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:"F'n 1951, Professor Gavriil Abramovich Hizarov from Kurgan in the 80-
’7,,, :viet Union developed a gircular - external flxator forthe treatment of
. fractures (Fig 1); Dilling the next decade, Mlizarov discovered the tech-
-niqués 'of physeal distraction, corticotomy " lengthening, bone transport,
‘and ‘many others. The common basis for all of these methods he called
"the, theory of tension stress?" z Thgough controlled, mechanically applied
* tension stress; Ilizarov was able to show that bone and soft tissue can be
made to regenerate in areliable and reproducible manner. Over the next
A years until his death in 1992 at the age of71,he developed countless
(_:Ilnrcal applrcatlons ‘ofbone and soft tissue regeneration.

" In-North America, experience with the technique dates back to 1986.
Currently, the most common indications for the llizarov techmque are as
~lollows: (1) limb lengthening; (2) treatment of ronuntons, -
*suedefects,  gnd o§teomye|itis; (3) correction of bony deformities, joint
‘contracture” deformities, and even contour deformities of-the, limbs; (4)
git[lfodesis; and (5) treatment of 'fractures anddislocatiOlis.

bone and soft-

“tLIZAROV APPARAtUS

The llizarov apparatus is a gircular external.fixator that gains fixation to
. hone” through smooth or beaded Kirschrer wikes of 1.5 or 1.8 rnm in di-
ameter (Frg 2).3" These are placed under tension and are oriented in mul-
Ltiple direcitiOlis and multiple planes. More recently, h~ If- pins' together
“with wrres are used as a hybrid system, or half-pins are used: alone, re-
placmg wrres altogether>The key element appears to be the fing and not
.-the wires. In addition to the rings arid wires, the llizarov system consists
of mulfiple parts wrth Niuitipurpose  designations, such ad hinges, plates,
andthreaded rods. The frame can 'be assembled in an- almost unlimited
number of variations and combrnatrons depending on the task at hand.
H is not surprlsrng that this system has been labeled a human "erector
[meellarro)' 'set.” With the appropriate consteuct; li#ab 'segments can be
moved around in space in any ,diredion to correct problems of length,
rotation, translatron and angulation: One level cas be placed under com-
, ;pression whrle another is placed under distraction. I& the treatment of
bone. defects intercalary segments 0l bone can be moved independently
ofthe proxrmal and distal extremities of the bone without changing the

Adval)ces in Qperatrve Orthopaedics.  vol 1
<91993, Mosby-Year. Book. Inc. -

243



244 D. Paley, H.F. Kovelman, and J.E. Herzenberg

—————)

FIGURE I.
Professor Gavriil Abramovich llizarov, 1921-1992.

bone length. The latter maneuver is called bone transport,

and is a tech.
nique used to treat bone and soft-tissue defects.

DISTRACTION OSTEOGENESIS

Under controlled mechanical conditions, an osteotomy that is distracted:
apart will produce bone between the distracted bone ends. Ilizarov
showed that there is a variety of factors that will affect this new bone
formation. These include the following:

1. The stability of fixation.

The type of osteotomy used. -

The location of the osteotomy in the bone.

The presence of a diastasis between the bone ends.
The latency period prior to distraction,

a s wn
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'ﬁlzGaLtJoR{I_Egpparatus with muyltilevel, multiplanar,- multidirectional® - wife fiXation.
" (From Paley-D, Rumleéy TO, Kovelman H: Advances in Plastic and Reconstruc-
tive Sur&ery, vol. 7. 1991, pp 1-40. Used by permission.)

6. The rate of distraction..
7. 'The rh)_gt_hrn, of distraction.

Comparing distraction osteogenesis under

ractic different ftame stability
conditions, " Hizarov showed .that more stable fixation produced better

bone regeneration? In the same. experiment, he &lso varied the type of
osteotomy performed. He (:;ompared an open osteotomy that transected
" the periosteurﬁ, cortex, and endosteum, to a percutaneous osteotomy that
preservediUost of the periosteum and endosteum, to a completely €losed
osteoclasis in which there was no damage to the periosteum "and the end-
osteuth.remainedpredominantly intact. The'preservation of these soff tis-
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sues decreased the time required for consolidation of the distsaction and
osteogenesis of new bone (regeneration). The completely elosed osteocia-
sis consolidated oply slightly faster than. did the percutaneous osteotomy.
Based on these resylts, llizarov's recommendations are to use a percuta-
neous subperiosteal, cortical osteotomy called a “corticotomy."

Numerous authors have questioned the relative importance of endos-
teal vs. periosteal preservation. Kojimoto and coworkers performed se-
lective damage to the periosteum or endosteum." Transection of the peri-
osteum delayed regenerate bone formation, whereas endosteal damage .
did not. Zemba andcolleagligs compared corticotomy with endosteal
sparing with osteotomy with endosteal transection in dogs and found no
difference in consolidation time.” Weiner and Paley (unpublished data)
compared percutaneous subperiosteal osteotome corticotomy with percu-
taneous subperjosteal Gigli saw corticotomy in 100 patients undergoing
tibial metaphyseal proximal lengthening? In the former, endosteal pres-
ervation is attempted; in the latter, the endosteum is transectedby the
saw. No significant differences were found in bone consolidation time.

The level of the bone cut also is a factor. The metaphyseal region is.
known to have a very high osteogenetic potential- compared to the dia-
physeal region. Since the growth plate is located next to the metaphysis,
llizarov feels that the soft tissues in this region are better adapted to
Tengthening, since they normally respond to distraction by the epiphy-
seal plate. For these reasons, a metaphyseal corticotomy is preferable to

a diaphyseal corticotomy. Fischgrund and assoeiates recently showed that

metaphyseal corticotomies of the tibia consolidate sigrificantly faster
than do diaphyseal corticotomies?

Any initial diastasis or translation between the bone ends may be del-
eterious to bone regeneration. As aresult, the corticotomy should remain
undisplaced. After performing the corticotomy, there is a latency petiod
prior to dlstractlon A latency pekiod of 7 to 10 days has been shown to-
be optimal in a dog experimental model” In general, the two factors that
relate to the latency of distraction are the age of the patient and the qual-
ity of the corticotomy. The.older the patient, the longer the latency pe-
r|od should be prior to distraction. The latency period allows the inflam-
matory phase of fracture healing to subside, thereby enabling the distrac-
tion to begin during the reparative phase when early osteogenesis
normally is seen. Distraction of this newly formed callus has been termed
“callotasis" (callus distraction).9 In a young child, 3 days is a sufficient
latency period, whereas in an older child or a young adult, 5to 7 days is
preferable. In an adult; 7to 14 days may be opted for. One also-must con-
sider how well the comcotomy was performed. In a minimatly traumatic.
corticotomy, distraction may begin earlier than in a corticotomy With
more significant vascular damage to the periosteum - or endosteum.-

Finally, two very important factors are the rate and rhythm* of dis-
tractlon.v- *~ The optimal rate of dtstraction usually is 1 neur/day.- Slower
rates, such asO.5 mrgJday, may lead to premature consolidation; rates that
are too rapid, such as 2 pmJday, may cause poor bone formation, with

cystic degeneration of the regenerate. Younger patients often can distract

faster. than older patients, The. rhythm. of disteaction refers to the. fre-:

quency of applied distraction. Distraction of 1 mreJday can be applied ‘as.
a single dose or. diyided into multiple doses applied throughout the day.



.per day.

mzarov 1 eunnuiugy- 205 1

——————

FIGURE 3.

A, distraction phase. Longitudinally oriented trabeculae form from either side of
acentraﬂ lucent zone (the interzone). B, consolidation phase. The distraction com-
plete, ‘the new bone is allowed to mature. Neocorticalization is seen and ossifica-
tion of the interzone begms C, removak. date. There has been sufficient neocorti=

callzatlon and obliteration of the interzone to allow sefe removat of the fixator
and unprotected load- bearmg D, recanalization. The medullary. canal is remod-
eled and the new cortex is the same thicknass as the old. It is almost impossible

to tell"thal a Iengjthening has occurred. (From Paley D, Rumley T Jr. Kovelman H:
Adv Plcst Reconstr, Surg  1991; 7:1-40. Used by permission.)

Applied in four equal doses, 1 1DiD (0.25 mm four times per day) leads to
more rapid bony consolidation than. it does applied in one single dose

llizarov- developed a motorized distractor- that performs 60
Iengthenlngs a day to a total (length) of 1mm; Consolidation time using

.the “automated distractor decreased in a dog model.f Human - results with
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an Amerjcan autorgiator (Autogenesis, Inc., Anchorage, AK) are too pre-
liminary to report., There is some evidence that pain may be reduced by
this quasicontinuous  distraction.

The sequence of events following the pesformance of a cokticotomy
involves (1) a latency petiod, (2) a distraction pekiod (Fig 3, A),and (3)a .
consolidation phase (see Fig 3, B). The distraction period is the time dur-
ing which distraction of the bone ends is being pekformed. The consoli-
dation period is the time following disttaction during which the new bone
formed is allowed to consplidate prior to removal of the external fixator
(see Fig 3, C).3

During the distraction period, histologic and radiographic examina-
tion reveals trabeculae oriented in the direction of distraction emanating
from both bone ends and terminating at a fibrous interzone that separates
their proximal and distal tips (Fig 4).3 This fibrous interzone is the

osteoblasts

interzone capillary

T~ medullary, cavity

FIGURE 4.

There is continujty between the nutrient artery and veim and the richly vasculm:
trabeculae of new “vessels. The interzone is relatively hypovascular compared to
the trabeculated regions, which..are hypervascular [insert]. The intesface between'
the interzone and the tips of trabeculae is shown. Note that the cells swrrounding
the trabeculae and the cells, of the interzone appear similar. It is presumed ‘that
the interzone cells are an undifferentiated mesenchymak type of cell- that trans-
forms directly into the osteoblasts, of the trabeculae. Therefore, the process is one
of ipAtr*amembranous bone formation. (From Paley D, Rumley T [r; Kovelman H:
Adv Plast Reconstr Surg 1991;7:1-40. Used by perrnission.}
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"pseudo- growth plate" of this new bone formation. The trabeculae are

conical in shape with avery wide base near'the origimal bone end and a
. very’ narrow tip at the fibrous interzone. Detaded study of the fibrous in-
'terzone “has revealed it to contain spindle-shaped cells that stfeam into
the tips of the newly formed trabeculae. Collagen formation is seen ema-
nating from the fibrous interzone imto the new trabeculae, followed by
" the” Heposition of minerals.i- The spindle-shaped cells from the interzone
are seen to differentiate gradually into osteoblasts, which produce min-
eralized osteoid. They line the outer suiface of these corical trabeculae
al8ng their entlre Iength As one proceeds toward the bases of the ttabec-
Blae, apposmonal new bone formation widens their bases. At the fibrous
interzone, cartllage intermediary. rarely is seen between the spindle-
shaped cells and the osteobfasts= This process, therefore, has been termed
mtramembranous ossification. . .

