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Introduction

The feet are the first and, in general, the only part of the body

Abstract

Introduction: Assessment of plantar pressure indicates the manner in which
the plantar region contacts the ground as the first point in a leg-linked kinetic
chain, and receives force from the ground. However, few studies have examined
the changes in plantar pressure distribution in patients who underwent Total
Hip Arthroplasty (THA) before and after THA, or compared plantar pressure
distribution between THA patients and healthy adults.

Objective: Plantar pressure distribution in patients with end-stage hip
osteoarthritis who undergo THA may be adjusted to that in healthy adults by
correcting leg length discrepancy. Herein, our objective was to find out if the
plantar pressure distribution during standing differs before and after THA, and
between healthy adults and THA patients.

Design: Case control study.
Setting: Single orthopedic clinic in Japan.

Participants: THA patients (n=58; THA group) and healthy adults (n=53;
control group).

Interventions: Not applicable.

Main outcome measure(s): The maximum plantar pressure under each
foot measured during standing for 20 s was assessed for location, symmetry,
and leg length discrepancy.

Results: The distribution plantar pressure in the THA group differed pre-
and postoperatively. The maximum plantar pressure region was the heel in
approximately 80% of the patients three months after THA, it was not different
in THA patients three months postoperatively and in healthy adults. Patients
with asymmetrical maximum plantar pressure regions were those whose
postoperative maximum plantar pressure region in the affected leg was the
forefoot and those whose maximum plantar pressure region in the affected leg
shifted to the heel. The leg length discrepancies decreased significantly after
THA.

Conclusions: The plantar pressure distribution during standing in female
patients adjusted to that in healthy adults after THA. Patients with asymmetrical
distribution of maximum plantar pressure may benefit from balance assessment
and physical therapy.

Keywords: Total hip arthroplasty; Plantar pressure; Osteoarthritis

of motion, and sports activities [5,6]. We have shown that the leg
length discrepancy in patients with end-stage hip Osteoarthritis (OA)
predicted their plantar pressure distribution. We have also shown

that contact the external environment directly during standing.
In addition, the foot provides sensory information regarding
contact with the ground [1,2]. A number of systems that measure
foot pressure are available, but the results of one system should
not generally be compared with another [3,4]. It may be clinically
important to measure the distribution of plantar pressure rather than
its value. Plantar pressure distribution can be influenced by factors
such as weight, age, sex, anatomical structure of the foot, joint range

that the plantar pressure is higher in the heel in approximately 80%
of healthy women and 65% of patients with end-stage hip OA and
higher in the forefoot in approximately 25% of these patients [7].
Assessment of plantar pressure indicates how the plantar region
contacts the ground as the first point in a leg-linked kinetic chain and
how the plantar region receives force from the ground. Periyasamy et
al. described that pressure distribution measurement techniques are
useful for understanding the biomechanics of the human foot and
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Patients with end-stage hip osteoarthritis (OA)

Age-matched women without a history of
leg pain or sensory-motor impairment
(n=53)

(n=143)
Excluded
(n=81)
.|+ Men(n=18)
« Patients with bilateral hip OA (n=13)
. Patients with contralateral total hip arthroplasty(n = 42)
« Patients with limited ankle range of motion(n = 1)
« Patients who were not assessed preoperatively (n=7)
Excluded
. (n=3)
« Patients who were not assessed 1 month after THA (n = 3)
Excluded
(n=1)
« Patients who were not assessed 3 months after THA (n=1)

Included in the present study
THA group
(n=58)

Figure 1: Flowchart of participant recruitment and enroliment.

Included in the present study
Control
(n=53)

addressing various concerns regarding associations between plantar
pressure distribution and lower-extremity posture [2,5]. However,
few studies have examined how plantar pressure distribution in
patients who underwent Total Hip Arthroplasty (THA) changed from
before THA to after THA or compared plantar pressure distribution
between THA patients and healthy adults.

For this study, we hypothesized that the plantar pressure
distribution during standing in patients with end-stage hip OA can be
adjusted to that of healthy adults after THA resulting from correction
of leg length discrepancies. Thus, this study aimed to investigate
how plantar pressure distribution during standing in patients who
underwent THA changed from before THA and to clarify whether
plantar pressure distribution during standing in patients with THA
differs from that of healthy adults.

