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prevent refracture

D. Paley

Abstract

Congenital pseudarthrosis of the tibia (CPT) is likely to be a
primary periosteal disease and secondary bone disease. The
primary goal of treatment is to obtain union, correct the
diaphyseal deformity, correct any proximal fibular migration
and prevent refracture. The pathobiology demonstrates in-
creased osteoclasis by the surrounding fibrous hamartoma
and reduced osteogenesis and bone morphogenic protein
production by the bone. This leads to a loss of remodelling
potential and gradual bowing and atrophy of the bone with
eventual fracture of the tibia and or fibula. This recommends
the synergistic use of bisphosphonates and bone morpho-
genic protein. The pathomechanics of CPT implicate the ante-
rolateral bowing, narrow diameter of the atrophic bone ends
and proximal fibular migration. These biomechanical factors
can be addressed by means of straightening of the deform-
ity, intramedullary support of both bones, stable fixation and
reduction of proximal migration of the fibula. A summary
of the literature on CPT shows that the mean probability of
achieving primary union without refracture, by most treat-
ments is 50% (12% to 80%). Two recent studies have shown
a much higher success rate approaching 100%, by creating
a cross-union between the tibia and fibula. The cross-union
with intramedullary reinforcement of the bone makes refrac-
ture unlikely due to the cross-sectional area of union with its
two-bar linkage. A new classification to guide such treatment
is also proposed.
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Introduction

Congenital pseudarthrosis of the tibia (CPT) is a rare condi-
tion that has defied and challenged orthopaedic surgeons
for over 100 years. Its incidence is reported to be between
1:140,000 to 1:250,000 live births." It is commonly asso-
ciated with neurofibromatosis and to a lesser extent with
fibrous dysplasia or Campanacci’s osteofibrous dysplasia.
It usually presents as a deformity of the tibia (anterolateral
bowing) or as a fracture of the tibia and/or fibula. When
it presents without fracture of the tibia, the standard of
care is to prevent fracture by bracing. When it presents
with a fracture of the tibia, surgery is indicated but there
is no universal agreement as to what surgery offers the
best union rate and the lowest refracture rate nor even
what is the best age to perform surgery. Failure at obtain-
ing union is accepted as part of the natural history of this
condition. Failure at maintaining union, even when union
is initially achieved, leads to repeated surgeries and sec-
ondary changes. These secondary changes include foot
deformity, leg-length discrepancy (LLD), knee malalign-
ment and even hip dysplasia due to valgus deformity of
the proximal femur. These changes are all considered part
of the natural history of CPT. Repeated surgeries due to
failures of treatment or treatment for secondary changes
lead to interruption of childhood, prolonged repeated dis-
ability and in some cases a recommendation for amputa-
tion either as a primary or secondary treatment.??

Until recently no single treatment has emerged that is
based on an understanding of the pathobiology and path-
omechanics of CPT. No single treatment has stood out as
superior to all of the rest. To achieve this status, a treat-
ment would have to demonstrate safety, reliability and
reproducibility in both obtaining and maintaining union.

Pathology of CPT

Until recently little was understood about the pathology of
CPT. Many theories have been put forward to explain the
development of the pseudarthrosis. Codivilla* was the first
to recognize that the periosteum in CPT is diseased. McEl-
venny® described a thickened, adherent periosteum that
constricted the tibia and fibula causing atrophy and lead-
ing to fracture and pseudarthrosis. Boyd® and Boyd and
Sage,” from a study of amputated specimens, postulated
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that CPT was caused by osteolytic fibromatosis. Blauth et
al® posited that the thickened periosteum was caused by
myofibroblast overgrowth.® Resection of hamartomatous
fibrous tissue is part of many treatment protocols, but it
does not ensure healing or prevent refracture. With the
recognition that the periosteum was diseased, Codivilla*
recommended osteo-periosteal grafting more than 100
years ago. Cambras from Cuba (circa 1977, personal com-
munication 1996) treated CPT with bone and periosteal
grafting from the child’s mother, emphasizing the role
of the periosteum to cure the disease. Paley proposed
periosteal grafting as a treatment option in 1995 based
on observations made about the lack of remodelling of
pin sites (presented in: Paley D, Congenital pseudarthro-
sis: management. PanArabOrthopaediCongress, Muscat,
Oman, Sept 11-14, 1995) and later published on this
method in a doctoral thesis by El-Rosasy et al'® in Egypt
in 2001 and then in two book chapters in 20073, Paley’s
periosteal grafting method was also used and reported
on by Franz Grill from Austria (presented at IPOS meeting
2006, Orlando, Florida). A two-centre study combining
the experience with periosteal grafting from Paley and
Kocaoglu was published in 2008 by Thabet et al.'* While
union rate was high (100%), the refracture rate was high
too (40%).

Hermanns-Sachweh et al’™> 2005, identified neural-like
cells that surround the small periosteal vessels causing
narrowing and obliteration of these vessels. They postu-
lated that this leads to hypoxia of the subperiosteal bone
with subsequent resorption, fracture and nonunion. Mor-
phologically these cells were reminiscent of Schwann
cells. This may tie the pathology to its strong association
with neurofibromatosis.

