
The effect of a Beare-Stevenson syndrome Fgfr2 Y394C
mutation on early craniofacial bone volume and
relative bone mineral density in mice
Christopher J. Percival,1 Yingli Wang,2 Xueyan Zhou,2 Ethylin W. Jabs2 and Joan T. Richtsmeier1

1Department of Anthropology, Penn State University, University Park, PA, USA
2Department of Genetics and Genomic Sciences, Mount Sinai School of Medicine, New York, NY, USA

Abstract

Quantifying the craniofacial skeletal phenotype during development highlights potential effects of known

mutations on bone maturation and is an informative first step for the analysis of animal models. We introduce

a novel technique to easily and efficiently quantify individual cranial bone volume and relative bone mineral

density across the murine skull from high resolution computed tomography images. The approach can be

combined with existing quantitative morphometric methods to provide details of bone growth and bone

quality, which can be used to make inferences about regulatory effects local to individual bones and identify

locations and developmental times for which additional analyses are warranted. Analysis of the Fgfr2+/Y394C

mouse model of Beare-Stevenson cutis gyrata syndrome, an FGFR-related craniosynostosis syndrome, is used to

demonstrate the method. Mutants and unaffected littermates display similar bone volume and relative bone

density at birth, followed by significant differences at postnatal day eight. The change in rates of bone

volume growth occurs similarly for all bones of the skull, regardless of origin, location or association with

craniosynostosis. These results suggest an association between low bone density, low bone volume, and Fgfr

craniosynostosis mutations. Our novel technique provides an initial quantitative evaluation of local shifts in

bone maturation across the skull of animal models.
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Introduction

FGF/FGFR signaling plays a significant role in intramembra-

nous and endochondral bone development, the disruption

of which has been associated with skeletal dysmorpholo-

gies, including craniosynostosis syndromes (Ornitz & Marie,

2002). The FGFR-related craniosynostosis syndromes (Wilkie,

1997), defined by premature suture closure, are associated

with mutations of FGFR1-3, but primarily FGFR2 (Cohen &

MacLean, 2000; Passos-Bueno et al. 2008).

The generation and study of mouse models of craniosy-

nostosis syndromes with orthologous Fgfr2 mutations have

demonstrated craniofacial dysmorphology corresponding

to that of humans with Apert (Chen et al. 2003; Wang et al.

2005, 2010; Yin et al. 2008; Holmes et al. 2009), Crouzon/

Pfeiffer (Eswarakumar et al. 2004), and Beare-Stevenson

cutis gyrata (Wang et al. 2012) syndromes. Phenotypic

analyses of these mice typically focus on the effect of

each mutation on gene expression, cellular activity, and

bone formation local to cranial vault sutures, which are

traditionally considered the site of primary dysmorphology.

However, recent studies show that the facial skeleton

(Martı́nez-Abadı́as et al. 2010), the cranial base (Nagata

et al. 2011), and brain (Aldridge et al. 2002) are also primar-

ily affected by mutations associated with craniosynostosis.

Studies that expand our focus to include dysmorphology of

the entire skull contribute to the emerging picture of the

general developmental mechanisms affected by FGFR muta-

tions and processes potentially responsible for observed

phenotypes (Percival & Richtsmeier, 2011).

Here we demonstrate a new technique for efficient mea-

surement of relative bone mineral density (rBMD) and bone

volume of individual cranial bones using high resolution

micro-computed tomography images. We apply this tech-

nique to a recently developed Fgfr2+/Y394C mouse model of

Beare-Stevenson cutis gyrata syndrome (Wang et al. 2012)

to demonstrate its usefulness in generating hypotheses

about underlying disease mechanisms. Quantifying the
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cranial bone phenotypes at different developmental time

points provides valuable information about bone growth

and quality. In our specific application, these measures are

used to complement the results of morphometric analyses

and provide information for the formulation of hypotheses

regarding the effects of a specific Fgfr mutation on bone

morphogenesis, development, and maintenance.

