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ISUAL CONTEXT MODULATES THE SUBJECTIVE VERTICAL IN

EGLECT: EVIDENCE FOR AN INCREASED ROD-AND-FRAME-EFFECT
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bstract—Patients with spatial hemi-neglect display system-
tic deviations of the subjective vertical. The magnitude of
uch deviations was shown to be modulated by internal fac-
ors mediating the perception of verticality, including head-
rientation. The present study investigated whether and how
patial orientation deficits are modulated by external, contex-
ual changes in neglect patients. In a classic rod-and-frame
ask, we analyzed effects of frame orientation on the subjec-
ive visual vertical (SVV) in neglect patients, control patients
ith left- or right-sided brain damage without neglect and
ealthy participants. We found that neglect patients, but not
rain-damaged control patients, generally display a system-
tic counterclockwise (CCW) tilt in their SVV judgments. Fur-
hermore, all participant groups displayed a typical rod-and-
rame effect (RFE), that is, a modulation of the SVV as a
unction of frame tilt. However, in the control groups, this
odulation was only moderate whereas in the neglect group
VV judgments were substantially and systematically modu-

ated by frame orientation: with CCW frame tilts, the spatial
ias of neglect patients increased as a function of the mag-
itude of the tilt whereas with clockwise (CW) frame tilts, the
patial bias was decreased in case of moderate frame tilts
nd even reversed in case of stronger frame tilts, resulting in
substantial CW spatial bias. This dramatically enhanced

FE might be caused by a pathologically increased influence
f contextual cues on the subjective vertical in neglect pa-
ients as a consequence of impaired processing of gravita-
ional information. The results indicate a systematic bias of
he subjective vertical along with an impairment of spatial
rientation constancy which leads to severe perturbations of
ubjective space as well as an increased reliance on internal
nd external cues mediating the perception of verticality in
eglect. © 2011 IBRO. Published by Elsevier Ltd. All rights
eserved.

ey words: neglect, space perception, subjective vertical,
FE (rod-and-frame effect), context.
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BRAIN DAMAGE, HEMINEGLECT, AND TILTED
SPACE

emispatial neglect is a supramodal neurological disorder
haracterized by a complex syndrome of sensory, motor
nd representational deficits (for a review, see Kerkhoff,
001). Neglect patients typically fail to detect or respond to
timuli in their contralesional hemispace (Bisiach et al.,
996), show unilateral spatial representational deficits (Bi-
iach and Luzatti, 1978; Bisiach et al., 1981) and fre-
uently display a reduced use of their contralesional ex-
remities (Laplane and Degos, 1983). Although most ne-
lect models focus on the explanation of impairments in
he horizontal plane (Kerkhoff, 2001), numerous studies
ave demonstrated that other planes are also affected.
mpairments in the frontal plane include deficits in the
udgment of the subjective visual vertical (SVV) and hori-
ontal (SVH; Howard, 1982; Lenz, 1944), and judgments
f oblique line orientations (Benton et al., 1975; De Renzi
t al., 1971; Kim et al., 1984). Bender and Jung (1948)
ound that deviations of the subjective from the true vertical
esult from frontal or parietal (but not occipital) lobe lesions
nd that their direction is contralesional, with clockwise
CW) deviations following left- and counterclockwise
CCW) deviations following right-hemisphere injury. In a
ore recent investigation, Brandt et al. (1994) examined
1 patients with unilateral hemispheric lesions for judg-
ent of the SVV. MRI analyses revealed that the most

mpaired patients had lesions centering on an area con-
idered as the human homologue of the monkey parieto-

nsular-vestibular cortex (PIVC; Grüsser et al., 1990).
Interestingly, lesion sites related to deviations of the

ubjective vertical are neighbouring and overlapping with
hose known to cause the neglect syndrome, including the
nsula (Karnath et al., 2004), the temporo-parietal junction
e.g. Vallar and Perani, 1986), posterior parietal (e.g. Me-
ulam, 1999) and intraparietal cortices (Mort et al., 2003),
nd the superior temporal gyrus (e.g., Karnath et al., 2001,
004) at the cortical level as well as the thalamus and
asal ganglia (Vallar and Perani, 1986; Karnath et al.,
004) at the subcortical level. For the perceptive/visuo-
patial component of hemineglect especially the right infe-
ior parietal lobule seems to play a critical role (Verdon et
l., 2010). Hence, it is not astonishing, that neglect patients
resent not only with a displacement of an egocentric
eference frame to the ipsilesional side of space but also
ith abnormal visuo-spatial judgments, that is, CCW tilts of
xes in the vertical, horizontal, and oblique orientation in
he frontal plane (Kerkhoff and Zoelch, 1998). As in the

orizontal plane, these deficits in the frontal plane are

s reserved.
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ultimodal as they occur in both the visual and tactile
odalities (with the deviation in both modalities being cor-

elated with each other and with the neglect severity; Kerk-
off, 1999). Importantly, this multimodal deficit is not an
nspecific consequence of brain damage, but seems to be
pecifically related to spatial neglect, as patients with left-
r right-hemispheric lesions without neglect perform at the

evel of healthy control subjects (Kerkhoff, 1999). Further-
ore, Yelnik et al. (2002) showed that deviations of the
VV do not primarily depend on the localization and size of

he underlying lesion, but are rather related to the severity
f spatial neglect. Thus, a severely disturbed representa-
ion of space in the frontal plane does not constitute an
piphenomenon, but rather a core deficit of neglect
atients.

Opposing this view, there is evidence from a study of
ohannsen et al. (2006) who could not find a consistent
VV bias in a group of patients with pusher syndrome and
patial neglect. However, this lack of effect in the pusher
eglect patients does not necessarily invalidate the as-
umption that SVV deviations are a core deficit in spatial
eglect since findings from research on the SVV in pusher
atients are heterogeneous and there is not yet a consen-
us whether there is an (ipsiversive) SVV bias (Saj et al.,
005a) or no bias (Karnath et al., 2000; Johannsen et al.,
006) in such patients and how this potential bias interacts
ith further deficits of the patients. Interestingly, Saj et al.

