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Abstract 

Background: Major cell-to-cell signaling pathways, such as the fibroblast growth factors and 

their four receptors (FGF/FGFR), are conserved across a variety of animal forms. FGF/FGFRs 

are necessary to produce several “vertebrate-specific” structures, including the vertebrate head. 

Here, we examine the effects of the FGFR2 S252W mutation associated with Apert syndrome on 

patterns of cranial integration. Our data comprise micro-computed tomography images of 

newborn mouse skulls, bred to express the Fgfr2 S252W mutation exclusively in either neural 

crest or mesoderm-derived tissues, and mice that express the Fgfr2 S252W mutation 

ubiquitously.  

Results: Procrustes-based methods and partial least squares analysis were used to analyze 

craniofacial integration patterns. We found that deviations in the direction and degree of 

integrated shape change across the mouse models used in our study were potentially driven by 

the modular variation generated by differing expression of the Fgfr2 mutation in cranial tissues.  

Conclusions: Our overall results demonstrate that covariation patterns can be biased by the 

spatial distribution and magnitude of variation produced by underlying developmental-genetic 

mechanisms that often impact the phenotype in disproportionate ways.  
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Introduction 

Morphological integration and modularity describe the interdependence among different 

biological structures. Integration and its counterpart modularity can be studied as both patterns of 

integration and the strength of association among those units. At the phenotypic level, 

craniofacial integration manifests as hierarchical interactions among bony elements, soft tissue 

elements, and shared spaces – all of which are influenced by the developmental processes that 

generate those structures. Integration-inducing mechanisms include common cell lineages, 

morphogenetic networks, skeletal growth patterns, and muscle activity, among others. Exploring 

processes that affect morphological integration among different traits can provide important 

insights into how developmental systems influence morphological variation and how changes in 

one region indirectly impact another, not only in normal development but also in a clinical 

context such as craniosynostosis.  

Experimental animal systems have contributed immensely to our understanding of 

mammalian biology and evolution. In particular, mouse models for human diseases have 

revealed that signaling pathways such as those regulated by members of the fibroblast growth 

factor (FGF) family and their transmembrane receptors (FGFRs) are conserved across 

mammalian phylogenies.1 Vertebrates are known to have the largest number of members of this 

gene family implicated in producing several “vertebrate-specific” phenotypes.2 The importance 

of FGF/FGFR signaling in human skull development is demonstrated by the effects of mutations 

in FGFR genes that are associated with craniosynostosis conditions such as Apert, Crouzon and 

Pfeiffer syndromes.3,4 Craniosynostosis is a complex developmental disorder defined by the 

premature closure of cranial vault sutures3. Sutures serve as growth centers in the skull and 

premature closure of the cranial vault sutures can severely affect craniofacial growth.5 
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Consequently, this can influence the way in which the cranial vault structurally interacts and 

morphologically integrates with other components of the skull, particularly the facial skeleton6.  

Model organisms used to study human development and disease provide unique insights 

into the mechanistic underpinning that link the genotype to aspects of the phenotype. Previous 

studies6,7 underscore the important evolutionary and developmental roles of FGF/FGFR 

signaling in maintaining coordinated growth across different parts of the cranium. Martínez-

Abadías et al.6 emphasize the influence of the FGF/FGFR signaling axis on cranial integration, 

particularly in modulating the degree of covariance between skeletal structures. Accordingly, our 

study proposes to determine whether differential expression of the Fgfr2 S252W mutation during 

development of the cranium of Fgfr2+/S252W Apert syndrome mice causes deviations in patterns 

of integration that are largely considered evolutionarily conserved across different mammalian 

phylogenies. We build on these earlier findings by comparing data from three previously 

published Apert syndrome mouse models that conditionally express the Fgfr2+/S252W mutation in: 

1) mesoderm-derived components; 2) neural crest-derived components; 3) and all cranial tissues. 

Because normal functioning of Fgfr2 is critical for cranial vault development, models that 

express the mutation conditionally are useful to examine region-specific effects of the 

Fgfr2+/S252W mutation on the variance-covariance structures in the cranium.  

