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Background: Somatosensory function plays an important role in motor learning. More
than half of the stroke patients have somatosensory impairments in the upper limb, which
could hamper recovery.

Question: Is sensorimotor upper limb (UL) therapy of more benefit for motor and
somatosensory outcome than motor therapy?

Design: Randomized assessor- blinded multicenter controlled trial with block
randomization stratified for neglect, severity of motor impairment, and type of stroke.

Participants: 40 first-ever stroke patients with UL sensorimotor impairments admitted
to the rehabilitation center

Intervention: Both groups received 16 h of additional therapy over 4 weeks consisting
of sensorimotor (N = 22) or motor (N = 18) UL therapy.

Outcome measures: Action Research Arm test (ARAT) as primary outcome, and other
motor and somatosensory measures were assessed at baseline, post-intervention and
after 4 weeks follow-up.

Results: No significant between-group differences were found for change scores in
ARAT or any somatosensory measure between the three time points. For UL impairment
(Fugl-Meyer assessment), a significant greater improvement was found for the motor
group compared to the sensorimotor group from baseline to post-intervention [mean
(SD) improvement 14.65 (2.19) vs. 5.99 (2.06); p = 0.01] and from baseline to follow-up
[17.38 (2.37) vs. 6.75 (2.29); p = 0.003].

Conclusion: UL motor therapy may improve motor impairment more than UL
sensorimotor therapy in patients with sensorimotor impairments in the early rehabilitation
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phase post stroke. For these patients, integrated sensorimotor therapy may not improve
somatosensory function and may be less effective for motor recovery.

Clinical Trial Registration: www.ClinicalTrials.gov, identifier NCT03236376.

Keywords: stroke, upper extremity, treatment outcome, sensorimotor therapy, randomized controlled (clinical)

trial

INTRODUCTION

Somatosensory information is processed when interacting
with the environment by touching and manipulating objects.
Sensation arising from skin, muscles and joints constitutes
the somatosensory ability. Somatosensory function can
be divided in three modalities. First, the exteroceptive
function, consisting of light touch, temperature and pain
sensations. Second, proprioceptive function existing of position,
movement and vibration sense. Last, the higher cortical or
discriminative function consisting of sharp/dull discrimination,
stereognosis, and graphesthesia (1). Somatosensory upper
limb (UL) impairment is common after stroke and negatively
impacts upon activities of daily living. Approximately 50% of
patients encounter somatosensory dysfunction (2). Differences
in prevalence rates are reported for different modalities.
Exteroception is impaired in 7-53% of patients, 34-64%
encounter proprioceptive deficits and 31-89% have impaired
higher cortical function (3). Moreover, the majority of patients
encounter an impairment in more than one modality. A
longitudinal study of our research group indicated that in the
first week and at 6 months post stroke, respectively, 66 and 28%
of the patients with an UL impairment encounter somatosensory
impairments in more than one modality, and 50 and 13% in all
three modalities (4).

Somatosensory function is postulated to form an important
factor within the motor learning feedforward- feedback
mechanism (5-7). Lesion studies in animals and humans
reported impaired motor control after a focal primary
somatosensory cortex (S1) lesion (8). Since motor learning is a
key mechanism for stroke recovery, somatosensory impairments
may thus affect motor outcome (3, 7-9). A review of Coupar
etal. (9) showed that an intact somatosensory function positively
influences motor outcome. More specifically, the presence of
somatosensory evoked potentials is reported as a predictor for
improved motor recovery (9). Furthermore, the absence of
cortical activation after peripheral somatosensory stimulation
is associated with poorer outcome (9). Clinically, patients
with more severe somatosensory impairments are reported
to have more reduced recovery of dexterity, manipulation
skills, grip force regulation and pincer grip (3). Additionally,
longer hospital stay, more social isolation and lower perceived
physical activity are reported in patients with somatosensory
impairments compared to patients without somatosensory
impairments (3). Recently, the study of Ingemanson et al. (10)
described that proprioceptive impairments at baseline were a
negative predictor for treatment outcome even after correction
for baseline motor impairment. They reported that 56% of the

variation in treatment outcome of robot-assisted finger therapy
could be explained by somatosensory system injury together
with ipsilesional primary motor cortex (M1) and secondary
somatosensory cortex (S2) connectivity.

Somatosensory therapy can improve somatosensory function.
Serrada et al. (11) reported a moderate positive effect for
passive somatosensory therapy such as peripheral stimulation,
thermal stimulation and intermittent compression therapy. No
evidence was presented for active somatosensory therapy such
as somatosensory discrimination training due to heterogeneity
in outcome measures. However, a positive effect was suggested
since all studies reported a positive effect on outcome. The
effect of somatosensory therapy on motor function is debated.
Grant and colleagues (12) reviewed the effect of somatosensory
stimulation on motor performance. They found moderate
evidence that somatosensory stimulation does not improve
motor performance. Yilmazer et al. (13) on the other hand,
showed limited evidence for passive somatosensory therapy and
some evidence for the effect of active somatosensory therapy
on motor function. Nevertheless, when aiming at improving
motor function, a pure somatosensory approach may not be
sufficient as it is known that task-specific motor training is
effective in improving motor outcome. Due to the coupling
between somatosensation and movement in the motor learning
mechanism, it may be more beneficial for motor outcome to
integrate somatosensory and motor therapy into a sensorimotor
approach, than providing motor therapy alone.

