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Abstract 

Indirect quantification of functional and structural disconnection increases the knowledge 

derived from focal brain lesions by inferring subsequent brain network damage from the 

respective lesion. We applied both measures to a sample of 124 stroke patients to investigate 

brain disconnection in pusher syndrome – a disorder characterized by a disturbed perception 

of one’s own upright body posture. Our results suggest a hub-like function of the posterior 

and lateral portions of the thalamus in the perception of one’s own postural upright and 

identified dysfunction in a thalamo-cortical network as one likely cause of pusher syndrome. 

Lesion network-symptom-mapping investigating functional disconnection indicated cortical 

diaschisis in cerebellar, frontal, parietal, occipital, and temporal areas in patients with 

thalamic lesions suffering from pusher syndrome, but there was no evidence for functional 

diaschisis in cortical stroke and no evidence for the convergence of thalamic and cortical 

lesions onto a common functional network. Structural disconnectivity mapping identified 

several thalamo-cortical disconnections. Many of the thalamic and cortical regions 

disconnected by lesions that lead to pusher behavior correspond to previously reported lesion 

sites associated with pusher syndrome. Thus, while the presence of both, isolated thalamic 

and cortical lesions in context with pusher behavior has been reported previously and led to 

the conclusion that the correct estimation of one’s own postural upright might depend on a 

thalamo-cortical network, our analyses offer the first evidence for a direct thalamo-cortical (or 

cortico-thalamic) interconnection and, more importantly, shed light on the location of the 

respective thalamo-cortical disconnections.   
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1 Introduction 

Stroke patients with ‘pusher syndrome’ (also termed '[contraversive] lateropulsion' or 

'contraversive pushing'), a disorder occasionally accompanying hemiparesis, experience their 

body as oriented upright when it is markedly tilted to the ipsilesional side, indicating 

disturbed perception of upright body posture.1 They use the unaffected limb to actively push 

their body towards the paretic side, thus impairing their own balance and increasing the risk 

of falling in the direction of paresis.2,3  

The neuronal correlates of the syndrome appear to be located in both thalamic4-8 and cortical 

regions.6-11 of both hemispheres. Thalamic locations include the ventral posterior and lateral 

posterior nuclei of the posterolateral thalamus.4,5 Cortical associations were reported for the 

insula,6,8,10 operculum,6,8,10 inferior frontal gyrus,6 superior temporal gyrus,8 precentral gyrus,6  

dorsal antero-medial cortex,11 and postcentral gyrus,6,9,10 the latter extending towards the 

supramarginal gyrus.9 Alterations were further found in white matter structures, including the 

internal capsule,4,6,8 occipitofrontal fasciculus,6 uncinate fasciculus,6 and in the pathway 

between the vestibular nucleus and the parieto-insular vestibular cortex.12 Both, isolated 

cortical lesions6-11 and isolated thalamic lesions4-8 were found to cause pusher syndrome, 

which could indicate that the perception of one’s own postural upright relies on a brain 

network with at least two nodes. In addition to the local damage, stroke is known to result in 

functional deficits remote from the lesion. Von Monakow,13 who first described this 

phenomenon termed “diaschisis”, reasoned that it might be caused by collateral damage to 

connections between the lesion site and the respective dysfunctional areas. His hypothesis has 

since found support from modern neuroimaging methods.14 Pairwise functional connectivity 

has been found to generally reflect structural connectivity,15,16 although strong pairwise 
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functional connections have also been reported between distant regions that do not appear to 

be directly linked by white matter.15,17    

With the introduction of lesion network mapping, Boes and colleagues18 suggested an indirect 

method to investigate diaschisis in patients with focal brain lesions. They used normative 

connectome data from resting-state functional MRI of healthy participants to identify 

functional networks potentially affected by diaschisis. The lesion site is used as a seed for the 

functional connectivity analysis under the assumption that regions with high normative 

connectivity to the lesion are vulnerable to diaschisis.19 When the resulting lesion network 

maps are statistically compared between patients discordant for the symptom of interest, the 

method has been termed lesion network-symptom-mapping (LNSM).20 An alternative 

approach to investigate diaschisis is the indirect quantification of structural disconnection. 

