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ABSTRACT

Musculoskeletal pain is associated with multiple@tns in movement control. This study
aimed to determine whether changes in movementraoatquired during acute pain are
maintained over days of pain exposure. On day-®,etktensor carpi radialis brevis (ECRB)
muscle of healthy participants was injected withveggrowth factor (NGF) to induce persistent
movement-evoked pain (N=13) or isotonic saline aomtrol (N=13). On day-2, short-lasting
pain was induced by injection of hypertonic salime® ECRB muscles of all participants. Three-
dimensional force components were recorded dunignsximal isometric wrist extensions on
day-0, day-4, and before, during, and after sahdeced pain on day-2. Standard deviation
(variation of task-related force) and total excomsiof center of pressure (variation of force
direction) were assessed. Maximal movement-evoled was 3.3+0.4 (0-10 numeric scale) in
the NGF-group on day-2 whereas maximum saline-iadymin was 6.8+0.3 cm (10-cm visual
analogue scale). The difference in centroid pasitd force direction relative to day-0 was
greater in the NGF-group than controls (P<0.05pan-2 (before saline-induced pain) and day-
4, reflecting changes in tangential force directised to achieve the task. During saline-induced
pain in both groups, tangential and task-relatedefavariation was greater than before and after
saline-induced pain (P<0.05).

Per spectives

Persistent movement-evoked pain changes forcetidinerom the pain-free direction. Acute
pain leads to increase variation in force directioaspective of persistent movement-evoked
pain preceding the acutely painful event. Theskifices provide novel insight into the search
and consolidation of new motor strategies in tresence of pain.

Key words: Force, NGF, muscle pain, persistent pain.
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INTRODUCTION

Transient muscle pain is accompanied by changesovement patterfis’*?and is thought to
serve a protective function to reduce threat topaful/injured region. Resolution of pain is not
necessarily associated with a return to the origmator patterrt’“* One hypothesis is that
movement changes during pain are achieved by &alimicrease in variation to search for a
new strategy, and once a beneficial strategy isdpwariation is reduced to maintain the new
strategy?’ Motor adaptations may be maintained for the daratif pain, or continue to undergo
change if pain persists.

Transient muscle pain induced by hypertonic salimgction changes coordination
between musclé$'®and the spatial distribution of activation witkirmusclé®? The principal
interpretation of altered muscle activity is to wed the potential for further pain and tissue
damagé.”?*? Noxious input also increases variability in fordaring submaximal isometric
contractions in both the primary direction of taskated forcéand in directions tangential to the
primary task forcé>® Increased variation in different directions couldve different
interpretations. Variation in the tangential forasould represent a search for less
painful/threatening directions that redistributedoacross painful structur&sin the primary
task-related force direction increased variationnbkely to represent a search for a new strategy
as this would compromise the goal to maintain getiaforce, instead it might be the result of to
the purposeful variation in tangential force orutegrom interference by pain secondary to
distraction® impaired proprioceptiof, or altered synchronization/recruitment of differen
populations of motor unité:***® Although these interpretations appear logical wagrerson is
first exposed to noxious input, features of theanadaptation may differ over longer periods. If

pain is sustained it might be expected that the mator solution would become consolidated,
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and variation would reduce around a new motor smluHow motor adaptations in pain change
over time has received little attention, primardg a consequence of the lack of suitable
experimental methods that induce suitably prolong@dous stimulus.

One possibility to induce persistent pain is intwacular injection of nerve growth factor
(NGF), which induces muscle soreness and movemeried pain for several dayd:®3°
Administration of NGF does not elicit immediate roles pairt=3¢2°put induces localised
hyperalgesia after several hours that is provokathg function*** This presents a possible
method to study the time-course of motor adaptation