“"Occasionally, one sees small cartilage islands that have been pro-
duced from the interzone.12 These cartilage islands then are converted to
bone by the process of endochondral. bone formation. These regions may
represent” areas of increased ischemia or instability. (In rabbits, cartilage
formation is part of the normal sequence of events, whereas in higher an-
imals [e.g., dogs, sheep], it is less frequent).5. 13 Under greater conditions
of ‘instability, fibrous tissue formation and, in some cases, degenerative
cyst formation is seen.i.2 This demonstrates the importance of stability
for distraction osteogenesis formation .

. The  interzone has been shown by vascular injection studies to be rel-
atively hypovascular . in comparison to the hypervascular trabecular re-
gions..2-11 The latter regions have cascades of teabeculae and wide vas-
eular channels. Between adjacent trabeculae, one can see vascular chan-
nels. These emanate from the relatively hypovascular "interzone where the
new vessels are thought to have originated. The interzone is believed to
contain relatively undifferentiated mesenchymak cells that may produce
bony, cartilaginous, fibrous, or vascular ' tissue. The relative hypovascu-
larity of the interzone is thought to_reflect its volatde nature, which, un-
der conditions of too rapid distraction, becomes ischemic and leads to
cartilage, fibrous tissue, or cystic degeneration.
= Af the end of the dlstractlon period, one begins to see thickening of
the trabeculae at the. per;phery of the bone tube (see Fig 3, B). This is
talled neocorticalization. During the consolidation phase, ‘the neocorti-
calization matures. The apparatus can be removed once the new bone for-

mMation in the distraction gap demonstrates closure of the interzone and
neocorticalization

‘on at least three sides, as judged by anteroposterior and
Iateral‘radidgraphs Although this method of judging the strength of the
newly formed bone is crude, it still. is the gold standard. Alternative and
more objective methods being investigated inelude quantitative computed

tomography, mech:slmc_a‘l1 stress testing, and acoustic resonance analysis.
After removal the regenerate bone segment continues to remodel in

the jdnction between the new and-the old bone. Remodeling of the med-
ullary trabeculae proceeds until completé™ recanalization of the ‘medullary
canal i§ seen. At the end of the process, the new bone appears as a nor-
mal tube of bone identicat!l to the host bone (see Fig 3, D). This is in con-
tra°5t to' the new bone seen ip, fracture healing, in which there is a disor-
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ganized collagen network ofwoven bone and the bone often never returns

to it inal _tubular shape
i)ls{rgctlon osteogene§1 IS also occurs under natural conditions. The
bone growth at the perimeter

of the growth plate experiences tfaction
forces frof the attached periosteum. This new bone formation occurs in
a trabecular “fashion without an endochondrak intermediary. The trabec-
ulae are oriented in the direction of the tractiori. The bone seen in the
sunburst appearance of perjosteum elevated by aneoplasm resembles. dis-
traction osteogenesis. The tumor acts as the distractor elevating the perl—
osteum, which then produces trabeculae perpendicular- to the shaft of the
bone in the direction of the distraction. Controlled mechanical ~distrac-
tion ostedbgenesis is a method developed to reproduce this natural phe-
nomenon and to accelerate it to its maximum potential:* To put mattelrﬁ
in perspective, the human distg] femoral growth plate grows about 50 'L

!
day; dlstractlon osteogenesis lengthens at 1,000 uff/day-

DISTRACTION HISTOGENESIS OF SOFT TISSUES

The mechanisms of new bone formation under controlled mechanical dis-
traction as pioneered by llizarov are relatively well understood and have
been reproduced by several investigators.*®-*® In contrast, distraction his-
togenesis of soft tissues is less well understood. Examples of distraction

histogenesis of soft tissues are abundant. in nature. A goa-fold increase in
the size of the female uterus under the expansion force of the fetus is an
excellent example of this process. After birth, there is no question that
new soft tissue of the uterus and of the abdominal wall has been regen-
erated during the gradual distraction from within. Soft-tissue distraction

by arapidly growing neoplasm employs the same mechanism. Controlled

mechanical distraction of soft tissues has been performed, employing soft-
tissue distractors. 10lt  can be assumed that. the same mechanisms that are’
involved in soft-tissue regeneration under conditions. of limb lengthen-
ing are involved™ i

in these other situations. The questions that remain un-
answered are as follows:

1. Which soft tissues are amenable to dlstPactron histogenesis?

2. Does cell prollferatlon occur, or is there simply a sttetch phenome-
3. Which cells undergo histogenesis under the stimulation of distrac-
4.

Wﬁat are the optimal rate and rhythm. parameters for soft-fissue dis-
t[actioﬁ histogenesis?

llizarov_has investigated the effects of distraction on skin, muscle, ten-
don, fascia, blood” vessels, lymphatic channels, and peripheral nerves." 2
Althouglt’ different tissues react in different ways, there are two predom-

inant mechanisms at play: reorganization
stretch and heohistogenesis.

of collagen ifi' response to
closed distraction

For example, the initial reaction of fascia2to
is reorientation of its collagen network to stretch. -
Fhis can be likened to pulling on a fisherman's net. The crosshatches that

form square holes |n the net reorient to form diamond-shaped holes H: I+d
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eventually just ints. After collagen fiber reorientation, increased fibroblas-
tic a]CtN'EX( s Segtqowed that muscle also responds initialy by stretching
without ceII prollferat!on, followed by a combination of stte~ching and a
Eettular resﬁ)onse'.'zo The cellular response is mixed. First, there is a re-
craitment of cells, as eyidenced by increased numbers of sateffite cells
seen.”These undergo neohistogenesis and contrbute to the growth in
length of new muscle. Sipilar findings were .reported by Appell -and co-
worK(:Jrsin athletes.22 Second, there is an. addition of sarcomeres to exist-
ing musclé cells. Radiolo%ic markers were placed on both muséle and fas-
cia in order to determine the level at which the lengthentng was occur-
¥mg. 4 21. 22 For the first 20% of growth and lengthening of the muscle,
theladiologic markers moved apart. evenly. This implied that the muscle
was lengthening evenly between the musgle tendon junctions. After 20%
of lengti¥ning of the muscle was achieved, there was greater lengtheriing

seen & the level of the bone distraction than- at other levels in the mus-
cle. Between 20% and 25% lengthening,

the muscle structure.'’
*In another experlment a double-level bone cut was performed in the

proximal and distal tibia. Lesions were not seen in the2 muscle until it
reached the point of 20% to 30% increase in length. This implied

that a second level of distraction can redistribute the IeveI of lengthening
more physiologically, despite the increased

increased damage was noted in

rate of distraction to the

mus?llteother Russian experiments, the first musele changes were electio-
physiblogic.2a This was followed by a change in histology and, finally,
by alteration in the total morphology of the muscle. The recovery of the
muScle occurred in reverse order. There first was a recovery of the mor-
pholdgy, followed by the histology and, only at avery late stage, the elec-
tmpryesrll%ln%l nerves are seen to undergo change under distraction as
.well.g-“25 New Schwanh cells and active myelinization can be observed
in the perlpheral nerves. Electron microscopic morphologic features typ-
ical of fefal tissue but atypica] of adult tissue are observed in the nerves,

miiscles, and most of the soft tissues. llizarov claims that “tension stfess”

stimtilates tissue to regress into a fetal state with the regenerate potential
of fetal tissue.1-2 If this hypothesis is correet, then tension sftess could
prove to be the key to unlocking secrets to limb regeneration.

Needless to say, distraction histogenesis of soft tissues is an area r|pe
for future research. An exgmple of this type of research is provided by
two ™ ‘éxperiments performed by Ilizarov.”” In the first one, he created a
femur fraGture with an assogiated vascular lesion of the femoral artery.
In order t6 treat the vascular lesion without a bypass graft, he shortened
the femoral “fracture by oveglapping the bone ends. The arteridl injury,
treated by“‘re§ecti'ng a segment of the artery, was repaired by end-to-end
anastomosis after the shortening. Five weeks after shortening, the limb
.was relengthened W|thout failure of the anastomosis. #frelengthenihg was
performed™ prlor to 5 “weeks, rupture of the anastomosis or aneurysm for-
mdtion occurred. In a second expetiment, Professor tlizarov created a
nerve defect and treated it by resecting a segment of femur; reopposing it
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end-to-end, doing. a primary anastomosis of the nerve ends, and then
lengthening the femur. Again, if there was at least a 5-week latency pe-
riocf ) the nerve remained intact at the anastomosis site.

“In a lecture on this subject, Ilizarov- reported some preliminary find-
ings that nerve regeneration under disttaction was faster than that ex-
pected following an end-to-end anastomosis without tension. The poten-
tial for performing nerve lengthening without the related bone shorten-
ing or Iengthenmg may be a treatment consideration in the ftture, to
brldge nerve defects. Ligament regeneration was attempted by Aston in
dogs using rapid drstractl_on (2 mm/day) of an intra-articular - block of

bone. The result was a new anterior. cruciate ligament of 75% normal
strength.i™

LIMB IENGTHENING

Limb lengthening with the llizarov technique uses the biology of distfac-
tion osteogenesis for bone regeneration and distraction histogenesis of soft
tissues for soft-tissue regeneration:.’’ " 2 This avoids the need for bone graft-
ing and soft tissue releases or lengthening in the majority of cases. Bone'
regeneration may arise from distraction of the physis (physeal distrac-
tlon) distraction of an osteotomy, or disteaction of a pseudarthresis. The
Iatter will be discussed later.

