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Background: Spring-Assisted Posterior Vault Expansion has been adopted at Great Ormond Street Hospital for
Children, London, UK to treat raised intracranial pressure in patients affected by syndromic craniosynostosis, a
congenital calvarial anomaly which causes premature fusion of skull sutures. This procedure aims at normalising
head shape and augmenting intracranial volume by means of metallic springs which expand the back portion of
the skull. The aim of this study is to create and validate a 3D numerical model able to predict the outcome of
spring cranioplasty in patients affected by syndromic craniosynostosis, suitable for clinical adoption for preop-
erative surgical planning.

Methods: Retrospective spring expansion measurements retrieved from x-ray images of 50 patients were used to
tune the skull viscoelastic properties for syndromic cases. Pre-operative computed tomography (CT) data relative
to 14 patients were processed to extract patient-specific skull shape, replicate surgical cuts and simulate spring
insertion. For each patient, the predicted finite element post-operative skull shape model was compared with the
respective post-operative 3D CT data.

Findings: The comparison of the sagittal and transverse cross-sections of the simulated end-of-expansion calvaria
and the post-operative skull shapes extracted from CT images showed a good shape matching for the whole
population. The finite element model compared well in terms of post-operative intracranial volume prediction
(R? = 0.92, p < 0.0001).

Interpretation: These preliminary results show that Finite Element Modelling has great potential for outcome
prediction of spring assisted posterior vault expansion. Further optimisation will make it suitable for clinical
deployment.

1. Introduction

Craniosynostosis is a birth defect defined by abnormal skull growth
associated with premature closure of one or more skull sutures. The
incidence of craniosynostosis worldwide is 1 in 2000 to 2500 live births
(Hoey et al., 2012). The most common form of this disorder — non
syndromic craniosynostosis — involves the closure of isolated sutures in
the skull, whilst, in syndromic craniosynostosis (SC), multiple sutures
are affected and extra-cranial anomalies are often present (Seaward and
Derderian, 2012). If untreated, SC presents considerable risks for the
development of the affected child brain, as the prematurely fused su-
tures do not allow for skull expansion. This in turns limits brain growth,
resulting in elevated intracranial pressure, with detrimental
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consequences on child function and quality of life (Seaward and Der-
derian, 2012).

Patients with SC have underlying genetic anomalies, the most com-
mon grouped in clinically recognisable syndromes, namely Apert and
Crouzon. The Apert condition is characterised by bicoronal synostosis,
as well as a severe symmetrical syndactyly of fingers and toes (Seaward
and Derderian, 2012). Patients affected by Crouzon syndrome present
with brachycephaly and shallow orbits due to deficient anterior calva-
rial growth and early fusion of surrounding bones (Seaward and Der-
derian, 2012). Other types of SC, not linked to a specific genetic
diagnosis, include multi-sutural and cranial dysraphism. The degree of
head deformity in SC patients varies, but overall, these patients are
complicated to care for.
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Until recently, conventional treatment for SC involved total calvarial
vault remodelling in order to increase intracranial volume (ICV), lower
intracranial pressure and create a more normal appearance. Contem-
porary surgical approaches, from minimally invasive suturectomy with
helmet therapy, to posterior cranial distraction osteogenesis and fronto-
orbital advancements with the aid of internal/external distractors (de
Kerangal et al., 2018), still carry mortality rates up to 2%, together with
several complications such as blood loss, infections and spontaneous
cerebrospinal fluid (CSF) leak (Senarath-Yapa et al., 2012). These pro-
cedures require post-operative monitoring in an intensive care unit and
result in lengthy hospital stays (Senarath-Yapa et al., 2012).

In 2008, stainless steel spring-like distractors were introduced at
Great Ormond Street Hospital for Children (GOSH - London, UK) to
support posterior vault expansion — spring assisted posterior vault
expansion (SAPVE) - in patients affected by SC (Borghi et al., 2018;
Rodgers et al., 2017). The GOSH springs are prefabricated torsional
springs with an initial opening of 60 mm between the tips (Fig. 1, Borghi
et al., 2017). They exist in three models (S10, S12, S14) with different
stiffness (0.17, 0.39, 0.68 N/mm, respectively) depending on the wire
diameter (1.0, 1.2, 1.4 mm, respectively).