Methods

Participants

The present study employed the case control study design. In 2016,
143 patients with end-stage hip OA (Kellgren and Lawrence Grading
System: grade 4) were admitted to our institution for primary THA.
Of these patients, we excluded men (n=18) and selected only women
to control for sex-specific differences in plantar pressure distribution
[5]. In addition, we excluded the following patients: those with OA
in both hip joints (n=13), those who had undergone contralateral
THA (n=42), those who had severe limitation in their ankle range

of motion (n=1), and those who could not be assessed for any other
reasons before, one month after, and three months after THA (n=7,
n=3, and n=1, respectively). A total of 58 patients [mean age 62.9
{standard deviation (SD) 9.9} years, Body Mass Index (BMI) 22.9 (SD
3.2) kg/m? THA group] participated in this study (Figure 1).

A single surgeon performed all operations via a posterolateral
approach. All patients remained in the clinic for 28 days
postoperatively and received physical therapy seven days per week.
Physical therapy was started on the first postoperative day and was
composed of range of motion exercises, muscle strengthening, gait
training, aerobic exercise, postural restoration exercise, and Activities
of Daily Living (ADL) training. Patients were permitted partial weight
bearing with double crutches at two days and full weight bearing with
a cane at two weeks postoperatively. They were instructed to continue
their tailored exercises at home. In outpatient rehabilitation, patients
were assessed regarding their performance in physical function and
ADLs and provided with a tailored home exercise program to address
identified limitations. All patients were able to walk with a cane for
>10 min at four weeks postoperatively.

The control group comprised 53 age-matched women (mean age
61.2 (SD 6.8) years, BMI 21.9 (SD 3.1) kg/m?) without a history of
leg pain or sensory-motor impairment who were recruited through
friends and relatives of the patients and through colleagues at our
institution.
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Figure 2: Graphical representation used to describe plantar pressure
variables of the foot.
Plantar pressure (1-14 N/cm?) is shown on each 1-cm? zone.

The study was approved by our institution’s ethics review board
(approval number 1062). We adhered to the principles outlined in
the Declaration of Helsinki. All participants were informed of the
procedures before they consented to participate, and all participants
signed an informed consent statement.

Procedures

In all participants, the plantar pressure distribution under each
foot was assessed. In the THA group, the plantar pressure was
measured three times: before THA, one month after THA, and
three months after THA. The Pressure Distribution Measurement
Platform with PDMS software (Zebris Medical GmbH, Isnyim
Allgau, Germany) was used to measure plantar pressure under each
foot during standing. This platform has 1506 pressure sensors that
are placed at 1 cm intervals on a 320x470-mm grid. Plantar pressure
is shown from 1 N to 14 N on each 1 cm?® zone (Figure 2). The force
platform measures vertical reaction forces of each foot. The range of
measurable pressure was 1-120 N/cm? and the sampling frequency
was 50 Hz. Participants were blinded to the display of the measuring
system, which showed values in percentages and the color scale of
force distribution. Participants were instructed to stand for 20 s, with
their bare feet placed on the platform and their arms hanging freely at
their sides. We did not attempt to control their posture any further.
All participants could stand independently without assistive devices.
Measurements were performed by five physical therapists with at least
10 years of clinical experience. With reference to previous studies [1,7-
9], the recorded plantar region surface on the measurement platform

was divided into six regions (hallux, lesser toe, forefoot, medial
midfoot, lateral midfoot, and heel; Figure 2). Among the six regions,
we defined the region that contained a 1 cm® zone (this region had the
highest plantar pressure) as the maximum plantar pressure region.
For example, in Figure 2, the 1 cm? zone that had the highest plantar
pressure (10 N) was found in the heel. Accordingly, the maximum
plantar pressure region was the heel. The maximum plantar pressure
region was compared between the affected leg of the THA group
(before THA and one and three months after THA) and the right
foot of the control group. We classified the participants as having
symmetrical distribution if the distribution of the maximum pressure
under each foot was balanced and asymmetrical distribution if the
distribution of the maximum plantar pressure was not balanced. The
number of patients with symmetrical and asymmetrical distributions
were compared (1) between the THA group (before THA and one
and three months after THA) and the control group; (2) between
those in the THA group and the control group whose maximum
plantar pressure region was the heel; and (3) between those in the
THA group and those in the control group whose maximum plantar
pressure region was the forefoot. Furthermore, as the plantar pressure
was higher in the forefoot in some patients with end-stage hip OA,
we examined how the maximum plantar pressure region of the THA
group, whose maximum plantar pressure region was the forefoot
before THA, changed after THA. Among patients whose maximum
plantar pressure region was the forefoot before THA, the proportion
of patients with a symmetrical and an asymmetrical distribution
was compared between patients whose maximum plantar pressure
region shifted to the heel one month after THA, patients in whom the
maximum plantar pressure region shifted to the heel three months
after THA, and the control group, in whom maximum plantar
pressure region was the heel.

