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Background: Pain and body perception are essentially two subjective mutually

influencing experiences. However, in the field of musculoskeletal disorders and rheumatic

diseases we lack of a comprehensive knowledge about the relationship between

body perception dysfunctions and pain or disability. We systematically mapped the

literature published about the topics of: (a) somatoperception; (b) body ownership;

and (c) perception of space, analysing the relationship with pain and disability. The

results were organized around the two main topics of the assessment and treatment

of perceptual dysfunctions.

Methods: This scoping review followed the six-stage methodology suggested by

Arksey and O’Malley. Ten electronic databases and grey literature were systematically

searched. The PRISMA Extension for Scoping Reviews was used for reporting results.

Two reviewers with different background, independently performed study screening

and selection, and one author performed data extraction, that was checked by a

second reviewer.

Results: Thirty-seven studies fulfilled the eligibility criteria. The majority of studies (68%)

concerned the assessment methodology, and the remaining 32% investigated the effects

of therapeutic interventions. Research designs, methodologies adopted, and settings

varied considerably across studies. Evidence of distorted body experience were found

mainly for explicit somatoperception, especially in studies adopting self-administered

questionnaire and subjective measures, highlighting in some cases the presence of

sub-groups with different perceptual features. Almost half of the intervention studies

(42%) provided therapeutic approaches combining more than one perceptual task, or

sensory-motor tasks together with perceptual strategies, thus it was difficult to estimate

the relative effectiveness of each single therapeutic component.
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Conclusions: To our knowledge, this is the first attempt to systematically map and

summarize this research area in the field of musculoskeletal disorders and rheumatic

diseases. Although methodological limitations limit the validity of the evidence obtained,

some strategies of assessment tested and therapeutic strategies proposed represent

useful starting points for future research. This review highlights preliminary evidence,

strengths, and limitations of the literature published about the research questions,

identifying key points that remain opened to be addressed, and make suggestions for

future research studies. Body representation, as well as pain perception and treatment,

can be better understood if an enlarged perspective including body and space perception

is considered.

Keywords: musculoskeletal disorders, rheumatic diseases, chronic pain, somatoperception, body perception,

body representation, body ownership, scoping review

INTRODUCTION

The body is a unique multisensory object (Longo et al.,
2008a) integrating a large variety of inputs both from the
outside and from within the body (Gallace and Spence, 2008),
thus offering the opportunity for a better interaction with
the complex surrounding world (Medina and Coslett, 2016a).
We can experience our own body through the basic somatic
sensations of touch, warmth, cold, proprioception, nociception
and itch coming from peripheral receptors to central specific
cortical areas (somatosensation). However, our body interaction
with the surrounding world is also made by more rich and
complex experiences, as the estimation of body size and
shape, or the perception of body parts localization in external
space (somatoperception) (Taylor-Clarke et al., 2004; Longo and
Haggard, 2010) for which there are no specialized sensory
receptors. The achievement of this more sophisticated perceptual
experience requires moving beyond pure somatosensation to a
higher-order level of neural machinery in which a combination
of somatic information converges in associative areas (Murata
and Ishida, 2007; Murata et al., 2016) to produce a multimodal
representation of the body as a whole (the so called body matrix)
(Moseley et al., 2012). This “on line” organization of somatic
information is checked for congruence against internal body
models (somatorepresentations) (Schwoebel and Coslett, 2005; de
Vignemont, 2007; Carruthers, 2008; Tsakiris and Fotopoulou,
2008; Berlucchi and Aglioti, 2010; Longo, 2015; Medina and
Coslett, 2016a): if the “on line” representation does not match
(Azañón and Haggard, 2009) the “off line” body memory
(Riva, 2018) we experience a body incoherence, from which
misperceptions and bodily illusions may arise.

Abbreviations: 2-PET, 2-Point Estimation Task; BO, Body Ownership; BID,

Body Image Drawing; CLBP, Chronic Low Back Pain; CNP, Chronic Neck

Pain; CRAF, Computerized Rod And Frame test; CRPS, Complex Regional

Pain Syndrome; FreBAQ, Fremantle Back Awareness Questionnaire; FreKAQ,

Fremantle Knee Awareness Questionnaire; MDRDs, Musculoskeletal Disorders

and Rheumatic Diseases; MNss, Motor-Neglect sub-scale; NLSQ, Neglect-Like

Symptoms Questionnaire; PTP, Point-to-Point; RHI, Rubber Hand Illusion; SoP,

Somatoperception; SpP, Space Perception; SVV, Subjective Visual Verticality; SVH,

Subjective Visual Horizontality; WAD, Whiplash Associated Disorders.

In addition, as a part of our body interaction with the
surrounding world, how we experience our own’s body relates
also to our sense of self, understood as the perceptual feeling
that a body part belong to us (ownership), and is under our
own control (agency) (Tsakiris et al., 2006; Longo et al., 2008a).
Internal mental representation of the body includes the shape
and contours of own body, the perceived location of body parts,
and the boundaries between them and external objects. Body
ownership and body agency can be tested experimentally through
the Rubber Hand Illusion (RHI) paradigm (Botvinick and Cohen,
1998), in which tactile stimuli are applied synchronously over
a prosthetic hand placed in front of the participant, and on his
actual hand hidden from view. This produces an illusory sense
of incorporation of the rubber hand as it was the participant’s
own hand (Botvinick, 2004). Overall, how we experience our
body and space around us results from the integration of at
least three different sub-functions: (a) the perception we have
of our own body (somatoperception—SoP); (b) the perception
of the space around us in which we are immersed (space
perception—SpP); and (c) the integration of the two body
experiences in order to produce a coherent sense of self (body
ownership—BO). Up to now we have only a partial knowledge
of the operational mechanisms guiding SoP because a large
number of studies conducted in the fields of experimental
psychology and neurophysiology have mainly studied the basic
mechanisms of somatosensations while we know much less about
the higher-order mechanisms involved in SoP (Longo et al.,
2010). Moreover, the research lines have increased the interest on
BO and SpP only in the last one or two decades (Ramakonar et al.,
2011; Trojan et al., 2014).

Musculoskeletal Disorders and Rheumatic Diseases (MDRDs)

are a group of diseases commonly affecting bones, muscles and

joints (van der Heijde et al., 2018) that often cause chronic

pain with a severe impact on the quality of life of patients
(March et al., 2014; Blyth et al., 2019), loss of work productivity
(Daneshmandi et al., 2017), and significant economic costs for
the community (Bevan, 2015; Vos et al., 2017; Briggs et al.,
2018). Notably, pain and body perception are essentially two
subjective mutually influencing perceptual experiences (Haggard
et al., 2013; Trojan et al., 2014): the fast and accurate perception

Frontiers in Human Neuroscience | www.frontiersin.org 2 April 2020 | Volume 14 | Article 83

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

of pain is essential to protect the body, and the perception of
body integrity is needed to avoid pain (Wand et al., 2016). Thus,
the study of errors in processing the explicit (conscious) and
implicit (unconscious) body experience, as in the case of illusion
phenomena (Medina and Coslett, 2016b), may represent a useful
opportunity to understand how the brain constructs functional
representations of the body in patients with MDRDs, and on
pain perception itself (Pamment and Aspell, 2017; Fang et al.,
2019) in these clinical conditions. However, existing studies on
SoP, SpP, and BO were largely conducted on healthy subjects
(Longo et al., 2008a; Fuentes et al., 2013; Longo, 2017), and
clinical research has mostly investigated neurological conditions
(Haggard and Wolpert, 2005; Pia et al., 2013, 2016), eating
disorders (Keizer et al., 2011; Scarpina et al., 2014; Spitoni et al.,
2015; Gadsby, 2017), and neuropathic pain syndromes such
as Complex Regional Pain Syndrome-CRPS (Galer and Jensen,
1999; Förderreuther et al., 2004; Lewis et al., 2007; Reinersmann
et al., 2013). A large body of literature on the field of MDRDs
has instead investigated primary somatosensations (Tsay et al.,
2015), mainly tactile acuity (Catley et al., 2013, 2014; Harvie et al.,
2018) and proprioceptive precision (Stanton et al., 2016; Tong
et al., 2017; Lin et al., 2019), referring generically to disturbances
at the level of perception or mental representations. However,
both two-point discrimination and joint repositioning error (two
of the most frequently investigated tasks) cannot be considered
as having a higher-order somatoperceptual involvement (Longo
and Haggard, 2010; Hillier et al., 2015; Spitoni et al., 2015).
The area of MDRDs thus lacks a comprehensive knowledge
about the more complex implicit and explicit body and
space perception.

Evidence supporting the interaction between pain and the
three mentioned domains of body experience (SoP, SpP, BO)
have been found in experimentally-induced pain (Moseley et al.,
2008; Gallace et al., 2011; Mancini et al., 2011; Fang et al., 2019)
(e.g., distorting the visual appearance of the body). Moreover, a
correlation between body and space perception dysfunctions with
pain intensity and its duration (Förderreuther et al., 2004; Peltz
et al., 2011; Reinersmann et al., 2012), were found in CRPS, thus
it would be clinically relevant to clarify if this interaction exists
also in MDRDs.

In order to have a comprehensive and structured knowledge
of how body experience has been investigated in MDRDs,
we systematically reviewed the literature published about the
implicit and explicit mechanisms of: (a) somatoperception (and
indirectly on somatorepresentations); (b) body ownership; and (c)
space perception.

The primary goal of this study was to map and examine the

quantity and the nature of the scientific literature concerning the
implicit and explicit own’s body and space perception, organizing

the findings around three main topics:

a) the adopted strategies of assessment for
perceptual dysfunctions;

b) the impact of perceptual disorders in MDRDs compared to
other disorders (e.g., CRPS) and in sub-groups of MDRDs;

c) the interventions proposed to approach perceptual disorders
associated to MDRDs.

MATERIALS AND METHODS

The scoping methodology has been adopted because represents
the most appropriate method to overview the literature about an
emergent research area that is still fragmented, complex, wide,
poorly understood or not deeply investigated before (Colquhoun
et al., 2014, 2017). The review followed the PRISMA Extension
for Scoping Reviews (PRISMA-ScR) (Tricco et al., 2018).
A detailed PRISMA-ScR is provided Additional File 1. Every
deviation from the published protocol (Viceconti et al., 2018)
or added procedure were declared. Neuroscientists (ML, AG,
MP) and physiotherapists (AV, DL, DP, DR, GR, MT) constituted
an inter-professional and interdisciplinary research team with
both clinical and scientific background to better approach,
from a rehabilitative perspective, a research area that has been
historically treated by neuropsychological disciplines (Head and
Holmes, 1911; Haggard and Wolpert, 2005; Medina and Coslett,
2016b). In agreement with the concept of a “literature map,” the
results are graphically presented in Figures 3–8.

Eligibility Criteria
Inclusion and exclusion criteria are reported in Table 2. An
iterative process, rather than a fixed and pre-established
searching schema, is one of the features characterizing scoping
reviews: eligibility criteria were updated in progress by an
iterative process based on feedback provided by authors, in order
to better refine the searching process according to the research
questions (see the step 1 of the Figure 1).

We adopted a priori operational definitions of the key
terms used (see Table 1 for terminological aspects) in order
to avoid terminological misunderstanding. Themes like those
dealing with somatosensation, somatosensory representation,
body scheme, body structural description, body concept,
and body affect were not considered as the main focus
of this review. In particular, sensory representations and
somatosensations were often used in literature as a surrogate
for perceptual representations and somatoperception, mainly to
describe their associated dysfunctions. Readers are invited to
see Flor et al. (1997), Flor (2003), and Hotz-Boendermaker
et al. (2016) for maladaptive reorganizations of somatosensory
representations, and Tsay et al. (2015) for a comprehensive
review on somatosensations. Moreover, we have deliberately
avoided the use of the umbrella term “body image” given the
controversies and interpretational difficulties with this term (de
Vignemont, 2010; Pitron et al., 2018; Gadsby, 2019): it has
often been used as a “passepartout” term, lumping together
phenomena and psychological capacities quite different from
each other, often referred to beliefs and affective attitudes
related to the body (Mohr et al., 2010). We have to consider
that words used in literature to describe body perception,
mental representations and the relative assigned meanings are
sometimes ambiguous or contradictory (Gallagher, 1986) and
often depend on the observer’s professional background., Thus,
to better organize the results emerged from the review we
have referred to the theoretical model proposed by Longo
et al. (2010), Longo (2016) and adapted it for the purposes of
this study.
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FIGURE 1 | Summary of the adopted guidance framework for scoping reviews.

Searching Strategy and Information
Sources
In line with the published protocol, we followed a three-
step search strategy as recommended by The Joanna Briggs

Institute (2015). A preliminary search strategy was developed,

pilot-tested and peer-reviewed by two authors with different

background (a physiotherapist expert in research methodology—

DR, and a neuropsychologist—AG), by using the PRESS 2015
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TABLE 1 | Terminological definitions.

Mechanisms Meanings Tasks (examples) Neural bases

Somatosensations “How owns body is felt to be like?”

They are the basics mechanisms producing the

sensations of touch, proprioception, cold, warm,

nociception, vision, etc., for which we own specific

receptors, encoding the input information according to

the particular type of stimulus processed.

Tactile stimuli detection, precision of

touch (e.g., two-point discrimination

threshold), repositioning accuracy

(e.g., joint position sense).

Sensorial Representations:

Primary Somatosensory cortices.

Somatoperceptions “How owns body is perceived to be like?”

It is referred to the complex perceptual tasks, for which

we not own specialized receptors.

Perception of body parts’ size and

location, the skin localization of tactile

stimuli, tactile object recognition,

spatial localisation of touch.

Perceptual representations:

Superficial schema, postural schema

and body model.

Parietal cortices, especially in

right hemisphere.

Somatorepresentations

• Somatosensory

Representation

• Perceptual

Representation

• Cognitive Representation

With this “umbrella term” it can be grouped a variety of

functional and neural configurations about different body

characteristics (e.g., sensorial, perceptual or cognitive).

In this sense, the conceptual term “representation” can

assume a variety of meanings on the base of what

features are specifically analysed.

Cognition “How owns body is believed, remembered to be like?”

It is referred to a cognitive reflection about the body.

Body structural description, general

semantic knowledge, formation of

attitudes and emotion toward the

body.

Cognitive Representations:

Especially in left hemisphere.

Adapted and modified from Longo et al. (2010). Substantial differences exist between the two high-order processes represented by the somatoperception and somatorepresentation,

from the basics mechanisms of the somatosensations (Longo et al., 2010). Despite these three different mechanisms are integrated and linked (Moseley et al., 2012), they may be

dissociable, at least partially, because each one is based on different functional and neuroanatomical underlying structures and mechanisms: see Longo et al. (2010) for a review on the

neural bases of body representations and Medina and Coslett (2016b) for descriptions of clinical cases highlighting this dissociation.

Evidence-Based Checklist (McGowan et al., 2016). Modifications
to the search string were made after reviewers’ suggestions.
Searching history and the peer-reviews of the search strategy are
available under request. In addition to the procedure described in
the protocol, the “Similar Articles” function of PubMed was used
and the snowball technique adopted when additional articles
were found (Greenhalgh and Peacock, 2005).

Electronic Databases
Electronic search was conducted by one author (AV) between
May 2018 until September 2018 on 10 electronic databases
and grey literature (a full description is provided in the
Additional File 2). Very broad search terms were employed for
a more sensitive rather than specific search of the literature
aimed at meeting the primary goal of the scoping review to
systematically map the literature. A secondary review was made
by scanning the Gray Matters Checklist.1

Study Selection
Two reviewers with different background independently
evaluated records for eligibility of title/abstract (DL and EC)
and full texts screening (AV and MP). Any disagreement was
resolved by discussion between reviewers or, in case of persistent
disagreement, a third reviewer (MT) was introduced to reach
a consensus. The reviewing process is detailed on the PRISMA
flow chart (Figure 2).

1https://www.cadth.ca/resources/finding-evidence/grey-matters

Calibration Phase
Both for the screening of titles/abstracts and for the selection
of full-texts the raters performed a series of pilot tests as a
calibration exercise to improve the reliability of judgments and
agreement between evaluators (Tricco et al., 2018). Each round
of pilot testing was accompanied by explanatory documents
in which eligibility criteria were updated and clarified, and
specification about potentially conflicting terminology were
provided in order to avoid interpretation errors. For all pre-
formal screening test, inter-rater percentage agreement had
to be >90% before starting the formal screening (Colquhoun
et al., 2017) (further information are provided in the published
protocol). Feedback from evaluators were used to refine
the inclusion/exclusion criteria (see the difference between
Table 2 in the present study and its counterpart in the
published protocol).

Data Analysis
Findings emerged from the retrieved studies were organized
around the research questions. Due to the heterogeneity of
studies, in terms of research designs, methodological issues
and clinical conditions investigated, we adopted a qualitative-
descriptive synthesis, as suggested by the PRISMA-ScR (Tricco
et al., 2018), and following the approach recommended by the
Cochrane Group (Higgins and Green, 2008) and the (Centre for
Reviews Dissemination, 2009). In case of incomplete or missing
data, the authors of the included papers were contacted for
further information. Data were extracted by a single reviewer
(AV) using a standardized Excel spreadsheet designed for
this study and adapted after the pilot trial charting exercise.
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FIGURE 2 | PRISMA flow diagram detailing the selection of sources of evidence.
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TABLE 2 | Eligibility criteria for inclusion and exclusion studies.

Inclusion criteria Exclusion criteria

Aim: studies investigating alterations of the implicit/explicit body perception or

perceptual dysfunctions of peri-/extra- personal space. Studies investigating the body

ownership (e.g., the rubber hand illusion phenomena). Intervention studies on specific

form of perceptual training (e.g., localization sensory training) or involving the

perceptual manipulation of body parts as the main content of the therapy (>50%).

Intervention studies not adopting perceptual rehabilitation or perceptual

manipulations were included only if they considered the effectiveness of proposed

interventions with respect to objectively or subjectively measured body perception

dysfunctions, as a primary or secondary outcome.

Language: full text in English Languagea.

Setting: experimental or clinicalb.

Participants:

• Studies on humans (>16 y old), male and female.

• Patients affected by musculoskeletal disorders or rheumatic diseases (e.g., LBP,

neck pain, osteoarthritis, rheumatoid arthritis, fibromyalgia, etc.), including radicular

syndromes (radicular pain and radiculopathies).

Study Design:

• Primary research studies:

◦ Quantitative design (including proceedingsc, conference abstractsc):

- Experimental designs (RCT, controlled clinical trials);

- Observational designs (descriptive studies, surveys, cohort studies,

cross-sectional studies, observer-reported or patient-reported outcome

studies, case studiesd/seriesd, proceedingsd;

◦ Qualitative designs: all types of qualitative research designs.

• Secondary research studiese: systematic review with or without meta-analysis,

meta-summary, meta-synthesis.

Outcomes:

• Quantitative research designs:

◦ Primary Outcomes:

- measures, methodologies and tests assessing implicit/explicit body perception

dysfunctions and/or alterations of surrounding space perception; self-reported

pain, neurophysiologic threshold measures of pain (e.g., electrical pain

threshold or pain pressure threshold);

- the association between pain (intensity and duration) and disturbances of the

implicit/explicit body perception, space perception and body ownership.

◦ Secondary Outcomes:

- self-reported disability and measures of physical functionality;

- the association between neuro-anatomical and/or neurophysiologic correlates

and measures of body perception.

• Qualitative research designs:

◦ Primary Outcomes:

- Interpretation of body image drawings;

- the frequency and typology of words used by patients in describing the

alterations of own implicit and explicit body experience. Themes and

subthemes will be derived by the analysis of patients’ interview.

Aim: studies investigating body perception in relation to action, both in

congruent and incongruent conditions (e.g., the illusion of virtual walking, the

mirror therapy, the ability to imagine movements of body parts or to mentally

rotate body parts as in the case of motor imagery, the left/right discrimination

tasks, or the video-interpretation of own’s body in dynamic conditions).

Studies investigating the body/self-image with the meaning of the

satisfaction about own bodily appearance, physical efficacy and general

health, or concerning the body esteem, and self-acceptance.

Studies investigating the concept of the body awareness or interoception

referred as the general a-specific ability to notice subtle internal bodily

sensations/states and emotions, or referred to the generic concept of the

“mind-body” connection.

Studies using body awareness-oriented intervention (e.g., breath

relaxation, concentration, body scan) or belong to the broad umbrella

of Body Awareness Interventions (BAI).

Studies investigating the balance or posturography, tactile acuity (two-

point discrimination threshold), joint repositioning error (or repositioning

accuracy), sensorimotor mismatch and sensory/sensorimotor training with

tasks involving aspects of somatosensation (e.g., tactile acuity training or JPS

training).

Language: full text and abstract not in English Languagef.

Participants:

• Patients affected by:

- neuropathic pain (e.g., Complex Regional Pain Syndrome—CRPS,

Phantom Limb Pain) or myelopathies;

- eating disorders (e.g., anorexia, bulimia);

- psychiatric or neurological conditions (e.g., personality dissociation,

somatoform disorders, Body Identity Integrity Disorders – BIID,

dementia, Alzheimer and Parkinson diseases, Multiple Sclerosis,

Stroke, Cerebral Palsy, Spinal Cord Diseases);

- congenital, hereditary or endocrine abnormalities and deformities

(e.g., pectus carinatum, phocomelia, acromegaly, gigantism, Marfan

Syndrome, benign joint hypermobility syndrome);

- neoplastic or post-neoplastic conditions (e.g., breast cancer).

