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ARTICLE INFO ABSTRACT
Keywords: Background: Sensory and motor disturbances are characteristic of musculoskeletal injuries and conditions.
Bilateral Rehabilitation interventions aimed at remediating these disturbances are traditionally exclusively targeted to the
Contralateral affected area. However, there is some evidence of bilateral changes in sensory and motor function associated
Pain

with unilateral injuries and conditions suggesting central changes. Deficits on specific cognitive tasks have also
been documented in persons with chronic pain.

Purpose: The purpose of the present study was to determine if participants with unilateral pain arising from
heterogeneous wrist/hand injuries and conditions demonstrate bilateral changes in sensory and motor functions
as well as cognitive deficits.

Design/methods: Sensory (Pressure Pain Thresholds, Two Point Orientation Discrimination), Motor (grip strength
and Purdue Pegboard), and Cognitive function (Stroop test and mental rotation task) were measured in 30
participants with wrist/hand pain and 30 healthy control participants in an observational cross-sectional study.
Results: Participants with unilateral wrist/hand pain demonstrated differences in cognitive function measured
with the Stroop test (p = 0.03). They also demonstrated bilateral sensorimotor differences in pressure pain
thresholds (p = 0.03), grip strength (p = 0.00) and Purdue pegboard test (p = 0.03) results compared to healthy
control participants.

Conclusion: Cognitive as well as bilateral alterations in sensory and motor function in participants with mus-
culoskeletal injuries and conditions suggest central changes are involved in their pathophysiology. These find-
ings in persons with heterogeneous injuries/conditions suggest that these changes are not specific to an injury/
condition. Bilateral sensorimotor changes have important implications with regards to the pathophysiology of
musculoskeletal disorders of the wrist/hand, for rehabilitative interventions and research.

Tactile acuity
Strength
Mental rotation task

1. Introduction 2013a,b). Rehabilitation efforts are usually directed at restoring normal

sensory and motor function to the affected area. However, there is

Sensory and motor disturbances are characteristic of musculoske- evidence of both bilateral changes in sensory and motor functions as

letal disorders (MSD) including those of the wrist and hand (Smeulders well as central changes in cognitive function and sensorimotor in-
et al., 2002; Forget et al., 2008; Fernandez-de-Las-Penas, Perez-de- tegration.

Heredia-Torres et al., 2009a,b; Chiarotto, Fernandez-de-las-Penas et al., Animal studies have demonstrated contralateral structural and
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functional peripheral changes including immunohistochemical and
morphological changes in association with unilateral injury in homo-
logous structures on the uninjured side (Koltzenburg et al., 1999;
Lowrie, 1999; Shenker et al., 2003; Kelly et al., 2007; Andersson et al.,
2011). These findings are believed to be mediated by neurophysiolo-
gical processes and may cause altered sensory and motor function
(Shenker et al., 2003; Koltzenburg et al., 1999). Bilateral sensory,
proprioceptive and motor changes have been demonstrated in some
studies with humans experiencing upper extremity disorders including
lateral epicondylitis (Pienimaki et al., 1997; Bisset et al. 2006, 2009;
Fernandez-Carnero et al., 2009; Ruiz-Ruiz et al., 2011; Coombes et al.
2012a, 2012b; Heales et al., 2013), de Quervain's tenosynovitis (Forget
et al.,, 2008), carpal tunnel syndrome (Bagatur and Zorer, 2001;
Fernandez-de-las-Penas, de la Llave-Rincon, et al. 2009a,b; de la Llave-
Rincén et al., 2011) and in participants with chronic wrist and hand
pain (Smeulders et al., 2002). The majority of these studies have in-
vestigated changes in the nociceptive system (changes in mechanical
and thermal pain thresholds, hyperalgesia and allodynia) (Fernandez-
Carnero et al., 2009; Fernandez-de-las-Penas, de la Llave-Rincon, et al.
2009; Heales et al., 2013). Fewer studies have assessed other sensory
functions such as tactile acuity, proprioception (Wikstrom et al., 2010;
Heales et al., 2013), and motor processes (changes in strength, reaction
time, speed and fluency of movements, and range of motion)
(Smeulders et al., 2002; Forget et al., 2008; Heales et al., 2013).

