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The Shoulder Strength Testing Out of Pain (SSTOP) Study: Reliability of fixed portable dynamometry for measuring pain-free shoulder strength in people with rotator cuff-related shoulder pain (RCRSP).
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Abstract

Objective: To investigate the intra-rater and inter-rater reliability of pain-free shoulder force testing in people with rotator cuff-related shoulder pain (RCRSP), and to explore its associations with patient-reported clinical and psychosocial measures.

Design: Reliability study of fixed portable dynamometry. Assessment order was randomised.

Methods: Two investigators tested mean and maximal pain-free abduction and external rotation force for both shoulders in 31 people with unilateral RCRSP, using a fixed, portable hand-held dynamometer (HHD). The order in which the investigators assessed each participant was randomised.  Participants were blinded to their test scores, and each investigator was blinded to the other investigator’s measurements.  Secondary analyses examined the relationship between the relative pain-free force index (as well as three psychosocial outcome measures) and the Shoulder Pain and Disability Index (SPADI).  

Results:  Absolute measurement error was substantial: the inter-rater limits of agreement (LoA) were wide, the standard error of measurement (SEM) ranged from 8.9 to 19.5 N (minimal detectable change at the 95% confidence level [MDC95] 24.7–53.9 N) and the intra-rater repeatability coefficient reached 34.5 N, indicating the need for caution when interpreting small changes in isometric shoulder force; relative reliability was nonetheless good to excellent (intraclass correlation coefficient [ICC] 0.89–0.97 intra-rater and 0.83–0.89 inter-rater).  In secondary exploratory analyses, pain-free force deficits showed weak-to-moderate associations with SPADI scores (|r| = 0.01 to 0.43). Psychosocial measures demonstrated stronger correlations (|r| = 0.44 to 0.71; moderate-to-strong associations), with the Pain Self-Efficacy Questionnaire (PSEQ) showing the strongest association.

Conclusion: Pain-free HHD shoulder force testing in RCRSP showed substantial absolute measurement error, with wide LoA despite good relative reliability. Exploratory associations with patient-reported pain and disability were numerically stronger for psychosocial measures than for the relative pain-free force index. These findings suggest limitations in detecting small differences in force and support assessment beyond force testing alone.
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1. [bookmark: _Hlk163052282]Introduction
Shoulder pain is the third most frequent musculoskeletal complaint for which people seek medical care, with rotator cuff-related shoulder pain (RCRSP) considered the most prevalent subtype 10,39.  In managing musculoskeletal conditions like RCRSP, clinicians use objective and performance-based impairment tests 4. Measuring certain constructs (e.g., pain, disability, movement, muscle performance) may inform those seeking care, researchers, and clinicians regarding diagnosis and prognosis28.  A key construct in RCRSP is reduced shoulder muscle force production, particularly in abduction and external rotation 12,15,53.  It has been argued that accurately measuring shoulder force is important as it may offer a quantified representation of the patient’s problem, which may help guide treatment planning, adherence, and progression 4,38.  
Currently there is no widely adopted and practical observer-rated measure of shoulder force in the clinical setting.  Manual muscle testing provides only ordinal, examiner-dependent grading and is insensitive to subtle strength deficits 4,53, while isokinetic dynamometry, although valid and reliable, is largely inaccessible in routine clinical practice.  A more accessible tool for measuring force is a hand-held dynamometer (HHD).   Although the available evidence is conflicting 9,49, several research groups have reported that HHD testing is reliable, although reliability is device-dependent and varies with the degree of external stabilisation and the testing protocol 9,29,49, with moderate to strong correlations with gold-standard isokinetic testing 24,26.
HHD testing protocols vary in positioning, degree of stabilisation, and the selection of “make” (isometric against fixed resistance) versus “break” methods (examiner-applied force that overcomes the isometric contraction).  Break tests, by design, introduce joint motion and eccentric loading, producing consistently higher peak values than make tests and introducing tester-strength dependency, limiting both comparability and reliability 44,57.  A further source of measurement bias is pain itself.  An individual’s ability to express maximal force in the presence of pain may be impaired by a variety of inhibitory factors such as their level of perceived pain 2,20,55, fear 19,35, and even the degree of movement- related fear of the tester 34.  These effects are thought to be greater with movement evoked (intermittent) pain compared with tonic (constant) pain 6. A “maximal” contraction performed into pain therefore reflects a person’s strength despite their pain related inhibition; it is not a pure measure of strength 2,17.  This may explain conflicting results in studies investigating the association between maximal shoulder force and degree of pain and disability in those with RCRSP 1,15,36.  Accordingly, this study used a pain-onset make test; participants build force gradually against fixed resistance and stop at the onset of pain.  The aim is to investigate an interpretable measure of tolerance distinct from maximal strength, while minimising unnecessary symptom provocation. This type of testing has established reproducibility and reliability in similar upper limb tendinopathy studies 22,50.   
To date, no study has examined the reliability of an externally fixed HHD pain-onset make test for shoulder force measurement in people with RCRSP.  The aims of this study were to 1) investigate the reliability of pain-free shoulder force testing in people with RCRSP, and 2) examine the relationship between the relative pain-free force index and psychosocial measures with patient-reported shoulder pain and disability.