Since bone mineral density increases from bone forma-

tion until a peak at sexual maturity in both humans

(Theintz et al. 1992; Kroger et al. 1993) and mice (Beamer

et al. 1996), we expect bone density to increase during

the earliest periods of ossification for both Fgfr2+/Y394C

mice and their unaffected littermates. Given the signifi-

cant contribution of FGF/FGFR signaling in intramembra-

nous and endochondral bone formation (Ornitz & Marie,

2002), and previous observations of thin, underdeveloped

cranial bones in Fgfr-related craniosynostosis mouse mod-

els (Chen et al. 2003; Twigg et al. 2009), we expect the

Fgfr2 Y394C mutation to have a significant effect on

the rate or nature of bone density increase. Here we

test the null hypothesis that measures of bone volume

and rBMD are similar across early postnatal stages of

development for Fgfr2+/Y394C mutant mice and unaffected

littermates. Alternatively, these measures will differ, sug-

gesting differences in early postnatal bone growth and

development. We test our hypothesis using a novel sys-

tem of measurement and demonstrate how the system

can be used to suggest potential developmental bases for

craniofacial dysmorphology in Fgfr2+/Y394C Beare-Steven-

son syndrome mice, leading to specific hypotheses test-

able with additional histology, immunohistochemistry or

in vitro expression studies.

Materials and methods

Beare-Stevenson Fgfr2+/Y394C mouse model and imaging

Our sample was composed of litters of Beare-Stevenson Fgfr2+/Y394C

heterozygote mice and unaffected littermates (Table 1) (Wang

et al. 2012). Litters of mice were euthanized at postnatal day zero

(P0) and postnatal day eight (P8) with inhalation anesthetics and

fixed in 4% paraformaldehyde. Care and use of mice for this study

were in compliance with relevant animal welfare guidelines

approved by Mount Sinai School of Medicine and Pennsylvania

State University Animal Care and Use Committees.

High resolution micro-computed tomography (HRCT) images of

mouse heads (Table 1) were acquired in air at the Center for Quan-

titative X-Ray Imaging at Pennsylvania State University (www.cqi.

psu.edu) using an OMNI-X Universal HD600 industrial x-ray com-

puted tomography system (Varian Medical Systems, Palo Alto, CA,

USA) with source energy settings of 130 kVp/0.15 mA, projection

time of 66.7 ms with 2400 projections and two-frame averaging or

1400 projections and three-frame averaging, both over 360º rota-

tion (Bouxsein et al. 2010). Solid hydroxyapatite phantoms (QRM

GmbH, Möehrendorf, Germany) scanned with each set of skulls

allowed for relative x-ray attenuation values to be associated with

bone mineral density estimates.

Bone volume and density measurement

A semiautomatic segmentation procedure was developed within

Avizo 3D analysis software (Visualization Sciences Group, Burling-

ton, MA, USA) to measure the total bone volume of different bone

density categories within individual cranial bones (Fig. 1). The HRCT

images of all specimens were modified manually to remove patches

of speckle noise and postcranial bones, including the vertebrae, in

order to remove the possibility that these voxels would be incor-

rectly identified as cranial bone. Four reference specimens were

chosen, each to represent one of the four age/genotype combina-

tions: P0 Fgfr2+/Y394C, P0 unaffected littermates, P8 Fgfr2+/Y394C, P8

unaffected littermates. Individual craniofacial bones were manually

segmented from the HRCT images of each reference specimen,

resulting in reference labels. To obtain expanded bone volume

images (expanded labels), the reference labels for each reference

specimen were expanded volumetrically in one-voxel increments

over 21 iterations without infringement of any expanding cranial

element volume on another. The expanded labels represent the

theoretical space that a bone from any individual of the same age/

genotype category might occupy in a standard orientation.

Within each age/genotype group, the HRCT image of each speci-

men (target specimen) was registered to that of the chosen refer-

ence with a combination of rigid registration and aniso-scale

resampling to define the transformation from target to reference

image. An inverse of this transformation was run on a copy of the

expanded labels of the reference specimen so that they would accu-

rately surround the bones of the target specimen. The resulting tar-

get labels were then reduced to include only voxels above one of

three minimum bone density thresholds. We chose the minimum

threshold value of 91 mg cm�3 to represent total bone volume (T)

because it was used to produce isosurfaces for our previous land-

mark-based morphometric analysis of these mice (Wang et al.

