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ABSTRACT

The role of the anterior cranial base in the establishment of midfacial retrognathia remains unclear. The
purpose of this study was to determine whether morphological deficiencies occur in the developing anterior
cranial base of the retrognathic Brachyrrhine (3H1 Br!+) mouse mutant shortly after overt cartilaginous
differentiation and to localise any malformations. Crania from 2 groups of 3H1 Brl + and + / + mice, each
consisting of 15 animals, were collected at gestational days 15, 17 and 19 (Theiler stages 23, 25, 27). The
anterior cranial base from each specimen was subjected to computerised reconstruction and 8 homologous
anatomical landmarks were digitised on each model. The landmark configurations were subjected to
Procrustes analysis and significant differences between models were determined at each age. In order to
localise differences between forms, average landmark configurations derived from Procrustes analysis were
subjected to finite-element analysis. Two cluster models were generated based on size-change values. One
cluster was located anteriorly and superiorly while the second was located posteriorly and inferiorly within
the anterior cranial base. Results indicate that the size-change values for the posterior and inferior cluster
increased more rapidly compared with the anterior and superior region over the age range tested. These data
indicate that the midfacial retrognathia in Br! + mice is associated with abnormal growth activity in the
presphenoid component of the presumptive anterior cranial base. In addition, the deficiency is present in the
presphenoid at the time of overt cartilaginous differentiation.
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INTRODUCTION

The anterior cranial base forms the central stem of the
cranium and includes the cartilaginous nasal septum,
perpendicular plate of the ethmoid, vomer and
sphenoidal body in the adult skull. Additionally, the
sphenoid is divided into the presphenoid, extending
anteriorly from the clivus, and the postsphenoid,
continuing posteriorly to the spheno-occipital junc-
tion. In the mouse, the anterior cranial base, with the
exception of the vomer which forms intra-
membranously, begins to chondrify at E12 (Theiler
stage 20), but does not achieve its mature cartilaginous
configuration until El 5 (Theiler stage 23). The
anterior cranial base is considered to play an
important role in the emergence of prenatal midfacial
morphology since the nasomaxillary complex is fixed
to it. In addition, the anterior cranial base displays

dramatic growth activity during the late embryonic
and early fetal periods prior to the extensive formation
of the craniofacial bones (Burdi, 1969, 1976 a, b; Van
Limborgh, 1970, 1972; Diewert, 1983, 1985; Burdi et
al. 1988). However, its specific role in the aetiology of
midfacial dysmorphologies remains debated (Ross,
1965, 1987; Dahl, 1970; Sandham & Cheng, 1988;
Horswell & Gallup, 1992; Harris, 1993; Trotman &
Ross, 1993).

Recently, a mouse mutant (Brachyrrhine, Br) was
identified which shows midfacial retrognathia charac-
teristic of a Class III malocclusion in humans
(Lozanoff, 1993). The mouse mutant was developed in
order to determine the effects of neutron irradiation
on chromosome structure (Searle, 1966). Adult Brl +
heterozygotes display severe midfacial hypoplasia and
deficiencies in midfacial calcification while median
midfacial clefting occurs in the dominant homozygote
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condition. Midfacial retrognathia is recognizable
externally as early as 15 d of gestation (Theiler stage
23) and the malformation is independent of fetal
blebbing which causes embryonic malformations in
over-irradiated mice due to mechanical disruption
(Ma & Lozanoff, 1993). Lozanoff et al. (1994) showed
that the anterior cranial base is deficient in early
postnatal Br mice with the presphenoid being most
affected, while the sphenoethmoidal area was affected
secondarily and the precursor region of the carti-
laginous nasal septum was least affected. The purpose
of this study is to determine whether the midfacially
retrognathic condition in Br/+ mice is associated
with anterior cranial base malformations during early
embryonic development, particularly in the period of
overt cartilaginous differentiation and, if so, to localise
the deformity.

