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Background: Stroke is a significant cause of disability worldwide, often resulting 
in persistent upper-limb dysfunction. Robot-assisted therapy has emerged as an 
effective rehabilitation strategy by enabling intensive, repetitive, and task-specific 
training. In this study, we aimed to investigate the effects of resistance- versus 
assistance-based robotic interventions on brain activation and motor recovery in 
patients with stroke, as these effects remain insufficiently understood.
Methods: Twenty-five adults with hemiparetic stroke were randomized to a resis-
tance-based robot training group (RTG, n = 13) or assistance-based robot train-
ing group (ATG, n = 12). Interventions were delivered using the InMotion 2.0 for 
30 min per session, five sessions/week over 4 weeks. Brain activation was mea-
sured using functional near-infrared spectroscopy (fNIRS), motor function using 
the Fugl–Meyer Assessment for the Upper Limb (FM-UL) and kinematic indices 
from InMotion 2.0, and activities of daily living using the Motor Activity Log (MAL).
Results: Prefrontal activation decreased from pre- to post-intervention in both 
groups. In the ipsilesional hemispheres, differences between groups were signifi-
cant (p < 0.05). In the resistance training group, additional improvements were 
found in mean velocity, circle size, and movement independence (p < 0.05). Both 
groups showed significant gains in FM-UL and ADL performance (p < 0.05), with 
no significant between-group differences in these measures.
Conclusion: Resistance-based robotic training was associated with greater motor 
improvements in kinematic smoothness, and larger reductions in prefrontal acti-
vation within ipsilesional hemispheres compared with assistance-based training. 
These findings suggest differences in prefrontal activation patterns accompanied 
by improvements in kinematic movement smoothness in stroke survivors.
Clinical trial registration: https://cris.nih.go.kr, (Registration Number: 
KCT0011076).
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1 Introduction

Stroke is a leading cause of disability and motor impairment, par-
ticularly prevalent among the growing elderly population, that affects 
more than 1 million individuals annually in the European Union and 
over 700,000 in the United States, accounting for 2–4% of total health-
care expenditures (1–4). Stroke can be classified as an ischemic or 
hemorrhagic disorder that disrupts cerebral blood supply. In ischemic 
stroke, blood flow to the brain is obstructed by thrombosis, whereas 
in hemorrhagic stroke, it is interrupted by internal bleeding. As a 
result, cortical tissue is partially destroyed, leading to impaired neural 
commands in the sensorimotor cortex, reduced or absent selective 
muscle activation, and ultimately, reduced arm and hand function (3, 
5). Upper-limb recovery is particularly challenging due to its anatomi-
cal complexity, and brain regions responsible for upper-limb motor 
control are especially vulnerable to stroke damage (5). According to 
Rossini et al. (6), the degree of recovery depends largely on the lesion 
location and its severity. Approximately 60% of stroke survivors con-
tinue to experience upper-limb impairment 6 months after stroke 
onset (7). Moreover, more than 60% of stroke survivors exhibit persis-
tent neurological deficits, resulting in limitations in activities of daily 
living (ADL) and cognitive impairments such as aphasia and hemis-
patial neglect, while 30–66% are unable to functionally use their 
affected arm (3, 8).

Constraint-induced movement therapy (CIMT), a widely adopted 
rehabilitation strategy, has been shown to promote cortical reorgani-
zation by combining intensive, repetitive training of the affected limb 
with restraint of the unaffected limb. This approach not only yields 
functional benefits but also enhances patient motivation and increases 
the use of the paretic arm in daily activities (9–12). Robot-assisted 
therapy also provides quantitative measurements and supports objec-
tive monitoring of rehabilitation progress. Most robotic devices incor-
porate ADL-based training, as functional and task-oriented 
interventions have demonstrated favorable outcomes in stroke reha-
bilitation (13, 14). Therapy emphasizing ADL is also referred to as a 
motor relearning program. Several studies have reported that robot-
assisted therapy produces greater improvements in motor outcomes 
compared with conventional approaches (15–17).

The extent of motor recovery after stroke varies considerably 
depending on lesion type, location, and size. Although the precise 
relationship between neuroplasticity and functional recovery remains 
to be fully understood, neuroimaging studies using PET and fMRI 
have demonstrated cortical reorganization in patients with partial or 
complete upper-limb recovery (18–20). These findings highlight 
involvement not only of the cerebral hemispheres but also of other 
cortical areas, such as the premotor cortex, supplementary motor area, 
and parietal cortex, suggesting that recovery is mediated by a distrib-
uted neural network (21–23). Functional near-infrared spectroscopy 
(fNIRS) is a non-invasive optical technique that enables evaluation of 
brain activity by measuring cerebral oxygenation and hemodynamic 
responses (24). fNIRS detects changes in oxygenated hemoglobin 
(oxy-Hb), deoxygenated hemoglobin (deoxy-Hb), and total hemoglo-
bin. Oxy-Hb concentration serves as an indicator of local cerebral 
blood flow (CBF) (25), and fluctuations in oxy-Hb correspond to cor-
tical activation levels comparable to those observed in fMRI stud-
ies (26).

Selecting a rehabilitation modality tailored to a patient’s upper-
limb functional status can significantly enhance the effectiveness of 
robot-assisted therapy. Therefore, identifying the most appropriate 

training mode is a key factor in optimizing rehabilitation outcomes. 
In robotic rehabilitation, various training modes—such as passive, 
active-assistive, active, and resistive—are commonly employed to 
meet the diverse needs of patients with different levels of motor 
impairment (27). Previous systematic reviews (28) highlighted the 
need to investigate the neurophysiological mechanisms underlying 
optimal training in stroke patients—particularly those associated with 
resistive training—and to determine which training modalities are 
most suitable for individuals with stroke.

Resistance-based robotic training requires active force generation 
against external loads, thereby increasing movement-related effort and 
cognitive demand compared with assistance-based training. Tasks 
involving greater cognitive–motor integration and effort have been 
shown to preferentially engage the prefrontal cortex (PFC), which 
plays a key role in attention, motor planning, and executive control 
during complex motor tasks (29–33). Based on this framework, we 
hypothesized that, compared with assistance-based training, resis-
tance-based training would lead to greater pre–post reductions in 
task-evoked ipsilesional PFC O2Hb (fNIRS) and greater improve-
ments in upper-limb kinematic smoothness (UL-KD).

To date, few studies have directly compared brain activation 
during robot-assisted therapy delivered in resistance versus assistance 
modes in stroke patients. Therefore, the present study aimed to inves-
tigate the effects of robot-assisted therapy on brain activation, upper-
limb function, and activities of daily living in individuals with stroke.

2 Materials and methods

2.1 Study design

This study was designed as a randomized controlled trial con-
ducted at the National Rehabilitation Center in Korea. Participants 
were assessed at baseline and post-intervention. Outcome measures 
included brain activation, upper-limb function, and activities of daily 
living (ADL). Brain activation was measured using functional near-
infrared spectroscopy (fNIRS; NIRSIT), upper-limb function was 
evaluated with the Fugl-Meyer Assessment for the Upper Limb (FM-
UL) and upper-limb kinematic data obtained from the InMotion 2.0 
device, and ADL performance was assessed with the Motor Activity 
Log (MAL), which evaluates both the amount of use and quality of 
movement. Outcome assessments were performed by assessors who 
were aware of participants’ group allocation; therefore, assessor blind-
ing was not implemented. Using a computer-generated randomization 
sequence, 28 participants were divided into two groups: the resistance-
based robot training group (RTG, n = 14) and the assistance-based 
robot training group (ATG, n = 14). Three participants were excluded 
during the study due to discharge (RTG: n = 1, ATG: n = 2; Figure 1).

