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Body and peripersonal space representations 
in chronic stroke patients with upper limb 
motor deficits
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The continuous stream of multisensory information between the brain and the body during body–environment interactions is crucial 
to maintain the updated representation of the perceived dimensions of body parts (metric body representation) and the space around 
the body (the peripersonal space). Such flow of multisensory signals is often limited by upper limb sensorimotor deficits after stroke. 
This would suggest the presence of systematic distortions of metric body representation and peripersonal space in chronic patients 
with persistent sensorimotor deficits. We assessed metric body representation and peripersonal space representation in 60 chronic 
stroke patients with unilateral upper limb motor deficits, in comparison with age-matched healthy controls. We also administered 
a questionnaire capturing explicit feelings towards the affected limb. These novel measures were analysed with respect to patients’ 
clinical profiles and brain lesions to investigate the neural and functional origin of putative deficits. Stroke patients showed distortions 
in metric body representation of the affected limb, characterized by an underestimation of the arm length and an alteration of the arm 
global shape. A descriptive lesion analysis (subtraction analysis) suggests that these distortions may be more frequently associated with 
lesions involving the superior corona radiata and the superior frontal gyrus. Peripersonal space representation was also altered, with 
reduced multisensory facilitation for stimuli presented around the affected limb. These deficits were more common in patients report-
ing pain during motion. Explorative lesion analyses (subtraction analysis, disconnection maps) suggest that the peripersonal space 
distortions would be more frequently associated with lesions involving the parietal operculum and white matter frontoparietal con-
nections. Moreover, patients reported altered feelings towards the affected limb, which were associated with right brain damage, pro-
prioceptive deficits and a lower cognitive profile. These results reveal implicit and explicit distortions involving metric body 
representation, peripersonal space representation and the perception of the affected limb in chronic stroke patients. These findings 
might have important clinical implications for the longitudinal monitoring and the treatments of often-neglected deficits in body per-
ception and representation.
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Introduction
Post-stroke patients frequently present upper limb motor 
and sensory impairments.1–5 In addition, severe alterations 
in how patients experience their affected body parts, such 
as asomatognosia, somatoparaphrenia,6–11 anosognosia for 
hemiplegia12–14 or personal neglect,15 are mainly seen in 
the acute phase in post-stroke patients, especially if involving 
right brain damage (RBD).

However, distortions in body perception, and the under-
lying body representations (BR), are not only limited to those 
disorders, do not involve only RBD patients and can extend 
to chronic patients. For instance, disorders such as apraxia, 
autotopagnosia, and body-specific aphasia, interpreted as 
disturbance of specific BR (respectively, body schema, 
body structural description and body semantics), have been 
reported both in RBD and LBD post-stroke patients.16–18

Moreover, an aberrant form of embodiment towards an-
other person’s limb, when this limb is located in a position 
congruent with the location of the patient’s contralesional 
side, called pathological embodiment, has been described 
both in RBD and LBD patients, also in the chronic 
phase.19–22 Similarly, long-lasting cases of heterotopagno-
sia23,24 or feelings of disownership towards the affected 
limb have also been reported in chronic patients.8 These dis-
turbances in BR could negatively affect the recovery.25–27

Though, so far, rare experimental studies have been con-
ducted in post-stroke patients16,17,28 with chronic motor im-
pairments,29 by using rigorous experimental measures, to 
assess alterations in BR. In particular, studies in stroke pa-
tients with motor deficits have rarely assessed representations 
that are considered crucial for body–environment interac-
tions, such as the metric representation of the body19,29

(mBR) capturing the perceived dimension of the body 
parts,30–34 and the representation of the space around the 
body, i.e. peripersonal space (PPS). Specifically, the mBR is 
considered crucial for action,30,35,36 by providing essential 
dimensional cues of the body parts involved in the movement, 
such as the length and the width of the hand and arm during a 
grasping movement towards a target. Such metric informa-
tion is not provided by a single sensory system, but by mul-
tiple body signals (visual, proprioceptive, tactile cues) that 
build and update the mBR.30,36,37 Moreover, multisensory 
and motor bodily signals contribute to represent the space 
around the body, the PPS, where physical interactions be-
tween one’s own body and external stimuli occur.38–40 PPS 
is coded by a special mechanism of multisensory interaction, 
whereby tactile processing of bodily stimuli is affected by ex-
ternal (visual or acoustic) stimuli presented close, but not far, 
from the body in body part-centred reference frames.41–43

PPS representation seems to support both active and defen-
sive interactions in the environment, and underlies a self- 
other distinction, involved in self-consciousness.38,39

Importantly, both mBR and PPS are plastically updated by 
sensorimotor experiences, as shown after tool use,31,38,44–49, 
limb disuse50 or in case of changes in the physical structure of 
the body, such as amputation.51,52

Thus, given that mBR and PPS depend on sensorimotor in-
formation, and that sensorimotor functions can be impaired 
after stroke, stroke patients with sensorimotor deficits may 
present important and persistent alterations in mBR and 
PPS. Testing this hypothesis could have important clinical 
implications to improve assessment and in turn design 
more tailored rehabilitative approaches.53

With this goal, here we applied well-known tasks asses-
sing the perceived dimensions and shape of the upper limb 
(body-landmarks localization task, BLT)32,35,50,54 and the 
multisensory representation of the PPS (audio-tactile inter-
action task, hereafter PPS task)32,41,42,50 in a sample of 60 
chronic stroke patients with persistent motor deficits in com-
parison with age-matched healthy controls. Additionally, we 
adapted a questionnaire to assess whether explicit distur-
bances in the affected upper limb perception, usually re-
ported in acute patients, are present in the chronic phase 
(affected limb explicit feeling questionnaire, ALEFq, see 
Crema et al.53).

