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Abstract

Purpose Numerous classification systems of nonsyndromic sagittal craniosynostosis (NSC) are applied but none has gained
a wide acceptance, since each classification is focused on distinct aspects of cranial dysmorphology. The goal of this study
was to depict the most common combinations of radiomorphologic characteristics of NSC and to separate groups where the
patients were morphologically similar to one another and at the same time significantly different from others.

Methods The study was conducted on anonymized thin-cut CT scans of 131 children with NSC aged 1-12 months (mean
age 5.42 months). The type of cranial dysmorphology was assessed using four criteria: skull shape, pattern of sagittal suture
fusion, morphologic features and cerebrospinal fluid (CSF) spaces alterations. After assigning the categories, an unsuper-
vised k-modes clustering algorithm was applied to identify distinct patients clusters representing radiomorphologic profiles
determined by investigated characteristics.

Results Cluster analysis revealed three distinct radiomorphologic profiles including the most common combinations of fea-
tures. The profiles were not influenced by sex nor age but were significantly determined by skull shape (V=0.58, P <0.0001),
morphologic features (V =0.50, P <0.0001) and pattern of sagittal suture fusion (V=0.47, P <0.0001). CSF alterations did
not significantly correlate with the profiles (P =0.3585).

Conclusion NSC is a mosaic of radiologic and morphologic features. The internal diversity of NSC results in dissimilar
groups of patients defined by unique combinations of radiomorphologic characteristics, from which the skull shape is the
most differentiating factor. Radiomorphologic profiles support the idea of clinical trials targeted at more selective outcomes
assessment.

Keywords Craniosynostoses - Children - Scaphocephaly - Infants

Introduction able to determine its clinical subtypes or treatment effects

[4]. These could be reproducible morphologic, functional

Despite several clinical and scientific approaches, nonsyn-
dromic sagittal craniosynostosis (NSC) still remains a het-
erogeneous entity, investigated from various perspectives.
Current research highlights not only its morphology, but
also genetic, neurologic and developmental aspects [1-3].
Attempts are made to identify NSC-specific biomarkers, i.e.
factors characteristic for the pathophysiology of this disease,
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or developmental criteria, such as cosmetic effect, cognitive
disorders or speech development [5, 6]. However, an internal
diversity of NSC and numerous endpoints contributed to
the production of scattered data, selectively discussing mor-
phologic, surgical or neurodevelopmental outcomes [7—11].
The heterogeneity of NSC has been demonstrated in
many studies [12, 13]. In addition, new articles, analyzing
the morphology of selected subtypes are appearing in the
literature [14]. Regarding this tendency, it seems that the
identification of NSC-specific characteristics would provide
more homogenous groups of patients to facilitate robust
clinical trials, what has been encouraged by the call for an
international collaboration, announced in May 2022 [15].
However, the identification of homogenous NSC sub-
types still remains complicated, since there exist numer-
ous classifications of NSC, based on various morphologic
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and radiologic criteria, such as: skull shape [12], pattern of
sagittal suture fusion [16], the presence of leading morpho-
logic features [17] or the alterations of cerebrospinal fluid
(CSF) spaces [18]. In addition, morphologic criteria of NSC
often overlap with their radiologic determinants. Regarding
these facts, the aims of this study were (1) to identify typi-
cal radiomorphologic characteristics of NSC and to separate
groups where the patients were similar to one another and
at the same time significantly different from others, (2) to
determine how the NSC subtypes differ one from another,
and (3) to determine which of the studied characteristics has
the greatest impact on separating the subtypes and may be
the basis for subsequent clinical analyses.

Patients and methods
Study design

This retrospective study was performed on anonymized digi-
tal data. No human subject was directly involved and consent
to participate was not required by the protocol. All patients
consented to collect the medical data in writing. This retro-
spective study was approved by the institutional Bioethics
Committee (decision number AKBE/110/2021), and abides
by the 1964 Helsinki Declaration and its later amendments
or comparable ethical standards.