This study aimed to compare changes of directiah\emiation of multidirectional (task-
related and tangential) forces: (1) in the preseateacute experimental pain; (2) after
experimental movement-evoked pain had been sustdmeseveral days; and (3) with the
combined effect of additional acute pain on a bamlgd of persistent movement-evoked pain. It
was hypothesised that: (1) acute experimental raupein would increase variation in the
primary force direction consistent with pain ine¥dnce, and variation in the force direction
consistent with a search for a less threateningppmpéttern, and alter the direction of the
tangential force, but without compromising theirifpto maintain the task goal; (2)rection of
tangential force would differ by a greater amouetween baseline and follow-up after several
days of persistent movement-evoked pain (maintenafca new solution), than it would
between days in the absence of painv@)ation in force direction would not be greater than
baseline after several days of persistent pain‘@garch” for a new movement solution would
be expected to have occurred when pain was figgéreenced, but variation in the task-related
force may continue if interference by pain persisend (4) addition of acute pain on persistent

pain would lead to a new search (increased vanptaod additional change in direction.
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METHODS
Participants

Twenty-six healthy volunteers (7 females, age: 2% ears, mean = standard deviation)
participated in the study. Participamisre free of upper limb pain, and had no historpaih or

neuromuscular disorders affecting the upper lindiore All participants received written and
verbal description of the procedures and gave ewitinformed consent. The experimental
procedures were approved by the local ethics comeen{iN-201200640) and the Declaration of

Helsinki was respected.

Experimental protocol

Participants sat upright in a height-adjustablarcivéh their back resting against backrest. The
forearm of the dominant arm was in a pronated posiand the hand formed a fist. The distal
portion of the hand was in slight contact with ecéotransducer, which recorded the force output
during wrist extension (Fig. 1). The experiment wasformed as a randomised, double-blinded,
placebo-controlled design, across 3 sessions (dag@2, and day-4). During the first session
(day-0), participants from the NGF group (N=13;efifemales) received a single dose of 5 pug
human B-Nerve Growth Factor (0.2 ml, 25 pg/ml, prepared thg pharmacy at Aalborg
University, Hospital), and participants from then@ol group received a single dose of sterile
isotonic saline (0.2 ml, 0.9%; N=13; two femalesjected into the extensor carpi radialis brevis
(ECRB) muscle.The number of participants included in each growgs Wased on previous
studies using a similar design to evaluate thectsfef intramuscular NGF injection$>%° All
injections were performed on the dominant side, iaj@ttion site and depth was determined by
guidance of ultrasound imaging. The injection sites marked with indelible ink. Participant’s

wrist was also marked in order to ensure consigtkgihment of the arm position with the force
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transducer between sessions. Participants perfoarssaties of force-matched wrist extensions
before and after the injection. During the secoegk®on (day-2), acute muscle pain was induced
by injection of hypertonic saline (0.5 ml, 5.8%)tive ECRB muscle (same location as NGF/iso
injection) of participants in both groups. Partamps performed the motor task before, during,
and after the acute pain experienced by injectidmypertonic saline. Note that at this time point

it was expected that the NGF group would have ezpeed movement-evoked pain induced by
the NGF injection for multiple days. In the thiression (day-4), participants performed one trial

of the motor task without any injection (Fig. 1).

Motor task

In each session, the maximal voluntary contrac{fdivC) was recorded by performing three
consecutive maximal isometric wrist extension $rif@r 10 s with an interval of 30 s in-between.
The maximum force (calculated in the Fz directianjong the three wrist extension repetitions
was used as the MVC force for the remaining traatsl sessions. After a 60-s rest, a set of
submaximal isometric wrist extensions was perfornoedsisting of 3 consecutive trials at 10%
MVC with a 5-s ascending ramp, 10 s of steady phasd a 5-s descending ramp. The target
force level and the participant’s actual force te task-related direction (i.e. in Fz direction)
were presented as lines on a computer screencipartis matched the target force as precisely

as possible. Tangential forces were recorded deaaty trial.

Force and torque recordings
Three-dimensional force components and torques wegasured using a six-axis load cell

transducer (MC3A 250, AMTI, USA) with high sensitiv(0.054, 0.054, 0.0134 V/N for Fx, Fy,
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Fz; and 2.744, 2.744, 2.124 V/Nm for Mx, My, Mz)hd analogue outputs of the transducer
were amplified and low-pass filtered at 1 kHz (MBAAMTI, USA). The force and torque

signals were sampled at 2 kHz and stored aftertl 4 conversion.