Materials and methods
Participants
Sixty chronic stroke patients with unilateral, upper limb mo-
tor deficits were included in the study (see Supplementary 
Table 1). They also took part in an interventional clinical 
trial (ClinicalTrials.gov identifier: NCT03349138) testing 
the efficacy of a new neuromuscular electrical stimulation 
for upper limb rehabilitation.53 Data included in the present 
work regard the extensive baseline evaluation performed be-
fore any treatment. The major inclusion criteria were age 
>18 years, one or more strokes at least 6 months before 
the study enrolment, unilateral functional impairments of 
the contralesional upper limb (Motricity Index < 85) and 
right-handedness. Besides specific criteria related to the inter-
ventions, listed in Crema et al.,53 the main exclusion criteria 
were pain due to spasticity (Modified Ashworth Scale >2), 
previous major neurological or psychiatric disorders and 
cognitive deficits preventing comprehension of instructions 
to perform the proposed tasks. Patients were evaluated at 
Villa Beretta Rehabilitation Center, Costa Masnaga, Lecco, 
Italy. Detailed clinical characteristics of all patients are pro-
vided in Supplementary Tables 1 and 2.

Patients were compared with age-matched, right-handed, 
healthy controls whose data were partially reported previ-
ously in another study.32 All controls had a normal or 
corrected-to-normal vision, hearing and touch, no psychi-
atric nor neurological deficits, no cognitive impairments 
(Montreal Cognitive Assessment: all equivalent scores ≥ 2), 
no pain, no fractures (in the previous 12 months) nor sensori-
motor deficits in the upper limbs.

All participants were naïve to the purpose of the study and 
participated after giving informed consent. The study was 
conducted with the approval of the local ethics committees 
(Commission Cantonale Valaisanne d’Ethique Médicale, 
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CCVEM 017/14 and CE Interaziendale delle Province di 
Lecco Como e Sondrio, 48/2016). The manuscript was pre-
pared according to the STROBE checklist for case–control 
studies. Further information and a CONSORT flow diagram 
for the inclusion of patients can be found in Crema et al.53

Patients’ assessments
Experimental testing
We used the BLT to assess the implicit perceived dimension 
of the upper limbs and a PPS task to evaluate the multisen-
sory features of PPS. These tasks are described elsewhere32,53

and summarized below (see Supplementary material for fur-
ther details). The ALEFq,53 which captures explicit distur-
bances in the affected limb perception (see Supplementary 
Table 3), as well as an additional task targeting the explicit 
perceived dimension of the upper limbs (avatar adjustment 
task, AAT)32 are described in Supplementary material.

Implicit body representation task: the BLT
To assess the implicit perceived dimension of the upper 
limbs, we adapted the BLT.32,33,36,49,50,54,55 Participants 
had to verbally indicate when a moving marker reached 
the felt position of one of five possible non-visible anatomical 
landmarks that were: the tip of the index finger, the tip of the 
annular finger, the internal part of the wrist (the radius styl-
oid), the external part of the wrist (the ulnar styloid) and the 
elbow joint (the olecranon) (see Supplementary material for 
further details and the Graphical abstract for a figure of the 
task). The width or length of the body parts was then com-
puted a posteriori during the data analysis.56

For each participant, we calculated an index of the bias in 
the perceived dimension with respect to the actual one (esti-
mated dimension)32,35 as the ratio between the perceived and 
the real size (length and width) of the arm and the hand (four 
parameters). Values below or above 1 represent, respective-
ly, an underestimation or overestimation of the perceived di-
mension with respect to the real one. Moreover, similar to 
previous studies,32 we calculated a global index of the per-
ceived shape of the arm and the hand, as the ratio between 
the estimated dimension on the width and the length, for 
both arm and hand (normalized shape index). In this case, 
a value higher than 1 indicates a higher estimated dimension 
for the width with respect to the length.

PPS task
Participants were asked to answer as fast as possible to the 
tactile stimulation on the hand by pressing a foot pedal 
(with their right foot for controls, and with the unaffected 
foot for patients) and to ignore the non-informative looming 
sound (see Supplementary material for details and the 
Graphical abstract for a figure of the task). The crucial ma-
nipulation of this task consists of the fact that the tactile 
stimulus was randomly presented at one out of three tem-
poral delays (D3, D2 and D1) from the sound onset, i.e. 
when the sound was perceived at one out of three possible dis-
tances from the body (D3/far = 0.3 s; D2/medium = 1.5 s; 

D1/near = 2.7 s). The correspondence between the temporal 
interval from the sound onset and the spatial distance be-
tween the sound and the touch location matched linearly 
and negatively. Similarly, also unimodal trials (only tactile) 
were administered at three different delays, corresponding 
to the equivalent timing of the farthest, medium and nearest 
distance of sound. In line with the literature,41,42 we expect 
that, when the acoustic stimulus is located within the bound-
aries of the hand-PPS, sounds interact in a multisensory way 
with tactile processing, resulting in faster reaction times (RTs) 
to tactile stimuli delivered to the hand, compared with uni-
modal tactile stimulation.

We calculated the mean RTs to audio-tactile stimuli for 
every temporal delay and we removed from the analysis all 
the trials exceeding 2 standard deviations from the mean 
RT (outlier trials). Preliminary analyses on unimodal RTs 
were conducted in the two groups (see Supplementary 
material for the results). According to previous 
works,32,38,41,57 unimodal trials were considered as a base-
line and the audio-tactile RTs of each participant were cor-
rected by subtracting the baseline unimodal condition, that 
is the fastest mean RT among the unimodal tactile condi-
tions. In this way, negative values indicate a multisensory fa-
cilitation effect on tactile RTs due to auditory stimulation 
with respect to the fastest unimodal tactile RT.32,38,41,57

The baseline-corrected audio-tactile RTs were compared be-
tween patients and controls.

