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Abstract

Spinal cord injury (SCI) interrupts the brain-body input-output exchange and modifies
the mental representation of disconnected body parts, with decreased reliance on
sensorimotor aspects of body representation and increased weighting of visuospatial ones.
We hypothesized that physiotherapy-related benefits might extend to the re-
establishment of the typical interplay between these two types of strategies. To test this
hypothesis, we asked 42 participants (21 individuals pre- and post-physiotherapy, plus 21
controls) to perform mental rotation of corporal images (a cognitive task than can activate
one or the other strategy). Results showed that only after physiotherapy the individuals
with SCI showed the sensorimotor "bio-mechanical effect" (orientation-dependent
modulation of response times) for the mental rotation of foot images (absent in pre-
physiotherapy). This highlights that body representation is adaptable to contingent
conditions, in that the reliance on sensorimotor or visuospatial strategies can be altered
and, at least partially, restored as a function of physiotherapy.
Keywords: Neurorehabilitation; Motor Cognition; Nervous System; Perceptual Motor

Coordination; Human
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Introduction

Each year about 200.000 people worldwide must face the consequences of spinal cord
injury (SCI), including direct sensorimotor impairments as well as indirect cognitive effects,
i.e. aberrant mental representation/simulation of body movements: motor cognition“.
Typically, the SCl-related deficits, as well as the benefits of associated rehabilitation, are
assessed at the level of body periphery (limbs), in terms of motricity and/or sensitivity.
However, the effects of rehabilitation at the cognitive level raise striking importance.
Indeed recent neuroengineering solutions can let the nervous signals travel between brain
and body> ®, so physically bypassing the spinal lesion. Thus, as SCI impacts motor
cognition, it is likely that aberrant neural signals originating in the brain will render such
technological solutions unusable. Based on recent evidence that rehabilitation helps
maintaining cognitive functions’, the present study assessed the benefits of rehabilitation
on motor cognition after SCI.

To this aim we used a motor cognition task able to activate mental sensorimotor
strategies without actual execution of movements: mental rotation of bodily images -
participants are presented with rotated images of body parts (e.g. a hand or a foot) and
judge their laterality (left, right) while Reaction Times (RTs) are measured. To perform this
task, people tend to simulate the rotation of their own correspondent body part towards
the position of the image. This is demonstrated by the influence of image orientation on
the RTs®. Indeed, the RTs required to align series of gradually more rotated images to the
vertical, constitute the so-called "Bio-Mechanical Effect" (BME): increased RTs for the
mental rotation of images presented at 180° with respect to images at 0°°. Despite the
BME has been consistently reported, it is also modulated by the characteristics of the
image itself. BME is, in fact, large for images of body parts10 and small for images of a full
human body™. Such modulation is a sign of the use of sensorimotor (large BME) or visuo-

12, 13

spatial strategies (small BME)during mental rotation . Within this framework, SCI

affects mental rotation in a very specific manner, producing a progressive switch from
sensorimotor to visuo-spatial strategies in the mental rotation of images depicting the

1, 14

affected limbs™ **. Therefore, BME seems the ideal tool to assess the state of motor

cognition as well as the effects of rehabilitation.
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On this basis, it can be hypothesized that mental rotation of foot images (the affected

limbs) (i) is affected before rehabilitation and (ii) will improve after rehabilitation. No
differences are expected for images representing healthy limbs. To test this hypothesis, we
performed two comparisons. First, between-subject, we assessed the impact of SCI on
mental rotation of different images by comparing the performance of individuals with and
without SCI. Second, within-subject, we compared the characteristics of mental rotation in
the same individuals with SCI before and after rehabilitation.

Materials and Methods

Participants - Taking into account the risks of large samples®, to identify the appropriate
sample size we performed a power analysis'® on a previous dataset from individuals with
SCI who performed an experiment in a setup similar to the present one’. This approach
showed that with 20 participants the experimental protocol was effective to get at least
80% power and type-1 error (p=0.05). Therefore, 42 participants (all male and adults) were
enrolled in the study (21 individuals with SCI and 21 age-matched controls). Controls
participated only once and their performance was used as reference to assess the group-
level differences with respect to SCI individuals in the pre-rehabilitation session.
Individuals with SCI underwent two experimental sessions (pre- and post-rehabilitation),
allowing within-subject comparisons to avoid the risks of inter-subject variability. All
participants were informed of the study procedures and signed a written informed
consent. Individuals with SCI were selected according to the following inclusion and
exclusion criteria. Inclusion: (i) clinically established SCI; (ii) no rehabilitation for the last 3
months. Exclusion: (i) presence of other neurological and/or psychiatric disorders; (ii)
global cognitive impairment; (iii) head trauma; (iv) drug abuse. The experimental
procedure was approved by the local Ethics Committee and the study was carried out in
accordance with the Declaration of Helsinki 2013.

