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Current concepts of leg lengthening
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Abstract Any lower limb discrepancy may be equalised
by conservative means (insoles, prosthesis and orthosis).
However, their long-term acceptance is low in regard to
function, costs, expenditure and appearance. Timely
epiphysiodesis is the best option in uniplanar deformities
with adequate remaining growth and for patients whose
predicted final body height is above the 50th percentile.
However, many patients present late or with multi-planar
deformities, which warrant more sophisticated operative
approaches. The history of surgical bone lengthening
comprises 100 exciting years of struggling, development
and ongoing learning. The initial strategy of acute or rapid
incremental distraction had lasted almost half a century
until Ilizarov recognised the benefits of biological perios-
teum-preserving osteotomies and incremental lengthening
at slow rates (1 mm/day) at a 4 x 0.25-mm daily rhythm,
well appreciated as callotasis. In parallel, ring and wire
constructs made complex three-dimensional axial, transla-
tional and rotational bone moulding possible. Taylor Spa-
tial Frames—built on hexapod strut-linked platform
technology as known from flight simulators—took limb
correction to a more reliable, more precise and aesthetical
level, all the more that the whole process became web-
based. It represents state-of-the-art methodology and
technology for complex, multi-plane deformities. Due to
the significant risk of secondary malalignment, indications
for lengthening by unilateral fixation have shrunken to
moderate amounts of length disparity and uni- to bi-planar
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deformities in patients with still open physes. Mechanical
or motorised, minimally invasively placed nails prevent
muscle fixation and, therefore, ease rehabilitation, increase
patient comfort and potentially shorten the overall time of
sick leave and refrain from sports activities. Hence, they
offer a valuable alternative for low-grade complexity sit-
uations. It remains to be proved if the significantly higher
implant costs are compensated by lower treatment costs.
Overall, limb lengthening, particularly in combination with
multi-planar deformity correction, can still be an arduous
endeavour. In any case, wise judgement of the patient’s
deformity, medical and biological situation, psychosocial
environment, selection of the appropriate method and
hardware, as well as meticulous operating technique by an
experienced surgeon are the cornerstones of successful
outcomes.

Keywords Leg lengthening - Taylor Spatial Frame -
Callotasis - Ilizarov - Motorised nails

Introduction

Leg length discrepancies are frequent: about one-third of
the population shows 0.5-1.5-cm disparities, 5 % more
than 1.5 cm and about 1/1,000 have been prescribed a shoe
lift [1-3].

Despite a lack of biomechanical data supporting a
seemingly fundamental human anatomic principle, it is
persistent orthopaedic common sense that the pelvis needs
to be horizontal and the lumbar spine symmetrically loaded
in a bipedal standing position and in the stance phase
during gait. Leg length inequality is a correctable risk
factor for knee osteoarthritis [4]. Hence, acquired or
congenital disparities ought to be restored, though the

@ Springer



90

J Child Orthop (2012) 6:89-104

apodictic and historic [5] 2-cm rule of acceptable leg
length discrepancy is more enigma than science in light of
the individual anatomic parameters such as pelvic width,
absolute leg length, muscle force and proprioceptive
capacity. Recent developments in deformity correction
allow for a patient- and surgeon-friendly web-based bone
restoration of any complex three-dimensional deformity.
Nevertheless, there are still considerable biological limi-
tations and challenges. The patient and his psychosocial,
medico-economic, logistic and legal environment must be
consented, educated and prepared for a potentially long-
lasting journey paved with hazards such as delayed con-
solidation, pseudarthrosis, malalignment, joint contractures
and dislocations, pain, infection, prolonged inability to
work and refrain from school and sports activities [6—24].

The basic principles of bone generation and mould-
ing—gentle, periosteum-respecting osteotomy followed
by incremental 1-mm/day fragment separation and con-
solidation—are set. All current methods of gradual leg
lengthening rely on distraction osteogenesis [25-29].
However, concurring implants and techniques for
mechanical bone guidance such as Taylor Spatial Frames
(TSFs), traditional Ilizarov ring and wire constructs,
various methods for unilateral external fixation and
intramedullary mechanical or motor-driven nails offer
space for individual application given by the skills and
preferences of the surgeon, the affordability, the patient’s
needs and wishes, and the medical problem defined as a
mixture of bony deformity and the condition of the joint,
muscle and soft tissue compound adjoining the segment to
be corrected.

We deemed it worthwhile to shine through the current
body of knowledge. Not astonishingly in view of myriad
patient variables, it is mostly formed by heterogenous case
series and well remote from a high level of evidence.

History

The young and rocky history of surgical leg lengthening
started only 100 years ago, probably when the German
visionary surgeon Bernhard von Langenbeck 1869 claimed
that 2—4-cm leg shortening causes significant impairment
of function and that it should be equalised surgically by
stretching of the bone. However, it lasted until 1903, when
pioneer Alessandro Codivilla (Rizzoli Institute Bologna/
Italy) performed femoral osteotomies in patients with coxa

