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"..Chapter 9

The Modulation of l Skel ' tal

- Growth

. Dayid D. Aronsson, MD . lan A.E Stokes, PhD

The anatomic, biomechanical, and biochemical mecha-
nisms regulating the growth of the skeleton include
growth plate anatomy, blood supply, function, and en-
docrine regulation. Experimental studies are improving
the understanding of the mechanical modulation of
growth of the spine and extremirties, and this under-
standing is Dbeing extended to clinical applications.
Methods including permanent and reversible epiphysi-
odesis and hemiepiphysiodesis have been developed for
modulating growth and treating anguiar deformities
and growth arrest.

The skeleton is composed of four organs: bone, carti-
lage, ligaments, and tendons. The skeleton thus is an
example of an organ system in which two or more or-
gans work together to provide a common function.
Growth (the process by which organs enlarge} is better
understood in bones than in other organs such as the
heart.! The term bone growth is used to indicate an in-
crease in the external dimensions of a bone before skel-
etal maturity; modeling describes the establishment of a
refined architecture of bone tissue after its initial for-
mation; and remodeling describes a change in the archi-
tecture of a bone in response to a functional, patho-
logic, or jatrogenic environmental stimulus, whether
internal (systemic) or external. Although longitudinal
bone growth ends at skeletal maturity, anabolic and
catabolic processes continue constantly throughout life.

Dr. Aronsson or an immediate family member serves as a board
member, owner, officer, or committee member of the Interna-
tional Federation of Pediatric Orthopaedic Societies and the in-
ternational Society of Orthopaedic Surgery and Traumatology;
has received research or institutional support from Spineology,
Stryker, DePuy, a Johnson & Johnson company, and Synthes;
and owns stock or stock options in Abbott, Bristol-Myers Squib,
Efi Lilly, Johnson & Johnson, Medtronic, Merck, and Pfizer. Dr.
Stokes or an immediate family member has received research
or institutional support from unknown companies or suppliers.

Adaptive remodeling occurs as osteoclasts gradually re-
move bone tissue and osteoblasts gradually make bone
tissue. The remodeling process is of tremendous intee-
est. Recent research has focused on osteoporosis, in
which osteoclastic resorption outpaces ostecblastic for-
mation and leads to a net loss of the bone tssue critical
for movement and calcium storage.

The two essential processes in new bone formation
are endochondral (cartilaginous) and intramembranous
ossification. Some bones are formed by intramembra-
nous ossification in the embryonic stage, and others are
formed by endochondral ossification of the cartilage
anlage or the cartlage model. The cartilage anlage
grows in all three dimensions {length, width, and
height). Cartilage growth occurs in the epiphyseal
plates, apophyseal plates, and articular cartilage. Endo-
chondral ossification also occurs in fracture healing,
when vascular invasion brings oxygen essential for the
complex, coordinated process of calcifying the cartilage
cells and producing bone tissue or cailus.

In intramembranous ossification, the cartilage inger-
mediate is absent, and mesenchymal stem cells differen-
tiate directly into osteoblasts that form bone tissue. In-
tramembranous ossification is primarily responsible for
producing the clavicles and flat bones of the skull. The
periosteam of long bones appears at 8§ weeks’ gestation
with the primary bone collar. The periosteum contains
an outer fibrous layer and an inner cambium layer. The
cambium fayer contains progenitor cells that develop
into osteoblasts responsible for increasing the width of
long bones. These progenitor ceils also participate in
fracture healing, where they develop into both callus-
forming chondroblasts and osteoblasts. Fracture callus
forms from both endochondral and intramembranous
ossification.