2.2 Participants

Participants were recruited from inpatients and outpatients at a 
national hospital in Seoul, Republic of Korea. Eligible participants 
were adults aged 19 years or older, diagnosed with first-ever hemipa-
retic stroke due to either cerebral infarction or cerebral hemorrhage. 
Inclusion criteria were: (1) no limitations in passive range of motion 
in the shoulder or elbow on the affected side; (2) FM-UL scores 
between 26 and 50; (3) sufficient cognitive ability to understand and 
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follow instructions; (4) time since stroke onset ≥ 6 months; and (5) 
provision of informed consent by the patient or caregiver after a full 
explanation of the study. Exclusion criteria included: orthopedic or 
musculoskeletal disorders in the affected upper limb, cybersickness, 
presence of a pacemaker or other implanted electrical devices, and 
current pregnancy or suspected pregnancy. All participants were 
right-handed. As the main aim of the present study was to compare 
patterns of change between intervention modalities, handedness was 
documented descriptively and was not incorporated into the primary 
analyses. Because all participants were right-handed, right hemipare-
sis corresponded to dominant-hand involvement. The distribution of 
right hemiparesis did not differ between groups (RTG 6/13 vs. ATG 
7/12; Table 1); therefore, dominant-hand involvement was not 
included as a covariate.

This study was conducted in accordance with the Declaration of 
Helsinki, and the protocol was approved by the Ethics Committee of 
the National Rehabilitation Center, Korea (NRC-2023 − 05 − 034) 
and registered at CRIS (KCT0011076). The required sample size was 
calculated using G*Power 3.1.9.2, based on data from a previous study 
(27). With an alpha level of 0.05, an effect size of 0.25, and a power of 
0.80, the minimum sample size was determined to be 24. Considering 
a potential dropout rate of 20%, 28 participants were recruited.

2.3 Primary outcome measures

2.3.1 Brain activation

Brain activation was evaluated using fNIRS with the NIRSIT 
device (OBELAB, Republic of Korea; approved medical device). In the 
present study, brain activation was assessed in prefrontal regions 

rather than primary motor areas. This decision was based on the role 
of the prefrontal cortex in motor planning, executive control, and 
goal-directed behavior, which are critically involved in complex, resis-
tance-based upper-limb tasks (29, 30). In addition, due to anatomical 
and technical constraints inherent to fNIRS—such as hair interference 
and reduced signal reliability over central motor regions—prefrontal 
areas are commonly targeted to ensure stable and reproducible mea-
surements of task-evoked hemodynamic responses (32). Accordingly, 
the present fNIRS measures were intended to capture changes in task-
related cognitive–motor control rather than direct motor execution. 
NIRSIT is a wireless system equipped with 24 laser sources 
(780/850 nm, maximum output <1 mW) and 32 photodetectors with 

FIGURE 1

Flow chart of this study.

TABLE 1  General characteristics.

Variable RT group 
(n = 13)

AT group 
(n = 12)

p

Sex (Male/Female) 10/3 9/3 0.910a

Paretic side (Lt/Rt) 7/6 5/7 0.543a

Dx (ICH/CI) 9/4 8/4 0.891a

Disease duration (months) 22.69 ± 12.37 21.50 ± 13.15 0.817b

Age (years) 57.15 ± 12.56 50.08 ± 16.68 0.241b

Height (cm) 163.53 ± 8.80 169.00 ± 7.21 0.105b

Weight (kg) 66.80 ± 9.50 68.50 ± 8.42 0.643b

All values are showed Mean ± SD; RT, Resistance based robot Training; AT, Assistance based 
robot Training; Dx, Diagnosis, ICH, Intracerebral hemorrhage, CI, Cerebral infarction, Lt, 
Left, Rt, Right.
aChi-square test between two groups.
bIndependent t-test between two groups.
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source-detector distances of 1.5, 2.12, 3, and 3.5 cm, generating 204 
measurement channels to construct 3D tomographic maps of the 
human cortex (34). The device specifications were as follows: 
216 × 190 × 78 mm, 550 g, 3.7 V battery, 8 h battery life, 8.13 Hz sam-
pling rate, maximum measurable power 2.5 μW, and wireless range up 
to 7 m. Detected near-infrared signals were converted into relative 
concentration changes of oxy-hemoglobin (O2Hb) and deoxy-hemo-
globin (HHb) using the modified Beer–Lambert law (MBLL) (35).

Mean values (± standard deviation) of O2Hb were collected from 
eight regions of interest (Figure 2) of interest: the right and left dorso-
lateral prefrontal cortex (DLPFC), frontopolar prefrontal cortex 
(FPC), ventrolateral prefrontal cortex (VLPFC), and orbitofrontal 
cortex (OFC). Channel distributions were as follows: DLPFC (right: 
1, 2, 3, 5, 6, 11, 17, 18; left: 19, 20, 33, 34, 35, 38, 39, 43), FPC (right: 7, 
8, 12, 13, 21, 22, 25, 26; left: 23, 24, 27, 28, 36, 37, 41, 42), VLPFC 
(right: 4, 9, 10; left: 40, 44, 45), OFC (right: 14, 15, 16, 29, 30; left: 31, 
32, 46, 47, 48) (36). Based on these data, we extracted hemoglobin 
differences (O2Hb–HHb) and O2Hb concentration changes within the 
ipsilesional and contralesional hemispheres (37). Measurements were 
obtained during a 2-min resting baseline and throughout the 
InMotion 2.0 upper-limb functional assessment (38).

2.4 Secondary outcome measures

2.4.1 Upper-limb function

2.4.1.1 Fugl-Meyer assessment for the upper limb (FM-UL)

The FM-UL is part of the Fugl-Meyer Assessment, a standardized 
instrument developed to assess sensorimotor impairment in post-
stroke patients, based on the Brunnstrom stages of motor recovery 
(39). It is among the most widely used quantitative measures of post-
stroke motor impairment (40), and is extensively applied to plan and 
evaluate treatment outcomes (41). The evaluation consists of 33 items 
categorized into four domains: shoulder/elbow, wrist, hand, and coor-
dination/speed. In this study, we focused on the total score (maxi-
mum = 66). The FM-UL was selected because it is widely used in 
clinical research on stroke rehabilitation, as it assesses both reflex 
activity and voluntary movements performed within synergistic pat-
terns (42). The FM-UL demonstrates high intra- and inter-rater 

reliability, supporting its validity as a consistent tool for stroke assess-
ment (43–46). Inter-rater reliability has been reported as 0.995, with 
moderate to high validity shown through correlations with the 
Motricity Index (MI) and Motor Assessment Scale (MAS; r = 0.639–
0.891 and r = 0.339–0.555, respectively) (47).

2.4.1.2 Upper-limb kinematic data (InMotion 2.0)

The InMotion 2.0 system provides interactive upper-limb 
motor training while simultaneously capturing kinematic data. 
The device is designed with two degrees of freedom to facilitate 
shoulder and elbow movements in the horizontal plane and it 
also functions as an assessment tool for quantifying kinematic 
performance. The kinematic parameters extracted from the 
device included movement smoothness, reach error, mean and 
maximum velocity, path deviation, circle size, and movement 
independence (48, 49).

