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Abstract

Skeletal anomalies are common in patients with muscular dystrophy, despite an absence of mutations to genes that
specifically direct skeletogenesis. In order to understand these anomalies further, we examined two strains of
muscular dystrophy (laminin- and merosin-deficient) relative to controls, to determine how the weakened muscle
forces affected skull shape in a mouse model. Shape was characterized with geometric morphometric techniques,
improving upon the limited analytical power of the standard linear measurements. Through these techniques, we
document the specific types of cranial skeletal deformation produced by the two strains, each with individual
shape abnormalities. The mice with merosin deficiency (with an earlier age of onset) developed skulls with more
deformation, probably related to the earlier ontogenetic timing of disease onset. Future examinations of these
mouse models may provide insight regarding the impact of muscular forces and the production and maintenance
of craniofacial integration and modularity.
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skeletal deformation.

Introduction

A variety of developmental influences affect skeletal
shape, including the physical forces generated by
muscle and other soft tissues. Mechanical stimulus from
muscle does significantly influence normal craniofacial
development, altering both skeletal shape and size
(Turner, 1998; Hallgrimsson et al. 2002) and is responsible
for some cases of non-syndromic dysmorphology (e.g.
Yu et al. 2004). In this vein, we expect muscular dystrophy
(MD) to affect cranial shape due to the weakened
muscles of mastication (Byron et al. 2006), which have
a large impact on craniofacial shape (Kiliaridis, 1995).
In humans, MD is correlated with cranial skeletal
abnormalities (Matsuyuki et al. 2006) and interferes
with orthodontic treatment (Suda etal. 2004). In
mouse models, the progressive loss of muscle strength
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due to MD has a significant impact on craniofacial
skeletal growth (Lightfoot & German, 1998). Lightfoot
& German (1998) documented differences in growth
dynamics of craniofacial measurements, finding generally
smaller skulls, with significant differences in later-
developing skeletal elements, particularly within areas
normally stimulated by masticatory muscles. Because
the craniofacial skeleton is a composite of individual
skeletal elements, it is likely that a disease with differential
impact on these elements, such as MD, will produce an
altered overall shape.

Most research examining the impact of muscle weakness
on the skull has not measured shape in a quantitative
way, for either the complete skull or discrete bones
(e.g. Lightfoot & German, 1998; Yu et al. 2004; Matsuyuki
et al. 2006). Although these analyses provided much
information on the impact of MD on growth dynamics,
our major objective herein is to elucidate any shape
changes in the craniofacial skeleton of the Lightfoot &
German (1998) mice with MD; our second objective is to
determine whether the moderate and severe dystro-
phies they studied (laminin- and merosin-deficient MD,
respectively) have similar or very disparate shapes.
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Although the strains are characterized by different
protein mutations, similar shapes may result because
the affected muscles, and their patterning of forces,
are the same. However, as the ontogenetic progression
of the two strains is not the same, the resultant skulls
may have disparate characters.

Methods
Animal model and husbandry

We used the original radiographs analysed by Light-
foot & German (1998), who give full details regarding
animal strains, breeding and husbandry. All animal
procedures were approved and monitored by the
University’s Animal Care and Use Committee at the
University of Cincinnati (IACUC #91-05-27-01). Two
dystrophic, autosomal recessive strains of Mus musculus
(C57BL/6J-dy/dy and C57BL/6J-dy?/dy?, designated as
dy and 2J, respectively) were reared with controls
(C57BL/6J—+/?). Breeding pairs (purchased from Jackson
Laboratories, Bar Harbor, ME, USA) generated experi-
mental animals for six groups (three treatments and
two sexes, sample sizes listed in Table 1). After weaning
(21-28 days), animals were housed, separated by sex,
and given ad libitum access to food and water.

The genetic mutations present in these mice disrupt
either the normal formation of laminin (2J mice) or
merosin (dy mice), and lead to forms of MD equivalent
to congenital muscular dystrophy in humans (Connolly
et al. 2001; Shibuya et al. 2003; Head et al. 2004). Of
the two strains, 2/ mice are less severely affected: dy
mice first manifest symptoms at 14 days, while the
more moderate 2J mice begin to drag their hind legs at
about 20-24 days postnatally. Generally, the disease
manifests as progressive muscle weakening, caudal to
cranial, and eventually leads to cardio-respiratory
failure due to insufficient muscle strength (Hayes &
Williams, 1998). As needed, affected animals were
provided with curved sipper tubes and pulverized food
in cage bottoms.

