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Abstract

Background: Craniosynostosis in newborns is caused by the premature closure of the cranial
sutures leading to cranial vault deformity. It results in aesthetic imbalance and developmental
disabilities and surgery is frequent during the first months of growth. Our study focused on
scaphocephaly defined as the premature closure of the sagittal suture. We hypothesised that
the effective mechanical properties of sutures were altered as compared to those of the
parietal adjacent tissue considered as control.

Methods: The population consisted of seven males and four fzma.cs (mean age 4.9 months).
Sixteen suture samples and thirty-four parietal tissue swuples were harvested during
corrective surgery and investigated by using three-poi=t v nding tests to obtain the structure-
stiffness of specimens. An energy model was used to dei:7e the effective Young’s modulus. A
histological study complemented the experime at.. ».otocol.

Findings: Fused sutures were thicker than a sacent bone and the natural curvature of sutures
did not influence the static mechamic.~l response. The stiffness of stenotic sutures was
significantly higher than that of th~ p.~ctal bone. The effective Young’s modulus of stenotic
sutures was significantly lowc. than that of the parietal adjacent tissue. The parietal tissue
showed a parallel bone ar~hi.>~.ure whereas the central stenotic tissue was disorganised with
more vascularisation.

Interpretation: The stenotic suture differed in structural and mechanical terms from the
adjacent bone during calvarial growth in the first year of life. Our study emphasised the
alteration of effective tissue properties in craniosynostosis.

Keywords: scaphocephaly, craniosynostosis, biomechanics, mechanobiology, paediatrics,

morphogenesis.



1 - Introduction

Cranial growth is affected by fluid pressure and forces exerted by internal organs, such
as the brain, ocular globes and cephalic muscles. The cranial vault initially consists of single
layers of membranous bones and relative sutures. The monolayer tissue is progressively
replaced by a layered tissue, consisting in two layers of cortical bones developed from
periosteal apposition and located on both sides of a spongy bone structure, the diploé (Couly
1991). The anisotropy of material properties depends on tissue fibre orientation (McPherson
and Kriewall 1980). The pattern of bone fibres in paediatric cz'va, ‘al emanates radially from
the ossification centres on each cranial plate.

Cranial growth in utero and during early childhor 1. correlated to brain growth and is
enabled by the permeability of cranial sutures. Crar.ios mostosis is defined by an abnormal
craniofacial deformity due to the premature “us.~r of one or several calvarial sutures. The
incidence of this pathology has been esti maf.d to be approximately 1 in 2500 births (Slater et
al. 2008).

The active underlying brain gre=rth Yictates the passive growth of the skull along the suture
line (Couly 1991). In 1890, “7irchow (Persing et al. 1989) was the first to explain that
premature fusion of these .’ures induced abnormal growth patterns of the skull. He
concluded that tissue g. ~win perpendicular to the suture was restricted while compensatory
growth occurred on the rest of the calvaria. This concept is still broadly endorsed today. The
impaired sutures determine a specific pathological skull pattern (Persing et al. 1989).
Subsequent investigations lead to a classification of deformations (Sear 1937, Montaut and
Stricker 1977).

Our study focuses on scaphocephaly, defined as the premature fusion of the sagittal suture.
Sagittal synostosis is the most prevalent form with 50% of craniosynostosis, followed by

metopic, coronal and lambdoid synostosis. Synostosis and uneven cranial growth, as



illustrated in Figure la, results in an aesthetic imbalance which may induce developmental
disability (Van der Vlugt et al. 2012). Correction of the shape and size of the skull is attained
via surgery and most procedures are performed through bicoronal incisions preceding large
cranial reshaping. Recently, a novel approach based upon a minimally invasive endoscopic
procedure has been developed (Jimenez and Barone 2000, Jimenez et al. 2002). A single
resection of the sagittal suture and adjacent bone is performed at the top of the cranium. After
surgery, head molding is performed with custom-made helmets, and the cranial vault recovers
its harmonious curvature thanks to the osteogenic potential of -~ a.ra.

