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Abstract
Unander-Scharin, J. 2021. Surgical Outcomes in Sagittal Craniosynostosis. Digital
Comprehensive Summaries of Uppsala Dissertations from the Faculty of Medicine 1782.
57 pp. Uppsala: Acta Universitatis Upsaliensis. ISBN 978-91-513-1325-2.

The overarching aim of this thesis was to increase the understanding of patient and treatment
related factors behind the variability in morphological outcomes seen in nonsyndromic sagittal
craniosynostosis. There is a lack of knowledge regarding patient related predictors for the
variability in outcomes, and consensus has yet to be reached regarding best practice with
respect to surgical technique for the treatment of sagittal craniosynostosis. There is also a
lack of objective outcome measures which further complicates evaluation and interpretation
of outcomes. The studies included in this thesis analyze outcomes after early surgery for
Nonsyndromic Sagittal Craniosynostosis (SC).

Softwares for advanced image analysis were used to analyze cranial morphological changes
from surgery and growth. Division of the total intracranial volume into three partial volumes
(anterior, middle and posterior) was proposed as a means to further quantify the deformity seen
in SC. The method detected differences that the conventionally used Cranial Index (CI) could
not, adding further information when comparing data sets.

Secondary Coronal Synostosis was evaluated. The finding was known to correlate to
less growth of head circumference. We found that it further correlated with less growth of
intracranial volume due to less growth in the posterior part of the skull. It also correlated to
diffuse gyral impressions, a finding known to implicate raised intracranial pressure. Due to less
growth in the anteroposterior plane, the patients who developed secondary coronal synostosis
had a larger correction of scaphocephaly.

Two cohorts having undergone H-Craniectomy for SC from Uppsala and Helsinki were
studied. The Helsinki group had undergone an extended surgical version adding coronal
suturectomies and posterior barrel staves with the aim to further correct the deformity. The
Helsinki group were more scaphocephalic preoperatively, the cause of which is currently
unexplained. The groups converged in CI postoperatively. Consequently, the Helsinki group,
having undergone a more extended technique, had a larger correction. Further analysis implied
that this was mainly due to the fact that a more severe preoperative deformity allows for a
larger correction. Extending the H-Craniectomy technique could play a role in treating patients
presenting with a more extreme deformity.

Artificial Intelligences, in the form of neural networks, able to analyze total intracranial
volume and segment separate cranial bones were established. The aim was to enable objective,
efficient image analysis in order to manage large data sets in future multicenter studies.

The H-Craniectomy technique used in Uppsala was compared to the Spring-assisted Surgery
technique used in Gothenburg in a series of cases matched for sex and preoperative CI. The
Spring-assisted Surgery group had a larger correction of CI and more shift of intracranial volume
posteriorly without there being any difference in total intracranial volume. Taken together,
this implies that Spring-assisted Surgery offers a greater correction of the scaphocephalic
deformity compared to H-Craniectomy. Based on these results, the Uppsala Craniofacial Center
subsequently altered their surgical protocol to Spring-assisted Surgery.

Jesper Unander-Scharin, Department of Surgical Sciences, Plastic Surgery, Akademiska
sjukhuset, Uppsala University, SE-75185 Uppsala, Sweden.
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 الي ما بيعرف يرقص بيقول االرض عوجاء

 

Den som inte kan dansa säger att golvet är snett. 

 

Those who can't dance will say that the floor is crooked. 
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Introduction 

Opinions on the choice of surgical treatment strategy of sagittal craniosynosto-

sis varies greatly. There is no consensus on when to treat, how to treat nor 

what to look for during follow-up. The few agreed upon outcome measure-

ments insufficiently capture the deformities seen in the condition. In this the-

sis, attempts were made to add further understanding of morphological 

changes in sagittal craniosynostosis in response to surgery. Attempts to iden-

tify, predict and explain cranial morphology were made. The radiological find-

ing of secondary coronal synostosis was elucidated. Three surgical methods 

for early treatment of sagittal craniosynostosis (H-Craniectomy, H-Craniec-

tomy with partial coronal suturectomies and posterior barrel staves as well as 

Spring-assisted Surgery) were compared in inter-center studies. New methods 

for image analysis using partial intracranial volumes and neural networks were 

introduced. 

Craniofacial Embryology and Anatomy 

During the third week of embryological development, the embryo transforms 

from a one-dimensional layer of epithelial cells (blastula) into a three-layered 

structure (gastrula) composed of endoderm, mesoderm and ectoderm. This 

early developmental process is called gastrulation1. 

The mesoderm is typically the origin of muscles, skeleton and other support-

ive structures of the body. The paraxial mesoderm gives rise to the somites 

that flank the forming neural tube and supports structures originating from the 

tube. The components of the craniofacial skeleton are derived from either the 

mesoderm or ectoderm. The parietal bones and the superior most portions of 

the occipital bone arise from this paraxial mesoderm. The posterior part of the 

sella turcica, body of the sphenoid, base of the occipital bone and petrous por-

tion of the temporal bone are also of mesodermal origin. There is also evidence 

that a small contribution to the frontal bone comes from the mesoderm2. The 

origin of various craniofacial structures, from either mesoderm or ectoderm, 

can vary between species.  The calvarial sutures are of mesodermal origin in 

mice, which is the homologically closest species in which this has been inves-

tigated3,4. 
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The ectodermal germ layer is associated with epithelial and neural tissues. The 

neural crest cells emerge from the ectodermal germ layer, having undergone 

an epithelial-mesenchymal transition, gaining properties resembling those of 

mesenchymal stem cells5.  The cephalic neural crest cells give rise to the facial 

bones and the frontal, sphenoidal, ethmoidal, squamosal temporal and com-

ponents of the occipital bone and the anterior part of the sella turcica. The 

precursor cells derived from the neural crest and mesoderm migrate to the su-

praorbital ridge and are identifiable as osteogenic at this stage.       

Bone morphogenetic protein (BMP) - 2, 4 and 7, as well as Wnt and their 

subsequent intracellular pathways, are crucial in cranial bone formation. 

Twist-related protein 1 (TWIST1) also plays a role at this stage of develop-

ment6,7. 

Most cranial bones are what is called membraneous/dermal bones. This type 

of bone forms by intramembranous ossification and is separate from endo-

chondral ossification that forms the long bones in the body and revolves 

around bone formation dependent on cartilage. In contrast, intramembranous 

ossification relies on osteoblastic activity from the underlying dura and oste-

oclastic activity from the superficial periosteum. The resulting skull structure 

is an outer layer of cortical bone covered by periosteum, a middle layer of 

diploë with bone marrow and another inner layer of cortical bone6. 

