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lar cortex, and in the ipsilateral postcentral gyrus, frontal 
operculum cortex and cerebellum.  Conclusion:  Manual ther-
apy with CPM device therapy improved the ankle PROM, 
equinovalgus and severity of spasticity. The ankle PM in-
creased ipsi- and contralateral cortical activation.  

 © 2016 S. Karger AG, Basel 

 Introduction 

 Common ankle-foot deformities following stroke are 
flexible equinovalgus deformities. Equinovalgus defor-
mity is a consequence, on the one hand, of spasticity in 
the gastrocnemius, soleus and peroneus brevis muscles 
and, on the other hand, of a loss of strength in the ante-
rior and posterior tibial muscles, which impedes walking 
and balance, and contributes directly to functional limita-
tions  [1,   2] .

  Common methods in everyday practice for spasticity 
relief, deformity prevention, and improvement of gait 
safety include botulinum toxin treatment, the use of an-
kle-foot orthoses, and passive movement (PM) therapy. 
An injection of botulinum toxin into the gastrocnemius 
and soleus muscles does alleviate spasticity, but it also re-
duces muscle strength during the gait cycle.
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 Abstract 

  Background:  This study aims at investigating the short-term 
efficacy of the continuous passive motion (CPM) device de-
veloped for the therapy of ankle-foot paresis and to investi-
gate by fMRI the blood oxygen level-dependent responses 
(BOLD) during ankle passive movement (PM).  Methods:  Six-
ty-four stroke patients were investigated. Patients were as-
signed into 2 groups: 49 patients received both 15 min man-
ual and 30 min device therapy (M + D), while the other group 
(n = 15) received only 15 min manual therapy (M). A third 
group of stroke patients (n = 12) was investigated by fMRI 
before and immediately after 30 min CPM device therapy. 
There was no direct relation between the fMRI group and the 
other 2 groups. All subjects were assessed using the Modi-
fied Ashworth Scale (MAS) and a goniometer.  Results:  Mean 
MAS decreased, the ankle’s mean plantar flexion and dorsi-
flexion passive range of motion (PROM) increased and the 
equinovalgus improved significantly in the M + D group. In 
the fMRI group, the PM of the paretic ankle increased BOLD 
responses; this was observed in the contralateral pre- and 
postcentral gyrus, superior temporal gyrus, central opercu-
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  For the period before voluntary ankle dorsiflexion 
ability is restored, a possible approach is the use of an 
ankle-foot orthosis; while this will produce a more stable 
and safer gait, it is insufficient on its own to induce the 
desired active motion  [3] .

  One of the most widespread methods to induce active 
motion is continuous PM therapy. PM probably activates 
the sensorimotor system and helps by preventing deep ve-
nous thrombosis, improving the motor function, biome-
chanical and functional properties of the ankle after stroke 
 [4,   5] . The physiotherapist usually performs PM manually.

  The number of physiotherapists available at stroke de-
partments is limited; PM is tiresome for the therapist, and 
the intensity of movement may decrease after a number 
of repetitions. This may reduce the efficacy of PM thera-
py. That is why continuous passive motion (CPM) de-
vices are so important  [6] . These devices move the given 
joint in a specified motion range, with specified intensity, 
approaching the pain threshold. Using them may prevent 
the development of deep venous thrombosis or contrac-
tures, resolve spasticity by facilitating active exercise and 
sending stimuli to the cerebral cortex on a continuous 
basis during the PM therapy.

  An electronic device can partially replace the physio-
therapist if the strength, speed and frequency of move-
ment are individually adaptable to the needs of the patient 
(severity of spasticity, etc.). In addition, the device should 
be easily transportable and safe, and last but not least, the 
efficacy of the therapy should be capable of being quanti-
tatively measured.

  Selected studies report the improvement of ankle joint 
parameters upon treatment with feedback-controlled 
passive stretching devices  [3] .

  Wu et al.  [7]  combined active motion therapy with 
feedback-controlled stretching of the ankle joint in chil-
dren with cerebral palsy, resulting in a significant im-
provement of the ankle joint’s biomechanical and func-
tional parameters.

