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SUMMARY Growth hormone (GH) supplementation has become a popular treatment approach for GH
normal children with short stature. To investigate how the timing of GH supplementation affects the growth
of the craniofacial region, three groups of GH-normal, 28-day-old female Wistar rats were examined over
4 weeks: the early group (n = 10) received two daily injections of rhGH (2 mg/kg/day) from days 1 to 28,
the late group (n = 10) received two daily saline injections from days 1 to 14 (Phase I) followed by two
daily injections of rhGH from days 14 to 28 (Phase Il), and the control group (n = 12) received two daily
saline injections from days 1 to 28. Lateral cephalometric, forelimb and hindlimb radiographs obtained
weekly were scanned, standardized points digitized, and distances were measured using the Viewbox®
software. Growth curves between groups were compared using multilevel iterative generalized least
squares curve fitting procedures.

Supplementation during Phase | in the early group produced significant treatment effects in cranial and
cranial base, midface, posterior corpus, and limb lengths which varied inversely with relative maturity
(percentage growth completed at the start of the study). During Phase Il, GH supplementation in the
early and late groups showed treatment effects as above and additional viscerocranial and mandibular
measurements, but these effects were unrelated to the relative maturity of the variables. These latter
results are at variance with earlier findings in GH-deficient rats, raising the possibility that that GH-normal

rats may not respond to GH supplementation in a similar fashion to GH-deficient rats.

Introduction

Although growth hormone (GH) supplementation in
growing children to augment their stature has become
relatively common (Finkelstein et al., 2002), the effects of
this practice on the growth of the craniofacial complex are
not well understood. Craniofacial growth differs from long
bone growth because it involves the interaction of a variety
of tissues, each with a unique pattern and timing of growth.
A ‘maturity gradient’ is a characteristic of the growth of the
human craniofacial complex (Buschang ef al., 1983), and
implies that structures maturing more rapidly are more
susceptible to the influence of external factors than the more
slowly maturing structures. Craniofacial growth in GH-
deficient human patients supports this concept, as certain
regions of the head are affected more severely by the
deficiency and respond more strongly to GH supplementation
(Cantu ef al., 1997; van Erum et al., 1997). Recent studies
in rats, which exhibit a craniofacial maturity gradient similar
to humans (VandeBerg et al., 2004a), have demonstrated
that craniofacial growth retardation in GH-deficient rats is
significantly correlated with the structure’s maturational
status (VandeBerg et al., 2004b). Supplementation of these
rats with GH produces increases in size and growth rate that
co-vary with the relative maturity of each measurement
(Singleton et al., 2006).

Because the age at which GH supplementation is initiated
in humans varies considerably (Finkelstein et al., 2002), the
interplay of this supplementation with the craniofacial
maturity gradient is of interest. Because a greater proportion
of structures should be ‘mature’ at later ages, the craniofacial
effects of GH supplementation at an early age may differ
significantly from the effects at a later age. However, high-
dose GH supplementation has also been demonstrated to
accelerate skeletal maturation (Cantu et al., 1997, Kamp
et al., 2002) and the onset of puberty (Kamp et al., 2002) in
humans. The likely interaction of GH-induced maturation
with the growth stimulatory effect of the supplementation is
not well understood in the limbs, and may be even more
complicated in the craniofacial region.

The purpose of this study was to examine the effects of late
versus early GH supplementation on growth of the craniofacial
complex. The effects of supplementation were studied in
GH-normal, female Wistar rats, which have been shown in
previous studies to respond to GH supplementation (Rol de
Lama et al., 2000). This model has particular relevance in the
light of the growing use of GH supplementation to augment
stature in children with normal levels of GH (de Zegher and
Hokken-Koelega, 2005; Wit et al., 2005). The hypothesis
tested was that more mature areas of the craniofacial complex
will be less affected by GH supplementation during later
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stages of development. Moreover, it was the expectation that
late GH supplementation would produce effects in fewer
regions and that these effects would be less in magnitude than
supplementation initiated earlier in development.

Materials and methods

The experimental protocol was approved by the Institutional
Animal Care and Use Committee of Baylor College of
Dentistry.

Animal model

Thirty-two female Wistar rats were supplied at approximately
25 days of age and initially weighed an average of 67 g. They
were individually housed in a constant environment of 21°C
with a light/dark cycle of 12:12 hours, with lights on at 07:00,
given water and Teklad 7002, 6 per cent mouse/rat diet
(Harlan, Madison, Wisconsin) ad libitum, and allowed to
acclimatize for 3 days. The animals were then randomly
assigned to one of the following groups: ‘early’ (n = 10), ‘late’
(n=10), and ‘control’ (n = 12). The ages chosen for evaluation
spanned the period prior to puberty (28 days) to early puberty
(38 days) to late puberty (50 days), as assessed by changes in
GH pulse amplitudes and duration (Gabriel et al., 1992). This
period in development coincides with the interval over which
GH supplementation typically occurs in humans.