Clinical assessments - Prior to the experiment, the sensorimotor impairments of individuals
with SCI (neurological level and severity) were clinically assessed with the American Spinal
Injury Association Impairment Scale (AIS)". Based on the sensorimotor functions below
SCl, individuals with SCI were assigned to one of the following classifications: "A" = No
sensory or motor function is preserved in the sacral segments S4-5; "B" = Sensory but not

motor function is preserved below the neurological level and includes S$4-5; "C" = Motor
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function is preserved at S4-5 for voluntary anal contraction OR the sensory function is

preserved at S4-S5 and more than half of key muscle functions below the single
neurological level of injury having a muscle grade < 3; "D" = Motor incomplete status as
defined above, with at least half (half or more) of key muscle functions below the single
neurological level of injury having a muscle grade > 3; "E" = Sensation and motor function
are graded as normal in all segments and the patient had prior deficits.

SCls were distributed along the cervical, thoracic, and lumbar regions of the spinal cord,
ranging between C3 to L4 (Table 1). This was reflected in sensorimotor troubles of the
lower limbs in all the individuals with SCI. Due to the absence of sensory and motor
functions in the sacral regions all the SCls classified as AIS A were diagnosed as "complete"
(N=5). Complete SCIs were at or below the 6" thoracic vertebra, therefore the hand
functions were preserved. All other individuals with SCI were classified as AIS B, C, or D
(incomplete SCI) with at least partially preserved sensorimotor functions of the hands.
Thus, despite the structural heterogeneity, at the functional level none of the individuals

with SCI suffered from complete sensory-motor deficits at the hands.

Table 1 - SCI Classification

Stimuli (Mental Rotation Images) - Sets of naturalistic pictures of a foot, hand, or human
body' were presented one at a time on a computer screen, oriented in one out of four
clockwise orientations from the upright (0°, 90°, 180°, 270°) (Figure 1). The body images
represented a front-facing standing person with the arms flexed upwards at the level of
the elbows. One hand of the body image was darker. To avoid task habituation and
response repetition, all images varied in terms of view (dorsum or palm) and laterality (left
or right). The overall configuration (gender, age, ethnicity, etc.) and visual features (shape,
size, luminosity, etc.) of the two views for each image were very similar. All images

covered a visual angle comprised between 11° and 13° at a distance of 60cm.

Figure 1 - Stimuli
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Procedure - Response times (RTs) were recorded automatically with a microphone.

Participants' responses (left, right) were manually entered during the experiment. RTs and
accuracy were analyzed offline. The pre-Physiotherapy session took place only if
individuals with SCI did not undergo any rehabilitation program for at least three months.
At the beginning of each experimental session (pre- and post-Physiotherapy), all
participants practiced the task using a set of images different from the ones included in the
actual experiment (different orientations). Each session comprised six blocks, two blocks
for each image type (foot, hand, body). Each block contained 48 images (24 left-lateralized
and 24 right-lateralized) randomly presented in one of the four orientations (0°, 90°, 180°,
270°). Participants sat in front of a computer screen positioned at 60cm from their eyes.
Image presentation was controlled by the E-Prime software (Psychology Software Tools
Inc., Pittsburgh USA). Each trial began with a fixation cross (1000ms). Subsequently, an
image appeared on the screen and remained visible until a response was given.
Participants provided vocal responses to judge the laterality (left or right) of each image,
as quickly and accurately as possible. For the body images, participants identified the
laterality of the darker hand.

Rehabilitation Program - The rehabilitation procedure, hereafter defined as
"Physiotherapy", took place between the two experimental sessions (pre- and post-
physiotherapy). During Physiotherapy all individuals with SCI underwent personalized and
intensive rehabilitation protocols for a 3- to 10-week long period. As a function of the
individual clinical conditions, in general, Physiotherapy comprised sections of stretching
and joint mobilization, manual therapy, and training for postural changes and wheelchair
driving. Physiotherapy exercises aimed to recovery muscle strengthening were
administered for the upper body parts and when possible (incomplete lesions) for lower
limbs. For patients with AIS C and D a walking training was carried out whenever it was
possible. Interventions to contrast pain and electrotherapy were used when necessary.
Data Analysis - Objective endpoint measures (RTs) were defined as the time between the
image onset and the onset of the participant’s verbal response. Trials with incorrect
responses and/or artifacts (unexpected noise, coughing, etc) were excluded from the
analysis (9.8%). To analyze the Overall Magnitude of BME (the RTs difference between 0°

and 180°) for each image type and in each session (controls, SCl-pre, SCl-post), we
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subtracted the RT values obtained specifically by each participant with images at 0° from

the RT value obtained with images at 180°. Then, separately for each image type, we used
9 two-sample t-tests (3 for each image type) to directly compare the BME score of each
sample (controls, SCI pre-Physiotherapy, SCI post-Physiotherapy) to each other (p<0.05).
Furthermore, RTs were analyzed according to two main research questions. First, to
assess the Specific Impact of SCI on BME, we compared the performance of individuals
with SCI in the pre-Physiotherapy session versus controls. To this aim we performed a
2x3x4 mixed-model ANOVA with the between-subject factor Group (SCI, controls), and
repeated measures for the factors Image (body, hand, foot) and Orientation (0°, 90°, 180°,
270°). Second, to assess the Neurocognitive Effects of Physiotherapy, we compared the
performance of the same individuals with SCI in the pre- and post-Physiotherapy sessions.
To this aim we performed a 2x3x4 within-subject repeated-measure ANOVA with Period
(pre, post), Image (body, hand, foot), and Orientation (0°, 90°, 180°, 270°) as main factors.
In both analyses, the post-hoc comparisons were Newman-Keuls corrected to account for
multiple comparisons. Partial n* (pn?) were used as effect sizes. The laterality and view of
images varied only to avoid habituation, their influence falls out of the scopes of the

L 18 For these

present study, and has been anyways already documented elsewhere
reasons, they were not included as factors in either analyses, resulting in a greater
statistical power.

