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ARTICLE INFO ABSTRACT

Keywords: Purpose: To systematically review and analyse whether musculoskeletal conditions affect peripheral joint muscle

For?e C'Cf“tml force control (i.e. magnitude and/or complexity of force fluctuations).

Zarlal;ﬂrfy Methods: A literature search was conducted using MEDLINE, CINAHL and SPORTDiscus databases (from
omplexity

inception-8th April 2021) for studies involving: 1) participants with musculoskeletal disease, injury, surgery, or
arthroplasty in the peripheral joints of the upper/lower limb; 2) comparison with an unaffected control group or
unaffected contralateral limb; and 3) measures of the magnitude and/or complexity of force fluctuations during
targeted isometric contractions. The methodological quality of studies was evaluated using a modified Downs
and Black Quality Index. Studies were combined using the standardized mean difference (SMD) in a random-
effects model.

Results: 14 studies (investigating 694 participants) were included in the meta-analysis. There was a significant
effect of musculoskeletal conditions on peripheral joint muscle force coefficient of variation (CV; SMD = 0.19
[95 % CI 0.06, 0.32]), whereby individuals with musculoskeletal conditions exhibited greater CV than controls.
Subgroup analyses revealed that CV was only greater: 1) when comparison was made between symptomatic and
asymptomatic individuals (rather than between affected and contralateral limbs; SMD = 0.22 [95 % CI 0.07,
0.38]); 2) for conditions of the knee (SMD = 0.29 [95 % CI 0.14, 0.44]); and 3) for ACL injury post-surgery (SMD
= 0.56 [95 % CI 0.36, 0.75]).

Conclusion: Musculoskeletal conditions result in an increase in peripheral joint muscle force CV, with this effect
dependent on study design, peripheral joint, and surgical status. The greater force CV is indicative of decreased
force steadiness and could have implications for long-term tissue health/day-to-day function.

Musculoskeletal conditions

1. Introduction

Musculoskeletal conditions affect the bones, joints, and muscles of
the locomotor system in a way that results in impairments, functional
limitations, and disability (WHO, 2021). Musculoskeletal conditions
have a variety of aetiologies including disease, injury (trauma, gradual-
onset), and surgery (WHO, 2021). For example, musculoskeletal con-
ditions such as osteoarthritis (OA) (Kim et al., 2014; Oh et al., 2011) and
anterior cruciate ligament (ACL) rupture (Granan et al., 2009) are highly
prevalent conditions that contribute significantly to the global burden of
musculoskeletal conditions (Chen et al., 2005; Hootman et al., 2007).
Peripheral joint musculoskeletal conditions (henceforth termed pe-
ripheral musculoskeletal conditions) have a significant impact on motor

function (Clynes et al., 2019), mental health (Mason et al., 2002),
quality of life (Woolf, 2015), social independence (Ciolac and
Rodrigues-da-Silva, 2016), and incur significant healthcare costs
(Salmon et al., 2016). Some peripheral musculoskeletal conditions may
be self-limiting, while others may require surgery to reduce pain and
restore function (Gossec et al., 2005; Hovelius and Rahme, 2016; Nielsen
et al.,, 2017; Reijman et al., 2021). Although surgeries such as joint
arthroplasty and ligament reconstruction may reduce pain and improve
a joint’s mechanical function, not all aspects of neuromuscular function
are fully restored. Residual suboptimal neuromuscular function is
postulated to lead to altered local and remote tissue loading (Smith
et al., 2019), with potential long-term consequences including symp-
tomatic relapse, disease progression, and/or re-injury (Fulton et al.,
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2014). An understanding of how peripheral musculoskeletal conditions
affect neuromuscular function could inform the design of better reha-
bilitation programmes to optimize long-term outcomes.

Both maximal and submaximal neuromuscular functions are nega-
tively altered in peripheral musculoskeletal conditions. Persistently
impaired peripheral joint maximal force-generating capacity and/or
rate of force development have been observed after the onset of OA
(Friesenbichler et al., 2018), shoulder dislocation (Edouard et al., 2011),
ACL reconstruction (Piussi et al., 2020), and arthroplasty (Frost et al.,
2006). In addition, muscle force control, which is quantified according
to the inherent fluctuations in muscle force output when attempting to
maintain forces at a submaximal target (Enoka et al., 2003; Oomen and
van Dieen, 2017), has been reported to be affected by the onset of OA
(Hortobagyi et al., 2004), shoulder instability (Saccol et al., 2014), and
ACL reconstruction (Goetschius and Hart, 2016). Originally regarded as
unwanted noise, the fluctuations in submaximal muscle force output are
now of special interest to researchers and clinicians because they are
regarded as providing a unique insight into the neural mechanisms
underlying peripheral joint motor control strategies (Nagamori et al.,
2021), and have been demonstrated to explain significant variance in
the performance of activities of daily living (Davis et al., 2020; Feeney
et al., 2018; Mani et al., 2018). Given that most activities of daily living
do not routinely require maximal force, the ability to control submaxi-
mal force may be more reflective of an individual’s day-to-day me-
chanical requirement than maximal neuromuscular measures (Kern
et al., 2001).

Muscle force control is typically assessed during submaximal iso-
metric contractions at an imposed target (Enoka et al., 2003; Oomen and
van Dieen, 2017). Fluctuations in muscle force are most frequently
quantified using traditional linear, magnitude-based measures, such as
the standard deviation (SD) and coefficient of variation (CV) (Enoka
et al., 2003; Oomen and van Dieen, 2017). These linear measures
quantify the degree of deviation from a fixed point within a time-series
(Slifkin and Newell, 1999) and provide an index of force steadiness, with
greater values indicating decreased steadiness. The CV (representing the
SD normalised to the mean force) is strongly associated with the vari-
ance in common synaptic input to motor neurons, which has been
postulated to be the main determinant of muscle force control (Farina
and Negro, 2015). Advances in non-linear analytical techniques have led
to the recognition that fluctuations in muscle force also possess a sta-
tistically irregular temporal structure, or complexity (Slifkin and Newell,
1999). Complexity measures are derived from the field of non-linear
dynamics and quantify the apparent regularity or randomness of a
time-series (e.g. entropy statistics) (Pincus, 1991; Richman and Moor-
man, 2000) and the long-range fractal correlations present in a time-
series (e.g. detrended fluctuation analysis) (Peng et al., 1994). Impor-
tantly, these are properties that linear, magnitude-based measures
cannot quantify (Goldberger et al., 2002). Complexity reflects the ability
to adapt force output rapidly and accurately in response to task demands
(Vaillancourt and Newell, 2003). Due to the different information pro-
vided by linear (i.e. force steadiness) and non-linear (i.e. force
complexity/adaptability) measures, it is recommended that the use of
both types of measure is necessary to fully evaluate and characterise
muscle force control (Goldberger et al., 2002; Pethick et al., 2021a;
Clark and Pethick, 2022).

The causes of impaired muscle force control in peripheral musculo-
skeletal conditions may be attributed to alterations at multiple levels of
the sensorimotor system — from disruption of mechanoreceptors (pro-
prioceptors) in ligament ruptures and reconstructive surgery (Bonfim
et al., 2003; Ingersoll et al., 2008), to reorganisation in the motor cortex
and other cortical areas (Ward et al., 2015), to alterations in efferent
outputs such as motor unit discharge rate (Ling et al., 2007). Regardless
of the cause, any impairment in muscle force control induced by pe-
ripheral musculoskeletal conditions could have important implications
for tissue health and day-to-day function. From a tissue health
perspective, the inability to ‘fine-tune’ muscle force control is thought to
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contribute to excessive tissue loading (Wakeling et al., 2001), which
may contribute to the onset and progression of injury. From a functional
perspective, impairments in muscle force control have important im-
plications for the performance of activities of daily living (Enoka and
Farina, 2021). For example, poor force control may reduce the capacity
to counteract a mechanical perturbation (Hepple and Rice, 2016; Peng
et al., 2009) and, in healthy adults, is correlated with poorer perfor-
mance in tasks of manual dexterity (Feeney et al., 2018), balance (Davis
et al., 2020), and locomotion (Mani et al., 2018).

