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Abstract

Patients with right hemisphere lesions and spatial hemi-neglect display  deficits beyond the 

typical  neglect  and  extinction  symptoms  observed  in  the  horizontal  plane.  Studies 

investigating deficits in the frontal and sagittal plane revealed impairments in the judgment of 

the  subjective  vertical,  horizontal  and  oblique  orientations.  Systematic  counterclockwise 

deviations in subjective verticality and orientation perception have been demonstrated in the 

visual and tactile modality, indicating a supramodal spatial orientation deficit. The magnitude 

of such deviations was shown to be modulated by internal factors mediating subjective space 

perception.  The present study investigated whether and how spatial orientation deficits are 

modulated (1) by further internal and external, contextual changes in neglect patients and (2) 

by perceptual orientation discrimination training. In four experiments, we analyzed effects of 

body  posture  (upright  vs.  supine),  passive  lateral  head  inclination  (clockwise  vs. 

counterclockwise),  visual  contextual  information  (no  vs.  upright  vs.  tilted  context)  and 

repetitive feedback-based orientation discrimination training on biases in spatial orientation 

perception. Our data showed that neglect patients generally displayed a marked variability as 

well as a systematic tilt in their spatial judgments. In line with the assumption of a multimodal 

and multispatial deficit, their subjective vertical and horizontal was biased in the visual and in 

the  tactile  modality  and  in  the  frontal  and  sagittal  plane.  Furthermore,  manipulations  of 

internal and external mediators of subjective space perception systematically modulated the 

performance of neglect patients. They displayed deteriorated performance in supine compared 

to upright posture, an enhanced ‘A-effect’ (i.e., a modulation of orientation judgements in the 

direction  of  head tilt)  as  well  as  an increased  rod-and-frame-effect  (i.e.,  a  modulation  of 

orientation judgements as a function of frame tilt). This dramatically enhanced modulability 

might be caused by a pathologically increased influence of internal and contextual cues on 



subjective space perception in neglect patients as a consequence of impaired processing of 

gravitational information. The results indicate a loss of spatial orientation constancy which 

leads to an increased reliance on any cues mediating subjective space perception in neglect. 

With  regard  to  the  effectiveness  of  repetitive  feedback-based  orientation  discrimination 

training, we found rapid improvements in trained but also in non-trained spatial orientations 

after training in all  patients,  stability of improvements at 2-months follow-up, and graded 

transfer  of  improvements  to  related  visuospatial  tasks.  These  results  show a  considerable 

potential  for treatment-induced improvements  in visuospatial  deficits  following perceptual, 

feedback-based training of visual line orientation which might be used for a better treatment 

of spatially impaired stroke patients. In summary, we showed (1) that neglect patients display 

a  systematic  bias  of  spatial  orientation  perception  along with a loss  of  spatial  orientation 

constancy, and (2) that both the bias and the uncertainty in subjective space perception can be 

reduced by feedback-based perceptual training.
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Chapter 1: General Introduction
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1.1. Cortical pathways for visual perception: The dorsal and ventral visual system

Several decades ago, evidence from neurobehavioral, physiological and anatomical studies 

(for review, see Ungerleider & Mishkin, 1982) in the macaque monkey established the idea of 

two separate cortical visual pathways that can be distinguished structurally and functionally, 

one being specialized for object vision and the other for spatial vision. Subsequent clinical 

and  functional  imaging  studies  (for  review,  see  e.g.  Ungerleider  et  al.,  1998)  in  humans 

confirmed this idea of two anatomically and functionally specialized, but at the same time 

closely connected visual projection systems, the dorsal and ventral route of visual processing. 

Both systems are organized in specialized but interacting modules and ascend from cortical 

area 17 (V1, primary visual cortex) to extrastriate cortical visual areas in the temporal and 

parietal  lobes  and  finally  to  regions  in  the  frontal  cortex  relevant  for  object-specific  or 

visuospatial working memory processes (e.g., Courtney et al., 1996; Ungerleider et al. 1998). 

The  ventral  or  occipito-temporal  projection  system  (the  so-called  ‘what’  pathway)  is 

suggested to be specialized for object perception and recognition including the analysis of e.g. 

form and color,  the  dorsal  or  occipito-parietal  system (the  so-called  ‘where’  pathway)  is 

suggested to be specialized for spatial perception including the analysis of e.g. depth, position 

and orientation (e.g., Haxby et al., 1991; Mishkin et al., 1983; Ungerleider & Haxby, 1994; 

Ungerleider & Mishkin, 1982). Evidence from lesion studies in nonhuman primates showed 

that lesions of inferior temporal cortex cause severe deficits in performance on several visual 

discrimination tasks (e.g., pattern, object, and color), but not on visuospatial tasks, whereas 

posterior parietal lesions cause severe deficits in visuospatial performance but do not affect 

visual discrimination performance (e.g., Pohl, 1973; for review, see Ungerleider & Mishkin, 

1982).  Accordingly,  physiological  evidence  showed  that  cells  in  areas  within  the  ventral 

pathway respond to visual features relevant to object identification (e.g., color, texture, and 

shape), whereas cells in areas within the dorsal pathway respond to spatial aspects of stimuli 
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(e.g., position, orientation, motion direction and velocity, for reviews, see e.g. Desimone & 

Ungerleider, 1989; Maunsell & Newsome, 1987). Clinical studies in brain-damaged patients 

have  shown  that  also  in  humans,  there  are  specific  clinical  syndromes  produced  by 

occipitotemporal and occipitoparietal lesions depending on the respective module damaged by 

the  lesion.  Syndromes  occurring  after  occipitotemporal  lesions  include  e.g.  visual  object 

agnosia,  prosopagnosia,  and achromatopsia  (e.g.,  Newcombe  et  al.,  1987;  for  review,  see 

Farah, 2004), whereas those occurring after occipitoparietal lesions include e.g. visuospatial 

neglect, apraxia, optic ataxia, akinotopsia, and disorders of spatial perception and cognition 

(e.g., Eglin et al., 1989; Vaina et al., 1990; Zihl et al., 1991; for review, see Newcombe & 

Ratcliff, 1989).

1.1.1. Differential views on the dorsal visual system

A re-interpretation of the two visual systems by Goodale and Milner (Goodale & Milner, 

1992; Milner & Goodale, 2008) suggests that the two streams are not only specialized with 

regard  to  the  kind  of  information  they  process,  but  rather  with  regard  to  the  purpose  of 

information processing: they assume that in the ventral stream, information about a range of 

object parameters is transformed for perceptual purposes, whereas in the dorsal stream (some 

of the same and some different) object parameters are transformed for the control of actions. 

In this view, the parietal cortex is processing visuospatial information for mediating visually 

guided (e.g., grasping) movements, but not visuospatial perception for recognition.

However,  patients  with parietal  damage clearly demonstrate  visuospatial  impairments  that 

cannot  be  attributed  to  visuomotor  defects.  For  example,  Cramon  and  Kerkhoff  (1993) 

showed that patients with focal parietal lesions demonstrate impaired perception of horizontal 

and  vertical  axes,  deficits  in  length  and  distance  estimation,  and  deficits  in  orientation 

discrimination and position matching. Therefore, although visuospatial deficits after parietal 
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damage are often accompanied by visuomotor impairments, they cannot be fully accounted 

for by them.

On the basis of new anatomical data as well as a reconsideration of functional and clinical 

data, Rizolatti and Matelli (2003) tried to integrate the different views on the the functional 

role of the dorsal visual stream and proposed that the dorsal stream (and its recipient parietal 

areas) form two distinct functional  systems:  the dorso-dorsal  stream, serving the ‘on-line’ 

control  of  actions,  and  the  ventro-dorsal  stream  involved  in  space  perception  and  the 

understanding of actions. Reviewing recent imaging and lesion studies, Husain and Nachev 

(2007) argued that inferior  parietal  regions (that were typically suggested to contribute to 

vision-for-action and/or spatial functions) also have non-spatial functions which are neither 

‘dorsal’  nor  ‘ventral’  in  nature,  such  as  sustaining  attention  or  detecting  salient  events. 

Considering the diversity of functions attributed to the dorsal stream and its associated brain 

areas,  it  still  remains  necessary  to  further  specify  the  construct  ‘dorsal  stream’  and  the 

neuroanatomy underlying the specific sub-modules of this construct.

1.1.2. Space processing and multimodal integration in parietal cortex

Research in nonhuman primates has shown that the dorsal projection system starts with striate 

and V2 projections to visual area V5 or MT (medial temporal), located in the caudal portion 

of the superior temporal sulcus (STS), which separates the occipital and parietal lobes (for 

reviews, see Ungerleider & Haxby, 1994; Ungerleider et al., 1998). Area MT in turn projects 

to further areas in the upper superior temporal sulcus (MSTd and MSTl, the dorsal and lateral  

part of the medial superior temporal area) and the intraparietal sulcus which subdivides the 

posterior parietal cortex into two main sectors, the superior parietal lobule (SPL; e.g., VIP and 

MIP, ventral and medial intraparietal cortex) and the inferior parietal lobule (IPL; e.g., AIP 

and LIP, anterior and lateral intraparietal cortex). Each of these areas can be seen as a sub-
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module of visuospatial perception which is highly specialized for the processing of clearly 

defined  aspects  of  spatial  information  (for  reviews,  see  e.g.,  Colby  &  Goldberg,  1999; 

Rizolatti & Matelli, 2003), including different aspects of motion processing (MT and MST), 

extrapersonal  (MIP)  and peripersonal  /  perioral  (VIP)  spatial  information  processing,  and 

eyemovement- (LIP) or grasp-related spatial representation (AIP).

Albeit  this  high  degree  of  specialization,  cells  within  the  dorsal  pathway  do  not  only 

correspond with other cells within this pathway, but also with cells processing information 

from other (than the visual) modalities. Both SPL and IPL have been shown to receive inputs 

from the visual and the somatosensory cortices (e.g., Colby & Duhamel, 1991). Moreover, 

research has shown that neurons in the posterior parietal cortex are multimodal themselves, 

i.e.,  they contribute  to  the representation  of space by integrating  multimodal  afferent  and 

efferent  /  reafferent  information  (Andersen  et  al.,  1985).  For  example,  neurons  in  MIP 

(specialized for responding to stimuli within reaching distance) exhibit a range of response 

properties from purely visual, to bimodal, to purely somatosensory (Colby & Duhamel, 1991). 

Parietal areas 7a and LIP 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  et  al.,  2002; 

Brotchie et al., 1995; Snyder et al., 1997) to account for head orientation and head movements 

in space. Damage to the (right) posterior parietal cortex might therefore lead to a systematic 

gain-error in the integration of information – as for example visual, somatosensory (head-

position)  and  graviceptive  /  vestibular  input. The  specialization  on  several  aspects  of 

visuospatial  processing  along  with  the  integration  of  multimodal  afferent  and  reafferent 

information support the role of the posterior parietal cortex as the anatomical substrate of a 

supramodal spatial reference frame.
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1.1.3. Orientation representation in parietal cortex

The assumption of the parietal  cortex as the anatomical  substrate  of a supramodal  spatial 

referece frame is supported by findings indicating the existence of multimodal (e.g. Duhamel, 

et al., 1998; Graziano & Gross, 1995) and ‘axis-orientation-selective’ (Sakata et al., 1997) 

neurons in the parietal cortex. Based on single-cell recordings in the monkey parietal cortex, 

Sakata et al. (1997; 1999) identified neurons in the lateral bank of the caudal intraparietal 

sulcus and in the anterior intraparietal sulcus which are sensitive to orientation information, 

though these cells might support different aspects of orientation perception with regard to 

intentional orientation discrimination as opposed to the visual guidance of hand actions. In 

humans, lesion and imaging studies support the view that the (right) parietal cortex plays a 

dominant role in spatial  orientation perception,  but also indicate that several brain regions 

contribute to visual orientation discrimination. Early patient studies reported that deficits in 

visual  orientation  discrimination  frequently  occur  after  right  hemisphere  lesions,  typically 

affecting the (temporo-) parietal lobe and/or the basal ganglia, less frequently also after left 

frontal lesions (Benton et al., 1975; Kim et al., 1984). A recent patient study analyzing the 

lesion sites critical for line orientation discrimination showed that failure was most strongly 

associated with lesions in the right posterior parietal region (Tranel et al., 2009).

Imaging studies support the view that the right parietal cortex is crucial for spatial orientation 

perception (Ng et al., 2000; Sack et al., 2001; Taira et al., 1998), but also indicate that other 

brain regions also contribute to visual orientation discrimination, including including V1, the 

lateral  occipital  cortex,  superior  temporal  cortex,  and  also  subcortical  structures  (e.g., 

Vandenberghe et al., 1996). Furthermore, evidence from fMRI studies showed that parietal 

cortex activation in orientation-related tasks depends on the type of orientation information 

which  is  currently  processed.  The  anterior  intraparietal  sulcus  seems  to  be  particularly 

activated during orientation discrimination (e.g., Faillenot et al., 2001). Shikata et al. (2003) 
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demonstrated that the caudal part of the intraparietal sulcus was activated more strongly in an 

orientation  discrimination  task than when surface orientation  was used to  guide reaching. 

Based on these  findings  and on their  own observations  in  patients  with parietal  damage, 

Riddoch et al. (2004) proposed that orientation information is coded by different brain areas 

in parallel, but for different purposes. They suggest that the ventral system is concerned with 

an implicit coding of orientation into shapes (for pattern recognition) while the dorsal system 

is concerned with a more explicit coding of orientation.

1.2. Neuropsychological disorders after parietal lesions

While smaller and well defined lesions of the (right) occipitoparietal cortex can lead to quite 

circumscribed  deficits  in  visual  processing  (e.g.,  akinotopsia  or  motion  blindness,  which 

occurs after V5 / MT lesions), most patients with MCA (middle cerebral artery) infarctions 

leading to large right hemispheric lesions including the parietal lobe show several disorders 

simultaneously.  Frequently,  visuospatial  and  -constructive  disorders  occur  together  with 

visuospatial neglect, spatial-attentional disorders and anosognosia, the unawareness for all of 

these  deficits  (e.g.,  Karnath  &  Rorden,  in  press;  Kerkhoff,  1998).  Since  these  disorders 

overlap  and  interact,  it  is  often  difficult  to  disentangle  them.  Nevertheless,  different 

mechanisms of space processing in the human parietal lobes have been suggested on the basis 

of disorders occurring after parietal lesions and the superior and inferior parts of the parietal  

lobe have been assigned distinct functional properties. In their above-mentioned theory of the 

visual system, Milner and Goodale (1995) suggested that the superior parietal lobe is part of 

the dorsal stream of visual processing and its input transformations mediate the control of 

goal-directed actions. Similarly, Perenin (1997) supports the view that the superior part of the 

parietal cortex is mainly involved in the direct coding of space for action, whereas he argues 

that the inferior part is responsible for conscious representations underlying spatial cognition 
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and awareness. Accordingly, lesions restricted to the superior part in humans therefore often 

lead to disturbances of visuomotor control (such as optic ataxia). On the other hand, spatial 

neglect was attributed to lesions of the inferior part of the parietal lobe which is assumed to 

deal with abstract  spatial  processing based on input from the ventral  stream, allowing the 

formation of perceptual and cognitive representations. However, the basic pathophysiological 

principles leading to spatial neglect are still an issue of debate. In an effort to resolve this 

debate, Karnath (1997) suggested that exploratory and goal-directed behavior in space do not 

share the same neural mechanisms. Karnath argued that space representation in the inferior 

parietal lobe most probably serves as a matrix for spatial exploration and orienting in space 

whereas visuomotor processes (involved e.g. in reaching for objects) are rather located in the 

superior parietal lobe. Accordingly, spatial neglect would typically occur after inferior parietal 

lesions, while optic ataxia would typically occur after superior parietal lesions. Although there 

is converging evidence for the anatomical dissociations within the parietal lobe, critical lesion 

sites inducing spatial  neglect remain debated (see literature reviewed below). Since spatial 

neglect is characterized by a large heterogeneity in clinical manifestations, which overlaps 

with or comprises visuospatial and –constructive deficits, hemispatial neglect and visuospatial 

disorders are even more difficult to disentangle. Therefore, the criteria for diagnosing neglect 

and  for  differentiating  between  neglect  and  other,  e.g.  visuospatial,  disorders  have  been 

challenged by some authors recently (e.g., Karnath & Rorden, in press).

1.2.1. Visuospatial Disorders

Right-hemispheric brain damage (RBD) is frequently accompanied by profound visuospatial 

and visuoconstructive disorders (Hier et al.,  1983; Jesshope et al.,  1991; Meerwaldt et al., 

1982).  Lesions  of  extrastriate  cortical  and  subcortical  structures,  e.g.,  parietal,  temporo-

parietal, thalamic or basal ganglia lesions  of the  right (50-70%) or more rarely also the left 
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hemisphere (30-50%; Jesshope et al., 1991) lead  to impairments in the perception of visual 

space as well as acting and orienting in space. Typically, right hemisphere lesions cause not 

only more frequent, but also more severe deficits compared to left hemisphere lesions (e.g., 

Kim et al., 1984). Deficits RBD patients show include line orientation judgements (Benton et 

al., 1975; De Renzi et al., 1971; Kim et al., 1984), line bisection / subjective straight ahead 

(e.g., Ferber & Karnath, 1999), size, distance and position estimation (e.g., Milner & Harvey, 

1995; Tartaglione et al, 1981, 1983), clock reading / drawing (Freedman et al., 1994), and 

block design performance (Young et al., 1983).

After  large  MCA  infarctions,  visuospatial  and  -constructive  disorders  often  occur 

simultaneously with spatial neglect. However, the two disorders can also occur independently 

of  each  other.  Visuospatial  disorders  (and also spatial  neglect)  are  often  accompanied  by 

substantial deficits in mobility and ADL functions (activities of daily living), e.g. dressing or 

transfer from bed to chair (Jesshope et al., 1991; Kaplan & Hier, 1984). Furthermore, these 

deficits are significant predictors of the course of disease, as they show adverse effects on 

therapy outcome of the patients and, thus, delay and impair their recovery. Patients with large, 

right hemispheric lesions show the poorest outcome in neurorehabilitation, which is at least 

partly  due  to  anosognosia,  the  unawareness  of  the  deficits.  Anosognosia  is  an  essential 

problem  for  the  therapeutic  success,  since  it  is  often  little  noticed  but  associated  with 

problems in ADL functions. Therefore, information about the quality and magnitude of the 

visuospatial disorder is of great importance in the therapy of such disorders.

1.2.2. Hemispatial Neglect

Hemispatial  neglect  is  a  supramodal  neurological  disorder  characterized  by  a  complex 

syndrome of sensory,  motor and representational deficits (for review, see Kerkhoff, 2001). 

Neglect patients fail to detect or respond to stimuli in their contralesional hemispace (Bisiach 
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et  al.,  1996),  show  unilateral  spatial  representational  deficits  (Bisiach  &  Luzatti,  1978; 

Bisiach et al., 1981) and frequently display a reduced use of their contralesional extremities 

(Laplane & Degos, 1983). Most of the current models of neglect focus on the explanation of 

deficits  in  the  horizontal  plane.  Such  deficits  are  apparent,  for  example,  as  left-sided 

omissions in visual search, reading, writing and drawing tasks, as deficits in (horizontal) size 

perception in the contralesional hemispace (Milner & Harvey, 1995; Milner et al., 1993), as a 

compression of contralesional hemispace (Gainotti & Tiacci, 1971; Nichelli et al., 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  toward  the 

ipsilesional  hemispace  (Karnath,  1997).  However,  numerous  studies  have  demonstrated 

deficits in visuospatial perception and visuomotor performance that cannot result solely from 

impairments restricted to the horizontal plane. These include impairments in visual orientation 

discrimination and position estimation (Tartaglione et al., 1981, 1983; Taylor & Warrington 

1973; Warrington & James 1967) as well as deficits in the judgment of the subjective visual 

vertical (SVV) and horizontal (SVH; Howard, 1982; Lenz, 1944), and judgments of oblique 

line orientations (Benton et al., 1975; De Renzi et al., 1971; Kim et al., 1984).

Lesions  sites  which  have  been  observed  to  cause  hemispatial  neglect  include  the  insula 

(Karnath et al., 2004), the  temporo-parietal junction (e.g. Vallar & Perani, 1986), posterior 

parietal (e.g. Mesulam, 1999) and intraparietal cortices (Mort et al. 2003), and the superior 

temporal gyrus (e.g., Karnath et al., 2001, 2004) at the cortical level as well as the thalamus 

and basal ganglia areas (Karnath et al., 2004; Vallar & Perani,1986) at the subcortical level. 

Since hemineglect is characterized by a large heterogeneity in clinical manifestations, it is not 

surprising that multiple lesion sites have been associated with neglect (for review, see Karnath 

& Rorden, in press). Due to this multi-componential nature of the neglect syndrome, recent 

research  on  the  neuroanatomy  of  neglect  now  refrained  from  trying  to  identify  ‘the’ 
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anatomical  correlate  of  spatial  neglect  (as  a  consistent  and  uniform disorder),  but  rather 

started  to identify dissociable  functional  components  of  the disorder and their  anatomical 

correlates. In a recent pioneer study, Verdon et al. (2010) identified coherent profiles of co-

varying deficits  in a statistical  factorial  analysis  of neglect performance and examined the 

neural  correlates  of  these  distinct  profiles  using  a  statistical  voxel-based  lesion-symptom 

mapping method. This analysis revealed three main factors (explaining 82% of the variance) 

suggesting distinct components related to perceptive/visuo-spatial,  exploratory/visuo-motor, 

and allocentric/object-centred aspects of spatial neglect which were linked to specific neural 

correlates for each component, including the right inferior parietal lobe, the right dorsolateral 

prefrontal  cortex,  and deep temporal  lobe regions.  If such a multi-componential  model  of 

neglect based on factorial analyses proves valid in further studies, future research might not 

deal with ‚the’ neglect syndrome in the current sense any longer.

1.2.3. Deficits in subjective verticality perception

Despite the above-mentioned heterogeneity of neglect symptoms, there appear to be deficits 

which can be found in most patients. Systematic tilts in subjective verticality and orientation 

perception seem to be such a deficit which occurs in nearly all neglect patients. The relation 

between brain damage and deviations of the subjective vertical  was studied already many 

decades ago (e.g., Bender & Jung, 1948), but has been linked to spatial neglect only recently 

(Kerkhoff  & Zoelch,  1998;  Kerkhoff,  1999;  Yelnik,  2002).  Early studies  (e.g.,  Bender  & 

Jung,  1948)  found  that  deviations  of  the  subjective  vertical  from  the  true  vertical  are 

indicative  of  frontal  or  parietal,  but  not  of  occipital  lobe  lesions.  The  direction  of  the 

deviations was reported to be contralesional, with clockwise (CW) deviations following left, 

and counterclockwise (CCW) deviations following right fronto-parietal  lesions. In a large-

scale investigation,  Brandt et al.  (1994) tested judgements of the SVV in 71 patients with 
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unilateral  hemispheric  lesions.  MRI analyses  revealed that  the most  impaired patients had 

lesions centering on the human homologue of the monkey parieto-insular-vestibular cortex 

(PIVC; Grüsser et al., 1990). In a recent study with 80 stroke patients, Pérennou et al. (2008) 

found  that  patients  with  right  hemisphere  lesions  showed  CCW  visual  (in  55%  of  the 

subjects), tactile (32.5%) and postural (42%) tilts in the frontal plane. Since especially parietal 

lesions caused marked visual and tactile tilts in the frontal plane, the authors concluded that 

the right parietal  cortex is  crucially involved in the elaboration of an internal  supramodal 

model for verticality perception.