GH and vehicle administration

The early group was given subcutaneous injections of thGH
invehicle, donated by Genentech (San Francisco, California,
USA), from day | through to day 28 of the experiment. The
late group was given subcutaneous injections of saline from
day 1 through to day 14 followed by subcutaneous injections
of thGH from days 15 to 28. The control group received
saline injections from day 1| through to day 28 of the
experiment. The rhGH was administered twice daily (07:00
and 16:30 hours) in equal doses (Jansson et al., 1982; Clark
et al., 1985; Isgaard et al., 1988) for a total dose of 2 mg/kg/
day body weight subcutaneously (Cittadini et al., 1997; Tei
et al., 2000) in order to simulate pulsatile release that occurs
in vivo. The control animals received twice-daily saline
injections in weight-based volumes equivalent to those
received by the animals supplemented with thGH. The dose
of thGH ranged from 0.12 mg/day at the beginning of the
experiment to 0.51 mg/day at the end of the experiment
based on daily monitoring of body weight. Following
conclusion of the experiment, the animals were euthanized
via intraperitoneal injection of Nembutal (Abbott
Laboratories, Chicago, Illinois, USA).

Records

The records consisted of body weight, and lateral head,
upper limb, and lower limb radiographs. Body weight was
measured daily to the nearest gram using a digital scale.
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Baseline radiographs were obtained (T0), followed by four
additional sets taken at days 7 (T1), 14 (T2), 21 (T3), and 28
(T4). In order to facilitate the taking of radiographs, the
animals were anaesthetized with intramuscular injections of
1 ml/kg of 1:10 xylazine:ketamine. All radiographs were
taken with the same standard dental unit, with machine
settings at 10 mA, and 55 kV for 18/60 seconds at a distance
of 10 cm from the film for the lateral cephalometric films
with reductions to 8/60 seconds and 7.5 cm for the limb
films. For calibration purposes, a 10-mm steel rod was
embedded in the clear acrylic table on which the animals
were positioned during radiographic exposure. A customized,
three-point positioner was utilized to stabilize the skull
while taking the lateral films. A fixed holder and midlimb
rubber bands were utilized when taking the limb films to
ensure complete film contact, as well as consistent
positioning and orientation of the animal. Kodak ultra-speed
DF-50 occlusal film was used for all radiographs. All
radiographs were developed in the same automatic
processor, labelled and scanned at a high resolution (600
dpi) utilizing an Epson 1600 scanner (Seiko Epson
Corporation, Suwa City, Nagano Prefecture, Japan). All
steps for obtaining, processing, and digitizing the
radiographic films were completed by the same operator
(GCB) in order to minimize error.

The computer software used for digitization and
measurement was Viewbox® (dHAL Software, Kifissia,
Greece). This software package allows for the creation of
customized analyses and also can adjust for magnification
of the radiograph. Three such custom analyses created by
Singleton et al. (2006) were utilized for this experiment,
namely a lateral cephalometric and forelimb and hindlimb
analyses. Based in part on previous studies on rodents
(Kiliaridis et al., 1985; Engstrom et al., 1988; VandeBerg
et al., 2004a; Singleton et al., 2006), cephalometric
landmarks and measurements were selected (Figure la—c,
Table 1). All radiographs were digitized twice (A and B) at
intervals a minimum of 3 days apart, and the average
measurement value was used for data analysis in order to
ensure measurement reliability and replicability. In
addition, 10 random films were selected from each film
type (i.e. lateral, forelimb and hindlimb) and digitized
twice to be used to calculate the method error. These last
digitizations (C and D) were averaged and compared with
the average value of digitizations A and B. The method
error was calculated using the following formula:
/2 (deviation)*/2xn. Based on replicate measurement of 12
sets of radiographs, the method errors ranged from 0.49 to
0.02 mm, with Go_Mn-Po and humerus length showing the
largest errors.

Statistical analysis

Using the MLwiN® software (Centre for Multilevelling
Modelling, Institute of Education, University of Bristol,



GROWTH HORMONE SUPPLEMENTATION

155

Figure 1 Location of cephalometric points on the sagittal (a), forelimb (b), and hindlimb (c) radiographs.

UK), multilevel statistical models were used to describe
longitudinal absolute growth changes and to statistically
evaluate group differences (Strenio et al., 1983; Goldstein,
1986, 1987). The multilevel models were composed of
two parts: a fixed and a random part. The fixed part of the
model estimated the polynomial parameters describing
the growth curves of the wvarious craniofacial
measurements. The second, random, part of the model
estimated variation at two hierarchical levels, with one
level nested within the preceding level. The two levels
pertained to random variation between animals and
between repeats (between ages) within animals. Iterative
generalized least squares methods were used to estimate
the parameters. The interval from TO to T2 was labelled
‘Phase I’ and the interval from T2 to T4 as ‘Phase II’.
Separate models for each phase were fitted for each
measurement in order to evaluate the effects of early and
late rhGH supplementation.

