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Abstract

Introduction: The internal representation of verticality could be disturbed when a

lesion in the central nervous system (CNS) affects the centers where information from

the vestibular, visual, and/or somatosensory systems, increasing the risk of falling.

Objective: The aim was to evaluate the vestibular and somatosensory contribution to

the verticality pattern in patients with stroke and other neurological disorders.

Methods: A literature search was performed in PubMed, Scopus, Web of Science, and

CINAHL databases. Cross-sectional, case–control, and cohort studies comparing body

verticality in patientswith strokeorCNSdiseases (CNSD) versushealthy controlswere

selected. Subjective postural vertical (SPV) in roll and pitch planes was used as the

primary variable.

Results:Ten studies reporting data from390 subjectswere included. The overall effect

for CNSD patients showed a misperception of body verticality in roll (standardized

mean difference [SMD]= 1.05; 95% confidence interval [CI] .84–1.25) and pitch planes

(SMD = 1.03; 95% CI .51–1.55). In subgroup analyses, a high effect was observed in

the perception of SPV both in roll and pitch planes in stroke (p= .002) and other CNSD

(p< .001).

Conclusion: These findings suggest a potential misperception of SPV in patients with

stroke and other neurological disturbances. Patients with CNSD could present an

alteration of vestibular and somatosensory contribution to verticality construction,

particularly stroke patients with pusher syndrome (PS), followed by those with PS

combinedwith hemineglect.
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1 INTRODUCTION

Stroke is the pathology most frequently related to alterations in ver-

ticality perception (Baggio et al., 2016) and may present with postural

alterations (Barra & Perennou, 2013) and a reduction in coordination

associated with weakness and loss of unilateral sensitivity (Rodgers,

2013). In addition, strokemay involve other concomitant dysfunctions,

such as pusher’s syndrome (PS) (Karnath & Broetz, 2003), resulting

in postural destabilization and consequent falls toward the affected

side, or spatial neglect (SN) (Yang et al., 2012), leading to reduction

of capacity to report upon contralesional (and also ipsilateral in some

caseswithmoderate to severe SN) inputs and neglecting to explore the

contralesional hemispace (Kerkhoff et al., 2009; Pérennou, 2006).

Verticality perception is achievedbya complex integrationandmod-

ulation processes of the inputs coming from vestibular, visual, and

somatosensory systems (Bronstein, 2016) into the central nervous sys-

tem (CNS) (Martín Sanz et al., 2004). The correct estimation at the

central level of verticality allows posture organization with respect to

the gravitational environment (José Luvizutto et al., 2020). Vestibu-

lar, which provides three-dimensional spatial perception (Bronstein,

2016; Dieterich & Brandt, 2019), and visual systems, which collect

information about the structure and three-dimensional disposition of

the environment, play a primary role in this process. The informa-

tion collected from the above systems is jointly integrated with the

position and muscular tension of each body segment, provided by the

somatosensory system (Lopez et al., 2007), at central level to build an

internal verticality representation (Dieterich & Brandt, 2019) that is

continuously updated (Barra & Perennou, 2013).

The internal representation of verticality could be disturbed when

a lesion in the CNS affects the centers where information from the

vestibular, visual, and/or somatosensory systems is processed and inte-

grated representation (Dieterich & Brandt, 2019). After stroke, the

integrationof stimuli or their processingmaybedamaged, thusdisturb-

ing the internal representation of verticality. Some previous studies

have suggested the presence of an alteration of verticality after stroke

(Baggio et al., 2016), both in subjects with PS and SN (Embrechts et al.,

2023). In this line, patients with pushing behavior have manifested

ipsilesional subjective postural vertical (SPV) tilts that are as severe

as the severity of the behavior, as well as significant difficulties in

estimating verticality in both pitch and roll planes (Bergmann et al.,

2020). In addition, a stroke could affect certain networks that process

three-dimensional spatial information, resulting in SN and a disturbed

perception of verticality, simultaneously (Kerkhoff et al., 2009).

