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Abstract

This study aimed to assess the plantar pressure and the gait characteristics in patients with
hemiplegia compared with normal subjects. Plantar pressure was measured and evaluated by the Pedar-x
system®. Twenty healthy Thai volunteers and 10 Thai patients with hemiplegia were recruited for this
study. Patients with hemiplegia had significant differences in gait pattern and plantar pressure distribution
compared with normal subjects. The percentages of the plantar pressure difference were 5 + 3 and 30 + 12
% in the normal group and the hemiplegic group, respectively. The time interval during single limb
support on the affected side was 11 % shorter than the unaffected side while there was no difference of
the time interval during single limb support in normal subjects. The pattern and area under the curve of
normalized force-time relationship in patients with hemiplegia were particularly distinguishable from
normal subjects. The progression lines of both feet were asymmetric in patients with hemiplegia but they
were particularly symmetric in normal subjects. The gait characteristics derived from plantar pressure in
patients with hemiplegia are apparently imbalanced and clearly different from that in normal subjects in
both qualitative and quantitative aspects.
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Introduction

Patients with hemiplegia resulting from cerebrovascular diseases commonly demonstrate one or
more deviations from the normal walking kinematics [1,2]. Hemiplegia, a paralysis of one side of body, is
the sign of neurovascular disease of the brain, and is the most common impairment after a stroke which
reduces gait performance [3]. Hemiplegia is a major concern for physical therapists and it is always an
obvious sign of cerebrovascular disease, including sensory dysfunction, aphasia, visual field defects and
mental and intellectual impairment. The factors of hemiplegia leading to gait disorder are varied and
depend on the severity of the disease, the location of the damage in the brain and the duration of
impairment [4]. Hemiplegic patients have a variation and unbalanced walk, including altered ground
reaction forces. Plantar pressure measurement is one of the useful methods that can be used to assess the
gait abnormality of patients [5-7].

Various quantification methods with different technologies have been introduced for foot pressure
analysis such as in-shoe system and capacitive pressure distribution platform [4,7-9]. The Pedar-x
system”, an in-shoe dynamic vertical pressure measuring system, has a good repeatability and a high
accuracy in plantar pressure measurement in many conditions as reported in several studies [10-14].
Pedar-x system® measures pressure applied to each sensor embedded in the insole. In addition, the Pedar-
x system” can be used to evaluate disorders in gait and correlated to foot pathologies [11]. Recently,
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Waaijman and colleagues have used the Pedar-x system” to study plantar pressure on diabetic foot
ulcerations [15]. They have reported that the maximum peak pressure is interchangeable with pressure-
time integral in the diabetic footwear study.

Plantar pressure is an interesting parameter to use for the gait dysfunction diagnosis. It also can be
used to evaluate and quantify gait characteristics of patients with hemiplegia. However, there are still no
conclusions on characteristics that can be applied for monitoring of rehabilitation progress relative to
normal people or use for training devices for patients with hemiplegia. We also previously did a
preliminary study on the plantar pressure distribution with only 5 Thai patients with hemiplegia [16].
However, it still requires an increasing number of patients. Therefore, this study increased the number of
patients and focused on the assessment of the plantar pressure and the evaluation of the gait
characteristics during walking between hemiplegic and normal subjects. The understanding of the
differences in gait characteristics between patients with hemiplegia and normal subjects can be utilized to
develop feedback assistive walking devices based on plantar pressure derived parameters for patients with
hemiplegia or to create a rehabilitation program for them.

Materials and methods

Participants

Twenty normal subjects and 10 patients with hemiplegia were recruited from the university medical
school center. All participants read and signed an informed consent, which was approved by the ethics
committee of the faculty of medicine, Prince of Songkla University (EC-54-264-25-6-3). Normal subjects
without a history of surgery or history of trauma or leg length discrepancy and over 40 years old were
included in this study. Patients with a history of hemiparesis who were older than 40 years of age and able
to walk without using any walking aids were included in this study. Hemiplegic patients who had a stroke
from 3 months to 6 years earlier were studied. Table 1 shows the demographic data of subjects involved
in this study.

Study protocol

All participants were asked, each time, to walk naturally with their own sport shoes along a 10 m
walkway for 3 rounds. At the end of each round, subjects took a rest for 3 min before starting to walk
again. All participants had to repeat this 3 times.

Table 1 Demographic data of participants.

Demographics Normal person Patient with hemiplegia
Male Female Male Female
Number of subjects 10 10 5 5
Affected side - - 5L 2L/3R
Age (years) 46 + 4 47+5 61 +13 53+6
Body weight (kg) 63.97+5.74 55.27+7.23 73.20+10.76 59.80 + 5.54
Height (m) 1.66 £ 0.06 1.55+0.05 1.65+0.06 1.54+£0.05
Body mass index (kg/m?) 23.12+1.03 23.07 +£2.99 26.80+2.98 25.74 £ 147

Values are in mean + SD, L and R in affected side means left and right.

