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Purpose of review

Disorders of spatial awareness and balance following

stroke are common but often under-diagnosed. They lead to

poor outcome and frequently coexist. Here we focus on

recent progress in the understanding of the mechanisms

underlying these disorders and potential therapeutic

advances.

Recent findings

Right-hemisphere networks are important for both spatial

attention and postural awareness. Neglect patients show

multiple oculomotor impairments including reduced

saccade amplitude and difficulty retaining spatial locations

across saccades. There has been controversy regarding

the brain regions associated with neglect, although most

studies show the right inferior parietal lobe to be crucial and

new imaging modalities have provided insight into neglect

caused by subcortical stroke. The ‘pusher syndrome’ is a

poorly understood balance disorder where patients push

towards their paretic side, resulting in falls. It may involve

impairment of subjective verticality but experimental studies

have reported diverse findings. Advances in treatment for

neglect include the successful use of prism adaptation and

pilot data suggesting noradrenergic stimulation may

improve search in selected patients.

Summary

New experimental techniques have provided insight into the

debilitating disorders of spatial and postural awareness that

often follow stroke. There are currently no widely used

therapies for neglect but both new behavioural techniques

and pharmacological methods are promising.
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Introduction
The neglect syndrome is a common disorder following

stroke, particularly prominent and severe after right-

hemisphere lesions. Patients with hemispatial neglect

often fail to be aware of or acknowledge objects or people

on their contralesional side (the left side for patients with

right brain damage), attending instead to ipsilesional

items (the right side for right-hemisphere stroke

patients). Many such patients have intact visual fields

and can initiate eye or limb movements contralesionally.

But despite this they appear selectively to attend to items

on their ipsilesional side.

From a clinical perspective hemispatial neglect repre-

sents an important disorder because enduring neglect is

associated with a poor functional outcome following

stroke [1�]. In addition to its clinical importance, neglect

has also attracted a great deal of interest because of the

insights it provides into the brain networks that underlie

spatial awareness and cognition [2,3], as well as non-

spatial functions such as the ability to sustain vigilant

attention [4]. Here we review recent studies that have

begun to investigate the relationship and impact of the

cognitive deficits in neglect with eye movement and

balance control in these patients. In addition, we consider

recent controversies regarding the anatomical basis of the

neglect syndrome, the relationship of these findings to

current knowledge about the cortical control of balance

and eye movements, the clinical impact of neglect on

patients and novel treatments for the disorder. More

general recent reviews of neglect are also available for

the interested reader [5–8].

Eye-movement studies
Oculomotor studies in neglect have tended to concen-

trate on lateralized saccadic impairments, but more

recently there has been interest in a failure to update

representations of space across saccades, leading to recur-

sive search in patients with neglect.

Contralesional saccades in neglect

Patients with hemispatial neglect often spontaneously

fail to explore contralesional space in everyday life,

confining their eye movements instead to their ipsi-

lesional side. It is vital to understand though that the

demarcation between the neglected and the non-

neglected ‘field’ of vision need not be neatly through

the vertical meridian of the visual field, or the midline of

the search display (see Fig. 1). The degree of neglect, as

assessed for example by fixation patterns [9], varies
rized reproduction of this article is prohibited.
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Figure 1 Eye-movement scan path of a right-hemisphere patient

with neglect searching for letter Ts embedded among distractor

letter Ls

Black dots show fixations and white lines denote saccades. Note that
neglect of the left side of the array is not strictly down the vertical
meridian of the display. In this case the patient found some Ts well to the
left of centre in the upper part of the screen. The figure also vividly
illustrates how such patients with neglect often refixate locations they
have already searched on the right, at the expense of exploring the left of
the array. Such recursive ipsilesional search may, in some patients, be
due to a failure to keep track of spatial locations that have already been
explored (from [10��]).
between patients, and even within the same patient

depending upon the task and stimulus characteristics

[10��]. Thus a greater degree of contralesional neglect

is often found when patients are asked to search a dense,

cluttered visual scene compared to a non-cluttered one

[10��]. Moreover, there is often a gradient of neglect, such

that the probability of finding a target in contralesional

space falls off gradually with distance, rather than

patients demonstrating an abrupt failure to detect targets

at the midline [9,10��]. Even in the dark, the resting

position of gaze of right-hemisphere patients with neglect

is far to the right of the midline [11].

