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Table 1: Descriptive Characteristics of the Poststroke Subjects

Age Time Since Side of the BMS Motricity MMT Score Spasticity
Subjects y) Onset {y} Type of Stroke Paresis {LE) Index (UE/LE) {DF/PF) Score (ankle)
1 60 10 Ischemic Left 4 51/53 2/3 1
2 54 4 Hemorrhagic Left 3 40/38 71 1
3 58 13 Ischemic Right 4 40/59 4/4 1
4 74 10 Hemorrhagic Left 6 77/76 4/5 0
5 66 5 Ischemic Left 5 65/70 4/4 0
6 51 2 Hemorrhagic Right 5 66/76 4/5 0
7 64 6 Hemorrhagic Right 5 7376 5/6 0
8 76 4 Ischemic Left 5 71/59 3/4 0
9 66 11 Ischemic Left 3 48/48 171 1
10 62 13 Ischemic Right 3 38/30 171 1
11 72 6 Hemorrhagic Left 4 40/53 2/3 [4]
12 61 3 Hemorrhagic Left 5 77176 4/4 0

Abbreviations: BMS, Brunnstrom motor score; DF, ankle dorsiflexors; LE, lower extremity; MMT, manual muscle testing; PF, ankle plantar-

flexors; UE, upper extremity.

COP(r) — COM(?) = —I/mgh X COM acceleration(t) (2)

where COP(#) and COM(¥) is the COP and the COM position
with respect to the ankle joint in the horizontal directions (eg,
anteroposterior [AP], ML direction), respectively (in meters), /
is the moment of inertia of the body about the ankle joint in the
horizontal direction (in newton meters), m is the mass of the
body minus the mass of feet (in kilograms), and g is the
gravitational acceleration coefficient (in meters per second
squared), k is the COM height above the ankle joint (in meters),
and COM acceleration(?) indicates the horizontal acceleration
of COM (in meters per second squared). As such, COM accel-
eration is theoretically proportional to the COP-COM position
when the postural control during guiet standing is characterized
as an inverted pendulum model.” It has been experimentally
confirmed that there is a high correlation between the time
series of COP-COM and COM acceleration in young sub-
jects™?%?? and between the standard deviations (SDs) of COP-
COM and COM acceleration fluctuations in young and healthy
elderly subjects.'®!" Thus, COM acceleration can be an alter-
native parameter when the postural control of the healthy
young and elderly is evaluated. However, it is necessary to test
if COM acceleration can be applied to poststroke patients
during evaluation. This is because the previously mentioned
theoretic relationship between COP-COM and COM accelera-
tion is true only under the assumption that the quiet stance can
be approximated as an inverted pendulum, and changes in the
posture control induced by stroke may contradict the assump-
tion.

Although it has been confirmed that equation 2 is true in the
young and elderly for postural sway in the AP direction,'®! it
remains to be tested whether this relationship can be applied in
the ML direction (eg, the body behaves as an inverted pendu-
lum in the ML direction during quiet standing). It is also
unknown if both COM acceleration and COP-COM can dis-
tinguish the postural control feature between the young and
elderly in the ML direction. In healthy subjects, it has been
reported that the body in the ML direction tends to behave as
a 2-link inverted pendulum® that has an additional joint of
rotation at hip and that the correlation between COM acceler-
ation and COP-COM in the ML direction was lower than that
in the AP direction.”>**? Furthermore, these relationships
should be tested especially in postsiroke patients because they
have shown a significant increase in postural sway in the ML
direction and in weight-bearing asymmetry,'*!® and such a
feature can make one think that there is a possibility that the
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body sway behaves like a 2-link inverted pendulum in those
patients. Consequently, the validity of equation 2 and the
effectiveness of COM acceleration and COP-COM in distin-
guishing postural control feature should be tested among the
young, elderly, and poststroke patients.

The purpose of this study was to confirm the following 2
hypotheses: (1) with COM acceleration, the difference in pos-
tural control characteristics among the healthy elderly, healthy
young, and poststroke patients can be evaluated, and (2) COM
acceleration is proportional to COP-COM in quiet standing in
the ML direction in the young, elderly, and stroke patients,
Thus, we could determine how useful COM acceleration in the
evaluation of postural control during quiet standing is com-
pared with COP-COM.

METHODS

Participants

Subjects with stroke. Twelve subjects with hemiparesis
caused by stroke (11 men, 1 woman; mean age * SD,
64.7+8.2y; height, 160.3%=7.6cm; weight, 55.4+6.6kg) living
in the community took part in this study. At the time of
recruitment, all patients had already completed rehabilitative
training  and were therefore considered stable in their neuro-
logic recovery. Strokes of the cerebellum were excluded. Sub-
jects were also excluded if they had other neurologic problems
such as Alzheimer’s disease, Parkinson’s disease, peripheral
vascular disease, vestibular problems, diabetic polyneuropathy,
cognitive deficits, or medical conditions that would interfere
with the testing protocol. Subjects had to be able to give
informed consent, to remain standing without help or support
for at least 2 minutes, and to understand simple instructions.
For a stroke group of 12 subjects, the period since onset of the
stroke was 7.3£4.1 years (range, 2-13y); 8 subjects had left
hemiplegia and the others right, and 6 subjects had ischemic
stroke and the others hemorrhage. The physical examination
consisted of (1) a lower-limb motor function recovery of the
paretic side score according to the 6-stage defined by
Brunnstrom,®' (2) the hemiplegic limb strength measured by
the Motricity Index,*>* (3) the strength of ankle dorsiflexors
and plantarflexors by manual muscle testing,** and (4) the
spasticity of the ankle score by Modified Ashworth Scale.3>¢
The characteristics and results of clinical examination are pre-
sented in table 1.