Considering  that lesion  sites  related  to  deviations  of  subjective  space  perception  are 

neighbouring  and overlapping with those known to cause the neglect  syndrome,  it  is  not 

astonishing,  that  neglect  patients  present  not  only  with  a  displacement  of  an  egocentric 

reference  frame  to  the  ipsilesional  side  of  space  but  also  with  abnormal  visuospatial 

judgements, that is, CCW tilts of axes in the vertical, horizontal, and oblique orientation in the 

frontal  plane (Kerkhoff & Zoelch,  1998). As in the horizontal  plane,  these deficits  in the 

frontal plane are multimodal as they occur in both the visual and tactile modality, with the 

deviation in both modalities being correlated with each other and with the neglect severity 

(Kerkhoff, 1999; Utz et al., 2011). Importantly, this multimodal deficit is not an unspecific 

consequence of brain damage,  but appears to be specifically related to spatial  neglect,  as 

patients with left- or right-hemispheric lesions without neglect usually perform at the level of 

healthy  control  subjects  (Kerkhoff,  1999).  Furthermore,  Yelnik  et  al.  (2002) showed that 

deviations of the SVV do not primarily depend on the localization and size of the underlying 

lesion, but are rather related to the presence and severity of spatial neglect. Thus, a severely 

disturbed representation of space in the frontal plane, or more general in all spatial planes, 

does not constitute an epiphenomenon, but rather a core deficit of neglect patients.
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1.3. Rationale of the present project

A  better  understanding  of  the  factors  that  mediate  different  aspects  of  spatial  biases  in 

visuospatial  disorders  and  hemispatial  neglect  following  (right)  parietal  brain  lesions  is 

important  not  only  for  obtaining  a  clearer  picture  of  the  nature  and  the  underlying 

mechanisms of the spatial deficits but also for identifying potentially successful intervention 

schemes.  Recent  research  revealed  effective  internal  and  external  modulators  of  spatial 

deficits. Studies on the effectiveness of modulations of internal mediators of spatial deficits 

have used neck muscle vibration (e.g., Schindler et al., 2002), transcutaneous electroneural 

stimulation  (TENS;  Pizzamiglio  et  al.,  1996),  postural  modulations  (Karnath  et  al.,  1998; 

Pizzamiglio et al., 1995), prism adaptation (e.g., Rossetti et al., 1998; Saevarsson et al., 2009; 

Vankilde  &  Habekost,  2010),  and  vestibular  stimulation  (Karnath,  1994);  those  on 

modulations  of  external (contextual)  factors  have  employed  optokinetic  stimulation  (e.g., 

Kerkhoff, 2000; Mattingley et al., 1994b) and cueing (e.g., Butter & Kirsch, 1995; Lin et al., 

1996).  This  research  enabled  the  development  of  the  most  applied  neglect-therapies  for 

spatially biased behaviour such as, for instance, extinction, the unawareness of contralesional 

stimuli, or motor neglect.

More recent research has focused on the subjective vertical as a direct measure of subjective 

space perception. A few studies investigating the effectiveness of internal mediators of space 

perception on the subjective vertical (SV) demonstrated that subjective verticality perception 

can be systematically modulated by changes in the setting of internal mediators contributing 

to the representation of space. Saj et al. (2005b, 2006, 2008) demonstrated that the visual SV 

in  RBD  patients  (especially  in  neglect  patients)  was  significantly  affected  by  galvanic 

vestibular stimulation and by postural modulations (in the fore-back dimension). However, to 

our knowledge,  no systematic  investigation of the effects  of  external /  contextual factors, 

which are known to critically influence other aspects of spatial behavior (Butter & Kirsch, 
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1995; Kerkhoff, 2000; Lin et al., 1996; Mattingley et al., 1994b), on SV judgments in RBD 

neglect  has  been  carried  out  to  date.  Also,  research  investigating  the  effectiveness  of 

therapeutic interventions for visuospatial disorders does not include reports on the effects of 

feedback-based orientation training on SV perception and orientation discrimination so far.

The present  project aimed  at  conducting  a  comprehensive  set  of  experiments  in  order  to 

obtain a clearer picture of the nature and the underlying mechanisms of the spatial deficits in 

RBD neglect and to identify potential mediators of subjective space perception and potentially 

successful  intervention  schemes.  Therefore,  we  investigated  whether  and  how  spatial 

orientation  deficits  in  RBD  neglect  are  modulated  (1)  by  internal  factors  mediating  the 

perception of verticality,  including body posture and lateral head orientation, (2) by visual 

context as an external mediator of space perception and (3) by the systematic feedback-based 

training of visual line orientations.

1.3.1. Hypotheses

Visual,  gravitational,  and also other  (e.g.,  somatosensory)  information  is  integrated in the 

intraparietal  cortex to  generate  a  subjective  percept  of  space (e.g.,  Bremmer  et  al.,  2002; 

Duhamel et al., 1998). If information from different sources contributing to subjective space 

perception is congruent (that is, if the different frames of reference are aligned), the subjective 

perception  of  an  orientation  corresponds  to  the  ‘veridical’  orientation.  Even  in  healthy 

subjects  without  disturbed  spatial  information  perception,  the  information  delivered  from 

different sources can be incongruent in certain conditions, as it is the case, for example, with a 

tilted head orientation, or a tilted visual context. Here, in addition to gravity, the tilted head or 

visual context serves as an additional frame of reference for the perception of the verticality 

and an orientation is consequently perceived with reference to head or frame orientation and 

to gravity, so that the resulting orientation judgment usually is a compromise between two or 
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more  references.  By contrast,  in  neglect  patients,  the  processing  of  gravitational  input  is 

impaired (i.e., asymmetric; e.g. Pizzamiglio et al., 1995) and gravitational information cannot 

be used as the predominant ’intrinsic’ reference for the perception of the upright to the same 

extent as in healthy subjects. Therefore,  it  is suggested that RBD neglect patients show a 

pathological weighting of information integrated in parietal cortex to generate a subjective 

percept  of  space.  With  regard  to  manipulations  of  internal  and  external  mediators  of 

subjective  space  perception,  they  are  assumed  to  display  a  much  stronger  impact  of  e.g. 

somatosensory or visual contextual information on subjective space perception.

Following  this  line  of  argumentation,  we developed several  hypotheses:  (1)  RBD neglect 

patients (but not brain-damaged control patients without neglect or healthy controls) generally 

exhibit  a  systematic  visuospatial  orientation  deficit;  that  is,  they  generally  display  a 

substantial CCW tilt of their SV and other visual orientation judgements. (2) Axis orientation 

performance is differently modulated by internal (body posture, lateral head orientation) and 

external (visual context) modulators of subjective space perception in RBD neglect patients 

compared to control patients and healthy controls: SV judgements of all participants might 

generally vary as a consequence of the respective manipulation;  however,  performance of 

neglect patients should be far more strongly biased compared to all control groups, since these 

patients are assumed to be pathologically biased by internal and external cues as they cannot 

rely on gravitational information to the same extent as controls.

With regard to the effectiveness of feedback-based training of visual orientations, we did not 

have explicit hypotheses concerning the nature and extent of potential benefits.  Some early 

clinical studies showed improvements of visuospatial performance with systematic training of 

perception in these patients (non-neglect RBD patients: e.g., Weinberg et al., 1982; Young et 

al.,  1983;  neglect  RBD patients:  e.g.,  Antonucci  et  al.,  1995;  Kerkhoff  et  al.,  1998).  For 

example, in a comprehensive rehabilitation study, Kerkhoff showed that visuospatial training 
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has a positive effect on several measures of visuospatial and visuo-constructive performance 

in RBD patients  with visuospatial  and -constructive deficits  and visual neglect  (Kerkhoff, 

1998). However,  there  are  still  only  few  effective  therapeutic  interventions  for  severe 

visuospatial disorders. In the present training study, we addressed the question whether (3) 

there  is  a  beneficial  effect  of  repetitive  feedback-based visual  orientation  training  on SV 

judgements  and  visual  orientation  discrimination.  More  precisely,  we  were  interested  in 

whether training effects are limited to the trained orientation or there is a transfer of training 

effects to other oblique orientations and to the SVV and SVH, transfer to other measures of 

visuospatial and -constructive performance, and interocular transfer. Finally we analyzed if a 

potential improvement persists over time and is equivalent in a follow-up test.
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unilateral neglect and the influence of upright vs. supine posture

Funk, J., Finke, K., Mueller, H.J., Preger, R., & Kerkhoff, G. (2010a).

Neuropsychologia, 48(1), 298-308.

26



2.1.1. Abstract

Patients  with right  hemisphere  lesions  often  show contralesional  neglect.  Recent  research 

focused on deficits beyond the typical neglect symptoms observed in the horizontal plane. 

Studies  investigating deficits  in the frontal  and sagittal  plane revealed impairments  in  the 

judgment of the subjective vertical. Systematic deviations in the subjective vertical have been 

demonstrated in the visual and tactile modality,  indicating a supramodal spatial orientation 

deficit.  Further, the magnitude of deviations appears to be manipulable by modulations of 

body posture. The present study investigated the subjective tactile vertical (STV) in neglect 

patients in the frontal and sagittal plane and its dependence on posture. Neglect patients and 

healthy controls performed tactile-spatial judgments of axis orientations in supine and upright 

posture. Neglect patients displayed a marked variability as well as a systematic tilt in their 

STV judgments.  The STV was tilted counterclockwise in the frontal  and backward in the 

sagittal plane. This tilt was larger in severe compared to moderate neglect patients, while it 

was not evident  in healthy subjects. Our results  support previous evidence and indicate  a 

multisensory spatial orientation deficit in neglect patients which is related to neglect severity. 

Further, we found that performance of neglect patients deteriorated in supine compared to 

upright posture. This finding conflicts with the suggestion of a performance benefit in supine 

posture due to reduced (asymmetric) gravitational input. The negative effect of supine posture 

on  the  spatial  bias  in  neglect  is  discussed  with  respect  to  a  presumably  further  reduced 

intrinsic alertness state in the typically hypo-aroused neglect patients.

Keywords: Hemineglect; Space perception; Subjective vertical; Tactile; Posture; Alertness
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2.1.2. Introduction

Neglect  is  a  supramodal  neurological  disorder  characterized  by  a  complex  syndrome  of 

sensory, motor and representational deficits (for a review, see Kerkhoff, 2001). Patients with 

hemispatial  neglect  fail  to  detect  or  respond  to  stimuli  in  their  contralesional  hemispace 

(Bisiach,  Pizzamiglio,  Nico,  & Antonucci,  1996),  show unilateral  spatial  representational 

deficits (Bisiach & Luzatti, 1978; Bisiach, Capitani, Luzatti, & Perani, 1981) and frequently 

display  a  reduced  use  of  their  contralesional  extremities  (Laplane  &  Degos,  1983).  By 

definition, for diagnosing neglect, these deficits must not be primarily due to sensory, motor 

or cognitive/emotional impairments. Neglect frequently occurs after infarctions in the territory 

of the right (less often of the left) middle cerebral artery (Vallar, 1993), causing lesions which 

center on the inferior parietal cortex (BA 40, 7; Mort et al., 2003; but see Karnath, Ferber, & 

Himmelbach, 2001, for a different view).

Different mechanisms have been suggested as the underlying cause of the syndrome. These 

include deficits in the spatial allocation of attention to the left hemifield (e.g., Desimone & 

Duncan,  1995;  Heilman  & Watson,  1977;  Kinsbourne,  1987;  1993;  Mesulam,  1998)  that 

result in either lateralized orienting (Làdavas, Petrino, & Umiltà, 1990) or biased attentional 

weighting (Duncan et al.,  1999); deficits in the transformation of sensory information into 

motor  action  (e.g.  Jeannerod  & Biguer,  1987;  Karnath,  1997;  Vallar,  1997);  a  disturbed 

mental representation of space, i.e., especially of contralesional information (e.g. Bisiach & 

Luzatti, 1978; Bisiach et al., 1996; Milner, 1987; Halligan & Marshall, 1991); and/or spatially 

non-lateralized  impairments  of  attentional  capacity,  i.e.,  deficits  in  visuo-spatial  working 

memory  (Husain,  Mannan,  Hodgson,  Wojciulik,  Driver,  &  Kennard,  2001)  and  in 

vigilance/sustained attention (Robertson & Manly, 1999) that affect information processing in 

both hemifields.
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All of these current models of neglect focus on the explanation of deficits in the horizontal 

plane.  Such  deficits  are  apparent,  for  example,  as  left-sided  omissions  in  visual  search, 

reading,  writing  and  drawing  tasks,  as  deficits  in  (horizontal)  size  perception  in  the 

contralesional  hemispace  (Milner  &  Harvey,  1995;  Milner,  Harvey,  Roberts,  &  Forster, 

1993),  as  a  compression  of  contralesional  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 toward the ipsilesional hemispace (Karnath, 1997).

However,  numerous  studies  have  demonstrated  deficits  in  visuospatial  perception  and 

visuomotor performance in patients with right-sided parietal lesions that cannot result solely 

from impairments restricted to the horizontal plane (for a review, see De Renzi, 1982). These 

include impairments in visual orientation discrimination and position estimation (Warrington 

& James 1967; Taylor  & Warrington 1973; Tartaglione,  Benton, Cocito,  Bino, & Favale, 

1981; Tartaglione, Cocito, Bino, Pizio, & Favale, 1983) as well as deficits in the judgment of 

the subjective visual vertical  (SVV) and horizontal  (SVH; Howard, 1982; Lenz 1944; De 

Renzi, Faglioni, & Scotti, 1971), and judgments of oblique line orientations (Kim, Morrow, 

Passafiume, & Boller, 1984; Benton, Hannay, & Varney, 1975). Such deficits in the judgment 

of  the  principal  axes  represent  abnormalities  in  visuospatial  perception  in  another  spatial 

plane: the frontal (or roll) plane (see figure 1).

Interestingly the lesions leading to impairments in the frontal plane and in the horizontal plane 

involve  the  human  homologue  of  the  monkey  parieto-insular-vestibular  cortex  (Brandt, 

Dieterich,  & Danek,  1994),  the  posterior  insula,  postcentral  gyrus,  and the  supramarginal 

gyrus (Cramon & Kerkhoff, 1993) and, thus, are neighboring those lesions causing neglect 

behavior. Accordingly, Kerkhoff and Zoelch (1998) found that 12 out of 13 neglect patients 

showed deficits in visuospatial judgments of axis orientation in the vertical, horizontal and 
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oblique orientation.  The deficits were not a general consequence of brain damage because 

patients with left or right hemisphere lesions, but without neglect, performed at the level of 

healthy control subjects. Furthermore, Yelnik and colleagues (2002) showed that deviations of 

the SVV do not primarily depend on the localization and size of the underlying lesion, but are 

rather correlated with the severity of spatial neglect. In summary, these findings indicate a 

severe disturbance in the representation of space in the frontal plane in neglect patients which 

is related to the severity of neglect and, thus, does not seem to constitute an epiphenomenon, 

but rather one of the core deficits of these patients.

Comparably  to  impairments  in  the  horizontal  plane,  those  in  the  roll  plane  seem  to  be 

multimodal (or even supramodal). De Renzi, Faglioni, and Scotti (1971) found that patients 

with  right  posterior  lesions  are  significantly  impaired  in  both  the  visual  and  the  tactile 

perception of the horizontal and the vertical axis. Kerkhoff (1999) additionally showed that 

counter-clockwise tilts of the main visual and tactile spatial axes were associated with each 

other and that tilts in both modalities were correlated with the severity of the clinical neglect. 

CCW  tilts  observed  in  a  crossmodal  axis  orientation  test  (Kerkhoff,  1999)  support  the 

assumption of a supramodal spatial orientation deficit. In a recent large-scale study with 80 

stroke  patients,  Pérennou  et  al.  (2008)  found  that  patients  with  right  hemisphere  lesions 

showed  visual  (in  55%  of  the  subjects),  tactile  (32.5%)  and  postural  tilts  (42%)  to  the 

contralesional  side  in  the  frontal  plane.  Right  parietal  lesions  caused  the  most  marked 

supramodal (visual and tactile) tilts in the frontal plane, which led the authors to conclude that 

the right cerebral hemisphere is crucially involved in the elaboration of an internal model for 

verticality perception.
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Figure  1:  Schematic  illustration  of  the  three orthogonal  planes  defining three-dimensional  space: 
frontal or roll plane, sagittal or pitch plane and horizontal or yaw plane.

Saj,  Honoré,  Bernati,  Coello,  and  Rousseaux  (2005)  extended  the  assessment  of  spatial 

representations into a third, the sagittal (or pitch) plane (see figure 1). Neglect patients were 

presented with a luminous bar which they had to rotate and orient in a vertical position, either 

in  the  roll  plane  or  in  the  pitch  plane.  The  CCW tilt  of  the  SVV in  the  roll  plane  was 

replicated.  Furthermore,  in  the  sagittal  plane,  too,  neglect  patients  showed  a  systematic 

deviation from the true vertical, that is, a significant backward tilt of the SVV (hence towards 

the observer).

A further experiment of the Kerkhoff (1999) study was the first to demonstrate influences of 

body posture, specifically, lateral head inclination, on visual and tactile orientation judgments 

in a neglect patient (but not in a healthy control subject). The orientation deficits of the patient 

were significantly aggravated by a tilt of the head to the left by 25°, and significantly reduced 

by  a  comparable  rightward  tilt.  This  finding  suggests  that  deficits  in  spatial  orientation 

judgments are significantly modulated by gravitational input in neglect patients.

In a follow-up study, Saj, Honoré, Davroux, Coello, and Rousseaux (2005b) systematically 

investigated the effects of body posture and gravitational information on the perception of the 
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visuohaptic subjective vertical in the roll plane. Neglect patients and healthy control subjects 

oriented a bar into a subjectively vertical position in four different body posture conditions: 

(1) sitting with plantar sole support, (2) sitting without plantar sole support, (3) sitting with 

legs extended on a support, and (4) supine body position.  It  is  important  to note that the 

graviceptive information  was varied  via  the modulation  of  the  otholitic  input  only in  the 

supine body position. In all other postures, only the somatosensory information changed, but 

the graviceptive input was kept stable. It was found that the body posture had a significant 

effect on SVV judgments in the neglect patients, but not in the control subjects. The CCW 

tilts of neglect patients decreased from position (1) through positions (2) and (3) to position 

(4), whereby the supine body position differed significantly from the three sitting positions. 

These  data  indicate  that  the  progressive  change  of  body  posture  and  the  accompanying 

modulation  of  graviceptive  input  and  somatosensory  afferences  resulted  in  a  progressive 

reduction of the bias in the subjective perception of verticality in neglect patients. Positive 

effects of lying body position on line bisection deviations (Pizzamiglio, Vallar, & Doricchi, 

1995)  and  of  a  backward-tilted  body  position  on  exploration  bias  (Karnath,  Fetter,  and 

Niemeier, 1998) have also been documented in neglect.

In summary these findings indicate that the integration of sensory (retinal, proprioceptive, and 

vestibular) input is perturbed in patients with hemispatial neglect, leading to an asymmetrical 

processing  of  incoming  information  which  contributes  to  the  distortion  of  spatial 

representations.  This  interpretation  is  supported  by  the  observation  that  stimulation  of 

vestibular,  proprioceptive,  and  visual  sources  contributing  to  spatial  representations  can 

influence symptoms of spatial hemineglect (for reviews, see Kerkhoff, 2001; Vallar, 1997). 

Regarding  vestibular  information  processing,  graviceptive  input  from  the  left  and  right 

otholitic system is not processed symmetrically after unilateral cerebral lesions affecting or 

disrupting  neural  circuitry  critical  for  the  processing  of  graviceptive  information  (e.g. 
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Pizzamiglio et al., 1995). In supine position, the influence of otholitic input on judgments of 

orientations in space is reduced due to a decreasing sensitivity of the utricles with increasing 

backward tilt of the head, leading to deteriorations of orientation judgments (Howard, 1982). 

In  patients  with  spatial  neglect,  a  reduction  of  the  influence  of  pathologically  disturbed 

graviceptive  input  in  the  lying  body  position  might  therefore  reduce  the  (in  this  case 

disrupting) effect of graviceptive information on the perception and representation of space 

(Pizzamiglio et al., 1995; Saj et al., 2005b; Saj et al., 2008).

The supramodal spatial perception and representation impairments of neglect patients do not 

only affect the horizontal, but also other spatial planes (e.g., Kerkhoff & Zoelch, 1998; Saj et 

al.,  2005a).  Although  different  potential  mechanisms  might  underlie  deviations  of  the 

subjective vertical in these planes, the tilts in all planes can be interpreted as manifestations of 

a generally deficient representation of spatial information. The severity and variability of the 

tilts of the principal axes were shown to correlate with that of spatial neglect in both the visual 

and  the  tactile  modality  (Kerkhoff,  1999).  For  the  SVV (Saj  et  al.,  2005b),  it  has  been 

furthermore documented that the deviations are influenced by body posture.

To our knowledge, however, the effect of posture has not been systematically studied on the 

subjective tactile vertical (STV) in the frontal and sagittal plane. Thus, the aim of the present 

investigation was to close the gap between recent studies on the subjective vertical in neglect 

patients (Kerkhoff, 1999; Kerkhoff & Zoelch, 1998; Saj et al., 2005a; 2005b) by examining 

the STV in the frontal (roll) and sagittal (pitch) plane dependent on body position in patients 

with right hemisphere damage and spatial neglect. By blindfolding subjects to exclude the 

visual  modality,  we selectively investigated the influence of vestibular  and proprioceptive 

input  on verticality judgments.  In line with previous findings (Kerkhoff,  1999; Saj  et  al., 

2005b), we assumed that patients with spatial neglect would show a systematic CCW tilt of 

the STV in the roll plane and a systematic backward tilt of the STV in the pitch plane. In an 
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upright  body posture,  we expected  vestibular  input  to  play a  dominant  role  in  verticality 

perception, whereas in the lying body posture, the impact of vestibular input was expected to 

be reduced and that of somatosensory input to be decisive (e.g., Anastasopoulos, Bronstein, 

Haslwanter, Fetter, &, Dichgans, 1999; Howard, 1982). Since the processing of vestibular 

information  is  deficient  in  patients  with  spatial  neglect  (e.g.,  Lafosse,  Kerckhofs,  Troch, 

Santens, & Vandenbussche, 2004; Pérennou, 2006; Pizzamiglio et al., 1995), the systematic 

tilt of the STV was expected to be reduced in lying compared to upright body posture. From 

these considerations, we derived the following hypotheses: (1) Neglect patients show larger 

STV deviations than healthy control subjects. (2) The neglect patients’ tilt is systematic: it is 

CCW in the frontal  plane and backwards  in the sagittal  plane.  (3) Neglect  patients  show 

reduced STV tilts in the lying compared to an upright body posture. (4) There is a significant 

positive correlation between the severity of neglect and the size and variability of the STV tilt.

2.1.3. Methods

Subjects

20 patients with right hemispheric vascular lesions and left  spatial  neglect and 20 healthy 

control subjects participated in the experiment. Informed consent according to the Declaration 

of  Helsinki  II  was  obtained  from all  subjects.  Table  1  summarizes  the  demographic  and 

clinical data.  Gender differences between the neglect patients and the healthy controls were 

assessed via the coefficient of contingency ‘chi’. The number of male to female participants 

was not significantly different in the two groups (χ2 = 0.40, P > 0.50). All participants were 

right-handed. None of the patients suffered from hemiplegia or hemiparesis of the right upper 

limb. All of the patients had experienced a relatively recent  hemorrhagic (subarachnoid or 

intracerebral) or ischemic stroke. Time since lesion varied between 1-8 months (mean = 2.5 
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months, S.D. = 1.7 months). The age of the neglect patients ranged from 33 to 78 years, mean  

age was 57 years (S.D. = 12.0 years). The healthy control group consisted of ten subjects who 

were age-matched to the neglect patients (31-73 years; mean = 56.1 years; S.D. = 12.9 years)  

and ten younger subjects (age 20-29; mean = 25.4 years;  S.D. = 3.1 years).  To check for 

possible confounds due to age effects in the healthy control subjects, separate ANOVAs with 

the factors group (young vs. old control),  plane (roll,  pitch) and posture (supine, upright), 

were calculated for each of the STV parameters preceding the analysis of interest. Since these 

ANOVAs did not reveal  a  significant  effect  of  age or any interaction  with other  factors, 

healthy control subjects (age-matched and younger controls) were combined in one control 

group for further analyses.

Neglect tests

All patients underwent detailed screening for visual neglect, including four well-established 

neglect screening tests: paper-and-pencil horizontal line bisection, the star cancellation and 

the letter cancellation subtests of the behavioral inattention battery (BIT; Wilson, Cockburn, 

&  Halligan,  1987),  and  a  neglect-sensitive  reading  test  of  49-52  words.  Cutoffs  were 

deviations of more than 5 mm from the true midpoint of a 20 cm line in line bisection, more 

than 4 omissions in the star cancellation and in the letter cancellation tasks, and more than two 

omissions or substitutions of letters or words and/or prolonged reading times (> 40 sec). A 

neglect severity index was computed as the sum of the tests with values above the cut-off. The 

neglect indices as well as the performance in the four screenings are listed in table 1 for each 

subject group and for patients individually.  Patients showed systematic deficits  typical for 

spatial neglect: a shift of the subjective midpoint to the right in line bisection, high omission 

rates  (especially  in  the  left  hemispace)  in  cancellation  tasks,  and  impaired  reading 

performance.
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Tactile-spatial tests

The subjective tactile vertical (STV) was measured in an angle-fitting procedure in two spatial 

planes  (frontal  and  sagittal)  and  two  body  postures  (upright  and  supine). Subjects  were 

presented with two metal rods (length: 15 cm, width: 4 mm) attached to a plate (height: 50 

cm, width: 40 cm). The plate contained two rods (an upper and a lower one) in order to allow 

subjects  to  accomplish  the  task  using  the  rod  which  was  easier  to  reach  for  them. The 

experimental plate was mounted on a bench (34 cm high) vertically 0.5 m in front of the 

patient. The plate could be rotated on the bench in the horizontal plane, which permitted the 

STV in the participants’ frontal and sagittal plane to be tested. The rod was rotatable on a 

semi-circle in the plate plane. Along the radius of the rotatable rod, a scale comprising 180° 

(horizontal left: 0°, vertical: 90°, horizontal right: 180°) allowed for the measurement of the 

angle of the rod in steps of 1° (see figure 2). 

