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Abstract Impaired verticality perception can cause falls, or
even the inability to stand, due to lateropulsion or
retropulsion. The internal estimate of verticality can be
assessed through the subjective visual, haptic, or postural
vertical (SPV). The SPV reflects impaired upright body ori-
entation, but has primarily been assessed in sitting position.
The internal representations of body orientation might be
different between sitting and standing, mainly because of
differences in somatosensory input for the estimation of
SPV. To test the SPV during standing, we set up a paradigm
using a device that allows movement in three dimensions (the
Spacecurl). This study focused on the test–retest and interrater
reliabilities of SPV measurements (n = 25) and provides
normative values for the age range 20–79 years (n = 60; 10
healthy subjects per decade). The test–retest and interrater
reliabilities for SPV measurements in standing subjects were
good. The normality values ranged from –1.7° to 2.3° in the
sagittal plane, and from –1.6° to 1.2° in the frontal plane.
Minor alterations occurred with aging: SPV shifted backward
with increasing age, and the variability of verticality estimates
increased. Assessment of SPV in standing can be done with
reliable results. SPV should next be used to test patients with
an impaired sense of verticality, to determine its diagnostic
value in comparison to established tools.
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The human sense of verticality is constructed and updated by
integrating vestibular, somatosensory, and visual inputs (Barra
et al., 2010). Verticality perception is impaired in different
neurological disorders. Its disturbance—for example, in
stroke—causes latero- or retropulsion and falls, both of which
are major challenges for patient neurorehabilitation (Karnath
& Broetz, 2003; Manckoundia, Mourey, Pérennou, &
Pfitzenmeyer, 2008; Pérennou et al., 2008).

Different methods have been used to assess verticality
perception: the subjective visual vertical (SVV; i.e., adjusting
a bar that is visually compared with the gravitational vertical),
the subjective haptic vertical (SHV; adjusting a bar to the
gravitational vertical without visual control), and the subjec-
tive postural vertical (SPV; adjusting the body to the gravita-
tional vertical). Most likely, SVV, SHV, and SPV test different
but overlapping aspects of verticality control and yield com-
plementary information (Pérennou et al., 2014). The SVV is
the measure investigated most often. It is frequently used in
the diagnosis of vestibular disorders, but is poorly correlated
with postural impairment (Bonan et al., 2007; Karnath, Ferber,
& Dichgans, 2000; Pérennou et al., 2008). The SPV is altered
in subjects with deficits of upright body orientation, both in
the frontal and sagittal planes—for example, in subjects with
pusher behavior or retropulsion after hemispheric lesions
(Karnath et al., 2000; Manckoundia, Mourey, Pfitzenmeyer,
Van Hoecke, & Pérennou, 2007; Pérennou et al., 2008).
Furthermore, the SPV is influenced by the aging process:
With increasing age, the SPV shifts backward and body
alignments are less accurate (Barbieri, Gissot, & Pérennou,
2010). These age-related changes might be the consequences
of a decline in sensory function (Manckoundia et al., 2008).

So far, SPV measurements have been mainly made with
subjects in a sitting position, by using various motor-driven
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machines (e.g., Bisdorff, Wolsley, Anastasopoulos, Bronstein,
& Gresty, 1996; Karnath et al., 2000) or a nonmotorized
paradigm, the so-called wheel paradigm (Pérennou, 2006).
We hypothesized that the internal representations of body
orientation might be different between sitting and standing,
mainly because of differences in somatosensory inputs.
Somatosensory inputs—that is, contact, proprioceptive, and
visceral cues—play a major role in verticality perception
(Bronstein, 1999). In sitting, several contact cues from the
chair are available—for example, pressure cues on the back,
under the buttocks, and on the back sides of the legs. These
cues are not present during standing. Instead, upright stance
involves pressure cues from the soles under the feet and
somatosensory feedback from the ankle joints. Although sen-
sory input from the lower extremities seems relatively unim-
portant for SPVestimation in sitting (Mazibrada et al., 2008),
both contact and proprioceptive input might significantly con-
tribute to the SPV in standing.