The mechanism of premature synostosis of suture in ao.. syndromic craniosynostosis is
multifactorial and unknown (Morris-Kay and Wilkie 207"5). Gene receptors and fibroblast
growth factors are involved in syndromic faciocranis,sy..astosis (Clarke et al. 1996) whereas
non-syndromic context is not well documentec: (- 2+.aglia et al. 1999). Factors contributing to
in-utero constraints include heavy weigh. - (g-eater than 4 kg) and large size at birth as well as
increased maternal age older than 35 ycors old (Sanchez-Lara et al. 2010, Oppenheimer ef al.
2012).

It appears that mechanicai aspects might play a significant role in the aetiology of
craniosynostosis. Suture mec~nobiology refers to the mechanical stimuli which influence
suture growth. Brain giowin and intracranial pressure play a key role. Some animal models
have highlighted the role of cyclic forces on facial sutures (Delashaw ef al. 1991, Kopher et
al. 2003) as well as gene activation and transcription factors, showing increased protein
synthesis of collagen (Mao ef al. 2003).

Although bone tissue mechanical properties have been investigated in numerous studies,
there are not many studies conducted on the cranium (Jaslow 1990, Motherway et al. 2009,
Maloul et al. 2013). Literature is lacking contributions relating to bone material properties of

the foetus, the newborn and the infant. The results present a plethora of discrepancies because



of morphological variability, difficulties in harvesting paediatric biological tissue and varying
experimental methodologies. Calvarial materials for foetal head molding during vaginal
delivery have been examined. Three-point bending tests been mostly used in quasi-static or
dynamic studies to investigate the response to impact (Coats and Margulies 2006).

Cranial sutures increase in complexity as they grow and interdigitate, hence the evolving
mechanical properties show significant variability (Herring 2008). Appraisal of the childbirth
process, (McPherson and Kriewall, 1980) showed that suture elastic moduli were lower than
those of adjacent osseous shells in one-year-old babies. *"arg :lies and Thibault, 2000
reported paediatric cranial elastic modulus twelve times Jow.~ than that of the adult cortical
calvarial bone. Coats and Margulies, 2006, four- . correlation between strain-rate-
dependency and age, which underlined the viscoelast’c bohaviour of cranial tissue.

Normal calvarial and cranial bone displcy. relevant variations in their mechanical
properties, depending upon patient age nc tissue location on the cranial vault (Coats and
Margulies 2006). The elasticity moduli ~f sutures were lower than those of bone for children
aged one week and it was observe< thot dssue immaturity was associated with low stiffness at
this age.

Investigations carried it ~. sutures showed that normal sutures were characterised by
well-organised and unilirectionally oriented collagen fibres, whereas pathological sutures
showed anarchic micro-architectures which, as revealed by a complex ultra-structural
arrangement (Anderson et al. 2006). Furthermore, pathological sutures were considerably
thicker with some osseous connections between adjacent osseous shells and synostotic sutures
were only partially fused but varied in their extent (Regelsberger et al. 2010). The
combination of micro-architecture topology with tissue mechanical properties results in the
local structural stiffness of the suture, which is predominantly governed by mineralised

fraction. The newly formed tissue and its space distribution govern the mechanical response



of sutures and cranial growth. These aspects have never been investigated in scaphocephalic
newborns and could play a significant role in the pathological process.

In this study, we hypothesised that the effective mechanical properties of sutures in a
scaphocephalic infant population were altered as compared to those of parietal adjacent tissue

considered as control.

2 - Material and methods

2.1 Specimen collection

The collection of biological specimens was performed 1. accordance with the protocol
approved by the Ethics Committee of Toulouse Unive=s1. - Hospital. Children suffering from
scaphocephaly were aged between 4 and 7 months at s Jery (mean age equal to 4.9 months);
the gender ratio was 7 males and 4 females. Fle. » sagittal suture specimens were harvested
during endoscopic surgery. The explant. wrre harvested en bloc as shown in Figure la and
Figure 1b. As illustrated in Figure Ic, u.~ thicker central part constituted the pathologic suture
and the two symmetrical thinner p-~ts "=ere the parietal plates considered as control. The local
reference framework and geon. trical parameters / and ¢ describing the natural curvature are
detailed in Figure lc. Duri~g _urgery, explants were kept in a 4% formalin solution and later
stored at -18°C. Two hcu s were required for thawing prior to conducting the experimental
procedures on the explants. First, the remaining periosteum on the external part was removed.
The explants were subdivided into slender beams parallel to the longitudinal axis of the
resected tissue, as shown in Figure 1b. Each specimen was cut by using a high-speed rotary
tool (Dremel®, Racine, WI) equipped with a diamond wheel. Care was taken to obtain a
uniform thickness sample calibrated by using a digital caliper. The slenderness ratio was

between 10 and 15.