Following  the  neglect  screening,  the  experimental  setup  (height  of  the  plate,  height  and 

distance of the chinrest to the plate) was adjusted to the individual participant and calibrated 

with the aid of a plumb-line to the earth vertical.  In the upright posture condition, the head 

and  body  of  the  subject  was  oriented  earth-vertical,  with  subjects  being  seated  on  an 

experimental chair with a supporting head- and chinrest. Subjects were seated in front of a 

desk on which the  experimental  plate  on the bench was mounted.  In  the  supine  position 

condition, participants were lying on a medical stretcher adjustable in height and positioned in 

a near earth-horizontal position. Trunk and head were slightly elevated, approximately 10° 

from the horizontal. Head position was stabilized by two pillows. The left arm was positioned 

along the left thigh in all subjects and stabilized with a scarf in patients with hemiplegia. At 

the start of each condition, participants were familiarized with the material and the task and 

subsequently blindfolded with an eye mask to exclude the influence of visual information. 

Moreover,  to avoid horizontal  or vertical  reference cues,  participants were not allowed to 
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tactilely  explore  the whole  experimental  setup,  especially  the  angles  of  the plate  and the 

bench. In each condition, the apparatus was centered relative to the mid-sagittal plane of the 

participant, and the distance between the participant and the rod (0.5 m) was kept similar.

Figure 2: Experimental  setup.  1a) Subjects adjusted a  rod to  their  STV,  starting at  50° or  130°.
1b) The setup contained two rods (an upper and a lower one) and subjects accomplished the task using  
the rod that was easier to reach for them. The rods were attached to a plate which was mounted on a 
bench and could be rotated on the bench in the transverse plane, permitting testing in the frontal and 
sagittal plane.

Participants’ task was to adjust the metal rod to their STV with their right, dominant, hand. 

Each participant accomplished four blocked experimental conditions: STV in the sagittal and 

frontal plane, in upright and supine body posture. To avoid sequence or practice effects, the 

sequence of the conditions was counterbalanced across subjects. Each subject received two 

practice trials prior to testing in each condition. Subjects performed 10 trials per condition 

with  balanced  starting  positions,  that  is,  each  five  trials  starting  40°  clockwise  (CW) or, 
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respectively,  counter-clockwise (CCW) from the true vertical. Between blocks, participants 

had the opportunity to take a short break. Time for STV adjustment was not limited, in order 

to enable patients to compensate for any motor or attention deficits. STV angles in degrees 

were registered by the experimenter on a protocol sheet.

2.1.4. Results

Subjective tactile vertical - parameters

As a measure of the central tendency of STV deviation from the true vertical, constant errors 

were computed: individual STV adjustments were subtracted from 90° and averaged across 

all  trials  within  a  condition.  This  parameter  displays  possible  systematic  CW  or  CCW 

tendencies of the STV in each experimental condition (CW deviations: negative sign; CCW 

deviations: positive sign). Additionally, mean error size (=unsigned errors) was computed as a 

measure of the amplitude of the deviation. Mean error size was calculated via the absolute 

values  of  the  deviations,  thus  disregarding  their  directions.  Furthermore,  the  interval  of 

uncertainty  was  determined,  in  terms  of  the  complete  range  within  which  the  subject 

considered the displayed rod as being exactly vertical (biggest – smallest STV value).

Condition sequence and starting position

In a first step, to control for possible confounds, effects of starting position and condition 

sequence were assessed in separate ANOVAs with the factors group (neglect, control), plane 

(roll,  pitch)  and  posture  (supine,  upright),  i.e.  two  ANOVAs  (one  including  the  factor 

condition  sequence  and  one  the  factor  starting  position)  were  calculated  for  each  STV 

parameter. Significant interactions with the possible confounding variable were followed-up 

by further ANOVAs and post-hoc comparisons.
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Neither the sequence of the conditions nor the starting position did have an effect on any STV 

parameter (all P > 0.10).  There were no significant interactions between condition sequence 

or  starting  position  and  any  other  factor  (P  >  0.10),  except  one:  for  the  intervals  of 

uncertainty,  there was a significant four-way interaction between plane, posture, group and 

starting position (F(1, 38) = 5.49; P < 0.05). This interaction was based on larger intervals of 

uncertainty of  neglect  patients  in  the  pitch plane  when the starting  position  was directed 

towards the subject, especially in the upright posture. Interestingly, in the roll plane, starting 

position did not have an effect on STV parameters,  neither  did it  interact  with the factor 

subject group, i.e. the direction of movement did not influence the performance of neglect 

patients. Since the observed interaction is not related in any way to our hypothesis on effects 

and interactions between the factors of interest, starting position and condition sequence were 

not included in the further analysis of the data.

Size of deviations

According to our hypotheses, neglect patients were expected to display larger deviations of 

the STV compared to  healthy control  subjects.  Furthermore,  the size of deviations  in  the 

neglect patients was suggested to be sensitive to posture manipulations. To assess the size of 

STV deviations,  the  mean  unsigned  errors  and  intervals  of  uncertainty  were  determined. 

Figures 3 and 4 display the intervals of uncertainty and the mean unsigned errors of the two 

groups for both postures in the roll and the pitch plane. As can be seen, in both planes and for 

both postures, intervals of uncertainty and mean unsigned errors were larger in the neglect 

patients compared to healthy control subjects.
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Figure 3: Mean intervals of uncertainty (and associated SEM) of neglect patients and healthy controls 
for both body postures in the roll and pitch plane. C, healthy control subjects; N, patients with neglect; 
performance in the roll plane is shown in black, performance in the pitch plane is shown in grey; solid  
lines indicate performance in upright posture, dashed lines indicate performance in supine posture.

Figure 4:  Mean unsigned errors (and associated SEM) of neglect patients and healthy controls for  
both  body  postures  in  the  roll  and  pitch  plane.  C,  healthy  control  subjects;  N,  neglect  patients; 
performance in the roll plane is shown in black, performance in the pitch plane is shown in grey; solid  
lines indicate performance in upright posture, dashed lines indicate performance in supine posture.
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Separate mixed (2x2x2) ANOVAs with the factors group (neglect, control), plane (roll, pitch) 

and  posture  (supine,  upright)  were  calculated  for  mean  unsigned  errors  and  intervals  of 

uncertainty.  ANOVAs revealed a significant  ‘group’ effect  on the intervals  of uncertainty 

[F(1, 38) = 11.37; P < 0.01] and on the mean error size [F(1, 38) = 13.15; P < 0.01], i.e.  

neglect patients showed significantly larger intervals of uncertainty and mean unsigned errors 

in their STV judgments than healthy controls. For the intervals of uncertainty, there was no 

further  main  effect  (P > .30)  or  significant  interaction  (P > .30).  However,  for  the mean 

unsigned errors, there was a significant main effect of plane [F(1, 38) = 8.20; P < 0.01], a 

significant  main  effect  of  posture  [F(1,  38)  = 5.53;  P < 0.05]  and a  by trend significant 

interaction between group and posture [F(2, 38) = 3.63; P < 0.07]. In general, subjects showed 

significantly larger unsigned errors in the pitch plane compared to the roll plane and in supine 

compared  to  upright  posture.  The  difference  between  posture  conditions  was  more 

pronounced  in  the  neglect  patients  compared  to  healthy  controls,  i.e.  neglect  patients 

performed significantly worse in supine compared to upright posture [t(19) = 2.36; P < 0.05], 

while healthy controls did not show such a significant difference (P > 0.60).

Direction of tilt

According to our second hypothesis,  the tilt  of the STV was expected to be systematic in 

neglect patients (but not in healthy control subjects) such that the tilt would be CCW in the 

frontal plane, and backwards in the sagittal  plane. The constant errors were determined to 

depict the direction of STV deviations. Figure 5 presents the mean values (and associated 

standard  errors)  of  the  parameter  constant  errors  for  both  subject  groups in  both  posture 

conditions  in the roll  and pitch plane.  As can be seen,  constant  errors were larger  (more 

positive) in the neglect group compared to the healthy control subjects in both the roll and 

pitch plane and for both posture conditions.
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Figure 5: Mean constant errors (and associated SEM) of neglect patients and healthy controls for both 
body postures in the roll and pitch plane. C, healthy control subjects; N, neglect patients; performance 
in the roll plane is shown in black, performance in the pitch plane is shown in grey; solid lines indicate 
performance in upright posture, dashed lines indicate performance in supine posture.

As for the other STV parameters, a 2x2x2 ANOVA with the factors group (neglect, control), 

plane (roll, pitch) and posture (supine, upright) was calculated for the constant errors. The 

ANOVA revealed a significant ‘group’ effect [F(1, 38 = 14.75; P < 0.01], i.e. neglect patients 

showed significantly larger (more positive) constant errors than healthy controls. There was a 

trend towards significance for the factor plane [F(1, 38) = 3.74; P = 0.06] and a significant  

effect of posture [F(1, 38) = 15.35; P < 0.01]. Across all subjects, constant errors were larger 

in  the pitch plane compared to the roll  plane and in supine compared to  upright posture. 

Furthermore, there was a significant interaction between the factors group and plane [F(1, 38) 

= 5.56; P < 0.05] and group and posture [F(1, 38) = 9.51; P < 0.01] indicating that effects of 

both  plane  and posture  were  more  pronounced in  neglect  patients,  i.e.  patients  displayed 

significantly worse performance in the pitch compared to the roll [t(19) = 2.59; P < 0.05] and 

in supine compared to upright posture [t(19) = 4.30; P < 0.01], while healthy controls did not 

show such effects (all P > 0.45). Figure 6 illustrates the constant errors individually for each 
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subject in both planes (across postures). As can be seen, constant errors of healthy subjects do 

not differ systematically from zero into any direction, whereas constant errors of most neglect 

patients differ systematically from zero in a positive direction, with larger deviations in the 

severe neglect patients. Additional one sample t-tests comparing the constant errors of each 

group  to  zero  deviation  (i.e.  the  objective  vertical)  were  calculated  to  demonstrate  that 

differences  in  constant  errors  between  neglect  patients  and  healthy  controls  were  due  to 

significant  CCW  deviations  of  neglect  patients’  subjective  verticals.  T-tests  showed  that 

constant errors of healthy subjects did not differ significantly from zero [t(19) = -0.93; P > 

0.35]. By contrast, constant errors of neglect patients revealed a significant positive deviation 

from zero indicating a CCW tilt of their STV judgments [t(19) = 3.95; P < 0.01].

Figure  6: Constant  errors  of  individual  participants  in  the  roll  and  pitch  plane  (averaged across 
postures). C = healthy control subject; N = moderate neglect (neglect index ≤ 2); N+ = severe neglect  
(neglect index ≥ 3); in the patients, neglect indices increase from top to bottom.
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Relation between neglect severity and STV

Hypothesis 4 predicted a relationship between the severity of the neglect and the size of the 

STV deviations. To evaluate whether the tactile-spatial deficits observed in our study were 

related  to  neglect,  we  correlated  the  individual  STV  parameters  of  each  neglect  patient 

(constant errors, mean unsigned errors and intervals of uncertainty averaged across postures 

and planes) with the composite neglect severity score. Spearman rank correlations revealed no 

significant correlation with neglect severity for the constant errors (r = 0.21; P > 0.15) and the 

mean unsigned errors (r = 0.21; P > 0.15). The correlation between the interval of uncertainty 

and the neglect severity index tended to be significant (r = 0.33; P < 0.09). To further analyze 

the  relation  between  typical  neglect  performance  in  individual  screening  tests  and 

performance in our tactile-spatial task, we computed Pearson correlations between the STV 

parameters  of the neglect  patients  (constant  errors,  mean unsigned errors and intervals  of 

uncertainty  averaged  across  postures  and  planes)  and  the  patients’  performance  in  the 

individual screening tests (line bisection, star cancellation,  E&R cancellation and reading). 

Table 2 displays the Pearson correlation coefficients. As can be seen all three STV parameters 

were  significantly  correlated  with  performance  in  both  cancellation  tasks  whereas  line 

bisection performance was correlated only with constant errors and reading performance was 

not correlated with any parameter.

Star 
cancellation

E&R 
cancellation

Line 
bisection

Reading
errors

Intervals of uncertainty 0.67** 0.63** 0.19 0.42

Unsigned errors 0.61** 0.59** 0.42 0.21

Constant errors 0.57** 0.53* 0.54* -0.07

Table 2: Pearson correlations between the STV parameters of the neglect patients (constant errors,  
mean  unsigned  errors  and  intervals  of  uncertainty  averaged  across  postures  and  planes)  and  the 
patients’  performance  in  the  individual  screening  tests  (line  bisection,  star  cancellation,  E&R 
cancellation and reading). ** P < 0.01 (2-tailed); * P < 0.05 (2-tailed).
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Further,  to  compare  performance  of  all  subjects  in  the  roll  and  the  pitch  plane,  Pearson 

correlations were computed to assess correlations between STV parameters in the two planes, 

i.e. each parameter in the roll plane (averaged across posture conditions) was correlated with 

the same parameter in the pitch plane. Correlations between STV parameters in the roll and 

pitch plane were highly significant (all r > 0.75; all P < 0.01) indicating that subjects showed 

highly comparable patterns of results in the two planes.

2.1.5. Discussion

Recently,  deficits beyond the horizontal plane have been described in neglect patients that 

include impairments also in the frontal (roll) and the sagittal (pitch) plane (e.g., Saj et al., 

2005; Kerkhoff & Zoelch, 1998; Kerkhoff, 1999). CCW deviations of the SVV and STV in 

the roll plane and backwards directed deviations of the SVV in the pitch plane (Kerkhoff & 

Zoelch, 1998; Kerkhoff, 1999; Saj et al., 2005a) were shown to be related to neglect severity 

(Kerkhoff  & Zoelch,  1998;  Kerkhoff,  1999).  Further,  Saj  et  al.  (2005b) found that  SVV 

deviations were modulated by the patients’ body posture.

The aim of the present study was to investigate the subjective tactile vertical (STV) in neglect 

patients in the roll and the pitch plane dependent on the body posture (which had not been 

examined thus far). Our hypotheses stated that: (1) neglect patients would show larger STV 

deviations than controls; (2) STV tilts would be systematic in neglect patients: in the frontal 

plane the STV is tilted CCW, in the sagittal plane it is tilted backwards; (3) neglect patients 

would show reduced STV tilts in supine compared to upright posture; and (4) the size of STV 

deviations would be related to the severity of neglect.
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Support for a multimodal spatial orientation deficit in neglect

The  first  and  second  hypotheses  were  clearly  supported  by  our  data:  Neglect  patients 

displayed  a  marked  variability  (larger  intervals  of  uncertainty)  and  increased  mean  error 

amplitude (larger unsigned errors) as well as a systematic tilt (positive constant errors) in their 

STV judgments. Neglect patients’ STV judgments varied within a wider range than those of 

healthy controls, and the ranges and mean error amplitudes tended to be larger for patients 

with severe compared to those with moderate neglect. Also, the patients took substantially 

longer  to  make  their  STV  judgments.  This  pattern  mirrors  neglect  patients’  uncertainty 

regarding the judgment of verticality and more generally spatial orientation.

Neuropsychological  studies  investigating  the neural  basis  of  the  subjective  vertical  in  the 

visual domain implicate cortical contributions from the posterior insula (Brandt et al., 1994), 

the  parieto-insular-vestibular  cortex  (Grüsser  et  al.,  1990),  and  the  postcentral  and 

supramarginal  gyri  (Cramon & Kerkhoff,  1993) as well  as  subcortical  contributions  from 

thalamic, especially paramedian (Dieterich & Brandt, 1993) and brainstem (Friedmann, 1970) 

areas for processing of axis orientation. Based on this evidence, Brandt and colleagues (1994) 

suggested that deviations of the subjective vertical are related to lesions in any brain structure 

in a graviceptive pathway, extending from the brainstem through the posterior thalamus to the 

vestibular cortex. Recently, Perennou et al. (2008) showed that the most marked supramodal 

(visual and tactile) tilts in the frontal plane were associated with right parietal lesions, which 

led the authors to conclude that the right cerebral hemisphere (especially the right parietal 

lobe) is crucially involved in the elaboration of an internal model for verticality perception. 

The patients examined in the present study had contracted lesions of structures that might be 

involved in a neural network underlying the representation of space. Lesion sites included the 

temporoparietal cortex, the thalamus, and the basal ganglia, which all are involved in neural 

circuits connecting the thalamus with cortical structures.
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Besides larger STV ranges, the neglect patients displayed systematic CCW tilts in the roll 

plane and even larger backward tilts in the pitch plane. Healthy subjects, by contrast, did not 

exhibit systematic STV tilts. Patients with severe neglect tended to display larger systematic 

tilts  than  patients  with  moderate  neglect.  CCW tilts  of  the  STV in  neglect  patients  have 

already been found by Kerkhoff (1999), and backward tilts of the SVV in the pitch plane have 

been demonstrated by Saj and colleagues (2005a). However, our data for the first time reveal 

backward tilts of the subjective tactile vertical in the pitch plane in neglect patients. We found 

that not only in the frontal, but also in the sagittal plane, neglect patients show systematic tilts  

of the subjective tactile vertical in the same direction as their subjective visual vertical. This 

finding of  identical  tilts  in  the visual  and tactile  modalities  supports  the assumption  of  a 

multisensory  or  even  supramodal  spatial  orientation  deficit  in  neglect  patients  (Kerkhoff, 

1999), suggesting that damage to certain, multimodal neurons is responsible for the deficits in 

the  perception  and  representation  of  the  principal  spatial  axes  (that  become  manifest  in 

identical tilts  in different modalities).  According to the recent findings by Pérennou et al. 

(2008), the anatomical substrate of this supramodal or transmodal tilt (in their terminology) is 

found in the right parietal cortex. This suggests that the right parietal cortex is involved in the 

elaboration of an internal model of verticality, as well as in the distribution of spatial attention 

towards  the  contralesional  hemispace;  that  is,  the  same  brain  region  is  involved  in  the 

processing of spatial information in different spatial planes.

Based on single-cell recordings in monkey parietal cortex, Sakata and colleagues (1997) have 

identified a class of so-called ‘axis-orientation-selective’ neurons in the lateral bank of the 

caudal part of the intraparietal sulcus, which are relevant for the coding of axis orientation in 

three-dimensional space. Since bimodal neurons have been described in the monkey putamen 

and  parietal  areas  (Graziano  & Gross,  1995;  Duhamel,  Colby,  &  Goldberg,  1998),  such 

neurons might also be activated by the touch of objects with similar spatial orientations.
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Moreover,  cells  in  the  posterior  parietal  cortex  have  been  reported  to  contribute  to  the 

representation of space by integrating multimodal afferent (and reafferent)  information via 

‘gain-field modulation’ (Andersen, Essick, & Siegel, 1985). For instance,  parietal areas 7a 

and LIP (lateral intraparietal) receive visual signals as well as eye position signals, with cells’ 

receptive fields being modulated by eye position (Andersen & Mountcastle, 1983; Andersen 

et al., 1985). Approximately half of these cells also have gain fields for the head, including 

efference copies of motor signals, but also vestibular signals and neck proprioceptive signals 

(Brotchie et al., 1995; Snyder et al., 1997), to account for head movements in space. This is in 

line with the view that systematic tilts of the coordinate systems can be caused not only by 

lesions  of  the  parietal  cortex,  but  also  by  damage  to  other  parts  of  a  complex  system 

underlying the representation of space, including lesions of the central vestibular pathways 

(brain stem, thalamus, or vestibular cortex), as well as sensory pathways and regions involved 

in visuospatial disturbances such as (right) parietal lesions.

Effect of posture on STV tilt

Following unilateral cerebral lesions affecting neural circuitry critical for the processing of 

graviceptive information, input from the left and right otholitic system is no longer processed 

symmetrically (e.g., Pizzamiglio et al., 1995). Reductions of the influence of otholitic input in 

a lying body position (e.g., Howard, 1982) would therefore reduce the (in this case biased) 

effect of graviceptive information on the representation of space. Saj and colleagues (2005b) 

showed that CCW tilts of the SVV after right hemisphere lesions decreased from an upright to 

a  supine  posture,  indicating  that  the  change  of  body  posture  and  the  accompanying 

modulation of graviceptive input results in a reduction of the bias in the subjective vertical. 

Our  third  hypothesis  was  that  such  reductions  of  spatial  bias  demonstrated  in  the  visual 

domain would also be found in the  tactile domain, resulting in reduced STV tilts in supine 
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compared to  upright  posture.  However,  the  comparisons  between intervals  of  uncertainty, 

mean error size and constant errors of neglect patients in supine and upright posture did not 

reveal improved performance (i.e., reduced STV tilts) in the supine position. On the contrary, 

neglect patients showed significantly larger constant errors and unsigned errors in the supine 

compared to upright posture. This pattern of results is at variance with our expectation of a 

reduced bias in a lying position. It seems to be in direct opposition to the findings of Saj and 

colleagues (2005b), and also in conflict with several other studies which have documented 

similar effects of head and body position on performance in visual-spatial tasks in neglect 

patients (e.g., Pizzamiglio et al., 1995; Karnath et al., 1998). 

One explanation  for  this  inconsistence  might  be that  the effect  of  posture on tilts  of  the 

subjective  vertical  is  based  on differential  mechanisms  in  the  visual  and tactile  domains. 

However, our finding that the subjective tactile vertical is tilted in the same direction as the 

subjective visual vertical (as documented in comparable studies of the SVV) does not support 

this view. Furthermore, Kerkhoff (1999) demonstrated that tilts of the subjective vertical do 

not only occur in a unimodal, but also a crossmodal task, indicative of a supramodal/central 

deficit in the representation of space underlying tilts of the subjective vertical.

Given  this,  the  question  arises  whether  there  were  decisive  methodological  differences 

between our  study and the  previous  study of  Saj  et  al.  (2005b).  In  the study of  Saj  and 

colleagues  (2005b),  patients  had to complete  only 6 trials  per body position.  Further,  the 

authors note that "task completion was fast, whatever the group" (p. 2204), indicating that 

patients spent only little time in supine posture during their experiment. In contrast, in the 

present study, patients spent one experimental session (i.e., at least half an hour) in lying body 

position and completed 24 trials  (2 practice trials and 10 valid trials  for each plane) with 

breaks in-between. Although none of the subjects fell asleep during the experimental sessions, 

it is likely that the alertness/vigilance of the patients was decreased in the lying body position. 
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Consistent with this, we observed signs of fatigue in most patients already after a few minutes 

in  supine  position.  Interestingly,  research  on the  effects  of  postural  changes  on  levels  of 

arousal  and awareness in vegetative and minimally conscious  state  patients  (Elliott  et  al., 

2005) indicates that positional changes have a significant impact on alertness, arousal, and 

behavior in such patients. It is plausible that this effect – at least to some extent – also applies 

to patients with milder reductions of alertness and vigilance. Therefore, neglect patients, too, 

might respond to postural changes with changes in alertness and performance.

There  is  converging  evidence  that  biases  in  spatial  attention  and  processing  of  spatial 

information  is  significantly  influenced  by  levels  of  alertness.  Several  studies  in  healthy 

subjects showed that reductions in alertness can induce neglect-like symptoms (Manly et al., 

2005; Fimm et al.,  2006; Matthias et al.,  2009). Further, it  has been shown that the right 

hemisphere is not only involved in regulating spatial attention, but also alertness and vigilance 

(Sturm & Willmes, 2001). Parietal and frontal structures of the right hemisphere underlying 

the regulation of vigilance and spatial orientation are largely overlapping (Sturm et al., 1999) 

indicating direct links between (intrinsic and phasic) alertness and spatial attention.

This link between alertness and spatial bias is especially critical in neglect patients who suffer 

from a  combination  of  a  spatial-attentional  asymmetry  and  a  reduced  level  of  (intrinsic) 

alertness. In patients with visual hemineglect, the strongest rightward biases can be observed 

in subjects whose intrinsic alertness state is especially low (Bartolomeo & Chokron, 2002; 

Cramon & Kerkhoff, 1993; Heilman, Watson, & Valenstein, 1993). Conversely, phasically 

alerting neglect patients temporarily reduces their rightward bias (Robertson et al., 1996), and 

increasing intrinsic alertness leads to reductions of spatial hemineglect symptoms associated 

with increased activity in frontal and parietal brain regions of the right hemisphere (Thimm et 

al., 2006; Sturm et al., 2006; see also Robertson et al., 1995).

