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Background: Successful treatment of tibial nonunion should lead to a complete bone union, lack of pain, and pathological
mobility of the lower extremity, as well as to the achievement of satisfactory joint mobility and muscle strength,
which in turn improves its biomechanics. The objective of this study was to assess the load placed on the low-
er limbs in patients subjected to treatment with the Ilizarov method due to aseptic tibial nonunion.

Material/Methods: This research involved 24 participants (average age, 55 years). All were diagnosed with aseptic tibia nonunion
and treated with the llizarov external fixator between 2000 and 2017. The control group was matched to the
treated group in terms of sex and age. This study used pedobarography evaluation to assess lower limb load
distribution.

Results: No differences were found in the distribution of the load over the entire foot or of the forefoot and hindfoot of
the treated limb in comparison to the non-dominant limb of the controls, or in the healthy limb of the treated
group compared to the dominant limb of the control group. Similarly, differences in load distribution between
the operated and healthy limbs of the treated group were insignificant.

Conclusions: Patients subjected to treatment with the llizarov external fixator for aseptic tibial nonunion show symmet-
rical load distribution on both lower limbs following treatment, which does not differentiate them in this re-
spect from healthy individuals. Treated patients presented with a symmetrical distribution of the load on the
lower extremities over the entire foot surface, including the forefoot and hindfoot. Finally, the Ilizarov external
fixator enables restoration of correct static biomechanics of the treated limbs over the period of aseptic tibial
nonunion therapy.
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Material and Methods

Problems with bone union or lack of union are common com-
plications following fractures of the tibia [1-7]. One of these
complications is tibial nonunion, for which the Ilizarov fixator
is a widely accepted treatment method [2-28]. Surgical tech-
niques and clinical and radiological results of this treatment
have been described in numerous publications [2-28].

Delayed union or nonunion after a fracture manifests in many
adverse symptoms, including pain. Such complications can
lead to pathological mobility of the affected limb, limited joint
movement, weakness and edema of the muscles, and in turn,
worsen its functioning [2-33]. These symptoms impair the bio-
mechanics of the limb in the case of nonunion. A good treat-
ment outcome is characterized by the achievement of the bone
union, elimination of pain and pathological limb mobility, im-
provement in joint mobility, and restoration of muscle strength,
which in turn improve the biomechanics of the limbs [33-45].

To our knowledge, no evidence has been published regarding
lower limb statics following tibial nonunion treatment using
nails, plates or external fixators. Earlier work analyzed pedo-
barographic foot loading distribution in patients with unilat-
eral ankylosis of the talonavicular joint, after osteotomy and
after ankle arthrodesis [33-36,38].

Examinations with a pedobarographic platform deliver repro-
ducible and objective information on the biomechanics of the
lower limbs [33-38,45].

We propose 2 hypotheses: (1) patients treated with the llizarov
method for aseptic tibial nonunion would place equal and
symmetric load on both lower limbs, and (2) patients subject-
ed to treatment with the Ilizarov external fixator due to asep-
tic tibial nonunion would display similar lower limb loading
to healthy people.

The aim of this study was to assess the load placed on the
lower limbs by patients treated with the Ilizarov method for
aseptic tibial nonunion.

Table 1. Characteristics of the participants.

Control group (n=32)

Age [years] 50.5 (34.0-77.7)
Meightfem] 1700 (1505-1912)
Bodymassfkel 795 (560998
CBMikgml 272 (16364)

This clinical research involved a group of 24 participants aged
26 to 82 years (average age 55 years) consisting of 17 males
(aged 26 to 82 years, average age 53.59 years) and 7 females
(aged 31 to 78 years, average 54 years) with aseptic tibial non-
union treated using the llizarov external fixator between 2000
and 2017 (Table 1) [45]. In the treated group, the tibial non-
union resulted from the failure of the intramedullary nail sta-
bilization in 7 cases, and the failure of plate stabilization in 17
cases. All patients did not undergo any other surgery to treat
tibial nonunion. The Ilizarov method was the first method of
treating tibial nonunion. The group of patients solely treated
for aseptic tibia nonunion were assessed. Clinical (fistula, pu-
rulent content from the wound, swelling, redness, increased
heat) and laboratory signs of infection (CRP tests, procalcito-
nin, ESR) or an open fracture were not present in any of them.
Overall, 19 patients had hypertrophic nonunion (Figure 1) and
5 had atrophic nonunion (Figure 2). The nonunion was locat-
ed in 2 cases in 1/3 proximal, in 7 cases in 1/3 mid, and in
15 cases in 1/3 distal of tibia. A closed technique was chosen
for hypertrophic tibial nonunion. In atrophic tibial nonunion,
small fragments of bone were resected and the nonunion edge
was adapted. All patients had no limb shortening or had limb
shortening <1 cm and did not require limb lengthening. None
of the patients had residual deformity after treatment. The
treatment for nonunion in the Ilizarov frame lasted 185 days
on average. The control group was a group of healthy volun-
teers, without pathologies in the locomotor system. The con-
trol group was similar to treated group in age, weight and
height. The control group was matched to the treated group
in terms of sex and age and consisted of 32 people aged 34.0
to 77.7 years (average age 50.5 years) with insignificant med-
ical history (Table 1) [45].

