life, health status, and sleep
quality. These findings agree with previous studies investigating the
relationship between CSI and quality of life variables in various patient
populations.”*®”

It is of relevance to observe that the CSI is not the only variable with
partial inter-domain correlations. The OBC also shows these connec-
tions. The OBC exhibits moderate correlations with both anxiety and
palpatory muscle pain in the masticatory muscles, suggesting a potential
mediating role between the two variables. This hypothesis is supported
by the literature, given the association between stress and anxiety with
negative oral behaviours,*>°® and between the latter and muscle pain in
the masticatory muscles.>*°° Noteworthy inter-domain correlations are
observed between the psychosocial and TMJ mechanosensitivity do-
mains. Specifically, anxiety demonstrates a partial correlation with the
immediate response to manual therapy, suggesting that patients with
psychological distress may respond less favorably to tissue-based in-
terventions like manual therapy. This hypothesis is supported by the
literature.'>'*1® Indeed, high levels of anxiety could be associated with
a centralized form of pain (e.g. nociplastic) which is known to be not
responsive to peripheral intervention and characterized by a
non-mechanical pattern of pain.'®'* In contrast, manual therapy is a
movement-based therapy providing effects on peripheral tissue.”%”’
Lastly, it is interesting to note that there is a possible bridge between the
mechanical characteristics of pain, depression/anxiety, and duratio-
n/extent of pain; partial correlations were detected between pain during
mouth opening, pain duration, and depression/anxiety. Similarly, cor-
relations were found between MMO, anxiety, and pain extension. This
could potentially imply that patients with painful TMD, who lack

mechanical features but experience psychological distress, may be more
prone to experiencing pain with extended duration and larger extent.
These findings align with previous studies indicating associations be-
tween non-mechanical pain conditions, anxiety/depression, and wide-
spread pain.''7%7%

This study represents the first attempt to investigate the presence of
different pain mechanism subgroups within a cohort of TMD patients,
based on the recent consensus generated by experts.'> The findings
demonstrate the existence of two distinct groups in our TMD cohort: a
nociceptive pain group and a potential nociplastic pain group. The
nociceptive group experiences pain with mechanical characteristics (e.
g., their pain changes with movement and/or is associated with reduced
mouth opening), with localized pain, which is not associated with sig-
nificant psychosocial distress or reduced quality of life. In contrast, the
potential nociplastic group exhibits high levels of psychosocial impair-
ment, reduced quality of life, and widespread pain which is often un-
affected by movement. These results align with previous studies
investigating pain mechanisms in various populations with musculo-
skeletal disorders.'>%%7>7* To the best of our knowledge, no other
experimental studies have specifically examined these two
mechanism-based subgroups within a TMD patient cohort. The study
conducted by Bair et al. in 2016 partially overlaps with our findin.'!
While their "pain-sensitive" cluster shares similarities with our noci-
ceptive pain group in terms of mechanical pain symptoms (e.g., pain on
movement and/or pressure stimuli), the "global symptom" cluster cor-
responds to our potential nociplastic pain group, characterized by
greater psychological distress, higher pain intensity, more functional
limitations, and comorbid pain conditions.!! Although direct
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comparisons are limited due to differences in scales and outcome mea-
sures used, these similarities strengthen the hypothesis that there are
two different categories of patients in TMD population. Regarding the
type of TMD, it is interesting to note that although the majority of
participants have mixed TMD, myogenous TMD is the second most
frequent in the potentially nociplastic group. Indeed, this form of TMD is
often associated with high comorbidity.”® In contrast, the nociceptive
group primarily presents with arthrogenous TMD, which may be linked
to a peripheral inflammatory phenomenon. Furthermore, the potentially
nociplastic group had an average pain duration of approximately one
year, compared to about six months for the nociceptive group. This
finding aligns with previous studies that have identified longer pain
duration associated with nociplastic pain.”®

This study provides a valuable understanding of the complex nature
of TMDs, but it is important to interpret the results cautiously consid-
ering the following study limitations. Firstly, the sample size for the NA
may be considered limited. However, post-hoc sample size calculations
confirm the robustness of the network metrics. This is consistent with
previous studies having a similar sample size and using a NA to unravel
the interaction between psychological and physical features in other
musculoskeletal conditions.'®!” Secondly, the study was conducted at a
single centre, which limits the generalizability of the results. Also, the
assessment of sleep quality was performed with an NRS from 0 to 10,
evaluating the quality of sleep over the preceding 6 months.'® Whilst
practical, it may have been subject to potential recall bias. Moreover, the
interpretation and understanding of the role of features in the network
were partially compromised by the large confidence intervals associated
with some centrality indices, like betweenness and closeness. This
problem has been observed in other research exploring psychological
domains, causing some researchers to doubt the effectiveness of these
measures.”” In addition, cluster analysis is an unsupervised method that
relies on the selection of cluster parameters, and further validation in
independent samples is necessary. Finally, it is important to note that
certain variables not included in this study, such as quantitative sensory
testing, could have more accurately identified nociplastic and nocicep-
tive subgroups.”® Specifically, the absence of data on evoked pain hy-
persensitivity limited our ability to meet all the criteria recommended
by the literature for precisely identifying nociplastic pain.”® Addition-
ally, incorporating other variables like quantitative sensory testing
could have facilitated the identification of additional patient subgroups,
such as those with mixed pain mechanisms (however not neuropathic
pain since its presence was an exclusion criterion).”®’® Future research
should aim to replicate and enhance these findings by including a more
comprehensive array of variables.

The study boasts several notable strengths. Firstly, it pioneers the use
of NA to conduct a comprehensive examination of multi-domain vari-
ables in individuals with TMD. This innovative approach uncovers a rich
tapestry of interactions, providing clinicians with a deeper under-
standing of TMDs and provides them with the knowledge to devise more
effective treatment plans for their patients. Secondly, the study adopts a
data-driven approach to classify TMD subgroups based on pain mecha-
nisms, offering valuable insights for tailored interventions. The sample
population accurately represents individuals with painful TMDs, as
evidenced by the moderate pain levels reported (average pain intensity,
VAS: 52,9). These findings hold significant clinical implications. A NA
identifies key variables within each domain that play prominent roles,
such as the CSI in the psychosocial domain, MMO in TMJ mechano-
sensitivity, the number of painful body sites in the pain characteristics
domain, and quality of life in the general health domain. By assessing
these four variables, clinicians managing patients with TMDs can obtain
a comprehensive overview of their patients, streamlining and expediting
their clinical decision-making process. Furthermore, the study facilitates
clinicians in identifying subgroups of patients based on distinct pain
mechanisms, aligning with the understanding that comprehending the
neurobiological underpinnings of pain is crucial for optimizing clinical
outcomes.” 2
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In conclusion, this study utilized a NA to uncover the intricate re-
lationships between biopsychosocial variables in a cohort of patients
with TMDs, shedding light on the complex nature of the condition. The
findings revealed correlations within and across different domains,
identified two distinct subgroups of TMD patients distinguishable from
pain-mechanism clusters (potentially nociceptive and nociplastic), and
highlighted key variables such as CSI, MMO, number of painful body
sites, and quality of life to aid in classification. These findings hold
significant clinical implications, emphasizing the critical importance of
understanding the neurobiological underpinnings of pain for optimizing
clinical outcomes. By comprehending the underlying mechanisms, cli-
nicians can better tailor interventions and make informed decisions,
ultimately enhancing treatment efficacy and patient care.
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