Here, the structural lesion connectome is created by combining a patient’s topographical 

lesion data with normative white matter data to determine which grey matter parcels are most 

likely disconnected as a consequence of the respective lesion.21,22 Both functional and 

structural disconnectivity analyses have served to understand or predict several 

neuropsychological deficits and movement disorders secondary to stroke.18,20,23  

Both methods have their individual advantages and shortcomings. Indirect measures of 

functional disconnection provide information on large-scale brain networks and can also 

account for diaschisis across multisynaptic pathways unlike directly and indirectly quantified 

structural disconnection. However, indirect functional disconnection measures appear to have 

a smaller predictive power on lesion-induced network dysfunctions than their structural 

counterparts.29,30 Despite their greater predictive power, structural disconnection tractograms 

are based on do not allow inference of the directionality of an uncovered disconnection.31 

Further, when assessing the structural disconnectome, it is recommended to only consider 

streamlines which end in both parcels, to avoid a hardly interpretable overabundant amount of 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 14, 2022. ; https://doi.org/10.1101/2022.10.12.511887doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511887
http://creativecommons.org/licenses/by/4.0/


 

 

Page 6 

data.22 As a consequence, this method only documents the first grey matter parcel that is 

disconnected by the lesion and does not account for indirect damages further along in the 

network. Although both methods cannot be compared one-to-one, they offer insights into 

different aspects of the disrupted connectivity, and thus results may complement each other. 

We attempted to, first, achieve a holistic view of the altered connectivity in pusher syndrome 

by investigating both types of connectivity and, second, to profit from the advantages of both 

approaches and compensate for their respective shortcomings, by applying both functional18 

and structural disconnection measures.22 We utilized these methodologies in the largest cohort 

of patients reported so far with pusher syndrome characterized by a validated behavioural 

scale for pushing behavior (Scale of Contraversive Pushing [SCP]1,2). We hypothesized to 

identify a brain network affected by thalamic and cortical stroke through direct lesion and 

indirect diaschisis effects. 

2 Material and methods 

2.1 Patients and behavioral testing 

Lesion masks and behavioral data were taken from three previous studies on the neural 

correlates of pusher syndrome by our group at the Neurology Department of the University 

Hospital in Tuebingen,4,5,10 detailed demographic tables can be drawn from the respective 

papers. In total, 131 patients with a single stroke event were examined. The first study4  

included 23 patients consecutively admitted over two years with a circumscribed unilateral 

lesion and contraversive pushing (Pusher+) and 23 stroke patients admitted in the same 

period who did not exhibit contraversive pushing (Pusher-) but showed comparable age,  

lesion etiology and ratio of hemiparesis, spatial neglect and aphasia. The second study5 

recruited 40 consecutive patients with thalamic strokes over two years and identified 14 

Pusher+ patients. The third study10 prospectively investigated 21 Pusher+ that had suffered 
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an acute stroke with unilateral cortical lesions sparing the thalamus. They had been 

consecutively admitted over 6 years. Two groups of control patients without pusher syndrome 

– 12 subjects with acute left-sided and 12 with acute right-sided cortical lesions sparing the 

thalamus – were matched to the groups of pusher patients. Seven patients (three Pusher+ 

patients) from the latest study had already been included in one of the previous ones and were 

only included once in our final sample (n = 124). The studies had been approved by the Ethics 

Committee of the Medical Faculty at the University of Tübingen and all patients gave their 

written informed consent. 

Pusher symptoms were examined with the standardized ‘Scale for Contraversive Pushing’ 

(SCP),1,2 which is based on Davies’ criteria.32 The SCP assesses a) the symmetry of patients’ 

spontaneous posture, b) arm and/or leg use as a means to increase contact with the ground and 

c) resistance to passive posture correction (all three subscales were measured for both sitting 

and standing). Contraversive pushing was diagnosed when for each subscale a score of at least 

1 (out of 2, sitting plus standing) was measured.  

For the LNSM, apart from analyzing the whole cohort, we also applied analyses after dividing 

patients with isolated cortical lesions and isolated thalamic lesions. These criteria were 

evaluated based on an overlay of the individual lesion masks with the AICHA brain atlas.33 

This also resulted in the exclusion of nine patients who had both thalamic and cortical lesions; 

the subgroups then consisted of 72 patients with cortical stroke (31 Pusher+ patients, Fig. 1C 

and D) and 43 patients with thalamic stroke (17 Pusher+ patients, Fig, 1E and F). The 

subdivision into isolated thalamic and isolated cortical strokes was based on the assumption 

that diaschisis effects might differ between these groups. Indirect quantification of structural 

disconnectivity, on the other hand, is a procedure comparable to VLSM, with the difference 

that, instead of finding common grey matter substrates, the analysis yields uncovering 

commonly disconnected fiber tracts, based on patients’ lesions. When investigating unilateral 
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lesions in opposing hemispheres in a single analysis, symmetric lesions of both hemispheres 

would act as opponents in the statistical analysis and corresponding effects might become 

distorted or remain undiscovered, i.e. one would run the risk of diluting existing effects. It has 

therefore become best practice to separate patients according to the lesioned hemisphere.8,34,35 

