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Characterization of unexpected postural changes during
robot-assisted gait training in paraplegic patients

S Koyama1,2, S Tanabe3, E Saitoh1, S Hirano1, Y Shimizu1, M Katoh4, A Uno5 and T Takemitsu6

Study design: This is a retrospective study.
Objectives: The objectives of this study were to categorize unexpected postural changes (UPCs) during gait training in paraplegic
patients with wearable gait-assist robots, to reveal the incidence of the UPC and its time-dependent changes during initial gait training
period and to investigate neurological level-specific differences.
Setting: This study was conducted in Fujita Health University, Aichi, Japan.
Methods: We investigated five patients (46.2±14.6 years; lesion level: T6:3, T12:2). All patients had previously achieved gait with
wearable robot and walker at supervision level. The UPCs were counted for 2 years and classified according to their type. The
time-course data were calculated from the incidence of UPCs for 10 days from initial gait training with the walker. The neurological
level-specific differences were investigated between T6 and T12 injuries.
Results: Eighty-five UPCs were observed and classified into three categories: anterior breakdown, posterior breakdown (PBD) and
mal-timing. The average rate over the entire period was 0.96±0.62 (incidents/h/subject). PBD, which was defined as hyperflexion of
both hip joints, occurred with the highest frequency (0.64±0.64 incidents/h/subject). During initial gait training, there was a gradual
decrease in the occurrence of UPC. For neurological level-specific differences, UPCs were observed more frequently in T6 injuries
(1.36±0.35 incidents/h/subject) compared with T12 injuries (0.36±0.31 incidents/h/subject).
Conclusion: PBDs might be the result of near collisions between the trunk of the user and the walker, which make it difficult for the
users to move their trunk over an anterior stance limb. Training that is focused upon well-timed forward movements of the walker might
be required to avoid the occurrence of this common UPC.
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INTRODUCTION

Complete motor spinal cord injury (SCI) patients (American Spinal
Injury Association classification A or B)1 lose voluntary neural
control of the limbs below the level of the lesion. Many of these
patients cannot achieve independent standing or are unable to walk
after rehabilitation.2 Morganti et al.3 reported that ~ 90% of complete
SCI patients are dependent on a wheelchair. The long-term use of a
wheelchair causes medical problems4 and psychosocial problems as
the result of a relatively low eye level.5,6 Thus, gait reconstruction in
such patients has been a key issue in rehabilitation medicine.
To achieve gait reconstruction, orthoses are available.7,8 Orthoses

are classified as the bilateral external joint type (lateral system) and the
medial single hip joint type (medial system), according to the position
of the orthotic hip joint. As compared with the lateral system, the
medial system, for example, Primewalk, has excellent standing stability
and wheelchair compatibility.8 However, for progression and lateral
motion of the body during walking with an orthosis, the upper
extremities have to exert power. The high loads on the upper limbs
during gait may be a cause of the high rate of energy expenditure in
such patients.9

To solve these problems of gait reconstruction with an orthosis in
SCI patients, a newly wearable robot for gait assistance, the so-called
Wearable Power-Assist Locomotor (WPAL), for gait reconstruction in
SCI patients has been proposed in the clinical setting.10,11 WPAL is
characterized by a single medial hip joint located between both thighs
and has no pelvic or trunk support, similar to Primewalk. Standing
stability in SCI patients is obtained by consistently maintaining the
C-posture, which means that the knee and ankle joints are locked in
the full extension and intermediate positions, respectively (Figure 1).
During gait with WPAL, SCI patients need to maintain the C-posture
and move in the forward and mediolateral direction in accordance
with the walk assistance timing of WPAL using a walker.10,11

Simultaneously, the patients are required to move the walker forward
at the correct timing.
Because of the insufficient acquisition of coordination between the

weight shift of the SCI patient and the leg movements of the WPAL,
unexpected postural changes (UPCs) might occur during the initial
phase of WPAL training. For WPAL users, complete falling episodes
with dangerous condition do not occur because the walker provides a
movable external support that reduces the risk of a rapid fall.
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However, knowledge of the occurrence of UPCs during gait training
with a wearable gait-assist robot would facilitate the development of a
more effective training program for SCI patients with such a device.
The aims of this study were to classify UPCs, to reveal the incidence

of each type of UPCs during gait training and its time-dependent
changes during the initial gait training period and to investigate the
relationship between the frequency of UPCs and the neurological level.

