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A B S T R A C T

Introduction: Frozen shoulder (FS) is a common musculoskeletal condition characterized by shoulder pain and 
range of motion restrictions. While traditionally considered nociceptive, recent research suggests central pain 
mechanisms may also be involved.
Objective: This study aimed to determine the effect of experimental sensorimotor incongruence (SMI) on pain and 
sensory disturbances in people with FS and asymptomatic controls.
Methods: The study included two groups: people with FS and asymptomatic controls. Participants underwent a 
bimanual coordination test with eight paradigms (four per side: congruent and incongruent with a mirror or 
whiteboard). Outcome measures were assessed immediately after each paradigm and consisted of pain, 
discomfort, perceived temperature or weight changes, experiencing an extra or loss of an arm, and feelings of 
peculiarity.
Results: A total of 69 participants were included (36 with FS and 33 asymptomatic controls). Results showed that 
people with FS experienced a significant increase in pain and sensory discomfort when exposed to SMI paradigms 
compared to controls. Both congruent and incongruent paradigms exacerbated pain levels, whereas changes in 
perceived weight were observed variably across congruent and incongruent movements.
Conclusion: These findings support the hypothesis that SMI plays a crucial role in pain modulation in FS, possibly 
through altered central pain processing and neuroplastic changes. The results highlight the need for therapeutic 
approaches addressing both musculoskeletal and neuroplastic components of FS.

1. Introduction

Frozen shoulder (FS) is a common musculoskeletal condition which 
is characterized by intense shoulder pain and progressive mobility re
striction of the glenohumeral joint, especially for passive external 
rotation (Neviaser, 1987; Tasto and Elias, 2007; Walmsley et al., 2014). 
Although it has been widely studied, its epidemiology, etiology, diag
nosis, and assessment are not yet fully understood (Ryan et al., 2016). 
The restriction of the shoulder capsule has been associated to an immune 
and inflammatory response, leading to several pathological changes 
such as thickening and fibrosis of the rotator interval, coracohumeral 

ligament, and anterior-inferior capsule, neovascularity in the rotator 
interval, or reduced joint volume (Akbar et al., 2019; Andronic et al., 
2020; Lewis, 2015). In addition, recent research has highlighted the 
potential contribution of psycho-emotional stress, immune-mediated 
mechanisms, and low-grade inflammation to the pathogenesis of FS 
(Navarro-Ledesma et al., 2024). In particular, metabolic dysfunction 
and chronic inflammation have been linked to altered levels of HbA1c, 
cholesterol, and pro-inflammatory cytokines such as IL-1β and TNF-α, 
which may drive both inflammation and fibrosis in the shoulder capsule 
(Hamed-Hamed et al., 2025).

These structural and inflammatory changes have traditionally been 
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interpreted as the primary source of nociceptive input in FS. Based on 
this assumption, the dominant operating pain mechanism in FS has long 
been considered nociceptive. However, a growing body of evidence 
(Sawyer et al., 2018; Mena-Del Horno et al., 2020; Louw et al., 2017; 
Breckenridge et al., 2020; Struyf and Meeus, 2014; Mertens et al., 
2022a) suggests that central pain mechanisms may also be involved in 
FS. It is important to note that, although evidence at group level is 
inconsistent, these mechanisms are often suggested to be present in 
specific subgroups, as reflected by greater variability in several mea
surements. For example, widespread pain distribution has been associ
ated with pain catastrophizing and with measures of altered central pain 
processing, such as elevated scores on the Central Sensitization In
ventory (CSI) (Balasch i Bernat et al., 2022). Moreover, given that FS is a 
long-lasting condition, it is plausible that some neuroplastic changes 
within the central nervous system contribute to the pain maintenance 
(Roy et al., 2017). In this regard, the literature suggests that central pain 
mechanisms might play a relevant role in subgroups of people with FS 
(Struyf and Meeus, 2014; Mertens et al., 2022a, 2022b). A similar 
pattern has been observed in terms of disrupted tactile acuity and lat
erality judgement (Breckenridge et al., 2020), and it has been hypoth
esized that continuous nociceptive stimulation in the early stages of FS 
could lead to altered central pain processing and subsequent alterations 
in central pain processing (Struyf and Meeus, 2014).