2. Methods
2.1 Study design
This was a within-session reliability study in which two investigators assessed isometric shoulder force using a HHD on the same day in randomised order, using an online random number generator (random.org).  Participants were blinded to their performance, and investigators were blinded to each other’s measurements. The data analysed in this reliability study were collected within the first of the two trials of the prospectively registered STOP–START parent study (NCT06107127); this reliability report is not itself a registered clinical trial. This study was reported in accordance with the Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) Statement, the COnsensus-based Standards for the selection of health status Measurement INstruments (COSMIN) reporting guideline for studies on reliability and measurement error, and the Guidelines for Reporting Reliability and Agreement Studies (GRRAS) 14,18,32
2.2 Setting 
The study was carried out in the National Health Service Outpatient Physiotherapy Department at Bognor Regis War Memorial Hospital, UK.  
2.3 Participants 
Participants were screened by a physiotherapist to confirm eligibility. Inclusion criteria were: age ≥18 years; unilateral shoulder pain for ≥3 months; no shoulder pain at rest or during periods of inactivity; and positive findings on at least three of the following: pain on resisted abduction and/or external rotation, near-normal passive range of motion, painful arc during abduction, and pain on passive impingement testing (Hawkins–Kennedy and/or Neer’s sign) 37.  
Patients were excluded from participation if they presented with bilateral shoulder pain, had previously had surgery on the affected shoulder, or had received a corticosteroid injection for their shoulder pain in the previous 6 weeks.  Additionally, patients with confirmed or suspected frozen shoulder, massive rotator cuff tears, calcific tendinopathy, a history of shoulder dislocation, symptomatic glenohumeral or symptomatic acromioclavicular osteoarthritis or referred pain from the cervical spine were excluded.
Prior to enrolment, potential participants were provided with an information sheet by their treating physiotherapist outlining the study's purpose and assessment procedures. Interested individuals gave informed consent to be contacted by the research team to schedule a one-off, 60-minute assessment session.  At the commencement of the assessment session, the testing protocol was explained verbally, and participants were provided an opportunity to ask questions. The investigators rescreened all potential participants to verify that all inclusion criteria were strictly met. Once eligibility was confirmed, participants provided written informed consent to participate prior to commencing the remainder of the testing protocol. The rights of all participants were protected at all times. At baseline, participants rated their average shoulder pain over the previous week on a 0–10 pain rating scale (0 = no pain; 10 = worst pain imaginable).
2.4 Procedure 
2.4.1 Participant characteristics.
Participant demographics, including age, sex, and duration of symptoms, were recorded at the commencement of each assessment session. These data were securely stored in a confidential manner within an encrypted electronic database. Following baseline data collection, the lead investigator randomly assigned the sequence of examiners using an online random number generator (www.random.org) to determine which investigator would conduct the primary assessment.
2.4.2 Force testing
Two qualified musculoskeletal physiotherapists with 18 years (T.C) and 10 years (L.E) experience separately carried out the testing procedure.  Both investigators completed a minimum of two hours of training using the EasyForce™ digital dynamometer before data collection (FIGURE 1). The testing protocol incorporated standardisation of participant positioning, stabilisation and resistance placement, consistent with published recommendations for muscle strength measurement ⁴. Each participant was tested with the same device. Participants attended one assessment session lasting approximately one hour. 
Each subject sat on a chair with a back support with their hips and knees at 90° and their feet flat on the floor.  They were asked to adopt a natural relaxed sitting position of the upper torso.  
Isometric External rotation force: Participants were asked to sit with the testing arm relaxed by their side and their elbow flexed to 90 degrees.  The HHD cuff was placed around their wrist (FIGURE 2).  Participants completed one or two practice trials to familiarise themselves with the required movement.  The asymptomatic side was tested first.  Participants were asked to gradually increase isometric force over a 5-second period, stopping at the onset of pain, and repeat this three times with a 5 second break between repetitions.  Maximal scores were recorded as well as an average of the three measurements as this has been shown to be more reliable than a single test 4.