The surgery entails skin incision over the top of the head from ear to
ear (coronal incision), to expose the calvarium. An osteotomy is per-
formed just behind the coronal sutures in order to free the posterior
portion of the skull. Springs are fixed on notches, created on both side of
the osteotomy, and the skin is closed on top. The springs expand over
time due to the viscoelastic nature of the pediatric calvarium (Borghi
et al., 2019). Patients are followed up with x-rays (Fig. 1) unless com-
plications arise. The timing of spring removal differs for each individual
child, but is usually around six months to a year after insertion, thus
allowing the bone to grow in the created gap to prevent relapse (Borghi
et al., 2017).

SAPVE is nowadays the Centre's standard of care for raised intra-
cranial pressure in SC patients, as morbidities (complications, blood
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loss) associated with this minimally invasive technique are less than
those of open procedures. T. de Jong (de Jong et al., 2013) has reported
that SAPVE is associated with a larger increase in skull circumference
and anterior-posterior length than other techniques. The surgery allows
for easier closure of the skin (as the springs can be compressed while
closing) and reduces infection risks as no material crosses the skin bar-
rier like with external distractors. Even if SAPVE is a safe and effective
surgical procedure (Rodgers et al., 2017), final head shape outcomes
remain partially unpredictable as the spring placement is performed
according to the operating surgeon's judgement. Although new to pre-
dict the SAPVE outcomes, finite elements have already been used suc-
cessfully as a pre-operative planning tool in the treatment of sagittal
craniosynostosis and other craniofacial procedures (Borghi et al., 2017).
This prediction mode would allow a better understanding of the control
and stability of expansion i.e., account for the additional opposing force
added by the weight of the infant skull (Seaward and Derderian, 2012).

In this work, we developed patient specific finite element (FE)
models of SAPVE, based on population specific derived material pa-
rameters, of a cohort of 14 patients who underwent this procedure at
GOSH. We compared the simulations results in terms of overall post-
operative shape and volume augmentation prediction, with surgical
outcomes retrieved from patient post-operative 3D imaging.

2. Methodology
2.1. Spring kinematics

A retrospective study on 50 patients who received SAPVE at GOSH
between 2008 and 2016 was carried out to assess in situ spring kine-
matics — the extent of spring expansion over time in this population.
Only patients who had two springs implanted were included.

Planar X-rays from patient follow-ups were retrieved and spring di-
mensions (distance between the tips of the spring) were manually

Simulated expansion

Comparison
Simulated model / Post-op CT

Fig. 1. (From left to right) Framework illustrating the modelling framework: CT image segmentation (A), 3D reconstructions (B) of pre- (i) and post-operative (ii) CT
images from SAPVE patient (spring distractors sample are shown in the inset) with patient's follow-up x-ray (iii), 3D model with replicated surgical osteotomies (C),
spring expansion simulation (D), comparison with post-op CT 3D reconstructions (E) in the transverse (i) and sagittal (ii) planes.
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measured for each case (Borghi et al., 2017, 2018). These measurements
were adjusted to account for the geometric distortion due to radio-
graphic projection angles using a previously validated method (Borghi
et al., 2017). Right and left spring opening measurements for each pa-
tient were averaged (OP), and grouped according to time of follow-up
(FU1 to FU4). OP values at different FUs were compared using the
Wilcoxon Rank test.

An exponential rise equation was used to fit the measurements for
the whole population:

1— e’rPIVE

OP(t) = OP, + (OP,, — OPy) x

where, OPy is the predicted average spring dimension at time of inser-
tion, OP, is the average spring opening at time of removal (assumed to
be equal to the average time of FU4) while tpyg is the population time
constant.

2.2. FE modelling

Fourteen patients, who underwent SAPVE at GOSH (age at surgery =
2.0 £+ 1.7 years) and had pre-operative (44 + 60 days before surgery)
and post-operative (147 + 144 days after surgery) CT data (voxel
dimension: 0.4+0.05 x 0.4+0.05 [mm] and slice thickness ranging from
0.5 to 1.3 [mm]) were included in this study. Seven of these patients
were treated using two springs, five with four springs and two with six
springs (Table 1). In each patient, all springs used were the same model
(either S10, S12 or S14 - Borghi et al., 2017. Osteotomy location and
dimensions, spring models and positions were recorded from post-
operative CT scans and operative notes.

3D reconstructions of each patient skull anatomy before and after
surgery were produced by processing the CT images in Simpleware
ScanlIP (Synopsis, Mountain View, CA - Fig. 2). A fixed Hounsfield Unit
range ([230,3020] - pre-defined in Scan IP for bone segmentation) was
used for all patients; artefacts were manually removed. For each patient,
the pre- and post-operative intracranial volume (ICV) was measured
using either automatically or semi-automatic approaches (Breakey et al.,
2017), after extracting the skull shape as STL file and post-processing
using Meshmixer (Autodesk Inc., San Rafael, CA) (Breakey et al., 2018).

