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Objective: To describe a novel set of scaphocephaly severity indices (SSls)
for predicting and quantifying head- and skull-shape deformity in children di-
agnosed with isolated sagittal synostosis (ISS) and compare their sensitivity
and specificity with those of the traditional cranial index (CI).

Methods: Computed tomography head scans were obtained from 60 patients
diagnosed with ISS and 41 age-matched control patients. Volumetric reforma-
tions of the skull and overlying skin were used to trace two-dimensional planes
defined in terms of skull-base plane and internal or surface landmarks. For
each patient, novel SSIs were computed as the ratio of head width and length
as measured on each of these planes. A traditional Cl was also calculated and
a receiver operating characteristic curve analysis was applied to compare the
sensitivity and specificity of the proposed indices with those of CI.

Results: Although the Cl is a sensitive measure of scaphocephaly, it is not
specific and therefore not a suitable predictor of ISS in many practical appli-
cations. The SSI-A provides a specificity of 95% at a sensitivity level of 98%,
in contrast with the 68% of Cl. On average, the sensitivity and specificity of all

proposed indices are superior to those of Cl.

Conclusions: Measurements of cranial width and length derived from planes
that are defined in terms of internal or surface landmarks and skull-base plane
produce SSis that outperform traditional Cl measurements.
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Sagittal synostosis is the most common form of isolated
suture synostosis, with an incidence of approximately 1 in
5000 and accounting for 40% to 60% of single suture synos-
toses (Hunter and Rudd, 1976; Lajeuine et al., 1996). Prema
ture closure of the sagittal suture results in scaphocephaly, de-
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noting along narrow skull with more-or-less prominent ridges
along the prematurely ossified sagittal suture. The degree of
suture fusion, severity of head-shape deformity, and additional
changes such as frontal and occipital bossing and biparietal
narrowing can vary significantly among affected individuals
(Fig. 1).

The degree of severity of isolated sagittal synostosis (1SS)
is commonly quantified by measuring the cranial index (Cl).
The ClI, first used in 1842 by the Swedish anatomist Andreas
Retzius (Kolar et d., 1997), represents the ratio of maximum
cranial width to maximum cranial length. Children with 1SS
typicaly have an average Cl of 60% to 67% (David and Simp-
son, 1982; Kaiser, 1988; Slomic et a., 1992; Farkas et dl.,
1994; Solan et al., 1997; Panchal et a.,1999; Christophis et
al., 2001; Guimaraes-Ferreira et a., 2001), whereas children
with normal head shape have an average Cl of 76% to 78%
(Slomic et a.,1992; Farkas et a., 1994). Intracranial volume
is also a measure of |SS severity that has been used in clinical
research and can be directly derived from two-dimensiona
(2D) computed tomography (CT) measurements (Posnick et
al., 1992, 1993, 1995; Waitzman et al., 1992).

The diagnosis of ISS is typically made on the basis of clin-
ical judgment, with imaging to confirm the clinician’s impres-
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FIGURE 1 Three-dimensional reformations of the head of patients affected with ISS. Lateral view of overlying skin (top row). Top view of the skull

(bottom row).

sion. Although quantitative indices of head shape such as Cl
or intracranial volume are not often used for clinical diagnosis,
they have been used by researchers to compare the timing
(Panchal et a., 1999) and outcome of different surgical pro-
cedures (Kaiser et al., 1988; Marsh et al., 1991; Posnick et al.,
1992, 1993, 1995; Waitzman et d., 1992; Panchal et al., 1999;
Fata and Turner, 2001; Guimaraes-Ferreira et a. 2001, 2003)
and sometimes in combination with cranial molding (Seymour-
Dempsey et a., 2002; David et al., 2004; Jimenez et al., 2004).
A variety of methods for obtaining the Cl have been reported
in the surgical literature. The most common method involves
using digital calipers and maximum cranial width and length
from skull radiographs (including cephal ograms, xerograms, or
three-dimensional [3D] CT images).