Cho et al'® 2008 showed that periosteal cells in the
hamartoma of CPT have decreased osteoblastic responses
to bone morphogenic protein-2 (BMP2). In contrast, the
osteoclastic activity of the periosteum was significantly
higher than that of controls. They concluded that failure
of healing as well as resorption of bone graft is related
to increased osteoclastic activity and decreased osteoblas-
tic activity of the CPT periosteum compared with normal
periosteum.

Schindeler et al'” 2008, showed that neurofibromato-
sis-1(NF1) haploinsufficient (+/-) (NF positive) mouse cells
had less osteogenic potential than NF1(+/+) (NF negative)
cells (controls). There was much less bone formation in
response to BMP in the NF positive cells compared with
the NF negative cells. Co-treatment with zoledronic acid
(ZA) a third-generation bisphosphonate, led to a synergis-
tic increase in bone formation in both groups. They pos-
tulated that bisphosphonate-BMP combination therapy
should be superior to BMP therapy alone.

To test this conclusion, these same authors™ looked at
distal tibial fracture healing in NF (+/-) versus NF (+/+) mice,
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in which the periosteum was also stripped at the fracture
site and the fracture site was treated with BMP2. The NF
(+/-) mouse tibia remained unbridged in 1/15 (7%), while
the NF (+/+) remained unbridged in 9/12(75%). When ZA
infusion was added, the proportion remaining unbridged
was halved in NF (+/-) 6/16 (37.5%). They concluded that
anabolic treatment with local recombinant human (rh)
BMP-2 and catabolic treatment with systemic ZA produced
a higher rate of union than rhBMP-2 treatment alone.

Madhuri et al™ 2016 studied stem cells harvested from
hamartoma tissue in three CPT patients compared with
healthy bone marrow stem cells in controls. They found
that the mesenchymal stem cells in the CPT patients had
a higher proliferation rate than in controls, but that these
stem cells showed less differentiation potential and less
osteogenic potential than control stem cells. Further-
more, bisphosphonate treatment alone did not increase
the osteogenic potential of the hamartoma-derived stem
cells. They concluded that the bisphosphonate must be
combined with an additional stimulus to enhance bone
formation.

Natural history of CPT

The natural history of CPT can be divided into primary and
secondary. The anterolateral bowing (varus-procurvatum
distal diaphyseal deformity associated with valgus recur-
vatum proximal metaphyseal deformity) is the primary
deformity associated with CPT. As this bowing progresses,
the tibia and/or fibula will eventually break. Fracture of the
tibia leads to instability and loss of integrity of the primary
weight-bearing bone of the lower leg. Fracture of the fib-
ula leads to proximal migration of the distal fibula and val-
gus of the ankle joint. Therefore, the primary problems in
CPT are: 1) anterolateral bowing; 2) non-healing fracture
(pseudarthrosis); and 3) proximal migration of the fib-
ula. As a consequence of these three primary conditions
a myriad of secondary deformities develop. Most of the
secondary conditions are due to the effect of the primary
condition on the surrounding soft tissues and joints and
the secondary effects on growth and development of the
lower limb. The anterolateral bowing relaxes the posterior
muscles leading to decreased tension on the Achilles ten-
don. This leads to atrophy and thinning of the calf mus-
cles, and eventually to a calcaneo-cavus deformity of the
foot with a pistol grip heel. The anterior bow of the tibia
causes the foot to assume a dorsiflexed position. The ante-
rior muscles and capsule are never stretched into equinus.
This leads to a dorsiflexion contracture of the ankle (cal-
caneus deformity of the foot). The proximal migration of
the fibula causes the talus to follow the fibula. This leads
to lateral subluxation of the ankle joint, valgus wedging of
the distal tibial epiphysis and instability of the ankle. The
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ankle valgus serves to compensate for the varus diaphyseal
deformity (lateral bowing). Similarly, the proximal tibial
physis grows into recurvatum and valgus to compensate
for the procurvatum-varus diaphyseal deformity. The lack
of loading on the tibia and the altered muscle forces as
well as the proximity of the pseudarthrosis to the distal
tibial physis leads to slowing of growth of the distal tib-
ial and fibular physes and LLD. In response to the altered
forces on the lower limb, the proximal femur responds by
growing into coxa valga.?’ The coxa valga may explain the
overgrowth of the femur despite undergrowth of the tibia.
CPT is one of the few conditions with growth inhibition
in the tibia (LLD) that compensates by overgrowth in the
femur. In some cases the coxa valga can be so extreme
that it leads to hip dysplasia. The LLD, foot, ankle, knee,
femur and hip deformities are all secondary problems
associated with CPT. These secondary problems can be
prevented by successfully treating the primary problems
of union and angulation. Therefore, the primary objec-
tives of CPT treatment are: 1) straighten the anterolateral
bowing at the CPT site; 2) obtain and maintain union of
the tibia at the CPT site; and 3) obtain union of the fibula
and reduce/prevent proximal fibular migration. The sec-
ondary treatment objectives are correction of deformities
of the ankle/foot/hip and LLD.