The pre-operative CT reconstruction was used to create the FE model

Table 1
Details of the patient population used in the FE modelling study * upper part of
the occipital bone was surgically re-shaped.

Time [days]

Patient  Syndrome Age at pre-op CT SAPVE to Spring
SAPVE to SAPVE post-op CT number and
[days] model

1 Apert 193 55 162 6 x S12

2 Cranial 234 3 67 2xS12
Dys.

3 Apert 237 47 29 4 x S12*

4 Multi- 299 66 70 2xS14
sutural

5 Crouzon 381 49 112 2xS12

6 Apert 393 4 57 6 x S10

7 Pfeiffer 464 1 6 2 x S14*

8 Multi- 479 232 266 2 x S14*
sutural

9 Crouzon 523 16 562 4 x S12*

10 Crouzon 533 14 280 2xS12

11 Crouzon 1075 32 144 4 x S12*

12 Multi- 1534 8 152 2xS14
sutural

13 Multi- 1992 10 86 4 x S12*
sutural

14 Multi- 2044 74 68 4xS12
sutural
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of each patient.

Due to the time difference between pre-operative CT scan and day of
surgery (44 + 60 days, [1-232 days]), each 3D skull reconstruction was
scaled to account for head growth (Fig. 2) using ICV growth curves
published by our group (Breakey et al., 2018) (Borghi et al., 2019). As all
sutures had ossified by the time of the post-op CT, each suture was closed
during image processing for consistency throughout the population,
since the exact time of suture closure is unknown.

Surgical cuts were replicated using the patient-specific osteotomy
dimensions and locations retrieved from post-operative CT scans and
operation notes. Each skull geometry was discretized in Simpleware
ScanlIP (Borghi et al., 2019; Bozkurt et al., 2020) and imported in ANSYS
mechanical 19 R1 (Canonsburg, Pennsylvania, US).

The calvarium bone of all patients was modeled as a viscoelastic
material with Young's Modulus E = 1300 MPa (based on the average age
of 2 years for our population, Wang et al., 2014), Poisson's ratio v = 0.22
(Yan and Pangestu, 2011) and viscoelastic material properties (relaxa-
tion time) (Borghi et al., 2019) tuned by comparison of the results of the
kinematics analysis for SAPVE patients with those reported by our group
in spring assisted cranioplasty (SAC, for 3-8 months old infants affected
by sagittal CS). The latter followed an exponential rise with tgac = 1.1
day (Borghi et al., 2017); the SC calvarial relaxation times were esti-
mated by scaling those reported by Borghi et al., 2019 for the SAC bone
using the ratio 7 pyg / Tsac. The relative relaxation moduli were assumed
to be the same as for SAC patients (Borghi et al., 2019).

The foramen magnum of each skull was fully constrained (Nagasao
et al.,, 2011) to prevent rigid translations/rotations. The stainless-steel
springs were modeled using node-to-node linear spring conditions
implemented in ANSYS (Borghi et al., 2019) applied on opposite notches
(replicating the groves produced during surgery to slot in the spring
distractor ends) as reported in in Borghi et al., 2017, 2019, Bozkurt et al.,
2020.Spring expansion was simulated for a length of time equivalent to
3*1 pyg, since the exponential rise reaches a value equivalent to 98% of
its maximum after a time equal to 3t. We performed a careful mesh
sensitivity analysis on element size and order on 5 selected patients, to
achieve optimal balance between accuracy (i.e., convergence of simu-
lated total deformations with a deviation threshold of 5%) and CPU time
(Viceconti et al., 2005). As a result, the final models contained 1.3 x
105+ 2.5 x 10* nodes and 4.5 x 10°+ 9.7 x 10* linear elements which
were solved in 7 + 2 h using an Intel core i7 running at 2.9 GHz using
32GB of RAM. Finally, each model was constrained in every direction
around foramen magnum.

The end-of-expansion skull shape was extracted for each patient after
spring insertion simulation to perform comparison with post-operative
CT reconstructions. For three patients who had earlier post-operative
CT, the shape of such time-point was extracted instead. Simulated
models and post-operative CT reconstructed skulls were compared
visually on a mid-line sagittal cross section and with a colour map to
represent surface deviations. The effect of the skin layer and the contact
between the scalp and the skull were considered negligible based on
previous studies (Borghi et al., 2018; Bozkurt et al., 2020; Moazen et al.,
2019).