Impaired muscle force steadiness has been reported in different pe-
ripheral joints and as a result of different conditions. For example,
increased CV during maximal knee extension in ACL injury (Goetschius
and Hart, 2016), increased SD during knee extension at targets of 50 and
100 N in knee osteoarthritis (Hortobagyi et al., 2004) and increased CV
during internal and external shoulder rotation at a target of 35 %
maximal voluntary contraction (MVC) in superior labrum anterior-
posterior (SLAP) lesions (Saccol et al., 2014) have all been observed in
comparison to healthy controls. There is, however, conflicting evidence
with several studies investigating the knee and shoulder finding no
difference in force control as a result of peripheral musculoskeletal
conditions. Several factors may account for differences in outcomes
between studies, including whether comparison was made with an un-
affected control group or the unaffected contralateral limb, and the
peripheral joint and condition tested. No studies to date have system-
atically synthesized the literature on the effect of peripheral musculo-
skeletal conditions on muscle force control measures (i.e. force
steadiness and complexity). Hence, this meta-analysis aimed to deter-
mine whether musculoskeletal disease, injury, surgery, and arthroplasty
affect peripheral joint muscle force control. In doing this, we addressed
the following research questions using the patient (P), intervention (I),
comparison (C), and outcome (O) framework (Amir-Behghadami and
Janati, 2020). In the present review, intervention (I) was defined as the
muscle force control measurement procedure (rather than treatment
procedure), and comparison (C) was the control unaffected person or
limb:

Primary analysis:

1. Do adults with musculoskeletal disease, injury, surgery, and
arthroplasty (P), when compared with an asymptomatic person or limb
(C), demonstrate significantly different muscle force control (0)?

Secondary (subgroup) analysis:

2. Does comparison of the symptomatic limb with the unaffected
contralateral limb or an unaffected control group influence results?

3. Are musculoskeletal disease, injury, surgery, and arthroplasty-
related changes in muscle force control peripheral joint/condition
specific?

4. Does surgical status (i.e. pre- vs post-surgery) influence peripheral
joint muscle force control?

2. Methods

This systematic review and meta-analysis was conducted in accor-
dance with the Preferred Reporting Items for Systematic Reviews and
meta-analyses (PRISMA) guidelines (PRISMA, 2020). The protocol was
prospectively registered on PROSPERO (CRD42021246393).

2.1. Search strategy-

A systematic search of the MEDLINE, CINAHL, and SPORTDiscus
databases was performed from inception to 8th April 2021. The search
strategy used combinations of pre-defined key terms: (muscle force OR
torque) AND (control OR variab* OR steadiness OR modulat* OR fluc-
tuat* OR complexity OR entropy OR fractal) AND (standard deviation
OR coefficient of variation OR approximate entropy OR sample entropy
OR detrended fluctuation analysis) AND (injury OR musculoskeletal
injury OR trauma OR surgery OR arthroplasty OR joint replacement)
AND (wrist OR forearm OR elbow OR upper arm OR shoulder OR hip OR



J. Pethick et al.

thigh OR knee OR ankle OR foot). Grey literature sources (e.g. confer-
ence proceedings) were also considered if a full-text was available.

Titles and abstracts identified in the database search were down-
loaded into EndNote X9 (Clarivate Analytics, Philadelphia, USA). All
titles and abstracts were screened independently by two of the research
team members (JP and BL). Full texts were obtained for those meeting
the inclusion criteria (see below). The reference lists of included papers
were also manually searched for additional studies not retrieved by the
database search.

2.2. Eligibility criteria

Criteria for studies to be included were based in part on the PICO
criteria (Amir-Behghadami and Janati, 2020): 1) involving participants
with clinically diagnosed musculoskeletal disease, injury, surgery, or
arthroplasty in the peripheral joints of the upper or lower limb (P and I);
2) involving comparison with an unaffected control group or unaffected
contralateral limb (C); 3) featuring a measure of the magnitude of force
variability (e.g. SD, CV) and/or the complexity of force output (e.g.
entropic or fractal scaling measures) during a targeted isometric muscle
contraction (O); 4) published in English as a full-text article in a peer-
reviewed journal. All types of observational studies using quantitative
methods were eligible for inclusion (i.e. cohort, case-control, cross-
sectional, longitudinal). Exclusion criteria were: 1) studies with in-
dividuals under the age of 18; 2) studies which focused on disease,
injury, surgery, or arthroplasty and force control in the spine; 3) case
studies of individuals.

2.3. Data extraction

Data were extracted by one member of the research team (JP) from
selected articles and entered into a custom Microsoft Excel spreadsheet.
Extracted data included: 1) authors; 2) year of publication; 3) muscu-
loskeletal disease, injury, surgery, or arthroplasty condition investi-
gated; 4) whether comparison was made with an unaffected control
group or unaffected contralateral limb; 5) task performed (e.g. joint,
joint angle, muscle group, movement [extension, flexion, abduction,
adduction, internal rotation, external rotation] and contraction in-
tensity); 6) experimental and control group sample size; 7) force control
measure used as a study outcome (e.g. SD, CV, entropy statistics,
detrended fluctuation analysis); 8) mean and SD of the force control
measure. See Table 1 for further details of the extracted data. Where
data were not clearly or completely reported, article corresponding
authors were contacted (with further co-authors contacted if there was
no response), and additional data requested. In cases in which authors
did not respond, their data was not considered for the meta-analysis.

2.4. Quality assessment

The methodological quality of the included studies was assessed
using a modified Downs and Black Quality Index (Downs and Black,
1998; Hall et al., 2013). The modified version of the Downs and Black
Quality Index is scored out of 16 (Hall et al., 2013), with higher scores
indicating higher quality studies. There are 15 questions, 14 of which
can either be scored 0O (indicating no) or 1 (indicating yes). The
remaining question (5) can be answered 0 (no), 1 (partially), or 2 (yes).
Studies with scores > 10 were considered to be high quality and studies
with scores < 10 were considered to be low quality. All studies were
assessed independently by two of the research team members (JP and
BL). Any disagreements were resolved by a consensus discussion be-
tween these two reviewers. The third member of the research team (NC)
was available if needed but was not required. Inter-rater agreement in
the scoring of 15 questions was calculated using the Gwet AC1 coeffi-
cient (Gwet, 2008).
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2.5. Statistical analysis

Data pooling was performed irrespective of the risk of bias score
(Hall et al., 2013) to increase the number of studies eligible for data
pooling. The following subgroup analyses were undertaken: 1) study
designs — between- (comparing symptomatic limb against a healthy
unaffected control group) and within-subject designs (comparing
symptomatic limb against an unaffected contralateral limb); 2)
anatomical region — shoulder, knee, others; and 3) surgical status — pre-
surgery vs post-surgery.

The meta-analysis was performed using the “meta” package (v.
4.15-1) (Balduzzi et al., 2019) within R software (v 4.0.3). Data pooling
was performed in Cochrane Review Manager (v. 5.3), using the stan-
dardized mean difference (SMD) in a random-effects model. Reported
SMD (95 % CI) were categorised as small (<0.60), medium (0.60 to <
1.20) or large (>1.20) (Hall et al., 2013), with statistical significance set
at p < 0.05. Heterogeneity between studies was assessed using the P
test. Thresholds for the interpretation of I were determined as follows:
1) not important (<40 %), 2) moderate heterogeneity (30 % to 60 %), 3)
substantial heterogeneity (50 % to 90 %), 4) considerable heterogeneity
(75 % to 100 %) (Higgins, 2011). Parameters that were not pooled were
qualitatively synthesised.

3. Results
3.1. Search results

The initial search yielded 18,613 results. The PRISMA flow diagram
illustrating the number of studies excluded at each stage is shown in
Fig. 1. In total, 16 studies met the inclusion criteria, though two of these
did not contain sufficient data to be included in the quantitative analysis
(with the necessary data not available in either the original paper or
from the authors). Thus, 14 studies were included in the meta-analysis.