Besides altered central pain processing, abnormal neuronal activity 
has been identified in several brain regions involved in the processing 
and integration of pain signals (Niddam et al., 2019; xin et al., 2017), as 
well as changes in motor excitability and cortical motor representation 
(Ngomo et al., 2015) in people with shoulder pain (Li et al., 2023), 
suggesting neuroplastic changes and disruption of the body schema in 
this population. However, these findings have not yet been demon
strated specifically in FS but are extrapolated from broader shoulder 
pain research. In addition, there is evidence that a sensorimotor 
mismatch aggravates pain and sensory changes in people with chronic 
pain (McCabe et al., 2007), suggesting a possible etiological role for 
sensorimotor incongruence (SMI) in the development of chronic pain. As 
proposed by Harris (1999), SMI is thought to be the result of a conflict 
between the predicted sensory input based on the motor output and the 
actual sensory feedback from the body possibly due to maladaptive 
plastic changes, causing pain and other sensory disturbances. Sensory 
disturbances, which occur in a SMI state, might be warning signals 
produced by the central nervous system (McCabe and Blake, 2007; 
McCabe et al., 2009). A systematic review on SMI (Don et al., 2017) 
concluded that people with musculoskeletal pain are more susceptible to 
experiencing pain during visual manipulation, although it is unlikely 
that SMI alone is responsible for these higher pain reports.

Several studies have induced experimental SMI by creating an arti
ficial conflict between vision and proprioception using a bimanual co
ordination experiment (McCabe et al., 2005, 2007; Daenen et al., 2010, 
2012a, 2012b; Foell et al., 2013; Roussel et al., 2015; Wand et al., 2014). 
SMI has been studied in various musculoskeletal pain conditions such as 
whiplash-associated disorders (Daenen et al., 2010, 2012a, 2012b), fi
bromyalgia (McCabe et al., 2007), and LBP (Don et al., 2019). For 
instance, reducing or disturbing visual input has shown to exacerbate 
symptoms and cause additional sensory changes in people with chronic 
whiplash-associated disorders (Daenen et al., 2012b), suggesting an 
altered central sensorimotor processing and a disrupted body image in 
this population. However, the role of SMI in people with FS remains 
unexplored. Given available evidence suggesting that SMI may play a 
role as an underlying mechanism in people with chronic musculoskeletal 
pain, a role for SMI in people with FS seems plausible. To examine 
whether SMI is present in FS may help unravel the mechanisms involved 
in this condition and adjust treatment strategies accordingly.

The objective of the current study was to determine the effect of 
experimental SMI on pain and sensory disturbances in people with FS 
and asymptomatic controls. We hypothesize that people with FS are 
more susceptible to visually mediated changes between sensory 

feedback and motor output than controls, resulting in an exacerbation of 
pain and sensory disturbances.

2. Methods

2.1. Study design

This was a cross-sectional study with two groups of participants: 
people with FS and asymptomatic controls. The study was in accordance 
with the STROBE guidelines (von Elm et al., 2007) and was performed 
between July 2015 and July 2017 at the pain research unit of the Uni
versity of Valencia. It was approved by the Human Research Ethics 
Committee of the University of Valencia (protocol number 
H1432625002427) and all procedures were conducted according to the 
Declaration of Helsinki.