Growth Plate Anatomy

The growth plate {physis} develops as the remnant of
the cartilage that remains between the primary and sec-
ondary ossification centers. During embryogenesis,
condensation and chondrification of mesenchymal cells
form a three-dimensional cartilaginous aniage. Subse-
quent vascular invasion into the center of the cartilagi-
nous anlage results in calcification of the cartilage to

@ 2011 American Academy of Orthopaedic Surgeons
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Sectien 2: Basic Science

Growth plate

Epiphyseal «- zones
artery
Resting
Proliferative
Celi columns
Hypertrophy
Primary spongiosa
Perichondrial
artery "

Metaphyseal artery

Schematic drawing of the zones of the growth
plate and their blood supply. {Adapted with
permission from Hefti F: Basic principles:
Growth, In Hefti F, ed: Pediatric Orthopaedics
in Practice, Berlin and Heidelberg, Germany,
Springer Medizin Verlag, 2007, p 42.)

create the primary center of ossification. The primary
center of ossification gradually replaces the surcound-
ing cartilage, converting it first into bone and then into
the medullary cavity. Cartilaginous growth cannot oc-
cur in width because of the primary bone collar. The
bone grows longitudinally at the ends through endo-
chondral growth; it grows in width by appositional
growth, in which new layers of bone tissue are added
onto those previously formed. Vascular invasion of the
cartifage at the ends of long bones calcifies the cartilage
to form secondary centers of ossification.

The growth plates are formed at the junction be-
tween the limits of the primary and secondary centers
of assification. The growth plates are responsible for
endochondral cartilage growth, which accounts for
most longitudinal growth of the upper and lower ex-
tremities. The four zones of the growth plate are the
resting zone, the proliferative zone, the zone of cell col-
umns, and the zone of hypertrophy. The zone of cell
columns and zone of hypertrophy account for approx-
imately one half of the total height of the growth plate,
The metaphysis begins subjacent to the zone of hyper-
trophy, where the chondrocytes undergo apoptosis and
subsequently are invaded by blood vessels from the me-
taphysis. The vascular invasion of the terminal hyper-
trophic chondrocytes in the zone of hypertrophy calci-
fies the cartilaginous matrix in the region, creating the
primary spongiosa. Modeling of the primary spongiosa
with further ossification gradually creates the second-
ary spongiosa and the metaphyseal bone (Figure 1),

These zones are clinically important because the pro-
liferative zone has potential for cell proliferation, which
1s almost absent in the zone of hypertrophy.? On the
epiphyseal side of the physis, matrix predominates over
the cellular elements, whereas on the metaphyseal side
the celiular elements predominate over the matrix.? As
a result, a fracture or infection that involves the prolif-
erative zone may affect growth, whereas a fracture or
infection that involves the zone of hypertrophy is un-
likely to affect growth. Because the growth plate is
weakest at the level of the zone of hypertrophy, most
fractures propagate through this zone, with a low fre-
quency of growth disturbance. A pediatric bone infec-
tion {osteomyelitis) most often develops in the metaph-
ysis because it is an area of relative vascular stasis. The
zone of hypertrophy is a relative barrier to blood flow,
so there is a low frequency of growth disturbance in as-
sociation with osteomyelitis.

The growth plate is circumferentially supported by
the perichondrial fibrocartilaginous complex.® The peri-
chondrial fibrocartilaginous complex includes the ossi-
fication groove of Ranvier, which provides appositional
growth expanding the bone circumference; and the peri-
chondrial ring of LaCroix, which provides ¢ircumferen-
tial support for the growth plate. These structures are
clinically important because a traumatic injury invelv-
ing the ossification groove of Ranvier can affect growth
on one side of the bone, thus creating an angulation de-
formity such as a varus deformity of the ankle (a Salter
type VI fracture). At puberty the perichondrial ring of
LaCroix provides less support to the growth plate,
making it susceptible to a shear stress, Repetitive shear
stresses during puberty can create a slipped capital fem-
oral epiphysis.* Similarty, a large shear stress involving
the spine can cause a slipped vertebral apophysis hav-
ing signs and symptoms similar to those of an acute
herniated disk.

Blood Supply to the Growth Plate

Blood is supplied to the growth plate by the epiphyseal,
metaphyseal, and perichondrial arteries. The central
part of the growth plate is supplied by the epiphyseal
arteries on the epiphyseal side and the metaphyseat ar-
teries on the metaphyseal side. The periphery of the
growth plate is supplied by the perichondrial arteries
{Figure 1}. The metaphyseal and epiphyscal vascular
systems communicate with cach other through a rich
network of vessels from the perichondrial system. In in-
fants, there 1s also a vascular communication between
the epiphysis and metaphysis through vessels thar di-
rectly cross the growth plate. This communication de-
creases with growth, and the zone of hypertrophy is
relatively avascular in older children.