Variation in the methodology used to determine crania
width and length has limited comparisons among studies. For
example, to quantify maximum crania width, the caliper tech-
nique requires the identification of the euryon (the most lateral
point on each side of the head). Similarly, the determination
of the crania length requires the somewhat arbitrary identifi-
cation of the glabella, the most prominent point in the medial
sagittal plane between the supraorbital ridges, and the opistho-
cranium, the most prominent point of the occiput (see Kolar
et al., 1997; Cohen and MacLean, 2000). Determination of
cranial length using calipers is also complicated by scapho-
cephalic head shape itself, as bossing of the forehead region
superior to the glabella may distort the glabella-opisthocran-
ium axis so that it no longer represents the maximum cranial
length (Albright et al., 1996; Friede et d., 1996; Guimaraes-
Ferreira et a., 2001, 2003). Identification of specific anterior
landmarks (glabella) has not been used in radiographic mea-

sures of maximum cranial length, and when CI has been ob-
tained from 3D CT images, there has been variation associated
with both the specific view taken (i.e., fronta or lateral view
for cranial width measures; Panchal et d., 1999; Fata and
Turner, 2001) and the type of image obtained (surface versus
cross section; Marsh et al., 1991).

In this study, a standardized method of determining maxi-
mum cranial width and length in individuals with sagittal syn-
ostosis is presented. The ability of the traditional Cl (using
glabella to opisthocranium as the lengthwise measure) to dis-
tinguish children with ISS and children with normal skull
shape was assessed by using volumetric reconstruction of the
head both including and excluding the overlying skin. In ad-
dition, the sensitivity and specificity of the traditional Cl was
compared with alternative scaphocephaly severity indices
(SSlIs) by using 3D CT surface and interna landmarks refer-
enced to the plane of the skull base.

MATERIALS AND METHODS
Patient Sample and Data Acquisition

The sample population consisted of 60 CT head scans from
children with ISS (47 boys and 13 girls) and scans from 41
age-matched controls (24 boys and 17 girls scanned for non-
head-shape—related indications and determined to have a nor-
mal study) who were seen at the Children’s Hospital Medical
and Regional Center in Seattle, WA. The population age fre-
quencies are shown in Figure 2. The median age was 8 months
for patients with ISS and 12 months for patients with normal
head shape. Computed tomography data were acquired with a
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FIGURE 2 Age frequencies for study population of (a) patients affected
with |SS and (b) patients with normal head shapes.

high-speed multidetector system (Toshiba Aquilion-16, Toshi-
ba America Inc., Tustin, CA), which produces true isotropic
3D images with a resolution of 0.5 mm. Three-dimensiona
reformations of each patient’s head with soft tissue (to include
skin) and bone agorithms were computed with a high-perfor-
mance viewer-analyzer running on a Vitrea workstation (To-
shiba America Inc.) to generate 3D surface meshes (Fig. 1).

Methods of Measurement

Three-dimensional reformations of the head and skull were
used to compute traditional Cls and five new SSIs (SSI-Sg;,,,
SSI-S,,.. SSI-A, SSI-F, and SSI-M) for each patient. Mea
surements were performed as follows.

Cl. The ratio of the crania width to the crania length is
used as the standard definition of CI (Kolar et d., 1997). The
cranial length is defined as the distance from the glabella to
the opisthocranium (G-OP), and the cranial width is defined

as the distance from euryon to euryon (EU-EU). Figure 3 il-
lustrates an example of Cl measurement. The crania length
(a) was computed from a calibrated lateral view of the head
represented as a 3D surface mesh (Fig. 3a). In asimilar man-
ner, a top view of the surface mesh was used to measure the
cranial width (B) (Fig. 3b). The Cl was computed as Cl =
B:a.

SSs in the SPlane (Skull Base Approximated by Using
Readily Identifiable External Anatomic Features). With a cal-
ibrated lateral view of CT surface mesh, a 2D plane was traced
intersecting the glabella and the meatus of the external audi-
tory canal. This plane was shifted superiorly until it intersected
the inion (the most prominent point of the occipital protuber-
ance of the skull). The resulting plane was called the S-plane
(Fig. 3c and 3d), which was used to compute the SSI-S, . and
SSI-S,,. The SSI-S,,.. Was defined as the ratio of the crania
width to the cranial length as measured on the CT bone slice
taken at the level of the S-plane, SSI-S,,.. = B:a (Fig. 4a).
The SSI-S,,,, was also computed as a B:« ratio, but instead of
using a CT bone image, soft tissue images were used to include
overlying skin to make our measurements (Fig. 4b and 4c).