There is evidence of central deficits associated with chronic MSD.
Altered cognitive function including selective attention deficits have
been found in persons with chronic pain associated with MSD (Moriarty
et al.,, 2011). There is also evidence of changes in sensorimotor in-
tegration. The Left Right Judgement Task (LRJT) is a complex mental
task that involves determining if images of body parts are of the left or
right side as quickly and accurately as possible. There is evidence of
altered performance on the LRJT in persons with MSD (Breckenridge
et al., 2019; Ravat et al., 2019). It is believed to be a measure of sensory
and proprioceptive integration used to formulate an online re-
presentation of the body in peri-personal space which in turn is tightly
coupled with motor processes (Moseley, 2012; Breckenridge et al.,
2019). The LRJT is associated with extensive neural activation sug-
gesting that several cortical processes may be associated with altered
performance in the task and therefore provides information regarding
both cognitive function and sensorimotor integration (Parsons et al.,
1995; Decety, 1996; Kosslyn et al., 1998; Hetu et al., 2013; Tomasino
and Gremese, 2015).

The purpose of the present study was to extend past research by
testing a comprehensive battery of sensory and motor functions bilat-
erally, as well as central deficits related to sensorimotor integration and
cognitive function. Secondly, to determine if the sensory, motor and
central deficits are condition-specific or whether they are present in a
heterogeneous sample. We hypothesized that participants with het-
erogeneous MSD of the wrist/hand would demonstrate decreased motor
and sensory performance bilaterally as well as altered sensorimotor
integration and cognitive function compared to healthy control parti-
cipants. The presence of bilateral signs and symptoms as well as central
changes within a heterogeneous sample provides important information
in regard to the pathophysiology of these conditions with implications
both clinically and in research.

2. Methods

An observational cross-sectional study was performed with partici-
pants experiencing unilateral wrist/hand pain. Participants were re-
cruited when attending the hand clinic for consultation with plastic
surgeons specializing in wrist and hand disorders at the CIUSSS du
Centre-Sud-de-1Tle-de-Montréal Notre Dame Hospital between June
2017 and June 2018. Eligibility required participants in the experi-
mental group (PAIN) to have pain associated with unilateral MSD of the
wrist/hand and stated that their injury or condition impacted their
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activities of daily living. Participants in the control group (CONTROL)
were a sample of convenience with no history of MSD of the wrist/
hand. All participants were required to be right-handed, 18 years and
older, able to follow instructions and answer questionnaires in English
or French, suffered from no known neurological condition impacting
cognitive function, no radicular or neurological symptoms, and no MSD
of the lower extremities. The protocol and procedures conformed to the
Declaration of Helsinki. Ethical approval was granted by institutional
review board (CER CHUM 16.372). Verbal and written informed con-
sents were obtained prior to participation. Demographic and de-
scriptive information including gender, age, diagnosis, symptom dura-
tion, and areas of pain were documented. Handedness was verified
utilizing the Edinburgh Handedness Inventory (Oldfield, 1971).

2.1. Sensory measures

Tactile acuity was assessed with the Two-Point Orientation
Discrimination (TPOD) task utilizing a hand-held caliper (Fowler,
Model # 54-101-150-2, Newton, MA, USA) (Dellon et al., 1987; Catley
et al., 2013). Participants were blindfolded and rested their supinated
arms on their thighs. Two vertical and horizontal trials were performed
in ascending and descending order with separations between 4 and
14 mm in both hands over the hypothenar and thenar eminences. When
participants stated that they perceived two points of contact, they were
required to state if they were oriented vertically or horizontally (Tong
et al.,, 2013). The caliper was held at its end allowing for only the
weight of the caliper head to apply pressure. The distance at which the
participant consistently had % correct responses for the thenar and
hypothenar eminences were recorded (Tong et al., 2013).

Pressure Pain Threshold (PPT) was determined using a digital
pressure algometry (Wagner Instruments, Greenwich, CT, USA, model#
Wagner FPX25). PPT was measured bilaterally on the palmar aspect of
the first carpometacarpal joint and the hypothenar eminence medial to
the pisiform. The average of three trials was recorded (Nussbaum and
Downes, 1998; Chiarotto, Fernandez-de-las-Penias et al., 2013a,b).
Order of site of assessment was randomized across subjects. The two
PPT values were summed giving a single value for each hand.

