REVIEW ARTICLE

Hexapod Circular Frame Fixation for Tibial Non-union: A
Systematic Review of Clinical and Radiological Outcomes

Khalis Boksh?, Senthooran Kanthasamy?, Pip Divall®, Alwyn Abraham*
Received on: 16 March 2022; Accepted on: 19 October 2022; Published on: 30 December 2022

ABSTRACT

Introduction: Tibial non-unions present with complex deformities, bone loss, infection, leg length discrepancy (LLD), and other features which
influence function. Circular frame-based treatment is popular with the hexapod system used increasingly. This systematic review aims to
determine the clinical and radiological outcomes of hexapod fixation when used for tibial non-unions.

Materials and methods: The review was performed in accordance with preferred reporting items for systematic reviews and meta-analyses
(PRISMA) guidelines. The search strategy was applied to MEDLINE and Embase databases on 15 December 2021. Studies reporting either
clinical or radiological outcomes following hexapod fixation on tibial non-unions were included. Primary outcomes were radiological union and
patient-reported outcome measures (PROMs). Secondary outcomes included LLD, tibial alignment deformity (TAD), return to pre-injury activity
and post-operative complications.

Results: After the abstract and full-text screening, 9 studies were included; there were 283 hexapod frame fixations for tibial non-unions.
Infection (46.6%) and stiff hypertrophic non-union (39.2%) accounted for most non-unions treated. The average age and mean follow-up were
42.2 years and 33.1 months, respectively. The average time to union was 8.7 months with a union rate of 84.8%. A total of 90.3% of patients had
TAD below 5°in all planes, with an LLD <1.5 cm of the contralateral leg in 90.5%. Bony and functional results were at least good in over 90% of
patients when using the Association for the Study of the Method of llizarov (ASAMI) criteria. A total of 84% of patients returned to pre-injury
activities. There were complications as follows: a total of 34% developed pin-site infection, almost 9% experienced half-pin breakage and 14%
developed an equinus ankle contracture.

Conclusion: Hexapod frames for the treatment of tibial non-unions produce favourable functional outcomes. Complication rates are present
and need to be discussed when this modality of treatment is proposed. Further comparative studies will allow for this option to be evaluated

against that of the traditional llizarov frame and other methods of non-union surgery.
Keywords: Deformity Correction, Functional outcomes hexapod, Non-union, Union.
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INTRODUCTION

Tibial non-union, following a fracture, can range between 2.5 and
17.5% owing to its anatomical location and soft-tissue coverage.'?
Non-union can be classified as hypertrophic or atrophic, stiff
or mobile, with or without bone defects and the presence or
absence of infection.>* Such diversity underlines the range of
different treatment strategies and why there currently is no
standardised method for its management.>® However, a recent
treatment algorithm for the use of circular frames in distraction,
deformity correction, stabilisation and bone transport based on
the type of tibial non-union has been proposed.” Although the
llizarov method has many advocates over the last three decades
for hypertrophic non-union, " and non-unions associated with
bone defect and infection,'?”'® there are limitations in its use.
Despite allowing for simultaneous distraction and compression, it
has significant learning curves with frequent modifications,'?'*!7
need for multiple sequential corrections for angulation, translation
and rotational deformities,”'""'®'° and a protracted time in frame
with concerns of pin-site infection.?>?' Such factors contribute
to its increased costs.?>?> Hexapod frames are a modification of
the llizarov-type fixators.2* Whilst applying the llizarov principles
of distraction osteogenesis,?> they use specialised struts and
computer programme to calculate the position of a virtual hinge to
simultaneously correct the multiplanar deformities without altering
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the frame construct during treatment.'’®2°2 Thus, compared to the
llizarov method, they have a higher degree of precision for deformity
correction and lower limb mechanical axis re-alignment, and a clear
advantage in multidimensional deformity corrections.?”?° This is
particularly useful for tibial non-unions frequently presenting with
complex deformities, bone loss, infection and LLD, factors which
can affect the union.>

In view of this, we performed a systematic review of the
literature to investigate the clinical and radiological outcomes of
hexapod frames on tibial non-unions.
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MATERIALS AND METHODS

Literature Search

A systematic review of the literature was conducted in accordance
with the PRISMA guidelines,! using the online databases MEDLINE
and Embase. This was conducted from the inception of the
databases to 15 December 2021. The full search strategy can be
found in Appendix 1. No restriction was made on language with
efforts made to obtain the translated-to-English versions of all
included studies. Bibliographies of included studies were examined
for missed and potentially relevant studies.

Eligibility Criteria

All titles and abstracts returned by the search strategy were
screened to identify studies reporting on clinical and radiological
outcomes of hexapod frames on tibial non-unions. The main
outcomes were as follows: (a) Clinical and radiological union and
time to union; (b) TAD; (c) LLD; (d) function including a return to
pre-injury work activity; and (e) post-surgical complications, namely,
pin-site infection, component breakage, equinus contracture, LLD
>1.5 ¢cm and regenerate site deformity. Exclusion criteria were
paediatric population, non-human studies, case reports or expert
opinions, foreign papers not translatable to English and those
involving intra-articular regions.

Study Selection and the Assessment of Quality

Two authors (KB and SK) independently reviewed the titles and
abstracts, after which the relevant papers were reviewed in full
by each author. Those that met the eligibility criteria were chosen
with any discrepancies reviewed by a third author (AA). The same
two authors independently assessed the quality of studies using
the modified Coleman methodology score (MCMS) adjusted to
account for the subject matter (Table 1).32 The MCMS is based on
a scale ranging 0-100; scores of 85-100 are considered excellent,
70-84 are considered good, 55-69 are considered fair, and scores
below 55 are considered poor.3? Any discrepancy of more than 4
points between both reviewers was highlighted and resolved by
the senior author (AA).