The vascular supply is responsible for transporting
the nutrients and molecules that regulate the activity of
the growth plate through systemic endocrine mecha-
nisms. Ia a classic study, the epiphyseal and metaphys-
eal arterial supply to the growth plate of the proximal
tibia was disrupted in rabbics.’ Disruption of the epi-
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pliyseal arteries caused the death of bony trabeculae as
early as the second day and was followed by chondro-
cyte death, a decrease in matrix staining, and the for-
mation of osseous bridges between the epiphysis and
metaphysis. Disruption of the metaphyseal arteries
caused an increase in the height of the zone of hyper-
trophy that was apparent on the first day and was fol-
lowed by a lack of calcification of the matzix in the pri-
mary spongiosa. There was no evidence of death of any
of the osteocytes in the metaphysis. The authors con-
cluded thart the epiphyseal arteries supplied the essential
autritive and metabolic requirements of the growth
plate More recent investigators have noted that the
proximal femoral growth plate does not always de-
velop a complete growth arrest in patients with Legg-
Calvé-Perthes discase. The hypothesis that disruption
of the epiphyseal vasculature does not inevitably lead
to a complete growth arrest was tested in piglets, with
the finding that complete disruption of the epiphyseal
vasculature did not lead to diffuse growth plate damage
in most femoral heads.¢ Most of the animals did not de-
velop a growth arrest, but they had decreased growth
in comparison with the normal side. The authors con-
cluded that the epiphyseal vasculature is not the sole
source of nutrition for the proximal femoral growth
plate, as was traditionally believed.® Laboratory studies
of the delivery of fluoresceinated dextrans to the mu-
rine growth plate confirmed these findings. A study of
the epiphyseal, metaphyseal, and perichondrial vascular
supply to the murine growth plate found that small
molecules {as large as 10 kDa) pass freely to the growth
plate from the metaphyseal and epiphyseal sides.” In
contrast, larger dextrans (40 kDa or larger) did not en-
ter the growth plate at all. These findings suggest that
molecules of low molecular weight, such as basic nutri-
ents and systemic hormones no larger than 10 kDa,
have access to the growth plate from the epiphyseal
and metaphyseal sides. Larger dextrans can enter the
growth plate by diffusion through large physiologic
pores for the transport of proteins or through the meta-
physeal capillaries, which lacl a basement membrane
and are permeable even to high molecular weight mol-
ecules.

In an infant, the vessels crossing the growth plate
may allow an osteomyelitis developing in the metaphy-
sis to rapidly decompress into the epiphysis and adja-
cent joint, leading to osteonecrosis and septic arthritis.
These vessels persist into childhood, although they be-
come less patent; as a result, the growth plare, unfike
the articular cartilage, does not form an absolute bar-
vier to the spread of tumors. Vascular communication
between the metaphysis and epiphysis gradually dimin-
ishes during childhood, and the perichondrial vascular
system gradually begins to break down. Any injury to
the perichondrial vascular system during this time can
have disastrous consequences for the epiphysis, includ-
ing osteonecrosis {as in patients with Legg-Calvé-
Perthes disease), an unstable slipped capital femoral
epiphysis, or femoral neck fracture.

Growth Plate Function

The endochondral growth of an epiphyseal growth
plate is monopolar, with longitudinal growth directed
away from the resting zone. In contrast, the endochon-
dral growth of the apophyseal growth plate is bipolar,
with the resting zone in the middle and growth in both
directions, The approximate rate of epiphyseal endo-
chondral growth can be calculated as the final chon-
drocyte height, in microns, multiplied by the chondro-
cyte proliferation rate over a given period of time.®
Higher growth rates are associated with an increase in
chondrocyte height, matrix synthesis, height of the
zone of hypertrophy, and chondrocyte profiferation
rate.?