2005a) found that SVV deviations were clearly clockwise
n pusher neglect patients, but anticlockwise in non-pusher
eglect patients. Thus, an ipsiversive bias in pusher pa-
ients for example might counteract a neglect-induced con-
raversive bias (note that, in the present study, no pusher
atients were included in the sample of neglect patients).

INTERNAL AND EXTERNAL FACTORS
MEDIATING BIASES IN SPACE PERCEPTION IN

NEGLECT

better understanding of the factors that mediate different
spects of spatial biases in neglect patients is important for
btaining a clearer picture of the nature and the underlying
echanisms of the deficits and for identifying intervention

chemes. Studies on the effectiveness of modulations of
nternal mediators of spatial deficits have used neck mus-
le vibration (e.g., Schindler et al., 2002), transcutaneous
lectroneural stimulation (TENS; Pizzamiglio et al., 1996),
ostural modulations (Karnath et al., 1998; Pizzamiglio et
l., 1995), prism adaptation (e.g., Rossetti et al., 1998;
aevarsson et al., 2009; Vangkilde and Habekost, 2010),
nd vestibular stimulation (Karnath, 1994); those on mod-
lations of contextual factors have employed optokinetic
timulation (e.g., Mattingley et al., 1994; Kerkhoff, 2000)
nd cueing (e.g., Butter and Kirsch, 1995; Lin et al., 1996).
hese studies enabled the development of the most ap-
lied neglect-therapies for spatially biased behavior such
s, for instance, extinction, the unawareness of contrale-
ional stimuli, or motor neglect.

More recent research has focused on the subjective

ertical as a more direct measure of space perception, and b
xamined modulations of internal mediators of verticality
erception. As with other aspects of spatial bias, a number
f studies have investigated the effectiveness of internal
ediators of space perception. Saj et al. (2005b, 2006)
emonstrated that the SVV in patients with right-hemi-
pheric lesions (especially neglect patients) was signifi-
antly affected by galvanic vestibular stimulation and by
ostural modulations (in the fore-back dimension). We
howed that the subjective tactile vertical (STV), too, was
ignificantly affected by modulations of posture in the fore-
ack dimension (and therefore head orientation in the
agittal plane; Funk et al., 2010a). Furthermore, we found
hat lateral head tilt (head orientation in the frontal plane)
ad also a systematic and significant effect on the SVV in
eglect patients (Funk et al., 2010b): their CCW bias was
urther increased by CCW lateral head inclination, while it
as substantially reduced by CW inclination. These stud-

es demonstrate that the perception of verticality can be
ystematically modulated by changes in the setting of in-
ernal mediators contributing to the representation of
pace. However, to our knowledge, no systematic investi-
ation of the effects of contextual factors, which are known
o critically influence other aspects of spatial behavior (But-
er and Kirsch, 1995; Lin et al., 1996; Mattingley et al.,
994; Kerkhoff, 2000), on subjective verticality judgments

n neglect has been carried out to date.

CONTEXT AS A MEDIATOR OF ORIENTATION
PERCEPTION/THE ROD-AND-FRAME EFFECT

isual context is an important mediator of object percep-
ion and serves as a frame of reference for the apparent
rientation of an object. A classical example of a context
ffect in the estimation of the subjective vertical is the
o-called rod-and-frame effect (RFE; Asch and Witkin,
948a,b). In rod-and-frame tasks, observers show system-
tic errors in setting a rod to the vertical position when it is
laced inside a tilted frame compared to when it is pre-
ented without a frame or with a gravitationally vertical
rame (in an otherwise dark environment, i.e., without ad-
itional contextual cues). A common interpretation of the
FE is that, in addition to gravity, the tilted frame serves as
frame of reference for the perception of the upright (e.g.,
ock, 1990), that is, it acts as a world surrogate determin-

ng the apparent visual axes of space. The observers
erceive rod orientation with reference to frame orientation
nd to gravity, so that the resulting rod setting usually is a
ompromise between the two references. At small degrees
f frame tilt (up to 20°), the subjective vertical is typically
ilted in the direction of the frame tilt (so-called direct
ffects), whereas at larger degrees, it can be tilted either in
he direction of frame tilt or in the opposite direction (so-
alled indirect effects), depending on the symmetry axis
hich is used as a reference (e.g., Beh et al., 1971). The
agnitude and direction of rod tilt is furthermore influenced
y the size of the frame: large frames typically produce

arger rod-setting errors (e.g., Ebenholtz and Callan, 1980)
nd only direct effects, whereas small frames can produce

oth direct and indirect effects, depending on the degree of
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rame tilt (Wenderoth and Beh, 1977). Further research on
he mechanisms underlying the RFE revealed a possible
ole of induced head tilt (Ebenholtz and Benzschawel,
977; Sigman et al., 1978, 1979) and ocular torsion in the
irection of the frame (e.g., Goodenough et al., 1979a).
oth effects may be explained in terms of visuo-vestibular

nteractions. The tilted frame might produce an illusion of
elf-tilt in the direction opposite to that of the frame. In a
ompensatory manner, the rod might be set in the direction
pposite to that of experienced body tilt and, thus, into the
irection of frame tilt (e.g., Goodenough et al., 1979b).
owever, visuo-vestibular interactions alone cannot ex-
lain the variety of effects (i.e., direct and indirect effects)
eported in rod-and-frame tasks; rather, purely visual
echanisms seem to be at work, too (e.g., Goodenough et
l., 1979b). Therefore, an alternative hypothesis of a dual-
rocess-model has been put forward (for a review, see,
.g. Spinelli et al., 1991), namely: in the case of large
rames, RF phenomena are mediated by visuo-vestibular
nteractions; by contrast, in the case of small frames,
urely visual mechanisms would be prominent.