REesuLTs

A total of 216 abstracts were identified from the initial search.
Application of the eligibility criteria resulted in the inclusion of 9
studies.?>337% This is summarised in Flowchart 1. After full data
extraction, we recognised there was insufficient data to undertake
a meta-analysis. We, therefore, proceeded to do a qualitative
synthesis of the data.

Methodological Quality of Included Studies
Regarding MCMS of the 9 studies (mean score: 59.7), 6 achieved fair
scores, 37363839 and 3 poor scores.?>374% The overall quality of the
studies was fair. Baseline characteristics are provided in Table 2.
In total there were 283 hexapod frame fixations for tibial
non-unions.Theaverage ageand meanfollow-upswere42.2 yearsand
33.1 months, respectively. Common methods of fracture stabilisation
before limb salvage with hexapod fixation were monolateral external
fixators (25.4%), plate osteosynthesis (24.3%) and intramedullary
nailing (19.8%). The average number of surgeries before hexapod
fixation was 2.6. The Taylor spatial frame (TSF) (Smith and Nephew,
Inc, Memphis, Tennessee) was the predominant hexapod used
(77.4%), with 9.2% of patients treated with the TrueLock-Hex
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(TL-HEX) (Orthofix, Verona, Italy) and the remainder unknown 33
Stiff hypertrophic non-unions (39.2%) and infected non-unions
(46.6%) accounted for most cases treated with the hexapod, with
the former undergoing closed distraction or deformity correction
or both, and the latter bone transport. Furthermore, the closed
distraction was predominantly monofocal. >~ Bifocal osteogenesis
was generally performed for bone transport,?>3*34 with trifocal
performed for larger defects.> There were 40.7% of patients who
were smokers at the time of hexapod fixation.

Radiological Outcomes (Table 3)

The average time to union was 8.7 months. Subgroup analysis revealed
those with infected non-unions united at 10.6 months,?>:33:3440
compared to 5.8 and 5.6 months in those without infection and with
stiff hypertrophic non-unions, respectively.?>3*3”40 There was union
in 84.8% of all cases after hexapod fixation, with 97.1% uniting after
adjuvant stability was introduced. The remaining 6 patients either
had an amputation (four cases)?>” or withdrew from treatment,®
or were erroneously treated with closed distraction.®®> Subgroup
analysis revealed 6 studies that specifically gave union rates for
infected non-unions. A reported 100% union was achieved in four
studies.>538-40 One study revealed infection to be an independent
risk factor for non-union.?® The final study showed union in 55.2% of
cases but did not record results after adjuvant stabilisation.>* Three
studies reported on union rates for stiff hypertrophic non-union:
100% union was achieved in one,*® with a 98% union from 87% after
adjuvant stability in the other two.>>*’

Absence of malalignment was recorded in 90.3% of patients
where a TAD of <5° in all planes and an LLD <1.5cm to the
contralateral leg in 90.5%.%2>3473° Only one study compared LLD
before and after hexapod application, with over 1-cm improvement
in deformity.?

Clinical Outcomes (Table 4)

The ASAMI scores revealed bony and functional results to be at
least good in 94.2 and 90% of patients, respectively.?>3#3839 The
12-item short-form health survey (SF-12) in two studies revealed
the patient’s physical and mental scores to be within the norm of
the US population mean score (50).3”4° One study used the short
musculoskeletal functional assessment (sMFA) tool and found worse
function after hexapod application compared to the standard
population (27.1 vs 12.7, p< 0.0001).33 There were 84.2% of patients
who were able to return to pre-injury activities.>**%4% Subgroup
analysis revealed smokers had slightly worse SF-12 physical scores
(47.89 + 14.13 vs 50.09 + 7.00)*” and sMFA scores (39 + 16 vs 22 +
14,p =0.011).3

Complications (Table 5)

Six studies reported on pin-site infection, although
one presented its overall data to include llizarov frames.3° After
exclusion, 34.3% of patients developed a pin-site infection
following hexapod fixation for tibial non-unions. The same six
studies reported half-pin breakage in 8.8% of all cases. Two
studies commented on the development of equinus contractures
in 14.3%.343° These patients had trifocal bone transport and
underwent successful treatment with Achilles tendon lengthening
with frame extension to the foot. There were 9.5% of patients
who had LLD above 1.5 cm and were treated with a shoe lift.
Three studies reported on regenerate site bending, with above

34,35,37-40
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Table 1: Modified Coleman’s criteria used for assessment of the quality of studies

Criteria

Part A

Study size (total patients) >40 15
25-40 10
11-24 5
<10 0

Mean follow-up (months) >24 10
12-24 5
<12, not stated or unclear 0

Type of study (methodology) Randomised controlled trial 12

Prospective cohort study 7
Prospective/retrospective mixed 3
Retrospective cohort study 0
Diagnostic certainty (confirmed non-union) Inall 5
>80% 3
<80% 0

Part B
Outcome criteria (15) Clearly defined outcome

Timing of outcome assessment clearly stated
PROMs used

Radiological assessment

Other clinical/functional outcomes measured (other than PROMs)
Clearly defined

Objective

Multiple/independent observers

Inclusion criteria reported and unbiased
Recruitment rate reported >80%

Recruitment rate reported <80%

Recruitment rate not reported

All eligible subjects accounted for in methodology
Method of bone transport

Ilizarov principles adequately described
Intraoperative techniques adequately described
Removal of frame justified

Well described

Inadequately described

Protocol not reported

All with explanations

Selected complications recorded

Incomplete record

Procedures for assessing outcomes (6)

Description of subject population (10)

Surgical technique (6)

Post-operative rehabilitation (6)

Complications recorded (8)

None
Adjuvant stability (5) Time to adjuvant

Stabilisation method

W N WO N P OO WO NDNNDNNWONWDDDNDNDNWWWWW

Nil adjuvant

5° occurring in 5.7% of cases.>*3%39 All were successfully treated
with secondary correction.