2012). We were unable to find any published data on bone densi-

ties in mice at birth, so we chose to use the low end of adult density

of lumbar vertebrae five (Beamer et al. 2001), a bone of relatively

low density, to represent the minimum density for high density

bone at birth. Therefore, the value of 279 mg cm�3 served as the

minimum threshold for high density bone volume (H). The value

midway between the first two, 186 mg cm�3, was chosen as the

minimum threshold for medium-high density bone volume (MH).

The voxels of H are a subset of MH, which are a subset of T (Fig. 2).

The completion of this step represents the end of the semiauto-

matic identification (segmentation) of individual bones of the tar-

get specimen. After the manual segmentation of a reference

specimen, the method produced estimates of individual bone

Table 1 Sample size and HRCT image resolution.

Sample

size

Voxel size

(lm)

Slice thickness

(lm)

P0 Fgfr2+/Y394C 12 15 16

P0 Unaffected 9 15 16

P8 Fgfr2+/Y394C 10 20 21

P8 Unaffected 13 20 21

Sample sizes of Fgfr2+/Y394C mice and their unaffected litter-

mates at postnatal day zero (P0) and eight (P8) and the associ-

ated resolution of their HRCT images.
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volumes for a target specimen in approximately 20 min, < 3% of

the time required for manual segmentation.

Given a specific reference image and target image, the results of

our semiautomatic bone identification procedure are invariant, but

the method is not without error. Manual inspection of the results

of the semiautomatic process, as applied to each target specimen,

provided insight into the level, type, and location of bone identifi-

cation error across the skull. We also investigated differences in

bone identification error when the reference and target specimens

did not represent the same age-genotype combination. Bone iden-

tification error for P8 mice was generally higher than that for P0

mice. To provide an expected range of error for the identification

of individual craniofacial bones with our semiautomatic bone iden-

tification procedure, we identified the P8 unaffected littermate

with the lowest error of bone identification at coronal and squa-

mous sutures (Fig. 3A), a region of relatively high error, and a P8

unaffected littermate with the highest error at these sutures

(Fig. 3b). The left parietal was manually segmented from both spec-

imens and compared with the left parietal T bone volume from the

semiautomatic bone segmentation procedure to determine how

Reference 
image

Reference 
label

Expanded 
label

Target image

Target label

H volumesMH volumesT volumes

Manual
segmentation

Label
expansion

Transformation
Inverse

transformation

Minimum
thresholds

Fig. 1 Semiautomatic bone identification and volume measurement. A flowchart of our semiautomatic bone identification (segmentation) proce-

dure. White rectangles represent data and ovals represent processes. The large gray rectangle represents the manual segmentation of the bones

of a reference specimen from an HDCT image and the creation of expanded labels representing the theoretical space that a bone from any individ-

ual of the same age/genotype might occupy in a standard orientation. Everything outside of the large gray box must be repeated for each target

specimen in order to estimate bone volume for the three density categories. This involves fitting the expanded labels of the reference image to the

target image based on the transformation that registers the skulls within the two images, then calculating the volume of bone of different densi-

ties within the resulting target labels.

T

MH

H

Un Mu

Fig. 2 Comparison of bone volume

categories between genotypes. Individual

bone surface reconstructions of total (T),

medium-high (MH), and high (H) density

bone volume voxels for an Fgfr2+/Y394Cmutant

(Mu) and an unaffected littermate (Un) at P8.

H voxels are a subset of MH, which are a

subset of T.
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many voxels were inaccurately labeled as left parietal and how

many voxels were inaccurately not labeled as left parietal by the

semiautomatic procedure (Table 2).

Bone volume and density analysis

In our analysis of Beare-Stevenson Fgfr2+/Y394C heterozygote mice

and unaffected littermate controls, the comparison of T, MH, and H

volumes of individual bones provided information about differ-

ences in bone size and maturation, while volume ratios of MH/T

served as rBMD measurements for each bone. To avoid the poten-

tial relatively higher bone identification error associated with smal-

ler bones (e.g. jugal), only large bones were analyzed. To avoid

confounding enamel density and bone density, bones containing

developing teeth (i.e. premaxilla, maxilla, dentary) were not

included in this analysis. We report results for a subset of midline

bones and bones from the right side of the cranium (Fig. 4).

Statistical analysis of individual bone volumes and relative densi-

ties were completed in R (R Developmental Core Team, 2008). Indi-

vidual two-sample t-tests, with Bonferonni correction for multiple

testing, were performed to test for similarity between mutant and

unaffected littermates for T volumes and MH/T volume ratios at P0

and P8.