2.4.1.3 Activities of daily living

ADL performance was assessed using the Motor Activity Log 
(MAL), a structured interview-based questionnaire developed to 
evaluate the amount and quality of paretic arm use in daily life activi-
ties after stroke. The Motor Activity Log (MAL) is a semi-structured 
interview used to assess how often (quantity) and how well (quality) 
stroke patients use their affected arm in daily activities. It uses a 0–5 
rating scale and is widely applied to quantify real-world arm use and 
evaluate rehabilitation outcomes (50).

2.5 Intervention

The intervention utilized InMotion 2.0 (Interactive Motion 
Technologies, Watertown, MA, United States). The device allows 
training and assessment of shoulder and elbow movements in the 
horizontal plane using an end-effector design with two degrees of 
freedom. Participants, seated in a chair, performed goal-directed 
reaching movements with their affected arm toward eight targets 
displayed on a screen for 30 min per session. In the RTG, partici-
pants performed movements against resistive forces opposing the 
target direction (Figure 3a), whereas in the ATG, movements were 

FIGURE 2

Prefrontal cortex subregions.
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assisted by forces aligned with the target direction (Figure 3b), 
with the movement, resistive, and assisting forces represented by 
white, orange, and blue arrows, respectively. The intervention was 
delivered for 4 weeks, five sessions per week, one session daily, 
each lasting 30 min, Monday to Friday. Each 30-min training ses-
sion consisted of point-to-point reaching movements, during 
which participants moved the end-effector between a central target 
and eight peripheral targets arranged on a 0.14-m radius circum-
ference. Visual feedback was displayed on a monitor positioned in 
front of the participant. In addition to robotic training, partici-
pants received conventional physiotherapy based on standardized 
stroke rehabilitation protocols, including assisted stretching, 
shoulder and arm exercises, and functional reaching tasks.

2.6 Statistical analysis

Data were analyzed using SPSS version 25.0 (SPSS Inc., 
Chicago, IL, United States). Descriptive statistics were used to 
summarize the general characteristics of participants, expressed as 
means and standard deviations. Normality of the data was assessed 
using the Shapiro–Wilk test prior to statistical analysis. Baseline 
homogeneity between groups was assessed using the chi-square 
test and the independent sample t-test. Within-group changes were 
analyzed using paired-sample t-tests, and between-group differ-
ences in pre–post change scores were analyzed using independent-
sample t-tests. Effect sizes (Cohen’s d) were calculated for pre–post 
change scores. Change scores were computed as the pre-interven-
tion value minus the post-intervention value (pre–post). For 
within-group pre–post changes, effect sizes were calculated as the 
mean change divided by the standard deviation (SD) of the change 
scores. For between-group differences in change scores, Cohen’s d 
was calculated as the absolute difference between group mean 
change scores divided by the average SD of the change scores (SD_
av = √[(SD_RT2 + SD_AT2)/2]). In a two-group pre–post design, 
comparing between-group differences in change scores is equiva-
lent to testing the Group × Time interaction. A significance level 
of p < 0.05 was considered statistically significant for all analyses.

3 Results

3.1 General characteristics of the 
participants

A total of 28 participants were enrolled in this study, all of 
whom met the inclusion criteria and provided informed consent. 
Fourteen participants were randomly assigned to the RTG and 14 
to the ATG. Three participants withdrew during the intervention 
period due to discharge. In the RTG, there were 10 males and 3 
females, with nine cases of cerebral hemorrhage and four cases of 
cerebral infarction. Seven participants had left-sided hemiparesis 
and six had right-sided hemiparesis. The mean age was 
57.15 ± 12.56 years, mean height was 163.53 ± 8.80 cm, mean 
weight was 66.80 ± 9.50 kg, and mean time since stroke onset was 
22.69 ± 12.37 months. In the ATG, there were 9 males and 3 
females, with eight cases of cerebral hemorrhage and four cases of 
cerebral infarction. Five participants had left-sided hemiparesis and 
seven had right-sided hemiparesis. The mean age was 
50.08 ± 16.68 years, mean height was 169.00 ± 7.21 cm, mean 
weight was 68.50 ± 8.42 kg, and mean time since stroke onset was 
21.50 ± 13.15 months. As all variables met the assumption of nor-
mality (p > 0.05), parametric tests were applied. No significant dif-
ferences were observed between the two groups in their baseline 
characteristics (Table 1).

3.2 Primary outcomes

3.2.1 Brain activation

3.2.1.1 Ipsilesional hemispheres

Significant pre–post differences were found in all examined 
regions (DLPFC, VLPFC, FPC, and OFC) in both groups 
(p < 0.05). Moreover, significant between-group differences in 
pre–post change scores were observed in all regions (p < 0.05; 
Table 2).

FIGURE 3

The methods of intervention using InMotion 2.0. (a) Resistance based robot training; (b) Assistance based robot training.
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3.2.1.2 Contralesional hemispheres

Significant pre–post differences were observed in the dorsolateral 
prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC), 
and frontopolar cortex (FPC) in both groups (p < 0.05). However, no 
significant between-group differences were identified in the change 
scores. In the orbitofrontal cortex (OFC), significant pre–post differ-
ences were found only in the RTG (Table 3).

3.3 Secondary outcomes

3.3.1 Upper-limb function

3.3.1.1 Fugl-Meyer assessment for the upper limb (FM-UL)

Both groups showed significant pre–post improvements in 
FM-UL scores (p < 0.05). However, there were no significant between-
group differences in change scores (Table 4).

3.3.1.2 Upper-limb kinematic data (InMotion 2.0)

For smoothness, both groups demonstrated significant pre–post 
improvements (p < 0.05), and significant between-group differences 
were observed in the change scores (p < 0.05). In the RTG, signifi-
cant pre–post improvements were also found in mean velocity, 

circle size, and independence (p < 0.05), whereas no significant 
changes were observed in the ATG for these measures (Table 4).

3.3.2 Activities of daily living

For ADL performance assessed by the Motor Activity Log, both the 
amount of use and quality of movement showed significant pre–post 
improvements in both groups (p < 0.05). However, no significant 
between-group differences were observed in the change scores (Table 5).

4 Discussion

This study compared the effects of resistance-based robot training 
and assistance-based robot training on brain activation, upper-limb 
function, and ADL in patients with stroke. The results demonstrated 
that brain activation significantly decreased after the intervention in 
most regions in both groups, with a significant between-group differ-
ence observed in the ipsilesional hemispheres. For upper-limb func-
tion, the RTG showed significant improvements in FM-UL scores, as 
well as in smoothness, mean velocity, and circle size in the kinematic 
data. In contrast, the ATG showed significant improvements only in 
FM-UL scores and smoothness. In terms of ADL, both groups dem-
onstrated significant pre–post improvements in MAL scores; however, 
no significant between-group differences were observed.

TABLE 2  Brain activation (ipsilesional hemispheres) outcome measures.