Study Design:

• Narrative reviewg, editorialsg,h, commentaries or expert opinion articlesg,h,

point of viewg, brief communicationsg,h, debateg, perspectivesg, letters to

editorsg,h, correspondences or replies to lettersg,h, book reviews or

chaptersg, study protocolh.

aOr full text not in English language but with the abstract in English language.
bWith a particular focus on studies reporting methodologies or test/measures feasible to translate in clinical practice.
cThe correspondent paper were searched where available; included only if the abstract was available and if was described with a rigorous methodology and with clearly reported results

on the base of the construct analyzed.
d Included only if it was described with a rigorous methodology, with clearly reported results on the base of the construct analyzed.
e Included studies and reference lists of secondary studied were manually scanned in order to find additional sources.
fExcluded from the analysis but reported in order to provide a general overview of the amount of international literature published.
g Reference list of records of interest for the topic were be manually scanned.
h Included in qualitative analysis only if containing additional information to an earlier or ongoing trial study report, or information about a study or experiment not reported elsewhere.

A second author (DP) performed the crosschecking of data
extracted. Information extracted from each study are detailed
in Supplementary Files of the published study protocol. With
respect to the original data-extraction form, the item “Future
research direction” was deleted because it was not considered
relevant The difference between groups means was used as an

unstandardized measure for the size of the effect in intervention
studies: in case of missed aggregated data, pooled mean and
pooled standard deviation were calculated, as well as the
95% Interval Confidence (95% CI). The assessment of studies
for clinical relevance was based on the Minimal Clinically
Important Difference (MCID) thresholds established in literature
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for the outcomes used in included studies (see notes of the
Supplementary Table S2).

Critical Appraisal of Individual Sources of
Evidence
The primary goal of scoping studies is to systematically map
and synthesize results coming from an emerging research area
(Canadian Institutes of Health Research, 2010; Colquhoun
et al., 2014), rather than provide the best available evidence.
Considering also the methodological heterogeneity expected
from the studies published on this topic, a qualitative appraisal
for risk of bias was not conducted, in accordance to published
guidelines on the conduct of scoping reviews (Peters et al., 2015).

Clinical Relevance of Studies Included in
Qualitative Analysis
Clinical relevance was assessed by one author (AV) using the
recommendations of the Cochrane Collaboration Back Review
Group (Furlan et al., 2009) (a description of the items is provided
in Supplementary Table S2). For evaluation studies, the item
“Are the likely treatment benefits worth the potential harms?”
was replaced with a “The involved procedure/s and/or setting
are accessible in terms of cost and advanced technical knowledge
required?” and the item “Are the interventions and treatment
settings described well enough so that you can provide the same
for your patients?” was replaced with “Are the settings and/or
the methodology adopted, described well enough so that you
can provide the same for your patients?”. Finally, referring to
case-controls studies, the item “Is the size of the effect clinically
important?” was substituted with “Are there clinically significant
differences in the population investigated respect to the control
group/s?” In studies without control groups it was used the
item “Is there a correlation of the dysfunction detected with at
least one out the two clinical variables of pain and disability?”
Figures 7, 8 summarize the evaluation for clinical relevance,
respectively for assessment and for intervention studies.

RESULTS

Study Selection
A summary of the main findings is presented in Tables 3, 4,
organized with the acronym PCC-Population-Concept-Context
(more detailed data can be found in Additional Materials).

The first calibration test was conducted on 239 titles and
abstracts, and the second on 12 full-texts: the inter-rater
agreement was, respectively, of 93 and 100%, and was reached
for both procedures at the third round, at the end of which
the reviewers express no need of further training. The search
strategies initially produced 7,818 records from all the databases,
and 13 from authors’ personal databases (Morone et al., 2012;
Paolucci et al., 2012, 2016; Wand et al., 2013a; Hirakawa
et al., 2014; Louw et al., 2017; Stanton et al., 2017, 2018;
Adamczyk et al., 2018a,b; Ehrenbrusthoff et al., 2018; Magni
et al., 2018; Nishigami et al., 2019). After removal of duplicates
and exclusion of clearly irrelevant records on the basis of the
title and abstract, 123 full-texts were screened. Five full-texts
were not found and 96 were excluded with reasons (see the

Supplementary Table S7). Ten additional studies (Grod and
Diakow, 2002; Barker et al., 2008;Wand et al., 2010, 2011; Preston
andNewport, 2011; Nishigami et al., 2012; Diers et al., 2013; Ryan
et al., 2014; Treleaven and Takasaki, 2015; Beales et al., 2016)
were identified and considered eligible by searching the reference
lists of included papers and reviews considered of interest for
the aim of this work. Thirty-seven studies, analysing an overall
sample of 1291 patients (1,094 in evaluation studies, and 197
for interventions ones), were included in the qualitative analysis
and the end of the selection process (see the Figure 2 for a flow-
chart of the entire process). Agreement between raters in formal
screening was 95% for titles/abstracts screening, and 91% in full-
texts inclusion: all disagreements were resolved upon discussion
and clarification of eligibility criteria, and the intervention of the
third independent assessor (MT) was not needed. A graphical
distribution of included studies grouped by clinical conditions
examined is shown in Figure 3. Twenty-five studies (Grod and
Diakow, 2002; Moseley, 2008; Wand et al., 2010, 2013b, 2014,
2016; Docherty et al., 2012; Lauche et al., 2012a; Valenzuela-
Moguillansky, 2013; Hirakawa et al., 2014; Gilpin et al., 2015;
Mibu et al., 2015; Nishigami et al., 2015, 2017, 2018; Treleaven
and Takasaki, 2015; Beales et al., 2016; Janssens et al., 2017;
Moreira et al., 2017; Adamczyk et al., 2018a,b; Ehrenbrusthoff
et al., 2018; Magni et al., 2018; Martínez et al., 2018) studies
concerned the assessment of SoP dysfunctions, while twelve
interventional studies (Barker et al., 2008; Preston and Newport,
2011; Wand et al., 2011, 2013a; Morone et al., 2012; Paolucci
et al., 2012; Diers et al., 2013; Vetrano et al., 2013; Ryan et al.,
2014; Louw et al., 2017; Stanton et al., 2018; Nishigami et al.,
2019) investigated the effects of perception-based intervention
to reduce pain or to correct perceptual distortions. One study,
(Lauche et al., 2012a) was included both in assessment and in
intervention studies: it is a qualitative study investigating the
explicit SoP in chronic neck pain (CNP) patients at baseline,
and also at follow-up because it was embedded in a RCT study
investigating the effect of cupping therapy (Lauche et al., 2012b).
Figure 4 displays the domains investigated by assessment and
intervention studies.

Research Designs of Included Studies
The distribution of research designs adopted for assessment
studies is graphically represented in Figure 5. A conspicuous
number of these studies is composed by those validating the
Fremantle Back Awareness Questionnaire (FreBAQ) (Wand
et al., 2014) and the Fremantle Knee Awareness Questionnaire
(FreKAQ) (Nishigami et al., 2017), including validation studies
into other languages (Janssens et al., 2017; Ehrenbrusthoff et al.,
2018; Nishigami et al., 2018), and cross-sectional or case-control
investigations across different clinical samples (Wand et al.,
2013a, 2016; Beales et al., 2016). Figure 6 shows the research
designs adopted in the intervention studies included, of which
a large part were pre-clinical experimental studies (Diers et al.,
2013; Nishigami et al., 2019).

Assessment Studies
Five studies were conducted in an experimental setting (Grod
and Diakow, 2002; Docherty et al., 2012; Gilpin et al.,
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TABLE 3 | Synopsis of included assessment studies.

Study Design Population Concept and core outcomes Context and main results

CLINICAL SETTING STUDIES

Superficial schema (tactile localisation task)—implicit somatoperception

Wand et al. (2013a) Case-control

Study

CLBP patients (n = 24)

Healthy controls (n = 24)

11-NRS (0–10), RMDQ (0–24), Localization

task for tactile and painful stimuli (n◦ of

mislocalizations).

67% of subjects with CLBP reported at least 1 mislocalization with respect to 25% of

controls (p = 0.034). Of the possible maximum 28 mislocalizations, five were reported

in the worst cases by patients and three by controls.

Correlation Analysis: no significant SD were found between mislocalizations errors

and other variables, as Pain and Disability.

Model of body size and shape, and postural schema (body size perception and tactile localization task)—implicit somatoperception

Adamczyk et al. (2018a) Two-Case Report

Study

CLBP (n = 2) 11-NRS (0–10), ODI (0–100%), 2-PET (mm)

for subject A and B; PTP test (mm) for

subject A; qualitative version of the PTP test

for subject B.

Patient A) overestimated the painful site compared to all non-painful locations 2-PET;

range: 45–206%, and also at PTP test: 24–84%.

Subjects, by contrast, underestimated the distance at the 2-PET; range: 12–22%

smaller than contralateral side.

Model of body size and shape (body size estimation)—implicit somatoperception

Adamczyk et al. (2018b) Preliminary

Validation Study

CLBP patients (n = 20) 11-NRS (0–10), ODI (0–100%), Two-Point

Estimation (TPE) Task (manual and verbal

version).

CLBP patients underestimated the caliper distance by 56.2% (manual version) and

45.9% (verbal version), irrespective of the examiner and location.

Reliability: the manual version was more reliable than the verbal one: Inter-rater

agreement: manual TPE (ICC = 0.75–0.91); verbal TPE (ICC: 0.53–0.88). Measures in

manual version reach a stability after two repetition at painful side: ICC = 0.91

(0.77–0.97).

Inter-examiner agreement was god to excellent for manual version (ICC = 0.75–0.91).

Intra-rater agreement was good to excellent both at two-day interval (ICC =

0.75–0.91) and at 10-min interval (ICC = 0.66–0.96).

In regression Analysis pain duration and pain intensity accounted for 42% of the

total variance.

Model of body size and shape (letter recognition task)- implicit somatoperception

Wand et al. (2010) Case-control

Study

CLBP patients (n = 19)

Healthy controls (n = 19)

11-NRS (0–10), SF-36: item 3—physical

function (10–30), Letter recognition error rate

(n◦).

Letter error rate were significantly larger in CLBP group of about 10% (p = 0.016).

No significant correlations were found between Letter error rate and 2-PDT in LBP

group (raw data N.R.), nor between Letter error rate and any clinical data (p>0.094).

Depictive methods (body image drawings)—explicit somatoperception

Moseley (2008) Exploratory

case-control study

CLBP patients (n = 6)

Subjects with upper limb

pain (n = 10)

101-VAS (0–100mm), Clinical interview and

Body Image Drawing of the trunk.

Five out of the six patients reported difficulties in delineating the full extent of their

trunk: they all verbatim refer that they “can’t find it.” Two subjects reported that “It

feels as though it has shrunk.” No patients drew all vertebrae and missing vertebrae

coincided with the level of the lost trunk delineation and of the usual pain. There was

a tendency of vertebrae displacement from the midline in body drawings.

Lauche et al. (2012a) a) Qualitative study

embedded in a

RCT (Lauche

et al., 2012b)

CNP patients (n = 6) Themes and sub-themes emerged from

interviews in which patients were asked to

talk about their body image drawings, Visual

interpretation of the Body Image Drawing for

neck and shoulders (modified version of that

described by Moseley, 2008).

Interviews: patients refer changes in body perception of the neck as a feeling of

swollen or distorted in proportion. These overestimations persist even when patients

were aware of their actual appearance. Body Image Drawing: at the baseline, the

drawn body showed noticeable discrepancies respect to a “normal” body (missing

lines and augmented dimension of shoulders and neck) in 4 out 6 subjects more

symmetric and complete.

(Continued)
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TABLE 3 | Continued

Study Design Population Concept and core outcomes Context and main results

Mibu et al. (2015) Case-control

study

CNP patients (n = 20)

Healthy controls (n = 20)

101-VAS (0–100mm), Visual interpretation of

the Body Image Drawing for neck and

shoulders (modified version of that described

by Moseley, 2008).

Body image is significantly (p = 0.0017) distorted in neck pain patients (50%) than in

healthy controls (5%).

Nishigami et al. (2015) Case-control

study

CLBP patients (n = 42)

Healthy controls (n = 17)

101-VAS (0–100mm), RMDQ (0–24), Body

Image Drawing of the trunk as described by

Moseley (2008). Moreover, subjects were

asked to judge the perceived image of their

trunk as “normal,” “expanded,” or

“shrunken.”

42.8% of subjects with CLBP had a normal perceive image of the lower back, 28.5%

had an expanded image, and 28.5% had a shrunken image.

There was no significant differences for VAS scores, pain duration, RMDQ, and PCS

scores between three perceived image subgroups; p> 0.127.

Moreira et al. (2017) Exploratory

case-control Study

CNP patients (n = 7)

Healthy controls (n = 7)

11-VAS (0–10mm), Modified version of the

Body Image Drawing of the trunk as

described by Moseley (2008).

Qualitative analysis of the body image drawing: In both groups, two subjects were not

able to draw one side of the neck: comparing the drawings it seems that patients

delineate neck and shoulders outline less symmetric and uniform than controls, and

necks appear shorter. Moreover, two participants drew neck and shoulders more

enlarged than they really were, and these perceptions coincided with pain location.

Participants that not draw part of the neck, or drawing a clearly distorted neck tend to

report pain of higher level and/or duration.

Qualitative studies—explicit somatoperception

Valenzuela-Moguillansky

(2013)

Qualitative Study FM patients (n = 12) Themes and sub-themes. Interviewees refer modifications in different aspects of body perception: body size,

weight, localization and ownership. They talk about enlarged, thicker and heavy body

parts. They also refer that near space is perceived as smaller, as if it was shrinking

while their body become larger. At the peak of the pain stage some patients

described the perception that the painful body parts did not belong to them (loss of

the sense of body ownership), expressing the paradoxical experience of being in

extreme pain while not feeling it. Moreover, they refer the inability to localize their

painful body parts and pain.

FreBAQ—explicit somatoperception

Wand et al. (2014) Psychometric

Validation Study

CLBP patients (n = 51)

Healthy controls (n = 51)

101-VAS (0–100mm), RMDQ (0–24), FreBAQ

(0–36).

Fifty of 51 (98%) CLBP patients endorsed some level of distortion in self-perception,

with only one subject recording zero for all items.

FreBAQ mean total mean score in CLBP patients was 10.8 (range = 0–26), in healthy

subjects was 0.5; Median Difference: 11; p < 0.001.

FreBAQ score was clinically correlated with pain duration [ρ = 0.357), pain intensity [r

= 0.400] and disability [[r = 0.365]: overall p < 0.05.

Wand et al. (2016) Cross-sectional

Study

CLBP patients (n = 251) 11-NRS (0–10), RMDQ (0–24), FreBAQ

(0–36).

FreBAQ mean total score in CLBP patients was 9.8 (SD = 6.6); median score = 9.0

(IQR = 4.0–14.0) and it was correlated with disability (0.319; p < 0.001) and pain

intensity (0.265); p < 0.001) in bivariate association**.

Beales et al. (2016) Case-control

questionnaire

based study

Post-Partum LPP patients

(n = 24)

Women with no

post-pregnancy pain

(n = 26)

Short-form MGPQ (0–45), ODI (0–100%),

FreKAQ (0–36)

FreBAQ median difference:

6 (‡) between Moderate Disability sub-groups and pain free controls; p = 0.02;

Difference in others group comparison were not statistically significant

Wand et al. (2017) Exploratory

cross-sectional

questionnaire

based study

Pregnancy-related LPP

patients (n = 42)

11-NRS (0–10), PGQ (0–100), FreBAQ

(0–36).

FreBAQ median difference between pain and pain-free groups: 2.5; (‡); p = 0.005.

FreBAQ score was significantly associated with pain intensity (r = 0.378; p = 0.027)

but not with disability (r = 0.256; p = 0.143).

(Continued)
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TABLE 3 | Continued

Study Design Population Concept and core outcomes Context and main results

Nishigami et al. (2018) Psychometric

Validation Study

CLBP patients (n = 100) 101-VAS (0–100mm), RMDQ (0–24), FreBAQ

(0–36).

FreBAQ mean total score in CLBP patients was 11.7 (6.4), and it was significantly

correlated with pain in motion (p = 0.25) and disability (p = 0.36), overall p < 0.05.

The questionnaire showed excellent 2w Reliability (n = 40): ICC3,1 = 0.81 (0.67

to 0.89).

Janssens et al. (2017) Psychometric

Validation Study

CLBP patients (n = 73)

Healthy controls (n = 73)

11-NRS (0–10), ODI (0–100%), FreBAQ

(0–36).

FreBAQ mean total score in CLBP group (n = 73) was 11 points (7) and median score

= 3 (IQR = ±9) in control group (n = 73); p = 0.001. Sub-groups analysis revealed

that patients with higher disability (ODI ≥20%) scored significantly higher on FreBAQ

with respect to those with lower level (ODI <20%: 13 (8) vs. 8 (6); p = 0.005.

FreBAQ was significantly correlated with ODI (rho = 0.30; p = 0.010).

The reliability on 1-w interval was moderate (ICC2,1 = 0.69; 0.51 to 0.82), however

the MDC (95%) was the 30% of the scale (10.8 points), referring to a non-sufficient

measurement error.

Ehrenbrusthoff et al.

(2018)

Psychometric

Validation Study

CLBP patients (n = 35)

Healthy controls (n = 48)

Short Form BPI: Pain Severity (0–10), Pain

Interference (0–7), RMDQ (0–24), FreBAQ

(0–36).

Global FreBAQ mean total score was significantly different in CLBP group (n = 35)

respect to control group (n = 48): 8.8 (6.1) vs. 4.0 (3.3); p = 0.001. MD adjusted for

Age, Gender and BMI = 5.4 (3.0 to 7.8); p < 0.01.

The 1w-Reliability and Inter-observer reliability were good: ICC for absolute agreement

were, respectively, 0.88 (95% CI: 0.77–0.94) and 0.88 (95%CI: 0.75–0.94).

FreBAQ score was significantly correlated with Pain (BPI-Pain Interference: rs = 0.47;

p < 0.001) and Disability (RMDQ: rs = 0.46; p < 0.001).

FreKAQ—explicit somatoperception

Nishigami et al. (2017) Psychometric

Validation Study

Knee OA patients (n = 65)

Healthy subjects (n = 65)

101-VAS (0–100mm), OKSQ (0–48), FreKAQ

(0–36)

FreKAQ mean total score was significantly higher in knee patients vs. healthy

controls: 12.4 (7.6) vs. 3.4 (4.4); (p = 0.001).

The reliability at 2w was good ICC (n = 23): 0.76 (0.52 to 0.89).

FreKAQ score was significantly correlated with Pain during motion (101-VAS: rho =

0.37; p = 0.002) and Disability (OKSQ: rho = −0.41; p = 0.001).

Neglect-like symptoms questionnaire—explicit somatoperception

Magni et al. (2018) Case-Control

Study

Hand OA Patients

(n = 20)

Healthy subjects (n = 19)

11-NRS (0–10), DASH (0–100), NLSQ (5–30). The hand OA group reported neglect-like symptoms (median score: 5.5; IQR: 3)

significantly (p < 0.001) more often than the control group (median score: 5; IQR: 0),

however the difference was very low: 0.5 points (‡); χ2(1)=12.8; Cramer’s V =0.6.

Hirakawa et al. (2014) Longitudinal Study Total Knee Arthroplasty for

Knee OA patients (n = 90)

101-VAS (0–100mm), NLSQ (0–500): Motor

Neglect (MN) and Cognitive Neglect (CN)

sub-scales.

The percentage of patients with a total NLSQ ≥100 was 36% (MN, 40%; CN, 18%)

at 3w and 19% (MN, 19%; CN, 5%) at 6w. The MN subscale of NLS was associated

with Pain at 3w (β = 0.50; p < 0.01) and 6w (β = 0.53; p < 0.01).

The total score of NLSQ (for both MN, and CN sub-scales) decreased at 6w from

77.7 (87) to 41.2 (62.1); Cronbach’s α ≥0.92 (+) for the total score; however, the SD

was high, indicating a large variation among patients.

EXPERIMENTAL SETTING STUDIES

Visual estimation task—explicit somatoperception

Gilpin et al. (2015) Case-control

Study

Hand OA patients (n = 12)

Healthy controls (n = 12)

Visual size estimation task (% of the real hand

size).

Hand size estimations were significantly smaller for the OA group: −8.01 (3.07 to

12.94); t(22) = 2.39, p = 0.026, indicating an underestimation of hand dimensions.

(Continued)
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TABLE 3 | Continued

Study Design Population Concept and core outcomes Context and main results

RHIP—body ownership

Martínez et al. (2018) Case-control

Study

FM patients (n = 14)

Healthy controls (n = 13)

11-VAS (0–100mm), Short-form BPI (0–20),

FIQ (0–100), 5-point Likert Scale measuring

proprioceptive drift (0.35), ownership (0–35)

and agency (0–30).

FM patients were more prone to experiment the misperceptions produced by the

RHIP. They scored significantly (p < 0.05) higher in all 5-items of the proprioceptive

drift scale and in 4 out 5 items of the agency scale (Effect Size varying between 0.88

and 3.10): differences were largest in the proprioceptive drift domain, where large

effect sizes were found across all items.

Perception of subjective visual vertical/ horizontal—extra-personal space perception

Treleaven and Takasaki

(2015)

Case-control

Study

CNP patients (n = 36)

WAD patients (n = 42)

Healthy controls (n = 48)

11-NRS (0–10), NDI (0–100%), Short Form

DHI (0–13), SVV: Computerized Rod And

Frame (CRAF) test as described by Takasaki

et al. (2012). Error calculation: mean AE (◦),

mean VE (◦), mean CE (◦), mean RMSE (◦).

