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Abstract

Line Bisection is a simple task frequently used in stroke patients to diagnose disorders
of spatial perception characterized by a directional bisection bias to the ipsilesional
side. However, previous anatomical and behavioural findings are contradictory, and
the diagnostic validity of the line bisection task has been challenged. We hereby
aimed to re-analyse the anatomical basis of pathological line bisection by using
multivariate lesion-symptom mapping and disconnection-symptom mapping based on
support vector regression in a sample of 163 right hemispheric acute stroke patients.
In line with some previous studies, we observed that pathological line bisection was
related to more than a single focal lesion location. Cortical damage primarily to right
parietal areas, particularly the inferior parietal lobe, including the angular gyrus, as
well as damage to the right basal ganglia contributed to the pathology. In contrast to
some previous studies, an involvement of frontal cortical brain areas in the line
bisection task was not observed. Subcortically, damage to the right superior
longitudinal fasciculus (I, 1l and Ill) and arcuate fasciculus as well as the internal
capsule was associated with line bisection errors. Moreover, white matter damage of
interhemispheric fibre bundles, such as the anterior commissure and posterior parts of
the corpus callosum projecting into the left hemisphere, was predictive of pathological

deviation in the line bisection task.
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1. Introduction

The line bisection task is a widely used test in the diagnosis of spatial perception
deficits after stroke. Originally, this task was introduced to assess visual field defects
(for a review see Kerkhoff and Bucher, 2008) and later adopted in the diagnosis of
spatial attention deficits (Schenkenberg et al., 1980), where it quickly became
established as a routine test in neuropsychological test batteries (e.g. Halligan et al.,
1991; Vaes et al., 2015). In the line bisection task, the patient is asked to manually
mark the midpoint of a horizontally presented line. A deviation from the true midpoint
to the ipsilesional side is typically seen as a sign of post-stroke deficits in spatial
perception.

The neural correlates of line bisection errors (LBE) have been the subject of
several studies that utilised either statistical lesion behaviour mapping (Kenzie et al.,
2015; Molenberghs and Sale, 2011; Thiebaut de Schotten et al., 2014; Toba et al.,
2017, 2018; Verdon et al., 2010) or descriptive topographical methods (Binder et al.,
1992; Golay et al., 2008; Rorden et al., 2006). Most often, LBEs have been associated
with damage to the posterior parietal lobe (Binder et al., 1992; Kenzie et al., 2015;
Molenberghs and Sale, 2011; Rorden et al., 2006; Thiebaut de Schotten et al., 2014;
Toba et al., 2018, 2017; Verdon et al., 2010).Other critical regions were found in the
posterior part of the temporal lobe or the temporo-parietal junction (TPJ) (Kenzie et
al., 2015; Rorden et al., 2006), frontal lobe (Thiebaut de Schotten et al., 2014), and
parts of the occipital lobe (Binder et al., 1992; Kenzie et al., 2015; Rorden et al.,
2006; Toba et al., 2018, 2017). Further, several studies have suggested a critical role
of white matter damage (Golay et al., 2008; Thiebaut de Schotten et al., 2014; Toba et
al., 2018, 2017; Verdon et al., 2010). The relevance of white matter tracts has also
been highlighted by studies using either fibre tracking (Vaessen et al., 2016) or region
of interest-based multivariate lesion analysis in left hemisphere stroke patients
(Malherbe et al., 2018). Especially damage to the superior longitudinal fasciculus
(SLF) (Malherbe et al., 2018; Thiebaut de Schotten et al., 2014, 2005; Toba et al.,
2018, 2017; Vaessen et al., 2016) and the arcuate fasciculus (Malherbe et al., 2018;
Thiebaut de Schotten et al., 2014) was found to underlie LBEs. Subcomponents of the
SLF connect frontal areas, such as the middle frontal gyrus and pars opercularis, with
parietal areas, such as the angular gyrus and the supramarginal gyrus (Thiebaut de
Schotten et al., 2011a; Wang et al., 2016).
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In conclusion, while there is considerable correspondence between findings in
previous studies, it is not yet possible to find a unifying theory. A likely explanation
for the different findings is that rather than damage to a single anatomical module,
damage to a network underlies LBEs. The relevance of brain connectivity for most
cognitive functions is well known (e.g. Godefroy et al., 1998; Catani & ffytche, 2005)
and has also been postulated to be relevant for spatial attention (Bartolomeo, 2006;
Bartolomeo et al., 2007; Karnath, 2009; Karnath& Rorden, 2012). However, two
exceptions aside (Malherbe et al., 2018; Toba et al., 2017), previous investigations
used univariate topographical mapping approaches to investigate the neural correlates
of line bisection. These come with methodological caveats in the identification of
complex neural correlates of behavioural functions, especially with respect to brain
networks (see Sperber, 2020; Sperber et al.,, 2019b). The two multivariate
topographical studies both used an analysis approach based on game theory and
included only a few brain regions of interest at once. Such a priori feature reduction
by testing only a few possibly crucial hubs can be necessary due to computational or
statistical limitations. However, the selected parcellation can differ from the relevant
functional parcellation of the brain as well as the typical anatomy of stroke lesions. In
contrast, voxel-wise analysis approaches are able to maximize an analysis’ ability to
identify neural correlates that are not expected, or that do not fully correspond to the
brain parcellation provided by an anatomical atlas.