Discussion

Management of tibial non-unions can be challenging. The hexapod
system incorporates the llizarov technique of translating controlled
axial micromovements into a biomechanical environment conducive
to bone healing and regenerate formation.? In addition, they have
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a much higher degree of precision for deformity correction.?”-? By
adjusting the length of the six connecting struts, deformity correction
can be achieved simultaneously with bone transport, and whilst
restoring limb length discrepancy, eradicating infection, achieving
union and soft-tissue coverage. This restores a functional limb and
limits further complications.'>™*

Our systematic review confirms the effective management
of tibial non-unions with the hexapod frame. It reliably promotes
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Flowchart 1: Preferred reporting items for systematic reviews and meta-analyses flowchart

S Records identified through Additional records identified
® database searching = 216 through other sources = 0
2
£
()
= v v

Records after duplicates removed = 153 » Duplicates removed = 63
=
c
(]
(0]
é)’? v

Records screened = 153 » Records excluded = 138

=
§ v
0 Full-text articles assessed for eligibility = 15 » Full-text articles excluded with reasons = 6
el
(]
3 v
E Studies included in analysis = 9

union whilst accurately correcting concurrent deformities and
limb-length discrepancies.

Patients with infected non-unions took 4.8 months longer to
unite than those without, with Rozbruch et al. showing infection
itself to be a risk factor for non-union.?> This can be explained
as follows: first, bone transport using the hexapod system was
undertaken in the majority of these cases due to significant bone
defects following debridement and grafting. Bone transport
is inherently more complicated than compression distraction,
with respectively longer treatment times and further operative
procedures necessary. Additionally, a time delay exists before
bony contact and compression at the docking site, which adds
to treatment time.”® A second reason is that, with any infected
case, time to union is generally longer and more difficult.”” Third,
there are potential confounding factors for which the duration
of hexapod fixation may depend on, for example, the patient’s
immune status, comorbidities, and type and chronicity of the
infection.

The restoration of LLD within 1.5 cm (90.5%) and TAD <5°in all
planes (90.3%) underlines the simplicity of using a hexapod and
easier control of bony re-positioning than when using a traditional
llizarov frame. This ease of use is cited by other authors as advantage
of the system.**? Five degrees of TAD in the sagittal (apex
posterior or anterior angulation) or coronal (varus or valgus) was
the value chosen in all included studies as acceptable for a normal
mechanical axis.** Any significant alterations may increase the joint
reaction forces leading to potential progression in knee and ankle
osteoarthritis.*> However, full correction of tibial alignment and
LLD was not achieved in some studies.?>343>37

Although PROMs were generally favourable, Napora et al.
showed worse mean sMFA scores than the uninjured reference
population (27.1 vs 12.7, p< 0.0001).3* The context to consider is the
residual dysfunction that may remain for most of these patients
following such complex musculoskeletal injury. There were improved
SMFA scores at 8 years (19.4 at 98.8 months vs 27.1 at 59 months),
suggesting that over time these patients approach levels of that of
the normal population. Interestingly, univariate analysis of smoking
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in this study and that by Mahomed et al.” showed worse sSMFA and
SF-12 scores at the final follow-up respectively. This may suggest
that links to delayed healing, higher non-union rates, and altered
biomechanical properties of bone with nicotine exposure.** These
findings are consistent with a previous study.*

Complication rates may be considered reasonable owing
to the complex patient population, with pin-site infection rates
similar to established series of frame management of tibial
defects and deformity.”® All cases responded to treatment with
oral antibiotics, except for three in which two required wire
re-positioning®*3® and one required debridement, irrigation
and hexapod re-application following deep infection.*® Equinus
contractures at the ankle are common complications during tibial
lengthening and bone transport, particularly in trifocal transport,
as underlined in the two included studies.>*3° Despite successful
treatment with Achilles tendon lengthening and frame extension
to the foot, such complications can be prevented in the future
through incorporating the foot in fixation for lengthening of
more than 10%.°

Limitations

A meta-analysis was not conducted owing to the heterogeneity
of the methods, the limited quality of several studies (three
studies were of poor quality) and small sample sizes. The latter is
understandable due to the scarcity and complexity of the patient
population. A further limitation includes most of the studies
performed at centres specialising in limb reconstruction, thereby
limiting its external validity. Therefore, the results reported may
be difficult to replicate in less experienced trauma units. However,
treatment of tibial non-unions requires experience and specialised
knowledge to achieve satisfactory outcomes.

CONCLUSION

This systematic review suggests hexapod frames are reliable
for treating tibial non-unions with favourable outcomes. Future
comparative studies should be undertaken to prove its efficacy
over that of the llizarov frame.