3.2. Characteristics of included studies

The 14 included studies involved a total of 694 participants (382
male, 312 female), 358 (195 male, 163 female) of whom were patients
(i.e. experiencing peripheral musculoskeletal conditions). Of the 14
included studies, eight studies investigated peripheral musculoskeletal
conditions and force control in the knee (n = 217 patients) (Goetschius
and Hart, 2016; Goetschius et al., 2015; Hortobagyi et al., 2004; Mau-
Moeller et al., 2017; Niederer et al., 2020; Skurvydas et al., 2011;
Spencer et al., 2020; Zult et al., 2017), five investigated the shoulder (n
= 122 patients) (Camargo et al., 2009; Overbeek et al., 2020; Saccol
etal., 2014; Zanca et al., 2010; Zanca et al., 2013), and one investigated
the elbow (n = 19 patients) (Mista et al., 2018). Of the studies on the
knee, six investigated ACL injuries (n = 177 patients) (Goetschius and
Hart, 2016; Goetschius et al., 2015; Niederer et al., 2020; Skurvydas
etal., 2011; Spencer et al., 2020; Zult et al., 2017) and two investigated
OA (n = 40 patients), tibiofemoral in one case (Hortobagyi et al., 2004)
and unspecified in the other (Mau-Moeller et al., 2017);. In the studies
investigating ACL injury, four examined patients after ACL reconstruc-
tion (n = 132 patients) (Goetschius and Hart, 2016; Goetschius et al.,
2015; Niederer et al., 2020; Spencer et al. 2020) and two examined
patients pre-surgery (n = 45 patients) (Skurvydas et al., 2011; Zult et al.,
2017). Of the studies on the shoulder, four investigated shoulder
impingement (n = 102 patients) (Camargo et al., 2009; Overbeek et al.,
2020; Zanca et al., 2010; Zanca et al., 2013) and one investigated SLAP
lesions (n = 20 patients) (Saccol et al., 2014). The study on the elbow
investigated chronic elbow pain (n = 19 patients) (Mista et al., 2018).
All of the studies investigating surgical status focused on ACL injury
(Goetschius and Hart, 2016; Goetschius et al., 2015; Niederer et al.,
2020; Spencer et al., 2020; Zult et al., 2017). The studies on other
anatomical regions either failed to report the surgical status of partici-
pants (Hortobagyi et al., 2004; Mista et al., 2018) or reported that prior
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Table 1
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Details of included studies. MVC = maximal voluntary contractions; SD = standard deviation; CV = coefficient of variation; ACL = anterior cruciate ligament; SLAP =
superior labrum anterior-posterior lesions.

Study Patient population Control population Study Peripheral joint and Force control task and Force control Results

design condition contraction intensity measure

Camargo 27 subjects (18 M, 23 healthy, active Between Shoulder, unilateral Isometric shoulder SD No significant difference
et al. 9F; 33.5 + 9.9 years,  subjects (15 M, 8F, 32.3 groups impingement abduction (scapular between patients and
(2009) 77.5 £ 14.8 kg, 1.74 £ 9.0 years, 75.5 + 13.0 syndrome plane, neutral rotation, controls for SD and CV

4+ 0.10 m) kg, 1.73 £ 0.08 m) 80° abduction with (P > 0.05)
elbow in full
extension); 35 % MVC

Goetschius 53 subjects (27 M, 50 healthy subjects (28 Between Knee; anterior Isometric knee cv Significantly greater CV
and Hart 26F, 23.4 + 4.9 M, 22F, 23.3 + 4.4 groups cruciate ligament extension (85° hip in ACL reconstruction
(2016) years, 74.6 + 14.8 years, 67.4 + 13.2 kg, (ACL) reconstruction  flexion, 90° knee patients compared to

kg, 1.7 £ 0.1 m) 1.7 £ 0.1 m) (graft type not flexion); 100 % MVC controls (P = 0.001)
specified; surgery>6
months prior to
testing)

Goetschius 32 subjects (18 M, 32 healthy subjects (17 Between Knee; ACL Isometric knee cv Significantly greater CV
et al. 14F, 24.1 + 49 M, 15F, 243 + 4.0 years,  groups reconstruction (graft extension (85° hip in ACL reconstruction
(2015) years, 73.3 + 14.8 70.4 +13.6 kg, 1.72 + type not specified; flexion, 90° knee patients compared to

kg, 1.72 £ 0.12 m) 0.10 m) surgery>6 months flexion); 100 % MVC controls both before (P =
prior to testing) before and after 0.03) and after (P =
fatiguing protocol 0.001) fatiguing protocol
(inclined treadmill
walking and lateral
hopping)

Hortobagyi 20 subjects (5 M, 20 healthy subjects (5M,  Between Knee; osteoarthritis Isometric knee SD No significant difference
et al. 15F, 57.5+ 7.3 15F, 56.8 + 5.0 years, groups extension (90° hip between patients and
(2004) years, 86.8 + 18.3 81.2 +12.5kg, 1.67 + flexion, 90° knee controls for SD (P >

kg, 1.64 + 0.09 m) 0.07 m) flexion); 50 and 100 N 0.05). However,
significantly greater SD
in patients during
eccentric and concentric
contractions (not
analysed in present meta-
analysis)

Mau-Moeller 20 subjects (7 M, 20 healthy subjects (5M,  Between Knee; osteoarthritis Isometric knee SD, CV Significantly lower SD in
etal. 13F, 66.7 + 8.8 15F, 62.1 + 6.2 years, groups extension (90° hip patients compared to
(2017) years, 91.3 + 17.4 71.5 + 14.3kg, 1.67 + flexion, 60-70° knee controls at all

kg, 1.68 £ 0.10 m) 0.10 m) flexion); 20, 40 and 60 contraction intensities
% MVC (20 %, P = 0.04); 40 %, P
= 0.002; 60 %, P =
0.005). No significant
difference between
patients and controls for
CV at any contraction
intensity (P > 0.05)
Mista et al. 19 subjects (9 M, 21 healthy subjects (10 Between Elbow; chronic pain Isometric wrist SD No significant difference
(2018) 10F, 41 + 11 years, M, 11F, 37 + 13 years, groups extension (90° between patients and
70.0 £ 16.4 kg, 1.66  68.9 + 12.5 kg, 1.62 + shoulder flexion, control for SD at any
4+ 0.02 m) 0.08 m) elbow fully extended); contraction intensity (P
5, 30, 50 and 70 % > 0.05)
MVC

Niederer 19 subjects (9 M, 19 healthy subjects (9M,  Between Knee; ACL Isometric knee cv Significantly lower CV in
et al. 10F, 25.7 + 4.2 10F, 24.8 + 1.6 years, and reconstruction with extension (60° knee ACL reconstructed leg
(2020) years, 1.77 + 0.10 1.75 £+ 0.09 m) within ipsilateral hamstring flexion); 100 % MVC compared to

m) groups tendon autograft before and after contralateral leg (P <
fatiguing protocol (10 s 0.05)
contractions at 100 %
MVC followed by 5 s
rest, until 70 % MVC
could no longer be
reached)

Overbeek 40 subjects (17 M, 30 healthy subjects (13 Between Shoulder; Isometric shoulder SD, CV, Significantly lower SD (P
et al. 23F, 50 + 6.4 years) M, 17F, 51 + 5.7 years) groups subacromial pain abduction and approximate =0.013) and CV (P =
(2020) syndrome adduction (arm at side entropy 0.016) in patients

in external rotation); compared to controls

60 % MVC during abduction task.
Significantly lower
approximate entropy in
patients compared to
controls during both
abduction (P = 0.048)
and adduction (P =
0.024) tasks

SD, CV

(continued on next page)



J. Pethick et al.

Table 1 (continued)
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Study Patient population Control population Study Peripheral joint and Force control task and Force control Results

design condition contraction intensity measure

Saccol et al. 10 subjects with 10 subjects matched Between Shoulder; instability Isometric shoulder Significantly greater CV
(2014) shoulder instability with instability group groups and SLAP lesions internal and external in SLAP patients

(all M, 22.3 + 3.4 (all M, 22.0 + 3.4 years, rotation (90° shoulder compared to controls
years, 83.8 + 7.7 kg, 82.0+9.2kg, 1.8+ abduction, 90° elbow during internal rotation
1.8 0.05 m); 10 0.08 m); 10 male flexion, 90° external task (P = 0.003). No
subjects with subjects matched with rotation); 35 % MVC other significant
superior labral SLAP group (all M, 26.4 differences in SD or CV
anterior posterior + 4.5 years, 78.1 &+ 8.5 between groups

(SLAP) lesions (all M, kg, 1.7 £ 0.04 m)

26.9 + 4.7 years,

77.4 + 14.9kg, 1.7

+ 0.05 m)

Skurvydas 13 subjects (all M, Unaffected contralateral Within Knee; ACL rupture Isometric knee Cv, No significant difference
et al. 30.1 4 9.7 years, leg group (no surgery) extension (measures permutation in CV between ACL
(2011) 94.4 + 11.8 kg, 1.84 taken at both 60 and entropy deficient leg and

+0.09 m) 90° knee flexion) and contralateral leg for

flexion (measures either knee extension or

taken at both 40 and flexion (P > 0.05).