Variable RT group 
(n = 13)

AT group 
(n = 12)

t(p)/d

DLPFC 

(μM)

Pre 0.2851 ± 0.0215 0.2759 ± 0.0105 1.375(0.186)

Post 0.2698 ± 0.0284 0.2714 ± 0.0135 −0.176(0.862)

Pre-

post
0.0153 ± 0.0094 0.0045 ± 0.0043

3.642(0.001)* / 

1.478

t(p), d
5.894(0.000)*, 

1.634

3.673(0.004)*, 

1.060

VLPFC 

(μM)

Pre 0.2893 ± 0.0178 0.2858 ± 0.0127 0.576(0.570)

Post 0.2725 ± 0.0167 0.2773 ± 0.0102 −0.872(0.392)

Pre-

post
0.0169 ± 0.0103 0.0084 ± 0.0061

2.464(0.022)* / 

0.996

t(p) 5.904(0.000)* 4.756(0.001)*

FPC 

(μM)

Pre 0.2495 ± 0.0473 0.2254 ± 0.0490 1.254(0.223)

Post 0.2322 ± 0.0565 0.2193 ± 0.0482 0.613(0.546)

Pre-

post
0.0173 ± 0.0161 0.0061 ± 0.0045

2.405(0.031)* / 

0.946

t(p) 3.861(0.002)* 4.680(0.001)*

OFC 

(μM)

Pre 0.2809 ± 0.0091 0.2739 ± 0.0166 1.318(0.200)

Post 0.2698 ± 0.0122 0.2690 ± 0.0163 0.133(0.896)

Pre-

post
0.0111 ± 0.0061 0.0049 ± 0.0031

3.166(0.004)* / 

1.284

t(p) 6.518(0.000)* 5.508(0.000)*

All values are presented as Mean ± SD; RT, Resistance based robot Training; AT, Assistance 
based robot Training; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral 
prefrontal cortex; FPC, frontopolar prefrontal cortex; OFC, orbitofrontal cortex; *p < 0.05. d: 
Cohen’s d effect size for between-group differences in pre–post change scores (change = pre 
− post), computed as |Δmean|/SD_av, where SD_av = √[(SD_RT2 + SD_AT2)/2].

TABLE 3  Brain activation (contralesional hemispheres) outcome measures.

Variable RT group 
(n = 13)

AT group 
(n = 12)

t(p)/d

DLPFC 

(μM)

Pre 0.1862 ± 0.0105 0.1804 ± 0.0093 1.469(0.155)

Post 0.1762 ± 0.0103 0.1749 ± 0.0064 0.369(0.716)

Pre-

post
0.0100 ± 0.0067 0.0055 ± 0.0048

1.936(0.065) / 

0.780

t(p) 5.360(0.000)* 3.954(0.002)*

VLPFC 

(μM)

Pre 0.1780 ± 0.0101 0.1728 ± 0.0092 1.357(0.188)

Post 0.1708 ± 0.0148 0.1660 ± 0.0115 0.908(0.373)

Pre-

post
0.0072 ± 0.0093 0.0068 ± 0.0032

0.152(0.881) / 

0.059

t(p) 2.784(0.017)* 7.297(0.000)*

FPC 

(μM)

Pre 0.1705 ± 0.0152 0.1622 ± 0.0111 1.549(0.135)

Post 0.1605 ± 0.0191 0.1547 ± 0.0127 0.879(0.389)

Pre-

post
0.0100 ± 0.0104 0.0075 ± 0.0062

0.735(0.469) / 

0.297

t(p) 3.490(0.004)* 4.180(0.002)*

OFC 

(μM)

Pre 0.0995 ± 0.0473 0.0662 ± 0.0558 1.614(0.120)

Post 0.0853 ± 0.0594 0.0604 ± 0.0565 1.070(0.296)

Pre-

post
0.0142 ± 0.0170 0.0057 ± 0.0108

1.469(0.155) / 

0.593

t(p) 3.004(0.011)* 1.844(0.092)

All values are presented as Mean ± SD; RT, Resistance based robot Training; AT, Assistance 
based robot Training; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral 
prefrontal cortex; FPC, frontopolar prefrontal cortex; OFC, orbitofrontal cortex; *p < 0.05. d: 
Cohen’s d effect size for between-group differences in pre–post change scores (change = pre 
− post), computed as |Δmean|/SD_av, where SD_av = √[(SD_RT2 + SD_AT2)/2].
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Analysis of the prefrontal cortex activation revealed that in both 
groups, activity in the ipsilesional DLPFC, VLPFC, FPC, and OFC 
decreased significantly after the intervention. Similarly, contrale-
sional DLPFC, VLPFC, and FPC activity decreased in both groups, 
while OFC activity decreased significantly only in the RTG. The pre-
frontal cortex is known to play a role in motor control and adaptation 
to changes in motor state and has been shown to correlate with motor 
function (51). Stroke patients with impaired motor abilities generally 
require greater attentional resources, resulting in higher prefrontal 
activation during movement (51). However, the observed reduction 
in activation after the intervention may reflect reduced cognitive/
attentional demand or task familiarity during the assessment rather 
than neural efficiency per se, particularly because FM-UL improved 
similarly in both groups without significant between-group 

differences. Moreover, the prefrontal cortex is activated during physi-
cally demanding tasks and when sustained attention is required (52, 
53). The greater reduction in activation in the RTG compared to the 
ATG suggests that resistance-based movements, which impose 
higher task demands, initially required stronger activation. With 
practice-related improvements in task performance (e.g., kinematic 
smoothness), prefrontal activity may decrease as executive demands 
were reduced (36, 54). Given that stroke patients typically exhibit 
reduced HbO levels in the prefrontal cortex compared with healthy 
individuals (51), interventions that may reduce compensatory pre-
frontal engagement while improving task performance are clinically 
relevant.

In terms of motor outcomes, FM-UL scores improved signifi-
cantly in both groups, and kinematic parameters indicated enhanced 

TABLE 4  Upper-limb function outcome measures.

Variable RT group (n = 13) AT group (n = 12) t(p)/d

FM-UL (score)

Pre 38.23 ± 8.17 38.91 ± 7.85 −0.214(0.833)

Post 41.46 ± 7.34 40.66 ± 7.72 0.264(0.794)

Pre-post −3.23 ± 3.24 −1.75 ± 2.13 −1.335(0.195) / 0.539

t(p) −3.590(0.004)* −2.836(0.016)*

UL-KD smoothness

Pre 0.4821 ± 0.0589 0.5027 ± 0.0516 −0.927(0.364)

Post 0.5299 ± 0.0502 0.5273 ± 0.0466 0.138(0.892)

Pre-post −0.0478 ± 0.0333 −0.0246 ± 0.0150 −2.213(0.037)* / 0.898

t(p) −5.167(0.000)* −5.673(0.000)*

UL-KD mean velocity (m/s)

Pre 0.0804 ± 0.0327 0.0785 ± 0.0284 0.157(0.876)

Post 0.0983 ± 0.0290 0.0952 ± 0.0282 0.274(0.787)

Pre-post −0.0179 ± 0.0188 −0.0167 ± 0.0388 −0.100(0.921) / 0.039

t(p) −3.441(0.005)* −1.491(0.164)

UL-KD max velocity (m/s)

Pre 0.1897 ± 0.0697 0.1738 ± 0.0408 0.687(0.499)

Post 0.2022 ± 0.0704 0.1766 ± 0.0427 1.086(0.289)

Pre-post −0.0125 ± 0.0406 −0.0028 ± 0.0169 −0.792(0.440) / 0.312

t(p) −1.108(0.290) −0.563(0.585)

UL-KD reach error (cm)

Pre 0.0152 ± 0.0134 0.0100 ± 0.0057 1.266(0.223)