We assume that the alertness of neglect patients was reduced in supine position in the present 
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study. This change in alertness in turn might have influenced the magnitude of the spatial bias 

displayed by our patients. Since neglect patients typically suffer from hypo-arousal already, 

minor fluctuations in alertness which are not effective in healthy subjects yet, might suffice to 

increase their spatial biases. Thus, the larger spatial biases in lying body position (in the form 

of increased STV parameters constant  errors) may well  have been due to further reduced 

alertness  in  supine  position.  At  first  sight,  this  line  of  argumentation  conflicts  with  the 

assumption  of  a  reduced  spatial  bias  in  supine  posture  due  to  an  attenuated  impact  of 

graviceptive  information.  However,  our  data  do  not  necessarily  contradict  the  reasoning 

underlying  this  assumption.  In  fact,  such  a  mechanism could  have  been  effective  in  the 

present study as well, but masked by the effect of reduced alertness on the spatial bias. On the 

other  hand,  in  the  study of  Saj  and colleagues  (2005b),  there may not  (yet)  have been a 

modulation (or there may have been only a minor modulation) of alertness in supine position, 

so that the effect of the reduced impact of graviceptive input in supine posture on the spatial  

bias in neglect patients was not masked by variations in alertness. Thus, the findings of the 

two studies are not mutually exclusive; rather, they might reflect different combinations of 

mechanisms underlying the performance of patients in the respective experimental setup.

Correlation with neglect severity

Several studies have shown that the degree to which the subjective vertical in neglect patients 

deviates  from the objective  vertical  is  correlated  to  neglect  severity  (Kerkhoff  & Zoelch, 

1998;  Kerkhoff,  1999;  Yelnik  et  al.,  2002).  We  did  not  find  statistically  significant 

correlations  between  the  neglect  indices  and  STV  parameters  in  our  patients.  However, 

neglect indices were, by trend, correlated with intervals of uncertainty, indicating that general 

neglect severity influences the variability of spatial judgments. Furthermore, inspection of the 

distribution  of  single  subject  STV parameters  (see  e.g.  figure  6)  indicates  systematically 
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larger  parameters  in  the  patients  with  severe  compared  to  moderate  neglect.  Thus,  there 

appears to be a relation between neglect severity and tactile spatial performance. However, 

the imprecise nature of the neglect  indices (i.e.  number of tests with an ‘impaired’  score, 

instead  of  the  accurate  degree  of  impairment  in  each of  them)  and/or  the  large  standard 

deviations of STV parameters in the patient groups might have decreased the probability of 

finding significant correlations. Thus, we calculated additional correlations between patients’ 

performance in individual screening tests and the STV parameters. All STV parameters were 

highly correlated with patients’ performance in the two cancellation tasks. These data are in 

close agreement with previous data showing a close association between deficits in the tactile 

vertical (in the roll plane) and visual neglect (Kerkhoff, 1999). Line bisection performance 

was correlated significantly with the constant errors which represent the systematic tilt of the 

subjective vertical, but only marginally to the magnitude of deviations (unsigned errors and 

intervals  of  uncertainty).  There  is  evidence  that  cancellation  tests  have  greater  test-retest 

reliability  and  are  often  more  sensitive  for  detecting  neglect  than  e.g.  line  bisection  test 

(Kinsella,  Packer,  Ng,  Olver,  & Stark;  Marsh & Kersel,  1993) which might  explain  why 

correlations with line bisection performance are not as high. Reading performance was only 

poorly correlated to the magnitude of STV deviation, but not the systematic bias.

In summary, our results support earlier findings by Kerkhoff (1999) indicating a close relation 

between  deficits  in  the  subjective  tactile  vertical  and  neglect  symptoms.  However,  the 

strength of correlations between tactile-spatial performance and neglect performance seems to 

vary in different tests.

Conclusion

In conclusion, the results of the present study can be taken as evidence for a (multimodal)  

spatial orientation deficit in neglect patients, which is evident in multiple spatial planes (roll 
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and pitch) and can be modulated by posture. However, to fully account for effects of posture 

on  the  spatial  bias  of  neglect  patients,  it  is  necessary  to  incorporate  various  aspects  and 

implications of postural change. Our results indicate that not only modulations of the impact 

of  gravitational  input,  but  also  variations  in  alertness  might  affect  spatial  information 

processing.
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2.2.1. Abstract

Recent research revealed that patients with spatial hemi-neglect 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 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  actual  head  orientation,  as  a  consequence  of  impaired  processing  of  gravitational 

information in neglect patients.

Keywords: neglect, space perception, subjective vertical, subjective horizontal, visual, tactile, 

posture, gravity;
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2.2.2. Introduction

Hemispatial  neglect  is  a  supramodal  neurological  disorder  characterized  by  a  complex 

syndrome of sensory, motor and representational deficits (for a review, see Kerkhoff, 2001). 

Neglect patients fail to detect or respond to stimuli in their contralesional hemispace (Bisiach, 

Pizzamiglio,  Nico,  &  Antonucci,  1996),  show  unilateral  spatial  representational  deficits 

(Bisiach & Luzatti, 1978; Bisiach, Capitani, Luzatti, & Perani, 1981) and frequently display a 

reduced use of their contralesional extremities (Laplane & Degos, 1983). Most of the current 

models of neglect focus on the explanation of deficits in the horizontal plane. Such deficits 

are  apparent,  for  example,  as  left-sided  omissions  in  visual  search,  reading,  writing  and 

drawing  tasks,  as  deficits  in  (horizontal)  size  perception  in  the  contralesional  hemispace 

(Milner & Harvey,  1995; Milner, Harvey, Roberts, & Forster,  1993), as a compression of 

contralesional  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 

impairments  restricted  to  the  horizontal  plane  (for  a  review,  see  De Renzi,  1982).  These 

include impairments in visual orientation discrimination and position estimation (Warrington 

& James 1967; Taylor  & Warrington 1973; Tartaglione,  Benton, Cocito,  Bino, & Favale, 

1981; Tartaglione, Cocito, Bino, Pizio, & Favale, 1983) as well as deficits in the judgment of 

the subjective visual vertical (SVV) and horizontal (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). 
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Brain damage, hemineglect, and tilted space

The relation between brain damage and deviations of the subjective vertical and, thus, spatial 

judgments in the frontal plane, was studied extensively by Bender and Jung already in 1948. 

The authors found that deviations of the subjective vertical from the true vertical exceeding 2° 

are indicative of frontal  or parietal,  but not of occipital  lobe lesions.  The direction of the 

deviations  was  contralesional,  with  clockwise  (CW)  deviations  following  left,  and 

counterclockwise (CCW) deviations following right fronto-parietal lesions. In a more recent 

large-scale investigation, Brandt et al. (1994) tested judgments of the SVV in 71 patients with 

unilateral  hemispheric  lesions.  MRI analyses  revealed that  the most  impaired patients had 

lesions centering on the human homologue of the monkey parieto-insular-vestibular cortex 

(PIVC; Grüsser et al., 1990), and thus closely neighboring and overlapping with those lesions 

which  cause  neglect  behavior.  Hence,  it  may  be  mainly  the  neglect  patients  who  show 

abnormal  SVV judgments  in  the frontal  plane.  Accordingly,  Kerkhoff  and Zoelch  (1998) 

found that 12 out of 13 neglect patients showed deficits in visuospatial  judgments of axis 

orientations  in  the  vertical,  horizontal  and  oblique  orientation.  The  deficits  were  not  an 

unspecific consequence of brain damage, as patients with left  or right hemispheric lesions 

without neglect  performed  at  the  level  of  healthy  participants.  Furthermore,  Yelnik  and 

colleagues  (2002) showed that  deviations  of the SVV are above all  related to the neglect 

severity,  rather  than  to  the  lesion  size  and localization,  indicating  that  SVV tilt  is  not  a 

consequence  of  right  hemisphere  damage  per  se,  but  rather  of  anatomical  damage  which 

typically causes spatial neglect, including the gravity system of the right hemisphere. These 

findings indicate a severe disturbance in the representation of space in the frontal plane in 

neglect patients which does not seem to constitute an epiphenomenon but one of the core 

deficits of the neglect syndrome.

De Renzi,  Faglioni,  and Scotti  (1971) found that  patients  with  right  posterior  lesions  are 
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significantly impaired in both the visual and the tactile perception of the horizontal and the 

vertical axis. Kerkhoff (1999) additionally showed that CCW tilts in the two modalities are 

correlated with each other and with the neglect severity. Thus, comparably to impairments in 

the  horizontal  plane,  the  deficits  in  the  frontal  plane  seem  to  be  multimodal  (or  even 

supramodal).  In a recent  study with 80 stroke patients,  Pérennou et  al.  (2008) found that 

patients with right hemisphere lesions showed CCW visual (in 55% of the subjects), tactile 

(32.5%) and postural (42%) tilts in the frontal plane. Since especially parietal lesions caused 

marked visual and tactile tilts in the frontal plane, the authors concluded that the right parietal 

cortex is crucially involved in the elaboration of an internal supramodal model for verticality 

perception.

Effects of posture and head orientation in space on orientation judgments in neglect

Evidence  from recent  research  suggests  that  deficits  in  spatial  orientation  judgments  are 

significantly modulated by gravitational input in neglect patients. These studies modulated the 

body posture of neglect patients and, as a consequence, also their head orientation in space to 

investigate the effect of the accompanying modulations of gravitational information on spatial 

deficits  in  these  patients.  Saj,  Honoré,  Davroux,  Coello,  and  Rousseaux  (2005b) 

systematically investigated the effects of body posture on the perception of the visuohaptic 

subjective vertical in the frontal plane. Posture had no effect on SVV judgments in healthy 

control  subjects.  However,  in  the  neglect  patients  the  CCW tilt  of  SVV  judgments  was 

significantly reduced in supine compared to upright posture. In supine posture, the influence 

of otholitic input on space perception is reduced (Diener & Dichgans, 1988; Howard, 1982). 

Since in neglect  patients graviceptive input from the left  and right otholitic  system is not 

processed symmetrically (e.g. Pizzamiglio et al., 1995), the change of head position in space 

in  supine compared  to  upright  posture  and the  accompanying  modulation  of  graviceptive 
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input  resulted  in  a  reduction  of  the  pathological  bias.  Positive  effects  of  modulations  of 

graviceptive input in backward-tilted or lying body position have also been documented for 

line  bisection  deviations  (Pizzamiglio,  Vallar,  &  Doricchi,  1995)  and  exploration  biases 

(Karnath, Fetter, and Niemeier, 1998) in neglect patients. In a recent study (Funk et al., 2010), 

we investigated effects of posture on the subjective tactile vertical (STV) in neglect patients 

and found that  posture affects  performance of neglect  patients  also in the  spatial  domain 

(although we found different results than Saj et al., 2005b). 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 orientation 

deficit of a neglect patient was significantly aggravated by a CCW tilt of the head by 25°, and 

significantly reduced by a comparable 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.

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  decoupled. 

Therefore,  tilts  of  the  head and body can  induce  displacements  in  the  subjective vertical 
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(Luyat et al., 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 et al., 1974; Parker et al., 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 

reference 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  

congruent  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  vertical  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  represent  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  (e.g.  changes  in  vestibular  and  kinesthetic  inputs; 

Howard, 1982). More specifically, head inclinations reduce the impact of gravitational input 

(due  to  reduced  sensitivity  of  the  utricles).  Since  neglect  patients  process  graviceptive 

information in an asymmetric way (e.g. Pizzamiglio et al.,  1995), this gravitational model 
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predicts  a reduction of the spatial  bias no matter whether the head is tilted CW or CCW. 

Conversely, in normal subjects, the model would predict a slightly worse performance with 

head tilt  in either direction. Alternatively,  Mittelstaedt (1983) suggested that the subjective 

vertical is the product of a sensory, a gravitational and an idiotropic vector. In this model, the 

idiotropic vector (i.e., the body- and head-vertical axis) serves as an intrinsic reference frame 

guiding  spatial  orientation.  Since  neglect  patients  process  graviceptive  information 

deficiently,  they might rely more on other information,  such as the idiotropic vector,  than 

normal subjects. In this case, the model would predict that neglect patients show a tendency to 

orient verticality judgments towards the head-vertical axis (A-effect). That is, neglect patients 

would display an even greater CCW tilt of their subjective vertical with a CCW head tilt and a 

reduction of the CCW bias with CW head tilt. Healthy subjects might display this tendency 

too, albeit to a significantly lesser degree.

Rationale of the present study

The present study systematically investigated whether and how spatial orientation deficits are 

modulated by changes in head orientation in neglect patients. Since head tilt has been shown 

to  modulate  gravitational  input  (e.g.,  Diener  &  Dichgans,  1988;  Howard,  1982),  and 

furthermore the processing of graviceptive information is known to be deficient in patients 

with  spatial  neglect  (e.g.,  Lafosse,  Kerckhofs,  Troch,  Santens,  &  Vandenbussche,  2004; 

Pérennou, 2006; Pizzamiglio et  al.,  1995),  we hypothesized that  head-on-trunk orientation 

affects  spatial  orientation judgments in neglect patients in a different way than in healthy 

participants and in patients without neglect. Such a differential modulation of performance by 

head inclination was already demonstrated by Kerkhoff (1999) in a single patient. However, 

since this pilot study only investigated one single neglect patient and one control subject, it is 

not clear whether the observed pattern of results is representative for all patients with left 
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spatial  neglect  or  all  healthy  control  subjects  and  whether  the  differential  modulation  of 

performance  as  a  function  of  head  inclination  is  characteristic  for  all  patients  with  right 

hemisphere  damage  or  exclusively  for  neglect  patients.  Therefore,  the  present,  more 

comprehensive investigation went beyond this demonstration by analyzing visual-spatial and 

tactile-spatial  axis  orientation  performance  in  a  group study including  patients  with  right 

hemispheric  lesions and left  spatial  neglect,  patients with right or left  hemispheric lesions 

without spatial neglect and healthy control subjects. We predicted that: (1) Neglect patients, 

but not LBD or RBD controls, would display a multimodal orientation deficit with similar 

impairments in tactile- as in visual-spatial orientation. That is, they were assumed to display a 

CCW  tilt  of  the  subjective  vertical  and  horizontal  in  both  modalities  (Kerkhoff,  1999). 

Furthermore, we predicted that (2) axis orientation performance in neglect patients would be 

substantially affected by CW and CCW head inclination,  whereas in healthy subjects and 

control patients without neglect, performance was expected to deteriorate only slightly, if at 

all. More specifically,  a replication of Kerkhoff’s (1999) original single-case results would 

become manifest in terms of an increased A-effect in neglect patients leading to a further 

performance deterioration with CCW and an improvement with CW head tilt. Such a finding 

would indicate that neglect patients set the subjective vertical in the direction of the idiotropic 

vector  (Mittelstaedt,  1983).  Alternatively,  neglect  patient’s  performance  could  generally 

improve  independently  of  the  direction  of  head  tilt.  Such  a  result  would  support  the 

gravitational inflow model, since it would indicate that with reduced impact of the disturbed 

graviceptive information neglect patients’ spatial bias is ameliorated. In order to test the two 

alternative models in the present study, two aspects of spatial performance were analyzed: the 

difference 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 
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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.

2.2.3. Methods

Participants

Eight patients with right hemispheric vascular lesions and left spatial neglect documented by 

clinical  tests  (see below),  eight  patients  with right  hemispheric  vascular  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 distribution 

of gender (assessed via the coefficient of contingency; Φ = 2.30, p>0.50, n.s.). The time since 

lesion 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 hemispheric 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.
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Neglect tests

All patients underwent a screening for visual neglect including horizontal line bisection of a 

20 x 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 x 14.7 cm; 10 

targets in each hemispace among 100 numbers on the total page). In addition, a 180 word 

reading test sensitive to neglect and hemianopic reading disturbances (Kerkhoff et al., 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 1 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 sec). Furthermore, omissions or significant distortions of the right half of 

the copied figures was interpreted as an indicator of hemispatial neglect.

Visual-spatial tests

Figure 1A displays the visual spatial orientation tasks. The subjects were tested using specific 

software (termed VS; Kerkhoff & Marquardt, 1995b) for the measurement 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 x 1.4 cm) presented 

on a dark background until the subject 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 parallel in the oblique task. From this value the 

difference threshold is calculated, which is defined as one-half of the interval of uncertainty. 
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Constant errors and difference thresholds were computed by the software as described above. 

The step-width was 0.5° in all measurements.

Figure 1 A, B: Experimental setup in the spatial orientation tasks for the visual (fig. 1A) and tactile 
(fig. 1B) modality. Subjects were presented with a line on a computer screen (visual condition) or a 
metal rod (tactile condition) which they had to adjust to their subjective vertical or horizontal. The 
tests  were  performed  in  total  darkness  (visual  condition)  or  with  the  subject  blindfolded  (tactile 
condition).

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 plate and 

could be rotated in 1°-steps along the frontal plane (see Fig. 1B). The plate (50 x 50 cm) was 

mounted vertically in front of the patient. A scale, concealed from the subject, was drawn on 

the plate to record the orientation measurements (0°=right horizontal, 90°=vertical, 180°=left 

horizontal).  Participants’  task was to adjust the metal rod to their  STV and STH. Healthy 

controls used their right, dominant hand and brain-damaged patients used their ipsilesional 
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hand. Subjects were not allowed to touch the outer surface of the test plate, so as to eliminate 

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

calibrated to the gravitational vertical. As for the visual axes, constant errors and difference 

thresholds were calculated for the STV and STH.

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 

figure 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.
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Figure  2:  Experimental  setup  in  the  visual-  and  tactile-spatial  tests  in  three  head  orientation 
conditions: with the subject’s head upright (0° head tilt), or with the head tilted 25° CW or CCW; head 
position was modulated and stabilized by a tiltable head-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 orientation condition).

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 case of significant main effects or 

interactions, subsequent post-hoc comparisons were calculated: 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 further 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 
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group. The alpha-level was chosen as p<0.05 for all analyses.

2.2.4. Results

Neglect tests

The data of each patient in the neglect tests are summarized in table 1. All neglect patients 

showed impaired copying performance, with the typical omissions and/or distortions of the 

left side of the drawings, as well as impaired reading performance indicating neglect dyslexia. 

They also showed the characteristic pattern of omissions in the number cancellation task, with 

significantly more omissions in the left compared to the right hemispace [mean omissions: 6.6 

in the left and 2.6 in the right hemispace; t(7)=8.00,  p<0.01]. Furthermore, six out of eight 

patients showed the typical rightward deviation in horizontal line bisection; two patients (both 

with left-sided visual field defects) showed leftward deviations (mean deviation: 8.8 mm to 

the right). Left and right brain-damaged control patients did not show impaired drawing or 

neglect  dyslexia  (the  latter  not  measured  in  aphasic  LBDs).  They  also  showed  intact 

performance  in  the  number  cancellation  task  (LBD  mean:  0  omissions  in  left  and  right 

hemispace;  RBD  mean:  0.1  omissions  in  both  left  and  right  hemispace)  and  only 

nonsystematic, mostly slight, deviations in line bisection performance (LBD mean: 0.5 mm to 

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

Visual- and tactile-spatial orientation judgments

Figure 3a and 3b show the visual- and tactile-spatial orientation judgments in neglect patients 

and healthy controls as a function of head orientation. The lines within the circles display the 

mean subjective vertical and horizontal of individual patients and control subjects.
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Figure 3 A, B: Mean performance of neglect patients, LBD and RBD control patients and healthy 
controls in the  visual-spatial (figure 3A) and tactile-spatial (figure 3B) orientation task for the three 
head orientation conditions; CCW, head inclination 25° CCW; upright, vertical head position; CW, 
head inclination 25° CW; the lines within the circles display the mean SVV and SVH of individual 
patients and control subjects.
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While the normal subjects (and also the RBD and LBD controls not displayed in fig. 3) show 

only marginal deviations of their visual and tactile subjective vertical and horizontal, neglect 

patients display a marked and systematic CCW tilt. As can be seen, the severity of the tilt is  

heterogeneous in the group of neglect patients, while judgments of healthy controls are very 

accurate. Furthermore, the neglect patients’ judgments are substantially modulated by head 

orientation, whereas healthy controls (and also LBD and RBD control patients) show only 

minor and nonsystematic effects of head orientation.

General direction of tilt in upright posture

To assess the systematic direction of tilt in the ‘normal’ orientation 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), 

indicating 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, 

substantial and systematic CCW tilts of the visual- and tactile-spatial axes.

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 modality with 
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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 condition. However, as there was no interaction between ‘group’ and ‘modality’,  

the relative pattern of results was equivalent in both modalities.

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.

Constant errors

Visual vertical and horizontal

Figure  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 control groups (all p<0.01), whereas healthy, RBD and LBD 

controls were comparable to each other (all p>0.45, n.s.).
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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 the deficit significantly compared with an upright head orientation (p<0.01) and, 

thus, further increased the pathological bias, whereas a CW head tilt improved performance 

significantly compared to an upright head orientation (p<0.05), that is, it reduced the bias. In 

the RBD controls, a CCW head tilt impaired visual-spatial orientation judgments significantly 

compared  with  an  upright  head  orientation  (p<0.01),  while  the  upright  and  CW  head 

orientations did not differ significantly from each other (p>0.10, n.s.).

Figure 4: Constant errors (means and standard errors) in the  visual-spatial orientation 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 control subjects, left brain-damaged control subjects  
(LBD)  and  right  brain-damaged  control  subjects  (RBD);  positive  constant  errors  indicate  CCW 
rotations, negative constant errors CW rotations.
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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  significantly  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 

different  groups  revealed  that  head  orientation  significantly  affected  performance  in  the 

neglect patients (df=2,  F=16.88, p<0.01), but not in the other groups (all p>0.40, n.s.). In 

neglect  patients,  a  CCW head  tilt  aggravated  the  deficit  significantly  compared  with  an 

upright head orientation (p<0.01) and, thus, further increased the pathological bias, whereas a 

CW head tilt  improved performance significantly compared to an upright head orientation 

(p<0.01), that is, it reduced the bias.

Tactile vertical and horizontal

Figure 5 displays the average constant errors of the STV and STH for all subject groups. As  

can be seen, constant errors are substantially 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 x head orientation interaction (df=6, F=12.26, 

p<0.01) were found. Neglect patients generally displayed significantly larger constant errors 

compared  to  all  control  groups  (all  p<0.01),  whereas  those  of  the  control  groups  were 

comparable  to  each  other  (all  p>0.90,  n.s.).  One-way ANOVAs revealed  that  in  neglect 

patients,  head orientation significantly affected constant errors (df=2,  F=16.68,  p<0.01): a 

CCW head tilt aggravated the deficit significantly compared with an upright head orientation 
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(p<0.01) and, thus, further increased the pathological bias, whereas a CW head tilt improved 

performance significantly compared to an upright head orientation (p<0.05), that is, it reduced 

the bias. In the different control groups, constant errors did not differ significantly among 

head orientation conditions (all p>0.20, n.s.).

Figure 5: Constant errors (means and standard errors) in the  tactile-spatial orientation 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 control subjects, left brain-damaged control subjects  
(LBD)  and  right  brain-damaged  control  subjects  (RBD);  positive  constant  errors  indicate  CCW 
rotations, negative constant errors CW rotations.

For the STH, the main effect of group (df=3, F=6.70, p<0.01), head orientation (df=2, F=3.41, 

p<0.05)  and  the  group-by-head  orientation  interaction  were  significant  (df=6,  F=5.44, 

p<0.01). Neglect patients generally displayed significantly larger constant errors compared to 

healthy controls and RBD and LBD controls (all  p<0.05), whereas the other groups did not 

differ significantly from each other (all p>0.90, n.s.). One-way ANOVAs revealed that in the 

neglect patients, head orientation significantly affected performance (df=2, F=9.22, p<0.01): 
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a CW head tilt improved performance 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  compared 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 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.

Difference Thresholds

Visual vertical and horizontal

Figure 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, difference thresholds were 

larger when the head was tilted CW or CCW compared with an upright head orientation (both 
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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 x head 

orientation  interaction  (df=6,  F=4.13,  p<0.01).  Neglect  patients  generally  exhibited 

significantly larger difference thresholds compared to all other groups (all  p<0.01), whereas 

the control groups again did not differ significantly 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 not differ significantly between CW and upright  head orientations 

(p>0.20, n.s.). In the control groups, difference thresholds did not differ significantly among 

the three head orientation conditions (all p>0.05, n.s.).

Figure 6: Difference thresholds (means and standard errors) in the visual-spatial orientation 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 control subjects, left brain-damaged control subjects  
(LBD) and right brain-damaged control subjects (RBD).