Finally, to investigate the relationship between RTs in the mental rotation task and the
impact of clinical aspects related to SCI, we performed an ANCOVA between RTs and the
temporal gap from the onset of lesion to the pre-physiotherapy session, the time passed
between the pre- and post-Physiotherapy sessions, AlS, and neurological level of injury
scores. Covariance analyses were conducted by means of R statistical software (R Core
Team, 2017) with the afex package®. Post-hoc comparisons among covariance scores

were computed through the package emmeans®® Tukey corrected for multiple

comparisons.
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Results

Overall Magnitude of BME

For the foot images the planned t-tests showed the significantly smaller BME for
individuals with SCI pre-Physiotherapy [(Mean(M)=185ms, Standard Error(SE)=60.7ms,
Effect Size (d) = -0.96] with respect to controls (407.4ms, 40ms) (p<0.002), as well as the
significantly larger BME  for individuals  with SCI post-Physiotherapy
(M=427.4ms,SE=105.9ms, d=0.63) with respect to pre-Physiotherapy (M=185ms, SE=60.7)
(p<0.026). Remarkably, the BME difference between individuals with SCI in the post-
Physiotherapy session and controls was not significant. In addition, for the hand images,
individuals with SCI had a larger BME in the post-Physiotherapy (M=642.7ms,SE=113.6ms,
d=0.63) with respect to the pre- Physiotherapy session (M=435.1ms, SE=102.9ms)
(p<0.014), although the SCI vs. control comparison was not significant before and after
Physiotherapy. Finally, the BME for the body images was not significantly different in any

of the three comparisons (Figure 2).

Figure 2 - BME

Specific Impact of SCl on BME

The between-subject analysis of RTs in individuals with SCI pre-Physiotherapy versus
controls showed the significant interaction between Group, Image, and Orientation [F(6,
240)=2.26; p<0.038; pn°=0.05]. The post-hoc tests indicated that this interaction was
explained by the longest RTs obtained by both individuals with SCI
(M=1819.3ms,SE=154.5ms) and controls (M=1749.8ms,SE=78.7ms) for the hand images
presented at 180° with respect to all the other images (all p<0.032; Figure 3). Importantly,
for the foot images the RTs of individuals with SCI were not significantly modulated by
Orientation (all p>0.1), while controls showed a significant increase of RTs between foot
images presented at 90° (M=1208ms, SE=79.8ms) and 180° (M=1550ms, SE=97ms, d=0.84;
p<0.001) and a decrease between images at 180° and 270° (M=1201ms, SE=80.3ms,
d=0.85; p<0.001). Conversely, for the hand and the body images both individuals with SCI
and controls showed similar RTs profiles, with large BME for the hand images and a small

BME for body images. In fact, for the hand images both groups showed progressively
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increasing RTs for images at 0° (SCI: M=1384.2ms, SE=80.3ms; controls: M=1218.6ms,

SE=51.3ms), 90° (SCI: M=1607.3ms, SE=144.7ms; controls: M=1308.4ms, SE=62.7ms), and
180° (SCl: M=1819.3ms, SE=154.5ms; controls: M=1749.8ms, SE=78.7ms), as well as
decreased RTs for images at 270° (SCI: M=1520.1ms, SE=149.9ms; controls: M=1286.1,
SE=56.5ms) (all d>+0.31 ; all p<0.001). For the body images neither group showed
significant modulations of RTs as a function of Orientation (all p>0.19). Further group-
related effects showed that Orientation had a weaker influence on individuals with SCI
than controls [interaction Group by Orientation: F(3,120)=3.75, p<0.012; pr]2=0.08] and
that individuals with SCI were generally slower than controls [main effect of Group:

F(1,40)=4.14, p<0.048; pn’=0.09].