The following inclusion criteria were used: a history of surgical
treatment for nonunion using the Ilizarov method, follow-up
period of between 2 and 5 years from the end of treatment,
consent to participate in the study, full radiological and clinical
medical records covering treatment, data records from the pe-
dobarographic examination, and no other disorders of the low-
er limbs. The study was approved by the bioethics committee.

Patients after surgery (n=24) P
55.0 (26.5-82.5) 0.758
"""""""" 1725 (1583-1877) 0297
""""""""" 795 (480-1052) 0261
""""""""" 278 (05364 0098

Data are medians and 5%-95%" percentiles. BMI — body mass index.
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Figure 1. Radiological findings of nonunion — hypertrophic (A Patient before treatment, B Patient during the treatment process,

C Patient after treatment).

Figure 2. Radiological findings of nonunion — atrophic (A Patient before treatment, B Patient during the treatment process, C Patient
after treatment).

All patients were informed about the voluntary nature of par-
ticipation in the study. Patients with incomplete radiologi-
cal and clinical documentation from the treatment, or results
of the pedobarographic examination, and those who contin-
ued treatment at least 2 years after the control examination,
were treated longer than 5 years after surgery, and had other
limb injuries or deformations affecting motor activity that did
not result from the previously completed llizarov treatment.

Table 1 presents the characteristics of the treated and con-
trol cohorts.

For the purpose of comparing the treated group with the con-
trol group, we used a comparative assessment whereby the
operated limb of participants in the treated group was com-
pared to the non-dominant limb of controls, and the healthy
limb of participants in the treated group was compared to

the dominant limb of those in the control group [34-36,45].
Determination of the dominant leg in the control group was
done through simple activities that involved kicking a ball to
a target, doing a few jumps, and maintaining a standing po-
sition on their chosen leg.

This study used pedobarography evaluation to assess lower
limb load distribution in individuals treated for aseptic tibial
nonunion with the Ilizarov external fixator. A pedobarograph-
ic platform (Zebris Medical GmbH, Isny im Allgdu, Germany)
(Figure 3) was used [45]. The pedobarographic platform mea-
sures 1580x600 mm and includes 11 264 sensors, allowing for
both static and dynamic tests to be carried out. The FootPrint
software, installed on a PC connected to the platform, can
analyse the two- and three-dimensional distribution of ground
reaction forces as well as deviations of the center of gravity
of the body in dynamic (during gait) and in static conditions.
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Kinetic gait parameters were registered by sensors, saved on
the PC, and then statistically analyzed [33-36,45].

The lower limb load distribution, expressed as a percentage, was
assessed without shoes with eyes open and closed (Figure 4).
At the beginning of each test, the platform was calibrated and
the examined person was informed in detail about the test
procedure. In the first part, the examined person stood mo-
tionless on the platform in a relaxed position with his/her feet
hip-width apart. The 60-second tests were carried out with
both the eyes open and closed. Each test was repeated 3 times
and the results were averaged. The load distribution was ex-
pressed as a percentage between the healthy and operated
limb. The distribution of loads across the entire foot, as well
as the forefoot and hindfoot, were assessed [45]. Results of
treated patients were compared to those of healthy controls.

Statistical analysis

Data were statistically analyzed using the SigmaPlot v13
(Systat Software Inc., San Jose, CA, USA) statistics package.
The Kolmogorov-Smirnov test was used to check for normal-
ity of distribution. For comparisons of variables, the unpaired
t test or the Mann-Whitney U test were used, depending on
the type of distribution. All values were expressed as the me-
dian and the 5% and 95" percentiles. The level of statistical

Figure 3. Subject during measurements on the pedobarographic significance was set at P<0.05.
platform manufactured by Zebris Medical GmbH.
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Figure 4. Distribution of load on the operated and healthy limb.
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Table 2. Body weight distribution for patients after treatment with the Ilizarov method compared to the control group of healthy
people.