90° knee flexion); 20 % Significantly lower

MVC permutation entropy in
ACL deficient leg
compared to
contralateral leg during
knee extension (P <
0.05)

Spencer 28 subjects (14 M, Unaffected contralateral Within Knee; ACL Isometric knee SD, CV Significantly greater SD
et al. 14F, 20 + 5 years, leg group reconstruction with extension (90° hip in ACL reconstructed leg
(2020) 72.2 +10.6 kg, 1.78 bone-patellar flexion, 90° knee compared to

4+ 0.10 m) tendon-bone flexion); 100 % MVC contralateral leg (P <
autograft 0.05). Significantly
lower CV in ACL
reconstructed leg
compared to
contralateral leg (P <
0.01)
Zanca et al. 14 subjects (all F, 15 subjects (all F, 35.5 Between Shoulder; unilateral Isometric shoulder SD, CV No significant
(2010) 36.6 + 5.2 years, + 5.5 years, 64.9 + 10.7  and impingement medial (scapular differences between

62.6 + 75 kg, 1.65 kg, 1.65 + 0.02 m) within syndrome plane, 90° shoulder patients and control

+ 0.05 m) groups abduction, 90° elbow group for any
flexion, 45° lateral comparison (P > 0.05).
rotation) and lateral No significant difference
rotation (scapular between affected and
plane, 90° shoulder unaffected limb in
abduction, 90° elbow patient group (P > 0.05)
flexion, 75° lateral
rotation); 50 % MVC

Zanca et al. 21 athletes (all M, 25 asymptomatic Between Shoulder; unilateral Isometric shoulder SD, CV No significant

(2013) 22.1 + 2.7 years, athletes (all M, 21.0 + groups impingement internal and external differences between
73.2+12.2kg, 1.77 2.1 years, 72.7 + 11.3 syndrome rotation (90° shoulder patients and control
+ 0.08 m) kg, 1.76 £ 0.09 m) and abduction, 90° groups for any
21 non-athletes (all M, external rotation, 90° comparison (P > 0.05)
22.2 + 2.4 years, 78.6 + elbow flexion); 35 %
11.8 kg, 1.76 £ 0.06 m) MVC

Zult et al. 32 subjects (16 M, 40 subjects (20 M, 20F) Between Knee; unilateral ACL Isometric knee cv No significant difference

(2017) 16F, 23 + 4 years, 77 subdivided into active and tear extension (65° knee between patients and
+12kg,1.78 £0.09 (10 M, 10F, 22 + 2 within flexion); 20 % MVC control groups (P >
m) years, 72 + 12 kg, 1.78 groups 0.05). No significant

4+ 0.11 m) and less active
(10 M, 10F, 22 £ 1
years, 73 + 17 kg, 1.76
=+ 0.10 m) groups

difference between ACL
deficient leg and
contralateral leg (P >
0.05)

surgery was one of the exclusion criteria (Camargo et al., 2009; Over-

beek et al., 2020; Saccol et al., 2014; Zanca et al., 2010; Zanca et al.,

2013). Seven studies performed a comparison only of a symptomatic
group with an unaffected control group, five studies performed a com-
parison between both a symptomatic group and unaffected control
group and also between a symptomatic limb and unaffected contralat-
eral limb, and two studies performed a comparison of only the symp-
tomatic limb with the unaffected contralateral limb. Details of the

included studies can be found in Table 1.

3.3. Quality assessment

Inter-rater agreement ranged from 0.53 to 1.00 (Table 2). Quality
scores ranged from five to 13. Out of the 14 studies included in the meta-
analytic component, nine were rated as high-quality (score > 10)
(Camargo et al., 2009; Goetschius and Hart, 2016; Goetschius et al.,
2015; Hortobagyi et al., 2004; Mau-Moeller et al., 2017; Mista et al.,
2018; Niederer et al., 2020; Overbeek et al., 2020; Zult et al., 2017) and

five were rated as low-quality (score < 10) (Saccol et al., 2014; Skur-
vydas et al., 2011; Spencer et al., 2020; Zanca et al., 2010; Zanca et al.,
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Fig. 1. PRISMA flow diagram illustrating stages of search.

2013). In all low-quality studies, there was a lack of description or
consideration of confounding variables.

3.4. Muscle force standard deviation

The results of the meta-analysis demonstrated that there was no
significant overall effect of peripheral musculoskeletal conditions on the
SD of muscle force (SMD = -0.01 [95 % CI —0.26 to 0.24], P=74 %; P <
0.01) (Fig. 2). Nine studies contributed to the first subgroup analysis,
investigating the effect of study design (Camargo et al., 2009; Hor-
tobagyi et al., 2004; Mau-Moeller et al., 2017; Mista et al., 2018;
Overbeek et al., 2020; Saccol et al., 2014; Spencer et al., 2020; Zanca
et al., 2010; Zanca et al., 2013) Eight of those studies compared a
symptomatic group and unaffected control group (Camargo et al., 2009;
Hortobagyi et al., 2004; Mau-Moeller et al., 2017; Mista et al., 2018;
Overbeek et al., 2020; Saccol et al., 2014; Spencer et al., 2020; Zanca
et al., 2010; Zanca et al., 2013), while two studies compared a symp-
tomatic limb and unaffected contralateral limb (Spencer et al., 2020;
Zanca et al., 2010). There was no significant effect of study design on the
effect of peripheral musculoskeletal conditions on the SD of muscle force
(Fig. 2). For the second subgroup analysis investigating the effect of
peripheral joint, nine studies were included (shoulder: Camargo et al.,
2009; Overbeek et al., 2020; Saccol et al., 2014; Zanca et al., 2010;
Zanca et al., 2013; knee: Hortobagyi et al., 2004; Mau-Moeller et al.,
2017; Spencer et al., 2020; elbow: Mista et al. 2018). There was no effect
of peripheral musculoskeletal conditions on the SD of muscle force in the
shoulder region (SMD = 0.03 [95 % CI —0.18 to 0.23], P =40 %; P =
0.03), knee region (SMD = 0.24 [95 % CI —0.47 to 0.94], P=87 %; P <
0.01) or elbow region (SMD = 0.04 [95 % CI —1.27 to 0.35], P=92 %;

P < 0.01) (Fig. 3). Only one study utilising the SD was conducted on a
peripheral musculoskeletal conditions necessitating surgery and mea-
surements were only taken 6 months after surgery (Spencer et al., 2020).
As such, there was insufficient data for the third subgroup analysis
investigating surgical status to be conducted.

3.5. Muscle force coefficient of variation

There was a significant overall effect of peripheral musculoskeletal
conditions on the CV of muscle force (SMD = 0.19 [95 % CI 0.06 to
0.32], =33 %; P = 0.02) (Fig. 4), whereby individuals with peripheral
musculoskeletal conditions exhibited greater force CV than controls.
Twelve studies were included in the first subgroup analysis (between
group design; Camargo et al., 2009; Goetschius and Hart, 2016; Goet-
schius et al., 2015; Mau-Moeller et al., 2017; Niederer et al., 2020;
Overbeek et al., 2020; Saccol et al., 2014; Zanca et al., 2010; Zanca et al.,
2013; Zult et al., 2017; within group design: Niederer et al., 2020;
Skurvydas et al., 2011; Spencer et al., 2020; Zanca et al., 2010; Zult
et al., 2017), which revealed a significant effect of study design. Only
studies which adopted a between-group design reported a significantly
greater force CV in individuals with peripheral musculoskeletal condi-
tions compared to controls (SMD = 0.22 [95 % CI 0.07 to 0.38], P =44
%; P < 0.01) (Fig. 4).

