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Review Article 
The Effect of Experimentally Induced Pain in the 
Cervical, Shoulder, or Orofacial Regions on Cervical 
Neuromuscular and Kinematic Features: A Systematic 
Review and Meta-analysis 

Hélio V. Cabral,*,†,‡ Chelsea Oxendale,*,†,§ Valter Devecchi,*,† Deborah Falla,*,† and  
Alessio Gallina*,†,⁎ 

⁎School of Sport, Exercise and Rehabilitation Sciences, College of Life and Environmental Sciences, University of Birmingham, 
Birmingham, UK, †Centre of Precision Rehabilitation for Spinal Pain (CPR Spine), School of Sport, Exercise and Rehabilitation 
Sciences, College of Life and Environmental Sciences, University of Birmingham, Birmingham, UK, ‡Department of Clinical and 
Experimental Sciences, Università Degli Studi di Brescia, Brescia, Italy, §School of Sport and Exercise Sciences, Liverpool John 
Moores University, Liverpool, UK   

Abstract: In this systematic review, we synthesize the literature investigating the effect of experi-
mentally induced pain in the cervical, shoulder, or orofacial regions on cervical neuromuscular and ki-
nematic features. Databases were searched up to November 1, 2023. A total of 29 studies using 
hypertonic saline injection (n = 27) or glutamate injection (n = 2) as experimental pain models were 
included. Meta-analyses revealed reduced upper trapezius activation during shoulder flexion/abduction 
when pain was induced in the upper trapezius (standardized mean difference: −.90, 95% confidence 
interval: [−1.29; −.51]), splenius capitis (−1.03 [−1.44; −.63]), and supraspinatus (−.63 [−1.25; −.01]), but not 
in the subacromial space (.22 [−.16; .60]). Furthermore, experimentally induced pain caused a caudal 
redistribution of activation within the upper trapezius (.96 [.58; 1.34]) but did not change the medio-
lateral distribution (.11 [−.22; .42]). None of these adaptations persisted after pain resolution. Low-quality 
evidence supported the absence of an effect of experimental pain on upper trapezius muscle activation 
during manual dexterity and cervical flexion/extension tasks, as well as on cervical flexor and extensor 
muscle activation during cervical and jaw tasks. Inconsistent and limited evidence, attributed to the large 
heterogeneity of task and outcomes, precluded drawing meaningful conclusions about the effects of 
experimentally induced pain in the cervical region on cervical kinematics. Overall, cervical muscle acti-
vation tended to decrease in response to experimentally induced pain, and the decrease of muscle ac-
tivation depended on the location of the painful stimulus. These adaptations are only partially 
representative of muscle activation patterns observed in clinical populations.  
Perspective: This systematic review and meta-analysis revealed a reduced or unchanged muscle 
activation during experimental pain in the cervical, shoulder, or orofacial regions, depending on the 
task and location of nociceptive stimulation. There was inconsistent evidence on cervical kinematics. 
These findings enhance our understanding of neuromuscular adaptations to acute experimental pain.  
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P ain is a common condition worldwide, with an 
estimated prevalence of 30% across countries.1 

The neck and shoulder regions have been re-
ported as the most common sites of pain after lower 
back pain,2 with estimated prevalences of 3,551 per 
100,0003 (neck pain point prevalence), 16%4 (shoulder 
pain 1-year median prevalence), and 3.8 to 9.2%5 (or-
ofacial pain 1-year point prevalence). In 2019, neck pain 
ranked in the top 25 leading causes for disability in 
people 25 to 75 years old,6 and is a main contributor to 
healthcare spending.7,8 This major economic burden is 
projected to increase even further with the increasing 
population age.9 

Alterations in cervical neuromuscular function and 
cervical spine kinematics are commonly present in in-
dividuals with pain in the neck, shoulder, and orofacial 
regions, and may include changes in neck muscle co-
ordination, delayed neck muscle activity in response to 
perturbations and reduced range, and speed and 
variability of neck movements.10–15 Although these 
motor adaptations to pain may provide short-term 
benefit to protect a painful neck region, persistent or 
maladaptive motor control changes are thought to be 
potential contributors to the development of chronic 
pain.16 A comprehensive understanding of how acute 
pain alters neuromuscular responses in the cervical re-
gion is therefore important to improve our under-
standing of motor adaptations to pain, which may 
ultimately inform the assessment, treatment, and pre-
vention of neck, shoulder, and/or orofacial pain. 

High interindividual variability in pain severity and 
motor adaptations to pain exists in clinical popula-
tions.17 Several factors, including psychosocial features 
such as pain catastrophizing,18 genetics,19 and demo-
graphic factors such as sex and age,17 are known to 
contribute to individual variation in pain perception, 
which makes it challenging to isolate the effect of no-
ciception on neuromuscular and kinematics features. 
Some of these challenges can be overcome by using 
experimental pain models, which allow to investigate 
motor strategies of the same individual with and 
without pain, while reducing the variability in intensity, 
location, and duration of pain across individuals.10 

Experimental pain models have been used to study 
motor adaptations to pain in a variety of body regions 
and tasks. Previous systematic reviews have demon-
strated that experimentally induced pain results in a 
generalized decrease of muscle activation during ex-
perimentally induced limb pain,20 consistent decrease of 
motor unit firing rate of the painful muscle,21 and re-
duced corticospinal excitability.22 In contrast, lumbar 
muscle activation increases or decreases in a task-de-
pendent manner when pain is induced in the lumbar 
region.23 These findings, which show that pain induced 
in different body regions may induce different motor 
adaptations, highlight the need for further synthesis of 
evidence on the motor adaptations induced by experi-
mental pain. This is especially important for the cervical 
region, where motor adaptations may occur due to pain 
in the cervical, shoulder, or orofacial regions. To date, 
no systematic review has explored cervical adaptations 

to pain, and broad conclusions based on individual 
studies are difficult due to methodological differences 
such as different locations of nociceptive stimulation 
and experimental tasks. Therefore, in this systematic 
review, we aimed to synthesize the available evidence 
on how pain experimentally induced in the cervical, 
shoulder, or orofacial regions affects cervical neuro-
muscular and kinematic features. We included different 
regions (cervical, shoulder, and orofacial) to specifically 
investigate whether cervical neuromuscular and kine-
matic adaptations depend on the location of nocicep-
tive stimulation. Since a previous systematic review 
revealed that motor adaptations outlasted lumbar pain 
duration in a few studies,23 we also systematically re-
viewed whether neuromuscular strategies' return to 
baseline after experimental pain in the cervical, 
shoulder, and orofacial region is resolved. 