  Techniques such as functional magnetic resonance 
imaging are frequently used to measure the changes in the 
blood oxygen level-dependent (BOLD) magnetic reso-

nance signal  [8]  in the investigation of the relationship 
between neural reorganization and functional recovery 
after stroke  [9] . In stroke rehabilitation, post-stroke cere-
bral reorganization can be characterized by fMRI, using 
ankle-foot active movement, PM, and therapy  [10–17] .

  In this study, we developed an electronic CPM device, 
and assessed the clinical improvement in terms of angle, 
passive range of motion (PROM), equinovalgus, and 
spasticity of patients treated with the device  [2] . We in-
vestigated if 30 min device therapy with 15 min manual 
therapy was as effective as 15 min manual therapy. In ad-
dition we also investigated using fMRI whether the pas-
sive motion evokes acute BOLD changes in the ipsi- and/
or contralateral hemisphere.

  Materials and Methods 

 Our Clinical Department is an acute stroke treatment center; 
immediately upon stabilization of condition, patients are trans-
ferred to a rehabilitation institute, where they receive complex re-
habilitation (physiotherapy, ergotherapy, speech therapy, psycho-
therapy). Patients are treated at our center for an average of 7 days, 
and therefore, the aim was to study the short-term efficacy of the 
CPM therapy.

  Subjects 
 Manual Group (M) and Device Group (M + D) 
 Sixty-four acute ischemic and hemorrhagic stroke patients 

with impaired ankle-foot motor function were investigated. Pa-
tients were assigned to 2 groups consecutively: one group (n = 49; 
mean age ± SD: 62.2 ± 12.38 years; female to male ratio: 18 to 31) 
received manual therapy combined with 30 min device therapy 
(M + D) for 1 week, and the manual group (M) (n = 15; mean age ± 
SD: 71.3 ± 10.39 years; female to male ratio: 7 to 8) received only 
15 min manual therapy for 1 week by a physiotherapist.

  We had no influence on the sequence of patients.
  Manual and device-based therapy were started 24–48 h after 

stroke onset  [2] .
  Patients’ demographic and pathological data are summarized 

in  table 1 .

  Functional MRI Group (fMRI Group) 
 A third group of ischemic stroke patients (n = 12; mean ± SD) 

time of stroke: 56.08 ± 133.88 days; mean ± SD age: 65.3 ± 9.59 
years; female to male ratio: 7 to 5 were treated by our device on a 

Table 1.  Clinical data of stroke patients in the manual (M) and device (M + D) groups

Female/male, 
subjects

Ischemic/hemorrhagic 
stroke, subjects

Moderate/severe 
paresis, subjects

NIHSS, points, 
mean ± SD

Age, years, 
mean ± SD

M group 7/8 11/4 8/7 13.33±5.92 71.3±10.39
M + D group 18/31 37/12 20/29 11.28±4.44 62.2±12.38
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single occasion and investigated by fMRI (fMRI group) before and 
immediately after 30 min device therapy. Demographic data, pa-
thology data and clinical characteristics of fMRI group (ankle pas-
sive ranges of motion, scores of National Institute of Health Stroke 
Scale (NIHSS) and Modified Ashworth Scale (MAS)) are summa-
rized in  table 3 . There was no direct relation between the patient 
group examined by fMRI and the 2 (M + D and M groups) other 
patient groups.

  Inclusion and Exclusion Criteria of Manual (M), Device (M + 
D) and fMRI Groups 
 The inclusion criteria for the M, M + D, and fMRI groups were 

ischemic and/or hemorrhagic stroke confirmed via clinical inves-
tigations and CT.

  Patients suffered from mild, moderate or severe lower limb pa-
resis (item 6 of the NIHSS  ≥ 1 point) due to ischemic or hemor-
rhagic stroke  [18] .