Treatment methods and results

The literature is replete with surgical techniques to treat
CPT.2321-25 Adjunctive treatment using electric stimula-
tion has also been recommended.'>?¢ The primary four
methods of treatment for CPT are: internal fixation with
intramedullary rodding,?>?35 external fixation (EF) (pre-
dominantly Ilizarov apparatus),'®3¢4° combination treat-
ment with an llizarov and rodding construct#-** and
vascularized fibula transfer.?':354546 There have been many
variations, primarily with the first three methods. These
include resection of the hamartoma, bone grafting of
the CPT site and pharmacologic treatment with BMP and
bisphosphonates. For comparison, the union and refrac-
ture rate have been tabulated according to one of these
four treatment groups (Table 1). We can define success
as unequivocal radiographic union of the tibia with the
index procedure, without subsequent refracture (union
rate x (1-mean refracture rate)). Intramedullary (IM)
rodding achieved this in 40% of cases. llizarov fixation
achieved this in 57% of cases. Combined llizarov with rod-
ding achieved primary union without refracture in 57%
of cases. Free vascularized fibular grafting achieved this in
58% of cases. The mean union rate for all of these studies
combined (Table 1) was 72% (21% to 100%). The mean

Table 1 Comparison of union, refracture and probability of union without refracture rates amongst different published studies for different methods of

treatment
Patients (n) Primary union rate (%) Refracture rate (%) Success probability (%) Other
Rodding
Birke et al 2010% 8 75 0 75 BMP
Das et al 20142 20 90 25 68 BMP
Dobbs et al 20042 21 86 57 37
Johnston 2002% 23 22 0 22
Joseph and Matthew 20003*° 14 21 5 20
Joseph et al 2003* 26 73 15 62
Kim and Weinstein 200232 1 36 350 18
Liu et al 201833 42 95 26 67
Stephens Richards and Anderson 20183 21 76 31 24 BMP
Vigouroux et al 20173° 10 40 30 12
Total/Mean 196 61 24 40
llizarov
Boero et al 19973¢ 21 81 19 66
Borzunov et al 2016 28 100 61 49
El-Rosasy et al 2001 17 100 68 32
Hissnauer et al 201738 7 86 50 43 BMP
Ohnishi et al 2005%* 26 100 15 85
Paley et al 19924 16 94 31 65
Total/Mean 115 93.5 41 57
llizarov + Rodding
Agashe et al 2012% 15 40 17 33
Shabtai et al 20154 10 80 0 80 BMP
Thabet et al 2008™ 20 100 40 60
Yan et al 20174 51 51 0 51
Zhu et al 2016* 56 89 26 66
Total/Mean 152 72 17 58
Free vascularized fibula graft
Grill et al 2000%° 31 61 16 51
Kalra and Agarwal 2012* 26 92.6 15 79
Vigouroux et al 20173 8 38 0 38
Weiland et al 1990% 19 74 14 64
Total/Mean 84 66 11 58
Mean all groups 72 24 50.7

BMP, bone morphogenic protein
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refracture rate was 24% (0% to 68%). The average proba-
bility of achieving unequivocal union with the index pro-
cedure with no subsequent refracture was 50.7% (12% to
80%). A success rate of 50% is not very reassuring to a
parent whose child has CPT.

Adjunctive pharmacological therapeutics used in the
treatment of CPT, including BMP2, BMP7 and bisphospho-
nate therapy'#*® are now available. Lee et al* reported
five cases of CPT treated with BMP7 combined with cor-
ticocancellous allograft and IM rodding combined with
EF. The authors concluded that the use of recombinant
human BMP7 is not enough to overcome the poor healing
environment associated with CPT. Hissnauer et al*®* com-
bined Ilizarov fixation with insertion of BMP2 and achieved
86% primary union but had a 50% refracture rate. All of
these reports are retrospective studies of the use of BMP
with CPT. Das et al?® have published the only prospective
randomized study on the use of BMP. They randomized
the use of BMP7 in 20 patients treated by resection of
hamartoma and bone at the CPT site, autologous bone
grafting from the other tibia and intramedullary fixation
through the ankle joint. There were no statistically signifi-
cant differences in healing time between the two groups:
with BMP 14.5 months versus without BMP 17.1 months.
Refracture occurred in 3/10 with BMP and 4/10 without
BMP. This randomized study only adds to the controversy
about whether BMP is effective or not. Carlier et al* per-
formed an ‘in silico’ clinical trial and concluded that BMP
treatment reduced the severity of the CPT, but that the
result was subject-specific. Birke et al*” used IM fixation,
bone grafting and in some cases also EF together with
BMP7 in surgery and zoledronic acid infusion after sur-
gery. They reported primary union in 75% with no refrac-
tures.

Amputation is the final option in cases of CPT.%3% |ts
incidence varies from series to series. McCarthy®* noted
that foot condition, number of operations and severity of
LLD are the factors that determine the need for amputa-
tion. Secondary procedures are often required even after
amputation in up to 78% of cases.*® High functional level
may be achieved if the patient has access to the appropri-
ate prosthetic care.>® This is a major consideration in devel-
oping countries.