Review Questions 

Primary Review Question 
1. Is cervical neuromuscular control and/or cervical 

spine kinematics of healthy adults altered by experi-
mentally induced pain in the cervical, shoulder, or or-
ofacial regions? 

Secondary Review Questions 
2a. Do cervical neuromuscular and/or cervical spine 

kinematic adaptations depend on the region of noci-
ceptive stimulation? 

2b. Do cervical neuromuscular and/or kinematic 
adaptations outlast the duration of perceived pain? 

Methods 
This systematic review was conducted according to 

the Cochrane Handbook for Systematic Reviews of 
Interventions,24,25 reported in line with the Preferred 
Reporting Items for Systematic Review and Meta-Ana-
lysis (PRISMA statement 202026), and was registered on 
the International Prospective Register of Systematic 
Reviews (register CRD42021237019) on February 16, 
2021. Although a systematic review protocol was not 
published, this systematic review followed the methods 
of a recent systematic review conducted by our team on 
the effect of experimentally induced pain on lumbar 
neuromuscular and kinematic features.23 

Eligibility Criteria 
The eligibility criteria for study inclusion were deli-

neated using the PICOS framework (P: Population, I: 
Intervention, C: Comparator, O: Outcomes, and S: Study 
design).27 

Population (P) 
Healthy adults (age ≥18 years) without current or a 

history of musculoskeletal disorders in the neck- 
shoulder or orofacial region. 
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Intervention (I) 
We included studies that evaluated the effect of pain 

experimentally induced in the cervical, shoulder, or or-
ofacial regions on neuromuscular and/or kinematic 
adaptations in the cervical region. As in our previous 
systematic review,23 only exogenous pain models, 
where the pain was induced by an external, controlled 
stimulus, chemical (eg, hypertonic saline and gluta-
mate), thermal (eg, cold and contact heat), or electrical, 
were considered in this review. Conversely, studies in 
which pain was evoked by endogenous models (eg, de-
layed-onset muscle soreness, muscle fatigue, or pro-
longed standing protocols) were excluded because the 
effect of pain on the neuromuscular system risks being 
biased by potential confounders, such as fatigue and 
muscle damage. When more than 1 experimental pain 
model was delivered to participants at the same time, 
the study was included only if the effects of the inter-
vention of interest were also assessed when delivered 
individually. 

Comparator (C) 
Only studies using a within-subject design were in-

cluded in this systematic review. Four conditions were 
considered: experimentally induced pain (PAIN), base-
line (BASE), control (CTR), and post pain (POST). PAIN 
refers to data collected during experimental pain, BASE 
refers to data collected before inducing experimental 
pain, CTR refers to data collected during a control, 
nonpainful stimulation (eg, isotonic saline injection), 
and POST refers to data collected after the painful sti-
mulation. We compared PAIN to BASE, PAIN to CTR, and 
POST to BASE. If a study did not test all 4 conditions, 
only the tested conditions were considered. 

Outcomes (O) 
The outcomes of interest were cervical muscle activity 

and kinematics. Only studies assessing voluntary or au-
tomatic (eg, postural) tasks were included; studies fo-
cusing on other outcomes, for example, effect of 
experimental pain on the H-reflex, were excluded. The 
body region investigated was limited to the cervical 
region, implying that the outcomes of interest should 
be investigated in this region, and studies assessing the 
outcomes exclusively at remote sites were excluded. 

The evaluation of muscle activity included the use of 
electromyography (intramuscular and surface), ultra-
sound, and functional magnetic resonance imaging to 
measure the recruitment, intensity, and onset of muscle 
activation. The measurement tools considered for the 
evaluation of cervical spine kinematics were motion 
analysis systems (eg, optoelectronic systems and inertial 
measurement units) and the outcome domains of in-
terest were range of motion, movement speed, move-
ment quality, and variability. 

Study Design (S) 
The eligible study designs were randomized trials 

(crossover randomized controlled trials only) and 

nonrandomized studies of interventions (repeated 
measures design). 

Information Sources and Search Strategy 
Studies published up to January 30, 2021 were initially 

searched by 1 reviewer (H.V.C.), and the search was 
updated up to November 1, 2023 by the same reviewer. 
Similar to our previous systematic review,23 the fol-
lowing electronic databases were used: MEDLINE (Ovid 
interface), Excerpta Medica Database (Ovid interface), 
CINAHL Plus (EBSCO interface), Pubmed, and Web of 
Science (Clarivate Analytics), ZETOC. Hand-searching 
was conducted for key journals (PAIN, European Journal 
of Pain, Journal of Pain, Journal of Electromyography 
and Kinesiology, Journal of Neurophysiology, and 
Musculoskeletal Science and Practice). The reference 
lists of included studies and relevant reviews were 
checked. To minimize the risk of publication bias, 
OpenGrey, Ethos database, and conference proceedings 
were searched to screen gray literature. 