The human skull is divided into the neurocranium - encasing and protecting 

the brain and brain stem, the basicranium - the skull base and the viscerocra-

nium. The viscerocranium can be subdivided into the membranous viscerocra-

nium forming the facial components and the splanchnocranium relating to the 

proximal component of the gut - the oral cavity, the auditory bones and the 

thyroid cartilages.  

The calvarial sutures separate the calvarial bones. The sutures and the respec-

tive bones they separate are the metopic suture, separating the frontal bones; 

paired calvarial sutures, separating frontal and sagittal bone; paired squamosal 

sutures, separating temporal and parietal bone; and paired lambdoidal sutures, 

separating parietal and occipital bone (Figure 1). 
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Figure 1. The adult human skull. The neurocranium, comprising the eight cranial 
bones, are highlighted in color. 1 and 2 signify single or paired bones.  

Craniofacial Growth  

The patency of the cranial sutures allows the cranial shape to temporarily de-

form during birth to adjust to the birth canal. They also let the cranium expand 

with the rapid brain growth present during infancy, resulting in the dramatic 

increase in head circumference and intracranial volume under the first two 

years of life8. The sutures are functionally patent during the first years of life 

and remain visible structures throughout life. The metopic suture is an excep-

tion, normally fusing around eight months of age. The fontanelles are the 

larger, membranous, boneless areas in the calvarium formed at the intersec-

tions of these sutures. After the first six years of life, the sutures have largely 

played out their role. Bone resorption at the skull’s inner surface combined 

with bone formation at the outer surface takes over as the primary cause of 

calvarial growth. Bone resorption bone formation (remodelling) is the main 

factor of skull base growth, although expansion at the spheno-occipital syn-

chondrosis and the cranial sutures also takes part9.  

Growth of the craniofacial regions occurs at different periods. The neurocra-

nium is relatively well developed at birth, and a sequence of rapid growth in 

craniofacial segments from cranially to caudally can be distinguished. The 

growth of these bones is primarily driven by functional demands of the grow-

ing structures they are adjacent to, a process called functional matrix theory10. 
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Just as the calvarium expands with the growing brain, the orbits adjust to the 

growing eye, the midface to the growth of the airway and paranasal sinuses, 

and the maxilla and mandible to the growth of teeth and forces of mastication. 

The brain grows at a rapid pace during the first two years of life whereas the 

orbits and midface continues to grow during childhood. Dental growth, and 

the corresponding structures (the maxilla and mandible), develop until adult-

hood11. 

The dura mater underlying the cranial sutures plays a vital role in signaling 

suture patency12. Transforming Growth Factor-β with its three isomers is im-

portant in signaling suture patency and fusion. Foetal head constraint in rats 

has been demonstrated to alter the ratio of TGF isomers and induce cranio-

synostosis13. Fibroblast Growth Factor (FGF) and its corresponding receptors 

1-4 are transmembrane tyrosine kinase pathways7. Mutations in FGF receptors 

2 and 3, resulting in a gain of function in constitutive activation of the pathway 

or loss of ligand specificity, are strongly related to syndromic premature su-

ture fusion7. 

Craniofacial Malformations 

Malformations in the development of the skull and the facial bones and tissues 

can lead to various issues affecting function and form. The main categories of 

conditions treated within the discipline of craniofacial malformations include 

syndromic and nonsyndromic craniosynostosis, cleft lip and palate, craniofa-

cial clefts, Treacher-Collins syndrome, and microsomia. The malformations 

that we have perceived and categorized are those few that are compatible with 

the embryo surviving to full-term pregnancy. However, the shift from intrau-

terine life to infancy is dramatic as many bodily functions previously provided 

by the mother now need to be taken over by the newborn’s organs. Common 

problems in craniofacial malformations are breathing, feeding, intracranial 

hypertension, exorbitism, adverse effects on neurodevelopment secondary to 

the malformations and a stigmatizing deformity. Consequently, a large group 

of medical disciplines are involved in treating these patient groups, including 

plastic surgery, neurosurgery, otolaryngologist, maxillofacial surgeons, radi-

ologists, dentists, anesthesiologists, specialist nurses, nutritionists, speech 

therapists, psychologists, psychiatrists, physiotherapists, ophthalmologists 

and pediatric neurologists.  

Craniofacial Surgery 

Craniofacial surgery is a surgical subspecialty dealing with craniofacial mal-

formations, including craniosynostosis. Sir Harold Gillies was the first to 
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adopt Le Fort III osteotomies to correct midfacial retrusion in a Crouzon pa-

tient but had an insufficient result due to relapse and abandoned the idea. Paul 

Tessier hypothesized that rigorous osteosynthesis was key to achieve stable 

correction and successfully performed the operation on a Crouzon patient in 

1957.  A few years later, Tessier was presented with a case of severe tele-

orbitism (high interorbital distance). He realized that an intracranial approach 

was necessary to successfully correct this deformity and offered his solution 

to the young neurosurgeon Gérard Guiot. Guiot famously replied “Pourquoi 

pas?” (Why not?) and from this collaboration, modern craniofacial surgery 

was born, revolving around a transbasal approach to the orbits and the midfa-

cial skeleton 14. Craniofacial surgery relies on surgical exposures that mini-

mize morbidities and maximizes visual exposure to enable treatment of the 

associated conditions. The bicoronal approach is the workhorse soft tissue sur-

gical access in the field. It allows degloving of the scalp to access the cranial 

vault, orbits and zygomatic bones. The approach spares the scalps blood sup-

ply via the superficial temporal artery and leaves the supratrochlear, supraor-

bital, deep temporal, posterior auricular and occipital arteries intact. Bone 

grafting, osteotomies, osteosynthesis and distraction osteogenesis are com-

monly used techniques and principles in craniofacial surgery15. 

Opinions on the exact scope of the field vary, but the list above of craniofacial 

malformations is an inclusive example of associated conditions. Paul Tessier 

claimed that craniofacial surgery implies all procedures relating to an intra-

cranial approach to the midface outside of the anatomical term15. The surgical 

specialties commonly involved are plastic surgery, neurosurgery, otorhinolar-

yngologists and maxillofacial surgery. Which specialty has the primary re-

sponsibility for patient care can vary between centers according to local tradi-

tion and depending on where the patient is in the care process. Treatment aims 

to treat negative effects on function and form. Missing or lacking tissues can 

lead to less growth drive onto the facial skeleton, leading to further deformi-

ties. Surgical interventions in growing tissues can also negatively affect pri-

mary growth, entailing a constant balancing of risk and benefits regarding 

when, and if, to treat15. 