Endocrine Regulation of Growth

The process of longitudinal bone growth is governed by
a complex network of endocrine signals produced by
growth hormone, insulin-like growth factor-1 {1GF-I},
glucocorticoid, thyroid hormone, estrogen, androgen,
vitamin D, and leptin.® Some of the local hormonal ef-
fects are mediated by paracrine factors that control
chondrocyre proliferation and differentiation. Nutri-
tional factors, mechanical loading, and soft-tissue con-
straints also modulate longitudinal growth, but their ef-
fects are ultimately mediated by complex endocrine
controls; for example, IGF-1 levels decline in malnour-
ished patients. Maturation of the growth plate and the
eventual cessation of growth are associated with chang-
ing levels of systemic hormones, especially estrogen; it
also appears that the growth plate chondrocytes can
undergo only a finite number of cell divisions.”

Clinical studies of discases characterized by deficient
growth hormone and IGF-I, as well as animal studies,
have established the importance of these hormones in
regulating longitudinal bone growth.®? Recombinant
forms of growth hormone and IGF-I are available for
clinical use in augmenting longitudinal bone growth,
and they have a positive effect in reversing the deleteri-
ous cffects of hormone deficiency. Both hormones act
directly on the growth plate, although the exact bio-
chemical pathways by which they affect bone growth
remain to be elucidated. Growth hormone appears to
act both directly, by causing an increase in the chondro-
cyte proliferation rate; and indirectly, by stimulating lo-
cal production of IGF-I, which primarily stimulates
chondroeyte differentiation and hypertrophy. The stim-
ulatory effects of IGF-1 on longitudinal bone growth
also may be related to its antiapoptotic effects in the
growth plate.’? Increasing the height of the zone of hy-
pertrophy may decrease the ability of the physis to re-
sist shear forces, and these anatomic changes may con-
tribute to the increased risk of scoliosis progression and
slipped capital femoral epiphysis in patients taking
growth hormone."!

The proliferation of chondrocytes in the growth
plate is under the control of a local feedback loop that
determines the rate at which cells leave the proliferative
zone and enter the zone of cell columns.’? This feed-
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Section 2: Basic Science

back loop primarily involves three signaling molecules
synthesized by growth plate chondrocytes: parathyroid
hormone-related peptide, Indian hedgehog, and trans-
forming growth factor-f.

During puberty, increases in growth hormone and
testosterone can negatively affect the strength of the
growth plate. Growth hormoene not only stimulates
growth by increasing the activity of the growth plate
but afso lowers the loading capacity of the growth
plate. Testosterone promotes growth and reduces the
mechanical strength of the growth plate. Although es-
trogen promotes maturation, indirectly increasing the
mechanical strength of the growth plate, the negative
effects of growth hormone and testosterone may over-
power the positive effects of estrogen.! The decrease in
mechanical strength during puberty creates a predispo-
sition to epiphyseal separation, particularly in growth
plates that are subjected to high shear loads. Slipped
capital femoral epiphysis occurs with relative frequency
in overweight individuals.

Growth alteration by mechanical forces was first iden-
tified in the early 19th century by Jacques Delpech, at
the University of Montpellier, France. Delpech stated
that the release of abnormal pressure from a physis
causes growth stimulation. The concept was expanded
into the Hueter-Volkmann law, which states that
growth is inhibited by compression and stimulated by
distraction; and Wolff’s law, which states that bone
tissue remodels over time in response to prevailing me-
chanical demands.’ Decreased physical activity rapidly
leads to osteopenia; conversely, bone density increases
in physically active individuals. The internal architec-
ture of bones includes both cortical thickness and tra-
becular parameters such as density, connectivity, and
trajectories. The strength of a bone is determined by a
complex interplay of these architectural variables so
that a simple measurement of bone mineral density is
not an accurate predictor of bone strength. Although it
appears that the remodeled bone architecture is optimal
for providing maximal strength in relation to tissue
mass, neither experimental studies nor analytical simu-
lations have discovered any objective rules governing
the adaptation of bone to mechanical demands.'®!15 Re-
petitive loading, rather than static loading, is necessary
to maintain homeostasis and induce remodeling.’?