The search strategy comprised a combination of 
medical subject headings with free-text terms. The main 
concepts of the search strategy were the intervention 
and the body regions stimulated as follows:  

(“experimental pain” OR “pain model”) AND (“region/body 
structure”)·                                                                         

Where “experimental pain” identified the free-text 
words usually adopted to report the use of experi-
mental pain in a study (eg, experimentally induced 
pain), “pain model” included the interventions (eg, 
hypertonic saline) and “region/body structure” included 
the region/body structure where the pain was induced 
(eg, “neck pain”). The search strategy used for the 
MEDLINE (Ovid Interface) database is reported in  
Supplementary File 1. 

Study Selection 
All potentially eligible records were retrieved from 

databases and duplicates were removed by 1 reviewer 
(H.V.C.). Based on the eligibility criteria, 2 independent 
reviewers (H.V.C. and C.O.) screened the title and ab-
stract of all studies. Subsequently, full texts of the re-
maining studies were independently screened by the 
same 2 reviewers. Any disagreements were discussed 
and, when necessary, a third reviewer (A.G.) was con-
sulted for arbitration. The agreement between the 2 
reviewers was assessed using Cohen’s kappa statistic. 

Data Extraction Process and Data Items 
Data extraction was conducted by 1 reviewer (H.V.C.) 

using a custom form (adapted from Devecchi et al28) 
and checked for accuracy by a second reviewer (C.O.). 
Multiple reports of the same study were collated.26 The 
data extracted included the characteristics of partici-
pants (eg, sample size, age, and gender), the interven-
tion characteristics (eg, experimental pain model, 
specific region stimulated, and average pain induced), 
the comparator condition specifications (BASE, CTR, 
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and/or POST), and the main results. When the study 
results were reported only in graphs, WebPlotDigitizer 
software (version 4.4; Pacifica, California) was used to 
extract the data from figures.25 

Quality Assessment 
Two independent reviewers (H.V.C. and C.O.) assessed 

the risk of bias of the included studies. Specifically, we used 
the risk-of-bias tool (RoB2)29 to evaluate crossover rando-
mized controlled trials and the Risk of Bias in Non-rando-
mized Studies of Interventions tool30 to evaluate the 
repeated measures studies. Any disagreement was resolved 
through discussion and, when necessary, a third reviewer 
(A.G.) was consulted for arbitration. The risk-of-bias as-
sessment was used to summarize the quality of evidence 
for each outcome domain.31 

Data Synthesis and Meta-analysis 
The summary data (means and standard deviation) 

were extracted for each condition investigated (BASE, 
CTR, PAIN, and POST). To answer the primary review 
question, cervical spine neuromuscular control and 
cervical kinematics evaluated at BASE and CTR were 
separately compared with PAIN (ie, BASE vs PAIN and 
CTR vs PAIN). Data from BASE and CTR intervention 
were not pooled for quantitative synthesis because the 
latter provides a higher quality of evidence controlling 
for potential confounders. Specifically, for each key 
outcome measure, PAIN was compared with either BASE 
or CTR, whichever comparator was most common across 
the studies reviewed. To address the secondary review 
question 2b, the POST condition was compared with 
BASE condition, if the POST condition was assessed 
during the same experimental session. 

As in our previous systematic review,23 findings from 
studies were summarized based on the outcome do-
main investigated, the pain location, the tissue target 
by the pain model, and the comparison conducted, 
using the standardized mean difference (SMD, Cohen’s 
d) and 95% confidence intervals. The following equa-
tions were used for SMD calculation (d) and var-
iance (v d( )): 

=d
X X

SD
condition comparator

diff

= +v d
d

( )
1
n 2n

2

where n is the sample size, Xcondition is the group mean for 
PAIN or POST conditions, Xcomparator is the group mean for 
BASE or CTR conditions, and SDdiff is the standard devia-
tion of the difference. For studies that expressed Xcondition

as a proportion of Xcomparator (eg, % change from BASE), 
SDcondition was defined as SDdiff . When the SDdiff was not 
available, its value was estimated from SDcondition and 
SDcomparator according to the formula 

= + × × ×rSD SD SD (2 SD SD )diff condition
2

comparator
2

condition comparator

where r is the correlation coefficient between Xcondition

and Xcomparator. Considering no studies provided the r

value, we adopted a conservative approach (r = .5) to es-
timate the SDdiff . Finally, when the P value of the com-
parison between conditions was reported in the study, its 
value was used to obtain the t value and directly calculate 
the SMD as follows32: 

=d
t
n

Quantitative synthesis using a random-effect meta- 
analysis with an inverse-variance method was conducted 
when consistency across at least 2 studies was met. 
Random-effect meta-analysis was used because not all 
studies estimated the same intervention effect (ie, pain 
characteristics and tasks varied across studies). The be-
tween-study heterogeneity was analyzed using the I2

statistic.24 Specifically, heterogeneity was assessed in sub-
groups, based on the different regions pain was experi-
mentally induced, to explore the secondary review 
question 2a. Considering the difficulty to obtain studies 
with a homogeneous methodology in each subgroup, 
results from subgroup analysis were described narratively. 
When only 1 study was available or it was not possible to 
perform meta-analyses due to the lack of methodological 
homogeneity, results were reported narratively and, 
when possible, graphically with a forest plot. All analyses 
were conducted in R using the package “meta” (RStudio 
environment version 1.4.1103; R Foundation for Statistical 
Computing, Vienna, Austria). The α threshold for all tests 
was set at .05. 

Quality of Evidence 
When possible, the main findings were synthesized in 

a summary of findings table where the certainty of 
evidence was rated as “very low,” “low,” “moderate,” 
and “high” using the Grading of Recommendations 
Assessment, Development, and Evaluation approach.31 

When a large effect estimate or dose response gradient 
was present, the certainty of evidence was upgraded.33 

The domains that downgraded the quality of evidence 
were study limitations, publication bias, imprecision, 
inconsistency, and indirectness.33 The study limitations 
were rated with the risk-of-bias tools previously de-
scribed. Moreover, the reasons for downgrading or 
upgrading the quality of evidence were provided. 

