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Abstract

The subjective postural vertical (SPV) reflects gravity perception when the eyes are closed. Changes in the SPV on both the
frontal and sagittal planes occur in response to neurological disorders and aging; however, these changes on the diagonal plane
are unclear. Here we examined test-retest reliability (n=16) of and age-related changes (n=38) in the SPV on the diagonal plane.
Subjects sat on an electrical vertical board (EVB), which was used to measure the SPV on the diagonal plane. An experimenter
controlled and moved the EVB seat at a constant speed on the diagonal plane and measured the seat’s tilt using a digital
inclinometer when subjects verbally reported that they had reached a true vertical position. Measurement was performed for
eight trials, and the mean (tilt direction) and standard deviation (variability) were calculated. To determine test-retest reliability,
the same experimenter repeatedly measured the SPV 1 week later. To assess age-related changes, tilt direction and variability
were compared between the young (n=20) and elderly (n=18) groups. Test-retest reliability on the right and left diagonal planes
was 0.61 or more. Moreover, tilt direction on the right diagonal plane — but not on the left diagonal plane — indicated a significant
diagonally backward deviation in the elderly group compared with that in the young group. Variability was significantly higher in
the elderly group on both planes. SPV measurement on the diagonal plane was indicated, and age-related changes were identified.
Thus, future studies should assess the potential clinical applications of SPV in neurological disorders.
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Introduction

The subjective postural vertical (SPV) indicates cognitive
awareness of postural orientation and is assessed using motor-
driven machines (Bisdorff, Wolsley, Anastasopoulos,
Bronstein, & Gresty, 1996; Karnath, Ferber, & Dichgans,
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2000) or a non-motorized paradigm (Barbieri, Gissot, &
Pérennou, 2010; Baggio et al., 2016; Pérennou et al., 2008) that
can tilt on the frontal or sagittal plane. In such tests, subjects
report experiencing true vertical positioning when their eyes are
closed. Hence, the SPV reflects gravity perception of the body.

Interestingly, an abnormal tilt and variability on the frontal
plane are experienced in patients with pusher behavior or a
vestibular deficit. Patients with cerebrovascular disease in
general do not manifest an impaired SPV; however, those with
pusher behavior, a severe postural control disorder in some
patients with cerebrovascular disease, show a tilted SPV on
the frontal plane while sitting (Karnath et al., 2000; Pérennou
etal., 2008) and standing (Bergmann et al., 2015). In the study
of Bergmann et al. (2016), the variability in the SPV on the
frontal and sagittal planes showed a lower sensitivity in
patients with pusher behavior than in those without pusher
behavior and in healthy subjects. Bisdorff et al. (1996) report-
ed no abnormal tilt of SPV in patients with vestibular deficits,
but they did find reduced sensitivity.

Recently, the SPV on the sagittal plane has been shown to
deviate backward with age (Barbieri et al., 2010). In addition,
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Fig. 1 Electrical vertical board

the variability in the SPV on the frontal plane has been reported
to be significantly higher in elderly subjects than in younger
subjects (Fukata et al., 2017). These results indicate that the

Fig. 2 Measurement conditions for subjective postural vertical on the
diagonal plane. (A) Condition on the right diagonal plane; (B) starting
position for the diagonally forward tilt toward the right side; (C) starting
position for the diagonally backward tilt toward the left side; (D)

precision or sensitivity of SPV declines with age; hence, it is
important to determine the effect of aging on vertical perception.
Although previous studies on SPV were mainly concerned
with the frontal and sagittal planes, activities of daily living
require movement on the combined plane as well, such as that
when moving from bed to a wheelchair. In patients with push-
er behavior, resistance to combined plane movement, such as
gliding the buttocks on the mattress toward the nonparetic side
and transferring from the bed onto the wheelchair toward the
nonparetic side, has also been observed (Karnath and Broetz,
2003). Therefore, it is necessary to assess the SPV not only on
the frontal plane but also on the combined plane in patients
with pusher behavior. In other words, the SPV can change in
response to cerebrovascular disease on the diagonal plane in a
similar manner to changes in the frontal and sagittal planes.
We developed an electrical vertical board (EVB) to measure
the SPV on the diagonal plane. As this machine enables con-
stant adjustments to the rotational speed, its measurement accu-
racy is thought to be high. However, there can be a time lag
between the subject and experimenter in the SPV measurement;
hence, the experimenter pushes the button to stop the machine
when the subject believes that he or she is in an upright position.
In addition, the obtained value itself may fluctuate; therefore,
the SPV is a subjective sensation, and it is important to inves-
tigate the reliability of SPV measurement on the diagonal plane.

