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Abstract
Background: To encourage patient goal setting and active participation in their own rehabilitation, physicians should provide 
patients with evidence-based prognostic predictions.
Objective: This study aimed to analyze whether logarithmic time series changes in the Fugl-Meyer Assessment (FMA) 
score of the upper extremity (from treatment to one month after treatment) owing to NovEl intervention using repetitive 
transcranial magnetic stimulation and intensive occupational therapy (NEURO) conformed to logarithmic model formulae 
(group level), and whether the FMA score could be predicted by applying pre/posttreatment FMA scores following the model 
equation (individual level).
Methods: This retrospective, longitudinal study included 514 poststroke paralysis patients admitted to our hospital between 
March 2010 and December 2018. FMA scores at 3 time points (before, after, and 4 weeks after treatment) were assessed, 
and conventional logarithmic regression analyses were performed to determine the time course of motor recovery. Subjects 
were randomly divided into 2 groups in derivation (n = 257) and validation (n = 257) analysis.
Results: The time series change in the FMA score correlated with logarithmic model formulae (r2 = .97). The FMA score was 
substituted for the logarithmic formulae, and individual FMA scores (4 weeks after NEURO treatment) were predicted. The 
r2 value between the predicted and measured FMA scores was .65.
Conclusions: The logarithmic model based on FMA scores before and after NEURO treatment individually predicted 
approximately 65% of FMA scores 4 weeks after treatment. NEURO allows the physicians to explain the prognosis to 
individual patients so that they can participate in their rehabilitation practices and achieve their goals.

Keywords
Motor paralysis, stroke, occupational therapy, transcranial magnetic stimulation, upper extremity, motor function

Journal of Stroke Medicine
3(1) 14–20, 2020

© 2020 Indian Stroke Association 
Reprints and permissions:

in.sagepub.com/journals-permissions-india
DOI: 10.1177/2516608520918998

journals.sagepub.com/home/stm

Introduction

In the poststroke acute phase, exercise therapy partially 
improves motor paralysis.1,2 Studies have demonstrated that 
sequential functional electrical stimulation can improve 
motor paralysis by increasing the use of the paralyzed hand.3-5 
Our NovEl intervention using repetitive transcranial magnetic 
stimulation and intensive occupational therapy (NEURO) is 
one of the effective interventions for poststroke upper 
extremity paralysis because it combines the low-frequency 
repetitive transcranial magnetic stimulation (rTMS) to the 
intact cerebral cortex with the intensive occupational therapy 
(OT).6-8

Because motor paralysis affects activities of daily 
living (ADLs) in stroke patients, predicting recovery during 
rehabilitation is important. A recent model suggested that 
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recovery is better if patients achieves their goals.9 Therefore, 
goal achievement is important for active participation in 
rehabilitation practices.10 Several models have predicted 
recovery of upper extremity motor function in hemiparetic 
stroke patients.11-13 In particular, Krakauer et al. reported 
the nature of the early upper extremity function changes 
after stroke, which is the work that led to the formulation 
of the proportional recovery rule (PRR).14 The PRR states 
that patients recover approximately 70% of their maximal 
potential reduction in impairment as measured by the Fugl-
Meyer Assessment (FMA).14 As a statistical model, the 
PRR can be expressed as a linear regression with the initial 
impairment (onset) as the main or only predictor and the 
observed recovery as the response. The slope of the regression 
line is interpreted as the proportion of recovery. In addition, 
the predicting recovery potential (PREP) algorithm for the 
upper extremity is used individually in patients with acute 
and subacute strokes.15-17 Although the PRR and the PREP 
algorithms can be used within days of stroke patients to 
provide accurate predictions of the upper extremity functional 
outcomes at 3 to 6 months after stroke.14,17 Patients who were 
treated with NEURO were those who had stroke for longer 
than 6 months;7,18 therefore, it was difficult to predict the 
recovery from hemiparesis without the initial acute values, 
such as in those who received NEURO. On the other hand, 
the long-term recovery prediction models, as time series 
functional changes, were substituted into a logarithmic model 
for analysis.19,20 Studies have reported that motor function 
recovery is likely to be logarithmic.21 With a logarithmic 
model, recovery can always be predicted based on the scores 
calculated between 2 points (the prediction formula has been 
described in subsection “Statistical Analyses”).