Standardised instructions were given to each participant during each contraction: “on my go, push outwards against the cuff as hard as you can, stopping if you feel any pain” (5 seconds).  The investigator prompted the participants to stop each repetition by saying the words “and now relax”.  The same procedure was then performed on the symptomatic side.
Isometric Abduction force: Participants were asked to initially place their hand on their ipsilateral hip to allow a consistent degree of shoulder abduction for each test.  The examiner then placed the cuff at the level of the distal humerus.  The length of the strap was adjusted to fix the distance between the cuff and the fixed platform (FIGURE 3a).  Finally, the shoulder was externally rotated to a neutral position, and the participant was instructed to keep their palm facing the floor to help them replicate the position between tests (FIGURE 3b).  Testing at approximately 30–50° of abduction optimises leverage for rotator cuff recruitment while avoiding the painful arc position (60–120°), theoretically reducing the risk of pain being experienced before taking a force measurement 16,23.  As with external rotation testing the asymptomatic side was tested first. 
Force was measured in Newtons (N).   A relative pain-free force index (%) was calculated for each participant for each movement by dividing the average pain-free force of the symptomatic shoulder by the average force of the asymptomatic side and multiplying by 100. Higher values therefore indicate that the symptomatic shoulder produced more force relative to the asymptomatic side, that is, less impairment. Calculating this relative pain-free force index allowed for statistical correlation with the Shoulder Pain and Disability Index (SPADI) score.
2.4.3 Psychosocial measurements
Following the primary round of physical force testing, participants were allocated a standardised rest period of approximately 15 minutes to minimise any cumulative neuromuscular fatigue or symptom irritability 8. To maximise protocol efficiency, participants completed the following self-reported psychosocial and functional outcome measures during this rest interval:
· Shoulder Pain and Disability Index (SPADI) 47.
· Pain Self-Efficacy Questionnaire (PSEQ) 42.
· Tampa Scale for Kinesiophobia-11 (TSK-11) 21.
· Pain Catastrophising Scale (PCS) 51.
Higher scores on the SPADI (0–100) indicate greater pain and disability. The PSEQ (0–60) assesses confidence in performing activities despite pain, with higher scores indicating greater pain self-efficacy. The TSK-11 (11–44) assesses fear of movement or re-injury, and the PCS (0–52) assesses catastrophic thinking about pain, with higher scores indicating greater kinesiophobia and catastrophising, respectively.
Upon completion of these questionnaires, the participant immediately crossed over to the secondary testing block, replicating the identical force-testing protocol with the alternate, blinded investigator.
2.5 Statistical methods
Reliability and Limits of Agreement
Reliability was quantified using both absolute and relative indices. Because the study was sized for the precision of the absolute-agreement estimates, these are reported before relative reliability throughout. Absolute reliability and measurement error were assessed using Bland–Altman limits of agreement (LoA), the standard error of measurement (SEM) and the minimal detectable change at the 95% confidence level (MDC95 = 1.96 × √2 × SEM), expressed in Newtons. For within-session (intra-rater) reliability the SEM was derived from the within-subject standard deviation (Sw) across the three repetitions, and the repeatability coefficient (2.77 × Sw) is reported as the smallest within-session change distinguishable from measurement error25. For inter-rater analyses, the mean and maximum values from the three repetitions obtained by each investigator were compared separately.  Bland–Altman plots displayed the mean difference and the 95% LoA (mean difference ± 1.96 × SDdiff, where SDdiff is the standard deviation of the paired differences).  This range represents the interval within which 95% of the differences between the two raters are expected to lie. Narrow LoAs indicate greater agreement between raters, whereas wider LoAs indicate greater measurement variability.  