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B Growth modulation (GM) with tension-band plates (TBPs)
by tethering part of the growth plate is an established
technique for the correction of angular deformities in chil-
dren, and it has increasingly supplanted more invasive
osteotomies.

B Growth modulation with TBPs is a safe and effective
method to correct a variety of deformities in skeletally
immature patients with idiopathic and pathological phy-
ses. The most common indication is a persistent defor-
mity in the coronal plane of the knee exceeding 10°, with
anterior and/or lateral joint pain, patellofemoral instabil-
ity, gait disturbance, or cosmetic concerns. GM has also
shown good results in patients with fixed flexion defor-
mity of the knee and ankle valgus.

B This paper reviews the history of the procedure, current
indications, and recent advances underlying physeal
manipulation with TBPs.
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Introduction

Growth modulation (GM) by tethering part of the growth
plate is a well-established and widely accepted technique
for the correction of angular deformities in children. Grad-
ual correction by temporary hemiepiphysiodesis with
tension-band plates (TBPs) has gained popularity world-
wide in the last decade. This minimally invasive method
is predictable, reversible and well tolerated. The simplic-
ity and lower complication risk compared to osteotomies
make GM an attractive option for paediatric orthopaedic
surgeons. This paper reviews the history of the procedure,

current indications, and recent advances underlying sur-
gical physeal manipulation.

History of the procedure

In the 19th century, Hueter, Volkmann, and Delpech
described the effect of physeal pressure on bone growth.!
Phemister was the first surgeon to describe an open epi-
physiodesis technique in 1933.2 This procedure consisted
of the removal of a rectangular bone block from the
medial and lateral physes, which included part of the adja-
cent metaphysis and epiphysis. This block would then be
replaced in reverse position, producing ultimately a bar
across the growth plate. Haas first used instrumentation to
guide growth in 1945.3 He demonstrated that metal wire
loops affixed to a skeletally immature physis cause tether-
ing and decrease of the growth potential. Subsequently,
he concluded that growth resumes once the device is
removed.* Blount et> described stapling for epiphysiode-
sis to achieve correction of limb length discrepancy and
then® described stapling for temporary hemiepiphysiode-
sis to achieve correction of angular deformities. For more
than 50 years, the Blount staple (Zimmer, Warsaw, IN,
USA) has been widely used. However, downsides related
to implant failure, migration or breakage have led to the
search for improved techniques.

In 1998, Métaizeau and colleagues introduced a percu-
taneous technique using transphyseal screws (PETS).” The
technique involved placing threaded screws across the
physis to inhibit growth. The potential advantages of PETS
were percutaneous insertion with minimal blood loss, and
immediate postoperative weight bearing. However, prob-
lems with hardware bending, migration, and retrieval,
and the theoretical disadvantage of violating the physis
with a rigid implant in a temporary procedure, have pre-
vented its popularity.
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First described by Stevens in 2007,8 tension-band plates
(TBPs) are currently the most commonly used implants for
growth modulation. In this procedure, an extra-periosteal
plate with two non-locking screws, one inserted in the
metaphysis and the other in the epiphysis, serves as a focal
hinge at the perimeter of the physis. TBPs have become a
safe and effective method to correct a variety of deformi-
ties and diagnoses in skeletally immature patients.

Surgical technique

With the patient supine on the operating table and after
the administration of general or spinal anaesthesia, the
entire leg is prepped and draped. The leg is elevated, and
a tourniquet is applied and inflated. A 2 to 3 cm incision
is made centred at the level of the physis. Care is taken
not to damage the periosteum. Under cross-table fluoro-
scopic guidance, a Keith needle is inserted into the physis.
The 8-plate, which has a centre hole, is slipped over the
needle and two 1.6-mm guide wires are inserted. The cor-
tex is drilled, and the self-tapping cannulated screws are
inserted. The length of the screw is selected at the discre-
tion of the surgeon.

Masquijo et al® compared the Stevens technique with
a modified technique for TBP insertion around the knee.
The modified technique differs in that the guidewires are
inserted into the epiphysis and metaphysis before the
skin incision. In this study, the modified technique was
found to reduce operative time, radiation exposure, and
incision size.