The different parameters of the internal representation of vertical-

ity can be estimated through evaluating verticality perception, taking

as reference visual (subjective visual vertical test), haptic (subjective

haptic vertical test), and postural information (SPV test) (Dakin &

Rosenberg, 2018). More specifically, the SPV test enable to estimate

the contribution of the vestibular and somatosensory systems to the

construction to the internal verticality model of each subject, due to it

is performed without the contribution of the visual information (Dakin

& Rosenberg, 2018).

Although numerous studies have been performed to determine the

visual contribution to verticality patterns in subjects with neurologi-

cal (Molina et al., 2019) or spinal diseases (Obrero-Gaitán et al., 2020)

a small but emerging interest in the assessment of the contribution

of vestibular and somatosensory systems to verticality construction in

patients with neurological pathology is occurring. Following this inter-

esting research, the present systematic review and meta-analysis has

set as the primary objective to detect, collect, and perform a quantita-

tive synthesis of the best available evidence regarding the vestibular

and somatosensory contribution to the verticality central pattern in

patientswith strokeandotherneurological problemsusingSPVassess-

ment. It also investigated the possibility of detecting differences in SPV

perception as a function of pathology.

2 METHODS

2.1 Protocol review

This systematic review andmeta-analysis was performed following the

recommendations of the updated version of the Preferred Reporting

Items for Systematic Reviews and Meta-Analyses (PRISMA) state-

ment (Page et al., 2021) and the guidelines of the Meta-Analysis of

Observational Studies in Epidemiology (MOOSE) group (Stroup et al.,

2000). In addition, this reviewwas previously registered in PROSPERO

(CRD42021286244).

2.2 Data sources and search strategy

Two authors (D.F.-N. and M.M.-G.), independently performed a biblio-

graphic search in PubMed Medline, SCOPUS, Web of Science (WOS),

and CINAHL through April, 2023. Other sources, such as gray litera-

ture, meeting abstracts, guidelines, previous reviews, or the reference

lists from retrieved full-text studies, were screened to identify poten-

tial studies to be included. The keywords used, based on Medical

Subjects Headings (MeSH) and previously published studies, were

“SPV,” “CNS diseases (CNSD)” or “stroke.” These keywords and entry

termswere combined employing the appropriate tags and the Boolean

operators “and”/“or.” Filters related to language and publication date

were not used. This stage was supervised by an expert author in the

bibliographical search (E.O.-G.). Search strategy used in each database

is summarized in Table 1.

2.3 Study selection: inclusion and exclusion
criteria

Two authors (D.F.-N. and M.C.L.-R.) independently reviewed the titles

and abstracts of all references retrieved in the databases. If based on

the title and abstract screening, one of these two authors selected

a reference during this stage, it was examined in detail. Irrelevant
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TABLE 1 Bibliographic search strategy.

Databases Search strategy

PubMedMedline (Nervous system diseases[mh] OR nervous system diseases[tiab] OR central nervous system

diseases[mh] OR central nervous system diseases[tiab] OR stroke[mh] OR stroke[tiab] OR

cerebrovascular accident[tiab]) AND (“postural vertical”[tiab] OR “subjective postural

vertical”[tiab] OR “gravitational vertical”[tiab])

SCOPUS (TITLE-ABS-KEY (“nervous system disease” OR “central nervous system disease” OR

“stroke”) ANDTITLE-ABS-KEY (“perception of verticality” OR “postural vertical” OR

“subjective postural vertical” OR “gravitational vertical”)

Web of Science TOPIC (*nervous system diseases* OR *central nervous system diseases* OR *stroke*) AND

TOPIC (*postural vertical* OR *Subjective postural vertical* OR *gravitational vertical*)

CINAHLComplete AB (nervous system diseases OR central nervous system diseases OR stroke) ANDAB

(postural vertical OR Subjective postural vertical OR gravitational vertical)

studies were excluded based on screening of the title and abstract. All

disagreements were resolved with a third expert author (D.R.-A.).