SPVassessment during standing might be especially relevant
for postural disorders primarily affecting the standing posture.
Several authors have reported that pusher behavior in its severe
form is expressed in both sitting and standing positions. In a less
severe form, or when the patient has progressed during rehabil-
itation, pusher behavior is no longer present in sitting, but con-
tinues in standing position (Babyar, Peterson, Bohannon,
Pérennou, & Reding, 2009; Bergmann et al., 2014; Premoselli,
Cesana, & Cerri, 2001). Considering that patients with pusher
behavior attempt to align their body with an erroneous SPV
(Pérennou et al., 2008), this suggests that the internal reference
of verticality is represented differently during sitting and stand-
ing. Thus, for patientswith deficient body orientation in standing,
SPVassessment in sitting might not be able to detect the deficit.
That is why we set up a paradigm to measure the SPV during
standing using the Spacecurl. The Spacecurl is a cardanic sus-
pension apparatus that so far has been used as a therapeutic
approach for patients with neuropathy (Lauenroth, Knipping, &
Schwesig, 2012) or back pain (Müller, Schwesig, Leuchte, &
Riede, 2001). The purpose of this study was to investigate the
reliability and normative values of SPV during standing using
this paradigm.Healthy subjects were examined, and values in the
sagittal and frontal planes were collected. A secondary objective
was to investigate age-related differences in SPV during
standing.

Method

Subjects

The reliability of SPV measurements was determined in 25
healthy subjects (age 34.4 ± 9.7 years [mean ± standard devia-
tion], 19 to 56 years [range]; 15 females, 10 males). In addition,
the normative values were collected from 60 healthy subjects

aged 20 to 79 years (ten subjects per decade). Exclusion criteria
were acute cardiac disease, arterial aneurism, thrombosis, unsta-
ble spinal column, neuroses/psychoses, advanced pregnancy;
body height <145 cm and >195 cm, and body weight >150 kg.
Subjects had to be free of any vestibular or balance deficit.
Subjects >50 years of age underwent a neurological examination,
including test of pallesthesia and a head-impulse test for vestib-
ular function. The study was approved by the Ethics Committee
of Ludwig-Maximilians University (LMU) Munich in accor-
dance with the Declaration of Helsinki. All participants gave
their written informed consent.

Apparatus and experimental procedure

The Spacecurl (Physio Boerse, Wittlich, Germany) is a
cardanic suspension apparatus consisting of three concentric
rings that allows rotation in three-dimensional space. The
rings can be fixed so as to permit the rotation of the subject
around each axis separately. The subject stands in the center of
the apparatus (with the subject’s hip approximately at the
center of rotation) on a platform attached to the innermost
ring, and is secured by padded holders on the hip (Fig. 1).

The settings of the platform and the holders were adjusted
for each subject before making the first measurement and
were retained for the following measurements. The level of
the platform was chosen according to the body height of the
subject. For a body height of 160 cm, the platform was
adjusted to 14 cm. The platform level was lowered for taller
persons and raised for smaller persons (1 cm for 2 cm of body

Fig. 1 Schematic illustration of a subject standing in the Spacecurl. The
subject stands on a platform and is secured by padded holders at the hips
and feet. The Spacecurl model is published with the kind permission of
Klaus-Hendrik Wolf of the Peter L. Reichertz Institute for Medical
Informatics, University of Braunschweig–Institute of Technology, and
Hannover Medical School, Germany
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height). The padded holders were adjusted to the level of the
iliac crests and of the lumbar lordosis of the back. These
holders were tightly fixed in such a way that the subject stood
upright. The feet were secured by padded brackets. These
brackets were only loosely attached without affecting the load
under the subject’s feet.