Surgical considerations and preoperative
planning

During the process of decision making for treating angu-
lar deformities, different aspects have to be evaluated. One
great advantage of tension-band plating is that it can be used
in patients with almost any underlying condition, although
incomplete correction is more common in patients with
severe deformities (greater physeal compression on the
concave side of the deformity/greater inhibition of physeal
growth) and skeletal dysplasias. Another advantage is the
wide range of ages at which this method can be used. In
our personal experience we have treated patients as young
as three years old. Implant size is critical when deciding the
time of surgery in younger patients, especially when the
deformity to be treated is around smaller joints such as the
ankle. Available implants on the market are as small as 12
mm plates and 16 mm length 4.5 mm diameter cannulated
screws or 12 mm length 3.5 mm diameter solid screws.
For older patients, you should make sure that there
is at least one year of bone growth remaining, which is

an acceptable time frame to allow the tension band to
achieve the desired correction. We find it very useful at
this point to assess bone age. Chronologic age only cor-
responds to skeletal age within a six-month range in 49%
of boys and 51% of girls’® and as many as 26% of indi-
viduals have a skeletal age that varies more than one year
from their chronologic age.’®'! Assessment can be easily
achieved through a left hand radiograph and the analysis
of any of the validated methods such as the Greulich and
Pyle atlas'? or the Shorthand age assessment.!3

Before making any surgical decision, it is important to
investigate the existence of pain, difficulties with everyday
activities or sports, and even whether there are any aes-
thetic concerns. Besides a thorough physical examination
including gait pattern, strength testing, torsional profile,
joint motion and stability, and neuromuscular function,
a complete deformity analysis should be made. The
mechanical axis, joint orientation lines and angles should
be carefully outlined and measured.

Determining the time of surgery is another important
issue. Various growth-predicting methods have been
described: White-Menelaus,' Green-Anderson,'> Mose-
ley’s straight-line method'é, and the Multiplier, popular-
ized by Paley et al.’” that has been validated for growth
calculations and epiphysiodesis timing.'8

Correction of angular deformities

Coronal plane deformities
Knee

Idiopathic coronal plane angular deformities around the
knee with the consequent mechanical axis deviation are
the most common lower limb deformities.?'? It is impor-
tant to keep in mind that most of these deformities are
part of the normal development of lower extremities in
a child and they will eventually resolve spontaneously
without further treatment. Surgical correction is indicated
for persistent deformities of > 10°, with anterior and/or
lateral joint pain, patellofemoral instability, gait distur-
bance, or cosmetic concerns. This usually represents a
deviation of the mechanical axis (MAD) beyond the cen-
tral two quadrants. Evaluation of the individual segment
angles is useful to detect the levels and determine where
the hardware is needed (femoral vs. tibial). TBPs has been
widely used with satisfactory and reproducible results
since it was first reported by Stevens in 2007.8 This tech-
nique has demonstrated advantages, effectiveness, and
to be a safe procedure when compared to corrective oste-
otomies (Fig. 1).20:21

Animportant number of publications have reviewed the
efficacy of TBPs for correcting coronal plane deformities
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Fig. 1 14-year-old boy with bilateral idiopathic genu valgum
and patellofemoral instability. (A) Preoperative long leg film.
(B) Postoperative radiograph 18 months after growth modulation.

around the knee (Table 1). We would like to highlight
the multicentre study published by Danino et al.23 A total
of 206 patients with 362 physes were analysed. Average
age at the time of surgery was 12.5 years with an aver-
age follow-up of 16 months. They achieved 93% stand-
ard alignment (mechanical lateral distal femoral angle
(mLDFA) between 85° and 89°) in the femoral physis
group, and 92% correction to standard alignment param-
eters (mechanical medial proximal tibial angle (mMPTA)
between 85° and 89°) in the tibial physis group. Further-
more, in this study they calculated a rate of correction
(ROC) expressed in degrees/month and the result was
used as a constant which was multiplied by the number of
months from initial surgery. By doing this they were able

to predict the amount of correction at several time points
throughout the follow-up period. The constant derived
is the first tool which enables predicting and monitoring
the amount of correction in hemiepiphysiodesis when
correcting angular deformities around the knee. Factors
significantly influencing success and ROC were age, direc-
tion and magnitude of deformity. Valgus correction in the
distal femur and proximal tibia and varus correction in
the proximal tibia are highly predictable. They concluded
through their data analysis that femur corrects faster than
tibia. Last but not least, this study gives the first evidence
for higher ROC of valgus compared with varus femoral
deformity.

