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a b s t r a c t

Recent research revealed that patients with spatial hemineglect show deficits in the judgment of the
subjective vertical and horizontal. Systematic deviations in the subjective axes have been demonstrated in
the visual and tactile modality, indicating a supramodal spatial orientation deficit. Further, the magnitude
of the bias was shown to be modulated by head- and body-position. The present study investigated the
effect of passive lateral head inclination on the subjective visual and tactile vertical and horizontal in
neglect patients, control patients with left- or right-sided brain damage without neglect and healthy
controls. Subjects performed visual- and tactile-spatial judgments of axis orientations in an upright head
orientation and with lateral head inclination 25◦ in clockwise (CW) or counterclockwise (CCW) direction.
Neglect patients displayed a marked variability as well as a systematic tilt in their spatial judgments.
In line with a multisensory spatial orientation deficit their subjective vertical and horizontal was tilted
CCW in the visual and in the tactile modality, while such a tilt was not evident in any other subject
osture
ravity

group. Furthermore, lateral head inclination had a differential effect in neglect patients, but not in control
subjects. Neglect patients’ judgments were modulated in the direction of the head tilt (‘A-effect’). That
is, a CCW inclination further increased the CCW spatial bias whereas a CW inclination decreased the
spatial bias and thus led to approximately normal performance. The increased A-effect might be caused
by a pathologically strong attraction of the subjective vertical by an idiotropic vector relying on the

s a co
actual head orientation, a
patients.

. Introduction

Hemispatial neglect is a supramodal neurological disorder
haracterized by a complex syndrome of sensory, motor and rep-
esentational deficits (for a review, see Kerkhoff, 2001). Neglect
atients fail to detect or respond to stimuli in their contrale-
ional hemispace (Bisiach, Pizzamiglio, Nico, & Antonucci, 1996),
how unilateral spatial representational deficits (Bisiach & Luzatti,
978; Bisiach, Capitani, Luzatti, & Perani, 1981) and frequently dis-
lay a reduced use of their contralesional extremities (Laplane &
egos, 1983). Most of the current models of neglect focus on the
xplanation of deficits in the horizontal plane. Such deficits are

pparent, for example, as left-sided omissions in visual search,
eading, writing and drawing tasks, as deficits in (horizontal) size
erception in the contralesional hemispace (Milner & Harvey, 1995;
ilner, Harvey, Roberts, & Forster, 1993), as a compression of con-
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nsequence of impaired processing of gravitational information in neglect
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tralesional hemispace (Gainotti & Tiacci, 1971; Nichelli, Rinaldi,
& Cubelli, 1989) or even both hemispaces (Halligan & Marshall,
1991), as rightward deviations in line bisection and in pointing
straight ahead, and as a deviation of space representation towards
the ipsilesional hemispace (Karnath, 1997). However, numerous
studies have demonstrated deficits in visuospatial perception and
visuomotor performance that cannot result solely from impair-
ments restricted to the horizontal plane (for a review, see De Renzi,
1982). These include impairments in visual orientation discrimina-
tion and position estimation (Tartaglione, Benton, Cocito, Bino, &
Favale, 1981; Tartaglione, Cocito, Bino, Pizio, & Favale, 1983; Taylor
& Warrington, 1973; Warrington & James, 1967) as well as deficits
in the judgment of the subjective visual vertical (SVV) and horizon-
tal (SVH; Howard, 1982; Lenz, 1944), and judgments of oblique line
orientations (Benton, Hannay, & Varney, 1975; De Renzi, Faglioni,
& Scotti, 1971; Kim, Morrow, Passafiume, & Boller, 1984).
1.1. Brain damage, hemineglect, and tilted space

The relation between brain damage and deviations of the sub-
jective vertical and, thus, spatial judgments in the frontal plane,

http://www.sciencedirect.com/science/journal/00283932
http://www.elsevier.com/locate/neuropsychologia
mailto:Johanna.Funk@psy.lmu.de
dx.doi.org/10.1016/j.neuropsychologia.2010.01.029
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as studied extensively by Bender and Jung (1948) already in
948. The authors found that deviations of the subjective verti-
al from the true vertical exceeding 2◦ are indicative of frontal or
arietal, but not of occipital lobe lesions. The direction of the devia-
ions was contralesional, with clockwise (CW) deviations following
eft, and counterclockwise (CCW) deviations following right fronto-
arietal lesions. In a more recent large-scale investigation, Brandt,
ieterich, and Danek (1994) tested judgments of the SVV in 71
atients with unilateral hemispheric lesions. MRI analyses revealed
hat the most impaired patients had lesions centering on the human
omologue of the monkey parieto-insular-vestibular cortex (PIVC;
rüsser, Pause, & Schreiter, 1990), and thus closely neighboring
nd overlapping with those lesions which cause neglect behavior.
ence, it may be mainly the neglect patients who show abnor-
al SVV judgments in the frontal plane. Accordingly, Kerkhoff and

oelch (1998) found that 12 out of 13 neglect patients showed
eficits in visuospatial judgments of axis orientations in the ver-
ical, horizontal and oblique orientation. The deficits were not an
nspecific consequence of brain damage, as patients with left or
ight hemispheric lesions without neglect performed at the level of
ealthy participants. Furthermore, Yelnik et al. (2002) showed that
eviations of the SVV are above all related to the neglect severity,
ather than to the lesion size and localization, indicating that SVV
ilt is not a consequence of right hemisphere damage per se, but
ather of anatomical damage which typically causes spatial neglect,
ncluding the gravity system of the right hemisphere. These find-
ngs indicate a severe disturbance in the representation of space in
he frontal plane in neglect patients which does not seem to consti-
ute an epiphenomenon but one of the core deficits of the neglect
yndrome.

De Renzi et al. (1971) found that patients with right posterior
esions are significantly impaired in both the visual and the tac-
ile perception of the horizontal and the vertical axis. Kerkhoff
1999) additionally showed that CCW tilts in the two modalities
re correlated with each other and with the neglect severity. Thus,
omparably to impairments in the horizontal plane, the deficits in
he frontal plane seem to be multimodal (or even supramodal). In a
ecent study with 80 stroke patients, Pérennou et al. (2008) found
hat patients with right hemisphere lesions showed CCW visual (in
5% of the subjects), tactile (32.5%) and postural (42%) tilts in the
rontal plane. Since especially parietal lesions caused marked visual
nd tactile tilts in the frontal plane, the authors concluded that the
ight parietal cortex is crucially involved in the elaboration of an
nternal supramodal model for verticality perception.