85



Tactile vertical and horizontal

Figure 7 displays the difference thresholds of the STV and STH for all groups. As can be 

seen, those of neglect patients were generally increased compared to the control groups.

For the  STV,  a significant  effect of group (df=3,  F=11.36,  p<0.01), but no effect  of head 

orientation (df=2, F=1.67, p>0.15, n.s.) and no significant group x head orientation interaction 

(df=6,  F=0.45,  p>0.80,  n.s.)  were  found.  Neglect  patients  displayed  significantly  larger 

difference  thresholds  compared  to  all  control  groups  (all  p<0.01),  whereas  those  of  the 

different control were comparable to each other (all p>0.60, n.s.).

Figure 7: Difference thresholds (means and standard errors) in the tactile-spatial orientation 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 control subjects, left brain-damaged control subjects  
(LBD)  and  right  brain-damaged  control  subjects  (RBD);  positive  constant  errors  indicate  CCW 
rotations, negative constant errors CW rotations.

For  the  STH,  a  significant  group  effect  (df=3,  F=6.19,  p<0.01),  but  no  effect  of  head 

orientation (df=2, F=0.25, p>0.75) or a group- x orientation interaction were obtained (df=6, 
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F=1.23,  p>0.30).  Neglect  patients  exhibited  significantly  larger  difference  thresholds 

compared to healthy and LBD controls (all p<0.05), but not to RBD controls (p>0.10); the 

different control groups did not differ significantly from each other (all p>.75, n.s.).

To summarize, difference thresholds were consistently increased in neglect patients compared 

to healthy controls and brain-damaged control subjects. However, head inclination did not 

consistently modulate this parameter of uncertainty in the neglect patients in any way other 

than in healthy or brain-damaged controls.

2.2.5. Discussion

The rationale of the present study was to investigate whether and how multimodal spatial 

orientation  deficits  are  modulated  by head  orientation,  more  specifically,  by  lateral head 

inclination. Visual-spatial  and tactile-spatial  axis  orientation  performance was analyzed  in 

patients with right hemispheric lesions and left spatial neglect, left- and right-brain-damaged 

control patients without neglect and healthy control subjects. In order to show that neglect 

patients display a multimodal orientation deficit, we tested whether they show homologous, 

direction-specific  impairments  in  tactile-spatial  orientation  as  in  visual-spatial  orientation. 

Furthermore,  we assessed whether  axis orientation  performance deficits  are modulated by 

variations in gravitational and somatosensory input differently in neglect patients compared to 

brain-damaged and healthy controls.

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  systematic  and  analogous  tilts  of  the  subjective  visual and  tactile vertical  and 
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horizontal.  The  spatial  conformity  of  deviations  in  the  frontal  plane  in  both  modalities 

indicates a disturbed central representation 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 verticality is elaborated in right parietal cortex. The assumption of the parietal cortex 

as the anatomical substrate of a supramodal spatial reference frame is further supported by 

findings  indicating  the  existence  of  multimodal  (e.g.  Graziano  & Gross,  1995;  Duhamel, 

Colby, & Goldberg, 1998) and ‘axis-orientation-selective’ (Sakata et al., 1997) neurons in the 

parietal cortex. Based on single-cell recordings in the monkey parietal cortex, 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 neurons 

have been described in the monkey parietal areas (Graziano & Gross, 1995; Duhamel, Colby,  

& Goldberg, 1998), 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 representation 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 et al., 2002; Brotchie et al., 1995; Snyder et al.,  1997) to account for head 

orientation and head movements in space. Damage to the right posterior parietal cortex might 

therefore  lead  to  a  systematic  error  in  the  integration  of  information  –  as  for  example 

somatosensory (head-position) and graviceptive (vestibular) input – in neglect patients. This 
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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  underlying  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 suggested, 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.

Differential effects of head tilt on spatial performance

Head orientation significantly and consistently affected the perceptual 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 reduction of the CCW tilt and 

thus a trend towards normal performance. Our data suggest a significant influence of the head 

vertical axis in determining the perceptual vertical and horizontal. This influence seems to be 

much greater in the neglect patients compared to healthy and brain-damaged controls who 

displayed only small and inconsistent effects.  From previous research on the effects of head 

orientation on the perception of space, two influential models have emerged which assume 

that such effects reflect gravitational inflow (e.g.; changes in vestibular and kinesthetic inputs 

– Howard, 1982) and/or the importance of the body- and head-vertical axis as an intrinsic 

reference in guiding spatial  orientation (Mittelstaedt,  1983). According to the gravitational 

inflow model,  effects  of head tilt  on the subjective vertical  are at  least  partly based on a 

decrease in otolith sensitivity when the head is inclined, which leads to a reduced impact of 

graviceptive  input  on  the  perception  of  space.  This  view  is  supported  by  studies 

demonstrating effects of upright versus supine head orientation on space perception in neglect 
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patients (Pizzamiglio et al., 1995; Saj et al., 2005b; Saj et al., 2008).

The present study investigated spatial performance as a function of  lateral head inclination 

(i.e. head orientation was varied in the frontal plane). Unlike previous studies, our data reveal 

a systematic modulation pattern, that is, the direction of head orientation is critical for the 

direction of the modulation: a CCW head tilt modulated performance in the opposite direction 

to a CW head tilt. This systematic, orientation direction-specific pattern of results in neglect 

patients cannot be explained by a general reduction of the impact of gravitational input with 

head inclination, since a head tilt in either direction should lead to a reduced sensitivity of the 

utricles and, thus, an ameliorated spatial bias according to the gravitational inflow hypothesis 

(Howard,  1982).  If  neglect  patients  would  rely  mainly  on  gravitational  information  as  a 

reference for their spatial judgments,  the present pattern of results could result only if the 

asymmetry  in  the  processing  of  gravitational  information  would  be  increased  or  reduced 

depending on the direction of head orientation; that is, if head inclination in the direction of 

the spatial bias (i.e., a CCW tilt of the head) would lead to a further increased asymmetry in 

the processing of gravitational input, while head inclination in the opposite direction (i.e. a 

CW head tilt) would lead to reduced asymmetry in the gravity vector. However, the present 

results  rather  favor  the  conclusion  that  neglect  patients  use  different  information  as  a 

reference for their spatial judgments. Neglect patients seem to rely mainly on their idiotropic 

vector,  or  more  specifically,  their  head-vertical  axis.  They  display  a  tendency  to  orient 

verticality judgments towards their head z-axis, leading them to set their subjective vertical 

toward this axis in the conditions where the head is tilted (A-effect). Since the trunk always 

remained vertical in the present experiment, the orientation-specific effect is attributable to 

head  orientation  alone.  This  is  in  line  with  findings  by  Kerkhoff  and  Schindler  (1997) 

indicating  that  variations  in  head  orientation  independently  affect  spatial  performance  in 

neglect patients.
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Another, but similar, model which has been suggested by Luyat et al. (2001, 2002), assumes 

that spatial orientations are mapped in a subjective gravitational reference frame. The authors 

argue that tilted subjects do not have access to a ‘veridical’ gravitational reference frame, but 

rather to a subjective reference frame which is not congruent with the physical one. However, 

in healthy subjects, the subjective gravitational reference frame is at least congruent with the 

physical one in upright posture. Also, even in tilted posture, healthy subjects can still  use 

gravitational  information  to  counteract  the  attraction  of  the  subjective  vertical  by  the 

idiotropic vector. Accordingly, the healthy subjects investigated in the present study displayed 

only minor and nonsystematic effects of head tilt  on spatial  performance. Their difference 

thresholds were numerically slightly larger with lateral  head tilt  compared to upright head 

orientation,  while there was no such 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 attraction 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 et al., 

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 vector. 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.
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Clinical consequences of impaired spatial orientation constancy in neglect

The present  findings,  showing a  strong influence  of  head inclination  in  the frontal  plane 

induced by head inclination of +/-25°, combined with previous findings, showing a significant 

modulation  of  spatial  orientation  performance  in  the  lateral  plane  (z-plane,  Schindler  & 

Kerkhoff, 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 horizontal 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 

orientation 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 mirroring 

postural  deficits  in  the  frontal  plane  characterized  by  a  postural  imbalance  caused  by 

lateropulsion  or  ‘pushing’  behavior  (Karnath,  Ferber,  & Dichgans,  2000),  and head-/eye-

position deficits in the horizontal plane characterized by marked deviations of spontaneous 

eye and head orientation towards the right (Fruhmann-Berger et al., 2005). Such deviations in 

posture,  eye  and  head  position  may  be  understood  as  a  pathological  adjustment  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 

horizontal  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 verticality judgments in neglect. As it is very likely that neglect patients 

will change their head position spontaneously in their daily life also in the horizontal plane in 
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both  directions,  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 rightsided shift in spontaneous head- and eye-position described by Fruhmann-Berger 

et al. (2005) and the typical postural deficits in the frontal plane (Lafosse et al., 2007; Karnath 

et al., 2000; Pérennou, 2006; Pérennou et al., 2008) together with the pattern of results found 

in  our  study  demonstrate  that  neglect  patients  show  postural  (including  head-  and  eye-

position)  deficits  in  all  spatial  planes,  which  in  turn  affect  the  processing  of  spatial  

information in all spatial planes. The result of this may be an inaccurate and very instable 

spatial  orientation  -  due  to  the  pathological  bias  and  enhanced  variability  of  verticality 

judgments on the one hand and changes in verticality perception as a result of changes in head 

position on the other – hence an impairment in spatial orientation constancy.

Conclusion

In conclusion,  the results of the present study can be taken as evidence for a supramodal 

spatial orientation deficit  and a loss of spatial orientation constancy in neglect patients.  In 

upright posture, spatial orientations are systematically tilted CCW in both the tactile and the 

visual modality.  Spatial orientation judgments are furthermore systematically modulated by 

lateral head inclination in neglect patients and this modulation is specific for spatial neglect 

and not due to unilateral brain damage in general. CCW tilts of the head result in a further 

increase in spatial bias, whereas CW tilts of the head lead to a decrease in CCW spatial bias 

and  thus  a  trend  towards  normal  performance.  This  pattern  of  results  corresponds  to  an 

increased A-effect, which can be explained by a stronger attraction of the subjective vertical 

by the idiotropic vector, due to impaired processing of gravitational information.
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2.3.1. Abstract

Patients with spatial hemi-neglect display systematic deviations of the subjective vertical. The 

magnitude of such deviations was shown to be modulated by internal factors mediating the 

perception of verticality, including head-orientation. The present study investigated whether 

and how spatial orientation deficits are modulated by external, contextual changes in neglect 

patients.  In  a  classic  rod-and-frame task,  we analyzed  effects  of frame orientation  on the 

subjective visual vertical (SVV) in neglect patients, control patients with left- or right-sided 

brain damage without neglect and healthy participants. We found that neglect patients, but not 

brain-damaged control patients, generally display a systematic counterclockwise (CCW) tilt in 

their SVV judgments. Furthermore, all participant groups displayed a typical rod-and-frame 

effect (RFE), i.e. a modulation of the SVV as a function of frame tilt. However, in the control 

groups, this  modulation was only moderate  whereas in the neglect  group SVV judgments 

were substantially and systematically modulated by frame orientation: with CCW frame tilts, 

the spatial bias of neglect patients increased as a function of the magnitude of the tilt whereas 

with clockwise (CW) frame tilts, the spatial bias was decreased in case of moderate frame tilts 

and even reversed in case of stronger frame tilts, resulting in a substantial CW spatial bias. 

This dramatically enhanced RFE might be caused by a pathologically increased influence of 

contextual cues on the subjective vertical in neglect patients as a consequence of impaired 

processing  of  gravitational  information.  The  results  indicate  a  systematic  bias  of  the 

subjective vertical along with an impairment of spatial orientation constancy which leads to 

severe  perturbations  of subjective  space  as  well  as an  increased  reliance  on  internal  and 

external cues mediating the perception of verticality in neglect.

Keywords: neglect, space perception, subjective vertical, RFE (rod-and-frame effect), context
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2.3.2. Introduction

Brain damage, hemineglect, and tilted space

Hemispatial  neglect  is  a  supramodal  neurological  disorder  characterized  by  a  complex 

syndrome of sensory, motor and representational deficits (for a review, see Kerkhoff, 2001). 

Neglect patients typically fail to detect or respond to stimuli in their contralesional hemispace 

(Bisiach et al., 1996), show unilateral spatial representational deficits (Bisiach and Luzatti, 

1978;  Bisiach  et  al.,  1981)  and  frequently  display  a  reduced  use  of  their  contralesional 

extremities  (Laplane  and  Degos,  1983).  Although  most  neglect  models  focus  on  the 

explanation of impairments in the horizontal plane (Kerkhoff, 2001), numerous studies have 

demonstrated that  other planes are also affected.  Impairments in the frontal  plane include 

deficits in the judgment of the subjective visual vertical (SVV) and horizontal (SVH; Howard, 

1982; Lenz 1944), and judgments of oblique line orientations (Benton et al., 1975; De Renzi 

et al., 1971; Kim et al., 1984). Bender and Jung (1948) found that deviations of the subjective 

from the true vertical result from frontal or parietal (but not occipital) lobe lesions and that 

their  direction  is  contralesional,  with  clockwise  (CW)  deviations  following  left-  and 

counterclockwise  (CCW)  deviations  following  right-hemisphere  injury.  In  a  more  recent 

investigation, Brandt et al. (1994) examined 71 patients with unilateral hemispheric lesions 

for judgment of the SVV. MRI analyses revealed that the most impaired patients had lesions 

centering  on an area  considered as  the  human  homologue of  the  monkey parieto-insular-

vestibular cortex (PIVC; Grüsser et al., 1990). 

Interestingly, lesion sites related to deviations of the subjective vertical are neighbouring and 

overlapping with those known to cause the neglect syndrome, including the insula (Karnath et 

al., 2004), the temporo-parietal junction (e.g. Vallar and Perani, 1986), posterior parietal (e.g. 

Mesulam, 1999) and intraparietal cortices (Mort et al. 2003), and the superior temporal gyrus 
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(e.g., Karnath et al., 2001, 2004) at the cortical level as well as the thalamus and basal ganglia 

(Vallar  and  Perani,1986;  Karnath  et  al.,  2004)  at  the  subcortical  level.  For  the 

perceptive/visuo-spatial component of hemineglect especially the right inferior parietal lobule 

seems to play a critical role (Verdon et al., 2010).  Hence, it is not astonishing, that neglect 

patients  present  not  only  with  a  displacement  of  an  egocentric  reference  frame  to  the 

ipsilesional side of space but also with abnormal visuo-spatial judgements, that is, CCW tilts 

of axes in the vertical, horizontal, and oblique orientation in the frontal plane (Kerkhoff and 

Zoelch, 1998). As in the horizontal plane, these deficits in the frontal plane are multimodal as 

they occur in both the visual and tactile  modalities (with the deviation in both modalities 

being correlated with each other and with the neglect severity; Kerkhoff, 1999). Importantly, 

this multimodal deficit is not an unspecific consequence of brain damage, but seems to be 

specifically  related  to  spatial  neglect,  as  patients  with  left-  or  right-hemispheric  lesions 

without neglect  perform  at  the  level  of  healthy  control  subjects  (Kerkhoff,  1999). 

Furthermore, Yelnik et al. (2002) showed that deviations of the SVV do not primarily depend 

on the localization and size of the underlying lesion, but are rather related to the severity of 

spatial neglect. Thus, a severely disturbed representation of space in the frontal plane does not 

constitute an epiphenomenon, but rather a core deficit of neglect patients.

Opposing this view, there is evidence from a study of Johanssen et al. (2006) who could not 

find a consistent SVV bias in a group of patients with pusher syndrome and spatial neglect. 

However, this lack of effect in the pusher neglect patients does not necessarily invalidate the 

assumption  that  SVV deviations  are  a  core  deficit  in  spatial  neglect  since  findings  from 

research on the SVV in pusher patients are heterogeneous and there is not yet a consensus 

whether there is an (ipsiversive) SVV bias (Saj et al., 2005c) or no bias (Karnath et al., 2000; 

Johanssen et  al.,  2006) in such patients  and how this  potential  bias interacts  with further 

deficits  of  the  patients.  Interestingly,  Saj  et  al.  (2005c)  found  that  SVV deviations  were 
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clearly clockwise in pusher neglect patients, but anticlockwise in non-pusher neglect patients. 

Thus, an ipsiversive bias in pusher patients for example might counteract a neglect-induced 

contraversive bias (note that, in the present study, no pusher patients were included in the 

sample of neglect patients).

Internal and external factors mediating biases in space perception in neglect

A better understanding of the factors that mediate different aspects of spatial biases in neglect 

patients  is  important  for  obtaining  a  clearer  picture  of  the  nature  and  the  underlying 

mechanisms  of  the  deficits  and  for  identifying  intervention  schemes.  Studies  on  the 

effectiveness of modulations of internal mediators of spatial deficits have used neck muscle 

vibration  (e.g.,  Schindler  et  al.,  2002),  transcutaneous  electroneural  stimulation  (TENS; 

Pizzamiglio et al., 1996), postural modulations (Karnath et al., 1998; Pizzamiglio et al., 1995), 

prism adaptation (e.g., Rossetti et al., 1998; Saevarsson et al., 2009; Vankilde and Habekost, 

2010), and vestibular stimulation (Karnath, 1994); those on modulations of contextual factors 

have employed optokinetic stimulation (e.g., Mattingley et al., 1994b; Kerkhoff, 2000) and 

cueing  (e.g.,  Butter  and  Kirsch,  1995;  Lin  et  al.,  1996).  These  studies  enabled  the 

development of the most applied neglect-therapies for spatially biased behavior such as, for 

instance, extinction, the unawareness of contralesional stimuli, or motor neglect.

More recent research has focused on the subjective vertical as a more direct measure of space 

perception, and examined modulations of internal mediators of verticality perception. As with 

other  aspects  of  spatial  bias,  a  number  of  studies  have  investigated  the  effectiveness  of 

internal  mediators  of  space  perception.  Saj  et  al.  (2005b,  2006)  demonstrated  that  the 

subjective visual vertical (SVV) in patients with right-hemispheric lesions (especially neglect 

patients)  was  significantly  affected  by  galvanic  vestibular  stimulation  and  by  postural 

modulations  (in  the  fore-back  dimension).  We showed  that  the  subjective  tactile vertical 

105



(STV), too, was significantly affected by modulations of posture in the fore-back dimension 

(and therefore head orientation in the saggital plane; Funk et al., 2010a). Furthermore, we 

found that  lateral head tilt (head orientation in the frontal plane) had also a systematic and 

significant effect on the SVV in neglect patients (Funk et al., 2010b): Their CCW bias was 

further increased by CCW lateral head inclination, while it was substantially reduced by CW 

inclination. These studies demonstrate that the perception of verticality can be systematically 

modulated by changes in the setting of internal mediators contributing to the representation of 

space. However, to our knowledge, no systematic investigation of the effects of  contextual 

factors, which are known to critically influence other aspects of spatial behavior (Butter and 

Kirsch,  1995;  Lin  et  al.,  1996;  Mattingley  et  al.,  1994b;  Kerkhoff,  2000),  on  subjective 

verticality judgments in neglect has been carried out to date.

Context as a mediator of orientation perception / the rod-and-frame effect

Visual  context  is  an  important  mediator  of  object  perception  and  serves  as  a  frame  of 

reference for the apparent orientation of an object. A classical example of a context effect in 

the estimation of the subjective vertical is the so-called rod-and-frame effect (RFE; Asch and 

Witkin, 1948a, b). In rod-and-frame tasks, observers show systematic errors in setting a rod to 

the vertical position when it is placed inside a tilted frame compared to when it is presented 

without a frame or with a gravitationally vertical frame (in an otherwise dark environment, 

i.e.,  without  additional  contextual  cues).  A common interpretation  of  the  RFE is  that,  in 

addition to gravity, the tilted frame serves as a frame of reference for the perception of the 

upright (e.g., Rock, 1990), that is, it acts as a world surrogate determining the apparent visual 

axes of space. The observers perceive rod orientation with reference to frame orientation and 

to  gravity,  so  that  the  resulting  rod  setting  usually  is  a  compromise  between  the  two 

references. At small degrees of frame tilt (up to 20°), the subjective vertical is typically tilted 
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in the direction of the frame tilt (so-called direct effects), whereas at larger degrees, it can be 

tilted  either  in  the  direction  of  frame  tilt  or  in  the  opposite  direction  (so-called  indirect 

effects), depending on the symmetry axis which is used as a reference (e.g., Beh et al., 1971). 

The magnitude and direction of rod tilt is furthermore influenced by the size of the frame: 

large frames typically produce larger rod-setting errors (e.g., Ebenholtz and Callan, 1980) and 

only  direct  effects,  whereas  small  frames  can  produce  both  direct  and  indirect  effects, 

depending on the degree of frame tilt (Wenderoth and Beh, 1977).

Further research on the mechanisms underlying the RFE revealed a possible role of induced 

head tilt (Ebenholtz and Benzschawel, 1977; Sigman et al., 1978; 1979) and ocular torsion in 

the direction of the frame (e.g., Goodenough et al., 1979a). Both effects may be explained in 

terms of visuo-vestibular interactions. The tilted frame might produce an illusion of self-tilt in 

the direction opposite to that of the frame. In a compensatory manner, the rod might be set in 

the direction opposite to that of experienced body tilt and, thus, into the direction of frame tilt 

(e.g., Goodenough et al., 1979b). However, visuo-vestibular interactions alone cannot explain 

the variety of effects (i.e., direct and indirect effects) reported in rod-and-frame tasks; rather, 

purely visual mechanisms seem to be at work, too (e.g., Goodenough et al., 1979). Therefore, 

an alternative hypothesis of a dual-process-model has been put forward (for a review, see e.g. 

Spinelli et al., 1991), namely: in the case of large frames, RF phenomena are mediated by 

visuo-vestibular  interactions;  by  contrast,  in  the  case  of  small  frames,  purely  visual 

mechanisms would be prominent.

Rationale of the present study

The objective of the present study was to investigate whether and how the systematic spatial 

orientation deficits in neglect patients are modulated by contextual cues. We studied the SVV 

in patients with right-hemispheric brain damage and left spatial neglect, patients with right- or 
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left-hemispheric brain damage without spatial neglect (further referred to as RBD and LBD 

controls),  and  healthy  control  subjects  in  a  classic  rod-and-frame  task.  In  order  to 

systematically analyze effects of frame orientation in the different groups, participants had to 

vertically adjust a rod in conditions with CW or CCW frame tilts of varying magnitude (5°, 

15°, or 45°).

Previous research has shown that frame tilts smaller than 20° typically produce direct effects, 

whereas 45° frame tilts do not cause tilt illusions (probably because the resulting figure is a 

symmetric diamond; e.g., Beh et al., 1971). Since healthy and also RBD and LBD control 

subjects  can rely on both intact  gravitational  and contextual  references,  their  rod settings 

should reflect a compromise between the objective/gravitational vertical and the orientation of 

the frame. Thus, we expected slight SSV tilts in the direction of frame tilt in case of a 5° or 

15° CW or CCW frame tilt and no SVV tilt in case of a 45° frame tilt in these groups. By 

contrast,  in  neglect  patients,  the  processing  of  gravitational  information  is  impaired 

(Pizzamiglio,  et al.,  1995; 1997). Therefore,  they cannot rely on gravitational input to the 

same extent and have to take into account other (e.g., contextual) information to a greater 

degree. This should result in an increased RFE in these patients. Since the SVV of neglect 

patients is already tilted CCW in general, a 5° or 15° CW tilt of the frame should lead to a 

reduction (or even reversal) of this pathological deviation, depending on the magnitude of the 

frame tilt. In contrast, a 5° or 15° CCW tilt of the frame should lead to a further increase of 

the  deviation.  A  vertical  (0°)  frame  might  decrease  the  systematic  deviation  in  neglect 

patients, as it can be used as a veridical reference for the rod setting. However, a 45° frame 

might  either  decrease  the  systematic  error  (in  case  it  is  subjectively  interpreted  as  a 

symmetrical diamond) or increase the deviation (if interpreted as a CCW tilted square).

From the preceding arguments, the following hypotheses were derived: (1) Neglect patients 

(but not brain-damaged control patients without neglect) generally exhibit a systematic visual-

108



spatial orientation deficit; that is, they generally display a substantial CCW tilt of their SVV. 

(2)  Axis  orientation  performance is  differently modulated  by frame orientation  in  neglect 

patients compared to control patients and healthy controls: SVV judgments of all participants 

generally vary in the direction of frame tilt; however, performance of neglect patients is far 

more strongly biased compared to all control groups, since these patients are pathologically 

biased by contextual cues like frame tilt (as they cannot rely on gravitational information to 

the same extent as controls).

