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Effects of joint and nerve mobilisation on
neuroimmune responses in animals and humans
with neuromusculoskeletal conditions: a
systematic review and meta-analysis
Ivo J. Lutke Schipholta,b, Michel W. Coppietersa,c, Onno G. Meijera,d, Nefeli Tompraa, Rob B. M. de Vriese,
Gwendolyne G. M. Scholten-Peetersa,*

Abstract
Several animal and human studies revealed that joint and nerve mobilisations positively influence neuroimmune responses in
neuromusculoskeletal conditions. However, no systematic review andmeta-analysis has been performed. Therefore, this study aimed
to synthesize the effects of joint and nerve mobilisation compared with sham or no intervention on neuroimmune responses in animals
and humans with neuromusculoskeletal conditions. Four electronic databases were searched for controlled trials. Two reviewers
independently selected studies, extracted data, assessed the risk of bias, and graded the certainty of the evidence. Where possible,
meta-analyses using random effects models were used to pool the results. Preliminary evidence from 13 animal studies report
neuroimmune responsesafter joint andnervemobilisations. In neuropathic painmodels,meta-analysis revealed decreased spinal cord
levels of glial fibrillary acidic protein, dorsal root ganglion levels of interleukin-1b, number of dorsal root ganglion nonneuronal cells, and
increased spinal cord interleukin-10 levels. The 5 included human studies showed mixed effects of spinal manipulation on salivary/
serum cortisol levels in people with spinal pain, and no significant effects on serum b-endorphin or interleukin-1b levels in people with
spinal pain. There is evidence that joint and nervemobilisationspositively influence variousneuroimmune responses.However, asmost
findings are based on single studies, the certainty of the evidence is low to very low. Further studies are needed.

Keywords: Manual therapy, Neural mobilisation, Neurodynamics, Neuropathic pain, Cytokines, Neuroinflammation,
Nonpharmacological treatment

1. Introduction

Joint mobilisation and nerve mobilisation are common interven-
tions for neuromusculoskeletal conditions, such as back,62

neck,27 knee,93 shoulder,63 or radicular59 pain. Various possible

working mechanisms of joint and nerve mobilisations are

described, but aggregated evidence about the effects of joint

and nerve mobilisations on neuroimmune responses is

lacking.9,40,50,58,84,98

Neuroimmune responses are involved in the etiology and
pathophysiology of neuromusculoskeletal conditions.2,5,78 The
immune system and nervous system communicate using
common molecular signaling cues. Neuroimmune responses
are defined as processes or substances (such as neuropep-
tides, cytokines, gene expression, and hormones) involved in
interactions between the immune system and nervous sys-
tem.12 Microglia asmain immune cells in the nervous system are
responsive to nervous system injury and danger signals.73 They
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have connections with neuronal cell bodies and influence
synaps function.21 After nerve injury, several neuroimmune
responses occur within the neuraxis resulting in neuroinflam-
mation and neuromodulation.25,50,84,85 At the compression site,
injured axons and resident immune cells release inflammatory
mediators, such as cytokines, neuropeptides, neurotrophic
factors, reactive oxygen species, and chemokines. These
mediators orechstrate local neuroimmune responses, stimulate
recruitment of other immune cells, and promote the removal of
local debris.35,54,67,89 Remote from the actual lesion site,
resident immune cells in the dorsal root ganglion (DRG) and
spinal cord react to nerve injury, and their response is reinforced
by invading macrophages and T lymphocytes.81,94 Microglia
and astrocytes upregulate surface markers and receptors, such
as glial fibrillary acidic protein (GFAP), OX-42, and CD11b/c.5,14

Upregulation of immune regulating genes in the DRG and spinal
cord reflects the extent of both the recruitment and activity of
immune cells.20 The altered gene expression at the DRG results
in increased synthesis of peripheral receptors that further
sensitise the nociceptors, such as transient receptor potential
vanilloid receptor-1 (TRPV1).13

Neuroimmune responses can also be found in supraspinal
centres, such as the midbrain, thalamus, nucleus accumbens,
and prefrontal cortex, contributing to sensory, affective, and
cognitive aspects of neuromusculoskeletal pain.4 Using PET-
imaging, neuroinflammation has been revealed in several brain
areas of people with chronic low back pain3,43 and in the spinal
cord and neuroforamina in people with lumbar radiculopathy.2

There is accumulating evidence that neuroimmune responses not
only occur after nerve injury but also in other neuromusculoske-
letal conditions, such as knee52 and ankle95 inflammation. In
people with spinal pain, increased systemic levels of inflammatory
mediators have been demonstrated37,87 with elevated cytokine
production after in-vitro whole blood endotoxin stimulation.88

Neuroimmune responses seem to be the main drivers of
sensitisation within the neuraxis,14,34,64,78 and there is growing
evidence that joint and nerve mobilisations may influence these
neuroimmune responses.25,50,76 Nerve mobilisation facilitates
movement between the targeted peripheral nerve or nerve root
and its surrounding structures.16,17,44 The therapeutic aim of
nerve mobilisation is to use movement to restore the altered
homeostasis in and around the nerve.7,18 Joint mobilisation is
defined as passive movements applied to a joint complex (eg, the
joint and all associated soft tissues) with the intent to restore
optimal motion, function, and/or to reduce pain.70

Two reviews reported that spinal manipulation in humans
increased systemic levels of interleukins and cortisol,38 and
triggered the activation of the neuroimmunoendocrine system.15

However, both reviews included studies with healthy participants.
This has important limitations as neuroimmune responses may
differ in people with pathological conditions. One recent scoping
review summarised the physiological responses to manual
therapy in pain animal models,42 without critical appraisal of the
included studies and with only a narrative description of the
results.

Currently, no systematic review is available which summarises
the effects of joint mobilisation or nerve mobilisation on neuro-
immune responses in animals and humans with neuromuscu-
loskeletal conditions. Therefore, the aim of the present systematic
review was to identify, appraise, and synthesise the evidence for
neuroimmune responses after joint mobilisation or nerve mobi-
lisation compared with sham or no intervention in animals and
humans with neuromusculoskeletal conditions.

2. Methods

This systematic review is reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines.56 The protocol was registered at the
International Prospective Register of Systematic Reviews (PROS-
PERO), CRD42018094090.