In order to integrate findings of previous investigations into a bigger, coherent
picture, the present study thus aimed to identify possible networks underlying the line
bisection task, using machine learning-based, multivariate voxel-wise analysis
approaches. First, we used structural lesion data and conducted a multivariate lesion-
behaviour mapping analysis to detect areas where focal damage might directly induce
LBEs. This approach is powerful in identifying complex configurations of neural
correlates such as in brain networks (Mah et al., 2014; Sperber et al., 2019b; Zhang et
al., 2014). Second, by quantifying virtual white matter disconnection related to lesion
location, i.e. depicting white matter connections in healthy brains running through

patients’ lesion areas, we further aimed to investigate remote pathological processes.
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2. Methods

2.1. Patient recruitment
The sample consisted of 172 neurological patients admitted to the Centre of
Neurology at Tuebingen University, which were screened for a first ever right-
hemisphere stroke. The sample size was determined following recommendations from
Sperber et al. (2019), concluding that sample sizes of at least 100-120 subjects are
required to optimally model voxel-wise lesion location in SVR-LSM. We excluded
patients with diffuse or bilateral brain lesions, patients with tumours, as well as
patients in whom MRI or CT scans revealed no obvious lesions. As we were
interested in the typical rightward LBE, we excluded nine patients with a leftward
deviation in the line bisection task of more than 7.91% from the midline (see below),
leaving 163 patients that were included in the present analyses. Table 1 shows
demographic and clinical data of all 163 patients. 155 of these patients with valid line
bisection testing were included in a previous study addressing the anatomy of spatial
neglect evaluated with cancellation tasks (Wiesen et al., 2019). We report how we
determined our sample size, all data exclusions, all inclusion/exclusion criteria,
whether inclusion/exclusion criteria were established prior to data analysis, all
manipulations, and all measures in the study. Subjects gave their informed consent to
participate in the study. The study was conducted in accordance with the ethical

guidelines of the revised Declaration of Helsinki.

[Table 1 near here, 1.5 column]

2.2. Neuropsychological examination

All patients underwent a neuropsychological examination including the Line
Bisection Task (Schenkenberg et al., 1980), Letter Cancellation Task (Weintraub and
Mesulam, 1985) and Bells Cancellation Task (Gauthier, Louise Dehaut, Francois
Joanette, 1989). The two cancellation tasks were administered and evaluated as
previously described (Wiesen et al., 2019) and Centre of Cancellation scores (Rorden
and Karnath, 2010) were used for descriptive reports (see Table 1). The mean time
between stroke-onset and neuropsychological examination was 4.13 days (SD = 3.43
days). Visual field defects were assessed by confrontation technique.

For the line bisection task, a series of 10 horizontally oriented lines was

presented and patients were asked to mark the line’s midpoint with a pencil. Each line
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was 24 cm long, 0.5 cm wide, and presented separately on a sheet of paper. In order to
avoid a systematic bias towards the middle of the sheet, half of the lines were drawn
from the left margin of the sheet and half of the lines from the right margin. A
displacement to the right side from the midpoint was coded positive and a
displacement to the left negative. Line bisection deviation was assessed by averaging
the distance between the true midpoint of the lines and the position marked by the
patient across all 10 trials. Finally, the LBE was calculated as the percentage of
deviation in reference to the maximal possible deviation to the left or right (e.g. -12
cm = -100% maximal to the left; 12 cm = 100% maximal to the right). As we were
only interested in the rightward, ipsilesional bias, we excluded nine patients with a
pathological contralesional deviation. The cutoff we used for pathological deviation to
the left has been determined empirically in 44 healthy controls in a previous
investigation (<-7.91%; Sperber and Karnath, 2016a). The non-significant correlation
between the LBE and the presence or absence of visual field defects (r = 0.043, n.s)
further shows that the LBE is not amplified through visual field defects in the present

sample.

2.3. Imaging and lesion mapping
Structural imaging was acquired either by MRI (n = 82) or CT (n = 81), performed on
average 3.3 days (SD = 4.5 days) after stroke-onset. If both imaging modalities were
available, MR scans were preferred over CT scans. Lesions in the individual MR or
CT scans were manually marked on transversal slices of the individual scan using
MRIcron (www.mccauslandcenter.sc.edu/mricro/mricron). Normalization of CT or
MR scans was performed using Clinical Toolbox (Rorden et al., 2012) in SPM8
(www.fil.ion.ucl.ac.uk/spm), which provides age-specific templates in MNI space for
both CT and MR scans. If available, MR scans were co-registered with a high
resolution T1-weighted structural scan in the normalization process. Fig. S1 shows a
descriptive lesion overlap plot of all 163 patients and Fig. 1A of all 163 patients after

application of the minimum lesion affection criterion of ~5%.

[Figure 1 near here, 1.5 column]

For the SVR-LSM analysis, lesion maps were vectorised while applying direct

total lesion volume control (dTLVC; see Zhang et al., 2014), which is required in
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SVR-LSM (Zhang et al., 2014). In the present sample, lesion volume and behaviour
showed a significant correlation of 0.50 (p <.001). For further analysis, a matrix with
rows representing each case and columns representing the lesion status of each
individual voxel was created.

To investigate white matter disconnection, we calculated disconnection maps
using the BCBtoolkit (http://toolkit.bcblab.com; Foulon et al., 2018). Each individual
lesion mask was used to identify fibre tracks passing through the lesioned area in a set
of diffusion weighted imaging datasets of 10 healthy controls (Rojkova et al., 2016),
similar to an approach previously used by Kuceyeski et al. (2013). In short, the
normalized lesions of each patient were registered to every controls’ native space
using affine and diffeomorphic deformations (Avants et al., 2011; Klein et al., 2009).
Next, tractography in Trackvis (Wang et al., 2007) was carried out while using the
lesion masks as seed. Individual tractographies were then used to create visitation
maps, assigning at each voxel a value of 0 or 1 depending on whether the voxel fell
into the streamlines of the tract (Thiebaut de Schotten et al., 2011a). These maps were
further registered to the original normalized MNI space using the inverse of the
precedent deformations. Finally, we calculated for each subject a percentage overlap
map by summing at each voxel the normalized visitation map. The resulting
disconnection map then indicates for each voxel a probability of disconnection from 0
to 100%, considering the interindividual variability of tract reconstructions in controls
(Thiebaut de Schotten et al., 2015). For the subsequent statistical analysis, only voxels
with a probability of disconnection of at least 50% were used as input features to
predict the pathological behaviour. Fig. 1B shows a descriptive overlap plot of all
binarized disconnection maps. We further provide overlap plots for the lesion maps
and binarized disconnection maps based on scan modalities in the supplementary
material (Fig. S2) showing no substantial differences related to MR or CT lesion
delineation. Statistical testing (Mann-Whitney-U) further found no significant
differences in lesion volume (U = 2112.5, n.s.) between lesions delineated by MR (M
=43.89, SD = 45.69) and lesions delineated by CT (M = 42.16, SD = 53.82).