RATIONALE OF THE PRESENT STUDY

he objective of the present study was to investigate
hether and how the systematic spatial orientation deficits

n neglect patients are modulated by contextual cues. We
tudied the SVV in patients with right-hemispheric brain
amage and left spatial neglect, patients with right- or

eft-hemispheric brain damage without spatial neglect (fur-
her referred to as RBD and LBD controls), and healthy
ontrol subjects in a classic rod-and-frame task. In order to
ystematically analyze effects of frame orientation in the
ifferent groups, participants had to vertically adjust a rod

n conditions with CW or CCW frame tilts of varying mag-
itude (5°, 15°, or 45°). Previous research has shown that
rame tilts smaller than 20° typically produce direct effects,
hereas 45° frame tilts do not cause tilt illusions (probably
ecause the resulting figure is a symmetric diamond, e.g.,
eh et al., 1971). Since healthy and also RBD and LBD
ontrol subjects can rely on both intact gravitational and
ontextual references, their rod settings should reflect a
ompromise between the objective/gravitational vertical
nd the orientation of the frame. Thus, we expected slight
SV tilts in the direction of frame tilt in case of a 5° or 15°
W or CCW frame tilt and no SVV tilt in case of a 45°

rame tilt in these groups. By contrast, in neglect patients,
he processing of gravitational information is impaired (Piz-
amiglio et al., 1995, 1997). Therefore, they cannot rely on
ravitational input to the same extent and have to take into
ccount other (e.g., contextual) information to a greater
egree. This should result in an increased RFE in these
atients. Since the SVV of neglect patients is already tilted
CW in general, a 5° or 15° CW tilt of the frame should

ead to a reduction (or even reversal) of this pathological
eviation, depending on the magnitude of the frame tilt. In
ontrast, a 5° or 15° CCW tilt of the frame should lead to a
urther increase of the deviation. A vertical (0°) frame might

ecrease the systematic deviation in neglect patients, as it I
an be used as a veridical reference for the rod setting.
owever, a 45° frame might either decrease the system-
tic error (in case it is subjectively interpreted as a sym-
etrical diamond) or increase the deviation (if interpreted
s a CCW tilted square).

From the preceding arguments, the following hypoth-
ses were derived: (1) Neglect patients (but not brain-
amaged control patients without neglect) generally exhibit
systematic visual-spatial orientation deficit; that is, they

enerally display a substantial CCW tilt of their SVV. (2)
xis orientation performance is differently modulated by

rame orientation in neglect patients compared to control
atients and healthy controls: SVV judgments of all partic-

pants generally vary in the direction of frame tilt; however,
erformance of neglect patients is far more strongly biased
ompared to all control groups, since these patients are
athologically biased by contextual cues like frame tilt (as
hey cannot rely on gravitational information to the same
xtent as controls).

EXPERIMENTAL PROCEDURES

articipants

welve patients with right-hemispheric vascular lesions and left
patial neglect documented by clinical standard neglect tests (see
elow), twelve control patients with right-hemispheric and twelve
ontrol patients with left-hemispheric vascular damage without
patial neglect according to these tests (RBD or LBD controls),
nd twelve healthy control subjects were tested. Informed consent
ccording to the Declaration of Helsinki II was obtained from all
articipants. Table 1 summarizes the demographic and clinical
ata of the patients. The LBD and RBD control patients were
elected to match the neglect patient sample as closely as pos-
ible regarding demographic and clinical features (age, gender,
tiology, time since lesion). The mean age was 51.1 years
SD�6.2, range�43–63) for the neglect patients, 55.6 years
SD�6.0, range�46–65) for the RBD controls, 54.3 years (SD�
2.4, range�32–71) for the LBD controls, and 47.2 years
SD�12.7, range�30–67) for the healthy controls. There was no
ignificant difference with regard to age among groups (one-way
NOVA, df�3, F�1.75, P�0.15), nor did the gender distribution
iffer significantly between groups (��0.30, P�0.20). The mean
ime since the lesion occurred was similar in the patient groups:
.8 months (SD�3.7, range�2–13) in the neglect group, 5.1
onths (SD�2.6, range�1–9) in the RBD group, and 4.7 months

SD�1.8, range�3–9) in the LBD group (one-way ANOVA, df�2,
�0.45, P�0.60). Patients were only included in the sample if

hey had a single, vascular unilateral lesion and no evidence of a
rain stem lesion (as revealed by CT/MRI). “Postural Imbalance”
as rated as present in the patients when there was clinical
vidence from physiotherapy or occupational therapy of a marked

nstability in standing and/or sitting upright and a clear preponder-
nce of body orientation towards the ipsilesional side (see, e.g.
érennou, 2006). None of the neglect patients showed contrale-
ional pushing. All subjects were right-handed according to their
erbal report.

eglect tests

ll patients underwent a screening for visual neglect on white
aper (size 29.7�14.7 cm), including representational drawing (of
star, a daisy, a clock, a house, and a face), horizontal line

isection of a 20�1 cm black line, and number cancellation (10
argets in each hemispace among 100 numbers on the total page).

n addition, a reading test with 180 words sensitive to neglect and
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emianopic reading disturbances (Kerkhoff et al., 1992) was ad-
inistered. Omissions or significant distortions of the left half of

he copied figures were interpreted as an indicator of neglect.
ut-offs in the further tests were deviations of more than 5 mm

rom the true midpoint of a 20 cm line in line bisection, more than
ne omission in each hemispace in the number cancellation task,
nd more than two omissions or substitutions of letters or words
nd/or prolonged reading times (�120 s).

isual-spatial RFE tests

ig. 1 displays the different conditions of the visual spatial rod-
nd-frame tasks. The computerized “visual-spatial perception”
rogram (VS; Kerkhoff and Marquardt, 1995) was used for the
easurement of the SVV. VS is based on the method of limits