Recently there have been two multicentre or meta-anal-
ysis studies looking at large cohorts of patients with long
follow-up in an effort to better understand the factors
that increase success of achieving union and the actual
refracture rate following union.®"2 Shah et al*' performed
a long-term follow-up retrospective multicentre study to
identify the factors that affect union and refracture of CPT.
Patients were treated with a variety of methods including
Williams rods, llizarov fixation, bone grafting and free
vascularized fibula. Primary union was achieved after the
index procedure in 102/119 (86%). Amputation was used
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in 11/17 that failed primary union. Data regarding refrac-
ture was available on 94 of the primary union cases. Forty
of these sustained a refracture (42.6%). Therefore, the
probability of union without refracture for this series was
49.4%. The mean age at the index surgery was five years
(1 to 14) and the mean age at refracture was eight years
(2.5 to 17.3). The refractured cases underwent 53 proce-
dures. At skeletal maturity 82/119 were united (69%). Sta-
tistical analysis showed that a sound union of the tibia was
associated with no surgery on the fibula, the use of corti-
cal bone graft and either IM nailing or llizarov treatment.
The combination of Ilizarov and IM nailing had a high rate
of unsound union. The use of BMP was associated with a
poorer outcome. Transfixation of the ankle was shown to
improve the chance of obtaining union. Kesireddy et al*?
published a meta-analysis of 33 studies encompassing
401 CPT cases. The mean age at treatment was 5.2 years
and NF1 was present in 262 (65%). The mean follow-up
was eight years. The mean rate of initial union was 75%
and rate of refracture was 35%. The probability of union
without refracture was 49%. Looking at the results from
Table 1, Shah et al*' and Kesireddy et al,*? the probability
of union without refracture was 50.7%, 49.5% and 49%,
respectively. The probability of union without refracture
for CPT treatment seems to be at an impasse (50%), which
cannot be overcome irrespective of the method chosen.

While most studies focus on union and refracture,
few studies have looked at the functional outcome for
CPT. Karol et al** showed that patients treated with IM
rods across their ankles had 68% diminished ankle push
off strength compared with only 36% in the group that
did not have the rod inserted across the joint. Seo et al**
showed that the ankle function in the sagittal plan was
well preserved after successful Ilizarov treatment of CPT.
The clear lesson from these two studies is that the final
ankle range of movement and push off strength is prog-
nostic of a good functional result. Therefore, techniques
that leave a rod across the ankle and subtalar joint are less
desirable.

Classification of CPT

There have been several different published classifications
of CPT.”"3536 The Crawford classification, which consid-
ers the tibia as dysplastic progressing from intact antero-
lateral bowing to fractured and atrophic is currently the
most commonly used classification.®® None of these clas-
sifications considers the status of the fibula. Choi et al*’
classified the fibula in CPT with emphasis on its level of
proximal migration. The goal of a classification is to guide
treatment and to categorize cases for comparison, so
that apples are compared with apples and not oranges.
The Anderson, Boyd and Crawford classifications are all
descriptive and emphasize the presence of sclerosis, cystic
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and atrophic changes of the tibia. These changes, how-
ever, do not necessarily impact treatment or prognosis.
The El-Rosasy-Paley classification factored in the stability
and width of the bone ends in the pseudarthrosis (mobile
versus stiff, narrow atrophic versus wide hypertrophic)
similar to what is done in adult nonunions.>® Mobile-atro-
phic-narrow bone ends requiring open treatment while
stiff-hypertrophic-wide bone ends are amenable to grad-
ual distraction. This is related to the anticipated tissue
between the bone ends being dense fibro-cartilagenous
for the stiff-hypertrophic-wide bone ends nonunion, mak-
ing it amenable to distraction treatment. The mobile-nar-
row bone ends type was divided into two groups; without
previous surgery versus with previous surgery (with the
assumption that those with previous surgery had a bone
defect or dead bone which after resection would produce
a bone defect). The recommendation was that without a
bone defect the CPT site would be treated by bone graft-
ing, while cases with a bone defect would be treated by
bone transport or acute shortening of the defect with
relengthening of the tibia proximally'. The El-Rosasy-Pa-
ley classification was the first classification where the type
was related to the treatment algorithm. The Choi et al*’
classification of the fibula was the first to highlight the
important consideration of proximal fibular migration.
Although they documented the fibular migration, Choi et
al*” did not recommend any treatment for this. Johnston?
(2002), concluded that treatment of the fibula to the CPT
union rate.
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The author currently uses a different classification to
guide treatment. The Paley Classification (Fig. 1) factors
in: 1) the integrity of the tibia and fibula; 2) the presence
or absence of proximal migration of the distal fibula; and
3) the presence of a significant bone defect. These three
factors affect the treatment protocol. Other factors such as
the presence or absence of NF or fibrous dysplasia, previ-
ous surgery, atrophic or hypertrophic bone ends and age
are not considered in the classification.