In contrast to VLSM, indirect quantification of structural disconnectivity can, to some degree, 

also account for interhemispheric disconnections (a disconnection between one left and one 

right hemispheric region will be identified, no matter in which hemisphere the lesion occurs); 

since no gold standard has to date been established, we conducted both an analysis regardless 

of hemisphere and two analyses on patients separated by lesion side. The latter resulted in two 

samples of 49 patients with left hemispheric (21 Pusher+ patients) and 75 patients with right 

hemispheric (34 Pusher+ patients) lesions. In LNSM, on the other hand, shortcomings based 

on the pooling of right- and left hemispheric lesions are not expected to be pronounced, i.a. 

because lesion connectivity maps based on resting-state functional connectivity are highly 

symmetric.36 Accordingly, we are not aware of any LNSM study that separated left and right 

hemisphere lesions.  
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Figure 1. Lesion overlay. (A) Lesion overlay of all 55 stroke patients with pusher syndrome, (B) all 

69 patients from the control cohort, (C) 31 patients with cortical lesions sparing the thalamus and 

pusher syndrome, (D) 41 patients with cortical lesions sparing the thalamus without pusher syndrome, 

(E) 17 patients with thalamic lesions sparing the cortex and pusher syndrome and (F) 26 patients with 

thalamic lesions sparing the cortex without pusher syndrome. Color indicates number of lesions. Axial 

coordinates refer to MNI space; L = left. Illustrations were rendered with MRIcroGL 

(https://www.nitrc.org/projects/mricrogl). 
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2.2 Lesion masks 

Original lesion masks from the three previous studies4,5,10 were mapped onto template MRI 

scans in MNI152 (Montreal Neurological Institute) space. To 3-dimensionally reconstruct the 

lesions, we used these original lesion maps, expanded them along the z-axis by 4 or 5 mm and 

folded the resulting images with a Gaussian smoothing kernel with full width at half 

maximum of 4/4/10 mm (x/y/z). The resulting image was binarized at a threshold of ≥ 0.45. 

The resulting binary lesion maps (Fig. 1) were then used for LNSM, indirectly quantified 

structural disconnection mapping, and voxel-based lesion-symptom-mapping (VLSM, see 

supplementary material) analyses.  

2.3 Magnetic resonance imaging and preprocessing 

For LNSM, resting-state fMRI data from healthy young participants (n = 100) made available 

by the human connectome project37 were used to calculate lesion network maps with 

Statistical Parametric Mapping (SPM12, v7487, Wellcome Trust Centre for Neuroimaging, 

London) and Matlab tools programmed specifically for this purpose (R2019a, MathWorks). 

Functional data sets consisted of two resting-state sessions (left-right and right-left phase 

encoding, gradient-echo EPI sequence, TR 720 ms, resolution 2 mm isotropic, 15 minutes). 

All downloaded images had already been ‘minimally preprocessed’38 and were further 

convolved with an isotropic Gaussian smoothing kernel (full width at half maximum: 5 mm). 

A multiple regression approach was applied to remove signal variance over time explained by 

nuisance variables (motion parameters, mean white matter, CSF, global signal). A band-pass 

filter was applied on the residual BOLD time series (0.01 - 0.08 Hz).  Two datasets from 

controls were excluded due to heavy in-scanner motion with less than 10 minutes of resting-

state fMRI remaining in one session after motion scrubbing (> 0.5 mm of frame-wise 

displacement lead to scrubbing).39 The individual brain lesions (restricted to regions with a 

grey matter tissue probability > 10%) were defined as regions of interest. The first 
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eigenvariate of the time series of all voxels within that ROI was the representative BOLD 

time series. We then calculated lesion network maps based on functional connectivity (FC) 

(i.e., Fisher-transformed Pearson correlation coefficients) between ROI time series and the 

time series of all other brain voxels. Separate connectivity maps were generated for the right-

left and left-right phase encoding session, but to receive one lesion network for each patient, 

both connectivity maps from all 98 remaining controls were averaged.  