To be included in this review, an article had to meet all the follow-

ing inclusion criteria: (1) observational study (cross-sectional, case–

controls and cohort studies); (2) assessed the ability of patients with

nervous system diseases (exposed group); (3) estimated the percep-

tion of SPV in the roll or pitch plane; (4) performed before therapeutic

interventions; (5) compared cases to healthy controls; and (6) provided

quantitative data to be integrated into themeta-analysis. The following

were exclusion criteria: (1) observational studies with only one group;

(2) studies that did not report the mean or standard deviation of the

SPV estimation; and (3) studies that did not obtain the absolute error

mean and its standard deviation according to validated procedures

(Higgins et al., 2011; Hozo et al., 2005).

2.4 Data extraction

Two authors (M.C.L.-R. and D.F.-N.) independently collected data from

the studies included in the review using a Microsoft Excel standard-

ized data collection form that we created. A third author (R.L.-V.) was

consulted to resolve any disagreements.

We extracted the following characteristics from each selected

study: (1) overall study characteristics (authorship, publication date,

and study design); (2) characteristics related to the sample (total sam-

ple size, number of groups, number of participants in exposed and

nonexposed groups, age, gender sex); (3) characteristics related to

pathology, type of specific pathology, and time since diagnosis); and

(4) characteristics related to outcomes. The primary outcome mea-

sured was the perception of body verticality obtained in each group

using the SPV test. In addition, we recorded whether SPV was used

to assess body verticality in the roll or pitch plane. All data included

in our analysis according to SPV were obtained without any thera-

peutic intervention in the case and healthy groups. For each group,

we extracted the mean and standard deviation of the SPV measure-

ments. However, if the study did not report standard deviation data,

it was estimated following the guidelines of the Cochrane Handbook

for Systematic Reviews of Interventions (Higgins & Green, 2011) and

Hozo et al. (2005) using standard error, interquartile range, range, or

confidence interval (CI) limits provided in each study.

2.5 Methodological quality assessment

Two authors (D.F.-N. and D.R.-A.) independently assessed the method-

ological quality of the studies included using the Newcastle–Ottawa

scale (NOS) (Wells et al., 2000). Doubts and discrepancies were

resolved by a third expert author (R.L.-V.). The NOS is used to assess

the methodological quality of observational studies exploring differ-

ent domains, such as “selection of study groups” (maximum, 4 stars),

“comparability of groups” (maximum, 2 stars), and “ascertainment of

exposure/outcome” (maximum, 3 stars). The total score of a study can

range from 0 (very low quality) to 9 (high quality). In addition, quality

may be classified into ranges: low (score 1–3), medium (score 4–6), and

high quality (score 7–9). Based on the Grading of Recommendations

Assessment, Development and Evaluation (GRADE) system (Atkins

et al., 2004), we used the GRADE checklist from Meader et al. (2014)

to estimate the quality of evidence, integrating the imprecision, inac-

curacy, and risk of publication bias. Inconsistency was evaluated using

heterogeneity of findings in individual studies and imprecision through

thenumberof included studies (large:>10 studies,medium:5–10 stud-

ies, and small: <5 studies) and with the median sample size of each

study (high:>300 subjects, medium: 100–300 subjects, and low: <100

subjects) (Higgins et al., 2003; Meader et al., 2014). The assessment of

publication bias risk is detailed in the statistical analysis subsection.

2.6 Statistical analysis

Meta-analysis was performed by two authors (E.O.-G. and M.M.-G.)

using Comprehensive Meta-Analysis 3.3.070 software (Biostat). We

follow the recommendations of Cooper et al. (2009), employing a

random-effects model of DerSimonian and Laird (1986) to estimate

the pooled effect with the aim of generalizing our findings. The pooled

effect was estimated through Cohen’s standardized mean difference

(SMD) and its 95% CI (Cohen, 1977). SMD can be interpreted as small

(SMD = .2), moderate (SMD = .5), or large (SMD > .8) (Faraone, 2008).
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Findings are displayed using forest plots. The risk of publication bias

was assessed using visualization of the funnel plot (symmetric = low

risk of publication bias or asymmetric = high risk of publication bias)

and with the p value for Egger’s test (p value <.1 indicates possible

risk of publication bias) (Peters et al., 2006; Sterne & Egger, 2001).

