of orthotic gait should be lowered. Then, the users also
need to make an appropriate level of physical intensity
to promote their aerobic capacity with walking.

The weight-bearing control (WBC) orthosis was
based on the concept to allow more dynamic reciprocal
gait pattern for patients, especially those who could not
swing their leg voluntarily.'®'? This orthosis has a
reciprocal guide assistance and movable foot plates,
which facilitate leg swing and make a clearance between
the foot’s sole and the floor, respectively. We hypothe-
sized that the special devices equipped with the WBC
orthosis would enable thoracic level of paraplegic
patients to walk easily with less effort. To ascertain this
hypothesis, energy consumption and cost of walking
with WBC orthosis were evaluated and compared with
other types of orthoses in previous reports.

Methods

Subjects

Four traumatic spinal cord injury patients who satisfied
the following criteria were selected: (1) age <30 years, (2)
with a thoracic level injury and (3) postinjury time of >6
months. All of them were male, ages ranging from 21 to
28 vears (mean 24.5 years). One subject had an incomplete
-spinal cord injury grade B according to the ASIA scale at
a T12 level, other subjects had complete injuries grade A
with lesion levels varying from T8 to T12 (details are listed
in Table 1). None of the subjects had any symptoms
related to cardiopulmonary function. Subjects gave their
informed consent to the experimental procedure. Each
subject had completed a standard rehabilitation program,
which included muscle strengthening, taking the orthosis
on and off, balancing in a standing position, after which,
they had practiced the gait training with the WBC
orthosis. After this training program, each subject could
perform the orthotic gait smoothly and was able to walk
continuously at least for 20 min.

WBC orthosis

This device was developed for thoracic level of
paraplegic patients to walk independently with less
effort. It aims to take appropriate physical intensity
considering the following major needs: a rigid frame that
supports the user’s body weight, a special hip joint
devise that reciprocally propels each leg forward, a gas-
powered foot device that varies the sole thickness of the

Table 1 Characteristics of the patients

Duration of
Age Weight Lesion Grade of paraplegia
Subject  (years) (kg} level ASTA4 (months)
1 21 46 T2 B 32
2 27 60 TI0 A 10
3 22 68 Ti2 A 8
4 28 63 T8 A 12

Energy expenditure during walking with WBC
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device for foot/floor clearance, and a control system of
the orthosis. .

Experiment procedure

The cardiorespiratory parameter at rest and during
walking was measured continuously with a telemetric
device (K4 Cosmed, Italy). This device consists of a
transmitting unit, a face mask to sample expired gas, a
heart rate (HR} chest strip, a battery and a receiving
unit. The experimental procedure was: Smin at rest in
the sitting position, 20 min of continutous walking at the
most comfortable speed on a field. During walking, data

were continuously acquired and analyzed in real time.’

The following cardiorespiratory parameters were ac-
quired: oxygen uptake (Vp,) and HR. Walking speed in
the steady state during walking was also recorded. The
measurements were conducted at 3 months after the
onset of training. After the experiments, the energy
consumption -and walking energy cost were calculated.
The terms adopted were those of Nane and Patrick® and
calculations performed according to their protocol:

Energy consumption (J/kg/s)
Ambulatory min Vo, (ml/min)
= Weight (kg)x60
Energy cost (J/kg/m)
Ambulatory min Vg, (ml/min}
= Speed (m/min)x60

where K=20.19)/ml, since 1ml 0,=4.825 cal and
lcal=4.1841.

xK

XK

Results

All subjects could walk continuously without exhaustion
and stumbling throughout the walking session for
20min. They did not take a break except for the time
of direction converting. The total distance traveled in
20 min was 269+ 32 m. The average walking speed with
WBC was 194-2.58 m/min.