In the THA group, leg length discrepancy was assessed before and
one month after THA. The affected leg of patients with hip OA was
shorter than the unaffected leg [10], and the leg length discrepancy
in patients with end-stage hip OA predicted their plantar pressure
distribution [7]. The leg length discrepancy in most patients after
THA could be corrected. Leg length discrepancy was determined
by measuring the difference in the perpendicular distance between
a line passing through the lower edge of the teardrop points and the
tip of the lesser trochanter for both legs based on anteroposterior
radiographs of the pelvis in the supine position [11]. If the affected
leg was shorter, leg length discrepancy was represented as a negative
value. If the affected leg was longer, leg length discrepancy was
represented as a positive value. The measurement was performed by
a single physical therapist with at least 10 years of clinical experience.

Statistics

Data for age and BMI were tested for normality using Kolmogorov-
Smirnov tests and evaluated for differences with independent sample
t-tests. Age and BMI were compared statistically between the THA
and control groups. Differences in the distribution of maximum
plantar pressure between the affected leg of the THA group (before
THA, one month after THA, and three months after THA) and the
right foot of the control group were tested using Fisher’s exact test
and residual analysis. Using Fisher’s exact or x2 test and residual
analysis, differences in the number of participants with symmetrical
and asymmetrical distributions were compared (1) between the THA
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group (before THA and one and three months after THA) and the
control group, (2) between the THA group and the control group
specifically in those whose maximum plantar pressure region was the
heel, (3) between the THA group and the control group specifically in
those whose maximum plantar pressure region was the forefoot, and
(4) between patients whose maximum plantar pressure region shifted
to the heel at one month and three months after THA, and the control
group participants whose maximum plantar pressure region was the
heel. Differences in leg length discrepancy between before THA and
one month after THA were tested using the Wilcoxon signed-rank
test. All statistical analyses were performed using SPSS (IBM, Tokyo,
Japan), 95% confidence intervals (CI) were determined, and statistical
significance was set at p<0.05.

Results

The THA and control groups were not significantly different in
terms of age (P=0.297, 95% CI, -4.93 to 1.52, r=0.10) or BMI (P=0.079,
95% CI, -2.29 to 0.13, r=0.17). Table 1 shows the distribution of
maximum plantar pressure in the two groups. We found statistically
significant differences in the distribution of maximum plantar
pressure in the affected leg between the THA groups (before THA,
one month after THA, and three months after THA) and the control
group (P=0.029, Cramer’s V=0.15). One month after THA, the
proportion of patients whose maximum plantar pressure region was
the heel was significantly higher and the proportion of patients whose
maximum plantar pressure region was the forefoot was significantly
lower. Differences were not found in the proportion of patients whose
maximum plantar pressure region was another region of the foot. At
three months after THA, we found no significant differences in the
proportion of patients whose maximum plantar pressure region was
any region of the foot. The maximum plantar pressure region was the
heel in approximately 80% of both the THA group and the control
group.

Table 2 shows the proportion of participants with symmetrical
and asymmetrical distributions in the THA group and the control
group, and we found no statistically significant differences (P=0.171,
¢=0.15). In the THA group and the control group whose maximum

Table 1: Distributions of maximum plantar pressure regions.

Table 2: Proportion of participants with symmetrical and asymmetrical
distributions in the THA and control groups.

Symmetrical Asymmetrical
THA group distribution distribution

preoperative

n (%) 37 (63.8) 21 (36.2)
1 month postoperative

n (%) 37 (63.8) 21 (36.2)
3 months
postoperative

n (%) 38 (65.5) 20 (34.5)
Control group

n (%) 42 (80.8) 10 (19.2)

X? test did not indicate a significant difference, P = 0.171
THA, total hip arthroplasty

Table 3: Proportion of participants with symmetrical and asymmetrical
distributions in the THA and control groups with the heel as the maximum plantar
pressure region.