Population

The group of patients with NSC aged 1-12 months included
131 consecutive children (97 boys, 34 girls) treated in our
institution between 2010 and 2020. All patients had pre-
operative CT scans (low dose protocol). Mean age of the
studied group was 5.42 months, standard deviation 2.51. Sex
ratio was 2.85.

Method

The study was performed using preoperative thin cut CT
scans provided with Siemens Somatom Emotion with
parameters: slice thickness 0.5 mm; the exposition was per-
formed with source voltage 270 kV and current of 100 mA.
All scans were analyzed with RadiAnt DICOM Viewer PL
version 2021.2.2. (64-bit).

Four radiomorphologic characteristics of NSC were
assessed in each patient:

1. Shape of the skull (Fig. 1) —as provided by Di Rocco et al.
[12], adapted from classical descriptions [19, 20]. Each
patient was assigned to one category: sphenocephaly (with
forehead width exceeding the interparietal diameter), cli-
nocephaly (with retrocoronal depression), bathrocephaly
(with occipital bulge), leptocephaly (equal narrowing of
the skull) and dolichocephaly (undetermined or the combi-
nation of the features above). We introduced one modifica-
tion in relation to Di Rocco et al. [12], that the types were
not dependent on the pattern of sagittal suture fusion.

2. Pattern of sagittal suture fusion (Fig. 2a) — the fusion
was assessed independently at each third portion of the
sagittal suture (A — anterior, M — middle, P — poste-
rior). The patterns were named after the fused portions,
e.g. MP — fusion of middle and posterior thirds, AMP
— fusion of the whole suture, etc.

3. Morphologic features (Fig. 2b—c) — we assessed the
presence or absence of three features: S — sagittal ridge,
O — occipital bullet, B — frontal bossing. Each patient
was assigned a combination of the present features, e.g.
SOB - when all three features were present, OB — when
occipital bullet and frontal bossing were observed but
not the sagittal ridge, etc.

4. CSF spaces alterations (Fig. 2d—e) — defined after Diab
et al. [18] as a widening of the subarachnoid space
and/or ventriculomegaly. The subarachnoid space was
assessed in frontal regions (F) and in the anterior por-

Fig. 1 Shapes of the skull assessed in the study: a sphenocephaly; b clinocephaly; ¢ bathrocephaly; d leptocephaly; e dolichocephaly
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Fig.2 Radiomorphologic characteristics assessed in the study: a pat-
tern of sagittal suture fusion (A, M, P indicate the portions of the
suture); b, ¢ morphologic features (B — frontal bossing; O — occipital

tion of longitudinal cerebral (interhemispheric) fissure
(I)—in both regions the width >5 mm was considered as
widened. Ventriculomegaly (V) was calculated by Evans
index > 0.3. Each patient was assigned a combination
including observed CSF alterations, e.g. FV — frontal
subarachnoid widening and ventriculomegaly, FIV — all
the three alterations present, etc.

The above NSC characteristics were evaluated by two
researchers independently with an inter-rater reliability of
84.6% (kappa 0.786, 95% CI 0.703-0.870, P<0.01). When
the choices of the two observers did not correspond, the
researchers discussed them before the final distribution in
order to reach consensus and avoid an observational bias.

In the next step, an unsupervised k-modes clustering
was applied to identify distinct radiomorphologic pro-
files of NSC. We used k-modes clustering, as proposed by
Huang [21], instead of k-means or hierarchical clustering
as obtained data were categorical. K-modes clustering used
an unweighted algorithm with a maximum of 10 iterations.
After clustering, a multivariate analysis was performed
to explore the relations among clusters. The differences
between the variables were assessed with the chi-squared
test. Effect sizes were measured with Pearson’s r or Cramer’s
V. Probability values below 0.05 were considered statisti-
cally significant. The statistical analysis was performed with
TIBCO Data Science/Statistica software by StatSoft Europe,
version 13.3 PL for Microsoft Windows 10 Pro.