Figure 3 :Orientation

Neurocognitive Effects of Physiotherapy

The within-subject analysis of RTs of the same individuals with SCI in the pre-
Physiotherapy versus post-Physiotherapy sessions showed the significant 3-way interaction
between Period, Image, and Orientation [F(6, 120)=2.28; p<0.040; pn°=0.10]. The post-hoc
tests of this interaction showed that only for the foot images the RTs profile of the
individuals with SCI varied between pre- and post-Physiotherapy (Figure 3). In particular, in
the post-Physiotherapy session the RT for foot images oriented at 180° (M=2025.8m:s,
SE=201.5ms) was significantly longer with respect to images oriented at 0° (M=1598.4ms,
SE=123.6ms), 90° (M=1577.2ms, SE=139.1ms), and 270° (M=1642.7ms, SE=171ms) (all
d>+0.4 ;all p<0.001). Such difference was not present in the pre-Physiotherapy session,
where the RTs for each orientation were not significantly different among each other (all
p>0.05). Conversely, the RT profile for the mental rotation of hand and body images
remained unchanged, showing the expected trend of responses (presence and absence of
orientation-dependent modulation of RTs, respectively). In particular, both in the pre- and
post-Physiotherapy sessions, the RTs for hand images increased non-monotonically as a
function of  Orientation [pre-Physiotherapy: 0°(M=1384.2ms, SE=80.3ms),
90°(M=1607.3ms, SE=144.7ms), 180°(M=1819.3ms, SE=154.5ms), 270°(M=1520.1ms,
SE=149.9ms); post-Physiotherapy: 0°(M=1377.8ms, SE=94.8ms), 90°(M=1670.9ms,
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SE=156.8ms), 180°(M=2020.4ms, SE=182.8ms), 270°(M=1670ms, SE=168.8ms) (all d>+0.3 ;

all p<0.020)]. Similarly, both in the pre- and post--Physiotherapy sessions, the RTs for body
images were not significantly modulated as a function of Orientation (all p>0.05). The
significant 2-way interaction between Period and Orientation [F(3,60)=5.80; p<0.015;
pn°=0.23] indicated that the longest RTs were recorded in the post-Physiotherapy session
for images oriented at 180° (M=1883ms, SE=180.7ms; all d>+0.4 ; all p<0.001), while the
shortest RTs corresponded to images at 0° in the pre-Physiotherapy session (M=1358.6ms,
SE=93.3ms; all d>+0.3 ; all p<0.001). The significant main effect of Period [F(1,20)=5.01;
p<0.039; pn°=0.20] indicated that RTs were longer in the post-Physiotherapy
(M=1636.6ms, SE=154.9ms) than the pre-Physiotherapy session (M=1477.5ms,
SE=118.4ms, d=0.3).
Other effects

Other Image- and Orientation-related effects generally confirmed previous work. In
particular, the significant main effect of Image [F(2,40)=8.04; p<0.001; pn’=0.29] showed
that RTs were shorter for the body images (1417.8ms) with respect to hand (1633.8ms)
and foot images (1617.3ms) (all p<0.002). The significant main effect of Orientation
[F(3,60)=19.9; p<0.001; pn°=0.50] indicated that RTs for images oriented at 180°
(1747.2ms) were the longest (all p<0.001), while RTs for images at 0° were the shortest
(1420.1ms) (all p<0.028). The difference between RTs for images at 90°(1526.5ms) and
270°(1531.3ms) was not significant. The significant interaction between Image and
Orientation [F(6,120)=6.75; p<0.001; pn®=0.25] indicated that RTs for hand and foot
images were more modulated by Orientation than the body images. In particular, for body
images the differences of RT among the different orientations were never significant; for
hand images such difference was always significant (all p<0.01); for foot images the RTs for
images at 180° had the longest RTs (all p<0.001).
Correlation between SCI completeness and mental rotation

The significant effects of RTs-AIS covariance analysis are graphically represented in
Figure 4. The analysis of the potential influence of clinical variables in the BME confirmed
the significant effects observed for the Specific Impact of SCI on BME as well as for the
Neurocognitive Effects of Physiotherapy (all p<0.05 and all pn2>0.10). In addition, two

interactions involving AIS were statistically significant: the 3-way interaction among AlIS,
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Image and Orientation [F(6, 114)=2.26; p<0.05; pn2=0.11] and the 2-way interaction

between AIS and Image [F(2,38)=7.83; p<0.01; pn2=0.29]. Post-hoc tests for the AIS, Image
and Orientation interaction showed that the difference in the RTs-AIS covariance between
hand versus foot images at 180° was significant (hands: f=50.76; 95%Cl=-203.06;304.57;
foot: B=-193.27; 95%Cl=-447.08;60.54; p<0.01). This difference shows that the
performance with hand images practically remains constant across the AIS levels.
Conversely, for the foot images, participants with less deficit were advantaged (faster) only
when foot images were not in a canonical position (i.e. 180°, see also the interaction
between AIS and Image).

The RTs-AIS covariance as a function of Image showed the significant difference
between hand versus body images at 270° (hands: B=-136.63; 95%ClI=-390.45;117.18;body:
B=36.17; 95%Cl=-217.64;289.99; p<0.05). Higher AIS levels were linked with larger RTs in
hand images than in body images only at 270°, where fingers are pointing away from the
body’s midsagittal plane and motor mental rotation is more difficult’’. These effects were
not significant when images were at 0° (all p>0.07). In the other orientations, the
differences between body images and foot images at the same orientations were
significant (all p<0.01; body: 90°: B=14.01; 95%Cl=-216.59;291.04; 180°: f=57.39; 95%Cl=-
196.43;311.21; 270°: B=36.18; 95%Cl=-217.64;289.99; foot: 90°: B=-202.42; 95%Cl=-
456.23;51.40; 180°: P=-193.27; 95%Cl=-447.09;60.54; 270°: (=-164.13; 95%Cl=-
417.95;89.68).

