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Abstract

Purpose The aim of this study was to compare the efficacy, clinical outcomes, and complications of cable-asisted
bone transport (CASt) and circular external fixator-assisted bone transport (CEFt) methods in the management of
bone defects of the tibia.

Methods A retrospective analysis was conducted on 32 patients who underwent segmental bone transport for tibial
bone defects between January 2006 and January 2020 and met the study inclusion criteria. Patients were categorized
into two groups: CASt group (n=16) and CEFt group (n=16). The primary outcome measures included radiological
parameters (External Fixator Index (EFI), Radiological Consolidation Time (RCT), and Radiological Consolidation Index
(RC), functional independence (Lower Extremity Functional Index, LEFI) and functional outcomes (ASAMI Bone

and Functional Scores). Secondary outcomes included pain levels (Visual Analog Scale, VAS), and complication rates
(Paley’s and Checketts-Otterburn classifications).

Results The CASt method resulted in significantly reduced pain scores during distraction (VAS: 4.81+0.98 vs.
6.75+0.86; p=0.001). Pin-tract infection rates were significantly lower in the CASt group compared to the CEFt group
(509 vs. 93.8%; p=0.013). There was no significant difference between the groups in radiological (EFI, RCT, RCl) and
functional outcomes (ASAMI scores) (p>0.05).

Conclusion Both CASt and CEFt methods are effective and reliable options in the management of bone defects of
the tibia. However, CASt offers advantages such as lower pin-tract infection rates and less pain during distraction,
resulting in greater patient comfort and compliance. Given its less invasive nature, CASt may be preferable in patients
at higher risk of infection or with a low pain threshold. However, the technical complexity of this method requires
experienced surgical application.
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Introduction

Tibial bone defects are one of the most challenging and
complex problems encountered in orthopaedic prac-
tice, occurring for various reasons such as high-energy
trauma, nonunion, osteomyelitis or tumor resection.
Such defects are often accompanied by many comor-
bid conditions such as soft tissue loss, deformities, limb
shortness, infection and joint motion limitations [1-3].
All these factors both prolong the treatment process and
negatively affect the final functional outcome [1, 2]. Suc-
cessful management of bone defects involves not only the
restoration of bone integrity but also a complex approach
aimed at long-term infection control, correction of
deformity and restoration of the patient’s functional
independence.

Various surgical methods have been developed for the
management of bone defects of the tibia, including vas-
cularized free fibula grafts, the Masquelet-induced mem-
brane technique, acute shortening, and segmental bone
transport [4—8]. Each of these methods has advantages
as well as disadvantages and limitations [9-12]. Although
vascularized fibula graft provides biological reconstruc-
tion in the treatment of large defects with good union
rates, loading before graft hypertrophy occurs carries a
fracture risk [13, 14]. The Masquelet technique provides
periarticular space advantage, but the increasing need for
autograft as the defect size increases will cause donor site
problems. Furthmore, it requires a two-stage procedure
and long recovery times [15]. Acute shortening and bone
transport techniques allow biological reconstruction, and
although defects<3 cm can often be treated with these
methods, defects >4 cm usually require distraction osteo-
genesis with segmental bone transport methods [10, 16—
19]. Despite advances in treatment modalities, achieving
full functional recovery remains a complex and time-con-
suming process.

Segmental bone transport is one of the most effective
methods in the management of large bone defects [20],
which can be achieved through the utilisation of a variety
of techniques. Circular external fixator-assisted methods
and cable-assisted bone methods are among the methods
most used. While circular external fixator-asisted bone
transport (CEFt) offers advantages in terms of defor-
mity correction and stability, complications such as the
numerous transosseous wires penetrating the skin and
pin-tract infection have been reported [21-25]. Cable-
asisted bone transport (CASt) offers a less invasive alter-
native, reducing the risk of these complications [26, 27].
However, in cases where the cable system does not pro-
vide adequate compression at the docking site, additional
surgical interventions may be needed [26].

The aim of this study was to compare CASt and CEFt
methods used in the management of bone defects of
the tibia and to evaluate the efficacy, complications, and
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clinical and radiological results of these two methods.
The study hypothesis was that the CASt method would
have similar effectiveness but with some advantages.

