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ABSTRACT

Background

Generating a force at the hand requires moments about multiple joints by a
theoretically infinite number of arm and shoulder muscle force combinations. This
allows for learning and adaptation and can possibly be captured using the complexity
(entropy) of an isometrically generated force curve. Patients with Subacromial Pain
Syndrome have difficulty to explore alternative, pain-avoiding, motor strategies and
we questioned whether loss of motor complexity may contribute to this. We assessed
whether patients with Subacromial Pain Syndrome have reduced entropy of an
isometrically generated abduction and adduction force curve.

Methods

Forty patients and thirty controls generated submaximal isometric ab- and
adduction force at the wrist. The force curve was characterized by the magnitude of
force variability [standard deviation and coefficient of variation|, and the entropy
(complexity) of force variability [approximate entropy].

Findings

Patients showed reduced entropy both during the abduction (-0.16, confidence
interval: [-0.33 ; -0.00], p: 0.048) and adduction task (-0.20, confidence interval: [-0.37
;-0.03], p: 0.024) and reduced force variability during abduction (standard deviation:
-0.006, confidence interval: [-0.011 ; -0.001], p: 0.013 and coefficient of variation: -0.51,
confidence interval: [-0.93 ; -0. 10], p: 0.016).

Conclusions

Isometric force curves of patients with Subacromial Pain Syndrome show reduced
complexity compared to asymptomatic controls, which may indicate more narrow
and stereotype use of motor options. In future studies, it should be investigated
whether the finding of reduced force (motor) entropy indicates functional decline,
contributing to decreased ability to acquire and optimise motor strategies in
Subacromial Pain Syndrome.
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INTRODUCTION

Healthy physiological systems have an infinite number of solutions for a given
task, resulting in a measurable complexity of the system’s output™. This output
complexity (entropy) reflects the spectrum of motor solutions available, which is
fundamental for the acquisition of skills, adaptation to changing environments and
equal distribution of load among tissues3®. Loss of complexity has been interpreted
as one of the driving principles for functional decline and measuring output
complexity has been proven useful in identifying pre-clinical changes in aging,
pain and disease?®. In the musculoskeletal system, loss of complexity manifests
by declined ability to generate precise levels of force, declined walking ability,
disrupted (balance) control and frailty**79". Loss of motor output complexity has
been associated with the clinical course of pain conditions involving amongst
others, the low back?4. We questioned whether the most common chronic pain
condition of the shoulder (Subacromial Pain Syndrome, SAPS), is associated with
reduced motor output complexity.

In SAPS, there are no specific anatomic abnormalities that could explain complaints
(e.g., acromioclavicular osteoarthritis, calcific tendinitis, full thickness rotator cuff
tears), but movement factors including scapular dyskinesia and reduced humerus
depression during abduction relate to pain®*. Physical therapy for SAPS in which
these factors are targeted have been shown effective, however, patients report
persisting complaints in up to 40%*3. We propose that loss of motor output
complexity may contribute to the perpetuation of pain in patients with SAPS, as
patients may not have the possibility to explore alternative motor strategies and
avoid subacromial pain*. Few studies have looked into this aspect of motor control
in SAPS by analysing the dispersion of force output using measures like the standard
deviation (SD) or coefficient of variation (CV)*?*. These studies showed unaltered
force steadiness (i.e., the degree of variability of force variability) in patients
with SAPS, leading to the conclusion that force control is preserved*=. However,
information on a different, potentially important, aspect of motor control lying in
the entropy (i.e., structure) of force variability, was disregarded in these studies and
may provide further insight"*2.

In this paper, we extend the analyses of variability by quantifying the complexity of
isometric force curves using Approximate Entropy (ApEn) in patients with SAPS and
controls®*. We hypothesise that compared to asymptomatic controls, patients with
SAPS have reduced force entropy in the shoulder indicated by lower ApEn values.
Force entropy will be determined during an isometric abduction task, because the
resulting movement is associated with pain in SAPS. We will furthermore determine
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force entropy during isometric adduction, to provide insight into whether a
potential loss of force entropy is specific to the abduction movement, or more
systemic for the arm.

PATIENTS AND METHODS

This was a level Il prognostic study in which the entropy of force curves was compared
between patients with SAPS and asymptomatic controls.

