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Abstract: The aim of this study was to comprehensively assess the gait parameters in patients who
had undergone treatment of pilon fractures by the Ilizarov method. We analyzed gait parameters
in patients who had undergone treatment for pilon fractures by the Ilizarov method; 20 patients
aged 47.0 years (25.2-78.6) were included in the study. The control group consisted of 32 healthy
volunteers. Gait examination was performed using the pedobarographic platform. Statistically
significant differences in the following gait parameters: maximum forefoot force (%), step length
(cm), and step time (s) were found between the study group and the control group, between the
nonoperated leg, and both the operated leg and the dominant limb. Statistically significant differences
in the study group between the treated lower limb and the healthy lower limb were only observed
in the case of the maximum forefoot force parameter (%). Healthy subjects from the control group
obtained significantly higher values during locomotion for stride time, cadence step, and velocity
than the patients, with stride time being statistically significantly shorter and the velocity and the
cadence step higher. We observed symmetry in the gait parameters after treating pilon fractures by
the Ilizarov method. This method of stabilization allows the restoration of gait parameters, with
results similar to those obtained after the treatment of other motor organ pathologies described in the
literature, although different from those observed in healthy subjects. In particular, the biomechanics
of the lower limbs remain disturbed.

Keywords: gait; symmetry; pilon fracture; tibia; Ilizarov method; pedobarography

1. Introduction

Pilon fractures constitute about 1-6% of all lower limb fractures [1-4]. They are usually
high-energy, comminuted, intra-articular fractures associated with extensive damage to
soft tissues, complicating the process of treatment and recovery [3-14]. Various methods
of stabilizing pilon fractures are available, one of which is the Ilizarov method [3-14].
Opinions on the effects of pilon fracture treatment are not unambiguous [3-10,12,13]. Al-
though some authors indicate that it has positive results [3-5,8,10,12,13], others report poor
results [3,6,7,12,14]. The literature provides publications that present treatment techniques
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for pilon fractures [3-11] and assess their clinical [3-14], functional [4-10,13,14], and radio-
logical [3-6,8,9,11,12] outcomes. A small number of studies have examined gait parameters,
which are very important as a measure of the effectiveness of the treatment method, in
patients who have undergone treatment of pilon fractures [13,14], but our search found
studies non dealing specifically with the Ilizarov method. Falzarano et al. assessed the
gait of 34 patients after pilon fractures with three different stabilization methods [13]. Gait
evaluation was limited, it concerned only a few selected parameters by the baropodometric
examination [13]. However, they did not compare the results to a healthy control group. In
the work of Jansen, the gait of 35 patients with pilon fractures with different stabilization
methods was assessed using dynamic pedography [14]. In the evaluated patients, they
found limitation of limb functions and the following gait disturbances: lower load on
first metatarsal, medial forefoot, heel, and for the total foot in the limb after fracture [14].
However, they did not compare the results to a healthy control group. A comprehensive
assessment of the results of lower limb treatment is important for physicians, physiothera-
pists, and patients [15-35]. In addition to clinical and radiological evaluation, assessing
the biomechanics of the lower extremities provides objective information on the effects of
treating musculoskeletal system pathologies [15-35]. There are publications showing the
usefulness of the analysis of gait parameters in assessing treatment outcomes for various
disorders of the lower extremities [17-19,21-32] using other types of therapy. Improve-
ments in joint mobility, restoration of normal muscle strength, and reduction in pain and
swelling allow normal gait parameters to be restored [17-19,21,23-27,30,32]; evaluation of
these parameters can serve as measure of the effectiveness of the therapy. Considering the
above, the assessment of gait parameters and symmetry in this group of patients seems
to be an innovative idea. The aim of this study was to comprehensively assess the gait
parameters and symmetry in patients who had undergone treatment of pilon fractures by
the Ilizarov method.