2.2. Participants

Participants with primary FS were recruited from primary health 
care centers and hospitals in the Valencia health area. Primary FS was 
diagnosed based on the guideline, which is widely used and provides 
standardized definitions for pain and range of motion restrictions in 
primary fFS, and includes the following criteria (Kelley et al., 2013): (1) 
a loss of more than 25% of the range of motion in at least two movement 
planes; (2) at least 50% reduction in passive external rotation compared 
to the unaffected shoulder; and (3) the presence of pain and movement 
restriction for at least 1 month, either having reached a plateau or 
worsened. Additionally, participants were required to maintain a stable 
medication regimen for at least 4 weeks prior to inclusion to minimize 
potential confounding effects of medication adjustments on symptom 
stability of potential comorbidities (Kuppens et al., 2018). The control 
group comprised age- and sex-matched asymptomatic people without 
previous history of shoulder complaints, recruited via family, friends, 
and administrative staff at the university and hospital. Exclusion criteria 
for the FS group included locked dislocations, arthritis, fractures, or 
avascular necrosis on shoulder radiographs, as well as previous surgery 
in the upper quadrant region during the past year. Finally, all partici
pants were instructed to discontinue the use of analgesic and 
anti-inflammatory drugs for 48 h before the experiment, refrain from 
caffeine and alcohol intake, and avoid physical exercise 24 h before the 
start of the measurements to avoid acute effects on pain perception. All 
participants provided written informed consent before the commence
ment of the study.

2.3. Procedure

Initially, participants were interviewed by a researcher to collect 
sociodemographic and clinical data. Thereafter, they performed a 
bimanual coordination test comprising eight experimental paradigms. 
These eight paradigms were organized as four paradigms for each side 
(affected/unaffected or dominant/non-dominant), specifically: white
board–congruent, mirror–congruent, whiteboard–incongruent, and 
mirror–incongruent (Fig. 1). The order of these experimental paradigms 
was randomized for each participant using a computer-generated 
sequence (i.e., utilizing the RAND function in Microsoft Excel). 
Outcome measures were assessed immediately after each condition, and 
the assessor was blinded to the participants’ group allocation.

2.3.1. Bimanual coordination test
The apparatus and procedure for the bimanual coordination test 

have been described previously (McCabe et al., 2005, 2007) and have 
been used in previous studies (Daenen et al., 2010, 2012b). Participants 
were seated with the double-sided board positioned along the midsag
ittal plane - one side containing a mirror (intervention condition) and 
the other a whiteboard (control condition) - so that one arm was visible 
in front of the board and the contralateral arm was hidden behind it.
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Participants were asked to perform smooth and continuous flexion- 
extension movements of both shoulders either synchronously 
(congruent) or asynchronously (incongruent), depending on the specific 
paradigm, while viewing the appropriate side of the board for 20 s. Each 
movement cycle took approximately 3 s for flexion and 3 s for extension, 
guided verbally by the researcher to ensure consistency across partici
pants. Movements were performed up to the end of the available range 
of motion or until pain limited the movement, whichever occurred first, 
while remaining within the mirror reflection field, as moving beyond 
this point would make the arm no longer visible. They were also 
instructed to focus on a horizontal line at the level of the umbilicus as a 
reference point.

The test aimed to assess the ability to perform coordinated bilateral 
movements under different visual feedback conditions (mirror vs. 
whiteboard), reflecting sensorimotor integration and potential 
incongruence-related symptoms. The examiner observed the accuracy, 
rhythm, and simultaneity of the movements, as well as participants’ 
tolerance to the visual–proprioceptive conflict.

After each trial, the board was rotated to complete the testing for all 

eight paradigms. Rest periods of 30 s to 1 min were provided between 
paradigms until symptoms returned to baseline, allowing partial re
covery of the muscles and minimizing the onset of fatigue. This rest 
interval helped ensure that participants maintained the accuracy and 
precision required for the task, as prolonged exertion could lead to 
diminished performance due to muscular or cognitive fatigue (McCabe 
et al., 2007; Daenen et al., 2010, 2012a).