Engen, 1971). In the measurement of the SVV, the experimenter
anipulates the orientation of an oblique white line (18 cm�1.4

able 1. Summary of clinical and demographic data of neglect patien

roup Age Sex Etiology Lesion Months
since
lesion

Motor
deficit

Po
de

� 49 1 R-MCA P, T 12 Plegia PI
� 44 1 R-MCA P, T 10 Paresis PI
� 43 1 R-MCA P 5 Plegia PI
� 50 1 R-MCA P, T 13 Plegia PI
� 48 1 R-MCA P 5 Paresis PI
� 48 1 R-TU P 4 Paresis PI
� 52 0 R-ICB T 3 Normal No
� 56 0 R-MCA P, T 2 Plegia PI
� 63 0 R-MCA P, T 4 Plegia PI
� 52 0 R-MCA P, T 3 Paresis PI
� 47 0 R-MCA P, T 4 Plegia PI
� 61 0 R-MCA P 4 Plegia PI
BD 41 1 L-MCA F, P 9 Paresis No
BD 63 1 L-MCA F, P 4 Paresis No
BD 56 0 L-MCA F, T 5 Paresis No
BD 56 0 L-PCA O, T 3 Normal No
BD 64 0 L-PCA O 3 Normal No
BD 70 0 L-ICB BG 4 Plegia No
BD 59 0 L-MCA P, T 7 Plegia No
BD 38 0 L-MCA T, P 5 Paresis No
BD 49 1 L-MCA T 5 Normal No
BD 71 1 L-TU T, BG 3 Paresis No
BD 53 0 L-TU T 4 Normal No
BD 32 1 L-ICB T 4 Normal No
BD 46 0 R-MCA P 9 Normal No
BD 59 0 R-ICB T, BG 4 Paresis No
BD 62 0 R-MCA P, T 9 Plegia No
BD 54 0 R-MCA P, O 1 Normal No
BD 55 0 R-MCA P, T 3 Plegia No
BD 58 0 R-ICB BG 4 Paresis No
BD 49 0 R-ICB BG 5 Paresis No
BD 65 0 R-PCA O 9 Normal No
BD 59 1 R-TU T 3 Paresis No
BD 60 0 R-MCA T 5 Paresis No
BD 53 1 R-MCA F, BG 4 Plegia No
BD 47 1 R-MCA T, F 5 Paresis No

Abbreviations: LBD, left brain-damaged control patient; N�, neglect
leeding; L/R, left/right; MCA/PCA, middle/posterior cerebral artery infa
, temporal. Postural deficit: No, no postural imbalance; PI, postural im
achener Aphasie Test). Visual field: HH, homonymous hemianopia;
�normal performance. Cancellation: number of omissions per hemispa
m) presented on a dark background in a stepwise manner until s
he subject indicates that it is oriented exactly vertically and then
urther until the subject indicates that it is no longer vertical. Based
n this procedure, the psychophysical parameter “constant error”
an be calculated which denotes the difference between a partic-
pant’s mean estimate (the SVV) and the true vertical and, thus,
rovides information about the central tendency or central error of
he subject. The task was carried out either with a 20 cm�20 cm
ellow frame, presented in various orientations around the white
ine, or without a frame. There were seven different frame condi-
ions: (1) no frame, (2) 0° frame, (3) �5° frame, (4) �5° frame, (5)
15° frame, (6) �15° frame, and (7) 45° frame (see Fig. 1).
onstant errors were computed directly by the software (as de-
cribed above) for each subject in each frame condition. The
tep-width was 0.5° in all measurements.

Visual-spatial measurements were taken in total darkness
ith the chassis of the PC-monitor, that is, the borders of the

nd RBD control patients without neglect

Aphasia Visual
field

Neglect
dyslexia
(errors)

Figure
copy
L/R

Cancell.
omissions
L/R

Line
bisection
�/� mm

NT L-Quan 12 �/� 8/3 �22
NT L-Quan 8 �/� 6/4 �9
NT Normal 7 �/� 8/3 �7
NT Normal 8 �/� 8/5 �12
NT L-Quan 5 �/� 5/2 �7
NT L-HH 5 �/� 5/1 �6
NT Normal 6 �/� 5/2 �10
NT L-Quan 11 �/� 10/3 �17
NT Normal 12 �/� 7/2 �13
NT L-Quan 10 �/� 5/2 �12
NT L-HH 37 �/� 10/5 �29
NT Normal 6 �/� 4/0 �7
Broca Normal NT �/� 0/0 �1
Broca Normal NT �/� 0/0 �7
Amnestic Normal NT �/� 0/0 �3
Normal R-Quan 0 �/� 0/0 �2
Normal Normal 1 �/� 0/0 �3
Broca Normal NT �/� 1/0 �2
Residual R-Quan NT �/� 1/0 �2
Residual R-HH NT �/� 0/0 �5
Residual R-Quan NT �/� 0/0 �4
Residual Normal NT �/� 0/0 0
Normal R-Quan 0 �/� 0/0 �2
NT Normal 0 �/� 0/1 �2
NT Normal 11 �/� 0/0 �2
NT NT 1 �/� 0/1 �3
NT L-HH 0 �/� 0/0 �22
NT L-HH 0 �/� 0/1 �3
NT Normal 1 �/� 0/0 �2
NT Normal 0 �/� 0/0 �5
NT Normal 0 �/� 0/0 �2
NT L-HH 6 �/� 0/0 �25
NT Normal 1 �/� 1/0 0
NT Normal 0 �/� 0/0 �2
NT Normal 1 �/� 1/0 �4
NT Normal 2 �/� 1/1 �3

RBD, right brain-damaged control patient. Etiology: ICB, intracerebral
, tumor. Lesion: BG, basal ganglia; F, frontal; O, occipital; P, parietal;
Aphasia: NT, reading not tested due to aphasia (documented by the

monymous quadrantanopia. Figure copy: ��omissions or distortions;
bisection: deviation from true midline in mm to left (�) or right side (�).
ts, LBD a

stural
ficit

patient;
rction; TU
balance.