  Patients were excluded from participation if any of the following 
criteria were met: primary brain tumor, brain metastasis,  Parkinson’s 
disease, multiple sclerosis, rheumatoid arthritis, ankylosis of the 
ankle and foot joints, trauma or surgery of the foot and ankle; and 
patients with psychiatric symptoms were also excluded. The study 
was approved by the Regional and Institutional Ethics Committee; 
written informed consent was obtained from each patient.

  The Device 
 Currently in the prototype phase, the passive motion device 

works by mobilizing the paretic foot in a repeated fashion across 
the ankle’s entire range of motion (ROM), from plantar to dorsi-
flexion in one plane. Weighing only 7 kg and measuring 25 by 52 
by 45 cm, the device is designed for optimum portability and us-
ability at the bedside. Actuation is provided by a 24-volt direct cur-
rent motor. Operating frequency limits include 7 cycles per minute 
from plantar to dorsiflexion (0–60 degrees) at the high, and 4 cy-
cles per minute from plantar to dorsiflexion at the low end ( fig. 3 ).

  Resistance parameters were mostly set between 1 and 7 Nm of 
maximum resistance torque in dorsiflexion, and 1–10 Nm maxi-
mum resistance torque in plantar flexion. Motion parameters (an-
gle, power, speed) can be individualized to suit the patient’s level 
of tolerance and pain threshold. The device has a built-in mecha-
nism to stop automatically upon the detection of active resistance. 
During the study, no cases of either the extension or the flexor mo-
tion provoking any pain have been observed. The daily session 
length of device-based therapy was 30 min; the average total treat-
ment period was 5.5 days (range 4–7) in the reference (patients 
receiving standard manual physiotherapy only) and the M + D 
groups alike  [2] .

  Neurological Status and Lower Limb Measurements 
 All patients were assessed using the MAS, NIHSS and goniom-

eter measurements ( tables 1  and  3 ).
  Since the soleus muscle plays an important role in the foot’s 

plantar flexion, and also in maintaining a stable stance, we assessed 
the level of spasticity in this muscle using the MAS, a quick and 
easy-to-use tool to evaluate spasticity.

  During soleus muscle tone assessment, the patient was relaxing 
in a supine position, with their head in the midline and arms close 
to the trunk. The procedure is designed to maintain the knee joint 
in a slight flexion between 0 and 45 degrees, thereby isolating so-
leus functions from the unwanted addition of gastrocnemius mus-
cle work. By placing one hand on the patient’s foot and another on 
the area above the ankle joint, the examiner performed the PM of 
the ankle joint toward plantar and dorsal flexion. This was repeat-
ed 3 times in total  [19] .

  The point score definitions of the MAS are:
  0 points: no increase in muscle tone,
  1 point: slight increase in muscle tone, manifested by a catch 

and release or by minimal resistance at the end of the ROM when 
the affected part(s) is moved in flexion or extension,

  2 points: slight increase in muscle tone, manifested by a catch, 
followed by minimal resistance throughout the remainder (less 
than half) of the ROM,

  3 points: more marked increase in muscle tone through most 
of the ROM, but affected part(s) easily moved,

  4 points: considerable increase in muscle tone, PM difficult,
  5 points: affected part(s) rigid in flexion or extension  [2,   20] .
  We used the NIHSS scale to determine the functional state and 

the severity of the stroke in our patients. NIHSS is one of the wid-
est spread scales in the clinical field; increasing scores indicate 
more severe functional states of the patients.

  The goniometer was used for measuring the ROM (in degrees) 
of passive ankle plantar or dorsiflexion, and equinovalgus defor-
mity before and after treatment. The PROM assessment procedure 
was performed with the ankle in a neutral position (90-degree an-
gle between leg and foot), the knee fully extended, and the hip in a 
neutral position (i.e. not in rotation;  fig. 1 ).