SSsin the A-, F-, and M-Planes (Skull-Base Plane Deter-
mined With Distinct Bony Landmarks; Planes for Analysis De-
termined With Distinct Internal Landmarks). With a lateral
view of a 3D reformation of the skull, a skull-base plane was
determined and three parallel planes were subsequently gen-
erated to three distinct internal anatomical landmarks based on
cerebral ventricles. The skull-base plane was determined by
using the frontal nasal suture anteriorly and the opisthion (the
middle point on the posterior margin of the foramen magnum
of the occipital bone of the skull) posteriorly. This plane was
shifted superiorly until positioned (1) just above the top of the
lateral ventricles (A-plane), (2) at the Foramina of Munro (F-
plane), and (3) at the level of the maximal dimension of the
fourth ventricle (M-plane). Computed tomography slices taken
at the level of these planes were used to calculate three B:a
ratios, which defined the severity indices SSI-A, SSI-F and
SSI-M, respectively (Fig. 5).

Methods of Analysis
Receiver Operating Characteristic Data Analysis

Receiver operating characteristic (ROC) analysisis agraph-
ical method used to evauate the accuracy of a diagnostic test
as a trade-off between its sensitivity and specificity. The sen-
sitivity (sn) is the proportion of patients with disease who test
positive. The specificity (sp) is the proportion of patients with-
out disease who test negative. The key ideas about ROC anal-
ysis can be illustrated by means of a simple example that uses
Cl values. Consider the graph in Figure 6 showing the number
of patients with and without ISS arranged according to the
value of Cl. These distributions overlap; that is, the test does
not distinguish normal from disease with 100% accuracy. The
area of overlap indicates where the test cannot distinguish nor-
mal from synostotic head shape. In practice, for diagnostic
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FIGURE 3 The Cl was computed by measuring the head (a) length « and (b) the head width B on a surface mesh representing the skin of a patient’s

head. Construction of the S-plane on (c) a patient affected with 1SS and (d) a patient with normal head shape.

\\.

SIS-S (skin) = p:a

FIGURE 4 (a) Computation of the SSI-S,.. as the ratio B:a. Computation of the SSI-S,, after identification of (b) the S-plane and head length and (c)
head width from skin-surface mesh.
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FIGURE 5 SSI-A, SSI-F, and SSI-M were computed from CT bone slices defined by internal anatomical landmarks based on cerebral ventriclesjust above
the top of the lateral ventricles (A-plane), the Foramina of Munro (F-plane), and at the level of the maximal dimension of the fourth ventricle (M-plane).

tests based on quantitative criteria, a threshold is often chosen
below which the test is considered to be positive (e.g., abnor-
mal Cl) and above which the test is considered to be negative
(e.g., normal ClI). The choice of the threshold clearly influenc-
es the true- and false-positive rates of the diagnostic test. In
the context of the current study, the choice of Cl threshold
influences the proportion of patients to test positive given that
they have synostosis (sensitivity) and the proportion of patients

to test negative given that they have normal head shapes (spec-
ificity). In practice, the cost of false positives are rarely the
same as false negatives, and thus an individual might wish to
use different thresholds for different clinical situationsto min-
imize one of the erroneous types of results. A standard way
of choosing a threshold is to construct a graph of sn versus sp
(curve B in Fig. 6). The area under the curve (AUC) is a
measure of test accuracy. An area of 1.0 represents a perfect

TABLE 1 Correlation Coefficient Comparing Cl Versus SSIs for the Population of Patients With |SS and Patients with Normal

Head Shape

Population SS-A SS-F SS-M SS-Shone SSI-Syin
ISS 0.73 0.83 0.73 0.82 0.81
Normal head shape 0.87 0.75 0.82 0.78 0.76
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FIGURE 6 (a) Frequency distributions of CI for affected (circles) and unaffected (crosses) patients. (b) ROC curve.

test (curve A in Fig. 6). An area of 0.5 represents a test that
is no better than a coin flip (curve C in Fig. 6).