The procedure for the estimation of the disconnection maps was based on the
original lesions as masks for the tractography. It follows that the number of lesioned
streamlines should be strongly related to lesion volumes of the seed masks, which can
be confirmed in the present sample by the correlation between the number of affected

voxels in the disconnection maps (hereafter labelled as ‘disconnection size’) and
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lesion volumes of the original lesion maps (r = 0.83; p < .001). Further the
disconnection size is significantly related to the behavioural outcome (r = 0.39; p
<.001). To account for this, each individual disconnection map was read into a vector
including dTLVC (Direct total lesion volume control; see Zhang et al., 2014), which
corrects for disconnection size in the same way as for the structural lesion map
analysis above, ensuring comparability between the two analysis approaches. For the
further analysis, a matrix with rows representing cases and columns representing the

disconnection status of each individual voxel was used.

2.4. Lesion analysis

Our analyses were carried out with a multivariate method that has recently gained
popularity in the field of lesion-symptom mapping, namely SVR-LSM (Support
Vector Regression based Lesion Symptom Mapping). Support vector regression is a
supervised machine learning technique (Cortes and Vapnik, 1995; Drucker et al.,
1996) which is able to model the continuous relationship between lesion data and
behavioural scores. This method has been employed and validated successfully in
previous investigations with real lesion-symptom data (Fama et al., 2017; Griffis et
al., 2017; Mirman et al., 2015; Wiesen et al., 2019; Zhang et al., 2014) and synthetic
data (Sperber et al., 2019b; Zhang et al., 2014). For a detailed description of this
method, we refer to the original study by Zhang et al. (2014). Using this same
procedure, but with disconnection maps instead of traditional lesion maps, we
additionally performed a disconnection-based multivariate analysis, named hereafter
Support Vector Regression based Disconnection-Symptom Mapping (SVR-DSM).

All analyses were performed with MATLAB 2018b and libSVM 3.23 (Chang
and Lin, 2013), using SVR with an RBF Kernel. We used a publicly available
collection of scripts (https://github.com/yongsheng-zhang/ SVR-LSM) employed in
the original study by Zhang et al. (2014) and modified them to make effective use of
our computational resources. Main functions of the toolbox were not changed (see
http://dx.doi.org/10.17632/2hyhk44zrj.2for public access to the modified analysis
scripts). A complete guide on how to perform multivariate lesion-symptom mapping
analyses based on support vector regression can be found in Karnath et al. (2019).

First, a parameter optimization procedure via grid search was carried out with
lesion maps, as well as with the disconnection maps with 5-fold cross-validations to

find the C and y model parameters with the best trade-off between prediction accuracy
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and reproducibility, as in a previous investigation (Wiesen et al., 2019). This was
done by employing a 5-times 5-fold cross-validation scheme, reflecting model quality
when 4/5 of the dataset were used for building the model and 1/5 for testing it
afterwards on an ‘unknown’ validation subset. Optimized model parameters C and vy
were then used in the final SVR-LSM/SVR-DSM analyses.

The SVR B-parameters were derived for each voxel as described by Zhang and
colleagues (2014), representing the strength of the association between each voxel’s
lesion or disconnection status and the behavioural score. These P-parameters were
tested in a voxel-wise permutation algorithm to assess statistical significance by
10000 permutations, controlled by False Discovery Rate (FDR; Benjamini and
Yekutieli, 2001) correction at q = 0.05, and using a cluster threshold of 50mm3. For
the analysis of structural lesion maps, significant results in cortical and subcortical
grey matter regions were labelled with reference to the Automatic Anatomical
Labelling atlas (AAL; Tzourio-Mazoyer et al., 2002) distributed with MRIcron
(www.mccauslandcenter.sc.edu/mricro/mricron). Topographical results located in
white matter were assessed using a tractography-based probabilistic fibre atlas
(Thiebaut de Schotten et al., 2011b), extended by the SLF segmentations of a further
probabilistic fibre atlas (Rojkova et al., 2016) and thresholded at p >= 0.3 before
being overlaid on the statistical topography of both the traditional lesion-symptom
analysis and the lesion-symptom disconnection analysis. Note that the exact definition
of some of these fibres and their sub-segments — especially the SLF and arcuate
fasciculus — differ across the literature. When interpreting our results, we followed the
definitions provided by the above atlases.

Furthermore, only clusters with at least 50mm?3 overlap with a labelled region
are reported. Hence, there might be clusters larger than 50mm3 in size but without at

least 50mm3 overlap with a labelled area, thus remaining unassigned.

3. Results

3.1. Parameter optimization
The parameter optimization routine for the structural lesion maps revealed an
optimum C = 10 and y = 2 which resulted in an average cross-validation prediction
accuracy r = 0.25 and Reproducibility = 0.85. For the disconnection maps we
achieved a similar model performance as for the lesion maps of prediction accuracy r
= 0.30 and Reproducibility = 0.91, by using C =30 and y = 9.
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Prediction accuracy appeared to be smaller than in previous publications using
the technique (Sperber et al., 2019a; Wiesen et al., 2019; Zhang et al., 2014).
However, it should be noted that, first, the prediction accuracy reflects prediction
performance only after accounting for lesion volume, which is a required procedure
for obtaining valid SVR-LSM results (DeMarco and Turkeltaub, 2018; Zhang et al.,
2014). This also applies to the disconnection analysis, where larger lesions are more
likely to increase disconnection rates. Second, cross-validation prediction accuracy is
inherently limited in lesion-behaviour data based only on structural imaging (Sperber,
2020), and prediction accuracy values shown by the SVR-LSM/SVR-DSM technique
are thought to only capture variance explainable by lesion-deficit relations, but do not
consider further non-topographical variables that might explain additional variance.