condition on the left diagonal plane; (E) starting position for the
diagonally forward tilt toward the left side; and (F) starting position for
the diagonally backward tilt toward the right side
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Table 1 Demographics of 16 healthy subjects

Variable Total (n=16)
Age (years) 37.1+13.7
Age (range, years) 22-67
Gender (male/female) 8/8

Height (cm) 1652 +7.8
Body weight (kg) 58.6+11.1
BMI (kg/m?) 213426

*Values are presented as mean + standard deviation.
BMI body mass index

The present study aimed to clarify the test-retest reliability
of and age-related changes in the SPV on the diagonal plane.

Methods
Subjects

Subjects with no history of bone and joint diseases, neu-
rological disorders, psychiatric disorders, or dementia
were included in this study. The SPV on the diagonal
plane was assessed in 38 healthy subjects who were di-
vided into two groups for the analysis of age-related
changes, following the protocol of Barbieri et al. (2010):
20 young subjects (aged <50 years) and 18 elderly sub-
jects (aged >50 years). In addition, a second SPV mea-
surement to determine test-retest reliability was per-
formed in 16 of 38 healthy subjects who provided in-
formed consent. This study was approved by the institu-
tional review board of the Saitama Medical University
International Medical Center (approval number: 16-189).
All subjects provided written informed consent before
their participation. Further, all subjects walked without a
cane, had no history of falls, and were right-handed. We
collected the following demographic data: age, gender,
height, body weight, and body mass index (BMI).

SPV measurement and procedure

The SPV was measured using an EVB (Pair Support
Corporation, Saitama, Japan) (Fig. 1), which is a motor-
driven machine that can be set to an inclination speed. In
addition, the lateral wall width can be adjusted in accordance
with the subject’s body. Subjects sat on the EVB without
contact with the ground; their trunks were fixed, their arms
were crossed in front of their chest, and the positions of their
head and legs were not fixed. The SPV was measured using
the experimenter adjustment method in which the experiment-
er operated the EVB. The experimenter controlled the EVB
seat by tilting it toward a vertical position from a position of
15° or 20°, moving it at a rate of 1.5°s. The tilt of the seat
when the subjects verbally reported that they had reached a
true vertical position was measured using a digital inclinome-
ter. Eight trials were performed in an ABBABAAB sequence
so that the starting position and angle would be pseudoran-
dom. In trials for the SPV, the subjects wore opaque goggles to
cut off visual information. A true vertical position was con-
sidered to be 0°, whereas diagonally forward and diagonally
backward tilts were regarded as positive and negative, respec-
tively. SPV measurement was performed starting from either
the left back or the right front (right diagonal plane) and from
either the right back or the left front (left diagonal plane) (Fig.
2). Measurement conditions were randomly selected. The
mean (tilt direction) and standard deviation (variability) in
the eight trials were calculated. Tilt direction was defined as
the direction of inclination on the basis of the body’s vertical
perception. On the right diagonal plane, the negative value
referred to the diagonal backward tilt toward the left side,
whereas the positive value pertained to the diagonal forward
tilt toward the right side. On the left diagonal plane, the neg-
ative value referred to the diagonal backward tilt toward the
right side, whereas the positive value pertained to the diagonal
forward tilt toward the left side.

To clarify test—retest reliability, the SPV on each plane was
measured in duplicate by the same experimenter at a 1-week
interval between the first and second assessments. No feed-
back on performance was provided to subjects until comple-
tion of the two SPV measurements.