It is critical for physicians to accurately explain 
patient prognosis so that patients can actively participate in 
rehabilitation practices and achieve their goals. Studies have 
verified upper extremity motor recovery in hemiplegic stroke 
patients by comparing function pre- and posttreatment.22-24 The 
effects of NEURO have been demonstrated at the population 
level,8,18 but no known studies have evaluated the effects 
of NEURO at the individual level. Moreover, it is unclear 
whether recovery from paralysis is maintained after treatment; 
there is thus a need to verify whether the recovered function 
is maintained after it plateaus even with continued treatment 
when recovered by further treatment. Understanding the 
predicted and actual levels of recovery after stroke will assist 
physicians in the development of appropriate therapeutic 
interventions.21,25-28 Therefore, physicians can better select 
interventions that enhance motor function or compensate 
for the neurological deficits of their patients.9,29-31 Clinical 
researchers may also be able to distinguish physiological 
recovery from compensatory strategies to assess the 
effectiveness of various interventions.32-36

The advantage of this study is that the accuracy of the 
results was confirmed by creating a model in a derivation 
study (n = 257) and verifying the results in a validation study 
(n = 257). For this reason, we divided the subjects (n = 514) 

into 2 groups. This study aimed to determine the following: 
(a) derivation study: if logarithmic time series changes in 
upper extremity motor function during a 1-month period 
(from treatment to 1-month after treatment), as assessed 
with the FMA score, conform to logarithmic model formulae 
(group level) and (b) validation study: if FMA score can be 
predicted in individuals by applying pre- and posttreatment 
FMA scores to the model equation (individual level).

Methods

Research Ethics and Patient Consent

This was a retrospective, longitudinal study. This study was 
approved by the ethics committee of the Tokyo Jikei 
University School of Medicine and included an opt-out 
consent method (No. 20–041–5231). The study was conducted 
according to the principles of the declaration of Helsinki.

Participants

This study surveyed medical records in January 2019 and 
included poststroke paralysis patients admitted to the 
Department of Rehabilitation at the Jikei University School 
of Medical Hospital for NEURO treatment between March 
2010 and December 2018. For patients who had been treated 
with NEURO, the inclusion criteria were based on TMS 
guidelines,37,38 which included the following: (a) upper limb 
hemiparesis categorized as cerebral infarction or cerebral 
hemorrhage, (b) age > 18 years, (c) ≥4 months since stroke, 
(d) history of a single stroke only (no bilateral cerebrovascular 
lesions), (e) no cognitive deficits (a mini-mental state 
examination score ≥ 26), (f) no active physical or mental 
illness requiring medical management, (g) no history of 
convulsions for ≥1 year, (h) no intracranial metal clips or an 
intracardiac pacemaker, (i) no history of neurolytic nerve 
block (phenol or botulinum toxin) to the affected upper limb, 
and (j) an FMA score < 20 for the upper limb function, 
reflecting severe upper limb hemiparesis. To verify if upper 
extremity function was maintained after NEURO, patients 
were excluded if they did not have at least 1 FMA score 
before treatment, after treatment, and 4 weeks after discharge.

NEURO and Occupational Therapy Sessions

NEURO sessions were conducted by combining it with OT, 
and planned based on individual needs. All patients were 
hospitalized for 15 days to receive rTMS6 and OT.39 During 
hospitalization, each patient received a 40-min rTMS session 
plus an OT session daily, except for days when they were 
admitted/discharged and Sundays. A 70-mm figure-8 type coil 
attached to a MagPro R100 stimulator (MagVenture Company, 
Farum, Denmark) was used for rTMS application, during each 
session of which 2400 pulses that lasted for 40 min were 
applied. The stimulation intensity was set to 90% of the resting 
motor threshold of the first dorsal interosseous muscle, which 
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was defined as the lowest intensity of stimulation that could 
activate motor evoked potentials of the muscle.