Lesion network-symptom-mapping  

LNSM was carried out as described before20 with non-parametric permutation testing.40 To 

reveal differences in lesion networks between patient groups (e.g., Pusher+ vs. Pusher-), two-

sample t-tests were conducted in every voxel. The null distribution of resulting t-scores was 

obtained by repetition of the statistical test with randomly assigned group labels 5000 times. 

The initial test result (with correct group assignments) was then thresholded at a t-value 

corresponding to p(FWE) < 0.05 at cluster level. Anatomical labeling was performed with the 

AICHA atlas33  or the AAL2 atlas41 for the cerebellum.  

Indirect quantification of structural disconnection 

Individual damage to structural brain networks was indirectly assessed by creating a parcel-

wise disconnection matrix with the lesion quantification toolkit (LQT)22; operated on 

MATLAB R2020a (Mathworks). To get an impression to what extent the use of different 

parcellations affects the resulting disconnections, we used two different thalamus atlas 

parcellations, the Oxford thalamic connectivity atlas42,43 and a more finely grained 

connectivity-based thalamus parcellation by Kumar and colleagues.44 We combined each with 

the cortical parcellation provided by Desikan and colleagues.45 In a separate run for each of 

the two brain parcellations, we used the LQT to obtain a disconnectivity matrix for both 

parcellations for each patient. To do so, we first used the LQT to combine the respective brain 
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parcellation with the HCP-842 streamline tractography atlas46 to create a structural 

connectivity matrix representing the healthy human connectome. Each lesion was then 

individually integrated as a region of interest in the tractography atlas. A filter identified 

streamlines, which (i) were disconnected by the lesion (i.e., crossed the binary lesion map) 

and (ii) terminate in an atlas region on both ends (i.e., represent a connection between two 

atlas regions) defined by the atlas parcellation. The resulting matrix containing absolute 

disconnection counts between each pair of regions is then related to the original connectivity 

matrix to create a final matrix, where each cell represents the percentage of disconnected fiber 

bundles between two atlas regions. 

We tested the resulting disconnectivity matrices for disconnection-deficit associations with a 

mass-univariate analysis using logistic regression with custom scripts in Matlab. Within the 

symmetric disconnectivity matrices, we removed the diagonal and all redundant elements 

below it. Next, we removed region-to-region connections that were damaged in less than 10 

patients. This procedure mirrored standard procedures in VLSM47 and prevented connections 

with an uninformative low pathological variance to affect statistical results. The remaining 

549 region-to-region connections in the parcellation with the Oxford thalamic connectivity 

atlas42,43 and 626 in the parcellation with the thalamus atlas by Kumar and colleagues44. were 

subjected to the statistical analysis. For each of the remaining region-to-region connections, a 

logistic regression was run to model the binary pusher diagnosis from continuous 

disconnection scores. Statistical significance was assessed by maximum statistic 

permutation40 with 10000 random permutations and a one-sided statistical significance level 

of p < 0.05. This serves as an approximately exact family-wise error correction for multiple 

comparisons. The same procedure was also conducted with data separated by lesion side 

(right versus left hemispheric lesions). 
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3 Results 

Lesion network-symptom-mapping 

With LNSM we found no significant differences between Pusher+ and Pusher- patients for 

the whole cohort and the subgroup with isolated cortical lesions (Fig. 2A and 2B, 

respectively). In the subgroup of patients with isolated thalamic lesions, however, we 

identified a significant difference in normative lesion connectivity to seven different clusters 

(Fig. 2C). Five clusters showed significantly higher normative lesion connectivity in Pusher+ 

patients (‘right inferior parietal’, ‘right anterior temporomesial’, ‘right posterior 

temporomesial’, ‘left and right lateral occipital cortex and precuneus’) and two clusters 

showed significantly lower lesion connectivity (‘bilateral cerebellum and vermis’, ‘left 

paracingulate and cingulate gyri’).   