Table 1 Numbers of male and female Mus musculus, for each
of three treatments. 2J and dy designate mice with laminin-
and merosin-deficient muscular dystrophies, respectively

Control 2J Dy
Male 9 4 5
Female 8 7 7

Data collection

For the dynamic growth study, animals were radio-
graphed repeatedly during growth, and thus we have
multiple images for each individual (for specifics on
radiography and anaesthesia see Lightfoot & German,
1998). Previous work has demonstrated no adverse
effects generated by this level of radiography (Fiorello
& German, 1997). Animals were radiographed in both
the dorsoventral (DV) and lateral (LT) planes and
radiographs with noticeably misaligned images were
retaken on the same day. In some cases, it was not
discovered until digitizing that occasional landmarks
were obscured and these images were not included in
the present analysis. For the purposes of this study, we
restricted analyses to adult animals (> 49 days of age,
past the age of sexual maturity).

The original growth study continued radiography for
each animal well past 49 days of age, but with uneven
sampling times and variable mouse longevities. As a
result, there were different numbers of radiographs
per individual that spanned various age ranges. There-
fore, we calculated each animal’s average adult shape,
using all available radiographs. This reduced measure-
ment error normally associated with selecting a single
representative radiograph, did not require us to define
an arbitrary age to end examination, and provided
a more accurate representation of each individual’s
craniofacial shape. Average shape was calculated in
CoordGené6h (an IMP program; Sheets, 2000) and was
defined as the simple arithmetic mean of the x and y
components of each landmark, when set in a common
reference frame.

Landmarks were selected for homology, repeatability
and even coverage of the skull (Fig. 1) and digitized on
the radiographs. All digitizing was done by one person
(P.L.P.) to exclude interobserver error. In the case of the
bilaterally symmetric DV plane, the symmetric land-
marks were reflected over the midline and averaged,
both to remove random deviations from bilateral
symmetry and to avoid the inflated degrees of freedom
that results from treating the two sides as independent
observations. Reflection and averaging was done using
Sage (Marquez, 2004).

Landmark coordinates were superimposed using a
generalized least-squares (GLS) Procrustes superimposi-
tion. This superimposition, performed using CoordGen6h
(Sheets, 2000), removes variation due to position, scale
and orientation by translating, rescaling and rotating
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Fig. 1 Dorsoventral (DV) and lateral (LT) schematics, drawn
from radiographicimages. These collapse a three-dimensional
structure (i.e. one can see both ventral and dorsal landmarks
in DV). DV landmarks are: midpoint between the anterior tips
of the incisors (1); anterior (2) and posterior (3) edge of hard
palate; midpoint between posterior tips of pterygoid plates
(4); suture between basisphenoid and occipital bones (5);
posterior edge of skull (6); left (7) and right (8) anterolateral
and left (9) and right (10) anteromedial tips of tympanic bulla;
left (11) and right (12) mandibular condyle; left (13) and right
(14) angle and left (15) and right (16) coronoid process of
mandible; left (17) and right (18) anterior tip of zygomatic
arch. LT landmarks are: anterior tip of nasal spine (1); suture
between nasal and frontal (2) and frontal and parietal (3)
bones; external occipital protuberance (4); occipital condyle
(5); anterior edge of tympanic bulla (6); posterior edge of hard
palate at palatine suture (7); posterior (8) and anterior

(9) edge of eye orbit; angle (10) and condyle (11) of the
mandible; anterior edge of mandibular (12) and maxillary
(13) tooth rows.

the configurations of landmarks to minimize the overall
variation in the data as measured by the Procrustes
distance (D). D equals the square root of the summed
squared differences between coordinates of homologous
landmarks, summed over all landmarks.

Before subjecting these data to statistical analyses
based on linear models, we ensured that shape variation
did not exceed the limits of the linear approximations,
avoiding a potential pitfall in some geometric morpho-
metric studies (Bookstein, 1991; Richtsmeier et al. 2002;
Rohlf, 2003). This test was done by projecting the
landmark configurations into tangent space and then
comparing D among shapes in shape space to the
corresponding distances in the linearized tangent
space, a test implemented by tpsSmall 1.20 (Rohlf,
2003). For both views, the correlation between these
distances was 1.0 and the slope of the regression
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Fig. 2 Box plot of Procrustes distances (D) between the first
and last radiograph of all individuals, by treatment. CT, 2J,
and dy refer to control, laminin- and merosin-deficient mice,
respectively. DV (dashed line with shading) designates shapes
recorded on radiographs acquired in the dorsoventral plane,
LT (solid line) are those from the lateral plane.

through the origin exceeded 0.99, indicating that
linear models could be safely applied to these data.