Twelve studies were included in the second subgroup analysis, with
all investigating either shoulder conditions (Camargo et al., 2009;
Overbeek et al., 2020; Saccol et al., 2014; Zanca et al., 2010; Zanca et al.,
2013) or knee problems (Goetschius and Hart, 2016; Goetschius et al.,
2015; Mau-Moeller et al., 2017; Niederer et al., 2020; Skurvydas et al.,
2011; Spencer et al., 2020; Zult et al., 2017). Only conditions in the knee
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Table 2

Modified Downs and Black Quality Index results.
Study 1 2 3 5 6 7 10 11 12 15 16 18 20 21 25 Total
Camargo et al. (2009) 1 1 1 1 1 1 0 0 0 0 1 1 1 1 1 11
Goetschius and Hart (2016) 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 12
Goetschius et al. (2015) 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 11
Hortobagyi et al. (2004) 1 1 1 1 1 1 1 1 1 0 1 1 1 1 0 13
Mau-Moeller et al. (2017) 1 1 1 1 1 1 1 0 0 0 1 1 1 0 0 10
Mista et al. (2018) 1 1 1 1 1 0 1 0 0 0 1 1 1 1 1 11
Niederer et al. (2020) 1 1 1 1 1 0 0 0 0 0 1 1 1 1 1 10
Overbeek et al. (2020) 1 1 1 1 1 0 1 1 1 0 1 1 1 1 1 13
Saccol et al. (2014) 1 1 1 0 1 0 1 0 0 0 1 1 1 1 0 9
Skurvydas et al. (2011) 1 1 0 0 1 0 0 0 0 0 1 1 1 0 0 6
Spencer et al. (2020) 1 1 0 0 1 1 0 0 0 0 1 1 1 0 0 7
Zanca et al. (2010) 1 1 0 0 0 0 0 0 0 0 1 0 1 1 0 5
Zanca et al. (2013) 1 1 1 0 1 0 1 0 0 0 1 1 1 1 0 9
Zult et al., (2017) 1 1 1 1 1 1 1 0 0 0 1 1 1 1 1 12
Agreement 1 1 0.765 0.824 0.941 0.647 1 0.529 0.529 1 0.941 0.941 1 0.941 0.706 -

Quality appraisal items:

(1) Clear aim/hypothesis.

(2) Outcome measures clearly described.

(3) Patient characteristics clearly described.

(5) Confounding variables clearly described.

(6) Main findings clearly described.

(7) Measures of random variability described.

(10) Actual probability values described.

(11) Participants asked to participate representative of population.
(12) Participants prepared to participate representative of population.
(15) Blinding of outcome measures.

(16) Analysis completed was planned.

(18) Appropriate statistics.

(20) Valid and reliable outcome measures.

(21) Appropriate case-control matching.

(25) Adjustment made for confounding variables.

region resulted in greater muscle force CV than controls (SMD = 0.29
[95 % CI 0.14 to 0.44], =19 %; P = 0.22) (Fig. 5). No difference was
observed between individuals with conditions in the shoulder region
compared to controls.

Six studies were included in the third subgroup analysis investigating
surgical status (pre-surgery: Skurvydas et al., 2011; Zult et al., 2017;
post-surgery: Goetschius and Hart, 2016; Goetschius et al., 2015; Nie-
derer et al., 2020; Spencer et al., 2020) with all studies in this subgroup
analysis investigating ACL injury. Force CV was greater in the ACL group
compared to controls post-surgically (SMD = 0.38 [95 % CI 0.11 to
0.661, 2 = 0 %; P = 0.85), but not pre-surgically (SMD = 0.08 [95 % CI
—0.13 to 0.29], F=0 %; P = 0.83) (Fig. 6).

3.6. Complexity measures

There was insufficient data for the meta-analysis to be conducted on
studies involving complexity measures. Only two studies utilising
complexity measures met our inclusion criteria, with each using a
different metric: one study utilised approximate entropy (Overbeek
et al., 2020), while the other utilised permutation entropy (Skurvydas
et al.,, 2011). Overbeek et al. (2020) observed significantly reduced
approximate entropy during shoulder abduction and adduction in pa-
tients with subacromial pain syndrome compared to healthy controls.
Skurvydas et al. (2011) observed significantly reduced permutation
entropy in the ACL deficient leg compared to the uninjured contralateral
leg during knee extension, but not knee flexion.

4. Discussion

This is the first review to investigate the effect of peripheral
musculoskeletal conditions on peripheral joint muscle force control.
Pooled data indicate that peripheral musculoskeletal conditions were
associated with increased force CV. Subgroup analysis, however,

demonstrated that this greater force CV was only evident in studies that
compared symptomatic patients with an unaffected control group, in
studies that examined the knee, and, with regards to surgical status,
patients who had undergone ACL reconstruction. It must be noted,
though, that the studies included in this analysis were all of an obser-
vational, cross-sectional design and, as such, no direct causal relation-
ship can be established between musculoskeletal conditions and force
control.

4.1. Peripheral musculoskeletal conditions and muscle force control

Pooled data analysis indicated that peripheral musculoskeletal con-
ditions had no effect on muscle force SD, a measure of the absolute
magnitude of force fluctuations. In contrast, there was an effect on
muscle force CV, which provides a measure of the magnitude of force
fluctuations normalised to the mean force output. The CV is regarded as
the more robust of the two linear (i.e. magnitude-based) measures, as it
facilitates comparison between groups of individuals with large differ-
ences in strength (Enoka et al., 2003). Importantly, large differences in
strength are often evident in patients with peripheral musculoskeletal
conditions compared to healthy controls (Edouard et al., 2011; Frie-
senbichler et al., 2018; Frost et al., 2006; Piussi et al., 2020). Moreover,
10 (Goetschius and Hart, 2016; Goetschius et al., 2015; Hortobagyi
et al., 2004; Mau-Moeller et al., 2017; Mista et al., 2018; Niederer et al.,
2020; Saccol et al., 2014; Skurvydas et al., 2011; Spencer et al., 2020;
Zult et al., 2017) of the 14 studies included in the quantitative analysis
reported significant differences in maximal force-generating capacity
between the symptomatic group and unaffected control group, or be-
tween the symptomatic limb and unaffected contralateral limb.

There was a small overall effect of peripheral musculoskeletal con-
ditions on muscle force CV, indicating that peripheral musculoskeletal
conditions are associated with poorer force steadiness. The association
between peripheral musculoskeletal conditions and force CV is similar
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Patient Control
Study Total Mean SD Total Mean SD
Camargo et al., 2009 17 148 063 23 140 0.39
Camargo et al., 2009 17 1.39 0.51 23 1.37 040
Camargo et al., 2009 10 157 068 23 140 0.39
Camargo et al., 2009 10 157 073 23 1.37 0.40

Hortobagyi et al., 2004 20 4.00 1.00 20 3.00 1.00
Hortobagyi et al., 2004 20 4.001.00 20 3.00 1.00
Mau-Moller et al., 2017 20 061039 20 082 041
Mau-Moller et al., 2017 20 091050 20 1.31 0.59
Mau-Moller et al., 2017 20 137079 20 217 1.16

Mista et al., 2018 19 0220.03 21 0.16 0.03
Mista et al., 2018 19 057 0.08 21 0.60 0.08
Mista et al., 2018 19 116 016 21 1.19 0.16
Mista et al., 2018 19 191043 21 244 042
Overbeek et al., 2020 40 0.02 0.01 30 0.03 0.01
Overbeek et al., 2020 40 0.03 0.01 30 0.03 0.00
Saccol et al., 2014 10 039017 10 040 0.10
Saccol et al., 2014 10 035014 10 061 0.24
Saccol et al., 2014 10 048 025 10 0.35 0.07
Saccol et al., 2014 10 0.59 0.27 10 042 0.12
Zanca et al., 2010 7 060029 15 0.65 46.00
Zancaet al., 2010 7 051013 15 0.57 0.30
Zanca et al., 2010 7 091069 15 0.85 043
Zanca et al., 2010 7 091050 15 0.74 0.59
Zancaet al., 2013 21 041016 25 037 0.14
Zancaet al., 2013 21 053018 25 058 0.18
Zancaet al., 2013 21 041016 21 036 0.11
Zanca et al., 2013 21 0.53 0.18 21 045 0.10
Spencer et al., 2020 28 4.61 1.91 28 6.90 2.70
Zancaetal.,, 2010 14 091058 14 0.77 048
Zanca et al., 2010 14 0.56 0.21 14 0.70 0.46
Random effects model 518 584

Heterogeneity: /> = 74%, t° = 0.3505, p < 0.01
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Fig. 2. The overall effect of peripheral musculoskeletal conditions on muscle force SD and the first subgroup analysis investigating the effect of study design on
muscle force SD. Standard mean differences (SMD) with 95% confidence intervals. Multiple comparisons within the same study are reflective of either multiple

contraction intensities or movements having been performed.

to the effects of aging (Enoka et al., 2003; Oomen and van Dieen, 2017)
and neuromuscular fatigue (Castronovo et al., 2015), which are both
characterized by decreased force steadiness. A greater magnitude of
force fluctuations in healthy adults is indicative of a decreased ability to
correct targeting errors and could reduce motor task performance in
individuals free from musculoskeletal conditions (e.g. falling over,
dropping an object) (Pethick et al., 2021c). Few studies have correlated
poorer force control in peripheral musculoskeletal conditions patients
with functional performance and more research is warranted. It has been
demonstrated, though, that quadriceps and hamstring force steadiness
(measured using wavelet-derived mean instantaneous torque frequency)
are related to hop velocity and hop distance in ACL patients (Pua et al.,
2014.