MATERIALS AND METHODS

Subjects
The subjects of this study were five patients with complete SCI (four males and

one female, 46.2± 14.6 years old). Their clinical characteristics are shown in

Table 1. All patients had an American Spinal Injury Association classification of

A or B during the final stages of their rehabilitation program. The patients did

not have lesions of the upper extremities, nor orthostatic hypotension in the

upright position. They had achieved independent activities of daily living with

wheelchair. In the investigation of the relationship between the frequency of

UPCs and the level of injury, the patients were divided into a high-lesion group
(T6 lesions) and a low-lesion group (T12 lesions). Each subject was informed
of the purpose of this study and gave informed consent to participate in
the study. This study followed the Declaration of Helsinki Principles and
was conducted after receiving approval from the ethics committee of Fujita
Health University.

Wearable Power-Assist Locomotor
As stated above, WPAL is characterized as a medial system. The robotic part
permits movements with six degrees-of-freedom. Each joint has an individual
actuator, and thus the hip, knee and ankle joints perform flexion-extension
movements independently. WPAL is used with a custom walker.10,11

WPAL requires users to synchronize rhythmic lateral weight shifts with the
robot’s motion, which can be learned with a staged gait training approach.10,11

In the first stage, users practice stepping with the WPAL. The second stage is
gait exercise using parallel bars. The third stage is gait exercise on a treadmill.
During these three stages, patients use a safety harness; when UPCs occur, falls
are prevented completely by the harness. The final stage is gait exercise using
the walker. At the beginning of the final stage, the patients walk under a
suspension system using the walker. However, when their gait becomes stable
and safe, they walk freely around the training room without the safety harness.
UPCs that occur without the safety harness during this phase can lead to a fall.
Hence, the final stage without the harness is the most important period for the
prevention of UPCs from the perspective of system design. All patients in the
present study had just progressed to the final stage without the harness before
they were observed.

Data collection and analysis
For 2 years, data were collected at the University Hospital. Each trial of gait
training with WPAL lasted 90min. Approximately, 60–70min were spent in
the gait trial; the remaining time was spent checking the physical condition of
the subjects. Trials were performed in a rehabilitation training room with an
even-surface floor and dimensions of 10m on a side. During the walking trials,
a physical therapist observed each subject from behind. The physical therapist
did not intervene unless the subject was unable to recover from a UPC. If the
subject was unable to self-recover with or without pushing the stop button, the
physical therapist assisted with recovery. The gait trials with WPAL were
recorded using a digital video camera (HDR-AX2000; Sony, Tokyo, Japan).
The number of UPCs was counted by checking the records of the video

retrospectively. The criteria of UPC was that users could not keep continuous
and steady walking with WPAL. In other words, if users could continue steady
walking, all postural sways were judged as the normal ranges. Then, UPCs were
classified into several categories. The total incidence of UPCs was calculated;
then, time-course data were calculated from the incidence for 10 days from
initial gait training with the walker without the harness. The change of
frequency of UPCs with the progress of gait training was assessed using
regression analysis (correlation between trial numbers versus frequency of
UPCs). The Shapiro–Wilk test was used to determine whether variables
were normally distributed. With normally distributed responses, Pearson's
correlation coefficient was used. In contrast, if the data were not normally
distributed, Spearman's rank correlation coefficient was used. All statistical
analyses were performed with R (2.8.1; Institute of Statistical Mathematics,
Tokyo, Japan). Statistical significance was set at Po0.05. In addition, the
observed UPCs were separated into neurological level.

Figure 1 Upright position with the C-posture (subject E).