The distribution of the paired differences was examined for normality (Shapiro–Wilk), for proportional bias (regression of the differences on their mean) and for heteroscedasticity (Kendall's tau of the absolute differences against the mean); where the spread of differences increased with magnitude, proportional (regression-based) LoA are reported alongside the fixed limits.  To determine whether the LoA were acceptable, the limits were expressed as a percentage of the grand mean of all data points. Expressing the LoA as a percentage standardises the interpretation. An a priori threshold of ±15% of the grand mean was specified as the criterion for acceptable agreement, consistent with thresholds previously applied to absolute measurement error in shoulder HHD reliability research9; the protocol was defined as acceptable only if neither the upper nor the lower relative LoA exceeded that threshold. This threshold was used as a study-specific criterion for interpreting the magnitude of measurement error and should not be interpreted as a minimal clinically important difference (MCID), for which an established value for shoulder strength in RCRSP is currently lacking. Relative reliability was assessed using the intraclass correlation coefficient (ICC), estimated with a two-way, single-measures, absolute-agreement model (ICC(A,1)).  The effects model followed the design of each analysis: a two-way random-effects model for inter-rater reliability, the two investigators being treated as representative of a wider population of raters, and a two-way mixed-effects model for within-session (intra-rater) reliability, where the repetitions of a single fixed investigator are not a random sample of raters. Following current guidance on reporting the ICC model, type and definition, ICC was interpreted as poor (<0.50), moderate (0.50–0.75), good (0.75–0.90) or excellent (>0.90).31
Secondary analysis utilised Pearson’s correlation coefficient (r) to investigate the linear relationships between the calculated relative pain-free force index, the three independent psychosocial measures (PSEQ, TSK-11, and PCS), and the primary functional outcome score on the SPADI. Pearson's correlation coefficients are reported with 95% CI, with Spearman's rank correlation (bootstrap 95% CI) reported as a sensitivity analysis given the ratio-based nature of the relative pain-free force index. Data normality and linearity were verified via visual inspection of residual scatter plots. All statistical analyses were conducted with significance set a priori at p < 0.05. All analyses were performed in R (version 4.4.1; R Core Team, Vienna, Austria) using the 'irr' package (intraclass correlation coefficients) and 'ggplot2' (figures). The LoA, SEM, MDC95, repeatability coefficients, correlations and the heteroscedasticity assessment (Kendall's tau of the absolute differences against their mean) were computed in base R; the 'lmtest' package was used only for a supporting Breusch–Pagan test.
Sample size and precision
Because this was an agreement and reliability study, the sample size was determined using a precision-based approach rather than a hypothesis-testing power calculation. The precision of a 95% limit of agreement depends on its standard error, which for n paired observations is approximately √(3/n) × SDdiff; the 95% CI of each limit is therefore approximately ±1.96 × √(3/n) × SDdiff, equal to ±0.62 × SDdiff for n = 303. A standard deviation of paired differences of 15 N was assumed for planning, a magnitude consistent with typical error previously reported for shoulder testing with the same dynamometer in asymptomatic participants52; on that assumption the 95% CI of each limit is approximately ±9 N. Calculations were performed in R (version 4.4.1).  A target of 30 participants was therefore judged sufficient to provide reasonable precision for the study's absolute reliability estimates, including both within-session (intra-rater) and inter-rater agreement measures, across the two movement conditions.
In the analysed sample the observed standard deviation of the paired differences ranged from 12.7 to 23.2 N across the eight inter-rater measures, corresponding to an achieved 95% CI half-width around each limit of approximately 7.8 to 14.2 N. The observed variability therefore exceeded the a priori assumption of 15 N in five of the eight measures. The sample provided reasonable precision for absolute reliability estimates (LoA, SEM, MDC95), although higher-than-anticipated variability in five of eight measures resulted in wider-than-planned confidence intervals.  In contrast, ICC estimates were associated with relatively wide confidence intervals, reflecting the larger sample sizes typically required for precise estimation of relative reliability; the ICCs should therefore be interpreted together with their associated confidence intervals5.