  The extent of the equinovalgus deformity was also determined 
using goniometer. During the measuring of deformity, the patient 
was in a supine position, with the knees fully extended and the hip 
joint in neutral position. Measuring was performed with the pa-
tient’s leg fixed by straps. The pivot point of the angle gauge fell in 
the middle of the patient’s heel bone. The adjustable bumper of the 
goniometer was set individually to the patient’s deformed foot, 
more closely, to the distal phalanx of the fifth toe; that was the start-
ing point, that is, ‘0 degrees’. The examiner moved the foot from 

Table 2.  Changes (absolute difference; relative improvement) after therapy in the M and M + D groups, with reference to baseline values, 
in: PROM (from maximum plantar to maximum dorsiflexion), degree of equinovalgus deformity, and MAS score

Outcome Plantar flexion Dorsiflexion Equinovalgus  MAS

M group M + D group M group M + D group M group M + D group M g roup M + D group

Absolute difference, mean ± SD 0.93±3.73 3.41±5.19 0.67±3.27 1.15±2.71 0.93±5.04 –5.12±8.02 0.13±0.74 –0.53±1.12
Relative improvement, %, mean ± SD 8.6±22.6 29.6±67.8 43.3±121.8 28.4±52.2 0.1±52.8 33.4±65.4 0.8±53.1 29.7±57.6
p value 0.349 <0.001 0.456 0.019 0.485 <0.001 0.499 <0.001
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this setting to the vertical physiological position, following the mo-
tion of the foot with the adjustable bumper of the goniometer in 
the meantime. The extent of deformity can be read from the goni-
ometer with the leg in the vertical position ( fig. 2 ).

  The active ROM of the ankle joint was not evaluated because 
mental confusion and difficulty of communication (aphasia and/
or dementia) present during acute stroke are known to substan-
tially impede or bias the accurate assessment of active ROM.

  Investigation of the fMRI Group 
 Image Acquisition 
 Images were acquired at Kenézy Hospital, Debrecen using a 1.5 

tesla Siemens Magnetom Essenza magnetic resonance scanner. A 
3D T1-weighted axial magnetization-prepared rapid acquisition 
with gradient echo structural image was obtained (echo time 
(TE) = 4.73 ms, repetition time (TR) = 1,540 ms, inversion time = 
800 ms, flip angle = 15 slices with 0.9 × 0.9 × 0.9 mm voxels). Func-

tional images were obtained using a BOLD contrast sensitive gra-
dient-echo echo-planar sequence (TE = 42 ms, flip angle = 90, in-
plane resolution = 3 × 3 mm; volume TR = 4,000 ms). Whole-brain 
coverage for the functional data was obtained using 41 contiguous 
interleaved 3-mm axial slices. Each functional session consisted of 
100 functional volumes.

  Functional MRI 
 Before fMRI investigation, a goniometer was used to measure 

the ROM of passive ankle plantar and dorsiflexion. During the 
400-second-long functional MRI sessions, 40-second-long active 
and passive blocks were employed (a total of 10 block pairs, begin-
ning with a passive block). In the passive block, no stimulus was 
applied, whereas in the active block, slow CPM of the left or right 
foot was carried out by the physiotherapist for 40 s. The effects of 
the PM of the left versus the right foot were investigated in separate 
sessions.

Indicator

Adjustable bumper

Adjustable protractor
  Fig. 1.  Goniometer measurement of plan-
tar and dorsiflexion ranges. ‘ROM’ is a 
term for the radius of motion achieved by 
external manipulation without the patient 
using their own muscles. 

Indicator

Adjustable bumper

Adjustable protractor  Fig. 2.  Goniometer measurement of the ex-
tent of the equinovalgus deformity of the 
foot. 
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  For each subject, 2 fMRI investigations for both the left and 
right foot movement paradigm were applied. Between these mea-
surements, 30-minute session of CPM was performed on the pa-
retic leg by our passive motion device. Angle, power and speed pa-
rameters were individually adapted to the patients during therapy.

  Image Processing 
 Before preprocessing, the left and the right sides of the struc-

tural and functional images of patients with left-hemispheric le-
sion were swapped, so that in all of the images, the lesioned side 
was toward the positive direction on the x-axis (right side of the 
image in neurological convention). This step allowed us to conduct 
a pooled population-level statistical analysis for all of the patients, 
and avoid splitting the population into 2 cohorts based on the side 
of the stroke.