It is possible that the degenerative nature of muscular
dystrophy continued to alter craniofacial shape even
after adult size had been achieved. Therefore, we
calculated D between the shapes recorded on each
individual’s first and last radiograph and compared the
distribution of these distances among treatments
(Fig. 2). Average D was 0.043 (0.012 standard deviation),
with no statistically significant differences per individual
among treatments (anova, P> 0.9999). In addition,
there was no relationship between an individual’s age
range and D, as tested through least squares linear
regression (tests performed in systat 11). This eliminates
the possibility that potential shape differences among
treatments could be generated by differential age
ranges, numbers of radiographs or variable longevities
of mice.

To determine whether the dystrophic condition
affected shape, we used multivariate analysis of
variance (MaNova). Litter effects were removed prior to
conducting the analysis, but sexual dimorphism was
retained because of the possibility of an interaction
between sex and dystrophic condition. We used
Goodall’s F-test (Goodall, 1991) as generalized by Rohlf
(1998). The mean square for each factor (and the
interaction term) is the sum of squares, summed over
all coordinates explained by that factor. The mean
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square is found by dividing the sum of squares by the
degrees of freedom for each effect, which is a function
of the number of landmarks and individuals.

Because MD mice are smaller (Lightfoot & German,
1998), and shape is dependent on size (e.g. Zelditch
et al. 2004), significant shape differences between
treatments could be a consequence of their different
sizes. Therefore, we tested the following null hypotheses
that (1) the mean centroid size of treatments was
equal (standard anova using svstaT 11), and (2) any shape
differences were due solely to size through a multivariate
analysis of covariance (mancova). A significant inter-
action between group and size would indicate that shape
differences between the treatment groups could not
be explained by size differences alone. mancova was
conducted using tpsRegress, version 1.31 (Rohlf, 2005).
As usual, the F-ratio is found by dividing the mean
square for the factor of interest by the error mean
square and P < 0.05 was considered significant.

We generated thin plate spline deformation grids to
interpolate differences between landmarks (Bookstein,
1989). To determine the degree of shape difference,
we compared the mean partial Procrustes distance
(defined above) among treatments and sexes. A rela-
tive measure (scaled to the sums of squares distances
from the GLS consensus shape), larger distance values
indicate more disparate shapes. Statistical significance
(P <0.05) between distances was determined by
Goodall’'s F-test (Goodall, 1991). Distance and spline
comparisons were completed with TwoGroup6h (an
IMP program; Sheets, 2000).

We used the thin plate spline to illustrate the direc-
tion of change (in tangent shape space) needed to alter
one shape into another. It is possible to have statisti-
cally different shapes (i.e. differing solely in degree)
that lie along the same shape trajectory (i.e. direction;
Zelditch et al. 2004). For instance, it may be the case
that dy mice are shaped differently than the two other
treatments, but this may be due to an extrapolation of
the shape difference seen between the controls and 2Js.

To test this, average shape vectors were produced
between each treatment couplet: control vs. 2J, control
vs. dy and 2J vs. dy. These vectors were generated by
regressing the full set of Procrustes coordinates against
the variable of interest, in our case treatment. We then
estimated the angle between and within these vectors
using a bootstrap analysis (1600 bootstrap sets) and
calculated upper 95% confidence limits for each com-
parison. The within-vector angle provides a measure of

variation within each treatment couplet (e.g. the
comparison between control and dy individuals). The
between-vector angle describes how different two
average vectors are from each other (e.g. control to dy
compared with control to 2J). A value of 0° indicates
that the vectors have the same direction in tangent
shape space and 180° indicates that two target shapes
are different from the comparison shape in exactly
opposite ways. To test our null hypothesis (that the
observed angles are no different than those obtained
by resampling from the same population), we compare
the within- and between-vector angles. If the angle
between vectors exceeds the 95th percentile for
within-group angles, then the comparison shapes are
not on the same trajectory in tangent shape space and
differ in direction. All analyses were completed using
VecCompare6b (an IMP program; Sheets, 2000).