2.1. Literature search

The authors designed the literature search strategies together
with a research librarian (Appendix A, available at http://links.lww.
com/PR9/A104). Medical databases were searched from in-
ception until June 2020 using PubMed, Embase, CINAHL, and
Web of Science. Reference lists of included articles, clinical trial
registries (clinicaltrials.gov), and open access dissertations were
also searched.

2.2. Study selection

The study selection was performed independently by 2 review
authors (from a pool of 3 review authors: N.T., I.L.S., and G.S.P.).
Differences in study selection between the 2 reviewers were
resolved by discussion, but when uncertainty remained, another
review author (M.W.C.) was consulted. Standardised forms were
used to screen the full text of studies thatmet the criteria based on
title and abstract. Conference articles were excluded.

Animal and human studies in neuromusculoskeletal conditions
were eligible when they assessed joint mobilisation (including joint
manipulation) or nerve mobilisation compared with a sham
intervention or no intervention. Studies which investigated joint
mobilisation or nervemobilisation as part of amultimodal intervention
were excluded. At least one outcome measure had to quantify a
neuroimmune response, such as levels of neuroinflammatory
markers, neurotrophins, neuropeptides, or cytokines.

2.3. Data extraction

Data were independently extracted by 2 review authors (from a pool
of 3 reviewers: I.L.S., N.T., and G.S.P.) using the Cochrane Data
ExtractionTemplate. A third reviewauthor (M.W.C.)wasconsulted in
case of uncertainty. The following data were extracted: (1)
methodological information, (2) participant information, (3) informa-
tion on pathology, (4) information on the intervention(s), (5) primary
outcome measures, and (6) secondary outcome measures. We
contacted the original authors in case ofmissing data. If no response
could be obtained, an on-screen digitizer (Universal Digitizer 3.8,
AVPSoft.com) was used to extract data from graphs.

2.4. Risk of bias assessment

Two review authors (from a pool of 3 reviewers: I.L.S., N.T., and
G.S.P.) independently assessed the risk of bias (RoB). For animal
studies, we used theRoB tool from the Systematic ReviewCentre
for Laboratory Animal Experimentation (SYRCLE) (Appendix B,
available at http://links.lww.com/PR9/A104).33 This instrument is
based on the RoB tool for human studies from the Cochrane
Collaboration and has been adapted for animal studies.30,33 The
RoBwas rated as high, unclear, or low.30 A summary assessment
of the RoB was based on the likelihood to seriously alter the
results.30 Differences between the 2 review authors were
resolved by discussion or with the assistance from a third review
author (M.W.C.).
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2.5. Data analysis and synthesis

The effects of joint mobilisation and nerve mobilisation on
neuroimmune responses are presented using effect sizes. Effect
sizes are expressed as standardised mean differences (SMDs)
and 95% confidence intervals (95% CIs) for continuous out-
comes. Meta-analyses for the animal and human studies were
performed when (1) heterogeneity was I2 , 40%23 and (2) the
outcome of interest was measured in the same anatomical
location. We present the results in forest plots and calculated a
pooled estimate if the neuroimmune response of interest was
measured in more than one study or in one study with more
groups,32 regardless of study population, condition, experimental
intervention, and type of control but not anatomical location.

2.6. Certainty of the evidence

Certainty of the evidence was described using GRADE for human
studies28,29 and the modified GRADE approach for animal
studies31 (Appendix C, available at http://links.lww.com/PR9/
A104).

3. Results

3.1. Literature search and selection

The literature search yielded 4801 articles. After removal of
duplicates, 2843 articles remained. After screening of titles
and abstracts, 39 articles remained. Eighteen articles
were included after full-text screening: 13 animal
studies22,24,25,49,50,65,68,72,75–77,84,85 and 5 human stud-
ies.45,61,74,90,96 Figure 1 presents the flowchart of the selection
process. The overall agreement for study inclusion was almost
perfect (kappa 5 0.95).

3.2. Description of study characteristics

The 13 animal studies compared nerve mobilisation,22,25,49,75–77

spinal mobilisation,65 spinal manipulation,24,84,85 and knee68 and
ankle50,72mobilisationwith no intervention or sham inmaleWistar
rats (n 5 98),22,24,25,49,50,68,75–77 Sprague–Dawley rats (n 5
26),84,85 Swiss mice (n5 16),72 and female Wistar rats (n5 6).65

Spinal manipulation and mobilisation was mimicked using an
activator-assisted spinal device24,84,85 or computer-controlled
feedback motor.65 Several models for neuropathic pain were
used, such as chronic constriction injury (CCI) to the sciatic
nerve,22,25,75–77 crush injury to the sciatic50 or median47,48,49

nerve, compression-decompression of the DRG,85 and injection
of inflammatory mediators within the intervertebral foramen.84

Ankle joint inflammation,68,69,83 chronic postischemia hind paw
pain,72 knee joint immobilisation,24 and nerve growth factor
(NGF)-induced back pain65 were also used. See Appendix D and
Appendix E for further details, available at http://links.lww.com/
PR9/A104.

A wide range of outcome measures was evaluated, namely,
neurotrophins (NGF,22,49,76 brain-derived neurotrophic factor
[BDNF]),25,49 cytokines (tumor necrosis factor [TNF]-a, IL-1b,
and IL-10),85 expression of opioid receptors (d-opioid, k-opioid,
and m-opioid),75,77 whole-genome expression,68 neuroinflam-
matory markers (astrocyte marker GFAP,25,50,76 microglial
markers CD11b/c,25,50 and/or OX-4225), nonneuronal cell
proliferation,84,85 substance-P,77 TRPV1,77 calcitonin gene–
related protein (CGRP),65 oxidative stress markers (lipid
hydroperoxide,24 nitric oxide metabolites,24 malondialde-
hyde,72 and carbonyl protein72), and antioxidant enzymes

(catalase activity,24,72 superoxide dismutase,24,72 and glutathi-
one peroxidase24). Moreover, the outcomes were measured at
different locations, such as in the serum, nerve, DRG, spinal
cord, and brain. The on-screen digitizer was used for extracting
data regarding cytokines,85 number of nonneuronal cells,84,85

GFAP,50 and CD11b/c50 with an almost perfect overall
agreement (kappa 5 0.95). Table 1 describes the study
characteristics of the animal studies.

The 5 included human trials (n 5 176) compared (1) spinal
manipulation with sham manipulation45,90,96 and with no in-
tervention,61,74 and (2) spinal mobilisation with sham manipula-
tion.90 The conditions were acute nonspecific low back pain,61,74

and acute45 and chronic90,96 nonspecific neck pain. Outcome
measures were plasma b-endorphin,74 serum IL-1b,96 se-
rum,45,61 and salivary cortisol levels.90 Table 2 describes the
study characteristics of each human study.