Symmetrical Asymmetrical
THA group distribution distribution

preoperative

n (%) 34 (89.5) 4 (10.5)
1 month postoperative

n (%) 37 (69.8) 16 (30.1)
3 months
postoperative

n (%) 37 (77.1) 11 (22.9)
Control group

n (%) 35 (85.4) 6 (14.6)

Fisher's exact test did not indicate a significant difference, P = 0.084

THA, total hip arthroplasty

plantar pressure region was the heel, the difference in the proportion
of participants with symmetrical and asymmetrical distributions was
not statistically significant (P=0.084, ¢=0.19) (Table 3). Table 4 shows
the proportion of participants with symmetrical and asymmetrical
distributions in the THA group and the control group whose
maximum plantar pressure region was the forefoot. In the control

THA group (Affected plantar region) Hallux Lesser toes Forefoot Lateral midfoot Medial midfoot Heel

preoperative

n (%) 1(1.7) 0 (0) 15 (25.9) 4(6.9) 0(0) 38 (65.5)

residual -0.51 0 2.98' 1.33 0 -3.00°
1 month postoperative

n (%) 2(3.4) 0 (0) 2(3.4) 1(1.7) 0(0) 53 (91.4)

residual 0.44 0 -2.70° -1.01 0 2.63
3 months postoperative

n (%) 1(1.7) 0 (0) 7 (12.1) 2 (3.4) 0 (0) 48 (82.8)

residual -0.51 0 -0.51 -0.23 0 0.75
Control group (Right plantar region)

n (%) 2(3.8) 0(0) 8 (15.1) 2(3.8) 0(0) 41 (77.4)

residual 0.59 0 0.24 -0.08 0 -0.4

Fisher’s exact test indicated a significant difference, P = 0.029
"Residual analysis indicated a significant difference, P<0.05
THA, total hip arthroplasty
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Table 4: Proportion of participants with symmetrical and asymmetrical
distributions in the THA and control groups with the forefoot as the maximum
plantar pressure region.

Symmetrical Asymmetrical
THA group distribution distribution
preoperative
n (%) 3(20.0) 12 (80.0)
residual -1.29 1.29
1 month postoperative
n (%) 0 (0) 2 (100)
residual -0.98 0.98
3 months
postoperative
n (%) 1(14.3) 6 (85.7)
residual -1.1 1.1
Control group
n (%) 6 (75.0) 2 (25.0)
residual 3.08 -3.08"

Fisher’'s exact test indicated a significant difference, P=0.018.
‘Residual analysis indicated a significant difference, P<0.05.
THA, total hip arthroplasty.

group, the proportion of participants with symmetrical distribution
was significantly higher and the proportion of patients with
asymmetrical distribution was significantly lower (P=0.018, ¢=0.56).

In the THA group, 15 patients had the forefoot as the maximum
plantar pressure region, 12 had their maximum plantar pressure
region shifted to the heel by one month after THA, and a further
10 had a shift to the heel by three months after THA. A comparison
of the patients whose maximum plantar pressure region shifted to
the heel by one month after THA, those whose maximum plantar
pressure region shifted to the heel by three months after THA, and
the control group whose maximum plantar pressure region was the
heel showed that the proportion of participants with symmetrical
distributions was significantly higher and the proportion of
participants with asymmetrical distributions was significantly lower
in the control group whose maximum plantar pressure region was the
heel (P=0.048, ¢=0.29) (Table 5).

The mean leg length discrepancy before THA was -1.1 cm (SD

0.91,95% CI, -1.34 to -0.86) and decreased significantly by one month
after THA to 0.2 cm (SD 0.70, 95% CI, 0.03 to 0.40)(P<0.01, r=-0.86).

Discussion

This study indicated that the plantar pressure distribution in the
affected leg during standing in female patients with end-stage hip OA
changed after THA. Moreover, results showed that the maximum
plantar pressure region in approximately 80% of the patients by
three months after THA was the heel, and no differences were found
between the THA group three months after THA and healthy adults.
The maximum plantar pressure region of most healthy adults was
the heel. As the leg length discrepancy decreases, the heel is more
frequently observed to be the maximum plantar pressure region
[7]. In this study, the leg length discrepancy in patients with hip OA
decreased after THA. We interpreted that the number of patients
whose maximum plantar pressure region was the heel increased
after THA because the leg length discrepancy was corrected, and no
differences were found in the distribution of the maximum plantar
pressure between healthy adults and patients three months after
THA. The relationship between plantar pressure distribution and
functional leg length discrepancy may influence the change in the
distribution of maximum plantar pressure between one month after
THA and three months after THA.