Pain intensity assessment

Participants completed a paiquestionnaire in the evening of each session ddye T
guestionnaire consisted of three questions relaingheir pain quantified used an 11-point
numerical rating scale (NRS) where 0 = ‘no painda® = ‘worst pain imaginable’. Pain
intensity was reported: “at rest”, while performing task involving “repeatedwrist
extension/flexion and elbow flexion/extensiorovements in daily life activities” in the preved8
hours, and the “maximum pain that had been expegein the previous 48 hours”. Following
the hypertonic saline injection, pain intensity veasred continuously until pain resolution, on a
10-cm electronic visual analogue scale (VAS) wiemn indicated ‘no pain’ and 10 cm ‘worst

pain imaginable’. The peak VAS score following thgction was extracted for further analysis.

Data analysis

Force and torque signals were digitally low-padtered at 20 Hz using a second order
Butterworth filter. In order to avoid regions withthe force trace that may be associated with
slow force development and anticipation to the elasing force phase of the task, 8 s in the
middle of the steady period of force maintenance walected for data analysis. Standard
deviation (SD) was used to quantify force variapiln the task-related direction. Force error
was calculated using the residual sum of squares @RSS) of the force trace from the target

line, reflecting the force accuracy in the Fz di@t. The total excursion of the centre of
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pressure (CoP) was used to quantify lateral sbiftthhe quasi-static net force (i.e. changes in
force direction). This index reflects the total dém of the CoP path in a given time pefiband
represents an indirect measure of the tangentiale foariatiorf®3?*® A two-dimensional
histogram of tangential force components was d@eslaising a 5-by-5 equally spaced grid to
represent the range of the force in the Fy (wmstial-ulnar deviation) and Fx (longitudinal
movement of the wrist) direction. Coordinates of ttentroid were extracted from the force
histogram. For the analysis of the effect of péesispain, the centroid position at day-2 and at
day-4 was subtracted from the position of the @éditobtained during baseline day-0 for both
groups. For saline-induced muscle pain, centrositiopm during and after saline-induced pain
was subtracted from thaaseline (before saline-induced pain trial) at the same day (dayFa).
provide a “no-pain” measure of the change in cedtpmsition against which the hypertonic
saline conditions could be compared, we subtrattteatentroid position prior to saline induced
pain on day-2 from the centroid position prior smtonic saline injection on day-0, for the
Control group. The absolute difference in Fy and divections were extracted (Fy and Fx,
respectively). A centroid position difference (FRD and Fy-CPD) value deviating from zero
indicates that new combinations of tangential feregere used in that condition reflecting
changes the direction of the net foféé> Thus, CoP quantifies variability of the force diien,

whereas CPD represents magnitude of change inrgetidn of the force between two trials.

Satistical analysis
SD of the force (Fz) and excursion of the CoP wesemalised for each injection type. To
reduce the between-subject variability of the sasifl normalisation was implemented by

dividing parameters of each participant with the@ak value across trials (Baseline day-0,
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Baseline day-2 [before saline-induced pain], andseBae day-4 for NGF/isotonic saline
injection; and before, during, and after salinediced pain for hypertonic saline injection).

Effects of saline-induced pain: To test the first hypothesis whether force variatio the
tangential direction (excursion of CoP), and/oriatgon (SD of Fz) and error (Fz RSS) in the
primary task direction were altered by saline-iretlicmuscle pain on day-2, a repeated measures
analysis of variance (ANOVA) was applied usifigne (before, during, and after saline-induced
muscle painks a within-subject factor for the Control groufisTanalysis did not include the
NGF group who received saline injection in addittorNGF. To test whether force direction is
altered by saline-induced pain on day-2, CPD wasdyaed using a repeated measures ANOVA
with Time (Baseline [pre-injection day-0 minus pre-injectiday-2], during saline-induced pain
[pre-pain minus pain], and after [post-pain minagp as a within-subject factor.