2. Materials and Methods
2.1. Patient Recruitment

We analyzed gait parameters in patients who had undergone treatment for pilon
fractures by the Ilizarov method. The criteria needed to qualify for the study were consent
to participate in the study, treatment of the distal end of the tibia fracture by the Ilizarov
method, clinical and radiological confirmation of complete bone union, a minimum follow-
up period of two years from the end of treatment, availability of clinical and radiological
treatment data, and availability of gait data. The exclusion criteria were: other or multiple
injuries of the lower limbs and neurological diseases. Once the exclusion criteria had been
applied, twenty patients aged 47.0 years (25.2-78.6) (Table 1) were included in the study.
The control group consisted of 32 healthy volunteers with no significant medical history,
homogeneously matched in terms of Body Mass Index (BMI), sex, and age (50.5 years
(34.0-77.7)) to the study group (Table 1). The study was approved by the Bioethics Com-
mittee. All patients were informed that their participation in the study of gait parameters
was voluntary.

Table 1. Descriptive characteristics of the participants.

Control Group Patients after
(n=32) Surgery (n = 20) P
Age [years] 50.5 (34.0-77.7) 47.0 (25.2-78.6) 0.386
Height [cm] 172.5 (158.3-187.7) 174.0 (160.1-189.6) 0.546
Body mass [kg] 79.5 (56.0-99.8) 82.5 (62.0-98.0) 0.328
BMI [kg/m?] 27.2 (21.6-36.4) 26.5 (23.2-33.8) 0.430

Data are medians and 5th-95th percentiles. BMI, body mass index.
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Treatment of pilon fractures by the Ilizarov method is performed through fracture
stabilization, distraction, and reposition. The Ilizarov stabilizers consist of three or four
rings attached to the tibia and the fibula with Kirschner’s wires. Gait was begun within one
day after surgery with the use of two elbow crutches. Outpatient checks were performed
every 2-6 weeks. During treatment, there was a gradual increase in the load on the
operated limb, leading to weaning off the crutches and walking with full load, about
2-3 months after the start of treatment. The Ilizarov fixator was removed after the fracture
had sufficiently fused, which was radiologically (the presence of at least three of the four
cortical layers of bone) and clinically (no pain and no pathological mobility at the fracture
site) confirmed. After this, for a period of four weeks, patients were advised to walk with
two elbow crutches, and with partial support of the operated limb. The load on the limb
was increased gradually, taking into account the degree of the fracture remodeling seen on
the X-ray image. All patients had the same rehabilitation protocol throughout the entire
period of wearing the stabilizer and for 6-12 weeks after its removal.

2.2. Gait Analysis

Gait examination was performed using the pedobarographic platform by Zebris
Medical, which allowed computer registration of kinetic parameters, which later underwent
statistical analysis (Figure 1).
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Figure 1. The pedobarographic platform by Zebris Medical.

The platform, when connected to a computer equipped with the appropriate Foot-
Print software, enables the analysis of two- and three-dimensional distribution of ground
reaction forces while walking. The device has a set of 11,264 sensors, and its size is
56 x 208 cm. Gait analysis data were processed and archived on a PC using the WinFDM
software [17,30,33-36]. The following parameters were analyzed in this study:

Maximum forefoot force (%) as a percentage of body weight
Maximum hindfoot force (%) as a percentage of body weight
Step length (cm)—the distance from the heel print of one foot to the heel print of the
next foot during a walking stride

e  Stance phase (%)—the period of time during which the foot is in contact with the
ground

e Swing phase (%)—the period of time during which the foot is not in contact with
the ground

e  Step time (s)—the phase of the gait cycle between the contact of one heel with the
ground and the contact of the other heel with the ground
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e  Stride time (s)—the time between the first contact of two consecutive footsteps of the
left and the right feet
Cadence step—step rate per minute
Velocity (km/h)—the speed of walking.