Results 

Search and Selection of Studies 
A flowchart for the selection of studies is presented in  

Fig 1. After screening the title and abstract of 9,366 
records (Cohen’s Kappa = .94, almost perfect agreement 
between reviewers34), the full text of 91 reports (67 
from databases and 24 from hand-searching) was as-
sessed and, ultimately, 44 reports were included in the 
review (Cohen’s Kappa = .92, almost perfect agreement 
between reviewers34). Of these included reports, 9 were 
abstracts of an included study and 6 were studies 
that used the same participants as another included 
study. After collating these 15 reports with their 
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corresponding paper (for details see Supplementary File 
1), a total of 29 studies were included in the review. 

Characteristics of the Included Studies 
The 29 studies included a total of 483 healthy parti-

cipants (170 females, ∼35%). Pain was induced in the 
cervical (N = 20 studies), shoulder (N = 5 studies), and 
orofacial (N = 3 studies) regions. In 1 study, pain was 
induced in both the cervical and orofacial regions. Most 
of the studies (n = 27) used hypertonic saline injection as 
an experimental model and another 2 studies used 
glutamate injection.35,36 The average pain intensity 
level reported by participants ranged from 22 to 56 out 
of 100 using a visual analogue scale, and 21 to 48 out of 
100 using a numerical rating scale. PAIN was compared 
with BASE in 14 studies, CTR only (isotonic saline solu-
tion injection) in 1 study, and with both conditions in 14 
studies. POST was assessed in 9 studies, with 5 studies 
assessing post pain soon after the painful sensation had 
ceased35,37–40 and 4 studies assessing pain 10 to 
30 minutes after the painful injection.41–44 The average 
pain intensity level reported by participants for POST in 
2 studies ranged from 5 to 8 out of 100 using the visual 
analogue scale.41,44 Key outcome measures assessed 
were muscle activation (eletromyography (EMG) am-
plitude N = 21, T2 shifts N = 3), changes in regional ac-
tivation (N = 5), motor unit discharge rate (N = 1), 
cervical spine kinematics (N = 6), and muscle timing of 
activation (N = 2). Further information on the char-
acteristics of the included studies is provided in Table 1. 

Risk of Bias 
A summary of the risk-of-bias assessment for repeated 

measures design studies is presented in Fig 2A (individual 

studies) and Fig 2B (overall). Several studies were rated as 
moderate in domain 1 due to potential confounding fac-
tors and carry-over effects between conditions (eg, re-
peated measures with a short washout period). One study 
was rated as serious due to fear of injection reported by 
participants and the potential effect of fatigue during the 
task.48 In domain 4, the method to induce pain (injection) 
when compared with BASE only, was considered a co-in-
tervention in several studies and was rated as moderate. 
Three studies also used multiple painful injections to reach 
the target level of pain46-48 and 1 study reported/analyzed 
perceived pain for only half the sample of participants re-
cruited, who did not take part in the assessment of muscle 
activity55 and were therefore rated as serious. In domain 5, 
2 studies had some missing data62,63 and in domain 6, 
several studies did not blind participants to the interven-
tion or had systematic errors in the outcome measure45 and 
were rated as moderate. Three studies displayed some se-
lection in the results reported41,49 and were rated mod-
erate, while 1 study did not report the results of several 
muscles assessed45 and was therefore rated as serious in 
domain 7. 

A summary of the risk-of-bias assessment for the 
crossover randomized controlled trials is presented in  
Fig 3A (individual studies) and Fig 3B (overall). Specific 
details of how conditions were randomized were not 
provided, so all studies were rated as moderate in do-
main 1. Studies that assessed multiple conditions on the 
same day (eg, PAIN vs CTR) were considered to have 
potential carry-over effects and were rated as moderate 
in domain S (bias arising from period and carry-over 
effects). For domain 2, 2 studies were rated as moderate 
as it was not clear if participants were blinded to the 
conditions or not. In the final domain, 1 study provided 
muscle-onset timing data for BASE only37 and 1 study 

Figure 1. PRISMA flow diagram.  
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compared PAIN with BASE only, although presented 
data for BASE, CTR, and PAIN,51 and was therefore rated 
as moderate. 

Results of Syntheses 
Supplementary File 2 contains a table that provides all 

the effect sizes extracted from each study. 

Muscle Activation 
Upper trapezius. In the 14 studies that assessed EMG 
amplitude of the upper trapezius, pain was induced in 
15 regions, with 1 study assessing pain both in the 
supraspinatus and subacromial space.50 Pain was 
induced in the upper trapezius (N = 7), splenius capitis 
(N = 2), subacromial space (N = 3), and supraspinatus 
(N = 3) compared with BASE, during shoulder flexion 
and abduction tasks (Fig 4). Meta-analyses were 
performed using all 14 studies and grouped based on 
the location of nociceptive stimulus. Random effects 
models revealed a significant reduction of upper 
trapezius EMG amplitude during PAIN induced in the 
upper trapezius (SMD: −.90, 95% confidence interval: 
[−1.29; −.51], P  <  .001, I2 = 11%; Fig 4A), splenius capitis 
(−1.03 [−1.44; −.63], P  <  .001, I2 = 0%; Fig 4B), and 
supraspinatus (−.63 [−1.25; −.01], P = .045, I2 = 49%; 
Fig 4C). Similar pooled mean effects were observed for 
both upper trapezius and splenius capitis locations 
when PAIN was compared with CTR (Supplementary 
Fig 1). In contrast, no overall effect on EMG amplitude was 
observed during pain induced in the subacromial space (.22 
[−.16; .60], P = .25, I2 = 28%; Fig 4D). However, although the 
level of heterogeneity can be considered as not important 
(I2 <  40%24) in most cases, heterogeneity was larger when 
pain was induced in the subacromial space (I2 = 28% [0%; 
92%]) and supraspinatus (I2 = 49% [0%; 85%]) compared 
with upper trapezius (I2 = 11% [0%; 74%]) and splenius 
capitis (I2 = 0%). 