  The fMRI time series were motion corrected using the intra-
modal motion correction utility of the functional MRI of the brain 
software library (FSL)  [21,   22] . The first 3 volumes of each data set 
were discarded from further analysis to allow for T1 equilibration 
effects. The brain extraction utility of FSL was used to remove non-
brain areas from both the functional and structural scans  [23] . For 
each fMRI session, a ‘noise region’ was delineated by the analysis 
of the temporal signal-to-noise ratio of BOLD signals, and 5 prin-
cipal noise components were extracted from the data following the 
component-based noise correction method  [24] .

  The resulting preprocessed fMRI data were non-linearly co-
registered to the brain-extracted anatomical image and then spa-
tially transformed to the symmetric template of Montreal Neuro-
logical Institute (MNI) 152 space  [25]  using linear and non-linear 
registration utilities of the FSL package  [26] , to achieve spatial cor-
respondences for group analysis.

  Statistical Analysis 
 Statistical Analysis of the Manual (M) and Device (M + D) 
Groups 
 Within-subject changes were calculated as the difference be-

tween pre-session readings at the last available session and baseline 
readings. Such changes were tested for significance using Student’s 

paired t tests (if normality assumptions were satisfied) or 
 Wilcoxon’s matched-pairs signed-ranks tests (if normality as-
sumptions failed). The statistical package Stata was used for data 
analysis  [2,   27] .

  Statistical Analysis of fMRI Group 
 A total of 12 patients were included in the fMRI group in com-

pliance with the selection criteria; however, 2 patients had to be 
excluded from the statistical analysis: one due to claustrophobia, 
which developed in the course of MRI, and the other due to ex-
treme head movements related to stimuli received during the fMRI 
recording.

  Before statistical analysis, an isotropic Gaussian smoothing 
with 8-mm full width at half maximum was applied to the func-
tional images. Data were then analyzed within a general linear 
model (GLM) framework. In the voxel-wise GLM-based first-lev-
el analysis, we incorporated 7 explanatory variables: the hypothesis 
for the stimulus according to the block design, the temporal deri-
vate thereof (to allow for slight variations in timing), and the 5 
principal noise component time courses based on the noise correc-
tion analysis. We convolved the predictor of interest with a double-
gamma hemodynamic response function.

  The resulting statistical parametric maps were analyzed on the 
population level with 2 second-level, fixed-effect models corre-
sponding to the healthy (non-paretic) ankle CPM (hCPM) and 
paretic ankle CPM (pCPM) stimulations denoted respectively by 
hCPM and pCPM. In line with the paired-sample design, within-
subject variance was modeled with a factor variable encoding the 
session repetition, that is, whether the scan was taken before or 
after the CPM therapy. Four population-level statistical paramet-
ric images were constructed according to both stimuli and 2 ses-
sions: 2 mean activations of hCPM and pCPM evaluated from 
first-session fMRI data ( table 4 ) and 2 increased activation maps 
calculated by a 2-sample paired t test using repeated measurements 
( table 5 ). Statistical parametric images were corrected for multiple 
comparison using Gaussian Random Field theory  [28]  and cluster 
probability thresholding  [29] . Clusters were defined by a z-value 
threshold of 3.1 (p uncorrected  < 0.001), and activation clusters having 
a p value <0.05 were discarded. The emphasized activation clusters 
were identified by the atlas toolbox of FSL view software and the 
database of Harvard-Oxford cortical and subcortical structural at-
lases  [30] .

  Results 

 Manual Group (M) 
 The changes (absolute difference and relative im-

provement) in plantar flexion, dorsiflexion, equinovalgus 
and MAS score with reference to baseline values in the M 
and M + D groups are shown in  table 2 .

  No significant changes could be detected in the ankle 
plantar flexion (p = 0.349) and dorsiflexion degrees (p = 
0.456).

  The improvement of equinovalgus deformity (p  = 
0.485) and MAS (p  = 0.499) were not significant ( ta-
ble 2 ).