Healthy subjects. The control groups consisted of 22
healthy elderly subjects (10 men, 12 women; mean age * SD,

—160—



POSTURAL CONTROL USING CENTER OF MASS ACCELERATION, Yu

A COM and COP

1135

B CMA and COP-COM

— COM wenmene CMA
(mm) s COP . COP-COM
20 30
% 1
10 =
AP £
0 <
Fig 1. (A) Typical 20-second =
recording from a subject @)
standing quietly in the young
group for COP and COM in AP -10
{top) and ML (bottom) direc-
tions. (B) Typical 20-second re- 20
cording from a subject stand-
ing quietly in the young group
for COM acceleration and &
COP-COM in AP (top) and ML 10 @
(bottom) direction, respec- £
tively. Note that the positive ML £
value indicates forward in the -~
AP and right leaning in the ML 0 <§(
and the negative value indi-
cates backward in the AP and o
left leaning in the ML direction 10
of motion, respectively. Ab- "o 5 10 15 20
breviation: CMA, COM accel- Ti
eration. ime (s)
66.5+4.9y; height, 156.6x6.9cm; weight, 57.9+8.3kg) and 25 Data Analyses

healthy young subjects (11 men, 14 women; mean age * SD,
27.2+4.5y; height, 167.1+8.2cm; weight, 58.827.5kg) who
showed interest in this study. The eligibility criteria were to be
living independently in the community without musculoskele-
tal impairments or neurologic disorders according to self-re-
ports. We defined the age range as greater than 20 years old and
less than 40 years old for the healthy young and greater than 60
years old for the healthy elderly group. Control subjects were
excluded if they reported vestibular, visual, or somatosensory
impairments or if they were taking medications known to
adversely affect balance.

All. subjects were required to sign an informed consent
document to participate in the study, and the study protocol
was reviewed and accepted by the local ethics commitiee.

Procedures

Each subject was asked to maintain a quiet standing posture
on a force platform® standing barefoot with eyes open, feet
parallel, and 6-cm distance between their heels. All subjects
performed 5 successive trials with a sufficient resting interval
between trials. The duration of each trial was approximately
100 seconds, and data from the latter 90 seconds were used in
subsequent analyses. During the data collection in quiet stand-
ing, the subject was also instructed to keep his/her arms hang-
ing at the sides and to place his/her head in a normative
forward-looking position. One of the investigators stood
nearby to ensure safety but did not touch the subject or provide
additional instructions. We collected the ground reaction forces
data at a sampling frequency of 1000Hz and then converted it
to a digital signal by using a 16-bit analog-to-digital converter.”
Then, the COP displacement was calculated. The signals were
thereafter low-pass filtered by using a Butterworth filter with a
cutoff frequency of 10Hz. The filtering and the subsequent data
analyses were performed with Matlab software.®

The characteristics of the subject were first described by the
mean and SD for continuous variables and by frequency and
percentage for categoric variables. The COM acceleration vari-
able was estimated with equation 1 as described previously. To
obtain the COM displacement, we adopted the zero-to-zero-
point double-integration technique method. This method was
initially proposed by King and Zatsiorsky>® and described later
in more details.Z” Then, the time series of the COP-COM was
calculated according to the principle of the method described
by Lafond et al.>” Note that the latter compared these methods
as well as the filtering method and concluded that the 0-to-0-
point double-integration technique method and the stereopho-
togrammetric method” yield similarly better estimation of the
COM. We assessed the fluctuation amount of COM accelera-
tion and the number of COP-COM variables in terms of SD for
each trial in both ML and AP directions. The mean of the 5
trials of all variables was used for subsequent statistical anal-
yses. First, all variables were screened for normality by using
a Kolmogorov-Smirnov test. Then, statistical analyses were
used according to the characteristics of the data. Because the
data were not normally distributed, nonparametric (Kruskal-
Wallis test for trigroups, Mann-Whitney U test for bigroup)
tests were performed to compare the groups (stroke, elderly,
young). The Spearman correlation coefficient was used to
evaluate the correlation of the COP-COM variable with the
COM variable. For the analyses, the SPSS statistical package®
was used.

There were no significant differences among the groups for
height and weight (analysis of variance, P range, .10-.20).
Because there was no significant difference in the age between
elderly group and stroke group (P=.50), the comparison be-
tween these 2 groups revealed the stroke-related postural con-
trol characteristics. No differences existed between right and
left (P range, .10~1) hemiparetic subjects or between ischemic
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and hemorrhage (P range, .31-.94) hemiparetic subjects for
COM acceleration or for COP-COM. Thus, the analyses were
carried out without considering the effect in the type of stroke
or hemiplegic side.

RESULTS

Figure 1 shows a typical time series plot of COP, COM,
COM acceleration, and COP-COM, respectively, for a subject
in the young group. The positive value indicates forward move-
ment in AP and right leaning in ML directions and the negative
value indicates backward movement in AP and left leaning in
ML directions. Note that 20 seconds of data out of the analyzed
90 seconds are presented in the figure to isolate the signal
features. Figure 1A shows COP and COM in AP (top) and ML
(bottom) directions. The COP is tracking the COM in phase
and is oscillating either side of the COM. Figure 1B shows
COM acceleration and COP-COM in AP (top) and ML (bot-
tom) directions, respectively. The change in the time series of
COP-COM resembles that of the inverse form of COM accel-
eration (eg, a large or small amplitude of COM acceleration
corresponds to a large or small amplitude of COP-COM with
the opposite sign).

Figure 2 shows the results from the nonparametric statistical
analysis comparing all variables. A Mann-Whitney U test re-
vealed that, in the AP direction, COM acceleration and COP-
COM were greater in the stroke and elderly groups compared
with the young group (P<.01, P<.05, respectively), whereas
differences were not significant between the elderly and stroke
groups (P range, 0.56-1.00). In the ML direction, COM ac-
celeration and COP-COM were greater in the stroke group
compared with the young and elderly groups (P<.01, P<.05,
respectively), whereas no significant differences were shown
between the elderly and young groups (P range, 0.39-1.00).