Effects of injection of NGF and isotonic saline: To test hypotheses 2 and 3, whether force
direction variation (excursion of CoP), and/or a#ion (SD of Fz) and error (Fz RSS) in the
primary task direction were modified after sevedalys of sustained pain following NGF
injections; these data were analysed using a mixedel design ANOVA withiGroup (NGF and
isotonic saline) as a between-subject factor, &sdion (day-0, day-2 before-saline injection,
and day-4) as a within-subject factor. To test Wwhettangential force direction is altered by
persistent pain, CPD were analysed using a mixedem&NOVA with Group (NGF and
isotonic saline) as a between-subject factor arsdiSe (day-2 before-saline injection minus pre-
injection day-0 and day-4 minus pre-injection ddyaé a within-subject factor. Newman—Keuls
(NK) post-hoc tests were applied in case of sigaiit effects from main factors or interactions.
We also compared maximum force between sessionsvéstigate whether this was constant

across days.
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Effects of saline-induced pain during persistent movement-evoked pain: To test hypothesis
4, whether variation in the force direction (exstan of CoP), and/or variation (SD of Fz) and
error (Fz RSS) in the primary task direction welterad by saline-induced muscle pain during
movement-evoked pain on day-2, a repeated measunagsis of variance (ANOVA) was
applied usingTime (before, during, and after saline-induced muse@a)as a within-subject
factor for the NGF group. CPD were analysed usirgpeated measures ANOVA withme
(Baseline [pre-injection day-0 minus pre-injectiday-2], during saline-induced pain [pre-pain
minus pain], and after [post-pain minus pain]) agtain-subject factor.

As peak VAS scores and data from the pain questiomnwere not normally distributed,
Mann-Whitney U tests were used to assess diffeszbesveen groups (before, during, and after
saline-induced pain for peak VAS scores, and dagay;2, and day-4 for pain questionnaire
measures, respectively). The Wilcoxon Signed Rask was used to analyse for differences
between sessions within a group across time t&sS scores) and days (pain questionnaire,
measures were analysed individually), and Bonferconrections were used to adjust P-values
for multiple comparisons. Data are presented asihate of relevant difference in the results
section, and mean and standard error of the mdakl)$hroughout the tables and figures. P-

values less than 0.05 were regarded as significant.

RESULTS

Pain

Participants injected with NGF reported greater Nd& scores when performing “repeated arm
movements” on day-2 (2.6/10) and day-4 (1.6/10h tiese injected with isotonic saline (Table
1, Z=3.3, P<0.001). The NGF group also reporteatgre‘maximum pain experienced over the

past 48 hours” on day-2 (2.7/10) and day-4 (2.1#b@n day-0 (Z=3.05, P<0.002), and the
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highest “maximum pain experienced over the pashd@s” was reported on day-2 (0.9/10)
(Z=3.17, P<0.001). There was no significant diffex@ in NRS pain scores “at rest” between
groups.

The NGF group reported higher VAS scores befor@4(10) and after (0.58/10) saline-
induced pain than the control group (Z=4.46, P<D)0although these difference in the levels of
pain might not be considered as clinically relevdath groups reported higher VAS scores
during saline-induced pain than before and aftBnes@énduced pain (6.23/10) (Table 2, Z=4.45,
P<0.001). VAS scores did not differ between groulsing saline-induced pain (Z=1.64,

P=0.09).

Effect of saline-induced pain (control group)

Comparison of force between trials perfornmtore, during, andafter saline-induced pain on
day-2 for the control group showed that variatioaswncreased in the primary task-direction
during acute pain (0.11/1) (SD of Fz; ANOVA:k4=3.52; P<0.05; NK: P<0.05) consistent
with a decrease in motor performance during paig. A). Variation of the force direction was
also greater (0.18/1) (CoP excursion; ANOVA: Ji=4.44, P=0.023; NK: P<0.005juring
acute pain compared with before and after triaig. (ZA). This shows that increased variation of
force in directions other than the task-directiarich is consistent with a search for a new
solution. There was no significant difference inceerror (Fz RSSJuring saline-induced pain
(ANOVA: F@2207=1.29; P>0.15; Fig. 2B) indicating that despite therease in variation they
could maintain the level of force.