D|stract|on of the physis leads to physiolysis and is followeéj9 l;fy bone
regeneration in the same manner as for corticotomy distraction. The
new bone formed is intramembranous and not endochondral. - Although
distraction of the physis without fracture theoretically is possible up to
4% of Iengthenmg, it is not practical for the magnitude of most discrep-
anC|es Physeal drstractlon frequently leads to premature growth plate tlo-
sure in older chlldren In young children, as in young animals, this does
not seem to occur.s2.33 Nevertheless, there is concern regarding. the rate
of subsequent growth after physiolysis, even in young children.” For this
reason, there are very few indications for physeal distraction. Further-
more, physeal distraction of the distal femur requires the fixation pins to
be intra-articular, predisposing to knee joint sepsis and knee stifftiess.
Current indications should be limited to patients with transphyseal
brldges that require lengthening and/or angular- correction and who are
not candidates for bridge resection. Such patients usually are older. chil-
dren or adolescents and require epiphysiodesis as part of their tieatm~nt.
The physeal distraction is used to break the bridge in cases where the
brldge is less than 25%, or is augmented by percutaneous osteotomy of
the brldge in cases where it is greater than. 25%. This leads to spontane-
ous grthh plate closure.'*” Conditions such as Blount disease in the older
child” also may be treated by physeal distraction. The existing and pre-
dicted growth drscrepancy is made up by lengthening. Recently, resec-
tion ofaphyseal bridge was, described using physead - distraction to create
a gap through which to do the resection.>” Physeal. distraction also has
been used recently to increase the resection margin and preserve the joint
.and the groyth plate in surgery for osteosarcoma. %

For the vast majority of lengthening cases, corticotomy  distraction is
the treatment of choice. The considerations for lengthening vary accord-
ing to the limb segment being lengthened. Each limb segment, therefore,
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will be discussed individually, The age of the patient predominantly af-
fects the treatment time. The time in external fixation divided by the num-
ber of centimeters lengthened has been called the "healing index" or
"lengthening index."39 It probably is better termed the "externak fixation
treatment index." Debastiani . has reported indices of 1.2 months/em for
the femur- and 1,4 months/fem for the tibia." Paley reported an index of
.97 months/em for the tibia in children compared to 1.7 months/em for
adylts, The index for double-level lengthening of the tibia was .57
months/em;"” " Both of these studies assumed that the index is a constant,
not dependent on the amount of lengthening. In a more recent study, Fis-
. chgrund ‘and colleagues demonstrated that the disttaction gap was related
linearly to consolidation time, but the consolidation index was inversely
proportional to the disttaction gap." In other words, the index is higher
for short distraction gaps, but lower for larger distraction gaps. There were
several factors that affected the consolidation index. Diaphyseak osteoto-
mies hegled slower than did metaphyseal ones. The tibia healed slower
than did the femur: Patients under 20 years of age healed faster than did
those over 20 years of age. Similarly, patients 20 to 29 years of age healed
faster than did those 30 years of age and older (Fig 5).
The magnitude of lengthening possible varies with the bone being
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FIGURE 5.

A, consolidation time (from date of osteotomy to radiographic- corticalization) is
..directly proportional to distraction gap. Consolidation index (months per centi-
meter) is inversely proportionala . to distraction gap. Individual graphs can.be made,
taking into account patient age, bone lengthened. and corticotomy level.. B, pa-
tients over 20 years -of age consolidate sig:ri.ificantly slower than do those under
20 years. C, the femur has a faster consolidation rate than does the tibia. D, di-
aphyseal corticotomies consolidate slower than.do metaphyseal cogticotomies .
..(From Fischgrund j, Paley D, Suter C: Clin Orthop, in press. Used by permissian.]
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treated and the etiology of the limb length. discrepancy. I generat, the
femur should not be Ieh'gathened more than 6 to 10 ern at one time. It may
be safer to perform two short lengthenings than one large lengthening. Iff
the tlbla the upper limjts range between 10 and 15 ern. For the humerus,
the range is 10 to 15 ern and for the forearm, it is 5to 10 ern. I a recent
study, Paley and associates showed that the rate of compllcatlons is pro-
portional to the complexjty  of each case.”® A complexity. imdex was de-
velb'ped. Factors that mcrease the complexity. of a lengthening: im¢fude
(1) magnitude of Iengghenmg, (2) increasing patient age; (3) increasing
magnltu"d“e and complexity of associated deformities; (4) jointirkstability;
(5) preoperative joint stiffgess, contracture, or exthrosis; (6) bone segment
(femur, tibia, humerus, . forearm); (7) treatment of assoctated conditions
(nonunioh grthrodesis,  etc.); (B) pathologic bone (osteoporosis, —rickets,
infection etc.): (9) pathologic soft tissues (scarred, radiated, irfected); and
(10) medical illnesses (e.g., diabetes, imlaunocompromise).  Limb length-
ening cannot be lumped together without consideration of the complex-
ity of cases being performed. The treatment chosen must vary according
to these various factors. For example, if there is preoperative kree joint
insfability of congerﬂtal’ origin, a femoral lengthening must in¢lude pro-
phyIaX|s against kpee subluxation by extending the apparatus with hmges
across the joint to t_he tibia. Hip instability is dealt- with in a similar man-
ner or by preoperative innominate or acetabular osteotomy. Ankle insta-
b|||ty may require transport of the fibula distally to buttress a valgus an-
kle or extension of fixation across the ankle onto the foot.

TIBIAL LENGTHENING
Most tibial lengthehings

are performed proximally through a proximal
metaphyseal

corticotomy. The fixation should inelude both-tibia and fib-
ula to avoid descent of the proximal fibula and ascent of the distal fibula.
Care must be taken to avoid injury to the peroneal nerve when fiRing the
proximal fibula. The more proximal the corticotomy of the tibia, the faster
the bone regeneration. The corticotomy must be distal to the tibial tuber-
osity in adults and the proximal tibial apophysis in chidren. The more
prOX|maI the cortlcotomy, the less room remains for fixation and. the
greater is the problem with axial deviation during lengthening. Bistal tib-
ial lengthenings usually are reserved for patients with- associated distdl
tibial déformities 'gr those in whom there is a contrardication to proxi-
mal Iengthenlng Foot fixation frequently is recommended with distal tib-
mlTength‘énmg to prevent equinus deformity, Double-level lengthening
is more” complicated and more painfuk . It is indicated in cases of discrep-
ancy greater than 5 ern, extensive limb lengthening for stature, or multi-
level deformity_ (F| J

Pin mfectlons aside, the two most common problems that arise dur-
ing tlblallengthenlngs are joint contracturer and esial deviation.
atendency f6r ankle equinus and kmee flexion contractures
Both are due to Increased” tension in the gastrocnemius/soleus  muscles.
To prevent this compllcatlon a dynamic kmee extension splint and an
ankle dor5|erX|on support shoe are worn at nlght and, if _necessary, dur-
ing the day to keep both ends of the triceps “surae muscles~ under m&Xi-

There is
to develop.
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‘FIGURE 6.
Schematic of double-level tibial lengthening:

mum. stretch. This is felt to stimulate the musgle to regenerate. Our ex-
perlence with these-contractures has shown. us that the kree flexion con-
,tracture always stretches out, even in severe cases. The atkle equinus
contracture usu@!ly will not stretch out. Although it may come to neutral
with” a lot of physica] therapy, it usually will. not allow return of dorsi-
Hlexion. Fyrthermore, it only may appear to come to neutral, when in fact,
the subtalar joint is being forced into valgus. If equirus develops during
Iengthenlng, it is preferable to insert wikes into the heel both to prevent
furt‘ﬁer contracture and to allow gradual  distraction to correct the con-
tracture. Prophylactlc tendo-achilles lengthening (percutaneous) can be
performed at the index surgery- in high-risk or preoperatively contracted
cases. Tendo-achilles lengthening should be performed open if done dur-
ing treatment to avoid a pulmonary - embolism from calf manipulation.
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Posttreatment residual contracture can. be successfully treated by percu-
taneous or open technique.

Bone deformities also may arise during lengthening. Axial deviation
occurs because there is an imbalance in the soft-tissue tension generated
by distraction around the bone. Since the bone is not in the center of the
soft-tissue mass surrounding it, there is more musele and soft-tissue mass
on some sides of the bone than on others. In the tibia, there is musele on
the laterg] and posterior sides, but no musele on the antesior and medial
sides. Furthermore, the intermuscular septum between the tibia and the
fibula also acts as a posterolaterak_ tether, especially when the tibia and
fibula are cut at different levels. Lengthening produces unequal tensHe
forces around the bone. If this imbalance of tension is high enough to
bend the pins of the apparatus, the bone will deviate in the direction of
the larger musgle mass. In the proximal tibia, valgus and procurvatum
deviation occur: together with. lateral and posterior translation, respec-
tively. These deformities often are missed or overlooked during the
Ieng,t_hening process, resulting in fixed bony deformity if the bone con-
solidates before they are recognized and corrected. Malalignment during
lengthening must be expected and looked foron long alignment radio-
graphs. The llizarov frame can be adjusted using hinges to achieve the
deformity correction. This is one of the major advantages of using circu-
lar external fixation over monolateral external fixation for limb length-
ening. '

Joint instability also must be considered in tibial lengthening. Knee
joint instability usually is not a factor, unless the knee is dislocated com-
pletely. The main joints to consider are the ankle and subtalar joints. In
congenital cases, valgus instability is frequently present. The joint at risk
is one with a proximally migrated, hypoplastic, or absent lateral malleo-
lus. Ball-and-socket ankle joints and subtalar - coalition often are assoei-
ated with ankle instability. In these cases, it is important to fix the foot
with a lateral olive wire to prevent subluxation. If the fibula is migrated
proximally in the ankle mortice, it can be brought down gradually with
one wire ..

Paley evaluated the results of 67 tibiallengthenings performed on 60
patients: 33 children with 33 ttbinl lengthenings and 27 adults with 28
tibiallengthenings. The mean age of the children was 11 years (range, 2_
to 19 yean) and that of the adults was 26 years (range, 22-to 60 years).
The etiologies of the limb length . discrepancy or shokt. stature are shown
in Table 1.

Using an_ index designed to evaluate the complexity of each individ-
ual case, the patients were grouped according to mild, moderate, and se-
vere difficulty of lengthening. The majocity ' of these patients fell into the
moderate-difficulty group. The mean. lengthening was 6.7 em in chidren
(range, 2.5 to 16 cm) and 4.3 em in adults (range, 1.5 to 9.6 em). The foot
was treated in 6 children and 11 adults, and the femur was treated at the
same time in 6 children and 5 adults.