Prognostic factors

Factors reported to negatively affect union: 1) neurofi-
bromatosis; 2) age at treatment less than three years; 3)
previous failed surgery; and 4) years of follow-up after
treatment. Neurofibromatosis is often touted to be a
negative prognostic indicator. Several studies have now
shown equivalent results in patients with or without
NF1.2%37 Some studies have found higher nonunion rates
in younger patients and have therefore recommended
surgery between the ages of three and six years old3¢59°
leading to recommendations to delay the index treatment
to an older age.®' Other studies suggest that surgery in
younger patients (one to three years old) is safe and effec-
tive.®"33 Earlier definitive surgical intervention may allow
for more normal development of the affected extremity
with diminished LLD at skeletal maturity.*'

Longer follow-up times clearly give a better idea of
refracture rates. El-Rosasy reviewed the same group of
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Fig. 1 Paley Classification of congenital pseudarthrosis of the tibia: type 1, no fractures; type 2, no fracture tibia, fracture fibula
with fibula (a) at station (b) proximal migration; type 3, fracture tibia, no fracture fibula ; type 4, fracture tibia and fibula with fibula
(a) at station (b) proximal migration (c) bone defect tibia with proximal migration fibula. Reproduced with permission by the Paley

Foundation (AP, anteroposterior; LAT, lateral).
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patients that Paley had published on eight years earlier.’®"
The refracture rate of a group of patients treated with the
llizarov method increased from 31% to 68%.

An ideal treatment would consider all of these factors
and be based on the pathobiology and pathomechanics
of CPT. An ideal treatment would include elements shown
to be beneficial from previous treatment protocols and
avoid factors that worsen the functional outcome (e.qg.
rodding across the ankle).

The pathobiological considerations are:

—_

. Fibrous hamartoma replaces the healthy periosteum.

2. Fibrous hamartoma leads to osteolysis and vascular
constriction of the bone.

3. The bone is viable despite the osteolysis, atrophy and
hamartomatous constriction.

4. Medullary canal obliterated due to sclerosis.

5. Osteocytes produce lower levels than normal of
BMP."

6. Increased osteoclasts and osteoclasis.™

The pathomechanical considerations are:

—_

. Diaphyseal angular deformity (antero-lateral bow).

2. Proximal migration of fibula.

3. Small cross-section of bone at fracture (CPT) site
(atrophic bone ends).

Prior treatment lessons are:

1. Hamartoma resection should be comprehensive back

to normal fat planes.

2. Medullary canal should be recanalized.

3. All bone and soft tissue at the CPT site should be

alive.

4. Autogenous cancellous bone graft contains more stem
cells than autogenous cortical or allograft bone and
produces more bone for the same volume of graft.s?

. Bone graft is rapidly resorbed.

. Intramedullary fixation helps prevent refracture.

7. Rigid fixation is critical to provide mechanical stability

at the CPT site.

8. BMP may be helpful to boost decreased BMP production

by the diseased tibia.

9. Zoledronic acid can help prevent osteoclasis at the CPT

site.

10. Zoledronic acid given prior to bone graft harvest
can protect the bone graft from resorption after
implantation.

11. Angular correction at the CPT site is critical.

12. Periosteal grafting can help restore healthy periosteum
at the CPT site.™

13. Larger cross-sectional area of union at the CPT site has
a lower risk of fracture.’o"

14. Cases with accidental cross union between the tibia
and fibula do not refracture.

N
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The author used all of these considerations to construct
a treatment protocol that is based on biology, biomechan-
ics and more than a century of accumulated knowledge
about CPT.

The cross-union concept: principles and
preliminary results

Choi et al®® (2011) recommended creation of a cross-union
between the tibia and fibula for CPT cases where the fib-
ula was broken but minimally proximally migrated. They
converged the two fibula bone ends towards the two tibia
bone ends in what they called a ‘4-in-1 Osteosynthesis’.
They used a cortico-cancellous sheet of the inner table of
the ilium with or without its periosteum and when nec-
essary additional cortical bone from the contralateral
tibia combined with cancellous bone chips to achieve the
cross-union. The cortical graft was placed posterior to the
two bones and then cancellous chips between the bones
and another layer of cortical bone anterior to the bones.
They did not recommend this method when the fibula
was intact or when the fibula was significantly proximally
migrated. They reported eight cases treated at a mean age
of 6.3 years (2.9 to 11.8). All eight united and developed a
cross-union of the tibia to the fibula. There were no refrac-
tures at an average of 7.4 years (2.7 to 12.4). They com-
pared this with a smaller group of five patients who had
end-to-end repair of the tibia without cross-union. Four
out of five refractured and required further treatment for
the CPT. Choi et al®® attributed the large cross-section of
the bone at the level of the cross-union as the reason for
no refractures. To quantitate this, they measured what
they called the relative cross-sectional area (rCSA = area at
the CPT site after union divided by area at the upper tibial
physis). The rCSA was significantly lower in the non-syn-
ostosis group that all went on to refracture (0.13) versus in
the synostosis group that did not refracture (0.27).

Paley®* (2012) reported preliminary results using com-
bined pharmacological and surgical management with
cross-union. The treatment protocol was (Fig. 2): presurgi-
cal infusion of zoledronic acid (ZA); hamartoma resection
around tibia and fibula with resection of the interosseous
membrane; tibial rodding with a telescopic growing rod
and fibular rodding with a wire; decancellousization of
the ilium to harvest a large cancellous bone graft (as much
as 20 cc can be obtained in a 12-month-old child); harvest
of periosteal graft from the underside of the iliacus mus-
cle; application of a three-layer graft composed of 1) peri-
osteum around the CPT, 2) cancellous bone between and
around the tibia and fibula, and 3) BMP2 posterior and
anterior to the bone graft covered by soft tissues. The last
step was application of the llizarov apparatus to compress
the CPT site and to give rotational stability. The smooth
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non-locking telescopic rod only gives angular support but
does not prevent the bone ends pulling apart or rotating
to each other. More recently in 2017, the author replaced
the external fixator with an internal fixator (locking plate)®®
(Fig. 2).