Loads on limb Control group (n=32) Patients after burgery (n=24)

Tests performed for 60 seconds with participants’ eyes open

Operated limb [%] 48.0 (42.3-56.0) 48.5 (17.5-62.5) 0914
Non-operated limb [%] 520 @40577) s15 (37.5825 0914
Forefootol(%] 500 (49597 505 (07902 0715
BackfootoL(%] 500 (4037500 295 80792 0715
ForefootNOL[%] 440 (20644) a5 (37702 0585
BackfootNOL[%] 560 (366680 575 (207862 0585

Operated limb [%] 49.0 (41.6-54.4) 48.5 (19.0-70.0) 0.907
Non-operated lmb[%] 510 456584) 515 (300-810) 0907
Cforefootoll%] 470 (09581) 570 (217930 0072
BackfootoLl%] s30 419701 430 (70782 0072
CforefootNOLI% 460 (40-627) 480 (125-807) 0388
BackfootNoOLI%] 540 (373660 520 (192875 0388

Table 3. Body weight distribution for patients after treatment with the Ilizarov method between OL and NOL vs healthy people.

Loads on limb Control group (n=32) Patients after burgery (n=24)
Tests performed for 60 seconds with participants’ eyes open
Operated limb[%] 480 (423560 85 (175625
Non-operated limb[%] 520 @40577) 515 (375825
e o0 o084
ForefootoL[%] 500 (249597 505 (207902
forefootNOL[%] 440 (320644 425 (13770
e 0326 039
Backfootol[%] 500 @03750 495 (80792
BackfootNOL[%] 560 (366680) 575 (297862
e 0326 039

Operated limb [%] 49.0 (41.6-54.4) 48.5 (19.0-70.0)
Non-operatedmb[%] 510 (456:584) 515 (30.0-8.0)
e @00 o170
CForefootoLl%l 470 (299581 570 (17:930)
ForefootNOL[% 460 (340-627) 480 (125-807)
N 097 0210
BackfootOL[%] 530 (419701) 430 (70782
BackfootNOL[%] 540 (37.3660) 520 (192:87.5)
P 097 0210

Data are medians and 5%"-95t percentiles. OL — operated limb; NOL — non-operated limb.
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Figure 5. Body weight distribution for
patients after treatment with the
Ilizarov method between OL and
NOL vs healthy people. The test
was performed for 60 seconds with
participants’ eyes open (A) or closed
(B). The boundary of the box closest
to zero indicates the 25 percentile, a
line within the box marks the median,
and the boundary of the box farthest
from zero indicates the 75 percentile.
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Results

We did not observe significant differences between the treat-
ed group and control group in terms of age, body weight,
height, or BMI (Table 1). None of the patients during the fol-
low-up reported knee or ankle stiffness. Five patients devel-
oped pin track infection, which resolved after administration
of oral antibiotics. In 4 patients, during treatment, limitation
of the ankle joint movement appeared, which disappeared af-
ter rehabilitation.

Table 2 depicts the measurements of load distribution over
the entire foot and of the forefoot and hindfoot of participants
from both groups. The load distribution was not significantly
different over the entire foot or of the forefoot and hindfoot of
the operated limb of the treated group compared to the non-
dominant limb of the control group, or in the healthy, not op-
erated, limb of the patient group compared to the dominant
limb of the control group (Table 2).

Measurements comparing the load distribution in the operat-
ed and healthy limbs of the patients and the load distribution
in the non-dominant and dominant limbs of the control group
are shown in Table 3 and Figure 5. Results obtained with eyes
closed and open for the load distribution over the entire foot
and of the forefoot and hindfoot were assessed. There were
no significant differences in load distribution between the op-
erated and healthy (not operated) limbs of participants in the
treated group (Table 3, Figure 5). In the control group, a sig-
nificantly different load distribution of the entire foot between
the non-dominant and dominant limbs was observed for open
and closed eyes (Table 3, Figure 5).

Discussion

Fractures of the tibia often result in complications in the form
of bone union disorders and nonunions [1-7]. The Ilizarov meth-
od is recognized as one of the best methods for treating joint
nonunion [2-28], but it does not guarantee a complete recov-
ery [12,13,16,20,21,24].
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below the box indicate the 90t and
10* percentiles. White boxes, healthy
people; filled boxes, patients. OL —
operated limb; NOL — non-operated
limb.

Studies from the literature reported various aspects of tibial
nonunion treatment using the llizarov external fixator, includ-
ing the surgical techniques, complications, clinical outcomes,
and radiological results [2-28]. However, these studies did not
focus on a very important outcome of treatment; namely, the
biomechanics of the lower limbs. McHale and colleagues eval-
uated complicated cases, including 10 patients with tibial non-
unions with debridement, antibiotic beads, and the llizarov
method with a circular external fixator used for infected non-
unions [43]. The authors tested dynamic parameters and ob-
served impaired lower limb function due to limitations in an-
kle and knee joint movement and associated reductions in
muscular strength in 6 persons. In the present study, we de-
scribed the static parameters of the lower limb but not the dy-
namic ones. Our work is a part of the entire cycle of assessing
the effectiveness of the llizarov method for biomechanics as
well as statics and dynamics of patients’ gait. In another pa-
per submitted for review, we evaluated dynamic tests depict-
ing ground reaction forces and gait parameters.