In order to evaluate differences in relative maturity
among measurements at the start of the experiment, relative
growth curves were created for each measurement by
calculating the percentage of ‘adult’ status attained at each
time interval. Adult status was defined as the size of the
control measurement at the final (=56 day) time interval.
The relative maturity of each measurement at TO was
defined as (TOcontrol/ T4contror) X 100, i.e. the percentage of
T4contol growth completed by the start of the experiment
(TO) and at T2 (T2¢ontrol/ T4contro) % 100, i.e. the percentage
of T4 onro1 growth completed by the start of Phase II (T2).

Measurements with high relative growth for the experiment
had a low maturity index and vice versa.

In order to evaluate the growth response of the animals
in each group, a regression of percentage growth of each
measurement relative to adult control measurements was
performed against the relative maturity of the structures at
the beginning of each phase. Separate regressions were
performed for Phase I and Phase I1. Growth response during
Phase 1 was calculated using the following formula for
measurements in each group: T2cary/T4conrol = TOcarly/
T4 onol- Likewise, growth response during Phase I was
calculated using the following formula for measurements in
each group: T4carly/ T4 control — T2carly/ T4 control-

Results
Absolute growth changes

Control group. Weight gain continually increased during
both phases, but declined in rate during Phase II. The control
animals demonstrated a weight gain of 75.4 g during Phase I,
38.7 g during Phase 11, and a total of 114.1 g during the course
of the experiment (Figure 2 and Table 2). Limb length also
increased significantly during both phases of the experiment.
Absolute limb increases ranged from a low of 5.34 mm (radial
length) to a high of 9.10 mm (tibial length). Although absolute
growth varied, all limb measurements showed greater growth
rates during Phase I than Phase II (Figure 3).

Among the craniofacial measurements, absolute growth
over the 28 days ranged from a low of 0.91 mm (Po—Ba,
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posterior neurocranium height) to a high of 7.39 mm (Po-A,
total skull length). The majority (87 per cent) of the
growth curves (Tables 3 and 4) showed less growth during
Phase II than during Phase I. For two of the 15 craniofacial
measurements (E-A and Ba-Cbl), the growth rate
remained the same from Phase I to Phase II.
Early group versus control group. Weight gain in the early
group was significantly greater during both phases than that
seen in the control animals (42.6 per cent greater than the
controls in Phase I, 53.8 per cent greater in Phase II; Figure 2
and Table 2). Limb measurements in the early group also
demonstrated greater growth rates than controls during both
Phases I and IT (Tables 3 and 4).

During Phase I, eight of the 15 craniofacial measurements
in the early group demonstrated significantly greater growth
rates than the controls following GH supplementation

Table 1 Cephalometric and limb point definitions.

On the sagittal radiograph

A:  The most anterior point on the nasal bone
E:  The most inferior point of the frontal bone at the location of the
frontal sinus
Po:  The most posterior and superior point on the skull
Ba: The most posterior and inferior point on the occipital condyle
Co: The most posterior and superior point on the mandibular condyle
Go: The most posterior point on the mandibular ramus
Mn: The junction of the mandibular ramus and corpus
Gn: The most inferior point on the ramus that lies on a perpendicular
bisector of the line Go—-Mn
Bl: The most anterior and superior point on the mandibular corpus
superior to the mandibular incisors
So:  The intersection of the most anterior tympanic bulla and the
superior border of the sphenoid bone
Cb1: The most anterior point on the occipital bone at the spheno-
occipital synchondrosis
Cbl1": The most posterior point on the sphenoid bone at the spheno-
occipital synchondrosis
Cb2: The most anterior point on the sphenoid bone at the spheno-
basispheno synchondrosis
Cb2'": The most posterior point on the basisphenoid bone at the
spheno-basispheno synchondrosis
Mu2: The junction of the alveolar bone and the distal surface of the
third maxillary molar
Mul: The junction of the alveolar bone and the mesial surface of the
first maxillary molar
Bu: The most anterior-inferior point on the maxilla posterior to the
maxillary incisors
On the tibia
Tp: The most proximal point on the tibial epiphysis
Td: The midpoint of the width on the distal surface of the tibia
On the femur
Fp: The deepest midpoint of the proximal head and lesser trochanter
Fd: The most distal point of the femur
On the humerus
Hp: The most proximal point on the humeral epiphysis
Hd: The midpoint of the width on the distal surface of the humerus
On the radius
Rp: The midpoint of the width on the medial head
Rd: The midpoint of the styloid process
On the ulna
Up: The most prominent point of the olecranon
Ud: The midpoint of the styloid process
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(Table 3). Differences in growth rates (linear) between the
control and early animals ranged from 0.08 mm/7 days
(Cb1'—Cb2, sphenoid bone length) to 0.60 mm/7 days
(Go—Mn, posterior corpus length). During Phase II, 11
of the 15 craniofacial measurements in the early group
demonstrated a significantly greater growth rate than the
controls (Table 4). In contrast to Phase I, three of the four
viscerocranium measurements and two of three mandibular
measurements showed increased growth rates. Neurocranial
measurements continued to exhibit increased rates of
growth in response to GH supplementation. Only two
measurements were not significantly affected by GH
supplementation during either phase: occipital bone length
(Ba—Cbl) and nasal length (E-A).