The effect of integrated sensorimotor therapy is
underinvestigated. A recent systematic scoping review on
combined somatosensory and motor training concluded that
“combined somatosensory and motor training interventions
have potential but cannot be recommended to improve
upper limb function after stroke in clinical practice due to
insufficient evidence of their efficacy” (14). de Diego et al. (15)
showed a positive effect of 10 sessions of sensory stimulation
combined with functional activity training in chronic stroke
patients on motor and somatosensory function compared to
conventional therapy. Similarly, Machackova reported more
motor improvement and additional sensory recovery in the
group receiving 18h of somatosensory stimulation combined
with standard motor therapy compared to functional training
(16). Furthermore, 30h of afferent stimulation combined
with mirror therapy was found to induce greater motor
improvements and less synergetic shoulder abduction compared
to mirror therapy or functional training only (17). Last, Byl
et al. investigated the effect of dosage on learning-based
sensorimotor training. They reported an improvement of
functional independence and/or somatosensory function for all
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dosages but the greatest improvements for patients who received
the highest intensity dosage of 72 h of therapy (18). However, no
between-group differences in improvement were reported.

In summary, the important role of somatosensory function for
motor performance is well-established. Post stroke, the additional
effect of somatosensory function and the integration of this
function in a sensorimotor therapy program on motor recovery is
still poorly understood. Therefore, in this study we compared the
effect of a newly developed UL sensorimotor therapy vs. motor
therapy on UL motor and somatosensory function and functional
outcome post stroke. Our research question is “Is sensorimotor
UL therapy of more benefit for motor and somatosensory
outcome than motor therapy?” We hypothesized integrated
sensorimotor therapy to be more beneficial for improving UL
motor and somatosensory function than motor therapy.

MATERIALS AND METHODS

Design

The methods of our assessor-blinded multicenter randomized
controlled trial are described in detail elsewhere (19). We provide
a summary below. This trial is registered at clinicaltrails.gov
(NCT03236376) and was approved by the ethical committee
of UZ/KU Leuven (s60278). The study has been performed
following the principles of the Declaration of Helsinki.
Before inclusion, participants received both verbal and written
information about the study prior to providing written informed
consent. Patients within 8 weeks post stroke were randomized
(computer-generated) to a 4 weeks additional intervention, based
on a block randomization with type of stroke, presence of
neglect and UL motor impairment severity (based on the ability
to perform active wrist and finger extension) as stratification
factors. We used concealed allocation with opaque envelopes
based on an a priori computer generated allocation list with an
allocation ratio of 1:1 and stratified blocks of 1, 2, or 3. Allocation
was conducted by the principal investigator of the trial, who
had no contact with the eligible patients and who was not
involved in assessment or therapy provision. The experimental
group received 16h of additional sensorimotor therapy and
the control group received 16h of additional motor therapy.
Patients were assessed by a blinded assessor at three time points:
T1: baseline (pre-intervention) assessment; T2: post-intervention
assessment after 4 weeks of additional therapy; and T3: after
4 weeks follow-up.

Participants, Therapists, and Centers

First-ever stroke patients were recruited on admission to the
rehabilitation ward from four rehabilitation centers in Belgium:
UZ Leuven (Pellenberg); Jessa Hospitals (Herk-de-Stad), RevArte
(Antwerp) and Heilig Hart Ziekenhuis (Leuven). Inclusion
criteria were: first-ever supratentorial stroke within 8 weeks
post stroke, presence of sensorimotor impairment of the UL
based on action research arm test (ARAT) score <52 out of 57
and a negative composited standardized somatosensory deficit
index [see for explanation of this index (20)], aged 18 years or
older and sufficient cooperation. Patients with musculoskeletal or
other neurological disorders, severe communication or cognitive

deficits or no informed consent were excluded from this trial.
The additional intervention was delivered by the same trained
study therapist (ND) in all centers, and conventional therapy was
provided by the therapists of the rehabilitation centers involved.