Methods

Study design and ethical approval

This retrospective comparative study was conducted in
accordance with the Declaration of Helsinki with Insti-
tutional Ethics Committee approval (Approval Num-
ber:3031, Date: 24/11/2020). Informed consent was
obtained from all patients for the use of their medical
data for research purposes.

Study population
Patients who underwent segmental bone transport sur-
gery for tibial bone defects between January 2006 and
January 2020 were retrospectively analyzed through the
institutional hospital patient data registry system.

The study included patients who met the following
inclusion criteria:

+ DPatients with tibial bone defects,

+ Treatment with segmental bone transport method,

+ Completed treatment and adequate follow-up for at
least 12 months.

The exclusion criteria were defined as:

» Bone defects <4 cm,
» Patients for whom the final treatment was not a
segmental bone transport method.

A total of 37 patients were identified as having tibial
bone defects and undergoing segmental bone transport
treatment. A total of 5 patients were excluded from the
study; 4 due to insufficient follow-up data or treatment
completion issues, and 1 with a bone defect <4 cm. Con-
sequently, 32 patients met the eligibility criteria and were
included in the study.

Patient selection for management modalities

The selection of cable-assisted bone transport (CASt) or
circular external fixator-assisted bone transport (CEFt)
was determined by the individual clinical preferences of
two experienced surgeons. In their respective practices,
these surgeons routinely prefer different segmental bone
transport techniques. Patients presenting at their respec-
tive clinics were treated with the method preferred by the
attending surgeon.

A formal sample size calculation was not performed
due to the retrospective nature of the study and the lim-
ited number of eligible patients available during the study
period. However, the study included all eligible patients
who met the defined inclusion criteria.
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Fig. 1 (A-C). Demonstration of the cable-assisted segment transport (CASt) technique on a tibial bone model; (A) Initial setup with the segment in its
starting position, (B) Gradual advancement of the segment along the transport rail, (C) Final position near the docking site for consolidation

S S

Fig. 2 Bone debridement; the necrotic and infected bone is debrided, and the bone ends are levelled to ensure proper alignment before segment

transport

Surgical techniques: cable-assisted bone transport
(Fig. 1)

The defective area was opened, bone debridement was
performed and the bone ends were levelled (Fig. 2). The
bone length and axis were corrected and the LRS type
external fixator system was applied to bridge the defect
area. The cable was folded in half and advanced intra-
medullarly into the segment to be transported antegrade
or retrograde. When it reached a sufficient level, one

steel cannulated screw was applied through the cen-
tre of the cable loop and the segment to be transported
was connected to the cable (Fig. 3). The cable system was
advanced through the medulla in the proximal or distal
fixed medulla, and was passed around one Schanz screw
placed in the anteroposterior direction and removed
from an area with little soft tissue such as the medial mal-
leolus in the distal or the tibial condyle in the proximal.
This Schanz screw acts as a pulley in the area where the
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Fig. 3 (A-D). Fixation of the cable to the segment to be transported; (A) The cable is folded and advanced intramedullarly within the segment, (B) Once
at the appropriate level, a cannulated screw and K-wire are passed through the cable loop, (C) Application of the cannulated screw in the AP plane, (D)

Application of the cannulated screw in the lateral plane

cable will exit the bone and provides stability to the sys-
tem in the second stage. Thus, the intramedullary cable
also acts as a guide for the transported segment and pre-
vents axis deviations. It was applied to the clamps of the
LRS type external fixator specially prepared for the cable
system, and the system was locked after ensuring the
appropriate tension (Fig. 4). Osteotomy was performed
using a drill at the appropriate level in the segment to
be transported and the transport process was controlled
with the help of a distractor on the rail. After the distrac-
tion process was completed, the steel cannulated screw
and cable were removed. The Schanz screw was applied

to the transported segment and compression of the dock-
ing site was provided (Fig. 5).