Late group versus control group. Weight gain in the late
group during Phase I (no supplementation) was slightly (0.73
g/7 days) but significantly less than in the control group.
After GH supplementation during Phase II, animals in the
late group demonstrated a significantly greater weight gain
than the controls (Figure 2 and Table 2). Limb measurements
in the late group demonstrated no differences in growth rate
from the controls during Phase 1. Following GH
supplementation in Phase II, however, significant increases
in growth rate compared with the controls were observed for
all but one of the late group limb measurements.

During Phase I, growth rates of the late and control
groups were similar for all craniofacial variables except
anterior cranial base length (So—E) and posterior corpus
length (Go—Mn) (Table 3). Following GH supplementation
in Phase II, significant increases in growth rate compared
with the controls were demonstrated for 12 of 15 late group
measurements (Table 4). Differences in craniofacial growth
rates during Phase II ranged from 0.07 mm/7 days (Cb1'-
Cb2, sphenoid bone length) to 0.79 mm/7 days (Po—A, total
skull length). Unaffected variables included posterior
neurocranium height (Po—Ba), palatal length (Mu2-Bu),
and posterior corpus length (Go—Mn).

Early group versus late group. Weight gain differences
between the early and late groups during Phase I (Figure 2
and Table 2) were nearly identical to those observed in the
early group and controls during the same interval. When
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Figure2 Weight gain (grams) over the course of the experiment (day 0 =
start) for the control, early, and late-supplemented groups.
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Estimates Group differences
Constant Linear Quadratic Constant Linear Quadratic
Phase I
Early versus late 66.952 (2.658) 8.300 (0.250) —0.072 (0.017) —3.933 (3.862) —2.469 (0.363) 0.007 (0.025)
Early versus control 67.611 (3.833) 6.600 (0.189) —0.092 (0.013) —0.659 (5.810) 1.700 (0.278) 0.210 (0.019)
Late versus control 67.614 (4.270) 6.601 (0.217) —-0.092 (0.015) —4.595 (6.673) —-0.729 (0.329) 0.028 (0.023)
Phase II
Early versus late 171.104 (4.555) 3.422 (0.358) 0.129 (0.025) —38.864 (6.618) 2.752 (0.521) —0.111 (0.036)
Early versus control 144.149 (3.905) 2.418 (0.306) 0.019 (0.022) 26.955 (5.661) 1.005 (0.478) 0.111 (0.033)
Late versus control 144.150 (4.925) 2.418 (0.306) 0.019 (0.021) —11.919 (7.344) 3.745 (0.466) 0.000 (0.032)

Early versus late: Weightey (Phase I) = 66.952 + (8.300 x time) + (=0.072 x time?), Weightyy. (Phase I) = (66.952 +—3.933) + ((8.300 + —2.429) x
time) + ((=0.72 + 0.007) x time?), time during Phase I: TO =0, T1 = 1, T2 = 2, time during Phase II: T2 =0, T3 =1, T4 = 2.

*Significant differences at P < 0.05 in bold; standard error in parentheses.

per cent (Figure 4). By the beginning of Phase II, this range had
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Figure 3 Example of limb growth (femur length) over the course of the
experiment.

both groups were receiving GH supplementation during
Phase II, however, weight gain in the late group was greater
than that in the early group. During Phase I, the early group
demonstrated significantly higher growth rates compared
with the late (unsupplemented) group for two of the five
limb measurements. During Phase II, only femur length
demonstrated a higher growth rate in the late group.

During Phase I, differences in craniofacial growth
between the early and late groups approximated a pattern
seen in the early versus control group comparisons. Greater
growth rates were observed in the early group animals for
eight of 15 craniofacial measurements (Table 3). Following
GH supplementation in both groups during Phase II, only
three differences in craniofacial growth rates were evident
between groups (Table 4). Occipital bone (Ba—Cbl) and
posterior cranial base (Ba—So) length showed higher growth
rates in the late group; palatal length (Mu2—-Bu) demonstrated
a higher growth rate in the early group.