Intervention

The experimental sensorimotor therapy consisted of 30 min
of sensory re-learning training based on the SENSe approach
(20) and 30 min of newly developed sensorimotor training with
sensory integrated task-specific motor exercises for the UL, such
as sliding over different textures or reaching toward and sorting
bottles with a different weight, as described elsewhere (19).
Learning principles of motor and somatosensory learning such
as attentive exploration, feedback, calibration with the unaffected
arm or vision, repetition and progression as well as transfer
were implemented in both the SENSe and the sensorimotor
training (21-23). The control “motor group” received 30 min
of cognitive table-top games with the non-affected UL and
30min of task-specific motor exercises comparable to the
sensorimotor exercises, such as sliding over the table or
reaching toward the same bottle, but without any emphasis on
sensory components. Both groups received 16 one-hour therapy
sessions within 4 weeks as an addition to their conventional
inpatient therapy program. This inpatient therapy program
consisted of a multidisciplinary approach potentially consisting
of physiotherapy, occupational therapy, speech and language
therapy, neuropsychology and sports therapy.

Outcome Measures

The ARAT, investigating UL activity, was defined as our
primary outcome measure (24). Secondary outcome measures
were motor outcome measures including the Fugl-Meyer
assessment for the upper extremity (FMA-UE), (25) evaluating
motor impairment, the stroke UL capacity scale (SULCS), (26)
assessing functional upper limb use, ABILHAND questionnaire
(ABIL) evaluating perceived upper limb function (27) and
somatosensory outcome measures including Erasmus modified
Nottingham sensory assessment (Em-NSA) (28) for evaluating
exteroception, proprioception and higher cortical functions,
perceptual threshold of touch (PTT) (29), assessing light
touch perception, texture discrimination test (TDT) (30) for
texture discrimination, wrist position sense test (WPST) (31)
for proprioceptive discrimination and functional tactile object
recognition test (fTORT) (32) to evaluate stereognosis.

Data Analysis

Patient characteristics were analyzed with descriptive statistics.
Normality was checked with the Shapiro-Wilk test (p < 0.05).
Since all outcome measures were not normally distributed,
variables were analyzed with counts (percentages) for
frequency, and median with interquartile range for ordinal
and continuous measures. Between-group differences at baseline
were investigated using chi-square or Mann-Whitney U
tests. Change scores were calculated between all-time points
(T2 - T1; T3 - T2; T3 - T1) for experimental and control
groups. Effect of treatment group was then investigated with
mixed models controlling for age to compare change scores
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between both groups. Two-tailed p-values, estimated mean
differences, and standard error were calculated. Effect sizes
corrected for small and different group sizes were calculated
with GHedges> and interpreted as small (G = 0.2) medium (G =
0.5) and large (G = 0.8) effects (33). Correction for multiple
comparison (Bonferroni) was applied and corrected p-value was
setat p < 0.02.

Secondary Analysis

Per protocol, subgroup analysis investigating the effect of therapy
group was performed as explained above for patients with mild
to moderate, and severe initial motor impairments separately.
Subgroups were based on stratification criteria; the ability to
perform wrist and finger extension for patients with mild
to moderate motor impairments. Similarly, subgroup analysis
based on mild to moderate and severe initial somatosensory
texture discrimination impairment was performed. Patients
with a TDT standardized deficit range score lower than
—66.67 were classified as having a severe somatosensory texture
discrimination impairment (34). The a priori power analysis is
presented in our protocol (19).

RESULTS

Flow of Participants, Therapists, and
Centers Trough the Study

A total of 40 stroke patients were recruited with a mean time post
stroke of 41 days (SD = 13) between September 2017 and October
2019. Of these patients, 22 were allocated to the sensorimotor
group and 18 to the motor group. In each group, one patient
dropped out from therapy, the first because of medical reasons
unrelated to the trial and the second decided to leave the
rehabilitation center. The post-intervention assessment was not
performed for two patients because of acute illness in one patient
and due to logistic issues in the other patient. The latter did
perform the follow-up assessment. Two other individuals, one
in each group, were lost to follow-up due to readmission to the
acute hospital and because of decline of further participation. No
adverse events associated with the interventions were reported.
The vast majority of the other patients that were screened were
not eligible due to not meeting the criteria “first stroke” or “no
other neurological or musculoskeletal disorders present affecting
the upper limb.”

The flowchart of the study is presented in Figure 1.

Patient characteristics are listed in Table 1 and a lesion overlay
map is available in Figure 2. The latter showing a recognizable
distribution with common involvement of the middle cerebral
artery region. No significant differences were found between
groups at baseline, except for age, and lateralization; participants
in the experimental group were significantly older and had more
right hemispheric lesions. Other baseline characteristics were
similar for both groups such as time post stroke with a median of
38.5 days (IQR = 31-48) for the sensorimotor group and 40 days
(IQR = 29-54) for the motor group. Baseline performance on the
ARAT was 8 points out of 57 (IQR = 0-41) for the sensorimotor
group and 12 points (IQR = 0-35) for the motor group.

