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Abstract

Background: Laboratory mice are routinely used in craniofacial research

based on the relatively close genetic relationship and conservation of develop-

mental pathways between humans and mice. Since genetic perturbations and

disease states may have localized effects, data from individual cranial bones

are valuable for the interpretation of experimental assays. We employ high-

resolution microcomputed tomography to characterize cranial bones of

C57BL/6J mice at embryonic day (E) 15.5 and E17.5, day of birth (P0), and

postnatal day 7 (P7) and provide estimates of individual bone volume and tis-

sue mineral density (TMD).

Results: Average volume and TMD values are reported for individual bones.

Significant differences in volume and TMD during embryonic ages likely

reflect early mineralization of cranial neural crest-derived and intra-

membranously forming bones. Although bones of the face and vault had

higher TMD values during embryonic ages, bones of the braincase floor had

significantly higher TMD values by P7.

Conclusions: These ontogenetic data on cranial bone volume and TMD serve

as a reference standard for future studies using mice bred on a C57BL/6J

genetic background. Our findings also highlight the importance of differentiat-

ing “control” data from mice that are presented as “unaffected” littermates,

particularly when carrying a single copy of a cre-recombinase gene.
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1 | INTRODUCTION

Mice are used routinely in evolutionary and biomedical
research, in part based on their relatively close genetic

relationship with humans.1-8 Despite differences in over-
all cranial proportions and appearance, the deep phyloge-
netic history between humans and mice is reflected in
the conservation of genetic regulatory and developmental
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pathways that guide craniofacial growth and develop-
ment.2,9-11 Although others exist, the laboratory mouse
remains the most widely used vertebrate model organ-
ism, particularly for craniofacial research.1,2,4,10,12-14

Development of the craniofacial skeleton is complex,
with individual bones of the skull having different onto-
genetic trajectories and modes of mineralization.15,16 The
creation of transgenic mouse lines to study craniofacial
disorders has allowed researchers to study the effects of
coding and noncoding genetic variants on skull morphol-
ogy. However, parsing out the effects of genetic muta-
tions on variation in skull morphology, growth, and
development is enhanced by detailed data at the level of
the individual cranial bone, based upon differences in the
cell population from which each bone is derived (cranial
neural crest cells [CNCC] vs mesoderm), mode of ossifi-
cation (endochondral vs intramembranous), and function
as part of a cranial module (facial skeleton vs cranial
vault vs braincase floor).1,2,15-18 While an initial develop-
mental disruption may be directed solely to CNCC-
derived elements, once mineralization begins and cranial
bones approach each other and cranial soft tissue organs
continue to change in size and shape, the local changes
to CNCC-derived bones may influence other bones and
become more generalized to the skull as a whole.19,20 The
identification of localized patterns of perturbation
requires analyses of the formation and growth of individ-
ual cranial bones early during the mineralization process
and over developmental time.

Bone volume, surface area, cortical thickness, and
density are parameters commonly used to quantify the
progression of bone growth or as comparative metrics for
disease and transgenic mouse models, but the focus is
often on the postcranial skeleton.21-26 Data on prenatal
development of individual cranial bones in common lab-
oratory strains of mice are lacking. Even when craniofa-
cial bone data are published, the presentation of the data
can complicate comparisons to other studies. For exam-
ple, some studies report bone volume or surface area only
as relative comparisons to littermates (eg, a 10% decrease
in bone volume compared to littermates) without provid-
ing raw measures.27,28 In other studies, cranial bones are
grouped together as measures of cranial base, calvarial,
or total skull volume or density.17,29-33 Such data do not
provide the necessary level of refinement to determine
the localized effects of the disease state or genetic pertur-
bation on different modes of ossification, embryonic cell
lineages, functions within cranial modules, or any other
criterion that could contribute to differential effects
across individual cranial elements. Evidence suggests that
when differences in global skull growth or morphology
are detected, there may be effects on bone mineralization
specific to individual cranial bones.32-34

Several studies have provided refined data on individ-
ual cranial bone development in mice, including estimates
of bone volume and density.27,32,33,35-37 However, these
data are only available for newborn or later postnatal mice
and are limited to a subset of cranial bones. The embryonic
period is a critical phase for the initiation of bone develop-
ment, with the majority of cranial bones beginning the pro-
cess of mineralization during embryonic development.38,39

Along with biomechanical changes, genetic perturbations
introduced during embryogenesis have the potential to
affect prenatal craniofacial bone development, which may
contribute to a postnatal phenotype. Additionally, delays in
the onset of bone mineralization or development may only
be appreciable during prenatal growth due to subsequent
catch-up growth.

