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Background: Postoperative resynostosis is a common clinical finding. It has
been suggested that an overexpression of transforming growth factor (TGF)-�2
may be related to craniosynostosis and may contribute to postoperative resyn-
ostosis. Interference with TGF-�2 function with the use of neutralizing anti-
bodies may inhibit resynostosis. The present study was designed to test this
hypothesis.
Methods: New Zealand White rabbits with bilateral coronal suture synostosis were
used as suturectomy controls (group 1, n � 9) or given suturectomy with nonspe-
cific, control immunoglobulin G antibody (group 2, n � 9) or suturectomy with
anti-TGF-�2 antibody (group 3, n � 11). At 10 days of age, a 3 � 15-mm coronal
suturectomy was performed. The sites in groups 2 and 3 were immediately filled with
0.1 cc of a slowly resorbing collagen gel mixed with either immunoglobulin G (100
�g per suture) or anti-TGF-�2 (100 �g per suture). Three-dimensional computed
tomography scan reconstructions of the defects were obtained at 10, 25, 42, and 84
days of age, and the sutures were harvested for histomorphometric analysis.
Results: Computed tomography scan data revealed that the suturectomy sites
treated with anti-TGF-�2 showed significantly (p � 0.05) greater areas through 84
days of age compared with controls. Histomorphometry also showed that suturec-
tomy sites treated with anti-TGF-�2 had patent suturectomy sites and more fibrous
tissue in the defects compared with sites in control rabbits and had significantly (p �
0.001) less new bone area (by approximately 215 percent) in the suturectomy site.
Conclusions: These data support the initial hypothesis that interference with
TGF-�2 function inhibited postoperative resynostosis in this rabbit model. They also
suggest that this biologically based therapy may be a potential surgical adjunct to
retard postoperative resynostosis in infants with craniosynostosis. (Plast. Reconstr.
Surg. 119: 1200, 2007.)

Craniosynostosis is a pathological condition
defined as the premature fusion of the
sutures of the skull (premature relative to

the cessation of brain growth by approximately 6
years of age).1 The birth prevalence of cranio-
synostosis is estimated at 300 to 500 per

1,000,000 live births.2 Premature suture fusion is
associated with secondary deformities in the
cranial vault, cranial base, and midface.2–7

Such skeletal deformities often result in signif-
icantly elevated intracranial pressure,8–16 altered
intracranial volume,12,14,17,18 and dilation of the
subarachnoid spaces,19,20 which may result in op-
tic nerve compression, papilledema, and, if left
uncorrected, optic atrophy, blindness,21 cogni-
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tive disabilities, and mental retardation.8,12,22–25

Such severe craniofacial, ocular, and neural ab-
normalities can lead to extensive, costly, and
often recurrent clinical and surgical manage-
ment problems.24,26–34

The goals of current therapy and surgical
management for craniosynostosis are (1) to pro-
vide adequate intracranial volume to allow for
normal growth and development, (2) to reestab-
lish normal intracranial fluid pressure dynamics,
and (3) to correct the progressive cosmetic skel-
etal deformity.24,26–34 The timing and sequence
of these procedures will vary according to the
number of affected sutures, the severity of the
secondary deformities, and the functional and
psychological needs of the patient. Whereas
surgical therapies have been successful in
achieving these goals, the suture frequently
resynostoses,32,35–41 especially in cases with simple
suturectomies or linear craniectomies.35,41 Pan-
craniosynostosis has even been reported
following surgical correction for single-suture
synostosis.42 This rapid synostosis can increase
intracranial pressure and further restrict the
growing brain and cranial base.11,16,43 These ma-
jor complications can require additional surgical
procedures to correct. Reoperation rates for
these procedures have been reported that range
from 6 percent to 27 percent.24,30,32–34,40,44–46 Such
additional operations increase patient morbidity
and mortality rates.

Although rapid advances have been made in
identifying genetic mutations responsible for
craniosynostosis,47–51 the pathogenesis of simple,
nonsyndromic craniosynostosis appears to be mul-
tifactorial and is not completely understoond.47–51

Recent research has shown that normal suture
maintenance and eventual fusion require soluble,
heparin-binding growth factors secreted by dura
mater.35,51–57 One such group of local growth
factors that control osteogenic processes in cra-
nial sutures are the transforming growth factor
(TGF)-� isoforms (TGF-�1, TGF-�2, and
TGF-�3).35,51–70 The TGF-�s are potent growth
regulatory molecules that influence craniofacial
development in early embryonic stages and in
subsequent stages of cell differentiation. The ac-
tivated isoforms are particularly important in su-
ture biology, since they mediate proliferation and
differentiation of osteoblastic suture cells and af-
fect fusion in vitro and in vivo.35,51–60,62–67,71 Recently
it has been shown that mutations in TGF-� recep-
tors 1 and 2 can cause craniosynostosis58 and that
abnormal expression patterns of these growth
factors (especially an overexpression of TGF-�2)

were noted in craniosynostotic infants60,61 and
rabbits.51,64,65 Such abnormal expression patterns
are thought to contribute to premature suture
fusion.35,51,52,54,59,60,62–65,72 Experimental manipula-
tions of these isoforms in normal rodent sutures
have shown that an inhibition of all TGF-� iso-
forms using a dominant negative TGF-� receptor
delayed the fusion of the mouse posterior frontal
suture in vitro.66,70 It was also shown that inhibi-
tion of TGF-�2 using neutralizing antibodies res-
cued normally fusing rodent sutures from
obliteration.59,61,67

Recent advances in our understanding of the
molecular events occurring during normal su-
ture fusion and craniosynostosis,4,35,51,57 com-
bined with novel techniques developed to engi-
neer craniofacial tissues,51,73–75 may allow us to
design targeted and complementary molecular
and gene-based therapies to treat or reverse
prematurely fusing sutures and decrease com-
plications inherent in high-risk surgical
procedures.24,30,32–34,40,44–46 The present study was
designed to test the hypothesis that inhibition of
TGF-�2 function through the use of neutralizing
antibodies inhibits postoperative resynostosis fol-
lowing suturectomy in a rabbit model of human,
nonsyndromic craniosynostosis.