.2. Effects of posture and head orientation in space on
rientation judgments in neglect

Evidence from recent research suggests that deficits in spatial
rientation judgments are significantly modulated by gravitational
nput in neglect patients. These studies modulated the body pos-
ure of neglect patients and, as a consequence, also their head
rientation in space to investigate the effect of the accompany-
ng modulations of gravitational information on spatial deficits in
hese patients. Saj, Honoré, Davroux, Coello, and Rousseaux (2005)
ystematically investigated the effects of body posture on the per-
eption of the visuohaptic subjective vertical in the frontal plane.
osture had no effect on SVV judgments in healthy control subjects.
owever, in the neglect patients the CCW tilt of SVV judgments
as significantly reduced in supine compared to upright posture.

n supine posture, the influence of otholitic input on space percep-

ion is reduced (Diener & Dichgans, 1988; Howard, 1982). Since in
eglect patients graviceptive input from the left and right otholitic
ystem is not processed symmetrically (e.g., Pizzamiglio, Vallar, &
oricchi, 1995), the change of head position in space in supine
ompared to upright posture and the accompanying modulation
a 48 (2010) 1616–1627 1617

of graviceptive input resulted in a reduction of the pathologi-
cal bias. Positive effects of modulations of graviceptive input in
backward-tilted or lying body-position have also been documented
for line bisection deviations (Pizzamiglio et al., 1995) and explo-
ration biases (Karnath, Fetter, & Niemeier, 1998) in neglect patients.
In a recent study (Funk, Finke, Mueller, Preger, & Kerkhoff, 2010),
we investigated effects of posture on the subjective tactile vertical
(STV) in neglect patients and found that posture affects perfor-
mance of neglect patients also in the tactile domain (although we
found different results than Saj et al., 2005). Apart from whole-
body changes, head tilts alone modulate gravitational input and
thus also affect spatial orientation judgments in neglect. A further
experiment in the Kerkhoff (1999) study showed that the orienta-
tion deficit of a neglect patient was significantly aggravated by a
CCW tilt of the head by 25◦, and significantly reduced by a com-
parable CW tilt. In a healthy control subject, in accordance with
previous evidence (for a review, see Howard, 1986), CW and CCW
head tilt slightly deteriorated performance when compared with
the upright condition. While these findings indicate that the head-
on-trunk orientation (i.e., the angle of inclination) might play an
important role in the judgment of spatial orientation in the frontal
plane in neglect patients, a more systematic study including a group
of patients and controls has not been carried out to date.

1.3. Which cues are mediating the effects of posture on spatial
orientation?

Different reference frames can define a visual orientation in
space (for reviews, see, e.g., Howard, 1982; Rock, 1990; Wade,
1992). Most important for the judgment of the subjective main
spatial axes are probably the gravitational and the egocentric
(head-/body-centered) reference frames. In upright posture, the
gravitational and the egocentric vertical are aligned; by contrast, in
tilted head-/body-position, the two coordinate systems are decou-
pled. Therefore, tilts of the head and body can induce displacements
in the subjective vertical (Luyat, Gentaz, Corté, & Guarrez, 2001;
Luyat & Gentaz, 2002) either in the direction of postural inclination
(the Aubert, or A-effect) or in the opposite direction (the Müller, or
E-effect). It has been suggested that the E-effect occurs at small, and
the A-effect at greater angles of tilt (for a review, see Howard, 1986).
However, when the tilt is restricted to the head (with stable position
of the body), results vary between experiments, that is, E-effects
(e.g., Day & Wade, 1969; Wade, 1968), A-effects (e.g., Dichgans,
Diener, & Brandt, 1974; Parker, Poston, & Gulledge, 1983) or no
general effect (e.g., Dilorenzo & Rock, 1982) were observed. Luyat
and Gentaz (2002) argue that “. . .A- and E-effects demonstrated
that tilted subjects have not access to a veridical gravitational refer-
ence frame but rather to a subjective gravitational reference frame
which is no longer congruent with the physical one. In the visual
modality for example, a rod aligned with the physical vertical will
be perceived as deviated in the direction opposite of the head or
body tilt (A-effect) and, as a result, the subjective vertical, in this
case, will be deviated in the direction of the head or body” (p. 1004,
first paragraph). In healthy subjects, the subjective vertical is con-
gruent with the physical/objective one in upright posture and, thus,
a displacement in either direction would mean a slight decline in
performance. By contrast, in neglect patients, the subjective ver-
tical is not congruent with the objective one in upright posture
(e.g., Kerkhoff & Zoelch, 1998; Kerkhoff, 1999), probably due to
asymmetric processing of gravitational input. In such patients, a
further CCW displacement of the subjective vertical would repre-

sent a further increase in spatial bias, whereas a CW displacement
would represent a decrease in spatial bias and thus a trend towards
normal performance.

It has been suggested that the effect of head orientation on the
perception of space is based on a modulation of gravitational inflow
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e.g., changes in vestibular and kinesthetic inputs; Howard, 1982).
ore specifically, head inclinations reduce the impact of gravi-

ational input (due to reduced sensitivity of the utricles). Since
eglect patients process graviceptive information in an asymmetric
ay (e.g., Pizzamiglio et al., 1995), this gravitational model pre-
icts a reduction of the spatial bias no matter whether the head

s tilted CW or CCW. Conversely, in normal subjects, the model
ould predict a slightly worse performance with head tilt in either
irection. Alternatively, Mittelstaedt (1983) suggested that the sub-

ective vertical is the product of a sensory, a gravitational and an
diotropic vector. In this model, the idiotropic vector (i.e., the body-
nd head-vertical axis) serves as an intrinsic reference frame guid-
ng spatial orientation. Since neglect patients process graviceptive
nformation deficiently, they might rely more on other information,
uch as the idiotropic vector, than normal subjects. In this case, the
odel would predict that neglect patients show a tendency to ori-

nt verticality judgments towards the head-vertical axis (A-effect).
hat is, neglect patients would display an even greater CCW tilt of
heir subjective vertical with a CCW head tilt and a reduction of the
CW bias with CW head tilt. Healthy subjects might display this
endency too, albeit to a significantly lesser degree.

.4. Rationale of the present study

The present study systematically investigated whether and how
patial orientation deficits are modulated by changes in head
rientation in neglect patients. Since head tilt has been shown
o modulate gravitational input (e.g., Diener & Dichgans, 1988;
oward, 1982), and furthermore the processing of graviceptive

nformation is known to be deficient in patients with spatial neglect
e.g., Lafosse, Kerckhofs, Troch, Santens, & Vandenbussche, 2004;
érennou, 2006; Pizzamiglio et al., 1995), we hypothesized that
ead-on-trunk orientation affects spatial orientation judgments in
eglect patients in a different way than in healthy participants
nd in patients without neglect. Such a differential modulation
f performance by head inclination was already demonstrated by
erkhoff (1999) in a single patient. However, since this pilot study
nly investigated one single neglect patient and one control subject,
t is not clear whether the observed pattern of results is represen-
ative for all patients with left spatial neglect or all healthy control
ubjects and whether the differential modulation of performance
s a function of head inclination is characteristic for all patients
ith right hemisphere damage or exclusively for neglect patients.