Plantar pressure measurement and data analysis

Plantar pressure was measured and determined using the Pedar-x system”™ (Novel GmbH, Munich,
Germany). The insole has an array of 99 capacitive sensors and 4 insole sizes (size U = Asian shoe size
22.5 - 23.5, size V = Asian shoe size 24 - 25.5, size W = Asian shoe size 26 - 26.5 and size X = Asian
shoe size 27 - 27.5) were used to accommodate 4 different foot sizes. The 2.6 mm thick insoles were
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inserted into the shoes and connected to the Pedar™ box (A/D converter). The system was calibrated under
the manufacturer’s instructions before starting the measurement. The plantar pressure measurement was
acquired with a minimum sample rate that was preset in the system i.e. at 50 Hz for U and V insole sizes
for females and 100 Hz for W and X insole sizes for males. The Pedar-x system® has an inbuilt threshold
of 15 kPa, resulting in a cut-off value in pressure recording. This threshold was also used clinically to
reduce noise when recording in-shoe data [8].

The plantar pressure was analyzed using Novel Database Essential software version 12.3. We
further calculated the percentage of plantar pressure difference (PPD) from the mean value pressure of
each side as expressed in Eq. (1) proposed by Sanghan ef al. [16]. In addition, the percentage of phases in
a gait cycle, the temporal-force normal to the plantar surface relationship and its area under the curve, the
center of pressure (COP) progression line and the foot progression angle [17,18] were determined.

2|Pressure Left - Pressure Right

Percentage of plantar pressure difference (PPD) = x 100 (1)
Pressure Left T Pressure Right

Statistical analysis

All data were statistically analyzed and presented as mean + standard deviation (SD). Mann
Whitney tests were performed to compare the percentage of plantar pressure difference, the percentage of
phases in a gait cycle, the area under the curve of the force-time relationship and the foot progression
angle. Statistical analysis was performed using Prism 5.0 for Windows (GraphPad Software, San Diego,
USA). Differences were considered to be significant at a p-value less than 0.05.

Results and discussion

Plantar pressure

Plantar pressure distribution was distinctively different between normal and hemiplegic groups.
Figure 1 (top) illustrates an example of the normal sequence of plantar pressure during walking;
representing a smooth pressure transfer from the heel (a), to the lateral midfoot (c), to the
metatarsophalangeal area (d), to the toes (e) and finally to the hallux before going into the swing phase
period. We found that the plantar pressure distribution on the left side was not much different from the
right side in normal subjects. Whereas in patients with hemiplegia as shown in Figure 1 (middle and
bottom), the plantar pressure on the affected side had a lower magnitude compared with normal subjects.
On the affected side of patients, the plantar pressure on the regions of the midfoot, metatarsophalyngeal
and hallux was less than that of normal persons. The significant difference in plantar pressure when
compared between normal and hemiplegic subjects was similar to the previous study that showed the
plantar dynamics had a difference on the uninvolved leg of the patients [19]. Furthermore, there was a
significant difference in the percentage of plantar pressure difference (PPD) between the groups (p <
0.05). The value of PPD in the normal group and the hemiplegic group were 5 £ 3 and 30 + 12 %,
respectively. This difference showed unequal force normal to the plantar surface acting on the foot in the
patients. Furthermore, the higher PPD might be useful to indicate the severity of hemiplegia.

Percentage of phases in a gait cycle

The gait cycle has been divided into 8 functional patterns; (i) initial contact, (ii) loading response,
(ii1) mid stance, (iv) terminal stance, (v) pre-swing, (vi) initial swing, (vii) mid swing and (viii) terminal
swing as described in a previous study [20]. The percentage of phases in a gait cycle in the normal group
and the hemiplegic group are shown in Figure 2. The time period of the 1* double limb support was
similar to the 2™ double limb support in normal subjects. The period of single limb support in both left
and right sides were also similar in the normal group. In contrast, the percentage of phases in a gait cycle
in patients with hemiplegia was significantly different between a single limb support of the affected side
and that of the unaffected side (p < 0.05). The single limb support on the unaffected side took a longer
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period than that on the affected side. In the hemiplegic group, there was also a significant difference
between the periods of 1 double limb support and 2™ double limb support (p < 0.05). Our results are in
agreement with Pizzi and colleagues [21] who found that the asymmetrical gait of patients with
hemiplegia showed less time was spent on the affected limb than that on the unaffected limb during the
single limb support phase. Normally, the 2 periods of double limb and single limb support time intervals
are symmetrical in normal persons [22]. In our study, the time intervals of single limb support between
affected and unaffected sides were significantly different. On the affected side, the time period was
shorter than the unaffected side due to the weakness of functional muscles [23,24]. Woolley also reported
that the gait patterns in patients with hemiplegia differ from that in normal healthy participants because
there was a lack of bilateral symmetry [19].

i? @@ 3 8 .
ANADERT

.. ..a - v
(76T £, 2
(a) (b) (c) (d) ) (f)

(e

ﬂl

Figure 1 Examples of plantar pressure distribution during walking in fundamental phases of human gait
in a normal person (top) and patients with hemiplegia (middle and bottom). Gait phases: Initial contact
(a); Midstance (b), (c) and (d); Propulsion (e); Swing (f). High represents pressure > 300 kPa and Low
represents pressure < 15 kPa.
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Figure 2 Percentage of phases in the gait cycle in (a) normal and (b) hemiplegic subjects classified into
single limb support and double limb support.