MATERIALS AND METHODS

Sample
Twenty-nine, 10-day-old New Zealand White

rabbits (Oryctolagus cuniculus) with bilateral coro-
nal suture synostosis were used in the present
study (Fig. 1). All rabbits were born in our breed-
ing colony of congenitally synostosed rabbits at the
University of Pittsburgh’s Department of Anthro-
pology vivarium. Morphologically, the synostosed
rabbits from this colony are very similar to human
infants with congenital bicoronal craniosynosto-
sis. Phenotypically, these rabbits show bony bridg-
ing at the coronal sutures as early as 21 days’
gestation, obliterated coronal sutures at birth,
coronal ridging and brachycephalic cranial vaults
by 10 days of age, and secondary changes in the
cranial base, brain, and intracranial volume by 42
days of age (Fig. 1).6,10,76

The rabbits were randomly assigned to three
groups as follows: group 1, suturectomy with no
treatment, which served as the surgical control
group (n � 9); group 2, suturectomy with non-
specific, control immunoglobulin (Ig) G antibody
in a slow-release collagen vehicle, which served as
the antibody control group (n � 9); and (3) su-
turectomy with anti-TGF-�2 antibody in a slow-
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release collagen vehicle, which served as the treat-
ment group (n � 11). This study was reviewed and
approved by the University of Pittsburgh’s Insti-
tutional Animal Care and Use Committee.

Surgery
At 10 days of age, all rabbits were anesthetized

with an intramuscular injection (0.59 ml/kg) of
Ketaset (ketamine hydrochloride; Aveco Co., Inc.,
Fort Dodge, Iowa) and Rompun (xylazine; Mobay
Corp., Shawnee, Kans.). The scalps were then
shaved, depilated, and prepared for surgery. The
calvaria was exposed using a midline scalp inci-
sion, and the skin was reflected laterally to the
supraorbital borders. Holes were then made in the
periosteum and bone using a fine dental bur (0.5
mm) and packed with silver dental amalgam to
serve as radio-opaque markers. The holes were
placed in quadrants, 2 mm anterior and posterior
to the coronal sutures and 2 mm lateral to the
sagittal and interfrontal sutures (Fig. 2, above, left).
All animals received postoperative intramuscular
injections (2.5 mg/kg) of Baytril (Bayer Corp.,
Shawnee Mission, Kans.) as a prophylaxis for in-
fection. After marker implantation, a 3 � 15-mm
strip of frontal and parietal bones, including the
entire length and width of the synostosed coronal
suture, was extirpated and removed in one piece
from pterion to pterion (Fig. 2, above, right) using
a cutting burr. Care was taken to preserve the
meningeal (fibrous) layer of the dura, the regional

vascularity, and the amalgam markers in the fron-
tal and parietal bones.

In rabbits in the suturectomy control group,
only the suturectomy was performed. The perios-
teal and skin incisions were then closed with 4-0
resorbable Vicryl suture (Ethicon, Somerville,
N.J.). In rabbits in the other two groups, the su-
turectomy sites were immediately filled with 0.1 cc
of a slow-resorbing collagen gel mixed with either
IgG antibody (100 �g per suture) or a TGF-�2–
neutralizing antibody (100 �g per suture). The
collagen vehicle was a highly purified, slow-resorb-
ing (�63 days in rabbit perisutural tissues50,56),
bovine collagen type I gel and was provided by
NeuColl, Inc., (Campbell, Calif.). The gel is ap-
proved by the U.S. Food and Drug Administration
for human subdermal application and supplied at
a density of 65 mg/ml, which is much higher than
the density of other collagen gels.51,59,77 The gel is
diluted to 1:1 with the antibody solution. The IgG
and anti-TGF-�2 antibodies were commercially
available (R&D Systems, Minneapolis, Minn.).
The antibodies were mixed, under sterile condi-
tions, with 100-�l aliquots of the collagen gel to a
final concentration of 100 �g per gel aliquot in a
1-ml syringe. The final concentration of the anti-
body in the collagen gel was 100 �g/100 ml (32
mg/ml), with 100 �g per suture. This volume
assured that the entire suturectomy site was filled
with vehicle and antibody (Fig. 2, below, left and
right). After injections, the periosteum and skin
incisions were closed with 4-0 resorbable Vicryl

Fig. 1. Cleaned and dried skulls from 42-day-old wild-type (left) and bi-
coronally synostosed (right) rabbits. Note the fused coronal sutures and
brachycephaly of the synostosed skull.
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suture (Ethicon). Optimal anti-TGF-�2 antibody
dosage and biodegradation kinetics of the col-
lagen vehicle were determined in vitro and
presented elsewhere by one of our coauthors
(A.M.M.).51,59,77

Body Weights and Computed Tomography
Body weight and three-dimensional head com-

puted tomographic scan data of the suturectomy
sites were obtained from all rabbits at 10, 25, 42,
and 84 days of age, an age at which approximately
80 to 90 percent of total calvarial and brain growth
is completed in the rabbit.6,76,78

Serial body weights were taken with a Tanita
digital scale (NLS Animal Health, Baltimore,
Md.). Standardized, serial three-dimensional com-
puted tomographic scans17,18 were taken with the
rabbits tranquilized with an intramuscular injec-
tion (0.40 ml/kg) of a solution of 91% Ketaset
(ketamine hydrochloride, 100 mg/ml) and 9%
Rompun (xylazine, 20 mg/ml). The rabbits were
all scanned in the sagittal plane using a GE

HiSpeed Advantage Scanner with identical set-
tings (DFOV, 24.0 to 18.0 cm; mA, 120 to 150; kV,
120) at a thickness of 1 mm. The suturectomy site
was traced manually and reconstructed, and the
remaining defect area was calculated using Alle-
gro Software (ISG Technologies, Atlanta, Ga.)
on a Sun Workstation.17,76 All measurements
were taken blind as to rabbit group identity, and
intraobserver repeated measurement reliability
was calculated (r � 0.941; p � 0.01) on a randomly
drawn sample (20 percent) of rabbits.

Histomorphometry
At 84 days of age (74 days postoperatively), the

rabbits were euthanized with an intravenous (40
mg/kg) injection of pentobarbital (Nembutal, Ab-
bott Laboratories, North Chicago, Ill.), and the
suturectomy sites and adjacent parietal and fron-
tal bones were harvested for histological exami-
nation (specimens were approximately 6 mm long
and 15 mm wide). The specimens were fixed in
10% buffered neutral formalin, demineralized in

Fig. 2. Surgical sequence showing the coronal suturectomy site (above, left), the excised coronal suture (above, right), and the
placement of the collagen vehicle into the suturectomy site (below, left and right).
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a formic acid solution (Calex II, Fisher Scientific,
Chicago, Il.), dehydrated in a series of alcohol
washes, and embedded in paraffin. The specimens
were sectioned in the sagittal plane in the middle
of both the right and left coronal sutures at a
thickness of 5 to 7 �m. The middle of each coronal
suture was chosen for analysis because it is the
focal point of synostosis in these rabbits. The syn-
ostosis then normally progresses in both medial
and lateral directions.76,79 Thus this area is con-
sidered the most osteogenic and should be most
affected by molecular manipulation. For each
right and left side of the suturectomy site, three
sections were stained at 30-�m intervals with he-
matoxylin and eosin for conventional, qualitative,
bright-field light microscopy and histomorpho-
metric analysis.