The results comparing upper trapezius EMG ampli-
tude during heterogeneous tasks are provided in  
Supplementary Fig 2. Overall, no effect of PAIN on 
upper trapezius EMG amplitude was observed during 
manual dexterity tasks,55,58,59 however, some effects 
were noted during cervical flexion and extension tasks. 
Specifically, when pain was induced in the sternoclei-
domastoid, 1 study52 reported lower EMG amplitude of 
the upper trapezius during PAIN compared with BASE 
(−1.13 [−1.92; −.34]) and CTR (−1.04 [−1.79; −.28]) during 
a cervical flexion task performed at 55 to 60% of 
maximal voluntary contraction (MVC) (Supplementary 
Fig 2). Conversely, when pain was induced in the sple-
nius capitis, the same study52 reported an increase in 
upper trapezius EMG amplitude during a cervical ex-
tension task performed at 50 to 60% MVC during PAIN, 
compared with BASE (.81 [.13; 1.48]). 

Five studies investigated the redistribution of activation 
between regions within the upper trapezius during PAIN 
compared with BASE. Meta-analyses of the x (mediolateral 
direction) and y (cranio-caudal direction) centroid co-
ordinates of the EMG amplitude distribution recorded with 
high-density surface EMG demonstrated that PAIN induced Ta
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a shift of the centroid toward the caudal region of the 
upper trapezius (.96 [.58; 1.34], P  <  .001, I2 = 0%), but no 
change was observed for the x-axis coordinate (.11 [−.22; 
.42], P = .49, I2 = 0% [0%; 79%]; Fig 5A). Similar results were 
observed when PAIN was compared with CTR 
(Supplementary Fig 3). 

Only 1 study assessed upper trapezius motor unit 
discharge rates49 in response to pain induced in the 
cranial and caudal region of the muscle. In this review, 
only results when pain was induced in the most cranial 
region of the muscle were considered. Cranial motor 

unit (N = 14) discharge rates decreased (SMD: −1.08 to 
−1.54), whereas the discharge rates of caudal motor 
units (N = 8) remained the same (Fig 5B). 

Neck flexor muscles. EMG amplitude of the 
sternocleidomastoid during PAIN compared with BASE 
was assessed in 6 studies during a variety of cervical and 
jaw movement tasks. Given the range of tasks assessed 
and the different locations of nociceptive stimulus, 
meta-analyses were not performed, but data from 5 
studies are presented with a forest plot in Fig 6. We did 

Figure 2. Risk-of-bias assessment of included studies with a repeated measures design using ROBINS-I tool. For each domain, risk 
of bias is presented for each study (A) and overall (B). * Indicates studies that compared pain versus baseline. ** Indicates studies 
that compared pain versus isotonic. Note that 5 studies included both comparisons. For all of them, the overall risk of bias was the 
same regardless of the comparison. ROBINS-I, Risk of Bias in Non-randomized Studies of Interventions. 

Figure 3. Risk-of-bias assessment of included studies with a crossover randomized design using RoB2 tool. For each domain, risk of 
bias is presented for each study (A) and overall (B). * Indicates studies that compared pain versus baseline. ** Indicates studies that 
compared pain versus isotonic. Note that 7 studies included both comparisons. For all of them, the overall risk of bias was the same 
regardless of the comparison. 
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not present the effect sizes of 1 study,45 because the 
standard deviation of the sternocleidomastoid muscle 
activity and the results for PAIN compared with CTR for 
other muscles assessed were not reported, so it was not 
possible to extract its summary data. Overall, while 

several studies reported no effect of PAIN on 
sternocleidomastoid EMG amplitude, 2 studies 
demonstrated a decrease of sternocleidomastoid EMG 
amplitude during cervical flexion at 25 to 60% of MVC52 

(−1.13 [−1.92; −.34]) and cervical rotation35 (−.61 [−1.14; 

Figure 4. Forest plot with meta-analysis on upper trapezius activation during shoulder flexion and abduction tasks, after HSI in the 
upper trapezius (A), splenius capitis (B), supraspinatus (C), and subacromial space (D) (random-effect model). SMD and 95% con-
fidence interval (95% CI) are reported. Muscle activation represents EMG amplitude recorded with surface EMG. Pain model: 
hypertonic saline injection (HSI). EMG, eletromyography. 

Figure 5. Forest plot with meta-analysis on EMG centroid coordinates of the upper trapezius (A) and forest plot without meta- 
analysis on discharge rate of upper trapezius motor units (B). SMD and 95% confidence interval (95% CI) are reported. Centroid 
coordinates and discharge rates recorded with high-density surface EMG. The n in (B) indicates the number of motor units assessed. 
Pain model: hypertonic saline injection (HSI). EMG, eletromyography. 
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−.08]) during PAIN induced in the sternocleidomastoid 
or splenius capitis. In addition, 1 study35 demonstrated a 
trend for a decrease in sternocleidomastoid EMG 
amplitude during PAIN induced in the masseter during 
a jaw clench task (−.49 [−.99; .01]). Conversely, Ashton- 
Miller et al45 found a significant increase in 
sternocleidomastoid EMG amplitude at rest during 
PAIN induced in the sternocleidomastoid, however, no 
changes were observed during an isometric cervical 
flexion task. No other changes in sternocleidomastoid 
EMG amplitude during PAIN compared with BASE were 
found. Comparison of sternocleidomastoid EMG 
amplitude during CTR compared with PAIN is 
presented in Supplementary Fig 4A and demonstrated 
similar effects when compared with BASE. 

A decrease in EMG amplitude of the longus capitis 
and longus colli during PAIN was reported, however, 
this was only assessed in 1 study with serious risk of 
bias.47 Conversely, no changes in anterior scalene,38,41 

sternohyoid,38 and infrahyoid45 EMG amplitude were 
reported during PAIN induced to the splenius capitis 
and sternocleidomastoid, respectively. 