3.2. SVR-LSM of lesion maps
The SVR-LSM analysis of structural lesion maps, FDR corrected at 0.05 and using
lesion volume control by dTLVC, revealed only very few supra-threshold voxels (<
20 connected voxels) and hence no interpretable pattern. The statistical topography
can be found online (see data and code availability statement for open access to the
files). FDR correction strongly depends on the overall signal in the data, and it might
constitute an overly conservative correction method in situations with low signal
(Karnath et al., 2018). As seen in the cross-validation, the SVR model’s predictive
power was indeed low, and considerably lower than in previous studies using the
same methods and similar sample sizes (Sperber et al., 2019a; Wiesen et al., 2019).
Accordingly, we post-hoc lowered the threshold to a still conservative cut-off of p
<0.001, uncorrected for multiple comparisons, but with a minimum cluster extent
threshold of 50mm3 to further reduce the number of possible false positives.
Thereafter, we found supra-threshold voxels in the inferior parietal lobule — especially
within the angular gyrus — and a small cluster in the postcentral gyrus to be associated
with LBEs. Moreover, a cluster in the pallidum and extending into the caudate
nucleus was associated with LBEs. In white matter, voxels in the anterior
commissure, the right arcuate fasciculus and the right superior longitudinal fasciculus
(SLF Il and SLF 111) — SLF Il intersecting the right angular gyrus — were associated
with line bisection deviation. Note that the cluster overlapped with the arcuate
fasciculus as delineated in its entirety by Thiebaut de Schotten et al. (2011), but,

following our procedures, we were unable to assign the cluster to one of the three sub-
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segments of the fibre tract as delineated by the same study. An unassigned cluster
larger than 50mm?3 was detected at the white matter/grey matter border of the inferior
temporal gyrus. For an exact overview on relevant clusters of voxels, including effect

sizes (i.e. B-weights) and peaks, see table 2 and Fig. 2.

3.3. SVR-DSM of disconnection maps

The SVR-DSM analysis of the disconnection maps (Fig. 2), FDR corrected at 0.05
with lesion volume control by dTLVC, showed disconnection to be significantly
associated with LBEs in the right hemisphere within the internal capsule and all three
branches of the superior longitudinal fasciculus (I, Il and I11). Moreover, fibres of the
posterior corpus callosum and within the anterior commissure were implicated. A
further large white matter cluster without corresponding atlas overlap was located
close to the lateral part of the right inferior longitudinal fasciculus, between the
inferior frontal gyrus and the middle temporal gyrus. For an exact overview on
significant areas and effect sizes, see table 3 and Fig. 2.

[Figure 2 near here, 1.5 column]

[Table 2 near here, single column]

[Table 3 near here, single column]

4. Discussion
The present study investigated the neural underpinnings of ipsilesional rightward line
bisection deviation in acute right hemispheric stroke. We used both multivariate
mapping of lesion maps to characterise direct structural damage as well as
multivariate mapping of disconnection metrics to reveal additional remote effects of

right-hemispheric lesions in both hemispheres.

4.1. Grey matter damage related to the line bisection error
By adapting the statistical threshold post-hoc to p <0.001, uncorrected for multiple
comparisons, several cortical nodes were found to be involved in line bisection
deviation. This included primarily right parietal areas, particularly the inferior parietal
lobe, including the angular gyrus, reflecting the importance of posterior brain
structures that have been consistently reported by previous studies-
Using lesion overlap plots and subtraction analysis, Binder and colleagues

(1992) described LBE as being associated with lesions in the posterior territory of the
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middle cerebral artery, incorporating the inferior parietal lobe with the angular and
supramarginal gyri, as well as posterior parts of the middle temporal gyrus. Following
a similar approach, Rorden et al. (2006) were able to replicate the initial findings from
Binder et al. (1992) to some extent; they observed the critical area related to LBE at
the junction between the middle occipital gyrus and middle temporal gyrus.
Kaufmann et al. (2009) used a multiperturbation analysis and reported that the top
five areas playing a role for the line bisection task are the supramarginal and angular
gyri, the superior parietal lobule, the thalamus and the anterior part of the temporo-
parietal junction. Verdon et al. (2010) subsumed a battery of clinical tasks related to
spatial attention into different components and found that line bisection mainly loaded
on a factor that the authors attributed to perceptual abilities. An anatomical mapping
of this component by VLSM implicated a location mainly around the inferior parietal
lobe near the supramarginal gyrus. Molenberghs and Sale (2011) were able to
replicate this finding by using VLSM and detected a significant cluster related to
ipsilesional LBE at the medial part of the right angular gyrus. A slightly different
pattern has been shown in the VLSM analysis by Thiebaut de Schotten et al. (2014),
who adapted a liberal threshold of p < 0.05 uncorrected for multiple comparisons. The
authors not only reported clusters in the superior parietal lobule, the supramarginal
gyrus, temporo-parietal junction and the intraparietal sulcus between the angular
gyrus and the superior parietal lobe, but also in the middle and inferior frontal gyri as
well as the frontal eye fields and the precentral gyrus. Looking at the topographical
maps (Thiebaut de Schotten et al., 2014; Fig. 2c), largest effects (i.e. highest z-scores)
have nevertheless been detected within the inferior parietal lobule, precentral gyrus,
angular and supramarginal gyri, and within the temporo-parietal junction.
Interestingly, a pattern including frontal as well as parietal (angular gyrus and
superior parietal lobe) and parieto-occipital regions, has been revealed already
previously in a VLSM study by Vossel et al. (2011).