Histomorphometry of the area of total new
bone in the suturectomy site was performed using
a Leica MZ12 Stereo Zoom microscope and North-
ern Eclipse (version 5.0) Image Analysis Software
(Empix Imaging, Inc., New York, N.Y.). The orig-
inal suturectomy site margins were identified, and
the boundaries of only the regenerated, new bone
in the suturectomy site were traced manually from
the digital images and the area calculated. If there
were multiple osseous islands in the suturectomy
site, all the bony islands were measured and the
sum of the areas was used. All measurements were
taken blindly with regard to group identity, and a
random sample of 20 percent of the specimens was
measured twice by the same individual. Intrarater
reliability was r � 0.999 (p � 0.001).

Statistical Analysis
Means and standard errors of the mean for

body weight and suturectomy site area from three-
dimensional computed tomographic scans at each
age were calculated and compared among ages
and groups using a two-way analysis of variance
with repeated measures. Mean total new bone area
from the histological specimens at 84 days was
calculated and compared among groups using a
one-way analysis of variance. Significant inter-
group differences were assessed using the least
significant differences multiple comparison test.
All data were analyzed using SPSS 12.0 for Win-
dows (SPSS, Inc., Chicago, Ill.). Differences were
considered significant if the p value was less than
0.05.

RESULTS
Somatic Growth and Coronal Suturectomy
Site Patency

Mean body weight in all three groups of rab-
bits increased similarly from approximately 0.2 kg
at 10 days of age to 1.7 kg at 84 days of age (Fig.
3). A significant age (F � 198.18; p � 0.001) main
effect was noted, while no significant group (F �
0.47; not significant) or group � age interaction
effects (F � 0.45; not significant) were noted.

Serial three-dimensional computed tomo-
graphic reconstructions (Figs. 4 and 5) showed
very rapid reossification of the coronal suturec-
tomy site in the suturectomy control group and, to
a lesser extent, in the IgG control group compared
with the anti-TGF-�2 group by 42 days of age (32

Fig. 3. Mean body weight (�SE). No differences were noted among
groups.
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days postoperatively). The sites showed extensive
new bone formation at the margins of the suturec-
tomy that eventually resynostosed in the control
groups by 84 days of age (74 days postoperatively)
(Figs. 4 and 5). In contrast, rabbits receiving post-
operative anti-TGF-�2 antibody therapy showed
some resynostosis and bony bridging of the su-
turectomy site by 84 days of age, but most rabbits
still had sizeable, patent defects at this time. The

three-dimensional computed tomographic scan
reconstructions also showed that the intracranial
contents were longer in the anteroposterior di-
mension and less superiorly displaced in the anti-
TGF-�2 antibody group compared with the both
the suturectomy and IgG control groups by 84 days
of age (Fig. 5).

The mean suturectomy site area in both the
suturectomy and IgG control groups decreased

Fig. 4. Superior three-dimensional computed tomographic scan reconstructions of the suturectomy sites from the three groups
under study at 10 (above), 42 (center), and 84 (below) days of age. Note the resynostosis in the suturectomy and IgG control groups
compared with that in the anti-TGF-�2 antibody–treated group.
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rapidly through 84 days of age, leaving only ap-
proximately 25 percent of the defect patent by this
time, as measured from the three-dimensional
computed tomographic scan reconstructions (Fig.
6). IgG control rabbits showed slightly slower re-
ossification than the suturectomy control rabbits
did at 25 and 42 days of age (Fig. 6). In contrast,
the suturectomy site in rabbits in the anti-TGF-�2
group showed minimal reossification in the first 2
weeks postoperatively, and approximately 70 per-
cent of the defect was still patent by 84 days of age,
paralleling the reossification pattern in both the
suturectomy and IgG control groups through 84
days of age (Fig. 6). Two-way analysis of variance
revealed significant group (F � 22.68; p � 0.001)
and age (F � 37.07; p � 0.001) main effects. No

significant group � age interaction (F � 0.14; NS)
was noted. Multiple comparison tests revealed that
at all ages, mean suturectomy area was signifi-
cantly (p � 0.05) greater in the anti-TGF-�2 group
compared with the other two control groups. No
significant mean differences (p � 0.05) were
noted between the two control groups at any age
(Fig. 6).

Suturectomy Site Resynostosis and
Histomorphometry

At 84 days of age, suturectomy and IgG-treated
control suturectomy sites had extensive reossifi-
cation and resynostosis in the suturectomy sites
(Fig. 7), as seen with bright-field light microscopy.

Fig. 5. Lateral three-dimensional computed tomographic scan reconstructions of the suturectomy sites from the three groups
under study at 84 days of age. Note the resynostosis and intracranial growth restrictions in the suturectomy and IgG control groups
compared with those in the anti-TGF-�2 antibody–treated group.

Fig. 6. Reossification of the coronal suturectomy site (mean � SE area)
by group and age. Note the delayed healing in the anti-TGF-�2 antibody–
treated group compared with the suturectomy and IgG control groups.
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The new bone was seen to extend both anteriorly
from the parietal bones and posteriorly from the
frontal bones and form extensive bridging through-
out the original suturectomy site. The bone was
similar in morphology to the bone in the original
suturectomy site margins, and it was extensively
thickened on the endocranial (dural) surface,
with increased staining of osteoblasts along the
surface and osteocytes in the lacunae. Most of the
bone in the suturectomy site was fused in the mid-
dle of the defect and showed no evidence of a
coronal suture (patent or obliterated). In con-
trast, suturectomy sites treated with anti-TGF-�2
antibody showed much less reossification and re-
synostosis than controls did. The suturectomy site
margins were thinner, had more tapered edges,
and showed extensive fibrous tissue formation in
the original suturectomy sites compared with con-
trols (Fig. 7).

Quantitative evaluation of the suturectomy
sites showed that suturectomy and IgG-treated
control groups had an average of 2.8 mm2 of total
new bone in the suturectomy site compared with
an average of 0.7 mm2 of new bone in the suturec-
tomy sites of rabbits treated with anti-TGF-�2 an-
tibody (Fig. 8), an increase of approximately 215

percent more new bone in the control rabbits
compared with rabbits treated anti-TGF-�2 anti-
body. One-way analysis of variance revealed that
rabbits treated with anti-TGF-�2 antibody therapy

Fig. 7. Diagram showing suturectomy site harvesting, orientation of histological sectioning in the
sagittal plane, and tissue specimens of the suturectomy sites from the three groups at 84 days of age.
Note the extensive reossification of the suturectomy sites in the suturectomy and IgG control groups
compared with the anti-TGF-�2 antibody–treated group (original magnification, 25�). PB, parietal
bone; FB, frontal bone.