2.3.3. Methods

Participants

Twelve patients with right-hemispheric vascular lesions and left spatial neglect documented 

by clinical standard neglect tests (see below), twelve control patients with right-hemispheric 

and twelve control  patients  with left-hemispheric  vascular  damage without  spatial  neglect 

according to these tests (RBD or LBD controls), and twelve healthy control subjects were 

tested. Informed consent according to the Declaration of Helsinki II was obtained from all 

participants. Table 1 summarizes the demographic and clinical data of the patients. The LBD 

and RBD control patients were selected to match the neglect patient sample as closely as 

possible  regarding  demographic  and  clinical  features  (age,  gender,  aetiology,  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 = 12.4, range = 32-71) 

for the LBD controls, and 47.2 years (SD = 12.7, range = 30-67) for the healthy controls. 

There was no significant difference with regard to age among groups (One-way ANOVA, 

df=3,  F=1.75,  p>0.15), nor did the gender distribution differ significantly between groups 

(Φ=0.30, p>0.20). The mean time since the lesion occurred was similar in the patient groups: 

109



5.8 months (SD = 3.7, range = 2-13) in the neglect group,5.1 months (SD = 2.6, range = 1-9) 

in  the RBD group, and4.7 months  (SD = 1.8,  range = 3-9) in  the LBD group (One-way 

ANOVA,  df=2,  F=0.45,  p>0.60). Patients were only included in the sample if they had a 

single,  vascular  unilateral  lesion  and no evidence  of  a  brain  stem lesion  (as  revealed  by 

CT/MRI). "Postural Imbalance" was rated as present in the patients when there was clinical 

evidence  from physiotherapy  or  occupational  therapy of  a  marked  instability  in  standing 

and/or sitting upright and a clear preponderance of body orientation towards the ipsilesional 

side (see e.g. Pérennou 2006). None of the neglect patients showed contralesional pushing. 

All subjects were right-handed according to their verbal report.

Neglect tests

All patients underwent a screening for visual neglect on white paper (size 29.7 x 14.7 cm), 

including representational drawing (of a star, a daisy, a clock, a house, and a face), horizontal 

line  bisection  of  a  20  x  1  cm  black  line,  and  number  cancellation  (10  targets  in  each 

hemispace among 100 numbers on the total page). In addition, a reading test with 180 words 

sensitive  to  neglect  and  hemianopic  reading  disturbances  (Kerkhoff  et  al.,  1992)  was 

administered. Omissions or significant distortions of the left half of the copied figures were 

interpreted as an indicator of neglect. Cut-offs in the further tests were deviations of more 

than 5 mm from the true midpoint of a 20 cm line in line bisection, more than 1 omission in 

each hemispace in the number cancellation task, and more than 2 omissions or substitutions of 

letters or words and/or prolonged reading times (> 120 sec).
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Visual-spatial RFE tests

The computerized ‘visual-spatial perception’ program (VS; Kerkhoff and Marquardt, 1995b) 

was used for the measurement of the SVV. VS is based on the method of limits  (Engen, 

1971). In the measurement of the SVV, the experimenter manipulates the orientation of an 

oblique white line (18 cm x 1.4 mm) presented on a dark background in a stepwise manner 

until the subject indicates that it is oriented exactly vertically and then further until the subject 

indicates that it is no longer vertical. Based on this procedure, the psychophysical parameter 

‘constant error’ can be calculated which denotes the difference between a participant’s mean 

estimate (the SVV) and the true vertical  and, thus, provides information about the central 

tendency or central error of the subject. The task was carried out either with a 20 cm x 20 cm 

yellow frame, presented in various orientations around the white line, or without a frame (see 

figure 1). There were 7 different frame conditions: (1) no frame, (2) 0° frame, (3) -5° frame, 

(4) +5° frame, (5) -15° frame, (6) +15° frame, and (7) 45° frame (see figure 1). Constant 

errors were computed directly by the software (as described above) for each subject in each 

frame condition. The step-width was 0.5° in all measurements. Visual-spatial measurements 

were taken in total darkness with the chassis of the PC-monitor, i.e., the borders of the screen, 

covered by an oval-shaped mask to eliminate or at least strongly reduce any visual reference 

cues (apart from the frame). Subjects were tested at a distance of 0.5 m from a monitor with 

spectacle corrections where necessary. Head position was stabilized by means of a head-and-

chin rest. There were ten trials in each frame condition. Frame conditions were blocked and 

the sequence of blocks was counterbalanced to control for practice effects. In all conditions, 

starting position was 20° away from the vertical axis. The direction (CW, CCW) of the initial 

tilt was counterbalanced to control for effects of rotation direction. Prior to the completion of 

the different conditions, subjects were familiarized with the experimental setup and performed 

five practice trials.
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Figure  1:  Experimental  setup  in  the  visual-spatial  rod-and-frame  task  for  the  different  frame 
orientation conditions (no frame, -15°, -5°, 0°, +5°, +15° and ±45°). Participants viewed only the rod 
and  frame,  the  borders  of  the  screen  (dashed  line)  were  hidden  behind  an  oval-shaped  mask  to 
eliminate vertical/horizontal reference cues.

2.4. Statistics

Performance of  the  four  participant  groups in  the  baseline  condition  (i.e.,  the ‘no frame’ 

condition) was compared in a one-way ANOVA with post-hoc Scheffé tests. Furthermore, to 

analyze systematic deviations of the SVV from zero (the value representing the true vertical) 

in the baseline condition, one-sample t-tests were calculated for each participant group. To 

analyze the effect of context on spatial performance, a mixed-design ANOVA with the factors 

participant group (between-subjects factor with 4 levels: neglect patients,  LBD, RBD, and 

healthy controls) and frame condition (within-subjects factor with 6 levels: -15°, -5°, 0°, +5°, 

+15°, +/-45°) was performed for the constant errors. In case of significant main effects or 

interactions, subsequent post-hoc comparisons were calculated: post-hoc Scheffé tests were 

used to compare performance between participant groups; one-way ANOVAs and contrasts 

(comparing  each  frame  condition  with  the  0°  frame  condition)  were  used  to  compare 
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performance in the different frame conditions within one subject group. Additionally, t-tests 

were  used  to  compare  performance  between  participant  groups  within  the  same  frame 

orientation condition. The alpha-level was chosen as  p<0.05 for all analyses, corrected for 

multiple comparisons.

2.3.4. Results

Neglect tests

The data of each patient in the neglect tests are given in Table 1. Neglect patients showed the 

characteristic pattern of asymmetrical deficits. All neglect patients showed impaired copying 

performance, with the typical omissions and/or distortions of the left side of the drawings. 

Furthermore,  neglect  patients displayed impaired line bisection performance:  11 out of 12 

patients showed the typical rightward deviation in horizontal line bisection (mean deviation: 

11.6 mm to the right, SD = 8.7). They also showed the typical pattern of omissions in the 

number cancellation task, with significantly more omissions in the left compared to the right 

hemispace [mean omissions: 6.8 in the left (SD = 2.1) and 2.7 in the right hemispace (SD = 

1.5);  t(11)=10.26,  p<0.01]  as  well  as  impaired  reading  performance  indicating  neglect 

dyslexia. LBD and RBD control patients did not show such asymmetrical deficits. Rather, 

they showed intact drawing performance, only nonsystematic and nonsignificant deviations in 

line bisection performance (LBD mean: 1.8 mm to the right, SD = 2.9; RBD mean: 2.6 mm to 

the left, SD = 10.1) and intact number cancellation performance [LBD mean: 0.2 omissions in 

left (SD = 0.4) and 0.1 in right hemispace (SD = 0.3); RBD mean: 0.3 omissions in left (SD =  

0.5) and 0.3 in right hemispace (SD = 0.5)]. Reading performance (not measured in 8 aphasic 

LBDs) was not impaired in non-aphasic LBD controls, but in 2 out of 12 RBD controls (one 

had hemianopic alexia due to a left-sided homonymous hemianopia).
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Figure 2: Performance of neglect patients, LBD and RBD control patients, and healthy controls in the  
visual-spatial orientation task for the six different frame orientation conditions (-15°, -5°, 0°, +5°,  
+15° and ±45°); the lines within the circles display the mean SVVs of individual patients and controls.
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Visual-spatial orientation judgments

Figure 2 displays  the visual-spatial  orientation  judgments  of neglect  patients  and healthy, 

RBD,  and  LBD  controls  as  a  function  of  frame  condition.  The  lines  within  the  circles 

represent the mean SVVs of the individual participants. While the healthy subjects, as well as 

the RBD and LBD controls, show generally only minor deviations of their SSV from the true 

vertical, SVV judgments of neglect patients display a marked and systematic CCW tilt in the 

baseline condition and are furthermore substantially and systematically modulated by frame 

orientation.  Table  2  summarizes  the  mean  constant  errors  for  the  six  different  frame 

orientations in all subject groups.

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° 0.2° (SD = 0.6) 0.2° (SD = 0.8) 0.2° (SD = 0.9) 3.0° (SD = 4.0)
5° 1.8° (SD = 1.5) 2.8° (SD = 2.1) 2.4° (SD = 1.8) 12.4° (SD = 10.9)

15° 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)

Table 2: Constant errors (and standard deviations) for the six different frame orientation conditions (-
15°, -5°, 0°, +5°, +15° and ±45°) in healthy,  LBD, and RBD control subjects and neglect patients 
(N+); positive constant errors indicate CCW tilts of the SVV, negative constant errors CW tilts.

Group differences and general direction of SVV tilt

Figure 3 displays  the average constant errors of the SVV across all  frame conditions and 

separately for the ‘no frame’ condition for each subject group. While the normal subjects and 

also the RBD and LBD controls show only marginal deviations of their SVV, neglect patients  

display systematically positive constant errors, indicating a marked CCW tilt of the SVV. A 

one-way ANOVA with post-hoc Scheffé tests  for the between-group comparison of SVV 

judgements in the ‘no frame’ condition revealed a significant effect of group (df=3, F=17.66, 
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p<0.01). Performance of neglect patients differed significantly from all control groups (all 

p<0.01),  while  performance  of  the  control  groups  was  highly  comparable  (all  p>0.70). 

Furthermore, to assess the systematic direction of tilt  without contextual information,  one-

sample  t-tests  were  calculated  for  the  constant  errors  of  each  group  in  the  ‘no  frame’ 

condition. Constant errors of healthy, LBD and RBD controls did not differ significantly from 

zero (all  p>0.05). By contrast,  those of neglect patients were significantly larger than zero 

(t(11)=5.35;  p<0.01). Positive constant errors indicating CCW tilts of the SVV were shown 

by eleven of twelve neglect patients (one did not show any tilt). That is, without additional 

contextual information, neglect patients displayed reliable, substantial, and systematic CCW 

tilts of the SVV.

Figure 3: Constant errors (means and standard errors) in the SVV for the ‘no frame’ condition (grey)  
and across all  frame conditions  (black)  in  neglect  patients  (N+),  healthy,  LBD, and RBD control  
subjects; positive constant errors indicate CCW tilts of the SVV, negative constant errors CW tilts.

Effects of frame condition on SVV tilt

Figure 4 presents the average constant errors of the SVV in order to demonstrate the RFEs, 

separately for each frame condition and for each participant group. As can be seen, all groups 
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showed tilts of the SSV as a function of frame condition: Only direct RFEs were obtained, 

that is, CW frame tilts resulted in a CW tilt of the SVV, while CCW frame tilts resulted in a 

CCW tilt (relative to the true vertical and relative to the SVV in the ‘no frame’ and in the 0° 

frame condition). The RFEs increased with increasing frame tilts, that is, small frame tilts led 

to  minor  changes  in the SVV, whereas  large frame tilts  led to major  changes.  Moreover, 

Figure  4  shows  that  neglect  patients  displayed  the  most  marked  SVV modulations  as  a 

function of frame condition, that is, their SVV was tilted in the direction of frame tilt to a 

much larger degree than those of all three control groups.

Figure 4: Constant errors (means and standard errors) in the SVV for the different frame orientation 
conditions  (-15°,  -5°,  0°,  +5°,  +15° and ±45°)  in  neglect  patients  (N+),  healthy,  LBD,  and RBD 
control  subjects;  positive  constant  errors indicate CCW tilts  of  the  SVV, negative constant  errors  
indicate  CW tilts;  the  straight  line  at  0°  indicates  the  true vertical;  the  dashed line  indicates  the 
constant errors of neglect patients in the ‘no frame’ condition.

A  mixed-design  ANOVA  (with  the  factors  subject  group  and  frame  condition)  revealed 

significant  main  effects  of  group  (df=3, F=10.83,  p<0.01)  and  frame  condition  (df=5, 

F=71.60,  p<0.01),  and  a  significant  interaction  of  group  and  frame  condition  (df=15, 
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F=15.54,  p<0.01).  Neglect  patients  generally  displayed significantly larger  constant  errors 

compared to all control groups (all  p<0.01), whereas the performance of healthy, RBD and 

LBD controls was highly comparable (all p>0.95, n.s.).

One-way ANOVAs revealed that frame tilt significantly affected performance in all subject 

groups, i.e. in neglect patients (df=5, F=37.20, p<0.01), RBD (df=5, F=10.92, p<0.01), LBD 

(df=5, F=16.74, p<0.01), and healthy controls (df=5, F=12.78, p<0.01). In all subjects, a 5° 

or 15° CW or CCW frame tilt resulted in a significant SVV tilt in the same direction (all 

p>0.05)  compared  to  the  0°  frame  condition  and  SVV  tilts  were  generally  larger  with 

increasing frame tilt (see figure 4). The 45° frame did not cause any SVV tilt in healthy, RBD 

and LBD controls (all p>0.05), but a strong CCW tilt of the SVV in neglect patients (p<0.01).

Furthermore, the direct RFEs were much larger in the neglect patients compared to all other 

subject groups. Additional t-tests revealed that neglect patients showed a significantly larger 

CCW tilt  of  the  SVV compared  to  all  control  groups  in  the  +5°,  +15°  and +45°  frame 

conditions  (all  p<0.05)  and  a  significantly  larger  CW  tilt  in  the  -15°  frame  condition. 

Performance in the -5° and the 0° frame condition did not differ significantly between neglect 

patients and control groups after α-correction (all  p>0.05). Performance between the three 

control groups did not differ significantly in any frame condition (all p>0.05).

2.3.5. Discussion

The rationale  of the present study was to investigate the modulation of spatial  orientation 

judgments by visual contextual cues in neglect. Visual-spatial axis orientation performance in 

a classic rod-and-frame task was analyzed in patients with right hemispheric lesions and left 

spatial neglect, LBD and RBD control patients without neglect, and healthy control subjects. 

Our hypotheses were that neglect patients would display a systematic CCW bias in the SSV 
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and that, furthermore, axis orientation judgments would be modulated by frame orientation to 

a markedly larger degree in neglect patients compared to control groups.

As expected, neglect patients generally showed a systematic and significant CCW tilt in their 

SVV in the classical, reference condition without frame. Although the oval mask could serve 

as visual context information also in the condition 'no frame', it provides, if any, only vague 

cues about the cardinal axes indicating the horizontal and vertical orientation. Therefore, the 

CCW tilt in neglect patients in the present study unlikely represents a bias that is associated 

with  this  visual  reference.  The  results  in  the  ‘no  frame’  condition  replicate  findings  of 

previous studies in the field: they show the typical pattern of bias which has already been 

demonstrated  in  several  studies  in  the  visual  domain  with  (Kerkhoff  &  Zoelch,  1998; 

Kerkhoff 1999) and without an oval shaped mask (Saj et al., 2005b; Yelnik et al., 2002) as 

well  as  in  the tactile  domain  (i.e.,  also without  a mask;  Kerkhoff,  1999).  Interestingly,  a 

vertically aligned frame (0° frame) reduced this bias significantly compared to the ‘no frame’ 

condition,  presumably because  it  provided a  strong orthogonal,  external  reference  for  the 

setting of the vertical.

In all four subject groups, axis orientation performance was significantly and systematically 

modulated by frame tilt.  The RFEs were generally direct,  that is,  the SVV was biased  in  

direction of frame tilt.  In line with previous research (e.g.,  Beh et  al.,  1971),  the control 

groups showed only slight, but consistent direct effects in case of small, 5° or 15°, CW or 

CCW frame tilts and no SVV tilt in case of a 45° frame tilt. In neglect patients, the effect of 

frame orientation was dramatically increased, that is, the magnitude of the direct RFE was 

approximately three times as large in these patients  as in the controls.  Since the SVV of 

neglect patients was already tilted CCW in the ‘no frame’ and also in the 0° frame condition, 

a CCW tilt of the frame led to a further increase of the subjective bias. By contrast, a CW tilt  

of the frame led not simply to a reduction, but rather to a reversal of the bias, that is: a CW tilt 
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of the SSV.

An exceptional case was the 45° frame condition: a 45° frame did not bias performance in the 

healthy, LBD, and RBD control groups, presumably because it can be used efficiently as a 

helpful reference cue (as the edges of a 45° frame point to the top and the bottom and the 

frame actually represents  a symmetrical diamond; Beh et al., 1971). In neglect patients, by 

contrast, a 45° frame caused a marked bias, that is, it increased the CCW bias by an amount 

comparable to the 15 ° frame. This pattern indicates that neglect patients are not only unable 

to use the symmetrical contextual information provided by the diamond efficiently;  rather, 

they seem to interpret this frame as a square tilted CCW, leading to a large direct RFE, that is, 

a large CCW tilt of the SVV. Thus, the 45°-diamond-shaped frame deteriorated the already 

impaired task performance selectively in the neglect group, while it permitted almost normal 

performance in all other groups (Fig. 4).

Differential effects of contextual modulations on the SVV

Previous research has shown that different reference frames can be selected to define a visual 

orientation in space (for reviews, see, e.g., Howard, 1982, Rock, 1990; Wade, 1992). Among 

the egocentric and allocentric reference frames in which spatial orientations can be mapped, 

most important for the judgment of the subjective visual vertical are probably the gravitational 

as  well  as  the  visual  reference  frame.  Visual,  gravitational,  and  also  other  (e.g., 

somatosensory) information is integrated in the intraparietal cortex to generate a subjective 

percept  of space (e.g.,  Bremmer  et  al.,  2002;  Duhamel  et  al.,  1998).  If  information  from 

different sources is congruent,  that is,  if the different frames of reference are aligned,  the 

subjective perception of an orientation corresponds to the ‘veridical’ orientation. However, 

even  in  participants  without  disturbed  spatial  information  perception,  the  information 

delivered from different sources can be incongruent in certain conditions, as it is the case, for 
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example, in the classic rod-and-frame task. Here, in addition to gravity, the tilted frame serves 

as a frame of reference for the perception of the upright, that is, it acts as a world surrogate 

that determines the apparent visual axes of space (e.g., Rock, 1990). The orientation of the rod 

is  consequently  perceived  with  reference  to  frame orientation  and to  gravity,  so  that  the 

resulting rod setting usually is a compromise between the two references. This is exactly the 

behavior  found  in  healthy,  LBD,  and  RBD  controls  in  the  present  study.  They  showed 

systematic, but only moderate deviations of the SVV (<3° for the ±5° frame condition and 

<6°  for  the  ±15°  frame  condition)  in  the  direction  of  the  frame.  This  pattern  of  results 

indicates that frame orientation serves as a frame of reference to a certain extent and therefore 

biases  the  rod  settings  in  the  control  subjects.  However,  visual  information  about  the 

orientation of the frame is integrated with intact gravitational information, which is used as a 

reference  for  the  perception  of  the  upright,  too,  and  thus  reduces  the  effect  of  frame 

orientation on the SVV.

By  contrast,  in  neglect  patients,  the  processing  of  gravitational  input  is  impaired  (i.e., 

asymmetric) and gravitational information cannot be used as an ’intrinsic’ reference for the 

perception of the upright to the same extent as in healthy subjects. This is most probably the 

reason why neglect patients showed such a strong impact of visual contextual information on 

the SVV. In these patients, the SVV deviations were as large or even larger than the angles of  

frame orientation tilt  (-13.3° and -4.4° deviation in the -15° and -5° frame conditions and 

12.4° and 18.2° deviation in the 5° and 15° frame conditions). Larger CCW deviations in 

comparison to CW deviations can be explained by a general CCW tilt of the SVV of neglect 

patients. The increased impact of visual contextual information on the SVV in neglect patients 

is in line with previous findings of enhanced effects of modulations of internal mediators of 

verticality perception,  such as head orientation (Funk et al.,  2010b). However, a new and 

particularly interesting finding of the present study is the reversed bias of the SVV in neglect  
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patients  in  case of  CW frame tilt.  In  general,  the ‘default  mode’  of  neglect  patients  is  a 

systematic and substantial CCW bias of the SVV. Previous research (e.g., Funk et al., 2010b; 

Saj  et  al.,  2006)  has  demonstrated  that  this  CCW bias  can be increased  or  decreased  by 

modulators  of verticality perception.  However,  to our knowledge, a strong reversal of the 

spatial bias in neglect patients by visual contextual information as it is revealed here has not 

been shown thus far. It appears that the spatial performance of neglect patients is not only 

instable with regard to the magnitude of the pathological bias, but also with respect to its 

polarity,  which is in line with the view that neglect patients are characterized by a loss of 

spatial orientation constancy. That is,  neglect patients display both a consistent CCW tilt of 

the SVV and a loss of its constancy, which leads to systematic deviations of subjective space 

as well as  an increased reliance on internal and external cues mediating the perception of 

verticality.  The  systematic  deviations  of  subjective  space  are  observable  under  specific 

(postural) circumstances - in an upright posture with a vertical  head position. With lateral 

head inclination (Funk et  al.,  2010b),  in supine body position (Saj  et  al.,  2005b) or with 

certain types of visual context (the present paper), the tilt might change, i.e. be reduced or 

even reversed.

We suggest  that  the strong modulations  of  space/verticality  perception  in neglect  patients 

might  depend  upon  a  central  mechanism  related  to  multisensory  integration  and  space 

representation  in  intraparietal  cortical  areas.  This  idea  has  for  example  already been  put 

forward by Rosetti et al., (1998), who reported a larger prism adaptation after-effect in neglect 

patients compared to controls. Generally, it appears that the performance of neglect patients in 

various  spatial  tests,  including  the  SVV, is  influenced  more  than  the  one of  other  brain-

damaged patients or healthy controls by many internal (e.g., prism adaptation, neck muscle 

vibration, vestibular stimulation) and external (e.g., visual or auditory cues) cues mediating 

space representation. This abnormal weighting of cues mediating space/verticality perception 
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might be the consequence of an impaired integration of multimodal information in the parietal 

cortex due to a pathological processing of graviceptive information. 

Clinical and daily-life consequences of impaired spatial orientation constancy

It is likely that this effect – the loss of spatial orientation constancy and the pathologically 

increased influence of contextual visual information – has profound consequences in daily 

life. It can be conjectured that neglect patients have great difficulties in estimating verticality 

in the presence of additional oblique contours visible in the environment. A typical situation 

or scene in the daily routine, which contains multiple complex stimuli (and, therefore, also 

orientations), provides many different sources of context information. It would, thus, to be 

expected that the perception of such complex visual stimulation will lead to similar biases or 

even greatly increase the biases observed with the experimentally reduced stimulation in the 

present  study.  That  is,  depending  on  the  predominant  contextual  information,  different 

orientation biases could result which would in turn continuously change through egomotion or 

moving scenes/stimuli.

In this context it is worth mentioning that the size of the perceptual tilt of the SSV in the rod-

and-frame  test  was  found  to  predict  poor  ambulation  performance  in  patients  with  left 

hemiplegia (Bruell et al, 1957, 1958; note that, unfortunately, these reports did not mention 

explicitly whether their patients had left-sided visual neglect). Also, the notable deficits in 

drawing and copying performance that neglect patients typically display could conceivably 

stem from (or at least be increased by) given or already drawn orientations that impede the 

correct drawing of new orientations. The inaccurate and very instable representation of spatial 

orientations changing rapidly with changes in external visual and internal modulations might 

therefore profoundly affect performance in clinical tests as well as fundamental competencies 

indispensable for managing daily life (e.g., ambulation performance).
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In the present study, we showed that context information can increase, reduce, or reverse the 

orientation  bias  in  neglect  patients  (depending  on  the  frame  orientation).  Thus,  visual 

contextual  information  seems  to  be  a  good  candidate  to  manipulate  this  bias  and  could 

therefore be possibly used as one component of neglect therapy. Further research is necessary 

to investigate whether,  in therapy,  certain types  of contextual information (e.g.,  a visually 

tilted chamber) might induce positive and desirably also long-lasting effects on orientation 

performance in neglect patients.

Limitations of the study

The present results, together with findings from other studies in the field, indicate a functional 

relation  between  spatial  neglect  and  a  CCW  bias  of  the  SVV.  The  neuropsychological 

methodology used in this study has inherent limitations which concern the conclusion that 

SVV tilts are a core deficit in spatial neglect rather than a highly correlated epiphenomenon. 