Surgical techniques: circular external fixators-
asisted bone transport

The defective area was opened, bone debridement was
performed and the bone ends were levelled. Proximal
and distal bone fragments were fixed to the circular
rings with wire and Schanz screws. The bone was oste-
otomized using a drill. The conventional segmental bone
transport protocol was performed.
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Fig. 4 (A-C). Intramedullary advancement and system adaptation of the cable; (A) The cable is looped around the distal Schanz screw, (B) General view
of the external fixator system, (C) The cable is connected to the system through pulleys and locked in place

Post-operative management and follow-up protocol

Distraction was usually initiated between postopera-
tive days 5 and 7. Distraction was performed at a rate of
1 mm per day in 4x0.25 mm increments, in accordance
with distraction osteogenesis protocols. Patients were
given detailed training on how to perform the distraction
procedure and pin-tract care. The fixators were removed

once regenerate maturation was achieved and the dock-
ing site was fused (Figs. 6 and 7).

Outcome measures

Demographic and preoperative data

The demographic characteristics of the patients, includ-
ing age, gender, etiology of bone loss, amount of bone
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Fig. 5 The cable system is easily removed and compression is applied with a Schanz screw

loss, segmental bone transport method, and bone trans-
port distance, were recorded. Open fractures were
evaluated using the Gustilo-Anderson open fracture clas-
sification, and bone defects were classified preoperatively
using Paley’s tibial pseudoarthrosis classification [28].

Primary outcome measures

+ Radiological parameters including the External
Fixator Index (EFI), Radiological Consolidation Time
(RCT), and Radiological Consolidation Index (RCI).

« Functional outcomes were assessed using the
ASAMI Bone and Functional Scores.

+ Patient-reported functional independence, assessed
using the Lower Extremity Functional Index (LEFI).

Secondary outcome measures

«+ DPain levels during distraction, evaluated using a
Visual Analog Scale (VAS).

« Complications were assessed according to Paley’s
classification [28] and Checketts-Otterburn
classification for pin-tract infections.

All measurements were conducted using standard-
ized radiographic and clinical assessment protocols.

Radiological parameters were evaluated by two indepen-
dent orthopedic surgeons blinded to the patient treat-
ment groups, and clinical outcomes were assessed using
validated scoring systems [28].

Statistical analysis

The statistical analysis of this study was performed using
NCSS (Number Cruncher Statistical System) (Kaysville,
Utah, USA). Continuous variables were tested for nor-
mality using the Shapiro-Wilk test. Normally distributed
data were compared with the Student’s t-test, and non-
normally distributed data with the Mann-Whitney U
test. Categorical variables were compared using Pearson’s
chi-square test or Fisher’s exact test where appropriate.
The level of statistical significance was set at p <0.05.

Results

A total of 32 patients were included in the study, of which
16 of were treated with the CASt method (Group 1) and
16 with the CEFt method (Group 2).

Demographic and preoperative data

All details regarding demographic and preoperative data
(Etiology, Gustilo Anderson Classification, Paley Clas-
sification, Follow-up) are summarized in Table 1 and
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Fig. 6 (A-N) A 25-year-old male patient with a 7 cm defect in the tibia after a Type 3 A open fracture of the left tibia caused by a motor vehicle accident.
Bone transport with cable-assisted bone transport; (A-F) Segment transport with cable-assisted technique, (G-J) Regeneration and union at the docking
site, (K-N) final follow-up radiograph and functional status

no statistical difference was found between the groups
(p<0.05).

Radiological and clinical outcomes

The data of the radiological and clinical outcomes are
summarized in Table 2. There were no significant differ-
ences between the groups in terms of bone defect size,
residual shortness, external fixator duration, external fix-
ator index, time to radiological consolidation, and radio-
logical consolidation index (p>0.05) (Fig. 8). The pain
level during the distraction period, evaluated with VAS,
was significantly lower in Group 1 (p=0.001) (Fig. 9).
There was no significant difference in pain level during
daily activities (p =0.560).

Bone and functional outcomes

The ASAMI bone and functional results and Lower
Extremity Functional Index evaluations are summa-
rized in Table 3. The ASAMI bone and functional results
showed no significant difference between the groups
(p>0.05). The LEFI results were similar with no statistical
difference between the groups (p>0.05).