3.3. Effects of joint mobilisation and nerve mobilisation in
animal studies

3.3.1. Neuroinflammation markers

3.3.1.1. Microglia

After sciatic crush injury, ankle mobilisation resulted in a
decrease of CD11b/c in the spinal cord (1 study, n 5 10
animals, SMD:21.68, 95% CI 20.12 to23.23) compared with
no intervention.50 One study measured the effects of nerve
mobilisation in the CCI model and revealed that nerve
mobilisation decreased OX-42 protein levels in the thalamus
(ventral posterolateral nucleus [VPL]) (n 5 10 animals, SMD: 2
3.69, 95% CI 21.27 to 26.10) and in the midbrain (periaque-
ductal gray [PAG]) (n 5 10 animals, SMD: 26.47, 95% CI 2
10.32 to 22.62) (Fig. 2A).25

3.3.1.2. Astroglia

Pooled data revealed that joint and nervemobilisations compared
with no intervention decreased astrocyte marker GFAP in the
spinal cord in neuropathic pain models (pooled data, 2 studies, n
5 22 animals, SMD: 23.35, 95% CI 24.84 to 21.86) (Fig.
2B).50,76 Two studies investigated the effects of nerve mobi-
lisations in the CCI model and found reduced protein levels of
GFAP in the midbrain (PAG) (1 study, n 5 10 animals, SMD: 2
3.65, 95% CI 26.05 to 21.25), thalamus (VPL) (1 study, n 5 10
animals, SMD: 22.64, 95% CI 20.71 to 24.58), and DRG (1
study, n 5 10 animals, SMD: 22.99, 95% CI 21.14 to 24.84)
(Fig. 2A).25,76

3.3.1.3. Nonneuronal cells at the level of the dorsal root
ganglion

Pooled data revealed that spinal manipulation, compared with no
intervention, decreased the amount of nonneuronal cells
surrounding inflamed DRG in a neuropathic pain model (pooled
data, 2 studies, n5 14 animals, SMD:27.02, 95% CI211.11 to
22.93) (Fig. 2B).84,85

3.3.2. Neurotrophins

3.3.2.1. Nerve growth factor

Nerve mobilisation increased NGF protein levels in the sciatic
nerve22 (1 study, n5 12 animals, SMD: 6.26, 95% CI 3.00–9.51)

6 (2021) e927 www.painreportsonline.com 3

http://links.lww.com/PR9/A104
http://links.lww.com/PR9/A104
http://links.lww.com/PR9/A104
http://links.lww.com/PR9/A104
www.painreportsonline.com


decreased NGF levels in the DRG (L3-6)76 (1 study, n 5 12
animals, SMD:22.55, 95%CI24.24 to20.87) and did not affect
NGF levels at the spinal cord76 (1 study, n 5 12 animals, SMD:
20.45, 95%CI21.60–0.70) in aCCImodel (Fig. 3). In themedian
nerve compression model, differences in expression of median
nerve NGF mRNA could not be detected after median nerve
mobilisation compared with a no intervention group.49

3.3.2.2. Brain-derived neurotrophic factor

After treatment with nerve mobilisation, BDNF protein levels were
reduced in the midbrain (PAG) (1 study, n 5 10 animals, SMD:
22.66, 95%CI24.38 to20.94) and thalamus (VPL) (1 study, n5
10 animals, SMD:21.86, 95%CI23.32 to20.41) in a CCImodel
(Fig. 3).25 Another study did not detect nerve BDNF mRNA in a
median nerve compression model in the nerve mobilisation and
control groups.49

3.3.3. Neuropeptides

3.3.3.1. Substance P

Nerve mobilisation compared with no intervention resulted in a
reduction in substance-P levels at the DRG (1 study, n 5 12
animals, SMD:23.27, 95%CI25.22 to21.31) in a CCI model.77

3.3.3.2. Calcitonin gene–related protein

Lumbar spinal mobilisation compared with no intervention
resulted in a significant reduction in L1 and L2 CGRP positive
DRG neurons (1 study, L1 n 5 6 animals, SMD: 22.30, 95% CI
25.04 to 0.44; L2 n5 6 animals, SMD:22.94, 95% CI26.21 to
0.32) but not at R1 and R2 CGRP positive DRG neurons (1 study,
R1, n5 6 animals, SMD:21.71, 95%CI24.00 to 0.59; R2 n5 6
animals, SMD 20.79, 95% CI 22.56 to 0.98) in a low back pain
model.65

Figure 1. Flowchart of the literature selection.
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Table 1

Study characteristics included animal trials.

Author Study
design

Condition Animals Groups Mean age Male
(%)