Figure 3 shows the correlations between COM acceleration
and COP-COM in each group in both AP and ML directions.
The coefficients were shown to be significantly and similarly
high among all groups (r range, .906—.979; P<<.001).

DISCUSSION

In the present study, we evaluated the postural control in the
healthy young, healthy elderly, and the age-matched poststroke
elderly patients by using COM acceleration and COP-COM.
Both variables were greater in the poststroke group than in the
healthy groups in the ML direction, whereas both variables in
the AP direction were greater in the poststroke group and the
healthy elderly group than in the healthy young group. The
results suggest that impaired postural control related to stroke
can increase: COM. acceleration and COP-COM in the ML
direction when maintaining quiet standing balance, whereas the
impaired postural: control related to age can increase. COM
acceleration and COP-COM in the AP direction when main-
taining balance. Therefore, both COM acceleration and COP-
COM variables can successfully extract the changes of postural
control. We aiso found good correlations between COM accel-
eration and COP-COM - in the ML and AP directions in all
groups. These results strongly suggest that COM acceleration
is applicable for the evaluation of postural control and can be
as effective as COP-COM.

COP is proportional to the ankle torque that restores equi-
librium forces of the postural control system (ie, the control
variable of the system). COM is an imaginary point at which
the total body mass can be assumed to be concentrated. The
position of the COM has been hypothesized to be subject to
body postural control, which is the controlled variable of the
system. Thus, postural control can be defined by the relation
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group; S-group, stroke group; Y-group, young group. *P<.05 {be-
tween groups); 1P<.01 (between groups).

between the COP and the COM. Because the relationship
between the controlling and controlled variables is sensitive to
changes in the control system, it is assumed that COP-COM is
also sensitive to the changes in the control system. As such, the
alteration of the control strategy caused by neurologic impair-
ments and/or aging can affect COP-COM. Therefore, it has
been suggested that COP-COM is a measure that captures
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characteristics of the postural control related to postural insta-
bility and the risk of falls.”

Previous related studies performed by using COP-based
parameters (eg, COP displacement, COP velocity) also showed
the changes of postural control as in this study. Marigold and
Eng'? found that people with stroke had greater COP displace-
ment and velocity in the ML direction than those found in the
healthy elderly and showed that COP velocity was related to
asymmetry. Other studies®*“® indicated that ML sway can be
thought to be much more specific to the postural problems
associated with stroke disease. Meanwhile, age-related studies
showed an increase in postural sway"® especially in the AP
direction.'?*® However, although these COP-based parameters
have some advantages to differentiate disease-related and age-
related changes in postural sway compared with COM accel-
eration or COP-COM, several measures only provide a para-
metric description of the postural sway*' and do not reflect
specific physiologic characteristics of the control system. In-
creasing such COP parameters as path length, area, displace-
ment, or velocity do not necessarily link to postural instability.
Subjects with high COP velocity values could reflect a stable
control system in which the COP makes frequent postural
correction to stabilize the COM as long as the COP does not
approach the limits of the base of support.'* In contrast, COP-
COM seems to be sensitive and related to postural imbalance,

COP-COM (mm)

and COP-COM amplitude provides an estimate of the efficacy
of postural control.*>** Thus, we believe COM acceleration
and COP-COM have a potential to assess the unique feature of
the control system.

According to the inverted pendulum theory, the horizontal
acceleration of the COM is proportional to COP-COM. If the
COP is ahead of the COM, then the COM is being accelerated
backward and vice versa. Similarly, if the COP is to the right
of the COM, the COM is being accelerated to the left and to the
right if the COP is to the left of the COM.?* In other words,
COM acceleration must have a close relationship with COP-
COM in theory. Our results experimentally showed that COM
acceleration was highly correlated to COP-COM in both AP
and ML directions in all groups. Masani et al'®'! showed the
same correlation in the AP direction in the healthy young and
elderly by using the same method as that used in the present
study. Winter®>”° and Gage®® and colleagues showed that the
correlation coefficient between the fluctuation amount of COM
acceleration and the COP-COM time series in the young (mean
age, 26y) were —.91 and —.954 in the AP direction and —.758
and —.84 in the ML direction, respectively, by using an an-
thropometric model in the calculation of COP-COM. Our study
additionally showed that there are high correlations between
COM acceleration and COP-COM in subjects of all groups in
both AP and ML directions. These findings suggest that the
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inverted pendulum model is applicable even for poststroke
patients with hemiplegia. Because COP-COM is suggested to
be a valid parameter for evaluating postural sway,*'?” it is
implied that instead of the COP-COM variable postural control
can be also assessed by the COM acceleration variable accu-
rately. Compared with COP-COM, COM acceleration is easier
to measure and calculate; therefore, it is an effective and
practical parameter in evaluating postural control in stroke
rehabilitation, especially in clinical assessment,

We tried to find a correlation in the poststroke subjects
between the COM acceleration and the physical clinic scores
assessed in the study (eg, the Brunnstrom motor score, Motric-
ity Index score, manual muscle testing score, spasticity score).
Except for COM acceleration in the AP direction, which had a
moderate correlation with the muscle strength of the ankle
dorsiflexors (Spearman p=-.721, P<.01), no significant cor-
relations could be found. Although further study with a larger
sample size should determine the correlations more in detail,
this result might indicate that COM acceleration and physical
examinations reflect the different aspects of physical impair-
ment respectively. In our study, the poststroke subjects were in
relatively stable condition, and the small sample size limited
the external validity of the research. Further studies exploring
stroke and other disease-related impaired postural control by
using COM acceleration with larger samples are required.