An SPV measurement was made by an examiner and an
assistant. The examiner gave standardized instructions andmoved
the rings of the Spacecurl. The assistant handled the computer.
Before starting the measurement, the subject was instructed to
stand in an upright body position, while placing his/her hands on
the support frame right in front of the trunk. To rule out any visual
input, the subject wore a pair of opaque goggles.

The SPV was first assessed in the sagittal plane and after-
ward in the frontal plane, using the method of magnitude
production. Six trials per plane were conducted, with the start
positions in random order (12°, 15°, and 18°). From the start
position, the Spacecurl was rotated back in the direction of the
earth vertical or across until the subject had verbally identified
the position that he or she felt to be upright. The subject was
allowed to make small adjustments until he or she was satis-
fied that a vertical position had been reached. Subsequently
the subject was tilted to the next start position. The Spacecurl
was rotated manually as steadily and smoothly as possible by
the examiner at a velocity of 1.0°–1.5° per second (feedback
was provided on the computer screen).

Deviations from the earth vertical were measured with the
Wireless Inertial Measurement Unit (IMU BT02-0300F05,
Memsense, Rapid City, USA) placed on the support frame of
the Spacecurl right in front of the subject, approximately on the
level of the subject’s body center. Data were transmitted wire-
lessly between the sensor and computer via the Bluetooth
protocol and were recorded using a EyeSeeCam software mod-
ule. The data were analyzed using aMATLAB-based program.

Experimental designs

To determine the test–retest and interrater reliability of the
SPV measurements, the SPV was measured two times a day

on two consecutive days. The study design is shown in Fig. 2.
Measurement 1, Measurement 2, and Measurement 3 were
made by the same examiner, whereas Measurement 4 was
done by another examiner. The data fromMeasurements 1 and
2 were used to estimate test–retest reliability, and the data from
Measurements 3 and 4 to estimate interrater reliability.
Between both Measurements 1 and 2 and Measurements 3
and 4, the subject had a standardized rest period of 20 min to
relax on a chair. No feedback about his/her performance was
given to the subject before the four SPV measurements were
completed.

For the normative SPV values, only one session was nec-
essary to measure the roll and pitch planes (as described
above). The normative data were all assessed by the same
two examiners.

Data and statistical analysis

The SPV was described in terms of the difference between the
subject’s perceived vertical and the gravitational vertical. In
the sagittal plane, forward deviations of the SPV were given a
positive sign, backward deviations a negative sign. In the
frontal plane, rightward deviations were indicated by a posi-
tive sign and leftward deviations by a negative sign. The SPV
error was obtained by averaging the six trials per measure-
ment, and the SPV range was calculated as the difference
between the maximum and minimum values of the six trials
(Baccini, Paci, Del Colletto, Ravenni, & Baldassi, 2014).

Test–retest reliability and interrater reliability were com-
puted for SPV measurements in the sagittal and the frontal
planes separately. To determine the consistency between mea-
surements, the intraclass correlation coefficient (ICC) with the
95% confidence interval (95% CI) was used. The ICC(2,6)
model was applied to test the test–retest reliability, and the
ICC(3,6) model was used to estimate the interrater reliability
(Shrout & Fleiss, 1979). The standard error of measurement
(SEM) was defined as the square root of the mean squared
error. To calculate the minimal detectable change (MDC), the

Fig. 2 Study design to determine the test–retest and interrater reliabilities
of measurements of the subjective postural vertical using the Spacecurl.
Four tests were performed on two consecutive days. Measurement 4 was

carried out by a different experimenter thanMeasurements 1, 2, and 3. To
estimate test–retest reliability, Measurements 1 and 2 were compared; to
estimate interrater reliability, Measurements 3 and 4
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SEMwas multiplied by 1.96 and by the square root of 2 (Weir,
2005).