The involvement of frontal cortical brain areas in the line bisection task was
not confirmed by the present investigation, although our advanced lesion mapping
method should be especially suited to find multiple nodes of a network if present. So
far only two investigations have reported a direct involvement of frontal cortical areas
(Thiebaut de Schotten et al., 2014; Vossel et al., 2011). However, a considerable
number of studies described an association of (mostly) caudal parts of fronto-parietal

and fronto-occipital white matter pathways (e.g. inferior-longitudinal fasciculus, SLF,
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arcuate fasciculus and inferior fronto-occipital fasciculus; see below). A possible
explanation could be that frontal cortical areas were only rarely affected in some
previous studies, and thus not included in the voxel-wise statistical analysis,
especially in studies with a small number of cases. Instead, voxels eligible for
inclusion into a voxel-wise analysis might have been located in frontal white matter
areas, which are more often affected by stroke (cf. Sperber and Karnath, 2016b).
Therefore, claims about the absence of frontal involvement in line bisection should be
evaluated with caution, as such results might depend on sample characteristics.
Accordingly, frontal cortical nodes were only sparsely tested in our analysis due to the
exclusion of rarely affected voxels and were mainly restricted to posterior parts of the
middle and inferior frontal gyri and the precentral gyrus (see Fig. 1A & Fig. S1).

A recently published multivariate study employing a game theoretical
mapping approach showed that the intraparietal sulcus was the main contributor to
rightward line bisection deviation (Toba et al., 2017). Additionally, synergistic
influences between intraparietal sulcus, temporo-parietal junction and inferior
occipital gyrus were reported as being crucial. In a further study, the same authors
could delineate areas around the inferior parietal lobe, specifically the angular gyrus
and occipital areas, as an anatomical basis of the LBE by VLSM (Toba et al., 2018).
Their additional finding of occipital lobe involvement was not confirmed by our
investigation.

Besides cortical grey matter influence, our analysis also implicated structural
lesions subcortically in the right basal ganglia including the pallidum and extending
into the caudate nucleus. The role of damage to the right basal ganglia in spatial
attention might be linked to subcortical lesions inducing cortical malperfusion, and,
thereby, leading to remote cortical dysfunction (Hillis et al., 2002; Karnath et al.,
2005). However, a possible direct effect of subcortical lesions of the basal ganglia to
the attentional bias has also been discussed (Parr and Friston, 2018). By simulating
attentional deficits within a computational model and affecting the basal ganglia
within the model structure, the authors demonstrated direct pathological consequences

to the behavioural outcome.

4.2 White matter disconnection related to the line bisection error
Our lesion-symptom mapping analysis further showed involvement of the right

superior longitudinal fasciculus (SLF Il and Ill) and arcuate fasciculus, while the
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disconnection-symptom mapping analysis further delineated fibre disruptions within
posterior parts (i.e. splenium) of the corpus callosum, and right internal capsule.
Further, in the right hemisphere, all three branches of the SLF (SLF I, 1l & IlI)
overlapped with significant areas of the disconnection topography. An additional non-
assigned cluster was located close to the lateral part of the right inferior longitudinal
fasciculus at the level of the right inferior temporal gyrus. Several clusters of voxels
within the anterior commissure could be delineated by both lesion-symptom mapping
and disconnection-symptom mapping.

Besides grey matter areas playing a role for the LBE, damage to white matter
connections was reported previously (Golay et al., 2008; Malherbe et al., 2018;
Thiebaut de Schotten et al., 2014, 2005; Toba et al., 2018; Vaessen et al., 2016;
Verdon et al., 2010). Verdon et al. (2010) described an extension of the significant
topography into white matter adjacent to the supramarginal gyrus. Thiebaut de
Schotten et al. (2014) showed by track-wise hodological lesion-deficit analysis that
the LBE is related to disconnection of the fronto-parietal segment of the arcuate
fasciculus and of the second branch of the SLF (II).

When comparing the lesion topography of the VLSM analysis with a common
white matter atlas (Thiebaut de Schotten et al., 2011b), Toba and colleagues (2018)
reported involvement of the SLF I1l and the inferior fronto-occipital fasciculus. The
authors also evaluated direct fibre tract involvement by using tractography and again
found that SLF Il integrity predicted rightward line bisection deviation. A descriptive
evaluation of the lesion pattern showed that especially caudal disconnections of the
SLF I lead to pathological performance. Our study confirmed the latter finding.
Initial evidence of the involvement of the SLF comes also from a study using
intraoperative electrical stimulation of the SLF and parietal areas during brain surgery
(Thiebaut de Schotten et al., 2005). Notably the stimulation of the SLF resulted in
greater LBE than stimulation of the right inferior parietal lobe or the posterior
superior temporal gyrus, emphasizing again a crucial involvement of fronto-parietal
connections in rightward line bisection deviation. With a multivariate approach,
Malherbe and colleagues (2018) demonstrated synergetic effects between the SLF and
superior temporal gyrus, as well as between the SLF and the inferior fronto-occipital
fasciculus contributing to the explanation of leftward line bisection deviation.
Vaessen and colleagues (2016) went further and looked directly at DTI-WM metrics.

For a factor that loaded on line bisection and text reading, they mapped regions where
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reduced fractional anisotropy was linked to behavioural deficits. They found two
significant clusters that were unaffected by macroscopic lesions, one located in the
superior corona radiata adjacent to the trunk of the corpus callosum and the other in
the splenium of the corpus callosum. They performed additional fibre tracking, using
the clusters above as seeds. In patients scoring worse on this factor, this analysis
showed lower track density in parts of the SLF Il and 111, as well as within the cortico-
spinal tract, external capsule and callosal fibres projecting to the left inferior parietal
lobe. Taking the second cluster as a seed, again the SLF at the level of the temporo-
parietal junction and bilateral projections passing through the splenium of the corpus
callosum were reported. Our disconnection analysis showed a similar pattern
implicating callosal projection fibres running to the left hemisphere. Correspondingly,
a recent intervention study using inhibitory continuous theta burst stimulation (cTBS)
over the contralesional parietal lobe found integrity of posterior parts of the corpus
callosum to be predictive for successful treatment of directional attentional biases
(Nyffeler et al., 2019). Indeed, reduced callosal integrity has been found to be a
predictor of persistent attentional deficits in the chronic stage (Lunven et al., 2015), as
diagnosed amongst other tests with the line bisection task and leading to persistent
symptoms even after therapeutic intervention by prism adaption (Lunven et al., 2019).
There is evidence that left parietal areas show an increased BOLD response relative to
homologue right hemispheric areas (Corbetta et al., 2005) in right hemisphere stroke
patients with attentional deficits. Nyffeler and colleagues (2019) proposed that the
pathological hyper-excitability can be normalised after left parietal cTBS and hence,
might improve inter-hemispheric communication if callosal fibres are preserved. With
respect to the findings of these authors, as well as Lunven and colleagues (2019,
2015), our results indicate that intact callosal fibres might not only be important for
neglect recovery and therapy, but that callosal fibre disconnection might also result in

an exacerbation of the LBE to the ipsilesional side.