Participants with SAPS

SAPS was defined as shoulder pain of subacromial origin, lasting for longer than
3 months with no other specific anatomic abnormalities that could explain
complaints and require specific treatment (e.g., acromioclavicular osteoarthritis,
calcific tendinitis, full thickness rotator cuff tears)s. From April 2010 through
September 2016, 40 patients with SAPS were recruited at the Leiden University
Medical Centre, Haaglanden Medical Centre and Alrijne Hospital, under a registered
and published protocol (Trial register no. NTR2283)*. Patients were selected through
a medical interview, clinical examination, radiographs and a Magnetic Resonance
Imaging Arthrogram (MRA). Inclusion criteria were unilateral shoulder complaints
for at least three months, positive Hawkins-Kennedy test (passive anteflexion of
the shoulder to 90° with subsequent internal rotation of the shoulder to provoke
subacromial pain complaints) and Neer lidocaine impingement test (looking for
immediate relieve of pain after subacromial infiltration with Lidocaine). Further,
patients had to have at least one of the following symptoms: pain during daily
life activities with arm abduction, extension, and/or internal rotation, pain at
night or incapable of lying on the shoulder, painful arc, diffuse pain at palpation
of the greater tuberosity, scapular dyskinesis, and positive full or empty can test
or positive Yocum test?. Patients were excluded in case of insufficient language
skills, age under 35 or over 60 years, no written informed consent, any form of
inflammatory arthritis of the shoulder, clinical signs of glenohumeral (GH) or
acromioclavicular osteoarthritis, GH instability, decreased passive GH mobility (e.g.,
frozen shoulder), history of shoulder surgery, fracture or dislocation of the affected
shoulder, cervical radiculopathy, and presence of a pacemaker or other electronic
implants. Additionally, patients were excluded in case of an alternative diagnosis
on radiographs or MRA, e.g., calcific tendinitis, full-thickness rotator cuff tear,
labrum or ligament pathology, pulley lesion, biceps tendinopathy, os acromiale,
tumour, cartilage lesion, and a bony cyst. Notably, general findings associated with
subacromial pain (bursitis and tendinopathy) were no exclusion criteria. All MRAs
were evaluated by an independent radiologist®. Included patients with SAPS were
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allowed to have participated in earlier studies for varying purposes'7#33,

Asymptomatic controls

Under a separate protocol, asymptomatic controls were recruited at the Leiden
University Medical Centre between January 2016 through November 2016. Spouses of
patients with musculoskeletal complaints were invited to volunteer in case they were
aged between 35-60 years and had no current or past shoulder complaints. We selected
participants according to their age and sex to make sure that there were no differences
between the SAPS and control groups in these characteristics. Exclusion criteria
were impaired passive and active shoulder function during clinical examination,
insufficient Dutch language skills, prior shoulder surgery, injections, shoulder
fracture or dislocation, radiculopathy, frozen shoulder, osteoarthritis or rheumatoid
arthritis and neurologic or muscle disease. No additional imaging was performed in
the control group, as this was only of interest in the SAPS-group to exclude specific
anatomic conditions that could give an alternative explanation for the symptoms.

The study was undertaken with the understandingand written consent of each subject,
and that the study conforms with The Code of Ethics of the World Medical Association
(Declaration of Helsinki), printed in the British Medical Journal (18 July 1964). The
review board of the institutional ethical medical commission approved these study
protocols (P09.227 & P15.046) and all participants provided written informed consent.

Measurement set-up

Force entropy is generally measured during isometric force tasks*. The movement
associated with SAPS is abduction®. Because of the multiple joints (i.e., degrees of
freedom)within the arm-shoulder complex, we postulate that if there exists a relation
between SAPS and force entropy this would manifest at the hand (end point) and be
observable during the abduction force direction which would result in the painful
abduction motion. We also determined force entropy during isometric adduction
to control for whether a potentially reduced force entropy is isolated for the pain
related force or more systemic in the arm. During measurements, participants were in
standing position facinga computer for force feedback, with the targetarm in external
rotation at the side attached to a one-dimensional force transducer at the wrist®. In
this setup, participants performed isometric force tasks in ab- and adduction (figure
of measurement set-up in*). The force task magnitude was similar for both abduction
and adduction and equal to 60% of the maximal voluntary force (MVF), defined as the
lowest absolute value of the MVF in abduction or adduction.

Signal processing
Post-processing of the (2500 Hz sampled) force signal had to result in a signal with
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a sample rate of at least 200 Hz, accounting for sufficient Motor Unit recruitment
induced variance®. The sampled force signal was therefore low-pass filtered using a
third order Butterworth filter with a cut-off frequency of 125 Hz and down-sampled to
250Hz using custom made software (Matlab 2018b, MathWorks inc., Natick, USA). The
data-vector used for the analyses consisted of consecutive force data points within
a tolerance of 10% below or above the force task level (60% MVF). To exclude initial
overestimation and undershooting of the force task (i.e., steering), the first 17.5% and
last 2.5% of data were removed from the data-vector®*. To have sufficient data length for
the ApEn-analysis (i.e., >1000 samples), selected data vectors shorter than 4 seconds
were discarded?.

Outcome measures

Magnitude of force variability

The magnitude of force variability was assessed by calculating the Standard Deviation
(SD) and the Coefficient of Variation (SD/mean force x 100, CV). These measures
respectively represent the absolute and relative variability of the force about the
mean, indicating higher force variability with higher values*.