Quantification of the Hueter-Volkmann Effect
Several studies have confirmed thar sustained foading
in distraction causes an increase in the growth rate,
whereas loading in compression causes a decrease.
Growth rates were compared using two different com-
pression and distraction loads in two anatomic loca-
tions (tibia and vertebra) in rats, rabbits, and calves at
two different ages.'® The modulation of growth was
found not to differ between species or by age. The

growth rate sensitivity to stress averaged 17% per 0.1
MPa, and the range was 9% to 24% per 0.1 MPa for
different growth plates. The fast-growing proximal
tibia appeared to be slightly more sensitive to stress
than the stow-growing vertebra,

The mechanical modulation of growth by sustained
compression or distraction is associated with altera-
tions in the growth plate. The reduction or increase in
growth rate with compression or distraction, respec-
tively, is associated with a corresponding change in the
number of proliferative chondrocytes, the mean chon-
drocytic height, and the height of the zone of hypertro-
phy.’7" Compression {oading canses a decrease in the
chondrocyte proliferation rate, chondrocyte cell height,
and height of the zone of hypertrophy; distraction load-
ing causes an increase in these parameters,!?

Dynamic Loading and Growth Modulation
The effect of dynamic loading on growth is unclear,
One study reported decreased growth, but another
found no change in growth in animals subjected to
three different levels of physical activity.202! In a lamb
model, 90% of proximal tibia growth occurred during
periods of recumbency, when the growth plate was
not subjected to dynamic loading? Further study is
needed to determine the overall effects of dynamic
loading relative to the effects of continuous or sus-
tained loading,

The Effect of Periosteal Resection on Growth
Longitudinal growth can be influenced by the integrity
of the periosteum, possibly through a vascular effect o,
in part, the growth-inhibiting effect of tension in the
periosteum. %22 Periosteal stripping alone has a limited
clinical effect. In a lamb model, the proximal tibial
periosteum was resected, and subsequent growth veloc-
ity was measured using implanted microtransducers or
fluorochrome labeling.? The average growth velocity
was 273 microns per day after periosteal resection,
compared with 201 microns per day in the contralat-
eral limb of the same animals. This growth rate differ-
ence had only a small effect on overall bone length,
however. The increased growth was secondary to in-
creased chondrocyte height rather than to an increase
in chondrocyte proliferation or matrix production.

Growth Modulation and Scoliosis

The Cobb angle measurement of scoliosis represents
the sum of the angular wedging of each vertebra and
disk between the end vertebrae.” The progression of
the vertebral-wedging component of scoliosis during
growth is often attributed to the operation of the
Hueter-Volkmann law of mechanically modulated en-
dochondral growth. As a result, the rapid progression
of scoliosis during the adolescent growth spurt may oc-
cur because a scoliotic spine has greater loading on the
concave side. This asymmetric loading causes asymmaet-
ric growth, which causes vertebral wedging and leads
to a vicious cycle of scoliosis progression.?® To test the
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vicious cycle hypothesis, an lizarov-type external fix-
ator with an imposed 30° scoliosis and axial compres-
sion was applied to the tail vertebrae of 10 immature
rats for 6 weeks,® The tail vertebrae graduaily devel-
oped a vertebral wedge deformity averaging 15°, which
was reported to be secondary to asymmetric growth,
The reversibility of the growth disturbance was studied
by reversing the loading in one group of rats and re-
moving the loading in a second group.?” The mean ver-
tebral wedging was 0° when the loading was reversed,
and the mean wedging was 7° when the foading was re-
moved.

Part-Time Versus Full-Time Loading

A study of the effect of compression loading on the lon-
gitudinal growth of rat tibiae and vertebrae found that
full-time foading (24 hours a day) had twice the effect
of part-time loading (12 hours a day).?* Part-time load-
ing had the same effect regardless of whether it was ap-
plied during daytime or nighttime hours, The findings
of this laboratory study cast doubt on the clinical value
of part-time (night) bracing, compared with full-time
bracing. If the appropriate foading can be applied, full-
time bracing should lead to the most rapid possibie cor-
rection of skeletal deformity.