CONCLUSIONS

We showed that both COM acceleration and COP-COM
were able to extract the postural control features affected by
aging and stroke disease. Because COP-COM reflects the re-
lationship between the controlling and controlled variables of
the balance control mechanism under the assumption of an
inverted pendulum model, COP-COM can provide better in-
sight into the assessment of postural control than COP and
COM taken separately. However, it is cumbersome to calculate
COP-COM, making it impractical to use in clinical assess-
ments. We revealed that COM acceleration and COP-COM are
highly proportional following the inverted pendulum theory
and are valid in the ML direction and in stroke patients.
Therefore, COM acceleration can be an alternative and conve-
nient measure in the evaluation of postural control.
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Effects of Passive Leg Movement on the
Oxygenation Level of Lower Limb Muscle in
Chronic Stroke Patients
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Objective. To evaluate the effects of passive leg movements on
the muscle oxygenation level and electromyographic (EMG)
activity in the lower limbs in chronic stroke patients. Methods.
With a gait training apparatus, passive movements were
imposed on the lower limbs of 15 chronic stroke patients at a
frequency of 0.8 Hz for 10 minutes. During the passive leg
movements, muscle oxygenation level and muscular EMG
activity of the paretic and nonparetic calf muscles were
assessed. Results. The passive leg movements caused increases
in the EMG activity and muscle oxygenation level in both
paretic and nonparetic lower limbs, Although a significant dif-
ference was found in the concentration changes of the oxy-
genated hemoglobin (Oxy-Hb), both paretic and nonparetic
sides of the muscle showed enhancement of the tissue oxy-
genation level (TOI). The degree of the changes of the Oxy-
Hb depended on the level of motor recovery after stroke;
subjects with good motor recovery showed less difference in the
Oxy-Hb level between the paretic and nonparetic sides of the
muscle. Conclusion. Passive leg movements have the capacity
to induce muscular activity and enhance oxygen metabolism,
even in the paretic lower limb muscle of chronic stroke
patients. This type of exercise might be a useful and efficient
method for the prevention of metabolic deterioration in the
lower limb paretic muscles of chronic stroke patients.

Key Words: Stroke—Hemiplegia—Paretic  muscle—Near
infrared spectroscopy (NIRS)—Muscle oxygenation.
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troke is the third leading cause of mortality world-
wide. Stroke survivors usually experience signifi-
cant mobility impairments. Only 25% of stroke
patients return to an activity level of everyday life and
physical functioning compared with community matched
persons who have not had a stroke.! In addition to the
neurological changes and their numerous manifesta-
tions, metabolic changes that contribute to the post-
stroke complications and residual disability are evident.

Physiological deteriorations commonly occur after
stroke because of the acute medical illness and associ-
ated bed rest and immobility. The decrease in physical
activity leads to alteration of normal physiological
processes resulting in paretic muscle atrophy and fat
deposition,** reduced exercise capacity,’ and osteoporo-
sis.*® Previous investigations have revealed that there is
unilateral blood flow impairment and reduced hyper-
emic blood flow in the paretic limbs.”!° Moreover,
Warlow et al" reported that impaired blood flow
increases the risk of deep venous thrombosis in the
paretic leg by a factor of 10. Because there is a strong
causal correlation between blood flow and muscle
metabolism," hypocirculation in the inactive muscles
will cause reduced metabolism in the paretic limbs.

We recently reported that passive leg movements can
induce not only muscular activity, but also alteration in
the muscle oxygenation level in the paralyzed lower
limbs of complete paraplegics.’*** Enhanced muscle
oxygenation is a key parameter of muscle metabolism
under various conditions and is a potential factor to
facilitate blood circulation and metabolism in the para-
lyzed area. This viewpoint can be applied to stroke
patients as well. There are no studies concerning the
effects of the passive movement on the paretic muscle
metabolism in stroke patients. The aim of the present
study was therefore to investigate the effects of passive
movements on the muscle oxygenation and the elec-
tromyographic activity in the lower limb muscles of
chronic stroke patients. Comparison between the paretic
side and the nonparetic side enables us to identify their

1
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Table 1. Summary of the Characteristics of the Subjects
Time
Weight Height Since  Stroke Paretic

Spasticity

MMT (Ash.

Subject Age (kg) (cm) Onset(y) Type Side BMS UE/LE (Gas+ Sol) Cadence Score) Aids Group

S1 74 52 150 10  Hemor Left 5-5-6 77/76 5 100 0 Cane Good recovery
Sz 66 49 157 5 Isch Left 4-4-5 65/70 4 86 0 No Good recovery
S3 51 58 157 2 Hemor Right 5-5-5 66/76 5 83 0 No Good recovery
S4 64 66 168 6 Hemor Right 5-5-5 73/76 5 103 0 No Good recovery
S5 75 49 148 4  Isch Left 5-5-5 71/59 4 83 0 Cane/AFO Good recovery
S6 61 63 162 3 Hemor Left 5-5-5 77/76 4 72 0 Cane Good recovery
S7 60 53 164 10 Isch Left 3-3-4 51/53 3 54 1 Cane/AFO Poor recovery

S8 54 56 161 4 Hemor Left 3-2-3 40/38 1 73 1 Cane/AFO Poor recovery

S9 58 66 168 13 Isch Right 3-2-4 40/59 4 86 1 No Poor recovery

S10 66 61 168 11 Isch Left 3-3-3 48/48 1 70 1+ Cane/AFO Poor recovery

S11 62 64 167 13 Isch Right 2-2-3 38/30 1 NA i+ WC/AFO  Poor recovery

512 72 50 154 6 Hemor Left 3-2—4 40/53 3 86 0 Cane/AFO Poor recovery

S13 62 69 164 2 Hemor Bilat 5-5-6 92/91 5 110 0 Cane NA

S14 56 48 150 4 Hemor Bilat 4-2—-4 61/58 3 86 0 Cane/AFO NA

S15 54 58 158 4 Hemor Bilat 6-5-6 77/100 5 83 0 Cane NA

Ish = Ischemic; Hemor = hemorrhagic; Ash. Score = Ashworth score for spasticity; MMT = muscle manual test; BMS = Brunnstrom motor score;
AFO = ankle foot orthosis. For patients with bilateral motor impairment, data for the most impaired side are shown.

physiological ~characteristics and differences. We
hypothesized that the muscle oxygenation level should
change in accordance with electromyographic (EMG)
activities in the paretic lower limb muscle, as was
observed in persons with spinal cord injury.'* We also
hypothesized that the character of oxygenation changes
during the passive leg movement is affected by the level
of motor recovery after stroke. If the muscle oxygena-
tion can be facilitated by the passive leg movement in
stroke patients, it may have significant implications for
the rehabilitation and especially prevention of sec-
ondary impairments following stroke.