Density Estimation. A principled approach to compute a
smooth ROC curve from a finite data sample consists of es-
timating the probability density functions (pdfs) of test values
associated with the affected patients and patients with normal
head shapes. A parametric method was used for estimating
density, in which all the pdfs were modeled as mixtures of
normal densities (MONs) (Figueiredo and Jain, 2002). Mix-
tures of this kind can be used to describe any complex pdf
(see Appendix 1). In this work, the parameters of the mixtures
were generated by applying the expectation maximization
(EM) agorithm (Dempster et a., 1977; McLachlan and Krish-
nan, 1997), which is commonly used in science and engineer-
ing applications. A density estimation example of Cl test val-
ues for patients with 1SS (solid line) and unaffected patients
(dashed line) is shown in Figure 6. Samples are shown on the
horizontal axis as circles (patients with ISS) and crosses (pa-
tients with normal head shapes). The basics of the EM meth-
odology for MONSs are beyond the scope of this study; the
reader is referred to Appendix 2 for details.

Confidence Intervals for ROC Curves. To compare the ROC
curves for Cl test with the curves of our proposed severity
indices (SSI-Sy;, SSI-S,..., SSI-A, SSI-F, and SSI-M), confi-
dence intervals of the curves were estimated by bootstrap. The
bootstrap is a nonparametric technique for assigning measures
of accuracy to statistical estimates; that is, the resampling
method does not rely on assumptions about the underlying
distributions among affected and unaffected individuals (Ef-
ron, 1982; Efron and Tibshirani, 1993). Appendix 2 describes

TABLE 2 Mean Test Accuracy and Their Respective
Confidence Intervals for All SSls and the ClI

Index Mean Accuracy (AUC)* Confidence Interval
Cl 0.9656 (0.9604, 0.9702)
SSI-Sxin 0.9818 (0.9776, 0.9974)
SSI-Syone 0.9839 (0.9860, 0.9811)
SSI-A 0.9917 (0.9892, 0.9932)
SSI-F 0.9866 (0.9838, 0.9919)
SSI-M 0.9816 (0.9783, 0.9871)

* AUC = area under the curve.

an algorithm for estimating confidence intervals of ROC
curves. With a similar algorithm, bootstrap confidence inter-
vas were calculated for the accuracy (AUC) of Cl and the
SSls, as well as specificity confidence intervals for a given set
sensitivity values.

REsuLTS
Correlation Analysis

A correlation analysis of Cl and al SSls was performed.
There was a low-moderate correlation (0.75 < p < .85) be-
tween Cl and each of the SSIs (Table 1). Scatter plots of Cl
versus SSI-A and Cl versus SSI-Sg;, showed a low overlap
between the two populations (Fig. 7). Scatter plots for the other
SSIs were similar, explaining why al SSIs and CI have high
accuracy.

ROC Curves Accuracy

The shape of the ROC curve of SSI-A in Figure 8 resembles
the shape of an ideal test (i.e., one that starts at the origin and
steps to a sensitivity of 1 for al nonzero values of the false-
positive rate), indicating that this index was more accurate than
the others. Note, however, that all five SSIs had better average
accuracy than Cl (Table 2). In particular, the SIA-A was 3%
more accurate on average than CI, and SSI-S,,,. and SSI-Sg;,
were 1.5% more accurate than Cl. Note that the SSI-S,,,, and
SIS-S,,.. had comparable performance.

ROC Curves Sensitivity and Specificity

The mean specificity for SSI-A was 96% at a sensitivity
level of 95%. This means that by using SSI-A to predict ISS,
the proportion of patients to test positive given that they have
ISS is 95%, and the proportion of patients to test negative
given that they have normal head shape is 96% (Table 3 col-
umns C and D). This number contrasts with the 85% specific-
ity of Cl. Specificity differences between SSI-A and traditional
Cl were more dramatic at a sensitivity level of 98% (Table 3
columns E and F). For instance, the SSI-A had a specificity
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FIGURE 7 Scatter plots (a) Cl versus SSI-A and (b) Cl versus SSI-S,.

of 94% in contrast with the 68% of Cl (a 26% predictive
performance difference). In generdl, it was observed that the
specificity of Cl was below 87% for sensitivity levels above
93%. Finally, note that the sensitivities of the SSI-S,,, and SSI-
Soone Were comparable (Fig. 9).