 In a clinical context, studying the impact of aberrant signaling on cranial integration 

facilitates understanding of how the targeted effects of a mutation in one region indirectly affect 

the interaction among different structures. The relevance of applying the concept of 

morphological integration to understand manifestations of craniosynostosis phenotypes caused 

by targeted expression of the Fgfr2 S252W mutation is two-fold. First, it provides a quantitative 

framework to examine the structural interaction and relationship between skeletal regions. This 
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is particularly useful when trying to describe – from a phenotypic perspective - how aberrant 

Fgfr2 signaling that results in the premature closure of cranial vault sutures affects or alters the 

association between the cranial vault and other parts of the skull. Second, as morphological 

integration explicitly focuses on the interdependence of traits, this approach can be utilized to 

design effective craniofacial surgeries and subsequent reconstruction therapies.  

To this end, we address the question: how does the Fgfr2+/S252W mutation affect cranial 

integration in our three mouse models? We hypothesize the following: H1) mice that express the 

mutation conditionally in bones derived from mesoderm (neurocranial components) and those 

from neural crest (facial skeleton and frontal bone), respectively, will be distinct from mice that 

express the mutation ubiquitously and those that are unaffected. Exploring the morphological 

differences between the conditional mutants and mutants that express the Fgfr2 S252W mutation 

in all tissues of the body will help to clarify localized/modular versus ubiquitous effects of the 

mutation on the craniofacial skeleton. H2) mice that express the mutation in all tissues of the 

skull will present cranial integration identical to the non-mutant mice, and different from that of 

the conditional mutants. The underlying assumption of the latter hypothesis is that a ubiquitous 

mutation that affects the cells of all tissues in the cranium will not drastically alter the structural 

association between regions derived from mesoderm and neural crest. This hypothesis is partially 

supported by Martínez-Abadías et al.8 where they found the pattern of integration to be similar 

between the neurocranium and face in the Fgfr2 S252W Apert syndrome mouse model, but not 

the degree of association (i.e. correlation) between the two regions. Our study aims to provide 

additional insights into how tissue-specific mutations in highly conserved signaling systems 

affect the structure of variance and covariation between the neurocranium and face.  
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Results 

Overall cranial shape differences across the mouse strains 

 The mean shapes capture the overall morphology of the different mouse strains used in 

this study (Figure 2). The most pronounced differences in shape are between the Fgfr+/S252W and 

the unaffected mice, with the Fgfr+/S252W group exhibiting an overall dome-like rounded cranium 

and relatively downwardly deflected snout compared to the latter. This disparity in shape is also 

supported by a pairwise analysis of Procrustes distances (0.0910) between the Fgfr+/S252W and 

unaffected mice (Table 3). The most distinct changes between the conditional mutants comprise 

a fused coronal suture in the Meso+/S252W mice and a more inferiorly rotated snout in the 

NC+/S252W group (Figure 2). All groups are significantly different in shape as measured by 

pairwise analyses of Procrustes distances (Table 3), though, the Meso+/S252W
 mice and the non-

mutants seem to be the most similar in shape as indicated by the distance measure (0.0369; Table 

3). These results partially support H1 in that the conditional mutants are distinct from the full 

mutants. However, the Meso+/S252W mice are the least distinct from the unaffected littermates, 

suggesting some overlap in shape (further clarified by the PCA results below). 

As a next step, we performed a PCA of all twenty-eight cranial landmarks to explore the 

overall variation and distribution of the different groups in shape space (Figure 3). In PC 1 vs PC 

2, PC 1 (52.5%) captures the between-group variation in the sample with the Fgfr+/S252W mice 

being the most distinct along the positive end of PC 1, followed by the NC+/S252W mice. The 

unaffected mice occupy the negative end of PC 1 and group close to the Meso+/S252W mice 

(Figure 3A). Similarities in aspects of cranial shape between the Meso+/S252W and nonmutant 

mice are also indicated by the shortest pairwise Procrustes distance between the two groups 

(Table 3). Shape changes along PC 1 are driven by the dome shape neurocranium and retracted 
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snout of the Fgfr+/S252W mice on the positive end, and an overall low and elongated cranium of 

the unaffected mice on the negative end (Figure 3A). PC 2 (10.2%) captures the within-group 

variation among the Meso+/S252W mice and also partially separates them from the other strains. 

The negative end on PC2 – occupied by the Meso+/S252W mice - shows a superiorly deflected 

snout and a low cranial vault (Figure 3A). Positive scores on PC 2 capture a ventrally raised 

parietal region and a slightly inferiorly deflected snout. In the comparison between PC 1 vs PC 3 

(7.6%), PC 3 further captures the within group variation in the Meso+/S252W and unaffected 

groups (Figure 3B). Shape changes along PC 3 mainly account for changes in the cranial vault, 

with is supero-inferiorly raised and infero-posteriorly extended parietal region on the positive 

end compared to a supero-inferiorly low and rostrally placed parietal region on the negative end. 

