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system and partly mirrors the critical regions of the right 
hemisphere known to be associated with neglect. Based on 
our prospective analysis on a large cohort of patients with 
left-hemispheric stroke, this study shows that in a remarka-
ble number of patients, the left hemisphere essentially con-
tributes to an intact representation of space and clarifies the 
impact of the distinct left-hemispheric structures involved 
in visuospatial processing.

Keywords Visual neglect · Left hemisphere · Hemispheric 
lateralization · Visuospatial attention system

Introduction

Visuospatial attention deficits such as neglect and extinc-
tion are commonly seen as right-hemispheric disorders 
(Heilman and Watson 2011) but have also been described 
after left-hemispheric damage (e.g., Becker and Karnath 
2007; Beis et al. 2005; Kleinman et al. 2007; Maeshima 
et al. 1992; Ogden 1985; Ringman et al. 2004). Reports 
published to date present an incongruent picture of the fre-
quency, severity, and structure–function relationships of 
visuospatial attention deficits after left-hemispheric dam-
age. These deficits are considered to be less frequent (e.g., 
Robertson and Marshall 1993) compared to visual neglect 
after right-hemispheric damage, where a median frequency 
of 43 % was determined from a meta-analysis (Bowen 
et al. 1999). Previous studies indicate a wide range for the 
frequency of visual neglect occurring after left-hemispheric 
damage, spanning the reported values of 2.4 % (Becker and 
Karnath 2007), 4 % (Sunderland et al. 1987; Vallar et al. 
1991), 10 % (Beis et al. 2005), and 65 % (Mattingley and 
Bradshaw 1994; Stone et al. 1993), with a large meta-
analysis calculating a median frequency of 21 % (Bowen 
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et al. 1999). Recently, the incidence of peripersonal neglect 
in acute stroke was found to range around 23.5 % and was 
not significantly different between patients with right- and 
left-hemispheric stroke (Kamtchum Tatuene et al. 2016). It 
has further been shown that spatial neglect can be uncov-
ered even in chronic left-hemispheric stroke patients when 
tasks with increased attentional load generated by multi-
tasking are applied (Blini et al. 2016). Visual neglect after 
left-hemispheric lesions is often regarded as less severe 
than after right-hemispheric lesions (Ringman et al. 2004; 
Stone et al. 1991; Ogden 1987; Gainotti 1968), while other 
studies observed no significant difference in the severity of 
neglect after left- or right-hemispheric damage (Stone et al. 
1993; Suchan et al. 2012; Costa et al. 1969).

These discrepancies in frequency and severity may be 
partly explained by difficulties in assessing attention defi-
cits in left-hemispheric stroke patients (reviewed in Bowen 
et al. 1999; Karnath and Rorden 2012; Stone et al. 1991). 
Aphasia, occurring in approximately 24–38 % of patients 
after stroke (Pedersen et al. 1995; Laska et al. 2001; 
Engelter et al. 2006), is an exclusion criterion in some stud-
ies, since patients may be unable to participate in certain 
clinical examinations (Pedersen et al. 1997). Different 
methods for assessing visuospatial attention deficits that 
have been used in the different studies will have different 
detection sensitivities (Halligan et al. 1989). And neuro-
radiological evidence was not used in all previous studies 
for lesion localization, which was sometimes derived from 
the side of hemiplegia. However, only neuroradiological 
examination can exclude the occurrence of previous silent 
strokes, which could add to the occurrence of neglect when 
followed by a contralesional severe stroke (e.g., Taylor 
et al. 1994). The crucial point, however, might be the vari-
ance in frequency according to the timing of assessment. 
This is highlighted by the fact the given frequencies above 
are taken from studies that were performed during the acute 
phase (within 1 week after onset) or subacute phase (within 
4 weeks after onset), suggesting a very rapid change in 
clinical presentation of visuospatial attention deficits after 
left-hemispheric lesion. This reduction in the frequency of 
visual neglect with time was found to be more likely after 
left-hemispheric lesion than after right-hemispheric lesion 
(Bowen et al. 1999), making early clinical testing and close 
follow-up during hospitalization necessary to precisely 
assess incidence and severity.

The exact lesion localization for visual neglect within 
the left hemisphere has rarely been investigated to date. 
Two studies, one subgroup analysis of a large multicenter 
trial of an anticoagulant (TOAST Trial including 394 
patients with a left-hemispheric lesion, of which 77 exhib-
ited neglect; Ringman et al. 2004) and one selective report 
on 20 patients with visual neglect after left-hemispheric 
stroke (Maeshima et al. 1992), used CT scans to localize 

the lesioned area and concluded that visual neglect mostly 
occurs after damage to temporal areas or, in a descending 
order of occurrence, to parietal, frontal, or occipital regions 
as well as the basal ganglia or the thalamus. Suchan and 
Karnath (2011) used voxel-based lesion–symptom mapping 
in a selected cohort of 11 patients with visual neglect after 
left-hemispheric stroke, and found the severity of neglect to 
the right correlated with lesions in the superior and middle 
temporal areas as well as inferior parietal, inferior frontal 
areas, and the insular cortex.