Single-level lengthening was petformed in 24 children and 23 adults.
Double-level lengthening was peiformed in 15 children and 5 adults. The.
mean Ien%tngning for single level was 4.8 em ia children (range, 2.5t0 9
-em) and 4.3 cm in adults (range, 1.5 to 5 em], The mean. double-level
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TABLE |I..

Etiologies of Limb Length Discrepancy or
Short Stature in 67 Tibial Lengthenings

Etiology Children, % Adults, %
Congenital 31 7
Dyplasias 46 0
Posttraumatic 3 79
Miscellaneous 20 14

lengthening was 5 em in children (range, 5to 16 em) and 7.5 em in adults
(range, 4.2 to 9.6 em). The treatment time for single-level lengthening was
a mean of 5 months in children (range, 3to 9.5 months) and 5.8 months
in adults (range, 3.6 to 9 months). The mean treatment time for double-
. level lengthening was 5.8 months in children (range, 3 to 8 months) and
6.8 months in adults (range, 3.6 to 12 months). The external fixation treat-
ment time index measured as the months of treatment in external fixa-
tion per centimeter of lengthening was 1.1 month/em for single-level
. lengthening and 0.6 month/em far double-level lengthening in, children

(Fi§s 7 and 8). In adults, these values were 2.3 months/em and 1.1
month/em, respectively.

FIGURE 7.

A, a patient with achondroplasia is seen standing
ence (height, 3 ft, 11,5 in.). H, after bilateral double-level lengthening of the tib-
ias, bilateral humeral lengthening, and bilateral lengthening over rods in the fe-
mur, her height is 5ft, .25 in. This course of treatment was achieved over 3 years.

in front of her father for refer-
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FIGURE 8.

A, Preoperative radiograph. E, after.6V2-in. bilateral double-level tibial lengthen-
ing. C, after 4-in. bilateral proximal femoral lengthening over intramedullary = rods.

The complications that occurred during treatment in¢Juded incom-
plete osteotomy in 1 child and 3 adults, and premature consolidation in
1 child and 5 adults. Eight of these 10 individuals = were treated by repeat

. corticotomy, and 2 spontaneously  brake.

Superficial pin infection developed in 5% of the children and 20% of
the adults. Pin bone infection occurred in none of the children and 3 of
the adults. Superficial pin infections were treated by local pin care or oral
antibiotics. In 3 patients with cellulitis, the pin had to be removed.

Peroneal nerve injury occurred in 4 of the children and none of the
adults. In 3 of these children, the level of the fibula was abnormally high
or low, indicating that the level of the nerve was unpredictable. Two
patients recovered fully, but the other two recovered only partially, re-
sidua being an EHL palsy in 1patient and a weakened tibialis anterior in
the other. Three peraneal nerve injuries occurred intraoperatively: one
from the fibular osteotomy, one from an acute correction of valgus to va-
rus, and one from wire insertion. One peroneal nerve palsy occurred dur-
ing distraction when the deep peroneal nerve became stretched over a



wire that had entered between the branches of the peroneal nerve.

Axial deviation was present-in 8 of the children and 1 of the adults.
All but 1 of these patients had complete correction of the deformity. Two
patients, remain, with mild residual axial deviation of less than 5 degrees.

Knee flexion contracture developed in 2 of the adults and none of
the children, and apkle equinus contractute developed in 1of the adults
and 2 of the children. Almost every patient developed a transient mild
kpee contracture that resolved during treatment with physical therapy.
Only 1patient with bilateral treatment developed severe contractures that
were treated by extending the frame to the femur; followed by gradual
distraction to eliqinate the contractures. Since this patient was treated,
similar contractures have been dealt. with by physical therapy alone, with
full success. The ankle equinus was treated by atendo Achillis lengthen-
ing in 1 patient and by inserting wires into the foot in the other 2 pa-
tients. No residual equinus remained. _

One adult patient who mistakenly disttacted at a rate of 4 minJday
instead of .25 mm four times per day developed abone cyst that was bone-
grafted.

Two children had fasciotomies, 1as a prophylactic measure due to
an intraoperative hematoma and the other for a suspected compartment
syndrome that turned out not to be a compartment syndrome. So far, no
true compartment syndromes have been diagnosed following a corticot-
omy. Watson measured serial compartment pressures following corticot-
amy and was unable to demonstrate any significant increase in pressure.P
Since the corticotomy is subperiosteal, there should be no communioca-
tion with the compartment. .

Refracture was noted in 1 child and 1 adult. The regenerate bone
buckled in the child, leading to a I-cm loss of length, but not deformity.
The regenerate ‘bent in the adult, causing angular deformity.

Fibular: nonunion occurred in congenital hypoplastic fibulas in 3 chil-
dren. These bones were very thin to begin with and it is thought that the
regenerate broke off like pulled taffy.

In total, there were 19 children and 11 adults who had no complica-
tions. Nine children required 13 unplanned surgical interventions:and 10
adults required 14 unplanned surgeries for treatment of the aforemen-
tioned complications. Excluding superficial pin infections, there were a
total of 17 soft-tissue-related  complications in children compared to 4
in adults. There were 8 bone-related complications in children compared
to 13 in adults. The fact that children had a higher propensity for soft-
tissue-related  complications and adults had a higher risk for bony com-
plications probably reflects the high incidence of congenital disorders in
the pediatric group and the slower bone healing and sclerotic posttrau-
matic bone in the"adult group.

The goals of treatment of the patients in this study were (1) to achieve
the goals of lengthening within 1 ern, (2) to correct associated deformi-
ties to less than 5 degrees; and (3) to maintain (within 15%) or improve
the joint range of motion and gait compared to the preoperative state.

These goals were achieved in 38 (97%) of the children and 26 (93%)
of the adults. This study demonstrates that the goals of treatment can be
achieved despite complications in this difficult group of patients.
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FEMORAL IENGTHENING

Femorg) Ieng’thening can be cargied out proximally, ir the mid diaphy-
sis, or distg]ly. Double-level femoral lengthening rarely is indicated and
is f[au%?t with complications. The advantages of distad. femoral lengthen-
ing is that a long leg cast or cast brace can be used to protect the leg after
fixator removal., With proximal lengthening, protection would require a
spica cast. The femur. is broadest at its distal end; therefore, the regener-
ate is broad. Proximal lengthening is through diaphyseak bone and, in con-
genitg] cases, through narrowed, pootly healing bone. The muscle forces
on the proximal femur: also are much higher, predisposing to axial devi-
ation and late reffacture or angulation. The main advantage of proximal
femoral Ieng)ther]Lng is that it is farther away from the kmeee joint. In cases
of pre- eX|st|_ng kpee joint stiffpess and pathology, this is advantageous.

The most common and significant problems assoeiated with femoral
lengthening (aside from pin infections) are joint instabidity of the hip and
kneg, joint stiffpess of the kpee, and axial deviation. Pin infections are
more problematic with this pracedure because of the large soft-tissue
bulk around the bone. The pins in the fleshy parts of the thigh must be
wrapped well to minimize pin skin motion, which promotes irfection.
The proximal femur. does not lend itself well to wire or full ring
fixation. For this reason, threaded half-pins are used in the proximal
femur. and, more recently, in the distal femur: The fixator uses a partial
ring called an arc. It is located anterolaterally so that it does not
interfere with sitting and lying.

Hip joint stability is assessed radiographically. The center-edge (eE)
angle is a good measure of acetabular coverage. If this angle is over 20
degrees, the hip is considered stable. The pelvis must be level to make
this assessment. Hip arthrography with push-pull films is helpfut in as-
sessmg joint stablllty Finally, a three-dimensional reconstruction com-
puted tomographic scan is very useful in determining the location of the
deficiency. For-superjor and lateral coverage, a Salter osteotomy is rec-
ommended. For posterjor coverage, a Dega osteotomy or shelf can be con-
sidered. These should be performed prior to limb lengthening.

Kneejoint stability can be assessed clinically. If there is anteroposte-
rior. or rotatory instability, the apparatus should be extended across the
kp;ée to prevent subluxation or dislocation. The hinges allow the kree to
flex and extend while preventing any translationak or rotatory subluxa-
t|on Extendlng the apparatus across the joint also allows correction of
pre- existing or lengthening-related  joint contractures, especially kree
flexion. Kpee joint subluxation during lengthening is due to the pull of
the" hamstrmgs on the tibia. The tibia will subluxate posteriorly on the
femur. This produces a characteristic ski slope appearance to the ffont of
the kﬁee as a result_ of the tibia dropping back. A dynamic kmee exten-
sion splmt can be used at night to pr-event kmee subluxation.

The characterjstic loss of motion during femoral . lengthening is akree
extension contracture \yith loss of kaee flexion. This is paradoxical, how-
ever, since contractures usually occur' to the bulkiest muscle groups,
which in the thlgjh are the hamstrings and the adductors. The hamstring
contracture is resisted by the quadriceps contracture, fugther jamming the
knee and increasing the pressure on the joint cartilage. This is further
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complicated by kpee subluxation in some cases. To prevent kree stiff-
ness, it is important to work on kanee flexion while maintaining keee ex-
tension to prevent subluxation. Rehabilitation is exteemely important for
all Iengthenlng procedures, but especially for femorallengtbenings.  Al-
though “most complications are resolvable, the greatest concern -is for joint
compcﬁ:atlons that may be itreversible. These inelude joint stiffness, ar-
throsis, contracture, and subluxation. Preoperative stiffeess or arthrosis
may be a relatlve contr@ndlcatlon to treatment.. Lengthening in such pa-
tients requires soft-tissue releases to decrease joimt pressuré and distrac-
tion across the joint during lengthening. Carroll and colleagues and, more
recently, Bell have shown that lengthenings of 11% to 30% in norma
sheep and dogs, respectively, consistently produce articular- cartdage
damage.42.43 Loss of hip joint space was noted by Hiroshima in 3 0f 26
femorallengthenmgs 13 to 24 months after they were oomparedt Chin-
|caIIy, loss of joint space has not been a complication that we have no-
ticed following limb lengthening. Patients with preoperative joint space
narrowing, however, are at a higher risk for worsening of their arthrosis
if appropriate precautions are not taken. As previously mentioned, these
precautions inglude extending the apparatus across the joint and main-
taining the joint in a decompressed state by distracting across it:

Axial deviation in the femur usually occurs into valgus procurvatum
for distal femoral corticotomy lengthenings and into varus procurvatum
for proximal femorallengthenings. Recognition, prophylaxis, and correc-
tion are essential to avoid any fixed bony deformities.