When asked to shift their gaze contralesionally, neglect

patients demonstrate a variety of impairments, often

being slower to initiate saccades in that direction or

making small, multistep saccades [12–14]. When search-

ing a visual scene, they do not necessarily make fewer

saccades in the contralesional direction [15,16], but their

eye movements are generally of small amplitude [15].

This behaviour may be related to constriction of the

‘effective field of vision’ when searching a dense array

for small targets among distractors. A recent study of

right-hemisphere-lesioned patients who had recovered

from neglect and had full visual fields demonstrated that

when performing an attentionally demanding task at

fixation these individuals often missed stimuli within

68 of the fovea bilaterally, but worse to the left. However,

if the task demands at fixation were made easier, they

encountered far less difficulty in detecting para-foveal
opyright © Lippincott Williams & Wilkins. Unauth
stimuli [17]. The authors argued that paying attention to

an item at central fixation leads to shrinkage of the

effective visual field, worse to the contralesional side.

Thus when searching a display with high attentional

demands, right-hemisphere patients with neglect may

have a constricted effective field of vision, accounting for

the generally small-amplitude saccades they make.

Saccade amplitudes to the left may be particularly

reduced under some circumstances, as demonstrated

by Niemeier and Karnath [18]. These researchers used

two interesting variants of a visual search paradigm on

right-hemisphere patients with and without neglect. In

the first task subjects freely searched for the letter A in a

random array of letters. The subjects’ scan paths when

performing this task were recorded and used to generate

the second ‘replay’ condition. In this second task, partici-

pants viewed the same display but had to follow a red

square, which took exactly the same path as the fixations

made by subjects in the previous task, thus replaying it.

In the first (free search) condition, neglect patients

tended to search on the right side of array and ignore

the left, but there was no major discrepancy between

leftward and rightward saccade amplitude or frequency.

However, in the replay task, saccades were of reduced

amplitude, particularly when leftward, despite the pre-

scribed eye movements being identical to the first task.

This finding suggests the contralesional saccadic deficit

in neglect may be most prominent for stimulus-driven or

reflexive saccades (replay task) than for volitional move-

ments (free search condition).

Spatial working memory and saccadic control

When searching a visual scene, neglect patients not only

fail to explore contralesional space, they often keep

refixating items on their ipsilesional side [9] (for example,

see Fig. 1). Many of these refixations are associated with a

failure to keep track of spatial locations across saccades,

with patients revisiting locations they have previously

visited, unaware that they have looked there before

[10��,16,19]. Mannan and colleagues [10��] monitored

eye movements while patients searched for target letter

Ts among distractors. Subjects were asked to click a

response button to indicate whenever they identified a

new target T (one they had not previously found). Right-

hemisphere neglect patients with lesions involving either

the intraparietal sulcus (IPS) or the inferior frontal gyrus

frequently misjudged targets on the right as new when

they had in fact fixated and clicked on them before. In

neglect patients with IPS damage (see Fig. 2 for anatomy)

the probability of re-clicking on a target increased with

time – and number of intervening saccades – consistent

with a deficit in remembering target locations or in

remapping and updating representations of target

locations across saccades. In contrast, the re-clicking

behaviour of neglect patients with inferior frontal gyrus
orized reproduction of this article is prohibited.