Fig. 8. New bone at suturectomy margins (mean � SE area) by
group. Note the extensive new bone found in the suturectomy
sites in the suturectomy and IgG control groups compared with
the anti-TGF-�2 antibody–treated group at 84 days of age.
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had significantly less (F � 15.16; p � 0.001) new
bone in the suturectomy site than the other two
control groups did. No significant mean differ-
ences (p � 0.05) in new bone formation were
noted between the two control groups (Fig. 8).

DISCUSSION
The present study demonstrates that a course

of treatment with TGF-�2–neutralizing antibodies
in a slow-release collagen vehicle following surgi-
cal release of a prematurely fused coronal suture
results in significantly reduced reossification of
the suturectomy site compared with controls in a
craniosynostotic rabbit model. These data are con-
sistent with in vitro data showing inhibition of
normal rodent suture fusion by interfering with
TGF-�2 function.35,51,57,59,67 However, before the
end of the rabbit neurocranial growth phase (84
days of age), resynostosis was still seen in the anti-
TGF-�2 antibody–treated group, suggesting that
the effect of this antibody therapy delivered via a
resorbable collagen vehicle may only be transitory.

Although it is still unclear how the different
TGF-� isoforms function to regulate suture pa-
tency and fusion, it has been shown that each
isoform binds to and signals through the same set
of receptors.51–53,57,68–70 Blocking TGF-�2–binding
activity and function using neutralizing antibodies
may allow TGF-�3 to bind to its receptor without
competition, thus obviating the antagonistic ef-
fects of these two isoforms in regulating postop-
erative resynostosis.35,51,57,63,66–69 TGF-�s may also
regulate postoperative resynostosis in much the
same way that they regulate suture fusion, by con-
trolling the number of cells in the suture and
surrounding bone fronts by regulating cell prolif-
eration and apoptosis.51,57,67,69 Postoperative resyn-
ostosis in rabbits from this colony may be a result
of increased cell proliferation rates from TGF-�2
overexpression, as evidenced by the significantly
increased number of osteoblasts and osteocytes
and new bone area seen in the suturectomy mar-
gins in control rabbits compared with anti-TGF-�2
antibody–treated rabbits in this study. These find-
ings are supported by data from Sanford et al.,80

who show calvarial bone dysgenesis and sutural
agenesis in TGF-�2 knockout mice. Since all
three of the TGF-� isoforms are present in the
perisutural tissues, it is likely that there is a
complex interplay among them and their recep-
tors, other growth factors (e.g., fibroblast growth
factors and bone morphogenetic proteins),
and various developmental genes (e.g., MSX2,
TWIST, and RUNX2) in regulating suture pa-

tency, which may also be involved in postoper-
ative resynostosis.4,35,49 –52,57,63,65

The goals of current therapy and surgical man-
agement of craniosynostosis are to provide ade-
quate intracranial volume to allow for normal
brain growth and development,8,12,17–20,22–25 to re-
establish normal intracranial fluid pressure
dynamics,8–16 and to correct the progressive cos-
metic skeletal deformity.2–7 The timing and se-
quence of these procedures will vary according to
the number of affected sutures, the severity of the
secondary deformities, and the functional and psy-
chological needs of the patient.24,26–35 Surgical
management typically involves the following: (1)
the surgical release of the synostosed suture, cra-
nial vault decompression, and upper orbital re-
shaping and advancement in infancy (approxi-
mately 3 to 12 months of age); (2) the surgical
correction of midfacial deformities in childhood
(approximately 4 to 12 years of age); and (3) or-
thognathic surgery to correct jaw discrepancies in
adolescence (approximately 14 to 18 years of
age).24,26–33 Although these surgical procedures
are successful in achieving the goals stated above,
the suturectomy site frequently reossifies (in 30
percent to100 percent of reported cases),32,35–41

and this occurs very rapidly (in some cases as early
as 6 months postoperatively), especially in spo-
radic or isolated cases in which simple suturecto-
mies or linear craniectomies have been used.35,36,41

Pancraniosynostosis has even been reported fol-
lowing surgical correction for single-suture
synostosis.42 This rapid resynostosis can increase
intracranial pressure, further restrict the growing
brain and cranial base, and alter craniofacial
growth.11,16,18,27,43,51

To overcome such reossification problems, a
number of different clinical strategies have been
utilized in the past.24,33,44,81,82 Initial attempts at
preventing previously released stenosed sutures
from closing again involved wrapping the intact
bony margins with a barrier. However, new bone
rapidly overgrew the barrier and reossified the
suturectomy site, and new suture formation was
never observed.44 In contrast, other clinical inves-
tigators have utilized techniques designed to
chemically damage the dura and reduce its osteo-
genic potential.44,83,84 The frequency of suturec-
tomy site patency increased with the use of these
techniques, but seizures and neurological prob-
lems were typically a consequence, probably due
to the toxic effects of the chemical adjuvants
used.24,44 Autotransplantation or allotransplanta-
tion of normal sutures into the suturectomy site to
replace missing growth sites has also been utilized,
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but rapid resynostosis of the transplanted suture
was also seen in both human infants41 and rabbits
with familial craniosynostosis.43 Another approach
has involved the extensive surgical intervention
and radical repositioning of the calvarial bones
performed in part to keep the margins of the
craniectomy sites from physically reapproximat-
ing and resynostosing.24,26–35,44,81 Although sutural
reossification is less of a problem with these ad-
vancement techniques, the rates for other com-
plications from these high-risk procedures range
from approximately 15 percent to 25 percent and
include osseous relapse and instability, severe in-
traoperative blood loss, convulsions, infections,
conjunctival chemosis/facial swelling, and soft-tis-
sue necrosis.24,29,32,34,40,44–46 The major complica-
tions can require additional surgical procedures
to correct (reoperation rates range from 6 percent
to 27 percent)45,46 and are more frequent in in-
fants with syndromic craniosynostosis,15 which in
turn increases patient morbidity and mortality
rates.