Paley and coworkers evaluated the results of 36 femorallengthenings
performed on 35 patients. 40 The average age of the patients was 24 years
(range 6 to 63 years). These patients were broken into two groups: those
under 20 years of age (N = 17, group 1) and those over 20 years of age (N
= 18, group 2). There were 21 single-level femorallengthenings and 15
two-level femorallengthenings, 15 associated tibiallengthenings, earid 4
hip osteotomjes. The average number of surgical procedures performed
per patient was 1.8 and the mean follow-up period was 2.2 years (range,
6 to 36 months). The etiologies of the limb length- discrepancies are de-
tailed in Table 2.

EETET—CC—

TABLE 2.
Etiologies of Limb Length Discrepancy in 36 Femoral Lengthenings

Etiology Group 1«20 yr) Group 2 (>20 yr)
Congenital 9 4
Dysplasias (Ollier's, MED) 3 0
Growth arrest (traumatic 2 3

Perthes' ,postinféction,
postirradiation)
Posttraumatic
Miscellaneous (pelvic 1 0
resection for Ewing's

sarcoma)

N
[En
=
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Using an index designed to evaluate the complexity of each individ-
ual case, the patients were divided into groups with mild, moderate, and
severe difficulty of lengthening. There were 10 patients in the mild group
(scores 1 to 4), 13 in the moderate group (scores 5 to 8), and 12 in the
severe group (score 9 or more). The complications per patient by diffi-
culty index were as follows: 4/10 complications per patient in the mid
group, 3/13 complications per patient in the moderate group, and 14/%2
complications in the difficult group. The complications per patient by di-
agnosis were congenital 8/13, dysplasia 1/3, growth arrest 1/5, posttrau-
matic 6/13, and miscellaneous 5/1. '

The preoperative leg length difference averaged 8.4 em (range, 2 to
22 em). Group 1 averaged 9.1 em; group 2.averaged 7.6 em. The residual
postoperative length difference wast: em (range, 0 to 6 em). Three of the
patients in this group were excluded, asthey were overlengthened inten-
tionally to allow for subsequent limb length discrepancy. Group 1 aver-
aged 1.1 em; group 2 averaged 0.8 em. The percent of femur' lengthened
was 24.5% (range, 4% to 65%). Group 1 averaged 30.3%; group 2 aver-
aged 15.8%. The length of time treated with the llizarov fixator averaged
6.7 months (range, 2.5 to 14.8 months). Groups 1 and 2 both averaged 6.7
months. The lengthening index (months in external fixation per centime-
ters of lengthening) averaged 1.3 months/em (range, 0.7 to 2.9 month/em).
Group 1 averaged 1.1 month/em; group 2 averaged 1.6 month/em.

The complications that occurred during treatment are outlined in Ta-
ble %"hirty—thrge of the 35 patients who underwent femoral lengthening
had satisfactory (good or fair) results by strict assessment criteria based
on physical examination, radiographic results, and functional assessment.
Thirty-two of the 35 patients achieved the goal of surgical lengthening

TABLE 3.
Complications Occurting in 36 Femoral Lengthenings*

Type of Complication Group 1 Group 2
Soft-tissue
Femoral nerve palsy 1 0
Loss of knee motion 2 0
Loss of hip motion 1 0
Joint subluxation (knee) 1 1
Axial deviation 0 1
Bone
Premature consolidation 0 1
Buckle or fracture of regenerate 6 1
Other
Psychiatric reaction 1 0

*Seven complications ip patients in group 2 resolved nonoperatively
(grade 1], four- resolved operatively (grade 2), and ten are unresolved

“(seven of these are grade 3a, five of which will be corrected with

planned surgeties; and thiee are grade 3b).
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within - 1.cm while maintaining” or improwing function. There were two
poor results due predominantly to loss of kmee motion.

FOREARM LENGTHENING

.Lengthentng of the forearm is indicated primarily for discrepancies be-
tweéh the Iength of the radius arid that of the ulma. With the Uizarov ap-
paratus, however, the patient can lengthen and correct deformities siffful-
taneotisly in one or more bones. Furthermore, multiple levels of fikation
allow multiﬁle levels of correction. Other applications in¢lude bone de-
‘flectsl nonunions, and congenital pseudoaxthraesis.

Shortening of the forearm was classified into six types by P&ley (Fig
9): type 1, shortenlng of the radius only; type 2A, shoertening of the ulna
only‘ type 2B, shortening of the ulna with dislocation of the radidl head;
type 3, absent radius; type 4, shortening of both bones to the same pro-
portion; and type 5, shortening of both bones to different proportions.
The apparatus™ configurations and wire placement are specific for each
condition. . ) .

In the forearm, there are some special considerations. Stability of the
elbow usually is not a concern in forearm lengthening. Stability of the
wrist is important, especially with radial lengthening. With ulnar length-
enlng, a wire through the proximal radius is needed to prevent distal mi-
gration of the radius. When performing radial lengthening alone, there is
no need to fix the ulna. Flexion contracture of the elbow, wrist, and fin-
gers tends to develop with radial lengthening and with one-bone forearm
lengthening. This should be countered by vigorous physiotherapy and ex-
tension splints. Due to the small diameter of the forearm bones, large
lengthenings tend to narrow the diameter of the regenerate bone forma-
tion~ because of the pinch of the surrounding muscles. Inevitably, this
Teads to the "pulled-taffy effect” (narrowing of the center as the ends are
stretched). The rate of 1 mpyday may need to be reduced to .75, .50, or
.Z5 rom per day. Axial deviation usually is not a problem with the ra-
dius, since the ulna agts as support to it. Proximal ulnar cdrticotomies
tend to go into flexion, especially in one-bone forearms. This should be
recognjzed and corrected.

| a and associates reported the use of the Hizarov technique for
lengthening 13 foregrms in 12 patients.*®* The lengthening ranged ftom 2
to T3 cm (10% to 143%). Bone consolidation was achieved in 3 to 19
months without the need for bone grafting. Eleven ofthe 12 patients were
improved ﬁﬂgionally and cosmetically. Complications in¢luded three
témporarily deep radial nerve palsies, one sympathetic dystrophy, one
malunion,  one delayed malunion, two refeactures, and three mid losses

of nBelg[gll'te these complications, the goals of tkeatment were achieved in
all patients, with few permanent residual problems. The Hizarov method
is areliable, successfy] alternative for the treatment of forearm length - dis-
crepancy and deformity problems (Fig 10).

Tetsworth and colleagues reported their results with 13 forearms
treated with the Ilizarov- technique.*® Lengthenring of the ulna ranged ftOID
3.4 to 11.7 CID(58% mean increase) and the treatment time averaged 6.1
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FIGURE 9.

Classification of shortening of the forearm: type 1, shortening of the radius only;
type 2A, shortenjng, of the ulna ogply; type 2B, shottening of the wina with dislo-
cation of the radial head; type 3, shortening of ulna with absent radius; type. 4,
shortenjng, of both bones to the same proportion; and type 5, shortening- of both

bones to different proportions.

months. Len%t_heningL of the radius averaged 1.7 to 6.2 em (23% mean In-
crease) and the treatment time averaged 5 months. Eleven of the 13 pa-

~ tients ; had simultaneous  correction of two deformities. Complieations in-

:gludéd superficial pin, tract infections, ~premature consolidation, angula-
tion of the regenerate after the fixator was removed, transient radiat nerve
injury, and diminished wrist range of motion,-
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FIGURE 10.

A, radiograph showing secondary deformities following centralization for elub
hand. B, the forearm was treated with osteotomy at two levels to correct angular
deformities and lengthen 8em. (From Tetsworth K, Krome J; Paley D: Orthop Clin
North Am, 1991; 22:689. Used by permission.)

HUMERAL LENGTHENING

Lengthemng of the humerus is performed for two indications: limb length
dlscrepancy with or without simultaneous deformity correction or in con-
junction with lengthening for stature. The most common cause of humeral
shortening is premature physeal arrest. This can be due to trauma, tu-
mot, or radiation, but most often is secondary to infection.

Lengthening of the humerus can be performed with either monolat-
eral or &gcular external fixators. Recently, hybrid constructs using canti-
lever half-pins in the proximal humerus and transfixation wires in the
distal humerus combined the advantages of circular fixation with those
of pin choige. The humerus can tolerate lengthenings of 5 ern or less with
little or no functional loss. Discrepancies greater than 5 cm are more ob-
yious from both the functional and cosmetic perspectives.

Complications in humeral lengthening include both bone and soft-
tissue considerations. These can develop either intraoperatively or du-
ing the course of treatment., As in the forearm, lengthening stability and
axial deviation are not often problems with the humerus. In large length-
enings, range of motion in the shoulder usually is not compromised if
lengthening is performed distal to the deltoid tuberosity. The main con-
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FIGURE 1l.,

Seventeen-centimeter  humeral lengthening secondary to septic growth arrest. A,
before treatment. . E, after treatment. . C, with llizarov apparatus at beginning of
lengthening. D, with llizarov apparatus at end of lengthening.

sideration in humeral lengthening is the range of motion in the elbow. A
dynamic elbow extension splint at night can help prevent elbow flexion
contractures as tension on the flexors increases with lengthening. Most
complications are related to the soft tissue rather than the bone. The hu-
merus heals faster than most of the bones and is the simplest one to
lengthen.

Single-level humeral lengthening heals rapidly and is tolerated wel:
(Fig 11). Double-level lengthening is indicated for large discrepancies or
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lengthening for stature. This type of lengthening is assoeiated With an in-
crefe in pain and risk of complications. Correction of a deformity at one
level can be combined yyith simultaneous lengthening at a second level:

Tet’sWor}h and assogiates reporfed a series of humeral lengthenings
by single-level distraction in four patients and double-level distraction
in two patients.46 The mean lengthening was 11.1 em. The mean- iticrease
achiéved in the length of the humerus was 62%. Treatment time, defined
by the Iength‘ of tigfe in external fixation, averaged 8.2 months.