The degree of agreement between measurements was de-
termined by calculating the mean difference between mea-
sures (d) and the 95% limits of agreement (LOA: d ± 1.96 SD),
displayed by Bland–Altman plots (Bland & Altman, 1986).
For comparison of the SPVerrors and the SPVranges between
the age decades, univariate analyses of variance (ANOVAs)
were performed for both planes, and post-hoc Tukey tests
were applied. Correlation analyses between age and either
the SPV error or the SPV range were carried out with the
Pearson test. All calculations were considered significant at
the 5% alpha level. Statistical analysis was performed using
the statistical package SPSS Statistics 17.0.

Results

Reliability

All 25 subjects included in the reliability experiment complet-
ed the four SPV measurements. Table 1 presents ICCs with
the 95% CIs, SEMs, and MDCs for estimation of the test–
retest and interrater reliabilities. Bland–Altman plots (Fig. 3)
show mean differences between the measures and 95% LOAs
for the test–retest and interrater reliabilities in the sagittal and
frontal planes.

Normative data and age dependency

The mean SPVerror and mean SPV range per age decade, and
the results of the ANOVAs, are listed in Table 2. The largest
difference between the age groups for the range of SPV in roll
was found between subjects 40–49 years and subjects 60–69
years of age, but this difference did not reach significance in
the post-hoc test (p = .064).

Because the SPV errors did not differ between the various
age decades, the ranges of normality were calculated for the
whole group of subjects from 20 to 79 years of age. The
average SPV (mean ± SD) for all subjects was 0.3° ± 1.0° in
the sagittal and –0.2° ± 0.7° in the frontal plane. Thus, the
values of normality (mean ± 2 SDs) in the sagittal plane
ranged from –1.7° to 2.3°, and in the frontal plane, from –
1.6° to 1.2°.

Moderate, statistically significant correlations between
age and SPV error and between age and SPV range were
found for the sagittal plane (error: r = –.262, p = .043;
range: r = .385, p = .002), but not for the frontal plane (p >
.110). Scatterplots for the correlations in the sagittal plane
are shown in Fig. 4.

Discussion

This was the first time that SPV measurements made with
standing subjects have been evaluated for their test–retest and
interrater reliabilities and that respective normative values
have been given for the sagittal and frontal planes. We found
overall good reliability in healthy subjects and minor changes
with aging—that is, increased variance of the estimations. In
the past, various devices have been used to measure the SPV,
but mainly in sitting subjects. SPV assessment in a standing
position might be relevant for postural impairments that pri-
marily affect the standing posture.

Reliability

The present study revealed good reliability parameters for the
SPV measurements with the Spacecurl in healthy subjects.
The ICCs were .73 for both the test–retest and interrater
reliabilities in the frontal plane, with a standard error of
measurements of 0.5°. The reliability in the sagittal plane
was slightly worse than in the frontal plane, in particular the
interrater reliability. However, the reproducibility was still
reasonable, with the standard error of measurements being
smaller than 1°.

On the basis of our results, changes of the SPVare assumed
to be clinically relevant if they are ≥1.3° in the frontal plane
and ≥1.9° in the sagittal plane. These MDCs are similar to the
LOAs illustrated in the Bland–Altman plots. Generally, the
plots show good agreement, with very small differences be-
tween the measurements.

Nevertheless, the reliability assessed in healthy subjects is
not necessarily applicable to those measured in very old
people or patients with impaired balance. Assessments of
test–retest and interrater reliability should therefore be per-
formed in the respective sample of interest to confirm the
potential clinical utility of these measures.

Table 1 Reliability parameters of subjective postural vertical
measurements in the sagittal and frontal planes

ICC (95% CI) SEM (°) MDC (°)

Test–Retest

Sagittal plane .70 (.31–.87) 0.7 1.9

Frontal plane .73 (.40–.88) 0.5 1.3

Interrater

Sagittal plane .66 (.23–.85) 0.8 2.3

Frontal plane .73 (.39–.88) 0.5 1.3

ICC, intraclass correlation coefficient; 95% CI, 95% confidence interval;
SEM, standard error of measurement; MDC, minimal detectable change
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Normative data