Craniosynostosis 

Craniosynostosis is the condition in which one or more of the cranial sutures 

have fused prematurely, resulting in functional inhibition of the affected su-

ture(s) ability to expand with the growing brain. This premature fusion typi-

cally occurs in utero but can also occur after birth, either in the form of sec-

ondary craniosynostosis caused by other conditions, or as part of the progres-

sive fusion of sutures often associated with Crouzon's syndrome. The primary 

causes of craniosynostosis have historically been divided into nonsyndromic 
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(without a known genetic cause) of low subsequent hereditary risk and usually 

involving only one cranial suture and syndromic. In addition to environmental 

factors, especially fetal head constraint, more recent studies suggest that ge-

netic mutations play a notable role in what has generally been viewed as non-

syndromic craniosynostosis as well 16–18. Virchow's Law states that cranial 

growth is restrained in directions perpendicular to the fused suture(s) and that 

the growing brain forces compensatory growth in directions not restrained by 

the condition. This condition results in typical head shapes depending on 

which suture(s) are affected (Table 1, Figure 2). An important differential di-

agnosis is positional deformation of the infant skull, either secondary to other 

conditions, such as torticollis or spinal malformations, or due to the infant's 

positioning.  

Table 1. List of the more common types of craniosynostosis and their corresponding 
shape deformites. 

Type of Cranio-

synostosis 

Deformity Shape 

Sagittal Scaphoceph-

aly 

Narrow, elongated skull, with a pro-

nounced forehead to a sloping vertex 

and a prominent occiput. 

Lambdoidal Posterior Pla-

giocephaly 

Posteriorly oblique skull and asymmetry 

of the posterior skull base. Ipsilateral 

posterior- and caudal offset of ear and 

parietal protrusion contralaterally. 

Metopic Trigonoceph-

aly 

Plow-shaped forehead with hy-

potelorism. 

Unicoronal Anterior Pla-

giocephaly 

Anteriorly oblique skull and asymmetry 

of anterior skull base. Ipsilateral fore-

head retrusion and contralateral bossing.  

Elevation of eyebrow, vertically in-

creased eye fissure, deviation of nasal 

radix and scoliosis of facial midline.  

Bicoronal Brachyceph-

aly 

Shortened-, widened and heightened 

skull. 
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Figure 2. Three dimensional CT images. Five forms of craniosynostosis with their 
corresponding typical shape deformities. A) and c) birds view; b) posterior view; d) 
and e) anterior view, f) right side view. 

Most craniofacial syndromes were categorized and named at a time before 

genetic testing as clusters of phenotypes. Subsequently, the genetic mutations 

underlying these syndromes were discovered. These craniofacial syndromes 

usually present as de novo mutations but are then inherited in an autosomal 

dominant fashion. Because the mutation is present in all cells in the affected 

individual’s body, many processes can be affected. Therefore, each syndrome 

correlates to certain deformities (Table 2)16. 
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Table 2. List of typical craniofacial syndromes with craniosynostosis and their corre-
sponding properties. 

Craniofacial 

Syndrome 

Mutation Affected Suture Craniofacial 

Deformities 

Limb Deformities 

Crouzon FGFR 2 or 3 Progressive pan-

synostosis. Usu-

ally starts as bi-

coronal 

Brachycephaly. 

Varies with af-

fected sutures. 

Hypoplasia of 

midface 

None 

Apert  FGFR2 Bicoronal Brachycephaly. 

Hypoplasia of 

midface. Teeth 

deformities and 

palatal cleft. 

Polysyndactyly of 

hands and feet and 

skeletal anomalies 

Pfeiffer FGFR 1 or 2 Progressive pan-

synostosis. 

Skull deformity 

corresponding 

to the affected 

sutures. Mid-

face Hypo-

plasia 

Malformations of 

hands and feet, typ-

ically broad thumb 

and big toe 

Saethre-Chot-

zen 

TWIST1 Coronal, metopic, 

lambdoid.  

Brachycephaly. 

Ptosis of eye-

lids. Teeth de-

formities and 

clefts. 

Partial syndactyly, 

typically between 

2nd and 3rd finger. 

Muenke FGFR3 Unicoronal or bi-

coronal 

Anterior Plagi-

ocephaly or 

Brachycephaly 

Mild abnormalities of 

hands and feet 
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Sagittal Craniosynostosis 

Nonsyndromic sagittal craniosynostosis (SC) is the most common form of cra-

niosynostosis, with an incidence between 0.4 and 1 in 1000 births. With re-

stricted growth of the skull's width and compensatory growth, SC typically 

results in a narrow, elongated head, with a pronounced forehead to a sloping 

vertex and a prominent occiput. A skull heightened towards the front as well 

as slight hypertelorism can also be present. This deformity has been termed 

scaphocephaly, a term derived from two words in ancient Greek - skaphe 

(boat) and kephale (head). The term alludes to the deformity being similar to 

the inverted hull of a boat (Figure 3)15,16. 

 

 

Figure 3. Three dimensional CT, right side view. Typical scaphocephalic deformity 
resulting from sagittal craniosynostosis. 
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Patients tend to be born with small heads but then grow to have a larger than 

average head circumference during the first year of life. A subset of patients 

presents without an elongated skull, usually referred for other deformities as-

sociated with SC 17,19. The suture fusion can be radiologically complete or 

partial, but it is unclear whether this affects the resulting deformation although 

surgery adjusted to partial fusion can be feasible20,21. 