Here, we provide estimates of cranial bone volume
and tissue mineral density (TMD) for embryonic and
early postnatal C57BL/6J mice. C57BL/6J mice were
selected based on their widespread usage in the labora-
tory research. Research has shown that different inbred
strains of laboratory mice show differences in bone vol-
ume and density measures,40,41 and C57BL/6J mice are
known to have relatively low bone density (https://www.
jax.org/strain/000664). Even among C57BL/6 mice, dis-
ease phenotypes may vary by specific substrain (eg,
C57BL/6J or C57BL/6N), and the choice of substrain
should be considered carefully in experimental design.42

We employed high-resolution microcomputed tomog-
raphy (microCT) to characterize bones from the cranial
vault, facial skeleton, and braincase floor at embryonic
day 15.5 (E15.5), E17.5, day of birth (P0), and postnatal
day 7 (P7). These data can serve as a reference standard
for future studies that examine craniofacial development,
growth, and disease using C57BL/6J mice.

2 | RESULTS

Bone volume and TMD were statistically compared
between the male and female samples for each age group
for each individual cranial bone. While our sample sizes do
not permit significance testing for sex differences in these
parameters, there was no evidence in our data to suggest
the presence of sexual dimorphism for any element. On the
basis of these analyses, we pooled the male and female
samples for each group for all further analyses.

2.1 | Analysis of individual bones

As expected, volume of ossified bone increases with age
between E15.5 and P7 (Table 1). At E15.5, the number of
ossification centers present was highly variable, but all
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specimens consistently showed initial mineralization of
the maxilla and mandible. There were no significant cor-
relations between either the number of ossification cen-
ters or the total volume of bone present and crown-rump
length, weight, or developmental age. One E15.5 speci-
men showed ossification only in the maxilla and mandi-
ble, while another E15.5 specimen showed ossification of
the maxilla, mandible, premaxilla, palatine, frontal, pari-
etal, squamous temporal, lateral occipital, basioccipital,
and zygomatic bones (Figure 1). These data further dem-
onstrate the established variation in developmental stage
of embryos, even from the same litter.43,44

By E17.5, all specimens showed appreciable ossifica-
tion for most of the bones considered, with the exception
of the ethmoid, nasal, petrous temporal, presphenoid,
and squamous occipital, with one specimen additionally
lacking ossification of the tympanic ring. At P0, four
specimens lacked ossification of the ethmoid, while all
other bones had initiated mineralization. Ossification
centers for all bones examined in this study were present
in all specimens at P7.

The mandible consistently had the highest bone
volume across all ages, and the ethmoid and petrous

temporal bones experienced rapid growth between P0
and P7 (Figure 2). Most of the measured bones consis-
tently increased in average TMD with age, with several
notable exceptions (Table 2; Figure 3). The average
TMD of the mandible and maxilla decreased slightly
from E17.5 to P0 but then increased from P0 to P7,
although the differences in average TMD from E17.5 to
P0 were not statistically significant. The palatine,
vomer, and zygomatic bones also decreased in average
TMD from P0 to P7; however, only the difference in
average TMD for the vomer reached statistical signifi-
cance (P < .01).

2.2 | Analysis of tissue origin,
ossification process, and cranial module

Bones were grouped according to their tissue origin,
ossification process, and cranial module for compara-
tive analyses. Significant differences in bone volume
were only present at ages E15.5 and E17.5, with
CNCC-derived bones and bones forming via intra-
membranous ossification having a significantly higher

TABLE 1 Average bone volume (mm3) for present ossification centers by age

Bone E15.5 E17.5 P0 P7

Alisphenoid 0 2.17E-03 (1.29E-03) 0.141 (3.20E-02) 0.516 (5.15E-02)

Basioccipital 3.56E-04 (4.38E-04) 2.78E-02 (1.56E-02) 0.419 (6.37E-02) 1.01 (7.38E-02)

Basisphenoid 0 4.08E-03 (5.59E-03) 0.320 (6.29E-02) 1.11 (9.76E-02)

Ethmoid 0 0 2.47E-03 (1.66E-03) 2.01 (0.245)