OT was performed twice daily, for 6 days a week (excluding 
Sundays), and involved 60-min individual training sessions. 
The main goal of the OT sessions was to help the patients avoid 
focusing on the functional training and to encourage them to use 
their affected upper limbs again in daily activities. Treatment 
strategy included: (a) daily physical activities (ie, eating) that 
included repetitive movements of the arm during flexion and 
extension; (b) individualized functional training tasks, which 
allowed patients to improve the movements, such as washing 
of hands and grasping of small items with the paralyzed 
fingers; (c) elements involved in gross motor function, fine 
motor function, and multitasking; (d) clear demonstrations 
of the position of the upper limb to draw attention to this 
position during training; (e) staged interventions; (f) ADLs 
and unsupervised training tasks that could be continued after 
discharge; and (g) the provision of action feedback by passive 
intervention with verbal instructions.

Samples for Analysis

To examine whether changes in upper extremity motor 
function owing to NEURO could predict prognosis 
(logarithmic model), half of the patients (n = 257) were 
included in the first analysis (derivation study) and were 
randomly selected using a random number table. After fitting 
the data to a logarithmic model, the second analysis (validation 
study) was established to examine whether this model could 
predict individual changes in motor function. The remaining 
patients (n = 257) were included in the validation study.

Outcomes

FMA scores (before treatment, after treatment, and 4 weeks 
after discharge), age, sex, and the time it took to recover 
motor function after the onset of stroke were investigated. 
The primary outcome was FMA score.

Clinical Evaluation of Motor Function

Motor function of the affected upper limb was evaluated on 
the day of admission and the day of discharge using the FMA 
score. The FMA was devised in 197540 and is a global 
assessment index used to quantitatively evaluate the recovery 
of poststroke hemiparetic limbs. It has high interrater and 
test–retest reliability, as described previously,41 and is a 
performance-based quantitative measure comprised of 33 
items that evaluate upper limb motor function. Each item is 
rated on a 3-point ordinal scale (0 = cannot perform, 1 = can 
perform partially, and 2 = can perform fully), with a maximum 
score of 66 points. The severity of paralysis according to 
FMA score is distributed as follows: ≤ 25 points: severe, 26 to 
45: moderate, and 46 to 66: mild.12,42 The minimal clinically 
important difference (MCID) of FMA for the upper extremity 

in a population of stroke patients is 4 to 10 points in the acute 
or subacute phase.35,43

Statistical Analyses

Conventional logarithmic regression analyses were performed 
to identify the time course of motor recovery (Figure 1A). 
FMA scores were regressed logarithmically and linearly with 
time as follows:

f t a b m� � � � � �ln (1)

where m is the number of months since stroke onset, a is 
FMA score at stroke onset, and b is the slope of motor 
recovery. To assess the fit of the predictive model, we tested 
the fit of the time course of motor recovery and used 
conventional logarithmic regression models according to the 
coefficient of determination (r2).

Additionally, to determine if the correlation of the group 
data applied to the prediction of each individual’s degree of 
motor recovery, we performed calculations on FMA score at 
the first 2 time points after admission (baseline and second 
set of FMA assessments) (Figure 1B). For each patient, the 
difference in FMA score between these 2 time points (∆FMA) 
was used as the basis for the scaling coefficient (b) in the 
equation, using the following formula:
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where FMAi is the score at the ith assessment, and ti is the 
number of months since onset of stroke at the ith assessment. 
Using the scores at the initial 2 sampling points, these 
equations could be tailored to predict the motor recovery of 
each patient.19,28,34

Figure 1. (A) Logarithmic modeling using 3 time points of FMA 
(pre-, post-, and 4 weeks after) using the least squares method to 
examine the first hypothesis that NEURO treatment would result 
in a logarithmic change of FMA score in patients with post-stroke 
hemiparesis. The gray line drawn from onset indicates the recovery 
curve from the acute to chronic phases. (B) Results of testing of the 
second hypothesis regarding individual prediction of recovery of 
motor function of the upper extremity. The FMA score between these 
2 time-points, t1 and t2, (black circles) was used to predict FMA score 
at the third time-point (white circle), using the shown equations.

Abbreviations. FMA, Fugl-Meyer Assessment; NEURO, Novel intervention 
using repetitive transcranial magnetic stimulation and occupational therapy.
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Figure 2. Protocol for Data Acquisition and Selection for Analysis 

Abbreviations. FMA, Fugl-Meyer Assessment; NEURO, NovEl intervention 
Using Repetitive transcranial magnetic stimulation and Occupational therapy.

Note. Data were randomly divided for the first and second analysis.