It was interesting to note that the suturectomy
site area in rabbits treated with anti-TGF-�2 anti-
body therapy remained stable from 10 to 25 days
of age (15 days postoperatively) and then showed
a reossification rate similar to that of the other two
control groups through 84 days of age. These data
suggest that the neutralizing antibodies were func-
tional for about 2 or 3 weeks postoperatively and
then were probably degraded during wound heal-
ing. Another explanation may be that the available
anti-TGF-�2 antibody may remain functional but
simply be overwhelmed by the proliferating osteo-
blasts and the overexpression and accumulation
of TGF-�2 in the suturectomy site. However, even
with this transient effect on resynostosis, the ther-
apeutic regimen still inhibited reossification by
approximately 50 percent in anti-TGF-�2 anti-
body–treated rabbits compared with controls. It
was also interesting to note that the IgG-treated
control group showed slightly less mean reossifi-
cation of the suturectomy site at 25 and 42 days of
age compared with the suturectomy controls, al-
though these differences were not statistically sig-
nificant. This is probably not an effect of the IgG
but rather due to the presence of the collagen
vehicle itself in the suturectomy site, which may
have had an osteoinhibitory effect during degra-
dation. A recent in vitro study77 has also shown that
the collagen vehicle alone had a short-term inhib-
itory effect on osteoblast cell number in culture.
Since the goal of the present study was to inhibit
postoperative resynostosis, this should not be
viewed as a confounding variable, although stud-

ies designed to facilitate osteogenesis using vari-
ous growth factors delivered by this collagen ve-
hicle should take this into consideration.

Although results from this rabbit model of
craniosynostosis are promising, there are a num-
ber of practical problems related to the human use
of these biologically based therapies. Brain growth
in humans is about 95 percent complete by 6 years
of age,1 compared with 84 days in rabbits. Thus,
sutures or surgical sites should theoretically re-
main patent for at least this long to allow unre-
stricted brain and neurocapsule growth in human
infants. Although there is controversy concerning
the timing of primary surgical release (3 to 12
months of age), and reossification in some cases
has been seen by 6 months postoperatively, these
biologically based therapies will require sustained
growth factor release for approximately 5 years to
inhibit resynostosis and provide a therapeutic ef-
fect clinically. However, in human infants, approx-
imately 60 percent of brain growth is finished by
the first year of life and 90 percent is finished by
the second year.1 Thus interference with resynos-
tosis might be more efficacious in the immediate
postoperative period during the first year and less
so in the second year and beyond. Given the
present technology for delivering growth factors,
antibodies, and genes,51,73–75 multiple dosing will
likely be required to deliver the requisite amounts.
Vehicles will also have to be designed to achieve
this prolonged delivery length in order for a bi-
ologically based therapy to be effective. With the
increased use of endoscopy in the treatment of
craniosynostosis,85 these procedures could be per-
formed more conservatively and be used to deliver
a molecular or gene-based therapy. Although cra-
niosynostosis is multifactorial and exhibits genetic
heterogeneity, hyperostosis and postoperative re-
synostosis are common clinical correlates of most
primary craniosynostosis.85 These findings suggest
that the same transcription and growth factors and
their receptors are involved in similar molecular
pathways leading to suture obliteration and
resynostosis.35,47–51 Thus, even though the genetic
mutation responsible for craniosynostosis in this
rabbit model has not been identified yet, data
obtained from this model suggest that postoper-
ative resynostosis probably utilizes one of a num-
ber of highly conserved signaling pathways. This
should make the design and development of other
biologically based therapies much easier, espe-
cially if the goal is to interrupt downstream sig-
naling and reduce osteogenesis at the surgical
site and not treat the primary genetic etiology
of craniosynsotosis.35,51
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These findings suggest that much more re-
search is needed to improve the clinical and sur-
gical management and the eventual quality of life
for infants born with craniosynostotic defects. The
utility of developing biologically based therapies,
as an adjunct to earlier and less radical surgical
intervention strategies, is evident.51 This approach
should prevent postsurgical resynostosis, rees-
tablish the normal intracranial fluid pressure
dynamics, improve craniofacial and neurocap-
sular growth, and obviate multiple operations
for neonates with various synostotic conditions.

Mark P. Mooney, Ph.D.
Department of Oral Medicine and Pathology

347 Salk Hall
University of Pittsburgh

Pittsburgh, Pa. 15261
mpm4@pitt.edu

ACKNOWLEDGMENTS
This work was supported in part by grant DE13078

from the National Institutes of Health/National Insti-
tute of Dental and Craniofacial Research to the Center
for Craniofacial Development and Disorders, Johns Hop-
kins University, Baltimore, Maryland. The collagen ve-
hicle was provided by NeuColl Inc., Campbell, Califor-
nia. The authors thank the anonymous reviewers for their
helpful comments and criticisms of this article. The au-
thors also thank Drs. Eric J. Stelnicki and Jocelyn Shand
for their various contributions to this project.

DISCLOSURE
The collagen vehicle was provided free of charge by

NeuColl Inc., Campbell, California. None of the authors
have any commercial association with this company that
might pose or create a conflict of interest.

REFERENCES
1. Enlow, D. H. Facial Growth. Philadelphia: Saunders, 1990. Pp.

x, 562.
2. Cohen, M. M., Jr. Epidemiology of craniosynostosis. In M. M.

Cohen, Jr., and R. E. MacLean (Eds.), Craniosynostosis: Diag-
nosis, Evaluation, and Management. New York: Oxford Uni-
versity Press, 2000. Pp. 112–118.

3. Cohen, M. M., Jr. Sutural biology. In M. M. Cohen, Jr., and
R. E. MacLean (Eds.), Craniosynostosis: Diagnosis, Evaluation,
and Management. New York: Oxford University Press, 2000.
Pp. 11–23.

4. Cohen, M. M., Jr. Sutural pathology. In M. M. Cohen, Jr., and
R. E. MacLean (Eds.), Craniosynostosis: Diagnosis, Evaluation,
and Management. New York: Oxford University Press, 2000.
Pp. 95–99.

5. Babler, W. Relationship of altered cranial suture growth to
cranial base and midface. In J. A. Persing, M. A. Edgerton,
and J. A. Jane (Eds.), Scientific Foundations and Surgical Treat-
ment of Craniosynostosis. Baltimore: Williams & Wilkins, 1989.
Pp. 87–95.

6. Mooney, M. P., Losken, H. W., Siegel, M. I., et al. Develop-
ment of a strain of rabbits with congenital simple nonsyn-
dromic coronal suture synostosis. Part II: Somatic and cranio-
facial growth patterns. Cleft Palate Craniofac. J. 31: 8, 1994.

7. Richtsmeier, J. T. Cranial vault dysmorphology and growth
in craniosynostosis. In M. P. Mooney and M. I. Siegel (Eds.),
Understanding Craniofacial Anomalies: The Etiopathogenesis of
Craniosynostosis and Facial Clefting. New York: Wiley and Sons,
2002. Pp. 321–342.