! Berliner Klinische Wochenschrift 1869: An den unteren Extre-
mititen bedingen 2-4 cm betragende Verkiirzungen schon erhebliche
Funktionsstorungen und es wire gewiss wichtig, sie in operativer
Weise auszugleichen. Von grosser Bedeutung wird, so glaube ich, fiir
die chirurgische Praxis die Tatsache sein, dass das Lingenwachstum
der Knochen durch Dehnung gesteigert werden kann.
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vara. Traction (25-75 kg) was applied by a cast and a
transcalcaneal wire [30, 31]. The understanding of the
physiology of bone formation and the role of soft tissues in
the lengthening process was very limited and opposed to
the eagerness to lengthen as much as possible, often
“acutely” as a one-stage procedure up to 8 cm. The con-
ditions, however, were adventurous and often torturing for
the patients, resulting in nerve lesions, muscle convulsions,
pseudarthrosis and malunions, not to speak of the appalling
pain at this pre-anaesthetic age or even death on the
operation table [32]. Louis Ombrédanne 1913—first grad-
ual (5-mm/day) lengthening on a femur using an external
fixator with one pin above and one pin below the osteot-
omy—achieved an additional 4 cm [33]. Vittorio Putti
conjoined the former ideas of external fixation, Z-shaped
osteotomy and continuous but slower distractions (2-3-mm
daily) for up to 8-cm lengthening, which resembles modern
unilateral methods. However, the apparatus and the pin
purchase in the bone were not strong enough to promote
the method’s breakthrough [34]. Probably the first to rec-
ognise and practise the importance of delaying lengthening
after the osteotomy was August Bier, who reported on
femoral lengthening in 1923 [32]. He failed since he cut the
periosteum completely at the osteotomy site. Leroy Abbott
from St. Louis further developed the method of callus
distraction in the mid-1920s with further refinements by
others in the 1930s, for example, stronger fixation, peri-
osteum preservation and a 2-week interval before com-
mencing distraction [32]. A broad array of biological and
hardware trials and errors over time such as fascia resec-
tion, wide soft tissue dissection to overcome soft tissue
resistance or stirrup-shaped irons for pin fixation witness
the manifold frustrations, obstacles and challenges in the
history of bone lengthening, not to speak of subsequent
foot and knee deformities most often preventing the
improvement of gait and function, even in the case of
successful bone restoration [32]. Promising steps such as
Wittmoser’s first ring fixator were not recognised as such
[35]. The decisive further methodological and hardware
refinement was a genius single man’s pioneering effort:
Gavril Ilizarov (1921-1992) was a young general practi-
tioner geographically and medico-socially isolated in
southwest Siberia (Dolgovka/Kurgan), faced with a high
load of bone tuberculosis cases, desperate World War II
veterans and material shortness. He treated countless
infected pseudarthroses (in the pre-antibiotic era!),
lengthened stumps after amputations, corrected complex
post-traumatic deformities and filled bony defects based on
the principles of desmoid ossification by segmental trans-
port after percutaneous corticotomy, a latency period of
some days, semi-rigid fixation and a defined distraction
mode of 4 x 0.25 mm/day. Bone lengthening became
possible without bone grafting and was followed by further
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milestones: in 1951, the development of metal rings and
tensioned K-wires [36] for fracture treatment; in the early
1960s, the first successful lengthening of the lower
extremity up to 25 cm [36]; distraction—compression;
promotion of tissue nutrition and joint mobility by semi-
rigid fixation; full weight-bearing and physiotherapy [37].
Since the Moscovitch medical elite mocked him, it was not
until 1967 when he gained recognition by successfully
treating the former Olympic gold medal winner, high
jumper Valeriy Brumel after his motorcycle accident [36].
The isolation of communist Russia hindered the further
spread of this revolutionary approach until De Bastiani
(Verona, Italy) exposed it to the world in the early 1980s
[38]. Unaware of Ilizarov’s progresses, unilateral fixation,
fast lengthening (2—4 mm/day) after cutting restraining soft
tissues (including periosteum), followed by bone grafting
and plate osteosynthesis after the distraction phase
(Wagner method) [39, 40] was temporarily popular in the
Western world in the 1970s and 1980s but it was problem-
prone: premature growth arrests, bad bony regenerate and
multiple revision surgeries were common. It was eventu-
ally abandoned, as was epiphyseal distraction (acute or
sub-acute epiphysiolysis without osteotomy), which was
often acutely painful and also provoked physeal arrest [41—
45]. In contrast, Ilizarov’s principles have stood the test of
time. At the beginning of the 1990s, modern web-based
hexapod platform technology” (1994, Taylor Spatial Frame
[TSF]) and motorised, fully implantable, solid intramed-
ullary nails have lifted them to better predictability, more
comfort and lower risk [46, 47].

Indications for leg lengthening

Over the last 100 years, indications have shifted from leg
length discrepancies and deformities due to poliomyelitis,
war wounds, osteomyelitis and malunited fractures to
congenital problems such as femoral deficiencies, simple
femoral hypoplasia, fibular hemimelia and tibial aplasia,
hemihyper- and hemihypotrophy, and a long list of
acquired problems, such as post-traumatic growth arrest,
post-infectious issues, avascular necrosis, Perthes’ disease,
Blount’s disease, skeletal dysplasia, rickets, syndromes,
Ollier’s disease, enchondromatosis etc. [48-50]. The
composition of causes varies [12, 51-55]. Some series
include bilateral lengthening for short stature, which is not
the focus of this article [54]. Ring fixators are predomi-
nantly used for tibiae [48, 49], and mechanical and mo-
torised nails mainly for femora [51, 55, 56]. As a rule of
thumb, a leg length discrepancy of more than 2 cm is
regarded as an indication for therapeutic measures, 2—4 cm

2 http://www.jcharlestaylor.com.

and enough growth in an individual above the 50th per-
centile for height an indication for growth modulation
(epiphysiodesis) and discrepancies of more than 4 cm an
indication for callotasis.

The average amount of lengthening ranges between 2.5
and 5 cm (min. 2 cm to max. 17.4 cm) for Ilizarov ring
fixators (IRF) [48, 57, 58] and intramedullary nails [16, 46,
50, 59-64] and around 2.5-3 cm (min. 8 mm to max.
80 mm) for TSF [48, 65]. The latter is mostly indicated for
complex three-dimensional problems, where the shortness
is not the most prominent issue. Though callotasis and
complex deformity correction is predominantly a paediatric
orthopaedic field, the age of patients ranges from as young
as 2 years up to 70 years (!). Patients treated with ring
fixators and unilateral external fixators have an average age
of around 12-16 years [48, 49, 65], whereas m‘g [50, 53,
59-61] or by solid nails [16, 46, 51-56, 60, 62, 63, 65]
constitute young adults around the age of 18-25 years.

Baseline diagnostics

It is of utmost importance that the diagnostic algorithm
does not only focus on the bony deformity but creates a
bigger picture including the patient’s physical and mental
status, as well as the local biology. In summary, this allows
to gauge the level of difficulty and risk [50] and to inform
and educate the patient by weighing out all the potential
hazards: joint instabilities ranging from mild laxity to fixed
subluxation or even dislocation, fixed flexion deformities
and decreased range of motion of the knee, osteoarthritic
changes, poor bone or soft tissue quality, previous infec-
tions and general medical issues like smoking, diabetes
and regenerate-inhibiting medication, among others. Psy-
chological assessment (intelligence, compliance, social
environment) to determine if the patient and family is
suitable for the proposed endeavour and contact with other
patients might be wise in order to define the expectations
[16, 66].

The core process is precise three-dimensional deformity
analysis in order to set the goal and choose the type of
correction. Only the minority of patients presents with
mere leg shortening. Most also present with frontal plane
deformities or, to a lesser degree, with sagittal and rota-
tional abnormalities [48]. The deformity is graded as type I
(one-dimensional) to type IV (four-dimensional), which
allows for the comparison of results of lengthening and
axial deformity corrections in the dependence of the
complexity [48].

The basic radiographic work-up includes standing
patella-forward full-length anteroposterior and lateral
radiographs of both legs (orthoradiograms) with blocks
placed under the foot of the short leg to level the pelvis. A
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computed tomography (CT) scan is ordered in case of
rotational malalignment to determine femoral anteversion
and tibial torsion. Modern imaging systems, e.g. sterEOS®,
simultaneously depict the whole erect human skeleton in
orthogonal planes with less irradiation and projectional
errors and the option for three-dimensional reconstruction
[67].

Manual, digitised or software-based deformity analysis
includes a malalignment test, centre of rotation analysis
(CORA), determination of the mechanical axis and its
relation to the centre of the knee and standardised mea-
surements of the joint orientation angles (e.g. mechanical
lateral distal femoral angle [mLDFA], medial proximal
tibial angle [MPTA]). Deformity analysis and the choice of
the site of osteotomy determine the amount of angular and
translational correction. A thorough clinical status focuses
on joint instability and range of motions, the condition of
the soft tissues and includes the neurovascular status.
Functional judgement by an experienced physiotherapist,
force measurements (isokinetic testing) and gait laboratory
are helpful tools in the decision-making process of com-
plex cases.