In the Control group, CPD in the Fy direction (wniadial-ulnar deviation) during saline-
induced pain (contrast between measures made 68 diatyng andbefore saline-induced pain)

was greater than the contrast between measuresbh®fadeinjections on day-2 and day-0 (as an
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estimate of CPD expected between sessions in genab of pain) and after saline-induced pain
(contrast between measures made on daft@ and before saline-induced pain) (0.28/5)

(ANOVA: F(220579.35; P<0.001; NK: P<0.02; Fig. 3 and Table 3)isT8hows a greater change
in force direction when challenged by saline-indligauscle pain than would be expected

between sessions without pain.

Effect of prolonged movement-evoked pain on the direction of the force

CPD (contrast of measures made on dégf@re saline-induced pain and day-0, and the contrast
between measures made on day-4 and day-0) in thar&gtion (wrist radial-ulnar deviation)
was greater in the NGF than control group (0.1ABOVA: F(122=4.26; P<0.05; NK: P<0.05;
Fig. 3). This shows that persistent pain involvegseav task “solution” as indicated by the

modification of the combination of forces used t¢thiave the task goal.

Effect of prolonged movement-evoked pain on the variation of the force

Comparison of contraction force between trials ganked before injection of NGF, day-2
(before saline-induced pain), and day-4 showed no diffegein variation in the primary task-
direction (SD of Fz; §4=1.87, P=0.15) and variation of the direction (Cefcursion;
F147=1.11, P=0.30; Fig. 4A). This finding shows thaeréh is no on-going increase in force
variation (i.e. no on-going “search”) in the presemf persistent pain. The force error (Fz RSS)
(ANOVA: F(12272.20; P=0.15; Fig. 4C) and the MVC in the taslatet direction (ANOVA:
Fe,227=2.31; P=0.10; Fig. 4D) were not affected signifitta by persistent movement-evoked

pain, indicating that they could maintain the levtforce despite the modified force direction.

Effect of saline-induced acute pain during prolonged movement-evoked pain
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Comparison of contraction force for wrist extenspmrformedbefore, during andafter saline-
induced pain on day-2 for the NGF group showedtgrezariation in the task-related direction
(0.15/1) (SD of Fz; ANOVA: p2,=4.42; P<0.05) and in the variation of the forceedlion
(0.19/1) (CoP excursion; ANOVA:10=11.10, P<0.005; NK: P<0.008yring acute pain.

When saline-induced pain was added to the movemsked pain induced by NGF
injection, the CPD in the Fy direction calculatesing the contrast of measures made on day-2
during and day-2before saline-induced pain (i.e. effect of saline indupagh) was greater than
the contrast of day-Before saline-induced pain and day-0 (i.e. effect of mesit pain) (0.25/5)

(ANOVA: F(124:13.55; P=0.001; NK: P=0.001). In the presence aofiptent pain, participants

retained the capacity to adapt in the same mamneneése variation in the force direction and

change force direction) as participants who hagersistent pain.

DISCUSSION

These results show that saline-induced acute mpsdfeincreases variation in the task-related
force and changes the variation and direction effthces, but without affecting the ability to

achieve the task goal. When people are assessedaafperiod of persistent pain the force
direction differs from baseline, but with no diféeice in variation. These findings can be
interpreted according to contemporary theories ofamadaptation and are likely to represent
different elements of theearch and thenconsolidation of a new, potentially more protective

solution, while maintain the capacity to achieve tiask goal.

Pain during hypertonic saline and NGF injection
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The two pain models used in this study induced paih different intensities, qualities and pain
duration profiles. These were selected to studyrtipact of short-term acute pain and persistent
movement-evoked pain on motor control strategietiddpants receiving NGF injections
reported soreness and pain evoked by arm movemené idays following the injection, but not
immediately after injection and minimal or no painrest (no spontaneous pain). Although the
mechanism underlying the pain response followingFN@ection remains unclear, it has been
suggested to involve sensitization of nociceptoithaut inducing spontaneous dischafgé’
The intensity and duration of movement-evoked pgiadministration of NGF provides a useful
model to study effects of prolonged pain. Intranulacinjection of hypertonic saline induced
spontaneous and transient muscle pain in both grthat lasted a few minutes. Saline-induced
pain has been associated with robust excitatioth@fociceptive afferent fibr&s® but is not
clearly related to movement/muscle activaf!diThe lack of difference in the intensity of pain
induced by hypertonic saline injection between geolthas several interpretations. First,
sensitisation of nociceptive neurons by NGF mayambtance their responsiveness to hypertonic
saline. Second, that the hypertonic saline may mte excited the same population of
nociceptive neurons that were sensitised by NGfedion in a slightly different location).
Comparable pain intensity has been reported dwalige-induced pain between muscles with
and without sensitisation by eccentric exer¢ts&* Similar results have been observed in
glutamate-evoked pain in participants with and with injection of NGF in the masseter