The high comorbidity along with the correlation between neglect severity and the magnitude 

of SVV tilt serve as evidence for the former assumption, which is advocated in the present 

study. However, if neglect is caused by lesions close to structures that are responsible for 

SVV  deviations,  we  cannot  exclude  a  high  comorbidity  without  a  direct  functional 

relationship. In this case, not the presence or absence of spatial neglect, but the exact brain 

area  affected  would  be  crucial  for  the  presence  and  magnitude  of  SVV  bias.  The 

topographical accuracy of neuropsychological studies based on the individual lesions would 

be a critical  point with regard to this question. Unfortunately,  the structural images of the 

patients’ lesions cannot be provided in this paper. Nevertheless, the present study is the first to 

demonstrate that neglect patients - included on the basis of descriptions of the lesion sites and 

the presence of the syndrome assessed via behavioral tests - suffer from a spatial deficit which 

can be significantly modulated by changes in contextual visual information.
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Conclusion

When combining the present finding of a strong influence of contextual visual information on 

the subjective vertical with previous findings indicating a significant impact of modulations of 

internal mediators of verticality perception (e.g., lateral head orientation: Funk et al., 2010b; 

and posture: Funk et al., 2010a; Saj et al, 2005b), the emerging picture is one of a loss (or an 

impairment)  of  spatial orientation constancy in  patients  with neglect.  This impairment  of 

spatial orientation constancy along with a systematic bias of the subjective vertical leads to 

severe  perturbations  of subjective  space  as  well  as an  increased  reliance  on  internal  and 

external  cues mediating the perception of verticality in neglect.  Put differently:  in neglect 

patients, the (already perturbed) perception of the subjective vertical changes dramatically not 

only with changes in head- or body-position, but also with modifications of contextual visual 

information that serve as a reference for the perception of spatial orientation. Modulations of 

internal and external cues mediating the perception of space do affect orientation performance 

also  in  healthy  subjects  or  brain-damaged  patients  without  neglect.  However,  in  neglect 

patients, this modulation is pathologically exacerbated, since they are not able to use intact 

gravitational  information  as  a  reference  for  the  perception  of  the  upright  to  accurately 

integrate and counterbalance other sources of input. The result of this may be an inaccurate 

and very instable representation of spatial orientations changing rapidly with manipulations of 

internal  and/or  external  modulators  of  subjective  space  perception,  which  has  profound 

consequences in daily life of neglect patients.
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2.4.1. Abstract

Patients  with  right  or  more  rarely  left  parieto-temporal  lesions  often  show  profound 

visuospatial  and -constructive disorders which impair  spatial  capacities,  activities  of daily 

living (ADL) functions and long-term outcome. Early clinical studies showed improvements 

with  systematic  training  of  perception.  Recent  studies  of  perceptual  learning  in  healthy 

subjects suggest rapid improvements in perceptual learning of spatial line orientation, with 

partial  transfer  to  non-trained  line  orientations.  The  present  study  investigated  a  novel 

perceptual  training  procedure  for  the  rehabilitation  of  patients  with  severe  visuospatial 

deficits.  13  stroke  patients  showing  profound  deficits  in  line  orientation  and  related 

visuospatial tasks performed a repetitive feedback-based, computerized training of visual line 

orientation  over  11  (mean)  treatment  sessions.  Visual  line  orientation  discrimination  and 

further visuospatial and –constructive tasks were assessed before and after training. We found 

a) rapid improvements in trained but also in non-trained spatial orientations during training in 

all 13 patients, partially up to a normal level, b) interocular transfer of training effects to the 

non-trained eye in 2 patients suggesting a central,  postchiasmatic locus for this perceptual 

improvement, c) stability of the obtained improvements at 2-months follow-up, and d) graded 

transfer of improvements to related spatial tasks such as horizontal writing, analogue clock-

reading  and  visuoconstructive  capacities.  In  summary,  our  results  show  a  considerable 

potential  for treatment-induced improvements  in visuospatial  deficits  following perceptual, 

feedback-based training of visual line orientation which might be used for a better treatment 

of spatially impaired stroke patients.

Keywords:  parietal,  line  orientation,  space  perception,  visuospatial,  perceptual  learning, 

rehabilitation

134



2.4.2. Introduction

Visuospatial disorders after stroke

Stroke  lesions  of  extrastriate  cortical  and  subcortical  structures,  e.g.,  parietal,  temporo-

parietal, thalamic or basal ganglia lesions of the right (50-70%), or more rarely also the left 

hemisphere  (30-50%),  lead  to  profound  visuospatial  disorders  (Kaplan  &  Hier,  1982; 

Meerwaldt & Van Harskamp, 1982). Impairments in the perception of visual space as well as 

in acting and orienting in space affect are typically more severe and more frequent in right- 

compared to left-hemispheric brain damage (Kim et al., 1984). Visuospatial deficits include 

visual line orientation judgements (Benton et al., 1975; De Renzi et al., 1971), the subjective 

visual and tactile vertical (Pérennou et al., 2008), line bisection / subjective straight ahead 

(Ferber & Karnath, 1999), size, distance and position estimation (Tartaglione et al., 1983), 

clock reading / drawing (Freedman et al., 1994), and block-design performance (Young et al., 

1983).

Deficits in visual orientation discrimination most frequently occur after lesions affecting the 

(temporo-)  parietal  lobe and/or  the basal  ganglia  (Benton et  al.,  1975;  Kim et  al.,  1984). 

Accordingly, recent patient and imaging studies support the view that the right parietal cortex 

plays a dominant role in orientation perception (Ng et al., 2000; Sack et al., 2001; Taira et al.,  

1998; Tranel et al., 2009). There is, however, also evidence that several further brain regions 

contribute to visual orientation discrimination,  including the right putamen and the lateral 

occipital cortex (e.g., Vandenberghe et al., 1996).

Therapeutic approaches

Visuospatial  disorders are often accompanied by substantial  deficits  in mobility and ADL 

functions and show adverse effects on therapy outcome (Hier et al.,  1983; Jesshope et al.,  
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1991). Furthermore, anosognosia is an essential problem for therapeutic success (Jehkonen et 

al., 2006). Many patients with large right-hemispheric lesions show a combination of spatial 

neglect, visuospatial deficits and anosognosia (e.g., Karnath & Rorden, in press; Kerkhoff, 

1998). Research on possible therapeutic approaches has primarily dealt with spatial biases in 

neglect (for review, see Kerkhoff & Schenk, in revision), showing positive effects of  neck 

muscle vibration (Schindler et al., 2002), prism adaptation (Rossetti et al., 1998; Saevarsson 

et al., 2009), vestibular (Karnath, 1994), optokinetic (Keller et al., 2009; Mattingley et al., 

1994), and theta burst stimulation (Nyfeller et al., 2009).

Yet, there is also evidence suggesting some efficacy of visuospatial and -constructive therapy. 

Successful approaches with regard to the therapy of visuospatial and -constructive disorders 

include  visuospatial  training  by  feedback  (Kerkhoff,  1998;  Weinberg  et  al.,  1982), 

visuoconstructive training (Young et al., 1983), and ADL-therapy. For instance, the graded 

training of spatial-perceptual capacities with verbal feedback (which is assumed to recalibrate 

spatial  perception)  was  found  to  reduce  visuospatial  deficits  (Weinberg  et  al.,  1982). 

However, apart from those for neglect, only few treatments for visuospatial deficits have been 

evaluated quantitatively.

Perceptual learning and plasticity

In  healthy  subjects,  recent  research  revealed  beneficial  effects  of  perceptual  learning  on 

various perceptual and cognitive functions (for reviews, see Fine & Jacobs, 2002; Goldstone, 

1998).  Perceptual  learning  refers  to  an  increase  in  sensory  sensitivity  and  perceptual 

judgement  after  repeated  practice.  In  visual  perception,  performance  in  several  tasks  was 

shown to improve with practice, including orientation discrimination (Schoups et al., 1995; 

Shiu & Pashler, 1992; Vogels & Orban, 1985). However, the underlying neural mechanisms 

are not fully understood and research on perceptual learning is inconsistent with regard to 
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restrictions of learning (i.e., the extent of transfer effects).

Vogels  and  Orban  (1985)  found  improvements  in  visual  orientation  discrimination  after 

practice which did not transfer to unpracticed orientations or other retinal locations. A lack of 

transfer supports the suggestion that perceptual learning occurs at early stages of processing 

and  is,  therefore,  restricted  to  sensory  areas  addressed  by an  individual  stimulus  or  task 

(Fahle, 2005; Fahle & Skrandies, 1994; Sagi & Tanne, 1994). However, other studies found 

that improvements achieved through perceptual learning can generalize (Fahle, 2005; Polat, 

2009), depending on the trained function and task complexity (e.g., Leonards et al., 2002). For 

instance,  Polat  (2009)  investigated  improvements  of  visual  functions  through  perceptual 

learning in persons with impaired visual function (amblyopia) and showed that improvements 

were not restricted to the trained task (contrast sensitivity),  but transferred to other visual 

functions (e.g., visual acuity), indicating plasticity at higher levels of visual processing. These 

results  encourage  the  use  of  perceptual  learning  in  neurorehabilitation.  Thereby,  the 

generalization  of  a  trained  task  to  other  functions  is  not  only  important  for  a  better 

understanding of the neural mechanisms underlying learning, but serves as an indicator of the 

practical value of training procedures. It is, therefore, necessary to identify factors critical for 

the transfer or generalization of basic visual functions to further visual functions and tasks.

Rationale of the present study

The present  study investigated  effects  of  repetitive  feedback-based visual  line  orientation 

training  on  orientation  discrimination  itself  and  on  further  visuospatial  and  -constructive 

performance in patients with profound visuospatial disorders. Although some clinical studies 

showed improvements of visuospatial performance with systematic training of perception in 

these patients (Weinberg et al., 1982; Young et al., 1983),  there are still only few effective 

therapeutic  interventions  for severe visuospatial  disorders (apart  from neglect).  In  healthy 
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subjects,  recent  research  revealed  beneficial  effects  of  perceptual  learning  on  various 

perceptual and cognitive functions (for reviews see Fine & Jacobs, 2002; Goldstone, 1998). 

Rapid improvements were demonstrated in the perceptual learning of spatial line orientation 

(Schoups et  al.,  1995;  Shiu & Pashler,  1992;  Vogels  & Orban,  1985).  In stroke patients, 

comparable  studies  are  rare  and  perceptual  learning  of  line  orientation  has  not  yet  been 

investigated.

Here,  we  investigated  13  stroke  patients  showing  deficits  in  line  orientation  and  related 

visuospatial  tasks  in  a  feedback-based,  computerized  training  of  visual  line  orientation. 

Patients  performed  a visual  orientation  discrimination  task and further  visuospatial  and –

constructive tasks before and after repetitive judgement of an oblique line orientation (45°) 

including  visual  feedback  over  11  (mean)  treatment  sessions.  We addressed  the  question 

whether  (1)  there  is  a  beneficial  effect  of  repetitive  feedback-based  training  of  the  45° 

orientation on visual line orientation discrimination.  More precisely,  we were interested in 

whether  improvements  are  limited  to  the  45°  orientation  or  transfer  to  other  oblique 

orientations.  Furthermore,  we investigated  whether  there is  (2) transfer  of  training  on the 

subjective visual vertical and horizontal (SVV, SVH), which are often disturbed in patients 

with parietal lesions (Pérennou et al., 2008), (3) interocular transfer, and (4) ‘far’ transfer to 

other measures of visuospatial and -constructive performance. Finally we analyzed (5) if a 

potential improvement persists over time and is equivalent in a follow-up test.

2.4.3. Methods

Participants

Thirteen  patients  with  single,  vascular  lesion  and  no  evidence  of  brain  stem lesions  (as 

revealed by CT/MRI and clinical symptoms)  were included in the study,  11 patients with 
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right-hemispheric, two with left-hemispheric lesions.  Table 1 summarizes the demographic 

and  clinical  data,  including  etiological  and  anatomical  information  from  CT/MRI.  Ten 

patients  had parietal  cortical  lesions,  three patients  had thalamus or basal ganglia  lesions. 

Mean age was 45.6 years (23-60), mean time since lesion was 20.7 weeks (12-28). Twelve 

patients were righthanded, one lefthanded. All had normal visual acuity. None of the patients 

had disease of the anterior visual pathways as judged from orthoptic  and ophtalmological 

investigations  (fundus  examination,  slit  lamp).  Nine  patients  had  leftsided  homonymous 

visual field deficits (7 hemianopia, 2 hemiamblyopia). Aphasia was ruled out in patients with 

left-hemispheric  damage  on  the  basis  of  the  Aachen  Aphasia  test.  All  patients  showed 

profound spatial disorders and visual neglect (neglect screenings described below). Informed 

consent according to the Declaration of Helsinki II was obtained from all participants.

Visual perimetry and neglect tests

Binocular visual fields were mapped with kinetic perimetry in all patients (see Kuhn et al., 

2010). A screening for visual neglect (on white paper 29.7x19.7 cm) included copy drawing 

(star, daisy, clock, house, face), horizontal line bisection of a 20 cm x 1 mm black line, and 

number  cancellation  (10 targets  in  each hemispace  among 100 numbers  on the sheet).  In 

addition, a reading test with 180 words sensitive to neglect was administered (Kerkhoff et al.,  

1992). Omissions or distortions of the left half of copied figures were interpreted as indicator 

of neglect. Further cut-offs were deviations of more than 5 mm from the true midpoint in line 

bisection, more than 1 omission in each half of the sheet in number cancellation, and more 

than 2 omissions or substitutions of letters / words or prolonged reading times (> 120 sec).
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Visual line orientation discrimination

Visuospatial  measurements  were  taken  in  darkness  with  the  chassis  of  the  PC-monitor 

covered by an oval-shaped mask to eliminate visual reference cues. Patients were tested at 0.5 

m viewing distance with spectacle corrections where necessary. Head position was stabilized 

by  a  head-and-chin  rest.  Visual  orientation  discrimination  was  measured  with  the 

computerized  ‘visual-spatial  perception’  program  (VS,  Kerkhoff  &  Marquardt,  1995). 

Patients viewed two oblique lines (10 cm x 1.4 mm), oriented differently on the screen. The 

experimenter rotated one line via mouse clicks, until the patients indicated that both lines had 

the  same  orientation.  Based on the  methods  of  limits  (Engen,  1971),  the  psychophysical 

parameters  ‘constant  error’  (difference  between  target  and  reference  line  at  the  point  of 

subjective equality) and ‘interval of uncertainty‘ (range in which lines are perceived as being 

parallel) were calculated by the program.

Visual orientation discrimination was measured for six angles: 30°, 45°, 60° (tilted clockwise) 

and  120°,  135°,  150°  (tilted  counterclockwise).  Furthermore,  the  SVV  and  SVH  were 

measured via VS. The step-width was 0.5° in all measurements. There were ten trials for each 

orientation.  Orientation  conditions  were  blocked  and  the  sequence  of  blocks  was 

counterbalanced to control for practice effects. In all conditions, starting position was 20° 

away  from  the  orientation  of  the  reference  line.  The  direction  of  initial  tilt  was 

counterbalanced  to  control  for  effects  of  rotation  direction.  Prior  to  the  measurements, 

patients were familiarized with the experimental setup and performed five practice trials.

Training procedure

Patients performed the described procedure in two baseline sessions before training and one 

post-training session. The second baseline was collected 6 weeks after the first baseline to 

control for effects of spontaneous remission. After the second baseline, patients accomplished 
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4 weeks of training, followed by the post-training session. Additionally, patients performed a 

follow-up session (only for  the 45° and 135° orientation)  8 weeks after  the post-training 

session. In the 4 weeks training, patients practiced the discrimination of the 45° orientation in 

VS and received perceptual feedback to train the ‘correct’ orientation (see figure 1). Visual 

feedback  was  given via  a  range  of  tolerance,  which  became progressively  narrow in  the 

course of training (initial size 20°, stepwidth 1°; final size 8°, stepwidth 0.5°). This range of 

tolerance was indicated by a rectangular frame around the target line, which was green in case 

of orientation adjustments within the range and turned red when the target line was rotated out 

of the range of tolerance. Patients performed an individual number of training sessions and 

trials, 11.3 sessions (249 trials) on average, ranging from 6-19 sessions (107-525 trials).

Figure 1: Experimental setup in the visual line orientation discrimination training.

Visuospatial and visuoconstructive tests

To investigate a potential transfer of improvements to related spatial tasks, several measures 

of  visuospatial  and  -constructive  capacities  and  ADL  functions  were  obtained  from  the 

patients.  The  Benton Judgment of Line Orientation Test (JLOT; Benton et  al.,  1983) is a 

visuospatial  test,  requiring  subjects  to  identify  the  orientation  of  two  target  lines  on  a 

multiple-choice display with eleven reference lines (the difference of each two being 18°). 
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The test has two parallel forms, each containing five practice and 30 test items, which were 

alternated between sessions. The number of errors and performance time were measured. The 

Mack-Levine-Test (Mack & Levine, 1981) is a visuoconstructive test which consists of eight 

items,  each containing several  pieces which have to be arranged in the form of a square. 

Patients had 5 minutes time for each item. Task difficulty was manipulated via the number of 

pieces and the angle and length of their edges. The number of correct items and performance 

time were scored. Analog clock-reading was assessed in a clock-reading test with two practice 

and 20 test items. Each item displayed a target clock-face (4 cm diameter) on a 29.7x19.7 cm 

sheet of white paper with four differently shaped clockfaces (oval, octagon, square, circle). 

The hands of the target clock-face showed a specific time corresponding to one of the four 

multiple-choice clock-faces which had to be indicated by the patients.  The position of the 

correct clock-face was pseudo-randomly alternated to control for position biases. The number 

of correct items was scored.  Horizontal writing was measured to assess spatial dysgraphia. 

Patients were required to write their names and addresses horizontally,  beginning from the 

very left of a 29.7x19.7 cm sheet of white paper. This procedure was repeated five times on 

different sheets of paper. Three patients were unable to perform this task due to hemiparesis 

of the dominant hand. Deviations from the objective horizontal in degrees were measured and 

the range of uncertainty and the median of the deviation were calculated.

Monocular training

Two patients (number 4 and 9) performed a monocular orientation training. Their time since 

lesion was equivalent to control for effects of spontaneous remission. In the monocular line 

orientation  test,  one  eye  was  covered  by an  eye  patch  in  all  training  sessions.  Patient  4 

performed 19 training sessions (504 training trials) with the left eye only, patient 9 performed 

11 training sessions (247 training trials) with the right eye only. The baseline sessions, the 
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post-training session and the follow-up session were performed monocularly with the trained 

and nontrained eye in both patients to test whether there is transfer of training from one eye to 

the other. In these sessions, patients performed six trials for each orientation  (30°, 45°, 60°, 

120°, 135°, 150°), three with clockwise, three with counterclockwise rotation.

Statistics

To  analyze  effects  of  feedback-based  training  on  line  orientation  performance,  repeated 

measures ANOVAs with the 3-steps factor ‘training’ (baseline 1, baseline 2, post-training) 

were  performed  for  the  constant  errors  and  intervals  of  uncertainty  in  all  orientation 

conditions (30°, 45°, 60°, 120°, 135°, 150°) as well as for the SVV and SVH. Transfer of  

effects to related visuospatial functions was assessed in equivalent ANOVAs for performance 

parameters in the JLOT (Benton et al., 1983), the Mack-Levine test (Mack & Levine, 1981), 

analog clock reading, and horizontal writing.  To assess the persistence of training effects, a 

repeated-measures ANOVA with the 4-steps factor ‘training’ (baseline 1, baseline 2, post-

training, follow-up) was performed for the constant errors and intervals of uncertainty in the 

45°  and  135°  orientation  condition.  In  case  of  significant  main  effects  or  interactions, 

contrasts were used to compare performance between the different sessions.  To assess the 

extent  of  interocular  transfer  (in  patients  4  and 9),  Pearson correlation  coefficients  were 

determined,  comparing  orientation  discrimination  performance  in  the  trained  and  the 

nontrained eye across training sessions. Spearman rank correlations were calculated to assess 

the  relation  between  the  individual  amount  of  training  and  the  mean  training  benefit 

(difference  between  baseline  and  post-training  performance  for  mean  constant  errors  and 

intervals of uncertainty). The alpha-level was chosen as p<.05 for all analyses, corrected for 

multiple comparisons.
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2.4.4. Results

Visual line orientation discrimination

Patients showed substantial and systematic tilts in their orientation judgements in the baseline 

sessions,  whereas  tilts  were  strongly  reduced  in  the  post-training  session  (see  figure  2). 

Repeated measures ANOVAs revealed a significant effect of training on the constant errors 

(all  F>17.63,  all  p<.001)  and  intervals  of  uncertainty  (all  F>36.31,  all  p<.001)  in  all 

orientation conditions (30°, 45°, 60°, 120°, 135°, 150°). Brain-damaged patients generally 

displayed  significantly  larger  constant  errors  and  intervals  of  uncertainty  in  the  baseline 

sessions compared to the post-training session (all p<.001). Performance in the two baseline 

sessions  did  not  differ  significantly  (all  p>.05).  Spearman  rank  correlations  revealed  a 

significant  relation between the number of training trials  and the reduction of uncertainty 

intervals (r=0.64; p<0.05), but no significant correlation between the number of training trials 

and the reduction of constant errors (r=0.14; p>0.05).

Figure 2: Average visual line orientation discrimination performance (constant errors and intervals of 
uncertainty) in the two baseline sessions and the post-training session, follow-up performance for the 
45°  and  135°  orientation;  positive  constant  errors  indicate  counterclockwise  tilts  of  orientation 
judgements; each line displays one of six orientation conditions (30°, 45°, 60°, 120°, 135°, 150°); **  
significant difference between baseline sessions and post-training / follow-up session.
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Follow-up

Patients showed comparable tilts of their line orientation judgements in the baseline sessions, 

but  not  in  the  post-training  and  follow-up  sessions  (see  figure  2).  Repeated  measures 

ANOVAs revealed  a  significant  effect  of  training  on  the  constant  errors  (45°:  F>31.34,  

p<.01;  135°:  F>32.67,  p<.01)  and  intervals  of  uncertainty  (45°:  F>41.07,  p<.01;  135°: 

F>54.81,  p<.01).  Brain-damaged patients  generally displayed significantly larger  constant 

errors and intervals of uncertainty in the 45° and the 135° orientation condition in the two 

baseline sessions compared to the post-training session, and also compared to the follow-up 

session (all p<.01). Constant errors and intervals of uncertainty in the post-training session 

and the follow-up session did not differ significantly from each other (all p>0.01).

SVV and SVH

Patients showed comparable tilts of the SVV and SVH in the baseline sessions, but no tilts in 

the post-training session (see figure 3). Repeated measures ANOVAs revealed a significant 

effect of training on the constant errors (SVV: F>10.15, p<.01; SVH: F>8.38.0, p<.01) and 

intervals  of  uncertainty  (SVV:  F>11.17,  p<.01;  SVH:  F>8.44,  p<.01).  Brain-damaged 

patients generally displayed significantly larger constant errors and intervals of uncertainty in 

the baseline sessions compared to the post-training session (all p<.01) whereas performance 

in the two baseline sessions did not differ significantly (all p>.05).

146



Figure 3: Average performance of patients in the SVV and SVH and measures of visuospatial and –
constructive capacities (JLOT, horizontal writing, analog clock reading, Mack-Levine test) for the two 
baseline sessions and the post-training session; ML, Mack-Levine test;  UI, uncertainty intervals in  
horizontal writing.
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Visuospatial and visuoconstructive capacities

Figure 3 displays the average performance of patients in the visuospatial and –constructive 

tasks for the two baseline sessions and the post-training session.

For the JLOT (Benton et al., 1983), repeated measures ANOVAs revealed a significant effect 

of training on the number of errors (F>87.57, p<.01), percentile ranks (F>67.97, p<.01), and 

processing time (F>4.28, p<.05). Brain-damaged patients generally displayed significantly 

less errors, a higher percentile rank, but increased processing time in the post-training session 

compared  to  the  baseline  sessions  (all p<.01)  whereas  performance  in  the  two  baseline 

sessions did not differ significantly (all p>.05).

In the  Mack-Levine test  (Mack & Levine,  1981),  repeated measures  ANOVAs revealed  a 

significant effect of training on the number of correct items (F>22.49, p<.01) and the overall 

processing time (F>13.51, p<.01). Brain-damaged patients generally displayed significantly 

more correct items and reduced processing time in the post-training session compared to the 

baseline sessions (all p<.01) whereas performance in the two baseline sessions did not differ 

significantly (both p>.05).