Intracranial Pressure 

It is well established that patients with craniosynostosis can develop raised 

Intracranial Pressure (ICP). Intracranial hypertension associated with nonsyn-

dromic craniosynostosis is a moderate, chronic form separate from the acute 

form associated with trauma and intracranial lesions such as tumors. It is 

known that a chronically raised ICP is harmful to the optic nerve, with a risk 

for visual impairment if left untreated. The effects of chronically raised ICP 

on brain development during infancy and childhood in patients with cranio-

synostosis is less clear. However, it is generally assumed that elevated ICP is 

also harmful to cognitive development. No correlation has been found be-

tween intracranial volume and subsequently measured ICP in patients with 

nonsyndromic craniosynostosis 17,22,23. Nevertheless, definitive treatment of 

raised ICP is, in most cases, surgical expansion of intracranial volume as the 

elevated pressure is interpreted as a skewed balance between brain volume 

and available intracranial volume. The normal ICP ranges for small children 

are less understood than those for adults, which dramatically complicates the 

interpretation of ICP measurements 23. The golden standard for measurement 

of ICP is an invasive probe placed intraventricularly in the brain. Therefore, 

the decision to measure ICP is not taken lightly and is usually made when 

clinical symptoms are severe, suspicion is high, and a more precise mapping 

of intracranial dynamics is highly relevant for clinical decision making17. Dur-

ing follow-up of SC, meticulous attention is paid to indirect signs and symp-

toms of increased ICP, including headaches, changed behavior, delayed de-

velopment and motoric problems. Signs of elevated ICP can also be seen on 

radiological imaging. Gyral Impressions (GIs) – also called Copper-Beaten 

Skull, fingerprinting or thumbprinting - are impressions of the brain's gyri 

unto the calvarial skull. The finding indicates a tight relationship between 

brain volume and intracranial volume. Of note, GIs, especially those isolated 

to the occipital region, are interpreted as benign in otherwise healthy children 

during the phase of rapid brain growth in the first years of life. On the other 

hand, diffuse widespread GIs in patients with SC is a sign of chronically ele-

vated ICP 24. Fundoscopy is a rapid, non-invasive means to detect papillary 

edema and other signs of raised ICP (e.g., optic nerve atrophy). Fundoscopies 

are specific for elevated ICP, but the sensitivity in younger age groups is low. 

The sensitivity of fundoscopies in detecting raised ICP in lower age groups 
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with craniosynostosis is only about 22%, which can be compared to almost 

100% in those above eight years of age 25. Optical coherence tomography 

(OTC) measures retinal thickness and allows for more sensitive assessment 

edema or atrophy as signs of current or previously raised ICP. However, OCT 

is only feasible in co-operative children from around five years of age26.  

Morphological Analysis 

A natural development in the field has been an effort towards finding meas-

urements of the deformities seen in craniosynostosis. The intention is to ob-

jectify the morphological features to identify cases and evaluate treatment.  

Cranial Index 

The most established morphological measurement in the SC is the cranial in-

dex or cephalic index (CI), which is 100* the biparietal diameter divided by 

the occipitofrontal diameter (Figure 4). CI can be measured clinically using a 

sliding caliper in radiologic imaging and three dimensional (3D) photos. This 

quotient is easy to obtain and interpret and captures the scaphocephalic de-

formity that is pathognomonic for SC, resulting in a below-average CI. How-

ever, CI does not take the height of the skull into account, nor does it convey 

measurements in absolute numbers. In addition, CI does not capture all de-

formities associated with SC, such as temporal pinching, occipital bulleting 

and posterior parietal constriction. An essential factor in CT-scans is whether 

the patient's orientation on the examination table during the scan is aligned 

with the machine's orientation setting. The slice direction needs to be adjusted 

in most examinations before measurements can be calculated to minimize this 

source of error, which can otherwise affect CI to multiple single-digit units. 

There are no reliable reference values for CI in specific populations. Opinions 

on the normal range of CI vary but fall in the range of 75 - 8317,27. 

 

Figure 4. 𝐵𝑃𝐷 = 𝐵𝑖𝑝𝑎𝑟𝑖𝑒𝑡𝑎𝑙 𝐷𝑖𝑎𝑚𝑒𝑡𝑒𝑟, 𝑂𝐹𝐷 = 𝑂𝑐𝑐𝑖𝑝𝑖𝑡𝑜𝑓𝑟𝑜𝑛𝑡𝑎𝑙𝑑𝑖𝑎𝑚𝑒𝑡𝑒 

𝐶𝑟𝑎𝑛𝑖𝑎𝑙 𝐼𝑛𝑑𝑒𝑥(𝐶𝐼) = 𝐵𝑃𝐷 × 100 ÷ 𝑂𝐹𝐷 
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A complicating factor is that there are varying thoughts on how the occipi-

tofrontal diameter should be measured. Clinically measured CI with a caliper 

uses the longest distance, which can be mimicked in CT scans. This choice of 

method can impact the occipitofrontal distance, as exemplified in Figure 5. 

 

Figure 5. Example of how the direction of measured occipitofrontal diameter affects 
obtained values in centimeters. 

Advanced Morphological Analysis 

Multiple, more sophisticated measurements of cranial morphology have been 

proposed, the most basic being quotients based on other measurements than 

cranial length and width. These more sophisticated attempts to describe the 

effect of SC on other cranial dimensions27 (Figure 6). To compensate for the 

displacement of the euryon (lateral extremities of the calvarium) seen in SC, 

an adjusted CI has been suggested28. At present, no quotient other than CI has 

been widely used.   
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Figure 6. Examples of other cranial measurements describing cranial morphology. 

Vector analysis with point clouds is employed to quantify differences in mor-

phology between sets of CT images29. The technology is well known and 

available, although the results depend on set reference points. Midsagittal vec-

tors aim to encapsulate the scaphocephalic deformity and therefore use refer-

ence points in the midsagittal plane30. 

Various approaches to using statistical shape models in the form of finite ele-

ment methods to generate “heat maps” of how SC patients' skulls differ from 

reference models and how they change with age and in relation to surgery 

have also been proposed31. The review article mentioned above comments on 

the general lack of validation of finite element methods but highlights a study 

in which the predicted shape anomaly is compared to 3D photographs taken 

later32. The resulting images mediate the shape changes in an intuitive way. 
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However, the lack of a generally agreed-upon method and presentation of re-

sults complicates interpretation and future study comparisons. The method has 

been used to illustrate expected morphological outcomes for caregivers and 

predict immediate postoperative shape33. These methods will likely gain in 

importance as researchers and clinicians in the craniofacial field become ac-

customed to this way of presenting results. 

Subjective rating scales are used in attempts to quantify shape. The most 

widely known subjective scale is the Whitaker classification of craniosynosto-

sis outcomes. This classification system focuses on the rater's opinion on the 

need for additional surgery34 (Table 3). 

Table 3. The Whitaker classification of craniofacial anomalies. 

Grade Definition 

I No refinements or surgical revisions are considered advisable or neces-

sary by the surgeon or the patient. 

II Soft-tissue or lesser bone-contouring revisions are desirable, whether 

performed or not. 

III Major alternative osteotomies or bone-grafting procedures are needed 

or performed.  

IV  Major procedure duplicating or exceeding in the extent of the original 

surgery necessary.  