Quan, ho
creen, covered by an oval-shaped mask to eliminate or at least
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trongly reduce any visual reference cues (apart from the
rame). Subjects were tested at a distance of 0.5 m from a
onitor with spectacle corrections where necessary. Head po-

ition was stabilized by means of a head-and-chin rest. There
ere 10 trials in each frame condition. Frame conditions were
locked and the sequence of blocks was counterbalanced to
ontrol for practice effects. In all conditions, starting position
as 20° away from the vertical axis. The direction (CW, CCW)
f the initial tilt was counterbalanced to control for effects of
otation direction. Prior to the completion of the different con-
itions, subjects were familiarized with the experimental setup
nd performed five practice trials.

tatistics

erformance of the four participant groups in the baseline condi-
ion (i.e., the “no frame” condition) was compared in a one-way
NOVA with post-hoc Scheffé tests. Furthermore, to analyze
ystematic deviations of the SVV from zero (the value represent-
ng the true vertical) in the baseline condition, one-sample t-tests
ere calculated for each participant group. To analyze the effect
f context on spatial performance, a mixed-design ANOVA with
he factors participant group (between-subjects factor with four
evels: neglect patients, LBD, RBD, and healthy controls) and
rame condition (within-subjects factor with six levels: �15°, �5°,
°, �5°, �15°, �45°) was performed for the constant errors. In
ase of significant main effects or interactions, subsequent post hoc
omparisons were calculated: post-hoc Scheffé tests were used to
ompare performance between participant groups; one-way ANO-
As and contrasts (comparing each frame condition with the 0°

rame condition) were used to compare performance in the different
rame conditions within one subject group. Additionally, t-tests were
sed to compare performance between participant groups within the
ame frame orientation condition. The alpha-level was chosen as
�0.05 for all analyses, corrected for multiple comparisons.

RESULTS

eglect tests

he data of each patient in the neglect tests are given in
able 1. Neglect patients showed the characteristic pattern
f asymmetrical deficits. All neglect patients showed im-

ig. 1. Experimental setup in the visual-spatial rod-and-frame task for
nd �45°). Participants viewed only the rod and frame, the borders of
ertical/horizontal reference cues.
aired copying performance, with the typical omissions t
nd/or distortions of the left side of the drawings. Further-
ore, neglect patients displayed impaired line bisection
erformance: 11 out of 12 patients showed the typical
ightward deviation in horizontal line bisection (mean de-
iation: 11.6 mm to the right, SD�8.7). They also showed
he typical pattern of omissions in the number cancellation
ask, with significantly more omissions in the left compared
o the right hemispace [mean omissions: 6.8 in the left
SD�2.1) and 2.7 in the right hemispace (SD�1.5);
(11)�10.26, P�0.01] as well as impaired reading perfor-
ance indicating neglect dyslexia. LBD and RBD control
atients did not show such asymmetrical deficits. Rather,
hey showed intact drawing performance, only nonsystem-
tic and nonsignificant deviations in line bisection perfor-
ance (LBD mean: 1.8 mm to the right, SD�2.9; RBD
ean: 2.6 mm to the left, SD�10.1) and intact number

ancellation performance [LBD mean: 0.2 omissions in left
SD�0.4) and 0.1 in right hemispace (SD�0.3); RBD
ean: 0.3 omissions in left (SD�0.5) and 0.3 in right
emispace (SD�0.5)]. Reading performance (not mea-
ured in eight aphasic LBDs) was not impaired in non-
phasic LBD controls, but in two out of 12 RBD controls
one had hemianopic alexia due to a left-sided homony-
ous hemianopia).

isual-spatial orientation judgments

ig. 2 displays the visual-spatial orientation judgments of
eglect patients and healthy, RBD, and LBD controls as a
unction of frame condition. The lines within the circles
epresent the mean SVVs of the individual participants.

hile the healthy subjects, as well as the RBD and LBD
ontrols, show generally only minor deviations of their SSV
rom the true vertical, SVV judgments of neglect patients
isplay a marked and systematic CCW tilt in the baseline
ondition and are furthermore substantially and systemat-

cally modulated by frame orientation. Table 2 summarizes
he mean constant errors for the six different frame orien-

ent frame orientation conditions (no frame, �15°, �5°, 0°, �5°, �15°
n (dashed line) were hidden behind an oval-shaped mask to eliminate
the differ
the scree
ations in all subject groups.
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ig. 2. Performance of neglect patients, LBD and RBD control patients, and healthy controls in the visual-spatial orientation task for the six different frame

rientation conditions (�15°, �5°, 0°, �5°, �15° and �45°); the lines within the circles display the mean SVVs of individual patients and control subjects.
able 2. Mean constant errors (and standard deviations) for the six different frame orientation conditions (�15°, �5°, 0°, �5°, �15° and �45°) in healthy,
BD, and RBD control subjects and neglect patients (N�); positive constant errors indicate CCW tilts of the SVV, negative constant errors CW tilts

Healthy LBD RBD N�

15° �2.7° (SD�3.0) �5.5° (SD�4.2) �3.5° (SD�4.9) �13.3° (SD�4.1)
5° �1.6 (SD�1.9) �2.3° (SD�1.6) �1.7° (SD�2.5) �4.4° (SD�3.4)
° 0.2° (SD�0.6) 0.2° (SD�0.8) 0.2° (SD�0.9) 3.0° (SD�4.0)
° 1.8° (SD�1.5) 2.8° (SD�2.1) 2.4° (SD�1.8) 12.4° (SD�10.9)
5° 2.7° (SD�2.5) 5.5° (SD�4.7) 4.8° (SD�4.4) 18.2° (SD�5.5)