Table 2 shows the cardiorespiratory responses at rest

and during orthotic gait. During walking, cardiorespira-
tory parameters clearly showed a significant increase
compared with resting rate. The steady-state value of the

Table 2 Cardiorespiratory response ( Vo, and HR) at rest
and in steady state during exercise

Vo, (mifkg)

HR (beatimin)

Subject Rest Exercise Rest Exercise
) 4.57 18.05 96.0 145.1
2 6.11 14.20 93.4 157.3
3 6.76 14.67 104.4. 1329
4 8.84 17.39 84.6 154.0
Mean 6.57 16.08 97.9 147.3
10.94

SD 1.77 1.93 5.7
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Vo, was ranged from 14.20 to 18.05mlfkg (average
value = 16.08 + 1.93 ml/kg), and HR was 132.9-157.3b/
min (average value = 147.3+ 10.94 b/min).

Table 3 shows the energy consumption and energy
cost. The energy consumption during walking was
about three times greater than during rest (rest versus
exercise: 1.99+0.40 versus 5.41+0.65J/kg/s). The aver-
age value of the energy cost during walking was
17.12+0.72 Jkg/m.

Table 4 summarized the value of the energy con-
sumption, energy cost and walking speed in previous
reports using reciprocating gait orthosis, that is, HGO,
RGO and ARGO. While the energy consumption
during walking with WBC was slightly larger than that
in previous report (median value =4.37J/kg/s), the
energy cost tended to be better than the value of
previous reports (present versus previous: 17.12 versus
21.16 J/kg/m).

Discussion

The present results show that the energy cost during
walking with WBC was better than the values given in
previous reports of conventional orthoses, such as

HGO, RGO and ARGO for thoracic level of paraplegic
patients (Table 4). In the following discussion,

Table 3 . Energy consumption, ¢nergy cost and speed duzing
walking

Energy consmption (Jfkgls) Energy cost Gait speed

(Jikgfm)  (mfmin)

Subject Rest Exercise

1 © 1.54 607 1656 2

2 2.16 4,78 17.91 16

3 2.27 494 16.45 18

4 2.83 5.85 17.55 20
Mean 1.99 5.41 17.12 19

sD 0.40 _ 0.65 0.72 2.58

our results of energy consumption and cost will be
compared with previous reports. Then, the feasibility
of the walking with WBC as the rehabilitation
alternatives for thoracic level of paraplegic patients will
be discussed.

Smce the pioneering study by Gordon and Vander-
walde,! many researchers have reported extremely
hlgher energy requirements of orthotic gait.*~ Although
parapleglc patients with high thoracic level lesions found
it difficult to achieve orthotic gait in the early stages of
researches,'® later rmprovement enabled thern to walk
mclependent_ly and recnprocally 514 However, the high
energy cost is stﬂl the major reason for the limitation of
the orthotic use.** As Waters ez al'® pointed out, there
was a high correlation between the lower extremity
muscle scores and the energy cost of the orthotic
walking. Actually, considerable effort of their upper
limb and trunk above the paralysis is required to
aocomphsh walking for thoracic level of paraplegic
patients.>’ This loss of the energy expenditure prevents
the achigvement of aerobic condition during orthotic
gait. To promote general health for paraplegic patients,
it is necessary to facilitate aerobic condition. In this
vein, the decrement of the energy cost is the primary
problem.

WBC was designed on the concept of allowing more
dynamic- reciprocal gait pattern for patients, espemally
those who could not swing their leg voluntarily.'®
Figure 1 shows the relation between the energy
consumption and energy cost in each previpus investiga-
tion. 3> 141618 gince the walking speed was delivered
to divide the energy consumption by the energy cost,
the slope of line from zero to each plot reflects the
walking speed of each orthosis. This figure clearly shows
that the WBC enables paraplegic patients to walk at
relatively higher speed than other reports under almost
relatively lower energy cost. It is considered that the
special devices equipped with WBC would lead to the
improvement of energy cost. As mentioned above, it
needs both of lower energy cost and adequate energy
consumption to acguire an aerobic conditioning. To this
end, those on the upper and left side of the figure can be