Relative growth changes

Relative maturity of control measures. Relative maturities at
TO graded from a low of 27 per cent (weight) to a high of 90.7
per cent (Po—Ba, posterior neurocranial height), a range of 67.7

In the craniofacial complex, maturities reflected a gradient
at TO which ranged from 71.7 per cent (Go—Mn, posterior
corpus length)to 90.7 per cent (Po—Ba, posterior neurocranial
height). Craniofacial structures had an average maturity of
82 per cent but with regional differences (neurocranial 86.4
per cent; viscerocranial 80.5 per cent; mandibular 77.8 per
cent). By the beginning of Phase II (T2), the range in relative
maturity values had narrowed considerably.

Relative growth differences between groups. Figure Sa
shows the relationship between the measurements’
percentage growth response during the first 14 days (Phase I)
versus their relative maturity at TO. The regression lines for
the control and late groups demonstrated essentially no
differences in slope and superimpose almost completely.
Both display significant negative correlations (control
r=-0.97, late » = —0.80) between the percentage growth
response of the measurements and their relative maturity at
TO. Measurements that were least mature demonstrated the
greatest growth response whereas the more mature variables
grew to a lesser degree. A treatment effect was evident in
the early group during Phase I as demonstrated by the spread
between the regression lines of the early, control, and
late groups. During this phase, the regression line of
the early-supplemented group (» = —0.84) and that of the
unsupplemented groups exhibited a convergent pattern,
indicating less response of the more mature measurements.

During Phase II, following the initiation of GH
supplementation in the late animals, the slope of the
regression lines of the early (» =—0.85) and late (» = —0.89)
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Table 3 Estimate and differences (with standard errors of estimates) of growth changes (mm) between the control, early, and late groups

for Phase I (TO-T2)*.

Control values Early group differences Late group differences
Constant Linear Constant Linear Constant Linear
Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE)

Limb measurements
Radius

13.691 (0.139)

1.601 (0.092)

—0.105 (0.209)

Ulna 16.839 (0.168) 1.852(0.101) —0.219 (0.254)
Humerus 15.853 (0.205) 1.848 (0.068) —0.565 (0.311)
Tibia 23.472 (0.345) 2.937(0.072) —0.086 (0.524)
Femur 16.379 (0.246) 2.436 (0.064) —0.162 (0.373)
Neurocranium
Po-A 37.611 (0.321) 1.856 (0.101) —0.071 (0.486)
Po-E 25.035 (0.163) 0.718 (0.070) —0.321 (0.246)
Ba-E 25.817 (0.189) 1.178 (0.068) —0.288 (0.287)
So-E 12.475 (0.089) 0.387 (0.049) —0.056 (0.134)
Ba—Cbl 7.556 (0.089) 0.472 (0.043) —0.089 (0.135)
Cbl'-Cb2 5.644 (0.059) 0.412 (0.017) —0.153 (0.090)
Ba-So 9.547 (0.104) 0.529 (0.063) —-0.479 (0.157)
Po-Ba 8.850 (0.108) 0.287 (0.054) 0.027 (0.163)
Viscerocranium
E-A 13.092 (0.214) 1.186 (0.084) 0.229 (0.324)
Mu2-Bu 17.017 (0.205) 1.020 (0.110) 0.191 (0.309)
Cb2-Bu 19.654 (0.176) 1.010 (0.054) 0.082 (0.266)
E-Mul 8.354 (0.084) 0.517 (0.033) 0.026 (0.127)
Mandible
Go—Mn 6.643 (0.158) 0.790 (0.099) —0.449 (239)
Co-Gn 8.350 (0.241) 0.796 (0.159) —0.231 (0.363)
Co-Bl 19.071 (0.215) 0.898 (0.115) 0.225(0.324)

0.209 (0.136)
0.348 (0.149)
0.367 (0.099)
0.271 (0.105)
0.307 (0.093)

0.524 (0.147)
0.372 (0.102)
0.324 (0.099)
0.198 (0.071)
0.105 (0.063)
0.078 (0.025)
0.339 (0.092)
~0.055 (0.080)

0.171 (0.122)

~0.3(0.161)
0.163 (0.079)
0.066 (0.049)

0.603 (0.145)
0.201 (0.235)
0.039 (0.168)

~0.207 (0.225)
~0.180 (0.249)
~0.461 (0.339)
~0.226 (0.585)
~0.339 (0.416)

~0.360 (0.566)
~0.407 (0.289)
~0.435 (0.320)
—0.172 (0.146)
~0.106 (0.152)
~0.097 (0.107)
~0.290 (0.180)
—0.011 (0.161)