Between-Group Intervention Effect

Results of between-group comparisons are presented in Table 2
and Figures 3, 4. A trend toward between-group difference in
favor of the motor group was found for our primary outcome
measure (ARAT) in changes between all-time points. From
baseline to post-intervention, a significant greater improvement
was found for the motor group in comparison to the
sensorimotor group for FMA-UE, and a similar trend was
found for SULCS both showing medium to large effect
sizes (Ghedges: —1.02 and —0.69, respectively). For motor
impairment (FMA-UE), mean pre-to-post improvement in the
motor group was 14.65 points, compared to 5.99 points in
the sensorimotor group, resulting in a mean difference in
improvement (age-adjusted) in favor of the motor group of
8.66 points [standard error (SE) 3.12, t = —2.77, p = 0.01].
From pre-intervention to follow-up, the significant greater
improvement for the motor group in comparison to the
sensorimotor group for FMA-UE and a trend for SULCS were
retained with large effect sizes (Ghedges: —1.16 and —0.98,
respectively). For motor impairment (FMA-UE), age-adjusted
mean difference in favor of the motor group was 10.63
points (SE = 3.39, t = —3.14, p = 0.003). No significant
between-group difference in changes between time points was
found for any of our somatosensory measures nor for the
ABILHAND questionnaire. Individual delta changes over time
and individual time courses of motor recovery can be found in
Supplementary Figures 1, 2, respectively.

Secondary Analysis

Similar  results were found for the subgroup of
patients with initial severe motor UL impairments (see
Supplementary Table 1). A trend of between group differences
toward higher change scores was found for the motor
group from baseline to post-intervention for FMA-UE,
and ARAT; from post-intervention to follow-up for SULCS
and ARAT; and from baseline to follow-up for FMA-
UE and ARAT. Significant higher change scores were
found for the motor group from baseline to follow-up
for SULCS. Patients with initial mild to moderate motor
UL impairments showed significant higher change scores
in the motor group for SULCS from baseline to follow-
up. Trends toward significant higher change scores were
found for FMA-UE in the motor group and for PTT in the
sensorimotor group.

For subgroup analysis based on severity of somatosensory
texture discrimination impairments, results for the group
with mild to moderate impairments were in line with the
results of the main analysis (see Supplementary Table 2).
Significant ~ baseline  to  post-intervention  differences
(p = 002) and large effect sizes (Gpedges: —1.36 and
—1.51, respectively) were found between both therapy
groups for ARAT and ABILHAND in favor of the motor
group. No significant differences were found for the
somatosensory —measurements. No significant differences
were found for the group with severe somatosensory texture
discrimination impairments.
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== CONSORT

L7 I TRANSPARENT REPORTING of TRIALS

CONSORT 2010 Flow Diagram

Enrollment

Assessed for eligibility (n=646)

Excluded (n= 606)

+ Not meeting inclusion criteria (n=583)
® . Declined to participate (n= 12)

+ Other reasons (n=2 no knowledge of
Dutch or English; n=0 included in other
study)

Randomized (n=40)

:

' [ Allocation h 4
Allocated to sensorimotor therapy (n= 22) Allocated to motor therapy (n=18)

+ Received allocated intervention (n=21) «+ Received allocated intervention (n= 17)

+ Did not receive allocated intervention (n= 1, + Did not receive allocated intervention (n=1,

acute hospitalization) stopped rehab against medical advice )
1 Follow-Up ;
Lost to follow-up (n=2, medically unstable, no Lost to follow-up (n=0)
fit within schedule)
Discontinued intervention (n=1, acute
hospitalization) Discontinued intervention (n=1 declined further
scipalion)
l Analysis l
Analysed (n=19) Analysed (n=17)
+ Excluded from primary analysis (n= 3, no T2 + Excluded from primary analysis (n=1, no T2
data available) data available)
+ Excluded from follow-up analysis (n=3, no T3 + Excluded from follow-up analysis (n= 2, no
data available) T3 data available)

FIGURE 1 | Flowchart based on CONSORT guidelines for RCT.
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TABLE 1 | Patient characteristics.