CNP group had significantly larger variability of SVV errors vs. the other two groups:

1) VE = 0.5 (0.23 to 0.77) vs. healthy controls (p = 0.001); 0.37 (0.07 to 0.67) vs.

WAD (p = 0.02); 2) RMSE = 0.51 (0.09 to 0.93) vs. healthy controls (p = 0.01); 0.58

(0.20 to 0.96) vs. WAD (p = 0.01). The AE and DE were not able to detect group

differences (p-value respectively of 0.06 and 0.99).

Despite the higher level of disability of the WAD group, there were no significant

differences in SVV error between this group and healthy subjects (p = 0.91).

SVV errors and Disability (DHI) seemed to be unrelated, where a sample of the scatter

plot for VE is presented (raw data N.R.).

Docherty et al. (2012) Case-control

Study

CNP patients (n = 50)

Healthy controls (n = 50)

11-NRS (0–10), NDI (0–50), SVV and SVH:

Computerized Rod And Frame (CRAF) test

(◦).

In absence of surrounding frame, significant difference were found in mean errors (p

< 0.05) both for SVV and SVO test between groups, however they fell within a range

considered normal (<0.5◦ ). Significant between-groups difference both for the SVV

and SVO (p < 0.001 in all cases) was recorded in tilting the frame clockwise or

counter clockwise by 18◦, although the difference between the medians values for

these tests were still small (<2◦).

Of the 50 CNP patients, a subgroup of 8 subjects (16%) exhibited higher than normal

errors in both the SVV and SVO: these patients scored higher on the NDI than

patients whose errors fell within the reference range (U = 74.0, p < 0.016).

(Grod and Diakow,

2002)

Cohort study Acute or recurrent NP

patients (n = 19)

Healthy controls (n = 17)

Computerized Rod And Frame (CRAF) test

as used by Docherty et al. (2012). SVV (◦)

and SVH (◦).

Statistically significant differences in SVV and SVO were found between symptomatic

and asymptomatic subjects (F = 13.37, p = 0.001); pooled Mean Difference = 1.99◦

(pooled SD = 1.61).

ACR, American College of Rheumatology; CLBP, Chronic Low Back Pain; LPP, Lumbo-Pelvic Pain; FM, Fibromyalgia; OA, Osteoarthritis; NP, Neck Pain; CNP, Chronic Neck Pain; VAS, Visual Analog Scale; NRS, Numeric Rating

Scale; Chronic Pain Grade, CPG; BPI, Brief Pain Inventory; MGPQ, McGill Pain Questionnaire; ODI, Oswestry Disability Index; RMDQ, Roland Morris Disability Questionnaire; DASH, NDI, Neck Disability Index; DHI, Dizziness Handicap

Inventory; BPQ, Body Perception Questionnaire; Disabilities of the Arm, Shoulder and Hand Questionnaire; PGQ, Pelvic Girdle Questionnaire; TSK, Tampa Scale of Kinesiophobia; PCS, Pain Catastrophizing Scale; FPQ, Fear of Pain

Questionnaire; HADS, Hospital Anxiety and Depression Scale; BDI, Beck Depression Inventory; DASS, Depression Anxiety Stress Scale; STAI, State-Trait Anxiety Inventory; FIQ, Fibromyalgia Impact Questionnaire; SIQ, Symptoms

Impact Questionnaire; OKSQ, Oxford Knee Score Questionnaire; MAIA, The Multidimensional Assessment of Interceptive Awareness; DSM-IV, Diagnostic and Statistical Manual of Mental Disorders IV; PU, Pain Unpleasantness; PI,

Pain Intensity; PeT, Perception Threshold; PT, Pain Threshold; PTo, Pain Tolerance; FreKAQ, Fremantle Knee Awareness Questionnaire; NLSQ, Neglect-like symptoms questionnaire, TPT, Tactile Perception Threshold; 2PDT, 2-Point

Discrimination Threshold; PTP, Poin-to-Poin Test; 2-PET, two Point Estimation Test; ROM, Range Of Motion; JPS, Joint Position Sense; TEMPA, Test d’Evaluation de la performance des Membres Supérieurs des Personnes Agées;

BMI, Body Mass Index; RHIP, Rubber Hand Illusion Paradigm; SVV, Subjective Visual Vertical; SVH, Subjective Visual Horizontal; AE, Absolute Error; VE, Variable Error; AE, Absolute Error; VE, Variable Error; AE, Absolute Error; VE,

Variable Error; DE, Direction of Error; RMSE, Root Mean Square Error; MDC, Minimal Detectable Change; ICC, Interclass Correlation Coefficients; MD, Mean Difference; NR, not reported; NA, Not Applicable; SD, Standard Deviation;

IQR, Interquartile Range; SEM, Standard Error of Measurement; CI95%, Confidence Interval; +, p-value not reported; ‡, 95% CI not reported; SD, statistical difference; y, year/s; m, month/s; h, hour/s, min., minute; s, second/s, ms,

millisecond. p-value is reported in bold if statistically significant; **sub-groups were obtained through the median split with established ODI categorisation.
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TABLE 4 | Synopsis of included intervention studies.

Study Design Population Concept and core outcomes Context and main results

CLINICAL SETTING STUDIES

Tactile localization training—implicit somatoperception

Wand et al. (2013b) Randomized COT CLBP patients

(n = 24)

1) Patients were assigned to:

2) acupuncture treatment involving sensory discrimination training (single

session);

a true acupuncture treatment (single session);

11-NRS (0–10) after performing 10 repeated spine movement in the

most provocative direction reported in the initial physical examination.

a) Pain was significantly lower in both groups at the end of treatment,

regardless of treatment order (p = 0.182), but the magnitude of pre-

post treatment change was not clinically significant: 11-NRS = −0.9

(−0.3 to −1.5), p = 0.008.

b) Pain was lower in EG but the magnitude of change was not clinically

relevant: 11-NRS: −0.8 (−1.4 to −0.3) in favour to EG, p = 0.011.

Louw et al. (2017) Case-series CLBP patients

(n = 16)

It was administered a perceptual localization task of 5min. in a single

session.

11-NRS (0–10), Functionality: active lumbar flexion (cm), FABQ (0–92).

a) Pain was lower after treatment (11-NRS: –1.9; (‡) range: 0 to 6; +)

but the magnitude of pre-post treatment change was not clinically

significant. Functionality improves after treatment with clinical

significance (4.8; ‡; range: −1 to 21; +).

Barker et al. (2008) Single-blinded,

RCNIT

CLBP patients

(n = 60)

It was tested the non-inferiority of the FairMed (device for sensory

discrimination training), administered for 30min (twice a day, for 3

weeks), respect to the TENS (same dosage).

0–11 VAS (0–10mm) as a mean of patients’ present pain intensity level,

their average and worst pain intensity levels recorded over a week, ODI

(0–100%), Physical Functioning: 5min walking distance (5’-WD), 1min

stair climb (1’-SC) and 1min sit-to—stand (1’-STS).

a) Both groups improved in pain scores: 0–11 VAS = −0.8 (−1.5 to

−0.1) for EG; –7.3 (−8.1 to −6.6) for CG but the differences were

not statistically significant (p = 0.83).

The same positive trend was recorded for disability: ODI = −0.6

(−3.8 to 2.7) for EG, and −0.9 (−3 to −1.1) for CG. Even in this

case the difference was neither statistically (p = 0.85), nor clinically

significant.

All other functional measures (5’-WD, 1’-SC, 1’-STS) improved in

both groups, without statistically significant difference between pre-

and post- recordings (p>0.05).

FairMed device was not inferior respect to TENS. There were

minimal and no statistically significant difference between groups

both for pain (0–11 VAS: −0.1; −0.7 to 0.3; p = 0.82) and disability

(ODI: 0.4; −0.7 to 0.4; p = 0.85). The same trend was recorded for

all the other functional measures 5’-WD, 1’-SC, 1’-STS, without

statistically significant differences.

Mixed perceptual training (graded perceptual training + graded motor retraining)—implicit somatoperception

Wand et al. (2011) Three single-case

study

CLBP patients

(n = 3)

It was tested a mixed treatment program composed by education and

graded perceptual retraining program (localization and graphaestesia

training) combined with graded motor retraining (minimum 10w of home

exercises).

11-NRS (0–10), RMDQ (0–24).

Both Pain and Disability improves with clinical and statistical

significance: 11-NRS = –2.9; (1.2 to 4.6) at T1; p < 0.001; –3.9; (1.6

to 6.2) at T2; p < 0.001; RMDQ = –5.2 (2.4 to 8) at T1; p < 0.001;

–9.6 (4.2 to 15) at T2; p < 0.001.

(Ryan et al., 2014) Mixed-methods

pilot RCT

CLBP patients

(n = 24)

Patients were assigned to:

1) EG: combined tactile acuity and graphaestesia acuity training as used

by Wand et al. (2011), plus usual physiotherapy (3 sessions + 21 at

home);

2) CG: tactile stimulation alone (placebo) plus usual care

(same dosage). 101-VAS (0–100mm), RMDQ (0–24).

Tactile acuity training was not superior to sham therapy. Both groups

improved pain and disability post-treatment but only values for CG

were statistically significant (101-VAS: –33.2, CI95%: −58.3 to −8;

RMDQ: –4; CI95%: −6.7 to −1.3); p < 0.05).

Between-groups comparison was in favour to sham group both for

both 101-VAS (25.6; −0.7 to 51.9) and RMSQ (2.2; −1.6 to 6.0),

despite with no statistical significance (p = 0.056 and p =

0.237 respectively).

(Continued)
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TABLE 4 | Continued

Study Design Population Concept and core outcomes Context and main results

Mixed perceptual training (SuPerR Treatment)—implicit Somatoperception

Morone et al. (2012) Single-blinded,

RCT

CLBP patients

(n = 75)

Patients were assigned to:

1) EG: SuPeR treatment (perceptive surface plus active exercises, 45’, 3

x week for 1 month, and usual pharmacological care);

2) CG1: Back school program (10 session for 1m, and usual

pharmacological care), CG2: Medical and pharmacological assistance

only (as the other two groups).

11-VAS (0–10mm), ODI (0–100) post-treatment (T1), at 12w (T2) and

24 w (T3).

Both groups treated with SuPeR and with Back School obtain an

overall improvement both for Pain and Disability at T1 and T3: 11-VAS

= –2* (‡) (p < 0.001) at T1 and T3 for EG; −1* (‡) at T1 and –3* (‡) at

T3 (p < 0.001) for CG; ODI = –18* (‡) at T1 and –14* (‡) at T3 for EG;

−10* at T1 (‡) and –16* (‡) at T3 for CG (p < 0.001). CG2 maintained

substantially unaltered the level of Pain and Disability at T1 and T3

(p>0.05).

EG patients recorder statistically less Pain at T1 respect to CG1

(11-VAS: −1*; ‡) and CG2 (11-VAS: –3*; ‡) (p < 0.001), but at T3 the

improvement was in favour to CG1 (11-VAS: 2*; ‡; p < 0.001), despite

the magnitude of the effect was not clinically relevant. The effect of the

EG for Disability at T1 was not statistically different respect to CG1 and

CG2 (p = 0.403). At T3 EG reduced Disability significantly lower than

CG2 (ODI: –16*; ‡; p = 0.023), but no difference was found respect to

CG2 (ODI: −2*; ‡); (p = 0.169).

Paolucci et al. (2012) Single-blinded,

RCT

CLBP patients

(n = 45)

Patients were assigned to:

1) EG: SuPeR: the same protocol of Morone et al. (2012);

2) Back school program with: the same protocol of Morone et al. (2012).

MGPQ (0–78).

The SuPereR treatment reduce pain more than the CG performing the

Back School program, but the difference was not statistically

significant: MGPQ = 44±24% for EG† and 39±15% for CG†; p =

0.436.
†Authors reported the % improvement with respect to the maximum

achievable improvement.

Vetrano et al. (2013) Single-blind, RCT CLBP patients

(n = 40)

Patients were assigned to:

1) EG: modified SuPeR treatment (more deformable cones at midline

level, decreasing tactile-pressure inputs at midline level and without

taking consciousness of the body midline;

2) Standard SuPeR treatment: the same protocol of Morone et al. (2012)

but with 5’ less of treatment duration and with an increase of

tactile-pressure inputs at midline level.

11-VAS (0–10mm), ODI (0–100), post-treatment (T1), at 4 (T2) and 12

weeks (T3).

Both groups improved pain and disability scores at T1 and T3 respect

to the baseline: 11-VAS: −2* (‡) at T1, –3* (‡) at T3 (p < 0.001); ODI:

–14* (‡) at T1, –20* (‡) at T3 (p < 0.001) for EG. 11-VAS: –2.5* (‡) at

T1, –5.5* (‡) at T3 (p < 0.001); ODI: –16* (‡) at T1, –21* (‡) at T3 (p <

0.001) for CG.

The modified SuPerR treatment was substantially as effective as the

standard version both for pain and disability: 11-VAS and ODI scores

were lower for CG at T1 and T3 but differences were not statistically

significant: 11-VAS: −2* (‡) at T1 (p = 0.179), 2.5* (‡) at T3 (p =

0.868); ODI: 2* (‡) at T1 (p = 0.299), 1* (‡) at T3 (p = 0.922).

Qualitative Studies—Explicit Somatoperception

Lauche et al. (2012a) Qualitative study

embedded in a

RCT (Lauche

et al., 2012b)

CNP patients

(n = 6)

Patients were interviewed before and 3 d after a single traditional cupping

treatment (for half of the patients); the other half of patients were in

waiting list.

Themes and sub-themes emerged from interviews in which patients

were asked to talk about their body image drawings, Visual interpretation

of the Body Image Drawing (modified version for trunk as described by

Moseley, 2008).

Interviews: subjects in EG refer a reduction in neck size (smaller) as a

relief from pain.

Body Image Drawing: Body image appears to be changed in EG after

treatment (smaller dimension of body parts, and lines more symmetric

and complete). Even the CG subjects improve in drawings their own’s

body, but they were no more complete, nor matched a “normal”

silhouette.

(Continued)
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TABLE 4 | Continued

Study Design Population Concept and core outcomes Context and main results

Experimental Study

Manipulation of visual body appearance—Explicit Somatoperception

Preston and Newport

(2011)

Exploratory

experimental study

Hand OA

patients (n = 20)

Patients were administered the MIRAGE system: visuo-tactile illusion

involving manipulations (stretching or shrinking) of patient’s hand

(affected and unaffected) while experimenter gently pulling or pushing on

part of the hand.

21-NRS (0–20).

85% of patients reported reduction in pain for at least one of the

experimental conditions (stretching and shrinking), but only

manipulating visual appearance of the affected hand.

For subjects in whom the stretching was beneficial the condition

produced ∼50% on pain reduction (–3.09, ‡; +), while for those in

whom the shrinking condition was beneficial pain decrease of ∼45%

(–2.68, ‡; +).

Diers et al. (2013) Experimental

study

Bilateral TP

patients (n = 18)

Healthy Controls

(n = 18)

Patients were administered:

1) EG: an on-line video feedback of the neck in enlarged and

downscaled fashion;

2) CG: video feedback of neutral (hand dorsum) body part, and affected

neck in unaltered fashion. PU for pressure stimulation applied to the

TrP1 of the Trapezius muscle: 11-NRS (0–10), PU and PI for electrical

stimulation applied to the TrP1 of the Trapezius muscle:

11-NRS (0–10).

There was no significant influence on Electric and Pressure PU (p <

0.986) and PI (p < 0.825) for back hand condition (CG).

Visual feedback conditions (CG) significantly influenced the Electric and

Pressure PU and PI: (p < 0.001), in Downscaled, Enlarged and Size

Control Back condition, even if the differences were never over the

clinical significance.

Stanton et al. (2018) Pilot-experimental

study

Knee OA

patients (n = 12)

Patients were administered the MIRAGE system as described in Preston

and Newport (2011), applied to the knee in 8 conditions: congruent (CO)

and incongruent (IN) X vision only (VO), tactile only (TO) and visuotactile

(VT) X stretch (ST) and shrink (SR); 30s with 2min. rest.

Session 1: Total duration: 1 h.

Session 2: the CO condition producing the greatest pain reduction was

applied for 3min (sustained condition-SU) and repeated for 10 trials

(repeated condition-RE), minimum 2w apart.

Session 3: the RE condition of the Session 2 was repeated maximum 3w

apart.

101-NRS (0–100) immediately and 48h after Session 2, prior Session 3.

VT illusion decreased pain by an average of 7.8 points (2.0 to 13.5),

corresponding to a 25% reduction in pain both in CO (t1,11 =2.96, p =

0.013) and in IN conditions.

SU condition prolonged analgesia, but did not increase it: (Session 1:

t1,10 =0.52, p = 0.61; Session 3: t1,7=-0.697, p = 0.51).

RE condition (with congruent VT illusion) increased the analgesic effect:

101-NRS: –20 (−6.9 to −33.1), corresponding to a 40% pain

reduction.

Between Conditions Difference:

The CO-VT condition did not differ from the IN-VT condition, controlled

for vision: no effect of Condition (F1,11 =0.032, p = 0.86), Condition x

Time interaction (F1,11 = 0.34, p = 0.57), suggesting that analgesia

was provided by both conditions when identical visual manipulations

occurred; in contrast CO-VT reduce more pain than IN-VT when

controlled for tactile input: Time effect (F1,11 =5.23, p = 0.043),

Condition x Time interaction (F1,11 = 5.29, p = 0.042).

Manipulation of visual body appearance + cognitive manipulation—explicit somatoperception

Nishigami et al. (2019) Pilot-experimental

study

CLBP patients

(n = 2)

Patients were administered the MIRAGE system as described in Preston

and Newport (2011), applied to low back during a lifting task in three

different conditions. Participants watched:

a) a modified version of their back (muscled, fit-looking strong, back);

b) - reshaped image of their back;

c) a normal shaped condition 101-NRS (0–100), Fear: 101-NRS (0–100).

Visual illusion of a strong back vs. normal condition reduce pain and

fear only in subject having distorted explicit perceptual representation

of his back (FreBAQ: 29/36): 101-NRS for pain = –30; 101-NRS for

fear: −12.

No significant reduction for pain and fear in the second subject without

distorted perceptual representation.

ACR, American College of Rheumatology; CLBP, Chronic Low Back Pain; LBP, Low Back Pain; TP, Thoracic Pain; CNP, Chronic Neck Pain; OA, Osteoarthritis; MPQ, VAS, Visual Analog Scale; 11-NRS, 11-point Numeric Rating Scale;

MGPQ, McGill Pain Questionnaire; ODI, Oswestry Disability Index; RMDQ, Roland Morris Disability Questionnaire; TSK, Tampa Scale of Kinesiophobia; RCT, randomized controlled trial; SuPeR, Surface for Perceptive Rehabilitation;

TENS, Transcutaneous Electrical Nerve Stimulation; NSAIDs, Nonsteroidal Anti-Inflammatory Drug; TrP, Trigger Point; PU, Pain Unpleasantness; PI, Pain Intensity; PeT, Perception Threshold; PT, Pain Threshold; PTo, Pain Tolerance;

RCT, Randomized Controlled Trial; COT, Cross-Over Trial; RCNIT, Randomized Controlled Non-Inferiority Trial; N.R., not reported; SD, Standard Deviation; MD, Mean Difference; CI95%, Confidence Interval; *, median difference; +,

p-value not reported; ‡, 95% CI not reported; SD, statistical difference; y, year/s; m, month/s; h, hour/s; EG, Experimental Group; CG, Control Group. p-values are reported in bold if statistically significant; other values reported in bold

if clinically significant based on the established Minimal Clinically Important Difference: for LBP was considered as clinically significant 13 points on the ODI (Copay et al., 2008; Johnsen et al., 2013), 30% on VAS/NRS for pain (Farrar

et al., 2001; Ostelo et al., 2008), 2–3 points (or 8–12%) on the RMDQ for function (Bombardier et al., 2001; Ostelo et al., 2008) and 4.5 cm for the Active Lumbar Flexion (Ekedahl et al., 2012). For neck pain, was considered 3.5 to 5U

on the 50-U Neck Pain Disability Index or 7 to 10% change (Pool et al., 2007; Stratford et al., 2009) for function and 2.5 on an 10-U NRS (25% change) for pain (Pool et al., 2007).
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Viceconti et al. Body Perception in Musculoskeletal Disorders

FIGURE 3 | Summary of the distribution of included studies for clinical conditions examined.

FIGURE 4 | Summary of the distribution of domain investigated for study typology.

2015; Treleaven and Takasaki, 2015; Martínez et al., 2018),
while the remaining 19 studies were clinical investigations
(Moseley, 2008; Wand et al., 2010, 2013a,b, 2014, 2016;
Lauche et al., 2012a; Valenzuela-Moguillansky, 2013; Hirakawa
et al., 2014; Mibu et al., 2015; Nishigami et al., 2015, 2017,
2018; Beales et al., 2016; Janssens et al., 2017; Adamczyk
et al., 2018a,b; Ehrenbrusthoff et al., 2018; Magni et al.,
2018).

The main domain studied was explicit SoP (58%; 22/38),
followed by implicit SoP (32%; 12/38), and SpP (8%; 3/38), while
the BO made up only the 2% (1/38) of the sample.

Implicit Somatoperception
Only 4/24 (17%) of the included assessment studies investigated
implicit SoP. Adamczyk et al. (2018a,b) preliminarily validated
a methodology for the objective evaluation of implicit body size
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Viceconti et al. Body Perception in Musculoskeletal Disorders

FIGURE 5 | Summary of the distribution of evaluation studies for research design adopted.