herefore, the present, more comprehensive investigation went
eyond this demonstration by analyzing visual- and tactile-spatial
xis orientation performance in a group study including patients
ith right hemispheric lesions and left spatial neglect, patients
ith right or left hemispheric lesions without spatial neglect and
ealthy control subjects. We predicted that: (1) neglect patients,
ut not LBD or RBD controls, would display a multimodal orienta-
ion deficit with similar impairments in tactile- as in visual-spatial
rientation. That is, they were assumed to display a CCW tilt of
he subjective vertical and horizontal in both modalities (Kerkhoff,
999). Furthermore, we predicted that (2) axis orientation perfor-
ance in neglect patients would be substantially affected by CW

nd CCW head inclination, whereas in healthy subjects and control
atients without neglect, performance was expected to deteriorate
nly slightly, if at all. More specifically, a replication of Kerkhoff’s
1999) original single-case results would become manifest in terms
f an increased A-effect in neglect patients leading to a further
erformance deterioration with CCW and an improvement with

W head tilt. Such a finding would indicate that neglect patients
et the subjective vertical in the direction of the idiotropic vector
Mittelstaedt, 1983). Alternatively, neglect patients’ performance
ould generally improve independently of the direction of head
ilt. Such a result would support the gravitational inflow model,
a 48 (2010) 1616–1627

since it would indicate that with reduced impact of the disturbed
graviceptive information neglect patients’ spatial bias is amelio-
rated. In order to test the two alternative models in the present
study, two aspects of spatial performance were analyzed: the dif-
ference thresholds (half of the range in which the spatial judgments
of subjects varied), which is an indicator for the uncertainty and
instability of the spatial representation, and the constant errors
(mean value of positive and negative deviations) which indicates
the magnitude and direction of the spatial bias. The gravitational
inflow model would predict a reduced magnitude of the spatial
bias, that is, both difference thresholds and constant errors should
be reduced with head tilt. The idiotropic vector model assuming an
increased A-effect would predict increased constant errors with a
CCW head tilt and reduced constant errors with a CW head tilt, but
would not predict changes in the difference thresholds.

2. Methods

2.1. Participants

Eight patients with right hemispheric vascular lesions and left spatial neglect
documented by clinical tests (see below), eight patients with right hemispheric vas-
cular lesions and eight patients with left hemispheric lesions without spatial neglect
in these tests (further referred to as RBD or LBD controls or more generally as control
patients) and eight healthy control subjects were tested. Informed consent according
to the Declaration of Helsinki II was obtained from all subjects. Table 1 summarizes
the demographic and clinical data. The mean age was 49.5 years (range: 38–64)
for the neglect patients, 49.6 years (range: 25–62) for the RBD controls, 50.3 years
(range: 39–63) for the LBD controls and 51.0 years (range: 32–67 years) for the
healthy controls. Age was not significantly different among the four subject groups
(df = 3, F = 0.04, p > 0.95, n.s.) and there was no significant difference in the distribu-
tion of gender (assessed via the coefficient of contingency; ˚ = 2.30, p > 0.50, n.s.).
The time since lesion or the onset of the illness was similar in the RBD and LBD
controls, but slightly longer in the neglect group (neglect group: 8.8 months, RBD
controls: 5.1 months; LBD controls: 5.1 months; df = 2, F = 3.77, p < 0.05). Patients
were only included in the sample if they had a single, vascular right or left hemi-
spheric lesion and no evidence of a brain stem lesion as revealed by CT/MRI and
clinical symptoms. All subjects were right-handed according to their verbal report.

2.2. Neglect tests

All patients underwent a screening for visual neglect including horizontal line
bisection of a 20 cm × 1 cm black line presented on white paper, representational
drawing of a star, a daisy, a clock, a house and a face, and number cancellation on
white paper (size 29.7 cm × 14.7 cm; 10 targets in each hemispace among 100 num-
bers on the total page). In addition, a 180-word reading test sensitive to neglect and
hemianopic reading disturbances (Kerkhoff, Münßinger, Eberle-Strauss, & Stögerer,
1992) was administered. Cutoffs were deviations of more than 5 mm from the true
midpoint of a 20 cm line in line bisection, more than one omission in each hemispace
in the number cancellation task, and more than two omissions or substitutions of
letters or words and/or prolonged reading times (>120 s). Furthermore, omissions
or significant distortions of the right half of the copied figures was interpreted as an
indicator of hemispatial neglect.

2.3. Visual-spatial tests

Fig. 1A displays the visual-spatial orientation tasks. The subjects were tested
using specific software (termed VS; Kerkhoff & Marquardt, 1995) for the measure-
ment of the SVV and SVH. VS is based on the method of limits (Engen, 1971). In
the subtests measuring the SVV and SVH, the experimenter successively rotates an
oblique white line (18 cm × 1.4 cm) presented on a dark background until the sub-
ject indicates that it lies exactly vertically or horizontally. With this method, two
psychophysical parameters were calculated: the constant error and the difference
threshold. The constant error denotes the difference between the subject’s mean
estimate (the point of subjective equality) and the objective correct orientation.
Hence, the constant error gives information about the central tendency or central
error of the subject. The interval of uncertainty indicates the complete range within
which the subject considers the displayed line as exactly vertical, horizontal or par-
allel in the oblique task. From this value the difference threshold is calculated, which
is defined as one-half of the interval of uncertainty. Constant errors and difference
thresholds were computed by the software as described above. The step-width was

0.5◦ in all measurements.

2.4. Tactile-spatial tests

The tests for the subjective tactile axes (vertical = STV and horizontal = STH) were
performed using a rotatable bar (15 cm long, 12 mm wide) which was mounted on a
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Table 1
Summary of clinical and demographic data of the neglect patients and the control patients with left- or right-sided brain damage without neglect.

Group Age Sex Etiology Lesion Months since
lesion

Motor
deficit

visual field Neglect
dyslexia

Figure
copy
L/R

Cancell.
omissions
L/R

Line bisection
−/+ (mm)

N+ 49 1 R-MCA P-T 12 Plegia L-Quan Yes −/+ 8/3 +22
N+ 43 0 R-MCA P-T 11 Paresis L-Quan Yes −/+ 9/4 +15
N+ 44 1 R-MCA P-T 10 Plegia L-Quan Yes −/+ 6/4 +9
N+ 64 1 R-MCA P-T 4 Paresis Normal Yes −/+ 3/0 +8
N+ 59 0 R-PCA P-Thal 9 Paresis L-HH Yes −/+ 5/2 −12
N+ 38 0 R-MCA P-T 9 Paresis L-Quan Yes −/+ 7/2 −17
N+ 50 1 R-MCA P-T 13 Plegia Normal Yes −/+ 8/5 +12
N+ 49 0 R-ICB BG 2 Paresis Normal Yes −/+ 7/1 +33
LBD 41 1 L-MCA F-P 9 Paresis Normal Aphasia +/+ 0/0 −1
LBD 63 1 L-MCA P-T 4 Paresis Normal Aphasia +/+ 0/0 0
LBD 53 1 L-MCA P-T 5 Paresis Normal Aphasia +/+ 0/0 0
LBD 45 0 L-MCA P-T 8 Paresis Normal Aphasia +/+ 0/0 +2
LBD 56 0 L-MCA F-T 5 Paresis Normal Aphasia +/+ 0/0 −3
LBD 56 0 L-PCA O-T 3 Normal R-Quan No +/+ 0/0 +2
LBD 39 0 L-MCA F 5 Paresis Normal Aphasia +/+ 0/0 −2
LBD 49 0 L-MCA P-T 2 Normal Normal Aphasia +/+ 0/0 −2
RBD 50 1 R-MCA T 5 Paresis L-Quan No +/+ 0/0 +1
RBD 48 1 R-ICB T-P 5 Paresis Normal No +/+ 0/0 −1
RBD 46 0 R-MCA P 9 Paresis Normal No +/+ 0/0 +2
RBD 62 0 R-MCA P-T 9 Plegia L-HH No +/+ 1/0 −22
RBD 55 0 R-MCA P-T 3 Plegia Normal No +/+ 0/0 −2
RBD 57 0 R-ICB BG 5 Paresis Normal No +/+ 0/0 −2
RBD 25 0 R-MCA T 4 Paresis L-Quan No +/+ 0/0 +2
RBD 54 0 R-MCA/PCA P-O 1 Normal L-HH No +/+ 0/1 +3

