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Background and aims: To investigate the hypothesis that patients with a hemisphere stroke may perceive their
longitudinal body axis (LBA) rotated in the frontal plane. This error in an egocentric frame of reference could
be detrimental to posture, as tilted LBA would imply an unequal distribution of body mass about the true
vertical.

Method: 26 healthy subjects matched in age with 18 patients living with stroke participated in the study. The
18 patients were fested on average 80 days after a first left (n=8) or right (n=10) hemisphere stroke.
Participants perceived their LBA by adjustments of the orientation of a luminous rod pivoting around a
dorsonavel axis to the subjective direction of LBA. Participants were studied in the supine position to dissociate
somaesthetic cues from graviceptive cues.

Results: Patients with stroke perceived their LBA rotated to the contralesional side in comparison with controls
(p=0.004). For all controls and 10 patients with stroke, the perceived LBA was very close to true LBA (mean
(SD) 0.24" (1.317)). For eight patients with stroke (six right stroke, two left stroke), the perceived LBA was
rotated from true body orientation in the direction opposite to the lesioned side (range 3-9.5°, mean 5.2°).
These eight patients provided similar estimates by tactile manipulation of the rod (without vision). The rotation
of perceived LBA was more pronounced for right-hemisphere strokes. The magnitudes of perceptual rotations
correlated with sensory loss, signs of spatial neglect and the degree of postural and gait disability.
Conclusion: This is the first study showing that certain patients with a hemisphere stroke perceive their LBA
rotated to the contralesional side. The consequences for perceptuomotor coordination have implications for

their postural disorders.

disorientation that can affect perception of the spatial

organisation of the axes and planes of the body. The
resulting distortions of the “egocentric frame of reference”
may contribute to the impairment of sensorimotor coordina-
tion. A particularly important egocentric reference for the
organisation of movement and balance is the longitudinal
body axis (LBA)' and colinear sagittal plane.” Studies on
patients with cortical lesions, particularly affecting the parietal
lobe, have shown an ipsilesional shift in their perception of the
sagittal plane.”® When attempting to point “straight ahead”,
their indication deviates to the side of the lesion. This
ipsilesional deviation has been interpreted as a result of a
rotation of the egocentric frame of reference” '’ or as a result of
a lateral shift of the egocentric frame of reference." * The
phenomena of lateral postural inclination," lateral pushing"
and visual vertical tilt”" in the frontal plane exhibited by
some patients with stroke affecting the cerebral hemispheres
suggest that cortical lesions may also cause patients to perceive
that the LBA tilted from its true orientation. This is the
hypothesis of this study. If it were true, this phenomenon
would have clear consequences for balance, as tilted LBA and
sagittal plane imply an unequal distribution of body mass
about the true vertical.

Perception of orientation of the sagittal plane is constructed
from multisensory components, including visual, auditory,
somatosensory and vestibular inputs, and also from informa-
tion relating eye, head and trunk positions."” However, the
somatosensory basis of the sagittal plane alone has been shown
to be sufficient and robust, as the supine observer is able to
indicate his or her LBA and sagittal plane accurately in the
absence of vision, even when otolithic and other graviceptive
cues are minimised.***

P atients with cortical stroke may experience forms of spatial

The main objective of this study to assess the LBA in isolation
from gravitoinertial and otolithic cues has not yet been
investigated in patients with stroke. Our second aim was to
relate any rotation of LBA perception to clinical deficits and the
site of the lesion, with the idea that tilted perceived LBA, if
present, could be associated with clinical deficits (such as
somatosensory loss or spatial neglect) or lesion location (such
as the parietal cortex) involved in disorders of body-sheme
construction.” Our third aim was to analyse the relationship
between potential rotation of LBA perception and postural
disability.

METHODS

We were interested in the possibility of a rotation in perception
of the LBA after stroke. The clinical relevance of such a rotation
could be shown by the fact that it should occur with a marked
frequency, as with other features of spatial neglect shown by
the following power calculation. It has been reported that 37%
(ie, approximately one third *°) of patients with hemisphere
stroke experience lateral deviation in perception of the sagittal
plane. As perception of the LBA is a key element in constructing
the orientation of the sagittal plane, we hypothesised that
misperception of the orientation of the LBA could occur in
patients with a similar frequency. With this expected frequency
of occurrence in patients, the number of patients required to
establish a significant rotation in the perception of the midline
in comparison with controls would be 18 (per group) at p<<0.05,
80% power t test (in fact, in this target group of 18 patients, we
found abnormal perception of the long axis in 8 (44%)
patients).

Abbreviation: LBA, longitudinal body axis
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Longitudinal body axis after stroke

quadrantanopia. Spatial neglect was assessed using the Bells
test*, the ability to bisect two 200-mm length lines,”” and a
behavioural scale.”* A sign transformation was carried out on
line bisections so that, by convention, a positive value indicated
an ipsilesional deviation. The behavioural scale consisted of 10
four-point scale items related to neglect in everyday life. The
total score ranged from 0 to 30 (severe neglect).