175



-union

Hexapod Circular Frame Fixation for Tibial Non

Lg:esia

o1e1s UoI1129.1102 AJlWoyap pue 9 :3|PPIN
J0Uu s30(Q - - |ed>ojouoy (L) ol (§'29) 0T uoldeIISIP PASO|D 9:lewixold  diydoipadAy Yius e 19 pawoyen
podsuel) suog :paydsu|
AVETBIIETo) uolssaidwod
91es2uabap I |ed0YIg ‘1jeub suoq ‘uswubije LZ uond3yu|
|ed0j0uoW [es1ueyday d1ydospy ¥ DiydosjowloN
Ajpueuiwopaid uonoessip 6 Diydoany
[ord - - W9z (1'¥S) 0T paso|) diydosysadAH /€:1e1s1g ¥z D1ydospadAH o 12 32 U3SaAIY
podsuel} auog :paydsju|
uolssaidwod “Yelb sauoq usw 61 :pa1daju|
1591 Ul UMoOUUN -ubije |eojueyds| D1ydouyy oz:emsia L oydosowloN
(€9-S1) €:[e304u1 uonoensip ClL IPPIN 81 d1ydony
L€ - (91-1)s9 /1 |eooyig (soL ¥ (€92) 01l paso|D DiydospadAH 9 :[ewIxoid 9IydoiadAy  ’|e 13 yoniqzoy
U01323.1100 A}IWI0J3p
(0t-9) pue uonoellsip
4! - - Ot :|e>0JOUOI (€L (Tev) 6l pasoD>  paqudsepioN  dwydoiuadAyyns e 1o ensua
9‘eisia
(L't uL’eozag) PRLECIE ¥ ®IPPIN
LV F e 60F0C - 9:[ed04ig - - 1odsuel) auog T :lewixoid uold9u| ve 1210 eles
6S 900 F6'L 9LFIL'S |ecojig (8) € 62 LL Jodsuesyauog  paquIsSIp JI0N uoldau| e 1219 eiodeN
(syauowi) (wa/syauows) (W) 1234ap s1sauaboaso  [(9) ‘u] sa3aqpIg [(%) ‘u] Juawipall a)is [pIqIL adA| Apnis
dn-mojjoy Xopul J0IDXY  JO 3ZIS UDIY\ uonILIISIp Hoppyyslyy  bupjows
ubapy |DUIIIX UDIY Jo poyiapy 2103004 YS1Y
uojun-uop
- - 6 L 6:0d paquIDsap 10N €L F8¢ 4 VA 6 958D aAIDadsoa1ay o 1232 0dajoy
(6£-51)
- - 0€ paqui3ssp 10N paqu3ssp 10N paqli3sep 10N 7’0 F 6€ S 14 (4SLYNM 0€) §§  HOY0d 2A1DRAS0IRY  |e 3D ellwNOqy
LLXy-x3 ‘| :|tleu
- - (014 4 WI'SL:0d ‘T 3seD (09) ¥T sA (0%) 9L (69-6)S6€ Tl 8T Ot  9sed>aAndadsolay ge 1812 epUNYY
8 :XYy-x3 0l
- 14 6C paquDSep 10N :|leu | ‘£ :0d ‘L 3seD paqli>sep 10N (08-81) v 8 144 (sswey g€) ze  aseddAndadsondY (e 3D pawoyepy
- - LE paqudssp 10N  Xy-xj puejleu NI‘Od  (6'18) 0EsA(6'8L) L (L£-6T) L'6V Ll 9C (sowely £€) € 9sed dA1dadsoIRY oc € 32 USSSAIY
S109)9p
61 Xy-X3 auoq ¢ (°89)
- - 8¢ 14 ‘OL:'eu WI ‘6 :0d 97 sA (£797) 0L (cL-9) gv 8 0€ 8¢ 9sedandadsondy  ,|e 19 Yoniqzoy
9€ :umouyun (€84)
- [44 174 paqu3ssp 10N L :[leu 1 ‘6 15D 9€sA(L'1T) 0L (89-81)s€ €l LE (sswely op) iy aA1Dadsold oc'[e 13 elialIg
£ XYy-x3
- - 4] € ‘TIeu NI ‘€ :0d (ooL)zLsro0 (6L-6L)V7 ¥ 8 Tl 9sed>aAdadsonay pele I epes
8¢ - - paqudsap 10N paquIdsap 10N paquIDsap 10N LTLF89 Ol 8T 8¢ 1OY0d 9A1129d50419Y 1819 eiodey
PYIO  XIH-1L 451 salabins Aiabins jo adA| (%) (abupi) gs ojpwia4 3y saupbdpipd Apnis ubisap Apnis Apnis
JoJaquinu abviany uadosapaso))  Fabp ubapy
podpxat podbxay 21042q A126.ns [pijuf -2dnpbly bty 12puan

S2IPN3S PapPN|DUI JO SDIISIISIDRIRYD dUl|dsed T d|qel

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)

176



JUSWISSISSE [RUOIIDUNY [R1D[DSO|
-n2snw Joys ‘y4IA's ‘Aouedaldsip yibua| 6] ‘g7 ‘|edoyid -1 ‘owely [eireds uojhe] ‘4S | ‘podexay ¥2079n4) ‘XIH-11 ‘ASAINs yijeay wioy Hoys 4S ‘uonow jo abues ‘NOY Aybiam |ennied ‘gad ‘Sisayiuksoalso
91e|d ‘0d ‘Aiejnpaw-enul ‘|| ‘butieaq 1ybiam ||nj ‘g4 H0Iexy [euIdIxa ‘XY-X3 ‘el A0IEZI|| JO POYIDIN dYl JO APNIS SY3 J0) UOIIRIOSSY ‘[NYSY ‘Suoabing dipaedoyiiQ jo Awspedy uedLswy ‘SOVY