4.3. Relation of line bisection and cancellation tasks
It has been repeatedly reported that the directional bisection error dissociates from
core symptoms of spatial neglect as measured by different cancellation tasks (Azouvi,
2002; Binder et al., 1992; Ferber and Karnath, 2001; McGlinchey-Berroth et al.,
1996; Mclntosh et al., 2017; Sperber and Karnath, 2016a; Toba et al., 2017; Verdon et

al., 2010). These core symptoms include a spontaneous and sustained deviation of
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head and eyes to the ipsilesional side and ignoring stimuli on the contralesional side.
A simple explanation for the behavioural dissociation between line bisection and
cancellation tasks is an anatomical dissociation, i.e. both tasks at least partially rely on
different anatomical correlates.

Several previous studies investigated and compared line bisection and
cancellation within the same sample. The pioneering work of Binder and colleagues
(1992) showed that patients with line bisection errors were likely to have posterior
lesions, whereas patients who were impaired on the cancellation task had more
anterior damage. This finding has been confirmed by Rorden et al. (2006), and also
further studies found dissociations between both tasks (Thiebaut de Schotten et al.,
2014; Vaessen et al., 2016; Verdon et al., 2010). Line bisection was associated with
lesions to the inferior parietal lobe, posterior parts of the SLF, the arcuate fasciculus
and nearby callosal fibres. In contrast, ipsilesional omissions in cancellation tasks
were associated with lesions to middle and inferior frontal and superior temporal brain
areas, frontal parts of parieto-frontal connections, and fronto-frontal connections
(Thiebaut de Schotten et al., 2014; Vaessen et al., 2016; Verdon et al., 2010). On the
other hand, Thiebaut de Schotten et al. (2014) also pointed at consistencies between
the anamtomy underlying deficits in both tasks. They observed disconnection of fibre
tracks to lead to pathological behaviour in both tasks, especially for disruptions of the
fronto-parietal segment of the arcuate fasciculus and the SLF II, originating from the
angular gyrus and terminating in the middle frontal gyrus (Thiebaut de Schotten et al.,
2011a; Wang et al., 2016). In a small sample of 25 patients, Toba and colleagues
(2017) delineated for both tasks the intra parietal sulcus as the main contributor of
performance and observed synergetic relations between several temporal, parietal, and
occipital areas. The same authors also reported differences between both tasks. Only
cancellation tasks were additionally related to synergetic interactions between the
temporo-parietal junction and inferior frontal gyrus. In a combined structural and
diffusion tensor imaging study, Toba et al. (2018) reported a central role of the
angular gyrus, the inferior parietal lobe, the third branch of the SLF (SLF I1l) and the
inferior fronto-occipital fasciculus for both behavioural tasks, whereas damage to
inferior and middle frontal gyri correlated only with cancellation behaviour. Finally,
Malherbe and colleagues (2018) found the inferior parietal lobe being crucial not only
in ipsilesional line deviation, but also in contralesional omissions on the bells

cancellation task in a left hemispheric patient sample.
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Whereas the present study analysed the anatomical contributions to
pathological line bisection deviation, the focus in the study by Wiesen and colleagues
(2019) was to detect the anatomical correlates of the typical bias of neglect patients in
cancellation tasks. Most of the patients (N = 155) in the present work were identical
to those who participated already in the study by Wiesen et al. (2019). They found a
large cortico-subcortical network, incorporating superior and middle temporal areas,
and nearby inferior parietal and occipital structures. Interestingly, results also
included frontal cortical areas and adjacent white matter. Albeit the anatomy
underlying LBEs appears to differ in general from the anatomy found for the
cancellation bias by Wiesen et al. (2019), it is interesting to see that there is also some
correspondence between the neural correlates of both deficits. When comparing the
present results to the recently published multivariate topography of the neural
correlates of spatial neglect (Wiesen et al., 2019), this was especially notable for the
parietal involvement and the callosal damage. The latter might indicate that
pathological line deviation and the spatial neglect syndrome as measured by

cancellation behaviour share some pathophysiological key processes.

4.4. Are we measuring the wrong line bisection error?
An explanation for the dissociations between a deficit in line bisection and a deficit in
cancellation tasks (Azouvi, 2002; Binder et al., 1992; Ferber and Karnath, 2001;
McGlinchey-Berroth et al., 1996; Mcintosh et al., 2017; Sperber and Karnath, 2016a;
Toba et al., 2017; Thiebaut de Schotten et al., 2014; Vaessen et al., 2016; Verdon et
al., 2010) might be the lacking internal validity of the traditional way to administer
and score line bisection task. LBEs are traditionally analysed, as in the present study,
by measuring the deviation of the mark from the true midpoint. Recent studies
challenged this traditional approach and instead proposed an alternative theoretical
framework to administer and analyse line bisection (Mclntosh et al., 2005, 2017).
Within this framework, the locations of the left and right end points of the line and the
bisection mark are coded in egocentric positions. Line bisection performance is then
measured by assessing the influence of each individual end point location on the
position of the mark. This results in two factors, of which one, contrary to traditional
line bisection, indeed assesses the core symptom of spatial neglect (MclIntosh et al.,
2017), as measured also by cancellation tasks. Thus, the traditional line bisection

assessment provides a biased and somewhat noisy measure of spatial neglect, which is
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additionally affected by a second factor potentially related to general attentional
capabilities (Mclntosh et al., 2017). This partial overlap of deficient cognitive
functions in classical line bisection might explain divergent behavioural and
anatomical findings in previous studies. Following this theoretical framework, line
bisection is a noisy measure of spatial neglect, which explains the surprisingly weak
prediction performance found in the present data. According to this interpretation, the
mixture of at least two different cognitive functions might hamper the lesion-mapping
algorithm to detect the true anatomical key areas related to the directional line
bisection deficit. Therefore, it will be crucial to use these new insights of Mclntosh et
al. (2017) into the line bisection task to derive new study protocols focusing
systematically on the anatomical dissociations between these two factors.