FIGURE 6 | Summary of the distribution of intervention studies for research design adopted.

perception, the two-point estimation (2-PET) task. Among all
the included assessment studies, it is the only one adopting an
objective methodology to assess metric features of SoP. Authors
found an underestimation of the distance between two tactile
stimuli delivered with a caliper on the back (46 and 56%,
respectively on the verbal and manual version of test) in both

the painful and pain-free low-back side. Duration and pain
intensity predicted the presence of perceptual dysfunctions and
accounted for the 42% of the total variance of 2-PET scores
in the regression analysis. The same 2-PET task were used
by the same authors in a two-case report study (Adamczyk
et al., 2018a) in which one patient showed an overestimation
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Viceconti et al. Body Perception in Musculoskeletal Disorders

of the painful side, compared to non-painful locations (range:
45–206%), while a second patient showed the opposite pattern
with an underestimation ranging between 12 and 22%. In this
double case-study, authors used also another test, the point-to-
point test (PTP): the distance error between the site touched by
the examiner and that touched by the patient was greater on
the painful side than on the pain-free location, for a magnitude
of 24–84%. With this second patient, the authors used also a
qualitative version of the PTP test: subject were asked to point
with a pen to the site stimulated by the examiner. In case of
error, the examiner drew the error trajectories directly on the
patient’s back by moving the pen from the incorrect location
indicated by the patient to the correct one: on the painful side
all the trajectories were outside the referred symptomatic area
and considerably spaced between them, indicating large errors in
pointing the site of tactile stimuli.

Only one study (Wand et al., 2013b) adopted the localization
task of tactile stimuli to assess the superficial schema. Subjects,
after being stimulated by the experimenter with tactile and
painful stimuli, were asked to mark on a body chart with 12 pre-
defined areas of the trunk and thighs, the perceived localization
of the applied stimuli. Authors found that 67% of chronic lower
back pain (CLBP) patients made at least one localization error
compared to only 25% of healthy controls, but no correlations
were found between mislocalization errors and either pain and
disability. Of the possible maximum 28 mislocalizations, five
were reported in the worst cases by patients and three by controls.
The study involved tactile and pinprick stimuli, but the authors
reported combined results for both type of stimulations, without
differentiating between types of task (personal communication
with authors).

The Letter recognition task (or graphesthesia) involves the
recognition of letters drawn on the skin. This task was tested only
in the study of Wand et al. (2010): CLBP patients showed 10%
more errors respect to healthy controls (p < 0.05), however this
score was not correlated with clinical data.

Explicit Somatoperception

Body image drawing task
The majority of selected assessment studies evaluated the explicit
SoP: five studies adopted the Body Image Drawing (BID) task
(Moseley, 2008; Lauche et al., 2012a; Mibu et al., 2015; Nishigami
et al., 2015; Moreira et al., 2017), eight studies used the FreBAQ
(Wand et al., 2014, 2016; Wand et al., 2013a; Beales et al., 2016;
Janssens et al., 2017; Nishigami et al., 2017, 2018; Ehrenbrusthoff
et al., 2018) or the FreKAQ (Nishigami et al., 2017), two
studies used the Neglect-Like Symptoms Questionnaire (NLSQ)
(Hirakawa et al., 2014; Magni et al., 2018), one study investigate
the visual size estimation in an experimental setting (Gilpin
et al., 2015), one study investigated the rubber hand illusion
(RHI) (Martínez et al., 2018), and one was a qualitative study on
subjectively referred body perception (Valenzuela-Moguillansky,
2013).

Of the five study using the BID task, two were conducted
on CLBP patients (Moseley, 2008; Nishigami et al., 2015) and
three on Chronic Neck Pain (CNP) patients (Lauche et al.,
2012a; Mibu et al., 2015; Moreira et al., 2017). All studies

reported distortions in BID in a variable percentage of patients:
Moseley (2008) found that five out of six patients with CLBP
reported difficulties in drawing their trunk along all the entire
extension. Four out of six showed the tendency to draw their
vertebrae displaced from the midline toward the painful side.
Moreover, two patients reported a feeling of shrunken trunk.
In a larger sample of patients (n = 42), matched with 17
healthy controls, Nishigami et al. (2015) found distorted BID
in about 50% of patients: half of them showed an enlarged
image of their back, while the other half drew a shrunken
BID. The other 50% of patients had a normal BID. However,
the authors found no significant differences in pain intensity,
duration, or disability between the three groups. Mibu et al.
(2015) found a distorted neck drawing in 50% of patients
with CNP (significantly more than the 5% of healthy controls),
however there were no differences either for pain duration or
intensity within CNP sub-groups, or with respect to healthy
controls. Moreira et al. (2017) in their preliminary case-control
study found a less symmetric and uniform outline of neck and
shoulders in CNP patients than in controls. Two patients drew
their neck and shoulders enlarged, while another two were unable
to delineate one side of the neck, as well as two subjects in
control group. Participants with a clearly distorted neck image
or unable to draw body parts, tended to report higher pain
intensity and duration. Finally, in the qualitative study of Lauche
et al. (2012a) the authors used both interviews and BID. In four
out six CNP patients, the qualitative analysis of the drawings
showed noticeable discrepancies compared to a normal body
silhouette, with missing lines and overestimated size of the neck
and shoulders.

Visual size estimation procedure
Among the assessment studies analysing the subjective visual
appearance of body parts, only that of Gilpin et al. (2015)
was conducted in an experimental setting. Patients with
hand osteoarthritis were asked to judge what photograph
corresponded to their actual hand. Photographs were
experimentally manipulated in percentage of the real length
dimension: patients significantly underestimated the size of their
hand, selecting photos showing hands 8% smaller compared to
healthy subjects (99.8% of the real hand dimension in patients vs.
to 107.8% in healthy controls). Although the MIRAGE system
used in this last study induced a visual illusion correcting the
distortion evaluated at the baseline, we considered this study
only as an evaluation study because the authors did not provide
pain measure, nor disability questionnaire as outcome measure
(see Table 2 for exclusion criteria).

Self-administered questionnaire
Fremantle back and knee awareness questionnaire Seven studies
were conducted adopting the FreBAQ validated by Wand
et al. (2014, 2016) on CLBP patients (Janssens et al., 2017;
Ehrenbrusthoff et al., 2018; Nishigami et al., 2018), in post-
partum (Beales et al., 2016) or pregnancy-related pelvic pain
(Wand et al., 2017), and knee osteoarthritis (Nishigami et al.,
2017). Three studies are psychometric validations of the FreBAQ
in other languages (Janssens et al., 2017; Ehrenbrusthoff et al.,
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2018; Nishigami et al., 2018). Fifty of 51 patients with CLBP
(98%) reported some level of misperception, and only one patient
recorded zero points (corresponding to no misperceptions). The
mean score ranged between 8.8 (Ehrenbrusthoff et al., 2018) and
11.7 (Nishigami et al., 2018) in patients, and 0.5 to 3.3 points
in healthy controls (Wand et al., 2014; Janssens et al., 2017;
Ehrenbrusthoff et al., 2018) on a 0–36 scale where higher scoring
indicating larger number of misperceptions. Ehrenbrusthoff et al.
(2018) also reported a significant (p < 0.01) mean difference
between patients and controls in German population adjusted
for age, gender and body mass index (5.4 points; 95% CI =

3.0–7.8). However, this was lower than that found by Wand
et al. (2014) of 11 points (p < 0.001). In all included studies
investigating CLBP there was a significant correlation between
FreBAQ score with, pain (intensity, duration or interference)
(Wand et al., 2014, 2016; Janssens et al., 2017; Ehrenbrusthoff
et al., 2018; Nishigami et al., 2018) and disability (Wand et al.,
2014, 2016; Ehrenbrusthoff et al., 2018; Nishigami et al., 2018).
Janssens et al. (2017) found also a difference between patients at
different level of disability: the sub-group with higher disability
(Oswestry Disability Index ≥20%) scored significantly higher (p
= 0.005) than lower-disability group (13± 8 vs. 8± 6 points).

Beales et al. (2016) administered the FreBAQ to women
with lumbo-pelvic pain (LPP) raised minimum 3 months post-
partum, and found significantly (p = 0.02) more disturbances
in explicit SoP in the moderate disability sub-groups of
patients (median score: 8/36 points) than in pain free controls
(median score: 2/36 points). They also found more perceptual
dysfunctions in moderate-disability sub-groups respect to low-
disability patients (median score: 6.5/36 points) and pain free
controls (median score: 2/36 points), however there was no
statistical significance (respectively, p = 0.282 and p = 0.095;
personal communication). Wand et al. (2017) instead collected
data on pregnancy-related LPP (within the 3rd trimester of
pregnancy and not over the 38th week): women with pain
referred significantly (p = 0.005) more perceptual dysfunctions
than those pain-free (median score: 3.5/36 vs. 1/36), and authors
found a significant correlation (p = 0.027) of FreBAQ score with
pain intensity (r = 0.378), despite it was not correlated with
self-reported disability (p= 0.143).

Finally, Nishigami et al. (2017) adopted the FreBAQ for
knee osteoarthritis patients, validating the FreKAQ. They found
significantly (p= 0.001)more perceptual dysfunctions in patients
than in controls (median difference: 9 points), and a significant
correlation (p < 0.002) between pain in motion (rho = 0.37)
and disability (rho = −0.41), but not with pain duration (rho =

−0.06, p= 0.76).

Neglect-like symptoms questionnaire Two studies using theNLSQ
developed by Galer and Jensen (1999) and Frettlöh et al. (2006)
in CRPS. The NLSQ measures the cognitive and motor neglect,
with higher scoring indicating more neglect referred symptoms.
Hirakawa et al. (2014) found that 36% of patients with knee
osteoarthritis scoredmore than 100 on a 0–500 range three weeks
after arthroplasty, decreasing at 19% at six weeks (p-value not
reported). The mean NLSQ score decreased from 77.7 to 42.2
points (p-value not reported); however, the standard deviation

was high due to a large inter-subject variation. The motor neglect
sub-scale (MNss) was associated in multiple regression analysis
with pain both at 3 (β = 0.50; p < 0.01) and 6 weeks (β = 0.53;
p < 0.01), where β represents points on MNss per unit of pain
intensity, and with the improvement of range of motion at 6
weeks (β = −0.28; p < 0.01), with β describing changes in MNss
score per range of motion degrees. Magni et al. (2018) reported
a presence of neglect-like symptoms in hand osteoarthritis more
often than in control healthy subjects (p< 0.001)(prevalence rate
not reported); however, the magnitude of the difference was very
low (median difference= 0.5 points; personal communication).

Body Ownership
The study of Martínez et al. (2018) is the only one to analyse
body ownership through the RHI paradigm. They found that
fibromyalgic patients were more susceptible to experience the
illusion compared to healthy controls, scoring significantly (p <

0.05) higher both in proprioceptive drift sub-scale and in 4 out 5
items of the agency scale.

Perception of Surrounding Space
No studies assessed the personal and peri-personal space in
MDRDs. Three studies investigated perception of extra-personal
space using the Computerized Rod And Frame test (CRAF)
in (Docherty et al., 2012; Treleaven and Takasaki, 2015)
acute/recurrent and CNP (Grod and Diakow, 2002). During
the CRAF subjects were asked to set a rod to the true vertical
or horizontal: it provided a measure of the absolute error
for the subjective perception of visual verticality/horizontality
(SVV—SVO), and assessed the dependence on visual input
for spatial orientation. Treleaven and Takasaki (2015) found a
significant difference (p < 0.05) between patients with idiopathic
CNP and both whiplash affected patients for SVV error (mean
difference: 0.37◦), and healthy controls (mean difference: 0.5◦).
This difference was referred to the Variable Error (VE), indicating
the variability of the performance. Also the Root Mean Square
Error (RMSE), representing the overall accuracy in achieving
the true vertical, resulted significantly different (p = 0.01)
between idiopathic neck pain patients and the other two groups
(mean difference: 0.51◦ respect to healthy controls, and 0.58◦

respect to whiplash patients. By contrast, the absolute error and
the direction of error were not able to detect between-groups
differences (p-values respectively of 0.99 and 0.6). Unexpectedly,
difference between patients with Whiplash Associated Disorders
(WAD) and healthy controls was not significant in all error
measurements evaluated, despite a higher level of disability in this
sub-group respect to that with idiopathic neck pain. Docherty
et al. (2012) (Docherty et al., 2012) assessed the (SVH error)
in addition to the SVV error. Although both parameters were
significantly different (p < 0.05) between CNP patients and
healthy controls, they nevertheless fell into the range considered
normal (<0.5◦). A significant greater error (p< 0.001) in patients
than in healthy controls was also found when using a variant with
the frame tilted clockwise or counter-clockwise by 18◦, but even
in this case the median difference was small (<2◦). Notably, 16%
of patients with CNP scored higher than normal error in both the
SVV and SVO, and they reported significantly (p < 0.016) higher
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disability at the Neck Disability Index respect to other patients
with errors falling within the reference range of normality. The
same small difference between groups (mean difference = 1.99◦;
p< 0.001) in SVVwas found by (Grod and Diakow, 2002): in this
case the experimental groupwas constituted by acute or recurrent
neck pain, instead of CNP.

Qualitative Studies
From the interviews administered by Lauche et al. (2012a)
emerged a distorted subjective perception of neck proportion
(as if it was swollen) in CNP patients persisting even when
patients were aware that this perception did not match
actual appearance. The perception of enlarged body parts was
found also by Valenzuela-Moguillansky (2013) in fibromyalgic
patients through the administration of ’elicitation interviews’, a
methodology stemming from the phenomenological approach.
They also reported other modification of the explicit SoP as
changes in perceived heaviness, thickness and ownership: in
stages of elevated level of pain, some patients described a
paradoxical experience as if the painful body parts did not belong
to them. Finally, they referred also the inability to localize painful
body parts and an associated narrowing of the near space, as if it
was shrunk while the body became larger.

Intervention Studies
Four out twelve intervention studies were conducted in an
experimental setting (Preston and Newport, 2011; Diers et al.,
2013; Stanton et al., 2018; Nishigami et al., 2019), while the
remaining eight were conducted in clinical settings (Barker et al.,
2008; Wand et al., 2011, 2013a; Morone et al., 2012; Paolucci
et al., 2012; Vetrano et al., 2013; Ryan et al., 2014; Louw
et al., 2017). Supplementary Table 6 in Additional materials
reports the methodology applied in each study, the clinical
characteristics of patients, the outcome measures, the follow-up
periods, and results. Only three studies monitored the treatment
effect at follow-up periods (Wand et al., 2011; Morone et al.,
2012; Vetrano et al., 2013). The study of Gilpin et al. (2015),
despite adopting an intervention tool (the MIRAGE system), was
excluded from the intervention studies because it lacked an end-
point that measured pain and/or disability, thus it was assessed
only under the evaluation studies for baseline data reported the
perceived distortion of osteoarthritis patients’ hand. One study
(Diers et al., 2013), adopted the term ’upper back pain’ with
no details about the definition and boundaries of the functional
diagnosis: first author declared to have enrolled patients with
CNP (personal communication).

Tactile Localization Training
Three studies (Barker et al., 2008; Wand et al., 2013a; Louw
et al., 2017) adopted the concept of the somatic localization of
touch (Longo et al., 2010), as a trainable perceptual ability. Wand
et al. (2013a), in their cross-over randomized trial, administered
a single session of acupuncture on the low back of two groups
of 25 CLBP patients, asking in one group to localize where
the needles have been inserted by depicting the point of needle
insertion on a body chart. Pain was significantly (p = 0.008)
less post-treatment (11-Numeric Rating Scale—NRS: −0.9; 95%

CI = −0.3 to −1.5), regardless of the order of treatment
administration (p = 0.182), but the magnitude of change was
not clinically relevant. Pain reduction was higher (p = 0.011)
for the group where the acupuncture was associated with the
sensory discrimination training, however the effect size was
not clinically relevant (11-Numeric Rating Scale: −0.8; 95%
CI = −1.4 to −0.3). Louw et al. (2017) described a series of
sixteen CLBP patients on which they administered a single, 5-
min session of tactile localization, measuring pain intensity (11-
NRS) and functionality (active lumbar flexion in centimetres).
Patients were touched with the back of a pen on nine zones of
the lower back in a random order; they were asked to localize
the stimuli on a corresponding 9-block grid. Immediately after
the treatment, pain decreased by 1.9 points (range: 0–6), and
lumbar flexion increased of 4.8 centimetres (range: −1 to 21),
in both cases over the clinical significance. Barker et al. (2008)
compared the effect of a device (the FairMed) that is based
on the principle of the localisation task, with a conventional
TENS. The FairMed contains 16 vibrating points, controlled at
distance and randomly activated. The subject has to localise
where the vibrating point is acting and the device signals the
correct responses through a visual and auditory feedback. Pain
and disability improved significantly (p = 0.05), but without
significant difference between the two devices.

Combined Therapy
Three studies (Morone et al., 2012; Paolucci et al., 2012;
Vetrano et al., 2013) adopted the “SuPeR” (Surface for Perceptive
Rehabilitation tool) and other two used a gradual perceptual re-
training program (Wand et al., 2011; Ryan et al., 2014); all studies
enrolled CLBP patients. The SuPeR treatment provided the
adoption of postures and the execution of active exercises while
lying supine on a table with a series of deformable latex cones of
different hardness having the goal of stimulating the trunk skin
surface: patients were asked to count and localize tactile stimuli,
or to discriminate the hardness of cones. Morone et al. (2012)
found an effectiveness in pain and disability levels reduction
both for SuPeR treatment and Back School program respect to
control group (medical and pharmacological assistance only)
post-treatment and after 24 weeks (p < 0.001), but differences
between two groups, despite statistically significant (p < 0.001),
were never clinically relevant. The same trend was found also by
Paolucci et al. (2012). Vetrano et al. (2013) studied a variant of
the SuPeR treatment against the standard procedure described
by Morone et al. (2012). The efficacy of the two proposed version
of the SuPeR treatment were substantially equal (p > 0.05),
and both procedures improves pain and disability respect to
baseline values (p < 0.001), with variable clinical relevance (11-
VAS range: −2 to −5.5, Oswestry Disability Index range: −14 to
−21). Although an improvement in pain level and disability was
globally reported for SuPeR approach, the effect size was variable
and not always clinically significant at follow-up periods. Wand
et al. (2011) described three cases of patients with CLBP treated
with a mixed treatment comprising education, graded perceptual
training (localization and graphesthesia tasks) and graded motor
retraining for a minimum of 10 weeks: pain decreased at the
end of treatment and after 1 month (2.9 and 3.9 on 11-NRS), as
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well as disability (5.2–9.6 on the Roland and Morris Disability
Questionnaire-RMDQ), with statistical significance (p < 0.001).
Finally, Ryan et al. (2014) adopted in a pilot-randomized trial
controlled with a placebo group, the graded perceptual re-
training protocol described by Wand et al. (2011), in adjunct
to usual physiotherapy cares. Pain and disability improved after
treatment in experimental group (−8 on 101-VAS and −1.6 on
RMDQ), but without statistical significance (p>0.05), respect to
placebo group (−33.2 on 101-VAS and−4 on RMDQ; p < 0.0).

Experimental Setting
Among studies conducted in experimental settings, Diers et al.
(2013) tested the visual manipulation of the neck in CNP patients
and healthy subjects Authors provided visual feedback, of the
neck (neutral, enlarged or downscaled visual appearance) and
of a neutral body part (hand dorsum), during pressure and
electrical pain stimulation of the trapezius muscle. They found
that all visual conditions of the neck (p < 0.001) but not of
the neutral hand (p>0.05), reduced the perceived intensity of
applied acute painful stimuli, both in patients and in controls,
but changes were all under the clinical significance. Preston
and Newport (2011) adopted the MIRAGE-multisensory illusion
system, in patients with hand osteoarthritis, while Stanton et al.
(2018) applied it in knee osteoarthritis patients. The MIRAGE
system involved the visuo-tactile manipulation of a body part,
inducing their stretching or a shrinking visual appearance, in
addition to a tactile stimulation applied by the examiner that
may be directed in a congruent or incongruent modality (tactile
stimulation in the same direction of the visual illusion (e.g.,
in stretching direction, or in the opposite way). Both studies
reported an analgesic effect, with a reduction in pain varying
between 45 and 50% respect to the baseline in the study of
Preston and Newport (2011), and 25% in the study of Stanton
et al. (2018). In this last study it was also found that repetition
of the illusion, better than prolonging the exposure, produced
additional pain relief (40% respect to the baseline). Finally,
Nishigami et al. (2019) adapted and preliminary tested the
MIRAGE system in two CLBP patients without the adjunct
of the tactile stimulation to the visual manipulation. In this
pilot-study, the authors proposed a visual manipulation of the
trunk modifying its muscular appearance, based on the common
maladaptive beliefs of CLBP subjects about robustness and
perceived vulnerability of their back. This kind of “cognitive”
illusion seems to reduce pain only in the subject A, having
higher level of body perception dysfunction (FreBAQ score:
29/36), catastrophization (Pain Catastrophizing Scale score—
PCS: 50/52) and maladaptive beliefs (Back Beliefs Questionnaire
score—BBQ: 67/45), respect to the subject B with lower scoring
on these outcomes (FreBAQ: 0/36; BBQ: 39/45; PCS: 8/52).

Qualitative Studies
The study of Lauche et al. (2012a) is a qualitative investigation
embedded in a RCT on the effect of the cupping therapy
in CNP patients, compared to similar patients on a waiting
list to receive treatment (Lauche et al., 2012b). From the
interviews emerged a subjectively referred reduction in neck
size (smaller), as consequences of pain relief. The Body Image

Drawing (BID) appeared changed in both groups, but drawings
were more complete and lines more symmetric, in the cupping
therapy group.