Treatment Primary outcome

Ruhlen
201468

RCT Inflammatory ankle injury Sprague Dawley rats
N 5 3/group

E: KJM
C: NI

250–350 g 100 3 3 3 min KJM L4-L5 spinal cord whole
genome expression

Giardini
201825

NCT CCI Wistar rats
N 5 5/group

E: NM
C: NI

200–220 g 100 10 sessions NM GFAP
Thalamus
Midbrain

GFAP-IR
Thalamus
Midbrain

OX-42
Thalamus
Midbrain

OX-42-IR
Thalamus
Midbrain

BDNF
Thalamus
Midbrain

BDNF-IR
Thalamus
Midbrain

Santos
201475

NCT CCI Wistar rats
N 5 6/group

E: NM
C: NI

180–220 g 100 10 sessions NM DOR
PAG

KOR
PAG

MOR
PAG

Santos
201276

NCT CCI Wistar rats
N 5 6/group

E: NM
C: NI

180–220 g 100 10 sessions NM NGF
DRG L3-L6
S.C. L3-L6

NGF-IR
DRG L4

GFAP
DRG L3-L6
S.C. L3-L6

GFAP-IR
DRG L4

Da Silva
201522

NCT CCI Wistar rats
N 5 6/group

E: NM
C: NI

180–220 g 100 10 sessions NM NGF
Sciatic nerve

Santos
201877

NCT CCI Wistar rats
N 5 6/group

E: NM
C: NI

180–220 g 100 10 sessions NM Substance-P
DRG L4-L6

TRPV1
DRG L4-L6

DOR
DRG L4-L6

KOR
DRG L4-L6

MOR
DRG L4-L6

Martins
201150

NCT Sciatic nerve crush injury Wistar rats
N 5 5/group

E: AJM
C: NI

250–280 g 100 15 sessions AJM GFAP-IR*
Dorsal SC L4-L5

CD11b/c-IR*
Dorsal SC L4-L5

Marcioli
201849

NCT Median nerve compression Wistar rats
E: N 5 12
C: N 5 6

E: NM
C: NI

14 6 2 wk 100 1 or 3 minutes NM NGF-mRNA
Median nerve

BDNF-mRNA
Median nerve

Song
201685

NCT Compression–decompression of
the dorsal root ganglion

Sprague–Dawley rats
N 5 3–5/group
N 5 6/group for
cytokine analysis

E: ASMT
C: NI

200–250 g 100 10 sessions ASMT (L5-L6) Non-neuronal cells*
DRG L4-L5

TNF-a*
Serum
DRG L4-L5
SC L4-L5

IL-1b*
Serum
DRG L4-L5
SC L4-5

IL-10*

(continued on next page)
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3.3.4 Receptors

3.3.4.1. Opioid receptor expression

Nerve mobilisation increased protein levels of m-opioid receptors in
the DRG77 (1 study, n 5 12 animals, SMD: 18.60, 95% CI
9.45–27.74), but no effect was observed in the PAG75 (1 study, n5

12 animals, SMD: 21.27, 95% CI 22.56 to 0.02) in a CCI model
(Fig. 4). After nerve mobilisation, in a CCI model, increased k-opioid
and d-opioid receptor protein levels were observed in the PAG75 (1
study, k-opioid n 5 12 animals, SMD: 5.07, 95% CI 2.35–7.79;
d-opioid n 5 12 animals, SMD: 16.12, 95% CI 8.17–24.06), but
protein levels could not be detected in the DRG (Fig. 4).77

Table 1 (continued)

Study characteristics included animal trials.

Author Study
design

Condition Animals Groups Mean age Male
(%)

Treatment Primary outcome

Serum
DRG L4-5
SC L4-5

Song
200684

NCT Intervertebral foramen
inflammation

Sprague–Dawley rats
N 5 4/group

E: ASMT
C: NI

200–250 g 100 10 sessions ASMT (L5-L6) Non-neuronal cells*
DRG L5

Salgado
201972

NCT Chronic postischemia model Swiss mice
N 5 8/group

E: AJM
C: NI

25–35 g 100 10 sessions AJM Malondialdehyde
Hind paw muscle

Carbonyls protein
Hind paw muscle

Superoxide dismutase
Hind paw muscle

Catalase
Hind paw muscle

Duarte
201924

NCT Knee joint immobilisation Wistar rats
N 5 6/group

E: ASMT
C1:
ASMT-
sham
C2: NI

200–300 g 100 9 sessions ASMT or
ASMT-sham (L4-L5)

Lipid hydroperoxides
Plasma

Nitric oxide
Plasma

Superoxide dismutase
Red blood cells

Glutathione peroxidase
Red blood cells

Catalase
Red blood cells

Reed
202065

NCT NGF-induced trunk hyperalgesia Sprague–Dawley rats
N 5 3/group

E: MSM
C: NI

187–270 g 0 12 sessions of MSM Calcitonin gene related
protein
DRG L1-L6

*Data extracted using a digital ruler.

AJM, ankle joint mobilisation; ASMT, activator-assisted spinal manipulation (also called mimicked spinal manipulation); BDNF, brain-derived neurotrophic factor; BDNF-IR, BDNF immunoreactivity; C, control group; CCI, chronic

constriction injury; CD11b/c, microglial marker; CD11b/c-IR, CD11b/c immunoreactivity; DOR, d-opioid receptor; E, experimental intervention; g, gram; GFAP, glial fibrillary acidic protein; GFAP-IR, GFAP immunoreactivity; IL-

10, interleuking-10; IL-1b, interleukin-1b; KJM, knee joint mobilisation; KOR, k-opioid receptor; MOR, m-opioid receptor; mRNA, messenger ribonucleic acid; MSM, motorised spinal mobilisation; NCT, nonrandomised

controlled trial; NGF, nerve growth factor; NGF-IR, NGF immunoreactivity; NI, no intervention; NM, nerve mobilisation; OX-42, microglia marker; OX-42-IR, OX-42 immunoreactivity; PAG, periaqueductal gray; RCT, randomised

controlled trial; TNF-a, tumor necrosis factor-a.

Table 2

Study characteristics included human trials.

Author Study
design

Population Numbers Groups Mean age (years) Male (%) Primary outcome

Sanders
199074

RCT Acute low back pain N 5 6/
group

E: LSM L4/L5/
S1
C: NI

Males 41 6 13.9
Females 33 6 8.6

Not reported per
group

b-endorphin
Plasma 5 min after
Plasma 20 min after

Padayachy
201061

RCT Acute low back pain N 5 15/
group

E: LSM
C: NI

18–35 y (range) 100 Cortisol
Serum

Lohman
201845

RCT Acute nonspecific neck
pain

E: N 5 13
C: N 5 15

E: CSM
C: sham

33.4 6 7.2 0 Cortisol
Serum

Valera-Calero90 RCT Chronic nonspecific neck
pain

E1: N 5 28
E2: N 5 28
C: N 5 28

E1: CSM
E2: CM
C: sham

E1: 35.64 6 8.11
E2: 37.25 6 10.54
C: 36.96 6 8.89

E1: 43
E2: 36
C: 36

Cortisol
Salivary

Zemadanis
201996

RCT Chronic nonspecific neck
pain

E: N 5 11
C: N 5 11

E: TSM
C: sham

E: 40 6 12
C: 44.7 6 14

E: 73
C: 55

Interleukin-1b
Serum 20 min after 1 session
Serum after 9 sessions in 3

weeks

C, control group; CM, cervical mobilisation; CSM, cervical spinal manipulation; E, experimental intervention group; LSM, lumbar spinal manipulation; NI, no intervention; RCT, randomized controlled trial; TSM, thoracic spinal

manipulation.
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3.3.4.2. Transient receptor potential vanilloid 1 expression

Nervemobilisations in a CCI model decreased DRG TRPV1 levels
compared with no intervention (one study, n5 12 animals, SMD:
26.17, 95% CI 29.39 to 22.95).77