Alternatives to operative lengthening

Before surgery is considered, the natural history and
conservative options should be discussed in cases of iso-
lated leg shortening without concomitant axial deformi-
ties. In principle, every discrepancy can be equalised by
conservative measures ranging from simple insoles to
shoe lifts, orthosis and prosthesis. The outlook of life-long
orthotechnical aids, their repeat adaption, the summaris-
ing costs which may be larger than for surgical leg
lengthening, impaired biomechanics, uncorrected bare-
footed gait, limited work and sports capacity and unat-
tractive aesthetics including limited shoe choice, let most
patients seriously weigh up the pros and cons compared to
callotasis. However, much more appealing in terms of
patient satisfaction, cosmesis, risks, costs and surgical
expenditure is an epiphysiodesis (growth plate tethering
or surgical drilling). Though technically simple, its limi-
tations may consist of predictability and the patient’s
reduced final height. Pre-conditions are, therefore, dis-
crepancies of 2—5 cm in individuals with adequate growth
left and taller than the 50th percentile for height (women
164 cm, men 176 cm). Since timing is crucial, the pre-
diction of remaining growth and final leg length dis-
crepancy is a condition sine qua non [68, 69]. Acute
shortening by bone resection followed by gradual
lengthening is a possible strategy for complex fractures,
infected non-union, congenital pseudarthrosis, osteomy-
elitis and bone tumours [70-73].

@ Springer

Osteotomy techniques and biology of callotasis

The fundament of successful iatrogenic new bone forma-
tion is an adequate osteotomy technique: prevention of
thermal damage, careful bone separation, creation of vas-
cular bone surfaces, respecting the periosteal sleeve and—
after a latency period of several days—gradually pulling
the two bony segments apart are the biological corner-
stones for good callus formation [74].

Preservation of periosteum as the main source of blood
supply is critical [46, 75-81]. Its disruption significantly
decelerates bone formation [75, 82]. Ilizarov and others
firmly recommended corticotomies to preserve medullary
blood flow [26, 80, 83]. However, this is difficult to per-
form and experimental work revealed that complete bone
separation (osteotomy) is equally effective [76, 82, 84-87].
Dual-energy X-ray absorptiometry (DEXA) and histo-
morphometrical studies showed that the periosteum pro-
duces up to five-fold more callus than bone marrow during
lengthening [74, 75, 88, 89]. Hence, most surgeons now-
adays perform percutaneous formal osteotomies varying in
technical details depending on personal preferences, site of
osteotomy and type of implant used. However, they all
adhere to the same above-mentioned principles [25, 59] be
exerted by the Gigli saw [86, 90], osteotome [25], oscil-
lating saw [82], low-energy osteotomy or by multiple drill
holes and osteotomy completed with osteotomes or manual
osteoclasis [51, 55, 63, 77, 90, 91]. Intramedullary saws are
used for diaphyseal osteotomies mainly in conjunction with
solid nails but are prone to breakage or disassembly [59,
66]. Dome osteotomies are an alternative for mono- or bi-
planar deformities and if no fragment translation is
required. The completeness of the osteotomy and the cor-
rect functioning of the lengthening apparatus (e.g. motor of
the nail) should be verified intra-operatively.

The choice of osteotomy site (diaphyseal, metaphyseal,
proximal or distal) depends on the localisation of the
deformity, the correction strategy, biological issues (e.g.
previous surgery, soft tissue condition, tibiofibular synos-
tosis) and the implant used [50]. In case of lengthening by
nails, their geometry and the localisation of the telescoping
parts need to be considered [62]. The pattern of secondary
malalignments during distraction is determined by the
muscles crossing nearby and, therefore, is also site-
dependent (Fig. 1).

The recommended latency time between surgery and the
start of distraction is 3—10 days [8, 10, 13, 28, 92]. After
detailed oral and written instructions are given to the
patient, distraction is usually effected with classic 1 mm/
day (rate) [26] divided into 4 increments/day (rhythm)
[8, 28]. The ridge walk between non-union and premature
consolidation of the distraction gap requires experienced
and watchful adaption of latency period and distraction
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Fig. 1 An 8-year-old girl with 4 cm congenital left femoral short-
ening (Pappas type IX). a Day 1 after diaphyseal drill hole osteotomy.
Normal alignment, 50 % lateral translation. b 7.5 weeks after the
index procedure, 6 weeks of distraction. Secondary 10° varus
deformity. Timely callus formation and ossification. ¢ Four months

mode to the local vascularity, angular lengthening, site of
osteotomy and patient factors such as age, smoking habits,
bone quality, vascular status, aetiology and the stability of
the apparatus [19, 93, 94].

Children promote bone more easily and, due to the
thick, encircling, well-vascularised muscle envelope, the
femur heals faster than the tibia [10, 95]. Drug-promoted
bone formation has, hitherto, not found broad clinical
application, though bisphosphonates improve bone mineral
density, volume and mechanical properties of regenerate
bone in immature rabbit models [96, 97]. Others have
negative impact, such as non-steroidal anti-inflammatory
drugs and chemotherapeutical agents [46, 98].

The metaphyseal area is better vascularised, has a bigger
bony surface, therefore, provides better stability and easier
bone formation, shows thin cortices which are easier to
separate, but the many local muscle insertions require
higher distraction loads [8, 99]. Intra-membranous bone
formation is the underlying biological process of callotasis
[8, 26, 27, 78, 80, 93, 100, 101]. Typically, it evolves in
defined radiological and histological zones: central type I
collagen with adjacent vascular periosteal and endosteal
ingrowth comprising osteoblasts depositing osteoid along
the collagen bundles, laterally neighboured by longitudinal
columns of mineralised bone stretching out parallel to the
distraction forces and eventually bridging transversely
[8, 100, 102—104]. Bone appears already around the tenth
day of distraction [105]. Parallel to increasing mineralisa-
tion, also the load—the force to achieve further distrac-
tion—increases [79, 99]. The tissue in the distraction gap

C

follow-up prior to hardware removal. Anteroposterior and slight
oblique view to prevent bone—fixator overlap in order to provide a
free projection of the femur. Three of four cortices are consolidated.
Residual varus angulation, full restoration of length

contributes to more than two-thirds of the overall load
[106]. High loads indicate premature consolidation or
incomplete osteotomy and—vice versa—low loads indicate
non-union [99]. Load increases after every increment of
distraction and then returns to a baseline, which reaches
increasingly higher levels [107]. Apart from the new
regenerate bone, also soft tissues (skin, fascia, muscle,
periosteum) and friction of the implant, e.g. nail versus
bone, contribute to the required force [107].