“The IlfZzarov technique for humeral lengthening is a sgfe and reliable
treatment” to correct limb length discrepancy with simultaneous correc-
tion of deformity,

FEMORAL LENGTHENING OVER AN INTRAMEDULLARY ROD

Limb lengthening by means of external fixation requires distraction and
consolidatfon periods prior to fixator removal.- The distraction time is 1
day for every millimeter of lengtheDoing,and the consolidation time ranges
from 2 to 4 days for each millimeter. In order to reduce the treatment
time significantly, Paley and Herzenberg inserted and proximally locked
unreamed Tails into the femur and tibia at the same time they applied
the fixator (llizarov- or Orthofix).47 Lengthening was petformed at 1to 2
mmJday until the planned lengthening was completed. The nail then was
locked distally and the fixator removed (Fig 12). This technique elimi-
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FIGURE 12.
A, Iengl%henzing over a proximally locked intermedullary. naH using a unilaterat

externat” fixafor. B, gradug] distraction at 1to 2 sum/day’- C, nail is locked distafly
at"the %end” of the distraction period. The external fixator is then removed. The
nail acts as an tnternal splint during the consolidation phase.
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The pseudarthrosis  site was treated by closed end-to-end compres- -
sion in 6 cases (Fig 13, A) and by side-to-side compression &fter overlap-

ping of the bone ends in 1 case (see Fig 13, B). Open reduction with in-
sertion of one fragment inside the other was performed in Jdcase (see Fig
13, C). splitting* of the proximal fragment with widerting of the bone fol-
lowed by closed insertion of one fragment into the other was performed
in dcase tsee Fig 13, D). The pseudagthrasis site was treated by distrac-
tion in 4 cases, 2 for correction of angular' deformity and 2 for lefiffthen-
"ing. Resection of the pseudagthrgsis site was performed in 3 cases. The
resulting bone defect was treated by acute shortening and Iengﬁhen?ng
thréugh a proximacl1 ‘Eort_icotomy in 2 cases and by bone transport in 1 case

(FigAdive of the limb segments were treated with lengthening, 8 by dis-
traction through a corticotomy site, 2 by physeat distraction, and 2 by
distractiorr *of the pseudarthrgsis site. The deformity was corrected in all

Cas€¥nion was achieved with the initial treatment in 15 of the 16 cases.
The union rate was 94% with one treatment and 100% with two treat-

i
|

O

b

RGH%Ed Jl:%’mgenital pseudarthrgsis of the tibia ends: end-to-end compression; if
stiff, may distratt through the defect. H, thin, atrophic congenitaf pseuda?throsis

of the tibia-end$* side-to-side compression; proximat lengthening. C, broad and
thin congenital pseudarthrgsis of the tibia ends: insert thin end in broad end open
or closed; proximal IéAgthening. D, broad and thin congenitat- pseudarthirosis  of
thevtibia ends” split thé®broad end and insert the thin end to widen; proximal
length!3ning. (From Paley D, Catagni M, Argnani F, et al: Clin Orthop 1992; 2BO:81.
Used by permission.)
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ﬁ&lﬁﬁg Lthobile thin congenital pseudarthrosis  of the tibia ends resectionfbone
transport  (upper); “resectionlacute  shortening/lengtbening

(lower). (From Paley D,
Gatagnl M, Argnanl F, et al: Clin Orthop 1992; 2BO:81: Used by permission.)

ments In 1case, the initial method of treatillent (ovetlapping the bone
ends and side-to-side compressmn of the pseudatthrosis,

and corticotomy
lengthening of the leg) failed to achieve union of the pseudarthrosis

Fthrosis ~ site
andewas associated wigh-delayed consolidation of the lendgthening site

'the apparatus was removed temporarily and reapplied

later with resec-
tion of the pseudarthr05|s

and bone transport to fitl in the resection gap.
Union was achieved by compression of the transported bone ends.

+-The mean treatment time was 5.6 months (range, 3 to 12 months)
Lengthening ~ranged from 1.5t0 B em and was petformed on 12 of theel
cases* (Fiy 15): Angular deformity was correeted fully at the pseudarthr o
sis site in aII but icase Three cases healed writh five-degree vélgus axial

deviation throu Ien heni

v The or%gfnaﬂi]e\g of the pseu n%arthr(ms maintained a persistent union
in 14 of the 16 limb segments throughout the follow-up pefiod. One pa-
tient - demonstrated” a sTowly progressive valgus deformity of the proxi-

mal tibia, wher'e' a five-degree postlengthening deformity through dysplas-

ticbone (fibrous dysplasia) was left uncorrected. One patient developed

a valgus buckle fracture of the regenerate, which was manipulated and

' subsequently healed straight.



e —————

E,Gpurgo%elrast'ive radiograph of congenital pseudarthrosis of the tibia with neuro-

fibromatosis” B, result. after resection, shortening, and 8-cm physeal distraction.
Treatment time was 5 months. Folow-up was 5 years.

The authors recommend the use of a total-contact pateHlar tendon-
bearing orthosis for added protection until- skeletal maturity is reached.

BONE DEFORMITIES AND JOINT CONTRACTURES

The Ilizarov apparatus has modular ' parts that can be used for deformity
correction. The most basic deformity correction unit is the hinge (Fig 16).3
With “an osteotomy at the level of an apex ofthe deformity and the hinge
overlying the apex, distraction of the concavity wit lead to an opening
wedge correction, regenerating a wedge of new bone. tf the hinge is placed
away from the apex on the convex side, but still at the level of the oste-
otomy,” simultaneous lengthening and deformity correction will occuir,
with the regeneration of a trapezoid-shaped segment of new bone. Simi-
larty, “if the hinge is placed on the concave side of the bone, compression
will result f[om distraction to the concavity. #f the hinge is placed prox-



———————"

FIGURE 17.

A and B, a standard mounting of the llizarov apparatus for an opening wedge
angular correction. There are two levels of fixation in each bone segment. Each
ring is perpendicular to the shaft. of the tibia. The hinge is placed at the apex of
the deformity. The distraction rod has a pivot point articulation at each end to
allow for auto-adjustment of its angle to the ring. The hinge rods are straight at
the end of correction. The distraction rod has a different angle to the ring b&fore
and after correction. (From Paley D, Rumley T [r; Kovelman H: Adv Plast Recon-
str Surg 1991; 7:1-40. Used by permission.)

an osteotomy is through hotizontal threaded rods and posts. This step-
wise connection pulls one ring relative to the other along the tangent of
the [ings. In other words, with three or four of these tangential,: horizon-
tal, stepwise connections, the rings will rotate one to the other in a con-
trolled fashion. If all of the horizontal connections are placed paraHel to
each other such that there are three or four step connections between the
rings with horizontal threaded rods, all oriented in one direction, then
bradual movement along these threaded rods will translate one ring to
the next. In this way, bone segments can be rotated or translated gradu-
ally one to the other. More complex configurations even can atllow com-
binations of angulation, rotation, and translation ?imultaneously. The key
to deformity correction is preoperative planning. A more detaHed discus-
sion of deformity corrections and the methods used to perform them is
available in a recent publication.59

. Any angulation or translation can be defined by four parameters: (1)
plane, (2) apical direction, (3) level, and (4) magnitude. Fer angular de-
formities, the llizarov apparatus is preconstructed to make sure that the
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FIGURE 18.

A, severe bony deformities of both lower limbs secondary to hypophosphatemjg
rickets before treatment.. B, simultaneous multilevel correction of left femur and
tibia with llizarov devices. C, result of correction with 4 in. of length ggined due
to angular deformity correction. D, final appearance after correction of both lower
extremities.

hinges are located at the correct level in the proper plane and are angu-
lated with their apex in the appropriate direction. The true magnitude of
angulation at that level in the true plane then is set in the hinges. The
apparatus is applied to the limb and the hinges are centered over the cor- .
rect level of angulation as determined on radiographs. The apparatus is
fixed so that it is oriented appropriately on the limb. This places the hinge



in fue trne plane of angulation.

The osteotomy usuafly is performed at
the same _level—as tbeHifges.” If the apex of angulation is in the epiphysis
or at_the joint dine, the™ osteotomy usuadly_ is perforimed
métaphysis.

in the _adjacent -
-In such - cases, the hinge stil is Iocated at the trne level of
deformity.. The binge ~and osteotomy, fuerefo'®

-lev-
is”
and joint orien-

are at two dillerent
els. Jhe hinge - will force the osteotomy to traﬁslate as the angulation
cqrre_cted (Fig 19). This m%j,rlt,a!l”i fue proper- @ligiment

_,—_-—_-_

not practiogi.lor an ostBotomy,the osteotomy Is performed at one level while- the’
Hifill is placed at the level of the ™

fiGuRBictdor hinge. When the center 01 rotation 01 a deIonnlty lies at alavel
‘ostegtomY site will angulaté’ "d-

gf ar center 01 retatlon upon,_co"ecti® , - the”
wate.  This em® demonst<atad a distallemo-
raIJLaIgus Note tha?ﬁwlqges can be placed below the rings.



mechanical axis deviation averaged 9.0 mm. The mean preoperative limb

length™discrépancy was 2.3 em. The mean postoperative otientation of
the &knee joint (femoral condyle line) was 87 + 3 degrees (normal, 87 + 2
degreds). postoperative orientation of the proximal tibial condyles were
87 + 3 degrees and 78% (normal, 87 + 2 degrees). The results” following
realignment™ in the earliest 10 cases (those performed before 1989) were
cdmpared to thé later cases (those peiformed after 1989). Residual me-
chanical tibiofemoral angulation averaged 4.6 degrees in the early group
and-2.f degrees in the late group. Residual mechanicaf axis deviation av-
eraged 13.2 mm in?ﬁe early group and 4.8 =iD-in the late group. Statis-
tical analysis demonstrated that the decrease in deformities seen in the
lat& grolp was statistically significant (P <.05). I the late group, the me-
chanical tibiofemo’rfacl1 angle was accurate to less than 3 degrees of resid-
uaf*tleformity in 94% of cases, and the residuak mechanical &Ris devia-
tiBn wasless than 10 mm in 89% of cases. With better preoperative plan-
ning and greater experience with the llizarov method, gradual angular
Correction can lead to very accurate deformity correction.