Physeal Bar Resection

Physeal bar resection is recommended for children if a
bony bridge across a growth plate is tethering growth
and causing deformity. The procedure involves surgical
resection of the bony bar that is tethering the growth
plate, with placement of a spacer such as fat to allow
normal growth to resume. If the bony bridge involves
less than 50% of the growth plate and the child has
considerable remaining growth, physical bar resection
is reported to be 70% successful in restering some lon-
gitudinal growth.?? In a young child with a bony bar
that has caused a severe deformity, physcal bar resec-
tion can be combined with an osteotomy to simultane-
ously correct the deformity and allow growth resump-
tion.

Epiphysiodesis

In the traditional Phemister epiphysiodesis, a block of
bone was removed from the medial and lateral sides of
the bone, including a portion of the metaphysis, growth
plate, and epiphysis, The entire growth plate was then
ablated using curets, and the bone blocks were rotated
90° and reinserted into the bone. An epiphysiodesis
treated a limb-length discrepancy by creating a growth
arrest in one growth plate to allow a gradual correction
as normal growth occurred on the opposite side. The
Phemister technique was modified as a percutaneous
technique that had similar results and caused less scar-
ring.’0

The results of a growth arrest procedure depend on
an accurate assessment of the amount of remaining
growth. Chronologic age is unreliable for estimating re-
maining growth; skeletal age, as depicted in the Greu-
lich and Pyle atlas, is more accurate.! An evaluation of
the growth centers of the elbow and hand, in associa-
tion with skeletal age determined using the Greulich
and Pyle atlas, was found to increase the accuracy of
estimates of remaining growth.?23

Reversible Epiphysiodesis
Epiphyseal stapling has been used to arrest growth,
with resumption of growth allowed by removing the
staples.? The initial tendency of the staples to break
was remedied by reinforcing the corners where most
breaks occurred. The currently used Blount staples
(Zimmer; Warsaw, IN) are constructed of cobalt-
chromium and are more durable than earlier staples.
Minimally invasive procedures for reversibly arrest-
ing bone growth include reinforced Blount stapling and
percutancous epiphysiodesis using transphyscal screws
{(PETS).» Growth is arrested while the implant is in
place but is allowed to resume when the implant is re-
moved. This innovation allows for a limb-length dis-
crepancy to be corrected before a major deformity de-
velops. It is no longer necessary to perform the surgery
at the precise skefetal age at which there is just enough
remaining growth in the contralateral extremity to cor-
rect the limb-iength discrepancy. In the newer proce-
dures, accurate placement of the seaples i1s crucial (if
staples arc used}. In 50% of patients, a mechanical axis
deviation of 1 e¢m or more was found after staple epi-
physiodesis, compared with preoperative measure-
ments;* 89% of these mechanical axis deviations were
varus in nature. Most of the axis deviations occurred in
the proximal tibia, and particular caution therefore is
required when placing staples in this location.

Hemiepiphysiodesis

Angular deformities of the fower extremity or spine can
be treated using hemiepiphysiodesis. The lower extrem-
ity procedure is similar to epiphysiodesis, and it re-
quires an accurate assessment of remaining growth to
avoid undercorrection or overcorrection. Blount staples
and PETS have been successfully used to induce a re-
versible hemiepiphysiodesis. The recently developed
8-plate (cight-Plate; Orthofix, McKinney, TX) can be
used to create guided growth.’” This implant is similar
to a staple except that the screws toggle in the holes in
the plate, using a tension band concept to move the ful-
crum of asymmetric growth to the bone surface {Figure
2). The technique slows growth on one side of the bone
while allowing normal growth on the opposite side to
correct a deformity such as genu varum. A slight over-
correction is recommended because some rebound
growth stimulation has been reported after the removal
of a guided-growth implant.” If too much dissection
is used to place the implant, growth arrest is a possi-
ble complication. Therefore, a careful approach is
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AP radiograph showing 7.3-mm transphyseal
screws crossing the proximal tibial growth plate
of a 13-year-old boy 1o ¢reate a percutaneous
epiphysiodesis {the PETS technique).

recommended, with limited dissection during implant
insertion.