3. Results
A total of 31 participants (42% male, 58% female; mean age 57.8 years (standard deviation 13.9), range 29–83) with unilateral RCRSP were recruited.  All referred participants met the inclusion criteria (FIGURE 4). 
Data collection was conducted between January and June 2024. Full demographic and clinical characteristics are reported in TABLE 1. 

3.1	Within-session (Intra-rater) reliability
Within-session (intra-rater) measurement error was substantial: the SEM ranged from 5.1 to 10.9 N (Investigator A) and 7.4 to 12.5 N (Investigator B), and the repeatability coefficient reached up to 34.5 N — approximately 55% of the grand mean for that movement. Relative reliability is a statistical measure that shows how well individuals maintain their position within a group across repeated measurements. The relative reliability was good to excellent across both investigators and all movement conditions (FIGURE 5). For Investigator A, ICC ranged from 0.93 to 0.97 and for Investigator B from 0.89 to 0.95.  Full SEM, repeatability-coefficient and ICC values with 95% CI are reported in TABLE 2.
3.2	Inter-rater reliability
Inter-rater measurement error exceeded the prespecified acceptable threshold for all measures (FIGURE 6). Expressed as a percentage of the grand cohort mean, the 95% LoA ranged from −34% to +33% for the narrowest measure (asymptomatic external rotation, maximal) to −57% to +73% for the widest (symptomatic abduction, mean); measures were ranked by the total span of their percentage limits.
The associated measurement error was substantial (SEM 8.9–19.5 N; MDC95 24.7–53.9 N).  Relative reliability was nonetheless good (ICC 0.83–0.89). Full values are reported in TABLE 3.
The paired differences were normally distributed with no proportional bias; the spread of differences increased with magnitude in four of the eight measures (Kendall's tau, p < 0.05: symptomatic external rotation [maximal], symptomatic abduction [mean], asymptomatic external rotation [mean] and asymptomatic abduction [maximal]; Supplementary Figure S1), for which proportional (regression-based) LoA are reported in the Supplementary material (Supplementary Figure S2). Full inter-rater LoA, SEM, MDC95 and ICC with 95% CI are reported in TABLE 3.
3.3	Correlation between relative pain-free force index and SPADI 
For investigator A, moderate negative correlations were observed for the external rotation relative pain-free force index (INDEXERMEAN (r = −0.43, 95% CI −0.68 to −0.09) and INDEXERMAX (r = −0.41, 95% CI −0.67 to −0.06)), while correlations for pain-free abduction measures were weak (r ≈ -0.01 to -0.03). For investigator B, correlations were generally weaker across all measures (r ≈ -0.08 to 0.10) (FIGURE 7).
By contrast, psychosocial measures demonstrated stronger associations with SPADI scores: PSEQ (r = −0.71; strong negative), PCS (r = 0.61; strong positive), and TSK-11 (r = 0.44; moderate positive). Spearman's rank correlations, computed as a sensitivity analysis with bootstrap 95% CI, agreed in direction and magnitude with the Pearson estimates for every comparison and did not materially alter the interpretation.
4. Discussion
To our knowledge, this is the first study to examine pain-free isometric shoulder force testing using an externally fixed HHD in people with RCRSP.  Absolute measurement error was substantial: the intra-rater repeatability coefficient and the inter-rater SEM and MDC95 were large, and the LoA exceeded the pre-specified 15% acceptability threshold in every case, despite good to excellent relative reliability. Notably, substantial measurement variability was observed even in asymptomatic shoulders under controlled conditions with experienced clinicians, echoing previous findings that absolute error for shoulder HHD testing frequently exceeds prespecified acceptability thresholds 9,49.  
These findings contrast with previously reported ICC values for HHD shoulder testing, which have been described as high to excellent 9,48. However, ICC reflects relative reliability and is sensitive to sample heterogeneity; it can mask absolute measurement error that exceeds prespecified acceptability thresholds. Neither Romero-Franco et al. nor the systematic review by Chamorro et al. reported LoA, which are necessary to determine whether repeated measures fall within acceptable margins. In the present study, ICC values were good to excellent (intra-rater 0.89–0.97; inter-rater 0.83–0.89), yet the corresponding SEM and MDC95 were substantial (inter-rater MDC95 approximately 25–54 N) and the LoA were wide, illustrating how high relative reliability can coexist with substantial absolute measurement error.  Importantly, the sample size was determined using a precision-based approach targeting the LoA; estimates of absolute measurement error are therefore likely to be more precise than the ICC estimates, for which larger samples are generally recommended. ICC values should accordingly be interpreted alongside their 95% CI and in the context of the study's agreement findings. These findings reinforce the importance of reporting absolute agreement metrics and relevant error margins alongside ICC values to support decision-making in both research and clinical settings.  
Our findings are consistent with previous evidence that externally stabilised portable dynamometry can deliver good relative reliability while still carrying appreciable absolute measurement error. Trajković et al reported good to high inter- and intra-rater reliability for shoulder testing with the same dynamometer in healthy adults, yet absolute reliability that fell outside their 10% coefficient-of-variation criterion for every shoulder test.52 Cadogan et al, testing resisted shoulder abduction and external rotation in 40 people with shoulder pain, reported high intra-rater reliability (ICC 0.91 to 0.99) alongside LoA as wide as ±7.0 kg (approximately 69 N), and inter-rater ICC of 0.68 to 0.84 with LoA of 3.2 to 8.5 kg.7 More recently, belt-stabilised HHD in people with chronic subacromial pain syndrome produced excellent relative reliability for glenohumeral movements (ICC 0.93 to 0.98) but an MDC95 of 19% to 38% of mean force, which those authors judged insufficient against a measurement-error criterion of the same 15% magnitude applied here.13 