MATERIALS AND METHODS

Inbred adult C3H/He x 101/H (3H1) stock and Br
mice were purchased from Harwell Laboratories
(MRC), Oxford, UK, and these were used to establish
a breeding colony in our laboratory (Lozanoff, 1993).
The 3H1 Brl + mice were compared with a sample of
3H1 +/+ stock mice since these animals display
normal murine craniofacial morphology. All animals
were housed under standard conditions with a 12 h
light cycle. They were supplied with tap water and
food pellets (Agway Prolab Feed, Waverly, NY) ad
libitum. The Br mice display incisors that grow very
rapidly and do not wear normally, probably due to
malocclusion resulting from their abnormal midfacial
condition. Therefore, the incisors were trimmed
manually with scissors once every 2 wk. The food
pellets were broken into smaller pieces than was
available commercially in order to facilitate ingestion.
However, animals were handled equivalently in all
other respects. Random breeding of Br mice was
conducted by placing 2 nulliparous 3H1 stock females
with a singly caged Br male. Parturition occurred
during the night and embryos were designated as
gestational day 0 (EO) the following morning. Mice
were identified as Br ifthey showed midfacial retrusion
and renal hypoplasia which are 2 morphological
markers which provide accurate discrimination be-
tween Brl + and + / + littermates (Ma & Lozanoff,
1993). The + / + control sample was derived from
3H1 stock matings.

Nonlittermates were collected at El 5 (stage 23),
E17 (stage 25) and E19 (stage 27). Dams were killed
with a lethal dose of Metofane (methoxyflurane),
embryos were removed, killed and staged according to

1I
Fig. 1. Schematic representation of the murine anterior cranial base.

Table 1. Anatomical landmarks used in the analysis

Landmark
number Description

I Most anterior point at the junction between the
right superior limb of cupula anterior and the
nasal septum.

2 Most anterior point at the junction between the
left superior limb of cupula anterior and the
nasal septum.

3 Most anterior point at the junction between the
left inferior limb of cupula anterior and the
nasal septum.

4 Most anterior point of the junction between the
right inferior limb of cupula anterior and the
nasal septum.

5 Base of crista galli on the right side.
6 Base of crista galli on left side.
7 Most posterior point at the junction between the

cupula posterior and the anterior cranial base
on the left side.

8 Most posterior point at the junction between the
cupula. posterior and the anterior cranial base
on the right side.

Theiler (1989). Eight specimens were collected for
each age and facial condition and at least 5 embryos
per age/facial condition were used in the subsequent
analysis. Heads were fixed in 2% glutaraldehyde in
0.05 M cacodylate buffer for 3-4 d. Following fixation,
they were washed in water, decalcified with RDO
(Ingram Bell) and stored in neutral phosphate buffer
for approximately 1 wk. The cartilaginous anterior
cranial base is shown schematically in Figure 1 in
order to provide an anatomical reference. The anterior
cranial base from each individual was reconstructed
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Fig. 2. Computerised reconstruction of the anterior cranial base of
the mouse viewed from the right lateral and anterolateral
perspectives with the 8 homologous landmarks used in this analysis.

and viewed following Lozanoff (1992). This technique
provides precise models of the anterior cranial base in
mice. Volumes and surface areas for each model also
were calculated (Lozanoff& Deptuch, 1991). Volumes
were compared between facial conditions at each age

using a paired t test.
Each reconstruction was viewed on the monitor

from lateral, superior, inferior, and posterior pers-

pectives and compared qualitatively. Eight homolo-
gous anatomical landmarks (Table 1) were identified
on the models (Fig. 2). These landmarks were selected
since they represented anatomical features that were

easily recognisable on all models and they were

located with a high degree of accuracy (Lozanoff et al.
1994). Landmarks were digitised by rotating each
reconstruction to a standardised lateral position.
Then, the cursor was positioned on the reconstruction
and a ray was projected perpendicularly through the
model. The first surface triangle intersected by the ray

was identified and the point of intersection provided
the 3-dimensional coordinate for the landmark.
Individual landmark configurations were used to
calculate average models for each age group (E15,
E17, E19) and craniofacial type (3H1 + / + or Br! +)
using Procrustes analysis which superimposed all
specimens at their geometric centres (Gower, 1975;
Rohlf & Slice, 1990). The 95 % confidence intervals
for the nodal locations were generated and displayed
at each of the 8 landmarks in order to determine
whether positional variation was qualitatively similar
between models and within age groups. Average
configurations were compared for each age and facial
condition in order to determine whether the Br!+
models were significantly different from the cor-

responding + / + averages. Euclidean Distance
Matrix Analysis (EDMA) also was used to determine
whether average geometries differed between 3H 1
+ / + and Brl + groups following Lele (1993).
Average configurations were analysed with finite-