4.5. Heterogeneity in the anatomical correlates of line bisection errors

Besides methodological differences in the investigation of the line bisection
task as a result of using univariate versus multivariate approaches (see introduction
section), further factors might have led to differences between the present and
previous results, including factors such as line length, line position, or exact task
demands (e.g., Doricchi et al., 2005; Mclntosh et al., 2005; Cavézian et al., 2012).
While it is difficult to explain all these findings from the classical theoretical
perspectives on line bisection, the two-component theory of line bisection might do so
(Mclntosh et al. 2005, 2017). Notably, these different factors likely also underlie
some of the variance of anatomical findings in the field. The presentation style of the
line bisection task in the present study (ten lines of 24 cm length; five oriented along
the right margin of the sheet, five oriented along the left margin of the sheet) likely
affected the outcome to some degree, and might have led to differences between the
present results and results in previous studies.

Another reason for heterogeneous results on the anatomy of line bisection
errors in different studies might be the enigmatic role of visual field defects. A small
LBE with a shift of the mark towards the contralesional side — mirroring the LBE
typically attributed to deficits in spatial attention — is known to be related to visual
field defects alone (Kerkhoff & Bucher, 2008). However, this effect was not found in
acute stroke patients (Machner et al., 2009; Sperber & Karnath, 2016a), but instead
visual field defects were found to be associated with higher LBEs in acute stroke
(Doricchi & Angelelli, 1999; Doricchi et al., 2002; Daini et al., 2002; Sperber &
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Karnath, 2016a). This effect has been termed an ‘amplification effect’ of visual field
defects, while, in fact, no generally accepted theory about the causal relation between
both variables currently exists. A simple effect of lesion size, i.e. that larger lesions
are both more likely to affect primary vision and more likely to induce high LBEs, is
also imaginable. The more pronounced LBE in patients with visual field defects could
explain why some studies found damage to more posterior brain regions to underlie
LBEs compared to spatial neglect. Patients with primary visual defects typically have
damage to posterior brain areas, and at the same time, they suffer from a more severe
LBE due to the putative amplification effect. Thus, the statistical anatomo-
behavioural signal might be enhanced in these posterior areas.

A further possible candidate to complicate the behavioural measure of LBEs
could be contralesional deviation, which is sometimes called ‘ipsilesional neglect’
(Kwon & Heilman, 1991; Kim et al., 1999; Sacchetti et al., 2015; Sperber & Karnath,
2016a). Several studies implicated frontal brain areas for this behavioural finding
(Kim et al., 1999; Sacchetti et al., 2015). Contralesional deviation is rather rare
compared to the common LBE (Sperber and Karnath, 2016a). In the present study, we
excluded cases with pathological contralesional deviation, but it is not known how
both behavioural deficits are related and if it is the same cognitive processes that are
symmetrically disrupted in both cases. It is unknown if both types of LBES can

interact, and if so, in what way they interact.

Conclusion and perspective

Our findings underline the importance of a network including several cortical nodes
and intra- as well as interhemispheric connections in the emergence of the line
bisection error. The use of support vector regression based lesion-symptom
disconnection mapping revealed that we might miss relevant structures and
connections when we only focus on focal damage. However, according to recent
findings by Mclntosh et al. (2017), the traditional interpretation of the line bisection
task might produce a noisy measure, hindering the statistical algorithms to detect all
of the relevant anatomical modules and connections. To resolve further
inconsistencies in the literature, future studies should perform lesion-symptom
mapping by disentangling spatial and non-spatial attentional components of the line

bisection task as pointed out by Mclntosh et al. (2017), in order to compare their
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neural correlates to those resulting from anatomo-behavioural analyses of similar

tasks, such as cancellation tasks.
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Tables
Table 1: Demographic and clinical data of all 163 patients.

For descriptive information it was determined whether a Line Bisection score was in
the pathological range; the cut-off was an ipsilesional deviation of >7.77% (Sperber
and Karnath, 2016a). Data are represented either i) as mean, with standard deviationin
parentheses and range in brackets, or ii) as percent of the sample. Line bisection is
reported as percent of deviation from the true midpoint.To determine if Centre of
Cancellation (CoC) scores were in the pathological range, cut-offs were set at >.081
for the Bells Cancellation Task and >.083 for the Letter Cancellation test(Rorden and
Karnath, 2010). Further we determined if patients with and without pathological
scores differed significantly from each other (Mann-Whitney-U for continuous

variables or Chi-Square for categorical variables).

Bisection Bias No Bias X2/U sig.