Before beginning the measurements, the patients walked through the platform to
become familiar with the test method. The examinee walked without shoes. The platform
was calibrated before each patient. Each patient performed five trials. For further anal-
ysis, the arithmetic mean of three good trials was taken into account for each evaluated
parameter. The trial was regarded as correct when the patient went through the platform
with both feet at least three times, had his or her eyes open during the test, did not perform
excessive torso rotations during the test, and walked continuously at his or her preferred
speed [17,30,33-36]. To compare the study group with the control group, the dominant leg
in the control group was defined. The parameters of the operated leg in the study group
were compared with the nondominant leg in the control group, and the parameters of
the healthy leg in the study group were compared with the dominant leg in the control
group. The dominant leg mobilizes the function of the lower limb during juggling a ball or
kicking [30,33,37].

2.3. Statistical Analysis

The data were analyzed using the SigmaPlot v13 statistics package (Systat Software,
San Jose, CA, USA). Continuous variables were first analyzed for a normal distribution
using the Kolmogorov-Smirnov test with the Lilliefors correction. All values were ex-
pressed as medians and 5th-95th percentiles. An unpaired Student’s t-test was used to
test the differences between two groups. For data that did not pass the normality test, the
significance of the differences was analyzed using the Mann-Whitney U-test. The level of
statistical significance was set at p < 0.05.

3. Results

Statistically significant differences in the following gait parameters: maximum forefoot
force (%), step length (cm), and step time (s) were found between the study group and the
control group, between the nonoperated leg (NOL) and both the operated leg (OL) and the
dominant limb (Table 2, Figures 2—4).
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Figure 2. The comparison of force forefoot maximal load between control group and patients after
treatment with the Ilizarov method. The lower boundary of the box indicates the 25th percentile
whereas upper boundary of the box corresponds to the 75th percentile. The median is marked by a
line located in the box. Whiskers indicate the 90th and 10th percentiles. White boxes, control group;
gray boxes, patients after surgery. OL, operated limb; NOL, non-operated limb.
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Table 2. Gait parameters for patients after treatment with the Ilizarov method vs. healthy control group.

Control Group Patients after Surgery
(n =32) (1 = 20) P
Force Forefoot 107.0 (95.6-117.0) 98.0 (69.5-112.6) <0.001
max load OL [%]
Force Forefoot 108.5 (93.9-117.0) 104.5 (89.1-114.0) 0.025
max load NOL [%]
p 0.716 0.003
r:;’)fclifgg‘{o[o/t] 79.5 (67.6-89.3) 75.5 (60.0-93.7) 0.391
mggﬁgzgfﬁgﬁo[i/ol 77.5 (70.0-89.4) 80.0 (48.7-97.5) 0.407
p 0.396 0.579
Step length OP [cm] 55.0 (47.2-69.1) 52.5 (35.2-63.8) 0.013
Step length NOP [cm] 56.5 (52.0-70.3) 53.0 (32.0-58.9) <0.001
p 0.309 0.550
Stance phase OL [%] 63.9 (57.7-71.8) 64.6 (61.2-70.6) 0.342
Stance phase NOL [%] 65.2 (57.5-68.4) 65.7 (59.3-70.6) 0.486
p 0.151 0.685
Swing phase OL [%] 35.9 (30.7-42.5) 35.3 (29.4-38.8) 0318
Swing phase NOL [%] 34.9 (31.5-42.3) 34.2 (29.4-40.7) 0.263
p 0.655 0.685
Step time OL [s] 0.585 (0.460-0.703) 0.650 (0.550-0.904) 0.002
Step time NOL [s] 0.580 (0.460-0.703) 0.650 (0.530-0.807) <0.001
p 0.660 0.871

Data are medians and 5th-95th percentiles. OL, operated limb; NOL, non-operated; for control group OL is dominant limb and NOL is

no-dominant limb. Bold typeface indicates statistically significant differences.
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Figure 3. The comparison of step length between control group and patients after treatment with
the Ilizarov method. The lower boundary of the box indicates the 25th percentile whereas upper
boundary of the box corresponds to the 75th percentile. The median is marked by a line located in
the box. Whiskers indicate the 90th and 10th percentiles. White boxes, control group; gray boxes,
patients after surgery. OL, operated limb; NOL, non-operated limb.
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Figure 4. The comparison of step time between control group and patients after surgery with
the Ilizarov method. The lower boundary of the box indicates the 25th percentile whereas upper
boundary of the box corresponds to the 75th percentile. The median is marked by a line located in
the box. Whiskers indicate the 90th and 10th percentiles. White boxes, control group; gray boxes,
patients after surgery. OL, operated limb; NOL, non-operated limb.