45° 0.7° (SD�1.0) 1.7° (SD�4.7) 1.3° (SD�1.6) 16.2° (SD�13.9)
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Group differences and general direction of SVV tilt.
ig. 3 displays the average constant errors of the SVV
cross all frame conditions and separately for the “no
rame” condition for each subject group. While the normal
ubjects and also the RBD and LBD controls show only
arginal deviations of their SVV, neglect patients display

ystematically positive constant errors, indicating a
arked CCW tilt of the SVV. A one-way ANOVA with
ost-hoc Scheffé tests for the between-group comparison
f SVV judgments in the “no frame” condition revealed a
ignificant effect of group (df�3, F�17.66, P�0.01). Per-
ormance of neglect patients differed significantly from all
ontrol groups (all P�0.01), while performance of the con-
rol groups was highly comparable (all P�0.70). Further-
ore, to assess the systematic direction of tilt without

ontextual information, one-sample t-tests were calculated
or the constant errors of each group in the “no frame”
ondition. Constant errors of healthy, LBD and RBD con-
rols did not differ significantly from zero (all P�0.05). By
ontrast, those of neglect patients were significantly larger
han zero (t(11)�5.35; P�0.01). Positive constant errors
ndicating CCW tilts of the SVV were shown by 11 of 12
eglect patients (one did not show any tilt). That is, without
dditional contextual information, neglect patients dis-
layed reliable, substantial, and systematic CCW tilts of
he SVV.

Effects of frame condition on SVV tilt. Fig. 4 presents
he average constant errors of the SVV in order to dem-
nstrate the RFEs, separately for each frame condition
nd for each participant group. As can be seen, all groups
howed tilts of the SSV as a function of frame condition:
nly direct RFEs were obtained, that is, CW frame tilts
esulted in a CW tilt of the SVV, while CCW frame tilts

ig. 3. Constant errors (means and standard errors) in the SVV for the
no frame” condition (grey bars) and across all frame conditions (black
ars) in neglect patients (N�), healthy, LBD, and RBD control sub-

ects; positive constant errors indicate CCW tilts of the SVV, negative
onstant errors CW tilts.
esulted in a CCW tilt (relative to the true vertical and
t
p

elative to the SVV in the “no frame” and in the 0° frame
ondition). The RFEs increased with increasing frame tilts,
hat is, small frame tilts led to minor changes in the SVV,
hereas large frame tilts led to major changes. Moreover,
ig. 4 shows that neglect patients displayed the most
arked SVV modulations as a function of frame condition,

hat is, their SVV was tilted in the direction of frame tilt to a
uch larger degree than those of all three control groups.

A mixed-design ANOVA (with the factors subject group
nd frame condition) revealed significant main effects of
roup (df�3, F�10.83, P�0.01) and frame condition
df�5, F�71.60, P�0.01), and a significant interaction of
roup and frame condition (df�15, F�15.54, P�0.01).
eglect patients generally displayed significantly larger
onstant errors compared to all control groups (all
�0.01), whereas the performance of healthy, RBD and
BD controls was highly comparable (all P�0.95, n.s.).

One-way ANOVAs revealed that frame tilt significantly
ffected performance in all subject groups, that is in ne-
lect patients (df�5, F�37.20, P�0.01), RBD (df�5,
�10.92, P�0.01), LBD (df�5, F�16.74, P�0.01), and
ealthy controls (df�5, F�12.78, P�0.01). In all subjects,
5° or 15° CW or CCW frame tilt resulted in a significant
VV tilt in the same direction (all P�0.05) compared to the
° frame condition and SVV tilts were generally larger with

ncreasing frame tilt (see Fig. 4). The 45° frame did not
ause any SVV tilt in healthy, RBD and LBD controls (all
�0.05), but a strong CCW tilt of the SVV in neglect
atients (P�0.01). Furthermore, the direct RFEs were
uch larger in the neglect patients compared to all other

ubject groups. Additional t-tests revealed that neglect
atients showed a significantly larger CCW tilt of the SVV
ompared to all control groups in the �5°, �15° and �45°
rame conditions (all P�0.05) and a significantly larger CW

ig. 4. Constant errors (means and standard errors) in the SVV for the
ifferent frame orientation conditions (�15°, �5°, 0°, �5°, �15° and
45°) in neglect patients (N�), healthy, LBD, and RBD control sub-

ects; positive constant errors indicate CCW tilts of the SVV, negative
onstant errors indicate CW tilts; the straight line at 0° indicates the

rue vertical; the dashed line indicates the constant errors of neglect
atients in the “no frame” condition.
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ilt in the �15° frame condition. Performance in the �5°
nd the 0° frame condition did not differ significantly be-
ween neglect patients and control groups after �-correc-
ion (all P�0.05). Performance between the three control
roups did not differ significantly in any frame condition (all
�0.05).

DISCUSSION

he rationale of the present study was to investigate the
odulation of spatial orientation judgments by visual con-

extual cues in neglect. Visual-spatial axis orientation per-
ormance in a classic rod-and-frame task was analyzed in
atients with right hemispheric lesions and left spatial ne-
lect, LBD and RBD control patients without neglect, and
ealthy control subjects. Our hypotheses were that neglect
atients would display a systematic CCW bias in the SSV
nd that, furthermore, axis orientation judgments would be
odulated by frame orientation to a markedly larger de-
ree in neglect patients compared to control groups.

As expected, neglect patients generally showed a sys-
ematic and significant CCW tilt in their SVV in the classi-
al, reference condition without frame. Although the oval
ask could serve as visual context information also in the

ondition “no frame,” it provides, if any, only vague cues
bout the cardinal axes indicating the horizontal and ver-
ical orientation. Therefore, the CCW tilt in neglect patients
n the present study unlikely represents a bias that is
ssociated with this visual reference. The results in the “no
rame” condition replicate findings of previous studies in
he field: they show the typical pattern of bias which has
lready been demonstrated in several studies in the visual
omain with (Kerkhoff and Zoelch, 1998; Kerkhoff, 1999)
nd without an oval shaped mask (Saj et al., 2005b; Yelnik
t al., 2002) as well as in the tactile domain (i.e., also
ithout a mask; Kerkhoff, 1999). Interestingly, a vertically
ligned frame (0° frame) reduced this bias significantly
ompared to the “no frame” condition, presumably be-
ause it provided a strong orthogonal, external reference
or the setting of the vertical.