The PETS Technique

The PETS technique involves placing 7.3-mm cannu-
lated, threaded screws across the growth plate to tether
growth. A screw may be placed on one side to function
as a hemiepiphysiodesis for correcting an angular de-
formity, or screws may be placed on both sides to func-
tion as an cpiphysiodesis for correcting a limb-length
discrepancy {Figure 3).% The advantages of the mini-
mally invasive PETS technique include percutancous
screw placement through small incisions; a minimal
risk of screw dislodgement; reversible growth arrest;
and the use of reverse-cutting threads, which permit
easy screw removal, if necessary. Percutancous hemiepi-
physiodesis using the PETS technigue was found to be
simple, fast, and reproducible, with a low morbidity
rate and rapid rehabilitation.”® The screws can cause
pain if they are left protruding, particularly in the prox-
imal medial tibia, where the screw can irritate the pes
anserinus tendons. The PETS technique is designied to
arrest growth, and it will fail if there is insufficient re-
maining growth to achieve the desired effect. In one
study, complete angular correction occurred early in 13
growth plates of 6 patients who had significant remain-
ing growth; growth resumed in all growth plates when
the screws were removed.??

The 8-Plate Technique

The 8-plate is a tension band plate construct designed
to allow guided growth in deformity correction.’” The
cannulated screw-plate device was designed to decrease
the frequency of staples backing out of the bone, par-
ticularly in young children, The 8-plate is positioned on
the cortex of the bone, moving the fulcrum of correc-

AP radiograph showing 8-plates in the distal me-
dial femur and proximal medial tibia, as used to
create a hemiepiphysiodesis for correcting genu
valgum by guided growth in & 12-year-old girl.
Although the screws are diverging with growth
(arrow), no growth is allowed at the medial
cortices,

tion to the side of the bone, to allow more rapid correc-
tion of angular deformities (Figure 2}. The toggling of
the screws allows most of the growth plate to grow
normally while preventing growtly directly under the
8-plate.

Breakage of the titanium screws was reported in
large patients treated with the 8-plate, and the study
authors concluded that staple hemiepiphysiodesis is as
effective with respect to rates of correction and compli-
cations as the 8-plate for guided correction of angular
deformity.*®

Surgical planning for any type of guided growth pro-
cedure to correct skeletal deformity must simultane-
ously address the postoperative asymmetric growth and
the amount of growth remaining. If the surgery is per-
formed too early with respect to remaining growth, an
overcorrection may develop; this can be rectified by re-
moving the implant if the hemiepiphysiodesis or guided
growth procedure is reversible. If the surgery is per-
formed too late, an undercorrection or failure may de-
velop; this cannot easily be reversed. Lateral hemicpi-
physiodesis was reported to be unsuccessful in 66% of
patients with adolescent tibia vara who were at least 10
years of age at the time of surgery; 94% of the patients
had a body mass index above the 95th percentile.*! The
high failure rate was associated with patient age of 14
years or older, severe tibia vara, and patient obesity,
which contributed to the Hueter-Volkmann effect of de-
creased growth on the compression side of the physis.
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Section 2: Basic Science

There is tremendous potential for developing less inva-
sive surgical techniques to modulate growth and cor-
rect skeletal deformities, following basic science princi-
ples. In the future, an understanding of the biochemical
feedback mechanisms involved in growth will aliow the
development of nonsurgical techniques ro modulate
growth and correct skeletal deformities. Novel tech-
niques will be extremely valuabie for the fusionless
treatment of spine deformities, but care must be taken
to responsibly develop and apply these technigues.