element methods for samples determined to be
significantly different from one another in order to
localise differences in anatomical form (Lozanoff et al.
1994). The average 3H1 Br/+ geometry was used as
the initial form and compared with the 3H1 + / +
mean configuration for each developmental stage. The
3 principal stretches at each point were multiplied
together providing a measure of ch-ange in local size
(Lozanoff& Diewert, 1989). These size-change values
were measured at 500 randomly selected points within
the Br! + model for each age group, plotted within
the model and viewed from various perspectives, but
only the lateral view is provided in this report.
The size variables within each model were subjected

to k-means cluster analysis based on their magnitude
and location (Johnson & Wichern, 1982, pp. 555-558).
Resulting clusters were plotted graphically within the
Br/+ (initial) geometry and tested for significance
following Duda & Hart (1973). The analysis began by
testing for 2 significantly different clusters and the
number of clusters were incremented by 1 until the
hypothesis that independent clusters existed was
rejected (Lozanoff et al. 1994). Average size-change
values and corresponding standard deviations were
calculated for each cluster determined to be signifi-
cantly different from the others and tabulated for each
finite-element comparison.

RESULTS

Representative models of the anterior cranial base for
Br! + and + / + mice at E15 (stage 23), E17 (stage 25)
and E 19 (stage 27) are provided in Figure 3. The
overall size of the anterior cranial base appeared
similar between normal and Br! + animals at El 5, but
the presphenoidal region in the 3H1 Brl + specimens
appeared much smaller (Fig. 3). The sphenoethmoidal
region of the 3H1 Br! + specimens, positioned
superiorly in the region of the crista galli, appeared
reduced in size compared with the same area in the
3H1 +/+ models (Fig. 3). By E17, the 3H1 +/+
specimens appeared larger than the mutants (Fig. 3).
The anterior region of the anterior cranial base in the
3H1 Br! + specimens appeared normal in form
compared with the 3H 1 +/ + models at this age;
however, the presphenoidal and sphenoethmoidal
regions were noticeably smaller in the mutants (Fig.
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Fig. 3. Computerised models of the anterior cranial base from representative 3H1 Brl + and + / + animals at E15, E17 and E19 viewed
from the right lateral perspective. Bar, 1.0 mm.

Table 2. Comparison of anterior cranial base volumes (mm3)
between 3HI + / + and Br/+ mice at days 15 (E15), 17
(E17) and 19 (El9)*

Age 3H1 Br/+ 3H1 +/+ P

E15 0.241 (0.015) 0.268 (0.024) NS
E17 0.576 (0.068) 0.667 (0.100) NS
E19 0.783 (0.091) 1.054 (0.224) < 0.01

* Means (S.D.)

3). This trend continued
(Fig. 3).

for the E19 comparison

The volumes of the Br! + anterior cranial bases
were smaller, but not statistically significant, com-

pared with normal mice at E1 5 and E17 (Table 2).
However, the anterior cranial base volumes were

significantly smaller in Br mutants compared with the
normals at El9 (Table 2).

Average geometries for the anterior cranial bases
from 3H1 + /+ and Brl + animals from each age
group, generated from the Procrustes analysis, are
provided in Figure 4. Variation in landmark location
is represented at each node by 95% confidence
ellipsoids. Variation in the landmark positions for the
mean geometries of all groups appeared relatively
small (Fig. 4). However, landmark variation appeared
greater for 3H 1 Brl + mice compared with the
normal, particularly at 19 d gestation. A comparison
of residuals derived from Procrustes analysis showed
that the 3H1 Brl + models were significantly different
(P < 0.00 1) from those of the + / + animals at all age
intervals (Table 3). In addition, results from the
EDMA analysis showed that the 3H1 + / + and
Br! + groups were significantly different at P < 0.01.
Maps of local changes in size derived from finite-

element comparisons between 3H1 Brl + and + / +
are given in Figure 5 and numerical data associated
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Fig. 4. Average geometries for 3H1 Br/+ and +/+ groups at E15, E17 and E19 viewed from the right lateral perspective with 95%
confidence intervals for landmark locations indicated by ellipsoids.