Vascularity is crucial: blood flow is increased at the site
of bone formation but also in remote areas of the same
bone [8, 79, 102]. At the end of the distraction phase, the
regenerate begins to consolidate and bone remodelling
occurs until the normal cortico-medullary architecture is
reached and full, unprotected weight-bearing is possible.
Insufficient stability and/or vascularity (e.g. thermal dam-
age) entail micro-haemorrhages and necrosis with the
subsequent formation of (fibro-)cartilage, cystic necrosis
and, eventually, non-union [8, 27, 82].

Plain radiography—weekly to bi-weekly during dis-
traction, monthly in the consolidation phase and 3—4
monthly after consolidation—is still the most useful
methodology to monitor the fragment alignment, as well as
the quantity and quality of bone formation [60]. More than
a typical central 4—6-mm-thick radiolucent zone corre-
sponds to an exaggerated rate of distraction and vice versa
[38, 92, 108-111]. The assessment of the shape, type and
quality of regenerate bone may be helpful to predict the
stability [112]. In daily clinical use, the most common
definition of consolidation and stability to allow for the
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removal of hardware is tricortical radiographic consolida-
tion on two orthogonal radiographs [92]. For more specific
requirements, quantitative CT and finite element modelling
offer predictions of bone stiffness [106].

Numeric parameters—distraction—consolidation time
(DCT) and healing index (HI)—aim at quantifying the
quality and speed of bone formation. The consolidation time
(end of distraction to bone stability which allows hardware
removal) is about twice as long as the distraction time in
children, but may be three to four times longer in adults [22,
92]. The consolidation index quantifies the time to consoli-
dation per centimetre of distraction gap [59]. The healing
time (period between index operation and full weight-bear-
ing without crutches) is a measure for nails [55].

The healing index (DCT/cm) [25, 89] is the most widely
used parameter. It amounts usually 1 month/cm in children
and 2-3 months/cm in adults [8, 77], plateaus for long
distances and increases for very small gaps [92]. It depends
on the complexity of correction [22], the bone [21, 25, 92],
the level of osteotomy [92], number [22, 29, 92] and form
of osteotomy [113], aetiology [21] and age [21, 22, 49, 92]
(significant lower for <14 years of age) [49]. Figures
regarding the role of the type of fixation are contradictory
and should be handled with care, as there is a bias to more
complex deformities for ring fixators [49, 114]: Albizzia
nails 26—-107 days/cm [59] (all femur), ISKD nails 36 days/
cm [19, 52], Fitbone nails average 35-42 days/cm
(18.8=70.9 days/cm when the femur is longer than the
tibia) [46, 54, 56, 63], lengthening over nail 36.9 days/cm
[61] and TSF, IRF and unilateral external fixation average
57 days/cm [49, 115].

Effects of bone lengthening on surrounding tissues

Gradual bone lengthening has a negative impact on the
surrounding muscles through stretch, impalement by pins
and wires, pain and inflammation. The speed of the gain in
length during callotasis with a 1-mm/day rate is about four
to eight times faster than during the adolescent growth
spurt with its temporary muscle shortenings [8]. No wonder
that the clinical challenges of muscle distraction and sub-
sequent decrease of adjacent joint range of motion go in
parallel with the amount of lengthening. This is reflected
by histological changes after lengthening of more than
30 % of its original length [22, 116-119], as the whole
muscle from origin to insertion is stretched [81]. The
elastic limit of stretched muscles (strength—strain curve) is
10-15 % of the length at rest. Excessive stretch leads to
plastic deformation and subsequent contractures, which
commonly affect muscles spanning two joints (rectus
femoris, hamstrings). There are only few data about the
loss of muscle power during the distraction—consolidation
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process and the speed and amount of recovery thereafter.
There is a small residual decrease in muscle strength and
power after surgical lengthening without any impact on the
activities of daily living [120]. Pre-operative muscle
training as a preventive measure and a post-operative
intense rehabilitation programme including continuous
passive motion, extension splint, strengthening and
stretching exercises, as well as proprioceptive training, are
mandatory until the pre-operative level is reached [66].
Nerves and vessels adapt in length during the distraction
process and recover from temporary degenerative changes
within 2 months after the halting of distraction [104].
Excessive gradual (>20-30 %) or acute distraction
(>15 %) may both lead to partial or complete loss of nerve
potentials [121, 122].

Joint cartilage may be exposed to reactive forces which
increase linearly with distraction [123]. In addition, non-
weight-bearing and decreased range of motion diminishes
nutrition of the cartilage and may support histological
changes which appear after 30 % lengthening in animal
experiments [124, 125].

Physeal cartilage shows experimental histopathological
changes secondary to increased axial load [124]. However,
alterations of the growth rate were never observed in a
clinical setting [126].

Technical options

The common pathway of all leg lengthening methods is
1-mm/day distraction after an initial latency period.
Technical options comprise external unilateral or ring fix-
ation (Ilizarov, TSF), intramedullary solid nails as a
mechanical or motorised standalone technology or in
combination with an external device during the distraction
phase (lengthening over nail). Any external fixation bears
the drawback of cumbersome, visible hardware and of pins
or wires transgressing soft tissues. The latter may cause
pain by inflammation of the pin tracks, impaired range of
motion and prolonged rehabilitation by muscle impale-
ment. High expenditure for pin site care to prevent superficial
or deep infections is routine: two fingerbreadths of clearance
beneath the skin, patient instruction, daily change of gauze
wraps, local disinfection, debridement of any necrotic tissues
or a short course of oral broad-spectrum antibiotics in case of
an inceptive infection is mandatory [22].

Unilateral external fixation

This is best indicated for simple lengthening over a short to
medium distance. It is applicable in any age group. Though
it avoids the bulk and multi-pin or -wire fixation of ring
fixators, it does not prevent pin muscle transfixation, which
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is mainly an issue in case of femoral lengthening. The
appealing ease of surgical application (percutaneous
placement of 4-6 pins, mounting of the clamps and bar)
contrasts with the cantilever design and eccentric load,
which offer less mechanical control than ring constructs
[49]. Monolateral fixation is often not able to withstand the
muscle forces during excessive lengthenings [127]. Sec-
ondary malalignment, premature cessation of lengthening,
unilateral premature consolidation and realignment proce-
dures for >5° angulations under anaesthesia are potential
sequelae (see Outcomes and complications).

External ring fixation

One can solve any three-dimensional, multi-plane, 6-axes
deformity problem including fragment translation and con-
tractures at any age with a custom-made frame. Ring con-
structs, usually with hybrid wire and screw bone fixation to
reduce the number of soft tissue transfixations, provide the
greatest versatility and best mechanical control. Adjacent
joint instability may be temporarily controlled by bridging
constructs. For complex cases with fragment rotation and
translation, traditional IRFs (Smith and Nephew, Memphis,
TN, USA) require less workspace (minimal frame height) but
more planning, surgeon experience and, sometimes, repeat
change of constructs, e.g. repositioning of hinges, compared
to TSF [128]. In a comparative study between 129 TSFs
and 79 IRFs, there were 90 % achievements versus 56 %,
respectively, with increasingly diverging results for increas-
ing complexity. Irrespective of the method used, there is
an overall decreasing percentage of full achievement with
increasing complexity (Fig. 2).