In addition, we used the trim-and-fill method of Duval and Tweedie

(2000) to estimate the adjusted pooled effect, considering a possible

publication bias (Shi & Lin, 2019). Heterogeneity was assessed using

Cochran’s Q test (Higgins & Green, 2011), the I2 statistic of Higgins

(<25% indicates low heterogeneity; 25%–50% moderate heterogene-

ity; and>50% largeheterogeneity) and itsp value (p< .1 indicated large

heterogeneity) (Higgins et al., 2002, 2003). We performed an over-

all meta-analysis to assess whether body verticality, measured using

the SPV test, is altered in patients with somatosensory disturbances,

including neurologic and spine diseases, compared to healthy controls.

2.7 Subgroup analyses

Second, we performed different subgroup analyses according to spe-

cific conditions: (1) According to the plane in which SPV was made, we

identified that this test was made in the roll plane and pitch plane. (2)

According to the specific pathology assessed in each study included in

the review, we identified 2 subgroups (stroke and other CNSD). (3) In

the stroke subgroup, we identified different subgroups: stroke with-

out pusher and SN, stroke with pusher, stroke with SN, and stroke with

pusher and SN. In all these subgroups, SPVwas assessed in the roll and

pitch planes.

3 RESULTS

3.1 Study selection

Three hundred and forty-five records were initially retrieved from

the health databases (n = 57 from PubMed, n = 42 from Scopus,

n = 236 from WOS, and n = 11 from CINAHL Complete) and three

from other sources. After removing duplicates (n= 97), 251 references

were screened by title/abstract, and 224 records were excluded for

having no relevance to the topic. Twenty-seven studies underwent full-

text review for eligibility, and 17 studies were deleted for not meeting

the inclusion criteria (reasons provided in Figure 1). Finally, 10 obser-

vational studies (Anastasopoulos et al., 1999; Bergmann et al., 2016;

Fukata et al., 2020a; Joassin et al., 2010; Mansfield et al., 2015; Maz-

ibrada et al., 2008; Pérennou et al., 1998, 2008; Proctor et al., 1964;

Selge et al., 2016) were included in the present review. The PRISMA

flow chart shown in Figure 1 displays the study selection process.

3.2 Characteristics of included studies

The 10 studies included in this meta-analysis reported 16 independent

comparisons. These studies provideddata from390participants (mean

age of 59.30 ± 11.41 years old, 66.8% men and 33.2% female). The

exposed group comprised 225 patients (mean age of 61.24 ± 11.16

years old, 66% men and 34% female) who were compared to 165

healthy controls (mean age of 57.1 ± 12.32 years old, 67.8% men and

32.2% female). In the exposed group, 10 studies provided data from

patients diagnosedwithCNSD (Anastasopoulos et al., 1999; Bergmann

et al., 2016; Fukata et al., 2020a; Joassin et al., 2010; Mansfield et al.,

2015; Mazibrada et al., 2008; Pérennou et al., 1998, 2008; Proctor

et al., 1964; Selge et al., 2016) as stroke (Bergmann et al., 2016; Fukata

et al., 2020a;Mansfield et al., 2015; Pérennou et al., 1998, 2008), spinal

cord injuries (Joassin et al., 2010; Mazibrada et al., 2008), Parkinson’s

disease (Proctor et al., 1964), idiopathic hydrocephalus (Selge et al.,

2016), and1 study that includeddifferentCNSD (Anastasopoulos et al.,

1999). In patients diagnosed with stroke, we identified patients with

PS, patients without PS or unilateral SN, patients with unilateral SN,

and patients with PS and unilateral SN.

All subjects included in this meta-analysis were in the chronic phase

of the disease. Body verticality perception in all studies was assessed

using the SPV test in an upright sitting position. All included studies

assessed SPV in the roll plane, and in two of these studies (Bergmann

et al., 2016; Selge et al., 2016), SPVwas also assessed in the pitch plane.