Table 2 Test-retest reliability of tilt direction and variability on the right and left diagonal planes
Variable Condition First assessment (°) Second assessment (°) ICC (95% CI) SDd (°) SEM (°) MDCys (°)
Tilt direction Right diagonal -03+1.2 0712 0.69 (0.33-0.88) 0.9 0.7 1.8

Left diagonal 0.1+1.2 -04+1.0 0.71 (0.36-0.88) 0.8 0.5 1.5
Variability Right diagonal 1.9+0.6 2.1+0.5 0.61 (0.19-0.84) 0.5 0.3 0.9

Left diagonal 22+1.0 2.1+0.8 0.63 (0.22-0.85) 0.8 0.6 1.6

ICC intraclass correlation coefficient, 95% CI 95% confidence interval, SDd standard deviation of the difference between two measurement scores, SEM
standard error of measurement, M/DCys minimal detectable change with 95% CI
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Table 3 Testretest reliability of all trials on the right and left diagonal planes
Variable Trial First assessment (°) Second assessment (°) ICC (95% CI) SDd (°) SEM (°) MDCys (°)
Right diagonal Ist -13+2.6 -1.1+£25 0.74 (0.40-0.90) 1.8 1.3 3.6

2nd 0.1+23 00+22 0.78 (0.48-0.92) 1.5 1.1 3.0

3rd 02+23 04+25 0.56 (0.09-0.82) 2.3 1.6 4.5

4th -05+19 -12+1.6 0.46 (0.02-0.77) 1.8 13 35

Sth 02+2.1 -03+£32 0.53 (0.07-0.81) 2.6 1.8 5.1

6th -0.6+2.1 -1.0+£22 0.77 (0.47-0.91) 1.4 1.0 2.8

7th -0.6+23 -13+2.1 0.75 (0.40-0.90) 1.4 1.0 2.8

8th -03+£23 -0.8+£2.2 0.29 (-0.23-0.68) 2.7 1.9 5.0
Left diagonal Ist -0.0+£3.7 -0.6+£3.2 0.61 (0.18-0.84) 3.1 22 6.0

2nd -1.0£1.8 -1.1+£22 0.44 (-0.07-0.77) 22 1.5 43

3rd 02+29 -0.7+£23 0.60 (0.18-0.84) 2.3 1.6 4.5

4th 0.7+23 -0.6+£23 0.28 (-0.16-0.66) 2.7 1.9 53

Sth 0.6+2.6 04+28 0.57 (0.11-0.83) 2.6 1.8 5.1

6th 04+21 -0.0+£2.7 0.23 (-0.30-0.65) 3.0 2.1 5.9

7th 05+24 -0.1+22 0.38 (-0.13-0.73) 2.6 1.8 5.0

8th -02+23 -1.0£23 0.06 (-0.42-0.53) 2.9 2.1 5.7

ICC intraclass correlation coefficient, 95% CI 95% confidence interval, SDd standard deviation of the difference between two measurement scores, SEM
standard error of measurement, MDCys minimal detectable change with 95% CI
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Table 4 Demographics of the young and elderly groups

Variable Total (n=38) Young (n=20) Elderly (n=18)
Age (years) 379+19.7 31.8+£84 67.0+9.4
Age (range, years) 22-79 22-49 53-79

Gender (male/female)  13/25 8/12 5/13

Height (cm) 162.0+94 163.7+8.4 160.1 +10.5
Body weight (kg) 559+11.0 55.6+10.6 559 +11.8
BMI (kg/m?) 212+2.8 20.6 £2.1 21.7+3.3

*Values are presented as mean + standard deviation.
BMI body mass index

Statistical analysis

Test-retest reliability was calculated using the intraclass corre-
lation coefficient (ICC) with 95% confidence interval (95% CI)
from a two-way mixed-effects model, with the mean of eight
measurements and absolute agreement (Koo & Li, 2016).
Briefly, the measurement error was calculated using the mini-
mal detectable change with 95% CI (MDCgys=standard error of
measurement (SEM)x1.96x\2), which is determined from the
standard deviation of the difference (SDd): SEM=SDdx\2. To
estimate SEM, SDd between the first and second assessments
was calculated.

The agreement between the first and second assess-
ments was determined by calculating the mean difference
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Fig. 4 Distribution of data for the subjective postural vertical (SPV). The
tilt direction (A, C) and variability (B, D) in the SPV on the right or left

@ Springer

between assessments (d) and 95% limits of agreement
(LOAs: d + 1.96 standard deviation [SD]), displayed in
Bland—Altman plots (Bland & Altman, 1986).

With respect to age-related change, demographic data
were compared between the young and elderly groups
using the unpaired t-test and chi-squared test. Statistical
differences in SPV between the young and elderly groups
were tested using the dependent two-group Mann—
Whitney U test, because most parameters of tilt direction
and variability were not normally distributed. Descriptive
data are reported as mean with SD or, otherwise, as me-
dian with range. The Shapiro—Wilk test was used to de-
termine data normality.