Table 1 Patient demographics

Subject Age (years) Gender After onset (years) Lesion level ASIA

A 62 M 9 Th6 A

B 43 M 9 Th6 A

C 61 F 16 Th6 A

D 33 M 16 Th12 A

E 32 M 6 Th12 B

Abbreviation: ASIA, American Spinal Injury Association classification.
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RESULTS

The total trial time was 121.5 h. The time required to check the
physical condition and for standing/sitting scenes was excluded from
the observations. As a result, 86 h of walking time was used in the
present study. UPCs were observed 85 times. There was no observa-
tion of a nonrecoverable fall during gait with WPAL. If UPC was
moderate, patients could self-recover with WPAL motion on. On the
other hand, patients could self-recover by pushing the stop button to
stop WPAL motion when a severe UPC occurred.
The UPCs were classified into three types. The first type was an

anterior breakdown (ABD): both hip joints become hyperextended
compared with the hip extension angle of ordinary walking pattern
with WPAL, because of the long distance between the subject and the
walker during gait, and cause a forward change of walking posture.
The second type was defined as a posterior breakdown (PBD): both
hip joints become hyperflexed compared with the hip flexion angle of
ordinary walking pattern with WPAL, because of the short distance
between the subject and the walker during gait, and cause a backward
change of walking posture. The third type was defined as mal-timing
(MT): the timing of weight shift in the subjects was different from the
timing of the gait cycle of the WPAL, which caused a lateral change of
walking posture (Figure 2).

In the incidence of UPCs, the average rate over the entire period
was 0.96± 0.62 (incidents/h/subject; Table 2). With regard to the
classification of UPCs, PBDs occurred most frequently (0.64± 0.64
incidents/h/subject), followed by MTs (0.20± 0.09 incidents/h/subject)
and ABDs (0.13± 0.14 incidents/h/subject; Table 3). During the
10 days of initial gait training, the time-course data of all types of
UPC showed a gradual decrease in their incidence (Figure 3). With the
progress of gait training, the frequency of PBD was significantly
decreased (Pearson's correlation coefficient r=− 0.7, Po0.05). On the
other hand, there was decreasing trend in the frequency of ABD and
MT, but not significantly (Spearman's rank correlation coefficients
r=− 0.3, P40.05; Pearson's correlation coefficient r=− 0.3, P40.05).
There was a difference between T6 and T12 injuries with respect to

the frequency of UPCs. Seventy-two UPCs were observed in subjects
with T6 injuries (1.36± 0.35 incidents/h/subject; Table 2), which
account for 84.7% of the total number of UPCs. In contrast, only 13
UPCs were observed in subjects with T12 level injuries (0.36± 0.31
incidents/h/subject; Table 2). When UPCs were classified by type,
relatively large numbers of PBDs were observed in the subjects with T6
injures. In contrast, although quite small in comparison with T6
injuries, ABDs and MTs were observed frequently in the subjects with
T12 injuries.

ABD MTPBD

Long  distance

Hyperextension

Short  distance

Weight shift to
swing side  

Normal

Weight shift to
stance side 

Frontal
view
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Hyperflexion
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Figure 2 Representation of the type of unexpected postural changes (UPCs). Anterior breakdown (ABD) was defined as when both hip joints become
hyperextended because of the long distance between the subjects and the walker. Posterior breakdown (PBD) was defined as when both hip joints become
hyperflexed because of the short distance between the subjects and the walker. Mal-timing (MT) was defined as when the timing of the weight shift in
subjects was different from the timing of the gait cycle of the WPAL.
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DISCUSSION

The present study analyzed the occurrence of UPCs during gait
training with a WPAL in five SCI patients. UPCs were observed 85
times from gait training videos over a period of 2 years. UPCs could be
classified into three types (PBDs, ABDs and MTs). The incidence of
UPCs was 0.96± 0.62 (incidents/h/subject). PBDs were the most
frequently observed UPCs. The time-course data of UPCs showed a
gradual decrease in their incidence. For the neurological level-specific
differences, UPCs were observed more frequently in patients with T6
injuries than in those with T12 injuries. These findings are critical
observational evidence for improving the efficacy and safety of robot-
assisted gait training in SCI patients.
With regard to PBDs, their prevention is particularly important

because a posterior fall as a result of a PBD incurs the highest risk of a
femoral fracture.12 In addition, because bone density after an SCI
tends to decrease,13 the possibility of a femoral fracture might be
increased further. PBDs might be caused by a temporal delay of
moving the walker forward. This delay is the determining factor in a
near collision between the trunk of the user and the walker, and
consequently makes it difficult for the user to move their trunk over
an anterior stance limb.
For ABDs, the present results showed that they were the result of