2.4. Outcome measures

Sensory disturbances and pain were the primary outcome measures. 
Based on previous research (McCabe et al., 2005), sensory disturbances 
were divided in five categories: pain/discomfort, perceived temperature 
changes, perceived weight changes, changes in experiencing an extra or 
loss of an arm, and changes in feelings of peculiarity. They were assessed 
by asking all participants two open questions at the end of each para
digm: “How did it feel?” and “Were you aware of any changes in either 
limb?“. If pain/discomfort was reported, participants were asked to rate 
this on an 11-point verbal numeric rating scale ranging from 0 (no pain) 

Fig. 1. Experimental paradigms. 
All participants perform incongruent (A) and congruent (B) movements looking at the whiteboard (C) and the mirror (D). These four paradigms were applied to both 
the affected and unaffected side (or dominant and non-dominant side).
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to 10 (worst possible pain). This tool has been shown to reliably measure 
pain (Kuppens et al., 2018). If other sensory changes were reported, 
participants were asked to indicate whether this change was experi
enced as an increase in the right or left arm or a decrease in the right or 
left arm. To prevent a possible source of bias, no further explanation was 
given and no suggestions regarding sensory changes were made.

2.5. Sample size

The sample size was calculated in G*Power software (version 3.1, 
Universität Düsseldorf, Germany) based on previous findings. Daenen 
et al. (2012b) reported that 89% of people with chronic pain and 58% of 
asymptomatic people experienced sensations during a task simulating 
SMI (McCabe et al., 2005, 2007; Daenen et al., 2012b; Moseley et al., 
2006). Using these proportions (0.89 and 0.58) in a priori power anal
ysis (z test, difference between two independent proportions) with a 
power of 0.80 and α level of ≤0.05, it was determined that a minimum of 
24 participants per group would be required.

2.6. Statistical analysis

For each group, mean, standard deviation (SD) and 95% confidence 
intervals (95%-CI) are presented for continuous variables and number 
and percentage for categorical variables. Normal distribution was 
checked with the Shapiro-Wilk test.

For comparison between people with FS and asymptomatic controls 
for continuous variables, first the values of the dominant and non- 
dominant side in asymptomatic controls were compared. If no differ
ence was present, the average of both sides was used for between-group 
comparison. If a difference between sides was present in asymptomatic 
controls for continuous variables and for categorical variables, the 
affected dominant or affected non-dominant side of people with FS was 
compared with their respective side in asymptomatic controls. An 
additional distinction between affected and unaffected was made. 
Between-group differences were analyzed with an independent T-test 
(or Mann-Whitney-U) for continuous variables and Fisher’s exact test for 
categorical variables. Mean differences (MD) and 95%-CI are presented 
for continuous variables regarding group differences. To assess the 
extent of between-group differences, effect size (ES) was calculated 
using either Hedge’s g or Glass Δ (in case of different SDs) (Lakens, 
2013). Effect sizes were interpreted as follows: ≥0.2 but <0.5: small; 
≥0.5 but <0.8: medium; ≥0.8: large (Sullivan and Feinn, 2012), where 
small is considered clinically irrelevant, medium possibly clinically 
relevant, and large clinically relevant. Since a multitude of hypothesis 
tests were performed, a multiple testing correction on the p-values was 
implemented. Therefore, the Bonferroni-correction was applied, and the 
significance level was set at α < .00125 (=0.05/40).

Statistical analysis was performed in R (version 3.6.2, Vienna 
Austria). Between group differences were analyzed using add-on pack
age compareGroups (Subirana et al., 2014).

3. Results

3.1. Participants

A total of 69 participants were included (36 with FS and 33 
asymptomatic controls). Table 1 shows the characteristics of included 
participants. No difference was found for age, gender, and hand domi
nance between groups (p > .05).

All participants tolerated the procedure well, reporting full recovery 
within each rest interval, and no additional recovery time was required 
between paradigms.

3.2. Sensorimotor incongruence

Comparisons between groups are shown in Table 2 and Fig. 2. 

Differences between groups were found for pain or discomfort during 
each of the exercises (p < .00125), independent of reflection (mirror or 
whiteboard) and movement type (congruent or incongruent). Deter
mining the ES was impossible due to the absence of variance in scores for 
the control group. For change in weight a difference between groups was 
found while exercising the non-painful side towards the whiteboard 
with incongruent movement and mirror with congruent movement (p <
.00125). Additionally, a difference was found while exercising the 
painful side towards the whiteboard with the congruent movement and 
towards the mirror with both movement types (p < .00125). Changes in 
temperature, extra or loss of weight, and peculiarity were similar be
tween people with FS and asymptomatic controls (p > .00125) inde
pendent of reflection and movement type.