C

16 Neuro-ophthalmology and neuro-otology

Figure 2 Cortical brain regions typically associated with neglect

after right middle cerebral artery stroke include the inferior

parietal lobe (IPL), consisting of the angular (Ang) and supra-

marginal (SMG) gyrus, the temporoparietal junction (TPJ) and

the inferior frontal gyrus (IFG)

A more recent study [35] has suggested a special association with the
mid-portion of the superior temporal gyrus (STG), but this is controver-
sial. Grey areas denote regions that are activated by vestibular stimu-
lation in healthy individuals [25]. Note their proximity to the regions
typically damaged in neglect. Different regions within the intraparietal
sulcus (IPS), which separates the inferior parietal lobe from the superior
parietal lobe (SPL), are often activated in neuroimaging studies of
saccadic eye movements and spatial working memory. J, sulcus of
Jensen; MFG, middle frontal gyrus; SF, sylvian fissure; STS, superior
temporal sulcus.
lesions was high from the very beginning of the search,

suggesting that these frontal patients may be displaying a

‘perseverative’ type of behaviour, failing to stop them-

selves returning to previously inspected target locations

and clicking on them.

It is important to appreciate that such recursive searching

of ipsilesional space, at the expense of exploring contra-

lesional regions, does not occur in all patients with

neglect. Similarly, deficits in spatial working memory

are also not universal in the neglect syndrome. Patients

with right lateral parietal involvement appear to be particu-

larly vulnerable [10��,20��]. Moreover, the high-resolution

anatomical analysis of Mannan and her colleagues [10��]

indicates that damage specifically to the IPS may be

critically associated with spatial working-memory impair-

ments. These findings correlate reasonably well with

functional imaging studies which demonstrate saccade

[21] and spatial-memory related [22] activity in this region.

Balance control and neglect
Disorders of balance are extremely common in stroke-

rehabilitation settings [23], and they frequently coexist

with spatial neglect in the same patient [24�]. However,

both their pathophysiology and the precise nature of any

relationship with the neglect syndrome remain unclear.
opyright © Lippincott Williams & Wilkins. Unautho
Vestibular cortex and relationship to neglect

Several imagingstudies inhealthyhumanshave implicated

a network of regions activated by vestibular stimulation.

For example, one recent positron emission tomography

study using caloric stimulation identified foci of activity in

the inferior parietal lobe (IPL), temporoparietal junction

(TPJ), posterior insula and frontal eye fields, most promi-

nently in the right hemisphere of right-handed individuals

(Fig. 2) [25]. This cortical vestibular network has often

been considered to play a role in perception of spatial

orientation relative to gravity. But a major new study

proposes that it plays a more general role in representing

the physical laws of motion, by generating an internal

model of gravity that calculates the effects of gravity on

external objects as well as on the body’s own parts, such as

the arm as it reaches to grasp an object [26]. As we discuss

later, the areas that form part of the vestibular cortical

network are often also damaged in patients with neglect.

In this context, it is interesting to note that several sig-

nificant asymmetries in the vestibulo-ocular reflex have

been identified in stroke patients with posterior cortical

lesions, some of them associated with hemispatial neglect

[27,28]. For example, the vestibulo-ocular reflex slow-

phase time constant is reduced contralesionally in right-

hemisphere patients with neglect, with this impairment

being associated with right TPJ lesions [27]. It has been

proposed that the TPJ may be responsible for a slow

integrative process, extracting inertial semicircular signals

to establish a head-centred spatial reference frame [27].

Lesions to such a representation might also play a role in

degraded representations of contralesional space in the

neglect syndrome. By contrast, lesions of the posterior

insular cortex may lead to deficits in perceiving visual

verticality [29].

Pusher syndrome

Perception of verticality – visual and postural – has

become an extremely controversial issue in one particular

disorder of balance that has received a great deal of

interest lately: the ‘pusher syndrome’. Stroke patients

with this disorder actively push away from the ipsilesional

side and have a tendency to fall towards their paretic,

contralesional side (the left side for right-hemisphere

patients). This phenomenon is more prominent when

patients are upright compared to when lying down.