177

-union

Hexapod Circular Frame Fixation for Tibial Non

1004 LS o€ Sl paqLIDsap 10N 340M 0} uIN}aY ‘uolun [es160joIpeY ‘XIPUl UOIIDUNY 100 ‘Z|-4S oy 1230 0d3joN
am4d
:9wel)-3s0d SpIeMUO 9 %M GMd :|eAOW DI dwiely-3sod 9—f NI\
[eAOWDI SWIRL) D10 SR9M € dzIweukd
S9Y23NId YUM gM\d T Aeq
Jeq 29 [47% 0z S951249X3 \OY 93Uy pue d3dwWos| sdadupen) 0 Aeq IWVSY ‘G711 ‘uotun [edibojolpey . '[e 39 ewnoqy
ey €9 8¢ [ord paquosap 10N 340M 0} UIN}3Y ‘uolun [ed16ojolpeY ‘9101S UOIIIRYSIIeS ‘|INYSY g¢ 12 32 BpUNYY|
S951249X3 NOY A|1e2 Yum paiela|oy
1004 €9 8¢ Sl se Jead-1ybam :0 ke ‘w0 Z1-4S ‘uotun |edibojolpey ‘gl ‘uonenbuy ‘QvL e 39 pawoyely
|eAOWaJ dwel) 310439 7S/€-7 M4 uolun [edibojoipey
e 85 €€ ST uol1epI|0SUOD J3)je dziweuAq paiela|ol se buleag-ybam :0 Aeq ‘77 'UOIIRIASP SIXE |EDIURYIIIA ‘SOXE 9 Ul UOI1III0D A}Iwi0)a( o 12 32 USSDALY
1004 ¥S 6¢C T4 paqudssp 10N ‘IINVSY ‘SOVY ‘9€-4S ‘uolun [edibojolpey ‘dT17'AVL [ 3 yaniqzoy
e 69 /€ 43 pouad siy3 Jaje g4 UolIepljosuod Jaje asiweuiq uolun |edibojoipey ‘g1 ‘avL 232 eIIRLIDS
dMd :|lerowal dwely-1sod 9— 39
|[eAOWIDA DWiRl 910J3] SHIdIM 7 uonesiweukg gmd iz Aed 340M 0}
Jeq €9 34 0z 951219X3 N OY 23Uy pue sdadupenb duawos|:0 ke uINIdY ‘|INYSY ‘uolun [ea1bojolpey ‘77 ‘UOIIBIASP SIXE |[eDIuBYIDN se 1210 eles
Jeq %9 6C 19 pa3eis|0} se bulieag-1ybiap :0 Aeq V4INS c'1e 390 eioden
anibp  |piof g v 103030.d U0IIDIIQDYY sawo21n0 Apnis
SWOW
U01323.1102 A}IWI0Jap
€87 pue uoldeAsIp PasoD Z d1ydoasadAH
FLY - - paquosap 10N - - 1Jodsuesy suog 6:1eisia / :UOI13D34U| op12 30 0d3joN
¥e-11) (S1-€) 0T :[e30414L 0l :umouxun
8CL + 8 L0FL6°L SEFOYL 0l :|e304id - - Jodsuesyauog  paquIssp JI0N 0T :uonddju|  |e 19 eAWNOQY
Gl :edx04g gg:umouqun
(0£-€) 9T - G |ed0jJoUoy - (0€) 71 paquosap A|9renbape joN  paqudsap 10N Gl :uondaju| g¢ 1€ 39 BPUNYY|

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)



-union

Hexapod Circular Frame Fixation for Tibial Non

a1bue [eiqiy [ewixoid [eIpaw [edIUBYIDW ‘Y] W ‘D]Bue [eigi} [eIsIp JoLdjue diwoleue ‘Yl dye ‘Dbue |eiqi} |eisip [eid3e] [edluBydaW ‘Y] g W Uddjows ‘S
I9yows-uou ‘SN ‘a|bue [eiqi jewixoid JouR1sod diwoleue ‘Y] dde ‘uoisny |eauedjedolelolqiy ‘) | ‘wel) |eneds Jojel 4S| ‘Si1sayluksoalso aieid ‘Od ‘Aiejnpaw-eanul ‘W] ‘Yeib suoq snobojoine ‘Dgy

LETF OGSV SA
IS+ VL6
uol1da4ul ON
< uold3Yu| RIS
paiinbaijoN (ooL) 6 - - - - - - 6vFoLL - - - odajo
(£'5T-9°9) s €12
paiinbaijoN (ool) o€ (06) 0g/LT  (00L) O€E - - - - v F6€EL 9¢ §'1-50 ¥1-Zl  eswnoqy
| :uted Joy
uoneindwy gc 181
painbai joN (§°L6) 6€ - - - - - - (§'8€-€) S0l - - - epunyy
| :uoipeyndwy 1839
€ :0gy-isod (£6) 7€ (6°£8) 6C (LT ve (LT ve - - - - LTS - 0l oL pawoyep
L ;Jesnyas Juswieal)
L:uoisnydll
‘¢ :uoned|dde-al oG UIyum G UIyum
4S1-13sod (t'98) Z€ pa1>2110d pa1>2.110> ABE
(%t6) S€ (€°£6) 9€ (ool) L€ - (%9°£9) ST - (%€°26) 9€ 9G'€ ¥ 109 - 0'L-50 - UssaAly
[coo=d
(%z'8l)
LL/T SA (cood
z:uoneyndwe  (%L1°1L8) L1/6] YEFTLSA
pue z:0d ‘¢ :|leu i UoI3534ul ON (8'9-0) ELSFULYLL
‘¥ :ogy <uondsyu| wd gL SA(£'S-1) uol3d>94ul ON
pue uonedjdde-as :UoluN-uopN wd |'g < uond3AYU|
4S1-3sod ('L LT sweuy-)sod sa (€8'€T-L6'€) 181
(L¥6) 9€ swel-ald  (T¥8) CE - - - - €96 - - - yoniqzoy
pajie; jeyy
¢ ul podexay jo
uoned|jdde-as-3sod (STTL-SLT) e
(8'26) S¥ (1'68) LY (ool) o (€'16) T¥ - - - - SL'S - 0L 0 ellaliag
S08 (91 :|edoyuL
1'08 :Jeuld 88 :leuld ‘leuly [8:euld TSl :[edo)q) pel® 39
painbai joN (ool)zlL (€€g) 0L (ool)zlL S'08:3id 76:91d €'¢€8@id °06 @4d CEF6EL - 0'L-50 vl-Cl ejeg
Od 10 |leu |
‘podexay jo
uonedjjdde-as-3sod (Tss) Lz (S)so eI
umousun - - - - - - 0EFE6 - (SN)SZ0 - ejodeN
(%) Au1qoIs (%) uonpXl{ (%) (63) [p12IDIPUOD  [(9) ‘U]saupid  (78-8/) (26-98)  (v8-L2) (06-58) (@S F sypuow) (sAbp)  (Avp/ww)  (sApp) Apmis
JupAnfpy  podoxay-jsod JowngLS) [bul,g>avl 08YIAYD 68VIATW oL8VIddD o/8 VIdWW uojun o} UonDpIjOSUC) a1 foudy]
Jawubip awi3/awbiy uj uondLIISIg
uoiun yrbuay ba7 S1UBWAINSDALU SIXD QUII| JIMOT awy ubay sajdpuid roipzij|
|pa1bojoippy

suolun-uou [elqi} 4oy uofiexy podexay Ul sainseaw awodino [ed1bojoipey i€ a|qeL

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)