~0.007 (0.345)
~0.276 (0.338)
~0.189 (0.295)
~0.083 (0.136)

—0.145 (0.234)
~0.026 (0.349)
—0.105 (0.156)

0.129 (0.148)
0.190 (0.170)
0.157 (0.117)
0.008 (0.118)
0.096 (0.122)

~0.014 (0.149)
0.189 (0.094)
0.106 (0.097)
0.137 (0.064)

~0.005 (0.054)
0.024 (0.027)

~0.008 (0.087)

~0.102 (0.070)

~0.218 (0.120)
~0.062 (0.151)

0.026 (0.067)
~0.022 (0.051)

0.266 (0.117)
~0.152 (0.235)
—0.105 (0.156)

groups were nearly identical (Figure 5b). As was the case
during Phase I, a treatment effect was evidenced by the
spread between the regression lines of the supplemented
and unsupplemented groups. However, in contrast to Phase
I, the slopes of the regression lines in the supplemented
groups and the control group were essentially parallel as
opposed to convergent.

Discussion

The findings of this study support previous reports that a
growth maturity gradient exists in the craniofacial complex
of rats (VandeBerg et al., 2004a,b; Singleton et al., 2006)
mimicking the gradient found in humans (Buschang ef al.,
1983). In general, neurocranial measurements were more
mature than those in the viscerocranium and mandible.

Effects of GH supplementation during Phase [

The early-supplemented group demonstrated a significant
treatment effect during Phase I that was influenced by the
relative maturity of each measurement. For more mature
measurements, the spread between the regression lines of
the supplemented and unsupplemented groups narrowed,
suggesting that relative maturity had an inverse relationship
with treatment effect. This observation is consistent with
the hypothesis.

The findings during Phase I for weight gain and limb
growth in the early-supplemented group were similar to those
reported in other studies of GH-normal rats and mice. The
weight data are comparable with the study of Miura et al.
(1969) in which GH-normal, 21-day-male Wistar mice
demonstrated increased weight gain following 9 days of GH
supplementation. Weight gain patterns and tibial growth were
also comparable between the present supplemented groups
and the observations made by Rol de Lama et al. (2000) in
supplemented, GH-normal Wistar rats. Singleton et al. (2006)
found that supplementation in GH-deficient rats produced
differences in virtually all craniofacial measurements, and
that the magnitude of this effect varied inversely with the
relative maturity of the measurement. In the present study,
differences were detected in somewhat fewer variables, but
the magnitude of the effect was also inversely proportional to
relatively maturity (Figure 5a). Data from GH-supplemented
Snell dwarf mice (Rice et al, 1997) showed a similar
relationship (Figure 3, see Buschang and Hinton, 2005).

Effects of GH supplementation during Phase II

A treatment effect was observed for the majority of
measurements in both the early- and late-supplemented
groups during Phase II. However, the magnitude of those
effects did not appear to be related to relative maturity. In
addition, treatment effects in supplemented rats during Phase
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Table 4 Estimate and differences (with standard errors of estimates) of growth changes (mm) between the control, early, and late
groups for Phase II (T2-T4)*.

Control values Early group differences Late group differences

Constant Linear Constant Linear Constant Linear

Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE) Estimate (SE)

Limb measurements

Radius 16.976 (0.149) 0.976 (0.084) 0.290 (0.216)
Ulna 20.613 (0.186) 1.362 (0.097) 0.448 (0.270)
Humerus 19.592 (0.192) 1.192 (0.081) 0.149 (0.278)
Tibia 29.402 (0.303) 1.585(0.071) 0.374 (0.439)
Femur 21.344 (0.200) 1.477 (0.060) 0.266 (0.290)
Neurocranium
Po-A 41.586 (0.268) 1.705 (0.078) 0.429 (0.389)
Po-E 26.561 (0.188) 0.541 (0.061) 0.299 (0.276)
Ba-E 28.237 (0.195) 0.671 (0.079) 0.294 (0.284)
So-E 13.300 (0.119) 0.235(0.053) 0.324 (0.173)
Ba—Cbl 8.519 (0.084) 0.203 (0.041) 0.109 (0.122)
Cbl'-Cb2 6.511 (0.065) 0.371 (0.020) —0.023 (0.094)
Ba-So 10.626 (0.087) 0.245 (0.057) ~0.107 (0.126)
Po-Ba 9.384 (0.089) 0.189 (0.053) —0.102 (0.129)
Viscerocranium
E-A 15.635 (0.169) 1.171 (0.083) 0.142 (0.246)
Mu2-Bu 19.253 (0.215) 0.506 (0.122) —0.761 (0.312)
Cb2-Bu 21.756 (0.153) 1.012 (0.052) 0.199 (0.222)
E-Mul 9.470 (0.081) 0.321 (0.045) 0.079 (0.118)
Mandible
Go—Mn 8.421 (0.158) 0.418 (0.0116) 0.654 (0.265)
Co-Gn 10.000 (0.180) 0.427 (0.143) —0.142 (0.262)
Co-BI 21.112 (0.180) 0.718 (0.117) —-0.076 (0.261)