The predicted post-operative ICVs (ICVgg), calculated by extracting
the simulated post-expansion skull shape at the end of the simulations,
were compared to the post-operative CT volumes (ICV¢r), using corre-
lation and Bland Altman analysis to quantify agreement. Again, head
growth between the day of procedure and post-operative CT scan was
taken into account using ICV growth curves published by our group
(Breakey and al., 2018).

3. Results
3.1. Spring kinematics

A total of 78 OP were extracted from follow-up x-ray measurements
and grouped into the following FU groups: FU1 (n = 48; 1.5 + 0.5 days;
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Fig. 2. 3D reconstruction of the patient population used in this study.

range 1-2 days), FU2 (n = 8; 20.4 + 10.5 days; range 3-30 days), FU3 (n
=11; 52.7 + 11.8 days; range 41-73 days), FU4 (n = 13; 206.3 + 65.1
days; range 106-308 days). Spring opening increased significantly from
FU1 (32.6 + 4.4 mm) to FU2 (40.6 + 9.9 mm, p < 0.05) and from FU2 to
FU3 (50.2 + 4.8 mm, p < 0.05, Fig. 3A). No statistically significant
difference was found between FU3 and FU4 (49.1 + 5.5 mm); therefore,
the final opening achieved by the spring population (OP,) was esti-
mated as 49.1 mm.

The population spring opening kinematic constant t pyg was 21.2
days (Fig. 3B, R? = 0.97). Thus, the postoperative spring expansion was
simulated for 60 days (= 3t). The values of the relaxation times for the
SC calvarial bone viscoelastic models are reported in the Table 2.

3.2. FE modelling

Fig. 4 shows the sagittal and transverse cross-sections of the simu-
lated end-of-expansion calvaria (dark grey) in comparison with the post-
operative skull shapes extracted from CT (light grey) — for patients 3, 6
and 7, who had earlier post-operative CT scans (t = 29, 57 and 6-days
post-operative, respectively), the comparison is shown at those time
points. The outlines show overall a good shape match in the population.
Surface deviations between the simulated models and post-operative
skull models are shown in Fig. 5. However, a subset of patients (pa-
tient 1,3,7) shows high deviation between postoperative and predicted
surface on the top of the parietal bone. Regardless of that, the results
show that 89.8 + 5.65% of the postoperative surface points are located
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Table 2
Bone relaxation time constants for NSC (Borghi et al., 2019) and after fitting for
the present patient population.

Index tnsc  Bone model relaxation time  tpyg  Bone Model relaxation
NSC [s] time SC [s]

i=1 1.1 6720.4 21.2  1.296 x 10°

i=2 40,322 7.774 x 10°

within an interval of deviation of [—5;5] millimeters from the FE
simulated surface.

The average post-operative ICV recorded was 1454 ml + 230 ml and
the simulated model yielded comparable values with an average of
1400 ml =+ 240 ml. A comparison of both ICVs can be found in Fig. 6B for
each patient, showing good correlation (r = 0.92, p < 0.0001), with no
bias (Fig. 6A); all data points are inside the 95% confidence interval,
meaning that the difference between the predicted model and the post-
operative CT is mostly within 200 ml. A larger discrepancy was
encountered in younger patients (patients 1 to 3 - age range [193-237]
days).

4. Discussion
In this study, a computational modelling approach was adopted to

predict spring assisted posterior vault expansion (SAPVE) outcomes in
children affected by syndromic craniosynostosis. The developed FE
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Fig. 3. (A) Average opening and standard deviation represented by follow-up Asterisks indicate statistically significant differences (B) Plot of spring opening
measurements versus time of x-ray scan; the line represents the exponential rise model with kinematic constant equal to taupyg (days).
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Fig. 4. Comparison of sagittal and transverse plane cuts between postoperative CT model (light grey) and simulated end-of-expansion model (dark grey).
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Fig. 5. Surface deviation between the FE prediction and the postoperative skull models reconstructed from CT images.

model was tested on a group of 14 patients who underwent SAPVE with
a spring distractor developed in house at Great Ormond Street Hospital
for Children. The model included patient specific skull anatomies from
routine computed tomography (CT) imaging, and population specific
bone material properties, with the viscoelastic mechanical response of
the skull to spring implantation derived by kinematic optimisation of
spring opening data retrieved from 50 SAPVE patient follow-up x-rays.
The FE simulation of spring expansion over time displayed good
agreement when compared with patient post-operative CT images.