2.2. Motor performance measures

Motor performance was assessed by grip strength utilizing a hand-
held Jamar dynamometer (Sammons Preston Rolyan, Bolingbrook, IL,
USA) following recommended protocols (Mathiowetz et al., 1984).
Participants were asked to squeeze the handle as hard as possible and
were provided with verbal encouragement. Three trials were performed
on each side, alternating from side to side. The maximum value was
recorded. The reliability and validity of this task has previously been
documented (Mathiowetz et al., 1984).

Fine and gross motor function was assessed with the Purdue
Pegboard Test (PPG) (Lafayette Instruments, Lafayette IN, USA, Model
#32020A). The PPG test is a manual dexterity test with documented
reliability and validity (Tiffin and Asher, 1948; Buddenberg and Davis,
2000). The PPG involves five scores per participant. Three scores are
related to placing pins in holes with the right hand only, the left hand
only, and with both hands during 30-s epochs. A single total score for
each participant consists of the aggregate of these three measures
(scores for the right hand, left hand, and both hands). For the fifth
score, participants are asked to perform assemblies involving placing
the pins in the holes and adding washers and collars in a 1-min epoch.

2.3. Disability and pain measures

Disability of Shoulder, Arm and Hand questionnaire (DASH) was
utilized to assess both symptoms and functional status in persons with
upper extremity MSD. It is a self-rated assessment with documented
construct validity and reliability (Hudak et al., 1996; Gummesson et al.,
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Table 1
Demographic and Descriptive information.
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\ Participants with unilateral musculoskeletal disorders of the wrist and Healthy participants (CONTROL)
hand (PAIN) (N = 30) (N = 30)
Gender
Female 16 (53%) 18 (60%)
Male 14 (47%) 12 (40%)
Average age (years) (Mean = SD) 58.8 + 15.0 56.7 + 12.6
Visual Analog Scale Pain (X = SD) (max 10) 6.7 = 2.6
Disability of Arm, Shoulder and Hand (X + SD) (max 47.9 = 19.7

100)

2003). Participants in the PAIN group were also asked to indicate their
average pain level for the previous 48 h prior on a visual analog scale
anchored at 0 indicating no pain and 10 as the worst imaginable pain
(Jensen et al., 1989).

2.4. Sensory integration/mental rotation task

The LRJT consisted in determining if images of hands and feet were
of the left or right side utilizing the Recognise™ (Neuro-orthopedic
Institute, Adelaide, South Australia) software (Wallwork et al., 2013;
Linder et al., 2016; Breckenridge et al., 2017). The LRJT involved a
block of 40 images of hands and of 40 images of feet (control condition)
presented on a plain (vanilla) background, with a maximum duration
per image of 5s, on an 8-inch computer tablet. Participants were in-
structed not to move their hands or feet to assist in determining later-
ality and to answer, “as quickly and accurately as possible” by de-
pressing the left or right button on the tablet screen that matches the
laterality of the image presented with their left or right index finger.
Participants were given the chance to practice on 10 images before
proceeding with the actual tasks. The order of the block of images of
hands and feet was randomized across participants. Accuracy (percen-
tage of correct responses) and reaction times (seconds) were recorded.

2.5. Cognitive function

Cognitive function was evaluated utilizing a modified Stroop test
(Stroop, 1935) with the Encephalapp application installed on an 8-inch
computer tablet (Bajaj et al., 2015). The task involved the words red,
green, blue or a neutral stimulus (number signs - ###) randomly
presented and written in red, green or blue colors. Participants in-
dicated as quickly and as accurately as possible the color in which the
word or neutral stimulus was presented by depressing the keys at the
bottom of the screen (Red, Green, Blue). The time taken to perform 2
successful trials of 10 images without making an error was recorded.
The Stroop test is considered a measure of selective attention and
processing speed ability (Lamers et al., 2010). The validity, reliability
and sensitivity of the Stroop test have been documented (see (Homack
and Riccio, 2004)).