Compared to traditional Ilizarov constructs, TSFs
(Smith and Nephew, Memphis, TN, USA) and alternative

hexapod constructs provide less complications, more
patient and surgeon satisfaction and comfort, and—above
all—more precision without frame adjustments during the
process [48, 65, 129]: two full or partial rings (Stewart
platform) linked by six manually adjustable, oblique tele-
scopic struts allow for the free combination of rotation and
translation in a space only limited by the length of the
struts but without any additional special hardware like
hinges. Based on the patient’s deformity, the soft tissue
data (definition of structures at risk), the desired result, the
architecture (mounting, size) of the frame and the relation
between origin (reference fragment, virtual hinge) and
corresponding (moving fragment) points, a web-based
software algorithm delivers the correction protocol and
velocity with mathematic accuracy [48, 130, 131].
Adjustments of strut prescription usually do not necessitate
return to the operating room and do not cause extra mor-
bidity for the patient [49]. The lack of small rings and struts
for young children and the high costs for a TSF are the only
limiting factors.

Intramedullary fixation: general considerations

Solid nails in combination with early removal or complete
avoidance of external fixation promise diminution of fixa-
tor-associated issues such as infections and contractures, as
well as better tolerance and comfort [50, 132-134]. This
particularly holds true during the unpredictable waiting
time from the end of distraction until full consolidation.
A nail protects the regenerate and provides enough rota-
tional and axial stability to then allow return to normal
activities. Diminishing knee stiffness issues by preserving
the soft tissue envelope and the risk of refracture after
hardware removal are further benefits [60]. Ilizarov’s core

Fig. 2 A 24-year-old man with 2-cm shortening, 10° external
rotation, valgus and slight extension deformity of his left femur due
to partial lateral growth arrest after traumatic epiphysiolysis type
Salter-Harris II of the distal femur at the age of 13 years. The centre of
rotation analysis (CORA) is, therefore, juxtaarticular at the level of the
growth plate. a Taylor Spatial Frame (hexapod) with hybrid fixation by
tensioned Ilizarov wires and lateral half-pins. b Three weeks after the
index procedure (percutaneous metaphyseal distal femur drill holes

osteotomy completed by an osteotome) and 7 days of distraction with
a rate of 1 mm per day and a rhythm of 4 x 0.25 mm per day. The
osteotomy gap is opening correctly. ¢ 3.5 months follow-up. Timely
ossification of the regenerate bone. Since the osteotomy is proximal to
the CORA, a slight lateral translation is necessary to compensate for
the medial shift of the condylar fragment with varisation. In the lateral
view, a minor correction into flexion with slight anterior translation
was achieved as planned
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recommendation is preservation of the endosteum by cor-
tical osteotomies [83]. Some authors hypothesise that
reaming may compromise endosteal blood supply and, thus,
affect the quality of the regenerate [135, 136]. However,
there is evidence that the periosteal blood supply may
increase after intramedullary nailing, which is particularly
important for effective distraction osteogenesis [76, 137].
This is confirmed by clinical observation in that reaming
does not inhibit bone formation in the distraction gap—in
contrary—that revascularisation after reaming often pro-
vides abundant new bone formation supported by better
stability, earlier functional loading and less osteopaenic
changes than with external fixation [16, 50, 59]. Correction
of angular and rotatory deformities at the time of corticot-
omy is possible but limited in comparison to ring fixators
[50, 56], usually to 6-9° [51]. The amount of lengthening
depends on the nail design. Excessive lengthening is pos-
sible with two consecutive implantations of nails.

Lengthening over nail (LON, monorail method)

A different strategy for the distraction and consolidation
phases aims at reducing the total fixator time by simulta-
neously placing an intramedullary solid nail at the time of
osteotomy and by removing the external device at the end
of distraction [50, 60, 138]. This concept was introduced in
1956 by Bost and Larsen [11]. LON is technically more
demanding than the placement of a ring or unilateral fix-
ator: after reaming, the nail is temporarily placed, then the
pins and wires beneath and distally beyond the nail, fol-
lowed by nail removal, placement of the external fixator,
osteotomy and definitive nail insertion. After the distrac-
tion phase, the nail is locked to stabilise the gained length
and axis before removal of the fixator. In the earliest cases,
the nails were not solid enough to stabilise through the
consolidation phase but fulfilled the minimal goal of stable
alignment through the distraction phase. Premature
removal of the fixator may lead to fracture, delayed union,
pseudarthrosis, loss of length or malalignment [50, 139].
New-generation solid, locked nails unify both guidance of
and stability for the regenerate [60]. The main concern of
combining external fixation with solid nailing is deep
infection. The risk ranges between 5 and 15 % [50, 60,
132]. The time with external fixation is significantly
reduced, e.g. down to an average of 20-26 days/cm
lengthening, which was much less than the healing index of
37 cm, which did not differ between methods [60, 61], or
4 months total time for a LON group compared to
7.5 months for the IRF group in a study with matched
groups [50]. Blood loss and costs were higher in the LON
group. However, only hospital charges and implant costs
were taken into account, but not the overall treatment costs
including physiotherapy, outpatient visits or unfitness for
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work. The type and severity of complications was com-
parable between the groups except superficial pin tract
infections and refractures (more with IRF) [50, 61].

Intramedullary lengthening nails

As opposed to LON, the nail is exposed to full load during
distraction and needs to withstand the eccentric and cyclic
loading during weight-bearing during the consolidation
phase. Full weight-bearing without crutches is allowed
when radiographs show newly formed bone bridging two
cortices. After Ilizarov’s fundamental appreciation of
regenerate biology and guided three-dimensional bone
moulding, the development of expanding intramedullary
nails formed the next milestone. They apply to more simple
deformities after the end of growth and require appropriate
medullary canal sizes and bone lengths. At the end of the
1970s and the beginning of the 1980s, the first intramed-
ullary lengthening devices appeared: in 1975, a hydraulic
pressure system and a nail to lengthen the femur [140] and
in 1977, an extension nail with external driver passed
through the soft tissues in a canine experiment [141].
Bliskunov used the patient’s own energy source (move-
ment between the femur and iliac wing) to generate length.
All these open-source devices with external components
directly linked to the nail and medullary canal failed due to
infections and unbearable pain [141, 142].