Results

MANOVA revealed statistically significant differences
among shapes across the three treatments and two
sexes (Table 2). The level of variance in shape attributable
to treatment was very high (37.6% DV, 42.3% LT) and
sex explained a lesser but still significant amount (5.6 %
DV, 4.7% LT). Further analysis also showed significant
differences in mean centroid size across treatments
(aNova; P < 0.0001). For both sets of radiographs, the dy
mice are smaller than the control and 2J mice, a result
that agrees with other size measurements for these mice

Table 2 manova results for average landmark coordinates of
each treatment from dorsoventral (DV) and lateral (LT)
anatomical planes. SS refers to sums of squares, d.f. is the
degrees of freedom (a function of the number of landmarks
and number of variables considered with each factor), MS
designates the mean squares

SS d.f. MS F P

DV plane
Treatment 0.0115 40 0.000288 11.71 <0.0001
Sex 0.0017 20 0.000085 3.46 <0.0001
Interaction term 0.0007 40 1.75E-05 0.71 0.91
Error 0.0167 680 2.46E-05
Total 0.0306 780

LT plane
Treatment 0.0125 44 0.00028 14.26 < 0.0001
Sex 0.0014 22 6.4E-05 3.19 < 0.0001
Interaction term 0.0008 44 1.8E-05 0.91 0.63
Error 0.0149 748 2E-05
Total 0.0296 858
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Fig. 4 Thin plate spline deformation

grids of LT landmarks of the M. musculus

craniofacial skeleton, following a

Procrustes superimposition. Each grid

shows the deformation needed to alter

one shape into another: (A) control to
2/, (B) control to dy, and (C) 2J to dy.
Deformation grids are exaggerated by a
factor of 3 and radiographic schematic
(D) is provided for ease of visualization.
See Fig. 1 for definitions of landmarks
and text for discussion of shape
differences.

(Lightfoot & German, 1998). Given that shape has an
allometric component (Zelditch et al. 2004), it may be
that the shape differences seen among treatments are
the result of their different sizes. However, mancova
revealed a highly significant interaction between treat-
ment and size (P < 0.0001), indicating that the smaller
MD individuals are not merely scaled-down versions
of the controls.

Figures 3 and 4 present thin plate spline deformation
grids that graphically display the shape differences
between treatments. Table 3 presents the mean partial
Procrustes distance between groups. Compared with
controls, in the DV radiographs, the skulls of both MD
strains were wider relative to skull length, a difference
more pronounced in the dy mice (i.e. the grid is more
deformed; Fig. 3A-C). The posterior portion of the skull
is slightly expanded in both MD strains, while the dy

© 2007 The Authors

Table 3 Partial Procrustes distance* (and standard error*)
between treatment and sex means for dorsoventral (DV) and
lateral (LT) radiographs. 2J, dy and CT designate laminin- or
merosin-deficient and control mice, respectively. All
comparisons were statistically significant, based upon
bootstrap analysis (100 iterations) at the 95% level

Couplet DV LT

CT:2J 1.83(0.31) 1.51 (0.24)
CT:dy 3.39 (0.28) 3.94 (0.28)
2J).dy 2.96 (0.43) 3.27 (0.41)
Male : female 1.69 (0.28) 1.21 (0.41)

*x 1072

skulls had a visible narrowing in the medial portion of
the skeleton. In shape space, controls and 2J mice are
more similar to each other than either are to dy mice,
as measured by mean partial Procrustes distance (Table 3).
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Table 4 Estimated angles between (BV) and within average
shape vectors comparing control and treatment shapes for
dorsoventral (DV) and lateral (LT) radiographs. Estimates were
based upon 1600 bootstraps and show angles at the upper
95% confidence limit. 2J, dy and CT designate laminin- or
merosin-deficient and control mice, respectively

CT:2J BV CT:dy
DV 47.2 60.5* 31.5
LT 52.4 53.6* 19.7

*Those comparisons where the between-vector angle exceeds the
upper 95% confidence limit of both of the within-vector angles.

Indeed, the degree of shape difference between the
controls and laminin-deficient mice is similar to that
between males and females. In the lateral radiographs
(Fig. 4) there is little evident difference between the
2J mice and the controls other than a subtle alteration
of mandibular shape. In contrast, the dy strain exhibits
a major difference in the shape of the skull: compared
with the control, the skulls of the dy strain have gener-
ally wider braincases, a slight flexion in the middle, and
rotated mandibles. Again, mean partial Procrustes
distances indicate that the merosin deficiency (dy)
results in a larger departure from the control shape
(Table 3).

The angle between average shape vectors for
control-treatment couplets is provided in Table 4. This
clearly shows that the two vectors (control:2J and
control:dy) cannot lie along the same trajectory in
tangent shape space. The skull shapes of dy mice are
not merely a progressive alteration of the 2J mice.