Results

Radiomorphologic characteristics of NSC

The most common type of cranial dysmorphology was sphe-
nocephaly (51/131 cases). Other types were: clinocephaly

(38 cases), bathrocephaly (25 cases), dolichocephaly (12
cases) and leptocephaly (5 cases). Of all types of cranial

bullet; S — sagittal ridge); d, e CSF spaces alterations (d — widening
of frontal subarachnoid spaces (F) or interhemispheric fissure (1), e —
ventriculomegaly)

deformation, sphenocephaly, clinocephaly and bathroceph-
aly accounted together for 87% of the studied population.
Sphenocephaly patients were the youngest group, their mean
age was 4.13 + 1.95 months.

In terms of the pattern of sagittal suture fusion, the mid-
dle portion was fused the most often (125/131 cases). An
association of age with the pattern of fusion was observed:
the average age of children presenting the isolated M pat-
tern was 3.74 months, the AM pattern 4.37 months, the MP
pattern 5.74 months, and the AMP pattern — 7.24 months.

As for morphologic features, frontal bossing was the most
common (120/131 cases). Other typical features like sagittal
ridge (88/131) and occipital bullet (89/131) occurred with
comparable frequency, but less often than bossing.

Finally, from the CSF alterations, the widening of the
interhemispheric fissure was the most frequently observed
element (116/131 cases). Frontal subarachnoid dilatation
(81/131) or ventriculomegaly (88/131) were comparatively
common. An isolated ventriculomegaly was found in 5/131
cases. In 9/131 cases no CSF alterations were observed.
Detailed data are presented in Table 1 and the correlations
between particular characteristics in Table 2.

Cluster analysis

K-modes clustering revealed 3 distinct clusters with the
highest internal similarity. A detailed distribution of
assessed radiomorphologic characteristics is shown in Fig. 3
and Supplementary Table 1.

Cluster 1 was the largest cluster and represented 57.2%
of NSC patients. Mean age was 5.06 months, SD 2.46.
Patients in this cluster presented mostly sphenocephalic
type of cranial deformity (64% of cases), but clinocephaly
was also represented (22%). The most common pattern
of sagittal suture fusion was MP (48%), followed by M
and AM. In 63%, all the three morphologic features were
present (SOB). CSF alterations were mainly represented
by FIV, which was found in 47% of patients.

@ Springer
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Table 1 Radiomorphologic characteristics of NSC according to shape of the skull. Abbreviations in the text

spheno clino bathro dolicho lepto Total
Sagittal suture fusion Portion involved Middle portion (M) 50 37 24 11 3 125
Posterior portion (P) 23 33 10 9 3 78
Anterior portion (A) 17 14 13 7 4 55
Pattern of fusion MP 15 21 2 4 0 42
AMP 7 11 8 5 2 33
M 18 3 10 1 0 32
AM 10 2 4 1 1 18
P 1 0 0 0 1 2
A 0 0 1 1 1 3
AP 0 1 0 0 0 1
Morphologic features General Frontal bossing (B) 47 36 21 11 5 120
Occipital bullet (O) 38 25 16 8 2 89
Sagittal ridge (S) 39 26 13 7 3 88
Combination of features SOB 26 19 4 6 1 56
SB 11 6 7 1 2 27
OB 9 5 9 2 1 26
B 1 6 1 2 1 11
SO 1 1 2 0 0 4
(6} 2 0 1 0 0 3
S 1 0 0 0 0 1
nil 0 1 1 1 0 3
CSF spaces alterations ~ General Interhemispheric fissure (I) 47 35 23 9 2 116
Ventriculomegaly (V) 32 28 18 7 3 88
Frontal subarachnoid space (F) 32 26 16 7 0 81
Combination of alterations ~ FIV 21 18 12 6 0 57
v 10 9 5 1 1 26
FI 11 7 4 1 0 23
I 5 1 2 1 1 10
\% 1 1 1 0 2 5
F 0 1 0 0 0 1
FV 0 0 0 0 0 0
nil 3 1 1 3 1 9