The current theory for visuospatial attention assumes an 
interaction between a bilateral dorsal system, composed of 
the parietal cortex and frontal eye field, and a right-lateral-
ized ventral system, composed of the right temporoparietal 
junction and right ventral frontal cortex (Corbetta and Shul-
man 2002, 2011; Kastner and Ungerleider 2000; Bushman 
and Miller 2007; Kanwisher and Woicuulik 2000). Not so 
different, left-hemispheric research on aphasia, apraxia, 
and acalculia (Kuemmerer et al. 2013; Hoeren et al. 2013, 
2014; Martin et al. 2015; Klein et al. 2013) distinguishes 
parallel dorsal and ventral processing streams, anatomi-
cally defined by the course of the long association tracts, 
either above (dorsal) or below (ventral) the sylvian fissure, 
connecting pre- and post-rolandic parts of the brain and 
forming a domain general dual loop (Weiller et al. 2009, 
2011; Rijntjes et al. 2013). By integrating this model within 
the current theory of visuospatial attention processes, the 
investigation of visual neglect after left-hemispheric stroke 
may be of additional interest.

For the aforementioned reasons, we used voxel-based 
lesion–symptom mapping to correlate visuospatial impair-
ment with acute brain lesions and conducted early MRI 
scans to reduce bias in structure–function relationships in 
a large, prospectively investigated cohort of 121 consecu-
tive acute stroke patients with left-hemispheric lesions, and 
followed development of clinical presentation within the 
very acute phase from emergency admission to hospital 
discharge. The test battery was carefully adapted for use in 
aphasic and apraxic patients. Quantitative and qualitative 
testing was applied to identify the spatial deficit modality 
and severity.

Materials and methods

Patients

Patients were consecutively recruited between February 
2011 and March 2014 from the Stroke Unit of the Depart-
ment of Neurology at the University Medical Centre of 
Freiburg, Germany. A total of 475 patients presented with 
a (thromb-)embolic stroke in the middle cerebral artery 
territory of the left hemisphere. Patients with (thromb-)
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embolic stroke in the right hemisphere or with history of 
previous stroke were not considered for this study. From 
the cohort of 475 patients, 347 patients were excluded 
from further analysis because of (1) contraindication for 
MRI (n = 17); (2) inability to tolerate MRI examination or 
to perform paper- and pencil-based testing owing to very 
reduced general health status, coma, or intermittent artifi-
cial ventilation (n = 31); (3) previous ischemic infarcts that 
had remained clinically silent but were determined in the 
current MRI (n = 86); (4) structural brain changes, such 
as severe brain atrophy, moderate to extensive white matter 
changes, previous traumatic brain injury, previous intrac-
erebral hemorrhage or tumor (n = 72); (5) age > 90 years 
(n = 8); (6) native language not German (n = 8); (7) 
major/interfering cognitive impairment (n = 25); (8) wide-
spread hemodynamic alterations, such as carotid occlusion 
with insufficient collateralization (n = 4); (9) compliance 
issues (n = 38); or (10) technical or organizational prob-
lems (n = 58). The remaining 128 patients received clinical 
and paper- and pencil-based testing for neglect. Extra- and 
intracranial ultrasound examinations and available MR or 
CT angiograms were reviewed to ensure sufficient cerebral 
blood flow at the time of behavioral testing in all cases. 
From these patients, 89 also participated in a recently 
published study on pantomime of tool use and imitation 
of meaningless gestures (Hoeren et al. 2014). Full written 
consent was obtained from all patients. In cases of severe 
aphasia, detailed information was given to the patient’s rel-
atives or the legal guardian. The study was approved by the 
local ethics committee.

Behavioral testing

Patients were clinically examined for visual neglect by both 
a neurologist and a neurologically trained occupational 
therapist at two time points. The first examination was 
within 24 h of stroke and the second on the day of discharge 
to neurological rehabilitation (mean = 9.2 ± 3.9 days after 
stroke onset).

Visual neglect testing

Visual neglect testing included the formal testing 
required to generate the National Institutes of Health 
Stroke Scale (NIHSS) score within the first 24 h after 
admission, close observation of clinical sings (such as 
the patient’s spontaneous orientation, orientation to 
an addressee in front or to the left of the patient and/
or the ignoring of contralesionally located persons 
or objects), and additional paper-based testing. All 
patients performed standardized paper and pencil tests 
of visuospatial neglect in the peripersonal space in an 
adapted version of the Behavioral Inattention Test 