Discussion

As predicted by our initial hypotheses, craniofacial
skeletal shapes differ among treatments (Figs 3 and 4).
Interestingly, despite being described as an ‘intermediate
disease state’ (Connolly et al. 2001), 2/ mice do not
have an intermediate shape. They more closely resemble
the controls than dys, but the two mutant strains differ
from the control in more than degree — the mutations
affect different aspects of shape (Tables 3 and 4). This
is consistent with the hypothesis that these mutations
affect bone tissue through the alteration of muscle
force (Quinlivan et al. 2005). Because 2J and dy mice
have slightly different time courses, the resultant adult
shapes may reflect the timing of muscle degeneration.
In general, 2/ mice manifest symptoms at 22 days,

while dy mice do so a full week earlier (Connolly et al.
2001). This is of importance given allometric differences
in skull maturation: not all bones in the craniofacial
skeleton mature at the same time (e.g. Smith, 1996)
and growing tissues are more susceptible to shape
deformation (e.g. Zelditch et al. 2004). Although it is
widely known that muscular dystrophy alters bone
growth (e.g. Suda et al. 2004; Matsuyuki et al. 2006),
here we have shown that different strains can produce
different effects. Although the muscles weakened by
laminin deficiency (2J), with its later onset, produced a
craniofacial shape more similar to the controls (as
measured by Procrustes distance; Table 3), the shape
was inherently different than either the controls or dy
mice. These differences are probably related to the
timing of pathological muscle condition, and further
research examining the effect of other types of muscle-
wasting disease on bone growth should take into
account this aspect of developmental progression.

Although Lightfoot & German (1998) documented
changes in growth parameters and skeletal measure-
ments, not specific shape change, our results generally
match theirs. They reported that MD lowered the
projected final size of a skeletal measurement and
decreased the age at which final size was achieved.
Measurements in the face and mandible responded to
the disease more strongly, and the 2J mice were more
similar to controls. Their analyses indicated a significant
sexual size dimorphism for some craniofacial measure-
ments, but not others. They suggested that the differ-
ences between the male and female skulls were
probably a result of the lower muscle mass in female
mice generating less force during mastication. Males
and females have significantly different skull shapes.
However, the disparities between sexes do not mimic
those seen in either strain of MD mouse (e.g. in lateral
radiographs, a portion of the parietal bone is slightly
compressed in females, relative to the length of the
skull; data not shown). It is possible that the sexually
dimorphic differences in skull shape have little to do
with muscle mass and these differences were not
impacted by the disease state (no significant inter-
action term for sex and treatment; Table 2).

Unlike the analysis performed by Lightfoot and
German, ours here is fully multivariate and, given the
integrated nature of the craniofacial skeleton (Cheverud,
1982; Cheverud et al. 1991; Leamy, 1993; Smith, 1996;
Magwene, 2001; Hallgrimsson et al. 2006), a multivariate
analysis is better suited to these data. The prior results,
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although suggestive, were difficult to interpret because
each element had to be compared with all others
simultaneously in order to comprehend the nature of
the dysmorphology. Lightfoot & German (1998) even
report that modelled final size differences among the
genotypes were not always correlated with differences
in other growth parameters and that, ‘it is possible that
small differences in various parameters, while not
significant in and of themselves, produce a significant
cumulative effect on final size’ (p. 12). Using shape
analysis, as we have here, allows for the cumulative
effect to be directly studied, something not previously
done for the effects of MD, in either humans or animal
models.

Mice with MD are generally smaller (Lightfoot &
German, 1998; Connolly et al. 2001) and its ultimate
impact on adult shape reflects the differential affects
of degenerating muscle on some regions of the skull.
We hypothesize that the changes in shape associated
with MD will be associated with lower levels of integration,
as is the case when muscle forces are reduced experi-
mentally (e.g. Corruccini & Beecher, 1984; He & Kiliaridis,
2003). A future study will examine this question. As
issues of integration are currently being investigated
(e.g. Hallgrimsson et al. 2006), future examinations of
these mouse models may provide insight to the impact
of muscular forces on the production and maintenance
of craniofacial integration and modularity.

Conclusions

The progressive impact of MD, and the loss of muscle
function, produced significant differences in the
craniofacial shape of diseased mice. Portions of the
skull altered by these treatments are correlated with
the muscles of mastication and those mice with more
diseased muscle developed craniofacial shapes less
like the controls. However, there were marked shape
differences between the two strains, indicating that
the timing of pathological condition is an important
contributor to the amount and type of dysmorphology.
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