A common scenario in idiopathic genu valgum is to
have an asymmetric deformity. In that case there are two
available alternatives:

1. Perform a staged removal of the implants.

2. Use a combined TBP for distal femur + proximal
tibia in the more severe affected leg, and only distal
femur in the contralateral one to perform a single
hardware removal.

Another common question that arises regarding the use
of TBPs is whether the screw insertion angle will influence
the rate of correction. Stevens recommends divergent
screws at the outset to reduce the lag time for correc-
tion.?” Eltayeby et al?® showed that divergence angle
ranging from 0° to 30° results in similar rates of angular
correction, and their final recommendation was that ade-
quate screw placement should be the priority rather than
favouring any particular divergence angle.

Ankle

Coronal plane deformities around the ankle joint have been
treated successfully by guided growth with TBPs. There is
a growing body of evidence that shows good results for
ankle valgus. On the other hand, literature is scarce regard-
ing ankle varus and TBPs. Ankle valgus deformity may

Table 1. Correction with tension-band plates in idiopathic coronal knee deformities

Author N Mean age (years) No of deformities Successful correction (%) Follow-up (months) Complications
Stevens? 34 10.0 65 100 12 N/A
Burghardt2° 43 9.7 54 92.5 26 Screw loosening
Ballal?? 25 11.6 51 100 12.4 Plate and screw migration,
deep infection, rebound
Danino?? 206 12.5 362 93% femur 16 Infection, limited range
92% tibia motion knee
Jelinek24 17 11.6 33 100 N/A Overcorrection
Limited range motion knee
Aslani?® 21 10.3 42 86 17 Screw breakage
Boero26 30 12.5 N/A 100 21 None

Note. N/A, not available.
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Fig. 2 12-year-old boy with multiple hereditary exostoses (MHE) and ankle valgus. (A) Preoperative anteroposterior ankle radiograph.
(B) Six months post growth modulation of the distal tibia. (C) 24 months postoperative. (D) After hardware removal.

occur in children with various disorders. This deformity will
eventually progress and cause malalignment and abnor-
mal loading of the ankle joint.2° Valgus deformity is most
often seen in children with neuromuscular disorders such
as myelomeningocele, poliomyelitis, and cerebral palsy. It
also occurs in children with postaxial hypoplasia, clubfoot,
congenital pseudarthrosis of the tibia, or hereditary multi-
ple exostoses (HME) (Fig. 2).2° Hemiepiphysiodesis with a
medial malleolar screw is a well know technique to correct
ankle valgus. It was first described by Belle and Stevens
in 199230 and Stevens and Belle in 1997.3" More recently,
Stevens et al32 published the first cohort of patients treated
with TBPs for ankle valgus. This series included 33 patients
(57 ankles) with an average age of 10.4 years at the time
of surgery and an average follow-up of 27 months. The
mechanical lateral distal tibial angle (mLDTA) improved
from an average of 78.7 to 90.0 degrees atimplant removal
and measured 88.2 degrees at final follow-up. The authors
calculated the rate of correction of 0.6 degrees per month.
This rate of correction is similar to the one achieved with a
medial malleolar screw.33.34

Driscoll et all3*> compared TBPs with medial malleolar
transphyseal screw (MMS) epiphysiodesis for ankle val-
gus with particular emphasis on the rate of deformity
correction and the frequency of complications. Forty-two
patients (25 ankles with TBPs and 35 with MMS) with dif-
ferent underlying conditions with a mean follow-up of
34 months were included. Both techniques resulted in
successful correction of ankle valgus. The mean rate of
correction was faster in ankles treated with MMS than
TBPs, but differences did not reach statistical significance
(0.55 vs. 0.36 degrees/month, respectively; P = 0.057).
Tension-band plate technique was associated with fewer
hardware-related complications (4.0% vs. 17.1%).

As mentioned before, the information available for
ankle varus correction with TBPs is limited. Probably
because ankle varus in children is a much less frequent
deformity than ankle valgus. Fu et al3¢ presented a series

of 45 patients, mean age nine years, with post-traumatic
physeal arrest and varus deformity with significant growth
remaining. They performed a bar resection associated
with lateral tension-band plating hemiepiphysiodesis. Bar
resection was successfully achieved in 31 patients. In this
group, statistically significant mLDFA varus correction was
obtained with a mean correction of 15°.