Post 0.0102 ± 0.0043 0.0087 ± 0.0012 1.164(0.256)

Pre-post 0.0050 ± 0.0139 0.0013 ± 0.0046 0.896(0.385) / 0.352

t(p) 1.293(0.220) 0.996(0.341)

UL-KD path error (cm)

Pre 0.0134 ± 0.0067 0.0101 ± 0.0032 1.590(0.130)

Post 0.0118 ± 0.0056 0.0098 ± 0.0034 1.083(0.290)

Pre-post 0.0016 ± 0.0057 0.0003 ± 0.0015 0.777(0.450) / 0.305

t(p) 1.015(0.330) 0.771(0.457)

UL-KD circle size (m)

Pre 0.0162 ± 0.0026 0.0175 ± 0.0025 −1.258(0.221)

Post 0.0172 ± 0.0017 0.0177 ± 0.0021 −0.661(0.515)

Pre-post −0.0010 ± 0.0011 −0.0002 ± 0.0015 −1.457(0.159) / 0.579

t(p) −3.224(0.007)* −0.534(0.604)

UL-KD circle independence

Pre 0.7872 ± 0.1004 0.7924 ± 0.0976 −0.133(0.896)

Post 0.8437 ± 0.0754 0.8402 ± 0.0547 0.133(0.896)

Pre-post −0.0565 ± 0.0368 −0.0478 ± 0.0899 −0.325(0.748) / 0.127

t(p) −5.543(0.000)* −1.841(0.093)

All values are presented as Mean ± SD; RT, Resistance based robot Training; AT, Assistance based robot Training; DLPFC, dorsolateral prefrontal cortex; VLPFC, ventrolateral prefrontal 
cortex; FPC, frontopolar prefrontal cortex; OFC, orbitofrontal cortex; *p < 0.05. d: Cohen’s d effect size for between-group differences in pre–post change scores (change = pre − post), 
computed as |Δmean|/SD_av, where SD_av = √[(SD_RT2 + SD_AT2)/2].
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upper-limb function. Previous studies have shown beneficial effects of 
both resistance- and assistance-based robotic therapies (28, 55). In the 
present study, both the RTG and ATG demonstrated significant 
improvements in FM-UL scores, with no significant differences in the 
magnitude of change between groups. The effectiveness of resistance 
versus assistance training likely depends on the functional status and 
recovery stage of stroke patients (56, 57). In this trial, participants in 
the chronic stage with sufficient residual ability may have benefited 
more from resistance training, which promoted active participation 
and increased voluntary engagement by reducing ‘motor slacking’. 
This interpretation aligns with prior research indicating that resistance 
can sustain patient engagement, encourage voluntary effort, and miti-
gate motor slacking (27, 57, 58). Therefore, resistance-based robotic 
therapy may be particularly effective for patients with chronic stroke 
who are not severely impaired. Furthermore, resistance training 
enhances motor control, strengthens muscles, and facilitates motor 
learning, thereby contributing to functional recovery (27, 59).

Regarding ADL performance, MAL scores indicated significant 
pre–post improvements in both groups, reflecting increased frequency 
and quality of paretic arm use. While some previous studies found no 
significant changes (60, 61), others combining robotic therapy with 
CIMT reported significant improvements (62, 63). The improvements 
observed in this study may be attributed to the focus on paretic limb 
rehabilitation, and although the treatment duration was shorter than 
that of CIMT, similar therapeutic effects were observed. Additionally, 
Liu’s study (42) also reported similar findings, possibly because it was 
conducted with inpatient populations where rehabilitation therapy 
was prioritized over everyday activities. As the participants in the 
present study were also inpatients receiving consistent rehabilitation, 
this may have contributed to the observed treatment effects.

Several limitations should be acknowledged. First, brain activa-
tion was assessed in prefrontal regions rather than directly in pri-
mary motor cortical areas. Accordingly, the fNIRS findings reflect 
task-related changes in higher-order motor planning and executive 
control processes rather than direct measures of motor execution. 
Therefore, interpretations regarding neural mechanisms should be 
made with appropriate caution. Because motor recovery is primarily 

mediated by activity in regions such as the primary motor cortex, 
premotor cortex, and supplementary motor area, this indirect mea-
surement may have limited our ability to accurately interpret the 
neurophysiological mechanisms associated with the intervention. 
Second, the study assessed short-term outcomes over 4 weeks, and 
the persistence of treatment effects could not be confirmed due to 
difficulties in follow-up after discharge. Third, the lack of assessor 
blinding may have introduced assessment bias. Fourth, although all 
participants were in the chronic stage of stroke, recovery stages were 
not further stratified, and simple randomization was applied to focus 
on individuals requiring ongoing rehabilitation beyond the period 
of rapid spontaneous recovery. Nevertheless, heterogeneity in recov-
ery stage may have influenced individual responsiveness to the inter-
vention. This may have introduced imbalances in baseline motor 
function or recovery potential across groups, which could have 
influenced the comparability of treatment effects. Therefore, the 
results should be interpreted with caution, as differences in recovery 
stages may partially account for the observed outcomes. Finally, 
because participants were inpatients, it was not possible to fully con-
trol for concurrent treatments.

5 Conclusion

This study compared resistance-based and assistance-based 
robotic training for the upper limb in patients with stroke, focusing 
on prefrontal activation, motor function, and activities of daily 
living. Resistance-based training was associated with greater 
reductions in prefrontal activation within the ipsilesional hemi-
spheres after the intervention compared with assistance-based 
training. Notably, the resistance group demonstrated additional 
improvements in upper-limb kinematic smoothness. Together, 
these findings suggest that resistance-based robotic training may 
induce distinct patterns of prefrontal cortex engagement and sup-
port kinematic aspects of motor performance in patients with 
chronic stroke.
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TABLE 5  Activities of daily living outcome measures.

Variable RT group 
(n = 13)

AT group 
(n = 12)

t(p)/d

MAL 

quantity 

(score)

Pre 11.61 ± 10.89 15.62 ± 15.12 −0.765(0.452)

Post 13.92 ± 10.49 17.50 ± 14.64 −0.706(0.487)

Pre-

post
−2.30 ± 2.59 −1.87 ± 2.35

−0.435(0.667) 

/ 0.173

t(p) −3.207(0.008)* −2.757(0.019)*

MAL 

quality 

(score)

Pre 6.19 ± 9.76 11.54 ± 13.83 −1.124(0.273)

Post 8.38 ± 9.65 12.95 ± 13.25 −0.992(0.331)

Pre-

post
−2.19 ± 3.17 −1.41 ± 2.15

−0.708(0.486) 

/ 0.287

t(p) −2.487(0.029)* −2.281(0.043)*

All values are presented as Mean ± SD; RT, Resistance based robot Training; AT, Assistance 
based robot Training; MAL, Motor Activity Log; *p < 0.05. d: Cohen’s d effect size for 
between-group differences in pre–post change scores (change = pre − post), computed as 
|Δmean|/SD_av, where SD_av = √[(SD_RT2 + SD_AT2)/2].

https://doi.org/10.3389/fneur.2026.1756167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org


Kwon and Shin� 10.3389/fneur.2026.1756167

Frontiers in Neurology 09 frontiersin.org

Author contributions

I-HK: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Resources, Software, Validation, 
Visualization, Writing – original draft, Writing – review & editing. 
W-SS: Conceptualization, Data curation, Formal analysis, 
Investigation, Methodology, Project administration, Resources, 
Software, Supervision, Validation, Visualization, Writing – original 
draft, Writing – review & editing.