Leg length discrepancy can be divided into two etiological
aspects: a structural leg length discrepancy, those with shortening
of bony structures, and a functional leg length discrepancy, those
that are a result of pelvic obliquity due to hip contracture or
scoliosis [12-16]. In this study, we measured structural leg length
discrepancy. Nakanowatari et al. reported that 28% of their patients
had functional leg length discrepancy of 25 mm and structural leg
length discrepancy of <5 mm at three weeks postoperatively [16]. We
interpreted that adjusting pelvic obliquity three months after THA
might correct the functional leg length discrepancy and changes in
the distribution of plantar pressure result from adaptation to the
structural leg length discrepancy. Assessing and adjusting pelvic
obliquity through physical therapy may be able to change plantar
pressure distribution earlier. This study showed that the maximum
plantar pressure region under each foot was also symmetrical in 85%
of healthy adults and in >70% of the THA patients whose maximum
plantar pressure region was the heel. However, the maximum plantar

Table 5: Proportion of participants with symmetrical and asymmetrical distributions in the THA group whose maximum plantar pressure region shifted to the heel after
THA, and in the control group whose maximum plantar pressure region was the heel.

THA group Symmetrical distribution Asymmetrical distribution

Patients whose maximum plantar pressure region shifted to the heel 1 month after THA

n (%) 7 (58.3) 5(41.7)

residual -1.61 1.61
Patients whose maximum plantar pressure region shifted to the heel 3 months after THA

n (%) 6 (60.0) 4 (40.0)

residual -1.31 131
Control group whose maximum plantar pressure region was the heel

n (%) 35 (85.4) 6 (14.6)

residual 2.33 -2.33"

Fisher’s exact test indicated a significant difference, P=0.048.
"Residual analysis indicated a significant difference, P<0.05.
THA, total hip arthroplasty.
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pressure region was symmetrical in 75% of healthy adults and in
<20% of the patients whose maximum plantar pressure region was
the forefoot. This indicated that the symmetry of the distribution
of maximum plantar pressure under each foot in patients whose
maximum plantar pressure region in the affected leg was the
forefoot was different from that in healthy adults. Furthermore, in
patients whose maximum plantar pressure region in the affected leg
shifted from the forefoot to the heel after THA, their distribution of
maximum plantar pressure tended to be asymmetrical. The position
of the maximum plantar pressure region resolves the location of the
Center of Pressure (COP). The COP is related strongly to balancing
ability. The ability to maintain the COP within the base of support
can also estimate balancing ability well [17-20]. Identifying the COP
location indicates where the forces are distributed under the foot
and provides insight into the postural-control strategy being used
[21]. Standing is the base of many ADLs, such as walking. Assessing
standing in fine detail could contribute to the body of knowledge on
abnormal standing performance in patients. Although the loading
of the affected leg during standing reduced in patients with hip
OA, we found that the loading of the operated leg was restored one
month after THA and was maintained three months after THA [22].
However, three months after THA, patients were able to exert load on
the operated leg sufficiently, and their plantar pressure distribution
was not different from that of a healthy adult. Thus, we should focus
on the asymmetry of the plantar pressure distribution and the COP
location in patients whose maximum plantar pressure region in the
affected leg is the forefoot or those whose maximum plantar pressure
region in the affected leg shifts after THA. A previous study observed
major post-surgical improvements compared to preoperative status,
although postural balance impairment could still be noted compared
with healthy controls [23]. Therefore, we should investigate whether
the characteristics of plantar pressure distribution in THA patients is
related to their balancing ability.

Study Limitations

In this study, we assessed the plantar pressure until three
months after THA, but these results may not reflect the long-term
distribution of plantar pressure after THA. Moreover, the results
cannot be generalized across the population of THA recipients, as our
study examined female patients only. In addition, we did not measure
functional leg length discrepancy and pelvic obliquity. We suggest an
investigation of the relationship between alignment in patients after
THA and their plantar pressure distribution. Furthermore, we did
not measure the anatomical structure of the foot and joint range of
motion, or investigate sports activities. These may have influenced the
plantar pressure distribution.

Conclusions

The plantar pressure distribution in the affected leg during
standing in female patients with end-stage hip OA changed following
THA. As a result of corrections to their leg length discrepancies,
the maximum plantar pressure region shifted to the heel in 80%
of the patients by three months after THA. The plantar pressure
distribution in patients three months after THA was not different
from that in healthy adults. Patients whose distribution of maximum
plantar pressure were asymmetrical after THA would need to have
their balancing ability assessed and their plantar pressure distribution

adjusted to more closely match that of a healthy adult through
physical therapy.
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