Post-hoc analyses of the interaction between AIS and Image showed a difference in the
covariance between RTs and AIS in the body vs. the foot images (p<0.001), indicating that
worse AIS scores corresponded to slower RTs for foot images (B=-167.38; 95%Cl=-
412.52;77.77). The trend for body images was essentially linear (i.e. the RTs did not change
with AIS, B=36.20; 95%Cl=-208.94;281.35). Together with the significant difference in the
RTs-AlS covariance between hand versus foot images at 270°, this suggests that individuals
with a milder SCI (less sensorimotor deficits) tended to have better performance in mental
rotation of foot images with respect to individuals with a more severe SCI (severe deficits).

The ANCOVAs on the level of lesion and the interval between the pre- and post-
Physiotherapy sessions confirmed the significant results found in the main analyses of the

mental rotation task (all p<0.05, pn2>0.10). There were not main effects nor interactions
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with the covariates of lesion level and the interval between sessions. These results indicate

that the participants’ performance in the mental rotation task were not biased by these

clinical variables.

Figure 4 - Correlations

Discussion
Neurocognitive Effects of Physiotherapy

We continuously calibrate movements as a function of the available sensory
information?. SCI reduces or even stops the brain-body information exchange and affects

7232 including a modification of

the mental representations of deafferented body parts
the interplay between sensorimotor and visuo-spatial strategies for body representation®.
Our results indicate that such modification (i) concerns the mental representation of
deafferented body parts, and (ii) can be reversed as a function of physiotherapy.

The disadvantage for upside-down images (large BME) suggests the activation of a
sensorimotor strategy for mental rotation, while its absence (small BME) indicates the
involvement of a visuo-spatial strategy®>. Thus, the magnitude of BME can be interpreted
as the translation of the properties of physical joint constraints (the available
somatosensory input) in mental representation of body segments®®. In the present study,
in pre-physiotherapy session, individuals with SCI did not show a BME in the mental
rotation of feet, while in the post-physiotherapy session the BME was re-established. In
addition, both in pre- and post-physiotherapy the RTs profiles of individuals with SCI for
the mental rotation of hand (hands' sensorimotor functions are at least partially
preserved) and body images(visuospatial strategy) were not significantly different with
respect to controls. This is in line with previous evidence on the somato-topographically
organized impact of SCl on motor cognition, with tetraplegics impaired in upper and lower
limbs' representations, and paraplegics only in the lower limbs' ones?*. As in both sessions
we presented exactly the same images, any bias due to visual aspects can be excluded.
Also, as the BME's difference between pre- and post-Physiotherapy concerned only some
orientations (0° and 180°), and a 3- to 10-week long interval separated the two

experimental sessions, any learning bias can be excluded. Thus, we propose that the
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difference in pre- vs. post-Physiotherapy BME for the mental rotation of foot images isdue

to the physiotherapy itself, regardless the training duration, as also supported by the
absence of correlation between BME and duration of training.

Typically, different strategies can be used in mental rotation and people can switch
between them?®. On this basis, we propose that the larger BME in the post-Physiotherapy
session indicates a switch from a visuo-spatial (smaller pre-Physiotherapy BME) to a
sensorimotor strategy in mental rotation of feet. This interpretation is based on the
theoretical differentiation between the body schema and the body image. As body schema
we refer to the online representation of the somatosensory information about one’s own
body27, referring to previous sensorimotor experiencezg. Conversely, the body image refers
to the pictorial aspects of body representationzg, strongly relying on previous visual
experience®. Typically, body schema and body image coherently coexist and interact, but

3132 "and not in body image®*. We

SCl is often associated with disorders in body schema
propose that, being unable to access somatosensory input, in the pre-physiotherapy
session individuals with SCI used visuospatial strategies (body image) for the mental
rotation of foot images. Conversely, in the post-physiotherapy session they showed the
typical BME in mental rotation of foot images, suggesting that physiotherapy promoted
the relying on sensorimotor strategies (body schema).This interpretation is in line with
evidence that, after SCI, motor cognition can improve in association with
physiotherapeutic interventions’ and that completeness and level of SCI covary with motor
cognition abilities®®. This is confirmed in the present study by the covariance results with
the completeness of the lesion. In fact, less motor deficits (assessed by the AlS scores) lead
to better performances in mental rotation of foot images, as also supported by the
correlation between AIS scores and patients' BME in responses regarding foot images.
Specific Impact of SCl on BME

Considering that all individuals with SCI had at least partly preserved sensorimotor
functions of the hands, it is not surprising that the BME for hand images was similar to
controls in both the pre- and post-Physiotherapy sessions. However it was larger in the
post- than pre-physiotherapy session. This supports that, after Physiotherapy, individuals

with SCI relied more on sensorimotor aspects of their hands' representation (not only

feet). On this basis, the present results support that physiotherapy impacts the
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representation of a below-lesion body part (foot) leaving relatively preserved the

representation of an unaffected body part (hand). This further highlights the importance of
the residual brain-periphery exchange in the activation of sensorimotor aspects of body
representation.