FOOT DEFORMITIES

The llizarov. apparatus also lends itself well to fixation and correction of
foot deformities because of the three-dimensional nature of the foot and
of the apparatus. There are two approaches with this apparatus for the
correction of foot deformities: with or without osteotomy. In the nonoste-
otomy technique, the deformity is corrected by distraction of the foot
joints and their soft tissues. The correction occurs by eliminating preex-
isting contractures and bringing joints into new congruous relationships
in" a plantigrade position. Therefore, one of the prerequisites for nonoste-
otomy treatment is congruoUS joints with no significant fixed bony defor-
mity. The only exception is in children under the age of 8 years, in whom
remodeling of the shape of the foot bones is still- possible. These indica-
tions aré similar to those for soft-tissue release by conventional means.
Soft-tissue release relies upon biologic plasticity of cartilaginous bones.
Distraction is thought to reshape bones by activation of the tircuiferen-
tial physis of these bones, leading to a new congruouS alignment of the

fC)C)t‘PI‘?@e§econd method of foot deformity correction is by distraction of
foot osteotomies. The indications for correction through bone are fixed
bony deformity in patients over the age of 8 years in whom stffitient in-
congruity of the joints (that would not be expected to remodel) would
result ‘from soft-tissue distraction or release. Other indications intlude pa-
tients™ With neéuromuscular - imbalance in whom soft-tissue correction
would obtain, but not maijntain, the correction, and in whom tendon
transfer or tenodesis is not possible to maintain the correction. The pres-
ence of previous fusions or nonunions is aik indication for abony correc-
tion. Finally, some contractures may be judged so stiff that a bony cor-
rection is preferable to a soft-tissue one. )

“Distraction foot osteotomies are classified according to the level of the
ostectomy: ~supramalleolar, hindfoot,

forefoot, and combined hindfoot
and forefoot.
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Twenty-five very complex foot deformities were treated by tlizarov
distraction osteotomies.ss I addition, the leg was lengthened and wid-
ened in the majority of cases. The mean treatment time was 6.4 months
There Weére z0 minor or major complications related to the foot osteoto-
mies in 18 feet, ingl_uding deep pin track infection in 3, failure of osteot-
omy Séparation in 9, acute postoperative tarsal tunnel syndrome in Z, toe
contractures™ in 3, wire breakage or cutout in 2, and buckle ftacture in 1.
Nineteen ‘secondary - procedures were required in 13 patients to tfeat these
coffiplications. The final resylt was a plantigrade foot in zz patients in
late follow-up. The 3 nonplantigrade feet were due to unrecognized heel
varus (1), baII and-socket gpkle joint (1), and preexisting pértial growth
arrest W|th progresswe deformity (1). Gaitwas improved in all cases. Pain
was ellmlnated in all but_Zz patients.

Based on these criteria, the results were judged to be satisfactory in
22 patients and unsatl_sfactory in 3. The llizarov method is a successful
modality for achieving complex foot deformity correction despite com-
plications.

BONE AND SOFT-TISSUE DEFECTS, AND

The treatment of nonunions depends upon the nature of the nonunion

Convéntionally, nonunions are glassified as hypertrophic or atrophic, and

infected” or noninfected. llizarov's approach to nonurttons

is much more
complex and |na|V|duaI|zed

He considers a wide variety of factors for
each nonunion and, based on this, chooses the most appropriate, treat-

ment. One of the most important of these parameters is the stiffness of
the nonunion. The amount of stiffness present provides information about
the tissue between the bone ends. A very stiff nonunion means that the
tissue between the bone ends is either dense, fibrous, or fibrocartilagi-

) fagi
nous, whereas a lax nonypion means that it is either loose connective or
synovial. In a stiff nonunion,

the potential for bone regeneration from the
bone “ends is present.

The dense fibrous or fibrocartitaginous tissue acts
like an interzone and, when put under distraction, regenerates trabecu-
1ae of new bone from the nonunion site (Fig 20). In contrast, in alax non-
union, little or no bone regeneration results upon distraction. Therefore,
bone shortening with a stiff nonunion

can be treated by lengthening
through the nonunlon site itself: Lax nonunion requires compression of

thé bohe “ends to convert it to a more stiff type and eventual union. Open
reduction, freshenlng ofthe bone ends, and opening of the medullary ca-
nal to aIIow revascylarization may be necessary.

Oné of llizarov's concepts, is that of "bone” loss" (Fig 21). Most of us
think of bone loss as a bone defect., Bone shorening is another typé of
bortt ‘loss. U there is a 6-cm loss of bone, it may be manifested as a s-cm
bone defect, a 6-cm shortening of the limb, or a combination of shorten-
ing and bone defect totalling 6 em. The treatment for each of these situ-
at_lonlshés I?ll;g?roevmtreba%nghntm%r a bone defect is a techntque called bone
-transport.ssin this technlque an intercalary segment is created at one end
of the defect by a corticotomy of the bone. The intercalary segment then
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Q%{ﬁ‘th&ertrophic nonunion with 3-cm shortening and translational deformi-
ties.-B, new bone formation from distraction of nonunion site. C, final result.

1a 1b

—
—
g5

Il:"r%%'r?n%nglof type B pseudarthrgses. Bl treatment La; interndt lengthening (bifo-
cal): bone transport by verticg] olive wires or teansverse cartier ting followed by
compressiort - at nohunion site; sequential distraction-compression — osteosynthesis.
Bl treatment tb, internal " lengthening (trifocal): bone transport by two transverse
carrier rirngs from oppioscfté sides of defect; sequential distraction-compression

0s-
teesynthesis. Bl treatment tc, internal lengthening (trifocal): bone tfansport by
two carrier rings® from the same side of the defeet; sequential

distraction-
compression osteosynthesis.
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is transported at 1 mm/day across the bone defect. Just as in a leg length-
enihg, bone regeneration occurs between the bone ends. When the mi-
grating fragment reaches the opposite end of the bone defect, it makes
cortact With the bone there (Fig 22). Compression of the dockifig site is
required to"achieve union. Abone graft is required to expedite this union..
The original bone defect has been replaced by a distraction gap at a dif-
ferent*level, but of the same length. This new bone formation undergoes
the same stages as during limb lengthening. When consolidation of both
the monunion site and the distraction osteogenesis site is complete, the
apparatus can be removed. In abone transport, the transported segment
is moving within the soft-tissue sleeve. Exactly what is happening at the
interface between ‘Ehe transported bone and its surrounding soff tissues

1S nof.hgngeecrﬁkqage of bone transport is very useful in the treatriient of os-

teomyelitis. The infected necrotic bone is resected and the gap is Closed
treated by bone transpu)ort. If there is an assoeiated soft-tissue defect, it is
closed by soft-tissue transport., Thus, one can leave the ifffected wounds
of osteomyelitis open to drain, since they will- elose gradually from the.
inside as the ‘bone transport carries the soft tissues with it across the gap
(Fig 23).3 ‘This precbludes the need for many musele pedicte or free flaps
for the coverage of soft-tissue defeets. i .
‘Problems “of bone transport treatment fall into bony and soft-fissue
categories. The bony problems are as follows: (1) Maldocking of the trans-
port fragment with the opposite side. This usually results from mal align-
ment of fixation at the time of frame application. The maldocking usu-
ally requires “surgery to align the docking fragments so as to ensure a large
contact area bétween the bone ends (Fig 24). (2) FaHure of progression of

TSI

ﬂ%ra?z'bone transport with 10-cm bone defect due to neonatal osteomyeliﬁs.
B, longitudinal  wire transport proximal to distal.- C, final radiograph.



o
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FIGURE 23.

A. 6-cm bone defect secondary to resection

of
osteomyelitis.

B, during transport, s just before
distal docking. C.the open wound gradually
closed by soft-tissue transport. D, final
lFadiogrg:}ph. (From Paley D, Rumley T Jr,
Kovelman H: Adv Plast Reconstr Surg 1991,
7:1-40. Used by permission.)
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FIGURE 24.

A, docking malalignment during bone transport. B, malalignment corrected us-
ing an olive wire. : i

transport near the time of docking. This usually is due to the dense com-
pressed tissue between the bone ends. This may require a resection with.
freshening of the bone ends for resolution. (3) Delayed healing of the con-
tact site. These ends usually are atrophic. and even may be avascular - by
the time they reach docking. The ends may need to be freshened and the
interposing tissue resected. One end may need to be sharpened and in-
serted inside the other. A bone graft may be applied. (4) Delayed healing
of the regenerate new bone. This may be related to a variety of factors,
including a traumatic corticotomy, distraction that is too rapid, a rhythm
of distraction that is too low, cyst formation, malnutrition, metabolic dis-
orders, smoking and other substance abuse, chemotherapeutic agents, and
other medical_ disorders. This frequently can be treated by the accordion
maneuver, which involves shortening and lenghtening the bone to stim-
ulate new bone formation under compression. In the presence of a cyst,
the bone should be shortened down and the cyst aspirated intermittently
and then relengthened at half the rate. Alternatively, the site may be bone-
grafted. .

Soft-tissue problems of bone transport include the following: (1) Ob-
struction to bone transport.. Soft tissues mayin‘aent and, therefore, delay
transport of the bone segment. The bone segment even may begin to her-
niate out of the skin. (2) Skin invagination. As the bone transport pro-
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ceeds, the tissue between the bone ends may invaginate. The bone can
be drlven right through this tissue and pierce the skin. In order to avoid
this problem it must be recognized and wires inserted to elevate the skin
or an open reduction of the bone ends with an acute shortening petformed
operatively to elevate the soft tissue. A transverse ingision should be used.
(3) Jomt contractures. A proximakto-distal bone transport wil tend to
cause a knee contracture to develop due to the pul of the soleus, which
then acts upon the gastrocnemius. The transport from distal to proximal
may lead to equinovarus contracture in the foot from upward transport
of the tibialis posterior muscle (Fig 25). These contracture tendenctes
must be recognlzed and treated aggressively with physical therapy. 1fsuch

FIGURE 25. _ ) _
Distal-to-proximal, bone transport.. Complicated by equinovarus contracture sec-
ondary to proximal transport' of posterior tibial muscle.
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contractures do not respond to therapy, they should be treated by appli-
cation of the apparatus onto the foot and slow distraction.