A more recent study analyzed the interrater reliability of this scale and found 

that the agreement between 13 craniofacial surgeons using Cohen's kappa 

value was only 0.16, indicating only “slight agreement” according to interpre-

tation scales. The Whitaker scale even failed to predict which cases would 

subsequently undergo revisional surgery. This study was performed in single-

suture craniosynostosis and the author’s indications for additional surgery are 

not clear34. A study from 2014 proposed another method in which the severity 

of five dysmorphic features was graded from 0 to 100 by 22 observers ranging 

from trainees in plastic surgery to experienced craniofacial experts. The senior 

observers had to be excluded from analysis due to extreme variability in scor-

ing. Among the trainees, where variation was less and analysis could be per-

formed, values ranged from 46 to 97 for grading a long narrow skull. The 

pattern of sizeable interrater variability was consistent throughout the other 

four gradings35.  
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Volumetric Analysis 

Outside of CI, direct measurements of cranial growth are perhaps the only 

generally agreed upon measurement in craniofacial surgery. One approach to 

quantifying cranial growth is measurements of head circumference (HC) 

measured clinically or in radiologic imaging. Many countries have generated 

normative charts of HC based on sex and age given that repeat measurements 

of HC are a part of routine child health follow-up36,37. HC strongly correlates 

to intracranial volume38. Due to the non-invasive nature of HC measurement 

and low consumption of resources and time, measurements are often part of 

clinical routine follow-up as they can detect trend changes in cranial growth. 

Total intracranial volume (TIV), measured in CT-scans is considered a more 

precise measurement of cranial growth. The first paper investigating dynamic 

TIV was published in 1987 and analyzed the change in TIV after surgery in-

tended to expand intracranial volume39. This publication served as concept 

validation in the field and played a role in the cascade of similar methodolo-

gies. The year after, measurements of TIV in CT scans were validated by fill-

ing dry skulls with water40. Volumes can be measured manually with the user 

identifying the TIV, augmented by semi-automatic functions such as pre-set 

density threshold for what can be bone or be measured fully automatic. TIV 

can also be approximated using 3D photography in combination with linear 

regression models41. 

3D Slicer software is a well-established, free, open-source platform for visu-

alization and analysis of medical imaging. Its more basic functionalities in-

clude segmentation of volumes and measurements of distances in imaging42. 

Treatment and Surgical Outcomes 

The fundamental goals of surgery for SC are to normalize head shape and 

allow for unaffected brain growth and development. No randomized study 

comparing surgical intervention to the natural course of the disease has been 

done and could be considered unethical at this point because surgical treat-

ment is so established. This circumstance is burdensome in the sense that care-

givers may be hesitant to accept surgery for their children. The reasonable 

question is to ask what would happen if they did not proceed with surgery. A 

study from 1981 followed 44 patients presenting after six months of age who 

were not surgically treated. The degree of scaphocephaly remained stable in 

34 cases, worsened in 14 cases and improved in seven43. 

The initial treatment for sagittal craniosynostosis was strip craniectomy, the 

intuitive idea of simply removing the affected sagittal suture. The first 
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operation was performed in 189044. This procedure, and all subsequently de-

veloped surgical techniques, rely on the fact that defects in the skull created 

by removal of bone normally reossify due to the high osteogenic drive from 

the underlying dura mater in early childhood. Such procedures would not be 

feasible in older patients as larger bone defects do not reossify in adult hu-

mans. Due to unsatisfactory results, strip craniectomy was further developed 

by adding vertical cuts into the parietal bone to further address the growth 

restriction caused by fusion of the sagittal suture. At this point, surgical strat-

egies started to diversify into the variety seen today.  

There is a wide range of surgical treatment strategies for SC, dictated by local 

tradition and the surgeon’s interpretation of available data. Currently practiced 

treatment protocols can be divided into two main categories: early surgery 

(between two and six months of age) and late surgery (about one year of age). 

There is a multitude of modifications of surgical techniques within these two 

groups, often dictated by training, tradition, and philosophy of the surgeon.  

Proponents of early surgery generally argue that attempts to normalize head 

shape should be achieved promptly to minimize eventual effects on the grow-

ing brain in its most vulnerable phase. Moreover, the operative techniques 

used during early primary treatment entail less cranial dissection due to more 

malleable bone. These procedures also attempt at continuous postoperative 

widening of the skull using insertion of springs, helmet therapy or emphasis 

on supine positioning. Centers using later primary surgery refer to the lack of 

consensus that early surgery benefits the growing brain and the risks of putting 

small children under general anesthesia. Another argument for later primary 

surgery is that more extensive craniectomies later in the growth sequence re-

sults in a more significant stable morphological correction. More extensive 

procedures become viable as the child's blood volume and corresponding tol-

erance for bleeding increases with age15,17. A meta-analysis of 27 studies 

found that cranial vault remodelling procedures had a larger mean change in 

CI than less extensive procedures45. There is no prospective, randomized study 

comparing different periods of primary surgery. One study found a higher 

cognitive performance (average test age ten years) by patients who were op-

erated on before six months of age46. Another multicenter study reported better 

cognitive testing in patients who were operated on before six months of age 

using whole-vault cranioplasty than patients who underwent surgery before 

three months of age using endoscopic strip craniectomy47. Both studies lack 

preoperative testing and randomization. Instead, two/three separate cohorts 

from different hospitals were compared, reducing the generalizability of the 

findings. 

Surgical treatment generally improves CI, but there is an undesirable variation 

in results and a trend towards regression of both CI and growth of head 
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circumference during postoperative follow-up19. Ways to predict variations in 

outcome would be beneficial to develop and individualize treatment. Bone 

thickness measured in the removed synostotic suture inversely correlates to 

the amount of normalization of CI in spring-assisted surgery (SAS)48.  

The general lack of comparative studies and total lack of randomized studies 

appear to be the glaring weakness of the field of craniosynostosis. It is exem-

plified by the wide variety of surgical techniques and treatment regimens cur-

rently practiced worldwide for the same condition. A recent study made avail-

able by the Pediatric Craniofacial Collaborative Group - a collaboration in the 

USA - used data from 676 infants and 32 centers. The study compared trans-

fusion rates and length of stay at the ICU and hospital between spring-medi-

ated surgery and endoscopic strip craniectomy49. This approach favored endo-

scopic techniques regarding the length of stay data. Another study from the 

collaboration confirmed the favorable perioperative profile of the less invasive 

endoscopic procedures50. Further studies on morphology can hopefully be ex-

pected from this collaboration49. Other studies have compared cost-effi-

ciency51 and satisfaction outcomes52 between open and endoscopic proce-

dures. A recent comparative study between two centers found a larger change 

in CI in favor of endoscopic strip craniectomy versus SAS53. It has also been 

shown that the perioperative profile favors endoscopic procedures compared 

to SAS. In turn, spring-assisted surgery has a perioperative profile superior to 

a “minimally-invasive”, non-endoscopic procedure54. In a retrospective re-

view, barrel-staves did not correlate to an improved CI in endoscopic strip 

craniectomy55. This comparison was made in unmatched groups between two 

centers with differing treatment regimes. A subset of patients presents at a 

later stage often with (and perhaps due to) a milder scaphocephalic variant. 