  Fig. 3.  The device. 
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Table 4.  Brain regions significantly activated by hCPM and pCPM stimulation

Cluster 
index

cm3 p value –log10(p) zmax x, mm y, mm z, mm I/C Region

Healthy 
ankle

1 12.40 1.99 × 10–8 7.70 15.00 –3 –30 69 C Precentral gyrus (M1)

14.60 –9 –42 78 C Postcentral gyrus (S1)

9.40 –12 –53 75 C Superior parietal lobule

2 7.00 1.10 × 10–5 4.96 11.60 –68 –27 21 C aSMG

7.00 –45 –31 22 C Parietal operculum cortex (S2)

3 6.40 2.53 × 10–5 4.60 8.100 68 –25 18 I pSTG

Paretic 
ankle

1 9.80 2.49 × 10–8 5.55 16.60 8 –37 78 C Postcentral gyrus (S1)

13.20 6 –28 76 C Precentral gyrus (M1)

7.200 3 –12 67 C Juxtapositional lobule cortex 
(SMA)

2 3.200 8.35 × 10–4 3.080 6.0 –67 –32 27 I aSMG

4.200 –55 –31 27 I Parietal operculum cortex (S2)

 Activation clusters (bold lines) were emphasized by a z-value threshold of 3.1 and p value <0.05 using random field theory. Each 
cluster is reported by its extent (cm3), obtaining probability (p and –log10(p)) and localization parameters of its maximal activated voxel: 
z-value (zmax), location in MNI152 space (x (mm), y (mm), z (mm)), lateralization (I/C i.e. ipsi-, contralateral) and the atlas region iden-
tified by Harvard-Oxford cortical and subcortical structural atlases. Local maxima within cluster occurred in different atlas regions are 
also reported.

Table 5.  Brain regions show significantly higher activation in the second session by hCPM and pCPM stimulation

Cluster 
index

cm3 p value –log10(p) zmax x, mm y, mm z, mm I/C Region

Healthy 
ankle

1 2.50 0.0413 1.38 4.190 4 42 44 I SFG

4.150 7 37 41 I SFG/paracingulate gyrus

Paretic 
ankle

1 6.70 0.00515 2.29 5.63 20 –11 –36 I aPHG

5.75 49 –17 –30 I pITG

4.57 33 –10 –47 I Temporal fusiform cortex, 
posterior division/temporal 
fusiform cortex, anterior division

2 4.60 0.021 1.68 5.040 –29 –15 –29 C aPHG

3.80 –53 –20 –24 C pITG

 Activation clusters (bold lines) were emphasized by a z-value threshold of 3.1 and p value <0.05 using random field theory. Each 
cluster is reported by its extent (cm3), obtaining probability (p and –log10(p)) and localization parameters of its maximal activated voxel: 
z-value (zmax), location in MNI152 space (x (mm), y (mm), z (mm)), lateralization (I/C i.e. ipsi-, contralateral) and the atlas region iden-
tified by Harvard-Oxford cortical and subcortical structural atlases. Local maxima within cluster occurred in different atlas regions are 
also reported.
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  Device Group (M + D) 
 The ankle’s mean plantar flexion range increased sig-

nificantly by 3.41 (SD 5.19) degrees (p < 0.001) and the 
dorsiflexion also improved significantly by 1.15 (SD 2.71) 
degrees (p = 0.019).

  The mean flexible equinovalgus deformity improved 
by –5.12 (SD 8.02) degrees (p < 0.001).

  The MAS score decreased by 0.53 (1.12) points (p < 
0.001).

  The results suggest that manual therapy combined 
with the device therapy had a beneficial effect, while the 
short-term manual therapy alone was not effective.

  Results of PM Stimuli in the fMRI Group 
 Analysis was performed on the block design fMRI data 

of 10 patients, because one of the patients did not cooper-
ate during the scan due to claustrophobia, and another 
was excluded from the statistical analysis due to extreme 

in-scanner head displacement and stimulus-correlated 
movement ( table 3 ).

  In the statistical analysis of first-session (pre-training) 
data, we found that both the hCPM and pCPM stimuli 
activated the contralateral primary motor (M1) and pri-
mary somatosensory (S1) cortex ( table 4 ;  fig. 4 a and b). 
Furthermore, we observed activated voxels (with z = 7.0 
maximal value) in the small part of the supplementary 
motor area (SMA) during the pCPM in contrast to hCPM.