reduced toe clearance during the swing phase and following contact
between the distal foot of the WPAL and the floor surface. It might be
caused by anteversion of the lower leg in the stance phase, resulting
from excessive extension of the hip joint. As almost all users can
recover their posture from an ABD by pushing up using the walker, it
might not be as serious as a PBD.
MTs were observed when the timing of the weight shift in the

subjects was different from the timing of the gait cycle of the
WPAL. When MTs occurred, the trunk was moved posteroinferiorly.
When a single MT occurs, SCI patients can recover to a stable gait

position by pushing up using the walker. However, it is possible
that consecutive multiple MTs could lead to a PBD. Therefore, it is
necessary to carry out sufficient practice to achieve the gait-assisted
rhythm of the WPAL before starting independent WPAL walking
with the walker. A previous study also reported that it is necessary to
perform sufficient gait training before progressing to robot-assisted
gait.14

For 2 years, the average rate of the incidence of UPCs was
0.96± 0.62 (incidents/h/subject). Until now, there is no study on the
rate of fall frequency during robot-assisted gait training in SCI
patients. In patients with subacute stroke, previous studies reported
that the rate of fall frequency ranged from 0.0002 to 0.0007 (incidents/
h/subject) during the hospital stay period including training
session.15–17 In addition, the most frequent location was not the
exercise room but rather the patient’s room (71.4%,15 63%16 and 51%
17 as a percentage of the total, respectively). Although these are not
directly comparable, the rate of frequency of UPCs during robot-
assisted gait training in SCI patients might be relatively high in a
variety of settings for inpatient rehabilitation. Thus, it has to be
administered with particular care.
For the time-dependent changes in the occurrence of UPCs, the

most frequently observed UPCs were PBDs in the early training
period. By repetitive training, the frequency of UPCs decreased. As
stated above, gait using WPAL was combined with a walker. Thus, the
achievement of independent gait with WPAL requires training for
lateral weight shifts, as well as backward and forward weight shifts,
including control of the walker. The acquisition of motor skills
such as gait needs feedback;18 however, complete SCI patients

Table 2 Frequency of unexpected postural changes

Subject Total trial time (h) Walking time (h) Total (incidents) Total (incidents/h)

T6 A 18.0 13.0 18 1.38

B 28.5 20.0 20 1.00

C 28.5 20.0 34 1.70

Mean (s.d.) 25.00 (6.06) 17.67 (4.04) 24.00 (8.72) 1.36 (0.35)

T12 D 19.5 14.0 2 0.14

E 27.0 19.0 11 0.58

Mean (s.d.) 23.25 (5.30) 16.50 (3.54) 6.50 (6.36) 0.36 (0.31)

Total Mean (s.d.) 24.30 (5.13) 17.20 (3.42) 17.00 (11.83) 0.96 (0.62)

Table 3 Frequency of each type of unexpected postural change

Subject ABD

(incidents/h)

PBD

(incidents/h)

MT (incidents/h)

T6 A 0.24 1.11 0.08

B 0.10 0.60 0.30

C 0.00 1.45 0.25

Mean (s.d.) 0.11 (0.12) 1.06 (0.43) 0.21 (0.12)

T12 D 0.00 0.00 0.15

E 0.32 0.05 0.21

Mean (s.d.) 0.16 (0.22) 0.03 (0.04) 0.18 (0.05)

Total Mean (s.d.) 0.13 (0.14) 0.64 (0.64) 0.20 (0.09)

Abbreviations: ABD, anterior breakdown; MT, mal-timing; PBD, posterior breakdown. 0
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Figure 3 Time-course data of each type of unexpected postural change
(UPC). Time courses of ABD (○), PBD(●) and MT( ).
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(American Spinal Injury Association classification A) lose
somatosensory input from the limbs below the level of the lesion.
Thus, it is difficult for these patients to receive feedback of the location
of their lower limbs during gait. When they keep walking without
realizing that the distance between the body of the WPAL and
the walker has changed, UPCs might occur. Therefore, the decrease
in the frequency of all UPCs with the progress of gait training might
be caused by an improvement of walker manipulation, movement of
the center of gravity and the ability to predict lower leg position from
residual sensory information, for example, from the trunk. In fact,
with repetitive practice, all patients could push the stop button on the
walker to halt WPAL motion following the improvement of their
ability to predict UPCs. Thus, the ability to detect postural changes
based on residual sensory feedback during gait is critically important
in wearable robot-assisted gait.
However, the frequencies of ABD and MT were not significantly