Several factors may have contributed to the observed measurement error. Pain, strength, and disability share a complex, non-linear relationship; pain can inhibit muscle activation through protective neuromuscular mechanisms 2,20,45, yet individuals often adapt functionally through compensatory strategies, meaning strength deficits may not translate directly into perceived disability 11,36. Additionally, the pain-onset criterion is inherently subjective and potentially influenced by fear-avoidance and pain anticipation, introducing variability even under standardised conditions 19,43.  Exercise-induced hypoalgesia, whereby brief isometric contractions acutely elevate pain thresholds for 30–45 minutes, may have raised the perceived pain-onset threshold across repeated trials, inflating later pain-free loads and widening LoA 30,41,46.  Responses to exercise-induced hypoalgesia are heterogeneous and frequently blunted in musculoskeletal pain populations 54,56.  Collectively, these factors may have contributed to fluctuations in perceived pain-free force between trials, thereby increasing measurement variability and widening the LoA.
Secondary analyses found at best a moderate correlation between the relative pain-free force index and SPADI for one investigator (external rotation, r ≈ −0.43), with negligible correlations for abduction and across all measures for the second investigator. By contrast, psychosocial measures — pain self-efficacy (PSEQ, r = −0.71), catastrophising (PCS, r = 0.61), and kinesiophobia (TSK-11, r = 0.44) — demonstrated stronger and more consistent associations with patient-reported disability, mirroring previous findings that self-efficacy and positive recovery expectations independently predict SPADI outcomes at six months 11.  These results suggest that isolated force measurement captures only a narrow dimension of the patient's experience. As the study was sized for the reliability outcome, the correlation analyses should be treated as exploratory, with Type II error a possibility.
Several limitations should be considered. First, reliability was assessed within a single session on the same day; between-session (test–retest) reliability, which is needed to support longitudinal clinical monitoring, was not examined.  Second, recruitment was from a single centre, and the sample was selected to estimate the LoA with prespecified precision, although observed variability exceeded the planning assumption; the secondary correlation analyses were exploratory and susceptible to Type II error. Third, the pain-onset criterion used to define pain-free force is inherently subjective and may be influenced by fear-avoidance, pain anticipation and exercise-induced hypoalgesia. Fourth, repeated force efforts within a session may introduce order effects: familiarisation could raise later measurements while fatigue could lower them and either could systematically alter later values and contribute to within-session or between-investigator disagreement; the order in which investigators tested participants was randomised to mitigate this. Finally, the eligibility criterion of no shoulder pain at rest or during periods of inactivity was assessed clinically at screening and was not operationalised using a numerical threshold, which may reduce the reproducibility of the eligibility assessment across settings.
Despite strong recommendations for the use of HHD in assessing shoulder force in RCRSP 33,38, several gaps exist in the evidence base.  Future research should prioritise between-session reliability of pain-free HHD testing across a multi-week plan of care, as same-day metrics cannot confirm the longitudinal stability needed for clinical monitoring. Anchor-based MCID values are available for patient-reported shoulder outcome measures; establishing equivalent anchor-based thresholds for shoulder force testing in RCRSP, rather than distribution-based thresholds, remains an important next step for determining whether observed changes in shoulder force are clinically meaningful 27,40.
5. Conclusion
Pain-free isometric shoulder force testing using an externally fixed HHD showed substantial absolute measurement error in people with RCRSP, with LoA exceeding acceptable thresholds across all movement conditions and both investigators, despite good relative reliability. The relative pain-free force index showed at best a moderate association with patient-reported pain and disability, while psychosocial measures demonstrated stronger and more consistent relationships. These findings question the utility of pain-free HHD force testing as a standalone outcome measure in RCRSP and highlight the importance of multidimensional assessment incorporating psychosocial factors.
6. Key points:
Findings
• Pain‑free shoulder force testing using a fixed hand‑held dynamometer showed substantial absolute measurement error (wide LoA), despite good relative reliability, in individuals with rotator cuff–related shoulder pain.
• Pain‑free shoulder force showed at best a moderate association with patient‑reported pain and disability, while psychosocial measures demonstrated stronger and more consistent relationships.
Implications
• These findings suggest that pain‑free shoulder force testing may have limited utility for reliably quantifying impairment or monitoring change in people with RCRSP.
• Multidimensional assessment, including psychosocial factors such as pain self‑efficacy and catastrophising, may better reflect patient‑reported pain and disability in clinical practice.
[bookmark: _Hlk163055964][bookmark: _Hlk163055079]Caution
• The study was limited by a relatively small sample size, same‑day testing, and single‑centre recruitment, which may restrict generalisability and limit conclusions about longitudinal clinical use.
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Tables: 
TABLE 1. Participant characteristics. SD = standard deviation. 
	Subject characteristics (n=31)
	Number
	Percentage