4. Discussion

This is the first study that investigated the effect of SMI on pain and 
sensory disturbances in people with FS and asymptomatic controls. The 
main findings indicate that people with FS experience a significant in
crease in pain and sensory discomfort when exposed to SMI paradigms 
compared to asymptomatic controls. Furthermore, both congruence and 
incongruence paradigms exacerbated pain levels, whereas perceived 
changes in weight were observed variably across both paradigms in 
people with FS compared to asymptomatic controls.

These findings support the hypothesis that SMI plays an important 
role in the pain modulation in FS, possibly through mechanisms of 
altered central pain processing and neuroplastic changes. Our findings 
are consistent with previous research documenting alterations in 
sensorimotor processing in chronic pain conditions. For example, 
Breckenridge et al. (2020) found that people with FS had significantly 
slower reaction times in a laterality judgment task. Thus, our study 
provides experimental evidence for the role of the central nervous sys
tem in the pathophysiology of this condition.

Previous studies using similar methodology, specifically bimanual 
coordination tests to assess the effects of SMI, have reported comparable 
results (McCabe et al., 2005, 2009; Daenen et al., 2010, 2012b). Daenen 
et al. (2012b) demonstrated exacerbation of symptoms and/or addi
tional sensory changes in people with chronic whiplash-related disor
ders, suggesting altered central nervous system processing and distorted 
perception of visual feedback (Daenen et al., 2012b). Similarly, in a 
study of violinists, 60% of participants reported experiencing sensory 
changes at some point during the upper extremity testing protocol. 
Notably, the study suggested that violinists with baseline symptoms may 
have a lower threshold for SMI. This suggests that a mismatch between 
efferent motor output and afferent sensorimotor input may contribute to 
the development of symptoms in this population, even in the absence of 
identifiable nociceptive or local etiological factors (Daenen et al., 2010).

A previous systematic review in chronic pain populations, such as 
complex regional pain syndrome and osteoarthritis, has also reported 

Table 1 
Participant characteristics, mean ± SD [95 %-CI] is presented for continuous 
variables and frequency (%) is presented for categorical variables.

Frozen shoulder (n =
36)

Asymptomatic individuals 
(n = 33)

Participant’s age 55.58 ± 7.82 [52.71; 
58.45]

53.82 ± 7.19 [51.27; 56.37]

Participant’s gender 
(Female)

25 (69.44) 23 (69.70)

Participant’s dominant side 
(Right)

35 (97.22) 28 (87.50)

Affected shoulder (Right) 20 (55.56) NA
Affected shoulder 

(Dominant)
19 (52.78) NA

Symptom duration 8.52 ± 7.04 [6.02; 
11.01]

NA

NA: not applicable.
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Table 2 
Between-group differences for the sensorimotor incongruence tests.

Frozen 
shoulder (n 
= 36)

Asymptomatic 
controls (n = 33)

Mean 
difference 
[95 %-CI]

P- 
value

Pain/ 
discomfort 
affected side 
non-painful 
whiteboard 
congruent 
movement

2.06 ± 2.54 
[1.20; 
2.92]

0.00 ± 0.00 
[0.00; 0.00]

2.06 [NA] 0.000

Pain/ 
discomfort 
affected side 
non-painful 
whiteboard 
incongruent 
movement

1.58 ± 2.49 
[0.74; 
2.43]

0.00 ± 0.00 
[0.00; 0.00]

1.58 [NA] 0.000

Pain/ 
discomfort 
affected side 
non-painful 
mirror 
congruent 
movement

1.92 ± 2.33 
[1.13; 
2.71]

0.00 ± 0.00 
[0.00; 0.00]

1.92 [NA] 0.000

Pain/ 
discomfort 
affected side 
non-painful 
mirror 
incongruent 
movement

1.97 ± 2.51 
[1.12; 
2.82]

0.00 ± 0.00 
[0.00; 0.00]