improved. The results suggest that there are two possibilities. First, a
floor effect might limit the improvement because both UPCs were
rarely observed from the beginning of gait training. Second, each UPC
might have specific factors to interfere with the decrease in the
frequency. ABD is caused by the result of reduced toe clearance during
the swing phase and following contact between the distal foot of the
WPAL and the floor surface. When the contact occurred, it would
immediately and seriously affect the upright posture. On the other
hand, MT is caused by out of synchronization between the timing of
weight shift in the subjects and the gait cycle of the WPAL. In healthy
subjects, an increase in attentional demand decreases walking
stability.19 In addition, for paraplegic patients, walking requires more
attentional demand than for healthy subjects.20 When some high
attentional demand tasks (e.g. curving road or talking to someone)
occur, they would contribute to the occurrence of MT. Thus, even if
the user achieves independent walking with WPAL, it might be
difficult to completely avoid ABD or MT.
There was a difference in the frequency of observed UPCs between

T6 and T12 injuries. UPCs were observed more frequently in patients
with T6 injuries than in those with T12 injuries. PBDs occurred
frequently in patients with T6 injuries, whereas ABDs and
MTs occurred frequently in those with T12 injuries, even though
the total frequency of UPCs was low in T12 patients. These results
suggest that the difference of UPC type might be associated with the
difference of residual posture control ability between patients with
T6 and T12 injuries. When T6 and T12 injuries are compared, the
function of the musculus erector spinae is different. The
musculus erector spinae is an important compensatory mechanism
to prevent falling when SCI patients are in the upright posture.21

The results of the present study suggest that the compensatory
mechanism using this muscle might work particularly well
in the PBDs. From the perspective of what is efficacious training for
T6 and T12, the results suggest that there is not much difference
between both levels, because the difference of residual functions in T6
and T12 does not affect presumed mechanisms of improvement
(an improvement of walker manipulation, movement of the center of
gravity and the ability to predict lower leg position from residual
sensory information).
In summary of discussion, UPCs during robot-assisted gait training

could be classified into three types (PBDs, ABDs and MTs). PBDs,
which were most frequent, might be caused by a temporal delay
of moving the walker forward. ABDs might be caused by anteversion
of the lower leg in the stance phase. MTs might be caused by the
difference between the timing of the weight shift and the timing of the
gait cycle of the WPAL. With enough practice, UPCs showed a

gradual decrease. For the neurological level-specific differences, UPCs
were observed more frequently in patients with T6 injuries than in
those with T12 injuries, because of difference from residual function
of musculus erector spinae.

Limitations
There are some limitations of this study that merit consideration.
Because the WPAL system has unique structure characterized by
medial hip joint and no pelvic or trunk support, most of the other
exoskeleton devices, as typified by Rewalk system,22,23 might show
different trends. These devices contain bilateral hip and knee joint
motors, rigid pelvic and trunk support, and require users to continue
to lean forward while simultaneously bringing both crutches to the
front to a standing balanced position.24 This structure and posture
might increase the ABD and decrease the PBD. Although previous
study reported occasional loss of balance during walking with
Rewalk,23 it was not described in any detail concerning the type
of UPCs. The small number of SCI patients might limit the strength of
our results. In particular, the comparison between T6 and T12 injuries
requires further study with additional subjects because each group has
only a couple of subjects, which makes the results weaker. In addition,
as all subjects in this study had lower thoracic SCIs, further
investigations are needed to determine the incidence of UPCs in
patients with cervical and upper thoracic SCIs.

CONCLUSION

The present study investigated the type and incidence of UPCs during
robot-assisted gait training in SCI patients. PBD was the most
commonly observed UPC during gait with a wearable robot.
Moreover, it was prominent during the early stages of gait training
with the walker without the harness and in patients with a relatively
high level of injury. It is generally acknowledged that robot-assisted
gait needs to be secured safely when used in clinical practice.25 The
significance of this study is that it provides the first observational
evidence with regard to UPCs during robot-assisted gait training in
SCI patients. These findings would be useful for the development of
an effective training program.
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