Funding

The author(s) declared that financial support was not received for 
this work and/or its publication.

Acknowledgments

The authors are deeply grateful to Joon-ho Shin for his valu-
able contributions to the design and coordination of the clinical 
trial and for his assistance in its conduct. In addition, the authors 
wish to thank the Korea National Rehabilitation Center for pro-
viding the NIRSIT and InMotion 2.0 robotic devices used in 
this study.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

References
	1.	Brainin M, Bornstein N, Boysen G, Demarin V. Acute neurological stroke care in 
Europe: results of the European stroke care inventory. Eur J Neurol. (2000) 7:5–10.

	2.	Writing Group MembersLloyd-Jones D, Adams RJ, Brown TM, Carnethon M, Dai S, et al. 
Heart disease and stroke statistics—2010 update: a report from the American Heart 
Association. Circulation. (2010) 121:e46–e215. doi: 10.1161/CIRCULATIONAHA.109.192667

	3.	Lowrey CR, Dukelow SP, Bagg SD, Ritsma B, Scott SH. Impairments in cognitive con-
trol using a reverse visually guided reaching task following stroke. Neurorehabil Neural 
Repair. (2022) 36:449–60. doi: 10.1177/15459683221100510

	4.	Thorvaldsen P, Asplund K, Kuulasmaa K, Rajakangas AM, Schroll M. Stroke incidence, 
case fatality, and mortality in the WHO Monica project. World Health Organization 
monitoring trends and determinants in cardiovascular disease. Stroke. (1995) 26:361–7.

	5.	Babaiasl M, Mahdioun SH, Jaryani P, Yazdani M. A review of technological and clinical 
aspects of robot-aided rehabilitation of upper-extremity after stroke. Disabil Rehabil Assist 
Technol. (2016) 11:263–80. doi: 10.3109/17483107.2014.1002539

	6.	Rossini PM, Calautti C, Pauri F, Baron JC. Post-stroke plastic reorganisation in the 
adult brain. Lancet Neurol. (2003) 2:493–502. doi: 10.1016/s1474-4422(03)00485-x

	7.	Simmatis LER, Early S, Moore KD, Appaqaq S, Scott SH. Statistical measures of motor, 
sensory and cognitive performance across repeated robot-based testing. J Neuroeng 
Rehabil. (2020) 17:86. doi: 10.1186/s12984-020-00713-2

	8.	Stein J, Krebs HI, Frontera WR, Fasoli SE, Hughes R, Hogan N. Comparison of two 
techniques of robot-aided upper limb exercise training after stroke. Am J Phys Med 
Rehabil. (2004) 83:720–8. doi: 10.1097/01.phm.0000137313.14480.ce

	9.	Dromerick AW, Edwards DF, Hahn M. Does the application of constraint-induced 
movement therapy during acute rehabilitation reduce arm impairment after ischemic 
stroke? Stroke. (2000) 31:2984–8.

	10.	 Miltner WH, Bauder H, Sommer M, Dettmers C, Taub E. Effects of constraint-
induced movement therapy on patients with chronic motor deficits after stroke: a replica-
tion. Stroke. (1999) 30:586–92.

	11.	 Taub E, Uswatte G, Pidikiti R. Constraint-induced movement therapy: a new family 
of techniques with broad application to physical rehabilitation—a clinical review. J Rehabil 
Res Dev. (1999) 36:237–51.

	12.	 Wolf SL, Lecraw DE, Barton LA, Jann BB. Forced use of hemiplegic upper extremities 
to reverse the effect of learned nonuse among chronic stroke and head-injured patients. 
Exp Neurol. (1989) 104:125–32.

	13.	 Bayona NA, Bitensky J, Salter K, Teasell R. The role of task-specific training in reha-
bilitation therapies. Top Stroke Rehabil. (2005) 12:58–65. doi: 10.1310/
BQM5-6YGB-MVJ5-WVCR

	14.	 Dobkin BH. Strategies for stroke rehabilitation. Lancet Neurol. (2004) 3:528–36. doi: 
10.1016/S1474-4422(04)00851-8

	15.	 Fazekas G, Horvath M, Troznai T, Toth A. Robot-mediated upper limb physiotherapy 
for patients with spastic hemiparesis: a preliminary study. J Rehabil Med. (2007) 39:580–2. 
doi: 10.2340/16501977-0087

	16.	 Kwakkel G, Kollen BJ, Krebs HI. Effects of robot-assisted therapy on upper limb 
recovery after stroke: a systematic review. Neurorehabil Neural Repair. (2008) 22:111–21. 
doi: 10.1177/1545968307305457

	17.	 Prange GB, Jannink MJA, Groothuis-Oudshoorn CGM, Hermens HJ, IJzerman MJ. 
Systematic review of the effect of robot-aided therapy on recovery of the hemiparetic arm 
after stroke. J Rehabil Res Dev. (2006) 43:171–84. doi: 10.1682/jrrd.2005.04.0076

	18.	 Cao Y, D’Olhaberriague L, Vikingstad EM, Levine SR, Welch KM. Pilot study of func-
tional MRI to assess cerebral activation of motor function after poststroke hemiparesis. 
Stroke. (1998) 29:112–22.

	19.	 Chollet F, DiPiero V, Wise RJ, Brooks DJ, Dolan RJ, Frackowiak RS. The functional 
anatomy of motor recovery after stroke in humans: a study with positron emission tomog-
raphy. Ann Neurol. (1991) 29:63–71.

	20.	 Cramer SC, Nelles G, Benson RR, Kaplan JD, Parker RA, Kwong KK. A functional 
MRI study of subjects recovered from hemiparetic stroke. Stroke. (1997) 28:2518–27.

	21.	 Seitz RJ, Höflich P, Binkofski F, Tellmann L, Herzog H, Freund HJ. Role of the premo-
tor cortex in recovery from middle cerebral artery infarction. Arch Neurol. (1998) 
55:1081–8.

	22.	 Weiller C, Chollet F, Friston KJ, Wise RJ, Frackowiak RS. Functional reorganization 
of the brain in recovery from striatocapsular infarction in man. Ann Neurol. (1992) 
31:463–72.

	23.	 Weiller C, Ramsay SC, Wise RJ, Friston KJ, Frackowiak RS. Individual patterns of 
functional reorganization in the human cerebral cortex after capsular infarction. Ann 
Neurol. (1993) 33:181–9.

	24.	 Watanabe E, Yamashita Y, Maki A, Ito Y, Koizumi H. Non-invasive functional map-
ping with multi-channel near infra-red spectroscopic topography in humans. Neurosci 
Lett. (1996) 205:41–4.

https://doi.org/10.3389/fneur.2026.1756167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1161/CIRCULATIONAHA.109.192667
https://doi.org/10.1177/15459683221100510
https://doi.org/10.3109/17483107.2014.1002539
https://doi.org/10.1016/s1474-4422(03)00485-x
https://doi.org/10.1186/s12984-020-00713-2
https://doi.org/10.1097/01.phm.0000137313.14480.ce
https://doi.org/10.1310/BQM5-6YGB-MVJ5-WVCR
https://doi.org/10.1310/BQM5-6YGB-MVJ5-WVCR
https://doi.org/10.1016/S1474-4422(04)00851-8
https://doi.org/10.2340/16501977-0087
https://doi.org/10.1177/1545968307305457
https://doi.org/10.1682/jrrd.2005.04.0076


Kwon and Shin� 10.3389/fneur.2026.1756167

Frontiers in Neurology 10 frontiersin.org

	25.	 Uemura K, Shimada H, Doi T, Makizako H, Tsutsumimoto K, Park H. Reduced pre-
frontal oxygenation in mild cognitive impairment during memory retrieval. Int J Geriatr 
Psychiatry. (2016) 31:583–91. doi: 10.1002/gps.4363

	26.	 Kleinschmidt A, Obrig H, Requardt M, Merboldt KD, Dirnagl U, Villringer A. 
Simultaneous recording of cerebral blood oxygenation changes during human brain acti-
vation by magnetic resonance imaging and near-infrared spectroscopy. J Cereb Blood Flow 
Metab. (1996) 16:817–26.