(Wilson et al. 1987). Paper-based neuropsychologi-
cal neglect testing was conducted as early as possible 
(mean = 4.9 ± 2.3 days after stroke, range = 1–16 days) 
in all patients using the Bells test (Gauthier et al. 1989), 
Ota test (Ota et al. 2001), and line bisection test (Heil-
man and Valenstein 1979). In the right hemisphere, it has 
been shown that different neglect tests assess distinct 
aspects of spatial neglect and that these show different 
neural correlates (Verdon et al. 2010; Saj et al. 2012; 
Molenberghs and Sale 2011). We were, however, only 
able to use three of the well-established neglect tests in 
our large cohort due to reduced clinical conditions of 
most of the patients in this early acute stage post-stroke 
and due to time constrictions in the clinical routine diag-
nostic and treatment procedures. All tests were presented 
on a horizontally oriented 21 × 29.7 cm sheet of paper. 
The Bells test requires identifying 35 Bell symbols dis-
tributed within a field of distractor symbols. The Ota 
test required the patient to mark all circles having a gap 
on either the circle’s left or right side. The main score 
in the tests was the difference between omissions on 
the right side relative to the left side of space. Omission 
of more than three targets in the right hemifield (com-
pared to omissions in the left hemifield) was considered 
pathological (Marsh and Hillis 2008). Since the Ota test 
can additionally be used to investigate egocentric versus 
allocentric (object-based) neglect, we separately evalu-
ated the number of left-outs of circles with a gap on the 
right side (correlate of right allocentric neglect). The 
severity of the deficit was determined by calculating the 
center of cancellation (CoC) score for the Bells and the 
Ota tests using the procedure and software by Rorden 
and Karnath (2010). The CoC score expresses the mean 
horizontal coordinate for items detected in each test, 
with the center of mass for each test image calculated 
in terms of pixels. Thus, individuals missing no items 
or with symmetrically distributed error patterns have a 
CoC score near zero and individuals detecting only left-
most items (i.e., with severe right-sided neglect) have a 
score close to −1. Scores below −0.086 were consid-
ered pathological (Suchan et al. 2012). In the line bisec-
tion task, the patient was asked to mark the midpoint of 
each of 20 presented horizontal lines differing in length 
(between 90 and 180 mm) and in distribution on the 
paper. The deviation to the right or left of the objective 
center was measured to 1 mm accuracy. Line bisection 
task scores within 1 standard deviation (SD; score ±1) 
of the objective center (score 0) were considered nor-
mal, scores outside this range were considered patholog-
ical. SDs refer to controls’ normative scores (Fels and 
Geissner 1997). Congruent detection in observation of 
clinical signs of neglect by the neurologist and occupa-
tional therapist and performance below cutoff in at least 
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one of the paper-based neglect tests placed the patient 
into the group with visual neglect. There were no cases 
with incongruent judgment.

Visual extinction testing

Visual extinction testing consisted of the standardized bed-
side test consisting of wiggling fingers for 2 s in one or 
both visual fields while controlling central gaze fixation, 
with 10 unilateral trials (five on each side) and five simul-
taneous bilateral trials. Extinction was diagnosed when a 
patient failed to report at least two contralesional stimuli 
during bilateral simultaneous presentation, while accurately 
detecting unilateral stimuli (Beis et al. 2005). Congruent 
assessments by the neurologist and occupational therapist 
constituted diagnosis of visual extinction and placed the 
patient in the group with visual extinction. There were no 
cases with incongruent judgment.

Additional clinical testing

To ensure that none of the patients had severe visual field 
deficit, we assessed the visual fields using standardized 
neurological bedside examination, similar to previous stud-
ies of neglect in acute stroke (e.g., Corbetta et al. 2015; 
Karnath et al. 2011), since instrumental perimeter examina-
tion is not feasible so early following stroke. Aphasia was 
diagnosed for patients with deficits of at least 7 age-cor-
rected error scores in the Token Test of the Aachen Apha-
sia Battery (Huber et al. 1984). Apraxia was diagnosed for 
patients with deficits in either the imitation of meaningless 
gestures (Goldenberg and Karnath 2006) or the pantomime 
of tool use (Bartolo et al. 2008; Hoeren et al. 2014) tests. 
Handedness was assessed by means of the Edinburgh hand-
edness inventory (Oldfield 1971).

Statistical analysis

For statistical analysis of demographical and clinical 
parameters, the patients groups were compared using 
the Mann–Whitney U test, since the data were not nor-
mal distributed according to the Kolmogorov–Smirnov 
test (p < 0.001 for age, handedness, NIHSS admission, 
NIHSS discharge, mRS discharge, days until discharge, 
lesion volume, CoC and left-outs Bells test, CoC and left-
outs Ota test, line bisection score, Token Test score, error 
score imitation, error score pantomime). For evaluation of 
a statistical difference concerning gender as well as inci-
dence of deficits concerning aphasia, imitation, and pan-
tomime between the two groups, the Chi-square test was 
performed. All statistical analyses on the behavioral data 
were performed using the Statistical Package for the Social 
Sciences (SPSS) version 21 (IBM).