8. Renier, D. Intracranial pressure in craniosynostosis: Pre- and
postoperative recordings-correlation with functional results.
In J. A. Persing, M. A. Edgerton, and J. A. Jane (Eds.), Scientific
Foundations and Surgical Treatment of Craniosynostosis. Balti-
more: Williams & Wilkins, 1989.

9. Campbell, J. W., Albright, A. L., Losken, H. W., and Biglan,
A. W. Intracranial hypertension after cranial vault decom-
pression for craniosynostosis. Pediatr. Neurosurg. 22: 270,
1995.

10. Mooney, M. P., Siegel, M. I., Burrows, A. M., et al. A rabbit
model of human familial, nonsyndromic unicoronal suture
synostosis: II. Intracranial contents, intracranial volume, and
intracranial pressure. Childs Nerv. Syst. 14: 247, 1998.

11. Mooney, M. P., Fellows-Mayle, W., Losken, H. W., et al. In-
creased intracranial pressure after coronal suturectomy in
craniosynostotic rabbits. J. Craniofac. Surg. 10: 104, 1999.

12. Camfield, P. R., Camfield, C. S., and Cohen, M. M., Jr. Neu-
rological aspects of craniosynostosis. In M. M. Cohen, Jr., and
R. E. MacLean (Eds.), Craniosynostosis: Diagnosis, Evaluation,
and Management. New York: Oxford University Press, 2000.
Pp. 177–183.

13. Fellows-Mayle, W. K., Mitchell, R., Losken, H. W., Bradley, J.,
Siegel, M. I., and Mooney, M. P. Intracranial pressure
changes in craniosynostotic rabbits. Plast. Reconstr. Surg. 113:
557, 2004.

14. Gault, D. T., Renier, D., Marchac, D., and Jones, B. M. In-
tracranial pressure and intracranial volume in children with
craniosynostosis. Plast. Reconstr. Surg. 90: 377, 1992.

15. Pollack, I. F., Losken, H. W., and Biglan, A. W. Incidence of
increased intracranial pressure after early surgical treatment
of syndromic craniosynostosis. Pediatr. Neurosurg. 24: 202,
1996.

16. Hudgins, R. J., Cohen, S. R., Burstein, F. D., and Boydston,
W. R. Multiple suture synostosis and increased intracranial
pressure following repair of single suture, nonsyndromal
craniosynostosis. Cleft Palate Craniofac. J. 35: 167, 1998.

17. Mooney, M. P., Burrows, A. M., Wigginton, W., et al. Intra-
cranial volume in craniosynostotic rabbits. J. Craniofac. Surg.
9: 234, 1998.

18. Cooper, G. M., Singhal, V. K., Barbano, T., et al. Intracranial
volume changes in craniosynostotic rabbits: Effects of age
and surgical correction. Plast. Reconstr. Surg. 117: 1886, 2006.

19. Chadduck, W. M., Chadduck, J. B., and Boop, F. A. The
subarachnoid spaces in craniosynostosis. Neurosurgery 30:
867, 1992.

20. Fellows-Mayle, W., Hitchens, T. K., Simplaceanu, E., et al.
Age-related changes in lateral ventricle morphology in cra-
niosynostotic rabbits using magnetic resonance imaging.
Childs Nerv. Syst. 21: 385, 2005.

21. Miller, M. T. Ocular findings in craniosynostosis. In M. M.
Cohen, Jr., and R. E. MacLean (Eds.), Craniosynostosis: Diag-
nosis, Evaluation, and Management. New York: Oxford Uni-
versity Press, 2000. Pp. 184–196.

22. Kapp-Simon, K. A., Figueroa, A., Jocher, C. A., and Schafer,
M. Longitudinal assessment of mental development in in-

Plastic and Reconstructive Surgery • April 1, 2007

1210



fants with nonsyndromic craniosynostosis with and without
cranial release and reconstruction. Plast. Reconstr. Surg. 92:
831; discussion 840, 1993.

23. Arnaud, E., Renier, D., and Marchac, D. Prognosis for mental
function in scaphocephaly. J. Neurosurg. 83: 476, 1995.

24. Persing, J. A., and Jane, J. A. Neurosurgical treatment of
craniosynostosis. In M. M. Cohen, Jr., and R. E. MacLean
(Eds.), Craniosynostosis: Diagnosis, Evaluation, and Manage-
ment. New York: Oxford University Press, 2000. Pp. 209–227.

25. Mitchell, R. L., Barbano, T. E., Losken, H. W., Siegel, M. I.,
and Mooney, M. P. Early neuromotor behavior in cranio-
synostotic rabbits. Cleft Palate Craniofac. J. 40: 486, 2003.

26. Marchac, D., and Renier, D. Craniofacial Surgery for Cranio-
synostosis. Boston: Little, Brown, 1982.

27. Marsh, J. L., and Vannier, M. W. Comprehensive Care for Cranio-
facial Deformities. St. Louis, Mo.: Mosby, 1985.

28. Turvey, T. A., Vig, K. W. L., and Fonseca, R. L. Facial Clefts and
Craniosynostosis: Principles and Management. Philadelphia:
Saunders, 1996.

29. Posnick, J. C. Craniofacial and Maxillofacial Surgery in Children
and Young Adults: Volume 1 and Volume 2. Philadelphia: Saun-
ders, 2000.

30. Posnick, J. C. Craniosynostosis and the craniofacial dysostosis
syndromes: Current surgical management. In M. M. Cohen,
Jr., and R. E. MacLean (Eds.), Craniosynostosis: Diagnosis,
Evaluation, and Management. New York: Oxford University
Press, 2000. Pp. 269–291.

31. Tessier, P. Craniofacial surgery in syndromic craniosynosto-
sis. In M. M. Cohen, Jr., and R. E. MacLean (Eds.), Cranio-
synostosis: Diagnosis, Evaluation, and Management. New York:
Oxford University Press, 2000. Pp. 228–269.

32. Panchal, J., and Uttchin, V. Management of craniosynostosis.
Plast. Reconstr. Surg. 111: 2032; 2003.

33. Persing, J. A., Jane, J. A., and Edgerton, M. A. Surgical treat-
ment of craniosynostosis. In J. A. Persing, M. A. Edgerton,
and J. A. Jane (Eds.), Scientific Foundations and Surgical Treat-
ment of Craniosynostosis. Baltimore: Williams & Wilkins, 1989.
Pp. 87–95.

34. McCarthy, J. G., Glasberg, S. B., Cutting, C. B., et al. Twenty-
year experience with early surgery for craniosynostosis: II.
The craniofacial synostosis syndromes and pansynostosis–-
Results and unsolved problems. Plast. Reconstr. Surg. 96: 284;
discussion 296, 1995.