The caregivers of some of these patients opt to forego primary surgery. A 

small series analyzing patients with a mild scaphocephaly who never under-

went primary operation presented a high prevalence of cognitive disabilities56. 

This finding could be interpreted as an argument for surgery’s role as a 

prophylactic treatment of adverse effects on brain development. It could also 

be that lack of compensatory growth in the anteroposterior plane (which 

would result in a higher CI) is associated with cognitive disabilities. 

Neurocognitive and Behavioral Aspects 

A major topic in craniosynostosis is the developmental aspects of the condi-

tion. Published studies are inconsistent and it appears that definitive conclu-

sions cannot be made at this time. Available data point towards an increased 

risk for various neurodevelopmental deficits in nonsyndromic craniosynosto-

sis cohorts. Compared to the average population, SC patients seem to have a 

higher prevalence of ADHD and autism spectrum disorders as well as lower 



 

 26 

cognitive scoring, especially in language skills16,17. In a nationwide Swedish 

registry study of 1238 patients with nonsyndromic craniosynostosis, a higher 

prevalence of intellectual disability, language disorders, neurodevelopmental 

disorders and other psychiatric disorders was present57. Another Swedish 

study using the Wechsler Intelligence Scale for Children found a higher per-

ceptual reasoning quotient, but a lower working memory intelligence quotient 

and processing speed intelligence quotient compared to test norms58. The pa-

tient cohort used in publications from Yale stand out in their high IQ scores. 

Moreover, retrospective, comparative studies with other centers and corre-

sponding techniques have been published47,59. Although attempts to adjust for 

covariates have been made, methodological flaws make conclusions on the 

superiority of cranial vault remodeling over other techniques in relation to IQ 

questionable.  

A common hypothesis is that the deformation of the cerebrum seen in sagittal 

craniosynostosis leads to a higher prevalence of neurocognitive and behav-

ioral disorder. However, it is not clear whether the cognitive aspects associ-

ated with SC are caused by cranial shape abnormalities having local effects 

on the growing brain or whether both shape and cognitive effects are expres-

sions of an underlying disorder. It is also unclear if and how the surgical treat-

ment affects the increased risk for neurodevelopmental deficits. Raised pre-

operative ICP correlated to lower IQ in a study from 1987 using an epidural 

sensor to measure ICP60. 

Secondary Coronal Synostosis 

Secondary coronal synostosis (SCS) is the fusion of the coronal sutures at 

some point after they have first been determined as open (patent). As noted 

previously, the calvarial sutures, apart from the metopic suture, typically re-

main detectable during life. After surgery, the prevalence of SCS for nonsyn-

dromic craniosynostosis has been reported at varying degrees (range 10 - 

89%). This large variability can partly be attributed to varying modalities and 

timings of postoperative radiology. The highest described prevalence was in 

a patient group undergoing a primary surgical treatment with extensive barrel 

staves through both parietal and frontal bone, implying osteotomies both pos-

teriorly and anteriorly to the coronal sutures. SCS was shown to correlate to a 

smaller head circumference and a higher prevalence of papilledema. Further 

functional implications of the finding had not been reported before this the-

sis61–64 (11-14).   
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Pediatric Craniofacial Surgery in Sweden 

Nonsyndromic craniosynostosis has historically been treated at university 

hospitals in Sweden65. In 2012, after a review from the Swedish National 

Board of Health and Welfare (Socialstyrelsen), surgical care for all forms of 

craniosynostosis was centralized to the Sahlgrenska University Hospital 

(Gothenburg) and Uppsala University Hospital as part of the adoption of li-

censed nationally highly specialized care. 

The H craniectomy technique was used to treat SC diagnosed and referred at 

an early age at Uppsala University Hospital until the end of 2020. The tech-

nique was developed by Renier and colleagues in Paris and evolved from the 

strip craniectomy. In essence, the H craniectomy technique adds replacement 

of midline bone, parietal barrel staves, reduction of the parietal wedges and 

out fracturing of the remaining parietal bones to the strip craniectomy27. All 

osteotomies are made posteriorly to the coronal sutures and anteriorly to the 

lambdoidal sutures (Figure 7a and 7b).  

 

Figure 7a and 7b. Bird’s eye and side view - intraoperative photos of the H craniec-
tomy technique used in Uppsala. 

Plastic and neurosurgical craniofacial experts, an ophthalmologist, a specialist 

nurse and a psychologist are present during clinical visits for patients with SC 

at the Uppsala Craniofacial Center. A preoperative CT is performed for defin-

itive diagnosis and mapping of reconstructive conditions. An MRI is con-

ducted if atypical craniosynostosis (e.g., sagittal and bi-lamdoidal) is found on 

the CT scan. The patients are examined by a pediatric neurologist preopera-

tively. No immediate postoperative CT scan is performed, which is in line 

with recently published data66. A postoperative CT skull is performed at three 

years of age in accordance with the National Healthcare Plan for Craniofacial 

Surgery. The initial investigation and routine follow-up regime for SC patients 

at the Uppsala Craniofacial Centre are shown in Table 427. 
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Table 4. Initial investigation and follow-up for patients with nonsyndromic sagittal 
craniosynostosis treated at Uppsala University Hospital. SOMP-IT = Structured Ob-
servation of Motor Presentation in an IT environment, evaluation of motoric function. 
WPPSI = Wechsler Preschool and Primary Scale of Intelligence. WISC = Wechsler 
Intelligence Scale for Children. 

 Pre-Op One-year 

post-op 

Three 

years of 

age 

Five Years of 

age 

Eight 

Years of 

age 

CT scan ✔  ✔ - - 

3D 

Photogram-

metry 

✔ ✔ ✔ ✔ ✔ 

Plastic and 

Neurosurgery, 

Including 

manual CI 

and head cir-

cumference 

✔ ✔ ✔ ✔ ✔ 

Ophthalmol-

ogy 

✔ Every half 

year until 

two years 

of age 

Every year 

until four 

years of 

age 

OCT OCT 

Psychology  ✔ 

 

✔ 

WPPSI 

✔ ✔ 

WISC 

Physiotherapy SOMP-

IT 
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Artificial Intelligence in Craniosynostosis 

The use of artificial intelligence (AI) is rapidly growing within the medical 

field. Conceptually, AI has the potential to significantly improve clinical de-

cision support systems, diagnostics and evaluation of treatment outcomes.  