Table 4 Energy consumption and energy cost with different orthoses in previous studies and our present study All values are

expressed as an average

Number of Energy consumption Energy cost Walking speed
Series subjects (Jfkgls) (Jfksfm) {(mfmin) Level and aid
Nene (1989) 19 3.10 14.48 12.84 T4-T9 Parawaker
Nene (1950) 5 2.59 11.22 13.8 T4-T7 Parawaker
Hirokawa (1990) 6 4.18 2100 . 12.48 T1-T10 RGO
Winchester (1993) 4 4.37 19.44 13.5 . T5-T10 RGO
Bernardi (1995) 1¢ 4.30 20.00 12.78 T4-12 RGO
Felici (1997) 6 8.26 32.30 15.34 T5-L1 RGO, ARGO
Massucci (1997) 6 4.64 29.00 9.6 T3-T12 ARGO
Meraii (2000) 6 4.64 24.87 11.2 T3-T11 RGO
Present study 4 5.41 17.12 19 T8-12 WBC

Spinal Cord



-
=]
badd

Felici(1997)
[ ]

Lo 3
i

] Present Study
61 N\ ./ML-OD:
] i ° .
4 1 Bernail1995 Massucci(1997}
1 \_Q(waa 1990
Nanie 1990
Nane(1989

Energy consumption (J/kg/sec)

0+ rr——
0 10 20 30 40
Energy cost {J/kg/m)

Figure I The relation between the energy consumpiion and
cost in each investigations

considered as having suitable physical intensity for
patients.

It is well known that paraplegic patients have
significantly reduced Vo, peak values as a consequence
of the reduction in the daily activity levels.'® In addition,
the isolation of the upright standing and walking should
lead to various secondary disorders, for example, the
‘decrement of the bone mineral density’®?! and mal-
function of the peripheral circulation in paralyzed
areas.?? Although there is little agreement of the effect
on the above point, there is no doubt that some
purposeful effects should be offered by orthotic gait.
Previous studies have demonstrated that orthotic gait
provides some benefits to the physical functions for
paraplegic patients, such as the improvement of the
urodynamics® and digestive functions.” Therefore, para-
plegic patients should make efforts to facilitate their own
‘physical activities in daily life, not only with wheelchair
but also walking. Today, the benefits of walking exercise
for paraplegic patients are well recognized. However,
there are several obstacles in achieving locomotion for
paraplegic patients. As we have mentioned, conven-
tional gait orthoses require a very high energy expen-

diture that usually Jeads to exhaustion in a few minutes

of walking. _
In this study, we investigated the energy expenditure
and energy cost during orthotic walking with WBC,

and showed that paraplegic patients could walk -

at relatively higher speed and lower energy cost
compared with the conventional orthoses. Using
WBC, all of our subjects could walk more than 20min
without exhaustion at the end of their training period.
Further, the physical intensity presumed by the cardior-
espiratory responses was considered to be suited to
promote their general health. It is therefore concluded
that the WBC orthosis could be an effective alternative
in rehabilitation for thoracic level of paraplegic patients
to promote their health conditions. In further investiga-
tion, a more direct approach, such as the clinical
or physiological evaluation, will be needed to clarify

-11 Yano H et al
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the effectiveness of the orthotic gait for paraplegic
patients.
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Introduction

Various kinds of orthopaedic devices have
been developed to assist walkihg and
Keeping stance of spinal cord injury (5CI)
patients up to now. Actually, these gait
devices aren't necessarily used in their daily
lives. One of the reasons is the restricted
mechanical freedom of the device: the knee
joints of the devices are fixed at extension
position in case of falling down. This makes
the gait difficult due to less foot-floor
Clearance. At every step, a user lifts one leg
first, then he/she has to twist his/her upper
body to swing the leg forward. Another
reason is power: few devices have power
sources. The gaits also become difficuit
because SCI patients cannot swing their legs
voluntarily. The gait speed and the length of
one step are reduced without power
assisting. With these two major drawbacks,
current orthoses require great effort for walk.
Several development research studies have
been conducted to reduce it and to help
them walk farther. In this study, we
developed new assistive devices for knee and
hip joint rotation and evaluated them with
the SCI patients.

