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We aimed to examine the rate of force development (RFD) of knee extensors on both sides in indepen-
dently ambulant patients with acute stroke with mild paresis compared with that in age-matched
healthy adults. A total 31 patients with acute stroke history (patient group: 67 ± 12 years) and 54 age-
matched healthy, community-dwelling adults (control group: 67 ± 8 years) were included. Maximum
voluntary contraction (MVC) and RFD were assessed <1 month post-stroke during isometric knee exten-
sion (sitting position; 90� knee flexion) using a hand-held dynamometer. RFD was measured as the aver-
age slope of the torque–time curve over time intervals of 0–50 ms and 0–200 ms from contraction onset.
In the patient group, MVC and RFD for 0–50 ms were significantly lower on the affected side than on the
unaffected side (p < 0.01). RFD was significantly decreased in the patient group, to 32%–38% and 62%–71%
of that in the control group, over 0–50 ms and 0–200 ms, respectively, regardless of the affected side
(p < 0.01). No significant differences in MVC between patient and control groups were observed for either
side. RFD of the knee extensors significantly decreased without MVC reduction in patients with acute
stroke history compared with that in age-matched healthy adults in both the affected and unaffected
sides. These results suggest that decrease in RFD was initiated from the acute phase of stroke, even in
patients with stroke who had good motor function.

� 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Isometric strength is measured as the highest force value
someone can produce during maximum voluntary contraction
(MVC) strength. However, recently, the rate of force development
(RFD), defined as the change in force divided by the change in time
from the onset of contraction, has been recommended for the
assessment of muscle contractility because RFD is strongly related
to functional daily tasks that require rapid action (e.g., walking)
and more sensitive to detect acute and chronic changes in
neuromuscular function compared with that in MVC alone
(Maffiuletti et al., 2016).

Although numerous studies have reported RFD in healthy
adults, RFD in stroke patients has rarely been studied. Moreover,
previous studies have limited their investigations of RFD to chronic
stroke patients. For example, in chronic stroke patients who can
walk independently, RFD is lower in the paretic limb than in the
non-paretic limb in quadriceps (Horstman et al., 2010) and plantar
flexors (Fimland et al., 2011). In addition, RFD of the non-paretic
limb decreased in patients with chronic stroke compared with that
in healthy adults (Horstman et al., 2010). Bilateral RFD influences
walking speed in chronic stroke patients (Mentiplay et al., 2018;
Pohl et al., 2002; Takeda et al., 2018). Although RFD is a sensitive
parameter to detect the changes in neuromuscular function com-
pared with MVC alone (Maffiuletti et al., 2016), RFD of both sides
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Table 1
Participant characteristics.

Variables Patients Healthy
adults

P values

Age (yrs) 67 ± 12 67 ± 8 0.97
Sex (men/women) 19/12 25/29 0.27
Body weight (kg) 60.9 ± 12.5 59.7 ± 10.2 0.60
Stroke type (hemorrhage/infarction) 9/22
Side of hemiparesis (left/right) 16/15
Time since stroke (days) 21 ± 8
Brunnstrom stage of lower

extremity
IV: 2, V: 12,
VI: 17

Maximum walking
velocity (m/s)

1.28 ± 0.44

Values are presented as the mean ± SD or n.
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in patients with acute stroke is unclear and the nature of stroke in
RFD remains to be elucidated. A better understanding on the role of
RFD in rehabilitation is important for improving daily activities,
such as walking. To this end, the present study aimed to examine
RFD of the knee extensors on both sides in independently ambu-
lant patients with history of acute stroke compared with that in
age-matched healthy adults.

2. Methods

2.1. Participants

This study was approved by the Ethics Committee at Kitasato
University School of Allied Health Sciences (No. 2014-017). We
recruited consecutive patients with history of acute stroke with
no or slight paresis without pathological associated movement in
order to measure muscle strength. The assessment of functional
performance level (i.e., ability to walk without any assistance in
the ward) showed that all patients had no disability or slight dis-
ability. All patients were admitted to the Sagamihara Chuo Hospi-
tal and Kitasato University East Hospital from June 2015 to June
2017. The exclusion criteria for this study were a history of cere-
brovascular, cardiovascular, or neuromuscular disease prior to
stroke onset or other conditions that limited walking (e.g., demen-
tia, low vision, higher brain dysfunction). Patients were also
excluded if MVC and RFD of the lower extremities could not be
measured within 1 month post-stroke because of intensive treat-
ment or physical deconditioning. Consequently, 31 patients with
history of acute stroke were included in this study.

Age-matched healthy, community-dwelling adults who were
registered at a temporary employment agency in Kanagawa, Japan,
were subjected to the same exclusion criteria as the patient group.
All of the healthy adults included in the study were able to walk
without any assistance or aid and were therefore recruited as con-
trols. Those who have regularly performed vigorous and sport-like
exercises were excluded. Ultimately, 54 healthy adults were
included in the control group.