The first fully implantable solution was presented in
1978 [143]. In the late 1980s, clinically applied mechanical
devices were Albizzia [1, 16, 88], then soon after ISKD
nails [62] and, in the early 1990s, the so-far unique motor-
driven implant, the Fitbone nail [46, 47]. The driving unit
for gradual controlled distraction is the main challenge:
enough force—at least 700 N—and a non-invasive acti-
vation are the basic requirements [144]. The potential
advantages are many: fewer scars, improved aesthetics,
better body image and psychological well being, no irri-
tation by pins and wires, reduced pain, uncommon infec-
tions, secondary axial deviation avoided, less joint
stiffness, higher activity level during lengthening consoli-
dation [62], faster rehabilitation [6], less risk of neuro-
vascular compromise due to wire or screw insertion, and
improvement in the ability to work during and after treat-
ment [59, 62, 145, 146]. Deep vein thrombosis has been
reported in 3-20 % [55, 56, 60]. However, the risk of
pulmonary embolism is minimal since the osteotomy is
performed before nail insertion. Nevertheless, there are
also some limitations with nailing: the axial deformities
need to be addressed at the time of nail insertion. Defor-
mity correction is possible either directly with the nail or in
combination with a simultaneous second osteotomy and
plating as effected with Fitbone nails [16, 64, 147]. The
amount of possible correction depends on its localisation,
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soft tissue conditions, medullary canal size, the amount of
translation required, available nail diameters, types and
lengths. The osteotomy level is dependent on the geometry
of the nail. If it is too far away from the CORA, the amount
of fragment translation needed for anatomic restoration
may prevent nailing. Retrograde planning accounts for any
translational and angular changes and uncovers limitations
for nailing [64]. The concern that lengthening along the
anatomical femoral axis [6] causes lateral shift of the
mechanical axis and, thus, produces a valgus deformity
does not hold true [50, 60, 63]. Since intramedullary
nailing precludes secondary axial adaptions during the
lengthening process, as it is possible with external devices,
precise operative technique based on a meticulous pre-
operative strategy is a condition sine qua non for full
achievement. The intra-operative use of a grid plate with
radio-opaque straight lines, which is placed underneath the
patient on a radiolucent table, is helpful to assess the
relation between the line between the mechanical axis and
the middle of the knee joint [63]. In soft metaphyseal bone,
it may be difficult to maintain the nail position for perfect
alignment. Anteroposterior placement of bicortical so-
called poller screws in close proximity to the implant block
its position [148]. Rotational control with Steinmann pins
is recommended [56]. An additional osteotomy or accurate
choice of entry point and reaming may compensate for the
physiologic antecurvatum of the femur [46].

Long lengthenings up to 20 cm have been reported with
IRF [57, 58]. This exceeds the maximal lift of any available
nail. Subsequent change of nails, simultaneous femoral and
tibial lengthening or combination with contralateral
epiphysiodesis are possible strategies [32, 64]. Previous
infections and open growth plates are relative contraindi-
cations for nailing [16, 149]. Femoral nails can be inserted
in a retrograde, through-the-knee technique (straight nail),
antegrade through the fossa piriformis (straight nail) or
over the greater trochanter (curved nail). Avascular
necrosis of the femoral head are potential hazards of
antegrade straight femoral nailing [150]. The reliability of
the device (blockage, breakage, running back), difficulties
upon hardware removal, more precision in planning and
demanding operative technique, higher operation time and
learning curve, accurate measurement and monitoring of
lengthening are potential challenges.

The clinically most widely used, purely mechanically
activated first-generation device was the Albizzia nail
(GEN = gradual elongation nail, DePuy, Villeurbanne,
France), a pure femoral steel implant named after a rapidly
growing, flowering tree [1, 59, 66]. It consisted of two
telescopic tubes (outer threaded, inner rod) and came in
11-15-mm diameters and 24-32-cm lengths, which pro-
vided 6-10 cm of elongation but no shortening mechanism.
Special, shorter custom-made nails were possible. Patients

themselves lengthened through torque activation of a rat-
cheted distraction mechanism by inter-fragmentary alter-
nating internal and external rotation (15 rotations equalled
1 mm) of more than 20°. In consecutive case series, sig-
nificant pain with ratcheting (twist and shout nail) occurred
in 5/24 patients, 13/41 needed some ratchetings under
general anaesthesia and 4/24 had to stop lengthening [16,
59]. To the authors’ current knowledge, the product is no
longer commercially available. Actually, there are two
commercial implants available: the mechanically driven
ISKD nail (developed in Orlando/Florida) and the motor-
ised Fitbone nail (Munich/Germany).

The intramedullary skeletal kinetic distractor (ISKD,
Orthofix Inc., McKinney, TX, USA) [62] comes as straight
humeral, femoral and curved tibial titanium alloy nail of
10.5-14.5 mm in diameter and 50—80 mm of distraction. It
bears significantly less complications than the Albizzia
nail. It transforms the physiologic forces of as little as 3°
rotation during normal gait (or manually up to 9° with
fewer oscillations than with walking) by an inherent ratchet
mechanism (roller clutches and threaded rod) into a one-
way, irreversible distraction. The distraction rate is super-
vised by an external hand-held magnet-based sensing
device [62]. Premature or delayed consolidations reflect
difficulties to control the distraction rate and rhythm [19,
151]. Patient compliance is important since lengthening
depends on the activity level and tolerance of torsional
movements [51]. For slow starters, even manipulation
under general anaesthesia may become necessary [55]. In
reality, failure to obtain the desired end length occurs in up
to 18 % and secondary implant failure (blockage, break) in
up to 36 % [55]. The reliability for tibial lengthening
(45 %) is much lower than for femora (90 %) [55]. About
half of the difficulties are directly implant-related [55]. In a
comparative study, the distraction control with ISKD was
difficult and unexpected surgery more frequent (6/12 vs.
1/22), but the regenerate was better than in the LON group
[53].

The Fitbone (Wittenstein Intens, Igersheim, Germany)
is a motorised steel nail [46, 47] (Fig. 3). Its fully
implanted, hermetically enclosed electromagnetic motor
delivers torque (1,800 N peak force, which is twice the
force required to distract femora [144, 152]) which is
converted to axial movement by a gear and spindle
mechanism. The patient activates and controls the system
by a transmitter (induction current) over a subcutaneous
receiver system (reception antenna). There are two types of
nails available: the Fitbone SAA (Slide Active Actuator)
straight nail for antegrade femoral placement has a slide
hole, an external diameter of 13 mm and is available in
lengths between 260 and 520 mm. Lengthening of up to
85 mm and bone transport of up to 200 mm are possible.
The Fitbone TAA (Telescope Active Actuator) nail is a
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Fig. 3 a Pre-operative long leg standing radiograph of a 14-year-old
girl with an idiopathic femoral leg length discrepancy of 5 cm.
b Post-operative radiographic control after the implantation of a
Fitbone TAA (Telescope Active Actuator) femoral nail. ¢ Long
standing radiograph at the end of distraction after 38 days (1.18 mm/
day), displaying a straight leg axis and the correction of length on the
operated side of 4.5 cm. d Complete remodelled femur (1 year
follow-up) after a consolidation period of 5 months

telescopic version with a diameter of 11 mm in the shaft
and 12 mm near the joint. There is a straight 24.5-cm-long
version for retrograde insertion into the femur and a curved
22.5-cm-long version with Herzog angulation for antero-
grade placement into the tibia. Lengthenings of up to
80 mm in the femur and 60 mm in the tibia may be
achieved. Custom-made nails, e.g. for stump lengthening
after tumour resections, are possible. The company’s
restricted centre of excellence licensing programme con-
fines its use to one institution per country. A high implant
reliability and success rate has been reported in clinical
series [20, 46, 54, 56, 63, 64, 141, 147].