3.3.5. Cytokines

3.3.5.1. Serum levels of tumor necrosis factor-a, IL-1b, and IL-10

Serum levels did not change significantly after spinal manipulation
(pooled data, 1 study, 2 interventions, n5 18 animals) for TNF-a
(SMD: 0.09, 95% CI 20.89 to 1.07), IL-1b (SMD: 0.24, 95% CI
20.75 to 1.23), and IL-10 (SMD: 0.36, 95% CI 20.63 to 1.36)
(Fig. 5A) compared with no intervention in a compression-
decompression DRG model.85

3.3.5.2. DRG levels of tumor necrosis factor-a, IL-1b, and IL-10

Treatment with spinal manipulation (pooled data, 1 study, 2
interventions, n 5 18 animals) showed reduced levels of the

proinflammatory cytokine IL-1b (SMD: 25.52, 95% CI 28.12 to
22.92) in the DRG compared with no intervention in a
compression–decompression DRG model and no significant
changes in TNF-a (SMD:20.29, 95% CI21.28 to 0.70) or IL-10
(SMD: 0.02, 95% CI 21.01 to 0.98) (Fig. 5B).85

3.3.5.3. Spinal cord levels of tumor necrosis factor-a, IL-1b,
and IL-10

Spinal manipulation (pooled data, 1 study, 2 interventions, n5 18
animals) increased spinal cord IL-10 levels (SMD: 6.47, 95% CI
3.46–9.48) in a compression–decompression DRG model com-
pared with no intervention but did not change TNF-a (SMD: 0.40,
95%CI20.60 to 1.40) and IL-1b (SMD:20.01, 95%CI20.99 to
0.97) (Fig. 5C) levels at the spinal cord.85

3.3.6. Whole-genome expression

No significant differences were found in whole-genome expres-
sion at the L4-L5 spinal cord in rats with an inflammatory ankle

Figure 2. Forest plot for neuroinflammatory markers. 2A. Forest plot for microglia markers OX-42 and CD11b/c and astroglia marker GFAP. Favours experimental
implies a reduction inmicroglia markers. (1) Number of OX-42 levels in PAG in the CCI model after several sessions of neural mobilisation (experimental) compared
with no intervention (control). (2) Number of OX-42 levels in the thalamus in the CCI model after several sessions of neural mobilisation (experimental) compared
with no intervention (control). (3) CD11b/c immunoreactivity in the spinal cord L4-5 in crush injury after several sessions of ankle mobilisation (experimental)
compared with no intervention (control). Favours experimental implies a reduction in astrocyte GFAP. (4) GFAP protein levels in PAG in the CCI model after several
sessions of neural mobilisation (experimental) compared with no intervention (control). (5) GFAP protein levels in the thalamus in the CCI model after several
sessions of neural mobilisation (experimental) comparedwith no intervention (control). (6) GFAP immunoreactivity in the spinal cord L4-5 in crush injury after several
sessions of ankle mobilisation (experimental) compared with no intervention (control). (7) GFAP protein levels in the spinal cord after several sessions neural
mobilisation (experimental) compared with no intervention (control). (8) GFAP protein levels in DRG after several sessions neural mobilisation (experimental)
compared with no intervention (control). 2B: Forest plot for GFAP and number of nonneuronal cells surrounding the DRG. Favours experimental implies that
astrocyte marker GFAP in the spinal cord of these animal models of nerve injury is reduced after joint and nerve mobilisations (experimental) compared with no
intervention (control). (1) GFAP immunoreactivity in the spinal cord L4-5 in crush injury after several sessions of ankle mobilisation (experimental) compared with no
intervention (control). (2) GFAP protein levels in the spinal cord after several sessions of neural mobilisation (experimental) compared with no intervention (control).
Favours experimental implies a reduction in the number of nonneuronal cells surrounding the DRG. (3) Number of nonneuronal cells surrounding DRG in
intervertebral foramen inflammation. Activator-assisted spinal manipulation (ASMT; experimental) compared with no intervention (control). (4) Number of
nonneuronal cells surrounding the DRG in compression–decompression of the dorsal root ganglion model after ASMT (experimental) compared with no
intervention (control). CCI, chronic constriction injury; DRG, dorsal root ganglion; GFAP, glial fibrillary acidic protein.
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injury after knee joint mobilisation compared with no
intervention.68

3.3.7. Oxidative stress markers

Spinal manipulation compared with no intervention and sham
spinal manipulation did not resulted in reduced levels of lipid
hydroperoxide (pooled data, 1 study, 2 control groups, n 5 18
animals, SMD: 21.08, 95% CI 22.19 to 0.03) and nitric oxide
metabolites (pooled data, 1 study, 2 control groups, n 5 18
animals, SMD: 20.25, 95% CI 21.24 to 0.73) (Fig. 6) in a knee
joint immobilisation model.24 The levels of hind paw muscle
malondialdehyde (1 study, n5 16 animals, SMD:21.23, 95% CI
22.32 to20.13) and carbonyl proteins (1 study, n5 16 animals,
SMD: 1.44, 95% CI 22.58 to 20.30) were reduced in a chronic
postischemia model after ankle joint mobilisation compared with
no intervention.72

3.3.8. Antioxidant enzymes

Ankle mobilisation compared with no intervention resulted in
increased muscle catalase activity (1 study, n 5 16 animals,
SMD: 1.58, 95% CI 0.41–2.74) but did not influence muscle
SOD activity (1 study, n 5 16 animals, SMD: 0.99, 95%CI
20.07 to 2.05) in a chronic postischemia model.72 Catalase
activity in red blood cells (pooled data, 1 study, 2 control
groups, n 5 18 animals, SMD: 21.34, 95% CI 22.50 to
20.18) (Fig. 7) were reduced after spinal manipulation
compared with no intervention and sham spinal manipula-
tion.24 Superoxide dismutase (pooled data, 1 study, 2 control
groups, n 5 18 animals, SMD 20.24, 95% CI 21.23 to 0.75)
and glutathione peroxidase (pooled data, 1 study, 2 control
groups, n 5 18 animals, SMD 20.86, 95% CI 22.10 to 0.38)
(Fig. 7) in red blood cells were not changed after spinal
manipulation compared with no intervention and sham spinal
manipulation in a knee joint immobilisation model.24