In all four subject groups, axis orientation performance
as significantly and systematically modulated by frame

ilt. The RFEs were generally direct, that is, the SVV was
iased in direction of frame tilt. In line with previous re-
earch (e.g., Beh et al., 1971), the control groups showed
nly slight, but consistent direct effects in case of small, 5°
r 15°, CW or CCW frame tilts and no SVV tilt in case of a
5° frame tilt. In neglect patients, the effect of frame ori-
ntation was dramatically increased, that is, the magnitude
f the direct RFE was approximately three times as large in
hese patients as in the controls. Since the SVV of neglect
atients was already tilted CCW in the “no frame” and also

n the 0° frame condition, a CCW tilt of the frame led to a
urther increase of the subjective bias. By contrast, a CW
ilt of the frame led not simply to a reduction, but rather to

reversal of the bias, that is: a CW tilt of the SSV.
An exceptional case was the 45° frame condition: a 45°

rame did not bias performance in the healthy, LBD, and

BD control groups, presumably because it can be used i
fficiently as a helpful reference cue (as the edges of a 45°
rame point to the top and the bottom and the frame
ctually represents a symmetrical diamond; Beh et al.,
971). In neglect patients, by contrast, a 45° frame caused
marked bias, that is, it increased the CCW bias by an

mount comparable to the 15° frame. This pattern indi-
ates that neglect patients are not only unable to use the
ymmetrical contextual information provided by the dia-
ond efficiently; rather, they seem to interpret this frame
s a square tilted CCW, leading to a large direct RFE, that

s, a large CCW tilt of the SVV. Thus, the 45°-diamond-
haped frame deteriorated the already impaired task per-
ormance selectively in the neglect group, while it permit-
ed almost normal performance in all other groups (Fig. 4).

ifferential effects of contextual modulations on the
VV

revious research has shown that different reference
rames can be selected to define a visual orientation in
pace (for reviews, see, e.g., Howard, 1982; Rock, 1990;
ade, 1992). Among the egocentric and allocentric refer-

nce frames in which spatial orientations can be mapped,
ost important for the judgment of the subjective visual

ertical are probably the gravitational as well as the visual
eference frame. Visual, gravitational, and also other (e.g.,
omatosensory) information is integrated in the intrapari-
tal cortex to generate a subjective percept of space (e.g.,
remmer et al., 2002; Duhamel et al., 1998). If information

rom different sources is congruent, that is, if the different
rames of reference are aligned, the subjective perception
f an orientation corresponds to the “veridical” orientation.
owever, even in participants without disturbed spatial

nformation perception, the information delivered from dif-
erent sources can be incongruent in certain conditions, as
t is the case, for example, in the classic rod-and-frame
ask. Here, in addition to gravity, the tilted frame serves as

frame of reference for the perception of the upright, that
s, it acts as a world surrogate that determines the appar-
nt visual axes of space (e.g., Rock, 1990). The orientation
f the rod is consequently perceived with reference to
rame orientation and to gravity, so that the resulting rod
etting usually is a compromise between the two refer-
nces. This is exactly the behavior found in healthy, LBD,
nd RBD controls in the present study. They showed sys-
ematic, but only moderate deviations of the SVV (�3° for
he �5° frame condition and �6° for the �15° frame
ondition) in the direction of the frame. This pattern of
esults indicates that frame orientation serves as a frame
f reference to a certain extent and therefore biases the
od settings in the control subjects. However, visual infor-
ation about the orientation of the frame is integrated with

ntact gravitational information, which is used as a refer-
nce for the perception of the upright, too, and thus re-
uces the effect of frame orientation on the SVV.

By contrast, in neglect patients, the processing of grav-
tational input is impaired (i.e., asymmetric) and gravita-
ional information cannot be used as an “intrinsic” refer-
nce for the perception of the upright to the same extent as
n healthy subjects. This is most probably the reason why
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eglect patients showed such a strong impact of visual
ontextual information on the SVV. In these patients, the
VV deviations were as large or even larger than the
ngles of frame orientation tilt (�13.3° and �4.4° deviation

n the �15° and �5° frame conditions and 12.4° and 18.2°
eviation in the 5° and 15° frame conditions). Larger CCW
eviations in comparison to CW deviations can be ex-
lained by a general CCW tilt of the SVV of neglect pa-
ients. The increased impact of visual contextual informa-
ion on the SVV in neglect patients is in line with previous
ndings of enhanced effects of modulations of internal
ediators of verticality perception, such as head orienta-

ion (Funk et al., 2010b). However, a new and particularly
nteresting finding of the present study is the reversed bias
f the SVV in neglect patients in case of CW frame tilt. In
eneral, the “default mode” of neglect patients is a sys-
ematic and substantial CCW bias of the SVV. Previous
esearch (e.g., Funk et al., 2010b; Saj et al., 2006) has
emonstrated that this CCW bias can be increased or
ecreased by modulators of verticality perception. How-
ver, to our knowledge, a strong reversal of the spatial bias

n neglect patients by visual contextual information as it is
evealed here has not been shown thus far. It appears that
he spatial performance of neglect patients is not only
nstable with regard to the magnitude of the pathological
ias, but also with respect to its polarity, which is in line
ith the view that neglect patients are characterized by a

oss of spatial orientation constancy. That is, neglect pa-
ients display both a consistent CCW tilt of the SVV and a
oss of its constancy, which leads to systematic deviations
f subjective space as well as an increased reliance on

nternal and external cues mediating the perception of
erticality. The systematic deviations of subjective space
re observable under specific (postural) circumstances—

n an upright posture with a vertical head position. With
ateral head inclination (Funk et al., 2010b), in supine body
osition (Saj et al., 2005b) or with certain types of visual
ontext (the present paper), the tilt might change, that is be
educed or even reversed.