Normative values were collected over the age range. Since
there was no significant difference in the SPVerrors between
decades, we calculated the ranges of normality for the whole

group: –1.7° to 2.3° in the sagittal plane, and –1.6° to 1.2° in
the frontal plane. For the sagittal plane, the range is similar to
the values Barbieri et al. (2010) found in young adults in a
sitting position (<50 years; –2.4 to 1.5°). The only difference
was that we found less backward tilt, most likely due to the
different testing devices (see below). For older subjects (≥50
years), Barbieri et al. found a larger and more backward-
shifted range of normality (–4.0° to 1.7°). In the frontal plane,
normative values for sitting SPV were given by Pérennou
et al. (2008), who found a larger range than in our results.
Similar to Pérennou et al. (2008), we found an almost sym-
metrical distribution of the normative values around the grav-
itational vertical in the frontal plane. This is in contrast to the
sagittal plane, in which SPV values were distributed asym-
metrically but with differences between standing and sitting.
Whereas we observed an average slight forward tilt of the
SPVin standing, Barbieri et al. found a backward tilt in sitting.
As they discussed, it is likely that the backward-tilted SPV in
sitting might be due to a methodological bias caused by the
wheel paradigm that they used. When sitting in the wheel
paradigm, the main contact points giving somatosensory in-
formation are under the buttocks and on the back. Since the

Fig. 3 Bland–Altman plots of the SPVin the sagittal and frontal planes: Differences between measurements versus the means of the measurements, with
the mean difference (d) and 95% limits of agreement (LOA). SPV, subjective postural vertical; M, measurement

Table 2 Error and range (mean ± SD) of subjective postural vertical for
different age decades, with results of the ANOVAs

Sagittal Plane Frontal Plane

Age (years) Error (°) Range (°) Error (°) Range (°)

20–29 (7f) 0.2 ± 1.0 3.2 ± 1.3 –0.5 ± 0.7 2.2 ± 1.0

30–39 (3f) 0.9 ± 0.9 4.3 ± 1.9 –0.5 ± 0.5 2.6 ± 1.2

40–49 (4f) 0.6 ± 0.8 4.4 ± 1.5 –0.1 ± 0.5 3.6 ± 1.6

50–59 (8f) 0.2 ± 1.0 5.0 ± 1.4 0.0 ± 0.6 2.6 ± 1.2

60–69 (5f) 0.1 ± 0.6 5.2 ± 2.1 0.1 ± 1.0 2.1 ± 0.8

70–79 (7f) –0.2 ± 1.2 5.3 ± 2.1 –0.3 ± 0.7 3.3 ± 1.3

F 1.652 2.041 1.871 2.532

p 0.162 0.087 0.115 0.039

f, female
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internal estimate of verticality seems to be tilted to the side
from which one gets more somatosensory information (Barra
et al., 2010), the SPV might be shifted backward during
sitting. In our paradigm, the main contact surfaces were almost
symmetrical on the front and back, due to the padded holders
on the hip as well as on the feet. There was thus no prepon-
derance of one side.

Age dependency

Consistent with the findings of Barbieri et al. (2010), we
found age-related changes of the SPV: a slight backward shift
of the SPVerror and a larger SPVrange with increasing age. In
the present study, the SPV error shifted from a small forward
tilt in younger subjects toward the earth vertical with aging. In
the work of Barbieri et al., the SPV shifted from an average
slightly backward tilt in younger subjects to a more distinctly
backward tilt in older subjects. The larger SPV range found in
both studies in older subjects indicates increased uncertainty
in verticality perception. Similarly, Bisdorff et al. (1996) ob-
served larger sector widths of the SPV with aging—that is, a
loss of sensitivity for the perception of body verticality. This
reduced sensitivity may reflect an age-related decline of ves-
tibular and somatosensory functions (Choy, Brauer, & Nitz,
2003; Nusbaum, 1999). These sensory systems are involved
in creating and updating the central representation of vertical-
ity (Barra et al., 2010). In particular, the somatosensory sys-
tem is supposed to be important for the SPV—for example, to
improve the stability of the verticality representation (Barbieri
et al., 2010; Barra et al., 2010; Bringoux, Marin, Nougier,
Barraud, & Raphel, 2000).