Postural abilities were assessed wusing the Postural
Assessment Scale for Stroke ranging from 0 to 36 (good
postural control),”> which is the best ordinal scale for
quantifying postural disorders within the 3 months after onset
of stroke.” Some patients with a hemisphere lesion display
contralesional lateropulsion with or without resistance to
passive correction (pushing). Lateropulsion and pushing were
assessed using the Scale for Contraversive Pushing’ ranging
from 0 to 6 (severe lateropulsion and pushing). Pushing
behaviour was diagnosed according to Karnath’s criteria.””
Two patients with stroke (P2 and P7) were diagnosed as
showing pushing at the time of the experiment. Gait
independence was assessed using the Lindmark and Hamrin
Motor Assessment Scale’® ranging from 0 to 6 (independent
gait).

Procedure

For LBA measurements, subjects lay in supine position in
complete darkness, with head, trunk and legs aligned by the
experimenter and laterally restrained by pressure pads. A
motorised luminous rod (50 cm in length and 1 cm in
diameter) that rotated in the horizontal plane (subject’s frontal
plane) about one end was mounted at approximately 27 cm
above the subject with its centre of rotation aligned with the
subject’s umbilicus (fig 1). The subjects performed 10 adjust-
ments. To avoid possible cuing between trials, no feedback was
given to the subjects, who were required to close their eyes.
Owing to the possibility of motor impersistence, the faces of
patients with stroke were also covered to make sure that they
did not see the light between trials. Before starting the
experiment, each subject was familiarised with the task by
two training trials. There was no time limit for the experiment.
The initial position of the rod was set randomly between |0]°
and |30]° of the LBA as frequently to the left as to the right.
The subject orally indicated how the luminous rod should be
adjusted to align with their LBA. Instructions specified that the
LBA was an imaginary straight line passing through the
midpoints between eyes and shoulders to the midpoint between
the feet. The error (in degrees) between the objective LBA and
the subject’s adjustment was measured by a potentiometer with
a spatial resolution of 0.1° For each subject, we considered the
orientation direction as the algebraic mean of 10 repetitions
and SD as the within-subject SD of these repeated measure-
ments. In controls, rotation towards the left shoulder was
assigned a negative value and rotation to the right was positive.
In patients with stroke, the sign of the orientation of body axis
perception was transformed with respect to the lesion’s side, a
positive value indicating an ipsilesional rotation. Given the
novelty of LBA measurements in a clinical perspective, a test—
retest procedure was carried out for 10 patients tested on two
occasions 1 day apart. The intrarater reliability was high, as
attested by the Spearman’s r = 0.91 (p<<0.001).

The range of normality of LBA orientation in controls was
calculated as the mean (2 SD) for both orientation and SD of
the LBA estimations. Ranges of normality were —2.86° to 2.38°
for the orientation and 0.41° to 2.48° for SD.

Patients with stroke who showed an obvious rotation in the
visual determination of their subjective LBA were also required
to manually adjust the rod with eyes closed to the represented
direction of their LBA. This haptic determination of the LBA
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Experimental set-up.

Figure 1

provided indirect indications that rotations of the luminous rod
were not due to eye position. Indeed, Bronstein et al’* showed
that after ocular torsion, only the visual vertical was biased,
whereas the haptic vertical was accurately perceived.

Statistical analysis

The LBA estimations were normally distributed for patients
with stroke and for controls as the SDs after log transformation.
Therefore, groups were compared using parametric statistics: t
tests. A two-way analysis of variance was used to test the
influence of lesion size (small v large) and side (left v right) on
LBA perception. When required, groups (of unequal variances)
were compared using Welch's t test.*” Data are given as mean
(SD). The magnitude of each observed effect was estimated by
“calibrated deviation”, as recommended by Corroyer and
Rouanet.” Three magnitudes were considered: small (0-0.50),
medium (0.50-1) and large (>1). To account for the influence
of lesion size as a possible confounding factor, the relationships
between clinical deficits and perceived LBA perception were
tested using partial Spearman’s non-parametric correlations,
with lesion size as a covariable.

RESULTS

Estimation of the LBA in controls and patients with
stroke

Body axis orientation

The mean LBA perception of patients with stroke (after sign
transformation, —2.62° (SD 2.93°)) was different (Welch’s t
test, p = 0.004) from that of controls (—0.24° (SD 1.31°)), and
this was a large-magnitude effect (calibrated deviation = 1;
fig 2). Of the 18 patients with stroke, 8 presented abnormal
contralesional rotation of their subjective LBA (the rotation
ranged from 3°to 9.5% mean = 5.2°). None of the eight subjects
with LBA rotation was left handed. In addition to the visual
determination of the LBA, these eight patients with stroke were
also required to perform a haptic (tactile) subjective LBA (fig 3).
Visual and haptic adjustments for these eight patients with
stroke were strongly correlated (r =0.81; p = 0.014), indicating
that visual rotations of the subjective LBA probably did not
result from ocular torsion.