Sensorimotor group Motor group p-value
Center (n, %) n % n %
Jessa Hopsitals, Herk-de-Stad 1 27.5 8 20 0.78?2
UZ Leuven, Pellenberg 8 20 8 20
RevArte, Antwerp 2 5 2 5
Heilig Hart Hospital, Leuven 1 2.5 0 0
Severity of motor upper limb impairment (n, %)
Mild to moderate iR 27.5 9 22.5 12
Severe 11 275 225
Age stroke onset (median, IQR) 75.5 (60.8-80.3) 61.5 (564-70) 0.01°
Days post stroke (median, IQR) 38.5 (30.8-48.3) 40 (28.8-53.5) 0.8°
Gender (n, %)
Male 12 30 225 0.782
Female 10 25 9 22.5
Education (n, %)
Lower secondary education 9 22.5 3 7.5 0.23?
Higher secondary education 5 12.5 8 20
Higher tertiary education-bachelor 3 7.5 5 12.56
Higher tertiary education-master 4 10 1 2.5
Unknown 1 2.5 1 2.5
Type of stroke (n, %)
Ischemic 19 47.5 14 35 0.482
Bleeding 3 7.5 4 10
Lateralization (n, %)
Left hemisphere lesion 5 12.5 10 25
Right hemisphere lesion 17 42.5 8 20 0.032
Handedness (n, %)
Left 4 10 7.5 0.92
Right 18 45 15 37.5
Baseline performance
Motor function (median; IQR)
ARAT/57 8 (0-41) 12 (0-35) 1P
FMA -UE /66 29 (8-47.5) 23 (11.5-39.5) 1P
SULCS/10 3.5(1-7.3) 3 (2-5.5) 0.910
Somatosensory function (median; IQR)
Em-NSA/40 38 (33-40) 38 (31-40) 0.75P
PTT (MmA) 7.15 (4.7-8.9) 4.6 (3.3-6.3) 0.09°
TDT/ 25 10.50 (7-14) 11(8.75-13.3) 0.76°
TDT-AUC 13.62 (—4.7 to 35.5) 20.87 (9.2-33.5) 0.41°
WPST / 20 5 (4-9) 8(2.5-11.3) 0.49P
WPST-total error (degrees) 225 (209.5to 312) 312.5 (142-406.8) 0.34°
WPST-mean error (degrees) 11.3 (10.5-15.6) 15.6 (7.1-20.3) 0.34°
fTORT /42 33 (11.8-36) 35.5 (11.3-41) 0.19°
Cognitive function (median; IQR)
MOCA /30 22 (19.8-27) 25.5(20.8-27) 0.55°

aChi-square test.
bp\ann Whitney U-test.

n, number; IQR, interquartile range; ARAT, action research arm test; FMA-UE, Fugl-Meyer assessment upper extremity section; SULCS, stroke upper limb capacity scale; Em-NSA,
Erasmus modiification of Nottingham sensory assessment; PTT, perceptual threshold of touch; TDT, texture discrimination test; AUC, area under curve; WPST, wrist position sense test;

fTORT, functional tactile object recognition test; MOCA, Montreal cognitive assessment.
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FIGURE 2 | Lesion overlay map of stroke lesion location of patients with available magnetic resonance imaging (MRI) scan (n = 30). Color indicates increasing number
of patients with inclusion of that voxel into the lesion from blue to red (low number: blue; high number: red).
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groups for *p = 0.01, **p = 0.003; (A) ARAT: Action Research Arm Test, (B) FMA-UE: Fugl-Meyer assessment upper extremity part, (C) SULCS stroke upper limb

=)

66 A
60

40

FMA-UE total score

Assessment

ABILHAND
40

30 A A a,

20 a

ABILHAND logit score O

Assessment

4 Sensorimotor therapy Motor therapy

DISCUSSION

In this study, we compared the effect of a newly developed
UL sensorimotor therapy vs. motor therapy on UL motor and
somatosensory function and functional outcome in the early
rehabilitation phase post stroke. In contrast to our hypothesis,
we could not show a beneficial effect of sensorimotor therapy.
Moreover, the results suggest a better improvement in UL motor
impairment from baseline to post-intervention and to follow-up
assessment for the motor group.

These results are surprising in that we assumed that the
integration of a somatosensory component in a motor therapy
approach would improve motor recovery due to sensorimotor
coupling and the importance of somatosensory function for
motor learning (2). When considering integrated sensorimotor
training, we have to highlight the two components of our
sensorimotor therapy program; consisting of somatosensory
training with consecutively the integrated sensorimotor task
specific training. Only the second part of this training offered
an integrated training approach (14). Reasons for our finding
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TABLE 2 | Between group comparison of an intervention effect corrected for age.