Hip

Growth modulation within the hip with TBPs has been
used mainly in Legg-Calve-Perthes disease (LCPD) to
prevent trochanteric overgrowth.3” There are also a few
reports addressing coxa vara.38

The proximal femoral epiphysis is the primary affected
anatomical region in LCPD.34° The medial two-thirds of
the proximal femoral chondroepiphysis have an intra-
capsular blood supply, thus ischemia may cause a residual
deformity such as an aspherical femoral head and a short,
broad neck.3” On the other hand, the greater trochanter
has a separate extra-capsular blood supply, not being
affected by the ischemic process, becoming relatively over-
grown and prominent, reducing the effective abductor
lever arm (functional coxa vara).3” Also, this relative over-
growth can cause extra-articular impingement between
the greater trochanter and the ilium.#41-43 At the same time,
and because of the development of a coxa magna, the
centre of rotation of the femoral head is displaced distally,
exacerbating the abductor lever arm problem.3”

To prevent or minimize deformity associated with
greater trochanter overgrowth is the rationale to try to
control the growth of the greater trochanter apophysis.3
Stevens et al?” reported a retrospective review of 12
patients, with an average age 7.3 years, who underwent
non-osteotomy surgery for LCPD. A TBP was applied to
the greater trochanteric apophysis at the time of an arthro-
gram, open adductor and iliopsoas tenotomy, and Petrie
cast application with an average follow-up of 49 months.
Eleven of 12 patients experienced improvement in pain,
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and alleviation of limp and Trendelenburg sign. Neck-shaft
angles, Shenton’s line, extrusion index, centre edge angles
and trochanteric height did not change significantly. Fur-
thermore, Stevens and Novais38 reported a series of three
consecutive patients who underwent guided growth with
TBPs in the proximal femur (along with distal femur and
proximal tibia) for the treatment of coxa vara and genu
varum secondary to Schmid-type metaphyseal chondro-
dysplasia with an average follow-up of four years. All the
radiographic parameters of coxa vara improved in all three
patients along with complete correction of genu varum
and neutralization of the mechanical axis.

There are several case series about eccentrical transphy-
seal screws for coxa valga in patients with developmen-
tal dysplasia of the hip and/or cerebral palsy.44¢ To our
knowledge there are no reports of the use of TBPs in these
patients. Recently d’Heurle et al*” compared screws, TBPs
and drilling techniques for coxa valga in an experimen-
tal model with lambs. Their purpose was to determine
whether screw, plate, or drilling techniques decreased the
femoral neck-shaft angle (NSA) and articular trochanteric
disease (ATD). The plate was a modified 1/3 of a semitu-
bular stainless steel plate, and care was taken to ensure
the plate was placed intra-articularly, but not within the
weight-bearing area of the acetabulum. Their results sug-
gest that implantation of a screw is likely to be more effec-
tive than a plate or drilling procedure in decreasing the
NSA in skeletally immature hips.

Pathological physes

There is a subset of patients who have different conditions:
skeletal dysplasias, genetic syndromes and endocrinopa-
thies where bone development is affected by an abnormal
growth of the physis. Mankin*® coined the term ‘sick phy-
ses’ or ‘pathological physes’ to describe these patients.
Several previous authors have explored the use of growth
modulation for the treatment of lower extremity deformi-
ties in patients with pathological physes. In general, path-
ological physes have a slower rate of correction,?6 more
complications,*® and a lower success rate than idiopathic
deformities.26:4°

A comparative study by Boero et al?¢ included 58
patients with angular deformities around the knee treated
with TBP, 28 of them with pathological physes (different
aetiologies). In this last group they reported complete cor-
rection in 22 patients (78.5%), partial correction in five
(17.9%), and no correction in one patient (3.6%). This
group showed a significantly slower significant correction
rate (P = 0.003) that could be explained by a significant
difference in growth speeds. They suggested starting
treatment at a very young age, when the deformities are
not severe and there is plenty of time for the desired cor-
rection to be achieved.
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Yilmaz et al*® reported 29 patients (50 limbs) with dif-
ferent skeletal dysplasias that were treated with TBPs to
correct varus or valgus deformity with an average follow-
up of 25 months. Thirty-four of 38 valgus deformities
(89%) and 7 of 12 varus deformities (58%) were success-
fully corrected with significant change in the final LDFA
(lateral distal femoral angle) and MPTA (proximal medial
tibial angle) (P < 0.001). The MAD (mechanical axis devia-
tion), LDFA and MPTA improved in all except six patients:
Morquio syndrome (N = 1), spondylo-metaphyseal dys-
plasia (N = 3), pseudoachondroplasia (N = 2).