178



juswissasse |euoljdounj
|B19|33S0|N2SNW 1I0YS “W4|AS *Xapul uoi1dunj 100} ‘|44 ‘AdAINS Y1jeay wJoj 1oys 4G ‘eLislid AoJezl|| Jo poyis| syl jo >_03um 3y3 Joj uoienossy ‘IINYSY WCO@@\_JW U__UwMQOr_tO Jo >Ew_omu< uedlLWY ‘SOVY

S00 <d'0L F00S

S00<d'OLF00S S00<d'0OLF00S

179

-union

Hexapod Circular Frame Fixation for Tibial Non

(6'88)8 8L F6¥C SA8 F €55 SALLF Y6V o119
- [o1u0d ~ Apnis josu0) ~ Apnig - - - odsjol

| :d00d ‘€ ieq | :100d ‘Z e
T1:Po0D ‘p1 Ju3||90x3 0l :pooS s 1B ¥
- - - - - AR UEIERYE| - eJlwINOqy

| :100d ‘| :d1eq
(8°24) L 1100d ‘Z :ieq 'G:pooD gc €19
9¢/8¢ - - - - 8 :PO0D ‘6T :JU3||92X3 '€€U||9X3 - epunyy

S00<d‘0LF00S S00<d'0LF00S
SA L¥'[ F S0'8S SAT6FV8LY 1R
- - |043u0) ~ Apnis j0J3u0) ~ Apnis - - - pawoyep
o139
- - - - - - - - USSIAIY
(Looo=d
‘6L SA LS)

sweyj-aid < (1000 > d ‘28 5A 95) 7:100d ‘gdled  7:100d ‘71 :pooD 57183
- - awiely-1s0d - - SWRI-1SOd> dwely-ald  ‘pL :pOOD ‘OZ :3Ud||99XT K7 EIEDE| - yoniqzoy
e
- - - - - - - - - SIENEE

| :dle4 G :pooD Z:poon
(ooL)zL - - - - - ‘9 :u3||90x3 ‘01 U3 9dx3 ve'l@ 19 ejes

(10000 >d
"LTLSALLT) T
- - - - - - Apnis< [043u0D ejodeN
(%) 144 9€-4S Yipay [pjuay [p21sAyd sowvy uondund auog Y4Ws Apmis
Ananop
Ainfur-aid
01 winjay Zl-4S IWVSY

SWOYd

ssuojun-uou [eiq} Joj uolexy podexay ul SWOYHd YL & d|9eL

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)



Kouedaudsip yibus| 63| ‘g7 ‘uopual s3||IYdY ‘1Y

-union

uonedidde-ai1 4] pue
uoebul ‘Juswaplgap

Hexapod Circular Frame Fixation for Tibial Non

juswade|day SAIssa1b6e juswiieal]
- - - - uswWieal] (2°22) T (L e/l oy 1232 0dajoy
1 :0d ‘L :uonedidde-ai 100J 0] UOISU3IXd
4S1 Juswieal| Yl d0ys awely yum butuayibua) 1y |eroway umouun uole|os|
- (£9)T:.9<(01) €:6>  uawieall (0L) € ‘Juswijeal] [eOOJU Y ‘(0L) € quswnead] (£91) G Ul 4S140)aneA (€°9S) SS/LE ¢ B 39 BllWnoqy
EETINENYole] | UOISU)-a AIIM ‘2T
UOISUS]Xa dweld ;juswieal| UoI13129.1102 Alepuodas Juswade|day SJ1101qIjuUe |elo ;jJuswleal]
(§°7) L :ANw104op UOIXaY) dIUY uawieal] (9) 25§ < - - Juswieal] (§°7) L (§'£9) €T ge 1B 39 BpUNy
HlIsoys
uawieal] (2°£2) 6 juswade|day so1joiqiue [elo pue
- - - Juswiieal] (1°9) ¢ aJed |edo7:uswieal) (°sl) § ,£18 19 pawoyey
Hl| 90ys
- - Juswieal] (£°2) L - - - o' 1€ 39 Udsanly
- - - - - - 71239 Yoniqzoy
juswade|day sonjoiqiue [elo pue
- - (0)o - Juswijeal] (Z'7) L 24ed |edoT yuswieal) (S61) 6 cc1e 19 BIIDIIDY
uolesijoquiy :Juswieal| 100} 0} UOISUIXD | UOISUD}-24 IIM
(€'8) juswijeal |IN 1] s0ys awely yum buruayibua) 1y ' sa1jolqiue [eso ‘g aled
L:wsAinaueopnasd [eauoidd (S7) £:.6 > udWIRI] (L 91) T Juswiieal] |edoju ||V (S2) € (€€e) v |e207 ;Juswieal] (£°€8) 0L w1319 ejes
- - - - - - PR E ejodepn
(%) s12410 (%) (%)wd §°1<aTl (9) 21n30013U03 BpjUD snuinb3g (%) (%) uonajui ays-uid Apmis
buipuaq a3is a)piauabay 2bpypaiq uid-JipH

uonpxy podpxay buimojjoy suonpijduiod [pa1bins-1s04

uolun-uou [eiqi} 10 Uolexy awely Jejndd podexay Huimoljoy suoneddwod [ed16ins-3s0d 3§ d|qel

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)

180



Hexapod Circular Frame Fixation for Tibial Non-union

REFERENCES

1.

1.

14.

15.

16.

18.

19.

20.

21.

22.