SDs of body axis perception

Patients with stroke showed higher SDs than controls (mean
2.36° (SD 1.44° v 1.56° (SD 0.51°); Welch’s t test, p=0.017;
fig 4), and this was a medium-magnitude effect (calibrated
deviation = 0.94). Of the 18 patients with stroke, 5 presented
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Figure 2 Mean direction of the body axis perception for 26 controls and
18 patients with hemisphere stroke (before sign transformation). Negative
values correspond to a rotation in direction o% the subjects’ left shoulder.
The amplitude of rotation is scaled on the x axis.

abnormally large SDs (+2 SDs from the mean of controls). The
magnitudes of SDs and orientation error were uncorrelated
(r=0.30; p=0.21), and four of the five patients with stroke
who had abnormal SDs also had abnormal orientation
estimates.

Relationship between lesion size and location and LBA
perception

A two-way analysis of variance was carried out to test the
influence of lesion size (small v large) and side (left v right) on
LBA perception. Rotation in LBA perception was greater in
patients with right-hemisphere stroke than in those with left-
hemisphere stroke (F;i4=28.19; p=0.01; n>=0.37, power
(=0.5) =0.76), and greater in patients with a large lesion
than in those with a small one (F; ;4 =5.18; p = 0.04; nz =0.27,
power (o=0.5)=0.56). The interaction between these two
factors was not significant (F; ;4 =3.56; p=0.08; n2 =0.23,
power (o=0.5)=0.42). Among the ecight patients with
stroke showing abnormal LBA contralesional rotation, six had

P8 |- AA
P71 A A
P6 | A A
PS5 A A
P4 A A
P31 a A
AVisual body axis
P2 a A A Haptic body axis
PT A A

| | | | | |
-12 -0 -8 -6 -4 -2 0 2
Mean deviations (degrees)

=
o

Figure 3 Mean orientation of visual and haptic determinations of the
body axis for patients with stroke showing an abnormal visual body axis
perception (the identification of patients with stroke is similar to that given
in table 1).
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Figure 4 Standard deviations (SD) in the body axis perception. SD is
scaled on the x axis.

right-hemisphere stroke and two had left-hemisphere stroke. In
these patients, the lesion was mainly centred around the
Rolandic cortex (frontoparietal cortex), the adjacent corona
radiata and the striatum.

Relationship between clinical deficits and LBA
perception

The rotation in LBA perception was found to correlate with
sensory loss (r=—0.67; p=0.003), severity of spatial neglect
assessed by the number of omissions in the Bells test
(r=—0.56; p=0.018), the ipsilesional rotation in line bisection
(r=-0.50; p=0.004) and the Behavioural Neglect Scale
(r=-—0.61; p=0.009).

By contrast, no significant relationship was found between
the rotation of LBA perception and motor weakness (r = 0.34;
p = 0.18), spasticity (r=—0.11; p=0.69) or visual field defect
(Fisher’s exact probability p=0.41). These analyses clearly
showed that rotation of the perceived LBA was strongly
associated with contralesional hypoaesthesia and spatial
neglect, whereas motor weakness, spasticity and the existence
of a visual field defect had no influence on LBA perception.

Relationship between LBA perception and postural
disorders

The greater the rotation of the perceived LBA orientation, the
more severe the postural (r =0.49; p=0.04) and gait (r = 0.57;
p =0.02) disabilities, and the more pronounced the lateropul-
sion and pushing (r= —0.66; p =0.004). Morcover, the more
uncertain the LBA perception, the higher the Scale for
Contraversive Pushing (r=0.73; p =0.001), whereas no rela-
tionship was found between SDs of LBA perception and gait
independency (r = —0.44; p = 0.075).