Figure 3. Forest plot for neurotrophins. Favours experimental implies a reduction in NGF levels. (1) Number of NGF protein levels in the DRG in the CCI model after
several sessions of neural mobilisation (experimental) comparedwith no intervention (control). (2) Number of NGF protein levels in the sciatic nerve in the CCImodel
after several sessions of neural mobilisation (experimental) compared with no intervention (control). (3) Number of NGF protein levels in the spinal cord in the CCI
model after several sessions of neural mobilisation (experimental) compared with no intervention (control). (4) Number of NGF mRNA levels in the median nerve in
median nerve compression model after several sessions of neural mobilisation (experimental) compared with no intervention (control). Favours experimental
implies a reduction in BDNF levels. (5) Number of BDNF protein levels in the thalamus in the CCI model after several sessions of neural mobilisation (experimental)
compared with no intervention (control). (6) Number of BDNF protein levels in the PAG in the CCI model after several sessions of neural mobilisation (experimental)
compared with no intervention (control). (7) Number of BDNF mRNA levels in the median nerve in the median nerve compression model after several sessions of
neural mobilisation (experimental) compared with no intervention (control). BDNF, brain-derived neurotrophic factor; CCI, chronic constriction injury; DRG, dorsal
root ganglion; NGF, nerve growth factor.

Figure 4. Forest plot for opioid receptor levels. Favours experimental implies an increase in m-opioid receptor. (1) Number ofm-opioid receptor protein levels in the
PAG in the CCI model after several sessions of neural mobilisation (experimental) compared with no intervention (control). (2) Number of m-opioid receptor protein
levels in the DRG in the CCI model after several sessions of neural mobilisation (experimental) compared with no intervention (control). Favours experimental
implies an increase in k-opioid receptor. (3) Number of k-opioid receptor protein levels in the PAG in the CCI model after several sessions of neural mobilisation
(experimental) comparedwith no intervention (control). (4) k-opioid receptor protein levels could not be detected in the DRG in the CCImodel after several sessions
of neural mobilisation (experimental) and no intervention (control). Favours experimental implies an increase in d-opioid receptor. (5) Number of d-opioid receptor
protein levels in the PAG in the CCI model after several sessions of neural mobilisation (experimental) compared with no intervention (control). (6) d-opioid receptor
protein levels could not be detected in the DRG in the CCI model after several sessions of neural mobilisation (experimental) and no intervention (control). CCI,
chronic constriction injury; DRG, dorsal root ganglion; PAG, periaqueductal gray.
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Figure 5. Forest plot for cytokines. (A) Forest plot for serum cytokine levels. Favours experimental implies a reduction in serum cytokines levels. (1-3-4) Serum
cytokine levels in compression–decompression of the dorsal root ganglion model after several sessions of activator-assisted spinal manipulation (ASMT-1: force
setting 1; experimental) compared with no intervention (control). (2-4-6) Serum cytokine levels in compression–decompression of the dorsal root ganglion model
after several sessions of activator-assisted spinal manipulation (ASMT-2: force setting 2; experimental) compared with no intervention (control). (B) Forest plot for
DRG cytokine levels. Favours experimental implies a reduction in DRG cytokines levels. (1-3-4) DRG cytokine levels in compression–decompression of the dorsal
root ganglion model after several sessions of activator-assisted spinal manipulation (ASMT-1: force setting 1; experimental) compared with no intervention
(control). (2-4-6) DRG cytokine levels in compression–decompression of the dorsal root ganglion model after several sessions of activator-assisted spinal
manipulation (ASMT-2: force setting 2; experimental) compared with no intervention (control). (C) Forest plot for spinal cord cytokine levels. Favours experimental
implies an increase in cytokines levels. (1-3-4) Spinal cord cytokine levels in compression–decompression of the dorsal root ganglion model after several sessions
of activator-assisted spinal manipulation (ASMT-1: force setting 1; experimental) compared with no intervention (control). (2-4-6) Spinal cord cytokine levels in
compression–decompression of the dorsal root ganglion model after several sessions of activator-assisted spinal manipulation (ASMT-2: force setting 2;
experimental) compared with no intervention (control). DRG, dorsal root ganglion.
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3.3.9. Secondary outcomes

Among the 13 animal studies, 9 studies22,24,25,50,65,72,76,84,85

described joint and/or nerve mobilisation-induced morphological
and behavioural changes (Appendix G, available at http://links.lww.
com/PR9/A104). In neuropathic pain models, nerve morphology
parameters (nerve and axon diameter and myelin sheath thickness)
22,25,50,84,85 and myelin protein zero22 were increased after joint and
nerve mobilisations. Moreover, there was an increase in nociceptive
withdrawal thresholds,50,76,84,85 reduced DRG neuron excitabil-
ity,84,85 andmarkersof neural activity (c-Fos,PKC-g)85were reduced.
Finally, nerve mobilisation compared with no intervention resulted in
higher scores on functional measurements (tetanic muscle force,
sciatic functional index, andstatic functional index).22,50,85 In theother
neuromusculoskeletal conditions (postischemia and low back pain),
joint mobilisation increased the nociceptive withdrawal thresh-
olds.65,72 Themechanicalwithdrawal thresholddidnotdiffer between
spinal manipulation compared with sham manipulation and with no
intervention in the knee joint immobilisation model, although
functional measurements improved.24

3.4. Effects of joint mobilisation and nerve mobilisation in
human studies

3.4.1. Cortisol

Three studies (n5 140 patients) assessed the change in cortisol
immediately after joint mobilisation or manipulation in people

with back and/or neck pain (Fig. 8).45,61,90 However, data could
not be pooled because of high heterogeneity. A study in people

with acute neck pain did not find a significant effect of cervical

spinal manipulation on serum cortisol compared with a sham

manipulation (1 study, n 5 28 patients, SMD: 0.001, 95% CI 2
0.74 to 0.74).45 In people with acute back pain, lumbar spinal

manipulation increased the levels of serum cortisol to no

intervention (data could not be retrieved).61 In people with

chronic neck pain, cervical manipulation (1 study, n 5 54

patients, SMD: 14.86, 95% CI 11.9–17.82) and cervical

mobilisation (1 study, n 5 54 patients, SMD: 9.36, 95% CI

7.45–11.27) increased salivary cortisol immediately after treat-

ment compared with sham treatment.90

Figure 6. Forest plot for oxidative stress markers. Favours experimental implies a reduction in lipid hydroperoxides. (1) Lipid hydroperoxides activity in red blood
cells after several sessions of spinal manipulation (experimental) compared with sham (control). (2) Lipid hydroperoxides activity in red blood cells after several
sessions of spinal manipulation (experimental) compared with no intervention (control). Favours experimental implies a reduction in nitric oxide metabolites. (3)
Nitric oxide metabolites levels in plasma after several sessions of spinal manipulation (experimental) compared with sham (control). (4) Nitric oxide metabolites
levels in plasma after several sessions of spinal manipulation (experimental) compared with no intervention (control).