We suggest that the strong modulations of space/ver-
icality perception in neglect patients might depend upon a
entral mechanism related to multisensory integration and
pace representation in intraparietal cortical areas. This
dea has for example already been put forward by Rossetti
t al. (1998), who reported a larger prism adaptation after-
ffect in neglect patients compared to controls. Generally,

t appears that the performance of neglect patients in var-
ous spatial tests, including the SVV, is influenced more
han the one of other brain-damaged patients or healthy
ontrols by many internal (e.g., prism adaptation, neck
uscle vibration, vestibular stimulation) and external (e.g.,

isual or auditory cues) cues mediating space representa-
ion. This abnormal weighting of cues mediating space/
erticality perception might be the consequence of an im-
aired integration of multimodal information in the parietal
ortex due to a pathological processing of graviceptive

nformation. w
linical and daily-life consequences of impaired
patial orientation constancy

t is likely that this effect—the loss of spatial orientation
onstancy and the pathologically increased influence of con-
extual visual information—has profound consequences in
aily life. It can be conjectured that neglect patients have
reat difficulties in estimating verticality in the presence of
dditional oblique contours visible in the environment. A typ-

cal situation or scene in the daily routine, which contains
ultiple complex stimuli (and, therefore, also orienta-

ions), provides many different sources of context informa-
ion. It would, thus, to be expected that the perception of
uch complex visual stimulation will lead to similar biases
r even greatly increase the biases observed with the
xperimentally reduced stimulation in the present study.
hat is, depending on the predominant contextual informa-

ion, different orientation biases could result which would in
urn continuously change through egomotion or moving
cenes/stimuli.

In this context it is worth mentioning that the size of the
erceptual tilt of the SSV in the rod-and-frame test was
ound to predict poor ambulation performance in patients
ith left hemiplegia (Bruell et al., 1957, 1958; note that,
nfortunately, these reports did not mention explicitly
hether their patients had left-sided visual neglect). Also,

he notable deficits in drawing and copying performance
hat neglect patients typically display could conceivably
tem from (or at least be increased by) given or already
rawn orientations that impede the correct drawing of new
rientations. The inaccurate and very instable representa-
ion of spatial orientations changing rapidly with changes in
xternal visual and internal modulations might therefore
rofoundly affect performance in clinical tests as well as
undamental competencies indispensable for managing
aily life (e.g., ambulation performance).

In the present study, we showed that context informa-
ion can increase, reduce, or reverse the orientation bias in
eglect patients (depending on the frame orientation).
hus, visual contextual information seems to be a good
andidate to manipulate this bias and could therefore be
ossibly used as one component of neglect therapy. Fur-
her research is necessary to investigate whether, in ther-
py, certain types of contextual information (e.g., a visually
ilted chamber) might induce positive and desirably also
ong-lasting effects on orientation performance in neglect
atients.

imitations of the study

he present results, together with findings from other stud-
es in the field, indicate a functional relation between spa-
ial neglect and a CCW bias of the SVV. The neuropsy-
hological methodology used in this study has inherent

imitations which concern the conclusion that SVV tilts are
core deficit in spatial neglect rather than a highly corre-

ated epiphenomenon. The high comorbidity along with the
orrelation between neglect severity and the magnitude of
VV tilt serve as evidence for the former assumption,

hich is advocated in the present study. However, if ne-
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lect is caused by lesions close to structures that are
esponsible for SVV deviations, we cannot exclude a high
omorbidity without a direct functional relationship. In this
ase, not the presence or absence of spatial neglect, but
he exact brain area affected would be crucial for the
resence and magnitude of SVV bias. The topographic
ccuracy of neuropsychological studies based on the indi-
idual lesions would be a critical point with regard to this
uestion. Unfortunately, the structural images of the pa-
ients’ lesions cannot be provided in this paper. Neverthe-
ess, the present study is the first to demonstrate that
eglect patients—included on the basis of descriptions of
he lesion sites and the presence of the syndrome as-
essed via behavioral tests—suffer from a spatial deficit
hich can be significantly modulated by changes in con-

extual visual information.

CONCLUSION

hen combining the present finding of a strong influence
f contextual visual information on the subjective vertical
ith previous findings indicating a significant impact of
odulations of internal mediators of verticality perception

e.g., lateral head orientation: Funk et al., 2010b; and
osture: Funk et al., 2010a; Saj et al., 2005b), the emerg-

ng picture is one of a loss (or an impairment) of spatial
rientation constancy in patients with neglect. This impair-
ent of spatial orientation constancy along with a system-
tic bias of the subjective vertical leads to severe pertur-
ations of subjective space as well as an increased reli-
nce on internal and external cues mediating the
erception of verticality in neglect. Put differently: in ne-
lect patients, the (already perturbed) perception of the
ubjective vertical changes dramatically not only with
hanges in head- or body-position, but also with modifica-
ions of contextual visual information that serve as a refer-
nce for the perception of spatial orientation. Modulations
f internal and external cues mediating the perception of
pace do affect orientation performance also in healthy
ubjects or brain-damaged patients without neglect. How-
ver, in neglect patients, this modulation is pathologically
xacerbated, since they are not able to use intact gravita-
ional information as a reference for the perception of the
pright to accurately integrate and counterbalance other
ources of input. The result of this may be an inaccurate
nd very instable representation of spatial orientations
hanging rapidly with manipulations of internal and/or ex-
ernal modulators of subjective space perception, which
as profound consequences in daily life of neglect
atients.
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