DISCUSSION

This study shows that: (1) patients with a hemisphere stroke
may perceive their LBA substantially (a marked magnitude
effect) rotated towards the contralesional side in comparison
with controls; (2) measurements of LBA perception are
reproducible (low within-subject SD and repeat-measurement
stability), which confirms that perception of the LBA is a valid
concept™®>***; (3) magnitudes of perceptual rotations correlate
with sensory loss, spatial neglect signs, and postural and gait
disabilities; and (4) the rotation of perceived LBA is more
pronounced in patients with a right-hemisphere stroke.
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Mechanisms

The relatively small sample size leads us to be cautious about
the correlates between the rotation in LBA rotation and the
clinical characteristics of patients with stroke. However, this
study gives a first indication about the associations between
rotation in LBA perception and spatial neglect as well as
hypoaesthesia. The absence of any correlation between LBA
rotation and motor weakness or spasticity is compatible with a
sensory and cognitive interpretation of LBA rotation. These
findings are congruent with the nature of the task involving
body perception and representation. The perception of body
geometry in an immobile, supine subject, in darkness, mainly
uses touch-pressure and joint-position senses. We can assume
that normal LBA perception requires right-left-sided symme-
trical somaesthetic information, which is compromised in some
patients with stroke with spatial neglect and hypoaesthesia,
and this may explain the strong correlation we found between
LBA rotation, spatial neglect and hypoaesthesia. To align the
rod with the LBA, subjects must construct a longitudinal axis
aligned to his or her body perception. Spatial neglect is also
known to be associated with changes in body representation,
which may participate in the strong association between LBA
rotation and spatial neglect. We showed that lesions in subjects
who perceived their LBA rotated were centred around the
Rolandic cortex (partly corresponding to the superior parietal
cortex) and around the striatum, two structures known to code
for spatial information related to the body.”

Postural disorder and LBA perception

Strong associations were also found between rotations in LBA
perception and postural and gait disorders. Although contrale-
sional lateropulsion severity was strongly related to the rotation
magnitude of the perceived LBA, it was clear for two reasons
that rotation of the LBA alone was not directly responsible for
the lateropulsion and vice versa. Indeed, the lateropulsion
sometimes observed in hemisphere strokes in clinical practice
consists of contraversive pushing, but the contralesional
rotation of the subjective LBA observed in this study should
theoretically lead to ipsiversive lateropulsion. Patients with
rotated LBA could perceive their LBA rotated to the contrale-
sional side when they are upright, and correct this erroneous
perception by ipsiversive lateropulsions. Moreover, even though
the two pushers tested in our study had abnormal rotation of
their subjective LBA, the rotation was comparable in magnitude
to that of patients with stroke who showed contralesional
rotation of their subjective LBA. Therefore, the rotated
subjective LBA cannot be the cause of the contralesional
lateropulsion or of the pushing. Postural disorders are primary
disabilities in patients with stroke and are caused by complex
mechanisms. In addition to misorientation with respect to
gravity (lateropulsion, pushing), postural disability after stroke
is also due to distortions in various coordinating systems, motor
weakness, sensory deficits, impaired postural coordination and
stabilisation.” Even though the rotation in the perceived LBA
cannot explain lateropulsion or pushing, which are interpreted
as a misorientation with respect to gravity,”” ** tilt rotation of
the LBA probably has dramatic postural consequences in
standing patients with stroke.

LBA and visual vertical

Notably, contralesional rotations of LBA perception found in
our study were congruent with the literature on verticality
perception after hemispheric stroke. Indeed, the perception of
vertical (haptic, visual or postural) has also been proved to be
contralesionally rotated,” ' principally in patients with spatial
neglect. The contralesional rotation of the LBA perception and
vertical estimation observed in patients with stroke are
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congruent but should not be regarded as similar phenomena,
because of LBA is independent the vertical in our study
(subjects are supine). Our pilot study emphasises the need to
investigate both subjective LBA and the subjective vertical in
patients with hemisphere stroke.

Study limitations

Our findings were probably not induced by a methodological
bias. The paradigm requires calibration of the true LBA, which
is operator dependent and thus remains relatively subjective. To
minimise this possible source of error, the calibration process
was always carefully carried out by two operators (JB and VC or
JB and DP). Perception of line orientation may also be due to
ocular torsion and deviations of the eye from the primary
position (during exploration), termed “pseudo-torsion”.* *
Although ocular torsion may occur spontaneously after hemi-
sphere lesions in a small number of patients,” our results
probably could not be induced by ocular torsion as the LBA was
tilted for both visual and haptic modalities, implying a
misperception at a high level of sensory integration."” * The
slight ocular torsion (pseudo-torsion) induced by visual
exploration is insufficient to account for the magnitudes of
LBA rotation observed in our patients . In any case, if relevant
to the task at hand, this effect should also have been found in
controls.

Owing to the relatively small sample size and the pilot nature
of the study, we cannot draw any conclusions about the
prevalence of the LBA rotation after stroke. Studies on a larger
sample size based on quantitative analysis of lesion location are
needed to investigate further the prevalence of LBA mispercep-
tion after stroke, as well as its anatomical correlates.

Finally, this study is the first step towards the understanding
the striking the behaviour sometimes observed in patients with
acute or subacute stroke when lying in bed. The sound leg
actively pushes the paretic leg, making the LBA diagonally
oriented with respect to the bed. We speculate that this may be
a way of aligning a tilted representation of the LBA to the bed
direction.
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