METHODS

Participants

For this experiment we recruited 15 participants
who incurred a stroke. The inclusion criteria were as
follows: (1) At least 6 months poststroke; (2) absence of

2

cardiorespiratory disease; and (3) absence of stroke
complications {deep venous thrombosis, contracture or
high-grade spasticity interfering with the gait). Average
age of subjects was 63.1 7.7 years and time since onset
of the stroke was 6.9 + 4.2 years. Twelve patients had
hemispheric stroke (6 ischemic and 6 hemorrhagic) and
3 had bilateral involvement. Eight of 12 patients with
hemispheric stroke suffered from residual left hemi-
paresis and 4 had paresis on their right side.

Before the experiment, clinical assessments were per-
formed to identify motor and neurological recovery sta-
tus of the subjects. A- Brunnstrom score for motor
recovery"® and the Motricity Index's for the lower limbs
were assigned to each patient. The degree of spasticity in
the limbs was evaluated by Modified Ashworth Scale,”
and muscle strength of soleus and gastrocnemius mus-
cles was measured with the Daniels Manual Muscle
Test.!® For further clinical reference, each patient’s
anthropometric data such as height and weight were
also recorded. Also, cadences during walking at com-
fortable speed and preferred assistive devices were
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Figure 1. A, Experimental setup. This apparatus enables stroke patients to stand securely with their trunk, pelvis, and knee sup-
ported by front and back pads. By moving the handle connected to the footplate, passive leg movements can be imposed on the
lower limbs of the patient. B, Placement of the EMG electrodes and NIRS sensor. Because it is not possible to place both the NIRS
sensor and the EMG electrode at the same place, they were placed proximally and distally on the medial side of the muscle.

recorded. The summary of the general data and clinical
evaluation is shown in Table 1.

All subjects gave their written informed consent for
the experimental procedure, which was conducted in
accordance with the Helsinki Declaration of 1975 and
approved by the ethics commiittee of the research insti-
tute of the National Rehabilitation Center for Persons
with Disabilities, Tokorozawa, Japan.

Experimental Procedure

A gait training apparatus (Easy Stand Glider 6000;
Altimate Medical Inc, Morton, Minn) was used to
impose passive leg movements, as shown in Figure 1A.
This device was developed for the physical exercise of
persons with movement disorders. The apparatus
enables the patients to stand securely with their trunk,
pelvis and knee supported by anterior and posterior
support pads. By moving the handles connected to the
footplates, passive movements can be imposed on the
hips and ankles of patient.

The experimenter induced passive leg movements by
moving the handles following the sound of a
metronome set to a frequency of 0.8 Hz. Since the Easy
Stand Glider imitates walking pattern (except the knee
movement) in the lower limbs, we decided to choose the

Neurorehabilitation and Neural Repair XX(X); XXXX

frequency adjusted to the lower cadence in stroke
patients. The exercise was maintained for 10 minutes,
after which patients remained in the standing position
for 10 minutes for recording postexercise data. During
the exercise and recovery period, subjects were asked to
relax their body and refrain from voluntary movement
and speaking. The experimenter moved the handle and
simultaneously checked the angle data from the
goniometer, trying to keep the leg movement within the
same range of motion throughout the exercise.

Electromyography

Muscular activity of the medial head of gastrocne-
mius and soleus was recorded with the use of surface
EMG. Sampling rate of data was set at 1000 Hz. Bipolar
surface electrodes were used for recording. Because it is
not possible to place both the NIRS probe and EMG
electrodes on the same place, they were attached proxi-
mally and distally on the medial side of gastrocnemius
muscle, as shown in Figure 1B. The electrode (DE-2.3;
DelSys, Inc, Boston, Mass) was placed at least 2 cm
proximal to the point of insertion of the medial head of
gastrocnemius. This electrode consists of parallel bars
(1 cm long and 1 mm wide) spaced 1 cm apart and is
designed with a built-in bandpass filter from 20 to 450

3
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Hz. Skin preparation (abrasion, cleaning with alcohol)
was carried out carefully before recording. The obtained
EMG signal was amplified by Bagnoli-8 EMG system
(DelSys, Inc). Maximal voluntary contractions were also
recorded for further reference.

Near Infrared Spectroscopy

NIRS is a noninvasive method for measuring tissue
oxygenation and hemodynamics. First introduced by
Chance et al'® in 1985 to examine oxygenation changes
in exercising muscles in humans, it has been applied to
measure oxygenation in a variety of tissues including
skeletal muscle. The validity and data reproducibility of
NIRS for skeletal muscle has been proved in previous
studies (see studies by Van Beekvelt et al” in 2001 and
others???),

In the present study, the muscle oxygenation level
was recorded using a NIRS device (NIRO-300;
Hamamatsu Phototonics, Inc, Shizuoka, Japan) with
dual channel laser diodes. The device can calculate
changes in oxygenated and deoxygenated hemoglobin
by measuring light attenuation at 775-, 813-, 850-, and
913-nm wavelengths and analyze with an algorithm
incorporating the modified Beer-Lambert law. The
modified Beer-Lambert law can be defined as follows:

AA=1* Apa

where A is light attenuation, L is differential path
length, and p is the absorption-scattering coefficient.”
Changes in the Hb values were calculated relative to the
preexercise data and represented in units of micromolar
per liter (pM/L). Tissue oxygen index (TOI) is an
absolute one-time value calculated rapidly by the device
and shows the ratio of Oxy-Hb to Total-Hb. All data
were digitized at 6 Hz, which is the maximal sampling
rate of the device.