  Overlapping activity in the anterior division of the su-
pramarginal gyrus (aSMG) and secondary somatosenso-
ry/parietal operculum cortex (S2) was found contralater-
ally in the case of hCPM ( table 4 ), and ipsilaterally during 
pCPM ( table 4 ;  fig. 4 c and d).

  In the case of hCPM, a third ipsilateral activation clus-
ter was also detected, overlapping the part of the poste-
rior division of the superior temporal gyrus and insular 
region of S2 ( table 4 ;  fig. 4 c).

  Fig. 4.  Significantly activated brain regions during hCPM and 
pCPM stimulation superimposed on averaged T1-weighted im-
ages of the investigated population. Both stimuli-activated re-
gions in the contralateral (CL) primary motor (M1) and primary 
somatosensory (S1) cortex ( a ,  b ). The peak activities of S1 and 

M1 areas were almost equal in the case of hCPM in contrast to 
pCPM (arrows on  a  and  b ). Regions in secondary somatosensory 
cortex (S2) connected with other areas were activated ipsilater-
ally (IL) in both cases and contralaterally in the case of hCPM 
stimuli ( c ,  d ). 
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  Comparing data from 2 fMRI sessions (before and 
after treatment) revealed increased activation in the 
post-treatment session both for hCPM and pCPM ( ta-
ble 4 ). In the case of hCPM, we found only one cluster 
in the superior frontal gyrus (SFG) near the cluster-sig-
nificance threshold (p cluster  < 0.0413) with a size of 2.5 
cm 3 , and z = 4.1 peak activity ( table 5 ;  fig. 5 a). During 
the pCPM, 2 bilaterally located clusters were observed 
( table 5 ;  fig. 5 b) in the anterior division of the parahip-
pocampal gyrus (aPHG) connected to the activated area 
of the posterior division of the inferior temporal gyrus 
(pITG).

  Discussion 

 First, our study demonstrates that our device signifi-
cantly improves the PROM of the ankle and other clinical 
parameters. Second, therapy with our device appears to 
be more efficient than manual therapy  [2] . Third, we 
proved that therapy with our device resulted not only in 
clinical improvement but also in acute BOLD-response 
changes after the therapeutic session.

  Our research group developed a low-cost, practical de-
vice that moves the ankle joint in plantar flexion and dor-
siflexion directions safely  [2] . Compared to the ankle mo-
tion devices mentioned in the literature and tested with 
stroke patients, our device is light and portable, and treat-
ment can be carried out on the patient’s bed  [31–33] . This 

is very important in the case of stroke with bleeding, or 
unstable cases of internal medicine.

  In the patient group where we performed manual ther-
apy using our passive motion device (M + D), PROM im-
proved, and the extent of spasticity decreased, as did the 
degree of equinovalgus deformity  [5] .

  The M + D group showed significant improvement in 
the MAS score; however, the observed MAS score reduc-
tion of 0.53 points in the M + D group is arguably of very 
limited clinical significance since it is within the error 
margin of the scale  [34] .

  PROM and deformities must be restored before any 
other treatment can be effective. The maximum ankle 
dorsiflexion ROM requirements to ascend and descend 
stairs ranged between averages of 14–27 and 24–31 de-
grees, respectively. Rising up from a sitting posture re-
quires significant ankle dorsiflexion ROM. The full ankle 
plantar dorsiflexion ROM may be required when reach-
ing out to get objects. In addition, the subtalar, transverse 
tarsal and forefoot joints must be fully mobile to allow the 
foot to adapt to altering degrees of broken ground. So the 
first goal of acute phase of rehabilitation is to prevent and 
correct PROM and flexible deformities to increase func-
tion  [35] .