DiscussioN AND FUTURE WORK

The traditional Cl in children with ISS is generaly de-
creased as compared with children with normal head shape. In
practice, however, there is much variation in the methodol ogy
in determining cranial width and crania length, making ClI

measurements across different studies difficult to compare.
This study evaluated a method to measure Cl by using tradi-
tional craniometric landmarks of the glabella to opisthocran-
ium for the maximal length of the skull and showed that its
average accuracy was 96%. However, it was not specific
enough for sensitivity levels above 93%. It was noted that the
ratio of cranial width and length measured in a plane parallel
to the skull base provided improved sensitivity and specificity
for sagittal synostosis. Furthermore, five SSIs computed from
planes precisely defined in terms of internal or external cranial
anatomy were described. Among these indices, the SSI-A per-
formed the best, which was computed on a plane paralel to
the skull base at a level just above the top of the lateral ven-
tricles. This plane captured both the frontal bossing and the
inferior projection, or bossing, of the occiput.

The specificity and sensitivity of the SSI-S values was also
compared by using external landmarks obtained from recon-
structed skin and bone-surface meshes of 3D CT scans. Mea-
surements obtained from skin and bone-surface meshes were
comparable. Both were very sensitive and specific. These data
pave the way for future comparative studies between CT scan
data and surface meshes of crania form derived from 3D cam-
era systems.

Although the SSI measurements outperformed the Cl quan-
tifications, additional quantitative measurements of head shape
are needed to capture shape information not detected by the
ratio of width to length (Richtsmeier et al., 1998; Lae and
Richtsmeier, 2001). It is clear from subjective evaluation of
head shapes of patients with sagittal synostosis that a broad
range of variations in frontal bossing, occipital bossing, and
central narrowing exists. These variations do not appear to be
directed by the origin or extent of suture fusion and may be
of fundamental interest in understanding the pathogenesis and
clinical course of these patients. New techniques are currently
being developed to quantify synostotic head shape to address
this issue. Three-dimensional photographs generated from a
multicamera system are also being used to construct surface
meshes and compute SSI-S,,, surface indices by using external
landmarks.

Despite the encouraging results, we acknowledge that alarg-
er sample size is required to achieve more statistically signif-
icant estimations. For this reason, we are currently expanding
our population of sagittal and control patients. We also note
that future comparisons of our proposed indices and the Cl
will add to the validity of their use asaclinical evaluation tool
of sagittal synostosis.

TABLE 3 Mean Specificity at Sensitivity Levels of sn = 90%, 95%, and 98% (Columns A, C, and E, respectively) for all SSls and the
Cl; Confidence Intervals at p = 0.05 Significance Level (Columns B, D, and F)

Index A B c D E F
cl 0.9279 (0.9140, 0.9464) 0.8499 (0.8271, 0.8761) 0.6851 (0.6527, 0.7156)
SSI-Sydn 0.9678 (0.9479, 0.9782) 0.9430 (0.9091, 0.9754) 0.8917 (0.8679, 0.9079)
SS1-Shone 0.9602 (0.9528, 0.9656) 0.9398 (0.9300, 0.9474) 0.9066 (0.8928, 0.9173)
SSI-A 0.9799 (0.9755, 0.9837) 0.9676 (0.9578, 0.9736) 0.9462 (0.9264, 0.9573)
SSI-F 0.9600 (0.9523, 0.9715) 0.9396 (0.9283, 0.9515) 0.9066 (0.8896, 0.9218)
SSI-M 0.9504 (0.9371, 0.9740) 0.9058 (0.8838, 0.9385) 0.8472 (0.8265, 0.8645)
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FIGURE 8 ROC curves and p = .05 confidence intervals for CI, SSI-S,, SSI-S, .. SSI-F, SSI-A, and SSI-M.

We recognize the existence of alternative density estimation
methods that could be used to generate smooth ROC curves
(e.g., Silverman, 1986; Zou et a., 1998; Sorribas et al., 2002;
Zhou and Harezlak, 2002), particularly nonparametric ap-
proaches such as kernel density estimation (Silverman, 1986;
Zou et a., 1998). A comparative study of parametric and non-

parametric methods for estimating ROC curves in the context
of this work as well as comparisons with aternative severity
measures such as intracranial volume are topics of a future
investigation.