Saeys et al. (2012) determined the influence of somatosen-
sory loss on the perception of verticality in stroke patients
during sitting. They differentiated between skin-related and
joint-related somatosensory information and found a stronger
relationship between the SPVand skin-related somatosensory
input. In the Spacecurl, the contact area between the padded
holders and the body is relatively small; however, the pattern
of pressure at the hip and the pressure distribution under the
feet might have affected the SPV measurements. Studies on
patients with complete and partial somatosensory loss or on
subjects with experimentally disturbed body sense (vibration)
might help to determine the influences of somatosensory
information on the SPV. When measuring SPV during sitting,
Mazibrada et al. (2008) found a large error of the SPV in the
frontal plane in a patient with Guillain–Barré syndrome and
with severe symmetrical loss of peripheral sensation. The SPV
accuracy considerably improved after recovery. In contrast,
two patients with paralysis from Th 6–7 down did not show a
significant error of the SPV. The authors concluded that so-
matosensory input from the trunk and the shoulders is espe-
cially important for the perception of verticality during sitting,
whereas input from the lower limbs is less important, at least
during sitting. For the SPV during standing, however, somato-
sensory input from the lower limbs and feet may play a major
role.

A potential limitation of the Spacecurl as a measurement
tool for the SPV is that the fixation on the hip not only
provides the subject with somatosensory information but also
forces the subject into an upright posture that might differ
from the spontaneous subjective upright posture.
Furthermore, the feet and hip fixations hamper postural con-
trol strategies such as the ankle or hip strategy in the sagittal

Fig. 4 Scatterplots illustrating the correlations between (a) subjective
postural vertical (SPV) error and age and (b) SPV range and age, in the
sagittal plane. The SPVerror is slightly forward-tilted in younger subjects

and approaches the earth vertical with increasing age. The SPV range
increases with increasing age
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plane. Nonetheless, the fixations are necessary to secure the
subject. Since the Spacecurl was originally constructed for
therapy, it provides no fixation of the trunk or head. For SPV
measurements, its advantage is that no unnatural pressure cues
are provided by holders or fixation straps on the upper body.
However, the muscle activity needed to control the trunk and
the head relative to gravity might increase the proprioceptive
input available for SPV estimation, and might consequently
lead to more precise and robust SPV measurements (as in the
natural condition). This might account for the rather small
variability in our data. Previous studies assessing the SPV had
restrained the trunk and head and had allowed for rather less
postural activity. In our study, the trunk and head were free to
move, and postural control was needed to a greater extend. It
remains to be determined whether complete restraint or more
free standing is better suited to measure the inner representa-
tion of body orientation in space.

Another limitation, especially in comparisons with studies
assessing the SPV in sitting, is the comparatively small tilt of
the start positions. A maximum tilt angle of 18° was chosen,
because larger angles were hardly tolerable by several sub-
jects, due to the upper body being free to move. Larger angles
in these subjects caused fear and undesired postural reactions.
Future measurements with patients should determine whether
these start positions are suitable for detecting SPV deviations
in patients with severely impaired verticality perception.

In conclusion, we found precise and reliable SPV
estimations for healthy subjects in standing using the
Spacecurl. We found on average a slightly forward-tilted
SPV, which approached the earth vertical with increas-
ing age. The clinimetric properties of the SPV in stand-
ing have to be further investigated in patients with
deficits of postural control and/or upright body orienta-
tion. SPV measurements in patients with somatosensory,
vestibular, or central disorders will lead to a better
understanding of the pathways forming the inner model
of verticality perception. The Spacecurl is a promising
tool for these kinds of experiments.
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