The latter is possibly driven by the cranial vault shape of the Meso+/S252W  and Fgfr+/S252W mice 

on PC 3(Figure 3B). Results of the PCA elucidate the ways in which the mouse strains vary in 

their main shape features, and their direction and range of within-group variation. 

 

Differences in direction of integrated shape change in Apert syndrome mouse models 

We conducted 2B-PLS analyses to test H1 and H2. PLS analysis explores patterns and 

magnitude of integration between blocks of variables, in this case being the mesoderm- and 

neural crest-derived regions. We conducted the 2B-PLS analyses with and without the effects of 

allometry (Figures 4 & 5). The 2B-PLS analysis with size intact, captures subtle differences in 

the pattern of integrated shape change - as demonstrated by the relative position and direction of 

the group scatters - among the Fgfr+/S252W, NC+/S252W, and Meso+/S252W mice (Figure 5A; Table 4). 

Specifically, shape change along Block 1 does not correspond to an equivalent amount of change 

along Block 2 in our mouse models. For patterns of integration to be similar among groups, 
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changes in Block 1 should be equivalent to the variation along Block 2 across the sample. 

Moreover, if the Fgfr2 S252W mutation did not impact patterns of integration, the mutant mice 

would present the same pattern and direction of change as the nonumutants.  

PLS 1 (94.9%) without correction for size shows partial overlap between the Meso+/S252W 

group and unaffected mice, but they differ slightly in their direction of associated shape change 

(Figure 5A). The Fgfr+/S252W and NC+/S252W mice are distinct from one another and the 

Meso+/S252W and the unaffected mice (Figure 5A). Conversely, when allometry is removed from 

the analysis there is overlap among all the mouse strains on PLS 1 (86%) (Figure 5D). The 

separation among the mouse models when size is part of the analysis (Figure 5A) is likely due to 

differences in allometric variation (i.e. size related shape changes) across the groups. Indeed, 

results of the multivariate regression analysis of all the cranial Procrustes coordinates on centroid 

size shows that size significantly (P-value <0.0001) predicts 23.17% of the total shape variation 

(Figure 4A). This is also true for the neurocranial and facial landmarks, where size significantly 

(P-value <0.0001) predicts 14.43% of the shape variation in the neurocranium  and  31% of the 

shape variation in the face (Figure 4B & 4C). However, despite the overlap among the groups 

when size is not part of the analysis (Figure 5D), the mouse models still preserve slight 

differences in individual group trajectories, which is captured by the direction of the group 

scatters relative to the diagonal.  

Shape changes along the negative scores of PLS 1 show a supero-inferiorly high cranial 

vault, driven mostly by variation at the superior and postero-inferior most points taken on the 

parietal bones (lmks 17 & 20; Figure 1) and a retracted anterior vault, as indicated by changes in 

the antero-medial most points on the parietal bone (lmks 15 & 18; Figure 1) (Figure 6A). These 

neurocranial changes (Block 1) are associated with an overall medio-laterally narrow face and 
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anteriorly extended snout (Block 2). The positive scores capture a supero-inferiorly low cranial 

vault and an anteriorly extended parietal bone, covarying with a medio-laterally expanded face 

(Figure 6A). 

PLS 2 (Figure 5B & E) shows some separation between the NC+/S252W mice and the other 

groups, but the general direction of group scatter (i.e. trajectory of integrated shape change) is 

similar between the NC+/S252W and Fgfr+/S252W mice along this dimension. The Meso+/S252W mice 

differ in their direction of change, following more of a horizontal trajectory compared to the 

other strains. PLS 3 (Figure 5C & F) shows an interesting deviation between the PLS analyses. 

This dimension captures subtle shape differences between the Meso+/S252W mice and the other 

groups, particularly when size is removed from the analysis (Figure 5F). The Fgfr+/S252W mutants 

also show slight deviations in their direction of shape change. However, it is important to note 

that PLS 3 accounts for very little to negligible amount of the shape covariance in the sample, 

0.7% (Figure 5C) and 1.8% (Figure 5F) and does not necessarily portray strong differences in 

patterns of integration.  