For more details of this technique please refer to the
online supplemental material. (https://online.boneand-
joint.org.uk/doi/suppl/10.1302/1863-2548.13.180147)

Since the 2012 manuscript®* was written and submitted
before the publication of the Choi et al article in 20113,
Paley was unaware of the Choi et al method, which predates
the Paley method. Both publications recommend a cross-
union. Although Paley reached this idea independently of
Choi et al’s publication, Choi et al deserve credit for first
recommending the intentional creation of a cross-union to
reduce the risk of refracture. Choi et al began performing
their version of the cross-union called, the ‘4-in-1 Osteosyn-
thesis’ technique in 1999, while Paley did not start using
his method intentionally until 2007 (Paley had observed
since 1999, that when cross-union occurred unintention-
ally, those cases never had a refracture).

The first mention of cross-union as part of the treat-
ment of CPT was by Johnston in 2002.? He reported that
13 of the 23 cases were treated by a delayed posterolat-
eral bone grafting between the tibia and fibula to create a
cross-union. The delayed grafting occurred after the initial
direct CPT grafting of the tibia (and in some cases fibula),
had already been performed three to 12 months prior,
at the discretion of the surgeon. Johnston’s study high-
lighted the importance of fixation and obtaining union of
the fibula on the success of union and refracture of the
CPT site. It did not highlight or specifically recognize the
importance of the cross-union for CPT. The Johnston case
series studied patients treated by seven surgeons between
1978 and 1992.

The Choi et al®® and Paley®*¢>%¢ reports specifically rec-
ognized the importance of the cross-union in CPT treat-
ment. There are, however, several notable differences. In
the Paley cross-union technique, the tibia and fibula are
both rodded straight, keeping the tibia and fibula apart by
their normal interosseous distance. A telescopic growing
rod is used in the tibia and the rods never cross the ankle
or subtalar joints. In the Choi et al method the fibular ends
are converged towards the tibia and the tibia is rodded but
the fibula is not. In the Choi et al method rodding across
the ankle and subtalar joint is often used initially. The Paley
technique results in almost twice as large a cross-sectional
area of healing as calculated using Choi et al’s relative
cross-section area (0.46 versus 0.27). Choi et al also do not
indicate their method for cases with intact tibia or fibula
(Paley type 1 and 3) or with significant proximal migra-
tion of the fibula (Paley type 2b or 4b). Paley recommends
the cross-union protocol for all types of CPT (types 1 to
4) (Figs 3, 4, 5 and 6). The two authors also use different
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techniques for autogenous bone graft harvesting. In the
Paley technique, only cancellous bone is harvested by
decancellousization of the ilium. In the 4-in-1 technique,
a sheet of cortico-cancellous bone is harvested and used.
Cancellous bone is known to produce ten-times as much
bone as cortical bone.®? Paley also incorporates pharma-
cologic treatment with ZA and BMP to prevent resorption
of the bone graft and the CPT sites and to stimulate osteo-
genesis respectively, both of which were not used by Choi
et al. Obviously, creation of a cross-union can be achieved
in more than one way.

Paley et al®>% recently reported the results of 17 CPTs
treated using the Paley cross-union protocol using an
external fixator. Preoperative ZA (0.02 mg/kg) was given
in each case and a medium (four sponges) Infuse implant
(BMP-2 from Medtronic, Memphis, Tennessee) were used
in surgery (not weight-related). The average follow-up
was 3.7 years (1 to 9). Primary union and cross-union with
the index procedure were achieved in 17/17 (100%). The
total EF time was an average of four months (3 to 5). The
mean radiographic union time was four months (1.5 to
6). No refractures occurred in any of these patients. The
calculated probability of union without refracture with
this method is 100%, which is the same as in the Choi et
al series®*. Unpublished further follow-up of these 17 tib-
ias has shown no deterioration or refracture with up to 11
years (mean 5.3 years, range 3 to 11) follow-up. Although
no gait analysis was done, at last clinical follow-up, hip,
knee, ankle and gait function were normal in all children.
The rCSA was a mean of 0.46 = 0.14. This rCSA is much
higher than 0.27 reported by Choi et al.®® This is not sur-
prising since the fibula and tibia in the Paley protocol are
not converged as in the ‘4 in 1’ Choi et al technique. Dr.
Raymond Liu from Cleveland, Ohio, also reviewed the
centre-edge angle (CEA) and acetabular index (Al) after
decancellousization of the ilium on the harvested versus
unharvested side (unpublished data). There were no sig-
nificant differences in CEA and Al between sides.