The qualitative analysis of studies using non-linear measures indi-
cated reduced complexity as a result of peripheral musculoskeletal
conditions. It must be stressed, however, that only two studies utilising
non-linear measures met our inclusion criteria and quantitative analysis
could not be conducted as each study utilised a different complexity

metric. Overbeek et al. (2020) observed significantly reduced approxi-
mate entropy during shoulder abduction and adduction in patients with
subacromial pain syndrome, whilst Skurvydas et al. (2011) observed
significantly reduced permutation entropy during knee extension in
patients with ACL deficiency. These findings of reduced entropy indicate
outputs that are smoother and more regular, suggesting that peripheral
musculoskeletal conditions mediate a decreased ability to adapt motor
output in response to task demands (Vaillancourt and Newell, 2003).
Given that linear and non-linear measures of force fluctuations provide
different (and complementary) information and have different func-
tional significance (Goldberger et al., 2002; Slifkin and Newell, 1999), it
could be argued that the lack of studies utilising complexity measures
represents a limitation to our understanding of how musculoskeletal
conditions influence force control.

Any alteration in muscle force control must be a consequence of a
change in the ensemble behaviour of the motor unit pool (either motor
unit recruitment, firing rates, or both). Previous studies on peripheral
musculoskeletal conditions using either intramuscular or high-density
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Patient Control
Study Total Mean SD Total Mean SD
Camargo et al., 2009 17 148 063 23 140 0.39
Camargo et al., 2009 17 1.39 0.51 23 1.37 040
Camargo et al., 2009 10 157068 23 140 0.39
Camargo et al., 2009 10 157 073 23 1.37 040
Overbeek et al., 2020 40 0.02 0.01 30 0.03 0.01
Overbeek et al., 2020 40 0.03 0.01 30 0.03 0.00
Saccol et al., 2014 10 0.39 0.17 10 040 0.10
Saccol et al., 2014 10 0.350.14 10 061 024
Saccol et al., 2014 10 048 0.25 10 0.35 0.07
Saccol et al., 2014 10 0.59 0.27 10 042 0.12
Zanca et al., 2010 7 0.60 0.29 15 0.65 46.00
Zancaetal.,, 2010 7 0.510.13 15 057 0.30
Zancaetal., 2010 7 0.91 0.69 15 085 043
Zanca et al., 2010 7 0.910.50 15 0.74 0.59
Zanca et al., 2010 14 0.91 0.58 14 077 048
Zanca et al., 2010 14 0.56 0.21 14 0.70 046
Zancaetal., 2013 21 041016 25 037 0.14
Zancaetal., 2013 21 053018 25 058 0.18
Zancaetal., 2013 21 041016 21 0.36 0.11
Zancaetal., 2013 21 053018 21 045 0.10
Hortobagyi et al., 2004 20 4.001.00 20 3.00 1.00
Hortobagyi et al., 2004 20 4.001.00 20 3.00 1.00
Mau-Moller et al., 2017 20 061039 20 082 041
Mau-Moller et al., 2017 20 091050 20 1.31 0.59
Mau-Moller et al., 2017 20 137079 20 217 1.16
Spencer et al., 2020 28 461 1.91 28 6.90 2.70
Mista et al., 2018 19 022003 21 0.16 0.03
Mista et al., 2018 19 057008 21 060 0.08
Mista et al., 2018 19 116016 21 1.19 0.16
Mista et al., 2018 19 191043 21 244 042
Random effects model 518 584

Heterogeneity: /> = 74%, t° = 0.3505, p < 0.01
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Fig. 3. The second subgroup analysis investigating the effect of peripheral joint on muscle force SD. Standard mean differences (SMD) with 95% confidence intervals.
Multiple comparisons within the same study are reflective of either multiple contraction intensities or movements having been performed.

EMG have demonstrated both reduced (Nuccio et al.,, 2021) and
increased (Gallina et al., 2018; Ling et al., 2007) neural drive to muscle
compared to healthy controls, with the direction of change dependent
on the condition investigated. For example, during submaximal iso-
metric contractions, osteoarthritis has been demonstrated to result in
greater motor unit recruitment (Ling et al., 2007) and patellofemoral
pain is associated with greater motor unit firing rates (Gallina et al.,
2018). In contrast, ACL reconstruction has recently been shown to result
in lower motor unit recruitment thresholds and discharge rates
compared to controls (Nuccio et al., 2021). Furthermore, the CV of force
fluctuations has been demonstrated to be highly coherent with the
common component of the cumulative motor unit spike train (Negro
et al., 2009), indicating that force control is determined by variance in
common noise transmitted to motor neurons (Farina and Negro, 2015).
Our observation of an increase in the CV of force fluctuations with

musculoskeletal conditions suggests that such conditions may be asso-
ciated with an increase in the variability of common synaptic input that
motor neurons receive. It must be emphasised, though, that the design
(i.e. observational, cross-sectional) of the studies included in the meta-
analysis precludes any attempts to assess causal relationships between
musculoskeletal conditions and increasing force CV. Indeed, other fac-
tors that accompany the presence of an injury (inter alia reduced level of
activity and pain) could account for some, or all, of the observed in-
crease in force CV.

Changes in the ensemble behaviour of the motor unit pool are
responsible for the increased magnitude of force fluctuations. Motor
neurons receive synaptic input from afferent feedback from peripheral
joint mechanoreceptors (Conway et al., 1995), descending pathways
from the motor cortex (Negro and Farina, 2011), and descending path-
ways from the reticular formation (Baker, 2011). Motor neuron inputs
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Patient Control
Study Total Mean SD Total Mean SD
Camargo et al., 2009 17 3.99 1.28 23 4.00 1.05
Camargo et al., 2009 17 4.18 0.81 23 420 1.20
Camargo et al., 2009 10 464 182 23 4.00 1.05
Camargo et al., 2009 10 448 152 23 420 1.20
Goetschius and Hart, 2016 53 1.19 047 50 0.88 0.41
Goetschius et al., 2015 32 107 055 32 0.79 042
Goetschius et al., 2015 32 1.60 0.91 32 0.94 0.41
Mau-Moller et al., 2017 20 285113 20 243085
Mau-Moller et al., 2017 20 211084 20 2.03 0.88
Mau-Moller et al., 2017 20 2.08 065 20 221 0.88
Niederer et al., 2020 19 1.20 1.30 19 0.81 0.86
Niederer et al., 2020 19 1.09 117 19 0.51 0.18
Overbeek et al., 2020 40 2.16 0.76 30 2.69 0.92
Overbeek et al., 2020 40 2.62 0.88 30 293 0.76
Saccol et al., 2014 10 4.00 1.63 10 4.10 1.44
Saccol et al., 2014 10 3.50 1.35 10 4.00 0.94
Saccol et al., 2014 10 4.78 1.86 10 4.10 1.28
Saccol et al., 2014 10 4.78 1.39 10 3.20 0.63
Zanca et al., 2010 7 7.30 3.38 15 7.47 4.47
Zanca et al., 2010 7 7.64 235 15 7.59 3.34
Zanca et al., 2010 7 7.39 3.39 15 8.50 4.78
Zanca et al., 2010 7 829 3.39 15 6.93 3.19
Zanca et al., 2013 21 4.60 2.31 25 392 1.33
Zanca et al., 2013 21 448 164 25 4.100.72
Zancaet al., 2013 21 4.60 2.31 21 3.88 1.08
Zanca et al., 2013 21 448 164 21 378 0.85
Zultetal., 2017 32 460720 20 3.00 1.20
Zultetal., 2017 32 460720 20 3.80 2.40
Zultetal., 2017 32 340260 20 270 1.10
Zultetal., 2017 32 340260 20 4.00 2.60
Niederer et al., 2020 19 1.20 1.30 19 1.04 0.88
Niederer et al., 2020 19 1.09 1.17 19 0.72 0.34
Skurvydas et al., 2011 13 2.40 1.00 13 240 1.00
Skurvydas et al., 2011 13 2.30 0.70 13 2.60 0.70
Skurvydas et al., 2011 13 9.70 5.60 13 10.00 6.20
Skurvydas et al., 2011 13 2.60 1.30 13 240 1.10
Spencer et al., 2020 28 4.03 1.04 28 3.58 1.41
Zanca et al., 2010 14 7.84 3.59 14 7.55 4.08
Zancaet al.,, 2010 14 7.02 2.81 14 9.11 6.17
Zult et al., 2017 32 460720 20 3.40 2.60
Random effects model 807 802