Cluster 2 comprised 24.4% of patients (mean age
6.47 months, SD 2.56). This cluster was defined by the
most common occurrence of clinocephaly (59%). A

Table 2 Correlations

prominent sagittal ridge combined with a frontal bossing
(SB) were dominant morphologic features and amounted
to 43%. The AMP pattern of sagittal suture fusion was the

between radiomorphologic

characteristics, sex and age.
Correlation coefficients
presented in the table are
significant with P <0.05. NS,

not significant

@ Springer

Shape of skull Pattern of fusion Morphologic CSF alterations
features
Age r=0.32 r=-0.30 NS NS
P=0.0002 P=0.0004
Sex NS NS NS NS
Shape of skull - V=0.37 NS V=0.27
P <0.0001 P=0.0412
Pattern of fusion V=0.37 - NS NS
P <0.0001
Morphologic features NS NS - NS
CSF alterations V=0.27 NS NS -
P=0.0412




Child's Nervous System

Fig.3 Radiomorphologic
profiles of NSC represented

by 3 different clusters. Radar
plot shows the combinations of
radiomorphologic characteris-
tics per cluster for each assessed
category. Spoke lengths
represent the percentages of the
studied characteristics per clus-
ter. Significance levels are pre-
sented with asterisks. *P <0.05;
**P <0.01; and ***P <0.001

CSF alterations

morphologic
features

[] Cluster 1

most common (62%) and FIV was a dominant combination
of CSF alterations (31%).

Cluster 3 was the smallest cluster, representing 18.3%
of the patients. Mean age was 5.15 months, SD 2.29.
Unlike the remaining two clusters, in terms of the skull
shape, this cluster was strongly dominated by the bath-
rocephalic type of cranial deformation (71%). The most
common pattern of sagittal suture closure was the fusion
in its middle portion (M, 58%). The assessment of mor-
phologic features and CSF alterations showed OB and FIV
as dominant combinations (both 62%).

A comparative analysis of clusters revealed no significant dif-
ferences between boys and girls (P=0.5171). The age difference
was significant only between clusters 1-2 (overall P=0.0265).

The clusters revealed significant correlations with radio-
morphologic characteristics — the strongest with the skull
shape (V=0.58, P <0.0001) and morphologic features
(V=0.50, P <0.0001). A statistically significant, but weaker
correlation was observed between clusters and the pattern of

spheno ¢jino shape of skull

nil

00° y bathro
/\ 0o

- oy dolicho

*x

5070

AP

pattern
of sagittal
suture fusion

[ Cluster2 [ ] Cluster3

sagittal suture fusion (V=0.47, P <0.0001). CSF alterations
did not significantly correlate with the clusters (P =0.3585).

Discussion

Morphologic variability of NSC has been reflected in
numerous classifications based on different morphologic
and radiologic criteria, such as skull shape [12], pattern of
sagittal suture fusion [16], type of cranial vault deformity
[22], the presence of leading morphologic features (frontal
bossing, coronal constriction, temporal or occipital protru-
sions) or recently, the three-dimensional measurements [23].
Basing on the constant clinical appearance, Schmelzer et al.
in 2007 proposed four patterns of calvarial dysmorphology
with one dominant feature [24]. However, the patterns did
not explain all morphologic dissimilarities and in the follow-
ing years some new classifications were developed by David
et al. [17] or Sakamoto et al. [22].