Methodological Considerations
Only 5 out of the 38 included studies (Barker et al., 2008; Wand
et al., 2013a, 2016; Adamczyk et al., 2018b; Nishigami et al.,
2018) provided a-prori calculations of the sample size, thus
their results cannot be generalized to larger population. A rich
variety of research designs was adopted: 9 out 38 studies were
case studies, case series, pilot trials or preliminary investigations
(aggregated they represent 24% of all included studies) (Moseley,
2008; Preston and Newport, 2011; Wand et al., 2011; Louw et al.,
2017;Moreira et al., 2017; Adamczyk et al., 2018a,b; Stanton et al.,
2018; Nishigami et al., 2019) This strongly limit the comparison
of findings between studies. These nine studies had also small
sample sizes ranging between 2 and 20 subjects in nine studies
(24% of cases), limiting the generalizability of results. Inclusion
and exclusion criteria have been poorly documented in 29/38
studies (76%) (Figures 7, 8): the selection of the target population
may have been not adequately performed, potentially biasing the
validity of results. Sixteen percent of all included studies were
conducted in an experimental setting (Grod and Diakow, 2002;
Wand et al., 2010; Docherty et al., 2012; Gilpin et al., 2015;
Treleaven and Takasaki, 2015; Martínez et al., 2018), limiting the
applicability of methodologies proposed in clinical practice.

Assessment Studies
Groups of control subjects were not tested in six studies
(Wand et al., 2013a, 2016; Hirakawa et al., 2014; Adamczyk
et al., 2018a,b; Nishigami et al., 2018), and two case-control
investigations had no healthy subjects comparisons (Moseley,
2008; Beales et al., 2016): this issue represents a major limitation
of these works, potentially limiting the validity of their findings.
Although we can presume that explicit SoP of body parts should
be normal in unaffected people (Longo and Haggard, 2012), a
degree of distortion for implicit SoP has been found even in
healthy people (Fuentes et al., 2013; Longo, 2017). For this reason
the absence, or small size of healthy control groups weighs more
on the validity of the studies investigated the implicit SoP (Wand
et al., 2010, 2013b; Adamczyk et al., 2018a,b) respect to those
investigated the explicit SoP.

The FreBAQ and FreKAQ questionnaires were adapted from
the NLSQ of Galer and Jensen (1999) and Frettlöh et al. (2006)
validated in CRPS patients. Studies adopting these outcomes
represented the majority of all the assessment studies (40%). It
should be noted that questionnaires measuring explicit SoP are
not validated against standard measures of reference. Of course,
the criterion-validity of scales measuring this construct remain
unknown and the contribution of the implicit body model and of
the explicit cognitive representation are difficult to disentangle.
Nevertheless, it must be considered that FreBAQ and FreKAQ
involve two items asking for the explicit size and shape perception
of body parts (items 6–9): they could be validated adopting
recently proposed objective measure for the explicit SoP itself
and for the body model (Longo and Haggard, 2010; Fuentes et al.,
2013; Spitoni et al., 2015; Adamczyk et al., 2018b), accounting for
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FIGURE 7 | Summary of the evaluation for clinical relevance of included assessment studies.

the implicit perception of metric sizes of body parts. Moreover,
item 5 of FreBAQ/FreKAQ asked about the explicit perceived
location of body parts in space: it may be validated adopting the
objective methodologies proposed by Longo and Haggard (2010)
for the implicit position sense. Finally, other items investigated
the body ownership (item 1) and agency (items 3 and 4), two
constructs that have been extensively studied through the RHI
paradigm and relative psychometric measures (Longo et al.,
2008a).

Notably, we found only one study investigated the
responsiveness of assessment tools respect to changes in
clinical status (Lauche et al., 2012a). However, the qualitative
nature of this investigation provide us only indicative data.

Treatment Studies
As highlighted in Figure 8, some issues threatened the clinical
relevance of included studies. Four studies recruited not adequate
control groups: for e.g., the study of Barker et al. (2008) compared
the FairMed device with the TENS in CLBP patients. However,
Cochrane Reviews (Khadilkar et al., 2005, 2008) found limited
evidence for the use of TENS in CLBP treatment, and the

international guidelines recommend to use a mixed-type of
intervention in patients with this kind of disorder, composed by
physiotherapy, exercises and psychological treatments (National
Guideline Centre, 2016). Thus, the sole use of the TENS
cannot be considered as the gold standard treatment for LBP,
and FairMed device should be tested against a placebo-control
group or with another more effective treatment. The same issue
involved also the study of Morone et al. (2012), Paolucci et al.
(2012), and Vetrano et al. (2013) in which the experimental
SuPeR treatment approach for CLBP was compared to a group
of patients who performed back school exercises, and to another
group who performed a variant of the standard SuPeR treatment.
The qualitative study of Lauche et al. (2012a) was embedded in
a RCT (Lauche et al., 2012b) with a waiting-list control group
and therefore it lacks of a comparison with other usual cares or
placebo interventions.

Only two studies (Stanton et al., 2018; Nishigami et al.,
2019) evaluated at the baseline the presence of perceptual

dysfunction thus, a large part of the treatments provided

perceptual tasks aimed to reduce pain and/or disability without

taking in consideration the potential relationship between SoP
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FIGURE 8 | Summary of the evaluation for clinical relevance of included treatment studies.

and pain perception. This methodological issue represents a
major limitation of all intervention studies. Failure to detect
possible sub-groups, as those found in some assessment studies
for explicit SoP (Mibu et al., 2015; Nishigami et al., 2015; Moreira
et al., 2017), may have limited the effectiveness of therapeutic
procedures because authors may not have taken into account that
different kind of misperception could produce variable results to
the same treatment. Currently, therefore, it is not possible to draw
any conclusions regarding their potential clinical value.

The adverse events were not reported across all included
studies (Figure 8): although the majority of studies adopted non-
invasive procedures we lack evidence about the occurrence of
side effects, especially for two studies using invasive procedures
(acupuncture and cupping therapy) (Lauche et al., 2012a; Wand
et al., 2013a). Moreover, authors of the studies where bodily
illusions were administered through mediated-reality systems
(Preston and Newport, 2011; Diers et al., 2013; Stanton et al.,
2018; Nishigami et al., 2019), despite the minimal invasiveness
of the procedures, did not report information for the tolerability
of the equipment and of the illusions itself. In eight studies, the
therapeutic procedures required dedicated technological (Barker
et al., 2008; Preston andNewport, 2011; Diers et al., 2013; Stanton
et al., 2018; Nishigami et al., 2019) or homebuilt equipment
(Morone et al., 2012; Paolucci et al., 2012; Vetrano et al.,

2013): even if the materials assembly procedure is well described
(Morone et al., 2012; Paolucci et al., 2012; Vetrano et al.,
2013), costs were not reported, potentially limiting the clinical
applicability of these therapeutic tools. Sixty-three percent of
patients in the study of Barker et al. (2008) reported faults of the
FairMed device during the experiments, a concern that may have
limited the efficacy of the treatment tested.

Except for Morone et al. (2012) and Vetrano et al. (2013),
almost all studies provided follow-up periods no longer than 4
weeks, thus limiting the possibility to assess long terms effect
for treatments proposed. From a conceptual and terminological
point of view, in some studies authors reported using sensory-
based interventions (Barker et al., 2008; Morone et al., 2012;
Ryan et al., 2014) where, instead, perceptual-based therapeutic
strategies were tested. This distinction is not trivial because
primary sensory processing is different respect to higher-order
mechanisms underlying SoP (Longo and Haggard, 2010; Hillier
et al., 2015; Mancini et al., 2015; Spitoni et al., 2015). This
terminological misuse may hide an important conceptual issue:
some studies may have been conceived and designed with
the goal to ameliorate primary somatosensations (tactile acuity,
proprioception, etc.), rather than SoP, and the results found
may have been consequently biased by these conceptual and
practical mismatches.
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Finally, calculation of effect sizes’ confidence intervals were
not possible in four studies (Preston and Newport, 2011; Morone
et al., 2012; Vetrano et al., 2013; Louw et al., 2017) due to lack of
relevant information: this reporting bias may have compromised
the accuracy of results.

DISCUSSION

To “live” our own body constitutes a fascinating and complex
experience because the body represents a unique multisensory
object. The body experience is not direct, as well as bodily
illusions and pain perception, two perceptual experiences that
illustrate the complexity of mental organizations. Rather, it
is filtered by a numbers of factors such as somatosensory
inputs, perceptual information and body memory (Riva, 2018).
Therefore, to study perceptual disorders in painful conditions
represents an opportunity to explore the mechanisms underlying
how our brain generates the experience of one’s body. The aim
of this review was to provide a comprehensive map about the
literature published on perceptual disorders in painful MDRDs,
with the main goal to identify gaps in current knowledge
and to obtain useful information for the future research
agenda. Our findings should be interpreted considering the large
methodological variety of included studies.

The amount of literature found (37 articles) attests that, since
the first investigation of Moseley (2008), overall these topics have
been received some attention during the last decade. Specific
sub-groups of MDRSs have been investigated more extensively,
as in the case of spinal pain. CLBP, CNP and Pelvic Pain,
taken together, represent about 80% of all the included studies.
At the same time, it is noticeable how some others clinical
conditions such as the rheumatic diseases remained with little
or sparse interest. For example, rheumatoid arthritis was not
investigated, and only two studies (5%) investigated fibromyalgia
(Valenzuela-Moguillansky, 2013; Martínez et al., 2018). Another
poorly explored area is pain in upper and lower limbs (15%
of included studies), among which osteoarthritis was the only
studied condition (Preston and Newport, 2011; Hirakawa et al.,
2014; Gilpin et al., 2015; Nishigami et al., 2017; Magni et al., 2018;
Stanton et al., 2018).

Summary of Evidence and Clinical
Interpretation
Assessment Studies
We found a wide and heterogeneous literature published in
the field of MDRDs about SoP, SpP and BO. It predominantly
concerned about the assessment (66% of included studies,
25/38), respect to the intervention strategies (34%, 13/38). Some
preliminary evidence of distorted body experience in MDRDs
emerged, mainly in the area of the explicit SoP for spinal pain
assessed through the BID task (Moseley, 2008; Lauche et al.,
2012a; Mibu et al., 2015; Nishigami et al., 2015; Moreira et al.,
2017), questionnaires or visual estimation tasks (Gilpin et al.,
2015). These preliminary findings are in line with evidence found
in CRPS (Galer and Jensen, 1999; Förderreuther et al., 2004;
Frettlöh et al., 2006), although with apparent less magnitude and

frequency. In fact, NLS were reported in 54.4–90.2% of CRPS
patients respect to 19–36%. found in MDRDs (Hirakawa et al.,
2014). Notably, the results obtained through the BID are difficult
to interpret and compare to each other due to the qualitative
nature of this task: the assessment of the altered explicit
SoP is left to the clinician’s subjective judgment, potentially
leaving a large margin of error in interpreting the results of
the test. Moreover, both the BID task and questionnaires like
FreBAQ/FreKAQ and NLSQ, involved a self-description and
depiction of own’s body parts in which are involved both
perceptive and cognitive/affective contributions that are not
easily separable. For this reason, these tasks should be considered
as a complex and multidimensional way to assess explicit
body experience. On the other hand, although some promising
assessment methodologies have been proposed, a substantial gap
in knowledge exists in the area of the implicit mechanisms
guiding perceptual abilities, like the estimation of body parts’ size
and its location in space. The absence of studies that investigate
the sub-domain of the implicit SoPmay be interpreted as a lack of
appropriate tools in MDRDs able to investigate this construct, or
as a sparse knowledge about the distinction between implicit and
explicit mechanisms underlying SoP. This may be not surprising
if we consider that: a) this area of investigation is peculiar of
the neuropsychology rather than rehabilitation sciences dealing
with MDRDs; and (a) the comprehension about neural and
operational mechanisms of body experience has grown only in
the last few years (Longo et al., 2008b, 2015; Longo, 2015; Gallace
and Bellan, 2018).

We found only three studies investigating the implicit SoP
in MDRDs (Wand et al., 2013b; Adamczyk et al., 2018a,b), of
which one is a preliminary validation study and another is a
case-study. Therefore, it appears that implicit SoP in MDRDs
has received little attention, as well as in CRPS, where only
sparse studies have been investigated this sub-domain of body
perception (Lewis et al., 2010b; Reiswich et al., 2012). Despite this,
some methodologies proposed in preliminary studies showed
good psychometric values, as in the case of the 2-PET (Adamczyk
et al., 2018b), and are easy to be implemented both in clinical
practice (Wand et al., 2013b; Adamczyk et al., 2018a) and in
future research studies.

Variable results were found for the association of SoP
disorders with pain intensity, duration and disability. Higher and
stronger associations were found in studies that examined the
explicit SoP (mainly those adopting the FreBAQ and FreKAQ)
compared to other methodologies, while conflicting results were
found for studies assessing the implicit SoP. However, in this last
case, the small number of studies (Wand et al., 2013b; Adamczyk
et al., 2018a,b) and of subjects recruited may have influenced
the findings. Overall, it is not possible to draw conclusions
about causation due to the lack of cohort studies. In fact only
one study had a longitudinal research design (Hirakawa et al.,
2014): authors found a decreased level of perceptual dysfunctions
6 weeks post-knee arthroplasty but standard deviation values
were high, indicating large variation among patients. Thus,
it is unclear whether SoP dysfunctions are a consequence of
persistent painful states, potential contributing factors or an
epiphenomenon of pain. One proposed hypothesis has been
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reported in pregnancy-related pelvic pain in which body changes
precede the onset of pain: in this case, anatomical variations in
body sizes may have caused pain-related thoughts and fear of
movements, generating maladaptive behaviours and altered body
perceptions (Beales et al., 2016). In other conditions different
than pregnancy-related ones, this combination of factors may
explain misperceptions occurring only in body parts potentially
affected by increment of size (e.g., axial joints, interphalangeal
and metacarpal joints) where SoP distortions could occur
subsequently to swelling phases (McCabe et al., 2004), but they
may be not able to explain misperceptions affecting the spine.

Sub-groups detection
In some studies (Mibu et al., 2015; Nishigami et al., 2015; Moreira
et al., 2017) seem to emerge sub-groups of patients with different
features for the explicit SoP (normal, augmented and shrunken),
although the association of each group with higher disability
levels, or pain duration and intensity remains unclear. Similarly,
for implicit SoP, Adamczyk et al. (2018a) presented a two-case
report in which one patients showed an overestimation of the
painful low-back side compared to non-painful locations in 2-
PET (range: 45–206%) and an opposite trend in the second
subject (underestimation ranged between 12 and 22%). However,
it cannot be established if two or more different sub-groups
emerged also for the implicit domain of SoP because this is the
only study that found this apparent trend. The same authors, in
another study with larger sample of CLBP patients (Adamczyk
et al., 2018b), were not able to find the same sub-groups split
found in the first double-case study. They also identified an
overall underestimation of both sides of the spine in 2PET,
challenging the relationship between pain location and body
perception distortion.

Body ownership
As a part of our body experience, we have to consider that
mental representations of own body include the concept of
shape and contours perception of body parts (James, 1890)
and the boundaries between them and the external space. The
plasticity of this kind of body representation has been extensively
studied through the RHI paradigm (Botvinick and Cohen,
1998). However, we found only one study investigating the
response to the RHI in MDRDs (Martínez et al., 2018). These
authors found that fibromyalgic patients were more prone to
experience the illusion than controls. The capacity to localize
and confine body sensations within the corporeal boundaries
requires an intact somatorepresentation: a misperception in
which a rubber hand ’taking the place’ of own’s real hand
(body representation instability), could indicate a dysfunction
in multisensory integration underlying SoP function, but it is
not clear the relationship with clinical relevant variables, and
thus the potential role played in pathophysiology of chronic
pain. To the best of our knowledge, only one study was
published assessing the RHI in CRPS patients (Reinersmann
et al., 2013). Authors found preserved multisensory integration
despite the presence of neglect-like symptoms, indicating a
possible dissociation between the mechanisms involved in
BO and explicit SoP. Noteworthy, it seems to appear a

potential analogy between fibromyalgia and eating disorders:
both conditions seem to have a more instable BO respect to
healthy controls (Mussap and Salton, 2006; Eshkevari et al.,
2012; Keizer et al., 2014) and are joined by augmented vigilance
to internal body signals. In addition, they seemed to show
dissatisfaction regarding some body parts, those more painful in
fibromyalgic subjects and emotional-sensitive ones in anorectic
and bulimic patients. Body dissatisfaction is thought to be
caused by the discrepancy between an ideal body model and
the current self-perception (Strauman et al., 1991; Vartanian,
2012). Despite the causation relationship is still unclear, it was
found a correlation between negative body affective perception
and pain severity in fibromyalgic patients (Akkaya et al., 2012).
In our opinion, in order to avoid ineffective and limited
approaches, as already found in eating disorders (Eshkevari
et al., 2014), it should not be neglected the presence of such
negative body-cognition appraisal also in fibromyalgic patients.
The variable contribution to body experience of cognitive,
affective and perceptual mechanisms should be considered
in further studies, as already proposed for eating disorders
treatment (Riva, 2011; Keizer et al., 2014; Serino et al.,
2016a,b).

Space perception
Evidence emerged across included studies seemed to highlight
the absence of SpP dysfunctions, at least for the extra-personal
space measured through the CRAF test in a sample of patients
with CNP and WAD: errors in SSV and SVO were under the
limit of normality or very modest, and were not correlated with
disability. The lack of studies conducted in disorders different
than CNP and WAD makes it difficult to extent these findings
to others MDRDs, or to compare these results with those
found in CRPS (Sumitani et al., 2007a,b; Uematsu et al., 2009;
Reinersmann et al., 2012; Christophe et al., 2016).

Treatment Studies
The majority of published intervention studies were preliminary
pilot-tests, case studies and case series, or were conducted in
experimental settings. For these reasons, evidence emerged about
the intervention strategies proposed are very limited. Moreover,
it is difficult to estimate the relative effectiveness of each
single therapeutic component for studies adopting concomitant
multiple approaches (Wand et al., 2011; Morone et al., 2012;
Paolucci et al., 2012; Vetrano et al., 2013; Ryan et al., 2014).
Overall, intervention studies suffered the absence of preliminary
assessment for dysfunctions of SoP and BO at the baseline: this
issue may have limited the effectiveness of the treatments because
they were not appropriately focused on specific sub-groups of
patients. In fact, as shown by assessment studies, some patients
with MDRDs seem to present explicit or implicit SoP disorders
respect to others (Mibu et al., 2015; Nishigami et al., 2015;
Moreira et al., 2017; Adamczyk et al., 2018a).

Although they must be considered within the limits of their
low evidence value, case studies and preliminary investigations
showed promising results of dedicated interventions (Stanton
et al., 2018; Nishigami et al., 2019) addressing specific kind of SoP
disorders at the baseline, as found in CRPS (Lewis et al., 2019).
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Despite the presence of major methodological limitations,
some therapeutic strategies could be of potential clinical value,
especially in light of the brief duration and frequency of
administration (Wand et al., 2013a; Louw et al., 2017).

Clinical Implications
Currently, evidence is fragmented and insufficient to guide
precise assessment and intervention actions in routinely clinical
practice. Nevertheless, the majority of treatment methodologies
and assessment tools described in this review represent simple,
safe and inexpensive procedures, feasible for the use in daily
clinical practice. Some of the therapeutic approaches proposed
seem to improve movement and pain without performing any
physical action (Louw et al., 2017; Nishigami et al., 2019). For
this reason, they may be promising strategies to use in patients
with elevated pain levels and movement restrictions, as in person
having high level of fear-avoidance behaviours for movements
and maladaptive beliefs, especially in early rehabilitation phases
(Louw et al., 2017).

Patients affected by these kind of perception disturbances
(as documented in CRPS) may be reluctant, if not directly
questioned (Galer and Jensen, 1999; Lewis et al., 2010a), to
talk with health care providers or within the family context
(Galer and Jensen, 1999), due to the bizarre features that make
them appear as having some form of psychological/psychiatric
disturbance (Förderreuther et al., 2004), or fearful of not being
believed (Lewis et al., 2007). The perception of body contours
and ownership is usually taken for granted, but in circumstances
in which derangements appear between what is perceived and
what is real, both pain and stressful response may potentially
increase as consequence to these conditions, together with fear-
avoidant behaviour. For patients, not being able to rely on
information coming from their bodies and experiencing such
bodily illusions can be detrimental for quality of life, social
interactions and, overall, for mental health (Lewis et al., 2007;
Longo, 2015). For these reasons, despite the limited diagnostic
capacity of the tools now available, we believe it is important
that clinicians start to approach (Geri et al., 2019) and validate
this kind of unpleasant experience. For instance, clinicians could
tell patients that their clinical descriptions resemble the very
common situation of receiving an injection from the dentist and
thereby perceiving one’s lips and cheeks as uncommonly swollen
and distorted, despite one’s awareness that they maintain their
normal size. Moving from the preliminary findings of this review,
clinicians should consider the role of distorted SoP, starting
from directly asking patients about their body experience, or
through the administration of easy and inexpensive qualitative
and quantitative tools, as the BID and the 2-PET.

Recommendation for Future Research
Despite the range of methodological issues that limit the validity
of the evidence we have discussed, some of the proposed
assessment methodologies and therapeutic strategies, could
represent useful starting points for further research.