muscle®®

Changesin isometric wrist extension force with pain
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Variation of the task-related and tangential fodo@ction was increased during saline-induced
muscle pain for both groups (i.e. irrespective bkther there was an underlying persistent pain).
This concurs with previous findings of the effe€iacute muscle pain on the force variation for
isometric shoulder-abductidrelbow flexion?=*?knee extensiot, and dorsiflexior?

Increased variation in the task-related directicay mepresent a detrimental effect of pain
mediated by several possible mechanisms. Experahemiscle pain decreases the ability of
central nervous system to process proprioceptiverritation’ and alters the population of
recruited motor unit$* each of which may impact the capacity of the nigol maintain
constant force. It is important to note that altfjouthe quality of the motor tasks was
compromise, they could still achieve the task gwel change in task error). Although the
increase in variation of the tangential directioaynalso represent a similar mechanism, it may
also serve a purpose; to aid the search for a egsvdrovocative solution (see below).

NGF-induced muscle soreness (without the additfdmypertonic saline injection) was not
associated with more force variation than base{awy-0) when tested after pain had been
experienced for 2 and 4 days. This implies thathie model of slowly increasing movement-
evoked pain there is either no change in variatiotihat there is an initial increased in variation,
that resolves when pain is maintained. This lgitessibility is consistent with previous findings
demonstrating that force variability is only affedtfor a few hours after the onset of muscle
soreness induced by eccentric exercise althouglnma&force is reduced for several days in that
model?*3°

Immediate motor adaptations to acute nociceptipetimre task dependeht’ > whereas
the effects of persistent pain remain unclear. Fmum study it is not possible to determine

whether soreness and movement-evoked pain indugeNGF was associated with greater
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variation of the forces in the primary task direatior tangential directions at the onset of pain
provocation as participants were not tested untiags after the injection. Despite this, the data
show convincing evidence of isometric wrist extensivith different direction of tangential
forces, but with unchanged variation in force ity airection, after several days with pain. This
corroborates the hypothesis that motor adaptagoesonsolidated over time, that is, although
an initial increase in variation may have faciléta search for a new solution, when pain is
persistent and a new solution is identified, vasiatreturns to baseline levels. Changes in the
force direction during experimental pain has bemmél in previous studi&s*? and it has been
suggested that this strategy aims to reduce patheiuand potential tissue damdgdé? Even
slight altered direction of the force representgeat impact on the efficiency of the mechanical

system during paif?f

Factorsinvolved in the consolidation of motor adaptations over time
The motor system enables people to perform daiyiies using pre-learned motor strategies,
acquired by repetition, failure and success in iprev experience$Using fMRI, it has been
shown that the extent of cortical activation inses in healthy subjects when learning an
untrained motor skill for 2 weefsand then decreases with further training. Thigptateon is
thought to relate to the initial exploration andgmened attention to perform the new task
during training, followed by the consolidation ohaw strategy. Thus, the motor system need to
explore for a strategy that satisfies the new megouents, and increasing the tangential force
variation may facilitate the searching in acutengai

High precision force-matching tasks are an unfamitnotor activity, and most likely

require participants to focus their attention dgriperformance. Results from chronic pain
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patients have shown that those who report high pdaansities have reduced attention when
performing complex motor tasks than those with fmin and control Distraction due to high-
pain intensity could account for the increasedatanm in the force during saline-induced pain.