The NIRS probe was placed on the upper portion of
the medial head of gastrocnemius muscle, as shown in
Figure 1B. A calibration procedure was performed to
provide an optimal range of measurement. Before the
exercise, subjects were kept in a standing posture for sev-
eral minutes until the level of Total-Hb reached a steady
state, after which the level of oxygenation parameters
were set to zero, and preexercise data were recorded for 1
minute. Then NIRS parameters during actual passive
movement and following rest were recorded. To know
the general tendency of the NIRS changes, we conducted
a preliminary experiment for 10 of 15 stroke patients
before the experiment. The NIRS changes during passive
leg motion were almost the same, comparing the pre-
liminary and final experiment. This result supports the
reproducibility of the NIRS data.

4

Heart Rate Monitoring

To confirm whether imposed passive leg movement
alters central circulation, we measured heart rate during
and after exercise using an integrated telemetric moni-
tor ($810i; Polar, Vantage, Finland).

Electrogoniometry

Goniometry (goniometer system; Biometrics Ltd,
Ladysmith, Va) was conducted to ensure the same range
of motion of ankle joints in both legs during the passive
leg movements.

Data Analysis

All data were recorded by Power Lab software (Chart
ver. 5.0.1; AD Instruments Inc, Milford, Mass) and were
digitized at 1 kHz. Mean amplitudes of the EMG data were
considered for analyzing muscle activity during and after
the passive leg movement. To determine the degree of acti-
vation, we calculated the root mean square of the EMG sig-
nal as the most reliable parameter in the time domain.

For the NIRS data, 4 main parameters were recorded:
oxygenated hemoglobin (Oxy-Hb), deoxygenated hemo-
globin (Deoxy-Hb), total hemoglobin (Total-Hb), and
TOIL. For analysis of the NIRS data during and after the
passive leg movements, the baseline value for each indi-
vidual was corrected to zero by subtracting the initial
resting value. Thus, in our calculation we could elimi-
nate: basal muscle metabolism and directly compare
metabolic changes during the passive leg movements.
Average data of the last minute of exercise and first
minate of the recovery stage were considered for the
comparison between the paretic and nonparetic sides.

Statistical Analysis

All values are given as mean + SD, Statistical software
SPSS 14.0 was used to perform all related analyses. A
paired ¢ test was used to determine significant differ-
ences between the paretic and nonparetic calf muscle
oxygenation and muscular activity, and nonpaired ¢ test
was used to assess the difference between the clinical
subgroups. Significance was accepted at P < .05.

RESULTS

All participants tolerated the exercise well and the
experiment was performed undisrupted throughout the
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Figure 2. Typical waveform representing oxygenation changes and muscular activity in the muscles of the paretic and nonparetic
legs in patients with unilateral paresis. Evident differences in the overall oxygenation of the paretic and nonparetic muscles of the

lower limbs of chronic stroke patients,

exercise. During the data analysis we found that patients
with bilateral stroke impairment have oxygenation
changes similar on both sides, whereas hemiparetic
patients show obvious differences between the paretic
and nonparetic legs. For further analysis and compari-
son between the paretic and the nonparetic muscle
changes during the passive movement, we compared the
data obtained from 12 subjects with those of the hemi-
paretic patients.

Figure 2 shows a typical example of the NIRS and
EMG data of the stroke patients. As is clearly shown,
oxygenation changes during passive leg movements

Neurorehabilitation and Neural Repair XX(X); XXXX

were quite different between the paretic and non-
paretic sides. Concentration of Oxy-Hb in the paretic
muscles started to increase just after the onset of the
passive leg movements, but it rapidly decreased in the
nonparetic muscle. In both leg muscles, the TOI
increased during the passive leg movements and grad-
ually decreased after the cessation of the exercise. In
the present study, heart rate data were measured dur-
ing the experiment to know the change of central cir-
culation in response to the passive leg motions, The
results showed no remarkable change of the heart rate
during exercise and recovery period.
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Figure 3. EMG activity of the gastrocnemius muscle in the
paretic and nonparetic lower limbs during the passive leg move-
ment. The average amplitude of the nonparetic muscle was sig-
nificantly larger in comparison with the paretic (*P < .05).

EMG Activity

During the passive leg movements, almost all
patients showed EMG activity in both the paretic and
nonparetic legs. As shown in Figure 3A, the amplitude
of the EMG activity was variable during passive leg
motion. Although the amplitude of the EMG activity in
the soleus muscle was similar (paretic vs nonparetic:
5.76 + 4.3 vs 5.43 £ 4.3 uV; NS), that in the gastrocnemius
muscle was remarkably different (Figure 3B) between
paretic and nonparetic legs (2.66 £ 2.7 vs 12.66 £ 12.3 LV;
P<.05).

We compared average amplitude of EMG activity
between subgroups with good and poor motor recovery
of lower limbs. There was no significant difference in the
amplitude of soleus muscle (7.61 + 5.27 UV in the poor
recovery subgroup vs 5.81 % 6.23 uV in the good recov-
ery subgroup; NS) or in the amplitude of gastrocnemius
muscle (3.89 + 4.27 LV in the poor recovery subgroup vs
5.73 + 4.83 pV in the good recovery subgroup; NS).