Neck extensor muscles. Four studies investigated the 
effect of glutamate (N = 1) and hypertonic saline 
injection (N = 3) on splenius capitis EMG amplitude 
during cervical isometric and dynamic movements and 
jaw clenching tasks, compared with BASE. The location 
of the nociceptive stimulus varied between studies, 
thus, forest plots without meta-analyses are shown 
(Fig 7). Two studies demonstrated a decrease in EMG 
amplitude of the splenius capitis during cervical 
extension performed at 20 to 60% MVC during PAIN 
induced in the upper trapezius46 (−.80 [−1.44; −.15]), 

sternocleidomastoid52 (−.81 [−1.48; −.13]), or splenius 
capitis52 (−.81 [−1.48; −.13]). When different muscle 
regions were considered, Cagnie et al46 only reported 
a decrease in splenius capitis EMG amplitude at the C7 
to T1 region and no change at C2 to C3. With respect to 
contraction intensity, Falla et al52 only found changes in 
splenius capitis EMG amplitude at 40 to 60% MVC 
during PAIN and no changes were found at lower % 
MVC (Fig 7). No other changes in EMG amplitude were 
observed during the other cervical and jaw tasks (Fig 7). 
Comparison of splenius capitis EMG amplitude during 
CTR compared with PAIN is presented in Supplementary 
Fig 4B, and no changes in EMG amplitude were 
observed.35,45,52 

A trend for a decrease in multifidus/semispinalis cer-
vicis EMG amplitude was reported in the C7 to T1 region 
(−.57 [−1.15; .01]), however this was based on 1 study 
with a serious risk of bias.46 One study with a serious risk 
of bias also reported no differences in erector spinae 
EMG amplitude at the C4 level during PAIN compared 
with CTR in the sternocleidomastoid.45 

Summary of findings and certainty of evidence.  
Overall, there is moderate quality of evidence to support 
that experimentally induced pain results in a reduced 
activation of the upper trapezius muscle during shoulder 
flexion/abduction tasks, with the location of nociceptive 
stimulation explaining some inconsistency across studies 
(Table 2). Moreover, there is moderate quality of evidence 
indicating that experimentally induced pain induces a 
caudal redistribution of activation within the upper 
trapezius muscle during shoulder flexion/abduction tasks, 
but no change in the mediolateral distribution of 
activation (Table 3). Despite inconsistency potentially 

Figure 6. Forest plot without meta-analysis of cervical flexor activation during cervical and head tasks. SMD and 95% confidence 
interval (95% CI) are reported. Muscle activation represents EMG amplitude recorded with surface EMG. Pain model: hypertonic 
saline injection (HSI); glutamate (GLUT). EMG, eletromyography. 
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introduced by the task performed and the intensity of the 
task, low quality of evidence supports the absence of 
changes of upper trapezius muscle activation during 
manual dexterity and isometric/dynamic tasks of cervical 
flexion/extension (Table 2). Only 1 study52 showed reduced 
and increased activation of the upper trapezius when pain 
was induced in the sternocleidomastoid and splenius 
capitis, respectively, but the evidence is too limited to 
draw meaningful conclusions. Moreover, limited evidence 
supports a pain-induced decrease in the discharge rate of 
cranial, but not caudal motor units of the upper trapezius 
during an isometric shoulder abduction task (Table 3). Low 
quality of evidence supports no effect of experimental pain 
on neck flexor and extensor muscle activation during 
cervical and jaw tasks (Table 2). However, there was 
inconsistency across studies explained by the task 
performed, the intensity of the task, the experimental 
model, and the region stimulated. 

Muscle Timing 
One study investigated the effect of pain on the onset 

of upper trapezius activity during a dynamic shoulder 
abduction task.37 Although the summary data were not 
reported in the study, no differences were found in the 
onset time of upper trapezius activation during PAIN 
compared with CTR and BASE. Another study40 in-
vestigated the effect of pain induced in the upper tra-
pezius during a multidirectional reaching task on the 
mean time to reach the peak EMG amplitude and did 
not identify significant changes during PAIN compared 
with BASE (.44 [−.04; .92]). 

Cervical Kinematics 
Cervical kinematics changes during pain induced in 

the cervical (N = 5) and orofacial (N = 2) regions were 
assessed in 7 studies during a variety of tasks.38,55-57,62,63 

Given the range of different tasks, the locations of the 
nociceptive stimulus, and outcomes evaluated, meta- 

analyses were not performed, and the results are pre-
sented narratively. Overall, pain induced in splenius 
capitis did not affect the kinematics of multiplanar head 
movements.38 In contrast, the work cycle duration 
during a knife cutting task55 and the head movement 
amplitude during a jaw open-close movement62,63 in-
creased during PAIN in the upper trapezius and mass-
eter muscles, respectively. When the total motion of 
cervical joints was assessed during PAIN induced in the 
C4/C5 interspinous ligament56 and upper trapezius/ 
multifidus muscles,57 the results varied depending on 
the cervical joint and movement phase evaluated. 
Moreover, the average absolute error of cervical joint 
repositioning following active cervical flexion increased 
during PAIN induced in the cervical multifidus muscle.61 

A summary of findings on the cervical kinematics results 
is provided in Table 4 and, overall, the large hetero-
geneity in the outcome measurements across studies 
does not allow to draw meaningful conclusions. 