For both individuals with SCI (pre- and post-Physiotherapy) and controls, the BME for
the mental rotation of body images was very small. Such absence of BME is in accordance
with previous evidence that mental rotation of bodies is weakly affected by biomechanical
constraints both at the behavioral® and neural level®®. On this basis, we propose that,
independently of physiotherapy, the full-body mental representation is preserved in SCl as
it is based on visuo-spatial mechanisms. This is supported by brain imaging evidence that
vision and mental rotation of body images recruit similar occipito-temporal (visual) brain
regions>’.

Conclusions

In typical conditions, a large BME is considered a sign of the activation of
sensorimotor strategies, while a small BME suggests the recruitment of visuo-spatial
strategies’®. Here we directly compared the pre- and post-Physiotherapy BME of SCI
individuals' mental rotation of foot, hand, and body images. This approach provided
insights into the plastic modifications of the relative weight of sensorimotor and visual
strategies in body representation. Before physiotherapy the BME was large for hand, but
not foot, images. After physiotherapy the BME for foot images increased and resembled
that of controls. Individuals with SCI (like controls) did not show BME for the mental
rotation of body images, supporting the specificity for the foot images. On this basis, we
suggest that physiotherapy improved the use of sensorimotor strategies in body
representation. This indicates that even if the body is affected by
deafferentation/deefferantation, focused physiotherapy can ameliorate the relationship
between sensorimotor and visual aspects of body representation. Based on the
effectiveness of mental movement simulation in a wide range of neurological disorders*®,
and given its ability to re-activate otherwise silent sensorimotor representations, we
propose that mental rotation is a more direct, less strenuous, and more controllable
method to assess the effect of rehabilitation on the properties of sensorimotor bodily

representations.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Page 17 of 27

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

17
Acknowledgments

This work was supported by the International Foundation for Research in Paraplegia and
the Swiss National Science Foundation to S. lonta (IRP Research Grant P164; SNSF grant
PPOOP1_170506 / 1), and by the MIUR and University of Verona (to V. Moro and M.
Scandola (PRIN 20159CZFJK; Bando di Ateneo per la Ricerca di Base 2015 project MOTO).
Disclosure Statement

No competing financial interests exist.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 18 of 27

18
References

1. lonta, S., Villiger, M., Jutzeler, C.R., Freund, P., Curt, A. and Gassert, R. (2016). Spinal
cord injury affects the interplay between visual and sensorimotor representations of the

body. Scientific reports 6, 20144.

2. Fiori, F., Sedda, A., Ferre, E.R., Toraldo, A., Querzola, M., Pasotti, F., Ovadia, D., Piroddi,
C., Dell'Aquila, R., Redaelli, T. and Bottini, G. (2014). Motor imagery in spinal cord injury

patients: moving makes the difference. J Neuropsychol 8, 199-215.

3. Scandola, M., Aglioti, S.M., Pozeg, P., Avesani, R. and Moro, V. (2017). Motor imagery in
spinal cord injured people is modulated by somatotopic coding, perspective taking, and

post-lesional chronic pain. J Neuropsychol 11, 305-326.

4. Di Rienzo, F., Guillot, A., Daligault, S., Delpuech, C., Rode, G. and Collet, C. (2014). Motor
inhibition during motor imagery: a MEG study with a quadriplegic patient. Neurocase 20,

524-539.

5. Capogrosso, M., Milekovic, T., Borton, D., Wagner, F., Moraud, E.M., Mignardot, J.B.,
Buse, N., Gandar, J., Barraud, Q., Xing, D., Rey, E., Duis, S., Jianzhong, Y., Ko, W.K,, Li, Q.,
Detemple, P., Denison, T., Micera, S., Bezard, E., Bloch, J. and Courtine, G. (2016). A brain-
spine interface alleviating gait deficits after spinal cord injury in primates. Nature 539, 284-

288.

6. Ajiboye, A.B., Willett, F.R., Young, D.R., Memberg, W.D., Murphy, B.A., Miller, J.P.,
Walter, B.L., Sweet, J.A., Hoyen, H.A., Keith, M.W., Peckham, P.H., Simeral, J.D., Donoghue,
J.P., Hochberg, L.R. and Kirsch, R.F. (2017). Restoration of reaching and grasping
movements through brain-controlled muscle stimulation in a person with tetraplegia: a

proof-of-concept demonstration. Lancet 389, 1821-1830.

7. Scandola, M., Aglioti, S.M., Bonente, C., Avesani, R. and Moro, V. (2016). Spinal cord
lesions shrink peripersonal space around the feet, passive mobilization of paraplegic limbs

restores it. Scientific reports 6, 24126.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Page 19 of 27

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

19
8. Parsons, L.M. (1994). Temporal and kinematic properties of motor behavior reflected in

mentally simulated action. J Exp Psychol Hum Percept Perform 20, 709-730.