 

Modular shape variation in the neurocranium and face differs across the mouse models 

Given that our sample comprises mice that express activation of the mutation either 

locally or ubiquitously, we further examined how patterns of integration are impacted by within-

block or localized shape variation caused by differential activation of the Fgfr+/S252W mutation 

across the mouse models. Figures 7A and B show the within-block changes in the neurocranium 

with and without allometric variation, respectively, along PLS 1 vs PLS 2. We did not include 

PLS 3 because the total covariance accounted for was less than 2%. Both analyses (Figures 7A & 

B) show some overlap among the mouse strains along PLS 1 in aspect of the neurocranium, but 
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the ordination of the group scatters as well as the degree of variation is different across all the 

mutants and the nonmutants. The NC+/S252W mice, which only express the mutation in the neural 

crest-derived regions, tend to cluster away from the other groups along both PLS 1 and PLS 2 

regardless of the effects of size (Figure 7A & B). Figures 7C and D illustrate the within-block 

variation in the face along PLS 1 vs PLS 2. The analysis with allometry (Figure 7C) captures 

size-related shape variation and distinguishes the NC+/S252W and Fgfr+/S252W mice from the 

Meso+/S252W and the unaffecteds along PLS 1 and PLS 2. The analysis without allometry shows 

overlap among all the groups except for the NC+/S252W mice, which are separated from the others 

along PLS 2 (Figure 7D).  

The overall differences in modular or within-block variation in the neurocranium and 

face across the mouse strains suggests that localized activation of the mutation causes differential 

phenotypic changes. Moreover, modular shape variation tends to distinguish the NC+/S252W  mice 

more than the others in both the neurocranium and facial components, indicating that the 

activation of the mutation in the face causes more pronounced changes than when it is expressed 

only in the mesoderm. Differential degrees of shape change within the two regions can affect the 

structural association between them, shifting patterns of integration among the mutants, and 

between the mutants and nonmutants.23  

 

Magnitude of integration between the neurocranium and face: size  

The RV coefficient values (0.46) and correlations along each PLS axes were higher when 

size was part of the analyses (Table 4), suggesting that the correlation between the two blocks 

(i.e. neurocranium vs face) is potentially influenced by size. However, in a separate analysis with 

just the nonmutants (not shown here), the RV coefficient value decreased when size was part of 
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the analysis (Table 4). Low correlation values in the nonmutants possibly reflect aspects of 

growth patterns (i.e changes in size) at P0 where parts of the developing cranium are less 

integrated with each other to allow for postnatal size adjustments that are not disrupted by the 

mutation.24–27 However, most importantly, the mutants showed higher RV values compared to 

the nonmutants regardless of the influence of size (Table 4), indicating that the the Fgfr+/S252W 

mutation increases the magnitude of integration between the neurocranium and face.  

 In summary, our findings show the Fgfr+/S252W and NC+/S252W mice to be the most distinct 

in their overall cranial shape variation and patterns of covariation, particularly the NC+/S252W 

group that only express the mutation in the neural crest regions (Figures 3 & 7; Table 3). The 

2B-PLS results partially support H1 in that all mutants show slight distinctions from each other 

and the unaffected mice, not just the conditional mutants. The slight deviations in patterns of 

integration among the mouse models in our sample are likely driven by differing degrees of 

within-block shape variation caused by the Fgfr2 mutation in the neurocranium and face, 

respectively. Our results also provide some evidence for rejecting H2 as the full mutants and 

non-mutants do not share the same pattern of integration as hypothesized. In addition, we found 

that the Fgfr2 S252W mutation and size variables increase the degree of integration between the 

neurocranium and face in the mutants (Table 4).  

 

Discussion 

  Here we examined whether the Fgfr2 S252W mutation associated with Apert syndrome 

impacts cranial integration patterns in three mouse models that carry the mutation either 

conditionally or ubiquitously. Examining patterns of integration among modules can provide 

valuable insight into how complex structures grow and change as a response to underlying 
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genetic processes. In a clinical context, studying the impact of aberrant signaling on cranial 

integration facilitates understanding of how the targeted activation of a mutation in one region 

affects contiguous structures. As stated earlier, our results partially support H1 in that all the 

groups in our sample, not just the conditional mutants, exhibit slight differences in patterns of 

integration between the mesoderm- and neural crest-derived regions along the first three PLS 

axes (~98% of the total covariance in the sample). Deviations in integration patterns among the 

mouse models are likely caused by differing levels of within-in module variation generated by 

the mutation (Figure 7). Our results emphasize the need to examine the influence of within-block 

variation on patterns of integration as modular variation can impact the association between 

structures across different genotypes.28 In craniosynostosis, understanding how localized 

aberrant signaling alters the way in which different parts of the skull grow, integrate, and covary 

can serve as a therapeutic guide for surgical manipulations.  