Considering the complexity of the body experience
phenomenon, future studies should consider the concomitant
assessment of different domains of bodily experience (explicit

and implicit SoP, BO, and SpP), in parallel to the clinical variables
commonly used for clinical studies, as some authors have started
to do with CRPS patients (Lewis et al., 2019). Intervention
studies should determine the response of particular sub-groups
of patients, for e.g., those with enlarged or diminished body
perception (Mibu et al., 2015; Moreira et al., 2017; Adamczyk
et al., 2018a), to dedicated perceptual training interventions
(Lewis et al., 2019). Moreover, the preliminary detection
of perceptual impairments and the potential identification
of particular sub-groups in clinical studies may help to
identify individuals who could potentially benefit from
dedicated treatments, or sub-groups that may be resistant to
usual cares.

Future studies may implement new advanced technologies
for clinical purposes. For e.g., diagnostic studies may
implement more accurate new digital tools (Turton et al.,
2013), aimed at overcoming the excessive subjectivity of
the clinicians in the assessment of BID, but preserving at
the same time the subjectivity of patients in expressing
their own’s SoP. Virtual and augmented reality represent
probably the new frontier for the study of body
representation finalized at therapeutic clinical use in body
perception dysfunctions.

It may be interesting to explore also the neural correlates of
body experience disorders through the adoption of neuroimaging
methods, such as functional magnetic resonance imaging
(fMRI), during perceptual tasks execution, without limiting the
investigation to the functionality of the primary sensory area, as
primarily performed in MDRDs field since now.

The available studies on assessment and treatment described
here need to be replicated in larger and higher-methodological
quality studies with appropriate control groups, in order to
confirm preliminary results emerged, and to determine whether
perceptual disorders represent clinical consistent findings. At
the same time, we encourage the production of diagnostic case
studies/case series and the publication of preliminary validation
studies aimed to describe new assessment and treatment
methodology in MDRDs as already made in CRPS (Sumitani
et al., 2007a; Uematsu et al., 2009; Christophe et al., 2016; Solcà
et al., 2018). We think that these two preliminary steps may be
useful starting points before large scale data collection, as in the
case of Adamczyk et al. (2018a,b).

The implicit and explicit body experience represents
certainly a complex construct to define and investigate.
Despite the absence of recognized gold-standard procedures
to validate perceptual dysfunctions, it’s noteworthy that other
psychophysical tests have been proposed (Longo and Haggard,
2010; Fuentes et al., 2013) and may be implemented in MDRDs.

Finally, both the FreBAQ/FreKAQ and the NLSQ items
were not directly derived from patients’ self-experience
dedicated studies, as those represented by the qualitative
research. Moreover, these questionnaires were borrowed and
adapted from studies on CRPS patients, rather than from
studies investigating directly MDRDs patients. For these
reasons, qualitative interviews-based studies may represent
a useful and appropriate methodological approach to
obtain relevant themes to adopt for the implementation of
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questionnaire items directly based on patients’ “first-person”
perspective (Lewis et al., 2007; Valenzuela-Moguillansky,
2013). We must consider that SoP, SpP and BO, are
essentially subjective phenomena. Therefore, we cannot
achieve comprehensive and deeper knowledge on this personal
experience without a direct involvement of patients with
dysfunctional body experiences.

Strengths and Limitations
Our research team was multidisciplinary and multiprofessional
in its composition aimed at limiting potential conflicting
interpretations of terminology and concepts investigated
(Anderson et al., 2008). Despite the comprehensive nature of
this review and the amount of sources scanned, it is possible
that the limitation of our search only to English language studies
may have influenced the nature of the evidence found. In
order to limit this potential publication bias, we have reported
in additional materials (Supplementary Table 7) all potential
eligible studies found in other languages, having at least the
abstract in English. The presence of only one author for data
extraction may have been a potential source of bias: to overcome
this limitation we provide a secondary data check by a second
reviewer. We limited our investigation to patients >16 years
old, however potentially interesting findings and assessment
strategies may be found in the research area of the idiopathic
scoliosis (Picelli et al., 2016; Paolucci et al., 2017). The extensive
heterogeneity of included studies prevents to draw robust
conclusions for clinical practice. Nevertheless, the inclusion of
quantitative, qualitative and mixed-method studies at this first
literature mapping stage allowed to consider the different aspects
involved in the complex phenomenon of the body experience.
Finally, the theme of SoP is broad and this review cannot be
considered exhaustive. We excluded studies investigating the
perception of own’s body under dynamic condition (Valenzuela-
Moguillansky et al., 2017) and the related therapeutic strategies
proposed (Horwitz et al., 2003, 2004; Wand et al., 2012), because
they are not considered in the theoretical framework of Longo
et al. (Longo et al., 2010; Longo, 2016) that we have adopted
as reference. Moreover, we did not consider other kinds of
perceptual information as those related to the perceived stiffness
(Haigh et al., 2003; Stanton et al., 2017).

CONCLUSIONS

Alterations of the implicit and explicit body experience have
been preliminary found through this literature review. Despite
the unclarity about the association or causation with chronic
pain in MDRDs, perceptual dysfunctions could be reasonably
considered as having a potential impact on clinical outcomes.
If confirmed in future methodological robust studies, they
may be potentially considered as one of the dimensions
involved in clinical presentations of MDRDs, on a par with
pain perception, functional limitations and restrictions in
participation. Since an effective treatment depends on an
effective diagnostic procedure, before conducting new treatment
studies, future research should prioritize the objectification of
perceptual dysfunctions subjectively referred by patients or
reported through qualitative methods.

Some important questions remain open to be addressed: (a)
explicit and implicit dysfunctions found in CLBP and CNP may
constitute a cause, a consequence or an epiphenomenon respect
to pain perception?; (b) the sub-groups highlighted in CLBP and
CNP are consistently present even in other kind of MDRDs and
also in the implicit domain of SoP; and (c) considering that in
healthy subjects, a degree of distorted implicit somatoperception
has been found in recent neuropsychological studies with respect
to an intact explicit mechanism (Longo, 2017), we have to expect
a further deterioration of the implicit somatoperception in those
patients found to have yet an altered conscious perception of their
own’s body?

In order to answer to these questions, we conclude by
suggesting three future research lines:

a) Longitudinal studies providing pain and multiple body
perception outcome measures, along an enough large period
of observation, may constitute an appropriate answer to the
first point;

b) Implicit and explicit methodology of assessment should be
administered in parallel to patients in order to test the
potential divergences between conscious and unconscious
mechanisms of body perception within and between MDRDs:
this suggestion answer both to the second and the third critical
points highlighted;

c) Moreover, the adoption of case-cohort studies with control
groups of healthy subjects, further answer to the third point.

Overall, in consideration of the amount of literature already
published since now we sustain and propose that the theoretical
concept to split between implicit and explicit mechanisms of
SoP may constitute an important starting point for future
research agenda.

As suggested by extensive literature in neuropsychological
field, pain perception appears to interact with a range of factors,
among which implicit and explicit SoP, SpP and BO. For this
reason, for future research agenda we encourage researchers
to combine experimental lines on body experience with those
studying chronic pain in MDRDs.

In consideration of findings emerged and the quality of studies
found, at the state of art, the conduction of a future systematic
review is appropriate only to synthesize the psychometric
properties of the FreBAQ.

AUTHOR CONTRIBUTIONS

AV contributed to conception of the study, managed the
database, extracted data from studies, and wrote the first draft
of the manuscript. AV and DR contributed to the design and
performed the first search strategy. DR and AG performed
peer-review of electronic search strategies. EC, DL, and MP
performed calibration phases, screening, and selection steps. DP
and AV performed pilot-trials of data extraction. DP performed
crosschecking of data extraction. DP and GR performed data
analysis. GR, ML, and MT performed data interpretation. AG,
GR, ML, and MT wrote sections of the manuscript. All authors
contributed to manuscript revisions, read and approved the
submitted version.

Frontiers in Human Neuroscience | www.frontiersin.org 27 April 2020 | Volume 14 | Article 83

https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

ACKNOWLEDGMENTS

The authors thank Mirko Job for contribution in database
management, and Tommaso Geri for his valuable help in
statistical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnhum.
2020.00083/full#supplementary-material

REFERENCES

Adamczyk, W. M., Luedtke, K., Saulicz, O., and Saulicz, E. (2018a). Sensory

dissociation in chronic low back pain: two case reports. Physiother. Theor. Pract.

34, 643–651. doi: 10.1080/09593985.2017.1423431

Adamczyk, W. M., Slugocka, A., Mehlich, K., Saulicz, E., and Luedtke, K. (2018b).

Preliminary validation of a two-point estimation task for the measurement

of sensory dissociation in patients with chronic low back pain. Pain Med. 20,

2472–2478 doi: 10.1093/pm/pny220

Akkaya, N., Akkaya, S., Atalay, N. S., Balci, C. S., and Sahin, F. (2012). Relationship

between the body image and level of pain, functional status, severity of

depression, and quality of life in patients with fibromyalgia syndrome. Clin.

Rheumatol. 31, 983–988. doi: 10.1007/s10067-012-1965-9

Anderson, S., Allen, P., Peckham, S., and Goodwin, N. (2008). Asking the

right questions: Scoping studies in the commissioning of research on the

organisation and delivery of health services. Health Res. Policy Syst. 6:7.

doi: 10.1186/1478-4505-6-7

Azañón, E., and Haggard, P. (2009). Somatosensory processing and body

representation. Cortex 45, 1078–1084. doi: 10.1016/j.cortex.2009.01.006

Barker, K. L., Elliott, C. J., Sackley, C. M., and Fairbank, J. C. (2008). Treatment

of chronic back pain by sensory discrimination training. A phase I RCT

of a novel device (FairMed) vs. TENS. BMC Musculoskelet. Disord. 9:97.

doi: 10.1186/1471-2474-9-97

Beales, D., Lutz, A., Thompson, J., Wand, B. M., and O’Sullivan, P.

(2016). Disturbed body perception, reduced sleep, and kinesiophobia

in subjects with pregnancy-related persistent lumbopelvic pain and

moderate levels of disability: an exploratory study. Man. Ther. 21, 69–75.

doi: 10.1016/j.math.2015.04.016

Berlucchi, G., and Aglioti, S. M. (2010). The body in the brain revisited. Exp. Brain

Res. 200, 25–35. doi: 10.1007/s00221-009-1970-7

Bevan, S. (2015). Economic impact of musculoskeletal disorders (MSDs)

on work in Europe. Best Pract. Res. Clin. Rheumatol. 29, 356–373.

doi: 10.1016/j.berh.2015.08.002

Blyth, F. M., Briggs, A. M., Schneider, C. H., Hoy, D. G., and March, L. M. (2019).

The global burden of musculoskeletal pain—where to from here? Am. J. Public

Health 109, 35–40. doi: 10.2105/AJPH.2018.304747

Bombardier, C., Hayden, J., and Beaton, D. E. (2001). Minimal clinically important

difference. Low back pain: outcome measures. J. Rheumatol. 28, 431–438.

Botvinick, M. (2004). Probing the neural basis of body ownership. Science 305,

782–783. doi: 10.1126/science.1101836

Botvinick, M., and Cohen, J. (1998). Rubber hands ‘feel’ touch that eyes see.Nature

391:756. doi: 10.1038/35784

Briggs, A.M.,Woolf, A. D., Dreinhöfer, K., Homb, N., Hoy, D. G., Kopansky-Giles,

D., et al. (2018). Reducing the global burden of musculoskeletal conditions.

Bull. World Health Organ. 96, 366–368. doi: 10.2471/BLT.17.204891

Canadian Institutes of Health Research (2010). A Guide to Knowledge Synthesis

- CIHR. Available online at: http://www.cihr-irsc.gc.ca/e/41382.html (accessed

July 31, 2017).

Carruthers, G. (2008). Types of body representation and the sense of embodiment.

Conscious Cogn. 17, 1302–1316. doi: 10.1016/j.concog.2008.02.001

Catley, M. J., O’Connell, N. E., Berryman, C., Ayhan, F. F., and Moseley, G. L.

(2014). Is tactile acuity altered in people with chronic pain? A systematic review

and meta-analysis. J. Pain 15, 985–1000. doi: 10.1016/j.jpain.2014.06.009

Catley, M. J., Tabor, A., Wand, B. M., and Moseley, G. L. (2013). Assessing tactile

acuity in rheumatology and musculoskeletal medicine–how reliable are two-

point discrimination tests at the neck, hand, back and foot? Rheumatology 52,

1454–1461. doi: 10.1093/rheumatology/ket140

Centre for Reviews and Dissemination (2009). Centre for Reviews and

Dissemination (CRD) Guidance for Undertaking Systematic Reviews. York: The

University of York.

Christophe, L., Delporte, L., Revol, P., dePaepe, A., Rode, G., Jacquin-Courtois, S.,

et al. (2016). Complex regional pain syndrome associated with hyperattention

rather than neglect for the healthy side: a comprehensive case study. Ann. Phys.

Rehabil. Med. 59, 294–301. doi: 10.1016/j.rehab.2016.10.001

Colquhoun, H. L., Jesus, T. S., O’Brien, K. K., Tricco, A. C., Chui, A., Zarin, W.,

et al. (2017). Study protocol for a scoping review on rehabilitation scoping

reviews. Clin. Rehabil. 31, 1249–1256. doi: 10.1177/0269215516688514

Colquhoun, H. L., Levac, D., O’Brien, K. K., Straus, S., Tricco, A. C., Perrier,

L., et al. (2014). Scoping reviews: time for clarity in definition, methods, and

reporting. J. Clin. Epidemiol. 67, 1291–1294. doi: 10.1016/j.jclinepi.2014.03.013

Copay, A. G., Glassman, S. D., Subach, B. R., Berven, S., Schuler, T. C., and

Carreon, L. Y. (2008). Minimum clinically important difference in lumbar

spine surgery patients: a choice of methods using the oswestry disability index,

medical outcomes study questionnaire short form 36, and pain scales. Spine J.

8, 968–974. doi: 10.1016/j.spinee.2007.11.006

Daneshmandi, H., Choobineh, A. R., Ghaem, H., Alhamd, M., and Fakherpour, A.

(2017). The effect of musculoskeletal problems on fatigue and productivity of

office personnel: a cross-sectional study. J. Prev. Med. Hyg. 58, E252–E258.

de Vignemont, F. (2007). Howmany representations of the body? Behav. Brain Sci.

30, 204–205. doi: 10.1017/S0140525X07001434

de Vignemont, F. (2010). Body schema and body image–pros and cons.

Neuropsychologia 48, 669–680. doi: 10.1016/j.neuropsychologia.2009.09.022

Diers, M., Zieglgänsberger, W., Trojan, J., Drevensek, A. M., Erhardt-Raum, G.,

and Flor, H. (2013). Site-specific visual feedback reduces pain perception. Pain

154, 890–896. doi: 10.1016/j.pain.2013.02.022

Docherty, S., Schärer, R., Bagust, J., and Humphreys, B. K. (2012). Perception

of subjective visual vertical and horizontal in patients with chronic

neck pain: a cross-sectional observational study. Man. Ther. 17, 133–138.

doi: 10.1016/j.math.2011.11.002

Ehrenbrusthoff, K., Ryan, C. G., Grüneberg, C., Wand, B. M., and Martin, D.

J. (2018). The translation, validity and reliability of the German version

of the fremantle back awareness questionnaire. PLoS ONE 13:e0205244.

doi: 10.1371/journal.pone.0205244

Ekedahl, H., Jönsson, B., and Frobell, R. B. (2012). Fingertip-to-floor test and

straight leg raising test: validity, responsiveness, and predictive value in patients

with acute/subacute low back pain. Arch. Phys. Med. Rehabil. 93, 2210–2215.

doi: 10.1016/j.apmr.2012.04.020

Eshkevari, E., Rieger, E., Longo, M. R., Haggard, P., and Treasure, J. (2012).

Increased plasticity of the bodily self in eating disorders. Psychol. Med. 42,

819–828. doi: 10.1017/S0033291711002091

Eshkevari, E., Rieger, E., Longo, M. R., Haggard, P., and Treasure, J.

(2014). Persistent body image disturbance following recovery from

eating disorders. Int. J. Eat. Disord. 47, 400–409. doi: 10.1002/eat.

22219

Fang, W., Zhang, R., Zhao, Y., Wang, L., and Zhou, Y.-D. (2019). Attenuation of

pain perception induced by the rubber hand illusion. Front. Neurosci. 13:261.

doi: 10.3389/fnins.2019.00261

Farrar, J. T., Young, J. P., LaMoreaux, L., Werth, J. L., and Poole, R.

M. (2001). Clinical importance of changes in chronic pain intensity

measured on an 11-point numerical pain rating scale. Pain 94, 149–158.

doi: 10.1016/S0304-3959(01)00349-9

Flor, H. (2003). Cortical reorganisation and chronic pain:

implications for rehabilitation. J. Rehabil. Med. 41(Suppl), 66–72.

doi: 10.1080/16501960310010179

Frontiers in Human Neuroscience | www.frontiersin.org 28 April 2020 | Volume 14 | Article 83

https://www.frontiersin.org/articles/10.3389/fnhum.2020.00083/full#supplementary-material
https://doi.org/10.1080/09593985.2017.1423431
https://doi.org/10.1093/pm/pny220
https://doi.org/10.1007/s10067-012-1965-9
https://doi.org/10.1186/1478-4505-6-7
https://doi.org/10.1016/j.cortex.2009.01.006
https://doi.org/10.1186/1471-2474-9-97
https://doi.org/10.1016/j.math.2015.04.016
https://doi.org/10.1007/s00221-009-1970-7
https://doi.org/10.1016/j.berh.2015.08.002
https://doi.org/10.2105/AJPH.2018.304747
https://doi.org/10.1126/science.1101836
https://doi.org/10.1038/35784
https://doi.org/10.2471/BLT.17.204891
http://www.cihr-irsc.gc.ca/e/41382.html
https://doi.org/10.1016/j.concog.2008.02.001
https://doi.org/10.1016/j.jpain.2014.06.009
https://doi.org/10.1093/rheumatology/ket140
https://doi.org/10.1016/j.rehab.2016.10.001
https://doi.org/10.1177/0269215516688514
https://doi.org/10.1016/j.jclinepi.2014.03.013
https://doi.org/10.1016/j.spinee.2007.11.006
https://doi.org/10.1017/S0140525X07001434
https://doi.org/10.1016/j.neuropsychologia.2009.09.022
https://doi.org/10.1016/j.pain.2013.02.022
https://doi.org/10.1016/j.math.2011.11.002
https://doi.org/10.1371/journal.pone.0205244
https://doi.org/10.1016/j.apmr.2012.04.020
https://doi.org/10.1017/S0033291711002091
https://doi.org/10.1002/eat.22219
https://doi.org/10.3389/fnins.2019.00261
https://doi.org/10.1016/S0304-3959(01)00349-9
https://doi.org/10.1080/16501960310010179
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

Flor, H., Braun, C., Elbert, T., and Birbaumer, N. (1997). Extensive reorganization

of primary somatosensory cortex in chronic back pain patients. Neurosci. Lett.

224, 5–8. doi: 10.1016/S0304-3940(97)13441-3

Förderreuther, S., Sailer, U., and Straube, A. (2004). Impaired self-perception of

the hand in complex regional pain syndrome (CRPS). Pain 110, 756–761.

doi: 10.1016/j.pain.2004.05.019

Frettlöh, J., Hüppe, M., and Maier, C. (2006). Severity and specificity of

neglect-like symptoms in patients with complex regional pain syndrome

(CRPS) compared to chronic limb pain of other origins. Pain 124, 184–189.

doi: 10.1016/j.pain.2006.04.010

Fuentes, C. T., Longo, M. R., and Haggard, P. (2013). Body image distortions

in healthy adults. Acta Psychol. 144, 344–351. doi: 10.1016/j.actpsy.2013.

06.012

Furlan, A. D., Pennick, V., Bombardier, C., van Tulder, M., and Editorial Board

Cochrane Back Review Group (2009). 2009 updated method guidelines for

systematic reviews in the cochrane back review group. Spine 34, 1929–1941.

doi: 10.1097/BRS.0b013e3181b1c99f

Gadsby, S. (2017). Distorted body representations in anorexia nervosa. Conscious.

Cogn. 51, 17–33. doi: 10.1016/j.concog.2017.02.015

Gadsby, S. (2019). Body representations and cognitive ontology: drawing

the boundaries of the body image. Conscious. Cogn.74:102772.

doi: 10.1016/j.concog.2019.102772

Galer, B. S., and Jensen, M. (1999). Neglect-like symptoms in complex regional

pain syndrome: results of a self-administered survey. J. Pain Symptom. Manage.

18, 213–217. doi: 10.1016/S0885-3924(99)00076-7

Gallace, A., and Bellan, V. (2018). The parietal cortex and pain perception:

a body protection system. Handb. Clin. Neurol. 151, 103–117.

doi: 10.1016/B978-0-444-63622-5.00005-X

Gallace, A., and Spence, C. (2008). The cognitive and neural correlates of “tactile

consciousness”: a multisensory perspective. Conscious. Cogn. 17, 370–407.

doi: 10.1016/j.concog.2007.01.005

Gallace, A., Torta, D. M. E., Moseley, G. L., and Iannetti, G. D. (2011).

The analgesic effect of crossing the arms. Pain 152, 1418–1423.

doi: 10.1016/j.pain.2011.02.029

Gallagher, S. (1986). Body image and body schema: a conceptual clarification. J.

Mid. Behav. 7, 541–554.

Geri, T., Viceconti, A., Minacci, M., Testa, M., and Rossettini, G. (2019).

Manual therapy: exploiting the role of human touch. Musculoskelet. Sci. Pract.