 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 14, 2022. ; https://doi.org/10.1101/2022.10.12.511887doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511887
http://creativecommons.org/licenses/by/4.0/


 

 

 

Figure 2. Lesion networks associated with pusher syndrome. Statistical inference was based on a 

random permutation test thresholded at p(FWE) < 0.05 at the cluster-level. The LNSM found no 

significant results for the whole cohort (A) and the subgroup of patients with cortical lesions that spare 

the thalamus (B). The LNSM revealed significant differences in the subgroup of patients with thalamic 

lesions that spare the cortex (C): In this cohort, higher or lower lesion connectivity to several cortical 

regions was associated with the pusher syndrome. Abbreviations: FWE = family-wise error; ITG = 

inferior temporal gyrus; L = left; PHC = parahippocampal cortex; SMG = supramarginal gyrus. Scale: 

t-values; coordinates in MNI space. 
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In a further analysis, we restricted the LNSM in patients with isolated cortical stroke to those 

thalamic regions where lesions cause pusher syndrome. This was achieved with the use of a 

binary mask that included all thalamic voxels where at least one Pusher+ patient in the whole 

cohort has a lesion (see Fig. 3A, in beige). We also analyzed patients with isolated thalamic 

lesions using a mask for cortical lesion in Pusher+ (see Fig. 3A, in beige). LNSM was applied 

as before, but the use of these masks results in a small volume correction limiting the number 

of statistical comparisons. Still, no significant difference between Pusher+ and Pusher- 

patients was identified in the thalamic mask for the subgroup of patients with cortical stroke 

(Fig. 3A). In contrast, for the subgroup of patients with thalamic lesions, five clusters were 

identified (Fig. 3B). Four clusters showed significantly higher normative lesion connectivity 

in Pusher+ patients (‘left and right inferior parietal’, ‘right middle temporal’, ‘left lateral 

occipital cortex’) and one cluster showed significantly lower lesion connectivity (‘left 

paracingulate and cingulate gyri’).  
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Figure 3. Lesion networks associated with pusher syndrome. Applied brain masks illustrated in 

beige show all (A) thalamic or (B) cortical voxels, respectively, damaged in at least one pusher patient. 

Statistical inference was based on a random permutation test thresholded at p(FWE) < 0.05 at the 

cluster-level. (A) With LNSM no evidence for diaschisis in the thalamus were found when the analysis 

was restricted the effect of cortical lesions on thalamic lesions known to cause pusher syndrome when 

damaged. (B) However, LNSM revealed significant differences in the subgroup of patients with 

thalamic lesions when the analyses were restricted to cortical regions also known to cause pusher 

syndrome. Higher or lower lesion connectivity to a total of five regions was associated with the 

presence of pusher syndrome. Abbreviations: ACC = anterior cingulate cortex; FWE = family-wise 

error; L = left; MTG = middle temporal gyrus = MTG; PHC = parahippocampal cortex; SFG = 

superior frontal gyrus; SMG = supramarginal gyrus; WM = white matter. Scale: t-values; coordinates 

in MNI space. 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 14, 2022. ; https://doi.org/10.1101/2022.10.12.511887doi: bioRxiv preprint 

https://doi.org/10.1101/2022.10.12.511887
http://creativecommons.org/licenses/by/4.0/


 

 

Page 17 

 

Indirect quantification of structural disconnection  

Indirectly quantified structural disconnection-symptom mapping based on the indirectly 

assessed disconnection matrices on the complete sample revealed no significant connections 

for the parcellation with the Oxford thalamic connectivity atlas42,43 after correction for 

multiple comparisons. With the parcellation based on the thalamus atlas by Kumar and 

colleagues44, one single connection was found to be significant after family-wise error 

correction. Disconnection between parcel number 13 and the right precentral gyrus was 

significantly associated with the pusher syndrome at an uncorrected p = 0.0015 (corrected p < 

0.05). Region 13 in the right hemisphere shows the greatest overlap with the medial 

geniculate nucleus of the posterior group, followed by the ventroposterior complex in the 

lateral group and, to a lesser extent, several other posterior nuclei44. The equivalent 

connection in the left hemisphere was not found to be significant (uncorrected p = 0.57). 

After separating lesion masks based on the affected hemisphere, pusher syndrome in 

association with left hemispheric lesions, the left Kumar thalamus region 15 (‘posterior 

group’)44 displayed significant disconnections to the left banks of the superior temporal sulcus 

and the left superior temporal gyrus. Analysis with the Oxford thalamic connectivity atlas, on 

the other hand, did not yield any significant left hemispheric disconnections. Concerning right 

hemispheric lesions and the Kumar parcellation, four disconnections were found between 

thalamus region 1 (‘posterior group’)44 and the postcentral gyrus, thalamus region 8 (‘lateral 

group’)44 and the paracentral lobule, and thalamus region 13 (‘posterior group’)44 and both the 

pre- and postcentral gyrus. Based on the Oxford thalamic parcellation, we found four 

significant right hemispheric disconnections: the postcentral gyrus was found to be 

disconnected from two thalamus parcels primarily reported for their primary and premotor 
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projections42,43; the latter thalamic parcel, which is supposed to be responsible for premotor 

projections,42,43 showed two further disconnections to the banks of the temporal sulcus and the 

inferior temporal gyrus. All disconnections are illustrated in figure 4.  