Frontal 4.36E-03 (2.99E-03) 3.66E-02 (1.31E-02) 0.456 (8.72E-02) 1.70 (0.183)

Interparietal 0 6.11E-04 (5.09E-04) 0.152 (3.18E-02) 1.13 (0.148)

Lateral occipital 5.86E-04 (9.31E-04) 1.44E-02 (1.47E-02) 0.249 (3.50E-02) 0.649 (4.68E-02)

Mandible 1.67E-02 (1.81E-02) 0.115 (3.07E-02) 0.906 (0.223) 3.30 (0.267)

Maxilla 4.38E-03 (3.27E-03) 3.42E-02 (1.12E-02) 0.337 (8.46E-02) 1.72 (0.159)

Nasal 0 0 4.37E-02 (2.24E-02) 0.444 (4.97E-02)

Palatine 9.90E-04 (7.91E-04) 9.32E-03 (3.34E-03) 9.75E-02 (1.71E-02) 0.298 (2.50E-02)

Parietal 1.27E-03 (5.83E-04) 1.00E-02 (5.19E-03) 0.265 (5.12E-02) 1.11 (0.145)

Petrous temporal 0 0 4.66E-02 (3.81E-02) 2.66 (0.500)

Premaxilla 1.05E-03 (8.42E-04) 5.58E-03 (2.53E-03) 0.218 (6.84E-02) 1.18 (0.118)

Presphenoid 0 0 0.122 (3.94E-02) 0.356 (3.22E-02)

Squamous occipital 0 0 0.199 (4.71E-02) 1.05 (0.145)

Squamous temporal 4.55E-04 (2.33E-04) 3.31E-03 (1.33E-03) 0.129 (3.17E-02) 0.715 (7.10E-02)

Tympanic ring 0 3.30E-04 (2.12E-04) 2.23E-02 (4.51E-03) 0.224 (7.01E-02)

Vomer 0 1.52E-03 (1.36E-03) 3.85E-02 (8.74E-03) 0.127 (1.59E-02)

Zygomatic 9.29E-06 (0) 5.83E-04 (3.57E-04) 1.87E-02 (3.48E-03) 9.61E-02 (1.10E-02)

Note: A value of zero indicates that the bone was not present in any specimen at that age. The average standard deviation (SD) of volume for each bone, when

present, is indicated in parentheses.
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average volume than mesoderm-derived bones and
bones forming via endochondral ossification
(Figure 4). Additionally, facial bones had a signifi-
cantly higher average volume than bones of the brain-
case floor at E15.5. No significant differences in
volume were found at P0 or P7, suggesting possible
catch-up growth of mesoderm-derived bones, bones
forming via endochondral ossification, and bones of
the braincase floor or deceleration of growth of the
CNCC-derived bones, bones forming via intra-
membranous ossification, and facial bones.

In contrast, significant differences in average TMD
persisted through P7, although the differences detected at
P7 show a pattern shift (Figure 5). During embryonic
ages, CNCC-derived bones, bones forming via intra-
membranous ossification, and bones of the vault and face
had significantly higher average TMD, while mesoderm-
derived bones, bones forming via endochondral ossifica-
tion, and bones of the braincase floor had significantly
higher average TMD at P7. This suggests differential rates
of postnatal mineralization within cranial elements
grouped by tissue origin, ossification type, and cranial
module (eg, through either catch-up or deceleration of
growth rates by group).

3 | DISCUSSION

Craniofacial morphological studies of embryonic and
early postnatal mice frequently find few or no sex differ-
ences and often pool male and female specimens, a find-
ing consistent with our data.35,36,45,46 The apparent lack
of morphological differences between the sexes may be
grounded in similarity in embryonic and early postnatal
bone development, as no evidence of sexual dimorphism
in cranial bone volume or TMD was apparent for any of
the examined cranial bones at any of the four ages in this
study, but awaits verification with larger sample sizes.
Shen et al similarly tested for sex differences at P7 and
P21 in volume measurements for six individual cranial
bones, finding no significant sexual dimorphism at either
age.32