Force normal to plantar surface

The examples of the force normal to the plantar surface normalized with body weight in time
domain are presented in Figures 3a and 3b. During normal gait, the curve of the normalized force
perpendicular to the plantar surface looked like an M-shape curve, showing good symmetry between right
and left sides. In contrast, patients with hemiplegia presented an asymmetric pattern of the force normal
to the plantar surface in both affected and unaffected sides. As a result, the curve of the affected side
showed an irregular shape and was narrower when compared with the unaffected side. Furthermore, the
normalized force and the ground contact time on the affected side were less than the unaffected side. The
hemiplegic patients have an abnormal pattern of force normal to the plantar surface because of the
reduction in loading force related to poor confidence, discomfort, and poor functional movement of the
lower limb on the affected side [25]. The time per a gait cycle was longer in hemiplegic subjects than
normal subjects. The percentage of the difference between the areas under the curve (AUC) of the force-
time relationship is presented in Figure 3c. The difference of AUC in hemiplegic patients was
significantly greater than that in normal subjects (p < 0.05). It means that the patients with hemiplegia
used less amplitude of force on the affected side and the time on the affected single support was
particularly short. Therefore, the difference between in the AUC of the force-time relationship can be
used as a quantitative indicator to evaluate the walking ability of patients with hemiplegia.

Center of pressure progression line

The progression line, the pathway of center of pressure (COP), can be used as a measure of the
personal ability to maintain balance. We observed the COP progression line during the gait cycle. It was
found that, in a normal gait, the COP moved from the heel at initial contact along the foot to the big toe as
shown in Figure 4a. The length of the progression line between the left and right sides of normal persons
was clearly different to that of patients with hemiplegia. We found that the gait progression line on the
affected side was shorter than the unaffected side in patients with hemiplegia and this line showed an
asymmetry between left and right sides (Figures 4b and 4c¢). Rodgers and colleagues reported that the
length of the COP path or gait progression line in patients with hemiplegia was short and asymmetric,
which was similar to our results [26].
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Figure 3 Example of the normalized force-time relationships in (a) normal subject, (b) patient with
hemiplegia, (c) the percentage difference of the areas under the curve in a normalized force-time
relationship.
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Figure 4 Examples of COP progression lines in (a) a normal person, (b) affected left side and (c) affected
right side of patients with hemiplegia. High represents pressure > 300 kPa and low represents pressure <
15 kPa.
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Figure 5 Foot progression angles in normal subjects and patients with hemiplegia.

Foot progression angle

The foot progression angle describes the degree of in-toeing or out-toeing of the foot relative to the
forward line of progression and demonstrates the pressure distribution behavior, in a walking pattern [27].
Figure 5 shows that foot angle values in normal subjects are in the range of —2 to +4 degrees (Left:
median 1.25, 25 % percentile —1.0 and 75 % percentile 2.5; Right: median 1.5, 25 % percentile 0.5 and
75 % percentile 2.5); whereas hemiplegic foot angle values are in the range of —7 to +7 degrees on the
affected side (median 1.0, 25 % percentile —4.5 and 75 % percentile 3.0) and —3 to —7 degrees on the
unaffected side (median 3.0, 25 % percentile 2.0 and 75 % percentile 3.5; ). We found the foot angle
values of the affected side were significantly less than that of the unaffected side (p < 0.05). It is also
noteworthy that the range of foot progression angle values was very wide on the affected side. In contrast,
in normal subjects, there was no difference in the foot progression angle values when compared between
the left and right sides.
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This study has clearly demonstrated and characterized plantar pressure assessment, with the walking
condition of patients with hemiplegia. The results of this study provided evidence to support the different
gait characteristics between normal people and patients with hemiplegia. Moreover, our investigation
looked at and evaluated the differences in gait characteristics related to plantar pressure between normal
subjects and patients with hemiplegia. Then the effective and practical parameters can be used as a
criteria input or threshold values for hemiplegic patient’s rehabilitation devices to do gait training or to
monitor the progress of rehabilitation on the affected side.

Conclusions

In conclusion, our results showed that patients with hemiplegia had distinctly different gait
characteristics from normal subjects in 5 main ways; the unequal plantar pressure distribution between
both sides, the difference in the percentage of gait cycle in the single limb support, the lower non-smooth
peak and irregular pattern of the force-time relationship curve, the asymmetric progression line and the
wide range of foot progression angle values. These characteristics will be useful to use as threshold
settings for walking assistive devices for patients with hemiplegia.

Limitations

Our study had several limitations. First, the number of patients in our study, only 10 patients, was
still considerably small compared to other studies [2,4]. Therefore, if the number of patients increases we
can obtain more precise and effective information. Second, the foot type was not assessed in the process
of participant selection before the measurement. Several studies reported that flat foot types have
decreased peak pressure compared with normal foot types [28,29]. Third, patients with hemiplegia had
different clinical features due to the degree and duration of disability, cause of stoke, degree of severity,
age of patient and physical therapy service.
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