In the derivation study, to assess the applicability of the 
predictive model on an individual basis, conventional linear 
regression analysis was performed to compare the actual FMA 
scores (from the third assessment) with the predicted values 
that were derived from the model formula. In the validation 
study, to assess the individual applicability of the logarithmic 
model, conventional linear regression analysis was performed 
to compare the actual FMA scores (from the third assessment) 
with the predicted values that were derived from the model 
formula.19,28,34 For this analysis, we excluded scores obtained at 
the first 2 sampling points (denoted by filled symbols in Figure 
1B). To identify the model, Akaike information criterion (AIC) 
was used.44 Since each individual’s data were approximated 
to the model, the average AIC values of 257 patients were 
calculated. The applicability of the predictive model was 
assessed using the Ljung–Box test to measure independence of 
the residual between the actual and predicted values for all 257 
patients’ data.45 We defined statistical significance as P < .05. 
All analyses were performed using R software version 3.5.2 
(R Foundation for Statistical Computing, Vienna, Austria).

Figure 3. (A) Plot of the actual FMA scores by group. The circles 
and error bars denote medians and interquartile ranges, respectively. 
The FMA score increased logarithmically over the 3 of assessment 
(r2 = .97, P < .01). (B) Ordinary histogram of patients in FMA score 
after NEURO compared with pretreatment. Black bars indicate 
individuals with recovery ≥ 4 points according to MCID in FMA 
score after NEURO (total n = 145, 56% from analysis 1); gray bars 
indicate < 4 points of recovery.

Abbreviations. FMA, Fugl-Meyer Assessment; NEURO, NovEl intervention 
using repetitive transcranial magnetic stimulation and occupational therapy; 
MCID, minimum clinically important difference.

Figure 4. Predicted and Actual FMA Scores at the Third Assessment 
Demonstrated by the Logarithmic Regression Model

Abbreviations. FMA-UE, motor function score of upper extremity by 
Fugl-Meyer Assessment; CI, confidence interval.

Note. Logarithmic regression modeling accurately estimated the prediction 
for motor recovery (r2 = .65, 95% CI .57–.71, P < .01).

Results

Figure 2 shows the flowchart of the study design and patient 
selection. The mean age ± standard deviation of all patients 
was 61±13 years. Table 1 summarizes the clinical characteristics 
of the patients; the characteristics were similar between the 
groups.

Table 1. Patient Characteristics 

Characteristic All Analysis 1 Analysis 2

Participants (n) 514 257 257

Age (years) 61±13 62±14 60±13

Sex (n) Male 335 178 157

Female 179 81 98

Diagnosis (n) CI 268 139 129

ICH 246 118 128

Months poststroke at 
assessment

31 ±28 33±28 30±28

FMA-UE (in charge) 50 
(41–57)

50  
(42–57)

50  
(42–58)

Abbreviations. CI, cerebral infarction; ICH, intracerebral 
hemorrhage; FMA-UE, motor function score of upper extremity by 
Fugl-Meyer Assessment.

Note. Values are mean ± standard deviation (SD), n, or median 
(interquartile range).
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For derivation study, time series plots of FMA scores are 
shown in Figure 3. The FMA score increased logarithmically 
over the 3 sets of assessments (r2 = .97, P < .01). There was 
no serial correlation between residuals using Ljung–Box 
statistics c2 = 0.0102, df = 1, P = .96. AIC for the derivation 
study was 3.19±7.73. In the validation study, we assessed the 
rate of change (b) for each patient so that the recovery could 
be deduced from the correlation of data. The r2 value between 
the actual and predicted FMA scores for the third assessment 
was moderate (r2 = .65, 95% CI .51–.073, P < .0001; Figure 
4). There was no serial correlation between residuals using 
Ljung–Box statistics; the standardized squared residual 
indicated that the time series model was adequate in describing 
the prediction of FMA score after NEURO (c2 = 1.34, df = 1, 
P = .25). AIC for the validation study was 5.18 ± 2.24.