2.2. Participant characteristics

Age, sex, and body weight were recorded for all participants.
Information on stroke type (hemorrhage or infarction), side of
hemiparesis, severity of lower-extremity paresis (Brunnstrom
recovery stages: BRS), and maximum walking velocity were
recorded for all patients. BRS include flexor and extensor synergies,
synergistic movements, and movements out of synergy. Maximum
walking velocity was defined as the patient’s fastest possible walk-
ing velocity without running.

2.3. MVC and RFD during knee extension

MVC and RFD during isometric knee extension were assessed
using a handheld dynamometer (lTas F1, ANIMA, 3-65-1, Shi-
moishiwara, Chofu, Tokyo, Japan) in both groups. The assessment
of isometric rate of torque development using a handheld
dynamometry is reliable following stroke (Mentiplay et al.,
2018). In the patient group, assessment was performed within
one month of stroke onset. Participants were asked to sit on a plat-
form with the hip and knee flexed at an angle of 90� and to push
against the dynamometer pad (placed 3 cm above and in front of
the malleoli) by attempting to straighten the knee as fast and
forcefully as possible, with the patient’s arms crossed across his
or her chest, three times on each side. The dynamometer signal
was sampled at a 1000 Hz analog-to-digital conversion rate using
an analog-to-digital converter. The signal was also converted to
torque and smoothed by a digital filter using a cutoff frequency
of 15 Hz (Aagaard et al., 2002). The highest torque for a given trial
on each side was used as MVC. RFD was calculated as the average
slope across three trials of the torque-time curve (Dtorque/Dtime)
over time intervals of 0–50 ms and 0–200 ms from the onset of
contraction (time = 0). The onset of contraction was defined as
2.5% of the highest torque in each trial (Aagaard et al., 2002). In
the patients group, MVC and RFD of each side were used for statis-
tical analyses. For the control group, the mean values of right- and
left-limb MVC and RFD were used for statistical analyses. MVC
(Nm/kg) and RFD (Nm/s/kg) were expressed as the value divided
by body weight. All analyses were performed using LabChart 7
(LabChart 7, ADInstruments Japan, Nagoya, Aichi, Japan).

2.4. Statistical analysis

Data are presented as mean ± SD or number. Any differences
between patient and control groups were tested by the unpaired
t-test or chi-square test. Differences in MVC and RFD between
affected vs. unaffected sides in the patient group were tested by
paired t-test. P < 0.05 was considered statistically significant. All
statistical analyses were performed using the EZR (EZR, Saitama
Medical Center, Jichi Medical University, Omiya, Saitama, Japan)
(Kanda, 2013).

3. Results

Participant characteristics, including age (p = 0.97), sex
(p = 0.27), and body weight (p = 0.60), did not significantly differ
between the groups (Table 1). The patient group had no or slight
paresis (BRS > IV) of the lower extremity on the affected side.

Fig. 1 shows the average torque responses in the patient and
control groups. MVC on the affected side was significantly lower
than MVC on the unaffected side (affected: 1.31 ± 0.54 Nm/kg;
unaffected: 1.51 ± 0.52 Nm/kg, p < 0.01; Fig. 2). However, no signif-
icant differences in MVC were observed between groups, for either
the affected (p = 0.09) or the unaffected side (p = 0.70; control:
1.48 ± 0.37 Nm/kg).

On the other hand, significant differences in RFD over intervals
of 0–50 ms (affected: 2.24 ± 2.15 Nm/s/kg; unaffected: 2.71 ± 2.63
Nm/s/kg, p < 0.01; Fig. 3) were observed between affected and
unaffected sides in the patient group. However, RFD of 0–200 ms
did not differ significantly between affected and unaffected sides
in the patient group (affected: 3.22 ± 1.93 Nm/s/kg; unaffected:
3.66 ± 2.00 Nm/s/kg, p = 0.09; Fig. 3). Compared with the control
group, the patient group had significantly lower RFD over intervals
of 0–50 ms (32–38%; 7.10 ± 3.01 Nm/s/kg, both sides: p < 0.01;
Fig. 3) and 0–200 ms (62–71%; 5.16 ± 1.43 Nm/s/kg, both sides:
p < 0.01; Fig. 3) for both the affected and unaffected sides
(p < 0.01).
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Fig. 1. Average torque-time curves for patient and control groups. Solid line
represents the affected side and dotted line represents unaffected side in the
patient group. The coarse dotted lines represent the control group.
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Fig 2. Peak torque during knee extension on the affected vs. unaffected side in
patients with stroke and healthy adults. The closed bar represents the affected side
in stroke patients. The hatched bar represents the unaffected side in stroke patients.
The open bar represents healthy adults. ** p < 0.01.
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4. Discussion