	27.	 Jeon SY, Ki M, Shin JH. Resistive versus active assisted robotic training for the upper 
limb after a stroke: a randomized controlled study. Ann Phys Rehabil Med. (2024) 
67:101789. doi: 10.1016/j.rehab.2023.101789

	28.	 Veldema J, Jansen P. Resistance training in stroke rehabilitation: systematic review 
and meta-analysis. Clin Rehabil. (2020) 34:1173–97. doi: 10.1177/0269215520932964

	29.	 Miller EK, Cohen JD. An integrative theory of prefrontal cortex function. Annu Rev 
Neurosci. (2001) 24:167–202. doi: 10.1146/annurev.neuro.24.1.167

	30.	 Diamond A. Executive functions. Annu Rev Psychol. (2013) 64:135–68. doi: 10.1146/
annurev-psych-113011-143750

	31.	 Padoa-Schioppa C, Conen KE. Orbitofrontal cortex: a neural circuit for economic 
decisions. Neuron. (2017) 96:736–54. doi: 10.1016/j.neuron.2017.09.031

	32.	 Calautti C, Baron JC. Functional neuroimaging studies of motor recovery after stroke 
in adults: a review. Stroke. (2003) 34:1553–66. doi: 10.1161/01.STR.0000071761.36075.A6

	33.	 Ward NS, Brown MM, Thompson AJ, Frackowiak RS. Neural correlates of motor 
recovery after stroke: a longitudinal fMRI study. Brain. (2003) 126:2476–96. doi: 10.1093/
brain/awg245

	34.	 Choi JK, Kim JM, Hwang G, Yang J, Choi MG, Bae HM. Time-divided spread-spec-
trum code-based 400 fW-detectable multichannel fNIRS IC for portable functional brain 
imaging. IEEE J Solid State Circuits. (2016) 51:484–95. doi: 10.1109/JSSC.2015.2504412

	35.	 Lancia S, Choi J, Baek J, Mammarella S, Bianco D, Quaresima V. Trail making test 
induces prefrontal cortex activation as revealed by a cw wearable-wireless fNIRS/DOT 
imager. Adv Exp Med Biol. (2018) 1072:139–44. doi: 10.1007/978-3-319-91287-5_22

	36.	 Kim HJ, Lee JW, Choi G, Huh J, Han DH. Differences in brain activity and body 
movements between virtual reality and offline exercise: randomized crossover trial. JMIR 
Serious Games. (2023) 11:e40421. doi: 10.2196/40421

	37.	 Nosaka S, Imada K, Saita K, Okamura H. Prefrontal activation during dual-task seated 
stepping and walking performed by subacute stroke patients with hemiplegia. Front 
Neurosci. (2023) 17:1169744. doi: 10.3389/fnins.2023.1169744

	38.	 Khoe HCH, Low JW, Wijerathne S, Ann LS, Salgaonkar H, Lomanto D. Use of pre-
frontal cortex activity as a measure of learning curve in surgical novices: results of a single 
blind randomised controlled trial. Surg Endosc. (2020) 34:5604–15. doi: 10.1007/
s00464-019-07331-7

	39.	 Fugl-Meyer AR, Jääskö L, Leyman I, Olsson S, Steglind S. The post-stroke hemiplegic 
patient. 1. A method for evaluation of physical performance. Scand J Rehabil Med. (1975) 
7:13–31.

	40.	 Gladstone DJ, Danells CJ, Black SE. The fugl-Meyer assessment of motor recovery 
after stroke: a critical review of its measurement properties. Neurorehabil Neural Repair. 
(2002) 16:232–40. doi: 10.1177/154596802401105171

	41.	 Michaelsen SM, Rocha AS, Knabben RJ, Rodrigues LP, Fernandes CGC. Translation, 
adaptation and inter-rater reliability of the administration manual for the Fugl-Meyer 
assessment. Rev Bras Fis. (2011) 15:80–8. doi: 10.1590/S1413-35552011000100013

	42.	 Liu Y, Cui L, Wang J, Xiao Z, Chen Z, Yan J. Robot-assisted therapy in stratified 
intervention: a randomized controlled trial on poststroke motor recovery. Front Neurol. 
(2024) 15:1453508. doi: 10.3389/fneur.2024.1453508

	43.	 Duncan PW, Propst M, Nelson SG. Reliability of the Fugl-Meyer assessment of sen-
sorimotor recovery following cerebrovascular accident. Phys Ther. (1983) 63:1606–10.

	44.	 Sanford J, Moreland J, Swanson LR, Stratford PW, Gowland C. Reliability of the Fugl-
Meyer assessment for testing motor performance in patients following stroke. Phys Ther. 
(1993) 73:447–54.

	45.	 See J, Dodakian L, Chou C, Chan V, McKenzie A, Reinkensmeyer DJ. A standardized 
approach to the Fugl-Meyer assessment and its implications for clinical trials. 
Neurorehabil Neural Repair. (2013) 27:732–41. doi: 10.1177/1545968313491000

	46.	 Sullivan KJ, Tilson JK, Cen SY, Rose DK, Hershberg J, Correa A. Fugl-Meyer assess-
ment of sensorimotor function after stroke: standardized training procedure for clinical 
practice and clinical trials. Stroke. (2011) 42:427–32. doi: 10.1161/
STROKEAHA.110.592766

	47.	 Kim TL, Hwang SH, Lee WJ, Hwang JW, Cho I, Kim EH. The Korean version of the 
Fugl-Meyer assessment: reliability and validity evaluation. Ann Rehabil Med. (2021) 
45:83–98. doi: 10.5535/arm.20225

	48.	 Pila O, Duret C, Koeppel T, Jamin P. Performance-based robotic training in individu-
als with subacute stroke: differences between responders and non-responders. Sensors 
(Basel). (2023) 23:4304. doi: 10.3390/s23094304

	49.	 Goffredo M, Pournajaf S, Proietti S, Gison A, Posteraro F, Franceschini M. 
Retrospective robot-measured upper limb kinematic data from stroke patients are novel 
biomarkers. Front Neurol. (2021) 12:803901. doi: 10.3389/fneur.2021.803901

	50.	 Uswatte G, Taub E, Morris D, Vignolo M, McCulloch K. Reliability and validity of the 
upper-extremity motor activity Log-14 for measuring real-world arm use. Stroke. (2005) 
36:2493–6. doi: 10.1161/01.STR.0000185928.90848.2e

	51.	 Wang D, Wang J, Zhao H, Liang Y, Zhang W, Li M. The relationship between the 
prefrontal cortex and limb motor function in stroke: a study based on resting-state func-
tional near-infrared spectroscopy. Brain Res. (2023) 1805:148269. doi: 10.1016/j.
brainres.2023.148269