Motor adaptations induced by soreness and moveewarked pain lasted for several days.
The adaptations caused by persistent pain arewsusas reorganisation of the tangential force
to perform the motor task sustained across daysellvas a non-significant tendency for greater
changes in the tangential force combination at4l#lyan day 2, even though peak soreness and
pain were reported at day 2. This means that gaatits who received NGF injection continued
to display protective behaviours even when pernsigbain had begun to resolve. It has been
suggested that the anticipation to experience pather than pain itself, might account for the
sustained pain adaptations in chronic pain pati@nitéoreover, pain has been described as a
“motivator” for motor adaptation, but pain cessatipnes not necessarily motivate a return to the
pre-pain pattern’ Whether the force recovered after the resolutioih® sustained pain was not
studied in this experiment, but should be consi@rduture work.

There is debate whether pain interferes with lemyra motor skill. Although some data
show reduced adaptation of cortical excitabilityidg learning in the presence of pdimhen
the quality of practice of the task is controllédere is no interferend€.Thus, pain may not
compromise learning, but appears to lead to thmileg of a different task such as an adaptation
to alter the motor strategy used to achieve thé giodne motor task during pai.The present
results showed that participants with persistent patained the new strategy (potentially a
protective behaviour) across sessions.

Interpretation of the present findings requiressideration of several limitations. First, the

current findings are limited to steady force cohtharing low level of isometric wrist extensions,
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and do not necessarily generalize to other typeofractions relevant to functional activities,
such as, for example, dynamic force control dugngcentric/eccentric contractions or higher
level of contractions. Second, the data was cateah confined time intervals and the motor
adaptations were not constantly monitored followiNg5F injection, so learning and
consolidation of a new motor strategy is assumedfthe results. However, because of the
specificity of the assessed motor task and fortmacreasons, it was not possible to perform a
continuous assessment of the motor task. Theretbeges in the movement pattern for daily
activities at times between the data collectiorsises, including isometric wrist extensions,
remain unknown. Third, changes in the arm positi@tween trials might affect the CoP,
although SD Fz and CPD indexes are not affectethéyeposition of the arm. To reduce this
error, participants’ wrist was marked facilitatitige same position between trials. Fourth, the
number of female participants was not balanced é&twgroups. A previous study showed no
gender difference in NGF evoked sensitization,aaltiih hypertonic saline superimposed to NGF
elicited higher pain in males than femaleSender comparison between groups during
hypertonic saline was not performed and it was bdythe scope of this study because of the
sample size.

CONCLUSION

Acute pain increases force variation and changedgdite direction, but when pain is sustained
only the force direction differs from that in a pdree state. These differences imply different
elements of learning a new motor strategy in thes@mce of pain; an initial “search” for a
beneficial solution mediated by increased varigtiand a later “consolidation” to the new

alternative. In a clinical context if pain is sust, treatments that target pain relief might
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429  require additional intervention that targets chanigemotor performance to restore the pain-free

430  optimal control of the task.
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FIGURE LEGENDS

Fig. 1. Experimental setup and protocblpper panel: Wrist extension force was recorded in the
task-related (Z) and the tangential (X and Y) dimets using a three-dimensional force
transducer. Marks on the wrist and on the forcestulacer were used to replace the arm in the
same position at each sessibower panel: Time-course of the experimental protocol. On day-0,
the extensor carpi radialis brevis muscle (domiraant) of twenty-six healthy volunteers was
injected with nerve growth factor (NGF, N=13) ootiznic saline (ISO, N=13). On day-2, acute
experimental muscle pain was induced by injectibhypertonic saline into the extensor carpi

radialis brevis muscle (same side as the firsttiga) of all participants.

Fig. 2. Normalised mean (+SEM, N=13A) standard deviation (SD) of task-related force and
(B) excursion of the centre of pressure for tangefdir@es (CoP) during the steady contraction
period (wrist extension at 10% maximal voluntarynttaction force) for saline-induced pain.
Significantly increased during saline-induced paampared with before and after saline-induced
pain sessions (*, P<0.05)C) Normalised mean (xSEM, N=13) residual sum of sesiarror

(RSS) in the task-related (Fz) direction beforejrdy and after saline-induced pain.