Restoration of correct biomechanical parameters is an impor-
tant element in the treatment of various limb diseases [33-
42,45]. Improvements in muscle strength, proprioception, joint
mobility, pain, and swelling translated into an improvement
in the limb functioning, enhancing the biomechanics of limbs,
and, at the same time, quality of life of individuals subjected
to complicated therapy. The effectiveness of the llizarov ex-
ternal fixator in treating tibial nonunion has been explored by
many authors [33-42,45].

The pedobarographic platform used in our study allows for
reproducible, objective evaluation of the dynamics and stat-
ics of the musculoskeletal system [33-38,45], enabling a com-
parison of previously published results with the outcomes of
the present study.
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Lorkowski and colleagues analyzed pedobarographic foot load-
ing distribution in patients with unilateral ankylosis of the ta-
lonavicular joint. An improvement in load distribution was
observed following orthopedic treatment, along with a reduc-
tion in pain [38].

A previous study by Morasiewicz and colleagues assessed the
load distribution on the lower extremities in individuals af-
ter osteotomy [35,36] and ankle arthrodesis [33,34] using the
lizarov fixators. In all cases, symmetrical loading of both low-
er limbs distribution was found following treatment [33-36].
After lower limb osteotomy using the llizarov external fixators,
patients were found to place a similar load on their lower ex-
tremities to healthy people [36].

To date, no studies have assessed the load distribution on the
lower limbs following the treatment of aseptic tibial nonunion.
Ling and colleagues performed a systematic literature review
on the results of ankle arthrodesis treatment [44]. Based on
information from 24 manuscripts (18 clinical studies, 5 bio-
mechanical studies, and 1 gait analysis study), the majority
of biomechanical studies showed altered biomechanics in the
fused ankle. Several studies that assessed biomechanics fol-
lowing ankle arthrodesis found a load distribution disorder,
but there is no real consensus in the literature regarding the
effect of ankle arthrodesis on biomechanics [44]. For this rea-
son, a symmetric load distribution between the dominant and
non-dominant limb can be assumed.

In our study, we performed trials with eyes open and eyes
closed. Restricting the use of vision was intended to force
patients to additionally activate receptors located in joints
and muscles, thus using somatosensory and vestibular sens-
es to balance. When testing with eyes closed, in many cases,
we can see significantly better results of loading symmetry
due to improvement of postural control elicited by enhanc-
ing proprioceptive and vestibular sensations. This is especial-
ly observable in people recovering from strokes or returning
after prolonged immobilization [46,47]. In the present study,
differences between the sample with eyes open and closed
were not observed.

In this study, patients showed symmetrical lower limb load dis-
tribution on the non-operated and operated limbs following
the llizarov treatment of aseptic tibial nonunion. These results
were better than those observed in the control group, in which
we found significant differences in load distribution between

CLINICAL RESEARCH

the dominant and non-dominant limbs. Moreover, in the treat-
ed group, we recorded a symmetrical load distribution of the
forefoot and hindfoot in both the healthy and operated limbs.

Comparing the lower limbs load distribution posed on the op-
erated limb in the patient group to the non-dominant limb in
the healthy (control) group, no significant differences were ob-
served. Also, the load on the healthy limb in the patients sub-
jected to the surgery and the load on the dominant limb in the
healthy controls did not show a significant difference. When
the load distributions of the forefoot and hindfoot were as-
sessed, no significant differences were found between the op-
erated limb and the non-dominant limb of the control group.
In addition, the load distribution of the forefoot and hindfoot
did not differ between the healthy (non-operated) limb of the
treated group and the dominant limb of the controls.

This study has some limitations. First, lower limb load was
not assessed before surgery due to the small size of the study
groups that could be examined before and after the treatment.
Second, patients with nonunion had difficulties with the move-
ment of the limb before treatment, which prevented pedobaro-
graphic examination. Finally, in this study, only static param-
eters were assessed, but the inclusion of the dynamic data is
essential for evaluating the effectiveness of the applied ther-
apeutic method and would have made the conclusions stron-
ger and more clinically relevant. A strength of our work was
the comparative assessment with a healthy group of volun-
teers matched for sex and age.

Conclusions

In summary, patients treated with the Ilizarov fixators for tibial
aseptic nonunion show symmetrical load distribution on both
lower limbs following treatment, which does not differentiate
them in this respect from healthy individuals. In the patient
group, we observed a symmetrical distribution of lower limb
load over the entire foot surface, as well as for the forefoot
and hindfoot. Finally, in the treatment of tibial nonunion, the
llizarov method enables the restoration of correct static bio-
mechanics of the lower limbs.
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