Comparison of these parameters in both limbs revealed statistically significantly
higher values only for some gait parameters (Table 2, Figures 2—4). Statistically significant
differences in the study group between the treated lower limb and the healthy lower limb
were only observed in the case of the maximum forefoot force parameter [%].

In the case of the study group, the maximum forefoot force [%] of the operated limb
was 98.0% (69.5-112.6), while that of the nonoperated limb was 104.5% (89.1-114.0) (Table 2,
Figure 2). By comparison, in the group of healthy people, this was 107.0% (95.6-117.0) for
the nondominant limb and 108.5% (93.9-117.0) for the dominant limb.

Statistically significant differences were also found between the operated and non-
operated limbs in the patients who had undergone treatment of pilon fractures, specifically
in the case of the step length parameter (Table 2, Figure 3). In patients treated with the
llizarov method, the mean distance from the heel print of one foot to the heel print of
the next foot of the operated limb was smaller and amounted to 52.5 cm (35.2-63.8 cm)
compared to the nonoperated limb 53.0 (32.0-58.9). In the case of healthy subjects, these
parameters were 56.5 (52.0-70.3) for the nondominant limb and 55.0 cm (47.2-69.1) for the
dominant limb, respectively.

Healthy subjects from the control group obtained significantly higher values during
locomotion for stride time, cadence step, and velocity, than the patients (Table 3, Figure 5),
with stride time being statistically significantly shorter and the velocity and the cadence
step higher (Table 3, Figure 5). All these parameters showed statistically significant dif-
ferences between the group treated with the Ilizarov method and the control group of
healthy people.

Table 3. Differences of gait parameters between control healthy group and patients after Ilizarov

method therapy.
. Control Group Patients after Surgery
Gait Parameters = 32) (1 = 20) p
Stride time (s) 1.15 (1.06-1.27) 1.31 (1.17-1.70) <0.001
Cadence steps/min 104.0 (90.0-112.5) 90.5 (70.4-102.9) <0.001
Velocity (km/h) 3.60 (3.16-3.97) 2.80 (1.61-3.49) <0.001

Data are medians and 5th-95th percentiles. Bold typeface indicates statistically significant differences.



Symmetry 2021, 13, 349

7of 11

Stride time [s]

2.0

15

0.5

140 50 o

] 45 3 [ﬂ]
. = 120 4 3
1 £ ] _. 40
] 5 . < -
§ 3.5 3
. E 100 . g 3
] } 2 ] > 3.0 7
) g S 3
1 g2 80 S 25 3
- k) ] g -
| o - 3
] L P=0001 | S 604 |_P<0001 | 2.0 3
4 ] 1.5 3
40 - 1.0 3

Healthy group  Patients Healthy group  Patients Healthy group  Patients

Figure 5. The differences in gait parameters between control group and patients after treatment with the Ilizarov method.

The lower boundary of the box indicates the 25th percentile whereas upper boundary of the box corresponds to the 75th

percentile. The median is marked by a line located in the box. Whiskers indicate the 90th and 10th percentiles. White boxes,

control group; gray boxes, patients after surgery. OL, operated limb; NOL, non-operated limb.

4. Discussion

Due to their specificity, pilon fractures constitute a significant medical and social
problem [3-14]. Their treatment is difficult and associated with frequent complications,
which make it less effective in some patients [3-14]. It has been shown that various methods
of stabilization after pilon fractures yield different treatment outcomes [3-14]. Some authors
suggest that closed reposition and treatment with a plaster cast gives poor results [3,12].
Open reposition and periosteal stabilization, or the use of external stabilizers, is reported
to give good treatment results [3-5,8,10,12,13]. Nevertheless, some authors have reported
poor results after treating pilon fractures with various stabilization methods [3,6,7,12,14].