A few years ago, our group established a spring kinematic model for
spring assisted cranioplasty (SAC) in patients affected by sagittal cra-
niosynostosis (Borghi et al., 2019). Starting from the sagittal SAC model,
spring kinematics was optimised for the specific SAPVE population

showing that 67% of maximal spring opening is reached after 21.2 days,
as opposed to 1.1 days for the sagittal cases. SAC patients are treated
earlier (3-8 months of age) compared to SAPVE patients. Whilst indi-
vidual patient spring kinematics was assessed in the SAC study (Borghi
et al., 2017), in this paper the overall population kinematics was eval-
uated because of the limited amount of available follow-up x-ray data.
Due to the adverse long-term effect of radiation (Kamiya et al., 2015),
the number of ionizing investigations is kept to a minimum in syndromic
patients who will require several x-ray and CT scans over their lifetime.
The high value of fitting R% (97.5%) and the relatively narrow confi-
dence interval for t pyg suggests the model fitting is reliable. Further-
more, good matching was achieved between the FE estimated and CT
reconstructed post-expansion skull shapes for patients 3, 6 and 7, who
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Fig. 6. (A) Bland-Altman plot showing a comparison between post-operative ICVcr measured from 3D scans and that predicted from FE simulations ICVgg for each

patient. (B) Correlation between the two measurements.

had their post-op CT scan within two months from the day of surgery.

Numerical validation of FE results was carried out according to the
available clinical data and the final aim of the surgery — increasing head
volume to relieve high intracranial pressure, while normalising
aesthetic. The postoperative simulated 3D models of this study were
compared and validated using the calvarial shape extracted from follow-
up CT imaging and ICV.

Although the surface distance between the predicted FE and the
postoperative models reconstructed from CT images remains within a
small range, prediction error still remains considerable in particular
areas of the skull (visualized in red or blue in image 5): in a subset of the
population (patients 3, 7, 8, 9, 11 and 13), while the back of the
calvarium was reshaped dynamically by means of springs, the upper part
of the occipital bone was surgically reshaped (by means of manual
surgical repositioning of the top of the parietal bone by means of metal
wire) to further improve the head shape.

The larger discrepancies are noted in younger patients: in these
cases, early-stage post-operative CT scans showed that some skull su-
tures were still patent. These sutures may have affected the overall
behavior of the calvarium in response to spring insertion. As all sutures
had ossified by the time of the post-op CT, each suture was closed during
image processing for consistency throughout the population, since the
exact time of suture closure is unknown.

A possible limitation of the present work was the use of the same
Young's modulus (1300 MPa) for the whole population, having an age
range from 5 months to 5.5 years. Our choice was based on the average
age of 2 years (Wang et al., 2014). It is well known that the skull stiffness
varies when the baby grows up, going from soft in the early stages to stiff
with the increase in age. It is possible that the skull stiffness for our
younger patients was lower than the value selected, however available
literature data on calvarial stiffness is relative to normal subjects
(Margulies and Thibault, 2000) and the mechanical properties of pa-
tients affected by syndromic craniosynostosis is - to date - unknown.

A small cohort of patients was included in this study, due to the
limited number of patients who had both pre- and postoperative CT
scans available at our Centre. A recent study from our group has shown
that ICV in SC patients correlates well with head surface volume
(Ramdat Misier et al., 2020): in the future, both preoperative planning
and post-operative assessment could be performed by means of non-
ionizing imaging methods such as 3D surface scanning (Ramdat Misier
et al., 2020), thus overcoming the need for CT data in the modelling
pipeline.

The presented modelling framework has been bench tested in clinics
and has shown promising results. However, the overall time re-
quirements are currently unsuitable for clinical deployment, due to the
time necessary for image processing, FEM model preprocessing,

numerical simulation and results postprocessing. The next step will be to
optimize the modelling pipeline to make it fully suitable for clinical
decisions making. Current work is aiming at simplifying and parame-
trizing the skull model with the aim of investigating the optimal com-
bination of surgical parameters, which lead to post-surgical ICV
maximization in a SC patient population.

5. Conclusion

This study represents the first attempt at modelling SAPVE using FE:
This work proves that the model can reliably predict the effect of spring
insertion on SC patients in terms of overall head shape change and ICV
increase. The proposed modelling framework will be further refined and
tested prospectively for pre-operative planning. If successful, it could
allow the surgeon to optimize bone osteotomies, spring model choice
and position in silico, before the actual procedure is performed on the
patient, for optimal head volume increase and aesthetic outcomes.
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