Post Pain Condition Results 
Seven studies evaluated the upper trapezius EMG 

amplitude during POST, when participants performed 
shoulder flexion and abduction tasks. The pooled mean 
effect of 3 studies that induced pain in the upper tra-
pezius42–44 revealed that upper trapezius activation 
during POST was not different from BASE (−.35 [−.76; 
.06], P = .091, I2 = 4% [0%: 90%]; Fig 8A). The 2 studies 
that induced pain in the splenius capitis37,39 also de-
monstrated no differences in upper trapezius EMG 
amplitude compared with BASE (.22 [−.07; .51], P = .13, 
I2 = 0%; Fig 8B). When the location of the nociceptive 
stimulus was the supraspinatus, Bandholm et al41 re-
ported no differences in upper trapezius activation be-
tween POST and BASE (−.19 [−.85; .48]). One study 
investigated upper trapezius EMG amplitude during 
POST when the location of the nociceptive stimulus was 

Figure 7. Forest plot without meta-analysis of cervical extensor muscle activation during cervical and head tasks. SMD and 95% 
confidence interval (95% CI) are reported. Muscle activation represents EMG amplitude recorded with surface EMG. Pain model: 
hypertonic saline injection (HSI); glutamate (GLUT). EMG, eletromyography. 
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the subacromial space40 and found that there was no 
difference with BASE (−.02 [−.46; .42]). 

Only 1 study assessed EMG amplitude of the sterno-
cleidomastoid and splenius capitis muscles during POST 
when pain was induced either in the masseter or sple-
nius capitis.35 The authors demonstrated no difference 
in the sternocleidomastoid activity POST compared with 
BASE (.05 [−.40; .50]), when participants were asked to 
maximally rotate their heads to the right. Additionally, 
no differences were found in EMG amplitude of the 
splenius and sternocleidomastoid for other conditions 
(maximal neck extension and jaw clench) when pain was 
induced in the masseter or splenius capitis muscles. 

Two studies compared the centroid coordinates of the 
upper trapezius EMG amplitude map during POST com-
pared with BASE when pain was induced in the upper 
trapezius.42,44 The pooled mean effects indicated no sig-
nificant differences in either x-axis or y-axis (Fig 8C). 

Only 1 study assessed upper trapezius muscle timing 
during POST when pain was induced in the upper tra-
pezius.35 The authors showed no differences in the 
mean time to reach the peak EMG amplitude during 
POST compared with BASE (−.09 [−.53; .35]). 

One study compared cervical kinematics during POST 
compared with BASE38 and found no differences in the 
movement time, distance traveled, time to peak velocity, 
and maximal velocity during multiplanar head movements. 

Discussion 
This systematic review demonstrates that experimental 

pain induced in the neck, shoulder, and orofacial regions of 

healthy individuals results in decreased or unchanged 
muscle activation. Specifically, meta-analyses showed re-
duced upper trapezius activation during upper limb 
movements when pain was induced in the upper trapezius, 
splenius capitis, and supraspinatus. A caudal shift of acti-
vation within the upper trapezius was also observed when 
pain was induced in the upper trapezius. None of these 
adaptations persisted after pain had resolved. The other 
neuromuscular and kinematic features examined showed 
limited or conflicting evidence. These findings further our 
understanding of how the central nervous system adapts to 
acute neck and shoulder pain. 

Regardless of muscle, pain location, and task, in most 
cases, experimental pain resulted in a decrease or no 
change of muscle activation, and very infrequently re-
sulted in increased muscle activation. In contrast, when 
pain is experimentally induced in the lumbar region, 
muscle activation sometimes increases with pain.23 

These differences suggest that the central nervous 
system may adopt different strategies in response to 
experimental spinal pain induced in the lumbar or cer-
vical region, possibly because of their different structure 
and function. For instance, increased muscle activation 
during lumbar pain may be a strategy to limit further 
injury by increasing stiffness and limiting movement. 
Instead, since activation of the trapezius increases 
during shoulder flexion and abduction,64–66 a reduced 
upper trapezius activity when pain is induced in the 
trapezius or neck muscles might be an attempt to un-
load painful tissues.16,67 Since reduced upper trapezius 
activation was observed during shoulder flexion-ab-
duction tasks, but not during manual dexterity or cer-
vical flexion-extension tasks, this review confirms the 

Figure 8. Forest plot with meta-analysis on EMG activity of the upper trapezius (A and B) and EMG centroid coordinates of the 
upper trapezius (C) when comparing post pain with baseline. Pain was induced in the upper trapezius (A and C) and splenius capitis 
(B). SMD and 95% confidence interval (95% CI) are reported. Centroid coordinates recorded with high-density surface EMG. Pain 
model: hypertonic saline injection (HSI). EMG, eletromyography. 
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task-specificity of motor adaptation to pain observed 
when pain was induced in the lumbar region.23 

The neuromuscular adaptations identified in this sys-
tematic review were dependent on the location of the 
nociceptive stimulation. Activation of the upper trape-
zius during shoulder flexion-extension tasks decreased 
when pain was induced in the upper trapezius, splenius 
capitis, and supraspinatus, while no change was found 
when pain was induced in the subacromial space. A 
possible reason for this location-specific adaptation is 
that larger decreases are observed when pain is induced 
in the muscle itself or close to the spine, as opposed to 
further away from the muscle. This is also supported by 
the fact that effect sizes were larger when pain was 
induced in the trapezius (Fig 4A) or in the splenius ca-
pitis (Fig 4B), compared with the supraspinatus (Fig 4C). 
It should be noted that the lack of effect following in-
jection of the subacromial space may also be due to 
differences in the tissue injected (muscle vs nonmuscle). 
However, previous research has found consistent 
adaptations of muscle activation when pain was in-
duced in noncontractile tissues,68 and differences in 
effect size between splenius capitis, upper trapezius, 
and supraspinatus still support a role of spatial location 
in determining the size of the neuromuscular adapta-
tion. Decreased muscle activity in the painful con-
tracting muscles35,69 and an effect of pain location on 
neuromuscular adaptations35,69,70 are in accordance 
with previous literature on experimental pain induced 
in limb muscles. While 2 studies49,71 demonstrated si-
milar motor adaptation when pain was induced in the 
cranial or caudal region of the trapezius, the regions 
stimulated were only approximately 5 cm apart. In this 
review, the pain location spanned from the spine to the 
acromion, therefore, the effect of pain location on 
neuromuscular adaptation was more apparent. 