Heterogeneity: /* = 33%, * = 0.0565, p = 0.02
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Fig. 4. The overall effect of peripheral musculoskeletal conditions on muscle force CV and the first subgroup analysis investigating the effect of study design on
muscle force CV. Standard mean differences (SMD) with 95% confidence intervals. Multiple comparisons within the same study are reflective of either multiple

contraction intensities or movements having been performed.

are also modulated by pre-synaptic excitatory and inhibitory spinal in-
terneurons (Brownstone and Bui, 2010) and a variety of neuro-
modulators (Johnson and Heckman, 2014). Motor units are, therefore,
the “final common pathway” by which multiple excitatory and inhibi-
tory inputs are filtered to then activate skeletal muscle (Enoka and
Farina, 2021). Subsequently, multiple mechanisms are potentially
responsible for altering common synaptic input and, in turn, motor unit
behaviour and skeletal muscle force control. Therefore, the exact
physiological mechanism by which peripheral musculoskeletal
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conditions affect force control may vary between conditions.

4.2. Study design

Subgroup analysis demonstrated that peripheral musculoskeletal
conditions only had a significant effect on muscle force CV when com-
parison was made between symptomatic patients and an unaffected
control group (Camargo et al., 2009; Goetschius and Hart, 2016; Goet-
schius et al., 2015; Mau-Moeller et al., 2017; Niederer et al., 2020;
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Patient Control
Study Total Mean SD Total Mean SD
Camargo et al., 2009 17 3.99 1.28 23 4.00 1.05
Camargo et al., 2009 17 4.18 0.81 23 420 1.20
Camargo et al., 2009 10 464 182 23 4.00 1.05
Camargo et al., 2009 10 448 152 23 420 1.20
Overbeek et al., 2020 40 216 076 30 2.69 0.92
Overbeek et al., 2020 40 262088 30 293 0.76
Saccol et al., 2014 10 4.00 1.63 10 4.10 1.44
Saccol et al,, 2014 10 3.50 1.35 10 4.00 0.94
Saccol et al., 2014 10 4.78 1.86 10 4.10 1.28
Saccol et al., 2014 10 4.78 1.39 10 3.20 0.63
Zanca et al., 2010 7 7.30 3.38 15 7.47 4.47
Zanca et al., 2010 7 764 235 15 7.59 3.34
Zanca et al., 2010 7 7.39 3.39 15 8.50 4.78
Zanca et al., 2010 7 829 3.39 15 6.93 3.19
Zanca et al., 2010 14 7.84 3.59 14 7.55 4.08
Zanca et al., 2010 14 7.02 2.81 14 9.11 6.17
Zanca et al., 2013 21 4.60 2.31 25 3.92 133
Zancaet al., 2013 21 448 164 25 4.100.72
Zanca et al., 2013 21 4.60 2.31 21 3.88 1.08
Zancaet al., 2013 21 448 164 21 3.78 0.85
Goetschius and Hart, 2016 53 1.19 047 50 0.88 0.41
Goetschius et al., 2015 32 1.07 055 32 0.79 042
Goetschius et al., 2015 32 1.60 0.91 32 0.94 0.41
Mau-Moller et al., 2017 20 285113 20 243 085
Mau-Moller et al., 2017 20 211084 20 2.030.88
Mau-Moller et al., 2017 20 2.08 065 20 221088
Niederer et al., 2020 19 1.20 1.30 19 0.81 0.86
Niederer et al., 2020 19 1.09 1.17 19 0.51 0.18
Niederer et al., 2020 19 1.20 1.30 19 1.04 0.88
Niederer et al., 2020 19 1.09 1.17 19 0.72 0.34
Skurvydas et al., 2011 13 2.40 1.00 13 2.40 1.00
Skurvydas et al., 2011 13 2.30 0.70 13 2.60 0.70
Skurvydas et al., 2011 13 9.70 5.60 13 10.00 6.20
Skurvydas et al., 2011 13 2.60 1.30 13 240 1.10
Spencer et al., 2020 28 4.03 1.04 28 3.58 141
Zultetal., 2017 32 460720 20 3.40 2.60
Zultetal., 2017 32 460720 20 3.00 1.20
Zultetal., 2017 32 460720 20 3.80 240
Zultetal., 2017 32 340260 20 270 1.10
Zultetal., 2017 32 340260 20 4.00 2.60
Random effects model 807 802

Heterogeneity: I? = 33%, * = 0.0565, p =0.02
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Fig. 5. The second subgroup analysis investigating the effect of peripheral joint on muscle force CV. Standard mean differences (SMD) with 95% confidence in-
tervals. Multiple comparisons within the same study are reflective of either multiple contraction intensities or movements having been performed.

Overbeek et al., 2020; Saccol et al., 2014; Zanca et al., 2010; Zanca et al.,
2013; Zult et al., 2017), and not when comparison was between the
symptomatic limb and unaffected contralateral limb (Niederer et al.,
2020; Skurvydas et al., 2011; Spencer et al., 2020; Zanca et al., 2010;
Zult et al., 2017). Four of the five studies comparing the symptomatic
limb with the unaffected contralateral limb were conducted in patients
with an ACL injury. This finding adds to previous literature demon-
strating that proprioception (Arockiaraj et al., 2013), maximal force-
generating capacity (Chung et al., 2015), and dynamic balance (Culve-
nor et al., 2016) are all reduced in the unaffected contralateral limb of
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patients with an ACL injury compared to healthy controls. Thus, these
findings add further support to the view that the unaffected contralateral
limb should not be used as a reference standard for rehabilitation
decision-making for people with ACL-injury (Hiemstra et al., 2007).
The decreased force steadiness observed in the unaffected contra-
lateral limb (or, indeed, the affected limb) may simply be due to an
enforced period of reduced activity (i.e. detraining) rather than the
musculoskeletal condition itself. Previous research has demonstrated an
increase in the CV of knee extensor and ankle plantarflexor fluctuations
after four weeks of an experimentally-induced reduction in physical
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Standardised Mean

Patient Control
Study Total Mean SD Total Mean SD
Niederer et al., 2020 19 1.20 1.30 19 0.81 0.86
Niederer et al., 2020 19 1.09 1.17 19 0.51 0.18
Niederer et al., 2020 19 1.20 1.30 19 1.04 0.88
Niederer et al., 2020 19 1.09 1.17 19 0.72 0.34
Spencer et al., 2020 28 403 1.04 28 3.58 1.41
Skurvydas et al., 2011 13 2.40 1.00 13 240 1.00
Skurvydas et al., 2011 13 2.30 0.70 13 2.60 0.70
Skurvydas et al., 2011 13 9.70 5.60 13 10.00 6.20
Skurvydas et al., 2011 13 2.60 1.30 13 240 1.10
Zultetal., 2017 32 460720 20 3.40 260
Zultet al., 2017 32 460720 20 3.00 1.20
Zultetal., 2017 32 460720 20 3.80 240
Zultet al., 2017 32 340260 20 270 1.10
Zultetal., 2017 32 340260 20 4.00 2.60
Random effects model 316 256

Heterogeneity: = 0%, 1° =0, p =0.80
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Fig. 6. The third subgroup analysis investigating the effect of surgical status on muscle force CV. Standard mean differences (SMD) with 95% confidence intervals.
Multiple comparisons within the same study are reflective of either multiple contraction intensities or movements having been performed.

activity (unilateral limb suspension) (Clark et al., 2007). Alternatively, it
could relate to a crossover of neural effects. Neural inhibition, measured
using the twitch interpolation technique, has been observed in both the
injured and contralateral legs following knee arthroscopy compared to
uninjured controls (Suter et al., 1998). Such changes may be reflective of
alterations in motor unit recruitment in the contralateral leg, which
could then influence muscle force control in that limb.