Although initially associated with the neglect syndrome

and anosognosia (denial of a contralesional deficit), sub-

sequent investigation has shown that the pusher phenom-

enon is doubly dissociable from both disorders, but may

coexist with them in many individuals. But what is the

mechanism underlying this behaviour? Could it be due to

an alteration of the sense of verticality?

Karnath and his associates [30] studied both subjective

visual verticality (SVV) and subjective postural verticality
rized reproduction of this article is prohibited.
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(SPV), testing the latter with eyes open or closed. They

reported that their five right-hemisphere pusher patients

showed no deficit in making SVV judgements, but they

were impaired in SPV, and this only when vision

was occluded. Curiously, they found that the SPV was

rotated clockwise, to the ipsilesional side, so the right-

hemisphere pusher patients considered themselves to

be upright when in fact they were tilted approximately

188 to the right of true vertical. Control stroke patients

who did not show the pusher phenomenon, including

patients with neglect, demonstrated no alteration of

either SVV or SPV. The findings in the pusher patients

seem perplexing, given that they actually pushed actively

towards the left in everyday life. Moreover, in natural

circumstances such pushing is obvious with vision of the

environment permitted, not simply when the eyes are

closed. The investigators proposed that the pusher

phenomenon arose from a conflict or mismatch between

visual and postural vertical. However, the results of two

other studies challenge this view.

First, Perennou and his colleagues [31] reported that the

three right-hemisphere pusher patients they studied

demonstrated a tilt of the pelvic girdle to the left com-

pared to control stroke patients and healthy individuals.

This effect was worse without vision, but still clearly

evident even when vision was permitted. The authors

concluded that there was in fact a tilt of SPV to the left in

their pusher patients. More recently, Saj et al. [32]

examined the SVV, lying and sitting, in 17 right-hemi-

sphere patients. Participants used a luminous rod in the

dark to indicate verticality. Patients without the pusher

syndrome demonstrated an anticlockwise (leftward) tilt

of SVV, and this was significantly worse in neglect

patients without pushing behaviour (just over 68 to the

left of true vertical). However, the pusher patients, most

of whom also had left-sided neglect, showed completely

the reverse effect: their SVV was tilted clockwise by 78 (to

the right). Importantly, this tilt was modulated by pos-

ture, with pusher patients showing less rightward tilt

when lying than sitting.

Clearly, the findings of these investigations of the pusher

syndrome raise far more questions than they answer.

There seems to be no consensus on the issue of either

SVV or SPV tilt in this group of patients. Nor is there a

clear explanation for how both these factors might lead

to the pusher phenomenon. Methodological differences

between the studies are likely to be critical in accounting

for the different patterns of behavioural results that have

been obtained. Emerging anatomical studies suggest inter-

estingly that lesions of the posterior thalamus, rather than

the vestibular cortex, are required for the pusher syndrome

to be apparent [33]. The time is ripe for a detailed

investigation of this important disorder of balance that is

commonly associated also with the neglect syndrome.
opyright © Lippincott Williams & Wilkins. Unauth
Recent controversies on the anatomy of
neglect
Until recently, the majority of patients with left neglect

were considered to have damage to the right IPL or TPJ,

with a smaller proportion having damage to right inferior

frontal gyrus or subcortical regions (Fig. 2) [34]. However,

the advent of new scanning modalities and lesion map-

ping tools has led to a profusion of studies attempting to

determine the critical lesion loci associated with the

syndrome.

Cortical regions

In 2001, using a combination of computed tomography

and magnetic resonance data that had originally been

obtained for clinical purposes, Karnath et al. [35] con-

cluded that the mid-portion of the right superior temporal

gyrus (STG), well anterior to the TPJ, was the critical

lesion location associated with neglect. One particularly

contentious aspect of the study involved the removal of

all patients with visual-field deficits from the analysis.