Discussion

The time series change in FMA score approximated the 
logarithmic model in 257 poststroke paralysis patients (r2 = 
.97). Additionally, for the remaining 257 patients, the FMA 
score was substituted into the logarithmic formula, and the 
individual recovery FMA score was calculated (4 weeks after 
NEURO treatment). For this analysis, r2 between the predicted 
and measured FMA score was .65, suggesting that the 
logarithmic model for FMA score can predict approximately 
65% of individual FMA scores 4 weeks after NEURO 
treatment. It has been reported that r2 is between 0.3 and 0.5 
when using regression model diagnostics to predict the FMA 
score and recovery of motor function of the upper 
extremity.11-13 Thus, when measuring the FMA score twice 
(pre/post-NEURO), it is possible to estimate motor function 
after treatment in approximately 65% of patients. This can be 
used as a resource to explain and set treatment goals for 
individual patients.

As a result of the derivation study, a total of 145 patients 
(56%) showed recovery beyond MCID35,43 in the FMA 
score after NEURO. The PRR can be expressed as a linear 
regression with the initial impairment (onset) as the main or 
only predictor and the observed recovery as the response.14 
Since there were no data on the time of onset of stroke in 
patients, it was difficult to estimate and compare the predicted 
scores of the spontaneous biological recovery using the PRR 
formula.13,14 However, these results are consistent with those 
of previous reports,7,18 and more than half of patients with 
NEURO who had a longer time since the onset of stroke 
recovered more. How NEURO alters the spontaneous 
recovery estimated in chronic stroke patients needs to be 
tested using acute phase data.

In this study, upper extremity motor dysfunction was 
measured using the FMA that was developed in 1975 to 
assess physical performance and impairment after stroke,40 
because of a perceived lack of quantifiable measurements to 
track recovery following hemiparesis, at that time. That study 
highlighted a divide between impairment and activity prior 

to the creation of the FMA score, since the researchers had 
investigated functional capacity46,47 and designed studies that 
tested ADL performance at least 40 years prior.40 Therefore, 
the present study evaluated the ability of the patient to isolate 
and control individual movements. Shelton et al. reported that 
a 10-point increase in FMA score of the upper extremity from 
the time of admission to the time of discharge corresponded to 
a 1.5-point change in the functional independence measure.32 
However, further research is required to evaluate changes in 
ADLs and quality of life outcomes to explain prognosis for 
individual patients.

There were some limitations to this study. First, selection 
bias could be present owing to the exclusion criteria utilized 
in this study. The FMA score was measured 3 times for all 
patients (before treatment, after treatment, and 1 month after 
discharge), and patients were excluded if they did not meet 
this criterion. Therefore, patients whose motor function of the 
upper extremity had recovered during the treatment process 
or those who stopped treatment were not included in the 
analysis. However, the magnitude of this bias is unknown. If 
the data of the excluded patients were analyzed together, the 
prediction accuracy of this study might have changed slightly. 
In the future, it will be necessary to examine whether this 
affects the prediction accuracy, by investigating patients in 
whom the FMA could not be measured 3 times. Second, the 
survey was conducted at a single institution, and it is unknown 
whether similar results would be obtained at other facilities. 
The practice facility for this study was a university hospital, 
this was a facility providing highly advanced treatment. 
Future studies should verify whether the prediction formula 
can be generally used in other facilities, by expanding the 
study to multiple medical centers in Japan and possibly in 
different Asian countries. Third, although this study did not 
include data from treatments other than NEURO, the patients 
included in the analysis may have received other treatments 
simultaneously, such as exercise therapy or OT. In addition, 
since the upper extremity was often used in ADLs, the amount 
of functional recovery of the upper extremity was generally 
increased. The effects of the difference on non-NEURO 
treatments can be identified by comparing recovery prediction 
accuracy between groups: only-NEURO treated and others 
treated with NEURO. There were more than 500 subjects in 
this study, and performing the stratified analysis described 
above requires further samples. Finally, this result could 
not be generalized because the fallacies of the study were 
that all patients had received the novel treatment paradigm. 
Hence, the prediction model would work for patients who had 
received the novel therapy.

Conclusions

This study verified that it is possible to estimate the post-
treatment course of the motor function in upper extremity 
individual patients after NEURO. This suggests that it is 
important for patients to recognize the goals10; furthermore, 



Hamaguchi et al. 19

predictive equations were proposed for use in clinical 
practice.11 The prediction model formula generated only 65% 
accuracy at the individual level. The ability to estimate the 
prognosis in terms of the posttreatment course in individual 
patients may be useful for explaining NEURO to the patients.
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