1.97 [NA] 0.000

Pain/ 
discomfort 
affected side 
painful 
whiteboard 
congruent 
movement

2.61 ± 2.54 
[1.75; 
3.47]

0.00 ± 0.00 
[0.00; 0.00]

2.61 [NA] 0.000

Pain/ 
discomfort 
affected side 
painful 
whiteboard 
incongruent 
movement

2.39 ± 2.48 
[1.55; 
3.23]

0.00 ± 0.00 
[0.00; 0.00]

2.39 [NA] 0.000

Pain/ 
discomfort 
affected side 
painful 
mirror 
congruent 
movement

2.31 ± 2.47 
[1.47; 
3.14]

0.00 ± 0.00 
[0.00; 0.00]

2.31 [NA] 0.000

Pain/ 
discomfort 
affected side 
painful 
mirror 
incongruent 
movement

2.50 ± 2.57 
[1.63; 
3.37]

0.00 ± 0.00 
[0.00; 0.00]

2.50 [NA] 0.000

Change in temperature during the exercise non-painful 
whiteboard congruent movementa

NA 1.000

No change 34 (94.44) 32 (96.97) ​ ​
Increases Right 1 (2.78) 1 (3.03) ​ ​
Increases Left 1 (2.78) 0 (0.00) ​ ​
Change in temperature during the exercise non-painful 

whiteboard incongruent movementa
NA 0.743

No change 33 (91.67) 32 (96.97) ​ ​
Increases Right 2 (5.56) 0 (0.00) ​ ​
Increases Left 1 (2.78) 1 (3.03) ​ ​
Change in temperature during the exercise non-painful 

mirror congruent movementa
NA 1.000

No change 35 (97.22) 32 (96.97) ​ ​
Increases Right 1 (2.78) 1 (3.03) ​ ​
Change in temperature during the exercise non-painful 

mirror incongruent movementa
NA 0.743

Table 2 (continued )

Frozen 
shoulder (n 
= 36) 

Asymptomatic 
controls (n = 33) 

Mean 
difference 
[95 %-CI] 

P- 
value

No change 33 (91.67) 32 (96.97) ​ ​
Increases Right 1 (2.78) 1 (3.03) ​ ​
Increases Left 2 (5.56) 0 (0.00) ​ ​
Change in temperature during the exercise painful 

whiteboard congruent movementa
NA 0.796

No change 34 (94.44) 31 (93.94) ​ ​
Increases Right 1 (2.78) 2 (6.06) ​ ​
Increases Left 1 (2.78) 0 (0.00) ​ ​
Change in temperature during the exercise painful 

whiteboard incongruent movementa
NA 0.614

No change 31 (88.57) 32 (96.97) ​ ​
Increases Right 2 (5.71) 1 (3.03) ​ ​
Increases Left 2 (5.71) 0 (0.00) ​ ​
Change in temperature during the exercise painful mirror 

congruent movementa
NA 0.115

No change 32 (88.89) 33 (100.00) ​ ​
Increases Right 4 (11.11) 0 (0.00) ​ ​
Change in temperature during the exercise painful mirror 

incongruent movementa
NA 0.055

No change 31 (86.11) 33 (100.00) ​ ​
Increases Right 5 (13.89) 0 (0.00) ​ ​
Change in weight during the exercise non-painful 

whiteboard congruent movementa
NA 0.003

No change 21 (58.33) 30 (90.91) ​ ​
Increases Right 8 (22.22) 0 (0.00) ​ ​
Increases Left 5 (13.89) 3 (9.09) ​ ​
Decreases Right 2 (5.56) 0 (0.00) ​ ​
Change in weight during the exercise non-painful 

whiteboard incongruent movementa
NA 0.000

No change 20 (55.56) 32 (96.97) ​ ​
Increases Right 10 (27.78) 0 (0.00) ​ ​
Increases Left 4 (11.11) 1 (3.03) ​ ​
Decreases Right 2 (5.56) 0 (0.00) ​ ​
Change in weight during the exercise non-painful 