Complexity of force variability

The complexity of force variability was assessed with the Approximate Entropy value
(ApEn). ApEn has been used in a wide range of pathologies and describes whether a
system operates in a predictive, stereotype way or in a more chaotic, dynamic way,
using many degrees of freedom™. The ApEn-value ranges between o and (about) 2. In
general, healthy systems would reveal high ApEn-values, whereas functional decline
is associated with low ApEn-values™. The ApEn-value was calculated according to
articles of Pincus et al. with the function ApproximateEntropy in Matlab (Matlab
2018b, MathWorks inc., Natick, USA) and parameters set at m =2 and r = 0.2*SD3*%,

Statistical analysis

The data was stored and analysed using the Statistical package of social sciences
(SPSS®) version 23 (IBM® Corp, Armonk, NY, USA). Categorical data are described
with numbers and percentages and continuous parameters with means and either
95%-confidence intervals (Cls), standard deviations (SDs), or medians with the 25™
and 75" percentiles, depending on data distributions. Demographic data, force task
characteristics (data length and exerted force level) and the magnitude of force
variability (SD and CV) were compared with the chi-square test and independent
samples t-tests or Mann-Whitney U test depending on the distribution of data. The
structure of force variability (ApEn) was compared between patients with SAPS and
controls in a multivariate regression analysis with controlling for the data length
associated with the force task. Results are presented as mean differences, estimated

108



regression coefficients, 95% CI's and p-values. A two-sided p-value of 0.05 or less was
considered statistically significant.

RESULTS

Cohort and task characteristics

Forty patients with SAPS and 30 asymptomatic participants were included. There were
no differences in baseline or task characteristics, except for the data length during
the abduction task, which was 1.5 seconds (i.e., 375 samples) shorter (CI: [-2.76; -0.22], p:
0.022) in patients with SAPS (Table 1). Because of corrupt data (e.g., 50 Hz noise), the
abduction data of 4 patients with SAPS and the adduction data of 5 patients with SAPS
and two controls were unsuitable for the analysis.

Table 1| Patient characteristics of patients with SAPS and asymptomatic controls

SAPS Controls Group difference
n=40 n=30 Mean 95% CI p-value
Age, yrs (mean, SD) 50(638) 51(5.71) 049  [3.43;245] 0.740
Female (n, %) 23(58) 17(57) Chi-square value: 0.005 0.944
Right side dominance (n, %) 35(88) 25(83)  Chi-square value: 0.243 0.622
Dominant side measured|affected (n, %) 25(63) 17 (57) Chi-square value: 0.243 0.622
Duration of complaints (median, IQR) 18 (12-29) - -
Abduction task
Data length (sec.) 738(232)  7.50(2.80) -0.12 [138;1.14] 0.850
Exerted force (N) 0.92(035) 0.99(031)  -0.07 [-0.23; 0.09] 0.400
Adduction task
Data length (sec.) 738(2.25)  8.87(2.80) -1.5 [-2.76 ;-0.22] 0.022
Exerted force (N) 0.93(0.35) 1.0 (0.31) -0.07 [-0.24; 0.10] 0.406

SAPS, Subacromial Pain Syndrome; n, number; N, Newton; SD, standard deviation.

Magnitude of force variability

Patients with SAPS had reduced magnitude of variability during the abduction task
as assessed with the SD (group-difference: -0.006 N (CI: [-0.011;-0.001], p: 0.013) and CV
(group-difference: -o.51 (CI: [-0.93; -0.10], p: 0.016). We did not observe differences in
magnitude of variability during the adduction task (Table 2).

Complexity of force variability

Patients with SAPS had lower ApEn-values during the abduction task (-0.16, 95% CI:
[-0.33 ;-0.00], p: 0.048) and adduction task (-0.20, 95% CI: [-0.37 ; -0.03], p: 0.024) (Table
3, Figure 1).
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Table 2 | Difference in magnitude of force variability between patients with SAPS and controls

SAPS Controls Group difference
Mean (SD) Mean (SD) Mean 95% CI p-value
Abduction task
SD(N) 0.019 (0.010) 0.026 (0.010) -0.006 [-0.011;-0.001] 0.013
CV(%) 2.16 (0.76) 2.68(0.92) -0.51 [-0.93;-0.10] 0.016
Adduction task
SD(N) 0.025 (0.013) 0.029 (0.011) -0.004 [-0.010; 0.002] 0.229
CV (%) 2.62(0.88) 2.93(0.76) -031 [-0.73; 0.11] 0.143

SAPS, Subacromial Pain Syndrome; n, number; N, Newton; SD, standard deviation.