However, the same group of researchers has more

recently come to similar conclusions using a larger popu-

lation that included patients with field deficits [36�].

Other investigators have also recently used clinical scans

for lesion analysis, but none of them has demonstrated a

special association between neglect and STG damage

[37,38,39�,40,41].

Mort and his colleagues [42] employed a different

approach, using painstaking mapping methods and dedi-

cated high-resolution magnetic resonance imaging pro-

tocols to delineate the lesions of 35 right-hemisphere

stroke patients. Lesions were demarcated on every

(1 mm) slice of each individual’s scan, so they could be

compared with high fidelity between patient groups. The

subsequent analyses (on normalized and un-normalized

brain scans) showed that damage to the angular gyrus of

the IPL (Fig. 2) was necessary for neglect to occur after

right middle cerebral artery stroke. Although the right

STG was involved in 50% of middle cerebral artery

neglect patients, damage there was neither necessary

nor sufficient (without concomitant IPL involvement)

to produce neglect. Given the common vascular supply

to both IPL and STG, it is perhaps not surprising that

both these regions should be damaged in many patients;

but the findings of Mort et al. [42] show that the critical

relationship is between the IPL and the neglect syn-

drome. The debate on this issue has sometimes been

extremely lively (see the correspondence in [43,44]).

Mort and colleagues [42] also examined right-hemisphere

patients with posterior cerebral artery stroke and reported

that large lesions in this territory extending from the

occipital to medial temporal lobe can also be associated

with neglect. When the lesions of non-neglect posterior

cerebral artery patients were subtracted from those with
orized reproduction of this article is prohibited.
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neglect, the parahippocampal region, an area known to

have strong reciprocal connections to the parietal lobe,

was identified as a critical location. Further studies will be

required to examine whether neglect in such posterior

cerebral artery territory patients is due to diaschisis or

hypoperfusion in distant parietal regions.

Subcortical lesions and magnetic resonance perfusion

studies

It has been known for some time that pure subcortical

strokes can also be associated with neglect, particularly

after right-hemisphere damage. Lesion mapping has

implicated the putamen, pulvinar and, to a lesser extent,

the caudate nucleus [45]. Hillis and colleagues [46] have

also used the combination of diffusion-weighted and

perfusion-weighted imaging – which is sensitive to

poorly perfused (but potentially reversible) brain tissue

– to identify areas of cortical hypoperfusion in patients

with subcortical infarcts [46]. In their group of patients

with right-hemisphere stroke, all of whom were

examined and scanned within 24 h of symptom onset,

the seven who had neglect all had areas of cortical

hypoperfusion and the seven without neglect showed

no such hypoperfusion. The authors concluded that

many, if not all, cases of neglect that appeared to be

due to a solely subcortical infarct could be accounted for

by hypoperfusion in right cortical middle cerebral artery

territories. But exactly which cortical regions?

A subsequent study by the same group has recently

reported that left egocentric neglect was most strongly

associated with hypoperfusion of the right angular gyrus,

but that allocentric neglect was most strongly associated

with hypoperfusion of the right STG [47��]. There was no

association between the subcortical infarct location and

egocentric or allocentric neglect. But clearly the debate

on the critical cortical location associated with neglect

looks set to continue, even from a subcortical perspective.

One important clinical implication of perfusion magnetic

resonance studies is the finding by Hillis et al. [48] that

left neglect is a better indicator of changes in brain

perfusion in right-hemisphere stroke patients than the

National Institute of Health Stroke Scale (NIHSS).

Stroke scales typically do not give much weight to deficits

that are more typically associated with right-hemisphere

lesions; by contrast, language deficits following left-hemi-

sphere stroke are often easily detected by clinicians and

therefore also figure prominently in many stroke scales.