2.6. Statistical analysis

Statistical analysis was performed using GraphPad Prism 7
(GraphPad Software Inc., La Jolla, CA, USA) and SPSS 24 (IBM
Corporation, Armonk, New York, USA) statistical software. Normality
of the data was assessed by visual inspection of the data and by the
D'Agostino Pearson normality test. Equality of variance was evaluated
with Levene's test. Sample size was calculated for differences in group
means utilizing previously published means and standard deviations for
sensory and motor tests (PPT, grip strength and PPG) performed in this
study. A sample size of 30 was adequate to detect a difference in means
between the groups for these measures (3 = 0.80, p = 0.95).

Several variables did not have a normal distribution and/or the
equality of variance was not present between the groups violating the

assumptions for parametric tests. For these variables non-parametric
Mann Whitney U tests were performed to determine if there were dif-
ferences PAIN and CONTROL groups for gender, age, Stroop test time
and LRJT results. Adjustments for multiple comparisons were made
when necessary using the False Discovery Rate Benjamini-Hochberg
procedure with an a < 0.05 (Benjamini and Hochberg, 1995;
Verhoeven et al., 2005). To determine if there was a speed accuracy
trade-off between LRJT performance accuracy and reaction time, non-
parametric Spearman rank correlations were determined between LRJT
performance accuracy and reaction time.

For within group differences for the PPG and Grip Strength paired T-
tests were performed. For the results of PPT, TPOD, PPG and grip
strength Multivariate ANOVA were performed. Included in the
MANOVA are univariate ANOVA results.

3. Results
3.1. Demographic and descriptive information

Demographic and descriptive information are found in Table 1.
There were no differences between groups for age (p = 0.50, U = 404)
or gender (p = 0.79, U = 420). Average symptom duration for parti-
cipants in the PAIN group was 38.8 months (median: 34 months, range:
1-120 months). Diagnoses included amputation (3), fractures (6), ten-
dinitis/tenosynovitis (3), first carpometacarpal osteoarthritis (10),
carpal tunnel syndrome (1), sprains (3), and other (4).

3.2. Sensory measures

PPT values for the CONTROL group were comparable to previously
published normative data (Torgén and Swerup, 2002). Pillai's trace in
MANOVA demonstrated a significant difference between groups for the
PPT. Both right hand and left hand PPT values were significantly dif-
ferent between groups (see Tables 2 and 3, Fig. 1).

TPOD discrimination results were similar to previously published
data (Catley et al., 2013). There was no difference between groups for
TPOD (Tables 2 and 3, Fig. 1). The TPOD of the right (affected) hand in
the PAIN group was significantly different from the CONTROL group
and the left (non-affected) hand in the PAIN group was not statistically
different (Tables 2 and 3). Collectively, there were significant differ-
ences between groups for measures of sensory function which were
bilateral for PPT.

3.3. Motor measures

Purdue pegboard test and grip strength values for the CONTROL
group were within previously published normative values (Agnew
etal., 1988; Larson and Ye, 2017). Using Pillai's trace in MANOVA there
was a difference between groups for both grip strength and the PPG. For
grip strength, both right hand and left-hand values were significantly
different between groups (see Table 2, Fig. 1). Within group differences
for grip strength were found in the PAIN group between right and left
hands (p < 0.001, t = 4.871, df = 29) where the right (affected hand)
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Table 2
Results for sensory, motor and cognitive variables.
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Participants with unilateral musculoskeletal disorders of the wrist and hand

(PAIN) Mean (standard deviation)

Healthy (CONTROL) participants Mean
(standard deviation)

Two Point Orientation Discrimination (mm)

Right 23,7 (4,2)
Left 23,0 (4,9)
Pressure Pain Threshold (kg)
Right * 6,2 (4,0)
Left 7,6 (4,6)
Purdue Pegboard Test
Right 11,4 (3,7)
Left 12,6 (2,3)
Both 9,2 (3,7)
Total 32,8 (9,6)
Assemblies 19,7 (8,1)
Grip Strength - maximum (kg)
Right * 20,8 (11,1)
Left 30,2 (14.7)
Laterality Recognition Task
Accuracy (%) Right Hand" 75,5 (12,61)
Left Hand 72,7 (18,27)
Right Foot 82,0 (17,39)
Left Foot 81,5 (18,62)
Reaction Time (seconds) Right Hand" 2,3 (0,74)
Left Hand 2,1 (0,46)
Right Foot 1,9 (0,52)
Left Foot 1,9 (0,53)
Stroop test (sec) 40,2 (8,0)

20,8 (4,8)
20,8 (4,7)

11,3 (4,4
11,8 (5,1)

14,2 (2,6)
14,0 (2,1)
11,5 (1,9)
39,7 (5,9)
24,1 (5,9)

40,8 (12,9)
37,9 (11,5)

79,5 (15,4)
76 (12,5)
85,3 (15,4)
83,5 (18,3)
1,98 (0,5)
1,98 (0,5)
1,7 (0,5)
1,7 (0,5)
36,3 (11,7)

a

affected hand in the pain group.