Abbreviations: N+, neglect patient; LBD, left brain-damaged control patient; RBD, right brain-damaged control patient; etiology: MCA/PCA, middle/posterior cerebral artery
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nfarction; ICB, intracerebral bleeding; L/R, left/right; lesion: F, frontal; P, parietal
ous hemianopia; Quan, homonymous quadrantanopia; neglect screening tests:

resent/absent; aphasia: reading not tested due to aphasia (documented by the Aa
ancellation: number of omissions per hemispace, cutoff: max 1 per hemispace; ho

late and could be rotated in 1◦-steps along the frontal plane (see Fig. 1B). The plate
50 cm × 50 cm) was mounted vertically in front of the patient. A scale, concealed

rom the subject, was drawn on the plate to record the orientation measurements
0◦ = right horizontal, 90◦ = vertical, 180◦ = left horizontal). Participants’ task was to
djust the metal rod to their STV and STH. Healthy controls used their right, domi-
ant hand and brain-damaged patients used their ipsilesional hand. Subjects were
ot allowed to touch the outer surface of the test plate, so as to eliminate any hor-

zontal and vertical reference cues. Before each testing session, the apparatus was

ig. 1. Experimental setup in the spatial orientation tasks for the visual (A) and tac-
ile (B) modality. Subjects were presented with a line on a computer screen (visual
ondition) or a metal rod (tactile condition) which they had to adjust to their sub-
ective vertical or horizontal. The tests were performed in total darkness (visual
ondition) or with the subject blindfolded (tactile condition).
mporal; O, occipital; BG, basal ganglia; Thal, thalamus; visual field: HH, homony-
t dyslexia: 180 word reading test; cutoff: max 2 errors; yes/no: neglect dyslexia

r Aphasie Test); figure copy: − = omissions or distortions; + = normal performance;
al line bisection: deviation from true midline in mm to left (−) or right side (+).

calibrated to the gravitational vertical. As for the visual axes, constant errors and
difference thresholds were calculated for the STV and STH.

2.5. Testing conditions

Visual-spatial measurements were taken in total darkness with the chassis of
the PC-monitor covered by an oval-shaped mask to eliminate any visual reference
cues. Subjects were tested at a distance of 0.5 m from the monitor, with corrected-to-
normal vision where necessary. The tactile-spatial tests were performed at the same
distance with subjects blindfolded before starting the practice trials. Visual- and
tactile-spatial tests were administered under three experimental conditions: with
the subjects’ heads upright (0◦ head tilt), or with the heads tilted 25◦ CW or CCW. The
trunk remained vertical in all conditions and head position in the pitch-plane (fore-
back-dimension) was always stabilized by a head-and-chin-rest (see below). Lateral
head inclination was achieved by positioning the subjects’ heads in a tiltable head-
and-chin-rest (tiltable in the frontal plane) which was fixed to an experimental table
(see Fig. 2). Ten trials were presented for each spatial orientation and modality. The
sequence of the tests (i.e., spatial orientation and modality) was counterbalanced to
avoid systematic practice effects. In all conditions, starting position was 20◦ away
from the vertical/horizontal axis. The direction (CW, CCW) of the initial tilt was
balanced throughout all tests to reduce effects of rotation direction. Prior to the
completion of valid trials, subjects were familiarized with the experimental setup
in each condition and performed five practice trials.

2.6. Statistics

For constant errors and difference thresholds, repeated-measures ANOVAs (with
subject group and head orientation as factors) were performed to analyze spatial
performance separately for the SVV and SVH and the STV and STH. In the case of
significant main effects or interactions, subsequent post hoc comparisons were cal-
culated: post hoc Scheffé tests were used to compare performance between subject
groups; one-way ANOVAs and contrasts (where necessary) were used to compare
performance between head orientation conditions within one subject group. To fur-
ther investigate the general direction of tilt, that is, systematic deviations from zero
in the constant errors, one-sample t-tests were calculated for each subject group.
The alpha-level was chosen as p < 0.05 for all analyses.

3. Results
3.1. Neglect tests

The data of each patient in the neglect tests are summarized
in Table 1. All neglect patients showed impaired copying perfor-
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Fig. 2. Experimental setup in the visual- and tactile-spatial tests in three head ori-
entation conditions: with the subject’s head upright (0◦ head tilt), or with the head
t ◦
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ilted 25 CW or CCW; head position was modulated and stabilized by a tiltable
ead-and-chin-rest; the head-and-chin-rest was attached to the experimental table
upright head condition) or to a wedge-shaped block on the table (CW or CCW head
rientation condition).

ance, with the typical omissions and/or distortions of the left side
f the drawings, as well as impaired reading performance indicat-
ng neglect dyslexia. They also showed the characteristic pattern
f omissions in the number cancellation task, with significantly
ore omissions in the left compared to the right hemispace [mean

missions: 6.6 in the left and 2.6 in the right hemispace; t(7) = 8.00,
< 0.01]. Furthermore, six out of eight patients showed the typical

ightward deviation in horizontal line bisection; two patients (both
ith left-sided visual field defects) showed leftward deviations

mean deviation: 8.8 mm to the right). Left and right brain-damaged
ontrol patients did not show impaired drawing or neglect dyslexia
the latter not measured in aphasic LBDs). They also showed intact
erformance in the number cancellation task (LBD mean: 0 omis-
ions in left and right hemispace; RBD mean: 0.1 omissions in both
eft and right hemispace) and only nonsystematic, mostly slight,
eviations in line bisection performance (LBD mean: 0.5 mm to the

eft; RBD mean: 2.4 mm to the left).

.2. Visual- and tactile-spatial orientation judgments

Fig. 3A and B shows the visual- and tactile-spatial orientation
udgments in neglect patients and control subjects as a function
f head orientation. The lines within the circles display the mean
ubjective vertical and horizontal of individual patients and con-
rol subjects. While the normal subjects and also the RBD and LBD
ontrols show only marginal deviations of their visual and tac-

ile subjective vertical and horizontal, neglect patients display a

arked and systematic CCW tilt. As can be seen, the severity of
he tilt is heterogeneous in the group of neglect patients, while
udgments of controls are very accurate. Furthermore, the neglect
atients’ judgments are substantially modulated by head orienta-
a 48 (2010) 1616–1627

tion, whereas healthy controls and LBD and RBD control patients
show only minor and nonsystematic effects of head orientation.