44:102044. doi: 10.1016/j.msksp.2019.07.008

Gilpin, H. R., Moseley, G. L., Stanton, T. R., and Newport, R. (2015). Evidence for

distorted mental representation of the hand in osteoarthritis. Rheumatology 54,

678–682. doi: 10.1093/rheumatology/keu367

Greenhalgh, T., and Peacock, R. (2005). Effectiveness and efficiency of

search methods in systematic reviews of complex evidence: audit of

primary sources. BMJ 331, 1064–1065. doi: 10.1136/bmj.38636.593

461.68

Grod, J. P., and Diakow, P. R. (2002). Effect of neck pain on verticality

perception: a cohort study. Arch. Phys. Med. Rehabil. 83, 412–415.

doi: 10.1053/apmr.2002.29660

Haggard, P., Iannetti, G. D., and Longo, M. R. (2013). Spatial sensory organization

and body representation in pain perception. Curr. Biol. 23, R164–R176.

doi: 10.1016/j.cub.2013.01.047

Haggard, P., and Wolpert, D. M. (2005). “Disorders of body schema,” in Higher-

Order Motor Disorders: from Neuroanatomy and Neurobiology to Clinical

Neurology, eds H. J. Freund, M. Jeannerod, M. Hallett, and R. Leiguarda

(Oxford: Oxford University Press), 261–271.

Haigh, R. C., McCabe, C. S., Halligan, P. W., and Blake, D. R. (2003).

Joint stiffness in a phantom limb: evidence of central nervous system

involvement in rheumatoid arthritis. Rheumatology 42, 888–892.

doi: 10.1093/rheumatology/keg243

Harvie, D. S., Edmond-Hank, G., and Smith, A. D. (2018). Tactile acuity is

reduced in people with chronic neck pain.Musculoskelet. Sci. Pract. 33, 61–66.

doi: 10.1016/j.msksp.2017.11.009

Head, H., andHolmes, G. (1911). Sensory disturbances from cerebral lesions. Brain

34, 102–254. doi: 10.1093/brain/34.2-3.102

Higgins, J. P., and Green, S. (2008). Cochrane Handbook for Systematic Reviews

of Interventions Version 5.1.0 [updated March 2011]. Chichester: John Wiley &

Sons, Ltd.

Hillier, S., Immink, M., and Thewlis, D. (2015). Assessing proprioception: a

systematic review of possibilities. Neurorehabil. Neural Repair 29, 933–949.

doi: 10.1177/1545968315573055

Hirakawa, Y., Hara, M., Fujiwara, A., Hanada, H., and Morioka, S. (2014).

The relationship among psychological factors, neglect-like symptoms and

postoperative pain after total knee arthroplasty. Pain Res. Manag. 19, 251–256.

doi: 10.1155/2014/471529

Horwitz, E. B., Theorell, T., and Anderberg, U. M. (2003). Fibromyalgia patients’

own experiences of video self-interpretation: a phenomenological-hermeneutic

study. Scand. J. Caring Sci. 17, 257–264. doi: 10.1046/j.1471-6712.2003.00223.x

Horwitz, E. B., Theorell, T., and Anderberg, U. M. (2004). New technique for

assessment of self-perception in fibromyalgia patients: a pilot study with video-

interpretation. Arts Psychother. 31, 153–164. doi: 10.1016/j.aip.2004.03.004

Hotz-Boendermaker, S., Marcar, V. L., Meier, M. L., Boendermaker, B., and

Humphreys, B. K. (2016). Reorganization in secondary somatosensory

cortex in chronic low back pain patients. Spine 41, E667–E673.

doi: 10.1097/BRS.0000000000001348

James, W. (1890). The Principles of Psychology, Vol. 1, New York, NY: Henry Holt

and Co.

Janssens, L., Goossens, N., Wand, B. M., Pijnenburg, M., Thys, T., and

Brumagne, S. (2017). The development of the dutch version of the

fremantle back awareness questionnaire. Musculoskelet. Sci. Pract. 32, 84–91.

doi: 10.1016/j.msksp.2017.09.003

Johnsen, L. G., Hellum, C., Nygaard, Ø. P., Storheim, K., Brox, J. I., Rossvoll, I.,

et al. (2013). Comparison of the SF6D, the EQ5D, and the oswestry disability

index in patients with chronic low back pain and degenerative disc disease.

BMCMusculoskelet. Disord. 14:148. doi: 10.1186/1471-2474-14-148

Keizer, A., Smeets, M. A. M., Dijkerman, H. C., van den Hout, M., Klugkist, I., van

Elburg, A., et al. (2011). Tactile body image disturbance in anorexia nervosa.

Psychiatry Res. 190, 115–120. doi: 10.1016/j.psychres.2011.04.031

Keizer, A., Smeets, M. A. M., Postma, A., van Elburg, A., and Dijkerman, H. C.

(2014). Does the experience of ownership over a rubber hand change body

size perception in anorexia nervosa patients? Neuropsychologia 62, 26–37.

doi: 10.1016/j.neuropsychologia.2014.07.003

Khadilkar, A., Milne, S., Brosseau, L., Wells, G., Tugwell, P., Robinson, V.,

et al. (2005). Transcutaneous electrical nerve stimulation for the treatment

of chronic low back pain: a systematic review. Spine 30, 2657–2666.

doi: 10.1097/01.brs.0000188189.21202.0f

Khadilkar, A., Odebiyi, D. O., Brosseau, L., and Wells, G. A. (2008).

Transcutaneous electrical nerve stimulation (TENS) versus placebo

for chronic low-back pain. Cochrane Database Syst. Rev. CD003008.

doi: 10.1002/14651858.CD003008.pub3

Lauche, R., Cramer, H., Haller, H., Musial, F., Langhorst, J., Dobos, G. J., et al.

(2012a). My back has shrunk: the influence of traditional cupping on body

image in patients with chronic non-specific neck pain. Forsch. Komplementmed.

19, 68–74. doi: 10.1159/000337688

Lauche, R., Cramer, H., Hohmann, C., Choi, K.-E., Rampp, T., Saha, F. J.,

et al. (2012b). The effect of traditional cupping on pain and mechanical

thresholds in patients with chronic nonspecific neck pain: a randomised

controlled pilot study. Evid. Based Complement. Alternat. Med. 2012:429718.

doi: 10.1155/2012/429718

Lewis, J., Cot, D., McCabe, C., and RGN (2010a). Body Perception Disturbance

(BPD) in CRPS. Practical Pain Management. Available online at: https://www.

practicalpainmanagement.com/pain/neuropathic/crps/body-perception-

disturbance-bpd-crps (accessed August 19, 2018).

Lewis, J. S., Kellett, S., McCullough, R., Tapper, A., Tyler, C., Viner, M., et al. (2019).

Body perception disturbance and pain reduction in longstanding complex

regional pain syndrome following a multidisciplinary rehabilitation program.

Pain Med. 20, 2213–2219. doi: 10.1093/pm/pnz176

Lewis, J. S., Kersten, P., McCabe, C. S., McPherson, K. M., and Blake, D. R. (2007).

Body perception disturbance: a contribution to pain in complex regional pain

syndrome (CRPS). Pain 133, 111–119. doi: 10.1016/j.pain.2007.03.013

Lewis, J. S., Kersten, P., McPherson, K. M., Taylor, G. J., Harris, N.,

McCabe, C. S., et al. (2010b). Wherever is my arm? Impaired upper limb

position accuracy in complex regional pain syndrome. Pain 149, 463–469.

doi: 10.1016/j.pain.2010.02.007

Lin, J., Halaki, M., Rajan, P., and Leaver, A. (2019). Relationship between

proprioception and pain and disability in people with non-specific low

Frontiers in Human Neuroscience | www.frontiersin.org 29 April 2020 | Volume 14 | Article 83

https://doi.org/10.1016/S0304-3940(97)13441-3
https://doi.org/10.1016/j.pain.2004.05.019
https://doi.org/10.1016/j.pain.2006.04.010
https://doi.org/10.1016/j.actpsy.2013.06.012
https://doi.org/10.1097/BRS.0b013e3181b1c99f
https://doi.org/10.1016/j.concog.2017.02.015
https://doi.org/10.1016/j.concog.2019.102772
https://doi.org/10.1016/S0885-3924(99)00076-7
https://doi.org/10.1016/B978-0-444-63622-5.00005-X
https://doi.org/10.1016/j.concog.2007.01.005
https://doi.org/10.1016/j.pain.2011.02.029
https://doi.org/10.1016/j.msksp.2019.07.008
https://doi.org/10.1093/rheumatology/keu367
https://doi.org/10.1136/bmj.38636.593461.68
https://doi.org/10.1053/apmr.2002.29660
https://doi.org/10.1016/j.cub.2013.01.047
https://doi.org/10.1093/rheumatology/keg243
https://doi.org/10.1016/j.msksp.2017.11.009
https://doi.org/10.1093/brain/34.2-3.102
https://doi.org/10.1177/1545968315573055
https://doi.org/10.1155/2014/471529
https://doi.org/10.1046/j.1471-6712.2003.00223.x
https://doi.org/10.1016/j.aip.2004.03.004
https://doi.org/10.1097/BRS.0000000000001348
https://doi.org/10.1016/j.msksp.2017.09.003
https://doi.org/10.1186/1471-2474-14-148
https://doi.org/10.1016/j.psychres.2011.04.031
https://doi.org/10.1016/j.neuropsychologia.2014.07.003
https://doi.org/10.1097/01.brs.0000188189.21202.0f
https://doi.org/10.1002/14651858.CD003008.pub3
https://doi.org/10.1159/000337688
https://doi.org/10.1155/2012/429718
https://www.practicalpainmanagement.com/pain/neuropathic/crps/body-perception-disturbance-bpd-crps
https://www.practicalpainmanagement.com/pain/neuropathic/crps/body-perception-disturbance-bpd-crps
https://www.practicalpainmanagement.com/pain/neuropathic/crps/body-perception-disturbance-bpd-crps
https://doi.org/10.1093/pm/pnz176
https://doi.org/10.1016/j.pain.2007.03.013
https://doi.org/10.1016/j.pain.2010.02.007
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

back pain: a systematic review with meta-analysis. Spine 44, E606–E617.

doi: 10.1097/BRS.0000000000002917

Longo, M. R. (2015). Implicit and explicit body representations. Eur. Psychol. 20,

6–15. doi: 10.1027/1016-9040/a000198

Longo, M. R. (2016). “Types of body representation,” in Foundations of embodied

cognition: Perceptual and Emotional Embodiment (New York, NY, US:

Routledge/Taylor & Francis Group), 117–134.

Longo, M. R. (2017). Distorted body representations in healthy cognition. Q. J.

Exp. Psychol. 70, 378–388. doi: 10.1080/17470218.2016.1143956

Longo, M. R., Azañón, E., and Haggard, P. (2010). More than skin deep: body

representation beyond primary somatosensory cortex. Neuropsychologia 48,

655–668. doi: 10.1016/j.neuropsychologia.2009.08.022

Longo, M. R., Cardozo, S., and Haggard, P. (2008a). Visual enhancement

of touch and the bodily self. Conscious. Cogn. 17, 1181–1191.

doi: 10.1016/j.concog.2008.01.001

Longo, M. R., and Haggard, P. (2010). An implicit body representation underlying

human position sense. Proc. Natl. Acad. Sci. U.S.A. 107, 11727–11732.

doi: 10.1073/pnas.1003483107

Longo, M. R., and Haggard, P. (2012). Implicit body representations

and the conscious body image. Acta Psychol. 141, 164–168.

doi: 10.1016/j.actpsy.2012.07.015

Longo, M. R., Mancini, F., and Haggard, P. (2015). Implicit body representations

and tactile spatial remapping. Acta Psychol. (Amst) 160, 77–87.

doi: 10.1016/j.actpsy.2015.07.002

Longo, M. R., Schüür, F., Kammers, M., Tsakiris, M., and Haggard, P. (2008b).

What is embodiment? A psychometric approach. Cognition 107, 978–98.

doi: 10.1016/j.cognition.2007.12.004

Louw, A., Puentedura, E. J., Reese, D., Parker, P., Miller, T., and Mintken, P. E.

(2017). Immediate effects of mirror therapy in patients with shoulder pain

and decreased range of motion. Arch. Phys. Med. Rehabil. 98, 1941–1947.

doi: 10.1016/j.apmr.2017.03.031

Magni, N. E., McNair, P. J., and Rice, D. A. (2018). Sensorimotor performance and

function in people with osteoarthritis of the hand: a case-control comparison.

Semin. Arthritis Rheum. 47, 676–682. doi: 10.1016/j.semarthrit.2017.

09.008

Mancini, F., Longo, M. R., Kammers, M. P. M., and Haggard, P. (2011). Visual

distortion of body size modulates pain perception. Psychol. Sci. 22, 325–330.

doi: 10.1177/0956797611398496

Mancini, F., Steinitz, H., Steckelmacher, J., Iannetti, G. D., and Haggard, P. (2015).

Poor judgment of distance between nociceptive stimuli. Cognition 143, 41–47.

doi: 10.1016/j.cognition.2015.06.004

March, L., Smith, E. U. R., Hoy, D. G., Cross, M. J., Sanchez-Riera, L., Blyth, F.,

et al. (2014). Burden of disability due to musculoskeletal (MSK) disorders. Best

Pract. Res. Clin. Rheumatol. 28, 353–366. doi: 10.1016/j.berh.2014.08.002

Martínez, E., Aira, Z., Buesa, I., Aizpurua, I., Rada, D., and Azkue, J. J.

(2018). Embodied pain in fibromyalgia: disturbed somatorepresentations

and increased plasticity of the body schema. PLoS ONE 13:e0194534.

doi: 10.1371/journal.pone.0194534

McCabe, C. S., Haigh, R. C., Shenker, N. G., Lewis, J., and Blake, D. R. (2004).

Phantoms in rheumatology. Novartis Found. Symp. 260, 154–174. discussion

174–178, 277–279. doi: 10.1002/0470867639.ch11

McGowan, J., Sampson, M., Salzwedel, D. M., Cogo, E., Foerster, V.,

and Lefebvre, C. (2016). PRESS peer review of electronic search

strategies: 2015 guideline statement. J. Clin. Epidemiol. 75, 40–46.

doi: 10.1016/j.jclinepi.2016.01.021

Medina, J., and Coslett, H. B. (2016a). Understanding body representations. Cogn.

Neuropsychol. 33, 1–4. doi: 10.1080/02643294.2016.1197195

Medina, J., and Coslett, H. B. (2016b). What can errors tell

us about body representations? Cogn Neuropsychol 33, 5–25.

doi: 10.1080/02643294.2016.1188065

Mibu, A., Nishigami, T., Kishishita, S., Son, K., Yamamoto, S., Tanaka, K., et al.

(2015). The relationships between the distorted body image of neck and clinical

profile in patients with chronic nonspecific neck pain. Pain Res. 30, 30–36.

doi: 10.11154/pain.30.30

Mohr, H. M., Zimmermann, J., Röder, C., Lenz, C., Overbeck, G., and

Grabhorn, R. (2010). Separating two components of body image in anorexia

nervosa using fMRI. Psychol. Med. 40, 1519–1529. doi: 10.1017/S0033291709

991826

Moreira, C., Bassi, A. R., Brandão, M. P., and Silva, A. G. (2017). Do patients with

chronic neck pain have distorted body image and tactile dysfunction? Eur. J.

Physiother. 19, 215–221. doi: 10.1080/21679169.2017.1334818

Morone, G., Iosa, M., Paolucci, T., Fusco, A., Alcuri, R., Spadini, E., et al. (2012).

Efficacy of perceptive rehabilitation in the treatment of chronic nonspecific low

back pain through a new tool: a randomized clinical study. Clin. Rehabil. 26,

339–350. doi: 10.1177/0269215511414443

Moseley, G. L. (2008). I can’t find it! Distorted body image and tactile

dysfunction in patients with chronic back pain. Pain 140, 239–243.

doi: 10.1016/j.pain.2008.08.001

Moseley, G. L., Gallace, A., and Spence, C. (2012). Bodily illusions in

health and disease: physiological and clinical perspectives and the

concept of a cortical “body matrix.” Neurosci. Biobehav. Rev. 36, 34–46.

doi: 10.1016/j.neubiorev.2011.03.013

Moseley, G. L., Parsons, T. J., and Spence, C. (2008). Visual distortion of a

limb modulates the pain and swelling evoked by movement. Curr. Biol. 18,

R1047–1048. doi: 10.1016/j.cub.2008.09.031

Murata, A., and Ishida, H. (2007). “Representation of bodily self in the multimodal

parieto-premotor network,” in Representation and Brain, ed S. Funahashi

(Tokyo: Springer Japan), 151–176. doi: 10.1007/978-4-431-73021-7_6

Murata, A., Wen, W., and Asama, H. (2016). The body and objects represented in

the ventral stream of the parieto-premotor network. Neurosci. Res. 104, 4–15.

doi: 10.1016/j.neures.2015.10.010

Mussap, A. J., and Salton, N. (2006). A “rubber-hand” illusion reveals a relationship

between perceptual body image and unhealthy body change. J. Health Psychol.

11, 627–639. doi: 10.1177/1359105306065022

National Guideline Centre (UK) (2016). Low back pain and sciatica in over

16s: assessment and management. London: National Institute for Health and

Care Excellence (UK). Available online at: http://www.ncbi.nlm.nih.gov/books/

NBK401577/ (accessed July 30, 2019).

Nishigami, T., Mibu, A., Osumi, M., Son, K., Yamamoto, S., Kajiwara, S., et al.

(2015). Are tactile acuity and clinical symptoms related to differences in

perceived body image in patients with chronic nonspecific lower back pain?

Man. Ther. 20, 63–67. doi: 10.1016/j.math.2014.06.010

Nishigami, T., Mibu, A., Tanaka, K., Yamashita, Y., Shimizu, M. E., Wand, B.

M., et al. (2018). Validation of the Japanese version of the fremantle back

awareness questionnaire in patients with low back pain. Pain Pract. 18,

170–179. doi: 10.1111/papr.12586

Nishigami, T., Mibu, A., Tanaka, K., Yamashita, Y., Yamada, E., Wand, B.

M., et al. (2017). Development and psychometric properties of knee-

specific body-perception questionnaire in people with knee osteoarthritis:

the fremantle knee awareness questionnaire. PLoS ONE 12: e0179225.

doi: 10.1371/journal.pone.0179225

Nishigami, T., Okuno, H., Nakano, H., Omura, Y., Osumi, M., Michele, S.,

et al. (2012). Effects of a hardness discrimination task in failed back surgery

syndrome with severe low back pain and disturbed body image: case study. J.

Nov. Physiother. S1:008. doi: 10.4172/2165-7025.S1-008

Nishigami, T., Wand, B. M., Newport, R., Ratcliffe, N., Themelis, K., Moen, D.,

et al. (2019). Embodying the illusion of a strong, fit back in people with chronic

low back pain. A pilot proof-of-concept study. Musculoskelet. Sci. Pract. 39,

178–183. doi: 10.1016/j.msksp.2018.07.002

Ostelo, R. W. J. G., Deyo, R. A., Stratford, P., Waddell, G., Croft, P., Von Korff,

M., et al. (2008). Interpreting change scores for pain and functional status in

low back pain: towards international consensus regarding minimal important

change. Spine 33, 90–94. doi: 10.1097/BRS.0b013e31815e3a10

Pamment, J., and Aspell, J. E. (2017). Putting pain out of mind with an “out of

body” illusion. Eur. J. Pain 21, 334–342. doi: 10.1002/ejp.927

Paolucci, T., Baldari, C., Di Franco, M., Didona, D., Reis, V., Vetrano, M.,

et al. (2016). A new rehabilitation tool in fibromyalgia: the effects of

perceptive rehabilitation on pain and function in a clinical randomized

controlled trial. Evid. Based Complement. Alternat. Med. 2016:7574589.

doi: 10.1155/2016/7574589

Paolucci, T., Fusco, A., Iosa, M., Grasso, M. R., Spadini, E., Paolucci, S., et al.