9. Wilson, P., Maruff, P., Butson, M., Williams, J., Lum, J. and Thomas, P. (2004). Internal
representation of movement in children with developmental coordination disorder: a

mental rotation task. Dev Med Child Neurol 46, 754-759.

10. lonta, S. and Blanke, O. (2009). Differential influence of hands posture on mental

rotation of hands and feet in left and right handers. Exp Brain Res 195, 207-217.

11. Devlin, A.L. and Wilson, P.H. (2010). Adult age differences in the ability to mentally
transform object and body stimuli. Neuropsychol Dev Cogn B Aging Neuropsychol Cogn 17,
709-729.

12. lonta, S., Perruchoud, D., Draganski, B. and Blanke, O. (2012). Body context and

posture affect mental imagery of hands. PLoS One 7, e34382.

13. Conson, M., Mazzarella, E. and Trojano, L. (2013). Developmental changes of the

biomechanical effect in motor imagery. Exp Brain Res 226, 441-449.

14. Salvato, G., Peviani, V., Scarano, E., Scarpa, P., Leo, A., Redaelli, T., Spinelli, M., Sberna,
M. and Bottini, G. (2017). Dissociation between preserved body structural description and

impaired body image following a pediatric spinal trauma. Neurocase 23, 149-153.

15. Friston, K. (2012). Ten ironic rules for non-statistical reviewers. Neuroimage 61, 1300-

1310.

16. Cohen, J. (1988). Statistical power analysis for the behavioral sciences. 2nd ed. L.

Erlbaum Associates: Hillsdale, N.J.

17. Kirshblum, S.C., Burns, S.P., Biering-Sorensen, F., Donovan, W., Graves, D.E., Jha, A,
Johansen, M., Jones, L., Krassioukov, A., Mulcahey, M.J., Schmidt-Read, M. and Waring, W.
(2011). International standards for neurological classification of spinal cord injury (revised

2011). J Spinal Cord Med 34, 535-546.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 20 of 27

20
18. lonta, S., Fourkas, A.D., Fiorio, M. and Aglioti, S.M. (2007). The influence of hands

posture on mental rotation of hands and feet. Exp Brain Res 183, 1-7.

19. Singmann, H., Bolker, B., Westfall, J. and Aust, F. (2015). afex: Analysis of factorial

experiments. R package version 0.13-145.

20. Lenth, R. (2017). Emmeans: Estimated marginal means, aka least-squares means. R

package.

21. lonta, S., Sforza, A., Funato, M. and Blanke, O. (2013). Anatomically plausible illusory

posture affects mental rotation of body parts. Cogn Affect Behav Neurosci 13, 197-209.

22. Perruchoud, D., Murray, M.M., Lefebvre, J. and lonta, S. (2014). Focal dystonia and the

Sensory-Motor Integrative Loop for Enacting (SMILE). Front Hum Neurosci 8, 458.

23. Pernigo, S., Moro, V., Avesani, R., Miatello, C., Urgesi, C. and Aglioti, S.M. (2012).
Massive somatic deafferentation and motor deefferentation of the lower part of the body
impair its visual recognition: a psychophysical study of patients with spinal cord injury. Eur

J Neurosci 36, 3509-3518.

24. Scandola, M., Aglioti, S.M., Pozeg, P., Avesani, R. and Moro, V. (2017). Motor imagery
in spinal cord injured people is modulated by somatotopic coding, perspective taking, and

post-lesional chronic pain. Journal of neuropsychology 11, 305-326.

25. Conson, M., Pistoia, F., Sara, M., Grossi, D. and Trojano, L. (2010). Recognition and
mental manipulation of body parts dissociate in locked-in syndrome. Brain Cogn 73, 189-

193.

26. Berneiser, J., Jahn, G., Grothe, M. and Lotze, M. (2018). From visual to motor

strategies: training in mental rotation of hands. Neurolmage 167, 247-255.

27. Head, H. (1920). Studies in neurology Il. Oxford University Press: London.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Page 21 of 27

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

21
28. Ghez, C., Gordon, J. and Ghilardi, M.F. (1995). Impairments of reaching movements in

patients without proprioception. Il. Effects of visual information on accuracy. J

Neurophysiol 73, 361-372.

29. Schilder, P. (1935). The image and appearance of the human body. International

Universities Press: New York.

30. Adame, D.D., Radell, S.A., Johnson, T.C. and Cole, S.P. (1991). Physical fitness, body
image, and locus of control in college women dancers and nondancers. Percept Mot Skills

72,91-95.

31. Scandola, M., Tidoni, E., Avesani, R., Brunelli, G., Aglioti, S.M. and Moro, V. (2014).
Rubber hand illusion induced by touching the face ipsilaterally to a deprived hand:

evidence for plastic "somatotopic" remapping in tetraplegics. Front Hum Neurosci 8, 404.

32. Scandola, M., Aglioti, S.M., Avesani, R., Bertagnoni, G., Marangoni, A. and Moro, V.

(2017). Corporeal illusions in chronic spinal cord injuries. Conscious Cogn 49, 278-290.