Rickets has also been successfully treated using TBP.
Stevens and Klatt>! reviewed 14 children with rickets, four
of them treated with TBPs. These four patients achieved
complete correction of their mechanical axis and no com-
plications were reported. It is interesting to mention that
they observed improvement in the appearance and width
not only of the physis around the knee, but also of remote
physes at the hip and ankle while gradually correcting the
mechanical axis. The average follow-up reported at the
time of publication was 12 months, so no conclusions
could be made on rebound effect. Horn et al>? evaluated
24 patients with X-linked hypophosphataemic rickets
treated at a mean age of 10.3 years. Neutral mechanical
axis was restored in 70% of the limbs. The peri-articular
deformity corrected at a rate of 0.3° and 0.7° per month
for the mMPTA and mLDFA, respectively. Interestingly,
femoral and tibial diaphyseal bowing also improved, par-
ticularly in the younger children. The authors observed
that patients with > three years of growth remaining
responded significantly better than older patients, and
treatment was more successful in correcting valgus than
varus deformity.

Several reports of smaller series of patients with dif-
ferent conditions have been published. McClure et al*3
reported four patients with achondroplasia and genu
varus with bilateral distal femoral and proximal tibial
growth modulation in three of them and only tibial cor-
rection in the remaining. All limbs had some improvement
of alignment; however, one patient went on to bilateral
osteotomies. Welborn et al** published a small retrospec-
tive series of three patients with focal fibrocartilaginous
dysplasia with progressive angular deformities who had
undergone GM around the knee. Average follow-up was
56 months, and none of the patients required further sur-
gical intervention for their angular deformity, nor had they
shown any evidence of recurrence. Complete deform-
ity correction with growth modulation has also been
reported in Albers-Schonberg disease,> and Schmid-type
metaphyseal dysplasia.>®

Regarding infantile and adolescent tibia vara, TBPs
have been effective for its treatment. Tibia vara, or
Blount’s disease, affects the posteromedial aspect of the
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proximal tibial epiphysis, physis and metaphysis, gener-
ating the progressive characteristic deformity described
by Blount in 1937.57 The fundamental requirements for
effective physeal tethering with TBPs are sufficient growth
potential in the patient (at least two years of remaining
growth) and an open and functioning medial part of the
physis.>® Recently, Griswold et al.>° presented a series of
11 patients (17 extremities) with infantile Blount’s disease
who underwent treatment with TBPs, subdivided into
cohorts based upon preoperative Langenskidld classifica-
tion: < 2 or > 3. They reported a 100% rate of angular
correction without the need for corrective osteotomy in
patients with Langenskiold stage < 2 at the beginning of
treatment. The treatment course can expect a 33% rate
of recurrent deformity, which can be treated successfully
with repeat growth modulation. On the other hand, they
suggested caution when considering guided growth for
children presenting with Langenskidld stage > 3, who
achieved only 40% of angular correction.

Mclntosh et al®® reported on 49 adolescents (54 limbs)
with adolescent Blount’s disease with an average age of
13.4 years and an average follow-up of 3.3 years. Based
on multivariate analysis, age at surgery greater than 14
years (p = 0.0009), body mass index (BMI) greater than
or equal to 45 kg/m? (p = 0.01), and greater preopera-
tive varus deformity (p = 0.03) predicted treatment failure.
This is consistent with results demonstrated in previous
studies.