Dr. Anna Hell from Goettingen, Germany (study not
published or presented yet, accepted for presentation at
the POSNA meeting in May 2019) updated (on the first 17
cases) and expanded this retrospective review, to include
the first 36 consecutive CPT cases, in a retrospective study
of 34 children (36 tibias) all treated by the Paley cross-
union protocol: 18 stabilized with EF and 18 with plate fix-
ation (P). According to the Paley Classification there were
EF/P: type 1 0/1; type 2a 2/0; type 2b 1/2; type 3 5/4; type
4a 5/4; and type 4b 5/7. In the six types 1 and 2 cases, the
intact tibia was osteotomized while in the other 34 tibias
there was a pseudarthrosis of the tibia. In the nine types 1
and 3 cases the fibula was osteotomized. The mean age at
treatment was 5.6 years (1 to 13) EF and 3.5 years (1 to 5)
P, and 4.6 years combined (C) group. The mean follow-up
was: 5.3 years EF (3 to 11) and 1.7 years P (1 to 4) and 3.5
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Fig. 2 Reproduced with permission by the Paley Foundation: (a) anterior incision shown from front and cross section. Note hamartoma
encircling tibia and fibula and the interosseous membrane between them; (b) anterior and deep posterior fasciotomy and muscle
reflection to expose tibia, interosseous membrane, and fibula, allow resection of the membrane under direct vision without damage
to the neurovascular bundles; (c) circumferential resection of the tibial fibrous hamartoma is carried out over the planned length of
the cross-union. The same is done for the fibular hamartoma; (d) the tibial bowing is straightened and the bone ends overlapped and
resected; (e) a customized Fassier-Duval telescopic nail is inserted and the male end locked with a wire into the distal epiphysis and
the female end screwed into the proximal epiphysis; (f) a small diameter locking plate is fixed medially to the tibia with six screws;
(g) the fibular ends can now be cut and the fibula fixed with a wire in its medullary canal; (h) a periosteal graft is harvested from the
undersurface of the iliacus muscle. It is then expanded by passing it through the skin graft mesher; (i) decancellousization of the ilium is
done by first splitting the two cortical tables of the ilium down to the roof of the acetabulum, triradiate cartilage, sciatic notch, posterior
spines and sacro-iliac joint; (j) the periosteal graft is wrapped around the congenital pseudarthrosis site and bone morphogenic
protein-2 (BMP2) collagen sponges are inserted overtop the posterior muscles behind the tibia and fibula (left). The cancellous bone
is inserted between the tibia and fibula (left centre). The BMP2 sponges are placed overtop the bone graft (right centre). The anterior
muscles lie over the BMP2. The interosseous space has a sandwich of cancellous bone between layers of BMP2 and its overlying soft
tissues; (k) the cross-union forms between the bones by three months after surgery. The bone is well fixed with the telescopic rod in
the tibia, the wire in the fibula and the plate on the tibia (left). Growth may occur despite the hardware leading to telescopic expansion
of the male and female rods. The fibular wire descends with growth (left).
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A B
Fig. 3 Anteroposterior (AP) (right) and lateral (left) radiographs (a) of right tibia and fibula with anterolateral bowing and
neurofibromatosis. This is classified as Paley type 1. AP (left) and lateral (right) radiographs (b) one year after osteotomy of the tibia and
fibula with cross-union protocol surgery at age two years. The tibia and fibula are straight fixated with the Fassier-Duval nail and an
EVOS plate (Smith & Nephew Orthopedics, Memphis, Tennessee). The upper screws in the plate were removed after six months. There
is a long tibio-fibular cross-union present.
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Fig. 4 Anteroposterior (AP) (left) and oblique (right) radiographs (a) of right tibia and fibula with anterolateral bowing and
neurofibromatosis. The fibula has a pseudarthrosis with a bone defect and has proximal migration. This is classified as Paley type 2b.
AP radiograph (b) of tibia and fibula immediately after cross-union surgery three years. Note the large amount of bone graft in the
interosseous space. The rod and plate are stabilizing the leg well. The fibular bone defect is spanned by graft and an intramedullary
fibular wire. The fibula was moved distally relative to the tibia and is fixed with one of the screws in the plate. AP radiograph (c) taken
one year later showing a mature cross-union spanning the interosseous space and the fibular bone defect. The tibia is united end to
end. Telescoping is seen in the Fassier-Duval nail indicating growth. The upper screws in the plate were removed after six months.

A C
Fig. 5 Anteroposterior (AP) (left) and lateral (right) radiographs (a) of left tibia and fibula with anterolateral bowing, neurofibromatosis
and tibial pseudarthrosis with an intact fibula. This is classified as Paley type 3. AP radiograph (b) six months after cross-union surgery
performed at age five years. AP radiograph (c) one and a half years after cross-union surgery. The plate has been removed. The rod was
exchanged for a new Fassier-Duval rod.
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A

years C. Neurofibromatosis was present in 67% EF, 83% P
and 75% C. Fibrous dysplasia was present in 11% EF, 6%
P and 8% C. Failed previous CPT surgery occurred in 33%
EF and 17% P.

Unequivocal radiographic CPT union and tibio-fibu-
lar cross-union was achieved in all 36 tibias. There were
no refractures. Three very distal fibular pseudarthroses
remained ununited but stable due to the cross-union of
the proximal fibula to the tibia across the CPT site. The
percent of cross-union length relative to total length of
the tibia at seven, 28 and 70 months was 32%, 22% and
17%, respectively. The radiographic time to union was a
mean of 16 weeks EF (6 to 24), 12 weeks P (6 to 18) and
14 weeks C. The telescopic rod pulled out of the epiph-
ysis distally or proximally in six EF and O P cases; 17% C.
There was an association of nail pull to cases where the
proximal tibia grew into valgus. Valgus deformity at the
knee was successfully treated with a medial proximal tib-
ial hemiepiphysiodesis plate; five EF, O P. The rod pull-out
was addressed at the time of planned rod exchange a few
years later. There were two wound complications treated
by debridement and closure; one EF, one P; three pin
infections (EF) and two cellulitis (one EF, one P) treated
with antibiotics. There were no iliac donor site complica-
tions. All complications were resolved without sequellae.