Table 3

Multivariate Analysis of Variance results for sensory and motor variables be-
tween groups. TPOD: Two Point Orientation Discrimination; PPT: Pressure Pain
Threshold.

Sensory MANOVA Univariate
F values P value F values P value

TPOD Fa57 = 3.02 0.057 Right Hand F; 55 = 6.05 0.017
Left Hind  Fys5=3.36  0.072

PPT Fa57 = 57.00 0.000 Right Hand  F; 53 = 21.88  0.000
Left Hand F1s8 = 11.35 0.001

Motor

Purdue Pegboard Fss4 = 2.67 0.032 Right Hand F;s¢ = 11.76  0.001
Left Hand Fy58 = 5.79 0.023
Both Fi58 = 9.52 0.003
Total Fi58 = 11.49  0.001
Assemblies  Fy 55 = 5.77 0.020

Grip Strength Fp57 = 33.30 0.000 Right Hand F; 55 = 41.39  0.000
Left Hind  Fys = 5.15  0.027

was weaker (see Table 2). A within group difference was also found in
the CONTROL group (p < 0.001, t = 4.90, df = 29) for grip strength
where the right hand was found to be stronger (see Table 2). For the
PPG values, all measures were significantly different between groups
(Table 3, Fig. 1). Within group differences were found in the PAIN
group between right and left hands (p = 0.031, t = 2.27, df = 29) but
not the CONTROL group (p = 0.519, t = 0.65, df = 29) in the PPG test.

Therefore, participants in the PAIN group had decreased perfor-
mance on all the measures of motor function in both hands compared to
the CONTROL group. There was a difference in PPG performance be-
tween hands in the PAIN group only and in grip strength between right
and left hands where the PAIN group was weaker in their right (af-
fected) hand whereas the right hand was stronger in the CONTROL

group.

3.4. Sensory integration

There were no differences in the LRJT performance between groups

for both accuracy and reaction time for the hands (p = 0.11-0.58) or
the feet (p = 0.11-0.55), with a trend for the reaction time in both
hands to be greater in the PAIN group compared to the CONTROL group
(p = 0.03) (Fig. 2). Spearman correlations in the CONTROL group for
the right (rs— —0.17) and left hands (r;- —0.35) between reaction time
and accuracy were negative, indicating that better performance accu-
racy was associated with a decreased reaction time in this group. These
correlations were positive in the right (rs— 0.19) and left (r;— 0.23)
hands in participants with unilateral MSD in the PAIN group, sug-
gesting that improved accuracy was associated with increased reaction
time.

3.5. Cognitive function

There is a significant difference (p = 0.032, U = 282) between the
PAIN (X = 40.2 * 8.0s, Median = 39.8s) and CONTROL groups ( X
=36.3 = 1.7s, Median = 34.7 s) for the Stroop test time (Table 2,
Fig. 1).

4. Discussion

The purpose of this experiment was to determine if participants with
unilateral heterogeneous MSD of the wrist/hand pain had bilateral
sensory and motor deficits as well as changes in cognitive function
compared to healthy control participants. As was hypothesized, parti-
cipants with unilateral wrist/hand pain had poorer cognitive function
and demonstrated bilateral altered sensory and motor function com-
pared to healthy participants. The importance of these findings are the
suggestion that peripheral and centrally mediated mechanisms are in-
volved in the pathogenesis of MSD of the wrist/hand that are not in-
jury/condition specific (Barr et al., 2004; Andersson et al., 2011).