Methods ,

Figure 1 shows the schematic diagram of the
assistive knee device we developed. A linear
motion actuator was mounted at the back of
the knee joint of Advanced Reciprocating Gait
Orthosis (ARGO). The actuator consists of a
low-inertia DC  motor (3042, Faulhaber,
German) and a bail screw (Kuroda Precision
Industries Ltd., Japan). The stroke length of
the linear actuation and the maximum knee
rotational angle were set at 15 ¢cm and 70
degree, respectively, As shown, the
mechanism is compact and its weight is 0.8
kg. Figure 2 shows the mechanism of the
motor-driven hip joint. We developed a linear
actuator by combining a DC motor (3557,
Fauthaber, German) and a rack-and-pinion
gear (EP150, Asahi Seiko Co. Ltd., Japan),
and mounted it at the hip joint of ARGO. The
weight is 1.4 kg. The actuator controls the
reciprocating mechanism which is originally

30

provided on the orthosis and enables
legs to swing forward. As power source
both actuators, we used Ni-H recharge
batteries featuring light weight and |
Capacity (HR-3US, 1600 mAh, Sanyo
Japan). From the viewpoint of safety,
adopted an infrared switch to control
joint rotation in case that a user might
caught by a cable and fall down. The sw
is placed on an arm crutch handie
pushed by a user itself along with every s
We measured the qgaits of four male patie
(TS, T8, Ti1, T12) with this device on,
using the VICON system (Oxford Metrics ¢
UK) at the sampling rate of 60Hz.

Results and Discussion

Figure 3 shows the self-paced gait of ]
patient with and without the knee device.
shown, the walking pattern with the dev
was found to be close to healthy subjec
one. The walking speed-with the device w
about 0.4 m/s, which

g
Foot-floor

actuator clearance

Figure 1 Mechanism of the motor-driven knee
joint and its photograph at flexion.

DC motor |

Rack-and-pinion
gear

A linear actuator developed
in this study

Figure 2 Mechanism of the motor-driven hip joi
power-assisted hip joint
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E training. The knee joint rotated about 40
. degree at maximum flexion. The patient
} expressed that the effort for walk was
' drastically reduced due to the device. The
i fully-charged battery could last for about one
| hour walk without exchange. Figure 4 also

shows the analysis of the gaits with the hip
b device. A trend is shown that their walk
 abilities increased with power agsist. At the
E same time, the abilities were found to greatly
¢ depend upon the lesion level. All patients

expressed that the effort required for walking
§ was reduced due to the device, which has to
f be proved quantitatively through future
E experiments. :

®m power assisted I normal

1800
]fgg In this study, we
1200 developed a hip &
¢ 1000 knee joint driven
E S ool orthosis for SCI
- 500 patients and found
400 that it could
200 improve the
0 patients' gait and
~1500 50 reduce the walking
, 7 effort significantly.
1800 : By using this new
Ll R T e e Rty SR L fonne feoaoian . robotic walking
1400 Z5o2: /'> firaiaii device, we could
1200 /ﬁﬂjﬁ / ----- . expect increase of
grom R -,.,‘51{,31 ------- — potential  patients
% 800 7 )i ﬁh ------- . applicable for walk
- 600 R gy --fa-é"_-% """" -1 -orthosis. That also
400 A i i Al N A . means increase of
‘2‘32 & & ,-. ‘1 possi_bility - that
-1500 0 500 1000 1500 2000 zso0  functional  centres
y /mm in  the injured
spinal cord might
Figure 3 T12 Gait (right leQ) with {fower) and without {vpper) the knee device be re-activated
' through daily
locomotor

trainings.

References

Marsolais.E.B. et al. ], Spinal Cord Med.
2000. 23:100-108.
Greene.P.).,, Granat.M.H.
2000. 15:536-540.
Colombo.G., Wirz.M., Dietz.V. Spinal Cord
2001.39:5:252-255,

Clin. Biomech.