0.282 (0.122)
0.190 (0.141)
0.302 (0.118)
0.391 (0.103)
0.340 (0.088)

0.705 (0.113)
0.524 (0.089)
0.427 (0.115)
0.269 (0.078)
0.037 (0.059)
0.072 (0.029)

—0.011 (0.082)
0.204 (0.077)

0.232 (0.121)
0.685 (0.178)
0.377 (0.076)
0.166 (0.065)

0.245 (0.169)
0.481 (0.207)
0.604 (0.169)

~0.070 (0.245)

0.107 (0.314)
~0.247 (0.319)
~0.330 (0.514)
~0.404 (0.351)

—0.812 (0.488)
~0.255 (0.294)
~0.400 (0.291)

0.002 (0.144)

0.002 (0.144)
~0.113 (0.115)
~0.362 (0.156)
~0.154 (0.131)

~0.658 (0.266)
~0.670 (0.386)
~0.261 (0.248)
~0.251 (0.119)

0.237 (0.237)
~0.540 (0.271)
~0.621 (0.289)

0.275 (0.130)
0.193 (0.148)
0.291 (0.125)
0.389 (0.105)
0.530 (0.074)

0.792 (0.104)
0.398 (0.093)
0.530 (0.107)
0.159 (0.072)
0.233 (0.058)
0.070 (0.029)
0.305 (0.073)
0.150 (0.076)

~0.448 (0.109)
~0.320 (0.208)
0.395 (0.070)
0.198 (0.068)

0.221 (0.164)
0.456 (0.205)
0.672 (0.156)

Po—Acontrol (Phase I) =37.610 + (1.853 x time), Po—Aj (Phase I) = (37.610 + —0.360) + ((1.853 + —0.014) x time), time during Phase I: TO=0, T1 =1,

T2 =2, time during Phase II: T2 =0, T3 =1, T4 =2.
*Significant differences at P < 0.05 in bold.
*Significant differences at P < 0.05 in bold.

II were often of a greater magnitude than during Phase I;
both of these observations are contrary to the hypothesis.
Theparallel slopes oftheregression lines ofthe supplemented
and control groups (Figure 5b) suggest that although a
treatment effect was observed during Phase I1, all measurements
were affected in a similar manner by GH supplementation,
regardless of maturational status. This is an unexpected result
that contrasts with the findings of Singleton ez a/. (2006). One
possible explanation for this may be that the range of variation
in the maturities of the measurements was much narrower
during Phase II (range = 9.9 per cent at T2) than during Phase
I (range = 23.3 per cent at TO). As one would expect variables
with a similar maturity to demonstrate similar treatment
effects, this narrower range, combined with a small sample
size, could have made the detection of small treatment effects
difficult. Another possible explanation may relate to the
characteristics of the present sample. The experiment followed
the animals from 28 to 56 days of age, whereas the animals
used by Singleton et al. (2006) were followed from 21 to 42
days of age. Consequently, the findings of the present research
that most closely support results of Singleton et al. (2006) are
those that occurred during the overlapping interval from 28 to
42 days of age (Phase I of this study). A third possibility is that

GH supplementation accelerated the relative maturity of the
more immature variables, resulting in a more parallel
relationship of the regression lines of the supplemented and
unsupplemented groups. High-dose GH supplementation in
GH-normal, short stature children has been shown to accelerate
bone maturation and result in the early onset of puberty (Kamp
et al., 2002). Unfortunately, no data are available regarding
maturational changes following GH supplementation in the
present samples.

It was expected that late GH supplementation would
produce effects in fewer regions and that these effects would
be lower in magnitude than if supplementation had been
initiated earlier. Both of the Phase II-treated groups showed
persistent treatment effects in neurocranial variables, and
pronounced treatmenteffects in viscerocranial and mandibular
measurements not evident in Phase I-treated animals. It may
be significant that the animals in this study were GH-normal
as opposed to the GH-deficient animals in the study of
Singleton et al. (2006), which raises the possibility that GH-
normal animals respond differently to GH supplementation
than animals with a GH deficiency. GH-normal male Wistar
rats exhibit no treatment effect for weight or tibial length
following GH supplementation, perhaps because their growth
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rate is so rapid as to be insensitive to exogenous GH (Rol de
Lama et al., 2000). Although Rol de Lama et al. (2000)
observed a treatment effect in GH-normal females, as also
found in the present investigation, it is possible that the