Heflin et al, with the exception of those patients with a
defined medial tibial physeal bar, have taken the approach
of initially managing all infantile, juvenile, and adolescent
patients presenting with pathologic tibia vara without
specific consideration for age or BMI as long as there is
growth remaining, with TBPs.6' The authors presented a
series of 17 patients (27 limbs) affected by either infantile
oradolescent Blount’s disease, aged from 1.8 years to 15.1
years, who were managed by means of guided growth
of the proximal tibia. Twenty-one (78%) limbs had com-
plete normalization of their mechanical axis (middle 50%
of knee). Time to correction averaged 13.5 months (8-19
months). There were no peri-operative complications.
The authors reported hardware failure in three patients:
two with screw breakage and one patient with hardware
migration. Also two patients had rebound varus, one was
being observed and the other had undergone a repeat
procedure.b’ As shown in the articles reviewed, TBPs can
be effectively used in the treatment of infantile and ado-
lescent Blount’s disease. If this technique fails there will
always be time for more complex procedures such as cor-
rective osteotomies.

Finally, we would like to mention a special subset of
physeal pathology. Physeal insults such as trauma, infec-
tions or tumours, may result in complete or partial growth
arrest, generating progressive deformities and functional

disability. Recently, Masquijo et al®? published a small
case series with partial distal femoral growth arrest that
underwent distal femoral physeal bar resection, fat graft
interposition, and growth modulation with tension-band
plates. Four of the five patients had complete correction
and one patient required corrective osteotomy and exter-
nal fixation. Two patients had rebound valgus: one is
being observed and another has undergone a repeat pro-
cedure. They concluded that physeal bar resection com-
bined with tension-band hemiepiphysiodesis provides
a viable option for the correction of angular deformities
associated physeal arrest.

Growth modulation with TBPs is an effective proce-
dure for deformity correction in patients with sick physis
(Fig. 3). When elaborating the preoperative planning, the
surgeon must be aware that TBPs should be applied earlier
than in typical idiopathic patients, as the response to treat-
ment of this physis and the calculations done might not
be accurate. As suggested by several authors cited in this
section, growth modulation should be the first-line treat-
ment in these patients. Osteotomy may still be required
after growth modulation forincomplete correction or very
severe deformities.

Sagittal plane deformities

The success of growth modulation for the correction of
coronal plane angular deformity in the knee has stimulated
surgeons in applying related methods to correct deformi-
ties in the sagittal plane. Fixed knee flexion deformity
(FKFD) is a common problem in patients with spina bifida,
cerebral palsy, and arthrogryposis.3-6> Deformities of less
than 10 degrees may be treated conservatively with physi-
cal therapy and the use of orthoses. FKFD exceeding 10
degrees may lead to anterior knee pain, decreased endur-
ance, and progressive crouch gait in ambulatory patients,
and with respect to wheelchair users, this deformity may

Fig. 3 Four-year-old girl with diagnosis of achondroplasia.
Preoperative and 20 months after progressive correction with
growth modulation.
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Fig. 4 Anteroposterior, lateral and axial views demonstrating
the positioning of the tension band plate (TBP). One TBP is
placed on each side of the patellofemoral sulcus for knee flexion
deformity correction.

impair standing, transfers, and activities of daily living.63:6¢
Anterior femoral growth modulation (AFGM) is a viable
option to treat FKFD to avoid extensive procedures (Fig. 4).
Multiple studies examine simultaneous implantation
of anteromedial/anterolateral tension-band plates for
children with cerebral palsy and other neuromuscular
disordersé’-70 and agree that the use of TBPs is reasonable
in children with mild to moderate flexion deformities, and
at least two years of residual growth. The use of AFGM
with TBPs in the knee was first described by Klatt and
Stevens.¢” The authors reported on 18 patients (29 deform-
ities with various aetiologies) with an average preopera-
tive fixed flexion deformity of 23.4° (range, 10° to 50°). At
final follow-up, the average fixed flexion deformity was 8°
(range, 0° to 30°). No broken screws, migration, or other
complications were observed. One patient (one knee) had
a superficial wound infection, and one patient (one knee)
had recurrence 18 months after removal. One patient
who was treated too close to skeletal maturity (16 years
old) did not achieve correction. Recently, Wang et al”®
reported the outcomes of a case—control study in children
with neuromuscular problems. The authors included 42
knees (26 patients) who underwent AFGM compared with
a non-surgical control group of 49 knees (43 patients).
Average preoperative knee flexion deformity in the AFGM
group was 13 + 8 degrees. Following AFGM, deformity
improved by 8 + 7 degrees (P < 0.001) as measured radio-
graphically and by 7 £ 7 degrees (P < 0.001) as measured
on physical examination. The average rate of correction
was 0.7 + 0.6 degrees per month or 8 £ 8 degrees per
year. Instrumented three-dimensional gait analyses were
also significantly improved following AFGM. Two knees
(two patients) experienced wound infection requiring
operative irrigation and debridement. Three knees (two
patients) had arthrofibrosis limiting maximum flexion,
suspected to be secondary to intra-articular irritation by
the implants in deep flexion. A significant portion of knees
(29%) experience failure of correction. Older age, lower
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functional status, and greater degree of preoperative
deformity appear to be risk factors. Careful patient selec-
tion and meticulous surgical technique are key in order to
achieve the desired results with AFGM.