Motor function

ARAT/57 FMA/66 SULCS/10 ABILHAND (logits)
T2-T1 Sensorimotor group 4.87 (2.32) 5.99 (2.06) 0.84 (0.38) 4.82(1.42)
Motor group 11.06 (2.46) 14.65 (2.19) 1.87 (0.37) 4.22 (1.38)
p-value 0.08 0.01* 0.08 0.78
95%Cl (—=18.24t0 0.87) (—15.03 to —2.29) (-2.16t0 0.11) (—=8.70t0 4.90)
Effect size (GHedges) —0.61 —-1.02 —-0.69 0.11
T3-T2 Sensorimotor group 2.00(1.42) 1.20 (1.65) 0.28 (0.37) 4.45 (1.63)
Motor group 6.07 (1.53) 2.98(1.72) 0.75 (0.39) 1.20 (1.68)
p-value 0.08 0.48 0.41 0.19
95%Cl (—8.67 t0 0.46) (—6.92 t0 3.35) (—1.6110 0.68) (=1.71t0 8.19)
Effect size (GHedges) -0.67 -0.27 —0.31 0.48
T3-T1 Sensorimotor group 7.65 (2.73) 6.75 (2.29) 0.90 (0.45) 8.66 (1.74)
Motor group 16.32 (2.98) 17.38 (2.37) 2.60 (0.45) 5.05(1.72)
p-value 0.04 0.003* 0.02 0.16
95%Cl (—=17.00 to —0.34) (—=17.50 to —3.76) (—3.04to —0.36) (—1.54t0 8.76)
Effect size (GHedges) —0.73 —-1.16 —0.98 0.53
Somatosensory function
Em-NSA/40 PTT/10 mA TDT-AUC WPST total WPST mean fTORT /42
error error
degrees degrees
T2-T1 Sensorimotor group 1.48(1.37) —1.15 (0.54) 10.18 (6.13) —56.43 (28.50) —1.83(1.32) 2.41(1.36)
Motor group 2.01 (1.36) —0.15 (0.57) 5.11 (6.41) —62.08 (30.88) —3.51 (1.41) 3.39 (1.43)
p-value 0.79 0.22 0.58 0.90 0.40 0.63
95%Cl (—4.65 to 3.57) (—2.62 t0 0.62) (—13.53 to 23.65) (—83 to 94) (—2.3510 5.70) (—6.02 to 2.65)
Effect size (GHedges) -0.10 —-0.43 0.19 0.05 0.31 -0.17
T3-T2 Sensorimotor group 0.85 (1.09) —0.41 (0.39) —0.22 (4.53) —7.61(22.22) —0.07 (1.08) 0.08 (0.99)
Motor group 1.31(1.22) —0.37 (0.44) —2.14 (4.89) —13.54 (24.00) —0.90 (1.15) 0.40 (1.06)
p-value 0.79 0.94 0.79 0.87 0.62 0.83
95%Cl (—3.94 10 3.03) (=1.30to0 1.20) (—=12.46 t0 16.29) (—651t0 77) (—2.50to 4.16) (—=3.4110 2.75)
Effect size (GHedges) —0.10 —0.02 0.10 0.06 0.19 —0.08
T3-T1 Sensorimotor group 1.57 (1.47) —1.39 (0.44) 10.05 (7.00) —33.13 (32.30) —1.83(1.32) 2.41 (1.43)
Motor group 3.66 (1.49) —1.14 (0.50) 2.45 (7.52) —94.46 (34.65) —3.51 (1.41) 4.09 (1.53)
p-value 0.34 0.73 0.48 0.22 0.40 0.44
95%Cl (—6.49102.32) (=1.63t0 1.15) (—=18.75t0 8.94) (—=37 to 160) (—2.35105.70) (—6.02 to 2.65)
Effect size (Gredges) —0.36 -0.13 0.26 0.46 0.31 —0.28

Estimated mean and standard error of changes scores (T2-T1, T3-T2, T3-T1) are presented for both groups; p-values based on mixed models with age stroke onset (years) as covariate
to evaluate differences between the change scores of both groups. Correction for multiple comparison was set on p < 0.02.
ARAT, action research arm test; FMA-UE, Fugl- Meyer assessment upper extremity section; SULCS, stroke upper limb capacity scale; Em-NSA, Erasmus modification of Nottingham
sensory assessment; PTT, perceptual threshold of touch; TDT, texture discrimination test; AUC, area under curve; WPST, wrist position sense test; fTORT, functional tactile object
recognition test.
Trend toward significant differences (p < 0.1) are indicated in BOLD; * significant difference after correction for multiple comparison (p < 0.02).

that contrasts our hypothesis could be attributed to trial
characteristics as well as our integrated approach. First, the
sensorimotor group was older compared to the motor group
and it is known that age is a predictor of stroke outcome
(35). Thus, we corrected for age in our analysis but still found

significant between-group differences. Second, we conducted a
dose-matched trial for additional therapy time, which, for both
groups, was two times 30 min per day. However, number of
repetitions could be different between both groups with a higher
number of repetitions for the motor group, which is known to be
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FIGURE 4 | Scatterplot of somatosensory outcome variables for each group at each time point - every dot (motor therapy) or triangle (sensorimotor therapy) at one
time point represents the raw value of a patient; raw median scores indicated with horizontal bar. (A) Em-NSA: Erasmus modification of Nottingham Sensory
Assessment, (B) PTT: perceptual threshold of touch (mA), (C) WPST: wrist position sense test mean error (degrees), (D) TDT_AUC: texture discrimination test area
under curve score, (E) fTORT: functional tactile object recognition test.