A histological study was performed on frontal slices perpendicular to the suture. The
specimens were entirely fixed in formaldehyde, embedded in paraffin wax and stained with

haematoxylin and eosin.

2.2 Analytical mechanical model for test interpretation

Width, thickness, mid-length, shear coefficient and natural curvature of specimen were b,
h, I, s and o, respectively. The three-points bending test described in Figure 2 shows the
pinned-pinned boundary conditions and the force F applied ~.. the convex side and then on
the concave side of the specimen. The test output mecasu.z was the specimen effective
stiffness K obtained by applying a linear fitting of the “.~cc deflection response, i.e. F/ V. This
was the first step towards comparing pathological sutares ‘o controls on a macroscopic scale.

Although bending was predominant, the con.=“*bution of shear and traction/compression
due to natural curvature had to be co.«<irered to derive the complete expression of the
effective Young’s modulus E. As expicined in detail in the appendix, the strain energy U
described by equation (la) was J~ti.cd once with respect to F' to obtain £ knowing F,
deflection V' and the specime. properties, as expressed by equation (1b). Modulus E is

proportional to the specirm. .~ s...fness K with A detailed in the appendix.
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2.3 Experimental study
The experiments were conducted on a tensile testing machine (Instron 3366®,
software Bluehill®, Norwood, MA USA). Measurements were taken at room temperature and

specimens were kept moist with saline solution. The span of sample supports ranged from 10



to 30 mm to adapt to sample length. Three preloading cycles were applied and artefacts,
because of time-dependent properties, were suppressed by fixing the displacement rate at 5
mm/min. The specimens were tested in a linear-elastic domain. Force F was applied on the
concave surface then on the convex surface of the specimens to assess the influence of
preloading and asymmetrical behaviour due to the natural curvature of samples. In both tests,
force and defection V' were registered with 10 Hz sampling frequency.

In the population of eleven patients, fifty specimens were harvested in explanted cranial
sutures. Thirty-four were parietal adjacent tissue and sixteew. wc-e harvested from central
sutures. Sample size with a confidence interval of 95% ard a» admissible error of 15%, lead
to a statistical power of 45%. Deviations compared to ~ (G.issian distribution were admissible

and the #-test was used with p < 0.05.

3 - Results
Geometrical properties of tissue specimous.

Measurements of mean (SD) ir mn. ~vere as follows: / =30.4 (10), b = 6.3 (1.9) and offset
0= 1.05 (0.95). The heights o. ~emral stenotic sutures and adjacent parietal tissue were 4 =
2.65 (0.84) and # = 2.05 /™ 5>, respectively. The thickness difference was significant with p
< 0.006.

Tissue mechanical properties

The measurements of mean (SD) of effective stiffness K in N/mm were as follows: stenotic
sutures K = 12.9 (1.4) and parietal adjacent tissue K = 3.96 (0.58). The difference was
significant with p < 0.005. The force-displacement responses of two samples for pathological
sutures and controls are outlined in Figure 2c.

Effective Young’s modules obtained from equation (1b) are shown in Figures 3a and

Figure 4a for control tissue and pathological tissue, respectively. The complex anatomy of



some stenotic sutures explains truncated data for patients #3, #4, #5 and #8. The mean
effective Young’s modules in MPa were for stenotic sutures £ = 940 (590) with the force
applied on the convex side and £ = 890 (583) with the force applied on the concave side. For
the control, it was £ = 1400 (600) with the force applied on the convex side and E = 1678
(733) with the force applied on the concave side. The moduli obtained on the concave and
convex sides displayed no significant differences for both pathological sutures (p = 0.39) and
the parietal adjacent tissues (p = 0.4) used as control, as shown in Figures 3b and 4b with
correlation coefficients of 0.92 and 0.94, respectively. The e““ci.7e modulus of pathologic
sutures was lower than that of adjacent tissue with p <0.0C 1.