@ Springer
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In 2022, Diab et al. attempted a novel classification and
approach to diagnosis of NSC [18], incorporating the altera-
tions of cerebrospinal fluid (CSF) spaces, discussed since
the late 1980s of the twentieth century by Maytal et al. [25],
Collman et al. [26, 27], Odita [28] and Chadduck et al. [29].
The prevalence of various morphologic markers (clinical
appearance, radiologic neurologic features and region of
sagittal suture fusion) described in the paper by Diab et al. is
the latest attempt to combine distinct morphologic categories
into one coherent whole. In that interesting paper, the authors
presented a relation between morphologic markers and the
age of NSC patients, thus we could learn a lot about each
marker separately. In our opinion, however, the paper lacks
an identification of groups of patients similar in terms of
morphology, which could possibly allow a reliable definition
of the morphology of NSC as a desired biomarker of NSC.

Cluster analysis we performed may facilitate this
approach. It enabled a distinction of the 3 most common
combinations of NSC characteristics that we called “radio-
morphologic profiles” (Table 3). In each cluster, a domi-
nance of a different feature or combination of features was
observed, which supports the separateness of the profiles
represented by the clusters.

Cluster 1 was dominated by sphenocephalic patients. In the
remaining clusters, sphenocephaly did not exceed the level of
10%, while other skull shapes were observed more frequently.
The dominance of clinocephaly in cluster 2 was not as high
as that of sphenocephaly in cluster 1, but none of the remain-
ing shapes reached the level of 20% in cluster 2. The greatest
predominance of one type was observed in cluster 3, where
bathrocephaly was present in 71%, and the remaining types
did not exceed the level of 10% (Fig. 4a). It should be noted,
however, that cluster 3 was the smallest cluster.

In terms of sagittal suture fusion pattern, the middle por-
tion was fused the most often (94-96%) in each cluster;
however, the involvement of the remaining parts was dif-
ferent between clusters. In cluster 1, the posterior portion
was fused twice as often as the anterior portion, in cluster
2 both other portions — anterior and posterior, were fused
in a comparably high percentage. However, in cluster 3 the
involvement of both other portions was also comparable, but
much lower than in cluster 2 (Supplementary Fig. 1a). This
distribution probably results in a clear dominance of one of
the patterns in each cluster. The dominant pattern in cluster 1

was MP — the most common across the studied population
(Fig. 4b). In cluster 2, the AMP pattern clearly dominated,
and the remaining patterns were represented at the level of
9—-12% each. In cluster 3, a definite dominance of a sin-
gle pattern (M) was observed, and the remaining patterns
reached the level of 8—17%. These observations indicate that
patients showing high morphologic similarity do not always
present the same pattern of sagittal suture fusion, which was
depicted in the study by Villavisanis et al. [8]. On the other
hand, considering that the average age of children with an
isolated pattern M was the lowest, a hypothesis about pos-
sible directions of sagittal fusion presented by Heuzé et al.
seems authenticated. In the paper from 2010 the authors
stated that the potential direction of evolution of the M pat-
tern is the AMP pattern, and the transition stages are the MP
or AM patterns [16]. Other authors reported that posterior
portion of sagittal suture fuses more frequently in older age
[18]. These findings seem confirmed by the average ages
calculated in our patients.

The analysis of the occurrence of morphologic features
also showed significant differences between the clusters.
Frontal bossing was the most frequently observed feature
across the clusters (84-95% of cases). Cluster 1 showed a
comparably high occurrence of two other features: sagittal
ridge and occipital bullet. Significantly lower incidence of
occipital bullet was observed in cluster 2, and cluster 3 was
characterized by a small percentage of sagittal ridge (Sup-
plementary Fig. 1b). SOB was the most common combina-
tion and dominated in cluster 1, but did not exceed 20%
in the remaining clusters (Fig. 4c). It is worth noting that
the most common combination in cluster 3 was OB, which
results from the fact that the occurrence of sagittal ridge in
cluster 3 was as low as 25%. In turn, the dominant pattern
in cluster 2 was SB, which is related to the prevalence of
occipital bullet in clinocephaly at the level of 34%. Similarly,
to suture fusion patterns, the occurrence of morphologic fea-
tures importantly influenced the allocation to clusters, but
as a marker stand-alone it did not correlate with other NSC
characteristics assessed in the study.