Seventeen consecutive tibial bone defects treated by bone transport
were evaluated prospectively.'”s” The mean. age was 37 years (range, 20 to
65 years). The mean bone defect was 8.9 em (range,"2 to 18 em), and the
mean limb length discrepancy was 3.6 em. Ten cases initially were in-
fected and 7 still were dtaining at the time of tceatment.. The length of
treatment time ranged from 4.7 to 22.6 months {mean, 13.9 months). The
mean bone regeneration was 9.7 em. Eight patients had soft-tissue defects
from debridement. . Seven of these defects were closed successfully by
soft-tissue transport; one of these required a free flap to cover bone pro-
trusion from transport.. All. patients were followed-up with elinical and
radiographic examinations. The follow-up time since union was an aver-
age of 2.1 years. Union was achieved in 16 of the 17 cases. To accelerate
union of the docking site, 3 patients had an open decortication of bone
ends without bone grafting and 6 had an open decortication with. bone
grafting. There were no recurrent infections in this series. Leg length dis-
crepancy was less than 2 em in 15 patients. Mechanical axis malalign-
ment greater than 5 degrees remained in 2 cases. The bone results were"
graded as excellent in 13 cases, good in 3, and poor in 1. The functional
results were evaluated as unsatisfactory if the patient had persistent pain
or could not return to activities of daily living or work function. One pa-
tient had chronjc persistent pain due to a preexisting reflex sympathetic
dystrophy. This patient requested an elective amputation 2 years efter
achieving union. There were 15 satisfactory and 2 unsatisfactory fuwe-
tional results. Common problems during treatment ineluded superficial
pin igfections, distraction pain, and edema. There were no bone infec-
tions. Complications in¢luded equinovarus contractures (2 patients), soft-
tissue invagination between the bone obstructing transport (2 patients),
bone protrusion (1 patient), incomplete corticotomy (3 patients), mal-
docking (3 patients), and apparatus-related problems (2 patients). Refrac-
ture of the docking site occurred in 1 patient and was treated success-
fully by reapplication of the apparatus. Bending of the regenerate was
treated with a cast in 1patient. Low cross-sectional area of union neces-
sitated prolonged protection in a PTB fracture brace in 2 patients. In to-
tal, there were 13 unplanned surgeties to treat complications that arose
during transport., There also were 13 second-stage planned procedures
such as skin or bone grafts. Only 2 patients required no additionat pro":
cedures. The average number of surgical procedures was 2.4 per patient.-
Nonunion of the docking site accounted for 75% of the complications.
Docking site healing was the rate-limiting step for treatment time. Patients
with reflex sympathetic dystrophy or preexisting severe nerve damage of
the posterjor tibial nerve should be considered for amputation, even
though bony reconstruction is possible with the llizarov method.

REFERENCES

1. llizarov GA: The tension-stress effect on the genesis and growth - of tissues.
"~ Part 1:The ipfluence of stability of fixation and soft tissue preservation. Clin
Orthop 1989; 238:249-281. . ST



10.
11.

12.

13.

14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

. Fischgrund J, Paley

Ilizarov Technology zZno

llizarov. GA: The tension stress effect on the genesis and groWth of tissue
Part 2: The influence of the rate and frequency of distraction. Clin Dithop

?ey Bs%um ey 5|‘ Kovelman H: The llizarov technique: A method to regen-
efate bone and soft tissue. Advances in Plastic and Reconstructive Surgery
%goodshrp Aﬁg Ken Wright J: The influence of induced micro-motion upon the
healrng “of experrmenteﬁ tibig) fractures. J Bone Joint Surg [Br] 1985; 67:650-

p<5‘rilmoto H. Yasvi N, Goto T, et al: Bone lengthening in rabbits by callus dis-
traction. J Bone Joint Surg [Br] 1988; 70B:543-549.
Zembo MM, Elkrns D, Morandi M. et al: Radiographic analysis of regenerate

bone formation followrng tibig] distraction osteogenesis by the method or Il-
izarov with acrrcular external fixator in a camine model.-

Drthop Res Soc 1990; 15:120.
D, Suter B: Evaluation of variables that &ffect regenerate

consolidation time during limb lengthening procedure. Clin Otthop. in press.
Shtin VP, Nikitenko ET: Basing the term of beginning of distraction in oper-

ative” Iengthenrng of the leg in experiment. Ortop Travmatol Protez 1974;

Trans 36th Annual .

E)ebastranr G, Aldegherr R, Rezni-Brivio L, et al: Limb lengthening by callus
distraction (callotasrs). J Pediatr Orthop 1987; 7:129-134.
Shtih VP, Nikitenko ET: The rate of distraction
bones. Drtop Travratol Protez 1975; 36:40-44.
Aronson “J, Good B, Stewart C, et al: Preliminary studies of mrneralrzatlon
dlring distraction osteogenesis. Clin Orthop 1990; 250:43-49.

Delloye C, Delafortle G, Coutelier L, et al: Bone regenerate formation in cor-
tical bone durrng distraction lengthening: An experimental
thop 1990; 250:34-

Tajgna %F Mor. anézM Zembo M: The strueture and development of osteo-
gertic repair tissue according to the llizarov technique in man. Characteriza-
tion of the extracellular - mattix. Orthopedics 1989; 12:515-523.

Paley D? Current technrques of limb lengthening. JPediatr Otthop 1988; 8:73-

in elongation of long tubular

study. Clin Dr-

R/%CKlbbln J: The brology of fracture healing in long bones. J Bone Joint Surg

;l?rg 1978; 60B:150- 162
nson J, Harrison B

, Cannon DJ, et al: Mechanrcal induction of osteogene-
sis. The |mportance of pin tigidity. J Pediatr Orthop 1988; 8:396.
Aiho A, Berg G, Kargharju E, et al: Filling of a bone defect during experi-

mental osteotaxis distraction. Acta Drthop Scand 1982; 53:29-34.
Bagnoli G, Penna G, Landini A, et al: Experimental study on bone formation
under “straining forces: Clinical and radiologic features. politlinico 1984;

asy?<8 Ig}kg’ Argenta LC, Austad ED: Histopathology of human expanded tis-
sue. Clin Plast Surg 1987; 14:435-445.

Dyachkova GV:The musculo-fascio apparatus of the leg duriry lendgthening
by the Ilizaroy, in Abstracts of Conference on the Treatment of Otthopedic
and Traumatolo ic Patients

Dyachkova GV, Utepkin, AA Extensibility. of superfictat fastia in elongation
of the leg in experrment Ortop Travmatol Protez 1980; 41:44-47.

Appell HJ, Forsberg S, Hollman  W: Satellite cell- activation itt human " skele-
tal muscle after training. Evidence for musele fibre neoformation. J Spofts
Med Phys Fltness 1988; 9:297-299.

Chirkova AM, Dyachkova GV: Dynamics of the morphologic changes in
fascCia-muscular apparatus of the leg lengthened by the method of flizarov, in



46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

. Paterson D: Congenjtal pseudoagthrasis

llizarov Technology i 287

Tetsworth K, Krome J, Paley D: Lengthening and deformity. correction of the
upper extremlty by the llizarov technigue. Orthop Clin North Am 1991; 22:4.
Paley D Herzenberg J: Femora]_ lengthening over an intramedullary- rod. Pre-
sented at the American Academy of Oxthopedic Surgery Meeting, San' Fran=
%ISCO February © 1993

rown GA, Osebold WR, Ponseti 1V: Congenital pseudarthrosis
A cllnlcal, radiographic,
1977: 128:228.
Campanacm M, Nicoll EA, Pagella P: The differentiad diagnosis of congenitaf
pseudoag‘hro,gls of the tibia. Int Orthop 1981: 4:283.

Morrissy RT: Congenital pseudagthrasis of the tibia. Factors that &ffect restitss
Clin Orthop 1982; 166:21.

of long bones.
h[stoloch and ultrastructurala - study. Clir Otthop

of the tibia. Am ovemview. Clin Or-
thop 1989: 247:44

Umber JS, Moss SW, Coleman SS: Surgjcal treatment of congenital pseudar-
throsis of the tibia. Clin Orthop 1982: 166:28.

Bassett CAL, Caulo N, Kort J: Congenitah  pseudasihrosis of the tibia: Treat-
ment with pulsing electromagnetic. fields. Clin Orthop 1981; 154:136.
Morﬁissy RT, Riseborough EJ, Hall JE: Congenital pseudoarthrosis of the tibia.
1Bone Joint Surg [Am] 1981; 63:367.
McCarthy RE: Amputation for congenital pseudarthresis of the tibia. Indica-
tions and techniques. Clin Orthop 1982; 166:58. . ‘
Paley D, CatagniM, Argnani F, et al: Treatment of congenital pseudoarthrd-
sis of the tibia using the llizarov technique. Clin Orthop 1992; 280:81-
Anderson KS: Radiological glassification of congenital pseudoarthrosis
tibia. Acta Orthop Scand 1973: 44:719.

Paley D: The principles of deformity correction by the tlizarov technique:
Technjcal aspects. Techniques Orthop 1989: 4:15-29.

Paley D, Tetsworth K: Mechanicak axis deviation of the lower limbs. Clin Or-
thop 1992; 280:65-71.

Paley D, Tetswor}h R: Deformity correction by the Hizarov technique,
Chapman M (ed): Operative Orthopedics. Philadelphia,

of the

it
JB Lippincott, 1993,
EI)'etsworth K, Paley D: Accuracy of deformity correction with the tlizarov tech-
nique: Presented at the Poster Prevention Canadian Orthopedic Association

Meeting, May 31, 1993.

Hsu RWW, Himeno S, Coventry MB, et al: Normal axial aligrment of the

lower extremities and load beariﬁg distribution at the keee. Clin Orthop 1990;
255:

Paley D Complex foot deformity correction by lltzarov distraction otthotron-
ics. Clin Orthop, in press. o .
llizarov GA: Basic pringiples of transosseous compression in distraction 0s-
teosynthesis. Ortop Travrnatol Protez 1975; 10:7-15. ’

Paley D: Bone transport: The llizarov treatment for bone defects! Techniques
in Orthopaedics, 1989: 4:80-93.

Paley D, Maar. D: Bone transporf: A clinical analysis. Presented at the Ottho-
pedic Trauma Assogjation, Seattle, October 1991.