 

 

Figure 4. Structural ROI to ROI disconnections associated with pusher syndrome. Significant (p 

< 0.05) disconnections obtained from the indirect quantification of structural disconnectivity with the 

LQT22 in the sub-samples separated by lesioned hemisphere. Illustrations were generated with Surf Ice 

(https://www.nitrc.org/projects/surfice/). Nodes and edges for 3D reconstruction of the respective 

disconnections can be found in the online materials. 

4 Discussion 

In the present study, differences between stroke patients with and without pusher syndrome 

were investigated with indirect measures of functional and structural brain disconnectivity. 

The analyses were based on lesions and behavioral data from 124 stroke patients from three 

earlier localisatory studies,4,5,10 which had demonstrated that both cortical and thalamic 

lesions in the left and right hemisphere may cause pusher syndrome, indicating a brain 
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network with at least two nodes. The LNSM performed in the present study identified cortical 

diaschisis after thalamic lesions but neither evidence for thalamic diaschisis after cortical 

lesions nor shared functional disconnection in both thalamic and cortical stroke. Our analyses 

of indirectly quantified structural disconnection uncovered exclusively thalamo-cortical 

disconnectivity in association with pusher syndrome. In the following, these functional and 

structural aspects of our investigation are discussed in detail. 

4.1. Functional disconnection 

With LNSM, we found no evidence for the convergence of thalamic and cortical lesions onto 

a common functional network in pusher syndrome. We used two further analyses to determine 

if pusher syndrome caused by thalamic lesions might result from cortical diaschisis or if 

pusher syndrome caused by cortical lesions might be a consequence of thalamic diaschisis. 

We found no evidence for functional diaschisis in the thalamus caused by cortical stroke (Fig. 

2B). This was even true when the analyses were restricted to thalamic regions known to cause 

pusher syndrome – which simultaneously amounts to a small volume correction and thus 

further underscores the absence of evidence for diaschisis effects in the thalamus as a result of 

cortical stroke in pusher syndrome (Fig. 3A).  

However, we identified diaschisis effects in several cortical regions associated with lesions in 

the thalamus that cause pusher syndrome. These included regions with higher lesion 

connectivity (right inferior parietal areas, right middle temporal areas, the bilateral lateral 

occipital cortex and precuneus) and regions with lower lesion connectivity (left paracingulate 

and cingulate gyri, bilateral cerebellar regions) (Fig. 2C). When restricting the analysis to 

cortical regions known to cause pusher syndrome in our cohort, we observed the inferior 

parietal regions bilaterally (Fig. 3B). Based on the identification of thalamic damage in pusher 

syndrome and the known posterior thalamic connections with the occipital, parietal, and 
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temporal cortices,42,43 dysfunction or metabolic abnormalities in the temporal, parietal and 

occipital cortex had been expected to contribute to the pusher syndrome.5  

The inferior parietal region, where diaschisis was associated with the pusher syndrome in 

patients with thalamic lesions, has already been found to be associated with pusher syndrome 

in three independent lesion studies7,9,48 and one previous study based on a part of the current 

data set.10 It has been described to be the most relevant lesion location in pusher syndrome9 

and was hypothesized to be a sensory integration area where an egocentric reference system 

for vertical upright posture is created.48,49  

The temporal areas, where diaschisis was associated with the pusher syndrome in patients 

with thalamic lesions, are part of the multimodal vestibular cortex that spans a large 

temporoparietal perisylvian area.50 Apart from vestibular cortex, we also found an association 

of the pusher syndrome and diaschisis in the lateral occipital cortex, which might interfere 

with the integration of visual information. Moreover, the identification of the anterior and 

posterior temporomesial regions might also be related to multisensory integration. It has been 

shown that stance and visually guided locomotion involve the posterior hippocampal 

formation while vestibular signals enter the anterior part of the hippocampal formation.51 

4.2 Structural disconnection 

All structural disconnections found with pusher syndrome in the present study consisted of 

streamlines between one thalamic and one cortical grey matter parcel. Many of these thalamic 

and cortical parcels correspond to previously reported lesion locations associated with the 

disorder. Thalamic projections seem to be particularly affected in its posterior and lateral 

portions, which is in line with previous work by Karnath and colleagues.4,5 It is of note that 

the patients analyzed in the aforementioned studies were also part of the present sample, 
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which of course presupposes overlapping results to some degree. However, the fact that these 

areas persisted in a larger sample reinforces their association with pusher syndrome.  