3.3. General direction of tilt in upright posture

To assess the systematic direction of tilt in the ‘normal’ orienta-
tion condition, one-sample t-tests were calculated for the constant
errors of each group in all spatial orientation tests (SVV, SVH, STV
and STH) in the upright head orientation condition. Constant errors
of healthy, LBD and RBD controls did not differ significantly from
zero (all p > 0.10; n.s.). By contrast, those of neglect patients were
significantly larger than zero for all spatial tests (all p < 0.05), indi-
cating a significant CCW deviation from the optimum orientation.
This CCW tilt was shown by all eight neglect patients in the visual-
spatial as well as in the tactile-spatial orientation task. That is,
under normal conditions neglect patients displayed reliable, sub-
stantial and systematic CCW tilts of the visual- and tactile-spatial
axes.

3.4. Relation between visual- and tactile-spatial orientation

The spatial bias in the tactile and visual orientation tests (i.e.,
the positive constant errors) were compared in repeated-measures
ANOVAs with the factors ‘group’ and ‘modality’ for the vertical
and horizontal axes in the upright head orientation condition. The
ANOVA for the subjective vertical revealed a significant effect of
group (df = 3, F = 37.02, p < 0.01) and an effect of modality for the
vertical axis (df = 1, F = 4.79, p < 0.05), but no interaction of modal-
ity with group (df = 3, F = 2.29, p = 0.10, n.s.). Also for the subjective
horizontal, a significant effect of group was found (df = 3, F = 58.33,
p < 0.01), a significant effect of modality (df = 1, F = 4.29, p < 0.05),
but no interaction of group and modality (df = 3, F = 0.48, p > 0.65).
For both the vertical and the horizontal, constant errors were
generally greater in the tactile condition than in the visual con-
dition. However, as there was no interaction between ‘group’ and
‘modality’, the relative pattern of results was equivalent in both
modalities.

3.5. Effects of head orientation on spatial orientation judgments

Table 2 summarizes the mean constant errors and difference
thresholds and the statistical results for each subject group in the
visual and tactile subjective vertical and horizontal across the three
different head orientation conditions.

3.5.1. Constant errors
Visual vertical and horizontal
Fig. 4 displays the mean constant errors of the SVV and SVH

for all subject groups. Constant errors were substantially larger in
neglect patients compared to all control groups. Furthermore, as
can be seen, constant errors were drastically modulated by passive
head inclination in neglect patients, that is, they were aggravated
by a CCW and reduced by a CW inclination, whereas constant errors
varied only marginally in the control groups.

For the SVV, the repeated-measures ANOVA (with the factors
subject group and head orientation) revealed significant effects
of group (df = 3, F = 78.57, p < 0.01) and head orientation (df = 2,
F = 12.59, p < 0.01), and a significant interaction of group and head
orientation (df = 6, F = 10.83, p < 0.01). Neglect patients generally
displayed significantly larger constant errors compared to all con-
trol groups (all p < 0.01), whereas healthy, RBD and LBD controls

were comparable to each other (all p > 0.45, n.s.). One-way ANOVAs
revealed that head orientation significantly affected performance
in neglect patients (df = 2, F = 16.67, p < 0.01) and in RBD controls
(df = 2, F = 9.75, p < 0.01), but not in LBD and healthy controls (both
p > 0.15, n.s.). In neglect patients, a CCW head tilt aggravated
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ig. 3. Mean performance of neglect patients, LBD and RBD control patients and hea
ead orientation conditions; CCW, head inclination 25 ◦ CCW; upright, vertical hea
VV and SVH of individual patients and control subjects.

he deficit significantly compared with an upright head orienta-
ion (p < 0.01) and, thus, further increased the pathological bias,
hereas a CW head tilt improved performance significantly com-
ared to an upright head orientation (p < 0.05), that is, it reduced

he bias. In the RBD controls, a CCW head tilt impaired visual-spatial
rientation judgments significantly compared with an upright
ead orientation (p < 0.01), while the upright and CW head ori-
ntations did not differ significantly from each other (p > 0.10,
.s.).
ontrols in the visual-spatial (A) and tactile-spatial (B) orientation task for the three
ition; CW, head inclination 25 ◦ CW; the lines within the circles display the mean

For the SVH, significant effects of group (df = 3, F = 46.78,
p < 0.01), and of head orientation (df = 2, F = 16.21, p < 0.01), and a
significant group-by-head orientation interaction (df = 6, F = 10.55,
p < 0.01) were found. Neglect patients generally displayed signif-

icantly larger constant errors compared to all control groups (all
p < 0.01), whereas healthy, RBD and LBD controls did not differ from
each other (all p > 0.90, n.s.). Separate one-way ANOVAs for the dif-
ferent groups revealed that head orientation significantly affected
performance in the neglect patients (df = 2, F = 16.88, p < 0.01), but
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Table 2
Summary of the mean constant errors and difference thresholds and the statistical results (contrasts in post hoc one-way ANOVAs) for each subject group in the visual and
tactile subjective vertical and horizontal across the three different head orientation conditions.

Parameter Group Test CCW 25◦ Versus Upright Versus CW 25◦

Constant errors N+ SVV 10.8 ** (>) 5.5 * (>) 0.3
SVH 9.6 ** (>) 6.0 ** (>) 1.7
STV 15.0 ** (>) 8.6 * (>) 1.6
STH 8.5 ns 7.2 * (>) 2.5

Control SVV −0.7 ns −0.4 ns −1.6
SVH 0 ns −0.4 ns −0.5
STV −0.8 ns 0.2 ns 0.8
STH −0.5 ns 0.7 ns 0.9

RBD SVV −1.1 ** (<) 0.5 ns −0.2
SVH 0 ns 0.4 ns −0.1
STV −0.5 ns −0.1 ns 1.7
STH −1.0 ns 1.2 ns −0.3

LBD SVV −0.5 ns −1.5 ns −1.3
SVH 0.6 ns 0 ns −0.2
STV −0.9 ns −0.3 ns −1.3
STH −0.4 ns −0.1 ns 0.2

Difference thresholds N+ SVV 5.0 ns 3.5 ns 4.1
SVH 4.1 ** (>) 2.7 ns 2.1
STV 7.6 ns 8.2 ns 8.6
STH 6.4 ns 7.1 ns 5.4

Control SVV 1.6 ns 1.1 ns 1.5
SVH 1.1 ns 0.9 ns 1.3
STV 2.9 ns 2.9 ns 3.1
STH 3.2 ns 2.5 ns 3.6

RBD SVV 2.5 ns 1.9 ns 2.1
SVH 1.8 ns 1.4 ns 1.6
STV 4.6 ns 3.6 ns 4.7
STH 4.4 ns 3.9 ns 3.7

LBD SVV 2.4 ns 1.4 ns 2.3
SVH 2.2 ns 1.0 ns 1.8
STV 3.2 ns 2.5 ns 4.6
STH 3.0 ns 2.8 ns 3.2

A ◦ ◦ 25◦ , h ◦

b bjectiv
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(

bbreviations: CCW 25 , head tilted 25 CCW; upright, upright head orientation; CW
rain-damaged control subjects; LBD, left brain-damaged control subjects; SVV, su
TH, subjective tactile horizontal. ns: nonsignificant.