Table 2 shows the primary characteristics of the studies included in this

review.

3.3 Methodological quality assessment
(Newcastle–Ottawa scale scoring)

Themethodological quality of the observational studies included in the

present review, as assessed by the NOS (Table 3), was moderate (mean

quality: 4.3 ± 1.63 points). Four studies (Anastasopoulos et al., 1999;

Bergmann et al., 2016; Joassin et al., 2010; Pérennou et al., 1998) were

of low quality (between 1 and 3 stars); five studies of moderate qual-

ity (Fukata et al., 2020a; Mazibrada et al., 2008; Pérennou et al., 2008;

Proctor et al., 1964; Selge et al., 2016) (between 4 and 6 stars), and

one study of high quality (between 7 and 9 stars) (Mansfield et al.,

2015). The included studies exhibited a possible risk of selection bias

due to low scores obtained by exposed or nonexposed S1–S4 items.

Table 3 summarizes the NOS rating for selection, comparability, and

exposure/outcome of the selected studies.

3.4 Meta-analysis of misperception of SPV in
patients with central nervous system diseases

Ten studies (Anastasopoulos et al., 1999; Bergmann et al., 2016; Fukata

et al., 2020a; Joassin et al., 2010; Mansfield et al., 2015; Mazibrada

et al., 2008; Pérennou et al., 1998, 2008; Proctor et al., 1964; Selge

et al., 2016) with 16 independent comparisons provided data to assess

themisperception of SPV in patients with CNSD (Table 4).

Patients diagnosed with CNSD displayed a large misperception of

SPV in the roll (SMD 1.05; 95% CI .84–1.25; p < .001) (Anastasopou-

los et al., 1999; Bergmann et al., 2016; Fukata et al., 2020a) (Figure 2;
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F IGURE 1 Flow diagram Preferred Reporting Items for Systematic Reviews andMeta-Analyses (PRISMA) of the study selection process.

Joassin et al., 2010; Mansfield et al., 2015; Mazibrada et al., 2008;

Pérennou et al., 1998, 2008; Proctor et al., 1964; Selge et al., 2016)

and pitch planes (SMD 1.03; 95% CI .51–1.55; p < .001) (Bergmann

et al., 2016; Selge et al., 2016) (Figure 3) compared to healthy con-

trols. The only risk of publication bias was found in the assessment

of SPV in the roll plane in patients with CNSD (Egger p .49 and 30%

change after trim-and-fill estimation) with low–moderate heterogene-

ity (I2 23.5%; Q 19.6, df = 15; p .07). The precision level was low in all

subgroups.

In CNSD patients, we differentiated between those diagnosed with

stroke (Bergmann et al., 2016; Fukata et al., 2020a; Mansfield et al.,

2015; Pérennouet al., 1998, 2008) andotherCNSD, such as spinal cord

injuries (Joassin et al., 2010; Mazibrada et al., 2008), Parkinson’s dis-

ease (Proctor et al., 1964), and idiopathic hydrocephalus (Selge et al.,
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TABLE 3 Newcastle–Ottawa scale (NOS) score for themethodological quality of the studies included in the review.

Study S1 S2 S3 S4 C1 E1 E2 E3 Total Quality

Anastasopoulos et al. (1999) – – – – * * – * 3 Low

Bergmann et al. (2016) – – – – * * – – 3 Low

Fukata et al. (2020a) * * – * * * – * 6 Moderate

Joassin et al. (2010) – – – * * – – * 3 Low

Mansfield et al. (2015) – * * * * * – * 7 High

Mazibrada et al. (2008) – – – * * * – * 4 Moderate

Pérennou et al. (1998) – – – – * – – * 2 Low

Perennou et al. (2008) – * – * * * * * 6 Moderate

Proctor et al. (1964) – * – * * * – * 5 Moderate

Selge et al. (2016) – * – – * * – * 4 Moderate

Note: Each study can be awarded amaximumof one star for each numbered itemwithin the selection (S) and exposure (E) categories. Amaximumof two stars

can be given for comparability (C). S1= adequate case definition; S2= representativeness of the cases; S3= selection of controls; S4= definition of controls;

C1 = comparability of cases and controls; E1 = ascertainment of exposure; E2 = same method of ascertainment for cases and controls; E3 = non-response

rate.