Statistical analysis was performed using PASW Statistics
ver. 18.0 (SPSS Inc., Tokyo, Japan), with the level of signif-
icance set at 5%.

Results
Test-retest reliability

Table 1 presents the demographic data of 16 healthy sub-
jects, and Tables 2 and 3 show the results of the first and
second assessments, as well as the ICC (95% CI), SDd,
SEM, and MDCys. With respect to tilt direction, ICC; ;
and MDCys were 0.69 (95% CI: 0.33-0.88) and 1.8°,
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whereas the black dots represent healthy subjects aged >50 years
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Table 5 Age-related changes in subjective postural vertical on the diagonal plane

Variable Condition Total Young Elderly P-value

Tilt direction (°) Right diagonal -0.5 (-1.3-0.2) -0.2 (-0.8-0.5) -1.1 (-1.7 t0 -0.3) 0.002
Left diagonal -0.3 (-0.7-0.5) -0.1 (-0.4-0.6) -0.4 (-1.4-04) 0.087

Variability (°) Right diagonal 24 (1.82.9) 2.0 (1.7-2.7) 2.6 (2.2-3.5) 0.020
Left diagonal 2.1 (1.7-3.0) 1.9 (1.4-2.7) 2.5(1.8-3.6) 0.038

Values are presented as median (range); p-values indicate the results for the difference between the young and elderly groups.

respectively, on the right diagonal plane and 0.71 (95% CI:
0.36-0.88) and 1.5°, respectively, on the left diagonal
plane. With respect to variability, ICC, ; and MDCys were
0.61 (95% CI: 0.19-0.84) and 0.9°, respectively, on the
right diagonal plane and 0.63 (95% CI: 0.22-0.85) and
1.6°, respectively, on the left diagonal plane.
Bland-Altman plots indicated no systematic bias as the
degree concerning mean difference was distributed (Fig. 3).

Age-related changes

The characteristics of the young and elderly groups are
described in Table 4. There were no differences in gender
(chi-squared [1]=0.629, p=0.428), height (t [36]=1.167,
p=0.251), body weight (t [36]=-0.101, p=0.920), and
BMI (t [36]=-1.305, p=0.200) between the groups. The
distribution of tilt direction and variability in all subjects
are shown in Fig. 4. Age-related changes are presented in
Table 5. On the right diagonal plane, the elderly group
exhibited a tendency for backward tilt toward the left side
(p=0.083) and high variability compared with the young
group (p<0.05). On the left diagonal plane, the elderly
group showed a significant backward deviation toward
the right side compared with the young group (p<0.05).
We found that the elderly group exhibited a significantly
higher variability in measurement (p<0.05) (Table 5).

Differences on the right and left diagonal planes

With respect to the comparison on the right and left diagonal
planes, no significant difference in tilt direction (p=0.322) and
variability (p=0.765) on the right and left diagonal planes was
observed in the young group, whereas in the elderly group, the
tilt direction indicated a significant diagonally backward de-
viation on the right diagonal plane compared with that on the
left diagonal plane (p<0.038), and there was no significant
difference in variability (p=0.286).

Discussion

To our knowledge, this is the first study to assess SPV on
the diagonal plane in healthy subjects. The test—retest

reliability was 0.61 or more when measured on the right
and left diagonal planes. Bergmann et al. (2015) analyzed
the reliability of SPV in subjects standing on the frontal
and sagittal planes and reported that the ICCs ranged from
0.6 to 0.7. Although the measuring position was different
to that in previous studies, the SPV measurement using
the EVB in the present study showed the same degree of
reliability. Moreover, our results indicated a large 95% CI
of ICC values that ranged from 0.19-0.36 to 0.84-0.85,
suggesting poor to good reliability according to Koo et al.
(2016). Based on the 95% CI, Koo et al. (2016) described
that ICC values less than 0.5, between 0.5 and 0.75, be-
tween 0.75 and 0.9, and greater than 0.9 are indicative of
poor, moderate, good, and excellent reliability, respective-
ly. Moreover, in all trials, there exists the possibility that
the variation in reliability values and the large SEM also
increases the 95% CI. Moreover, one of the reasons for
the large 95% Cls of all ICCs is the subjective aspect of
assessment; thus, subject factors such as mental fatigue or
ability to concentrate may also have a major impact. In
the future, it may be necessary to adjust the number of
measurements and take a break, taking the subject’s men-
tal load into consideration. However, these values were
comparable to the 95% CIs of ICC values reported by
Bergmann et al. (2015), which ranged from 0.23-0.40 to
0.85-0.88; hence, a large 95% CI may be one of the
features of research on SPV.