* p < 0.05.
** p < 0.001.

ot in the other groups (all p > 0.40, n.s.). In neglect patients, a
CW head tilt aggravated the deficit significantly compared with an
pright head orientation (p < 0.01) and, thus, further increased the
athological bias, whereas a CW head tilt improved performance

ignificantly compared to an upright head orientation (p < 0.01),
hat is, it reduced the bias.

Tactile vertical and horizontal
Fig. 5 displays the average constant errors of the STV and STH

or all subject groups. As can be seen, constant errors are sub-

ig. 4. Constant errors (means and standard errors) in the visual-spatial orientation task
ead orientation; CW, head tilted 25 ◦ CW) in neglect patients, healthy control subjects, le
RBD); positive constant errors indicate CCW rotations, negative constant errors CW rota
ead tilted 25 CW; N+, neglect patients; control, healthy control subjects; RBD, right
e visual vertical; SVH, subjective visual horizontal; STV, subjective tactile vertical;

stantially larger in neglect patients compared to all other groups.
Furthermore, constant errors are drastically modulated by lateral
head inclination in neglect patients, that is, they are aggravated by
a CCW and reduced by a CW head inclination, whereas constant

errors vary only marginally in the healthy controls and the control
patients without neglect.

For the STV, significant effects of group (df = 3, F = 13.82,
p < 0.01) and head orientation (df = 2, F = 5.67, p < 0.01) and a
group × head orientation interaction (df = 6, F = 12.26, p < 0.01) were

for the three head orientation conditions (CCW, head tilted 25 ◦ CCW; UP, upright
ft brain-damaged control subjects (LBD) and right brain-damaged control subjects

tions.
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Fig. 5. Constant errors (means and standard errors) in the tactile-spatial orienta-
tion task for the three head orientation conditions (CCW, head tilted 25 ◦ CCW; UP,
u
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pright head orientation; CW, head tilted 25 ◦ CW) in neglect patients, healthy con-
rol subjects, left brain-damaged control subjects (LBD) and right brain-damaged
ontrol subjects (RBD); positive constant errors indicate CCW rotations, negative
onstant errors indicate CW rotations.

ound. Neglect patients generally displayed significantly larger
onstant errors compared to all control groups (all p < 0.01),
hereas those of the control groups were comparable to each

ther (all p > 0.90, n.s.). One-way ANOVAs revealed that in neglect
atients, head orientation significantly affected constant errors
df = 2, F = 16.68, p < 0.01): a CCW head tilt aggravated the deficit
ignificantly compared with an upright head orientation (p < 0.01)
nd, thus, further increased the pathological bias, whereas a
W head tilt improved performance significantly compared to
n upright head orientation (p < 0.05), that is, it reduced the
ias. In the different control groups, constant errors did not dif-
er significantly among head orientation conditions (all p > 0.20,
.s.).

For the STH, the main effect of group (df = 3, F = 6.70, p < 0.01),
ead orientation (df = 2, F = 3.41, p < 0.05) and the group-by-head
rientation interaction was significant (df = 6, F = 5.44, p < 0.01).
eglect patients generally displayed significantly larger constant

rrors compared to healthy controls and RBD and LBD controls
all p < 0.05), whereas the other groups did not differ significantly
rom each other (all p > 0.90, n.s.). One-way ANOVAs revealed
hat in the neglect patients, head orientation significantly affected
erformance (df = 2, F = 9.22, p < 0.01): a CW head tilt improved per-

ig. 6. Difference thresholds (means and standard errors) in the visual-spatial orientati
pright head orientation; CW, head tilted 25 ◦ CW) in neglect patients, healthy control su
ubjects (RBD).
a 48 (2010) 1616–1627 1623

formance significantly compared to an upright head orientation
(p < 0.05) and, thus, reduced the pathological bias. There was no
significant aggravation of performance with CCW head tilt com-
pared with an upright head orientation (p > 0.30), but compared
with a CW head tilt (p < 0.01). In healthy, LBD and RBD controls,
constant errors did not differ significantly among head orientation
conditions (all p > 0.08, n.s.).

To summarize, constant errors were consistently increased in
neglect patients compared to healthy and brain-damaged control
subjects. Furthermore, CCW head inclination (by 25◦) consistently
aggravated the axis orientation deficit in the neglect patients and,
thus, increased the pathological bias, whereas CW head orientation
improved it relative to upright head orientation, that is, it reduced
the bias. In the healthy and brain-damaged control subjects, head
orientation in few cases had an effect on the constant errors as well.
However, the direction of the constant errors did not covary with
the direction of head tilt as in the neglect patients.

3.5.2. Difference thresholds
Visual vertical and horizontal
Fig. 6 displays the average difference thresholds of the SVV and

SVH separately for each subject group. As can be seen, the certainty
of the judgments was decreased in neglect patients compared to the
other subject groups, as indicated by generally larger difference
thresholds. For the SVV, the repeated-measures ANOVA with the
factors subject group and head orientation revealed a significant
group effect (df = 3, F = 20.05, p < 0.01), a significant effect of head
orientation (df = 2, F = 5.15, p < 0.01), but no significant interaction
(df = 6, F = 0.42, p > 0.85, n.s.). Neglect patients generally displayed
significantly larger difference thresholds compared to all other
groups (all p < 0.01), whereas the control groups did not differ
significantly from each other (all p > 0.20, n.s.). Across subjects, dif-
ference thresholds were larger when the head was tilted CW or
CCW compared with an upright head orientation (both p < 0.05).
For the SVH, a significant group effect was found (df = 3, F = 13.80,
p < 0.01), a significant effect of head orientation (df = 2, F = 11.32,
p < 0.01), and a significant group × head orientation interaction
(df = 6, F = 4.13, p < 0.01). Neglect patients generally exhibited sig-
nificantly larger difference thresholds compared to all other groups
(all p < 0.01), whereas the control groups again did not differ signifi-

cantly from each other (all p > 0.30, n.s.). One-way ANOVAs revealed
that in the neglect patients, head orientation significantly affected
performance (df = 2, F = 11.02, p < 0.01): a CCW head tilt increased
difference thresholds significantly compared with a CW head tilt or
an upright head orientation (both p < 0.01), whereas thresholds did

on task for the three head orientation conditions (CCW, head tilted 25 ◦ CCW; UP,
bjects, left brain-damaged control subjects (LBD) and right brain-damaged control
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Fig. 7. Difference thresholds (means and standard errors) in the tactile-spatial ori-
entation task for the three head orientation conditions (CCW, head tilted 25 ◦ CCW;
UP, upright head orientation; CW, head tilted 25 ◦ CW) in neglect patients, healthy
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ontrol subjects, left brain-damaged control subjects (LBD) and right brain-damaged
ontrol subjects (RBD).

ot differ significantly between CW and upright head orientations
p > 0.20, n.s.). In the control groups, difference thresholds did not
iffer significantly among the three head orientation conditions (all
> 0.05, n.s.).