mirror congruent movementa
NA 0.000

No change 19 (52.78) 31 (93.94) ​ ​
Increases Right 11 (30.56) 0 (0.00) ​ ​
Increases Left 6 (16.67) 2 (6.06) ​ ​
Change in weight during the exercise non-painful mirror 

incongruent movementa
NA 0.004

No change 21 (58.33) 28 (84.85) ​ ​
Increases Right 9 (25.00) 0 (0.00) ​ ​
Increases Left 6 (16.67) 4 (12.12) ​ ​
Decreases Right 0 (0.00) 1 (3.03) ​ ​
Change in weight during the exercise painful 

whiteboard congruent movementa
NA 0.000

No change 17 (47.22) 30 (90.91) ​ ​
Increases Right 12 (33.33) 0 (0.00) ​ ​
Increases Left 6 (16.67) 3 (9.09) ​ ​
Decreases Right 1 (2.78) 0 (0.00) ​ ​
Change in weight during the exercise painful whiteboard 

incongruent movementa
NA 0.003

​ No change 20 (55.56) 30 (90.91) ​ ​
​ Increases 

Right
10 (27.78) 2 (6.06) ​ ​

​ Increases 
Left

6 (16.67) 1 (3.03) ​ ​

Change in weight during the exercise painful mirror 
congruent movementa

NA 0.000

No change 19 (52.78) 32 (96.97) ​ ​
Increases Right 11 (30.56) 0 (0.00) ​ ​
Increases Left 6 (16.67) 1 (3.03) ​ ​
Change in weight during the exercise painful mirror 

incongruent movementa
NA 0.000

No change 22 (61.11) 31 (93.94) ​ ​
Increases Right 8 (22.22) 0 (0.00) ​ ​
Increases Left 6 (16.67) 1 (3.03) ​ ​
Decreases Left 0 (0.00) 1 (3.03) ​ ​
Change in extra or loss during the exercise non-painful 

whiteboard congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise non-painful 

whiteboard incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​

(continued on next page)

M.G. Mertens et al.                                                                                                                                                                                                                             Musculoskeletal Science and Practice 81 (2026) 103458 

5 



alterations in tactile discrimination (Catley et al., 2014), suggesting 
neuroplastic changes as a common factor in these pathologies. Both 
tactile discrimination and SMI reflect disturbances in cortical repre
sentation and sensorimotor integration, and may therefore share similar 
underlying mechanisms. Unlike other musculoskeletal conditions, FS is 
characterized by a stiff component that may exacerbate body schema 
disruption and contribute to a more pronounced response in SMI para
digms. This stiffness and restriction of movement could reduce afferent 
and efferent signaling, leading to disorganization of the body schema 
and a stronger response to visually incongruent tasks. In addition, our 
observation of sensory changes such as changes in weight perception 
during incongruent paradigms provides new insight into sensory man
ifestations in this population.

The neurophysiological mechanisms involved in this relationship are 
not entirely clear. SMI may exacerbate symptoms due to an increase in 
altered central pain processing, a phenomenon in which the central 
nervous system responds in an exaggerated manner to normal stimuli. 
This mechanism has been widely documented in chronic pain conditions 
and may be related to a dysfunctional reorganization of somatosensory 
representations in the cortex (Moseley and Flor, 2012). Beyond altered 
central pain processing, structural and functional alterations have also 
been observed in the primary motor and somatosensory cortices of 
people with chronic pain (Gustin et al., 2012; Hodges et al., 2019). These 

cortical changes are associated with disrupted sensory perception and 
impaired motor control. A multimodal meta-analysis revealed consistent 
brain alterations in people with chronic pain, highlighting the complex 
interplay between structural and functional reorganization (Zeng et al., 
2025). In people with FS, such neuroplastic changes may contribute to 
disintegration of the body schema due to reduced movement and 
persistent pain. This disintegration may increase dependence on visual 
cues for motor control, which would explain the increased sensitivity to 
incongruent paradigms.