F IGURE 2 Forest plot of subjective postural vertical in pitch plane in central nervous system diseases (roll plane).

F IGURE 3 Forest plot of subjective postural vertical in pitch plane in central nervous system diseases (pitch plane).

 21579032, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.3496 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 13 OBRERO-GAITÁN ET AL.

T
A
B
L
E
4

M
ai
n
fi
n
d
in
gs

o
ft
h
e
m
et
a-
an
al
ys
is
.

D
is
ea
se

P
la
n
e

E
ff
ec
t
si
ze

P
u
b
lic
at
io
n
b
ia
s

H
et
er
o
ge
n
ei
ty

K
SM

D
9
5
%
C
I

p-
V
al
u
e

Fu
n
n
el
p
lo
t
(E
gg
er

p-
va
lu
e)

Tr
im

-a
n
d
-F
ill

Q
-t
es
t

I2
(%

)
p-
V
al
u
e

A
d
jS
M
D

%
o
fv
ar

C
en

tr
al
n
er
vo
u
s
sy
st
em

d
is
ea
se
s

R
o
ll

1
6

1
.0
5

.8
4
–
1
.2
5

<
.0
0
1

.4
9

1
.3
6

3
0

1
9
.6
1

2
3
.5

.0
7

P
it
ch

3
1
.0
3

.5
1
–
1
.5
5

<
.0
0
1

.1
1

1
.0
3

0
.0
9

0
.9
5

St
ro
ke

R
o
ll

1
1

1
.1
2

.4
1
–
1
.8
3

.0
0
2

.3
7

1
.4
3

2
8

1
3

2
3

.2
2

P
it
ch

2
1
.0
9

.4
1
–
1
.7
8

.0
0
2

N
P

N
P

N
P

.0
0
1

0
.9
7

O
th
er
s
C
N
S
D
is
ea
se
s

R
o
ll

5
.8
7

.3
2
–
1
.4
2

.0
0
2

.2
4

.9
4

8
3
.3
8

0
.4
9

P
it
ch

1
.9
4

.1
4
–
1
.7
3

.0
2
1

N
P

N
P

N
P

N
P

N
P

N
P

A
b
b
re
vi
at
io
n
s:
9
5
%
C
I,
9
5
%
co
n
fi
d
en

ce
in
te
rv
al
;A

d
j,
ad

ju
st
ed

;I
2
,d
eg
re
e
o
fi
n
co
n
si
st
en

cy
;K

,n
u
m
b
er

o
fc
o
m
p
ar
is
o
n
s;
N
P,
n
o
t
p
o
ss
ib
le
to

ca
lc
u
la
te
;S
M
D
,s
ta
n
d
ar
d
iz
ed

m
ea
n
d
if
fe
re
n
ce
.

2016) (Table 4). Five studies (Bergmann et al., 2016; Fukata et al.,

2020a; Mansfield et al., 2015; Pérennou et al., 1998, 2008) with 11

independent comparisons provided data from patients with stroke in

which SPV was assessed in the roll plane, and one study provided 2

independent comparisons for the pitch plane (Bergmann et al., 2016).

Our findings showed a misperception of SPV in roll (SMD 1.12; 95%

CI .41–1.83; p .002) and pitch planes (SMD 1.09; 95% CI .41–1.83;

p .002) in patients with stroke compared to healthy controls (Figure 4).

The risk of publication bias (Egger p .37 and28%of variation after trim-

and-fill estimation) and low heterogeneity (I2 23%;Q 13, df= 10; p .22)

must be considered in the assessment of SPV in the roll plane. The

precision level was also low.