Clinical scales and lesions
Patients’ motor, sensory and cognitive abilities were evalu-
ated at the time of experimental testing using standard clin-
ical scales. Neuroradiological images (either magnetic 
resonance imaging or computerized tomography) performed 
for clinical purposes in the acute or chronic phase were used 
for lesion analyses. All details are in Supplementary material.

Statistical analyses
Main analyses: linear mixed models

General aspects. To test differences between patients and 
controls, data from the experimental tasks (BLT: estimated 
dimensions and normalized shape index; PPS: audio-tactile 
RTs) were compared by using a linear mixed model 
(LMM), similar to a previous study.32 The use of LMM 
was supported by a model selection based on Akaike’s infor-
mation criterion (AIC) and Bayesian information criterion 
(BIC), revealing that LMM is always better than ANOVA. 
In all the analyses, participants were considered as a random 
effect, together with additional random effects added on the 
basis of a model selection with AIC and BIC criteria. For 
fixed effects, P-values were obtained by likelihood ratio tests, 
and the degree of freedom was approximated using the 
Satterthwaite method. Because of previously showed 
age-related effects in body and space representations evalu-
ated through the BLT and PPS tasks,32 the age of participants 
was inserted as a covariate in all models. To explore signifi-
cant interactions, when necessary, follow-up analyses or the 
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Tukey post hoc test was used. All the analyses were con-
ducted using LMM with the software R (R Core Team, 
2017, http://www.R-project.org/).

The analyses were conducted with the same following ap-
proach for both tasks.

Body-landmarks localization tasks. For both the estimated di-
mension and the normalized shape index, we first considered 
only data collected in patients to test if a main effect or inter-
action of patients’ brain lesion: brain ‘lesion lateralization’ 
(two levels: RBD, LBD), ‘limb’ (affected, unaffected) and 
‘upper limb dimensions’ (arm length, arm width, hand 
length, hand width) were used as fixed factors. If a main ef-
fect or interaction of brain lesion emerged, RBD and LBD pa-
tients were considered separately for further comparisons 
with the control group; otherwise, all patients were consid-
ered together. Then, to compare data obtained in patients 
and control participants, we used the factor ‘limb’ which 
levels were coded as nested (4 levels: affected/unaffected, 
belonging to the patients and left/right belonging to the con-
trols) and ‘upper limb dimensions’ as the fixed factor. This 
allows us to directly (i) compare possible asymmetry between 
the two sides in patients and controls,32 (ii) compare each 
side of controls and patients, without imposing planned 
comparisons and with appropriate corrections and (iii) limit 
the numbers of nested factors and the complexity of the 
models.

Peripersonal space. Similarly, to the analysis used for the 
BLT, for the baseline-corrected audio-tactile RTs (see 
above), we first checked if an effect of lesion lateralization 
(RBD/LBD) in patients exists: ‘lesion lateralization’ (RBD, 
LBD), ‘limb’ (affected, unaffected) and ‘distance’ (near, me-
dium, far) were used as fixed factors. If a main effect or inter-
action of brain lesion emerged, RBD and LBD patients were 
considered separately for further comparisons with the con-
trol group, otherwise all patients were considered together. 
Then, to compare data obtained in patients and control par-
ticipants, we used the factor ‘limb’ which levels were coded 
as nested (4 levels: affected/unaffected, belonging to the pa-
tients and left/right belonging to the controls) and ‘distance’ 
as the fixed factor.

Prevalence and multiple regressions
When a significant difference between patients and controls 
emerged at BLT and PPS tasks from LMM (i.e. the outcomes 
of interest, see Supplementary material), the following subse-
quent analyses were performed.

First, to evaluate the prevalence of deficits in body and 
space representations, scores from the two tasks were trans-
formed into z-scores based on the corresponding values 
(mean, standard deviation) obtained in controls.28 Patients 
with z-scores ≥1.5 in one of the behavioural outcomes 
were classified as ‘potentially impaired’ in BLT or PPS.

Second, the outcomes of interest at the BLT and PPS task, 
as well as the sum of the affirmative answers at the ALEFq, 
were considered as the dependent variable in multiple linear 

regressions which was run to examine the relationship be-
tween BR distortions and patients’ clinical characteristics 
(e.g. level of motor, sensory or cognitive impairment, used 
as predictors). See Supplementary material for further de-
tails. The same approach has been used to explore possible 
links among the outcomes of interest at the BLT and PPS 
tasks and at the ALEFq, by running multiple regression ana-
lyses on the outcomes of one specific task (e.g. BLT) with the 
outcomes of the other tasks set as predictors (e.g. PPS, 
ALEFq).

Lesion analyses
BLT and PPS scores were used for lesions analyses to identify 
brain areas or connections associated with mBR and PPS 
deficits. Patients’ lesions were delineated using a semi- 
automated method,58 and used to compute subtraction 
maps (binary variable, impaired versus unimpaired patients), 
disconnection maps59,60 (binary variables) and voxel-based 
lesion-symptom mapping (VLSM,58 both continuous and 
binary variables). In addition, scores at ALEFq were used 
as the continuous variable for the VLSM (no comparisons 
with the control group could be performed on this question-
naire). Possible imbalance among the impaired and not im-
paired patients for the lesion extension, age and the 
severity of motor, sensory and cognitive impairment were 
checked through direct comparisons between the two groups 
(Mann–Whitney test) for lesion subtraction. Lesion volume 
was added as a regressor in the VLSM. Demographic (age), 
clinical (lesion size, sensory and motor deficits) and neuro-
psychological (neglect) data were considered in the models 
as control variables for the disconnection maps. Further de-
tails related to lesion analyses are reported in Supplementary 
material.