 

Changes in trajectory of integrated shape change: variance and covariance 

The mice used in this study exhibit distinct craniofacial dysmorphologies associated with 

Apert syndrome.29 Overall cranial shape of the Fgfr2+/S252W and NC+/S252W mice are the most 

distinct as illustrated in Figure 3 (also see Table 3). In terms of patterns of integrated shape 

change between the mesoderm- and neural crest-derived regions, all the mouse models vary from 

one another to some extent across the first three PLS axes. Our findings differ from a previous 

study by Martínez-Abadías et al.8 that found cranial integration in the neurocranium and face to 

be similar in the Fgfr2+/S252W mutants and their unaffected littermates. One reason for the 

discrepancy between our findings and Martínez-Abadías et al.’s8 could be that they compared 

cranial integration between two Apert syndrome mouse models, Fgfr2+/S252W and Fgfr2+/P253R, 
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whereas the focus on this study is only on Fgfr2+/S252W. Moreover, our comparisons comprise 

conditional mutants with targeted activation of the mutation in specific tissues and not just full 

mutants. However, our results align with Martínez-Abadías et al. in showing that the Fgfr2 

S252W Apert syndrome mutation increases the correlation between the neurocranium and face 

(Table 3), corroborating the implication that FGF/FGFR signaling is a covariance-generating 

mechanism in the skull.8,30  

 Both PLS analyses with and without the effects of size show differences in patterns of 

integration. The differences are more enhanced when size is a part of the analysis, demonstrating 

that allometry impacts cranial integration patterns and correlation between the structures (Table 

4). While the overall results of the PLS analyses do not change whether or not size is part of the 

analysis, it is important to consider how the Fgfr2 S252W mutation affects growth (i.e. size 

changes) of and between structures, particularly when considering surgical interventions. This is 

relevant for Apert syndrome, and possibly for other craniosynostosis conditions, in that knowing 

how structures change in relation to one another during normal and abnormal development can 

assist in designing surgical treatments that enhance long-term outcomes.   

 

Differential patterns of modular variation in the neurocranium and face  

Modular shape variation tends to distinguish the NC+/S252W mice more so than the others 

in both the neurocranium and facial components, indicating that the activation of the mutation in 

the face causes more pronounced changes than when it is expressed only in the mesoderm. 

Normal growth and development of the facial primordia is a result of intricately coordinated 

series of morphogenetic events.31 The majority of the molecular pathways directing facial 

morphogenesis regulate the behavior of neural crest cells.31 For example, the role of FGF/FGFR 
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signaling, particularly signaling involved with Fgfr1 and Fgfr2, has been implicated in neural 

crest migration, survival, proliferation and patterning of the facial epithelia and mesenchyme.32 

Some other intercellular pathways critical for mid-facial fusion and growth include BMP, HH 

and Wnt signaling, which interact with FGF/FGFR signaling during embryogenesis33. During 

development, even slight perturbations in covariance-generating mechanisms, such as the 

FGF/FGFR pathway, can alter the structure of variation in the face and, consequently, 

covariation with adjoining cranial modules.28  

Although clinical diagnoses of syndromic craniosynostosis typically involve closure of 

calvarial sutures, midface dysgenesis is also a feature of craniosynostosis syndromes and mouse 

models of Apert and Crouzon craniosynostosis syndromes exhibit midface dysgenesis similar to 

the human conditions.34 Specifically, Holmes et al.34 showed that tissues impacted in the Apert 

Fgfr2+/S252W mutants included non-skeletal elements such as reduction in the volume of the nasal 

cavity associated by thickening of the nasal cartilages. Using morphological integration as a 

framework can facilitate the study of direct (within-region) and indirect (between-region) 

phenotypic manifestations of premature closure of cranial vault sutures. For instance, examining 

the combined effects of thickening of the nasal passages along with potential reduction in facial 

and cranial vault bone growth could provide insights into inter-tissue interactions between 

different parts of the cranium during normal and abnormal development and as it informs 

surgical procedures.  