In terms of CSF alterations, the most common feature
in each cluster was the widening of interhemispheric fis-
sure (81-92%). Ventriculomegaly was second most common
feature in cluster 1 (68%) and cluster 2 (59%) and widen-
ing of frontal subarachnoid space was second most common

Table 3 Radiomorphologic

. . Profile 1 Profile 2 Profile 3 P

profiles of NSC including the

mean age and the most common Mean age +SD 5.06+2.46 6.47+2.56 5.15+2.29 0.0265

comblnatllor.l Of. the studied NSC Shape of skull sphenocephaly clinocephaly bathrocephaly <0.0001

characteristics in each category.

P, p-value; SD, standard Pattern of sagittal suture fusion MP AMP M <0.0001

deviation Morphologic features SOB SB OB <0.0001
CSF alterations FIV FIV FIV 0.3585
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Fig.4 Distribution of features/combinations of features in each cluster: shape of skull a; pattern of sagittal suture fusion b; morphologic features

¢; CSF alterations d

feature in cluster 3 (83%) (Supplementary Fig. 1¢). Given
this distribution, it seems natural that FIV was the most
common combination in all clusters, but in cluster 3 it was
clearly dominant before FI and IV (Fig. 4d). Cluster 2 was
the most balanced — the occurrence of all 3 most common
patterns was comparable.

Clinical significance

A reliable clinical assessment of NSC requires compara-
ble groups of patients. A direct comparison between single
morphologic criteria yields few significant correlations (see
Table 2). It seems that the type of deformation (shape) of the
skull is the most important, because it was the only one that
significantly correlated with age, pattern of sagittal suture
fusion and CSF alterations, and it also showed the highest
correlation with radiomorphologic profiles.

Distinguishing the profiles has in our opinion the advan-
tage of confirming the radiomorphologic dissimilarity
between apparently similar subjects. We believe that the des-
ignation of groups of patients radiomorphologically similar
is in the interest of future evaluation of treatment effects
of NSC. Today, the outcomes are assessed for the whole
group of NSC based on various criteria: morphologic [30],
neurodevelopmental [31, 32] or cosmetic [33, 34]. Current
analyses of treatment results take into account such variables

as patients’ age or the surgical technique used (cranial vault
remodeling, endoscopic or spring assisted surgery) [35-38].
All these analyses, however, treat the NSC as a whole, with-
out taking into account a morphologic variability within this
entity. Our study confirms in a statistically significant way
that the separation of homogeneous groups of patients has
a scientific basis, and the conducted analysis proved that
among the examined characteristics, it is the shape of skull
that is the most reliable differentiating factor.

Study limitations

This study presents some limitations. The size of the studied
NSC population is, to our knowledge, appropriate, regard-
ing other analyses [8, 32]; however, the size of particular
subgroups may be suboptimal for reliable statistical analysis.
Another limitation is cluster analysis. In unsupervised analy-
sis, the optimal number of clusters should be established
in advance. In our population, this number was dictated by
a multivariate way of data analysis — in each of the stud-
ied characteristics, 3 or 4 combinations clearly dominated,
which turned out to be typical for similar groups of patients.
Finally, the assessment of analyzed radiomorphologic char-
acteristics may also be limited due to the increasing ten-
dency to limit the role of computed tomography in the diag-
nostics of NSC.

@ Springer
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Conclusions

The NSC is a mosaic of radiologic and morphologic fea-
tures. The internal diversity of NSC results in dissimilar
groups of patients defined by unique combinations of radio-
morphologic characteristics, from which the skull shape is
the most differentiating factor. Radiomorphologic profiles
we distinguished in this study support the idea of clinical
trials targeted at more selective outcomes assessment.
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