	Male
	13
	42%

	Female
	18
	58%

	Dominant hand affected
	18
	58%

	Remaining at Work
	21
	68%

	Off work due to shoulder pain
	1
	3%

	Not currently in work/retired
	9
	29%

	Engaging in resistance training
	12
	39%

	Engaging in Physiotherapy exercises/treatment
	23
	74%

	Taking pain medication
	11
	35%

	
	Mean (SD)
	Range

	Age (years)
	57.8 (13.9)
	29 – 83

	Duration of Pain (months)
	14.4 (8.9)
	3-36

	Pain rating (0–10 pain rating scale)
	4.4 (2.6)
	1-10


 











TABLE 2. Intra-rater (within-session) reliability: standard error of measurement (SEM), repeatability coefficient (2.77 × Sw) and intraclass correlation coefficient (ICC(A,1), two-way absolute agreement, single measures) with 95% CI. Abbreviations: ASER/ASABD = asymptomatic-side external rotation / abduction; SER/SABD = symptomatic-side external rotation / abduction.

	Measure
	Investigator
	SEM (N)
	Repeatability coefficient (N)
	ICC (95% CI)

	ASER
	A
	5.1
	14.2
	0.97 (0.94–0.98)

	ASABD
	A
	10.3
	28.5
	0.95 (0.92–0.98)

	SER
	A
	5.9
	16.3
	0.95 (0.91–0.97)

	SABD
	A
	10.9
	30.1
	0.93 (0.88–0.96)

	ASER
	B
	7.4
	20.5
	0.93 (0.88–0.96)

	ASABD
	B
	10.8
	30.1
	0.95 (0.91–0.97)

	SER
	B
	9.0
	24.9
	0.89 (0.82–0.94)

	SABD
	B
	12.5
	34.5
	0.91 (0.84–0.95)


Abbreviations: ASER = Asymptomatic-side External Rotation, ASABD = Asymptomatic-side Abduction, SER = Symptomatic-side External Rotation, SABD = Symptomatic-side Abduction, LoA = Limits of Agreement; CI = Confidence Interval, N = Newtons.
TABLE 3. Inter-rater agreement: Bland–Altman mean bias and 95% limits of agreement (LoA) in Newtons and as a percentage of the grand mean, with relative reliability (ICC(A,1), 95% CI), SEM and minimal detectable change at the 95% confidence level (MDC95). * spread of differences increased with magnitude (heteroscedastic), for which proportional limits of agreement are also reported. MEAN/MAX = mean / maximal of three repetitions.

	Measure
	Mean bias (N)
	95% LoA (N)
	95% LoA (%)
	ICC (95% CI)
	SEM (N)
	MDC95 (N)

	SERMEAN
	–0.8
	–26.3 to 24.7
	–45 to 43
	0.88 (0.77–0.94)
	9.0
	25.0

	SERMAX*
	–2.5
	–33.1 to 28.1
	–52 to 44
	0.85 (0.72–0.93)
	10.9
	30.3

	SABDMEAN*
	5.0
	–37.7 to 47.7
	–57 to 73
	0.85 (0.72–0.93)
	15.4
	42.8

	SABDMAX
	4.2
	–37.6 to 46.1
	–50 to 62
	0.88 (0.77–0.94)
	15.0
	41.7

	ASERMEAN*
	2.1
	–22.9 to 27.0
	–31 to 36
	0.89 (0.79–0.95)
	8.9
	24.7

	ASERMAX
	–0.4
	–26.8 to 26.1
	–34 to 33
	0.89 (0.78–0.94)
	9.3
	25.8

	ASABDMEAN
	16.3
	–29.2 to 61.9
	–28 to 60
	0.83 (0.52–0.93)
	19.5
	53.9

	ASABDMAX*
	15.7
	–27.9 to 59.4
	–25 to 53
	0.85 (0.57–0.94)
	18.7
	51.9


Abbreviations: SERMEAN = Symptomatic-side External Rotation (Mean), SERMAX = Symptomatic-side External Rotation (Max), SABDMEAN = Symptomatic-side Abduction (Mean), SABDMAX = Symptomatic-side Abduction (Max), ASERMEAN = Asymptomatic-side External Rotation (Mean), ASERMAX = Asymptomatic-side External Rotation (Max), ASABDMEAN = Asymptomatic-side Abduction (Mean), ASABDMAX = Asymptomatic-side Abduction (Max), LoA = Limits of Agreement, CI = Confidence Interval