MRI acquisition

MRI scans were performed on average 2.5 days after 
symptom onset (SD = 2.9, range = 0–9 days) on 
either a 3 T Trio scanner or a 1.5 T Avanto scanner (Sie-
mens, Germany). Diffusion-weighted imaging was 
acquired to delineate lesions in all patients using a stand-
ard sequence (23 slices, matrix = 128 × 128 pixel, voxel 
size = 1.8 × 1.8 × 5 mm, repetition time = 3.1 s, echo 
time = 79 ms, flip angle = 90, six diffusion-encoding gradi-
ent directions with a b-factor of 1000 s/mm2). Additionally, 
we acquired fluid-attenuated inversion recovery (FLAIR) 
images (repetition time = 9000 ms, echo time = 93.0 ms, 
flip angle = 140°, matrix 200 × 256 pixel, voxel 
size = 0.94 × 0.94 × 5.00 mm, 23 slices). As a prerequisite 
for spatial normalization, a high-resolution T1 anatomical 
scan was obtained (MPRAGE, repetition time = 2200 ms, 
echo time = 2.15 ms, flip angle = 12°, matrix = 256 × 256 
pixel, voxel size = 1 × 1 × 1 mm, 176 slices).

Voxel‑based lesion analysis

The diffusion-weighted imaged lesion was delineated using 
a customized region-of-interest toolbox implemented in 
SPM8 (http://www.fil.ion.ucl.ac.uk/spm/software/spm8). 
Individual intensity thresholds were applied to find the best 
match between the binary lesion map and the diffusion-
restricted brain tissue. Other available sequences (e.g., 
FLAIR, apparent diffusion coefficient maps) were consulted 
to assure the most accurate lesion delineation. Lesion maps 
were inspected in MRIcron (http://www.cabiatl.com/mrico/
mricon/stats.html) and manually adjusted if necessary. 
No diffusion-weighted image was available for one case, 
and the lesion was drawn directly onto the FLAIR image. 
Diffusion-weighted or FLAIR images were coregistered 
to the anatomical T1 scans to spatially normalize lesion 
maps. High-resolution T1 scans were segmented using the 
VBM8 toolbox (r435; http://dbm.neuro.uni-jena.de/vbm/
download/). Deformation field parameters for nonlinear nor-
malization into the stereotactic Montreal Neurological Insti-
tute (MNI) standard space were then computed using the 
DARTEL (diffeomorphic anatomical registration through 
exponentiated lie algebra; Ashburner 2007) approach imple-
mented in VBM8. LB and MM visually controlled the qual-
ity of all individual lesion map normalizations. Normali-
zation parameters were obtained from FLAIR (n = 7) or 
apparent diffusion coefficient (n = 1) images in cases where 
the T1 scans had insufficient quality. Nonparametric sta-
tistics implemented in MRIcron (Rorden et al. 2006) were 
used for voxel-based lesion–symptom mapping.

The main purpose of the study was to investigate the 
frequency and anatomy of spatial attention deficit after left 
hemisphere stroke on a large sample of patients included 

http://www.fil.ion.ucl.ac.uk/spm/software/spm8
http://www.cabiatl.com/mrico/mricon/stats.html
http://www.cabiatl.com/mrico/mricon/stats.html
http://dbm.neuro.uni-jena.de/vbm/download/
http://dbm.neuro.uni-jena.de/vbm/download/
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prospectively, as well as to explore the anatomy of neglect 
severity. Correspondingly, we first used the Liebermeister 
(1877) test to identify lesioned voxels associated with the 
presence of visual neglect (binary measure visual neglect 
yes/no). Voxels affecting <5 % of patients were excluded 
from whole-cohort analyses. In an additional step, lesion 
volume was included as a covariate of no interest, using a 
logistic regression analysis also implemented in MRIcron.

To determine damaged voxels that are related to the 
severity of neglect, as continuously measured by the CoC 
score from the Bells and Ota test and the line bisection 
score, the voxel-based lesion–symptom mapping Brunner–
Munzel test (Brunner and Munzel 2000) was performed for 
all patients separately for each neglect test. Here, only vox-
els affected in at least 5 % of all subjects (i.e., in at least 6 
in the whole cohort) were included in the analyses. Since 
it is known that the Brunner–Munzel test inflates z-scores 
when used at voxels affected in only a small patient groups 
(<10 patients) (Medina et al. 2010), we accounted for it 
by applying additional permutation analysis (permutation 
1000).

Resulting maps display voxels with a significant dif-
ference depending on whether the voxel was marked as 
lesioned or not. Only results below a false discovery rate 
(FDR)-adjusted threshold of p < 0.05 are reported and 
depicted in the figures. Results are displayed on an in-
house average template of 50 nonlinearly normalized 
T1 scans from a sample of healthy subjects who had par-
ticipated in various other studies in our laboratory (mean 
age = 47 ± 20.75 years, range = 22–84 years, 25 male).

Results

Patient characteristics

Altogether, 128 patients underwent careful clinical and 
paper-based examination, but testing was incomplete in 

four cases, which were excluded from further analyses. 
Using clinical and paper-based testing, visual neglect was 
revealed in 21 and isolated visual extinction in 3 of the 
remaining 124 patients. Though visual neglect and extinc-
tion have to be considered as distinct visuospatial atten-
tion deficits (Vallar et al. 1994; Bisiach 1991; Milner 1997; 
Cocchini et al. 1999; Umarova et al. 2011), the sample size 
of patient with isolated extinction was too small for reason-
able statistical analysis. Therefore, these three extinction 
patients were excluded from the further analysis. Out of the 
21 patients with visual neglect, 7 had recovered from the 
neglect symptoms until discharge. In 100 patients, no visu-
ospatial attention deficit was present (normal performance 
in both clinical evaluation at admission and applied paper–
pencil tests).