In this context, a comprehensive evaluation—clinical, radiological, and biomechan-
ical—of the results of treatment for musculoskeletal pathologies is crucial [15-35]. No
publications to date have comprehensively assessed gait in patients who have under-
gone treatment for pilon fractures. Several studies have assessed the gait of patients after
distraction—corrective osteotomy using the Ilizarov method [17,27,28]. Only a few studies
have assessed selected gait parameters in patients who have undergone treatment for pilon
fractures [13,14]; however, those patients were not treated with the Ilizarov method and
were not compared to healthy controls. Falzarano et al. assessed the gait of 34 patients after
pilon fractures with three different stabilization methods [13]. Gait evaluation was limited,
it concerned only a few selected parameters by the baropodometric examination [13]. In
the work of Jansen, the gait of 35 patients with pilon fractures with different stabilization
methods was assessed using dynamic pedography [14]. In the evaluated patients, they
found limitation of limb functions and the following gait disturbances: lower load on first
metatarsal, medial forefoot, heel, and for the total foot in the limb after fracture [14]. Some
studies have used a pedobarographic platform to assess gait parameters in patients with
degenerative changes in the hip joints, after calcaneus and ankle fractures [19,22,26,30].
However, the authors of some of these assessed the gait parameters qualitatively, not
quantitatively, or else only evaluated selected gait parameters (in some cases, only the
force parameters), without providing a comprehensive analysis of all available gait parame-
ters [17,19,22,26-28]. It has been shown that the use of a pedobarographic platform for gait
analysis allows for a quantitative, repeatable, and objective assessment of the biomechanics
of the lower limbs [17,19,20,22,26,30], which was the leitmotiv of our research.

Correct gait parameters indicate an improvement in muscle strength and joint mobility,
and a reduction in pain and swelling [17-19,21,23-25,27,30,32]; their evaluation and com-
parison to healthy controls can thus be treated as an objective measure of therapy outcome.

Morasiewicz and her team indicated that increased tension in the postural muscles
and the higher energy demand related to the shortening and deformation of limbs wors-
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ens the parameters of the gait and disturbs its symmetry [17]. The disturbed phase of
propulsion may result from the weakening of the gastrocnemius muscle [17]. Aiona et al.
reported that shortening of the limbs causes pain and the activation of compensatory
mechanisms, which causes higher energy expenditure and disturbs gait parameters [21].
Lee et al. assessed patients after shank osteotomy [23], finding an increase in walking
speed and an improvement in gait parameters, which could be associated with a reduction
of pain and an increase in muscle strength [23]. Shrader and his team, in turn, noted an
improvement in gait parameters after the reduction of pain in patients with gonatrosis [24].
According to Saraph, the factors that contribute to better gait parameters are improved
movement in the knee and hip joints and appropriate rehabilitation [25]. Manjra et al.
examined eleven patients who had undergone osteotomy with external fixation of the tibia,
and found abnormal gait parameters after treatment, mainly due to limited movement of
the ankle joint [27]. In his work, Bhave noted an improvement in gait parameters and the
normalization of gait symmetry after osteotomy performed using the Ilizarov method [28].
Wu observed deterioration in gait parameters and a reduction in foot mobility after ankle
arthrodesis [31]. Karol et al. found abnormal gait parameters in patients who had under-
gone treatment of congenital pseudarthrosis of the tibia, which resulted from a decrease
in the muscular strength of the affected limb and increased energy expenditure during
walking [32].

The shortening and deformation of the lower limbs negatively affects gait param-
eters [17,21,25,28,29]. The patients ha we assessed did not have such dysfunctions or
anatomical changes, which confirms the effectiveness of the treatment. Falzarano and
Jansen reported abnormal load distribution on the foot and lateral gait axes in patients
treated with different techniques due to pilon fractures [13,14].