Previous studies by Percival and colleagues compared
cranial bone volume data between Fgfr2+/P253R Apert
syndrome mice and unaffected littermates47 and between
Fgfr2+/Y394C Beare-Stevenson syndrome mice and unaf-
fected littermates48 at embryonic and early postnatal
ages. As these mice were bred on a C57BL/6J back-
ground, they provide a comparable dataset. Comparison
of data for the same ages and cranial bones between the
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unaffected littermates of these studies and the C57BL/6J
sample analyzed here reveals several differences. Most
striking is the observation that mean total cranial bone
volume of unaffected littermates of Fgfr2+/P253R Apert
syndrome mice at E15.5 and E17.5 is more than an order
of magnitude greater than the comparable data reported
here. This trend continues at P0, with littermates of
Fgfr2+/P253R Apert syndrome mice reporting mean total
bone volumes 25% greater than reported here. The only
age group of the unaffected littermates of Fgfr2+/Y394C

Beare-Stevenson syndrome mice that can be compared to
the current study is P0. These data reveal a higher vol-
ume for each of the bones measured at P0, excepting the
ethmoid, for unaffected littermates of Fgfr2+/Y394C Beare-
Stevenson syndrome mice relative to data reported here.

These differences in cranial bone volume measures
may be due to several differences in methodology. All of
the scans used by Percival and colleagues47,48 were com-
pleted using an OMNI-X Universal HD600 microCT sys-
tem, while the scans used in the present study were
conducted with the General Electric vjtomjx L300 nano/
microCT system and are characterized by slight differ-
ences in voxel sizes. Additionally, semi-automated

segmentation methods were used for all postnatal mice
in the Percival et al studies,47,48 while individual cranial
bones were manually segmented for mice at all ages in
this study. Different minimum thresholds were also used
when segmenting ossified bone - 91 mg/cm3 and
74 mg/cm3 for the studies by Percival and colleagues,
compared with 85 mg/cm3 for this study.

These differences notwithstanding, a potentially sig-
nificant consideration is that the study design
implemented by Percival and colleagues compared mice
carrying a specific disease-associated mutation with litter-
mates that were not affected by the mutation.47,48 Nota-
bly, the unaffected littermates did not carry any floxed
genes but were heterozygous for the EIIA-cre rec-
ombinase enzyme gene. Unaffected mice that carry a
copy of a cre without any floxed genes may still develop
unexpected expression patterns and physiological alter-
ations.49-53 When used as a comparative group for the
purpose of defining phenotypic effects of the mutation,
these alterations would also occur in the group carrying
the mutation, in essence accounting for, or canceling out,
these effects and allowing any differences identified
between the experimental and comparison groups to be
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attributed solely to the introduced mutation. Examina-
tion of the Percival et al studies suggests that the cranial
bone data for the “wild-type” C57BL/6J mice presented
here may not be an appropriate comparative group for
other studies that use a cre-recombinase, even if carried
on a C57BL/6J background, as those mice may show vari-
ation due to the presence of the cre-recombinase gene.
Investigators using the cre-lox system should understand
that unaffected littermates are not “wild-type” mice and
follow recommendations for including a more thorough
description of breeding schemes and genotypes for all
samples.52,53

While there are no additional published TMD data
for E15.5-P7 specimens, Wei and colleagues measured
bone volume and TMD for small regions of interest in
the mandible, frontal, parietal, presphenoid, basi-
sphenoid, and basioccipital bones in P14-P390
C57BL/6NCrl mice.36 While these data cannot be
directly compared to our volume data for the entire
bone, comparisons to the observed patterns are useful.
At P14, the earliest age measured by Wei et al, the fron-
tal and parietal bones had comparable measures of
bone volume and TMD, and both bones followed simi-
lar trajectories: a steady increase in volume through
P390 and a plateauing of TMD beginning around P30.36

Our data may provide an extended timeline of TMD for
younger mice. The patterns of average TMD for the
frontal and parietal bones are similar across the ages
studied, with both bones having an average TMD of
approximately 300 mg/cm3 by P7, while Wei et al report
a TMD of around 400 mg/cm3 at P14.36 Average TMD
values for the P7 sample of this study are roughly com-
parable to the TMD values for the P14 sample of Wei
et al for the mandible, presphenoid, basisphenoid, and
basioccipital at around 300 mg/cm3.36