Data availability
The data that support the findings of this study are available 
from the corresponding author, upon reasonable request.

Results
Implicit representation of the 
affected arm: BLT
Fifty-eight out of 60 patients were considered for the BLT, 
while two patients were excluded because of difficulty in 
maintaining the limb posture during the task. The 58 patients 
included for the BLT (mean: 56.4 ± 14, range: 23–81) were 
compared with 45 age-matched healthy controls (mean: 
55.9 ± 22.4, range: 23–86, Mann–Whitney test: P = 0.28).

Estimated dimensions
We considered the estimated dimension of upper limbs, i.e. 
the ratio between the perceived and the real dimensions. 
No significant effects of lesion lateralization emerged (R2 = 
0.80, P-values always higher than 0.18), thus all patients 
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were compared with controls in the following analyses on 
the estimated dimensions (‘upper limb dimensions’: arm 
length, arm width, hand length, hand width and ‘limb’: af-
fected/unaffected for patients, left/right for controls). 
The model (R2 = 0.60) comparing patients and controls on 
the estimated dimension reveals a significant interaction be-
tween ‘upper limb dimensions’ and ‘limb’ [F(9,721) = 9.58, 
P < 0.001]. To explore this interaction, we ran separate ana-
lyses for each ‘upper limb dimension’ with ‘limb’ as a factor.

The model on the arm length (R2 = 0.85) reveals a sig-
nificant effect of ‘limb’ [F(3,118) = 3.58, P = 0.016; age: 
P = 0.005]. Patients perceived their affected arm as shorter 
than their unaffected one (P = 0.009), while no difference be-
tween the two arms was present in controls (P = 0.27).

Arm width [R2 = 0.85, F(3,124) = 24.06, P < 0.00] was 
perceived larger in patients than controls (all P-values 
< 0.001), without significant difference between the two 
limbs (P = 0.61) (Fig. 1).

The models on the hand length [R2 = 0.76, F(3,130) = 
4.38, P = 0.006; age: P = 0.32] and on the hand width 
[R2 = 0.72, F(3,136) = 4.02, P = 0.009] revealed that, in pa-
tients, the affected side was perceived as significantly longer 
(P = 0.009) and larger (P = 0.02) with respect to the unaffect-
ed one. The hand length and width asymmetries observed in 
patients were not present in controls, where the perceived 

dimensions of the left and right hand were comparable (all 
P-values > 0.71) (see Fig. 1).

Distortions in arm and hand width and length emerged be-
tween patients and controls. To integrate them in a unique 
model of upper limb shape perception in chronic stroke, 
we computed a normalized shape index, which is the ratio 
between the estimated width and the estimated length.32

Normalized shape index
We tested if an effect of patients’ brain lesion emerged on the 
normalized shape index (only data in patients, fixed factors: 
‘lesion lateralization’, ‘body parts’, hand and arm). No sig-
nificant difference was found between LBD and RBD pa-
tients (R2 = 0.75, all P-values >0.72), thus all patients were 
compared with controls in the following analyses on the nor-
malized shape index. We excluded data from one control 
subject that turned out to be an outlier (+ 2 SD from the 
mean). Separate analyses for the hand and arm were per-
formed, as the model (R2 = 0.73) showed an effect of ‘body 
parts’ [F(1,143) = 58.08, P < 0.0001; age: P = 0.006].

For the arm, the model [R2 = 0.85, F(3,119) = 5.53, 
P = 0.002; age: P = 0.03] revealed that the bias in the normal-
ized shape index of the affected arm in patients was greater 
than the bias in the unaffected limb (P = 0.021) and the left 
(P = 0.017) or right (P = 0.019) limbs in controls (Fig. 1).

Figure 1 Distortions in the perceived dimensions of the affected limb. The boxplots [internal line for median, whiskers for the largest 
(upper) and the smallest (lower) value ≥ 1.5 × IQR, black dots for outliers] show the results at the BLT for the estimated dimension of the arm 
(A) and hand (C) in patients (N = 58, 21 females, Unaffected/Affected_p) and controls (N = 45, 34 females, Left/Right_c) [LMM: estimated 
dimensions: F(9,721) = 9.58, P < 0.001]. The dashed line set at 1 indicates the correspondence between perceived and real body part dimensions, 
with values <1 indicating an underestimation. The normalized shape index of the arm (B) and the hand (D), with values >1 indicating a higher 
estimated dimension on the width with respect to the length (distortions in global shape) [LMM: shape index: F(1,143) = 58.08, P < 0.0001]. 
Asterisks indicate significant differences in post hoc comparisons (all P-values <0.021) within and between-groups.
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For the hand, the model revealed no significant difference 
between patients and controls [R2 = 0.75, F(3,130) = 0.67, 
P = 0.57], suggesting a similar global perceived shape in 
the two groups for both limb sides (see Fig. 1). 
Altogether, these results suggest a distortion in the global 
shape of the affected arm in chronic stroke patients, re-
flected by a reduced perceived length of the affected arm 
when compared with the unaffected one and an overesti-
mation of the arm width.

Similar alterations were also found in an explicit task 
assessing metric representations of the upper limb, the 
AAT (see Supplementary results and Supplementary 
Fig. 3).

PPS: audio-tactile interaction task
Forty-three patients were able to perceive the tactile 
stimulus necessary for the PPS task, but only 39 were 
finally included in the analysis because of accuracy 
(see Supplementary material). The 39 stroke patients in-
cluded for the PPS (mean: 56.7 ± 12.95, range: 23–80) 
were compared with 36 age-matched healthy controls 
(mean: 57.1 ± 23, range: 23–91, Mann–Whitney test: 
P = 0.25).