Outcomes and complications

Simplistically spoken, the success of leg lengthening is a
result within 5 mm of the desired length [12]. However, a
comprehensive assessment of outcomes also includes the
range of motion of adjacent joints, the degree of limp, joint
angles, pain and the performance in daily life, work and
sports activities [50].

The retrospective character, heterogeneity and relative
small size of the reported series and the lack of standard-
ised assessment and reporting put expressiveness at a low
evidence level. Nevertheless, one can still extract some
helpful facts, figures and recommendations which may be
supportive for patient and family counselling and the
manifold decision-makings a surgeon is confronted with
before, during and after the lengthening. Since the amount
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and rate of surgical bone lengthening is not a physiological
process, some sorts of difficulties are prevalent with all
methods. Most do not affect the final outcome and do not
require operative interventions (Grade I, problems), but
some do (Grade II, obstacles) or are severe and result in
minor or major permanent sequelae (Grade III), despite
unplanned surgery [13, 22]. Results and complication rates
are, above all, dependent on the surgeon’s experience [13,
119] and the length of distraction [13, 119, 153]. There
seems not to be a difference between femoral and tibial
lengthenings, not between congenital and acquired prob-
lems but higher age, severity of deformity, unilateral fix-
ation and amount of acute correction may have some
additional negative impact [13, 154]. The figures for
complications according to Paley [22] are biased, since IRF
and TSF are commonly used for more complex cases: they
range from 46 to 72 % for external fixation [13, 17, 22], up
to 60 % for LON [60], are around 29 % [16, 49] for
Albizzia nails, 31-50 % [51, 55] for ISKD and 12.5-27 %
[56, 63] for Fitbone nails.

Pain is the most common complaint, usually the most
during the distraction phase and then decreasing gradually,
but often persists throughout the whole distraction and
consolidation process [24]. The first healing response
occurs in week 2-3, often accompanied by loss of appetite
and depression, triggered by mental stress and unknown
outcome [15, 24]. Pain is initially caused by stretching of
the periosteum, muscle spasms, contractions due to wire or
pin transfixation, and later also due to pin- and wire-related
soft tissue and bone inflammation. Peaks during the night,
distraction and exercises are common. Strong pain may
even cause interruption or cessation of lengthening [59, 66]
or at least inhibit joint motion, weight-bearing and func-
tional loading of the regenerate.

Nerve palsies are reported to occur in up to 2.5 % of
patients and mostly affect the deep peroneal nerve. They
may result from excessive femoral lengthening, pre-exist-
ing scarring or from a compartment syndrome with tibial
lengthening. Slowing down or stopping the lengthening
process leads to the recovery of neurapraxia; immediate
fasciotomy is the surgical answer to a tight compartment
[51, 59, 65, 146].

Implant failures predominantly concern intramedullary
nails, which are more fragile than single-block trauma
nails. Their construction is much more sophisticated and
the overall experience much lower than for IRF and TSF.
Underlying causes may be manufacturing defects, e.g. false
assembly, surgeon-related, e.g. hammering during nail
insertion, forceful manipulation, no over-reaming, biolog-
ically related situations, e.g. non-union, or patient-related
during vulnerable periods of lengthening, e.g. weight-
bearing during lengthening with subsequent blockage.
Prevention, early clinical and radiographic recognition and,
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eventually, timely change of implant, method or stoppage
of the process are crucial [12]. Over-reaming (1.5-2 mm)
to expand the intramedullary canal for the passage of the
nail is preventive and best done with straight rotary
reamers in increments of 0.5 mm. It defines the perfect
alignment according to the pre-operative planning [54, 90].
A dummy nail confirms an easy insertion. The correct
functioning of the lengthening mechanism should be
checked intra-operatively [52].

Breakage, blockage and runaways are nail-specific
incidences. Breakages at the site of lengthening or stress
risers (interlocking holes, slot, change in diameter, “wel-
ded” junction) [12] were reported for Albizzia (1/41) [16]
and ISKD nails (2/20) [62], (4/69) [55] but not in recent
Fitbone series [46, 54, 63] of, in total, 57 nails. However,
the latter may also exhibit technical problems like broken
wire and motor failure, blocked motor and running backs in
up to 10 % [46, 54, 56, 63]. Nail blockage also occurred in
Albizzia series [16] and ISKD nails [51]. It is the main
underlying cause of premature consolidation, which is
about 12 % for ISKD [51, 53, 151], compared to below
5 % for all the other implants [16, 50, 53]. Runaway nails
unintentionally lengthen more than 1.5 mm/day, a problem
encountered in around 10 % of ISKDs [19, 51, 52, 55]; one
patient even underwent accidental 3 cm lengthening during
manipulation under anaesthesia [51] and another expanded
to 4 cm unintended length during the first 2 weeks [52].
Bolt loosening [63] and problems with locking screws [66]
are obstacles without permanent consequences. Patella baja
is a rare event after retrograde femoral nailing [155] and
does not necessarily cause anterior knee pain [56].

Poor regenerate formation is rare in young individuals:
fast distraction (e.g. runaway nail), age >30 years, smok-
ing, gain >4 cm, osteotomy at the same site of previous
trauma or surgery and acute correction of associated
deformities may be associated factors [19, 53, 63]. Partial
or complete bony defects have been reported in up to 22 %
for ISKD nails [19, 51], mostly due to inadvertent higher
distraction rates (1.5 vs 1.1 mm). Pseudarthrosis is a non-
event in most series [53, 60, 62]. It was prevalent in 3-8 %
after Albizzia nailing [16, 59]. After the end of lengthening
and after hardware removal, there is a linear increase of
tensile forces. In animal experiments, mechanical stiffness
only reached 50 % of normal bone 6 weeks after removal
of the external fixator [102]. One of the most striking
advantages of lengthening with solid intramedullary nails
is the ease of both patient and doctor in terms of deciding
whether a callus is already strong enough to avoid a
refracture. The patients start to increasingly weight-bear at
the end of the distraction phase anyway and the callus
continuously builds up until nail removal, usually
1-1.5 years after the index procedure [16, 46, 50, 52, 62].
In case of external fixation, bazar-like negotiations about

the right time for frame removal may come up if the
healing index is high and the time with the external fixator
in place exceeds the patient’s expectations. This urges
early hardware removal with the inherent risk of fracturing
a premature callus. Refracture after hardware removal may
occur as osteoporotic stress fracture through regenerate
bone, pins or a screw hole. The rate for unilateral and ring
fixator ranges from 0 to 37 % [21, 24, 50, 65, 156].
Dynamisation of the frame, e.g. replacement of TSF struts
with loosened Ilizarov rods or strut removal first to check if
the new bone tolerates full load, may help as a preventive
measure.