Figure 7. Forest plot for antioxidant enzymes. Favours experimental implies a reduction in catalase. (1) Catalase activity in red blood cells after several sessions of
spinal manipulation (experimental) compared with sham (control). (2) Catalase activity in red blood cells after several sessions of spinal manipulation (experimental)
compared with no intervention (control). Favours experimental implies a reduction in glutathione peroxidase. (3) Glutathione peroxidase activity in red blood cells
after several sessions of spinal manipulation (experimental) compared with sham (control). (4) Glutathione peroxidase activity in red blood cells after several
sessions of spinal manipulation (experimental) compared with no intervention (control). Favours experimental implies a reduction in superoxide dismutase. (5)
Superoxide dismutase activity in red blood cells after several sessions of spinal manipulation (experimental) compared with sham (control). (6) Superoxide
dismutase activity in red blood cells after several sessions of spinal manipulation (experimental) compared with no intervention (control).
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3.4.2. Plasma b-endorphin

Lumbar spine manipulation did not change plasma b-endorphins
levels in people with acute back pain.74

3.4.3. Serum interleukin- 1b

The levels of IL-1b did not differ 20-minutes after a single session
(1 study, n5 22 patients, SMD:20.36, 95% CI21.20 to 0.49) of
spinal manipulation compared with sham in chronic neck pain
patients.96 However, a trend was observed that spinal manipu-
lation reduced the levels of IL-1b (1 study, n5 22 patients, SMD:
20.80, 95% CI 21.68 to 0.07) compared with sham after an
intervention period of 3 weeks.96

3.4.4. Secondary outcome

Two of 3 studies did find a reduction in pain intensity after joint
manipulation compared with control.74,96 Another study did not
find significant differences in pain intensity and pressure pain
thresholds after joint manipulation compared with sham
intervention.46

A full description of the quantitative results for the animal and
human neuroimmune responses after joint and nerve mobilisa-
tions in comparison with the control intervention can be found in
Appendix G (available at http://links.lww.com/PR9/A104).

3.5. Adverse events

None of the animal or human studies reported adverse events.

3.6. Risk of bias

Risk of bias for all animal studies was unclear because of lack of
reporting or performance (Fig. 9). Only 3 animal studies reported
that the outcome assessor was blinded for group assignment and
were therefore graded as low risk of detection bias.50,65,85 There
was a high risk of performance bias because of lack of blinding of
those who provided the treatment.22,24,25,49,50,65,68,72,75–77,84,85

Five studies were graded as high risk of other bias as the control
group did not receive anesthesia whereas the experimental group
did.22,25,75–77 Five other studies were graded as unclear risk of
other bias as the control and experimental group received
anesthesia during the intervention, a possible example of
cointervention bias.49,50,65,68,72

Four human studies had low RoB,61,74,90,96 and 1 was
unclear45 (Fig. 10). All human studies had high risk of
performance bias as the health care practitioner could not be
blinded. Information regarding allocation concealment, sample
size calculation, and trial registration was unclear and potentially
resulted in high levels of bias.45,61,74,96 The interrater agreement

for the RoB assessment was (nearly) perfect (kappa5 0.93 for the
animal studies and kappa 5 1.0 for the human studies).

3.7. Certainty in the evidence

The neuroimmune responses (GFAP and nonneuronal cells) used
in the meta-analysis were graded as consistent and precise
based on the overlap between confidence intervals, magnitude,
and direction of effect. All other animal neuroimmune responses
were graded as inconsistent and imprecise because these were
studied in single trials. Indirectness was graded as a serious
limitation in most studies,22,24,25,50,65,72,75–77,84,85 mostly be-
cause the used animal models were likely to be more severe (eg,
more axonal damage than human compression neuropa-
thies).79,80 All other items for the certainty assessment were
graded as unclear.

For the human studies, there was high heterogeneity between
studies45,61,90 for cortisol (I2 . 90), so we decided not to pool
results.29 All human neuroimmune responses were studied in
single trials and could therefore be labeled as inconsistent and
imprecise, resulting in very low certainty in the ev-
idence.45,61,74,90,96 GRADE results are summarised in Appendix
F (available at http://links.lww.com/PR9/A104).

4. Discussion

Most studies22,24,25,50,61,65,72,75–77,84,85,90,96 assessed the ef-
fects of joint mobilisation and nerve mobilisation on distinct
biomarkers, providing a broad description of possible neuro-
immune responses primarily in animal models of neuropathic pain
and human spinal pain (Appendix D, available at http://links.lww.
com/PR9/A104). Eleven22,24,25,50,65,72,75–77,84,85 of the 13 animal
studies identified significant changes in at least one neuroimmune
response after joint and nerve mobilisations compared with the
control intervention. For the human studies, 261,90 of 5 studies
reported an increase in cortisol after joint mobilisation. Four-
teen22,24,25,45,49,65,68,72,75,77,85,90,96 of 18 studieswere published
in the last 5 years. This reflects the growing interest in the effects
of joint mobilisation and nerve mobilisation on neuroimmune
responses in recent years.

The first important finding of this systematic review was that
joint mobilisation and nerve mobilisation may attenuate DRG
neuroinflammation as observed by reduced levels of proinflam-
matory cytokine IL-1b and a reduction in nonneuronal cells
surrounding the DRG.84,85 Interleukin-1b can be considered as a
key mediator in the crosstalk between glial cells and neurons in
neuropathic pain, as production of Il-1b is part of complex
signalling cascades resulting in hyperalgesia and enhanced
neuronal responses.6,66 The proliferation of nonneuronal cells
surrounding the DRG is together with the activation of other glial