Rates of bone volume change for all three bone densities of both

genotypes were calculated as the mean volume for T, MH or H of a

bone at P8 divided by the equivalent measure at P0. Linear regres-

sions of the rates of bone volume change for mutant and unaf-

fected littermates were performed independently for T and MH to

explore differences in these rates between the two genotypes. The

ethmoid and petrous temporal were not included in these regres-

sions because their ossified volumes are approximately zero at P0.

Results

Semiautomatic segmentation technique

To provide an approximate range of bone identification

error for our semiautomatic segmentation procedure, the

accuracy of left parietal bone identification for a specimen

representative of low error and a specimen representative

of high error were compared. These specimens were specifi-

cally chosen to approximate the range of bone identifica-

tion error in our sample. For the low error specimen, 0.8%

of the voxels labeled left parietal were incorrect and 0.6%

of the true voxels were missed by the segmentation proce-

dure (Table 2). For the high error specimen, 2.4% of the

voxels labeled left parietal were incorrect and 3.7% of the

true voxels were missed by the segmentation procedure

(Table 2). The relatively small percentage of error in bone

identification for both specimens was considered accept-

able for the purposes of this study, as our concern was with

volume estimates for large, whole bones.

Bone volumes in Fgfr2+/Y394C mice at P0 and P8

Mean total bone volumes (T) for the individual bones of

unaffected specimens at P0 range from a virtually unossi-

fied ethmoid and right petrous temporal to 0.62 mm3

A

B

Fig. 3 Range of bone misidentification. Voxel misidentification of our

semiautomatic segmentation technique for the left parietal (A) of a P8

unaffected littermate displaying relatively low error and (B) of a P8

unaffected littermate displaying relatively high error. Within the gray

skull, yellow voxels are those identified as left parietal with both man-

ual segmentation and semiautomatic segmentation. Left parietal vox-

els missed by the semiautomatic procedure (red) and voxels incorrectly

labeled as left parietal (blue) are also shown. See also Table 2.

Table 2 Semiautomatic bone identification error in P8 mice.

Manual parietal Not parietal

Semiauto

(A) Low error P8 specimen

Parietal 2.081 0.016

Not parietal 0.012

Semiauto

(B) High error P8 specimen

Parietal 2.308 0.056

Not parietal 0.09

Volumes (mm3) of left parietal bones identified by our semiau-

tomatic segmentation (Semi) technique, compared to the results

of manual segmentation, which represents the true extent of

the bone (see Fig. 3). (A) Volumes for a P8 unaffected littermate

displaying low error of left parietal voxel identification. The top

left box represents voxels correctly identified by Semiauto, the

bottom left box reflects true left parietal voxels missed by Semi-

auto, and the top right box reflects bone incorrectly labeled as

left parietal by Semiauto. (B) Volumes for a P8 unaffected litter-

mate displaying high error of left parietal voxel identification.

Cells arranged as in (A).
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(basioccipital) and 0.76 mm3 (frontal) (Table 3). At P8, mean

T volumes of unaffected individuals range from < 1.0 mm3

(presphenoid and palatine) to 3.61 mm3 (ethmoid) and

5.93 mm3 (petrous temporal). T volumes of Fgfr2+/Y394C and

unaffected littermates are not significantly different at P0,

except for the squamous occipital, basioccipital, and pala-

tine, which are significantly larger in Fgfr2+/Y394C specimens

(a = 0.05). All bones increase in T volume from P0 to P8,

with bones that show limited ossification at P0 displaying

larger relative increase in volume. Between P0 and P8, T vol-

umes increase more for unaffected littermates, which have

significantly higher T volumes for all bones at P8 (a = 0.05).

Patterns of relative volumes among cranial elements within

age groups are similar for mutant and unaffected mice

(Table 3).

Relative bone density in Fgfr2+/Y394C mice at P0 and P8

At P0, MH/T volume ratios, a measure of rBMD, appear

slightly higher for Fgfr2+/Y394C specimens, although these

differences are not statistically significant (a = 0.05) (Fig. 5).

At P8, MH/T ratios for most bones are significantly lower in

Fgfr2+/Y394C mice, the exceptions being the ethmoid, parie-

tal, squamous occipital, and interparietal bones (a = 0.05)

(Fig. 5).