Acknowledgements: This study was

supported by Tateishi Science & Technology

Foundation and Ministry of Health, Labour,

and Welfare (Health and Labour Sciences
Research grants).

1560

* 1000

500 |
E = in I

T2 Tiv 18 T3
Gait speed (m/min)

Tz Til

i

T8 T5

Stride Tength (mm)

Figure 4 Gait analysis with/without the hip device

31



o

HE

C-2-1-2

HHASEORESTRICEIT2 LEAR
Study on the load at upper limb of paraplegic p'atients during gait with orthosis
O WoBTF, RHE#H2. SHLL D, ABREX*, dEps KEBE
BROKLFRENRBCHER, *ErakEEE) A\EY5F— /a/txﬁﬁwn%
Yuko Yamaguchi, Hiromi Yano, Momoko Yoshida,
*Noritaka Kawashima, *Kimitaka Nakazawa. and Yuji Ohta

Graduate School of Humanities and Sciences, Ochanomizu University
*Research Institute of National Rehabilitation Center for the Disabled

1. &I
HBBEIIEHOMBILOFHETUToOBE S

ENRRTDHOTHD. FHEKTI-RWIER/T

TEHT LN, FHIIIVEERCBEREDT, &
DHEREEOHE, SHEOEML. HIEBEOHESO
ERVHD. SHNLBREILAEREBERIEFTC
EHEZONT VD, IORDEARTRIBEEAET
MEBIRAAMNHERENTEL. FOETEHFTIZIA L~
ARGO (Advanced Reciprocating Gait Orthosis}‘ii,_ g
BOEREHOAEHTL L 7OBBEZBASEETH
D MREEEDETEREEOREARLDEZNT LIS,
REBETOM. NOLAHBOBRIIEIIERTEREE
TIFELNT A EROLBENBY, T SITHTFRBICIZT

a8

REZHBENAUIEBMSEL THEATDLI SRE L.
2. 8w
RFRTIIHFMBES DO ARGO BT BIT S LS
BEH@ETLI_ELELAE . IhlntssoRs
CENFERTCHBRTEEDDFITTEELIE S
B¥ &9 5.

- 3. ER

HAIBIEE A 2{(FE 5-8-11- 12 BB6{BIS. LA FoERi% T
TR ARGOEEBLEFIIHEE >~ KB T 6m
EMOBTERMLL. HRERKBIEICH ISEBORS
AY—-HAEEDHG, B2 3RAAHERFTEE VICON
EHOTEAILE. T—H2 750 CCDAASTREL
SAMBEETHLEABII, 6RO T4+ —2A T L — &b
RENT =92 RBETDL L AFLTHS. Fig. 1 IRT L
DI HEIANDIAE ERAMERS L EARKDOE
RRUZSHBLE. FrEEHEIOAELHBLE.

4. B3 _

Bl DEHSEEDE ye T@ -2 THEOH & EO
A& Fig2, 3IIRY. 1AMS1 KMIZKRN z %%
B2BEERTIENbh-4 2B MEOREELT, 8
1N GEEZEEIIRE S ETAHEN. S 28I 84s
MAENBBMT DO ENELTE LS. 0"

R Fig 3TIDTEERR A y RAHEH S E~EKED,

Fig X8O 7 — A THBIZEADOH L ABNT i ho -

TI2HEEE THURRADB 2R T yz FEHO O £ EH 90
fgﬁ-iﬂi%i_.‘fmif’ﬁﬁlﬂ‘éthﬁ ZEMbhaM, TS
SETIEEIEMAR I MG hor. 28 vz

PERE STz ot DT EHDOHABH K E <.