Although Percival et al found no significant differ-
ences related to tissue origin or ossification type for bone
size, density, or rates of bone volume change at P0 or
P8,48 our data support the idea that mesoderm-derived
bones exhibit increased bone density compared to CNCC
derived bones at early postnatal stages.34,36,45 Our data
showing CNCC derived bones with higher average vol-
ume and TMD during prenatal ages may be explained by
the observation that the frontal bone, derived from
CNCC, begins to mineralize at least 24 hours prior to the
parietal bone, which is derived from mesoderm, with
other cranial vault bones initializing mineralization even
later.54 Alternatively, the relative lack of mineralized
bone prenatally and apparent catch-up seen with postna-
tal ages may support assertions of delayed initiation or a

TABLE 2 Average TMD (mg/cm3)

for present ossification centers by age
Bone E15.5 E17.5 P0 P7

Alisphenoid 0 192.5 (90.0) 250.9 (37.1) 262.3 (123.3)

Basioccipital 96.9 (11.8) 163.9 (75.2) 301.6 (170.9) 349.3 (165.4)

Basisphenoid 0 140.5 (54.3) 264.7 (134.5) 310.1 (152.8)

Ethmoid 0 0 171.2 (49.3) 233.7 (96.5)

Frontal 121.9 (32.6) 236.3 (119.5) 278.9 (150.1) 292.4 (154.5)

Interparietal 0 112.2 (22.5) 271.3 (136.1) 317.6 (159.4)

Lateral Occipital 104.6 (16.4) 139.2 (60.6) 292.9 (152.3) 328.4 (163.0)

Mandible 118.6 (30.4) 250.7 (136.0) 247.3 (140.8) 321.4 (168.0)

Maxilla 139.9 (43.9) 272.2 (151.3) 257.6 (139.9) 304.4 (160.7)

Nasal 0 0 155.1 (58.1) 233.8 (107.4)

Palatine 118.2 (24.2) 264.4 (137.5) 336.7 (195.1) 307.7 (155.0)

Parietal 113.9 (24.5) 172.9 (71.9) 270.7 (126.2) 303.2 (151.2)

Petrous Temporal 0 0 150.0 (48.6) 292.7 (163.8)

Premaxilla 114.8 (24.3) 206.4 (107.8) 224.3 (114.8) 279.3 (138.1)

Presphenoid 0 0 214.8 (86.9) 278.3 (125.4)

Squamous occipital 0 0 216.4 (89.4) 248.1 (124.0)

Squamous temporal 109.6 (19.1) 206.2 (97.8) 267.6 (147.9) 273.4 (132.2)

Tympanic ring 0 128.0 (28.2) 256.8 (140.0) 387.3 (218.3)

Vomer 0 164.1 (58.2) 316.5 (179.2) 244.7 (120.3)

Zygomatic 90.1 (3.1) 194.1 (81.1) 348.5 (203.1) 308.7 (147.5)

Note: A value of zero indicates that the bone was not present in any specimen at that age. The average SD of
TMD values for each bone, when present, is indicated in parentheses.
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slowed rate of mineralization in mesoderm-derived bones
relative to CNCC-derived bones.55-58

Pattern shifts in average bone volume and TMD for
different cranial regions found by previous research and
supported by our data suggest that differences in the

functional role of individual cranial bones additionally
influences growth and development.36 The decrease in
average TMD between P0 and P7 for the vomer may be
the result of rapid antero-posterior growth or may be a
reflection of individual differences, as this study is based
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0. Y-axis values are separately specified for each bone due to the wide variance in upper values (ranging from less than 250 mg/cm3 for the

squamous occipital and nasal bones to over 400 mg/cm3 for the tympanic ring and zygomatic bones)

FIGURE 4 Heatmaps of average

bone volume across chronological age,

with bones grouped by tissue origin

(mesoderm v. CNCC), ossification

process (endochondral

v. intramembranous), and cranial

module (face, braincase floor, and vault).

*P < .05; **P < .01
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on cross-sectional, rather than longitudinal, data. We also
note that average TMD in this study represents the aver-
age density of the entire bone and therefore averages the
densities between cortical and trabecular bone for each
cranial element, leading to questions regarding the differ-
ential composition of each element and the coupling of
bone resorption and accretion during periods of rapid
growth.

Further research is needed, particularly on additional
postnatal ages to contextualize bone volume and TMD
changes over ontogenetic time, as such data could pro-
vide further information about conditions affecting early
bone growth and TMD, as well as individual and cooper-
ative contributions to skull morphogenesis.