 

Conclusion 

Morphological integration and the related concept of modularity describe the ways in 

which different modules or parts of an organism integrate to form a functioning system. 
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Conditional activation of the Fgfr2 S252W mutation in either mesoderm or neural crest-derived 

tissues provides a unique dataset to explore whether targeted variation in signaling alters the 

structural relationship between components of the skull. Our findings emphasize the impact of 

localized, modular genotypic effects on phenotypic variation and covariation patterns.  

 

Experimental Procedures 

Mouse models 

The mice used in our study were bred, euthanized, processed, and imaged in compliance 

with animal welfare guidelines approved by the New York University and Pennsylvania State 

University Animal Care and Use Committees. The mice analyzed in this study were described in 

our previously published work. 7  

Our sample comprises a total of 116 newborn (P0) mutant mice and their non-mutant 

littermates (Table 1). The mutant mice were bred using a Cre-inducible Apert syndrome, the 

Fgfr2 S252W mutation. The different mutant groups in this study include: 1) P0 mice expressing 

the Fgfr2S252W allele in cranial components derived from mesoderm (Meso+/S252W) and their 

unaffected littermates (Meso+/+); 2) P0 mice expressing Fgfr2S252W in cranial components derived 

from neural crest cells (NC+/S252W) and their unaffected littermates (NC+/+); 3) P0 mice 

expressing the Fgfr2S252W allele in all tissues of the cranium (Fgfr2+/S252W) and their unaffected 

littermates (Fgfr2+/+). The mouse models used here have been previously described. 9,7 Briefly, 

all the mice in our sample were bred on a mixed background and heterozygous for a Cre. The 

mutant mice are all heterozygous for the floxed Fgfr2 S252W allele and the unaffected 

littermates are homozygous for the wild type Fgfr2 allele. The mice were genotyped by PCR of 
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genomic DNA prepared from tail-snips for Fgfr2, Neo and Cre. For additional details are found 

here.7  

 

Data and analyses 

We analyzed twenty-eight cranial landmarks defined by their coordinate location in 3D 

space (Figure 1 and Table 2) measured on high-resolution micro computed-tomography (μCT) 

images of the mice in our sample. These landmarks were divided into regions derived from 

mesoderm (14 landmarks) and neural crest (14 landmarks).11 All landmark data were collected 

by YH. Only landmarks that were consistently repeatable across our sample and measurement 

error free were included in the subsequent analyses.7 The μCT images were acquired at the 

Center for Quantitative X-Ray Imaging at Pennsylvania State University, with a pixel size of 

0.0135 x 0.0135mm and slice thickness of 0.0156mm. Image reconstruction was done on a pixel 

grid of 1024x1024 in 16 bit and reduced to 8 bit. Isosurfaces to represent all cranial bones were 

reconstructed from the 8 bit μCT images using the software package Avizo 6.3 (Visualization 

Sciences Group, VSG). Generalized Procrustes Analysis (GPA) was used to process the twenty-

eight landmarks.12 This method extracts shape coordinates from the original landmark data by 

translating, scaling, and rotating the data, subsequently yielding Procrustes shape coordinates. 

Centroid size (CS) is used as the measure for size, and is estimated as the square root of the sum 

of squared Euclidean distances from a set of landmarks to their centroid (i.e. “center of gravity – 

the average of the x and y coordinates of all landmarks). 13–15 All the specimens are scaled 

according to CS. The unaffected littermates of the respective mutants were combined for all 

subsequent analyses. The following statistical analyses were performed on Procrustes shape 

coordinates.  
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First, we computed Procrustes distances between the group means and performed a 1000 

rounds of a two-sided permutation test.16 In addition, we compared the mean shapes of the 

different mouse strains. Mean shapes represent the average shape of a sample, and were 

estimated based on the Procrustes coordinates of the different groups. Once computed, they were 

visualized on isosurfaces of the cranial CT-scans (details below).  

Next, we performed a principal component analyses (PCA) of all the cranial landmarks 

used in this study to examine the overall shape variation across the different mouse models. This 

allows for a better understanding of how the Fgfr2+/S252W mutation affects global shape variation. 