4.1. Bilateral changes in sensorimotor function

Sensory and motor disturbances are characteristic of MSD and are
the focus of research and rehabilitation efforts of the affected side.
There has been less investigation into the changes in sensory and motor
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Fig. 1. Comparisons of sensory, motor and cognitive variables. Mean * 95%
Confidence Intervals. * denotes p < 0.05.

function of the unaffected limb associated with unilateral MSD. There is
a body of literature that demonstrates contralateral functional and
structural changes in response to unilateral insult in animal models
(Koltzenburg et al., 1999; Shenker et al., 2003). Animal models of
unilateral overuse tendon injuries result in inflammatory and mor-
phological responses in the contralateral homonymous structures
(Barbe et al., 2003; Andersson et al., 2011). Levels of macrophages and
cytokines are elevated in the contralateral homonymous tendon in a rat
model of repetitive reach and grasp overuse tendon injury (Barbe et al.,
2003). Bilateral pathological changes including hypervascularization
and increased tenocytes in the Achilles tendon have been found in
unilateral exercise induced overuse injury in a rabbit model (Andersson
et al., 2011). These contralateral effects are believed to be mediated by
neurological mechanisms via spinal cord interneurons and influence the
presence of pro-inflammatory neuropeptides such as substance P and
calcitonin gene-related peptide in the contralateral homonymous
structures (Shenker et al., 2003). The presence of these bilateral
structural and histochemical changes may be responsible for the bi-
lateral changes in sensory and motor function found within the present
study.

Bilateral sensory (PPT) and motor deficits (grip strength and PPG)
were found bilaterally in the PAIN group. Sensory changes have been
previously demonstrated in the contralateral limb in studies with
human participants with MSD of the upper extremity. Bilateral sensory
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findings in participants with MSD include bilateral decreased PPT
(Fernandez-de-Las-Penas, Perez-de-Heredia-Torres et al., 2009a,b; de la
Llave-Rincon et al., 2009; Heales et al., 2013) and widespread hyper-
algesia (Chiarotto, Fernandez-de-las-Penas et al., 2013a,b) suggestive of
central sensitization. Motor deficits have previously been found con-
tralaterally with unilateral MSD of the upper extremity. These bilateral
motor deficits include increased reaction time and slower speed of
movement (Heales et al., 2013), bilateral differences in grip and pinch
strength (Fernandez-de-Las-Penas, Perez-de-Heredia-Torres et al.,
2009a,b; Heales et al., 2013), isometric strength (Forget et al., 2008),
PPG results (Fernandez-de-Las-Penas, Perez-de-Heredia-Torres et al.,
2009a,b) and movement fluency (Smeulders et al., 2002). The present
results further suggest that these sensorimotor changes occur in persons
with heterogeneous MSD of the wrist/hand.

Although the mechanisms responsible for the decrease in motor
function on the unaffected side are poorly understood they may be the
result of the structural and functional (i.e. presence of pro-in-
flammatory mediators) changes in contralateral homologous structures
in the unaffected limb in animal models described above (Shenker
et al., 2003). Another possibility for the presence of bilateral findings
associated with unilateral MSD stem from supraspinal processes. Areas
of sensory and proprioceptive integration occur within the secondary
somatosensory cortex and the posterior parietal areas. In primates the
neurons in these areas often demonstrate bilateral receptor fields
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(Iwamura et al., 1994; Dijkerman and de Haan, 2007; Makin et al.,
2008) and have reciprocal connections with premotor areas (Kalaska,
1996). Representational changes have been found in the primary so-
matosensory cortex (Flor et al., 1997; Dhond et al., 2012; Di Pietro
et al., 2013) and sensory integrative areas in persons with MSD and
may therefore be associated with bilateral perceptual and motor
changes (Hotz-Boendermaker et al., 2016). Collectively the findings of
bilateral sensorimotor changes in function suggest centrally mediated
changes associated with unilateral MSD.