The authors thank Keith M. Bagnall, PhD for his con-
structive critique of the contents of this chapter and
Paul J. Zimakas, MD for his contribution to the hor-
monal regulation of longitudinal growth.
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PA radiograph showing the use of nitino! shape-
memory staples in a 12-year-old girl with ado- [
lescent idiopathic scoliosis. A convex vertebral 1
hemiepiphysicdesis was created to correct the i
scoliosis by growth modulation. {Courtesy of
John T, Braun, MD, Burlington, VT)

Hemiepiphysiodesis

A combined anterior and posterior hemiepiphysiodesis
of the spine has been successful in rreating children
with congenital scoliosis caused by a hemivertebra or
an unsegmented bar. This procedure allows for gradual
correction of the scoliosis with growth. Fusionless in-
strumentation systems using a growing rod or vertical
expandable prosthetic titanium rib (VEPTR) have been
developed for treating congenital scoliosis. 1244

Vertebral Stapling

Vertebral stapling is designed to span the disk and
growth plates of two adjacent vertebrae to tether
growth on the convex side of a scoliosis deformity, This
technique was used as a mode] of spine hemiepiphysi-
odesis in creating a thoracic scoliosis in pigs; the staple
was supplemented by two screws to preciude staple dis-
lodging.** The height of the zone of hypertrophy, the
chondrocyte cell height, and the cell width were found
to be decreased on the stapled side compared with ei-
ther the contralateral side or control vertebrae.

In principle, the process of convex tethering of
growth to allow gradual correction of a scoliosis sec-
ondary to growth on the concave side appears to be
sound. Early experience with vertebral stapling was dis-
appointing, however. There was limited correction be-

cause the patients had severe scoliosis and little remain-
ing growth, Staples dislodged because they spanned the
disk spaces; investigators speculated that the forces
generated by the staples might be absorbed by the flex-
ible disks, thus minimizing the forces across the growth
plates, as observed in a porcine model of spine sta-
pling.*

A staple constructed of nitinol, which is a shape-
memory alloy, was designed to prevent vertebral staple
dislodgement. The prongs of the nitinol staple are a
standard straight shape when cool, to allow easy inser-
tion. At body temperature, the prongs clamp down into
the bone in a C-shape to prevent staple dislodgement
{Figure 4). In an uncontrolled case series, curve pro-
gression of more than 10° was reported in 18% of
curves greater than 30° and 0% of curves smaller than
307 after nitinol vertebral stapling.*® Thoracoscopic in-
sertion is recommended for nitinol staples. The role of
vertebral stapling has not been determined, and no
intermediate- or long-term results are available, This
procedure currently is recommended only for a low-
grade scoliosis if the alternative is observation, bracing,
or casting. The device has not been approved by the US
Food and Drug Administration for this use.

Anterolateral Vertebral Tethering

A novel fusionless treatment method for scoliosis at-
tempts to modulate growth by tethering the anterolat-
eral aspect of the spine.”” An anterolateral tether was
created in 12 minipigs by placing four staple-screws
connected by a polyethyiene tether over the anterolat-
eral aspect of four consecutive thoracic vertebrae. After
12 months, radiographs showed an average scoliosis of
30°, with associated vertebral wedging in ali four verte-
brae. This fusionless procedure can be performed tho-
racoscopically.

A recent case report described an intriguing prelimi-
nary outcome of treatment for a boy with juvenile idio-
pathic scoliosis, whose right thoracic curve from Té to
T12 had progressed from 25° to 40° in 3 years.® He
was treated with a minithoracotomy, and vertebral
body screws were placed at each level. A polypropylenc
tether 4.5 mm in diameter was secured into the screw
heads to create an anterior tether withour fusion. The
postoperative curve was 25°% 4 years later, the curve
was 6°,

Limitations of Growth-Tethering Techniques

A portential limitation of the use of growth modulation
procedures involving vertebral staples, nitinol staples,
or anterolateral flexible tethering is the limited remain-
ing spine growth in a patient with progressive adoles-
cent idiopathic scoliosis. The ideal time for a growth-
tethering procedure is 1 to 2 years before peak growth
velocity, the onset of menses, and closure of the triradi-
ate cartifage. However, most patients have a small
curve at this age, and the clinician cannot be certain
whether the scoliosis will continue to be mild or will
progress to a large curve,
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