Multisensory PPS processing. Patients were slower than con-
trols in responding to tactile stimuli, especially for the af-
fected limb (see Supplementary results and Supplementary 
Fig. 1). To gather a measure of multisensory PPS, beyond 
the deficit in unisensory tactile processing, RTs to audio- 
tactile stimuli were corrected by subtracting the fastest 
mean RT among the unimodal tactile conditions from 
audio-tactile RTs (see above). The model on corrected 
audio-tactile RTs run in patients to test an effect of ‘lesion 
lateralization’ (fixed effects: ‘lesion lateralization’, ‘limb’: 
affected, unaffected, and ‘distance’: near, medium, far) 
did not reveal any significant difference [R2 = 0.91, 
F(1,40) = 2.14, P = 0.15; age: P = 0.54]. Thus, we consid-
ered the data of all patients together in the following com-
parisons with controls.

The model run on corrected RTs comparing all patients 
and controls (factors: ‘limb’ and ‘distance’) (R2 = 0.58) shows 
a main effect of ‘distance’ [F(2,120) = 13.89, P < 0.001], indi-
cating faster RTs when tactile stimuli were presented with 
near or medium sounds, rather than with far sounds (near 
versus far: P < 0.0001; medium versus far: P = 0.002; me-
dium versus near: P = 0.26). Importantly, a significant effect 
of ‘limb’ also emerged [F(3,192) = 6.061, P = 0.001]. RTs 
for the affected side were significantly slower than those for 
the unaffected limb (P = 0.002) in patients and for both limbs 
in controls (all P-values < 0.02). RTs for the unaffected side 
were comparable to those of controls (all P-values < 0.74) 
(Fig. 2).

A further explorative analysis on the LBD (n = 17) and 
RBD (n = 22) patients considered separately is reported in 
Supplementary material (Supplementary Fig. 2), although 
not supported by any significant interaction with the factor 
‘lesion lateralization’.

Prevalence of body and space 
distortions
Considering the outcome of interests at the BLT (i.e. normal-
ized shape index of the affected arm) and PPS task (i.e. audio- 
tactile RTs around the affected limb averaged between the 
three sounds distances), it emerges that: 
(a) 39.5% of patients presented distortions (with respect to 

controls, see Supplementary material) in at least one task 
(15 out of 38 patients, considering the total of patients 
having available data at both tasks; 20 out of 60 patients 
(33.3%), considering all patients included in the study);

(b) 19% of patients were impaired at the BLT (11/58 pa-
tients) and 28.2% (11/39 patients) at the PPS task; among 
those patients showing distortions, two patients were im-
paired at both tasks, while the other patients were select-
ively impaired in one task, and not in the other (7/11 
impaired only at the BLT and not at the PPS; 7/11 im-
paired only at the PPS task and not at the BLT; then 
two patients were impaired at the BLT and AAT and 
two at the PPS and the AAT, see Supplementary Table 1).

Affected limb explicit feelings 
questionnaire
All patients answered the ALEFq. They reported at least 
2 (out of 10) negative feelings about their affected limb. 

Figure 2 Distortions in PPS representation. The figure 
shows the results at the PPS task for all patients (N = 39, 13 females, 
Unaffected/Affected_p) and controls (N = 36, 25 females, Left/ 
Right_C). Audio-tactile (AT) RTs (mean ± standard errors, ms) 
corrected for the unimodal tactile baseline (T, the fastest RTs to 
unimodal tactile stimulation, dashed line, 0, the baseline) (AT-T) are 
shown as a function of sound distance (far, medium and near). 
Negative values indicate a multisensory facilitation effect in 
responding to audio-tactile stimuli with respect to the unimodal 
tactile baseline. Corrected AT RTs for the affected side were 
significantly slower than those for the unaffected limb (P = 0.002) in 
patients and those for both limbs in controls (all P-values < 0.02) 
[LMM: F(3,192) = 6.061, P = 0.001].
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The highest number of affirmative answers was 8, reported by 
two patients, while on average patients reported almost four 
feelings (mean = 3.85; standard deviation = 1.41). Thirty-five 
per cent of patients reported disownership and 43% loss of 
agency for their affected limb (see Fig. 3).

Multiple regression analyses
Multiple linear regressions were run to examine the relation-
ship between BR distortions and patients’ clinical character-
istics, i.e. their level of sensory, motor and cognitive 
impairment. Hierarchical cluster analysis, applied to reduce 
the dimensionality of clinical data, highlighted (i) a cluster of 
neuropsychological scores reflecting a general measure of 
cognitive functioning; (ii) a cluster capturing the global level 
of motor impairment and (iii) two clusters of sensory deficits 
concerning, respectively, tactile acuity and proprioception 
for the first, and tactile sensibility for the second (see 
Supplementary material).

These clusters together with other patients clinical charac-
teristics (age, time since stroke, the affected hemisphere, self- 
reported pain during motion obtained at the corresponding 
Fugl–Meyer subscale) were inserted as predictors in multiple 
regressions, while patient’s scores at BLT, PPS task and at the 
ALEFq represented the outcomes of interests.

The model for the BLT outcome (i.e. normalized arm 
shape index of the affected arm) was not significant (P = 
0.55). Instead, the model on the PPS outcome (i.e. audio- 
tactile RTs around the affected limb averaged between the 
three sounds distances) [R2 = 0.41, F(8,29) = 2.57, P = 
0.03] revealed a significant effect of pain during motion 
(β= −0.60, SE = 0.185, P = 0.003), indicating that patients 
who reported greater pain showed less multisensory facilita-
tion in the audio-tactile task on the affected side (Fig. 4).