Complications

The evaluation of complications according to Paley clas-
sification by groups is shown in Table 4 and the incidence
of pin-tract infections is shown in Table 4. According to
the Paley classification, 23 complications were reported
in Group 1 and 30 in Group 2. Pin-tract infection
was detected in 50% in Group 1 and 93.8% in Group 2
(p=0.013; Table 4).

According to the Checketts-Otterburn Classification, a
total of 8 patients in Group 1 developed pin-tract infec-
tions. Among these infections, 5 patients were classified
as Grade 1 and 3 patients as Grade 2. In Group 2, a total
of 15 patients developed pin-tract infections; 7 were clas-
sified as Grade 1, 6 as Grade 2, and 2 as Grade 3 (Fig. 10).

Management of complications
All complications were managed based on their severity,
as follows:

« Pin-tract infections: Treated with pin-tract care,
local antiseptic dressings, and oral antibiotics when
needed.
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Fig.7 (A-L) A 22-year-old female patient with a 6.5 cm defect in the tibia after a Type 3 C open fracture of the left tibia caused by a gunshot injury. Bone
transport with circular external fixator-assisted bone transport; (A-F) Segment transport with circular external fixator-assisted bone transport, (G-H) Re-
generation and union at the docking site, (I-L) Final follow-up radiograph and functional status

Table 1 Demographic and preoperative data (Gl: gunshot injury, 100.0
PTA: pedestrian traffic accident, IVTA: In-Vehicle traffic accident, g
MC: motorcycle crash, Cl: crush Injury) é
Group 1 Group 2 p § %00
(n=16) (n=16) value g
Age (years) 31.75£10.77  3263+£1299 0837 %’ o
Gender (F/ M) 1/15 2/14 1.000 H ’
Etiology (GI/ PTA/ ICTA/ MC/ Cl) - 6/2/1/5/2 8/3/1/1/3 0.499 %
Gustilo Anderson Classification  0/3/7/2/4 1/4/5/2/4 0.955 g 40.0
(0/ tip 2/ 3a/ 3b/ 3¢) k)
Paley Classification (B1/ B3) 8/8 5/11 0.280
Follow-up (months) 66564940 6131+3478 0610 Gioupil Graup 2

Fig. 8 Boxplot comparison of the radiographic consolidation index (days/
cm) between Group 1 and Group 2

Table 2 Radiological and clinical outcomes (For variables marked with ‘a; effect size could not be calculated due to the use of a non-

parametric test)

Total (n=32) Group1(n=16) Group2(n=16) Cohen'sd 95% ClLower pvalue
Bone defect (cm) 7.78 8.09 746 0.260 (-0.438-0.954) 0.468

(range 4to 12) (range 4to 12) (range 4 to 12)
Duration of surgery (min) 177.814£29.21 174.38+33.36 181.25+25.00 -0.233 (-0.383-0.930) 0.515
Segment shift amount (cm) 745+246 8.09+2.84 6.81+1.91 0.530 (-0.180-1.232) 0.144
Residual shortness 0.83+0.87 1.00+0.95 0.66+0.77 2 2 0.339
External fixator duration (days) 55738423720  586.19+288.15 52856+177.42 0.241 (-0.457-0.934) 0.501
External fixator index (days/cm) 74.72+16.92 71.08+14.48 7836+ 1881 -0433 (-1.131-0.272) 0.23
Radiological consolidation time (days) 41800+£169.12  424.06+194.65 411.94£14541 0.071 (-0.623-0.763) 0.843
Radrographic consolidation index (days/cm) ~ 5548+13.86 51474962 5950+ 1644 -0.623 (-1.301-0.117) 0.102
VAS score - at rest 578+134 4814098 6.75+0.86 2 2 0.001*
VAS score- with daily activity 1.75+0.67 1.69+0.70 1.81+0.66 @ @ 0.56
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+ Loss of joint motion: Physical therapy and
rehabilitation programs were used to help patients
regain their ability to move.