The walking speed in patients, as assessed by other investigators, ranged from
0.57 m/s to 1.45 m/s [21,23-25,29,30]. The walking speed—including cadence—as well
as the stance phase, step length, swing phase, step time, and stride time in the patients
examined by our team was similar to the values obtained by other authors [24,25,30].

In our group of patients, most of the gait parameters—except for the maximum
hindfoot force, stance phase, and swing phase—differed statistically from those found
in healthy volunteers in the control group. The lack of proper muscle strength worsens
gait parameters [17,23,24,32]. Worse flexor strength affects the propulsion phase [17]. The
lack of improvement in joint mobility results in worse gait parameters [17,19,25,27,31]. In
particular, limited movement of the ankle joint increases the energy expenditure while
walking [17,27]. The ankle joint is damaged in pilon fractures, often leading to movement
of this joint being restricted [19,21,23]. Okcu et al. found that the mobility of the ankle joint
after stabilization of pilon fractures with the Ilizarov apparatus without foot restraint was
better than in patients treated using a monolateral stabilizer, with foot restraint [21]. Pain
is also a factor that disturbs gait parameters [19,23,24].

It seems that, in our group of patients who underwent treatment for pilon fractures, the
mobility of the joints (especially the ankle joint) and the correct muscle strength were not
fully restored, and complete relief from pain was not achieved. The lack of improvement
in the gait parameters after treatment may be caused by the rehabilitation being too short
or not sufficiently intense [17,25,30]. In treating pilon fractures, it is therefore important
to employ a rehabilitation protocol that allows the mobility of the joint (especially of the
ankle joint) to improve and reduces pain and swelling.

On the other hand, the gait parameters of the patients in our study were similar
to those from literature data [21,23-25,29,30]. It was also possible to obtain symmetry
between the operated and the healthy limbs in most of the gait parameters assessed.
Normal gait is symmetrical [17,28]. This may indicate the restoration of relatively good
lower limb biomechanics after treatment of pilon fractures by the Ilizarov method. Our
research allowed us to draw several practical implications. Treatment of pilon fractures
using the Ilizarov method is effective, because it allows for symmetrical gait parameters
to be obtained. Doctors, physiotherapists, and patients should pay attention to intensive
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References

rehabilitation after treatment of pilon fractures in order to improve gait parameters. After
pilon fractures, as with the treatment of other types of lower leg fractures, it is not possible
to obtain fully normal gait parameters.

The shortcomings of our work are the small number of people treated, and the lack of
results for pretreatment gait parameters. The small number of patients can be explained
the fact that some lived far from the research site and could not reach it, that many patients
could not access the pedobarographic platform, that there were a limited number of patients
with pilon fractures in our clinic, and that, in some cases, pilon fractures were supplied
with internal stabilization and not treated by the Ilizarov method. We decided to include
a control group with an appropriate age range. Their greater number was verified by an
identical % share of people of the same age, compatible with the group of patients, which
was confirmed by the lack of a statistically significant difference with regard to age, but also
to anthropometric parameters. Studies of other authors also assessed gait in a similar or
smaller number of patients [17,18,27,28,32]. The fact that the gait was not assessed before
treatment was due to the fact that they were trauma patients with fractures who were
admitted to the ward immediately after the injury. The major strengths of our work are its
comprehensive pedobarographic gait analysis, which allows for repeatable and objective
measurements, the fact that surgery was performed by two experienced orthopedists, and
the uniform postoperative and rehabilitation protocol for patients.

5. Conclusions

We observed symmetry in the gait parameters after treating pilon fractures by the
llizarov method. This method of stabilization allows the restoration of gait parameters,
with results similar to those obtained after the treatment of other motor organ pathologies
described in the literature, although different from those observed in healthy subjects.
In particular the biomechanics of the lower limbs remains disturbed. Following treat-
ment, intense and long-term rehabilitation is recommended in order to restore normal
ankle mobility.
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