Moreover, the model was significant for the ALEFq (sum of 
the affirmative answers) [R2 = 0.291, F(8,50) = 2.57, P = 0.02] 
and indicates correlations with the sensory cluster related to pro-
prioception (β= −0.32, SE = 0.16, P = 0.044), neuropsycho-
logical impairment (β= −0.40, SE = 0.14, P = 0.005) and the 
lesion lateralization (β= −0.66, SE = 0.27, P = 0.016), with 
more frequently reported altered feelings in RBD patients (Fig. 5).

Finally, no significant results emerged (all P-values >0.25) 
from multiple regression analyses run to explore the possible 
relationship between the outcomes of interest at the BLT, 
PPS and ALEFq.

Lesion analyses
We first qualitatively compared brain lesions in patients with 
impaired versus non-impaired BR and PPS by using 

Figure 3 Altered feelings towards the affected limb. Percentage of patients (N = 60 in total, 21 females) reporting explicit positive answers 
at each item of the ALEFq.
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subtraction analysis. For the BLT, impaired patients showed 
more common lesions (50–60%) in the superior corona ra-
diata (SCR) and the superior frontal gyrus (SFG) than pa-
tients with unimpaired BR (Fig. 6). The subtraction 
analysis for the PPS outcome indicated that the parietal oper-
culum was more often affected in patients with impaired per-
formance with a prevalence of around 50–60% (Fig. 6).

Two separate control analyses were run to ensure that the 
results in the lesion subtraction were not due to any imbal-
ance in the lesion extension (number of the affected voxel), 
age or in the severity of motor, sensory and cognitive deficits 
between patients impaired and unimpaired respectively at 
BLT and at PPS. For these analyses, the same neuropsycho-
logical (1 cluster), motor (1 cluster) and sensory (2 clusters) 
clusters used for multiple regression analyses were consid-
ered. No significant differences in lesion extension, age, 
neuropsychological, motor and sensory deficits (Mann– 
Whitney test, a significant threshold set at 0.05/6 compari-
sons) were found between patients impaired and unimpaired 
at the BLT (all P-values >0.108) or the PPS (all P-values 
>0.113).

We then applied disconnection analyses to search for 
neural correlates of mBR and PPS deficits at the network le-
vel. Disconnection analysis indicated a set of white matter 
structures and disconnected grey matter areas, mainly en-
compassing parieto-frontal regions, associated with poor 
multisensory facilitation assessed with the PPS task in RBD 
patients (see Fig. 7).

At a more liberal threshold (non-parametric P < 0.01 un-
corrected), impairment on the BLT task in RBD patients 
was associated with lesion of the corticospinal tract and of 
transcallosal fibres connecting the right supplementary 

motor area and the left anterior cingulate cortex 
(Supplementary Fig. 4).

Further, VLSM did not reveal any significantly statistical 
results, likely because of the limited number and heterogen-
eity of the available data (see Supplementary results).

Discussion
This study represents the first systematic, quantitative ana-
lysis of distortions in body and space representations in 
chronic stroke patients with motor deficits. The results reveal 
deficits involving the mBR, PPS and subjective feelings con-
cerning the affected limb.

Distortion in the perceived 
dimensions of the affected limb
Findings at the BLT task revealed differences in the length 
and width of the affected hand in patients, but not a signifi-
cant modification in the global shape of the hand. This could 
lead to interpret the differences observed on the hand length 
and width as a shift in both dimensions, to maintain a global 
shape similar to the unaffected side. Indeed, similarly dis-
torted hands’ dimension appeared in patients and controls, 
with the hands perceived as shorter and wider, in line with 
previous evidence obtained in healthy subjects by using dif-
ferent versions of the BLT.33,35,54

Interestingly, we found significant distortions in the impli-
cit perceived dimensions of the affected arm in patients. This 
is characterized by an underestimation of the arm length, 
associated with an overestimation of the arm width. Arm 
length underestimation has been previously reported in 
healthy older adults19,32 possibly linked to a reduced use of 
the upper limb. Also, arm length underestimation has been 
reported in different patients’ populations, following either 
significant alterations of the physical body structure, as in 
amputees51,52 or in achondroplastic dwarfs,61,62 or brain 
damage (through a forearm bisection task).29

Our results are novel in showing a global distortion of the 
perceived arm shape in the two dimensions (width/length), 
with overestimation of the arm width, which is reminiscent 
of the increased perceived size of body parts in healthy par-
ticipants after anaesthesia,63 after transcranial magnetic 
stimulation over the somatosensory cortex64 or in patients 
with complex regional pain syndrome.65 Several, non- 
mutually exclusive, factors might explain the present finding.

First, the observed distortions in mBR might be caused by 
alterations in the afferent signals from the body, due to the 
persistent motor and somatosensory deficits. Current views 
state that mBR presents stereotyped distortions also in 
healthy participants, due to the combination of peripheral 
(e.g. anisotropy of tactile receptive fields) and central (cor-
tical magnification of body parts in the somatosensory hom-
unculus) biases.36,66 However, these distortions are 
probably constantly corrected by online multimodal bodily 
inputs.36,54,67 Thus, contralesional motor deficits present in 

Figure 4 Relation between results at the PPS task and 
clinical scores. The partial regression plot (multiple regression 
analysis, see Supplementary material) on multisensory facilitation 
around the affected limb (PPS outcome of interest, higher RTs indicate 
less facilitation) and pain (self-reported pain scores at the Fugl–Meyer 
subscale, z-scores, lower values indicate greater reported pain).
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Figure 5 Relation between results at the ALEFq and clinical scores. The multiple regression analysis (see Supplementary material) on the 
ALEFq scores indicates that a higher number of altered feelings reported at the questionnaire correlate with RBDs (A), low proprioception (B) 
and cognitive disabilities (C). B and C are partial regression plots (z-scores, on the y-axis higher values indicate higher distortions, on the x-axis 
higher values indicate higher performances).