PCA uses an eigenvalue decomposition of the covariance matrix resulting in mutually orthogonal 

dimensions assembled according to the amount of variance explained by each axis. Each axis 

represents a principal component that explains a portion of the variance in the dataset, with the 

first component accounting for the largest amount of variance in the sample.17 

Last, we conducted a two-block partial-least squares (2B-PLS) analysis to examine the 

pattern of integration between regions derived from mesoderm (Block 1) and neural crest (Block 

2) across all samples. The 2B-PLS method uses a singular value decomposition of the between-

block covariance matrix yielding uncorrelated pairs of axes; the first pair accounting for the 

largest amount of covariance between the two blocks, the second for the second largest amount, 

and so on. This approach is commonly used to analyze morphological integration or covariation 

between two modules or blocks of variables defined a priori.18 The 2B-PLS analysis was 

conducted on the Procrustes coordinates with the effects of allometry as well as on the regression 

residuals of the two blocks. The multivariate regression analyses were conducted on the 

Procrustes shape coordinates of the respective blocks (i.e. neurocranium and face) on the 

Centroid Size of the entire cranium.15,19 We also conducted permutation tests associated with the 
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regression analyses, which used the null hypothesis of complete independence between the 

Procrustes coordinates (dependent variable) and centroid size (independent variable).  

The reason for including both sets of PLS analyses was to examine possible effects of 

allometry on patterns and magnitude of shape covariation.20 The landmarks for each block were 

subjected to separate Procrustes fits, and the covariation pattern between and within the two 

blocks was analyzed across the groups. In addition to the between-block association, we also 

examined within-block variation of the neurocranial and facial variables, respectively, along PLS 

1 and PLS 2. This allows assessment of modular variation within each block along pairs of PLS 

axes. We also calculated the overall association or correlation between the blocks using the RV 

coefficient21 that uses values from 0 to 1.0, 0 denoting complete independence between the two 

blocks.  

One of the differences between PCA and 2B-PLS is that the latter orders the axes 

according to a measure of covariance explained by paired axes, not individual axes as in PCA. 

Employing both these analyses allows us to compare potential differences in patterns of 

covariation between the two blocks as well as overall cranial variation across our sample. Shape 

changes were visualized along the respective 2B-PLS axes via wireframe diagrams in 

MorphoJ.22 All statistical analyses were performed in MorphoJ and R programming software. 

The μCT data used in this study are available on FaceBase. Landmark data are available on NS’s 

website.  
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Table 1: Mouse models used in this sample 

Sample Genotype Number of 

specimens 

Mutation Cell type 

targeted by 

Fgfr2 

mutation 

Meso +/+ Mesp1CreTg/+; Fgfr2+/+
 20 None None 

NC +/+
 Wnt1CreTg/+; Fgfr2+/+

 19 None None 

Fgfr2+/+
 Ella-CreTg/+; Fgfr2+/+

 20 None None 

Meso+/S252W
 Mesp1CreTg/+; 

Fgfr2+/S252W
 

23 Conditional 

Apert syndrome 

FGFR2 S252W 

Mesoderm-

derived 

NC+/S252W
 Wnt1CreTg/+; 

Fgfr2+/S252W
 

15 Conditional 

Apert syndrome 

FGFR2 S252W 

Neural crest-

derived 

Fgfr2+/S252W
 Ella-CreTg/+; 

Fgfr2+/S252W
 

19 Full Apert 

syndrome 

FGFR2 S252W 

All cells 

Total                                                                 116 
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Table 2: Landmarks used in this study 

 

 

 

Table 3: Procrustes distances among the different groups 

Ploidy Fgfr+/S252W Meso+/S252W NC+/S252W Nonmutants P-value  

Fgfr+/S252W 0 0.0773 0.0608 0.0910 <.0001 

Meso+/S252W 0.0773 0 0.0443 0.0369 <.0001 

NC+/S252W 0.0608 0.0443 0 0.0504 <.0001 

 

 

 

 

 

 

Numbers Descriptions 

1 & 7 Most supero-anterior point of the maxilla accounting for the lateral part of the nasal aperture 

2 & 8 Most postero-lateral point of the nasal bone 

3 & 9 Most superior point of the infraorbital hiatus 

4 & 10 Most distal point of the infraorbital hiatus 

5 & 11 Most inferior point of the infraorbital hiatus 

6 & 12 Intersection of zygoma with zygomatic process of temporal, taken on zygoma 