Table 3. Comparison of 3HJ + / + and Br/ + anterior
cranial base models at days 15 (E15), 17 (El 7) and 19 (E19)
gestation and probability of geometric equivalence based on
Procrustes analysis

Age Residual F value P value

E15 0.00147 17.4 < 0.001
E17 0.00093 39.9 < 0.001
E19 0.00679 17.1 < 0.001

with these models in Table 4. At 15 d gestation, the
size-change values separated discretely into 2 clusters
for the 3H1 Brl + and + / + comparison with 1

cluster of smaller size-change occurring superiorly,
while a second cluster of larger size-change values
existed inferiorly and slightly posteriorly (Fig. 5). Size
change-values clustered into 2 discrete groups for the
E 17 anterior cranial base comparison, one with
smaller values located anteriorly and superiorly and a

second cluster, located posteriorly and inferiorly, with
larger values (Fig. 5). Similarly, size-change values
clustered into 2 groups for the comparison of anterior
cranial base models for the 19 d gestational groups

with the posterior and inferior region displaying a

larger average compared with the anterior and
superior region (Fig. 5). Within all age categories, the
2 clusters were significantly different from one another
with the posterior and inferior cluster displaying

larger local size-change values compared with the
anterior and superior cluster (Table 4). A ratio
criterion test (Duda & Hart, 1973; Lozanoff et al.
1994) was performed to determine whether the size-
change values could be further subdivided into 3
clusters; however, statistical significance did not occur
with further cluster subdivisions.

In general, size-change values clustered into 2
groups for the 3H1 Brl + geometries when compared
with the 3H 1 + / + geometries, one located
posteriorly and inferiorly with the other positioned
anteriorly and superiorly. Average size-change values
for the posteroinferior cluster were larger compared
with the anterosuperior cluster over the age range
tested. Further subdivision of the clusters was not
statistically significant.

DISCUSSION

Qualitative and quantitative analyses of computerised
morphological reconstructions are becoming
increasingly useful in the study of craniofacial growth
and malgrowth (Siegel & Todhunter, 1979; Mooney
et al. 1991; Lozanoff et al. 1993; Witt et al. 1992;
Lozanoff et al. 1994; Rude et al. 1994; Sameshima &
Melnick, 1994). The technique used here has been
shown to provide accurate and precise models of the
murine anterior cranial base (Lozanoff, 1992). As
well, an assessment of nodal residuals within indi-
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Fig. 5. Finite element comparison of Brl + and + / + average geometries at days 15 (E1 5), 17 (E1 7) and 19 (E19) gestation with mean size-
change values plotted within the respective clusters.

Table 4. Comparison of local size-change values derivedfrom
the finite-element analysis of average anterior cranial base
geometries from 3HI + / + and Br/ + animals at days 15
(E15), 17 (E17) and 19 (El9) gestation

A P

Age x S.D. x S.D. P value

E15 1.03 0.06 1.15 0.05 < 0.001
E17 1.32 0.05 1.53 0.10 < 0.001
E19 1.11 0.04 1.28 0.08 < 0.001

A, anterosuperior cluster; P, posteroinferior cluster.

viduals versus that within group suggests that ana-
tomical landmarks can be identified in a reliable
fashion, although the analysis of landmark precision
remains problematic (Lozanoff et al. 1994). The
usefulness of finite-element modelling for measuring
anatomical change remains debated (Bookstein, 1991;
McAlarney et al. 1991, 1992). However, Lozanoff &
Diewert (1986) demonstrated that form-change
variables derived from finite-element modelling do
correspond to drug-induced craniofacial malgrowth
alterations in a predictable fashion. Therefore, finite-
element descriptions of dysmorphology in the murine
anterior cranial base appear to provide accurate and
reliable information.

Adult 3H1 Br mice display severe midfacial retro-
gnathia (Lozanoff, 1993). Similarly, young postnatal

Br mice show midfacial retrognathia externally and a
deficient anterior cranial base internally (Lozanoff et
al. 1994). In this study, prenatal mutants displayed
anterior cranial bases with smaller volumes, but not
statistically significantly less, compared with 3H 1
+ / + at 15 d gestation which is approximately 3 d
subsequent to the initiation of chondrification in the
murine anterior cranial base. This trend continues
until 17 d gestation, after which the volume of the
Br/ + anterior cranial base is statistically significantly
less compared with the normal organ. However, the
geometric configuration of the Brl + anterior cranial
base differs from the normal throughout the age range
tested, based on Procrustes analysis and EDMA.
Therefore morphological deficiencies in the anterior
cranial base of the Brl + mouse that are seen
postnatally (Lozanoff et al. 1994) arise very early in
development, possibly at the onset of chondrification.
The anterior cranial base forms from the central