As expected during early bone development, rBMD

increases in unaffected littermates from P0 to P8. In contrast,

Fgfr2+/Y394C specimens display a decrease in mean MH/T

ratio for some bones and a relatively reduced increase for

other bones. The reduction in rBMD in mutants between

P0 and P8 for some bones represents a net loss in MH den-

sity bone volume. This indicates that certain higher density

portions of bone present at P0 in mutant animals lose min-

eral content by P8.

Bone volume change in Fgfr2+/Y394C mice between P0

and P8

Bones with relatively slower mean rates of bone volume

increase between P0 and P8 in unaffected specimens tend

to have slower rates in Fgfr2+/Y394C mutant specimens as

well (Table 4). However, the rate of mean T bone volume

increase for mutant mice during this period is reduced rela-

tive to unaffected littermates, whereas MH and H bone

density volumes actually decrease for some bones (rates of

bone volume change < 1) (Table 4). The rates of T bone vol-

ume change of Fgfr2+/Y394C mutant and unaffected controls

for individual bones fit a linear regression well, suggesting

a standard decrease in these rates across all bones for the

mutant specimens (Fig. 6). The same is true for rates of MH

bone volume change. Based on the slopes of these linear

regressions (Fig. 6), it appears that individual bone rates of

T volume change are reduced by half in mutants, and MH

rates are reduced by two-thirds in mutant mice. For bones

with normally low rates of volume increase, the mutation

leads to a MH volume growth rate of less than one, which

is associated with a net reduction in MH bone between P0

and P8.

Discussion

Semiautomatic bone segmentation

Semiautomatic segmentation error was minimized when a

reference of appropriate genotype/age combination was

used, but error in voxel identification persisted at the

borders of individual bones because a single reference spec-

imen cannot completely represent within-genotype varia-

tion of bone form at a given age. For P0 and P8 specimens,

IPar: Interparietal

R_Par: Right parietal

R_SqT: Right squamous temporal

R_SpA: Right sphenoid ala

R_Fro: Right frontal

R_Nas: Right nasal

R_Pal: Right palatine

SqO: Squamous occipital

R_LaO: Right lateral occipital

BaO: Basioccipital

R_PeT: Right petrous temporal

SpB: Sphenoid body

PrSp: Presphenoid

Eth: Ethmoid

IPar

SqO

R_LaO R_PeT

R_SqT

R_SpA
R_Fro

R_Pal
BaO SpB

Eth
SqO

PrSp

R_Nas

Eth

R_Nas
R_Par

R_SqT

R_Fro

Fig. 4 Bones measured. Individual cranial

elements segmented and analyzed including

the abbreviations used in Tables 3 and 4,

Fig. 5, and in the text, as shown on a HDCT

reconstruction of individual bone surfaces of

a P8 unaffected littermate.
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increased error occurred at the coronal suture, squamosal

suture, and on the palate and anterior cranial base. Because

these are sites where bones touch, our method would be

less appropriate for older specimens lacking physical separa-

tion between bones. Manual inspection of the semiauto-

matically identified bones indicated that our measurements

were of suitable accuracy for comparisons of larger cranial

bones. Improvements in reference images and registration

methods have the potential to decrease error associated

with this method.

Our semiautomatic segmentation method is inspired by

previous work. As an alternative to identifying physically

separate bones after use of a flexible threshold (Canovas

et al. 2004; Herlin et al. 2011), our method deforms and

registers a model of expected morphology in order to esti-

mate the volume of individual bones from another image,

not unlike techniques used in magnetic resonance image

analysis (e.g. McInerney & Terzopoulos, 1996; Maintz &

Viergever, 1998). Although our approach is not as sophisti-

cated as some methods, including those utilizing active

shape models (Cootes & Taylor, 2001; Wang et al. 2009), it

is similar on a fundamental level and provides acceptable

results using tools from existing image analysis software

when the implementation of more complex algorithms is

not an option.

Bone volume and rBMD of Fgfr2+/Y394C mice and

littermates

Between P0 and P8, the volume of all bones noticeably

increases (Table 4), although the magnitude differs

between genotypes. We reject the null hypothesis that

bone volume and rBMD are similar in Fgfr2+/Y394C Beare-

Stevenson syndrome mice and unaffected littermates at P8,

but cannot reject the null hypothesis for most measures at

P0 suggesting that postnatal growth of craniofacial bones

is disrupted by the Fgfr2 Y394C mutation associated with

Beare-Stevenson cutis gyrata craniosynostosis syndrome.