The characteristics of the patients groups with and with-
out neglect are shown in Table 1. The groups did not dif-
fer concerning age (Mann–Whitney U = 909.0, p = 0.335) 
and handedness (U = 256.0, p = 0.734). Significant dif-
ferences were found concerning gender (χ2(2) = 5.707, 
p = 0.017), NIHSS at admission (U = 521.0, p < 0.001), 
NIHSS at discharge (U = 592.0, p = 0.001), mRS at dis-
charge (U = 680.0, p = 0.009), time of hospitalization 
(U = 573.5, p = 0.001), and lesion volume (U = 434.0, 
p < 0.001), where patients with neglect presented with 
unfavorable characteristics and larger lesions compared to 
stroke controls.

Results of neuropsychological testing

Table 2 shows the overview of neuropsychological paper-
based testing performance in our patient cohort. There was 
no significant difference concerning test delay between 
patients with and without visual neglect (Mann–Whitney 
U = 790.0, p = 0.072). As expected, patients with visual 
neglect missed more targets in the right hemifield in the 
Bells test (U = 477.0, p < 0.001) and differed correspond-
ingly by higher visuospatial bias captured by the CoC 

Table 1  Patients characteristics

Data are presented as mean ± SD

NIHSS National Institutes of Health Stroke Scale, mRS modified Ranking Scale

* p ≤ 0.05; ** p ≤ 0.001

Clinical 
presentation at 
admission

Gender 
(m/f = 75/46)

Age (years) Handedness NIHSS score 
at admission

NIHSS score 
at discharge

mRS score at 
discharge

Days until 
discharge

Lesion volume 
(ml)

Visual neglect 
(n = 21)

m = 18
f = 3*

65.5 ± 12.7 0.7 ± 0.6 11.0 ± 6.8** 4.2 ± 3.5** 2.6 ± 1.2** 12.3 ± 5.2** 51.1 ± 43.8**

No visuosp. 
attention 
deficit 
(n = 100)

m = 57
f = 43*

62.3 ± 14.3 0.9 ± 0.4 5.6 ± 4.5** 2.3 ± 2.5** 1.9 ± 1.3** 8.5 ± 3.1** 16.9 ± 22.0**
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score (U = 440.5, p = 0.005) compared to patients with-
out visuospatial deficit. For Ota test and the line bisection 
test, scores did not significantly differ between the patient 
groups (missed targets in the right hemifield for the Ota 
test (U = 556.5, p = 0.103), CoC Ota test (U = 784.0, 
p = 0.705), line bisection score (U = 781.0, p = 212). As 
expected, missed targets in the left hemifield did not differ 
between the groups concerning the Bells test (U = 861.0, 
p = 0.406) and the Ota test (U = 862.5, p = 0.887). None 
of the patients met the diagnostic criteria of allocentric 
neglect [only one patient showed one omission of one cir-
cle (right hemifield) with a contralesional gap in the Ota 
test; his CoC score for the Ota test was 0.007, performance 
over cutoff in Bells and line bisection tests, no further 
clinical signs of visual neglect or visual extinction]. Also, 
none of the patients showed visual field deficits. Analyses 
further revealed significant differences between the two 
patients groups in the presence of aphasia (χ2(2) = 13.267, 
p < 0.001) and deficit in pantomime (χ2(2) = 7.814, 
p = 0.005) and imitation (χ2(2) = 11.430, p = 0.001).

Voxel‑based lesion mapping

The lesion overlap of the normalized lesion maps of all 
21 patients with visual neglect is displayed in Fig. 1a and 
the lesion overlap of the remaining 100 patients without 
visuospatial attention deficit in Fig. 1b. Voxel-based lesion 
mapping specifically associated visual neglect with lesions 
to the left superior and middle temporal gyri, anterior tem-
poral lobe, ventral premotor cortex (Brodmann Area, BA6), 
frontal operculum (BA 44), angular gyrus, and insula 
(Fig. 2). We further compared patients who retained symp-
toms of visual neglect at discharge (n = 14) with those who 
had recovered by the time of discharge (n = 7). Lesions in 
patients who retained symptoms of visual neglect clustered 
around the posterior part of the left superior and middle 
temporal gyrus (Fig. 3). Additionally, we performed voxel-
based logistic regression analysis using severity of neglect 
expressed in the CoC of the cancellation tests as variable 
of interest and lesion volume as a covariate of no interest; 
no significant voxels were found for neglect severity in this 
analysis. This approach would have allowed identifying 
regions even after lesion volume is taken into account by 
covarying it out. The absence of significant voxels associ-
ated with severity of symptoms after controlling for lesion 
size is thus in line with previous lesion–symptom mapping 
studies (Karnath et al. 2004; Kuemmerer et al. 2013; Mar-
tin et al. 2015); it is also known that patients with visuos-
patial attention deficits have larger lesions compared to 
patients without visuospatial attention deficits (e.g., Kar-
nath et al. 2004; Smith et al. 2013). A disadvantage of the 
logistic regression analysis using lesion size as covariate of 
no interest is that it only has low statistical power when the Ta
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anatomical structures relevant for spatial neglect correlate 
with large lesions (due to the anatomy of the middle cer-
ebral artery). The causal relationship between damage to 
these regions and lesion volume means that logistic regres-
sion may not be able to detect a correlation between neglect 
and damage to these regions after lesion volume has been 
covaried out (Karnath et al. 2004). We thus present only 
statistically significant results in which lesion volume is not 
been accounted for.  