There are emerging reports of using TBPs for correc-
tion of ankle deformities in the sagittal plane. Al-Aubaidi
et al,”? evaluated 25 children (31 feet) with recurrent
equinus deformity after surgical treatment of clubfoot.
Mean follow-up was 22 months. Mean improvement of
dorsiflexion was 2 degrees, with a mean of dorsiflexion of
4.5 degrees, and mean radiological change in the ante-
rior distal tibia angle (ADTA) was 13 degrees. The authors
found no correlation between the radiographic changes
and the clinically measured dorsiflexion. In addition to the
low efficacy demonstrated in this study, a hypothetical
drawback of this procedure is that the correction is per-
formed at a site far away from the CORA (centre of rota-
tion of angulation), and the ankle joint is moved relatively
forward in regard to the distal tibia. The long-term clinical
effect of a change of alignment is uncertain. Sinha et al”2
evaluated the radiographic outcomes of nine patients
(11 ankles) with calcaneus deformity, treated with extra-
periosteal application of a TBP on the posterior aspect of
the distal tibial. The indications for treatment were resid-
ual clubfoot deformity (N =9), post-traumatic (N=1), and
neurologic (N = 1). The average age of the patients was
10 years (range, 4 to 13 years). The ADTA showed a mod-
est mean correction of 8° (range, 3.1° to 16.6°), and 55%
of the patients required revision. The authors reported no
evidence of anterior ankle impingement; however, clinical
data (range of motion, pain, quality of life, and patient
satisfaction) were not reported. Future studies with more
rigorous research designs are required before growth
modulation could be considered as a standard treatment
in the ankle.

Rotational deformities

Osteotomies are the gold standard for the treatment of rota-
tional deformities. Guided growth has been successfully
used in animal studies.”>-76 However, human clinical stud-
ies are sparse. Arami et al”3 showed that oblique placement
of two plates on the medial and the lateral side of the distal
femur of a six-week-old rabbits can affect the rotational pro-
file. Similarly, Cobanoglu et al”> reported a statistically sig-
nificant difference in torsion with guided-growth constructs
on a rabbit proximal tibia. Lazarus et al,”¢ performing a 3D
analysis by micro-CT scans of the femur, confirmed that the
torsional effect of oblique plating seems to correlate with
the amount of initial plate angle. More recently, Metaizeau
et al’? described a method that converts part of the axial
growth into rotation by placing a system composed of two
screws and a cable around the distal femoral physis. Eleven
patients (20 knees) were reviewed. Mean age at surgery
was 10.1 years (range, 8.6—12.7 years). Mean time to screw
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removal was 21.5 months. The preliminary outcomes indi-
cate good efficacy with about 1.2° of derotation per month
and a total mean derotation of 25° over 22 months. Main
postoperative complications were knee arthrofibrosis and
secondary deformity. Knee stiffness occurred in all the
cases. Physical therapy was required to restore full range of
motion in 14 knees, and gentle manipulation under gen-
eral anaesthesia in six knees.

A common problem encountered in the experimen-
tal studies was shortening and additional coronal plane
deformity when the plates reached alignment with the
longitudinal axis of the treated bone. Previous animal
studies’376 showed an average of 4.2% to 7.0% decrease
in the length of femurs receiving plates. In Metaizeau
et al’s cohort,”” 40% of the knees developed secondary
mild recurvatum deformity. Future research is required to
design a solution that addresses these limitations, and to
demonstrate its safety before a widespread use in children.