Maximal voluntary contraction (MVC) level was sig-
nificantly larger in the gastrocnemius (132 + 122.2 .V vs
42,6 + 75.4 uV; P < .01) and soleus (155.4 & 390 uV vs
52.3 * 28.9 uV; P < .01) muscles of the nonparetic leg in
comparison with the paretic. In the good recovery sub-
group the MVC level in the paretic soleus muscle was
larger in comparison with the poor recovery subgroup
(73.3+25.7 UV vs 31.4 + 10.8 uV; P< .01). MVC level of
gastrocnemius muscle was also higher in the good recov-
ery subgroup, but there was no statistical significance.

NIRS Parameters

As indicated in Figure 4, a clear difference between
the level of Oxy-Hb in the paretic and nonparetic legs
was observed. The concentration level of Oxy-Hb in the
paretic leg was higher than that of the nonparetic leg
(0.13  0.09 pM/L vs ~0.18 £ 0.10 pM/L; P < .05). The
increase of Oxy-Hb was not followed by increments of
Deoxy-Hb. The concentration of Deoxy-Hb in both legs
was almost equal (~0.89 £ 0.12 pM/L in the paretic and
—0.79 £ 0.20 uM/L in the nonparetic; NS). During the
recovery stage, the concentration of Oxy-Hb remained
higher in the paretic leg (0.26 +0.09 pM/L vs 0.12 +0.05
UM/L; P < .05). There was no difference between the con-
centration levels of Tot-Hb (-0.75 + 0.09 pM/L vs —-0.96
+ (.14 puM/L; NS) and TOI (0.11 + 0.02 vs 0.08 % 0.03;
NS) in the paretic and nonparetic muscles.

To investigate effects of passive leg movement with
regard to the functional level of stroke patients, we
divided the hemiparetic group into 2 subgroups in
accordance with patients’ motor recovery level. Patients
with Brunnstrom scores of 5 and 6 for the lower limb
were classified as the subgroup with good motor recov-
ery (n=6), and patients with scores of 4 and below were
classified as the subgroup with poor motor recovery
(n = 6). In comparison with the poor recovery sub-
group, the good recovery subgroup had higher
Motricity Index (72.1 + 2.8 vs 46.8 + 4.4; P < .01) and
muscle strength scores (4-5 vs 1-4). None of the good
recovery subgroup had spasticity in the lower limbs.
Average cadence at the individually chosen comfortable
speed was not significantly different between these 2
subgroups (87.8 + 4.7 in the good recovery subgroup vs
61.5 + 13.2 in the poor recovery subgroup; NS).
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Figure 5. Muscle oxygenation changes in the lower limbs of the patients with good and poor motor recovery after stroke. Strong dis-
crepancy in the level of Oxy-Hb between paretic and nonparetic legs was observed in the group with the low level of motor function.

Figure 5 shows the averaged data of the NIRS for the
2 subgroups. Although the difference of oxygenation
changes between these two subgroups was not signifi-
cant, there was a difference between the paretic and
nonparetic legs within the clinically differentiated sub-
groups. For instance, in the poor recovery group, the
concentration level of Oxy-Hb in the paretic leg was sig-
nificantly higher during the passive leg movements
(0.12 + 0.10 pM/L vs ~0.29 % 0.18 pM/L; P < .05) and
recovery stage (0.22 + 0.25 pM/L vs 0,05 £ 0.06 pM/L;
P<.05). TOI at the end of exercise was also higher in the
paretic leg in comparison with the nonparetic leg, but
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there was no statistical significance (0.11 + 0.01 vs
0.04 * 0.04; NS).

In the group with higher motor function, oxygena-
tion changes of both legs were more symmetrical in
comparison with those of the poor recovery group.

DISCUSSION
We examined the effects of passive movement on the

oxygenation level of the calf muscles in chronic stroke
patients. The primary observation in this study was that

7
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the muscle oxygenation changes during imposed passive
leg movements were significantly different between
paretic and nonparetic calf muscles of chronic stroke
patients. On the other hand, although the degree of
change of muscle oxygenation was significantly different,
the muscular activation pattern and the enhancement of
the muscle oxygenation were similar in both paretic and
nonparetic legs during passive leg movements. In the fol-
lowing section, possible mechanisms for the differences
between paretic and nonparetic legs are discussed.

Muscular Activity During Passive Leg
Movement

In this experiment, all patients showed a significant
level of muscular activity as evidenced by EMG in both
paretic and nonparetic muscles. During passive leg move-
ments, afferent inputs from proprioceptors and load
receptors were periodically provided. The rhythmic EMG
activity might be elicited in response to these neural
inputs. This finding is in accord with our previous
research, which studied appearance of the EMG activity in
the paretic muscles of persons with spinal cord injury.”*

We obtained the MVC level in both soleus and gas-
trocnemius muscles and observed that it was more than 3
times smaller in the paretic side. On the other hand, both
muscles demonstrated a different tendency of the EMG
changes between paretic and nonparetic legs. Namely,
although the muscle activation level in the soleus muscle
was similar, that of the gastrocnemius muscle was signifi-
cantly larger in the nonparetic leg. Although these two
muscles contribute equally to plantar flexion motion, pre-
vious studies suggested that each muscle functions differ-
ently during walking or voluntary contraction, which
presumably depends on different neural and mechanical
properties.**? These points can serve as an explanation
for the present result.

Interestingly, although the patients had a remarkable
deficit of the voluntary activation of the paretic mus-
cles, passive movement—induced EMG activity was
observed in both paretic and nonparetic muscles. Also,
in the patients with good motor recovery, the MVC level
of the paretic calf muscle was higher than in the poor
recovery subgroup, but there was no difference in the
passive movement-induced EMG activity. These results
therefore suggest that the passive movement could
induce the EMG activity in the paretic muscle regardless
of its voluntary contraction capacity.