Table 3 Individual bone volume means and standard deviations.

P0 IPar R_Par R_SqT R_SpA R_Fro R_Nas R_Pal

Un T 0.182 (0.051) 0.403 (0.059) 0.192 (0.026) 0.239 (0.031) 0.762 (0.083) 0.094 (0.029) 0.239 (0.029)*

Mu T 0.174 (0.042) 0.383 (0.037) 0.185 (0.013) 0.245 (0.013) 0.788 (0.102) 0.066 (0.029) 0.289 (0.014)*

Un MH 0.019 (0.025) 0.076 (0.052) 0.053 (0.03) 0.08 (0.039) 0.256 (0.099) 0.005 (0.006) 0.102 (0.028)

Mu MH 0.023 (0.021) 0.101 (0.052) 0.057 (0.023) 0.106 (0.022)† 0.273 (0.08) 0.002 (0.002) 0.139 (0.017)†

Un H 0.001 (0.003) 0.006 (0.008) 0.009 (0.008) 0.012 (0.011) 0.063 (0.046) 0 (0) 0.034 (0.02)

Mu H 0.001 (0.002) 0.017 (0.017) 0.01 (0.007) 0.021 (0.014)† 0.072 (0.041)† 0 (0) 0.051 (0.019)†

SqO R_LaO BaO R_PeT SpB PrSp Eth

Un T 0.22 (0.05)* 0.417 (0.033) 0.622 (0.044)* 0.08 (0.023) 0.373 (0.035) 0.169 (0.035) 0 (0)

Mu T 0.297 (0.027)* 0.422 (0.029) 0.71 (0.026)* 0.065 (0.006) 0.402 (0.02) 0.195 (0.013) 0 (0)

Un MH 0.022 (0.023) 0.207 (0.067) 0.35 (0.09) 0.013 (0.009) 0.199 (0.063) 0.059 (0.026) 0 (0)

Mu MH 0.058 (0.038) 0.262 (0.021)† 0.444 (0.03)† 0.014 (0.006) 0.237 (0.021) 0.078 (0.011) 0 (0)

Un H 0 (0) 0.04 (0.027) 0.109 (0.05) 0.002 (0.002) 0.044 (0.026) 0.009 (0.008) 0 (0)

Mu H 0.001 (0.001) 0.076 (0.037)† 0.154 (0.05)† 0.003 (0.002) 0.056 (0.028)† 0.012 (0.009)† 0 (0)

P8 IPar R_Par R_SqT R_SpA R_Fro R_Nas R_Pal

Un T 2.135 (0.173)‡ 2.226 (0.129)‡ 1.375 (0.07)‡ 1.075 (0.106)‡ 3.407 (0.24)‡ 1.112 (0.081)‡ 0.842 (0.041)‡

Mu T 0.903 (0.196)‡ 0.945 (0.116)‡ 0.512 (0.089)‡ 0.43 (0.077)‡ 1.519 (0.14)‡ 0.416 (0.096)‡ 0.474 (0.049)‡

Un MH 0.998 (0.368) 0.838 (0.337) 0.608 (0.198) 0.49 (0.138) 1.735 (0.324) 0.416 (0.166) 0.387 (0.083)

Mu MH 0.256 (0.115) 0.249 (0.103) 0.118 (0.037) 0.075 (0.039)† 0.377 (0.082) 0.044 (0.026) 0.127 (0.028)†

Un H 0.325 (0.289) 0.246 (0.23) 0.161 (0.132) 0.136 (0.098) 0.698 (0.374) 0.069 (0.067) 0.128 (0.075)

Mu H 0.031 (0.024) 0.039 (0.034) 0.014 (0.009) 0.004 (0.004)† 0.049 (0.021)† 0.002 (0.002) 0.016 (0.007)†

SqO R_LaO BaO R_PeT SpB PrSp Eth

Un T 1.939 (0.183)‡ 1.241 (0.096)‡ 2.005 (0.2)‡ 5.934 (0.501)‡ 1.673 (0.121)‡ 0.736 (0.079)‡ 3.611 (0.244)‡