Risk of coronal plane rebound after TBP
removal

Patients with pathological physes, Cozen’s deformity, and
patients aged < 10 years have a higher rebound recur-
rence.?67879 Increased frequency of rebound has also been
described in patients with initial deformity > 20 degrees.2¢
In patients with higher risk, Stevens?® recommends
removal of the metaphyseal screw leaving the TBP with
the epiphyseal screw in situ once the desired correction
is achieved (sleeper plate). If rebound occurs, this would
allow the re-insertion of the metaphyseal screw, avoiding
the need for a new plate insertion. The potential benefits
of this strategy must be considered against the possible
undesired effects generated by its application. A recent

multicentre study including three centres from Argentina
and Chile®' reviewed 28 sleeper plate surgeries. Only
22% of the limbs required re-insertion of the metaphy-
seal screw. Two patients presented complications from
the procedure that required unplanned surgery: soft tis-
sue irritation (N = 1) and angular deformity (N = 1). Keshet
et al®2 reported a similar experience in 55 segments of
which only 12 (22%) required re-insertion of the meta-
physeal screw. Unfortunately, in only three of these cases,
the plate and the epiphyseal screw were in an adequate
position to only re-insert the metaphyseal screw. In the
remaining nine cases, the authors had to change the plate
and both screws. Also, there were two cases where leaving
the plate with an epiphyseal screw caused a radiographic
bone bar and undesired clinical growth arrest.

Overcorrection has also been proposed to mitigate
rebound.?'7° However, as rebound effect is unpredicta-
ble, a marked overcorrection of every patient treated with
GM may create an opposite deformity in those patients
who do not go on to rebound. The authors of this review
recommend a mild overcorrection (about 3 degrees) of
leg alignment before hardware removal in patients with
higher risk and more than a year of expected growth.
Recurrent deformity in a skeletally immature patient can
be corrected by repeating the process and does not pre-
clude osteotomy if eventually needed.

Complications related to growth
modulation

Reported complications of GM with TBP are screw migra-
tion, infection, over or undercorrection, permanent phy-
seal arrest, and broken screws/plates. Prevention and
treatment of complications are described in Table 2.

Table 2. Prevention and treatment of complications related to growth modulation

Complication Predisposing factor

Prevention Treatment

Postoperative pain > 11 years old, four or more plates,
femoral plates, bilateral operations®3

< 10 years old, rickets,
neurofibromatosis, or other conditions
that produce osteopenia8s

Obesity, diabetes mellitus

Screw migration

Superficial surgical
site infection

Overcorrection Poor follow-up?8

Undercorrection Blount’s disease, obesity, advanced
skeletal age, pseudoachondroplasia, or
severe deformities?!

Poor surgical technique

Blount’s disease, obesity?”.88

Broken screws

Physeal arrest Poor surgical technique

Physical therapy84 NSAIDs, physical therapy
Accurate epiphyseal screw placement
Sufficient screw length

Close monitoring®®

Optimization of patient status, proper
asepsis, and surgical site preparation
Regular follow-up appointments
(every 3 months)

Hardware exchange

Antibiotics + debridement

Mild: Observation
Moderate/severe: Growth
modulation vs. osteotomy

Proper patient selection Osteotomy

Metaphyseal end of the plate coapted
to bone®®

Solid screws/Double plate or quad
plates?!

Avoid iatrogenic injury of the
perichondral ring

Hardware exchange

Physeal bar resection +
deformity correction

Notes. NSAIDs, non-steroidal anti-inflammatory drugs.
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Conclusions

Growth modulation with tension-band plates has proven
to be a successful method of angular deformity correction
in growing children. This technique of temporary, asym-
metric tethering has matured, and continues to evolve as
ongoing research offers new insights into new applications.

Compared to osteotomies, TBP surgery is quicker,
safer, and much less invasive. Recovery during the post-
operative period is fast and patients can bear weight from
the same day of surgery. The complication rate is much
lower and with less morbidity.

TBPs can be used in coronal or sagittal plane deformi-
ties, in idiopathic patients and also in those with patho-
logic physis. Careful patient selection and preoperatory
planning are mandatory, including chronological and
bone age, implant size, and timing of the correction.
Finally, parents must be informed about potential com-
plications, failure risk, and possible rebound after TBP
removal. Future studies with follow-up till skeletal matu-
rity will help in better understanding for timing of growth
modulation and implant removal.
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