a beneficial factor for recovery (36, 37). This difference in number
of repetitions could be explained by the nature of the exercises.
In the sensorimotor group, patients were asked to focus on the
somatosensory input during motor execution, which could have
reduced the number of movements performed. Additionally, this
focus on somatosensory input could change the prioritization
of attention toward the somatosensory task inducing mutual
interference. This mutual interference is characterized by a
deterioration of performance of both tasks (38, 39). Further,
within the motor learning literature, dual task training consisting
of a motor task with a cognitive task has shown to improve
motor performance less effectively than motor task training on
his own (40, 41). However, after a motor-cognitive training,
performance on this motor-cognitive task is improved but
performance of the single motor task is still at the baseline level
(42). This mechanism of context and task specific improvements
could be an explanation of our findings in favor of the motor

group, which were tested into the same context and task as
practiced during therapy. So it could be that we were not
able to measure the improvements of the sensorimotor therapy
group since we were not able to measure the improvement in
integration of somatosensory and motor function due to the
lack of assessment method available. To further elaborate on
the cognitive sensorimotor interference hypothesis, differences
between therapy groups could exist of additional somatosensory
integration task for the sensorimotor group, which could lead
to cognitive sensorimotor interference with prioritization of
the sensory input. In healthy adults, these kinds of daily life
movements such as reaching toward a cup or sliding over a
surface are automated and thus allow the person to divide the
attention toward other (sensory) input without any influence
on motor performance. However, in stroke patients in the early
rehabilitation phase, high attention levels are needed to perform
even simple sliding or reaching exercises (38). The addition
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of somatosensory input could thus induce an allocation of
the attention toward the sensory input resulting in impaired
performance of the primary (motor) movements. Hence, the
integration of a clinical somatosensory component into motor
therapy may not be of added value for motor recovery in
the early rehabilitation phase. Similar, in the review of Gopaul
et al. improvements after sensorimotor therapy were found
in a trial with stroke patients in the chronic phase but not
in other studies with subacute stroke patients (14, 43, 44).
Further research, implementing and evaluating the effect of a
revised sensorimotor therapy approach, is needed to provide
better insight in effective sensorimotor therapy models, the
long-term effects of sensorimotor therapy and the optimal
rehabilitation phase.

Another result of our trial is that somatosensory function
may not improve differently between groups. Only a trend
toward better light touch improvement in the sensorimotor
group for patients with initial mild to moderate UL impairments
was found. We hypothesized the group receiving sensorimotor
therapy to have greater improvements of somatosensory
function, compared to the pure motor group, since the former
received 30 min of specific somatosensory training based on the
SENSe approach (20). In contrast to other somatosensory and
sensorimotor therapy stroke trials, we could not find differences
in improvements in somatosensory function. Differences in
methodology exist between our trial and previous studies and
could have influenced the results, such as phase post stroke
(subacute in our trial vs. chronic in earlier work), initial UL
somatosensory or motor impairment severity and time spent
per session (30min in our trial compared to 60-90 min).
However, a similar amount of total training time was provided.
The majority of other trials in this domain have focused on
patients with chronic stroke (15, 17, 20, 45) recruiting people
with persistent somatosensory impairments. Initial rather mild
somatosensory impairments of our sample could further explain
the lack of between-group differences. Only PTT showed a
trend toward between-group differences within the initial mild to
moderately impaired patients. Biological recovery could explain
the overall lack of difference between groups. Proportional
recovery of exteroceptive and proprioceptive somatosensory
function is reported to be higher than motor recovery (46).
Additionally, most studies focused on patients with initial
mild to moderate motor impairments, (16, 17, 45) which
allows the patient to divide the attention more toward other
(sensory) input, with less influence on motor performance. Last,
most studies provided somatosensory stimulation in addition
to motor training, without implementing the integration of
both, as we provided first somatosensory stimulation and then
sensorimotor integration within the same session. Borstad et al.
included integration of somatosensory and motor function by
performing sorting exercises with different features such as
weight or size (45). This study only reported two cases and
did not include control participants. Interestingly and similar
to our study, they did find improvements in motor, but not
somatosensory function for one of both cases. Another study
of Byl et al in chronic stroke patients provided learning-based
sensorimotor training by providing both active and passive

somatosensory discrimination and integrated sensorimotor
training such as texture matching tasks, manipulation of
objects with varying weights, or shapes and fine functional
activities by focusing on the sensory aspect (18). In this trial,
training time varied between groups from 12 to 13.3h and
72h of therapy. Improvement in both somatosensory and
motor function was only found for the high dose therapy
group. The other groups improved in either somatosensory or
motor function. Furthermore, our findings are in line with the
systematic review by Grant and colleagues who concluded that
there is low to moderate quality evidence that somatosensory
stimulation does not improve motor function, impairment or UL
activity (12).

Further, subgroup analysis based on baseline motor and
texture discrimination impairments show similar results
as the main analysis. Nevertheless, some differences can
be noted between subgroups. Patients with severe baseline
motor impairments show more beneficial effects on motor
improvements, again in favor of the motor therapy group,
compared to patients with mild to moderate baseline motor
impairments. In contrast, patients with baseline mild to moderate
texture discrimination impairments show better improvements
in motor function compared to the patients having severe texture
discrimination impairments at baseline. Despite that these results
have to be interpreted with caution due to the very small sample
sizes, they may support the importance of good somatosensory
function for better motor recovery. This is supported by findings
of Ingemanson et al. (10), who found that somatosensory-related
variables such as good neural integrity of somatosensory system
explains better treatment response compared to measures of
motor behavior.