33. Fuentes, C.T., Pazzaglia, M., Longo, M.R., Scivoletto, G. and Haggard, P. (2013). Body

image distortions following spinal cord injury. J Neurol Neurosurg Psychiatry 84, 201-207.

34. Lust, J.M,, Geuze, R.H., Wijers, A.A. and Wilson, P.H. (2006). An EEG study of mental
rotation-related negativity in children with Developmental Coordination Disorder. Child

Care Health Dev 32, 649-663.

35. Perruchoud, D., Michels, L., Piccirelli, M., Gassert, R. and lonta, S. (2016). Differential
neural encoding of sensorimotor and visual body representations. Scientific reports 6,

37259.

36. Zacks, J.M., Ollinger, J.M., Sheridan, M.A. and Tversky, B. (2002). A parametric study of

mental spatial transformations of bodies. Neuroimage 16, 857-872.



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 22 of 27

22
37. Blanke, O., Mohr, C., Michel, C.M., Pascual-Leone, A., Brugger, P., Seeck, M., Landis, T.

and Thut, G. (2005). Linking out-of-body experience and self processing to mental own-

body imagery at the temporoparietal junction. J Neurosci 25, 550-557.

38. Malouin, F. and Richards, C.L. (2010). Mental practice for relearning locomotor skills.

Physical therapy 90, 240-251.



Page 23 of 27

23

Table 1 - SCI Classification

m U U M O 0 UOo OO0 < O o 0 o < <« < < 0 o o
> [ C [ C [ c [ c [ (@) [ [ [ [ (@) (@) (@) (@) c C [
2 - = = = = = = = = 9 - - = =9 0 o o - = -
] O dH «H
on < < M~ —l —l < < < < o) o] N~ ™~ o0 o0 (o))
o O O O U 4 4 a0 o2 2 2 2 = F F F F F F F F
-
o — (V] on N (o] N~ o0 (e)] o —
* W N g 1m0~ 0 o S 39 9% IV 895 % 3

*4004d S1y} wouy Ja4ip Aew uoisIaA paysiiqnd |euly ay] ‘uo11924409 Jooud pue SuinipaAdod 08iapun 01 194 sey 1nq ‘uonedijgnd 404 pa1dadcde pue pamalnaJ-193d uaaq sey Jaded siy|
(£219°8102°N3u/680T 0T :10A) Ainful paod |eulds oy AdesayiolsAyd jo siiyauaq aaiiudodoinaN
BWNEeJI0IN3N 4O [eulnof

"Ajuo ssn feuosied 104 "8T/ZT/2T ¥ Wod gnduege | MMM Wwodj 131 ISHIAINN SINTOHMDO0IS Ag papeojumog



Downloaded by STOCKHOLMS UNIVERSITET from www.liebertpub.com at 12/12/18. For personal use only.

Journal of Neurotrauma

Neurocognitive benefits of physiotherapy for spinal cord injury (DOI: 10.1089/neu.2018.6123)

This paper has been peer-reviewed and accepted for publication, but has yet to undergo copyediting and proof correction. The final published version may differ from this proof.

Page 24 of 27

24
Legends

FOOT HAND BODY

Dorsum Planum Dorsum Palm Dorsum Palm

Y B ,'. ¢
IR 5%
i

Figure 1 - Mental Rotation Images. Three classes of bodily images were included in the

protocol (Body, Hand, Foot). All stimuli were presented for both right and left side
(laterality), either from a dorsum or a palm/planum view and rotated in one out of four

clockwise orientations (0°, 90°, 180°, 270°).
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Figure 2 - Overall Magnitude of BME for the mental rotation of all type of images (Foot,
Hand, Body) in controls and Individuals with SCI (pre- and post-physiotherapy). In the post-
physiotherapy session the BME increased for the mental rotation of foot and hand images,
but not for the body images. Error bars represent standard error. Asterisks represent

significant differences.
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Figure 3 - Orientation-dependent mental rotation. RTs are plotted as a function of Group
(controls, pre-Physiotherapy SCI, post-Physiotherapy SCl), Image (Body, Foot, Hand), and
Orientation (0°, 90°, 180°, 270°). The analysis Specific Impact of SCI on BME (light green vs.
blue lines) showed that mental rotation of foot images was specifically impaired (small
variations of RTs as a function of Orientation) in individuals with SCI with respect to
controls. Conversely, the RTs profiles for the mental rotation of body and hand images
were very similar between individuals with SCI and controls. The analysis Neurocognitive
Effects of Physiotherapy (dark green vs. light green lines) showed that mental rotation of
foot images was more influenced by Orientation in the post- than the pre-Physiotherapy
session (being the RTs profile similar to those of controls). Error bars represent standard
error. Asterisks represent only the BME-related significant comparisons (180°-0°). Other

post-hoc significant differences are embedded in the results section.
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Figure 4 - Correlation between SCI completeness and mental rotation task. A) Regression

lines and standard deviation between AIS scores and mental rotation RTs divided by Image

(foot, hand, body). A clear inverse tendency between AIS and RTs is observable in foot

images. B) Regression lines and their standard deviation between AIS and RTs divided by

Image and Orientation.