Figures:
FIGURE 1.  EasyForce™ portable hand-held dynamometer (Gait and Motion Technology Ltd, Suffolk, UK)
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FIGURE 2 - Isometric shoulder external rotation force testing.
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FIGURE 3a and 3b – Isometric shoulder abduction force testing.
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FIGURE 4. Study design. All 31 eligible participants (none excluded) were assessed by both investigators on the same day in randomised order (crossover: Investigator A first, n = 17; Investigator B first, n = 14). Each session comprised external rotation and abduction of the asymptomatic and symptomatic sides, with three maximal pain-free repetitions per condition. The three within-session repetitions provided the intra-rater reliability, and the comparison between investigators provided the inter-rater reliability.
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FIGURE 5. Forest plot of intraclass correlation coefficients (ICC(A,1), two-way absolute agreement, single measures) with 95% confidence intervals for intra-rater (Investigators A and B) and inter-rater reliability. Dashed lines mark the good (0.75) and excellent (0.90) thresholds; shaded bands separate the three reliability groups.
[image: ]
Abbreviations: ASER = Asymptomatic-side External Rotation, ASABD = Asymptomatic-side Abduction, SER = Symptomatic-side External Rotation, SABD = Symptomatic-side Abduction, A = Investigator A, B = Investigator B, LoA = Limits of Agreement, N = Newtons of force, ICC = intraclass correlation coefficient; CI = confidence interval; the dashed lines mark the good (0.75) and excellent (0.90) reliability thresholds.








FIGURE 6. 
Bland–Altman plots of absolute agreement at three reliability levels (intra-rater A, intra-rater B and inter-rater), with one row per movement. In the intra-rater panels each point is a repetition minus the participant's mean (within-session variation); in the inter-rater panels each point is the difference between Investigators A and B. Orange dashed lines mark the 95% limits of the differences plotted (mean ± 1.96 SD): Bland–Altman LoA in the inter-rater panels, and limits of within-session dispersion about each participant's own mean in the intra-rater panels, which are not agreement between two measurements. The y-axis is shared within each movement so the width of the limits can be compared across levels.
[image: ]
Abbreviations: ER = external rotation; ABD = abduction; the asymptomatic and symptomatic sides are the unaffected and affected shoulders, respectively; A = Investigator A; B = Investigator B; LoA = limits of agreement; N = Newtons.






FIGURE 7. Pearson correlations with SPADI (95% confidence intervals) for the relative pain-free force indices (Investigators A and B) and the psychosocial measures. Most force-index confidence intervals included zero; the Investigator A external-rotation mean and maximal indices did not, and neither did any of the psychosocial measures. n = 31 for every comparison.
[image: ]
Abbreviations: INDEXERMEAN A/B = relative pain-free external rotation force index (mean) for Investigator A/B, INDEXERMAX A/B = relative pain-free external rotation force index (maximal) for Investigator A/B, INDEXABDMEAN A/B = relative pain-free abduction force index (mean) for Investigator A/B, INDEXABDMAX A/B = relative pain-free abduction force index (maximal) for Investigator A/B; higher values indicate more force on the symptomatic side relative to the asymptomatic side. PSEQ = Pain Self-Efficacy Questionnaire, PCS = Pain Catastrophising Scale, TSK-11 = Tampa Scale for Kinesiophobia (11-item); the dotted lines mark correlations of |r| = 0.30 and |r| = 0.50.




Supplementary material
The Shoulder Strength Testing Out of Pain (SSTOP) Study
Supplementary Figure S1
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Supplementary Figure S1. Heteroscedasticity of the inter-rater differences. For each measure, the absolute inter-rater difference (|A − B|) is plotted against the mean of the two investigators; each panel is annotated with Kendall's tau and its p-value. A positive slope indicates that the spread of differences increases with magnitude. Heteroscedasticity was statistically significant (p < 0.05) in four of the eight measures: symptomatic external rotation (maximal), symptomatic abduction (mean), asymptomatic external rotation (mean) and asymptomatic abduction (maximal).










Supplementary Figure S2
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Supplementary Figure S2. Fixed versus proportional limits of agreement for the four measures with statistically significant heteroscedasticity (Kendall's tau, p < 0.05; Supplementary Figure S1): symptomatic external rotation (maximal), symptomatic abduction (mean), asymptomatic external rotation (mean) and asymptomatic abduction (maximal). Orange dashed lines are the fixed (constant) 95% limits of agreement reported in the main manuscript; the blue lines are the proportional (regression-based) limits of agreement, which widen with magnitude.
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