Fig. 3. Distribution of centroid position difference (CPDJ) the tangential forces (Fx and Fy).
Data are shown for the Control group in the abserigeain (contrast between baseline day-0
and baseline day-2; far left, upper panel) andtier NGF group after 2 days of pain (contrast
between measures before NGF injection on day-Olafdre saline injection day 2; far left,

lower panel). Subsequent panels show CPD for batthpg during and after saline-induced pain
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(contrasted to before saline-induced pain) on dagr2l on day-4 (contrast between baseline
day-0 and day-4; far right panel). Both groups stigreater CPD (spread of the colours) in the
Fy direction (P<0.001) when challenged with salm#sced pain compared with the baseline
condition. This reflects greater changes in thedtion of tangential force used to achieve the
motor task. The NGF group showed greater CPD tharcontrol group across days in the Fy
direction (P<0.05), i.e. NGF group deviate from Haseline direction of tangential force across

days.

Fig. 4. Normalised mean (xtSEM, N=13A] standard deviation (SD) of task-related force and
(B) excursion of the centre of pressure for tangefdir@es (CoP) during the steady contraction
period (wrist extension at 10% MVC force) acrosysdéday-0, baseline day-2, day-4) for
persistent movement-evoked pain (NGF) and conti(@s.Normalised mean (xSEM, N=13)
residual sum of squares error (RSS) in the tasktedl (Fz) direction.¥) Maximal voluntary

contraction (MVC) force in the task-related directi(Fz) across days.



TABLES

Tablel Pain intensity fheantSEM)reported on numerical rating scale related to nerve
growth factor injection

Pain duringepeatec  Worst pain in past 4

Pain at rest arm movement hours
Day-0 0+0 0+0 0£0
NGF group Day-2 0.31+0.24 2.6¢+0.36" 3.31+0.40%
Day-4 0.15+0.1C 1.61+0.33* 2.3¢+ 0.50*"
Day-0 0+0 0+0 0£0
Control group Day-2 0+0 0.0€ £ 0.0¢ 0.61+£0.21
Day-4 0+0 0+0 0.2:+0.17

* - NGF group reported higher pain on the NRS on-Blaand day-4 than the control group
(P<0.001).

# - NGF group reported higher pain on the NRS gnaland day-4 than Day-0 (P<0.01).



Table2 Pain intensity fneantSEM)reported on visual analogue scale related to hypert

saline injection

Before During salin-inducedpair After
NGF grouj 1.04 +0.37 7.27£0.43 0.58 +0.7
Control grou 0xC 6.23 £0.3* 0xC

* - Higher VAS scores during the saline-inducedhghian before and after saline-induced pain trials
(P<0.001).

# - NGF group reporter higher VAS scores than tbetfol group (P<0.05).



Table3

Centroid position difference

Fy direction
Day-2 Day-4
During salin- After saline-
Baseline
induced pain induced pain
NGF grouj 0.25 £ 0.05 0.62 +0.07 0.39 £ 0.0 0.45 £ 0.06
Control grou 0.18 £ 0.0! 0.45 +0.07 0.31 £ 0.0¢ 0.24 £0.01
Fx direction
NGF grouj 0.41+£0.0 0.21 £ 0.0 0.26 £ 0.0t 0.28 £ 0.0
Control grou 0.31£0.0 0.30 £ 0.0 0.35 + 0.0 0.41+£ 0.0

Mean (xSEM, N=13) of the absolute centroid positdifierence (CPD) of the Fx-Fy plane at baseline
(contrast before saline-induced pain day-2 with-@gyduring and after saline-induced pain (coningst

each trial with before saline-induced pain daye?)d day-4 (contrast day-4 with day-0). The NGF grou
showed greater (CDP) compared with the control gr@duNK: P=0.048). Significantly increased during

saline-induced pain compared with baseline and s#tine-induced pain sessions (#, P<0.001).
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Effects of prolonged and acute muscle pain on the force control strategy
during isometric contractions

CA Mista, M Bergin, R Hirata, S Christensen, K Tucker, P Hodges, T Graven-Nielsen

Highlights

» Participants were injected with NGF (day 0) and hypertonic saline (day 2).

» Sdine-induced pain increases the variation and changes the direction of the force.

» Persistent pain changes force direction from the pain-free direction.

» Supporting the search and consolidation of new motor strategies during pain.