Table 3 | Difference in structure of force variability between patients with SAPS and controls

ApEn-value
Beta 95% CI p-value
Abduction task
Intercept 0.78 [0.52;1.0] NA
SAPS (ref. is control) -0.16 [-0.33;-0.00] 0.048
Data length (seconds) 0.02 [-0.01; 0.05] 0.216
Adduction task
Intercept 0.94 [0.67;1.21] NA
SAPS (ref. is control) -0.20 [-037;-0.03] 0.024
Data length (seconds) -0.01 [-0.05; 0.02] 0.392

Estimated group difference in Approximate Entropy value (ApEn) between patients with Subacromial Pain
Syndrome (SAPS) and controls, adjusted for the data length associated with the task.

Asymptomatic controls (95% CI) B
* SAPS (95% CI) &

1.2 *

ApEn-value

Abduction Adduction

Figure 1| Difference in force entropy between patients with SAPS and controls

Approximate Entropy values (ApEn) in patients with Subacromial Pain Syndrome (SAPS) and controls. Asterixis
indicate significantadjusted estimated group differences in ApEn-values between patients with SAPS and controls,
adjusted for the data length associated with the task
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DISCUSSION

This cross-sectional evaluation showed that patients with SAPS have reduced motor
output complexity during isometric abduction and adduction tasks, which may
indicate functional decline. Furthermore, patients with SAPS showed reduced
magnitude of force variability during isometric abduction.

In recent years, there has been an expansion of research on the subject of how
musculoskeletal complaints can be discordant with observable pathology and
become chronic. The focus has shifted from peripheral processes to factors as
cognition, pain sensitisation and more recently, the adaptability of the motor system
(e.g., assessed by the structure of motor control variability}**+. The latter has already
been investigated in various musculoskeletal disorders, and predominantly in low
back pain there is a growing body of evidence suggesting that impaired adaptability
of the motor system plays a role in the perpetuation of pain™*“#. Furthermore, it has
been shown thatindividuals who are involved in repetitive movements (e.g. butchers,
assembly line workers) are more likely to develop overuse disorders if they have less
complex variability between repetitions™>##. In SAPS, complaints become chronic
in approximately 40% of patients, and reduced complexity of the motor system may
contribute to the frequent perpetuation of complaints<.

Only a few studies have investigated variability of force output in SAPS, with a focus
on the magnitude hereof, discarding time-dependent characteristics?*. In contrast to
these previous studies that showed no alteration in magnitude of force variability and
minor changes in control in SAPS, we did observe reduced magnitude of variability
during isometric abduction. Our finding may be explained by a protective pain
mechanism.Ithasbeen proposed that patients with pain minimise micro-movements
at the painful joint by co-contracting with antagonists, to avoid damage and pain,
resulting in a decrease of movement variability on a smaller scale#4. In our study
we measured force variability with the arm at the side, where patients experience
least pain, to reduce direct pain interference. We assumed that the exertion of the
abduction force that would lead to arm abduction elicits protective behaviour,
because this movement is associated with pain exacerbation (painful arc)®.

The main finding of our study was reduced motor complexity in patients with SAPS.
There isyet no clarity on the nature of the association between pain and complexity of
motor variability. In experiments with pain inducement, sudden alterations in motor
complexity have been observed, suggesting that changes in motor output complexity
are the consequence of pain“. On the contrary, reduced motor output complexity has
been suggested as a cause of functional decline, overuse and pain**7%. To gain further
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insight into the cause-and-effect relationship and into the potential prognostic value
of assessing motor output complexity in SAPS, future studies should assess whether
patients with SAPS who have reduced motor output complexity, are less able to
develop successful motor strategies and hence more at stake of developing chronic
complaints®+47,

In this study we acknowledge the following limitations. First, inherent to the
definition of SAPS, the cause of symptoms present in the SAPS-group were not related
to observable anatomic derivatives, and thus could have been heterogeneous®. Our
findings may therefore not be applicable to every individual SAPS-patient. Second,
this study was based on a comparison of two separate study-cohorts for which no
a-priori power analysis was performed. Third, the results of this study are based on
measurements performed in a single posture. Future assessments with varying
postures may provide more insight into whether a loss of complexity is isolated or
systemic. Lastly, due to our measurement set-up there were differences in data-length
between the SAPS and control group. As the ApEn-value is sensitive to differences in
signal length and the choice of parameters, we corrected for data length in the ApEn
analysis and chose parameters in conjunction with the literature3*4,

To conclude, this cross-sectional evaluation of isometric force output signals suggests
that patients with SAPS have reduced complexity of isometric force curves than
asymptomatic controls, which may indicate more narrow and stereotype use of motor
options. In future studies, it should be investigated whether the finding of reduced
force (motor) entropy indicates functional impairment and decreased ability to
acquire and optimise motor strategies in patients with SAPS3*®.
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