On the cortical level, the uncovered structural disconnection involving the precentral gyrus, 

postcentral gyrus, and superior temporal gyrus corresponded with previous reports of grey 

matter damage associated with pusher syndrome,6,10 also in studies with patient samples 

independent from those studied here.8,9 The prominent role of the latter two regions in the 

perception of the postural upright is further stressed by a study that applied cortical electrical 

stimulation in epileptic patients.52 Kahane and colleagues’ stimulation of the postcentral and 

the superior temporal gyri elicited the perception of displacement/tilt in the roll plane. The 

suggested relevance of the postcentral and the temporal gyri are further in line with a second 

pathway proposed by Mittelstaedt53 in the context of human graviception, namely the 

processing of graviceptional information transported from the abdomen via the afferent 

sympathetic and parasympathetic nervous systems. In this process, Mittelstaedt53 suggested a 

potential afferent involvement of the vagal nerve. In accordance, activity not only in bilateral 

portions of the postcentral gyrus but also in posterior portions of the right temporal gyrus 

poses a reported consequence of such activation.54  

Interestingly, the paracentral lobule and the inferior temporal gyrus are, to our knowledge, 

observed for the first time in context with pusher behavior. In the approach applied in the 

present study, lesions affecting either end of a damaged connection contribute collectively to 

its discovery, whereas VLSM � used in previous studies � detects only directly lesioned 

areas. In a patient cohort where both ends are damaged at a moderate rate, VLSM might 

therefore fail to detect either of them. Under similar circumstances, methods quantifying 

structural disconnection have better chances to detect both grey matter nodes (by identifying 

the related disconnected fiber tract), thanks to their pooled statistical contribution.55  Measures 

of structural disconnectivity have previously been found to have a predictive power 
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comparable to focal lesions for several behavioral deficits29 and fare even better than grey 

matter damage in explaining brain network dysfunction after stroke.30 These perks might have 

contributed to the uncovering of so far unknown areas associated with pusher syndrome. 

4.3 The importance of thalamo-cortical disconnection  

Analyses of both left and right hemispheric lesions demonstrated exclusively thalamo-cortical 

structural disconnections in association with pusher syndrome. While the presence of isolated 

thalamic and isolated cortical lesions in the context of pusher behavior has been reported 

previously and led to the conclusion that correct estimation of one’s own postural upright 

might depend on a thalamo-cortical network, our analyses offer the first evidence for a direct 

thalamo-cortical (or cortico-thalamic) interconnection and shed light on the location of the 

respective thalamo-cortical disconnections.  

The present results suggest a hub-like function of the posterior and lateral portions of the 

thalamus in the correct assessment of one’s own postural upright. The lack of significant 

cortico-cortical (and possibly also thalamo-thalamic) disconnections does not necessarily 

imply that their role is negligible. Their underrepresentation in comparison to thalamo-cortical 

disconnections might have masked effects on connections located exclusively in the thalamus 

(only possible in thalamic lesions) and exclusively in the cortex (possible only in cortical 

lesions), in a similar manner as right hemispheric lesions in VLSM weaken left-hemispheric 

ones and vice-versa. Comparing the results obtained from the complete sample to those of the 

subsamples separated by lesioned hemisphere indicates that a lack of appropriate subsampling 

as in the first case might have equally led to the underpowering of unilateral thalamo-cortical 

disconnections.    

While the importance of disconnection between the thalamus and cortex was stressed by the 

indirect quantification of structural disconnectivity, the method fails to supply information 
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about the directionality of these disconnections. However, LNSM found only thalamo-cortical 

but not cortico-thalamic diaschisis, which might imply thalamo-cortical rather than cortico-

thalamic disconnection. The thalamus is a mediator of cortico-cortical communication which 

depends on higher-order thalamic relay nuclei with afferent and efferent connections to 

various cortical regions.56 Damage to a network hub such as the posterior thalamus is 

especially prone to cause widespread diaschisis. Our structural disconnection mapping 

provides evidence for the hub-like function of the posterior and lateral portions of the 

thalamus in the correct assessment of one’s own postural upright. Our functional 

disconnection mapping points towards distinctive mechanisms that cause pusher syndrome in 

cortical and thalamic stroke. The pusher syndrome in thalamic stroke patients might be a 

consequence of a failed multisensory integration because of cortical diaschisis after the loss of 

the central network hub. Meanwhile, pusher syndrome in cortical stroke might result from a 

failed multisensory integration brought about by the loss of critical network nodes sustaining 

one of the several necessary subfunctions. Nevertheless, future research is needed to support 

these hypotheses. 