For  analog clock  reading,  a repeated  measures  ANOVAs revealed  a  significant  effect  of 

training  on  the  number  of  errors  (F>31.36,  p<.01).  Brain-damaged  patients  generally 

displayed  significantly  less  errors  in  the  post-training  session  compared  to  the  baseline 

sessions (both p<.01),  whereas  performance in  the two baseline  conditions  did not  differ 

significantly (p>.05).

For horizontal writing,  repeated measures ANOVAs revealed a significant effect of training 

on  the  median  of  the  deviation  (F>24.12,  p<.01),  but  not  the  intervals  of  uncertainty 

(F>2.25, p>.05). Brain-damaged patients generally displayed smaller deviations in horizontal 

writing in the post-training session compared to the baseline sessions (all p<.01), whereas 

performance in the two baseline sessions did not differ significantly (both p>.05).
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Interocular transfer

Figure 4 displays the mean constant errors of patients 4 and 9 across the course of training 

sessions (11 and 19 sessions, respectively).  As can be seen, the curves for the trained and 

nontrained eyes  are nearly identical.  Pearson correlations comparing performance between 

trained and nontrained eyes across training sessions were highly significant for both patients 

(both r=0.98; p<0.01), indicating nearly perfect interocular transfer.

Figure 4: Interocular transfer. Average constant errors of patients 4 and 9 across the course of training 
sessions for the trained and nontrained eyes.  One data point represents the average constant errors 
across 6 measurements and 6 orientation conditions (i.e., 36 measurements).
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2.4.5. Discussion

Patients  with  large,  right-hemispheric  lesions  show  the  poorest  outcome  in 

neurorehabilitation.  In  these  patients,  visuospatial  disorders,  hemispatial  neglect  and 

anosognosia often occur simultaneously. Recent research on therapeutic approaches for these 

patients  has  primarily  dealt  with  spatial  neglect  (for  review,  see  Kerkhoff  & Schenk,  in 

revision), but there are still only few effective interventions for severe visuospatial disorders. 

The  present  study  investigated  the  effect  of  repetitive  feedback-based  training  on  line 

orientation  discrimination  and  further  parameters  of  visuospatial  and  -constructive 

performance in patients with profound visuospatial disorders. We found clear improvements 

after only four weeks of therapy (only twelve training sessions on average). There was no 

improvement across two baseline sessions, indicating that there is no effect of spontaneous 

remission or repeated testing. Significant improvements occurred in the trained orientation, 

but also in all untrained orientations as well as the SVV and SVH, indicating a generalized 

benefit  for  spatial  orientation  perception.  The  significant  relation  between  the  number  of 

training trials and  the decrease in uncertainty intervals indicates a progressive narrowing of 

uncertainty intervals  with increasing training experience.  Training effects  were stable in a 

follow-up  session  after  8  weeks  without  training.  Furthermore,  there  was  nearly  perfect 

interocular transfer (measured in two patients), that is, equivalent improvements were found 

for both eyes, even when only one eye was trained. Finally, there was substantial far transfer 

of improvement to further measures of visuospatial and –constructive performance, including 

horizontal writing, analog clock reading and visuoconstructive capacities.

Putative mechanisms of improvement

After  feedback-based  visual  line  orientation  training,  RBD  patients  showed  reduced 
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uncertainty intervals and constant errors, indicating a progressive narrowing of uncertainty 

intervals along with a recalibration of perceptual tilts. Several aspects of the present training 

data might  provide information on the putative stages of visuospatial  processing at  which 

feedback-based orientation training affects performance. First, the nearly perfect interocular 

transfer  observed  in  two  patients  strongly  suggests  a  postchiasmatic  locus  for  the 

improvement, beyond V1 where binocular interactions are first seen in primate visual systems 

(Hubel & Wiesel, 1968). Second, this assumption is supported by the transfer of improvement 

to nontrained orientations as well as the SVV and SVH, indicating plasticity in higher regions 

of  the  dorsal  or  ventral  stream  relevant  for  spatial  orientation  perception.  (Note  that, 

interestingly, healthy subjects were reported not to show transfer to nontrained orientations in 

perceptual learning of visual orientations; Vogels & Orban; 1985). Finally, the substantial far 

transfer  of improvement  to other  visuospatial  tasks strengthens  the assumption  of  a  more 

central locus for the general improvement at a higher level of visuospatial representation. In 

line  with  this  view,  Polat  (2009) investigated  improvements  of  visual  functions  through 

perceptual  learning  in  persons  with  amblyopia  and  showed  that  improvements  were  not 

restricted to the trained task, but transferred to other visual functions, indicating plasticity at 

higher levels of visual processing.

Apart from early sensory effects which could be excluded as main agents of improvements, 

the question arises, which mechanisms might be underlying the observed visuospatial learning 

effects.  In  healthy  subjects,  the  (right)  parietal  cortex  seems  most  critical  for  orientation 

processing (Ng et al., 2000; Sack et al., 2001; Taira et al., 1998). Nevertheless, several brain 

regions  contribute  to  visual  orientation  discrimination,  including  V1,  the  lateral  occipital 

cortex, superior temporal cortex, (right) parietal lobe, and subcortical structures (Faillenot et 

al.,  2001;  Shikata,  2003;  Vandenberghe  et  al.,  1996).  This  distributed  processing  of 

orientation could be one potential explanation for training benefits despite parietal cortical 
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lesions. Possibly, repetitive feedback-based training enhances the potential of adjacent brain 

areas of the dorsal and ventral visual system relevant for orientation processing to take over 

functions of damaged parietal areas. Additionally, training might have stimulating effects on 

the  damaged  tissue  and enhance  neural  repair  via  the  sprouting  of  fibers  from surviving 

neurons  with  formation  of  new  synapses. Recent  research  showed  that  mechanisms  of 

plasticity  after  brain  injury  include  sprouting  of  fibers,  formation  of  new  synapses, 

redundancy  of  brain  circuitry  with  parallel  pathways  performing  similar  functions  or 

unmasking of previously existing but functionally inactive pathways (for reviews, see Duffau 

et al., 2006; Lee & van Donkelaar, 1995; Stein & Hoffmann, 2003).  Human brain imaging 

studies support the concept of functional reorganization after stroke (e.g., Pizzamiglio et al., 

1999; Weiller, 1998). Research on functional reorganization after injury furthermore suggests 

that  plasticity  does  not  primarily  exist  in  sensory  areas,  but  is  probably  even  higher  in 

association  areas  (Kaas,  1991;  Kaas  et  al.,  1997).  The  present  finding  of  generalized 

improvements  after  repetitive  feedback-based  training  indicates  that  the  damaged  visual 

system is plastic at higher, or possibly various, levels of visuospatial processing and shows 

considerable potential to reestablish visuospatial functions as a result of perceptual training.

Role of feedback

Perceptual  learning  research  yielded  mixed  results  regarding  the  importance  of  trialwise 

feedback. To assess the relevance of feedback for training-related improvements (in direction 

discrimination),  Ball  and  Sekuler  (1987)  compared  data  from  observers  trained  with  or 

without trialwise feedback and found that feedback enhanced training effects for oblique, but 

not  cardinal  directions.  They  concluded  that  feedback  might  be  important  for  observers 

training  on  oblique  directions,  to  sharpen  their  representation  of  stimuli  they  have  to 

discriminate,  and less important for observers training on cardinal  directions because they 
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already have a clearer, and stable representation of the stimuli.  These results indicate that 

feedback enhances training benefits especially when the representation of stimuli is unclear or 

unstable, as it is the case in RBD patients with regard to orientation representation. In such 

patients, trialwise feedback during training might be an important factor of training success. 

Especially when visuospatial deficits are accompanied by anosognosia, information about the 

quality  and magnitude  of  the  visuospatial  deficit  is  of  great  importance  in  rehabilitation. 

Therefore, feedback should be considered as one essential factor of training success in future 

rehabilitation studies.

Clinical relevance

The  present  training  effects  showed  that  persistent  and  generalized  improvements  in 

orientation  discrimination  can  be  achieved  with  a  rather  moderate  training  effort.  The 

generalization of training effects and the persistence of improvements are indicators of the 

practical value of the training procedure. Repetitive feedback-based training appears to be an 

effective, rapid and simple therapy approach for the rehabilitation of visuospatial functions. 

Importantly,  training effects were shown to transfer to other  visuospatial and -constructive 

capacities essential for ADL functions, including horizontal writing, analog clock reading and 

visuoconstructive capacities.  These results encourage the use of perceptual-learning-related 

approaches  in  visuospatial  rehabilitation.  Thereby,  it  is  important  to  further  clarify  the 

underlying  changes  in  central  nervous  system  and  use  the  resulting  knowledge  for  the 

rehabilitation of patients suffering from sensory or representational deficits after stroke.
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3.1. Synopsis of results

The rationale of the present project was to conduct a comprehensive series of experiments in 

order to obtain a clearer picture of the nature and the underlying mechanisms of the spatial 

deficits  in  RBD  neglect,  to  systematically  analyze  the  impact  of  internal  and  external 

mediators of spatial  biases, and to identify potentially successful intervention schemes for 

such deficits. Therefore, we investigated (1) spatial orientation deficits in RBD neglect, (2) 

whether and how such deficits are modulated by internal factors mediating the perception of 

verticality,  including body posture and lateral head orientation and by visual context as an 

external mediator of space perception, and (3) by the systematic feedback-based training of 

visual line orientation discrimination.

We found that RBD neglect patients, but not brain-damaged control patients without neglect 

or healthy controls, generally exhibit  a systematic visual-spatial  orientation deficit; that is, 

they  generally  display  a  substantial  CCW tilt  of  their  visual  and  tactile  SV and  oblique 

orientation judgements. Furthermore, axis orientation performance was differently modulated 

by internal (body posture, lateral head orientation) and external (visual context) modulators of 

subjective space perception in RBD neglect patients compared to control patients and healthy 

controls:  SV  judgements  of  all  participants  varied  as  a  consequence  of  the  respective 

manipulation;  however,  performance  of  neglect  patients  was  far  more  strongly  biased 

compared to all control groups. They displayed deteriorated performance in supine compared 

to upright posture, an enhanced ‘A-effect’ (i.e., a modulation of orientation judgements in the 

direction  of  head tilt)  as  well  as  an increased  rod-and-frame-effect  (i.e.,  a  modulation  of 

orientation judgements as a function of frame tilt).

With regard to the effectiveness of feedback-based training of visual orientations, we found 

rapid improvements in trained but also in non-trained spatial orientations in all 13 patients, 

partially up to a normal level,  after only 4 weeks of training.  There was no improvement 
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across two baseline sessions, indicating that there is no effect of spontaneous remission or 

repeated testing. Significant improvements occurred in the trained orientation, but also in all 

untrained  orientations  as  well  as  the  SVV and SVH,  indicating  a  generalized  benefit  for 

spatial orientation perception. Training effects were shown to be stable in a follow-up session 

after 8 weeks without training. Furthermore, there was nearly perfect interocular transfer as 

well  as  substantial  transfer  of  improvement  to  further  measures  of  visuospatial  and  –

constructive  performance,  including  horizontal  writing,  analog  clock  reading  and 

visuoconstructive capacities.

3.2. Evidence for a supramodal orientation deficit in neglect

In accordance with our prior hypothesis of a multimodal, or supramodal spatial orientation 

deficit  (Kerkhoff,  1999),  RBD  neglect  patients  investigated  in  the  present  series  of 

experiments showed systematic and analogous tilts of the subjective visual and tactile vertical 

and  horizontal.  The  spatial  conformity  of  deviations  in  both  modalities  supports  the 

assumption  of  a  disturbed  central  representation  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 where, thus, an 

internal model of verticality might be elaborated. The assumption of the parietal cortex as the 

anatomical  substrate  of  a  supramodal  spatial  referece  frame  is  supported  by  findings 

referenced above, indicating the existence of multimodal (e.g. Duhamel et al., 1998; Graziano 

& Gross, 1995) and ‘axis-orientation-selective’ (Sakata et al., 1997) neurons in the parietal 

cortex.  Damage to such multimodal and orientation-selective neurons might be responsible 

for the deficits in the perception and representation 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 internal models underlying the representation of 
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space by integrating multimodal afferent and efferent / reafferent information (Andersen et 

al., 1985). Damage to the (right) parietal cortex might therefore lead to a systematic error in 

the integration of information (as for example somatosensory and graviceptive input) and, 

thus, to a biased internal representation of space 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 underlying 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 suggested e.g. by Brandt et al., 1994). The patients examined in 

the present studies had lesions of structures that are involved in the multimodal representation 

of space, including the parietal or temporo-parietal cortex and in some cases the thalamus and 

basal ganglia.

3.2.1. Impaired spatial orientation constancy in neglect

When combining the present findings of a strong influence of contextual visual information 

on the  subjective  vertical  (Funk et  al.,  2011)  and a  significant  impact  of  modulations  of 

internal mediators of verticality perception (e.g., lateral head orientation: Funk et al., 2010b; 

and posture: Funk et al., 2010a; Saj et al, 2005b), the emerging picture is one of a loss of  

spatial orientation constancy in  patients  with  neglect.  Our  results  clearly  showed  that 

subjective space perception changes significantly and systematically with changes in head- or 

body-position and visual context. In hemispatial neglect, graviceptive input from the left and 

right otholitic  system is  not processed symmetrically (e.g.  Pizzamiglio et  al.,  1995). As a 

consequence of this impaired processing of vestibular information neglect patients probably 

cannot  rely  on  a  gravitational  reference  frame,  they  have  to  rely  on  other  sources  of 

information mediating subjective space perception to a greater degree than healthy subjects. 

Therefore,  it  is  assumed that  RBD neglect  patients  show a much  stronger  impact  of  e.g. 
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somatosensory or visual contextual information on subjective space perception. If information 

from different sources is congruent, that is, if the different frames of reference are aligned, 

neglect patients show ‘only’ the bias resulting from asymmetric processing (e.g. Pizzamiglio 

et al., 1995). However, if information from different sources is incongruent, their subjective 

space perception varies as a function of e.g. somatosensory or visual contextual information 

and their spatial bias can be enhanced, reduced, or even reversed.

It  is  likely that  the  loss  of  spatial  orientation  constancy and the  pathologically  increased 

influence of internal and external spatial cues have profound consequences in daily life. It can 

be conjectured that neglect patients have great difficulties in estimating verticality (or spatial 

orientation  in  general)  in  the  presence  of  additional  oblique  contours  visible  in  the 

environment and during moving in space and, thus, changing posture and head orientation. 

That  is,  depending on the predominant  contextual  information and on head orientation or 

body  posture,  different  orientation  biases  could  result  which  would  in  turn  continuously 

change through egomotion. This loss of spatial orientation constancy is multimodal and in our 

view one of the main reasons for the poor postural and mobility capacities typical for neglect  

patients (Pérennou et al., 2006; 2008). The inaccurate and instable representation of spatial 

orientations changing with fluctuations in external and internal spatial cues might not only 

affect  fundamental  competencies  indispensable  for  managing  daily  life  (e.g.,  ambulation 

performance, dressing, transfer from bed to chair), but also  performance in clinical tests as 

well as therapeutic progress. Conversely, internal and external cues modulating the orientation 

bias in neglect patients might be good candidates to intentionally manipulate the spatial bias 

in  RBD neglect  and could therefore  be possibly used as  potential  components  of  neglect 

therapy. At least, variations / fluctuations in spatial performance occurring as a consequence 

of conscious or unconscious modulations of internal and external spatial cues have to be taken 

into account in the diagnosis and therapy of patients with visuospatial disorders and neglect.
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3.3. Putative mechanisms of plasticity following visuospatial training

In  the  present  rehabilitation  study,  neglect  patients  showed  both  smaller  intervals  of 

uncertainty  and  smaller  constant  errors  after  repetitive  feedback-based  orientation 

discrimination  training,  indicating  a  narrowing  of  uncertainty  intervals  along  with  a 

recalibration of perceptual tilts (Funk et al., submitted). With regard to the putative stages of 

visuospatial processing at which orientation discrimination training affects performance, the 

nearly perfect interocular transfer observed in two patients strongly suggests a postchiasmatic 

locus  for  the  perceptual  improvement,  beyond  the  primary  visual  cortex  (V1).  This 

assumption is supported by the transfer of improvement to nontrained orientations, indicating 

plasticity  in  higher  regions  of  the  dorsal  or  ventral  stream which  are  relevant  for  spatial 

orientation  discrimination.  Finally,  the  substantial  transfer  of  training  benefits  to  other 

visuospatial and –constructive tasks strengthens the assumption of a more central locus for the 

general improvement at a higher level of (visuo-) spatial representation.

As referenced above, in healthy subjects, the (right) parietal cortex seems to be most critical  

for  orientation  processing  (e.g.,  Ng  et  al.,  2000;  Sack  et  al.,  2001;  Taira  et  al.,  1998). 

Nevertheless, several brain regions contribute to visual orientation discrimination, including 

V1,  the  lateral  occipital  cortex,  superior  temporal  cortex,  (right)  parietal  lobe,  and  also 

subcortical structures (e.g., Faillenot et al., 2001; Riddoch et al., 2004; Shikata et al., 2003; 

Vandenberghe et al., 1996). This distributed processing of orientation discrimination could be 

one potential explanation for the positive effects of systematic practice despite the lesions of 

the  parietal  cortex.  Possibly,  repetitive  feedback-based  training  enhances  the  potential  of 

adjacent  brain  areas  of  the  dorsal  and  ventral  visual  system  which  are  relevant  for  the 

processing of orientation to take over parts of the function of the respective brain area affected 

by the lesion. Alternatively, or additionally, feedback-based perceptual training might have a 

stimulating effect on the damaged tissue and thereby enhance partial  neural repair via the 
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sprouting of fibers from the surviving neurons with formation of new synapses.

Recent evidence from several research fields, including post-stroke rehabilitation, showed that 

possible mechanisms of plasticity after brain injury include sprouting of fibers, formation of 

new  synapses,  redundancy  of  brain  circuitry  with  parallel  pathways  performing  similar 

functions (such that an alternative pathway may take over when another has been damaged) or 

unmasking of previously existing but functionally inactive pathways (for reviews, see Duffau, 

2006; Lee and van Donkelaar, 1995; Stein & Hoffman, 2003). Interestingly, research on the 

reorganization of sensory systems after injury furthermore suggests that plasticity does not 

primarily exist in primary sensory areas, but in all cerebral areas and is probably even higher 

in association areas (e.g., Kaas, 1991, 1997).

The present finding of generalized improvements after repetitive feedback-based orientation 

discrimination training indicates that the damaged visual system is plastic at higher levels, or 

possibly  various  levels,  of  visuospatial  processing  and  shows  considerable  potential  to 

reestablish visual functions as a result of feedback-based perceptual training.

3.3.1. Clinical relevance of training and transfer effects

The substantial  training benefits  found in the present study are of high clinical relevance, 

showing that persistent improvements in orientation discrimination performance as well as a 

transfer  to  related  visuospatial  functions  can be achieved with  a  rather  moderate  training 

effort. Especially the generalization of training effects to other functions and the persistence 

of improvements are indicators of the practical value of the training procedure. Repetitive 

feedback-based  perceptual  training  appears  to  be  an  effective,  rapid  and  simple  therapy 

approach  for  the  rehabilitation  of  visuospatial  functions  (like  e.g.,  line  orientation 

discrimination, subjective vertical) which are severely impaired in RBD patients.

Visuospatial  disorders  are  furthermore  often  accompanied  by substantial  deficits  in  ADL 
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functions (Jesshope et al., 1991; Kaplan & Hier, 1982) and show adverse effects on therapy 

outcome of the patients. The training effects observed in the present study were shown to 

transfer to visuospatial and visuoconstructive functions essential for ADL functions, including 

horizontal writing and analog clock reading.  These results encourage the use of perceptual-

learning-related training approaches in visuospatial rehabilitation. Recent research has shown 

that perceptual learning improves performance in nearly all tasks investigated, ranging from 

simple  feature  discrimination  to  detecting  complex  patterns.  With  regard  to  rehabilitation 

procedures, it is important to further clarify the underlying changes in central nervous system 

and use the resulting knowledge for the rehabilitation of patients suffering from sensory or 

representational deficits after stroke. Thereby, feedback should be considered as one essential 

factor of training success in future rehabilitation studies.

3.4. Conclusion

The significant and systematic effects of contextual visual information (Funk et al., 2011) and 

of  internal mediators  of  verticality  perception  (e.g.,  lateral  head  orientation:  Funk et  al., 

2010b; and posture: Funk et al., 2010a) on subjective space perception suggest a loss (or at 

least an impairment) of spatial orientation constancy in patients with hemispatial neglect. Put 

differently: in neglect patients, the perception of the subjective vertical changes dramatically 

not only with changes in head- or body-position, but also with modifications of contextual 

visual  information  that  serve  as  a  reference  for  the  perception  of  spatial  orientation. 

Modulations  of  internal  and  external  cues  mediating  the  perception  of  space  do  affect 

orientation performance also in healthy subjects or brain-damaged patients without neglect. 

However,  in  neglect  patients,  this  modulation  is  pathologically  exacerbated,  putatively 

because  they  are  not  able  to  use  intact  gravitational  information  as  a  reference  for  the 

perception of the upright to accurately integrate and counterbalance other sources of input. 
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The result of this may be an inaccurate and very instable representation of spatial orientations 

changing  rapidly  with  manipulations  of  internal  and/or  external  modulators  of  subjective 

verticality perception, which has profound consequences in daily life of neglect patients.

On the other hand, the present study showed that  patients with visuospatial deficits benefit 

significantly from repetitive feedback-based perceptual training of orientation discrimination 

(Funk et al., submitted). We found rapid improvements in trained, but also nontrained spatial 

orientations, as well as a graded transfer to related (but untrained) spatial tasks in all patients 

after only four weeks of training, indicating plasticity of the damaged visual system at higher 

levels of visuospatial processing. These substantial training and transfer effects along with the 

moderate  training  effort  show  a  considerable  potential  for  improvements  of  visuospatial 

deficits  following repetitive feedback-based perceptual training which might yield a better 

outcome of spatially impaired stroke patients.

In summary, we showed that neglect patients display a systematic bias of spatial orientation 

perception along with a loss of spatial orientation constancy (studies 1-3), and that both the 

bias and the uncertainty in subjective space perception can be reduced by feedback-based 

perceptual training (study 4).

3.5. Future directions

The  present  study  showed  relations  between  spatial  neglect  and  deficits  in  subjective 

verticality and orientation perception. The systematic modulability of such deficits by internal 

and  external  mediators  of  subjective  space  perception  is  in  line  with  previous  findings 

showing systematic effects of modulations of such mediators – for instance proprioceptive, 

vestibular,  or  visual  manipulations  -  on  further  neglect  symptoms  (e.g.  visual  extinction, 

biases in visual search, or motor neglect; for review, see Kerkhoff & Schenk, in revision). 

However, recent research on the components of spatial  neglect and their  respective neural 
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correlates questioned the assumption of a unitary and cohesive syndrome, but rather suggested 

a multi-componential disorder consisting of dissociable sub-syndromes with distinct neural 

correlates (Karnath & Rorden, in press; Verdon et al., 2010). One important goal of future 

research would be to link dissociable co-varying deficits  or sub-components  to functional 

units of, for example, the dorsal stream relevant for the processing of the respective spatial 

(and also non-spatial) functions. A clearer understanding of the behaviorally and anatomically 

dissociable right hemisphere syndromes would be important  to provide clinical  as well as 

theoretical insights. An interesting question with this regard would be whether neglect patient 

show individual profiles of dissociable and co-varying deficits,  or whether there are some 

basic deficits which can be found in all (or at least a large majority of) neglect patients. For 

instance, deficits in subjective verticality and orientation perception were found in all neglect 

patients in the present study, irrespective of their individual lesion sites. Most of the neglect 

patients tested in the present study had right parietal lesions, but there were also other lesion 

sites, including temporo-parietal, fronto-parietal, basal ganglia and thalamic lesions. Deficits 

in  subjective  verticality  and orientation  perception would most  probably be assigned to  a 

perceptive/visuospatial component of neglect. Interestingly, such a visuospatial component of 

neglect accounted for the largest amount of variance in the study of Verdon et al. (2010), 

suggesting that visuospatial deficits are the most prominent symptom in neglect patients.

With regard to the rehabilitation of spatial neglect, the assumption of a multi-componential 

disorder  emphasizes  the importance  of  transfer  or  generalization  of  training  effects.  It  is, 

therefore, necessary to identify not only factors for training success in general, but especially 

factors which are critical for the transfer/generalization of basic functions to further and also 

more  complex  functions  and  tasks  in  future  neurorehabilitation  studies.  Furthermore,  the 

preponderance of visuospatial deficits in neglect indicates that it would be important to focus 

more on these deficits in the rehabilitation of neglect patients in the future.
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