Figure 6 Subtraction lesion analysis. Images were superimposed on the ch256 template, the anatomical localization was assessed by using the 
Harvard–Oxford atlas for the cortical regions and the JHU atlas for the white matter. Lesion overlap among patients impaired (n = 6) and 
unimpaired (n = 30) at the BLT in SCR and the SFG (A) and among patients unimpaired (n = 18) and impaired (n = 10) at the PPS task, in the parietal 
operculum (PO) (B). The colour bars in first two lines indicate the number of overlapping lesions. The colour bars in the third line indicate the 
percentage of overlapping: a threshold of 50% is used for illustration purposes.
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all patients, inducing a lack or dysfunctional usage (e.g. 
learned non-use)68,69 of the affected limb, may, in turn, com-
promise the necessary update of stored mBR. Similarly, the 
important deficits of proprioception and tactile sensibility 
present in our sample, i.e. 32% and 23% of patients, respect-
ively (see Supplementary Table 2), might impact those me-
chanisms by limiting the role of sensory signals in updating 
mBR. Nevertheless, our multiple regression models are not 
conclusive in revealing a specific predictor. Note, however, 
that the lack of significant correlations between the observed 
distortions in BR and sensorimotor clinical scores could be 
due to the chronic phase of our assessment, likely masking 
possible earlier deficits and different recovery patterns.

Then, alterations in the perception of the affected arm 
could be linked to lesions in the putative areas underlying 
BR. A qualitative analysis based on lesions subtraction high-
lighted two areas more frequently affected in patients with 
versus patients without deficits in mBR: the SCR, crucial 
for arm representation,70 embodiment20 and for the brain– 
body bidirectional flow of information and the SFG, import-
ant in motor recovery of hand function after stroke.71

Together, these observations would support the hypothesis 
that distortions in mBR could arise from reduced sensori-
motor information due to a possible role of limited function-
ality and use of the affected limb.

This interpretation seems also in line with the results ob-
served at the disconnection analysis, indicating a possible 
association with lesions of the corticospinal tract and 

transcallosal fibres connecting the right supplementary 
motor area and the left anterior cingulate cortex 
(Supplementary Fig. S6). However, this conclusion should 
be taken with caution as results from the subtraction analysis 
were not confirmed by statistical comparisons of brain le-
sions through VLSM and disconnection analysis emerged 
only when a more liberal threshold was considered. This is 
likely due to the limited numbers of available data and the 
high variability in available brain scans, combining data 
from patients examined in the acute or chronic phase (see 
Supplementary material).58,72

More data on sensorimotor abilities and brain imaging 
from stroke patients longitudinally along the recovery phases 
are necessary to fully understand the origin of distortions in 
the perception of the affected limb.

Alteration in PPS representation
A new finding from the present data is the distortion in PPS 
representation around the affected limb. Here, we concep-
tualized PPS as a multisensory–motor interface between 
one’s own body and the environment,38–40 characterized 
by facilitation of tactile processing (i.e. faster RT to a tactile 
stimulus on the body) by external stimuli (e.g. a sound) pre-
sented close rather than far from the stimulated body part. 
Thus, we used an audio-tactile interaction task32,41,42,50,55

to test at which distance from the body a sound can induce 
a significant facilitation of tactile processing. Patients 

Figure 7 Disconnection maps. A set of white matter structures (left panel) and disconnected grey matter regions (right panel) were found to 
be associated with poorer performance at the PPS task in RBD patients. White matter structures (left) include the superior longitudinal fasciculus 
(I–II), the hand superior U tract, the corticospinal tract, the longitudinal segment of the arcuate fasciculus, the frontal commissural tract, the 
frontoinsular tract (IV–V) and the anterior thalamic projections in the right hemisphere; the superior longitudinal fasciculus I, the corticospinal 
tract, the cingulum and the anterior thalamic projections in the left hemisphere. Grey matter regions are listed in the table on the right.
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presented an overall reduced multisensory facilitation in 
tactile processing when sounds were presented on the con-
tralesional side with respect to their unaffected side or with 
respect to healthy controls. Specifically, while baseline- 
corrected RTs were significantly speeded up at the near 
and medium distance in controls and only at the near dis-
tance in patients for stimuli on the ipsilesional side (see 
Supplementary analysis on bimodal RTs against the base-
line), this effect was absent for the contralesional side. On 
the contralesional side, tactile processing was never facili-
tated by concurrent auditory stimuli, despite a distance- 
dependent speeding up of RTs, which could reflect a general 
expectancy effect,73 already visible in unimodal RTs (see 
Supplementary Fig. S1). This is in contrast with previous 
studies showing preserved audio-tactile multisensory facili-
tation in stroke patients74 with tactile extinction75 or patho-
logical embodiment.76 However, in those studies, patients 
were selected for a specific characteristic of multisensory pro-
cessing or altered bodily experience, while in the present 
study, patients were included because of a motor deficit, 
and their alterations in processing multisensory stimuli in 
space or body perception were investigated.