+ Delayed regenerate maturation, delayed
consolidation, and delayed healing at the docking
site: Managed with autologous bone marrow-
derived mesenchymal stem cell (MSC) injections
and bone grafting when necessary. Compression was
additionally performed as needed for delayed healing
at the docking site.

+ >2.5 cm limb shortening: Patients were followed
up and required limb elevating insoles or shoe
modification.

Table 3 Bone and functional outcomes
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+ Re-fracture: Managed using circular external fixators
to provide stability and allow for proper healing.

Discussion

The most important conclusion of this study is that both
the CASt and CEFt techniques are efficacious in the man-
agement of tibial bone defects, and provide similar clini-
cal and radiologic results. However, CASt offers certain
advantages over CEFt, including lower pain scores dur-
ing distraction and a lower incidence of pin-tract infec-
tion. These findings support the hypothesis that the CASt
method would have similar efficacy while providing cer-
tain benefits.

Various external fixator systems can be used to treat
bone defects using the principles of distraction osteo-
genesis. The most commonly used methods are circu-
lar external fixators and monolateral external fixators.
Both methods have similar union and functional scores
and have high success rates [29]. It has been shown that
monolateral fixators are often preferred due to ease of
application and lower patient discomfort, while circular
fixators allow better deformity correction and stability
[30].

Although the CASt method is known to have a more
limited structure in terms of mechanical stability com-
pared to the CEFt method, it is thought that this method
may positively affect the consolidation process because it
is less invasive and there is less soft tissue damage [31]. It

Total (n=32) n (%) Group 1 (n=16) n (%) Group 2 (n=16) n (%) p value
ASAMI Bone Results Excellent 17 (53,1) 8(50,0) 9(56,3) 1,000
Good 12 (37,5 6(37,5) 6(37,5)
Poor 3(94) 2(12,5 1(6,3)
ASAMI Functional Results Excellent 9(28,1) 6 (37,5 3(18,8) 0,553
Good 19 (594) 9(56,3) 10 (62,5)
Fair 3(94) 16,3) 2(12,5)
Poor 1.1 0(0) 1(6,3)
Lower Extremity Functional Index Mean+SD 74,42 +564 75,02+582 73,83+5,58 0,747
Table 4 Complications based on Paley classification
Group 1(n=16),n Group 2 (n=16),n p value
Problems Pin tract infection 8 15 0.013*
Loss of joint motion 4 4 1.000
Delay in regenerated maturation 2 1 0.544
Delayed union in the docking site 1 0310
Obstacles Delay in regenerated maturation 3 0.069
Recurrence of infection 1 1 1.000
Delayed union in the docking site 1 2 0.544
Deviation in the docking site 1 0310
Skin fold in the docking site 1 0.310
True Complications >2.5 cm shortness 1 1 1.000
Loss of movement in the ankle joint 1 2 0.544
Re-fracture 2 1 0.544
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Fig. 10 Distribution of the Checketts-Otterburn Classification Grades between Group 1 and Group 2

has been documented that regenerated mineralisation is
more pronounced in monolateral fixators than in circular
fixators [32]. This hypothesis is supported by the obser-
vations of this study. Although no significant difference
was observed between the two groups in terms of EFI
and RCI, the values for these parameters were found to
be lower in the CASt group.

The use of an external fixator presents a significant
challenge for patients. It has been reported that patients
who used monolateral fixators for the treatment of tib-
ial bone defect were more satisfied with the postopera-
tive results and their quality of life improved. The use of
monolateral fixators in the management of bone defects
of the tibia has therefore been recommended [33]. The
lengthy nature of the management process can have a
detrimental impact on patients’ mental health, both dur-
ing and after the course of treatment. This negative effect
is most evident during the distraction phase and is signif-
icantly higher in patients undergoing management with
a circular external fixator [34]. This may have an impact
on the patients’ perception of pain and comfort during
the course of treatment, and may be one of the reasons
why the VAS scores in the distraction phase, were signifi-
cantly lower in the CASt group in this study.