4.2. Left/Right Judgement Task

The lack of difference between groups in LRJT performance was a
surprising finding given that the LRJT is believed to be a measure of
sensory and proprioceptive integration (Moseley, 2012; Breckenridge
et al., 2019) and has been associated with sensory (Stanton et al., 2013)
and motor performance (Pelletier et al., 2018a,b). Although a recent
meta-analysis of the LRJT in persons with chronic pain associated with
MSD found that persons with upper extremity MSD demonstrate in-
creased reaction times and decreased accuracy compared to healthy
controls, there was significant heterogeneity in study results
(Breckenridge et al., 2019). The absence of a significant difference in
LRJT performance may have been affected in the PAIN group by
slowing the response time to improve accuracy as evidenced by the
difference in correlation between accuracy and response times between
groups. The differences in results between studies are often attributed
to differences in methodology, pain mechanisms, and study populations
(Linder et al., 2016) and possible differences in concentration and
motor imagery ability which are often not measured (Reinersmann
et al., 2010; Pelletier et al., 2018a,b). The extensive neural activation in
cortical areas involved in perception and sensory integration, sensory
motor transformations, movement planning and execution, and cortical
areas involved in short-term working memory associated with the LRJT
may all contribute to altered performance (Parsons et al., 1995; Decety,
1996; Kosslyn et al., 1998; Hetu et al., 2013; Tomasino and Gremese,
2015). No difference in LRJT performance between groups may have
been the result of the heterogeneous injuries/conditions of those in the
PAIN group, although previous research has documented LRJT differ-
ence in a heterogeneous population (Pelletier et al., 2018a,b). Alter-
natively, the difference in correlations of reaction time with accuracy
between the PAIN and CONTROL groups suggest that particpants in the
PAIN group may have decreased their speed in an attempt to improve
accuracy.

4.3. Changes in cognitive function

The participants with unilateral MSD of the wrist/hand had de-
creased cognitive function as assessed with Stroop test. Several studies
have previously demonstrated that participants with chronic pain de-
monstrate decreased cognitive function with a battery of tests including
the Stroop test (Moriarty et al., 2011). These studies include partici-
pants with low back pain, arthritis and peripheral neuropathies
(Moriarty et al., 2011) but to our knowledge has not been demonstrated
in persons with MSD of the upper extremity. The Stroop test, a test to
measure selective attention, involves activation of the medial and
anterior frontal structures including the anterior cingulate cortex,
dorsolateral prefrontal cortex, insula and the posterior parietal cortices
(Bench et al., 1993; Leung et al., 2000). The Stroop test therefore ac-
tivates areas involved in working memory, executive function, decision-
making and error monitoring (Milham et al., 2003). It remains unclear
if changes in cognitive function in persons with pain are related to the
changes in structure and function in forebrain areas and/or the mobi-
lization of attentional resources directly attributed to the pain experi-
ence (Moriarty et al., 2011).
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4.4. Limitations

There are several limitations that should be noted when interpreting
the results from the study. Participants in the PAIN group were re-
cruited from a single setting. The TPOD requires further study for re-
liability and therefore should be interpreted with caution. TPOD mea-
surements were not made directly on the area of injury. The TPOD
results were close to statistical significance and may be influenced by
the fact that they were not made directly over the site of injury/pain.
Participants were experiencing pain unilaterally, but some may have
had subclinical bilateral changes as subjects with osteoarthritis of the
thumb often demonstrate bilateral changes on x-rays. Finally, assessors
were not blinded to group allocation.

5. Conclusion

Bilateral sensorimotor changes and cognitive deficits associated
with unilateral disorders suggest that there are central and/or systemic
changes involved in the pathophysiology associated with unilateral
MSD of the wrist/hand. These results have important clinical and re-
search implications. Clinically, the generalized use as the unaffected
side for comparison during assessment by physicians and rehabilitation
specialists should be utilized with caution. Comparisons made to an
unaffected limb may falsely mitigate the importance of the sensory and
motor deficits present in the affected area. Secondly, it may be neces-
sary to target the unaffected limb as well as the affected limb when
performing rehabilitation exercises. Literature demonstrates that for
several unilateral MSD there is an increased risk of contralateral injury
(Bagatur and Zorer, 2001; Argen et al., 2004; Swird et al., 2010; Ewald,
2011). In regard to research it is imperative that sensory, propriocep-
tive and motor function be compared to a healthy control group. The
presence of cognitive deficits associated with MSD also suggests that
tasks requiring attentional resources may demonstrate deficits not be-
cause of altered motor and/or sensory processes alone and should be
considered in the interpretation of test results both clinically and in
research. Further elucidation of these central and systemic changes
should help to develop more effective treatment interventions.
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