Identical results are seen using a plate combined with
rodding as with using the external fixator combined with
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C

Fig. 6 Anteroposterior (AP) (left) and lateral (right) radiographs (a) of right tibia and fibula with anterolateral bowing and
neurofibromatosis. This is classified as Paley type 4b since there is a pseudarthrosis of both bones and the distal fibula has proximal
migration. The bones are very osteoporotic. He has been non-ambulatory for three years. AP tibial radiograph (b) six months after
cross-union surgery which was performed at age three years. A well healed bony bridge is already seen. AP radiograph (c) one year
after cross-union surgery after the upper screws in the plate were removed.

rodding. Both serve to compress the CPT site and to con-
trol rotation. Using the internal fixation eliminates the
risk of pin infections and avoids wearing an external fix-
ator for four months. A cast is used instead. This is more
convenient to most families and surgeons. It is no sur-
prise that the healing rate is the same for both methods.
There is less concern with the internal plate since it is not
removed for another several years until the planned rod
exchange. It therefore acts as an internal brace for the
tibia along with the telescopic nail and the fibular wire.
The author has moved away from using the external fixa-
tor and now exclusively uses the plate, even in very distal
CPT. The most common problem noted to date following
cross-union with both EF and P fixation, has been tele-
scopic nail pull-out of the proximal or distal epiphysis.
This is posited to be due to stiction-friction on the tele-
scopic mechanism due to the proximal tibia growing into
valgus after union is already achieved. This problem can
be remedied by insertion of a hemiepiphysiodesis plate
and exchange rodding of the telescopic nail which is a sec-
ondary planned procedure for all young children treated
with the Fassier-Duval nail. This most recent expanded
cross-union study to include plate instead of external fix-
ation, corroborates Paley and Choi’s previously published
results, that the probability of achieving union without
refracture remains 100%. In Choi’s cases the follow-up is
up to 12 years, while in the Paley EF cross-union cases the
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follow-up is up to 11 years. In the Paley cases 4/17 have
reached skeletal maturity. The rest show no deterioration
in radiographic integrity or bone diameter. For this reason,
the author remains cautiously optimistic that these results
will not deteriorate with longer follow-up.

Combining BMP and bisphosphonate treatmentin clin-
ical practice is a useful adjunct as was shown in the ani-
mal model.®” To prevent bone graft resorption, ZA is given
two weeks prior to surgery. This allows the zoledronic
acid to be taken up by the cancellous bone of the ilium
and should make the cancellous bone of the ilium less
resorbable. Johnston and Birch®® advocated using BMP
as an adjuvant treatment in all primary and recalcitrant
CPT cases. In the United States, BMP is not Food and Drug
Administration (FDA)-cleared for children. This is because
the original FDA submission included limited indications
for spine and adult fracture-nonunion surgery. It is not
because testing showed increased complications in chil-
dren. Its use in CPT is therefore considered off-label. In
the United States, this means that physicians can choose
to use it after informed consent explaining that BMP2 use
in children has not been cleared by the FDA and that it has
potential risks. Specifically, parents should be advised of
the theoretical risk (no reported cases to date) of tumori-
genesis because BMP stimulates the RAS pathway, which
is also a tumour pathway.®® Patients with NF or fibrous
dysplasia already have a propensity for both benign and
malignant tumours.

Conclusions

Meta-analysis of the published results of various CPT treat-
ments has shown that the probability of achieving unequiv-
ocal union without refracture with the index procedure is
approximately 50%. Preliminary results with intentional
tibio-fibular cross-union from Choi et al®®* and Paley54¢%66
report a probability of primary union without refracture
of 100%. Longer follow-up is needed to fully corrobo-
rate this strong statement which is based on preliminary
experience from two centers extending back more than
ten years. CPT is a primary periosteal and secondary bony
disease associated with increased osteoclastic activity and
decreased osteoblastic activity. As a consequence, the use
of BMP2 to stimulate bone healing and ZA to decrease
osteoclasis is a specific and synergistic therapy for CPT that
should be combined with the cross-union technique. Cre-
ating a cross-union increases the cross-sectional diameter
of the bone and makes refracture less likely. Intramedul-
lary fixation is essential to help obtain and maintain union.
Decancellousization of the ilium is a new useful bone graft
harvest technique that allows the harvest of a sufficiently
large volume of autogenous cancellous bone to span the
interosseous space and create a cross-union even in very
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young children. The preliminary positive results of cross-
union may also recommend early treatment for unfrac-
tured anterolateral bowing of the tibia by osteotomy and
cross-union. Early treatment of both intact and fractured
anterolateral bowing of the tibia and fibula is anticipated
to reduce the secondary deformities of the ankle and foot
and LLD.
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