The natural curvature of the sample had no impar* 0. this result since the responses on
concave side and on the convex side yielded sim’iar ~cores with p = 0.007 and 0.0005,
respectively. Moreover, it appears that the eff.c..7 Young’s modulus expressed by equation
(1b) involves the effective Poisson ratic v since shear is considered. It was confirmed that
varying v between 0 and 0.49, with s Fxed to 5/6 for rectangular cross-section, induced a
relative variation of E lower than «,{ ror E evaluation, v was selected as equal to 0.3.
Histology

The histological study cu.tumed that the pathological sutures were thicker than the parietal
adjacent structure. Figurc 5a shows the parallel bone architecture of parietal adjacent tissue
with considerable densification of the inner wall. Conversely, figure 5b shows a disorganised
tissue pattern of the central stenotic suture. This structure presented greater vascularisation

and haematopoietic tissue as compared to the adjacent parietal bone.

4 — Discussion and conclusion



We put together a homogeneous group of eleven children suffering from scaphocephaly
and we initially hypothesised that the effective mechanical properties of sutures were altered
as compared to the parietal tissue considered as control. During surgery, the resected sagittal
sutures were kept and the mechanical responses of stenotic suture and parietal adjacent tissue
were characterised by using a standardised analytical and experimental protocol. To our
knowledge, no study in literature is currently investigating the structural properties of fused
sutures in craniosynostosis.

Three-point bending tests were implemented with sheor (+tefacts reduced by the
slenderness ratio and negligible effects due to pinned-pi'me boundary conditions. Tension
tests could have given the effective Young’s modulus ~t .he tissue, however, given the small
size and natural curvature of the explanted specimens, cicmping jaws would have interfered in
the measurement process. Indeed, the latter w »u. ! have caused significant initial prestressing
to realign specimen and uncontrolled ¢~ur.ing effects in order to determine the effective
modules. Compressive tests would be n.~dequate.

The fraction of mineralised tiss—= 1. stenotic sutures and controls was significant and their
contribution to stiffness and ef. ~ctive material volume was predominant. Therefore, the effect
of process conservation was ~<¢ impactful, as confirmed by preliminary tests conducted on
some fresh samples.

It was confirmed that the natural curvature of suture did not show any significant impact on
strain energy, local structural stiffness and finally on the effective Young’s modulus of the
tissue. The moduli of stenotic sutures were lower than those of the parietal tissue, which was
quite similar similar to normal bone. Eight pieces were conserved in formalin and three were
conserved in frost. The two conservation methods had negligible effects in line with previous
studies showing the limited impact of conservation conditions on the macroscopic mechanical

properties of bone tissue (Nazarian et al. 2009; Berteau et al. 2013).
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The standard deviation of experimental effective moduli was significant due to the
variation in suture thickness. Even if the width and length of the samples were controlled by
the experimental protocol, thickness variation was patient-dependent and clinically relevant.
This variation is documented in literature (Coats and Margulies 2006) and interpretation can
be supported by equation (1b). Indeed, modulus is proportional to stiffness variation and
about three times more sensitive to thickness variation. This explains the increase in stiffness
associated with tissue alteration. Lastly, it appears that stiffness as local structural property of
sutures and effective Young's modulus as tissue intrinsic pror:+ty re complementary with a
view to exploring the biomechanical behaviour of the in vivo _iture.

The histological analysis indicated a radial fibres dic*r1i"ttion in the parietal tissue samples,
significant loss of parallel architecture and increased in.ovstitial tissue inside the pathological
suture. The alteration of the effective modulus o1 ~t<notic sutures could be associated with the
disorganised anisotropic tissue micro-ar. hit~.cture (McPherson and Kriewall 1980, Anderson
et al. 2006).

In conclusion, we found that ‘he <.enotic suture remained different, in structural and
mechanical terms, from the ag, cenc bone during calvarial growth in the first year of life, as
aligned with our central hyvno < sis.