  We assume that the stimuli generated in the course of 
movement by the passive motion device are uniform, in 
contrast to movement performed by the physiotherapist. 
The frequency, intensity and motion range can be set, and 
the settings can be used the following day again. In addi-

  Fig. 5.  Brain regions – superimposed on averaged T1-weighted 
images of the investigated population – where the activation was 
significantly higher in the second session than in the first.  a ,  b  
Non-significant activation change in the primary motor (M1), 
and primary and secondary somatosensory (S1 and S2) cortices. 

In the case of hCPM, we detect significantly higher activity in 
the second session only in the SFG in the ipsilateral hemisphere. 
The pCPM showed significantly higher activity in the second 
session bilaterally in the aPHG connected with the area of the 
pITG. 
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tion, there is no fatigue effect, and thus, the treatment is 
independent of the physiotherapist’s physical or mental 
state or individual performance, which may change from 
day to day  [31] .

  We found no study in the available literature that in-
cludes the use of an ankle passive motion device in addi-
tion to manual therapy and comparison of the 2 in cases 
of acute stroke patients.

  We also studied the effect of therapy applied with the 
passive motion device on the hemodynamic responses 
that are related to the nervous activity of the brain. There 
are fMRI studies in the literature that address the effect of 
PM of the ankle joint on the nervous activity of the brain 
in healthy participants  [36–39] ; however, there is limited 
knowledge on the effect in stroke patients  [11,   17] .

  Our results demonstrate the PM of a paretic ankle-
generating activation in the contralateral S1, M1 and 
SMA areas, and the ipsilateral supramarginal gyrus and 
S2 area ( table 4 ;  fig. 4 b and d). In contrast to our obser-
vation, Enzinger et al.  [11]  also described activation dur-
ing paretic ankle PM in the contralateral sensorimotor 
cortex, but they did not report the differences between 
peak activations of S1 and M1. We have shown that the 
peak activity in M1 was lower than in S1 during pCPM 
in contrast to the hCPM where these values were almost 
equal.

  We hypothesize that PM as sensory information (such 
as continuous tactile perception) and as a motor task 
 contributes to motor learning and motor function. Ad-
ditionally, it can facilitate active movement. In our study, 
the repetitions of fMRI scans in hCPM vs. pCPM differs: 
in the former case, the second session was simple repeat-
ed measurement, while in the latter case, 30-minute-long 
therapy was performed using our CPM device between 
the scans. This difference explains why the 2 increased 
activation patterns differ ( fig. 5 ;  table 5 ). We found in-
creased activity in the SFG (MNI coordinates: 4, 42, 44) 
in the repeated measurement compared to the first ses-
sion during hCPM. This area was also reported by 
 Zimmermann et al.  [40]  as a motor planning task-related 
activated area. The between-sessions therapy resulted in 
higher activity bilaterally in the aPHG. Adhikari et al. 
 [41]  investigated the neural basis of movement synchro-
nization through a finger-tapping fMRI study. They de-
scribed greater brain activity during tapping rate decel-
eration in the cerebellum, superior temporal gyrus and 
parahippocampal gyrus. We hypothesize that the detect-
ed increased activity in the aPHG after the mid-session 
training may be related to the motion synchronization 
learning  process.

  As far as we know, there are no similar studies on CPM 
devices in the available literature that tested acute stroke 
patients and evaluated the effect of PM on brain activity 
patterns by fMRI.

  Limitations of our study include the lack of knowledge 
on how long the effect of the treatment should last. It re-
mains to be seen whether further improvement might be 
expected with long-term treatment – there may also be a 
point beyond which the therapy may not have any addi-
tional effect. We do not know how permanent the chang-
es in BOLD response are; this is the subject of a future 
longitudinal study.

  In conclusion, this study shows that ankle-foot manu-
al therapy combined with CPM device therapy signifi-
cantly improves ankle PROM, decreases the equinoval-
gus of a paretic foot, and decreases the severity of spastic-
ity in the acute phase of rehabilitation.

  We tested a passive motion-based fMRI paradigm that 
could be suitable for further neuroimaging studies. Ad-
ditionally, we concluded from our findings that PM of a 
paretic ankle influences both the ipsilateral and contralat-
eral hemispheres.
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