Figure 8. Forest plot for human cortisol. Favours experimental implies an increase in cortisol levels. (1) Levels of serum cortisol levels in acute nonspecific
mechanical neck pain after a single cervical spinal manipulation (experimental) compared with a sham cervical manipulation (control). (2) Levels of salivary cortisol
levels in chronic nonspecific mechanical neck pain after a single cervical spinal mobilisation (experimental) compared with a sham cervical manipulation (control).
(3) Levels of salivary cortisol levels in chronic nonspecific mechanical neck pain after a single cervical spinal manipulation (experimental) compared with a sham
cervical manipulation (control). (4) Levels of serum cortisol levels in acute nonspecific mechanical low back pain after a single lumbar spinal manipulation
(experimental) compared with no intervention (control) (data could not be retrieved).
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cells and the production of inflammatory mediators a hallmark of
DRG neuroinflammation.34,94 Therefore, the reduction in non-
neuronal cells surrounding the DRG can be considered as an
attenuation in DRG neuroinflammation. Yet, it is currently unclear
how DRG neuroinflammation represents changes in the supra-
spinal encoding of pain.13

The second important finding of this systematic review was at
the level of the spinal cord, where there is a reduction in astrocyte
marker GFAP and an increase of anti-inflammatory IL-10 after
joint and nerve mobilisations compared with no interven-
tion.50,76,85 Astrocytes perform numerous functions, such as
neurotransmitter recycling, contributing to the formation of the
blood–brain barrier, regulation of extracellular ion concentration,
and modulation of synaptic transmission, among many others.34

Nerve injury may induce reactive astrogliosis that leads to en-
hanced nociception.41 For example, after nerve injury, astrocytes
lose their ability to maintain the homeostatic concentration of
extracellular potassium (K1) and glutamate, leading to neuronal
hyperexcitability.35 A reduction of astrocyte GFAPmight reinstate
the normal function of spinal astrocytes and a reduction of

astrogliosis and spinal neuroinflammation. An increase of the
endogenous cytokine IL-10 in the spinal cord was found after
spinal manipulation compared with no intervention.85 Anti-
inflammatory Il-10 exerts a wide spectrum of regulatory activities
in neuroimmune crosstalk after nerve injury and plays an
important role in controlling glial proinflammatory products that
act to enhance nociceptive transmission.53,57,82,97

In the human studies, an increase in serum and salivary cortisol
concentration was revealed directly after joint mobilisation and/or
manipulation in patients with chronic neck90 and back61 pain. In
acute neck pain, cervical spinal manipulation did not reveal
significant differences in serum cortisol compared with sham
treatment.45 These findings are in contrast with a recent review
which concluded that there was moderate evidence that cortisol
levels were higher after spinal manipulation compared with
control immediately after intervention.38 These differences could
be explained by the included study populations (healthy
participants vs patients with musculoskeletal disorders) and
differences in treatment instruction.39,46 Patients might respond
differently compared with healthy participants because of
hypothalamic–pituitary–adrenal (HPA) axis dysfunction.91 In
acute pain, higher cortisol levels may be associated with lower
pain intensity.1 HPA-axis function in chronic pain, including the
direction (hyperexpression or hypoexpression) of cortisol is
however still unclear.60 In addition, the interpretation of an
immediate increase in cortisol after joint mobilisation or manip-
ulation is still unclear.71

Figure 9. Risk of bias overview for the animal studies. Symbols: ?: unclear risk
of bias, 2: high risk of bias, and 1: low risk of bias.

Figure 10. Risk of bias overview for the human studies. Symbols: ?: unclear
risk of bias, 2 high risk of bias, and 1: low risk of bias.
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Ten22,24,49,50,65,72,75,76,84,85 of the 13 animal studies and
374,90,96 of 5 human studies revealed that the neuroimmune
responses were accompanied by several morphological, behav-
ioural, and functional improvements. These improvements could
imply tissue healing, functional recovery, and reduced pain
intensity after joint and nerve mobilisations in animal neuropathic
pain conditions.

4.1. Limitations and recommendations

Several limitations should be noted when interpreting the findings of
the current systematic review and meta-analyses. Neuroimmune
responses seem tobe themaindrivers of alteredhomeostasis in joint
and nerve pathology.12,14,34,51,64 The review focused on treatment
approaches that aim to directly target these structures, such as joint
mobilisation and nerve mobilisation. Therefore, other soft-tissue
techniques which are not directly aimed at these structures were
excluded, although they may have neuroimmunomodulatory
effects.8,10,11,19 To gain insight into the mechanisms of action, the
search and selection criteria for the study designwere stringent, and
only controlled trials for neuromusculoskeletal conditions were
included. Broad search and selection criteria were formulated for
neuroimmune responses to ensure all studied neuroimmune
responses were included.

A limitednumber of animal andhumanstudieswere included, and
these trials studied a wide range of neuroimmune responses.
Summarising the data quantitatively in ameta-analysiswas therefore
difficult for most neuroimmune responses.We used SYRCLE’s RoB
tool to assess the quality of the studies.33 The RoB was unclear for
most studies. Methodological weaknesses in the included animal
studies were observed, such as the experimental design, perfor-
mance, and reporting methods. Most neuroimmune responses
were investigated in single trials resulting in limitations such as
inconsistency and imprecision.22,24,25,50,65,68,72,75–77,84,85 For the
animal neuroimmune responses, an overall judgement in rating the
certainty of the evidence was not possible because it is currently
unknown how the 8 factors of GRADE should be weighted in the
overall rating in the evidence.31

Future studies need to be more transparent in their
methodology and adequately report study details conform the
ARRIVE guidelines.36 In addition to improved study designs,
future trials need to take into account potential confounding
effects of anesthetic drugs during the intervention. In most of the
included animal studies,22,25,50,65,68,72,75–77 the animals in the
experimental group inhaled anesthetic drugs during the in-
tervention which is known to have immunomodulatory ac-
tions.26,92 One study reported that the induced nerve injury
combined with the anesthetic isoflurane resulted in an upregu-
lation of CD11b/c and GFAP in the spinal cord compared with
the nerve injury condition without isoflurane.50 Two studies used
isoflurane,75,77 and 3 studies used halothane22,25,76 as an
anesthetic drug during joint mobilisation and nerve mobilisation
without administering the anesthesia to the control group, which
might have confounded the results. The lack of long-term
effects of joint and nerve mobilisations on neuroimmune
responses can be considered as a limitation. Results of
long-term neuroimmune effects may increase extrapolation
to human conditions. Finally, 12 animal
studies22,24,25,49,50,68,72,75–77,84,85 and 1 human study61 in-
cluded only males. Consequently, the results may not be
extrapolated to females, thereby limiting the translational
potential.55 In particular, because sex differences in the immune
system might be related to hypersensitivity and pain.86
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