	52.	 Lee SY, Seo J, Seo CH, Cho YS, Joo SY. Gait performance and brain activity are 
improved by gait automatization during robot-assisted gait training in patients with 
burns: a prospective, randomized, single-blinded study. J Clin Med. (2024) 13:4838. doi: 
10.3390/jcm13164838

	53.	 Lee BC, Choi J, Martin BJ. Roles of the prefrontal cortex in learning to time the onset 
of pre-existing motor programs. PLoS One. (2020) 15:e0241562. doi: 10.1371/journal.
pone.0241562

	54.	 Shi P, Li A, Yu H. Response of the cerebral cortex to resistance and non-resistance 
exercise under different trajectories: a functional near-infrared spectroscopy study. Front 
Neurosci. (2021) 15:685920. doi: 10.3389/fnins.2021.685920

	55.	 Wu J, Cheng H, Zhang J, Yang S, Cai S. Robot-assisted therapy for upper extremity 
motor impairment after stroke: a systematic review and meta-analysis. Phys Ther. (2021) 
101:pzab010. doi: 10.1093/ptj/pzab010

	56.	 Basteris A, Nijenhuis SM, Stienen AHA, Buurke JH, Prange GB, Amirabdollahian F. 
Training modalities in robot-mediated upper limb rehabilitation in stroke: a framework 
for classification based on a systematic review. J Neuroeng Rehabil. (2014) 11:111. doi: 
10.1186/1743-0003-11-111

	57.	 Takebayashi T, Takahashi K, Okita Y, Kubo H, Hachisuka K, Domen K. Impact of the 
robotic-assistance level on upper extremity function in stroke patients receiving adjunct 
robotic rehabilitation: sub-analysis of a randomized clinical trial. J Neuroeng Rehabil. 
(2022) 19:25. doi: 10.1186/s12984-022-00986-9

	58.	 Huq R, Wang R, Lu E, Hebert D, Lacheray H, Mihailidis A. Development of a fuzzy 
logic based intelligent system for autonomous guidance of post-stroke rehabilitation exer-
cise. IEEE Int Conf Rehabil Robot. (2013) 2013:6650472. doi: 10.1109/
ICORR.2013.6650472

	59.	 Washabaugh E, Guo J, Chang CK, Remy D, Krishnan C. A portable passive rehabilita-
tion robot for upper-extremity functional resistance training. IEEE Trans Biomed Eng. 
(2019) 66:496–508. doi: 10.1109/TBME.2018.2849580

	60.	 Palimeris S, Ansari Y, Remaud A, Tremblay F, Corriveau H, Boudrias MH. Effect of 
a tailored upper extremity strength training intervention combined with direct current 
stimulation in chronic stroke survivors: a randomized controlled trial. Front Rehabil Sci. 
(2022) 3:978257. doi: 10.3389/fresc.2022.978257

	61.	 Bertani R, Melegari C, De Cola MC, Bramanti A, Bramanti P, Calabrò RS. Effects of 
robot-assisted upper limb rehabilitation in stroke patients: a systematic review with meta-
analysis. Neurol Sci. (2017) 38:1561–9. doi: 10.1007/s10072-017-2995-5

	62.	 Takebayashi T, Takahashi K, Amano S, Gosho M, Sakai M, Hashimoto K. Robot-
assisted training as self-training for upper-limb hemiplegia in chronic stroke: a random-
ized controlled trial. Stroke. (2022) 53:2182–91. doi: 10.1161/STROKEAHA.121.037260

	63.	 van der Lee JH, Beckerman H, Knol DL, de Vet HC, Bouter LM. Clinimetric proper-
ties of the motor activity log for the assessment of arm use in hemiparetic patients. Stroke. 
(2004) 35:1410–4. doi: 10.1161/01.STR.0000126900.24964.7e

https://doi.org/10.3389/fneur.2026.1756167
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://doi.org/10.1002/gps.4363
https://doi.org/10.1016/j.rehab.2023.101789
https://doi.org/10.1177/0269215520932964
https://doi.org/10.1146/annurev.neuro.24.1.167
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1146/annurev-psych-113011-143750
https://doi.org/10.1016/j.neuron.2017.09.031
https://doi.org/10.1161/01.STR.0000071761.36075.A6
https://doi.org/10.1093/brain/awg245
https://doi.org/10.1093/brain/awg245
https://doi.org/10.1109/JSSC.2015.2504412
https://doi.org/10.1007/978-3-319-91287-5_22
https://doi.org/10.2196/40421
https://doi.org/10.3389/fnins.2023.1169744
https://doi.org/10.1007/s00464-019-07331-7
https://doi.org/10.1007/s00464-019-07331-7
https://doi.org/10.1177/154596802401105171
https://doi.org/10.1590/S1413-35552011000100013
https://doi.org/10.3389/fneur.2024.1453508
https://doi.org/10.1177/1545968313491000
https://doi.org/10.1161/STROKEAHA.110.592766
https://doi.org/10.1161/STROKEAHA.110.592766
https://doi.org/10.5535/arm.20225
https://doi.org/10.3390/s23094304
https://doi.org/10.3389/fneur.2021.803901
https://doi.org/10.1161/01.STR.0000185928.90848.2e
https://doi.org/10.1016/j.brainres.2023.148269
https://doi.org/10.1016/j.brainres.2023.148269
https://doi.org/10.3390/jcm13164838
https://doi.org/10.1371/journal.pone.0241562
https://doi.org/10.1371/journal.pone.0241562
https://doi.org/10.3389/fnins.2021.685920
https://doi.org/10.1093/ptj/pzab010
https://doi.org/10.1186/1743-0003-11-111
https://doi.org/10.1186/s12984-022-00986-9
https://doi.org/10.1109/ICORR.2013.6650472
https://doi.org/10.1109/ICORR.2013.6650472
https://doi.org/10.1109/TBME.2018.2849580
https://doi.org/10.3389/fresc.2022.978257
https://doi.org/10.1007/s10072-017-2995-5
https://doi.org/10.1161/STROKEAHA.121.037260
https://doi.org/10.1161/01.STR.0000126900.24964.7e

	Comparative effects of resistance- and assistance-based robot training on brain activation and motor recovery in stroke patients
	1 Introduction
	2 Materials and methods
	2.1 Study design
	2.2 Participants
	2.3 Primary outcome measures
	2.3.1 Brain activation
	2.4 Secondary outcome measures
	2.4.1 Upper-limb function
	2.4.1.1 Fugl-Meyer assessment for the upper limb (FM-UL)
	2.4.1.2 Upper-limb kinematic data (InMotion 2.0)
	2.4.1.3 Activities of daily living
	2.5 Intervention
	2.6 Statistical analysis

	3 Results
	3.1 General characteristics of the participants
	3.2 Primary outcomes
	3.2.1 Brain activation
	3.2.1.1 Ipsilesional hemispheres
	3.2.1.2 Contralesional hemispheres
	3.3 Secondary outcomes
	3.3.1 Upper-limb function
	3.3.1.1 Fugl-Meyer assessment for the upper limb (FM-UL)
	3.3.1.2 Upper-limb kinematic data (InMotion 2.0)
	3.3.2 Activities of daily living

	4 Discussion
	5 Conclusion

	Acknowledgments
	References