stem of the chondrocranium and this single carti-
laginous structure undergoes divergent morphogen-
etic processes to form the cartilaginous nasal septum
as well as the bony perpendicular plate of the ethmoid,
presphenoid, postsphenoid and basisphenoid bones.
During the ossification process, chondrocytic hy-
pertrophy occurs along a posterior to anterior axis,
with the anterior portion remaining cartilaginous
and forming the nasal septum. Based on the results
from the finite-element analysis, the size-change values
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clustered discretely into 2 groups, one located pos-
terior and inferior and the other anterior and superior
when the Brl + average models were compared with
the 3H1 + / + average configurations. In addition,
the average size-change values were larger for the
posterior cluster compared with the anterior cluster.
These results indicate that growth activity in the
presphenoidal region, inferiorly, ascending to the
sphenoethmoidal region, superiorly, is probably
affected more than the presumptive cartilaginous
nasal septum. Delayed growth could also be expected
in the Br mouse along the ossifying front of the
presphenoid, extending from the base of the sphenoid
superiorly to the crista galli.
A short anterior cranial base has been implicated as

a factor in Class III malocclusions resulting in
midfacial retrognathia (Stapf, 1948; Moss &
Greenberg, 1955; Hopkin et al. 1968). Numerous
hypotheses have been proposed regarding the re-
lationship between longitudinal growth of the anterior
cranial base and midfacial retrognathia. Among these,
the traction hypothesis postulates that the nasal
septum pulls the midfacial skeleton forwards through
the septopremaxillary ligament (Scott, 1953; Latham,
1970; Sarnat, 1970; Delaire & Precious, 1986;
Mooney et al. 1989). Experimental evidence indicates
that a disruption in the septopremaxillary ligament
results in midfacial retrusion (Sarnat, 1991; Siegel et
al. 1991, 1992). However, a greater reduction in local
size occurring in the presphenoidal and spheno-
ethmoidal regions of the Br anterior cranial base
compared with that seen in the nasal septal region
could result in midfacial retrognathia as seen in the
present study. The posterior region of the anterior
cranial base may be more significant compared with
the nasal septal region for causing midfacial retro-
gnathia in the Br mutant.

Sagittal growth of the cranial base is accomplished
at numerous sites along its length (Hoyte, 1991). Of
particular significance are the spheno-occipital syn-
chondrosis and the synchondroses of the coronal ring
(Burdi et al. 1986). The defective morphology in the
presphenoid extending superiorly towards the spheno-
ethmoidal region probably prevents proper midfacial
prognathism as seen in Br embryos (Ma & Lozanoff,
1993). The cellular deficiency responsible for this
decreased growth is still unknown. It is possible that
there is a deficient embryonic aggregate ofprechondro-
cytes resulting in a reduced stem cell population and
a small presphenoid. Alternatively, the prechondro-
genic cell population may differentiate properly.
However, the chondrocytes may mature too rapidly,
limiting necessary growth activities such as extra-

cellular matrix production and cellular proliferation,
to ensure proper longitudinal growth. This process
may occur in Apert's syndrome where the spheno-
occipital synchondroses may fuse prematurely, or
remain open, but with diminished growth activity
(Kreiborg et al. 1976; Ousterhout & Melsen 1982).
Future work will attempt to elucidate the cellular
mechanisms associated with foreshortening of the
cranial base in Br mice.

Approximately 20-30% of adult patients with Class
III malocclusions display maxillary retrognathia with-
out mandibular prognathism (Sanborn, 1955;
Dietrich, 1970; Jacobson et al. 1974; Ellis &
McNamara 1984). The malocclusion can be
recognised clinically in young patients aged as early as
5-7 y (Guyer et al. 1986). In patients younger than
8 y, Singh et al. (1995) showed that a localised
morphological shearing occurs in the presphenoidal
and sphenoethmoidal regions of the cranial base in
Class III patients. This suggests that abnormal growth
occurs locally within the presphenoidal area in human
patients. In the present study, results from the FEM
analysis suggest that growth activity in the anterior
cranial base may be divisible into 2 regions; one
located anteriorly in the presumptive nasal septal
region and the other positioned posteriorly in the
presphenoidal area extending superiorly into the
sphenoethmoidal region. Growth deficiencies in the
presphenoidal region, rather than the nasal septum,
appear to cause midfacial retrognathia as seen in
Br/+ mice.
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