In one sense, the rela:*onships between structure and effective mechanical properties were
obtained at the macroscopic level wit respect to the specimens. In further studies, a multiscale
modelling approach (Shipley and Chapman, 2010; Davit and Quintard, 2017) could be
considered to explore how these dissimilarities in architecture result in different mechanical
properties. To this end, at least two major problems need to be solved, namely the
identification of mechanical properties varying at the microscale and the implementation of a
reliable numerical method able to perform structural equations upscaling from a complex and

heterogeneous microarchitecture.
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Other local factors such as metabolic factors or vascularisation were not taken into account
during data collection as they might impact the in-vivo growth environment. We targeted the
resulting mechanical determinants so as to offer a contribution to the aetiology of

craniosynostosis.
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APPENDIX

The specimen strain energy is expressed by equation (1a). A.~oi1ding to figure 2b, angle oy
and curvature radius 7 are expressed by equation (Ala) an 1 (~ 1b) respectively. Tensile force
N, shear force T, and ending moment M. are expresc.* v’ equation (A2). After substitution
to equation (1a) and integration between oy and 772, {J 15 obtained and then derives once with
respect to . After factorisation, it gives eqnatio.. (1b) describing the general expression of
modulus £ as a function of the mecha..’c.l response, i.e. F/V, and specimen geometrical

properties, i.e. b, h, s, and o. Coefficient .\ is expressed by equation (A3).

a,=2 arctan(l/é)—% () r=l/cosa, (b) (A1)

X

N=Leos@) @ T-%a@) ) M.=~L(i-rcosa) (@ (A2)

A=6"3s(m-2a,)+0 84s-1+6°(r - 20£A)-(36S12+h2[S+2(1+V)])

+6° - (4sl-(h* —451° )=8h*1-(1+v )+ 8" (7 - 2, )- 217 -(33sI* + 1* [s +2(1+Vv)])
+68° - (—AsP - (W* + 2717 )+ 801 -(14v )+ 8* (7 - 2a,, ) I* - (365> + h* [s +2(1+v)])
+6-(—12sl" )+3sl* (7 - 2ax,)

A3)
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Figure 1 — (a) anatomy of an infant sr aj nocephalic skull; (b) a resected suture with locations

of harvested specimens; (c) trarsvi-se view of a specimen, natural curvature & and local
reference frame for tests.
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Figure 2 — (a) Three- oin s bending fixture, (b) Analytical mechanical model for test
mterpretation with /: hai length of the specimen, v: transverse displacement, F: applied force,
7: specimen curvature, . natural curvature of the specimen, N,: normal force, O,: shear force,
M:: bending momentum, (c) mechanical response of specimens: (==) central stenotic suture
(2/=30 mm, b= 6 mm, /# = 2.5 mm, (---) parietal tissue (2/=30 mm, > = 6 mm, /7 = 1.5 mm).
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outer wall
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Figure 3: Histological slices: (a) parietal adjace~. ti ;sue considered as control, (b) central
stenotic suture considered as pathological tissi»

19



Biomechanics of scaphocephaly
P. Swider, F. Delanoé, F. Jalbert, S. Boetto, P. Assemat, E. Estivalézes, F. Lauwers

3500 4

2000 4

- % é

1000 1

E (MPa)

1 2 3 4 - 6 3 B 9 10 1

prur ots
4000
3500 S
= ® o
% 3000
o
2 2500
S < @ ¢
< 2000 i @
7 <
E 1500
N’
X 1000 _ & &
- . .
500 %
0 T 0 1 T T T T T (b)
0 R0 1000 1500 2000 2500 3000 3500

E (MPa) concavity

Figure 4 — Parietal adjacent tissue: (a) effective Young’s modulus £ per patient, (b)
correlation between E obtained with loads applied on concave and convex sides.
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Figure 5 — Central stenotic sutures: (a) effective Young’s modulus £ per patient, (b)
correlation between E obtained with loads applied on concave and convex sides.
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Highlights

. Premature closure of sutures causes craniosynostosis and skull deformity.
. Fused sutures were stiffer and Young’s modules were lower than normality.
. Exploration of suture mechanical response may contribute to craniostenosis etiology.
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