Muscle Oxygenation Changes

We recently examined the effects of passive leg move-
ment on the muscle oxygenation in persons with spinal

8

cord injured persons and confirmed alteration of muscle
oxygenation in the paralyzed muscle." Similarly, the pre-
sent results clearly indicate that the muscle oxygenation
level of both paretic and nonparetic calf muscles could be
enhanced by imposing passive leg motion. However, the
results demonstrated some different behavior in the
NIRS data between the paretic and nonparetic side. The
level of Oxy-Hb gradually increased during the passive
leg movements in the paretic lower limb, whereas it
decreased in the nonparetic lower limb. Despite the large
difference in the concentration changes of Oxy-Hb, those
of Deoxy-Hb were almost equal in both legs. It is well rec-
ognized that the concentration changes of Oxy-Hb and
Deoxy-Hb are determined by the relative condition of the
tissue oxygen demand and supply.?® Therefore, it might
be possible that the larger Oxy-Hb in the paretic leg
reflects that the oxygen delivery far exceeded the oxygen
extraction compared to the nonparetic leg. Taken
together with the present results that the EMG activity
during passive leg movement of the gastrocnemius mus-
cle was significantly smaller in the paretic side, it is very
likely that the increased Oxy-Hb reflects a smaller extent
of oxygen consumption. This explanation might be rea-
sonable because the relative changes between Oxy-Hb
and Deoxy-Hb are strongly dependent on the muscle
contraction level. - The presence of muscle atrophy in
the paretic muscle of stroke patients could be one possi-
ble explanation for this imbalance. Because the lean mus-
cle mass* and the number of fibers are reduced®in the
paretic muscle of stroke patients, it is possible that the
oxygen extraction is reduced. However, in addition to the
oxygen consumption, other two potential factors, oxygen
supply and total blood volume, may influence the present
change of Oxy-Hb. The level of Oxy-Hb is influenced
directly by oxygen supply, which means blood flow.
Therefore the increased level of Oxy-Hb may be a result
of the increased blood flow to the paretic muscle.

In the poor recovery subgroup, the Oxy-Hb level
also increased significantly during the passive leg
movements in the paretic leg and decreased in the
nonparetic leg (Figure 4). Although the level of Oxy-
Hb increased considerably, we did not observe incre-
ments of Deoxy-Hb in this group. In contrast,
patients with good motor recovery had a higher con-
centration of Deoxy-Hb in the paretic muscle.
Because the recovery level was higher, an increment
of Deoxy-Hb was observed, suggesting that oxygen
extraction of the acting muscle improves with the
motor recovery. The extent of recovery, of Oxy-Hb
just after the passive leg movements was larger in the
nonparetic leg. The same condition was observed in
the good recovery group. In general, the oxygenation
level of the calf muscles during the passive movement
tended to be higher in the paretic leg, particularly in
those with poor recovery.
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Despite the imbalance between the oxygenation
parameters in the paretic muscle, TOI increased in both
legs during the passive movement. TOI reflects the
changes of tissue oxygen saturation relative to the rest.
Unlike Oxy-Hb, the TOI is not affected by the total
blood volume, but it does depend on the dynamic bal-
ance between the oxygen supply and oxygen consump-
tion. As evidenced by EMG, the paretic muscle was
contracting at a constant amplitude during the induced
leg movement. The increased level of TOI in the pres-
ence of muscle contraction at a constant rate would
mean that there was constant oxygen consumption
during the exercise.

We did not measure the skin temperature before and
during the experiment, so it is difficult to ignore the pos-
sibility of increased skin temperature during exercise and
the effect of that on the NIRS signals. This is one of the
limitations of the present study. Some previous studies
reported conflicting findings on the influence of skin
temperature. Mancini et al” showed minimal contribu-
tion of skin temperature to NIRS-derived tissue oxygena-
tion, and another study confirmed that even a small
increase in skin blood flow may affect NIRS light absorp-
tion and potentially confound the interpretation of the
underlying muscle oxygenation measurement.*

Implications for Rehabilitation

Passive leg movements are broadly used to reduce the
risk of developing contractures and pressure sores in
chronic neurological conditions. Passive movements
proved to be effective in reducing spastic hypertonia in
chronic stroke patients® and also in eliciting useful acti-
vation patterns in the affected hemisphere.** Moreover,
continuous passive motion has been shown to benefit
the healing of soft tissue such as articular cartilage,” lig-
ament, and tendon,* and may be beneficial in nerve
repair and regeneration in animal models.”> On the
other hand, little is known about the metabolic and
physiological changes underlying success of the previ-
ously mentioned measures. Especially, there is no litera-
ture available on the effect of passive leg movements on
the paretic muscle metabolism of stroke patients.
Evidence of enhanced muscle oxygenation, equality of
activation pattern, and amplitude of calf muscle activity
in both paretic and nonparetic legs suggest that the pas-
sive leg movements we used have significant benefit for
enhancing blood oxygenation and longitudinal adapta-
tions of the involved muscles.

A previous study that examined muscle metabolism
during a cycling exercise in stroke patients™ reported that
during 2-leg cycling the oxygen uptake for the paretic leg
was significantly lower in comparison with the nonparetic
leg, and stroke patients were unable to distribute the work
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equally between the 2 legs. In that type of exercise, the
nonparetic leg performed almost two-thirds of the total
work. In the case of our experiment, it appears that the
Easy Stand Glider allows equal application of exercise load
on both paretic and nonparetic legs. It is encouraging that
the passive leg movements could alter oxygenation levels
in the paretic muscles of chronic stroke patients, who are
usually thought to have achieved their maximal func-
tional recovery at 3 months after the stroke onset.**
However, further studies are needed to prove the actual
benefit from the passive leg movements and to design a
complete training program.

CONCLUSION

Passive leg movements have the capacity to induce
muscular activity and enhance the oxygen metabolism
in the paretic leg of chronic stroke patients. The effects
of passive movements varied in accordance with the
motor recovery level. The oxygen extraction was
decreased in the paretic muscle and this condition was
improved with the motor recovery level. This type of
exercise may be a useful and efficient method for pre-
vention of muscle metabolic deterioration in the reha-
bilitation of stroke patients.
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