In craniofacial research, machine learning has been used to classify disease in 

attempts to quantify deformity67,68. In addition, convolutional neural networks 

have previously been used to segment intracranial volume in MRIs in other 

patient populations69. Beyond semantic image segmentation and image pro-

cessing using deep learning, additional uses include deep regression analysis 

to predict outcomes using complex high-dimensional datasets. To the author’s 

knowledge, no standardized method for measuring separate cranial bones in 

CT-images has been published to date.  
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Aims 

• Analysis of various sagittal craniosynostosis cohorts using estab-

lished outcome measurements (e.g., cranial index, head circumfer-

ence, intracranial volume) to identify factors related to such out-

comes 

• To develop a new quantitative measurement of cranial morphology 

with relevance to outcome assessment in treating sagittal cranio-

synostosis 

• Comparison of different surgical techniques for sagittal cranio-

synostosis from three Scandinavian centers (Uppsala, Helsinki, 

Gothenburg) using the above-listed measurements 

• To develop convolutional neural networks to segment TIV and in-

dividual calvarial bones in CT scans. 
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Materials and methods 

Image Acquisition 

There was no uniform CT skull protocol due to the large geographic popula-

tion area from which the Swedish patients were referred. CT skull examina-

tions were therefore performed according to various local standard operating 

procedures using low-dose protocols for cranial skeleton. Patients had often 

undergone a CT scan at the referring hospital with diagnostic intention.  

Cranial Index 

Clinical measurements of CI were made during hospital visits and retrieved 

from patient charts. In CT scans CI was measured in axial and sagittal slices 

using Vue Motion (CareStream, Canada). Slice orientation was manually rea-

ligned in exams where patients were not lying flat on the examination table. 

In the study only including Uppsala patients (Study I) and the one including 

Gothenburg patients (Study IV) the anteroposterior diameter was measured in 

a line parallel to a line between the nasion and sellae turcica to synchronize 

the method with the Craniofacial Center in Gothenburg. In the study including 

Finnish patients, the longest anteroposterior distance was used instead because 

comparisons using different modalities had to be performed due to different 

timings of the postoperative CT scan. This choice was motivated in that no 

consideration for the sella-nasion line is made when making clinical measure-

ments of CI. When applicable, comparisons between groups were done using 

the same modality to minimize this source of error. 

Intracranial Volume and Head Circumference 

In collaboration with Johan Nysjö (PhD with expertise in visualization and 

segmentation) a software for segmentation of total and partial intracranial vol-

umes was developed (CranioSyn). The goal was to further quantify the de-

formity seen in SC. Intracranial volume was defined using the inner calvarial 

lining as the outer limit with manual delineation of various foramina and the 

foramen magnum. CranioSyn is based on the OrbSeg segmentation software 
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that was developed for segmenting the orbits in CT scans70. Like OrbSeg, Cra-

nioSyn provides a semi-automatic volumetric brush tool that allows the user 

to quickly fill out and mark the extent of the intracranial volume. The tool 

calculates a 3D distance field image from a thresholded image of the bones, 

where each voxel in the distance field tells the brush how far it can fill out the 

intracranial volume until it reaches the bone surface71. The threshold should 

be set to the lower HU range for bone, i.e., between 200 and 400 HU depend-

ing on the resolution and quality of the CT image. Minor errors or leaks 

through sutures or thin bone structures can be corrected with a separate set of 

segmentation editing tools. The segmentation can also be smoothed with a 

smoothing brush. 

The partial intracranial volumes were separated using horizontal planes drawn 

between landmarks in the skull base to minimize surgical dislocation and were 

set as: the frontozygomatic sutures, tuberculum sellae and opisthion. These 

horizontal planes were also used as the lower limit of the volumes. Vertical 

planes were drawn perpendicular to the plane between frontozygomatic su-

tures and the middle of the tuberculum sellae. Separate subvolumes are ex-

tracted for the intracranial volume, the bone, and the outer cranial volume. 

Resulting in three partial volumes: anterior, middle and posterior (Figure 8 

and 9). 

 

Figure 8. Landmarks in the skull base used to set the lower limit of the intracranial 
volumes and create planes to divide partial intracranial volumes: the frontozygomatic 
sutures, tuberculum sellae and opisthion. 
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Figure 9. Segmentation of total and partial intracranial volume using CranioSyn. 

TIV measurements in CranioSyn were validated in comparison with measure-

ments performed in an established program for radiologic imaging (ITK-

snap)72 using a Bland-Altman plot, showing strong agreement between meth-

ods (Figure 10).  

 

Figure 10. Bland-Altman plot of the difference in total intracranial volume measure-
ments (ml) between CranioSyn and ITK-snap 
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Comparisons of values received using CranioSyn were also compared to val-

ues measured in the MATLAB-based method for measuring TIV used at the 

Gothenburg Craniofacial Center This analysis also showed strong agreement 

between methods (Figure 11). 

 

Figure 11. Bland-Altman plot of the difference in total intracranial volume measure-
ments (ml) between the MATLAB-based software (Gothenburg) and CranioSyn 
(Uppsala).  

Standardized growth charts of head circumference were retrieved from respec-

tive countries (Sweden, Finland)36,37. Measurements of the patients from the 

Uppsala Craniofacial Centers were retrieved from child health control, 

whereas the HC of the Helsinki patients were measured in CT scans. 

Deep Learning-based Image Analysis  

Manual reference segmentations 

Reference segmentations of TIV were performed in CT scans using 3D 

slicer42. The innermost border of the skull was manually delineated in all axial 

slices. The results were then cross-checked in sagittal and coronal slices and 

finally in a 3D reconstruction of the volume (Figure 12). 
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Figure 12. Axial slice of the manual reference segmentation of intracranial volume 
using 3D Slicer 

Owing to the difficulty of visualizing individual calvarial bones in 2D projec-

tions, an interactive in-house 3D segmentation software (BoneSplit) was de-

veloped to identify calvarial bones. BoneSplit uses an efficient graph-based 

segmentation algorithm combined with volume rendering and a 3D painting 

tool to allow the user to rapidly mark and segment bone structures of interest. 

An initial bone segmentation is obtained by thresholding the CT scan at the 

lower HU value range for bone, typically between 200-400 HU. The underly-

ing segmentation algorithm is based on the Image Foresting Transform 

(IFT)73. More details can be found in the WSCG 2015 paper by Nysjö et al74. 