(2012). The efficacy of a perceptive rehabilitation on postural control in patients

with chronic nonspecific low back pain. Int. J. Rehabil. Res. 35, 360–366.

doi: 10.1097/MRR.0b013e328356427c

Paolucci, T., Piccinini, G., Iosa, M., Piermattei, C., De Angelis, S., Zangrando, F.,

et al. (2017). The importance of trunk perception during brace treatment in

Frontiers in Human Neuroscience | www.frontiersin.org 30 April 2020 | Volume 14 | Article 83

https://doi.org/10.1097/BRS.0000000000002917
https://doi.org/10.1027/1016-9040/a000198
https://doi.org/10.1080/17470218.2016.1143956
https://doi.org/10.1016/j.neuropsychologia.2009.08.022
https://doi.org/10.1016/j.concog.2008.01.001
https://doi.org/10.1073/pnas.1003483107
https://doi.org/10.1016/j.actpsy.2012.07.015
https://doi.org/10.1016/j.actpsy.2015.07.002
https://doi.org/10.1016/j.cognition.2007.12.004
https://doi.org/10.1016/j.apmr.2017.03.031
https://doi.org/10.1016/j.semarthrit.2017.09.008
https://doi.org/10.1177/0956797611398496
https://doi.org/10.1016/j.cognition.2015.06.004
https://doi.org/10.1016/j.berh.2014.08.002
https://doi.org/10.1371/journal.pone.0194534
https://doi.org/10.1002/0470867639.ch11
https://doi.org/10.1016/j.jclinepi.2016.01.021
https://doi.org/10.1080/02643294.2016.1197195
https://doi.org/10.1080/02643294.2016.1188065
https://doi.org/10.11154/pain.30.30
https://doi.org/10.1017/S0033291709991826
https://doi.org/10.1080/21679169.2017.1334818
https://doi.org/10.1177/0269215511414443
https://doi.org/10.1016/j.pain.2008.08.001
https://doi.org/10.1016/j.neubiorev.2011.03.013
https://doi.org/10.1016/j.cub.2008.09.031
https://doi.org/10.1007/978-4-431-73021-7_6
https://doi.org/10.1016/j.neures.2015.10.010
https://doi.org/10.1177/1359105306065022
http://www.ncbi.nlm.nih.gov/books/NBK401577/
http://www.ncbi.nlm.nih.gov/books/NBK401577/
https://doi.org/10.1016/j.math.2014.06.010
https://doi.org/10.1111/papr.12586
https://doi.org/10.1371/journal.pone.0179225
https://doi.org/10.4172/2165-7025.S1-008
https://doi.org/10.1016/j.msksp.2018.07.002
https://doi.org/10.1097/BRS.0b013e31815e3a10
https://doi.org/10.1002/ejp.927
https://doi.org/10.1155/2016/7574589
https://doi.org/10.1097/MRR.0b013e328356427c
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

moderate juvenile idiopathic scoliosis:What is the impact on self-image? J. Back

Musculoskelet. Rehabil. 30, 203–210. doi: 10.3233/BMR-160733

Peltz, E., Seifert, F., Lanz, S., Müller, R., and Maihöfner, C. (2011). Impaired hand

size estimation in CRPS. J. Pain 12, 1095–1101. doi: 10.1016/j.jpain.2011.05.001

Peters, M. D. J., Godfrey, C. M., Khalil, H., McInerney, P., Parker, D., and Soares,

C. B. (2015). Guidance for conducting systematic scoping reviews. Int. J. Evid.

Based Healthc. 13, 141–146. doi: 10.1097/XEB.0000000000000050

Pia, L., Garbarini, F., Fossataro, C., Burin, D., and Berti, A. (2016).

Sensing the body, representing the body: Evidence from a neurologically

based delusion of body ownership. Cogn. Neuropsychol. 33, 112–119.

doi: 10.1080/02643294.2016.1185404

Pia, L., Garbarini, F., Fossataro, C., Fornia, L., and Berti, A. (2013). Pain and

body awareness: evidence from brain-damaged patients with delusional body

ownership. Front. Hum. Neurosci. 7:298. doi: 10.3389/fnhum.2013.00298

Picelli, A., Negrini, S., Zenorini, A., Iosa, M., Paolucci, S., and Smania,

N. (2016). Do adolescents with idiopathic scoliosis have body schema

disorders? A cross-sectional study. J. Back Musculoskelet. Rehabil. 29, 89–96.

doi: 10.3233/BMR-150602

Pitron, V., Alsmith, A., and de Vignemont, F. (2018). How do the body

schema and the body image interact? Conscious. Cogn. 65, 352–358.

doi: 10.1016/j.concog.2018.08.007

Pool, J. J. M., Ostelo, R. W. J. G., Hoving, J. L., Bouter, L. M., and de Vet, H. C. W.

(2007). Minimal clinically important change of the neck disability index and

the numerical rating scale for patients with neck pain. Spine 32, 3047–3051.

doi: 10.1097/BRS.0b013e31815cf75b

Preston, C., and Newport, R. (2011). Analgesic effects of multisensory

illusions in osteoarthritis. Rheumatology 50, 2314–2315.

doi: 10.1093/rheumatology/ker104

Ramakonar, H., Franz, E. A., and Lind, C. R. P. (2011). The rubber hand illusion

and its application to clinical neuroscience. J. Clin. Neurosci. 18, 1596–1601.

doi: 10.1016/j.jocn.2011.05.008

Reinersmann, A., Landwehrt, J., Krumova, E. K., Ocklenburg, S., Güntürkün,

O., and Maier, C. (2012). Impaired spatial body representation in

complex regional pain syndrome type 1 (CRPS I). Pain 153, 2174–2181.

doi: 10.1016/j.pain.2012.05.025

Reinersmann, A., Landwehrt, J., Krumova, E. K., Peterburs, J., Ocklenburg, S.,

Güntürkün, O., et al. (2013). The rubber hand illusion in complex regional

pain syndrome: preserved ability to integrate a rubber hand indicates intact

multisensory integration. Pain 154, 1519–1527. doi: 10.1016/j.pain.2013.03.039

Reiswich, J., Krumova, E. K., David, M., Stude, P., Tegenthoff, M., and

Maier, C. (2012). Intact 2D-form recognition despite impaired tactile spatial

acuity in complex regional pain syndrome type I. Pain 153, 1484–1494.

doi: 10.1016/j.pain.2012.04.005

Riva, G. (2011). The key to unlocking the virtual body: virtual reality in the

treatment of obesity and eating disorders. J. Diabetes Sci. Technol. 5, 283–292.

doi: 10.1177/193229681100500213

Riva, G. (2018). The neuroscience of bodymemory: from the self through the space

to the others. Cortex 104, 241–260. doi: 10.1016/j.cortex.2017.07.013

Ryan, C., Harland, N., Drew, B., and Martin, D. (2014). Tactile acuity training for

patients with chronic low back pain: a pilot randomised controlled trial. BMC

Musculoskelet. Disord. 15:59. doi: 10.1186/1471-2474-15-59

Scarpina, F., Castelnuovo, G., and Molinari, E. (2014). Tactile mental

body parts representation in obesity. Psychiatry Res. 220, 960–969.

doi: 10.1016/j.psychres.2014.08.020

Schwoebel, J., and Coslett, H. B. (2005). Evidence for multiple, distinct

representations of the human body. J. Cogn. Neurosci. 17, 543–553.

doi: 10.1162/0898929053467587

Serino, S., Pedroli, E., Keizer, A., Triberti, S., Dakanalis, A., Pallavicini, F.,

et al. (2016a). Virtual reality body swapping: a tool for modifying the

allocentric memory of the body. Cyberpsychol. Behav. Soc. Netw. 19, 127–133.

doi: 10.1089/cyber.2015.0229

Serino, S., Scarpina, F., Keizer, A., Pedroli, E., Dakanalis, A., Castelnuovo, G., et al.

(2016b). A novel technique for improving bodily experience in a non-operable

super-super obesity case. Front. Psychol. 7:837. doi: 10.3389/fpsyg.2016.00837

Solcà, M., Ronchi, R., Bello-Ruiz, J., Schmidlin, T., Herbelin, B., Luthi,

F., et al. (2018). Heartbeat-enhanced immersive virtual reality to

treat complex regional pain syndrome. Neurology 91, e479–e489.

doi: 10.1212/WNL.0000000000005905

Spitoni, G. F., Serino, A., Cotugno, A., Mancini, F., Antonucci, G., and

Pizzamiglio, L. (2015). The two dimensions of the body representation

in women suffering from Anorexia Nervosa. Psychiatry Res. 230, 181–188.

doi: 10.1016/j.psychres.2015.08.036

Stanton, T. R., Gilpin, H. R., Edwards, L., Moseley, G. L., and Newport, R.

(2018). Illusory resizing of the painful knee is analgesic in symptomatic knee

osteoarthritis. PeerJ. 6:e5206. doi: 10.7717/peerj.5206

Stanton, T. R., Leake, H. B., Chalmers, K. J., and Moseley, G. L. (2016). Evidence

of impaired proprioception in chronic, idiopathic neck pain: systematic review

and meta-analysis. Phys. Ther. 96, 876–887. doi: 10.2522/ptj.20150241

Stanton, T. R., Moseley, G. L., Wong, A. Y. L., and Kawchuk, G. N. (2017). Feeling

stiffness in the back: a protective perceptual inference in chronic back pain. Sci.

Rep. 7:9681. doi: 10.1038/s41598-017-09429-1

Stratford, P., Riddle, D., Binkley, J., Spadoni, G., Westaway, M., and Padfiled, B.

(2009). Using the neck disability index to make decisions concerning individual

patients. Physiother. Can. 1999, 107–119.

Strauman, T. J., Vookles, J., Berenstein, V., Chaiken, S., and Higgins, E. T. (1991).

Self-discrepancies and vulnerability to body dissatisfaction and disordered

eating. J. Pers. Soc. Psychol. 61, 946–956. doi: 10.1037/0022-3514.61.6.946

Sumitani, M., Rossetti, Y., Shibata, M., Matsuda, Y., Sakaue, G., Inoue, T.,

et al. (2007a). Prism adaptation to optical deviation alleviates pathologic pain.

Neurology 68, 128–133. doi: 10.1212/01.wnl.0000250242.99683.57

Sumitani, M., Shibata, M., Iwakura, T., Matsuda, Y., Sakaue, G., Inoue, T.,

et al. (2007b). Pathologic pain distorts visuospatial perception. Neurology 68,

152–154. doi: 10.1212/01.wnl.0000250335.56958.f0

Takasaki, H., Treleaven, J., Johnston, V., and Jull, G. (2012). Minimum repetitions

for stable measures of visual dependency using the dot version of the computer-

based rod-frame test.Man. Ther. 17, 466–469. doi: 10.1016/j.math.2012.02.013

Taylor-Clarke, M., Jacobsen, P., and Haggard, P. (2004). Keeping the world a

constant size: object constancy in human touch. Nat. Neurosci. 7, 219–220.

doi: 10.1038/nn1199

The Joanna Briggs Institute (2015). Joanna Briggs Institute Reviewers’ Manual:

2015 edition/supplement. Adelaide, SA.

Tong, M. H., Mousavi, S. J., Kiers, H., Ferreira, P., Refshauge, K., and van Dieën, J.

(2017). Is there a relationship between lumbar proprioception and low back

pain? A systematic review with meta-analysis. Arch. Phys. Med. Rehabil. 98,

120–136.e2. doi: 10.1016/j.apmr.2016.05.016

Treleaven, J., and Takasaki, H. (2015). High variability of the subjective visual

vertical test of vertical perception, in some people with neck pain - should

this be a standard measure of cervical proprioception?Man. Ther. 20, 183–188.

doi: 10.1016/j.math.2014.08.005

Tricco, A. C., Lillie, E., Zarin, W., O’Brien, K. K., Colquhoun, H., Levac, D., et al.

(2018). PRISMA extension for scoping reviews (PRISMA-ScR): checklist and

explanation. Ann. Intern. Med. 169, 467–473. doi: 10.7326/M18-0850

Trojan, J., Diers, M., Valenzuela-Moguillansky, C., and Torta, D. M.

E. (2014). Body, space, and pain. Front. Hum. Neurosci. 8:369.

doi: 10.3389/fnhum.2014.00369

Tsakiris, M., and Fotopoulou, A. (2008). Is my body the sum of online and offline

body-representations? Conscious. Cogn. 17, 1317–1320. discussion 1321–1323.

doi: 10.1016/j.concog.2008.06.012

Tsakiris, M., Prabhu, G., and Haggard, P. (2006). Having a body versus moving

your body: how agency structures body-ownership. Conscious. Cogn. 15,

423–432. doi: 10.1016/j.concog.2005.09.004

Tsay, A., Allen, T. J., Proske, U., and Giummarra, M. J. (2015). Sensing the

body in chronic pain: a review of psychophysical studies implicating

altered body representation. Neurosci. Biobehav. Rev. 52, 221–232.

doi: 10.1016/j.neubiorev.2015.03.004

Turton, A. J., Palmer, M., Grieve, S., Moss, T. P., Lewis, J., and McCabe, C. S.

(2013). Evaluation of a prototype tool for communicating body perception

disturbances in complex regional pain syndrome. Front. Hum. Neurosci. 7:517.

doi: 10.3389/fnhum.2013.00517

Uematsu, H., Sumitani, M., Yozu, A., Otake, Y., Shibata, M., Mashimo, T.,

et al. (2009). Complex regional pain syndrome (CRPS) impairs visuospatial

perception,whereas post-herpetic neuralgia does not: possible implications for

supraspinal mechanism of CRPS. Ann. Acad. Med. Singap. 38, 931–936.

Valenzuela-Moguillansky, C. (2013). Pain and body awareness: an exploration of

the bodily experience of persons suffering from fibromyalgia. Constructivist

Foundations 8, 339–350.

Frontiers in Human Neuroscience | www.frontiersin.org 31 April 2020 | Volume 14 | Article 83

https://doi.org/10.3233/BMR-160733
https://doi.org/10.1016/j.jpain.2011.05.001
https://doi.org/10.1097/XEB.0000000000000050
https://doi.org/10.1080/02643294.2016.1185404
https://doi.org/10.3389/fnhum.2013.00298
https://doi.org/10.3233/BMR-150602
https://doi.org/10.1016/j.concog.2018.08.007
https://doi.org/10.1097/BRS.0b013e31815cf75b
https://doi.org/10.1093/rheumatology/ker104
https://doi.org/10.1016/j.jocn.2011.05.008
https://doi.org/10.1016/j.pain.2012.05.025
https://doi.org/10.1016/j.pain.2013.03.039
https://doi.org/10.1016/j.pain.2012.04.005
https://doi.org/10.1177/193229681100500213
https://doi.org/10.1016/j.cortex.2017.07.013
https://doi.org/10.1186/1471-2474-15-59
https://doi.org/10.1016/j.psychres.2014.08.020
https://doi.org/10.1162/0898929053467587
https://doi.org/10.1089/cyber.2015.0229
https://doi.org/10.3389/fpsyg.2016.00837
https://doi.org/10.1212/WNL.0000000000005905
https://doi.org/10.1016/j.psychres.2015.08.036
https://doi.org/10.7717/peerj.5206
https://doi.org/10.2522/ptj.20150241
https://doi.org/10.1038/s41598-017-09429-1
https://doi.org/10.1037/0022-3514.61.6.946
https://doi.org/10.1212/01.wnl.0000250242.99683.57
https://doi.org/10.1212/01.wnl.0000250335.56958.f0
https://doi.org/10.1016/j.math.2012.02.013
https://doi.org/10.1038/nn1199
https://doi.org/10.1016/j.apmr.2016.05.016
https://doi.org/10.1016/j.math.2014.08.005
https://doi.org/10.7326/M18-0850
https://doi.org/10.3389/fnhum.2014.00369
https://doi.org/10.1016/j.concog.2008.06.012
https://doi.org/10.1016/j.concog.2005.09.004
https://doi.org/10.1016/j.neubiorev.2015.03.004
https://doi.org/10.3389/fnhum.2013.00517
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles


Viceconti et al. Body Perception in Musculoskeletal Disorders

Valenzuela-Moguillansky, C., Reyes-Reyes, A., and Gaete, M. I. (2017).

Exteroceptive and interoceptive body-self awareness in fibromyalgia patients.

Front. Hum. Neurosci.11:117. doi: 10.3389/fnhum.2017.00117

van der Heijde, D., Daikh, D. I., Betteridge, N., Burmester, G. R., Hassett,

A. L., Matteson, E. L., et al. (2018). Common language description

of the term rheumatic and musculoskeletal diseases (RMDs) for use

in communication with the lay public, healthcare providers and other

stakeholders endorsed by the European League Against Rheumatism (EULAR)

and the American College of Rheumatology (ACR). Ann. Rheum. Dis. 77,

829–832. doi: 10.1136/annrheumdis-2017-212565

Vartanian, L. R. (2012). “Self-discrepancy theory and body image,” in Encyclopedia

of Body Image and Human Appearance (Oxford, UK: Elsevier), 711–717.

Vetrano, M., Pournajaf, S., Vulpiani, M., Santoboni, F., Paolucci, T., Spadini, E.,

et al. (2013). Perceptive rehabilitation of patients with non-specific chronic low

back pain: the role of body midline. A randomized controlled trial. Eur. J. Phys.

Rehabil. Med. 49, 517–525.

Viceconti, A., Camerone, E. M., Luzzi, D., Pardini, M., Ristori, D., Gallace,

A., et al. (2018). Explicit and implicit experience of own’s body in

painful musculoskeletal disorders and rheumatic diseases: a scoping

review protocol of available quantitative and qualitative evidence.

SAGE Open Med. 6:2050312118820026. doi: 10.1177/20503121188

20026

Vos, T., Abajobir, A. A., Abate, K. H., Abbafati, C., Abbas, K. M., Abd-Allah, F.,

et al. (2017). Global, regional, and national incidence, prevalence, and years

lived with disability for 328 diseases and injuries for 195 countries, 1990–2016:

a systematic analysis for the global burden of disease study 2016. Lancet 390,

1211–1259. doi: 10.1016/S0140-6736(17)32154-2

Wand, B. M., Abbaszadeh, S., Smith, A. J., Catley, M. J., and Moseley, G.

L. (2013a). Acupuncture applied as a sensory discrimination training tool

decreases movement-related pain in patients with chronic low back pain more

than acupuncture alone: a randomised cross-over experiment. Br. J. SportsMed.

47, 1085–1089. doi: 10.1136/bjsports-2013-092949

Wand, B. M., Catley, M. J., Rabey, M. I., O’Sullivan, P. B., O’Connell, N. E., and

Smith, A. J. (2016). Disrupted self-perception in people with chronic low back

pain. Further evaluation of the fremantle back awareness questionnaire. J. Pain

17, 1001–1012. doi: 10.1016/j.jpain.2016.06.003

Wand, B. M., Di Pietro, F., George, P., and O’Connell, N. E. (2010). Tactile

thresholds are preserved yet complex sensory function is impaired over the

lumbar spine of chronic non-specific low back pain patients: a preliminary

investigation. Physiotherapy 96, 317–323. doi: 10.1016/j.physio.2010.02.005

Wand, B. M., Elliott, R. L., Sawyer, A. E., Spence, R., Beales, D. J.,

O’Sullivan, P. B., et al. (2017). Disrupted body-image and pregnancy-related

lumbopelvic pain. A preliminary investigation. Musculoskelet.Sci.Pract. 30,

49–55. doi: 10.1016/j.msksp.2017.05.003

Wand, B. M., James, M., Abbaszadeh, S., George, P. J., Formby, P. M., Smith, A.

J., et al. (2014). Assessing self-perception in patients with chronic low back

pain: development of a back-specific body-perception questionnaire. J. Back

Musculoskelet. Rehabil. 27, 463–473. doi: 10.3233/BMR-140467

Wand, B. M., Keeves, J., Bourgoin, C., George, P. J., Smith, A. J., O’Connell,

N. E., et al. (2013b). Mislocalization of sensory information in people with

chronic low back pain: a preliminary investigation. Clin. J. Pain 29, 737–743.

doi: 10.1097/AJP.0b013e318274b320

Wand, B. M., O’Connell, N. E., Di Pietro, F., and Bulsara, M. (2011). Managing

chronic nonspecific low back pain with a sensorimotor retraining approach:

exploratory multiple-baseline study of 3 participants. Phys. Ther. 91, 535–546.

doi: 10.2522/ptj.20100150

Wand, B. M., Tulloch, V. M., George, P. J., Smith, A. J., Goucke, R., O’Connell,

N. E., et al. (2012). Seeing it helps: movement-related back pain is reduced

by visualization of the back during movement. Clin. J. Pain 28, 602–608.

doi: 10.1097/AJP.0b013e31823d480c

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Viceconti, Camerone, Luzzi, Pentassuglia, Pardini, Ristori,

Rossettini, Gallace, Longo and Testa. This is an open-access article distributed

under the terms of the Creative Commons Attribution License (CC BY). The use,

distribution or reproduction in other forums is permitted, provided the original

author(s) and the copyright owner(s) are credited and that the original publication

in this journal is cited, in accordance with accepted academic practice. No use,

distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Human Neuroscience | www.frontiersin.org 32 April 2020 | Volume 14 | Article 83

https://doi.org/10.3389/fnhum.2017.00117
https://doi.org/10.1136/annrheumdis-2017-212565
https://doi.org/10.1177/2050312118820026
https://doi.org/10.1016/S0140-6736(17)32154-2
https://doi.org/10.1136/bjsports-2013-092949
https://doi.org/10.1016/j.jpain.2016.06.003
https://doi.org/10.1016/j.physio.2010.02.005
https://doi.org/10.1016/j.msksp.2017.05.003
https://doi.org/10.3233/BMR-140467
https://doi.org/10.1097/AJP.0b013e318274b320
https://doi.org/10.2522/ptj.20100150
https://doi.org/10.1097/AJP.0b013e31823d480c
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/human-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/human-neuroscience#articles

	Explicit and Implicit Own's Body and Space Perception in Painful Musculoskeletal Disorders and Rheumatic Diseases: A Systematic Scoping Review
	Introduction
	Materials and Methods
	Eligibility Criteria
	Searching Strategy and Information Sources
	Electronic Databases

	Study Selection
	Calibration Phase
	Data Analysis
	Critical Appraisal of Individual Sources of Evidence
	Clinical Relevance of Studies Included in Qualitative Analysis

	Results
	Study Selection
	Research Designs of Included Studies
	Assessment Studies
	Implicit Somatoperception
	Explicit Somatoperception
	Body image drawing task
	Visual size estimation procedure
	Self-administered questionnaire
	Fremantle back and knee awareness questionnaire
	Neglect-like symptoms questionnaire


	Body Ownership
	Perception of Surrounding Space
	Qualitative Studies

	Intervention Studies
	Tactile Localization Training
	Combined Therapy
	Experimental Setting
	Qualitative Studies

	Methodological Considerations
	Assessment Studies
	Treatment Studies


	Discussion
	Summary of Evidence and Clinical Interpretation
	Assessment Studies
	Sub-groups detection
	Body ownership
	Space perception

	Treatment Studies

	Clinical Implications
	Recommendation for Future Research
	Strengths and Limitations

	Conclusions
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