Additionally, five studies (Anastasopoulos et al., 1999; Joassin et al.,

2010; Mazibrada et al., 2008; Proctor et al., 1964; Selge et al., 2016)

with five independent comparisons provided data from patients with

other CNSD that assessed SPV in the roll plane, and one study (Selge

et al., 2016) provided one independent comparison for the pitch plane.

Our results revealed a misperception of SPV in these patients in the

roll (SMD .87; 95%CI .32–1.42; p .002) and pitch planes (SMD .94; 95%

CI .14–1.73; p .021) compared to healthy subjects (Figure 5, Table 4).

A low risk of publication bias was identified in the roll plane analysis

(Egger p .24 and 8% of variation with the trim-and-fill method). The

precision level was low in both subgroups.

3.5 Meta-analysis of misperception of SPV in
stroke subgroups

Misperception of SPV was assessed, more specifically, in patients with

stroke with different associated syndromes (Table 5). First, five stud-

ies (Bergmann et al., 2016; Fukata et al., 2020a; Mansfield et al., 2015;

Pérennou et al., 1998, 2008) with five independent comparisons pro-

vided data to assess the misperception of SPV in patients without PS

and without SN in the roll plane and one study (Bergmann et al., 2016)

with one independent comparison in the pitch plane. A misperception

of SPV was observed in these patients in roll (SMD 1.03; 95% CI .68–

1.38; p < .001) and in the pitch plane (SMD 1.09; 95% CI .15–2.03;

p .023), with respect to healthy subjects (Figure 6 and Table 5).

Second, four studies (Bergmann et al., 2016; Fukata et al., 2020a;

Mansfield et al., 2015; Pérennou et al., 2008) with four independent

comparisons provided data to assess the misperception of SPV in

patients with PS in roll and one study (Bergmann et al., 2016) with one

independent comparison in the pitch plane. These patients exhibited

an alteration in SPV in the roll (SMD 1.51; 95% CI 1–2.02; p < .001)

andpitchplanes (SMD1.11; 95%CI .11–2.1;p .03) compared tohealthy

controls (Figure 7 and Table 5).

One study (Fukata et al., 2020a) with one independent compari-

son assessed SPV in stroke patients with unilateral SN and showed a

misperception of SPV (SMD 1.23; 95% CI .39–2.08; p .004) compared

to healthy subjects (Figure 8 and Table 5). Finally, one study (Fukata

et al., 2020a) provided one independent comparison of reported data

to assess the SPV in patients with unilateral SN in the roll plane, but no

statistically significant differences (SMD 0; 95% CI −.8 to .8; p 1) were

found between the groups (Figure 8 and Table 5).
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OBRERO-GAITÁN ET AL. 9 of 13

F IGURE 4 Forest plot of meta-analyses of subjective postural vertical in pitch (a) and in roll plane (b) in stroke.

F IGURE 5 Forest plot of meta-analyses of subjective postural vertical in pitch (a) and in roll plane (b) in others central nervous system (CNS)
diseases.

4 DISCUSSION

The present systematic review and meta-analysis was performed to

analyze possible alterations of SPV in patients with CNSD. The results

obtained have demonstrated altered SPV in both the roll and the pitch

planes. In patients with stroke, the alteration was more pronounced

in the roll plane than in the pitch plane, especially in those with PS,

followed by those with PS combinedwith hemineglect.
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10 of 13 OBRERO-GAITÁN ET AL.

F IGURE 6 Forest plot of meta-analyses of subjective postural vertical in pitch and in roll plane in stroke subgroups without pusher and
without unilateral spatial neglect.

F IGURE 7 Forest plot of meta-analyses of subjective postural vertical in pitch and in roll plane in stroke subgroups with pusher.

F IGURE 8 Forest plot of meta-analyses of subjective postural vertical in roll plane in stroke subgroups with unilateral spatial neglect (a) and in
roll plane in stroke subgroups with pusher and unilateral spatial neglect (b).