In additional analyses, the severity of the visuospatial 
attention deficit was associated with cerebral lesion using 

the scores of all applied paper-based tests (Bells test, Ota 
test, and line bisection test). For the Bells test, the severity 
of the shift in visual attention to the right was represented 
by the CoC score from all 121 patients. More omissions of 
Bells in the right hemifield were associated with lesioned 
voxels in the left anterior temporal lobe and the left fron-
tal operculum (BA 44) (Fig. 4). Analyses on neglect sever-
ity were also performed using CoC score of the Ota test 
and line bisection score, but did not show any significant 
results. This is in line with previous studies, which out-
line the Bells test as the most sensitive paper-based testing 

Fig. 1  Overlays of the localization of lesions in 121 stroke patients 
with stroke occurring in the territory of the left middle cerebral 
artery. a Lesion overlay for patients with visual neglect at admission 
(n = 21). b Lesion overlay for patients without any visuospatial atten-

tion deficits (n = 100). The number of overlapping lesions is illus-
trated by different colors coding increasing frequencies from blue 
(n = 1) to green (n = max overlap). Z coordinates refer to Montreal 
Neurological Institute (MNI) space (color figure online)

Fig. 2  Voxel-based lesion–symptom mapping in patients with visual 
neglect or extinction. Voxel-based lesion–symptom map of patients 
with visual neglect (n = 21) compared to stroke patients without 
visuospatial attention deficit (n = 100) shows the left superior and 

middle temporal lobe, anterior temporal lobe, inferior ventral pre-
motor cortex (BA6), frontal operculum (BA 44), angular gyrus, and 
insula (Liebermeister test, p < 0.05, false discovery rate-controlled)
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measure (Azouvi et al. 2002; Beis et al. 2005) by present-
ing distractors.

Discussion

We present a large prospective study of stroke patients 
with homogenous stroke etiologies (only first ever embolic 
ischemic infarcts) with lesions restricted to the left middle 
cerebral artery territory. In accordance with the assumption 
of a very rapid recovery from visuospatial attention deficits 
after ischemia in the left hemisphere, we conducted clinical 
and paper-based testing as early as possible in combination 
with close clinical follow-up during hospitalization. Voxel-
based lesion–symptom mapping revealed distinct lesion 
patterns for visual neglect.

Frequency and severity of right‑sided visuospatial 
attention deficits

In our cohort of left-hemispheric stroke patients, 17.4 % 
(21/121) displayed acute visuospatial attention deficits to 
the right assessed within the first 24 h upon admission to 

the hospital. With this, our data roughly confirm the find-
ings of a large meta-analysis, which calculated a median 
frequency of 21 % (Bowen et al. 1999) for visual neglect 
after left-hemispheric lesion. However, it must be pre-
sumed that the real incidence of neglect after left-hemi-
spheric stroke might be even higher, since we only included 
patients who understood the study procedure and were 
stable enough to tolerate clinical examination, to perform 
paper-based testing and to endure MRI scanning. For 
example, out of the 31 patients excluded at initial screening 
due to poor neurological and general health, thus, inability 
to perform paper-based testing, 27 (87 %) presented clini-
cal symptoms of visual neglect on admission. We hence 
propose that symptoms of visuospatial attention deficits in 
the very acute phase following ischemic stroke to the left 
hemisphere might be more frequent than suggested.

Patients showing symptoms of visuospatial attention 
deficits required significantly longer hospitalization than 
stroke patients without attentional deficits in our cohort. 
We interpret this to be partly due to insufficient recovery 
from attention deficits, since only 7 of 21 (33 %) patients 
with visual neglect had spontaneously recovered from these 
symptoms prior to discharge. No study to date has closely 

Fig. 3  Lesion sites in patients retaining symptoms of visual neglect 
until discharge. Voxel-based lesion–symptom mapping analysis 
was carried out within the group of 21 patients with visual neglect. 
Patients retaining symptoms of neglect at discharge (n = 14) had 

more often damage to the posterior part of the left middle tempo-
ral gyrus compared with those who had recovered before discharge 
(n = 7) (Liebermeister test: p < 0.05, false discovery rate-controlled)