13 & 14 Most posterior point of the anterior palatine foramen 

15 & 18 Most medio-anterior point of the parietal 

16 & 19 Most postero-medial point on the parietal 

17 & 20 Most postero-lateral point on the parietal 

21 Opisthion 

24 Basion 

22 & 25 Most infero-lateral point on the squamous occipital 

23 & 26 The superior posterior point on the ectocranial surface of the occipital lateralis on the 

foramen magnum 

27 & 28 Most antero-lateral point on the corner of the basioccipital 
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Table 4: Results of the PLS analyses: covariance and correlation values 

 

2B-PLS analysis on Procrustes coordinates 

 

Specimens % 

Cov 

PLS1  

Corr 

PLS1 

P-

value 

% Cov 

PLS2 

Corr 

PLS2 

P-

value 

% Cov 

PLS3 

Corr 

PLS3 

P-

value 

RV 

coeffi-

cient 

All 94.98 0.75 <.0001 3.35 0.60 <.0001 0.77 0.58 <.0001 0.46 

Mutants 90.18 0.75 <.0001 7.67 0.76 <.0001 0.87 0.65 0.002 0.46 

Nonmutants 51.98 0.70 <.0001 20.11 0.57 0.048 10.22 0.67 0.0001 0.27 

 

2B-PLS analysis on regression residuals 

 

Specimens % 

Cov 

PLS1  

Corr 

PLS1 

P-

value 

% Cov 

PLS2 

Corr 

PLS2  

P-

value 

% Cov 

PLS3 

Corr 

PLS3 

P-

value 

RV 

coeffici

-ent 

All 86.05 0.69 <.0001 9.90 0.60 <.0001 1.78 0.50 0.0003 0.35 

Mutants 72.75 0.69 <.0001 21.98 0.68 <.0001 1.66 0.55 0.0473 0.35 

Nonmutants 53.06 0.71 <.0001 21.63 0.60 0.0198 12.21 0.66 0.0010 0.30 
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Figure 1: Illustration of the 28 3D cranial landmarks used in the study: A) Anterior cranial  

view; B) Posterior cranial view; C) Inferior cranial view; D) Superior cranial view; E) Lateral   

cranial view; F) Wireframe diagram of 14 neurocranial landmarks in lateral view; and G)   

Wireframe diagram of 14 facial landmarks in anterior view.   
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Figure 2: Isosurfaces of cranial mean shapes of the respective mouse models in lateral view: A) 

Non-mutants; B) Fgfr2+/S252W mutants; C) NC+/S252W mutants; D) Meso+/S252W mutants. The solid lines 

mark the changes in the lateral profile of the different groups illustrating the slope of the face in 

relation to the cranial vault shape. The ovals indicate closure of the coronal suture in the 

Fgfr2+/S252W and Meso+/S252W mice.  
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Figure 3: A) PC 1 vs PC 2 of all the cranial landmarks illustrating the shape variation across all 

the mouse strains in the sample; B) PC 1 vs PC 3. The wireframe diagrams of the shape changes 

along the negative and positive end of the PC axes are displayed in lateral view.  
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Figure 4: Multivariate regression analysis of shape on size: A) All 28 cranial shape coordinates 

on centroid size; B) 14 neurocranial shape coordinates on the cranial centroid size; and C) 14 

facial shape coordinates on cranial centroid size.  
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Figure 5: 2B-PLS plots of PLS 1, PLS 2, and PLS 3. A-C) 2B-PLS analysis without size 

correction, i.e. allometry, illustrating associated shape change between the mesoderm-derived 

regions of the neurocranium and neural crest-derived regions of the face; D-F) Size-corrected 

2B-PLS analysis showing integrated shape changes between the mesoderm-derived regions of 

the neurocranium and neural crest-derived regions of the face. 
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Figure 6: Wireframe diagrams illustrating the patterns of shape covariation between the 

neurocranium and face in the three PLS axes. A) Compares the integrated shape changes along 

the negative and positive scores of PLS 1. A supero-inferiorly high and anteriorly retracted 

cranial vault covaries with a medio-laterally narrow and anteriorly extended face; B) PLS 2 

captures changes in the antero-superior part of the cranial vault, which covary with changes in 

the nasal-frontal junction of the snout; C) PLS 3 shows changes in the inferior part of the cranial 

vault associated with changes in the supero-inferior dimensions of the snout.  
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Figure 7: Modular shape variation in the neurocranium and face along PLS 1 vs PLS 2: A & C) 

2B-PLS analysis without size correction on the neurocranial (A) and facial (C) components; B & 

D) 2B-PLS analysis with size correction, done on the regression residuals, on the neurocranium 

(B) and face (D). 