4.3. Anatomical regions

Subgroup analysis demonstrated that only peripheral musculoskel-
etal conditions in the knee (Goetschius and Hart, 2016; Goetschius et al.,
2015; Mau-Moeller et al., 2017; Niederer et al., 2020; Skurvydas et al.,
2011; Spencer et al., 2020; Zult et al., 2017), and not in the shoulder
(Camargo et al., 2009; Overbeek et al., 2020; Saccol et al., 2014, Zanca
et al., 2010; Zanca et al., 2013) had a significant effect on muscle force
CV. From a physiological perspective, there may be intrinsic differences
in the way upper and lower limb muscles are controlled. It has been
demonstrated that there are significant differences in the number of
muscle spindles found in the leg and shoulder (Banks, 2006), which
could relate to differences in muscle fibre type composition (Kokkor-
ogiannis, 2004). The lack of significant effect in the shoulder could have
also been due to the conditions investigated and differences in patho-
aetiology. Four of the five studies on the shoulder investigated
impingement syndrome (Camargo et al., 2009; Overbeek et al., 2020;
Zanca et al., 2010; Zanca et al., 2013), with three reporting no effect on
muscle force control (Camargo et al., 2009; Zanca et al., 2010; Zanca
et al., 2013) and the fourth reporting a lower CV of force fluctuations (i.
e. increased steadiness) in patients (Overbeek et al., 2020). The other
study on the shoulder investigated glenohumeral joint SLAP lesions,
finding a greater CV in patients (Saccol et al., 2014). Historically,
impingement syndrome is a diagnostic term representing a musculo-
skeletal condition occurring at the sub-acromial joint (Koester et al.,
2005). The sub-acromial joint, however, is not a synovial joint and,
therefore, does not contain any capsuloligamentous or intracapsular
accessory structure mechanoreceptors that feedback to motor unit cell
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bodies in the spinal cord (Constant, 1989). In contrast, the glenoid
labrum is a synovial joint intracapsular accessory structure that does
contain afferent nerve endings which transmit sensory information to
the spinal cord (Bresch and Nuber, 1995; Tibone et al., 1997). Therefore,
differences in the findings of shoulder studies may be due to funda-
mental differences in neuroanatomy and afferent neurocircuitry that
inputs to motor units.

The observed regional differences in force control could be
confounded by methodological differences, such as joint angle and
contraction intensity tested. Joint angle has been demonstrated to
significantly affect proprioceptive acuity and pain (Anderson and Wee,
2011) and muscle force control (Pethick et al., 2021b). Contraction in-
tensity has been demonstrated to have a significant effect on the age-
related loss of force control, with increased CV typically observed only
at low- to moderate-intensity contractions (Enoka et al., 2003). The
studies included in the present meta-analysis used a wide range of target
intensities, though typically only one intensity per study and with a
tendency towards higher intensities in the knee (knee: range 20-100%
MVC, average 62% MVC; shoulder: range 35-60% MVC, average 43%).
This could indicate that peripheral musculoskeletal conditions-induced
impairments in force control are more evident at higher contraction
intensities. As the mechanical requirement of many day-to-day tasks
typically does not exceed 20% MVC (Kern et al., 2001), this could
indicate a limited role for the peripheral musculoskeletal condition-
induced decrease in force control in poorer performance of functional
tasks.

4.4. Surgical status

The studies forming this sub-group analysis all studied ACL recon-
struction as a surgical intervention (Goetschius and Hart, 2016; Goet-
schius et al., 2015; Niederer et al., 2020; Skurvydas et al., 2011; Spencer
et al., 2020; Zult et al., 2017). Interestingly, subgroup analysis revealed
that muscle force CV was greater post-surgery compared to pre-surgery.
Not only did ACL reconstruction fail to restore normal force control, it
also worsened it. Moreover, a negative effect on force control was
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reported in participants six (Spencer et al., 2020) and 38 months post-
surgery (Niederer et al., 2020), indicating that the effects of surgery
on force control are prolonged.

The studies investigating the effect of surgery used a bone-patellar
tendon-bone autograft (Spencer et al., 2020) and an ipsilateral
hamstring tendon autograft (Niederer et al., 2020). It has been specu-
lated that the mechanistic basis for this prolonged decrement in force
control follows a loss of mechanoreceptors from the harvested patellar
tendon and ACL, with such a loss thought to affect the ability to effec-
tively monitor and maintain a consistent force output (Spenceret al.,
2020). Furthermore, the onset of anterior knee pain can also follow ACL
reconstruction (Dai et al., 2021) and itself may contribute to muscle
force control exhibited by ACL patients. Indeed, individuals with
patellofemoral pain have been demonstrated to exhibit greater force CV
during knee extension and hip abduction tasks (Ferreira et al., 2019),
with such changes associated with greater motor unit firing rates (Gal-
lina et al., 2018). Future mechanistic studies are required to understand
the benefit/harm of surgical interventions across a spectrum of neuro-
muscular measures.

4.5. Recommendations for future research

The results of this review have served to highlight several limitations
of previous studies. Consequently, there are several recommendations
for future research to increase our understanding of how peripheral
musculoskeletal conditions influence muscle force control. These can be
divided into those relating to the measures of muscle force control and
those related to study design. With regards to measures of muscle force
control, it is recommended that future studies use the CV as their linear-
(magnitude) based measurement of force control. The SD increases in
direct proportion to the force exerted (Enoka et al., 2003; Slifkin and
Newell, 1999), meaning stronger individuals will exhibit a greater ab-
solute magnitude of fluctuations. The CV, on the other hand, normalises
fluctuations to the mean force output and allows more appropriate
comparison between groups differing in strength, as is often the case
when comparing individuals with peripheral musculoskeletal conditions
to healthy individuals (Edouard et al., 2011; Friesenbichler et al., 2018;
Frost et al., 2006; Piussi et al., 2020). Secondly, in addition to traditional
linear measures of force control, studies should also make use of non-
linear (complexity) based measures. This is because the current dearth
of studies utilising non-linear based measures limits our understanding
of how peripheral musculoskeletal conditions affect muscle force
control.

With regards to study design, a range of contraction intensities, to
examine force control over the spectrum of voluntary forces, should be
investigated. Secondly, the mechanistic basis of the peripheral muscu-
loskeletal condition-induced loss of force control needs to be estab-
lished. The majority of studies included in this meta-analysis were purely
descriptive and, while such research has been useful in demonstrating
peripheral musculoskeletal condition-induced changes in muscle force
control, the lack of mechanistic focus is a limitation. Future research
should utilise techniques such as intramuscular or high-density EMG, in
order to assess changes in motor unit firing rates and recruitment, and
transcranial magnetic stimulation in order to assess potential spinal and
corticospinal adaptations. Finally, current research simply provides a
snapshot of force control at a single instance in time, thus limiting our
understanding of the evolution of changes in force control with either
disease progression or recovery. Future studies should monitor muscle
force control longitudinally, in order to assess the longevity and recov-
ery profile of the observed decrement.

4.6. Limitations
Our study was conducted following international (PRISMA) guide-

lines for systematic reviews and meta-analyses. However, some limita-
tions should be acknowledged. Firstly, the studies included in this meta-
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analysis were observational, cross-sectional studies and, as such, no
causal relationship between musculoskeletal conditions and force con-
trol can be determined. However, it must be acknowledged that exper-
imental models which involve the types of musculoskeletal conditions
included in this review do not exist in humans. Secondly, the inclusion
criteria were studies that featured a measure of force control during a
targeted isometric contraction. Whilst force fluctuations during iso-
metric contractions are predictive of performance in dynamic activities
(Enoka and Farina, 2021), studies investigating sinusoidal, concentric
and eccentric contractions may provide additional useful information.
Thirdly, the 14 studies included in the meta-analysis featured 12
different target contraction intensities. Given the sensitivity of force
control to contraction intensity (Enoka et al., 2003; Nagamori et al.,
2021; Slifkin and Newell, 1999), such disparate targets could explain
some of the heterogeneity observed between studies.

4.7. Conclusion

In conclusion, this review is the first to provide a synthesis of evi-
dence describing the influence of selected peripheral musculoskeletal
conditions on muscle force control. There was a small overall effect of
peripheral musculoskeletal conditions on the CV of muscle force, though
this effect is dependent on study design, peripheral joint tested, and
surgical status. The effect on force control is likely mediated by alter-
ations in common synaptic input to motor neurons, though the exact
mechanism by which peripheral musculoskeletal conditions modulate
synaptic input is still to be established. Further research using, amongst
other things, both linear and non-linear measures of force control, a
wide range of target contraction intensities, and more mechanistic
methodologies are required to fully elucidate the influence of peripheral
musculoskeletal conditions on muscle force control.
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