To the best of our knowledge, this is the first study to show a
decrease in RFD of knee extensors in patients with history of acute
stroke for both the affected and unaffected sides. Notably, patients
enrolled in this study had no or slight disability (BRS > IV), and all
the patients could walk independently. Patients in this study had
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Fig. 3. Rate of knee extensor force development over time intervals of 0–50 ms and 0–200
patient group; the hatched bar represents the unaffected side in the patient group; the
good motor function, and the effect of disuse was small. There
were no differences between patient and control groups in MVC
on either side. However, knee extensor RFD of both sides markedly
decreased in the patient group compared with that in the control
group, both intervals of 0–50 ms and 0–200 ms. These findings
suggest that the decrease in RFD was initiated during the acute
phase of stroke, even in the stroke patients who had mild paresis
without reduction of MVC. The decrease in RFD appears to be pri-
marily influenced by neural, rather than muscular factors (e.g., dis-
use atrophy).

Our results showed that MVC was lower on the affected side
than on the unaffected side, suggesting that the patients had pare-
sis. However, MVC (as measured within one month after the onset
of stroke) on the affected and unaffected sides was similar to that
measured in age-matched healthy adults. These results suggest
that the effect of disuse was limited and influenced by mainly neu-
ral factors.

Although RFD is influenced by neural drive (Aagaard et al.,
2002; Klass et al., 2008), cross-sectional muscle area (Suetta
et al., 2004), distribution of fiber type (Korhonen et al., 2006),
and stiffness of the tendinous structure (Reeves et al., 2003), neural
drive is the most important factor with an effect on RFD (Aagaard,
2003). The summation of motor unit activity plays an important
role during the developing phase. Moreover, it has been reported
that RFD has different physiological parameters at different inter-
vals (Andersen and Aagaard. 2006). For instance, RFD in the early
phase is influenced by twitch characteristics (Andersen and
Aagaard. 2006), and mainly related to the firing rate of motor units
(Maffiuletti et al., 2016). Delayed-phase RFD is related to maxi-
mum muscle strength (Andersen and Aagaard. 2006), suggesting
the recruitment of motor units is predominant. In this study, RFD
was calculated over the interval of 0–50 ms (early phase) and 0–
200 ms (later phase), as proposed by Aagaard et al. (2002). Surpris-
ingly, our results showed that the differences in RFD between
patient and control groups were larger over the time interval of
0–50 ms compared with 0–200 ms, on both the affected and unaf-
fected sides (RFD at 0–50 ms: 32–38% relative to healthy adults,
RFD at 0–200 ms: 62–71% relative to healthy adults; Fig. 3). Chou
et al. (2013) reported that the firing rate in the force-developing
phase was reduced on the affected side compared with the unaf-
fected side in chronic stroke patients, suggesting that the firing
rate of motor units was impaired during the force-developing
phase in stroke patients. Our findings suggest that a decrease in
motor unit firing rate during knee extension may contribute to a
decrease in knee extensor RFD in patients with history of acute
stroke.
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Our results showed that RFD, which is the ability to produce
instantaneous muscle activity during the early phase of muscle
contraction, was substantially impaired on both sides during the
acute phase of stroke, without any decrease in MVC. Our results
suggest that stroke patients have poor ability to rapidly respond
during sudden postural perturbation, which may restrict the per-
formance of daily activities, even among patients with good motor
function (as indicated by MVC). RFD is strongly associated with
functional daily tasks such as walking (Clark et al., 2013;
Maffiuletti et al., 2016; Mentiplay et al., 2018; Pohl et al., 2002;
Takeda et al., 2018) and balance performance (Chang et al.,
2005). Thus, RFD should receive attention during the acute phase
of stroke in order to facilitate early rehabilitation, even in patients
with satisfactory motor function.

4.1. Study limitations

Our study included no electromyography data or data about
muscle atrophy. Thus, it is difficult to elucidate the reason for the
observed decrease in RFD. Another limitation is that our study only
examined the knee extensors and did not examine the other mus-
cle groups that may be relevant to functional tasks such as walking.
Further investigation is required to elucidate the RFD in post stroke
patients.

5. Conclusion

We examined RFD of the knee extensors on both sides in inde-
pendent ambulant patients with history of acute stroke with no or
slight disability within one month post-stroke compared to age-
matched healthy adults. Knee extensor RFD significantly decreased
even in post stroke patients who had good motor function and lim-
ited muscle disuse, for both sides compared with that in age-
matched healthy adults, without reduction in MVC on either side.
These findings suggest that bilateral RFD should be measured in
order to understand acute-phase muscle characteristics in stroke
patients, even those with good motor function.
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