The explanation of this PPS alteration might lie in the link 
between PPS representation and the potential to act in space. 
A previous study reported difficulties of stroke patients (spe-
cifically RBD when compared with LBD) in performing a 
reachability judgement for stimuli in the reachable 
space.77,78 Although the notion of PPS and reachable space 
do not coincide,79 the presence of deficits in these spatial 
tasks after stroke clearly indicates a problem in processing 
multisensory cues for actions. Motor impairments due to 
stroke could reduce the possibility to act in space with the af-
fected limb, thus altering the representation of PPS around 
that body part, resonating with previous results in healthy 
participants after 10 h of immobilization.50 This is in line 
with the notion of a link between PPS representation and the 
motor system.38,80–84 Finally, the impairment of PPS represen-
tation could be even more evident in RBD patients, where the 
occurrence of hemispatial neglect is more common.15 This lat-
ter hypothesis is supported by an additional analysis on RBD 
patients only (see Supplementary material) revealing signifi-
cant multisensory facilitation effects due to near sound on 
the affected limb only in RBD patients without neglect. 
However, this result has to be considered with caution, given 
the limited number of patients with clear signs of neglect (n 
= 6) at the time of testing (i.e. chronic phase, potentially under-
estimating neglect symptoms in the current sample).

Multiple regression analyses did not show a direct link be-
tween PPS distortions in our sample and the level of motor 
impairment, probably because of the presence of significant 
motor impairments in all patients. However, a relationship 
between PPS alterations and pain during motion (Fugl– 
Meyer subscale) was found, suggesting that motion-related 
pain could be an additional detrimental factor, further limit-
ing the use of the affected arm.

Thus, we propose that the limited use of the affected limb, 
possibly exacerbated by the presence of pain during 

movements, contributed to alterations in PPS representation. 
Qualitative analysis (subtraction) suggests that this deficit 
was more frequently associated with the lesion of the parietal 
operculum, which has been related with the processing of 
multiple bodily signals, including pain,85 and is considered 
a key region for PPS representation.86 Moreover, the ex-
plorative analysis run in RBD patients to identify a probabil-
istic map of disconnections between brain regions associated 
with the lack of multisensory facilitation on the affected 
arm59,60 indicated disconnections between brain regions 
considered critical for PPS representation in humans and 
monkeys, such as the parietal operculum,87 the cingulate 
cortex and the putamen.86 These areas are connected by 
well-defined parieto-frontal white matter tracts within the 
longitudinal fasciculus,88 which are the tracts more likely as-
sociated with PPS distortions from our disconnection ana-
lyses. The lack of statistical results at the VLSM and the 
limited numerosity and heterogeneity of the available lesions 
indicate that further studies are necessary to ultimately dem-
onstrate that the alteration in PPS processing is linked to spe-
cific lesions in the parieto-frontal network involved in 
processing multisensory cues in space for action.

Subjective perception of the affected 
limb
Our findings also revealed a high prevalence of persistent al-
terations in the subjective feeling of the contralesional limb 
as emerging from the ALEFq, not only in items assessing 
awareness of motor deficits (e.g. ‘I feel my limb is ill’), but 
also in those expressing more complex experiences of disow-
nership (‘I feel my limb as foreign’) or lack of agency (‘My 
limb sometimes moves involuntarily, without my control’). 
The questionnaire has been partially adapted from studies 
in patients with complex regional pain syndrome89,90 where 
authors reported a high frequency of negative feelings in 
long-lasting disease, if explicitly assessed. These considera-
tions seem particularly valuable in the clinical management 
of stroke patients, where feelings related to the affected 
limb may affect the therapeutic benefits of neuroreha-
bilitation15,27,91, but are not assessed systematically. 
Interestingly, the present multiple regression analyses reveal 
that the ratings at the ALEFq were associated with a preva-
lence of RBD, proprioceptive deficits and generally lower 
cognitive functions. In line with this, other alterations of 
BR after stroke such as delusional disownership of the af-
fected limb, such as in somatoparaphrenia6,8,13 and patho-
logical embodiment,19,20 are typically associated with RBD 
and severe proprioceptive deficits. Our data support the 
link between altered BR, RBD and proprioceptive deficits 
along the different phases of the disease.

Study limitations
The present work has potential limitations. First, the avail-
able clinical data refer only to the chronic phase, when the 
experimental tasks were administered, preventing the 
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assessment of potential relationships between the observed 
bodily and space distortions and acute deficits or recovery 
dynamics. Second, we did not include patients without mo-
tor deficits, because the participants were recruited in the 
context of a study focused on motor recovery.53 Thus, the 
dissociation between motor deficits and metric BR/PPS defi-
cits cannot be fully assessed. Finally, the limited number of 
available lesions, and their heterogeneity in terms of both 
method (CT, MRI) and time of the acquisition (i.e. different 
phases of the disease) may limit the interpretability of the 
anatomical results and may contribute to the absence of sig-
nificant effects from VLSM.

General conclusion and potential 
clinical implications
We report a pattern of body and space distortions of the af-
fected upper limb in chronic stroke patients characterized by: 
(i) an alteration of the arm perceived dimension, (ii) reduced 
multisensory facilitation for stimuli presented in the PPS 
around the affected limb and (iii) altered feelings towards the 
affected limb. More than one-third (39.5%) of patients were 
impaired in at least one task. The present data reveal that, if sys-
tematically assessed, distortions in body and space representa-
tions are also common in chronic stroke patients. This has 
potential clinical implications in motivating quantitative as-
sessments of body and space representations after stroke in 
earlier and later phases of the disease. Those distortions could 
have an impact on patient’s everyday life by influencing the 
spontaneous use of the affected limb and the effect of treat-
ments.53 In this vein, monitoring distortions in body and space 
representations longitudinally could also clarify which clinical 
deficits and patients’ characteristics are associated with those 
distortions. This in turn would contribute to design tailored re-
habilitative interventions, targeting sensorimotor functions or 
potentially, body and space representations, with the final 
aim of boosting functional recovery.
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