Pain location did not appear to determine the extent 
or direction of the adaptation of cervical muscles. In 
keeping with the pain adaptation theory,72 it would be 
expected that during a movement, pain induced in the 
agonist muscle would result in decreased activation of 
the agonist muscle and increased activation of the an-
tagonist muscle. This was, however, not observed in the 
current review where most cervical muscles demon-
strated no significant changes in activation during pain. 
The results from an individual study52 also directly 
contradict this notion since the predominant pattern 
was of decreased muscle activation regardless of pain 
location or the muscle’s role as an agonist or antagonist. 
Differences between the location-dependent motor 
adaptation to pain observed for the upper trapezius 
and the absence of such a behavior in neck muscles 
are currently unclear and may be due to several reasons 
from biomechanical constraints of the tasks to specific 
characteristics of the tissues injected. 

Compared with the cervical region, motor adapta-
tions due to pain induced in orofacial and shoulder re-
gions were less consistent, although this could be due to 
the smaller number of studies retrieved. As discussed 
previously, upper trapezius activation decreased mini-
mally or did not change when pain was induced in the 

supraspinatus and subacromial space, respectively, and 
no studies assessed changes in the upper trapezius with 
orofacial pain. Two individual studies documented no 
changes in neck muscle activation with orofacial pain, 
with the exception of a decreased sternocleidomastoid 
activation during jaw clenching. These results suggest 
that experimental pain in the orofacial and shoulder 
regions results in minimal adaptation of cervical neu-
romuscular strategies, although this needs to be con-
firmed in future studies. 

This systematic review identified that motor adapta-
tion did not outlast pain duration. When compared 
with other systematic reviews, motor adaptation that 
outlasts pain duration has been identified in some, but 
not all, studies that induced experimental pain in the 
low back,23 and motor evoked potentials were con-
sistently reduced after pain resolution in hand and face 
muscles.22 Adaptations outlasting pain duration have 
also been reported at the knee, both for the population 
of recruited motor units73 and regional muscle activa-
tion.70 It is currently unclear why neuromuscular acti-
vation strategies are restored immediately after 
experimental neck pain, whereas motor adaptation is 
not always resolved when pain is induced in other body 
regions. 

Inconsistent alterations in cervical kinematics were 
also observed in this review albeit based on limited 
evidence. Recent reviews have identified kinematic 
performance of a task is mostly unaltered in the pre-
sence of acute experimental pain20,23 and only re-
duced lumbar spine range of motion was evident with 
lumbar pain.23 It has been suggested the redistribu-
tion of activity within and between muscles likely re-
sults in gross maintenance of task performance, but 
quality may be negatively affected.16,20 Overall, in the 
present review, it was not possible to draw specific 
conclusions on cervical kinematics adaptations to 
pain, given the heterogeneity of tasks and variables 
assessed. 

Systematic reviews on clinical populations with neck 
and shoulder pain highlight heterogeneity of neuro-
muscular activation across muscles and tasks. Similar to 
this review, individuals who have experienced whiplash 
injuries with moderate/severe symptoms74 tend to have 
decreased upper trapezius activation, although the in-
creased sternocleidomastoid activation observed in 
clinical population was not replicated by the experi-
mental pain studies included in this review. Conversely, 
systematic reviews on people with neck pain75 and in 
musicians with musculoskeletal disorders76 display no 
clear evidence of altered activation of the upper tra-
pezius, and individuals with shoulder impingement 
tend to have increased upper trapezius activation,77 

although no differences in upper trapezius muscle ac-
tivation during a shoulder flexion/abduction task were 
observed in swimmers with unilateral shoulder pain 
compared with healthy controls.15 With respect to the 
regional activation, a caudal redistribution of trapezius 
activation similar to that induced by experimental pain 
was observed in women with fibromyalgia.54 The ob-
served differences between muscle activation strategies 
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in clinical populations and those induced by experi-
mental pain are likely to depend on several factors, in-
cluding study design, task performed, pain location, 
pain duration, and psychological factors. 

The findings of this systematic review present some 
limitations. All studies included in this review utilized 
injections to induce experimental pain, which elicits 
tonic pain. Future studies should investigate whether 
the findings on cervical neuromuscular adaptations to 
experimental pain also apply to other experimental 
models, particularly movement-evoked pain models, 
which may more closely reflect clinical neck pain. Recent 
research has shown that movement-evoked pain models 
may induce different neuromuscular adaptations com-
pared with tonic pain.78,79 Furthermore, a limited 
number of studies explored cervical kinematic adapta-
tions to experimental pain, and there were significant 
inconsistencies across them in terms of the task, location 
of the nociceptive stimulus, and outcomes measured. 
Thus, future studies should explore kinematic altera-
tions in the cervical region induced by experimentally 
induced pain. Last, it is important to note that our main 
results predominantly apply to young adults, as only 3 
studies recruited participants with an average age 
higher than 30 years. 

In conclusion, this systematic review demonstrates 
that experimental pain induced in the neck region re-
sults in decreased or unchanged, but not increased, 
muscle activation. Activation of the upper trapezius 
decreased in response to pain, especially when pain was 
induced in, or more proximal to the upper trapezius 
muscle. In addition, a redistribution of muscle activation 
within the trapezius muscle was observed when pain 
was induced in the upper trapezius, however, none of 

these adaptations persisted after pain had ceased. The 
location of nociceptive stimulation, task performed, and 
intensity of the task partly explains the other limited 
and conflicting neuromuscular and kinematics adapta-
tions assessed. Collectively, the findings highlight per-
tinent factors that can influence motor adaptation to 
experimental pain and reveal some consistent neuro-
muscular adaptations to experimental pain. These 
findings further our understanding of how the central 
nervous system adapts to acute experimental cervical, 
shoulder, and orofacial pain, but these adaptations are 
only partially representative of muscle activation pat-
terns observed in clinical populations. 
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