These findings have important implications for the clinical man
agement of FS. The results highlight the need for therapeutic approaches 
that address both the musculoskeletal component and the aspects of 
neuroplastic reorganization and altered central pain processing. Ac
cording to a randomized controlled trial, a central nervous system- 
focused approach (graded motor imagery and sensory discrimination 
training) proved equally effective as a program of manual therapy and 
home stretching for improving shoulder pain and function in people 
with FS at group level (Mena-Del Horno et al., 2023). However, the 
participants were randomly assigned to one of the intervention groups, 
without acknowledging their baseline predominant pain mechanism. 
This implies that patients with dominant nociplastic pain mechanism 
(which potentially would benefit from this treatment approach) were 
equally divided over both groups. Consequently, the benefit of the 
intervention may not be assessed in the right subgroup of patients. 
Furthermore, another pilot randomized controlled trial found that the 
addition of graded motor imagery to conventional physical therapy 
proved superior to conventional physical therapy alone in reducing 
pain, kinesiophobia, and improving shoulder function in stage I and II FS 
(Gurudut and Godse, 2022). A case report study also supports a 
top-down approach, using pain neuroscience education, tactile 
discrimination, and graded motor imagery, which may allow a more 
rapid transition through the FS stage (Mena-Del Horno et al., 2020). In 
this context, our findings highlight the importance of addressing 
sensorimotor dysfunction as part of the patient’s overall assessment and 
treatment. Early identification of changes in sensorimotor processing 
could guide interventions aimed at preventing symptom progression and 
improving functional outcomes. In clinical settings, simple tools such as 
a bimanual coordination task using a mirror, as applied in the present 
study, could be easily implemented to assess potential sensorimotor 
incongruence. In addition, laterality recognition tasks may also help 
clinicians identify alterations in sensorimotor processing in people with 
FS.

5. Limitations

Despite the relevant findings, this study has several limitations that 
should be considered. First, the study design does not allow for the 
establishment of causal relationships between SMI and symptom exac
erbation. Longitudinal studies are needed to determine whether SMI is a 
causal factor or a consequence of FS. Additionally, measures of sensory 
dysfunction relied on indirect tools, such as subjective pain and 
discomfort scales. Future research could integrate functional neuro
imaging techniques to provide a more direct evaluation of cortical 
changes associated with SMI. Furthermore, it should be acknowledged 
that currently a universal consensus regarding the diagnostic criteria for 
FS is lacking. Recently, a Delphi study (Salamh et al., 2025) has 
underscored substantial variability in how clinicians and researchers 
define and operationalize this condition. Although we adopted the 
Kelley et al. (2013) guideline to ensure standardization, such hetero
geneity in diagnostic approaches may partly explain differences in 
participant characteristics and outcomes across studies. Finally, the 
absence of a comparison group including people with other chronic pain 
conditions limits the ability to determine whether the observed effects 
are specific to FS or extend to other musculoskeletal disorders.

Table 2 (continued )

Frozen 
shoulder (n 
= 36) 

Asymptomatic 
controls (n = 33) 

Mean 
difference 
[95 %-CI] 

P- 
value

Change in extra or loss during the exercise non-painful 
mirror congruent movementa

NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise non-painful 

mirror incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise painful 

whiteboard congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise painful 

whiteboard incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise painful mirror 

congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in extra or loss during the exercise painful mirror 

incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise non-painful 

whiteboard congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise non-painful 

whiteboard incongruent movement
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise non-painful 

mirror congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise non-painful 

mirror incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise painful 

whiteboard congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise painful 

whiteboard incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise painful mirror 

congruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​
Change in peculiarity during the exercise painful mirror 

incongruent movementa
NA NA

No change 36 (100.00) 33 (100.00) ​ ​

NA: not applicable.
a Other levels are absent; Statistical differences in bold.
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6. Conclusions

The present study demonstrates that SMI is associated with increased 
pain severity and sensory dysfunction in people with FS. From a clinical 
perspective, these findings highlight the need for interventions that 
target the central components of FS pain and for future studies that 
examine the impact of these interventions on clinical outcomes.
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