Finally, we acknowledge that our proposed methodology re-
quires state-of-the-art radiological resources that are not al-



Ruiz-Correa et al., NEW SCAPHOCEPHALY INDICES FOR SAGITTAL CRANIOSYNOSTOSIS

o
©

Sensitivity

o
S

o
=

SSI-Avs Cl

0 0.05 0.1

0.15 0.2
1-Specificity

0.5

0.25 0.3

1t i - ‘ '

0.9r

o
)
.

Sensitivity

SSI-S (skin) vs Cl

05 0 0.05 0.1

0.15 0.2 0.25 0.3

1-Specificity

219

o
©

Sensitivity

o
u

o
=2}

SSI-S (bone) vs Cl

0.05 0.1

0.5

0.15 0.2
1-Specificity

0.25 0.3

Sensitivity

SSI-S (skin) vs SSI-S (bone)

0.05 0.1

0.15 0.2 0.25 0.3

1-Specificity

FIGURE 9 ROC curvesand p = .05 confidence intervals for SSI-A versus Cl, SSI-S,,.. versus Cl, SSI-Sg, versus Cl, and SSI-Sg;, versus SSI-S,..

ways available to clinicians. However, as pointed out in the
introduction, there has been considerable well-documented
work on quantitatively analyzing head shape and surgical out-
comes in sagittal synostosis by simple, 2D CT scan techniques
that can be alternatively considered in clinical settings.

Estimated Probability Density Functions
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APPENDIX 1
Mixtures of Normal Densities

MONSs are combinations of normal distributions or, more
specifically, a weighted sum of individual normal densities.
Recall that the one-dimensional pdf of a normal density with
mean p. and variance o is defined as

fx u 0) = 1(2mo?)° exp{ —(x— )07}
A weighted combination of K densities of the form
g0 = MO g, o))+ + NS e 03)

such that A, +... + A\« = 1isdefined as the pdf of a MON.
By varying the number of components K, the weights \;, and
the parameters ., and o; of each function, it is possible to
describe any complex pdf (Figueiredo and Jain, 2002). For
instance, the pdf of the SSI-S,, for patients with normal head
shape (dashed line) shown in Figure 10 is a mixture

g(x) = 0.3732f(x; 0.8133, 5.7 X 1074
+ 0.626f(x; 0.8831, 0.3732).

In practice, the EM algorithm is used to learn the parameters
of Gaussian mixtures from a finite data sample. The reader is
invited to consult Dempster et al. (1977), McLachlan and
Krishnan (1997), and Figueiredo and Jain (2002) for a com-
prehensive description of the EM and model selection tech-
niques that were used in this work.

APPENDIX 2
Bootstrap Confidence Intervals

A bootstrap-based algorithm for computing a confidence
interval for aROC curve is summarized as follows (Efron and
Tibshirani, 1993). The input is a set of severity index values
computed from a population of size N of affected and unaf-
fected patients. The output is a mean ROC curve and its cor-
responding confidence interval.

1. Obtain a random sample of test values with replacement of
size n < N from the population of affected and unaffected
individuals, and estimate a ROC curve by using the meth-
ods described in the ‘“Materials and Methods” section.

2. Repeat step 1 for L times, where L is sufficiently large (i.e.,
from 200 to 10,000).

3. For each fase-positiverate fp = 1 — sp (sp = specificity)
in the interval [0,1]. Create an array [sn] of size L that
stores the sensitivity values of the curves computed in step
2 that correspond to the given specificity value sp. Compute
the mean sensitivity value sN for the values in [sn].
 Create an array [d] that stores the differences between the
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elements of [sn] and the mean sN; that is, d, = sN — sn, positive differences in [b]; that is, find b such that P(|sn

fori=1,...,L — sn| < b) = p, where P(.) denotes the probability of an
* Create two arrays [a] and [b]. The array [a] contains all event and p is the significance level.

the differences of array [d] that are negative. The array » Compute the p-confidence interval for the negative dif-

[b] contains al the differences of array [d] that are pos- ferences [sN — a, SN].

itive, » Compute the confidence interval of sn as[sN — a, SN +

» Compute the p-confidence interval [sN, s + b] for the b].