35. Warren, S. M., and Longaker, M. T. The pathogenesis of
craniosynostosis in the fetus. Yonsei Med. J. 42: 646, 2001.

36. Norwood, C. W., Alexander, E., Jr., Davis, C. H., Jr., and Kelly,
D. L., Jr. Recurrent and multiple suture closures after crani-
ectomy for craniosynostosis. J. Neurosurg. 41: 715, 1974.

37. Hassler, W., and Zentner, J. Radical osteoclastic craniectomy
in sagittal synostosis. Neurosurgery 27: 539, 1990.

38. Fatah, M. F., Ermis, I., Poole, M. D., and Shun-Shin, G. A.
Prevention of cranial reossification after surgical craniec-
tomy. J. Craniofac. Surg. 3: 170, 1992.

39. Drake, D. B., Persing, J. A., Berman, D. E., and Ogle, R. C.
Calvarial deformity regeneration following subtotal craniec-
tomy for craniosynostosis: A case report and theoretical im-
plications. J. Craniofac. Surg. 4: 85; discussion 90, 1993.

40. Kirkpatrick, W. N., Koshy, C. E., Waterhouse, N., Fauvel, N. J.,
Carr, R. J., and Peterson, D. C. Paediatric transcranial sur-
gery: A review of 114 consecutive procedures. Br. J. Plast. Surg.
55: 561, 2002.

41. Mommaerts, M. Y., Staels, P. F., and Casselman, J. W. The
faith of a coronal suture grafted onto midline synostosis
inducing dura and deprived from tensile stress. Cleft Palate
Craniofac. J. 38: 533, 2001.

42. Greene, C. S., Jr. Pancraniosynostosis after surgery for single
sutural craniosynostosis. Pediatr. Neurosurg. 29: 127, 1998.

43. Mooney, M. P., Burrows, A. M., Smith, T. D., et al. Correction
of coronal suture synostosis using suture and dura mater
allografts in rabbits with familial craniosynostosis. Cleft Palate
Craniofac. J. 38: 206, 2001.

44. Jane, J. A., and Persing, J. A. Neurosurgical treatment of
craniosynostosis. In M. M. Cohen, Jr. (Ed.), Craniosynostosis:
Diagnosis, Evaluation, and Management. New York: Raven,
1986. Pp. 249–320.

45. Moreira-Gonzalez, A., Jackson, I. T., Miyawaki, T., Barakat,
K., and DiNick, V. Clinical outcome in cranioplasty: Critical
review in long-term follow-up. J. Craniofac. Surg. 14: 144,
2003.

46. Williams, J. K., Cohen, S. R., Burstein, F. D., Hudgins, R.,
Boydston, W., and Simms, C. A longitudinal, statistical study
of reoperation rates in craniosynostosis. Plast. Reconstr. Surg.
100: 305, 1997.

47. Wilkie, A. O. Craniosynostosis: Genes and mechanisms. Hum.
Mol. Genet. 6: 1647, 1997.

48. Muenke, M., Gripp, K. W., McDonald-McGinn, D. M., et al.
A unique point mutation in the fibroblast growth factor
receptor 3 gene (FGFR3) defines a new craniosynostosis syn-
drome. Am. J. Hum. Genet. 60: 555, 1997.

49. Jabs, E. W. Genetic etiologies of craniosynostosis. In M. P.
Mooney and M. I. Siegel (Eds.), Understanding Craniofacial
Anomalies: The Etiopathogenesis of Craniosynostoses and Facial
Clefting. New York: Wiley and Sons, 2002. Pp. 125–146.

50. Cohen, M. M., Jr. Fibroblast growth factor receptor muta-
tions. In M. M. Cohen, Jr., and R. E. MacLean (Eds.), Cra-
niosynostosis: Diagnosis, Evaluation, and Management. New
York: Oxford University Press, 2000. Pp. 77–94.

51. Mooney, M. P., Moursi, A. M., Opperman, L. A., and Siegel,
M. I. Cytokine therapy for craniosynostosis. Expert Opin. Biol.
Ther. 4: 279–299, 2004.

52. Cohen, M. M., Jr. TGF-beta and suture biology. In M. M.
Cohen, Jr., and R. E. MacLean (Eds.), Craniosynostosis: Diag-
nosis, Evaluation, and Management. New York: Oxford Uni-
versity Press, 2000. Pp. 69–76.

53. Cohen, M. M., Jr. TGF beta/Smad signaling system and its
pathologic correlates. Am. J. Med. Genet. A. 116: 1, 2003.

54. Roth, D. A., Gold, L. I., Han, V. K., et al. Immunolocalization
of transforming growth factor beta 1, beta 2, and beta 3 and
insulin-like growth factor I in premature cranial suture fu-
sion. Plast. Reconstr. Surg. 99: 300; discussion 310, 1997.

55. Opperman, L. A., Nolen, A. A., and Ogle, R. C. TGF-beta 1,
TGF-beta 2, and TGF-beta 3 exhibit distinct patterns of ex-
pression during cranial suture formation and obliteration in
vivo and in vitro. J. Bone Miner. Res. 12: 301, 1997.

56. Kirschner, R. E., Gannon, F. H., Xu, J., et al. Craniosynostosis
and altered patterns of fetal TGF-beta expression induced by
intrauterine constraint. Plast. Reconstr. Surg. 109: 2338; dis-
cussion 2347, 2002.

57. Opperman, L. A., and Ogle, R. C. Molecular studies of cra-
niosynostosis: Factors affecting cranial suture morphogene-
sis and patency. In M. P. Mooney and M. I. Siegel (Eds.),
Understanding Craniofacial Anomalies: The Etiopathogenesis of
Craniosynostosis and Facial Clefting. New York: John W. Wiley
and Sons, 2002. Pp. 497–518.

58. Loeys, B. L., Chen, J., Neptune, E. R., et al. A syndrome
of altered cardiovascular, craniofacial, neurocognitive and
skeletal development caused by mutations in TGFBR1 or
TGFBR2. Nat. Genet. 37: 275, 2005.

59. Moursi, A. M., Winnard, P. L., Fryer, D., and Mooney, M. P.
Delivery of transforming growth factor-beta2-perturbing an-

Volume 119, Number 4 • Anti-TGF-�2 Antibody

1211



tibody in a collagen vehicle inhibits cranial suture fusion in
calvarial organ culture. Cleft Palate Craniofac. J. 40: 225, 2003.