This  trial was preregistered at clinicaltrails.gov
(NCT03236376) and the protocol was published (19). Some
adaptations occurred after registration and publication.
First, predetermined sample size was not reached due to slow
recruitment. Therefore, we included two additional rehabilitation
centers but we were only able to include a limited number of
participants from these centers. Thus, our study should be
considered a phase II trial. Second, the nine hole peg test was not
included in further analysis since too many patients were not able
to perform this test due to severity of upper limb impairment.
Third, composited standardized somatosensory deficit index
was not used to perform analysis since combining scores of the
three subtests could average the severity of a specific category
of impairment. Therefore, we decided to use each assessment
independently when conducting our analysis. Fourth, subgroup
analyzes based on level of cognition is not reported, due
to homogeneity of patient performance. Subgroup analysis
based on the presence of neglect was also not performed since
only three patients had visuospatial neglect based on the star
cancelation test. Results of brain imaging analysis as described in
the protocol paper will be published in a separate report.

This study has some limitations. First, the sample size is rather
small and leads to reduced power of the study, but comparable
with phase II studies in the field (47-50). Results should be
interpreted with caution due to the large confidence intervals but
the higher between-group motor improvement for motor therapy
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could be considered substantial and clinically relevant. Hence,
our trial may inform necessary further studies in this domain.
Second, the follow-up was only 4 weeks after additional therapy,
which may be too short to find retention effects. Evaluation after
3 or 6 months could reveal interesting insights in the long-term
effect of therapy. Third, blinding of the assessor was not always
possible due to reactions of the patients. Certainly, patients who
received sensorimotor therapy could react to the assessment with
aresponse of recognition. However, the assessor was instructed to
not pay attention to these reactions. Fourth, lack of sensitivity and
the presence of ceiling effects have to be considered for the motor
and somatosensory assessments. Minimal detectable difference
are only available for ARAT and FMA and are 4 points for ARAT
and 5.2 points for FMA (51, 52). Possible small improvements
could not be captured by the current assessments. Despite reliable
outcome measures for motor and somatosensory function, one
other limitation of the RCT was the inability to measure
sensorimotor function as a whole. Since one of the fundamental
training principles is that you improve what you train, a specific
measurement of integrated sensorimotor function is required.
Both motor and somatosensory function can be assessed as
separate factors, however the experimental sensorimotor therapy
aimed to improve somatosensory integration within motor
function. Up till now, no clinical assessment is available to
measure this somatosensory integration. Hence, the real effect of
sensorimotor therapy could not be assessed. Fifth, concealment
was done by the principle investigator, who was not involved
in clinical assessment or therapy provision. However, it could
be preferred to involve an independent person for this aspect
of the methodology. Last, hours of conventional therapy were
registered, however the content of this therapy was not. On
the other hand, a good balance was obtained in number
of patients with mild to moderate or severe impairments
receiving both therapy approaches over the different centers. The
additional therapy was provided by one therapist in all centers to
offer standardization.

To conclude, our results suggest that motor therapy may
improve UL motor function to a greater extent compared to
sensorimotor therapy in the early rehabilitation phase post stroke
for patients with sensorimotor upper limb deficits. Further
research is warranted, to investigate whether patients with
sensorimotor UL deficits benefit from integrated sensorimotor
training and how this training can be delivered effectively.
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Supplementary Figure 1 | Individual delta changes over time; every dot (motor
therapy) or triangle (sensorimotor therapy) at one time point represents the delta
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ARAT: Action Research Arm Test, (B) FMA-UE: Fugl-Meyer assessment upper
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threshold of touch (mA), (E) Em-NSA: Erasmus modification of Nottingham
Sensory Assessment, (F) fTORT functional tactile object recognition test, (G)
WPST: wrist position sense test mean error (degrees), (H) TDT_AUC: texture
discrimination test area under curve score.

Supplementary Figure 2 | Individual time courses of motor recovery. Every
dot/square (sensorimotor therapy) or triangle (motor therapy) at one time point
represents the raw value of a patient. Subdivision is made for patients with mild to
moderate and severe baseline motor impairments. ARAT, Action Research Arm
Test; FMA-UE, Fugl-Meyer assessment upper extremity part; SULCS, stroke
upper limb capacity scale.

Supplementary Table 1 | Subgroup analysis of baseline motor impairments of
between group comparisons of an intervention effect corrected for age.
Supplementary Table 2 | Subgroup analysis of baseline texture discrimination
impairments of between group comparisons of an intervention effect corrected for
age.

Supplementary Table 3 | Number of participants. Overview of number of
participants included for each analysis.
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