viscerocranial and mandibular measurements in the female
rats were growing so rapidly during Phase I as to be insensitive
to GH stimulation, but that their somewhat slower growth
rate in Phase II rendered them susceptible to the stimulatory
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effects of GH. Under this scenario, the slower growing
neurocranial variables, as well as all measurements in GH-
deficient animals, would presumably be able to respond to
GH supplementation during both periods. It is also possible
that secretion of GH was reduced by negative feedback in
normal animals once additional GH was administered by
injection, an effect that may not have occurred in GH-
deficient level animals with much lower basal secretion rates.
Although GH levels were not measured in the current study,
Rol de Lama et al. (2000) found a significant reduction in
circulating GHlevels followingexogenous GHadministration;
however, their females were still responsive but their males
were not. This mechanism may partly explain the variant
responses to GH administration observed between the GH-
normal and GH-deficient groups.

A final point of interest concerns the greater heterogeneity
of growth responses in the craniofacial measurements
compared with the limbs. All limb variables, as well as
craniofacial measurements in the controls, demonstrated a
similar pattern in stimulated animals: a reduction in growth
rate in Phase Il compared with Phase I (Figure 3). In contrast
to this consistent pattern of growth response, craniofacial
measurements demonstrated a variable pattern in growth
rate change between Phases I and II. For some craniofacial
measurements (posterior corpus length, Go—Mn; total
cranial base length, Ba—E; anterior cranial base length, So—
E; occipital bone length, Ba—Cb1, and posterior cranial base
length, Ba—So), absolute growth rates decreased during
Phase Il as in the limbs and body weight. For other variables,
however, absolute growth rates increased during Phase II:
total skull length (Po—A), posterior neurocranial height
(Po—Ba), nasal length (E-A), palate length (Mu2-Bu),
midface length (Cb2—Bu), and total mandibular length (Co—
B1). For the remaining measurements, no appreciable
change in absolute growth rate was observed between
Phases I and II: ramus height (Co—Gn), cranial vault length
(Po—E), sphenoid bone length (Cb1-Cb2), and viscerocranial
height (E-Mul). This diversity in Phase II responses to GH
supplementation is intriguing, and may reflect the varied
nature of the growth sites (synchondrosis, secondary
cartilage, sutures, etc.) in the craniofacial region.

Clinical implications

Several studies have speculated that GH supplementation
might produce iatrogenic disproportions in the growing
craniofacial complex (Cantu et al., 1997, Singleton et al.,
2006). The possibility of disproportionate growth in this
sample is demonstrated by looking at the ratios of a very
mature (Po—Ba) and very immature (Go—Mn) measurement at
TO compared with T4 in the supplemented and unsupplemented
groups (Figure 6). Because the lines intersected and cross
around T2, this suggests that either the more mature
measurements grew disproportionately slower or that the
immature measurements grew disproportionately faster in the
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with a very immature variable from TO to T4.

GH-supplemented group than in the control animals. As a
result, Po—Ba was relatively larger in the early group prior to
treatment and relatively smaller after treatment.

Although many studies support early supplementation of
GH, the age at which treatment begins varies in the literature:
5.1 years (van Erum et al., 1997), 8.6 years (Cantu et al.,
1997), and 10 years (Poole et al, 1982). This is of
significance since early supplementation could result in
treatment effects which are graded based on the various
maturities of the craniofacial structures resulting in
disproportionate growth. In contrast, later supplementation
may be less effective in terms of its influence on limb growth.
The possible maturational effect of GH certainly warrants
further study as this effect could work as an antagonist to the
desired goals of treatment. A recent study has suggested
that due to this effect, GH therapy may not be beneficial to
GH-normal children (Kamp et al., 2002), while another
investigation has suggested that GH supplementation of
GH-normal children may actually be detrimental, resulting
in shorter statures than may have been attained naturally
(Kawai et al., 1997). Other studies of GH therapy for
idiopathic short stature question whether the more modest
effects and higher required doses/costs are justified by the
unpredictable psychological benefits and possible side-
effects (Allen, 2006; Hindmarsh and Dattani, 2006). The
present data suggest that the effect of GH supplementation
on craniofacial structures may differ depending on whether
the child is GH-deficient or GH-normal.

Conclusions

1. Theearly-supplemented group demonstrated a significant
treatment effect during the pre-pubertal period (Phase I)
that covaried inversely with each variable’s relative
maturity.

2. Few differences between growth rates of the late group
compared with the early group existed during the post-
pubertal period (Phase II).

3. Atreatment effect was present in supplemented animals
during Phase II, but this effect did not appear to be
related to relative maturity as in Phase I.
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4. During Phase II, craniofacial growth rates were more
variable in the supplemented animals than in the control
animals.

5. These data suggest that growing GH-normal rats may
not respond to GH supplementation in a similar fashion
to GH-deficient rats.
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