Fig. 4  Correlation of severity of the visuospatial attentional shift with lesioned areas. The Bells test CoC for all 121 patients was correlated with 
the lesion to the left anterior temporal lobe and the left frontal operculum (Brunner–Munzel test: p < 0.05, false discovery rate-controlled)
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examined the neuropsychological recovery from visual 
neglect symptoms within the acute phase after left-hemi-
spheric stroke. Data for spontaneous recovery after right-
hemispheric lesion indicate frequencies of 43 and 77 % 
(Farne et al. 2004; Cassidy et al. 1998). Our data do not 
confirm that spontaneous recovery from visuospatial atten-
tion deficits after left-hemispheric lesion within the acute 
post-stroke phase is more frequent than after right-hemi-
spheric lesion. As visual neglect is a marker for poor prog-
nostic outcome (Buxbaum et al. 2004, Denes et al. 1982; 
Fullerton et al. 1986), this emphasizes the need for accurate 
evaluation of visuospatial attention deficits during early 
rehabilitation therapy to be able to provide specific treat-
ment also for left-hemispheric stroke patients.

To objectify the severity of the visuospatial attention 
deficit, CoC scores were calculated for both the Bells and 
the Ota paper-based tests, which indicate the degree of 
attentional bias to the contralesional side. Both tests clearly 
showed the tendency of patients with visual neglect to 
ignore the right side. However, only the CoC score from the 
Bells test significantly differed between the three patients 
groups. This is in line with published data describing the 
Bells test as more sensitive for diagnosing visual neglect 
(Azouvi et al. 2002; Beis et al. 2005). A CoC score smaller 
than −0.086 (Suchan et al. 2012) has been shown to predict 
neglect. In our cohort of neglect patients, however, mean 
CoC for the Bells test reached −0.081. In this point, our 
data confirm studies that found visuospatial attention defi-
cits to be less severe after left-hemispheric brain damage 
than after right-hemispheric brain damage (Albert 1973; 
Ogden 1987; Ringman et al. 2004; Stone et al. 1991). None 
of 124 patients included in the study presented object-
based neglect which is in line with the literature, where no 
differentiation between egocentric and allocentric neglect 
after left-hemispheric lesion has been reported as of yet.

The line bisection task has often been focus of discus-
sion for neglect in terms of its meaning; dissociation with 
other neglect tests on a behavioral basis (e.g., Binder et al. 
1992) and in terms of lesion location (e.g., Molenberghs 
and Sale, 2011) has been described. Another opinion is that 
line bisection test is not specific for neglect representing 
but rather for dysmetria (Ferber and Karnath 2001). Cor-
respondingly, deviation in the line bisection task must not 
always be fundamentally related to the severity of spatial 
neglect. It has therefore been proposed that cancellation 
tasks are more helpful tools to verify spatial neglect (Sper-
ber and Karnath 2016).

The left hemisphere and spatial processing

Based on our results for visual neglect in the left hemi-
sphere, we suggest that the left hemisphere is also impor-
tant for an intact representation of space in a striking 

number of patients. As outlined above, research on visuos-
patial attention has focused to date primarily on the right 
side of the brain. This research led to the theory of limited 
attentional capacity of the left hemisphere. In this theory, 
attentional functions for both hemispaces are thought to be 
located in the right, while the left hemisphere provides only 
(or mainly) visuospatial processing of the contralateral 
space (Heilman and Van Den Abell 1980; Mesulam 1981). 
This further developed into the theory of a bilateral dorsal 
and a right-hemispheric ventral attention system (Corbetta 
and Shulman 2002). Our findings suggest that the ven-
tral visuospatial attention system might not be as strongly 
right-lateralized as previously assumed (Mesulam 1981; 
Corbetta and Shulman 2002), or that it loses its lateralized 
dominance with aging (Cabeza 2002; Beume et al. 2015). 
Functional neuroimaging has repeatedly shown a right-
hemispheric dominance for visual attention and a left-hem-
ispheric dominance for language, but these studies have 
also demonstrated—though less prominently—involve-
ment of homologous areas in the respective “nondominant” 
(i.e., right for language and left for spatial orientation) 
hemisphere (Himmelbach et al. 2006; Weiller et al. 1995; 
Vandervliet et al. 2008; Hartwigsen et al. 2010). The preva-
lence of aphasia after right-hemispheric ischemic lesions 
(“crossed aphasia” for right handers) is reported to be 
0.4–3.5 %, thus appearing much less frequent than visuos-
patial deficits after left-hemispheric lesion (Alexander and 
Annett 1996; Carr et al. 1981; Hécaen et al. 1971; Joanette 
et al. 1982). No matter how strong the lateralization of lan-
guage might be to the left temporo-frontal cortex, the same 
strength of lateralization may not be appropriate for atten-
tion processes to the right ventral areas.