4.4 Limitations  

There are several limitations to our analyses that need to be considered. First, apart from the 

disconnections involving the postcentral gyrus, structural disconnectivity results from the 

different parcellations varied considerably. Disconnection between the thalamus and the 

banks of the superior temporal sulcus was associated with pusher behavior in patients with 

lesions in both hemispheres. However, the left and right disconnections were identified by 

different atlas parcellations and seem to have slightly different thalamic origins. While 

Kumar’s asymmetrical parcellation might have masked results in the right hemisphere, the 

Oxford parcellation might have failed to uncover comparable results in both hemispheres 

because the left hemispheric sample was considerably smaller. Our results demonstrate the 
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decisive role the choice of parcellation plays in successfully identifying neural correlates of 

pathologic behavior, while neither of the results can be classified as more or less accurate at 

this point. Further investigations are needed to evaluate which specific thalamo-cortical 

disconnections are more likely linked to pusher behavior. 

Second, the fact that pusher syndrome is relatively rare and can be caused by left and right 

hemisphere stroke renders our sample rather unique. Most disorders originating from brain 

damage are (more) frequently observed and/or are predominantly lateralized, so previous 

structural disconnection studies focused on one hemisphere.57-60 But due to the more 

heterogeneous anatomy of pusher syndrome and the different prerequisites concerning the 

investigation of functional and structural disconnection, our sample had to be treated 

differently to obtain meaningful results (i.e., separation according to thalamic versus cortical 

lesion or separation according to left versus right hemisphere, respectively). While this is 

necessary for the interpretability of the individual analyses, it impedes a direct comparison of 

the results derived from the two different methods. Accordingly, our goal was not to directly 

compare both methods and their results. Much rather, we strived for a holistic view of 

alterations in the connectivity network by joining the complementary methods. Although the 

methods used cannot directly support or challenge each other’s’ results, due to the reported 

diversity between functional and structural connectivity,15,17 they both offer individual 

contributions to a better understanding of pusher syndrome as a network disorder.  

Third, the inability to identify a common functional network associated with pusher syndrome 

in both thalamic and cortical lesions might be rooted in the limitations of LNSM. The ability 

of functional connectivity measures to identify the neural basis of higher cognitive functions 

has been demonstrated previously.61 Resting-state fMRI acquired in stroke patients could 

predict behavioral deficits in associative cognitive domains like verbal or visual memory 

better than lesion location. This was interpreted as evidence for an organization of these 
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functions in large-scale networks. However, LNSM relies on an indirect measure of 

functional connectivity. While this approach was used to map the neural correlates of 

numerous neurological deficits,18,23-25,62 major limitations have been identified.29,63,64 The low 

dimensionality of lesion network maps might be the main reason why predictive modeling 

with lesion network data has failed so far.29,64 This problem is more pronounced when LNSM 

is based on large lesions that contain multiple discrete parcels of functionally heterogeneous 

tissue.29,65 This might also explain why, in our sample, only the analyses based on the 

comparatively small thalamic lesions identified diaschisis. 

Finally, our study had to rely on the original lesion maps drawn onto predefined slices of an 

MNI-template which were then expanded along the z-axis to create lesion volumes, rather 

than using the clinical images themselves. This is in line with lesion network mapping studies 

from other groups,18,23,24,66,67 and it allowed us to compile the largest lesion dataset of pusher 

patients to date, albeit with reduced spatial accuracy of the lesion maps.  

Conclusions 

The present results suggest a hub-like function of the posterior and lateral portions of the 

thalamus in the perception of one’s own postural upright. Based on the indirect quantification 

of both, functional and structural disconnection, we identify dysfunction in a thalamo-cortical 

network as one likely cause of pusher syndrome. Due to their effortless availability from 

stroke imaging, indirect measures of brain disconnection can contribute to a better 

understanding of the complex neural correlates of less common stroke symptoms. Still, future 

work in pusher syndrome should aim at validating our results with direct measures of 

functional and structural disconnection. Taken together, our findings contribute to an 

understanding of pusher syndrome as a thalamo-cortical network disorder.  
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