The MDCys is an index showing an error of change
when it is repeatedly measured. If the obtained value is
equal to or less than the MDCys, then it is within the error
range (de Vet et al., 2006). However, if the value is greater
than the MDCys, it can be determined that a true change
has occurred (de Vet et al., 2006). In this study, the MDCgs
was observed to be 0.9° to 1.8°, which is a useful index for
judging the time course change and therapeutic effect in
the study of SPV.

In the elderly group, the tilt direction of SPV shifted diag-
onally backward; further, the variability was higher in the
elderly group than in the young group on both the right and
left diagonal planes. Barbieri et al. (2010) investigated the
SPV on the sagittal plane using a unique measuring device
called the wheel paradigm in healthy subjects, and reported
that the SPV showed a significantly greater backward tilt in
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elderly subjects than in young subjects and a greater SPV
range with increasing age. Bisdorff et al. (1996) observed a
larger sector of SPV with aging on the roll and pitch plane in
healthy subjects and reported a decline in the sensitivity of
perception of body verticality. Fukata et al. (2017) assessed
the SPVon the frontal plane and reported no difference in the
tilt direction between the elderly and young subjects; how-
ever, the variability was significantly higher in elderly sub-
jects than in young subjects. Therefore, the diagonal back-
ward deviation on the diagonal plane may include elements
of the tilt direction on the sagittal plane. Moreover, the high
variability on the diagonal plane may reflect the decline in
somatosensory and vestibular inputs with increasing age
(Bruce, 1980; Rosenhall, 1975). In contrast, no significant
difference in the tilt direction on the left diagonal plane was
noted between the young and elderly groups. In addition, the
elderly group showed a significant diagonally backward de-
viation on the right diagonal plane compared with that on the
left diagonal plane. The internal model is modulated or up-
dated by the mutual influence of the sensory and motor sys-
tems (Barra, 2012). As the subjects in the present study were
all right-handed, there exists the possibility that the postural
orientation ability of the left space, which is a subordinate
hemisphere, is relatively lower than that of the right space.
That is, the spatial cognitive ability in the left backward di-
rection possibly declines, which might be remarkable in the
elderly group. These findings may be important information
in considering the effect of handedness in subjective vertical
research. However, as nonparametric testing is used for data
analysis, the low detection power of data is considered a
factor that is not different. In the future, it may be necessary
to further increase the number of subjects being examined.
This study has some potential limitations concerning
SPV measurement on the diagonal plane using the EVB.
First, the machine provides a great deal of tactile informa-
tion. Says et al. (2012) investigated the relationship be-
tween somatosensory loss and perception of verticality in
stroke patients. They found that the absolute value of SPV
was significantly related to both joint-related and skin-
related somatosensory information. When the EVB is tilted
diagonally backward, the body is in contact with the back
and side sheets. In this manner, the body’s vertical axis
may posteriorly and diagonally deviate in response to ex-
tensive somatosensory information. Moreover, when the
EVB is tilted anteriorly and diagonally, only unilateral sen-
sory information is obtained. Therefore, tactile cues might
considerably affect the direction and sensitivity of SPV.
Thus, we believe that it is also necessary to consider the
characteristics of the measuring equipment itself. Second,
the inter-rater reliability between experimenters has not yet
been determined for the EVB, and using only one experi-
menter for SPV measurement may have limited the gener-
alizability of this study. Finally, the functional value of
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SPV on the diagonal plane is unclear. Further studies in-
vestigating whether the SPV on the diagonal plane affects
balance in elderly subjects and patients with cerebrovascu-
lar disease are required. Moreover, to clarify the functional
value of SPV on the diagonal plane, it is important to in-
vestigate the relationship between SPV on the diagonal
plane and that on the frontal and sagittal planes.

In conclusion, the reliability of SPV measurement on the
diagonal plane using the EVB has been shown to be good. In
addition, we determined the measurement error, which may be
a useful index for the SPV because it changes over time in
response to treatment. Furthermore, as we showed changes
due to aging, future studies on SPV on the diagonal plane in
patients with neurological disorders, including cerebrovascu-
lar disease, must take changes due to aging into account.
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