This meta-analysis has showed an alteration of the SPV in both

planes in subjects with CNSD. One of the possible causes of these

results could be the probable alteration of the somatosensory system,

which is key for a suitable estimation of the SPV (Dakin & Rosen-

berg, 2018; Nakamura et al., 2020). It has been shown that the SPV

test primarily evaluates somatosensory and vestibular contributions

to vestibular patterns, although the latter only acts as a modulator,

since it has been observed that voluntary modification of vestibular
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afferences in healthy subjects does not alter SPV (Nakamura et al.,

2020). Therefore, a marked impairment of SPV in these subjects may

be due to an alteration of the inputs of proprioceptive signals or its pro-

cessing. This hypothesis is consistent with previous findings observed

in subjects with stroke, having found more significant alterations of

the SPV in cases with greater involvement of the somatosensory sys-

tem (Saeys et al., 2012). Moreover, it seems that patients with stroke

who are also affected by PS may present greater involvement of the

SPV (Fukata et al., 2020a, 2020b;Mansfield et al., 2015), whichmay be

explainedby reduced sensitivity to somatosensory graviception among

patients with PS (Fukata et al., 2020a).

Test parameters should also be considered when SPV impairments

are analyzed. It has been observed a greater variability and higher

importance of visual inputs during sitting than in standing position

(Bergmann et al., 2020), whichmay suggest different strategies for ver-

ticality estimation while sitting and while standing (Bergmann et al.,

2020), as well as a reduction of the somatosensory inputs. This fact

may be explained by the greater amount of somatosensory informa-

tion from the hip, knee, and foot afferences, which is diminished when

patients perform the test in a sitting. Conversely, although conclusive

results regarding this issue have not yet been achieved, the impor-

tance of the initial position of the patient during SPV evaluation has

also been hypothesized. In patientswith PS, when the test started from

the healthy side, a greater SPVmisperceptionwas appreciated (Fukata

et al., 2020a), although these results disagree with previous research,

in which the opposite result was obtained (Karnath & Broetz, 2003).

Another factor that should be considered is fixing the head to the back-

rest, as worse results have been observed in patients who perform the

test with their head fixed instead of being left without mobility restric-

tions. The provision of slight neck proprioceptive adjustments during

the test enables compensations and, hence, a good verticality percep-

tion (Ashish et al., 2017; Chang et al., 2019). Performing the SPV test

with thehead fixedproduces a loss of proprioceptive information in the

same way that occurs when the test is performed in a sitting position.

All the above highlight the primary role that the somatosensory system

plays in verticality pattern construction from posture and the need to

establish a solid protocol to perform the SPV test.

Despite interest in the results achieved in the present work, this

reviewhas several limitations. First, the lownumber of studies included

in each meta-analysis and the low sample size of each study might

make it difficult to generalize these results. Second, themethodological

quality of the included studies may lead to selection bias. In addition,

the risk of publication bias found in some meta-analyses may under-

estimate the original pooled effect. In future research, it would be

advisable to perform studies with a larger sample size to avoid possi-

ble selectionbias. Likewise, itwould be interesting in future research to

establish a solid protocol to perform the SPV test, allowing us to reach

conclusions that can be generalized beyond of SPV evaluation param-

eters. Progress in the aforementioned lines of research would be of

interest for the development of new treatments that could improve the

perception of SPV in these patients and, therefore, achieve a possible

improvement in their clinical outcomes.

 21579032, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/brb3.3496 by R

eadcube (L
abtiva Inc.), W

iley O
nline L

ibrary on [19/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



12 of 13 OBRERO-GAITÁN ET AL.

5 CONCLUSION

In light of the results of this review, it can be concluded that patients

with CNSD have a misperception of body verticality in both the roll

and pitch planes. Although the results are statistically significant, the

assessment of the deviation in the pitch plane is more doubtful due to

the paucity of data with very few studies included in the review. More

studieswouldbeneeded to increase thepowerof the analysis and tobe

able to analyze other important variables such as the effect of the pas-

sage of time and the stage of the patients in order to be able to analyze

the evolution of themisperception of verticality in these patients.
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