60. Lin, K. Y., Nolen, A. A., Gampper, T. J., Jane, J. A., Opper-
man, L. A., and Ogle, R. C. Elevated levels of transforming
growth factors beta 2 and beta 3 in lambdoid sutures from
children with persistent plagiocephaly. Cleft Palate Craniofac.
J. 34: 331, 1997.

61. Roth, D. A., Longaker, M. T., McCarthy, J. G., et al. Increased
immunoreactivity for TGF-beta isoforms (beta 1, beta 2, and
beta 3) during rat cranial suture fusion. J. Bone Miner. Res. 12:
311, 1997.

62. Most, D., Levine, J. P., Chang, J., et al. Studies in cranial
suture biology: Up-regulation of transforming growth factor-
beta1 and basic fibroblast growth factor mRNA correlates
with posterior frontal cranial suture fusion in the rat. Plast.
Reconstr. Surg. 101: 1431, 1998.

63. Hunenko, O., Karmacharya, J., Ong, G., and Kirschner, R. E.
Toward an understanding of nonsyndromic craniosynosto-
sis: Altered patterns of TGF-beta receptor and FGF receptor
expression induced by intrauterine head constraint. Ann.
Plast. Surg. 46: 546; discussion 553, 2001.

64. Chong, S. L., Mitchell, R., Moursi, A. M., et al. Rescue of
coronal suture fusion using transforming growth factor-beta
3 (Tgf-beta 3) in rabbits with delayed-onset craniosynostosis.
Anat. Rec. A Discov. Mol. Cell. Evol. Biol. 274: 962, 2003.

65. Poisson, E., Sciote, J. J., Koepsel, R., Cooper, G. M., Opper-
man, L. A., and Mooney, M. P. Transforming growth factor-
beta isoform expression in the perisutural tissues of cranio-
synostotic rabbits. Cleft Palate Craniofac. J. 41: 392, 2004.

66. Mehrara, B. J., Spector, J. A., Greenwald, J. A., Ueno, H., and
Longaker, M. T. Adenovirus-mediated transmission of a
dominant negative transforming growth factor-beta receptor
inhibits in vitro mouse cranial suture fusion. Plast. Reconstr.
Surg. 110: 506, 2002.

67. Opperman, L. A., Chhabra, A., Cho, R. W., and Ogle, R. C.
Cranial suture obliteration is induced by removal of trans-
forming growth factor (TGF)-beta 3 activity and prevented by
removal of TGF-beta 2 activity from fetal rat calvaria in vitro.
J. Craniofac. Genet. Dev. Biol. 19: 164, 1999.

68. Fagenholz, P. J., Warren, S. M., Greenwald, J. A., et al. Os-
teoblast gene expression is differentially regulated by TGF-
beta isoforms. J. Craniofac. Surg. 12: 183, 2001.

69. Opperman, L. A., Adab, K., and Gakunga, P. T. Transform-
ing growth factor-beta 2 and TGF-beta 3 regulate fetal rat
cranial suture morphogenesis by regulating rates of cell pro-
liferation and apoptosis. Dev. Dyn. 219: 237, 2000.

70. Song, H. M., Fong, K. D., Nacamuli, R. P., et al. Mechanisms
of murine cranial suture patency mediated by a dominant
negative transforming growth factor-beta receptor adenovi-
rus. Plast. Reconstr. Surg. 113: 1685, 2004.

71. Cohen, M. M., Jr. Craniofacial disorders caused by mutations
in homeobox genes MSX1 and MSX2. J. Craniofac. Genet. Dev.
Biol. 20: 19, 2000.

72. Opperman, L. A., Moursi, A. M., Sayne, J. R., and Winterg-
erst, A. M. Transforming growth factor-beta 3(Tgf-beta3) in
a collagen gel delays fusion of the rat posterior interfrontal
suture in vivo. Anat. Rec. 267: 120, 2002.

73. Boyan, B. D., Lohmann, C. H., Romero, J., and Schwartz, Z.
Bone and cartilage tissue engineering. Clin. Plast. Surg. 26:
629, 1999.

74. Alsberg, E., Anderson, K. W., Albeiruti, A., Rowley, J. A., and
Mooney, D. J. Engineering growing tissues. Proc. Natl. Acad.
Sci. U.S.A. 99: 12025, 2002.

75. Alsberg, E., Hill, E. E., and Mooney, D. J. Craniofacial tissue
engineering. Crit. Rev. Oral Biol. Med. 12: 64, 2001.

76. Mooney, M. P., Siegel, M. I., and Opperman, L. A. Animal
models of craniosynostosis: Experimental, congenital, and
transgenic. In M. P. Mooney and M. I. Siegel (Eds.), Under-
standing Craniofacial Anomalies: The Etiopathogenesis of Cranio-
synostosis and Facial Clefting. New York: John W. Wiley and
Sons, 2002. Pp. 251–272.

77. Premaraj, S., Mundy, B. L., Morgan, D., Winnard, P. L.,
Mooney, M. P., and Moursi, A. M. Sustained delivery of a
bioactive cytokine using a dense collagen gel vehicle. Arch.
Oral Biol. 51: 325, 2006.

78. Harel, S., Watanabe, K., Linke, I., and Schain, R. J. Growth and
development of the rabbit brain. Biol. Neonate 21: 381, 1972.

79. Mooney, M. P., Smith, T. D., Burrows, A. M., et al. Coronal
suture pathology and synostotic progression in rabbits with
congenital craniosynostosis. Cleft Palate Craniofac. J. 33: 369,
1996.

80. Sanford, L. P., Ormsby, I., Gittenberger-de Groot, A. C., et
al. TGFbeta2 knockout mice have multiple developmental
defects that are non-overlapping with other TGFbeta knock-
out phenotypes. Development 124: 2659, 1997.

81. Dufresne, C., and Richtsmeier, J. T. Interaction of cranio-
facial dysmorphology, growth, and prediction of surgical
outcome. J. Craniofac. Surg. 6: 270, 1995.

82. Posnick, J. C. Monobloc and facial bipartition osteotomies:
A step-by-step description of the surgical technique. J. Cranio-
fac. Surg. 7: 229; discussion 251, 1996.

83. Anderson, F. M., and Johnson, F. L. Craniosynostosis: A
modification in surgical treatment. Surgery 40: 961, 1956.

84. Shillito, J. Surgical treatment of craniosynostosis. In J. You-
mans (Ed.), Neurological Surgery. Philadelphia: Saunders,
1982. Pp. 242–256.

85. Losken, H. W., Pollack, I. F., and Singhal, V. K. Vascularized
fronto-orbital advancement. J. Craniofac. Surg. 7: 107, 1996.

Plastic and Reconstructive Surgery • April 1, 2007

1212