Mu T 0.968 (0.217)‡ 0.579 (0.141)‡ 1.125 (0.216)‡ 2.861 (0.533)‡ 0.85 (0.105)‡ 0.41 (0.045)‡ 2.076 (0.423)‡

Un MH 0.668 (0.371) 0.662 (0.158) 1.201 (0.174) 2.67 (0.532) 0.993 (0.183) 0.364 (0.081) 1.252 (0.389)

Mu MH 0.126 (0.063) 0.124 (0.053)† 0.428 (0.141)† 0.801 (0.288) 0.249 (0.07) 0.112 (0.036) 0.507 (0.151)

Un H 0.105 (0.099) 0.216 (0.133) 0.487 (0.269) 0.927 (0.481) 0.393 (0.216) 0.104 (0.08) 0.187 (0.178)

Mu H 0.003 (0.004) 0.011 (0.008)† 0.072 (0.045)† 0.096 (0.068) 0.028 (0.013)† 0.01 (0.006)† 0.036 (0.041)

Volume mean (standard deviation) for total (T), medium-high density (MH), and high density (H) volumes of individual craniofacial

elements of Fgfr2+/Y394C mutant mice (Mu) and their unaffected littermates (Un) at postnatal day zero (P0) and postnatal day eight

(P8). Volumes recorded in mm3. Bone abbreviations are defined in Fig. 4.
*Denotes significant differences in two-sample t-tests of T bone volume between Un and Mu at P0, where Mu is higher.
†Denotes values for which there is a net reduction in mean volume between P0 and P8.
‡Denotes significant differences in two-sample t-tests of T bone volume between Un and Mu at P8, where Un is higher.
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We cannot discount the possibility that this mutation causes

cognitive impairment that affects feeding behaviors, which

might contribute to some of the demonstrated differences

at P8.

Although some bones in mutant mice have significantly

higher T bone volumes, similar volumes and MH/T volume

ratios at birth suggest similar stages of bone maturation for

both genotypes. By P8, T bone volumes and most MH/T

ratios are significantly lower in the mutant mice. Rates of T

and MH bone volume change are significantly reduced in

mutant mice between P0 and P8 (Table 4). These results

complement a previous landmark-based morphometric

analysis of these specimens, which found that skulls were of

similar scale at P0 but that Fgfr2+/Y394C mice had signifi-

cantly smaller skulls at P8 (Wang et al. 2012).

We found no evidence that tissue origin (neural crest- vs.

mesoderm-derived) or mode of ossification (endochondral

vs. intramembranous) are associated with differences in

bone size, density or rates of bone volume change during

early cranial bone development in mutants or unaffected

littermates.

Whereas previous morphometric analysis indicates that

the Fgfr2 Y394C mutation modifies the shape and size of

bones across the skull differentially (Wang et al. 2012), the

linear regressions of mean bone volume change rates of

each bone between the two genotypes (Fig. 6) provide evi-

dence that this mutation similarly modifies rates of ossifica-

tion and density increase in all craniofacial bones. This

observation falls in line with previous studies of mouse

femurs (Beamer et al. 1996) and human femoral necks

(Zebaze et al. 2007), which found evidence for regulatory

independence between bone form and bone mineral

content.

Implications for FGFR craniosynostosis syndromes

Some cases of human craniosynostosis are secondary to

abnormally increased bone density (Kwee et al. 2005) or

bone thickness (Krimmel et al. 2004) and hypomineraliza-

tion is sometimes associated with abnormally patent sutures

(Elliott et al. 2006). However, our Fgfr2+/Y394C mutants,

which display coronal suture fusion at P0 and additional

facial and calvarial fusions at P8 (Wang et al. 2012), have
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Fig. 5 Relative bone mineral density (MH/T Ratios). Boxplots of rBMD,

quantified by the MH/T volume ratio, of Fgfr2+/Y394C mutants (gray

bars) and unaffected littermates (white bars). Bone element abbrevia-

tions found in Fig. 4. Outliers (circles) are data points that exist more

than 1.5 times the interquartile range from the box. *Significant dif-

ferences in two-sample t-tests of MH/T bone volume ratios between

mutant mice and unaffected littermates.

Table 4 Mean bone volume change from P0 to P8.