Tactile vertical and horizontal
Fig. 7 displays the difference thresholds of the STV and STH for

ll groups. As can be seen, those of neglect patients were gen-
rally increased compared to the control groups. For the STV, a
ignificant effect of group (df = 3, F = 11.36, p < 0.01), but no effect
f head orientation (df = 2, F = 1.67, p > 0.15, n.s.) and no signifi-
ant group × head orientation interaction (df = 6, F = 0.45, p > 0.80,
.s.) was found. Neglect patients displayed significantly larger dif-

erence thresholds compared to all control groups (all p < 0.01),
hereas those of the different controls were comparable to each

ther (all p > 0.60, n.s.). For the STH, a significant group effect (df = 3,
= 6.19, p < 0.01), but no effect of head orientation (df = 2, F = 0.25,
> 0.75) or a group × orientation interaction was obtained (df = 6,
= 1.23, p > 0.30). Neglect patients exhibited significantly larger
ifference thresholds compared to healthy and LBD controls (all
< 0.05), but not to RBD controls (p > 0.10); the different control
roups did not differ significantly from each other (all p > 0.75, n.s.).

To summarize, difference thresholds were consistently
ncreased in neglect patients compared to healthy controls
nd brain-damaged control subjects. However, head inclination
id not consistently modulate this parameter of uncertainty in the
eglect patients in any way other than in healthy or brain-damaged
ontrols.

. Discussion

The rationale of the present study was to investigate whether
nd how multimodal spatial orientation deficits are modulated
y head orientation, more specifically, by lateral head inclina-
ion. Visual- and tactile-spatial axis orientation performance was
nalyzed in patients with right hemispheric lesions and left
patial neglect, left and right brain-damaged control patients with-
ut neglect and healthy control subjects. In order to show that

eglect patients display a multimodal orientation deficit, we tested
hether they show analogous, direction-specific impairments in

actile-spatial orientation as in visual-spatial orientation. Further-
ore, we assessed whether axis orientation performance deficits

re modulated by variations in gravitational and somatosensory
a 48 (2010) 1616–1627

input differently in neglect patients compared to brain-damaged
and healthy controls.

4.1. Evidence for a supramodal orientation deficit in neglect

In accordance with our prior hypothesis of a multimodal or
even supramodal spatial orientation deficit (Kerkhoff, 1999), the
neglect patients investigated in the present study showed system-
atic and analogous tilts of the subjective visual and tactile vertical
and horizontal. The spatial conformity of deviations in the frontal
plane in both modalities indicates a disturbed central representa-
tion of gravity after parieto-temporal lesions (Brandt et al., 1994).
Recently, Pérennou et al. (2008) showed that the most marked
visual and tactile tilts in the frontal plane were associated with
right parietal lesions, suggesting that an internal model of verti-
cality is elaborated in right parietal cortex. The assumption of the
parietal cortex as the anatomical substrate of a supramodal spa-
tial reference frame is further supported by findings indicating the
existence of multimodal (e.g., Duhamel, Colby, & Goldberg, 1998;
Graziano & Gross, 1995) and ‘axis-orientation-selective’ (Sakata,
Taira, Kusunoki, Murata, & Tanaka, 1997) neurons in the parietal
cortex. Based on single-cell recordings in the monkey parietal cor-
tex, Sakata et al. (1997) identified neurons in the lateral bank of
the caudal intraparietal sulcus which are relevant for the coding
of axis orientation in three-dimensional space. Since bimodal neu-
rons have been described in the monkey parietal areas (Duhamel
et al., 1998; Graziano & Gross, 1995), these neurons might also be
activated by the touch of objects with similar spatial orientations.
Damage to such multimodal and orientation-selective neurons
might be responsible for the deficits in the perception and rep-
resentation of the principal spatial axes (that become manifest
in identical tilts in different modalities). Moreover, cells in the
posterior parietal cortex have been reported to contribute to the
representation of space by integrating multimodal afferent and
reafferent information (Andersen, Essick, & Siegel, 1985). Parietal
areas 7a and LIP (lateral intraparietal) have been shown to receive
visual signals and eye-position signals (Andersen & Mountcastle,
1983; Andersen et al., 1985), as well as efference copies of motor
signals, vestibular signals and neck proprioceptive signals (e.g.,
Bremmer, Klam, Duhamel, Ben Hamed, & Graf, 2002; Brotchie,
Andersen, Snyder, & Goodman, 1995; Snyder, Batista, & Andersen,
1997) to account for head orientation and head movements in
space. Damage to the right posterior parietal cortex might there-
fore lead to a systematic error in the integration of information
– as for example somatosensory (head-position) and gravicep-
tive (vestibular) input – in neglect patients. This is in line with
the view that systematic tilts of the coordinate systems can be
caused by damage to various parts of a complex system under-
lying the representation of space, including lesions of the central
vestibular pathways (brain stem, thalamus, or vestibular cortex),
as well as sensory pathways and (right) parietal lesions (as sug-
gested, e.g., by Brandt et al., 1994). The neglect patients examined
in the present study had lesions of structures that are involved
in the representation of space, including the parietal or temporo-
parietal cortex and in two cases also the thalamus and the basal
ganglia.

4.2. Differential effects of head tilt on spatial performance

Head orientation significantly and consistently affected the per-
ceptual tilts in the visual and spatial orientation tests only in neglect

patients. CCW passive head tilt resulted in a significant aggravation
of the spatial bias, that is, in further increased CCW deviations of
orientation judgments, whereas CW passive head tilt led to a reduc-
tion of the CCW tilt and thus a trend towards normal performance.
Our data suggest a significant influence of the head-vertical axis
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n determining the perceptual vertical and horizontal. This influ-
nce seems to be much greater in the neglect patients compared to
ealthy and brain-damaged controls who displayed only small and

nconsistent effects.
From previous research on the effects of head orientation on the

erception of space, two influential models have emerged which
ssume that such effects reflect gravitational inflow (e.g., changes
n vestibular and kinesthetic inputs—Howard, 1982) and/or the
mportance of the body- and head-vertical axis as an intrinsic refer-
nce in guiding spatial orientation (Mittelstaedt, 1983). According
o the gravitational inflow model, effects of head tilt on the sub-
ective vertical are at least partly based on a decrease in otolith
ensitivity when the head is inclined, which leads to a reduced
mpact of graviceptive input on the perception of space. This view
s supported by studies demonstrating effects of upright versus
upine head orientation on space perception in neglect patients
Pizzamiglio et al., 1995; Saj et al., 2005; Saj, Honoré, Bernati,
ichard, & Rousseaux, 2008). The present study investigated spa-
ial performance as a function of lateral head inclination (i.e., head
rientation was varied in the frontal plane). Unlike previous stud-
es, our data reveal a systematic modulation pattern, that is, the
irection of head orientation is critical for the direction of the mod-
lation: a CCW head tilt modulated performance in the opposite
irection to a CW head tilt. This systematic, orientation direction-
pecific pattern of results in neglect patients cannot be explained
y a general reduction of the impact of gravitational input with
ead inclination, since a head tilt in either direction should lead to
reduced sensitivity of the utricles and, thus, an ameliorated spa-