4 | CONCLUSION

We have established a normative dataset of average vol-
ume and TMD for individual cranial bones in C57BL/6J
mice from E15.5 through P7. Previous work has demon-
strated potentially localized effects of developmental and
genetic alterations on individual cranial bones,32-34

indicating the need for precise, localized data. We note
that our data are specific to C57BL/6J mice and the ages
studied, as significant differences between adult mice of
different inbred strains have been found in postcranial
bone parameters.40,41 Given the heavy usage of C57BL/6J
mice, these data may be useful as an established refer-
ence standard for average cranial bone volume and TMD
in C57BL/6J mice, potentially satisfying the National
Institutes of Health requirement for the authentication of
key biological resources.

5 | EXPERIMENTAL PROCEDURES

5.1 | Mouse models

All mice used in this study were of the C57BL/6J strain
(https://www.jax.org/strain/000664). Based upon timed
matings and evidence of pregnancy, litters were sacrificed
and collected on E15.5 and E17.5. Postnatal litters were
only used if birth occurred on E19 and were collected on
the day of birth (P0) and P7. Pregnant dams and postna-
tal pups were euthanized by inhalation anesthetics.
Specimens were fixed in 4% paraformaldehyde in
phosphate-buffered saline (PBS). After fixation, the

FIGURE 5 Heatmaps of average

TMD across chronological age, with

bones grouped by tissue origin

(mesoderm v. CNCC), ossification

process (endochondral

v. intramembranous), and cranial

module (face, braincase floor, and vault).

*P < .05; **P < .01

TABLE 3 Sample size for each age group

Age

Prenatal Postnatal

E15.5 E17.5 P0 P7

Male 3 3 3 3

Female 3 3 3 3

Total 6 6 6 6

TABLE 4 Average μCT scan settings by age

Age kV μA Average voxel size (mm)

E15.5 100 70 0.006

E17.5 100 60 0.006

P0 100 85 0.009

P7 100 100 0.011
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specimens were disarticulated at the thorax for embry-
onic samples or the cervical spine for postnatal samples,
and the crania were stored in PBS with 0.01% sodium
azide as an antibacterial agent until ready for microCT
scanning. Sex was confirmed by Y chromosome PCR
using a small piece of tail tissue taken at the time of sacri-
fice. For each age group, the sample represents at least
two litters, and individual specimens were selected to
represent low, median, and high weights from the avail-
able specimens. Relative development of E15.5 specimens
was assessed with crown-rump length, weight, and devel-
opmental staging using the hind limb according to Musy
et al.44 Sex and age distribution for the sample is
described in Table 3. Mice were bred, sacrificed, and
processed in compliance with animal welfare guidelines
approved by the Pennsylvania State University Animal
Care and Use Committee (IACUC # 46558).

5.2 | Image acquisition and data
collection

microCT images were acquired by the Center for Quanti-
tative Imaging at the Pennsylvania State University
(www.cqi.psu.edu) using the General Electric vjtomjx

L300 nano/microCT system. Image data were
reconstructed on a 2024 � 2024 pixel grid as a 32-bit vol-
ume but were reduced to 16-bit for image analysis with
Avizo 9.4 (ThermoFisher). Scanning parameters are pro-
vided in Table 4.

Prior to data collection, all postcranial bones were
removed from the acquired images using the Volume
Edit tool of Avizo 9.4. All scans were then subjected to a
3D median filter to remove background noise. Isosurfaces
were reconstructed to represent cranial bone based on a
hydroxyapatite phantom that was scanned with each
specimen. Scanning the hydroxyapatite phantom with
each specimen allowed correlation between X-ray attenu-
ation values and density estimates. The phantom con-
tained five columns of hydroxyapatite in epoxy resin at
the following known partial densities: 0, 101.7, 206.2,
403.9, and 792.3 mg/cm3. Previous morphometric cranio-
facial studies of embryonic and early prenatal mice have
used a minimum threshold of 70-100 mg/cm3 to create
isosurfaces.47,59,60 To maintain consistency between spec-
imens, 85 mg/cm3 was used as the minimum threshold
to create isosurfaces and segment bone for this study.

Manual, rather than automated, segmentation of indi-
vidual cranial elements was necessary for embryonic ages
due to low levels of ossification, especially for E15.5.