The present study demonstrated that pain scores (VAS)
during distraction were significantly lower in the CASt
group. This may be attributed to the fact that the CASt
method minimises skin irritation and soft tissue compli-
cations by reducing the utilisation of transosseous pins.
The use of Schanz and taut pins in the CEFt method
results in the tearing of the skin during segmental sliding,
consequently leading to an increase in the pain sensation
(Fig. 11) [35].

The disappearance of the notable disparity in the dis-
traction phase observed in this study following treatment
lends support to this notion.

The functional results evaluated with ASAMI scores
demonstrated no statistically significant difference
between the two groups. Nevertheless, the fact that
patients in the CASt group had an earlier return to activi-
ties of daily living and fewer problems such as limping
and joint stiffness compared to the CEFt group can be
considered an indicator of the advantages of this method.
This is supported by the slightly higher rate of excellent
functional outcome in the CASt group. Previous research
has similarly indicated that both techniques are effica-
cious in facilitating functional independence [21, 36-38].

The most prevalent complication associated with seg-
mental bone transport is the development of pin-tract
infection [8, 39]. The rate is increased by prolonged treat-
ment time, a larger defect, transosseous advancing wires
and Schanz pins [20]. Nevertheless, it has been empha-
sized in the literature that the implementation of appro-
priate pin-tract care and infection control protocols can
mitigate the long-term effects of these complications [1,
40, 41].

In the current study, among the most common com-
plications encountered was pin-tract infection, which
exhibited a significantly lower incidence in the CASt
method. It was thought that this discrepancy can be
attributed to the reduction in the number of Schanz and
pins utilised in CASt, which has the effect of preserving
the integrity of the surrounding soft tissue.

Additional complications associated with segmental
bone transport include diminished joint mobility, pain,
re-fracture, delayed regeneration, and complications at
the docking site. Specifically, patients with large bone
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Fig. 11 Skin tear (arrow) associated with taut pin segmental shift after
CEFt procedure

defects showed decreased joint mobility and delayed
regenerative maturation. The majority of these compli-
cations are associated with the dimensions of the bone
defect and the prolonged use of external fixation devices,
as previously discussed [20].

Delayed regenerated maturation, delayed consolidation,
and delayed healing at the docking site were managed
with autologous bone marrow-derived mesenchymal
stem cell (MSC) injections and bone grafting when nec-
essary, which are the recommended methods. Although
meta-analyses have not demonstrated a significant effect,
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patients were also supported with calcium and vitamin D
supplementation [42]. Moreover, adjunctive approaches
such as low-intensity pulsed ultrasound (LIPUS), extra-
corporeal shock wave therapy (ESWT), and pneumatic
compression therapy, which are recommended in the lit-
erature to enhance bone healing and promote regenerate
maturation, were not utilized in the treatment [43, 44].
Three patients with re-fracture were successfully treated
with a circular external fixator.

The results of this study demonstrate that both CASt
and CEFt techniques can be employed effectively in the
management of tibial bone defects. Furthermore, the
findings indicate that the CASt method is an efficacious
management modality that mitigates the adverse effects
associated with conventional techniques and enhances
patient comfort. It should be noted, however, that CASt
is a management method with a relatively high learning
curve and therefore requires a significant investment of
time to master.

Limitation

This study had several limitations, primarily that the
retrospective design may have posed a methodologi-
cal limitation due to the lack of timely observation of
events. Secondly, due to the relatively small sample size,
the results obtained may be insufficient to detect smaller
differences between groups. Furthermore, the data used
in the study were collected from a single centre, which
may make it difficult to generalise to patient groups in
different geographical regions and involving different
management approaches. Being aware of the limitations,
the results obtained were interpreted carefully by taking
these factors into consideration.

Conclusion

The results of this study demonstrated that both CASt
and CEFt methods are effective in the management of
bone defects of the tibia and provide similar clinical
and radiological outcomes. However, the CASt method
has the potential to improve patient comfort with lower
pain scores and complication rates. Given the less inva-
sive nature of CASt, this may be preferable in patients
at higher risk of infection or with a low pain thresh-
old. However, the technical complexity of the method
requires experienced surgical application.
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