Within a continuous range of inter-individual differences 
in the degree of lateralization, both a predominance of the 
left hemisphere and an equally distributed representation 
in both hemispheres would result in visuospatial deficits 
after left-hemispheric lesions. Deducing from results on 
age-dependent changes in visuospatial attention that show a 
delateralization of the right-sided attention system (Beume 
et al. 2015), we suggest that our cohort of elderly stroke 
patients may be more prone to develop attentional defi-
cits after left-hemispheric lesion. However, no correlation 
between age and visuospatial deficits was detected in our 
cohort, so this conclusion may also apply to a broader group 
of patients regardless of age. Another commonly addressed 
factor for the degree of hemispheric lateralization on an 
inter-individual level is handedness, but we also observed 
no correlation between handedness and visuospatial defi-
cits in our cohort. Remarkably, there is a difference in the 
distribution between men and women in our cohort, with 
men presenting significantly more often with visuospatial 
attention deficits than women. Literature describing possi-
ble reasons for the degree of hemispheric lateralization is 
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vast, and complex explanations range from genetic factors 
(Alexander and Annett 1996) and hemisphere maturation at 
birth (Hellige 1990) to developmental right ear or left oto-
lith advantage (Previc 1991). Clearly, these questions have 
not been the focus in the present investigation, and a simple 
reason, such as gender, is highly unlikely to be the main 
explanation for lateralization of visuospatial representation.

From an evolutionary point of view, a function as ele-
mentary to survival as visuospatial attention will initially 
has been represented equally in both hemispheres, as it 
remains in nonhuman vertebrates (Oleksiak et al. 2011), 
and only shifted to the right, as language, communication 
and right-handed motor skills further developed (Chance 
and Crow 2007). As similarly discussed by Suchan and 
Karnath, visuospatial attention deficits after left-hemi-
spheric lesions might thus reflect the consequence of a 
phylogenetic relict in the form of a rather bilaterally repre-
sented visuospatial attention system (Suchan and Karnath 
2011) and not a left-hemispheric dominance for attention 
and space (“crossed neglect”). This hypothesis would not 
contradict our findings that visual neglect and aphasia or 
apraxia are strongly correlated, meaning that patients with 
visual neglect more often also presented with aphasia or 
apraxia compared to patients without any visuospatial 
attention deficit. It must be added that these patients also 
had larger lesions, but a mutual mechanism of function 
might underlie this correlation. Similarly, left-hemispheric 
temporo-frontal areas, essential to language processing and 
meaningful planning of higher motor tasks, might also hold 
a key role in spatial attention (Suchan and Karnath 2011; 
Ihori et al. 2015).

Anatomical dissociation of visual neglect

Voxel-based lesion–symptom mapping in patients exhibit-
ing visual neglect after left-hemispheric lesions showed 
damage comprising almost the entire left temporal lobe, 
including the temporoparietal junction, superior and middle 
temporal gyri, anterior temporal lobe, inferior frontal cortex 
(BA 6, BA 44), angular gyrus, and the insula. These find-
ings confirm previous results identifying the left temporal 
lobe to be most commonly affected in patients with visual 
neglect to the right (Karnath et al. 2003; Maeshima et al. 
1992; Ringman et al. 2004). The importance of temporal 
areas for the occurrence of neglect symptoms is underlined 
by our finding that visual neglect persisting at discharge is 
associated with lesions in the left superior and middle tem-
poral gyri. The homologous areas of the right-hemispheric 
temporal lobe have often been implicated as crucially 
involved with neglect to the left (e.g., Karnath et al. 2001, 
2004, 2009; Karnath and Rorden 2012; Ringman et al. 
2004; Rengachary et al. 2011; Machner et al. 2012; Cor-
betta et al. 2005; Committeri et al. 2007; Chechlacz et al. 

2001) and studies of persistent neglect linked damage to 
the right superior and middle temporal gyri (Golay et al. 
2008; Karnath et al. 2011; Saj et al. 2012). Additionally to 
the temporal areas, numerous studies in patients exhibit-
ing visual neglect after right-hemispheric lesion have also 
attributed almost equal importance to parietal (Mesulam 
1999; Azouvi et al. 2002; Vallar and Perani 1986; Mort 
et al. 2003; Hillis et al. 2005) and frontal areas (Heilman 
and Valenstein 1972; Husain and Kennard 1997; Ringman 
et al. 2004; Rengachary et al. 2011; Karnath and Rorden 
2012; Committeri et al. 2007).

Thus, in the present study, visual neglect followed 
lesions within the ventral attention system. On the back-
ground of the idea of a domain general dual-loop model 
in the left hemisphere (Weiller et al. 2009, 2011; Rijntjes 
et al. 2013), the dorsal system stores the capacity to ana-
lyze and integrate time- or space-dependent sequences of 
sensory information, and the ventral system holds a more 
general, time-independent function of extraction, relation, 
and implementation of the perceived elements into a set 
of “a priori” categories, which are thought to be related 
to semantic memory and meaning (Rijntjes et al. 2013). 
Transferring this idea to visuospatial attention deficits, one 
could hypothesize that the ventral attention system might 
be responsible for integrating direct visual input on the 
background of a higher-order intrinsic spatial represen-
tation (Corbetta and Shulman 2002; Karnath, et al. 2001; 
Beume et al. 2015) to provide the outline of the internally 
represented space as a matrix for active spatial exploration 
(Karnath et al. 2001; Himmelbach et al. 2006).
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