FIGURE 6 Illustration of

cranial bones analyzed for this

study at each age group. Top

row: left lateral view, with the

rostrum facing left. Bottom row:

superior endocranial view, with

the rostrum facing left and the

superior portion of the cranial

vault removed. Bones that cross

the midline were fully

segmented. For bilaterally

occurring bones, only bones of

the left side of the skull were

segmented. Bones appearing in

gray were not segmented

1204 LESCIOTTO ET AL.

http://www.cqi.psu.edu


Although semi-automated segmentation methods exist
for postnatal bone,47,48 individual cranial bones were also
manually segmented in postnatal specimens to ensure
accuracy and consistency in methodology across ages
groups. Additionally, bridging across sutures between
adjacent cranial bones occurred in the P0 and P7 samples
(eg, between the frontal and parietal bones), further war-
ranting the more time-consuming manual segmentation
methodology, which allowed for visual confirmation that
segmentation followed suture morphology and consis-
tency between specimens.

Twenty cranial bones were targeted for individual
segmentation for each specimen (Figure 6). Bones that
cross the midline (ie, ethmoid, vomer, presphenoid, basi-
sphenoid, basioccipital, squamous occipital, and inter-
parietal) were fully segmented, while only the left side
was segmented for bilaterally occurring bones. Volume
for each cranial bone was measured using the Material
Statistics tool in Avizo 9.4. If a bone that mineralized rel-
atively late in development could not be detected by visu-
alization at an early age, its volume was recorded as
0. TMD was measured by the following three-step pro-
cess: (a) using ImageJ to derive a regression equation for
changing gray values in the scanned image to density

values based on the scanned hydroxyapatite phantom
with known densities; (2) using this equation to convert
pixel gray values to density values; and (3) using the
Image Statistics tool in Avizo 9.4 to quantify an average
density value for each bone. As this method produced a
quantification of the mineral density of ossified tissue
only, this parameter is referred to as “tissue mineral den-
sity” or TMD. We note that this method takes the average
TMD of both cortical and trabecular bone within each
cranial element.

Two-sample t-tests with Bonferroni correction were
used to compare males and females within each age
group and to test for significant differences in bone vol-
ume and TMD between age groups for the cranial bones
examined. T-tests and one-way ANOVAs were performed
to test for significant differences in cranial bone volume
and TMD based on tissue origin (CNCC v. mesoderm),
ossification process (endochondral v. intramembranous),
and cranial module (face v. vault v. braincase floor) for
each of the examined age groups (Table 5). We note that
several cranial bones (eg, mandible, interparietal) either
undergo several different types of ossification or have
mixed tissue origins; Table 5 reflects the type of ossifica-
tion or tissue origin that occurs for the majority of the

TABLE 5 Cranial bones

categorized according to tissue origin,

type of ossification process, and cranial

module15

Bone Tissue origin Type of ossification Cranial module

Alisphenoid CNCC Intramembranous Vault

Basioccipital Mesoderm Endochondral Braincase floor

Basisphenoid CNCC Endochondral Braincase floor

Ethmoid CNCC Endochondral Face

Frontal CNCC Intramembranous Vault

Interparietal Mixeda Intramembranous Vault

Lateral occipital Mesoderm Endochondral Braincase floor

Mandible CNCC Intramembranous Face

Maxilla CNCC Intramembranous Face

Nasal CNCC Intramembranous Face

Palatine CNCC Intramembranous Face

Parietal Mesoderm Intramembranous Vault

Petrous temporal Mesoderm Endochondral Braincase floor

Premaxilla CNCC Intramembranous Face

Presphenoid CNCC Endochondral Braincase floor

Squamous occipital Mesoderm Endochondral Vault

Squamous temporal CNCC Intramembranous Vault

Tympanic ring Mesoderm Endochondral Braincase floor

Vomer CNCC Intramembranous Face

Zygomatic CNCC Intramembranous Face

Abbreviation: CNCC, cranial neural crest cells.
aThe interparietal arises from both mesoderm and CNCC.61,62 Since the majority originates from mesoderm,
the interparietal was grouped with the mesoderm-derived bones for the purposes of all analyses.
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bone. To evaluate the relative development and variabil-
ity in ossification center appearance for the E15.5 speci-
mens, Shapiro-Wilk tests were used to determine the
normality for the number of ossification centers present,
total bone volume, crown-rump length, weight, and
developmental age. Pearson correlation tests were used to
test for the presence of any significant correlations
between either the number of ossification centers present
or total volume of bone and crown-rump length, weight,
or developmental age.
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