Phieffer LS, Goulet JA. Delayed unions of the tibia. J Bone Joint Surg
Am 2006;88(1):206-216.DOI: 10.2106/00004623-200601000-00026.
Tzioupis C, Giannoudis PV. Prevalence of long-bone non-unions.
Injury 2007;38(Suppl. 2):53-59.DOI: 10.1016/5s0020-1383(07)80003-9.
Weber B, Cech O. Pseudoarthrosis: Pathology, Biomechanics, Therapy,
Results. Bern, Switzerland: Hans Huber Medical Publisher, 1976.
Wu CC, Chen WIJ. A revised protocol for more clearly clas-
sifying a nonunion. J Orthop Surg 2000;8(1):45-52. DOI: 10.1177/
230949900000800109.

Akhtar A, Shami A, Sarfraz M. Functional outcome of tibial nonunion
treatment by llizarov Fixator. Ann Pak Inst Med Sci 2012;8(3):188-191.
Corpus ID: 74404660.

Jones CB, Mayo KA. Nonunion treatment: Iliac crest bone graft
techniques. J Orthop Trauma 2005;19(Suppl. 10):511-5S13. DOI:
10.1097/00005131-200511101-00004.

Ferreira N, Marais LC. Management of tibial non-unions according
to a novel treatment algorithm. Injury 2015;46(12):2422-2427. DOI:
10.1016/j.injury.2015.09.040.

Catagni MA, Guerreschi F, Holman JA, et al. Distraction osteo-
genesis in the treatment of stiff hypertrophic nonunions using
the llizarov apparatus. Clin Orthop Relat Res 1994;301:159-163.
PMID: 8156667.

Ilizarov GA. Clinical application of the tension-stress effect for limb
lengthening. Clin Orthop Relat Res 1990;250:8-26. PMID: 2403497.
Kocaoglu M, Eralp L, Sen C, et al. Management of stiff hypertrophic
nonunions by distraction osteogenesis: A report of 26 cases. J Orthop
Traum 2003;17(8):543-548.DOI: 10.1097/00005131-200309000-00001.
Saleh M, Royston S. Management of nonunion of fractures by
distraction with correction of angulation and shortening. J Bone
Joint Surg 1996;78(1):105-109. PMID: 8898138.

Cattaneo R, Catagni M, Johnston EE. The treatment of infected
nonunions and segmental defects of the tibia by the methods of
the llizarov. Clin Orthop Relat Res 1992;280:143-152. PMID: 1611734.
Paley D, Maar DC. llizarov bone transport treatment for tibial defects.
J Orthop Trauma 2000;14:76-85. DOI: 10.1097/00005131-200002000-
00002.

Paley D, Catagni MA, Argnani F, et al. llizarov treatment of tibial
nonunions with bone loss. Clin Orthop Relat Res 1989;241:146-165.
PMID: 2924458.

Dendrinos GK, Kontos S, Lyritsis E. Use of llizarov technique for treatment
of non-union of the tibia associated with infection. J Bone Joint Surg
1995;77(6):835-846. DOI: 10.2106/00004623-199506000-00004.
Marsh DR, Shah S, Elliott J, et al. The Ilizarov method in nonunion,
malunion and infection of fractures. J Bone Joint Surg 1997;79(2):
273-279.DOI: 10.1302/0301-620x.79b2.6636.

Elbatray Y, Fayed M. Deformity correction with an external fixator:
Easy of use and accuracy? Orthopaedics 2009;32:82. PMID: 19301808.
Feldman DS, Shin SS, Madan S, et al. Correction of tibial malunion
and nonunion with six-axis analysis deformity correction using
the Taylor spatial frame. J Orthop Trauma 2003;17(8):549-554. DOI:
10.1097/00005131-200309000-00002.

Shtarker H, Volpin G, Stolero J, et al. Correction of combined angular
and rotational deformities by the llizarov method. Clin Orthop
Relat Res 2002;402:184-195. DOI: 10.1097/00003086-200209000-
00017.

Garcia-Cimbrelo E, Marti-Gonzalez JC. Circular external fixation
in tibial non-unions. Clin Orthop Relat Res 2004;419:65-70. PMID:
15021133.

MainilL, Chadha M, Vishwanath J, et al. The llizarov method in infected
nonunion of fractures. Injury 2000:31(7):509-517. DOI: 10.1016/s0020-
1383(00)00036-x.

Patil S, Montgomery R. Management of complex tibial and femoral
nonunion using the llizarov technique, and its cost implications.
J Bone Joint Surg Br 2006;88(7):928-932. DOI: 10.1302/0301-
620X.88B7.17639.

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Williams MO. Long-term cost comparison of major limb salvage
using the llizarov method versus amputation. Clin Orthop Relat Res
1994;301:156-158. PMID: 8156666.

Fadel M, Hosny G. The Taylor spatial frame for deformity correction in
the lower limbs. Int Orthop 2005;29(2):125-129. DOI: 10.1007/500264-
004-0611-9.

Rozbruch SR, Pugsley JS, Fragomen T. Repair of tibial nonunions
and bone defects with the Taylor spatial frame. J Orthop Trauma
2008:22(2):88-95. DOI: 10.1097/BOT.0b013e318162ab49.

Rozbruch SR, Fragomen AT, llizarov S. Correction of tibial deformity
with use of the llizarov-Taylor spatial frame. J Bone Joint Surg
2006;88(Suppl. 4):156-174. DOI: 10.2106/JBJS.F.00745.

Manner HM, Huebl M, Radler C, et al. Accuracy of complex lower-
limb deformity correction with external fixation: A comparison of
the Taylor spatial frame with the Ilizarov ring fixator. J Child Ortho
2007;1:55-61. DOI: 10.1007/511832-006-0005-1.

Docquier PL, Rodriguez D, Mousny M. Three-dimensional correction
of complex leg deformities using a software assisted external
fixator. Acta Orthop Belg 2008;74(6):816-822. PMID: 19205330.
Rozbruch SR, Segal K, llizarov S, et al. Does the Taylor spatial
frame accurately correct tibial deformities? Clin Orthop Relat Res
2010;46(5)8:1352-1361. DOI: 10.1007/511999-009-1161-7.
Schartsman V, Choi SH, Schwartsman R. Tibial nonunions.
Treatment tactics with the llizarov method. Orthop Clin North Am
1990;21(4):639-653. PMID: 2216399.

Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for
reporting systematic reviews and meta-analyses of studies that
evaluate health care interventions: explanation and elaboration.
J Clin Epidemiol 2009;6(7):e10000100. DOI: 10.1371/journal.
pmed.1000100.

Coleman BD, Khan KM, Maffuli N, et al. Studies of surgical outcome
after patellar tendinopathy: Clinical significant of methodological
deficiencies and guidelines for future studies. Victoria Institute of
Sport Tendon Study Group. Scan J Med Sci Sports 2000;10(1):2-11.
DOI: 10.1034/j.1600-0838.2000.010001002.x.

Napora JK, Weinberg DS, Eagle BA, et al. Hexapod stacked transport
for tibial infected nonunions with bone loss: Long-term functional
uutcomes. J Orthop Trauma 2018;32(1):e12-e18. DOI: 10.1097/
BOT.0000000000001005.

Sala F, Thabet AM, Castelli F, et al. Bone transport for postinfectious
segmental tibial bone defects with a combined llizarov/Taylor spatial
frame technique. J Orthop Trauma 2011;25(3):162-168. DOI: 10.1097/
BOT.0b013e3181e5e160.

Ferreira N, Marais LC, Aldous C. Hexapod external fixator closed
distraction in the management of stiff hypertrophic tibial
nonunions. Bone Joint J 2015;97-B(10):1417-1422.DOI: 10.1302/0301-
620X.97B10.35504.

Arvesen JE, Watson JT, Israel H. Effectiveness of treatment for distal
tibial nonunions with associated complex deformities using a
hexapod external fixator: J Orthop Trauma 2017;31(2):e43-e48. DOI:
10.1097/BOT.0000000000000726.

Mahomed N, O’Farrell P, Barnard AC, et al. Monofocal distraction
treatment of stiff aseptic tibial nonunions with hexapod circular
external fixation. J Limb Lengthen Reconstr 2017;3(2):101-106. DOI:
10.4103/jlIrjlir_31_16.

Khunda A, Al-Maiyah M, Earldey WGP, et al. The management of
tibial fracture non-union using the Taylor spatial frame. J Orthop
2016;13(4):360-363. DOI: 10.1016/j.jor.2016.07.002.

Aboumira IEA, Sala F, Elbatrawy Y, et al. Distraction osteogenesis for
tibial nonunion with bone loss using combined lliarov and Taylor
spatial frames versus a conventional circular frame. Strategies Trauma
Limb Reconstr 2016;11(3):153-159. DOI: 10.1007/s11751-016-0264-4.
Molepo M, Barnard AC, Birkholtz F, et al. Functional outcomes of the
failed plate fixation in distal tibial fractures salvaged by hexapod
external fixator. Eur J Orthop Surg Traumatol 2018;28(8):1617-1624.
DOI: 10.1007/s00590-018-2231-x.

Perren SM. Evolution of the internal fixation of long bone fractures.
The scientific basis of biological internal fixation: Choosing a

181



Hexapod Circular Frame Fixation for Tibial Non-union

42.

43.

182

new balance between stability and biology. J Bone Joint Surg
2002;84(8):1093-1110. DOI: 10.1302/0301-620x.84b8.13752.
Feldman DS, Madan SS, Ruchelsman DE, et al. Accuracy of correction
of tibia vara: acute vs gradual correction. J Pediatr Orthop
2006;26(6):794-798. DOI: 10.1097/01.bp0.0000242375.64854.3d.
Graehl PM, Hersh MR, Heckman JD. Supramalleolar osteotomy for
the treatment of symptomatic tibial malunion. J Orthop Trauma
1987;1(4):281-292. DOI: 10.1097/00005131-198701040-00003.

Strategies in Trauma and Limb Reconstruction, Volume 17 Issue 3 (September—December 2022)

44,

45,

46.

Hernigou J, Schuind F. Smoking as a predictor of negative outcome
in diaphyseal fracture healing. Int Orthop 2013;37:883-887. DOI:
10.1007/s00264-013-1809-5.

Christiano AV, Pean CA, Konda SR, et al. Predictors of patient reported
pain after lower extremity non-union surgery: The nicotine effect.
lowa Orthop J 2016;36:53-58. PMCID: PMC4910799.

Eldridge JC. Problems with substantial limb lengthening. Orthop Clin
North AM 1991;22(4):625-631. PMID: 1945340.




APPENDIX 1

Appendix 1: Full search strategy — Date

: 15 December 2021

1 exp fracture fixation/ 158,523 13 hexapod.mp. 1,065 25 240r8 34,000
2 fractures, bone/ 97,307 14 “circular external fixator*”. 534 26  fracture non-union/ 55,370
mp. or fracture healing/
3 lor2 236,711 15 Taylor spatial frame.mp. 549 27 100r26 196,372
4 tibia/ 78,839 16 TL-HEX.mp. 18 28 25and27and 17 201
5 3and 4 6,330 17 or/13-16 2,013 29 9andi12and 17 163
6 tibia$.ti. 58,986 18 tibia fracture/or tibia 15412 30 28o0r29 216
shaft fracture/
7 fractureS.tw. 60,8181 19 exp fracture treatment/or 15,1789 OVID MEDLINE 72
fracture healing/
8 6and7 20,972 20 fracture/ 89,827 OVID Embase 142
9 50r8 25,232 21 19 or 20 22,8747 Cochrane 2
10 [non union or non-union or 169,400 22 tibia/or tibia shaft/ 79586 31 remove duplicates 153
nonunion or un-united or from 30
ununited or delayed union or
union or (fractur* adj2 healing)].tw.
11 fractures, ununited/or fracture 56,509 23 21and 22 6,133
healing/
12 100r 11 196,122 24 18 0r23 20,796
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