Age (years) 60.4 (14.0) [18-81] 61.6 (13.8) [26-93] 2774

Sex (M/F) 19/26 50/68 0

Aetiology (Ischemia/Haemorrhage) 38/7 101/17 0.034

Lesion size (cm3) 80.7 (66.9) [2.9-274.8] 28.5(31.4) [0.2-144.9] 1116 *
Time between lesion and assessment (days) 4.4 (3.9) [0-22] 4.0 (3.3) [0-17] 2401

Line Bisection Bias (deviation) 21.1(18.0) [8-83.2] 1.2 (3.2) [-7.5-7.6] 0 *
Bells (% above Cutoff/CoC) 62.2/0.31(0.32) [-0.03-0.94]  28.0/0.09 (0.18) [-0.11-0.87] 1426 *
Letter (% above Cutoff/CoC) 48.8/0.26 (0.30) [-0.02-0.89]  17.0/0.08 (0.20) [-0.06-0.96] 1247 *
Visual Field Defects (N present) 27 89 1.673

*<.,001
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Table 2: Significant grey and white matter clusters underlying the LBEin SVR-
LSM

Labelling of significant right hemispheric grey and white matter areas found by SVR-
LSM uncorrected at 0.001 after 10000 permutations and a cluster extent threshold of
50mm3 before being overlaid on the corresponding atlas. Grey matter structures were
identified with reference to the Automatic Anatomical Labelling atlas (AAL; Tzourio-
Mazoyer et al., 2002). White matter structures were identified using a tractography-
based probabilistic fibre atlas (Thiebaut de Schotten et al., 2011b), extended by the
SLF segmentations of a further probabilistic fibre atlas (Rojkova et al., 2016) with
regions of interest defined at a probability of p >= 0.3. Only clusters with at least
50mms3 overlap with a corresponding atlas label are reported.

GM structure Number of voxels B B
(AAL) (mm3) (Mean/SD) (Peak)
Angular gyrus 256 2.43/0.27 3.10
Pallidum 71 3.79/0.84 5.55
Inferior parietal lobe 63 2.89/0.28 3.55
Postcentral gyrus 56 2.81/0.21 3.40
WM structure Number of voxels B B
(Thiebaut de Schotten et al., 2011b) (mm?) (Mean/SD) (Peak)
Arcuate fasciculus 154 2.47/0.26 3.19
Anterior commissure 57 3.19/0.98 5.09
WM structure Number of voxels B B
(Rojkova et al., 2016) (mm?) (Mean/SD) (Peak)
Right SLF II 460 2.69/0.54 6.04
Right SLF 111 389 2.70/0.57 5.87
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Table 3: Significant white matter clusters underlying the LBE in SVR-DSM

White matter areas where disconnection is associated with the LBE as found by
disconnection based SVR-DSM, FDR corrected at 0.05 (p < .0004) based on 10000
permutations. White matter structures were identified using a tractography-based
probabilistic fibre atlas (Thiebaut de Schotten et al., 2011b), extended by the SLF
segmentations of a further probabilistic fibre atlas (Rojkova et al., 2016) with regions
of interest defined at a probability of p >= 0.3. Only clusters with at least 50mm?3

overlap with a corresponding atlas label are reported.

WM structure Number of voxels B B
(Thiebaut de Schotten et al., 2011b) (mm?) (Mean/SD) (Peak)
Corpus Callosum 209 6.48/1.20 10
Anterior commissure 54 3.76/1.18 5.70
Right internal capsule 53 6.30/2.04 9.22
WM structure Number of voxels B B
(Rojkova et al., 2016) (mm?) (Mean/SD) (Peak)
Right SLF | 311 4.59/1.65 9.05
Right SLF II 263 5.25/1.42 9.18
Right SLF 111 88 3.00/2.12 9.18
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Figures

Figure 1: Topography of brain lesions and disconnections

A: Lesion overlap plot showing for each voxel the number of patients having a lesion
at that location. Only voxels within the voxel mask for statistical testing with at least 8
(~5%) patients having a lesion are shown. The colourbar indicates the number of
overlapping lesions (the peak of N = 60 represents 37% of the total sample). B:
Lesion disconnection overlap plot of all 163 binarized disconnection probability
maps, showing for each voxel the number of patients supposed to have a white matter
disconnection at that location. A disconnection is assumed if the probability of
disconnection surpasses 50% of being affected in the reference control sample. The
colourbar indicates the number of overlapping disconnections (the peak of N = 139
represents 85% of the total sample). Numbers above slices indicate z-coordinates in
MNI space. A lesion overlap plot of all patients can be found in the supplementary
material (Fig. S1).
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Figure 2: Results of the multivariate lesion-behaviour and disconnection-
behaviour mapping

Support vector regression based multivariate lesion-symptom mapping and
disconnection-symptom mapping results using data of 163 patients. Green:
Permutation-thresholded statistical map of SVR-LSM on line bisection scores (p <
0.001, uncorrected for multiple comparisons), illustrating the anatomical regions
significantly associated with the directional LBE. Red: Permutation-thresholded
statistical map of SVR-DSM on line bisection scores (p < 0.0004, FDR-corrected at
0.05), illustrating virtual lesion-induced white matter disconnection significantly

associated with the directional LBE.
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Supplementary Material

Figure S1: Topography of brain lesions of all patients

Lesion overlap plot of all 163 patients showing for each voxel the number of patients
having a lesion at that location. The colour bar indicates the number of overlapping
lesions. The peak of N = 60 represents 37% of the total sample. Numbers above slices
indicate z-coordinates in MNI space.
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Figure S2: Topography of brain lesions based on scan modality

A: Lesion overlap topography of all lesions defined by MR (N = 82). B: Lesion
overlap topography of all lesions defined by CT (N = 81). C: Lesion disconnection
overlap plot of all 163 binarized disconnection probability maps, showing for each
voxel the number of patients supposed to have a white matter disconnection at that
location defined by MR (N = 82). D: Lesion disconnection overlap plot of all 163
binarized disconnection probability maps, showing for each voxel the number of
patients supposed to have a white matter disconnection at that location defined by CT
(N = 81). The colour bar for A and B indicates the number of overlapping lesions.
The peak of N = 31 corresponds to ~37.8% affection of all MR delineated lesions and
~38.3% affection of all CT delineated lesions. The colour bar for C and D indicates
the number of overlapping disconnections. The peak of N = 75 corresponds to 91.5%
affection of all MR delineated lesions and 92.6% affection of all CT delineated

lesions. Numbers above the slices indicate z-coordinates in MNI space.
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