LB ILEORES %
fed v, Ts BEE TR L
HOEEORAMK =<, LN
TOHBA LK OREE _,J 6 F
-
BHEILEMTFEIND. '
Fy Fx
Fig.1 Walkine Posture
120 300
1 250
ggo 200 §
& 150 - £
=60 | 100 3
% 50 & -
® 30 0 x’f
.50 Fx .
b -100 ""'"Ez

Fig.2 Stick-floor angle and stick force (T8, Ieft) sncl\)

120 300
250
g0 200 o
g 150 8
s k=S
=60 100 =
- =
3 50 % .
=
yz .
30 e xz
-50 Fx |
——Fy !
0 -100 y

—~—Fz |
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{1] Nene AV et al. Spinal Cord 1996; 34: 507-524.
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Original Article

Potential impact of orthotic gait exercise on natural killer cell actmties
in thoracic level of spinal cord-injured patients

N Kawashima*!,

K Nakazawa', N Ishii®, M Akai' and H Yano'

! Department of Rehabilitation for the Movement Functions, Research Institute of National Rehabilitation Center
for Persons with Disabilities, Saitama, Japan; *Department of Diagnosis and Treatment, Hospital of National
Rehabilitation Center for Persons with Disabilities, Saitama, Japan

Stydy design:
Objective:

Prospective before—after trial.

To examine the changes of natural killer (NK) cell activity in response to orthotic

gait exercise in thoracic level of spinal cord-injured (SCI) patients,
Setting: National Rehabilitation Center for Persons with Disabilities, Japan.

Methods:

In all, 10 thoracic level of SCI patients (ranging Th5-Thl2), who experienced

orthotic gait training, participated in this study. NK cell activity at an effector:target (E/T) ratio
(20:1) was examined in a sample of peripheral blood taken before and just after orthotic gait
exercise for 20min. On a separate day, to evaluate the physical intensity of the orthotic gait
exercise, cardiorespiratory responses at rest and during exercise were measured.

Results: The resting value of the NK cell activity in our SCI patients was remarkably lower
than that in normal subjects reported in previous studies. The NK cell activity was significantly
increased through a 20 min orthotic gait exercise (pre versus post; 12.7+5.28 versus 17.76£6.71,
P<0.05). The steady-state value of oxygen (¥p,) and heart rate (HR) were 18.13+3.92 mi/kg
and 142.53 + 19.84 b/min, respectively. It was noteworthy that a patient who showed decrement
of NK cell activity in response to exercise had the highest level of injury (Th5), and showed the
higher energy cost of orthotic gait. '

Conclusion: These findings suggested that the orthotic gait exercise has the potential to
enhance the immune function for SCI persons, although patients with a higher level of SCI may

have some difficulties.
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Introduction

Natural killer (INK) cells have been proposed as a major
factor 1n the first-line defense system against viral
infection.'? Previous investigations demonstrated that
spinal cord injury (SCI) brings depression of the
immune system including decreased NK cell activities,
and also reported restoration of the immune function
through the rehabilitation therapy

Orthotic gait training is usually prescribed for
paraplegic patients with SCI in the therapeutic phase
to promote their general health. On the other hand,
there are several obstacles to achieving locomotion for
paraplegic patients, in particular the high-energy cost of
orthotic gait leads to exhaustion within a few minutes of

*Correspondence: N Kawashima, Department of Rehabilitation for
Movement Functions, Research Institute of National Rehabilitation
Center for Persons with Disabilities, 4-1 Namiki, Tokorozawa,
Saitama 359-8555, Japan

walking (for a review, see Nene et al*). Although some
positive effects of orthotic gait have been reported,’ it is
still unclear whether the physical intensity of the
orthotic gait is suitable for SCI patients to promote
their health or not. .

We previously examined the physiological character-
istics of orthotic gait in thoracic level of SCI patients,
and our findings suggested that the physical intensity
during walking exercise is su1table to promote the
aerobic capacity of SCI patients.® In the present study,
we designed a direct approach to clarify the effect of
orthotic gajt exercise on the pgeneral health of SCI
patients, particularly in terms of exercise-induced
changes in NK cell activity. Previous investigations
revealed that modcrate intensity exercise can enhance
NK cell activity.!”* Therefore, we focused on whether
orthotic gait exercise in particular could enhance NK
cell activity.