Infection rates naturally differ considerably between
external and intramedullary devices. For fixators, up to
96 % [7] and 100-280 % (1-2.8 infections/patient) [13,
22] are reported if superficial inflammation around the pin
tracts are included. Half-pins or wires make no difference
[49, 157]. In our own experience, 2845 % [22, 65] for
superficial and up to 23 % [14, 158] for deep infections
with surgical revision (debridement, change or removal of
pins or wires) seem more realistic, with family instruction
and supervision regarding thorough daily pin care being
provided. Although superficial infections may be a source
of pain, of decreased range of motion and of delayed
rehabilitation, they usually respond well to local care and a
short course of antibiotics.

Most studies on intramedullary nails report a 0 %
incidence [20, 46, 52, 54, 59, 62, 66], except one late
infected Albizzia nail after primary lengthening with an
external fixator [16]. Deep infection with subsequent
debridement by reaming of the medullary canal and IV
antibiotics is a major concern if external fixation is com-
bined with solid intramedullary nailing (LON). The rate is
3-12 % [50, 60]. A history of open fractures prior to
lengthening should be taken as a warning. Care must be
taken in order to prevent direct contact of the external
fixation pins with the nail.

The core outcome parameter is deformity correction,
which does not necessarily correspond to perfectly ana-
tomic axis but, rather, to meeting the preset goal. Intended
over- or undercorrection [48, 65], depending on the indi-
vidual patient’s pre-conditions and expectations, has to be
taken into account. The final result may be rated as I (no
deformity), II (minor, <5°), III moderate (6-10°), IV
(>10°) [48]. The average values for TSF, IRF and mono-
lateral fixators are similar, but TSF corrections show much
less variance and monolateral fixation requires more sec-
ondary manipulations. In addition, the achievements of
TSFs are much less dependent on the complexity, whilst the
IRF is increasingly becoming inaccurate with more com-
plex cases, 90 versus 56 %, respectively [48, 49]. Intra-
medullary nailing (LON, Albizzia, ISKD and Fitbone) leads
to accurate corrections in most series [16, 46, 54, 60, 62].
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However, direct comparison to ring fixators is not justified,
since the complexity of the cases is lower.

A good range of joint motion prevents muscular atrophy,
diminishes joint reaction forces, avoids cartilage damage,
decreases pain, prevents adhesions of muscles to the bony
regenerate, increases blood supply to the bone and induces
bone formation [6, 18, 50, 159, 160]. In addition, it keeps
the patients in a positive state of mind and supports
maintaining stamina towards lengthening. Perfect length
and alignment are not enough for good long-term results.
Full range of motion, muscle strength and proprioceptive
capacities are as important. It is easier to encompass
motion than to fight it back. Accordingly, preventive
measures are of utmost importance and should begin pre-
operatively with muscle strengthening and stretching
training programmes monitored with isokinetic testing
machines [6, 16]. They also include the minimisation of
soft tissue trauma and muscle tethering, passive mobilisa-
tion through the full range of motion at the end of the index
procedure, post-operative positioning in 90° hip and knee
flexion for a couple of days, adequate analgesia, a structured
physiotherapy protocol including knee mobilisation strate-
gies, continuous passive motion, extension splints and early
weight-bearing [9]. Cycling provides—as soon as hip and
knee motion allows for it—more flexion/extension cycles than
any physiotherapist could provide [6]. Stretching stimulates
the production of actin and myosin filaments [161].

Muscle contracture, arthrofibrosis and damage to carti-
lage are the underlying issues for temporary or permanent
restrictions. Maximal knee flexion can reduce to 30-40°
during the distraction period and is more of a problem than
extension [0, 9, 18, 156, 160, 162].

There are more temporary stiffness and more pin-related
problems in circular fixators due to the mechanical inter-
action between the device and the muscle [49]. Knee
flexion at the end of distraction was worse with ring fix-
ators (37°+, —15°) [18] compared to a Fitbone series
(65°+, —14°) [46]. Also, the regaining of motion during
consolidation is better with nails [52-54, 56, 59, 60, 62,
63]—independent of the type of nail [6]—compared to
femoral lengthening with external fixators [15, 18]. The
return to full range of motion after metal removal may take
1-2 years after external fixation [18]. Nails provide better
values during distraction—consolidation and a speedier
return to full functioning, but comparable range of motion
at the latest follow-up [6, 16, 18, 50]. The regaining of knee
range of motion in case of retrograde femoral insertion is
slower compared to anterograde placement [52].

Careful planning, analysis of joint stability and spanning
of the knee joint with the fixator in case of pre-existing
instabilities, as well as intensive physiotherapy and
splinting, are mandatory [18, 23, 163, 164]. During the
distraction phase, mindful regular radiographic observation
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of the adjacent joints is recommended, since the prevalence
of decentration is around 3-7 % [21, 156]. Halt of dis-
traction, soft tissue release or protective secondary bridging
of the affected joint should be considered.

Fibular migration and distal tibiofibular subluxation
during tibial lengthening is prevented by the excision of a
1-cm bony segment from the fibular shaft and a syndes-
motic screw [54]. In case of mismatch of the relative
lengths of tibia and fibula, isolated tibial lengthening has to
be weight out against acute or continuous fibular shorten-
ing. The latter may be beneficial as a first step to prevent
high articular pressure in complex deformities.

Conclusions

Our ancestors’ end-of-the-nineteenth-century vision of
surgical bone lengthening has become true: a combination
of basic knowledge on the biology of bone remodelling
and soft tissue adaption to stretching, the benefits of
modern implants and correction systems, a skilled, expe-
rienced and cautious surgeon, a health system commen-
surate to patient needs and a compliant patient provide
relatively safe and predictable corrections, even in com-
plex situations. The Taylor Spatial Frame (TSF) hexapod
technology constitutes the benchmark for complex, multi-
plane deformities. For cases of lower complexity, motor-
ised intramedullary nails are valuable alternatives after
and unilateral fixators during growth. For minor to mod-
erate isolated leg length discrepancies during growth,
timely epiphysiodesis is the method of choice in tall
enough individuals. In any case, conservative measures
should be discussed. However, for most patients, they are
a less than valuable option.

Visionary directions of research and development may
focus on programmable apparatus providing continuous
biological correction equipped with enough intelligence to
react to biological and biomechanical feedback from
bone, soft tissues and implants. The stiffness of the
implant may variably adapt to the state of the bony
regenerate, thus, building an optimal environment for
maturation. Shortening of the consolidation phase by the
promotion of bone formation probably bears the highest
potential to diminish complications and lower the overall
treatment time and costs. The latter includes an increasing
economic burden for sophisticated implants hopefully
supercompensated by diminishing expenditures for reha-
bilitation and working incapacities. Future studies should,
therefore, focus on the overall treatment cost and stand-
ardised outcome measures, which will allow for fair
benchmarking [50, 63].
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