One recent retrospective study from Canada reported

that right-hemisphere patients with stroke were 45% less

likely to receive thrombolysis acutely than their left-

hemisphere counterparts [49�]. Interestingly, patients

with profound hemispatial neglect who also generally

present with severe weakness were likely to receive

thromobolytic treatment, but the authors rightly

expressed concerns that less severe neglect may not
opyright © Lippincott Williams & Wilkins. Unautho
generally be picked up as commonly as dysphasia at

the bedside, often because clinicians do not test for it.

Prognosis and treatment of neglect
Recent studies continue to emphasize the poor prognosis

associated with the presence of enduring neglect. For

example, Gillen and colleagues [50] report that right-

hemisphere patients with neglect stay longer in hospital,

make slower progress with rehabilitation and have

particular problems with grooming, bathing and walking.

Even when matched with non-neglect patients who had

equally poor functional status on admission to a rehabi-

litation unit, individuals with neglect still had longer

admissions and slower progress. A detailed prospective

investigation of the predictive value of early neuropsy-

chological examination in 228 acute stroke patients also

found neglect and perceptual impairments to be the most

important independent prognostic indicators of final out-

come [1�]. However, the majority of patients with acute

neglect no longer demonstrated neglect at the time of

their follow-up examination (6–10 months post-stroke).

Thus although the presence of acute neglect appears to

predict long-term functional outcome in a very strong

way, long-term disability in this group may not be directly

related to persistent neglect, but other factors that may

coexist with neglect. Future studies may need to examine

this issue more closely.

Perhaps the two most interesting advances in treatment

are the use of prism adaptation and, more recently, a pilot

proof-of-concept study involving a noradrenergic drug.

The beneficial effects of short bursts of prism adaptation

on standard clinical tests and everyday behaviour can last

as long as 5 weeks [51] and have been shown to affect

visuo-verbal and haptic tasks as well as multiple sensory

modalities [52–54]. Ocular scanning behaviour also

shows significant differences following prism adaptation

such that there is an improvement in oculomotor bias and

neglect dyslexia, with further left-sided exploration and

an increased amplitude of the first contralesional saccade

[55]. Morris et al. [56�] could not find a change in spatial

attention, as measured on a serial search task, after prism

adaptation. Because there was no evidence for a change in

the gradient of (right-to-left) search performance after

prism adaptation, these investigators felt that prism adap-

tation was unlikely to be mediated by an adaptive redis-

tribution of spatial attention. The exact mechanisms

underlying its beneficial effects remain to be elucidated.

Previous investigations of drug treatment for neglect

have largely focused on dopaminergic modulation and

produced mixed results. A new placebo-controlled cross-

over study [57�] has reported the effects of guanfacine, an

a-2 noradrenergic agonist that most likely exerts its

beneficial effects on cognitive function via post-synaptic

receptors in the prefrontal cortex [58]. The results show
rized reproduction of this article is prohibited.
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that patients with chronic neglect without extensive

prefrontal cortical involvement can benefit from guan-

facine, with improvements in the extent of search into

contralesional space and extended ability to maintain

attention on task. The authors suggest that targeting

intact prefrontal areas with guanfacine may improve

the ability to sustain attention and thereby improve

performance on visual search. However, the results are

preliminary and the study is a proof-of-concept investi-

gation in a small number of patients, rather than a large

randomized controlled trial. Further experimental inves-

tigation is required before advocating use of this drug in

clinical practice.

Conclusion
The brain regions that are frequently damaged in patients

with neglect often involve areas that normally participate

in eye-movement control or are activated by vestibular

stimulation. Studies of eye movement and balance con-

trol in patients with neglect have begun to provide

further insight into the nature of the condition and its

relationship to commonly associated clinical disorders,

such as the pusher syndrome. Treatments for the con-

dition are in their infancy but experimental investigations

of both behavioural techniques (such as prism adaptation)

and neuropharmacological modulators (such as noradren-

ergic drugs) may lead to useful clinical interventions.
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