IPar R_Par R_SqT R_SpA R_Fro R_Nas R_Pal SqO

Un T 11.733 5.517 7.172 4.497 4.471 11.840 3.519 8.799

Mu T 5.190 2.469 2.768 1.750 1.927 6.351 1.640 3.259

Un MH 51.481 10.981 11.499 6.143 6.779 76.784 3.798 30.472

Mu MH 11.049 2.457 2.084 0.707 1.379 26.758 0.911 2.186

Un H 235.721 40.099 18.542 11.105 11.063 2743.027 3.748 1449.906

Mu H 24.618 2.317 1.359 0.174 0.685 152.540 0.310 3.730

R_LaO BaO R_PeT SpB PrSp Eth

Un T 2.972 3.224 74.125 4.490 4.360 NA

Mu T 1.373 1.585 43.835 2.115 2.106 NA

Un MH 3.194 3.428 211.101 4.982 6.174 NA

Mu MH 0.475 0.963 57.690 1.051 1.431 NA

Un H 5.409 4.466 506.028 8.965 11.340 NA

Mu H 0.143 0.469 30.099 0.503 0.795 NA

Mean volume change calculated as the mean volume at postnatal day eight divided by the mean volume at postnatal day zero for

total (T), medium-high density (MH), and high density (H) volumes of individual craniofacial elements of Fgfr2+/Y394C mutant mice

(Mu) and their unaffected littermates (Un). Bone abbreviations are defined in Fig. 4.
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craniofacial bones of low rBMD and volume by P8. Com-

bined with evidence of reduced calvarial bone thickness

in adult Muenke syndrome Fgfr3+/P244R mice (Twigg et al.

2009) and underdeveloped calvarial bones in young Apert

syndrome Fgfr2+/S252W mice (Chen et al. 2003), our work

suggests an association between diminished calvarial

bone maturation and FGFR-related craniosynostosis syn-

dromes.

Our results underscore the occurrence of major changes

in bone development and maturation across the skull as a

result of an Fgfr2 mutation associated with a craniosynosto-

sis syndrome in humans. Because rates of T and MH volume

change appear to be similarly affected for all skull bones by

this Fgfr2 mutation, changes in bone volume and rBMD are

unlikely to be the secondary effect of the premature fusion

of sutures. We hypothesize that these differences are based

on changes in osteoblast and/or osteoclast activity. Some

gain-of-function FGFR mutations are known to increase

proliferation of immature osteoblasts and increase apopto-

sis of mature osteoblasts in vitro (Mansukhani et al. 2000).

A similar shift in the regulatory influence of the Fgfr2

Y394C mutation on bone cell activity might explain why

both genotypes in our study display similar levels of ossifica-

tion and maturation before P0, followed by significantly

lower measures for mutants at P8.

The net reduction in some mutant MH and H bone vol-

umes between P0 and P8 suggests an up-regulation in

osteoclast activity in Fgfr2+/Y394C mice, independent of

changes to osteoblast activity. A gain-of-function Fgfr3

mutation associated with achondroplasia has been shown

to directly down-regulate osteoblast activity and up-

regulate osteoclast activity resulting in decreased bone

density and volume (Su et al. 2010). Similar changes in

osteoclast activity may play a major role in producing the

craniofacial dysmorphology of Fgfr2+/Y394C mice.

These hypotheses of the mechanistic basis for craniofacial

phenotypes in Fgfr2+/Y394C mice were generated from the

results of our semiautomated segmentation procedure, pro-

viding an informed basis upon which to plan further histo-

logical and immunochemistry approaches to reveal how the

Fgfr2 Y394C mutation affects cell activity.
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Fig. 6 Regression of bone volume change from P0 and P8. Linear regressions of mean bone volume change for individual bones from P0 to P8

for total (T) and medium-high density (MH) bone volume. Each point represents a particular cranial element. The values along the y axis are bone

volume change for Fgfr2+/Y394C mutant mice and the values along the x axis are values for their unaffected littermates. Each axis and plot has dif-

ferent scales to allow for the visualization of all points. Given the strong linear association of these values, the slope represents the factor by which

the unaffected littermate rate of bone change is modified to get the rate for the mutant mice. Rates of bone volume change for mutants are

approximately half for T bone and one-third for MH bone compared with their unaffected littermates.
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