ial bias according to the gravitational inflow hypothesis (Howard,
982). If neglect patients would rely mainly on gravitational infor-
ation as a reference for their spatial judgments, the present

attern of results could result only if the asymmetry in the pro-
essing of gravitational information would be increased or reduced
epending on the direction of head orientation; that is, if head incli-
ation in the direction of the spatial bias (i.e., a CCW tilt of the
ead) would lead to a further increased asymmetry in the process-

ng of gravitational input, while head inclination in the opposite
irection (i.e., a CW head tilt) would lead to reduced asymmetry

n the gravity vector. However, the present results rather favor
he conclusion that neglect patients use different information as
reference for their spatial judgments. Neglect patients seem to

ely mainly on their idiotropic vector, or more specifically, their
ead-vertical axis. They display a tendency to orient verticality

udgments towards their head z-axis, leading them to set their
ubjective vertical towards this axis in the conditions where the
ead is tilted (A-effect). Since the trunk always remained verti-
al in the present experiment, the orientation-specific effect is
ttributable to head orientation alone. This is in line with find-
ngs by Kerkhoff and Schindler (1997) indicating that variations
n head orientation independently affect spatial performance in
eglect patients.

Another, but similar, model which has been suggested by Luyat
t al. (2001) and Luyat and Gentaz (2002), assumes that spatial ori-
ntations are mapped in a subjective gravitational reference frame.
he authors argue that tilted subjects do not have access to a

veridical’ gravitational reference frame, but rather to a subjec-
ive reference frame which is not congruent with the physical one.
owever, in healthy subjects, the subjective gravitational reference

rame is at least congruent with the physical one in upright posture.
lso, even in tilted posture, healthy subjects can still use gravita-

ional information to counteract the attraction of the subjective

ertical by the idiotropic vector. Accordingly, the healthy subjects
nvestigated in the present study displayed only minor and nonsys-
ematic effects of head tilt on spatial performance. Their difference
hresholds were numerically slightly larger with lateral head tilt
ompared to upright head orientation, while there was no such
a 48 (2010) 1616–1627 1625

effect on the constant errors. By contrast, in neglect patients, the
subjective gravitational reference frame is not congruent with the
physical one in upright posture. Furthermore, they cannot rely on
gravitational information (as it is biased) to counteract the attrac-
tion of the subjective vertical by the idiotropic vector. Therefore,
neglect patients display an increased A-effect, that is, in the case
of head tilt their subjective vertical is attracted by the idiotropic
vector to a much greater degree compared to healthy subjects or
control patients without neglect. This means that the direction of
tilt, which is mirrored by the constant errors, varies as a function
of head orientation condition.

Our finding of an abnormally large A-effect in patients with
neglect is in line with previous studies showing similar results
in patients with impaired or absent vestibular function (e.g.,
Bronstein, Yardley, Moore, & Cleeves, 1996) and support the view
that this particular tilt-mediated effect is somatosensory in origin
(Yardley, 1990). Somatosensory information about the orientation
of the head and body in space contributes to the idiotropic vec-
tor. Since neglect patients display impaired processing of vestibular
information and, thus, cannot rely on a gravitational reference
frame, they have to rely on somatosensory information to a greater
degree than healthy subjects.

4.3. Clinical consequences of impaired spatial orientation
constancy in neglect

The present findings, showing a strong influence of head incli-
nation in the frontal plane induced by head inclination of ±25◦,
combined with previous findings, showing a significant modula-
tion of spatial orientation performance in the lateral plane (z-plane,
Kerkhoff & Schindler, 1997) and a modulation of spatial orientation
in supine versus upright body-position (Funk et al., 2010; Saj et al.,
2005), imply a loss of spatial orientation constancy in patients with
neglect. In other words, perception of the subjective vertical or hor-
izontal in the visual and tactile modality changes dramatically with
every change in head- or body-position in neglect patients, but not
so in control patients or healthy subjects. This loss of spatial orien-
tation constancy is multimodal and, arguably, related to the poor
postural and mobility capacities characteristic for neglect patients
(Lafosse et al., 2007; Pérennou, 2006; Pérennou et al., 2008). Neglect
patients frequently show a very typical group of symptoms mir-
roring postural deficits in the frontal plane characterized by a
postural imbalance caused by lateropulsion or ‘pushing’ behav-
ior (Karnath, Ferber, & Dichgans, 2000), and head-/eye-position
deficits in the horizontal plane characterized by marked devia-
tions of spontaneous eye and head orientation towards the right
(Fruhmann-Berger & Karnath, 2005). Such deviations in posture,
eye and head position may be understood as a pathological adjust-
ment of the patients’ ‘default position’, which is shifted to a new
(more rightward in the frontal as well as in the horizontal plane)
origin in patients with spatial neglect.

Our present results suggest that different head-positions in
the frontal plane (CW or CCW head tilts) have a strong effect on
visual and tactile judgments of the subjective vertical and hori-
zontal in patients with neglect but not without neglect. Although
we did not measure spontaneous head-positioning in our study,
passive manipulation of head-position significantly affected verti-
cality judgments in neglect. As it is very likely that neglect patients
will change their head position spontaneously in their daily life, for
instance during transfers to bed, standing, sitting or walking, these
changes in head position will inevitably also affect their judgments

of verticality. We assume that the right-sided shift in spontaneous
head- and eye-position described by Fruhmann-Berger and Karnath
(2005) and the typical postural deficits in the frontal plane (Karnath
et al., 2000; Lafosse et al., 2007; Pérennou et al., 2008; Pérennou,
2006) together with the pattern of results found in our study
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emonstrate that neglect patients show postural (including head-
nd eye-position) deficits in all spatial planes, which in turn affect
he processing of spatial information in all spatial planes. The result
f this may be an inaccurate and very instable spatial orientation –
ue to the pathological bias and enhanced variability of verticality

udgments on the one hand and changes in verticality perception
s a result of changes in head position on the other – hence an
mpairment in spatial orientation constancy.

. Conclusion

In conclusion, the results of the present study can be taken as
vidence for a supramodal spatial orientation deficit and a loss of
patial orientation constancy in neglect patients. In upright pos-
ure, spatial orientations are systematically tilted CCW in both
he tactile and the visual modality. Spatial orientation judgments
re furthermore systematically modulated by lateral head incli-
ation in neglect patients and this modulation is specific for
patial neglect and not due to unilateral brain damage in gen-
ral. CCW tilts of the head result in a further increase in spatial
ias, whereas CW tilts of the head lead to a decrease in CCW
patial bias and thus a trend towards normal performance. This
attern of results corresponds to an increased A-effect, which can
e explained by a stronger attraction of the subjective vertical by
he idiotropic vector, due to impaired processing of gravitational
nformation.
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