The segmentations were then further defined in 3D Slicer42. An early conclu-

sion from the authors was that determining the clear separations of separate 

cranial bones in images of relatively older children (about the age of three 

years) was difficult. The resulting segmentations were of insufficient accuracy 

to use as reference segmentations for training a neural network (Figure 13). 
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Figure 13. Manual reference segmentation of calvarial bones (frontal, parietal and 
occipital) using BoneSplit. Segmentations were finalized using 3D Slicer. 

Deep learning 

A ResNet-based UNet architecture was used for automated image segmenta-

tion of ICV and calvarial bones75. The following hyperparameters were used: 

ADAM optimizer (lr 1-e4), cross-entropy loss and mini-batch size of 8. Im-

ages were normalized and augmented with basic image augmentations (hori-

zontal flip, vertical flip, etc.). A 10-fold cross-validation training regime with 

a 90/10 training-validation split was used (Figure 14 a and b).  

Networks were trained locally on a 2080 GTX GPU. Results of the networks 

were evaluated using the Dice coefficient analysis and mean absolute error. 
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Figure 14a Schematic of the training process for neural networks able to segment 
total intracranial volume and cranial bones. 

 

Figure 14b. The trained neural networks are introduced to unsegmented CT images 
and can output segmentations. 
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Ethical approval 

The works in this doctoral thesis were carried out in accordance with the three 

following ethical approvals (when respective study population was included): 

Uppsala-Örebro Regional Board for Ethical Vetting (Dnr 2013-402), the Hos-

pital District of Helsinki and Uusimaa (HUS/221/2017, §47) and the Regional 

Ethical Review Board in Gothenburg (Dnr 784-11). 
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Results 

Respective materials, methods, results and discussions can be found in the 

attached manuscripts: 

I 

Secondary Coronal Synostosis after early surgery for sagittal craniosynosto-

sis – implications for cranial growth  

A correlation between Secondary Coronal Synostosis (SCS) and declining 

growth of head circumference and a smaller intracranial volume at three years 

of age were found. This volume difference was mainly confined to the poste-

rior intracranial cavity when three partial volumes were analyzed (mean dif-

ference: -133 ml, p = 0.0001). SCS also correlated to diffuse gyral impres-

sions, an indirect sign of disproportion between brain volume and intracranial 

volume (9/12 vs. 6/19, p = 0.02)24. Of note, the SCS patients had a larger nor-

malization of CI due to less growth in the anteroposterior plane (Table 5). The 

correlations between SCS and the effects on growth of head circumference, 

TIV and anteroposterior length are in line with functional impairment of cor-

onal suture function (Table 5). 
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Table 5. Comparisons of measurements including Total Intracranial Volume (TIV), 
CI and components of CI between patients who developed Secondary Coronal 
Synostosis (SCS) and those who retained Patent Coronal Sutures (PCS). 

Parameter All SCS PCS p n 

Pre-operative TIV 818 812 ml (543–
1007) 

824 ml (706–
916) 

0.8 25 

Three-year increase 
in TIV 

600.
5 

522 ml (243–
856) 

679 ml (440–
1140) 

0.03* 25 

Post-operative sagit-
tal length 

17.5
5 

17.0 cm 
(15.1–18.6) 

18.1 cm (16.9–
19.25) 

0.0013*
* 

31 

Pre-operative cranial 
index 

70.2 69.7 (60.7–
76.7) 

70.7 (63.2–
76.5) 

0.55 25 

Post-operative cra-
nial index 

73.9 76.2 (69.2–
83.0) 

71.6 (65.6–
81.5) 

0.004** 31 

Change in cranial in-
dex 

2.86 4.8 (-0.49–
10.7) 

1.08 (-1.73–
4.47) 

0.0005*
** 

25 

 

II 

H-Craniectomy for Sagittal Craniosynostosis - Do Occipital Barrel Staves 

and Coronal Suturectomy Make a Difference?  

The H craniectomy technique used in Uppsala was compared with that used 

in Helsinki, which also adds partial coronal suturectomies and posterior barrel 

staves extending through lambdoidal sutures into occipital bone. The Helsinki 

group had a markedly lower preoperative CI, the cause of which is not estab-

lished. Previous studies from the same center, with different cohorts of pa-

tients, have described CI in the same range(s)76. The groups converged in CI 

from preoperatively to one year postoperatively, corresponding to a larger nor-

malization in the Helsinki group (difference in mean change: 5.09 ±0.90, p = 

0.0001). There was no difference in growth of head circumferences when 

compared using standardized charts for the two countries. Further analysis 

suggests that a lower preoperative CI allows for a larger correction of CI and 

that this factor is stronger than center-related factors (Figure 15). The Helsinki 

group had more cranial defects at the sites of extended craniectomies, mainly 

confined to areas of cranial sutures, including persistent defects after the cor-

onal suturectomies. There was no difference in post-operative morbidities, but 
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the study populations were likely too small to detect statistically significant 

differences considering the low and expected rate of complications. Overall, 

more extensive craniectomies could be beneficial in treating more severe 

scaphocephalic phenotypes but further investigations are warranted. 

 
Figure 15. Regression models predicting change in CI using pre-operative CI 

and Center respectively. 

 

III 

Deep learning-based segmentation of intracranial volume and cranial bones 

in pre- and postoperative CT images of children with sagittal craniosynostosis 

Manuscript 

In this study convolutional neural networks to segment intracranial volume 

and individual calvarial bones in children with SC were created75. Reference 

segmentations for total intracranial volume were performed in 52 preoperative 

CT scans and 36 postoperative CT scans (performed at three years of age) 

using 3D Slicer. Reference segmentations for individual calvarial bones were 

performed in 52 preoperative CT scans. The authors found that identifying the 

exact borders of cranial bones in older children was not possible to a standard 

sufficient for training a neural network. Preliminary segmentations were 
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performed in in-house software allowing for 3D segmentation of bones 

(BoneSplit) and then finalized in 3D Slicer. Neural networks were trained us-

ing these reference segmentations. Results are robust for both total intracranial 

volume (dice score 0.983) and cranial bones (dice score 0.798) in preopera-

tive CT scans. Regression analysis using values acquired from neural network 

bone segmentations found a nearly significant (p = 0.075) positive correlation 

(r = 0.399) between the preoperative density of parietal bone (approximated 

using Hounsfield units) and change in CI from preoperatively to three years 

of age. Using these forms of AI to analyze large patient cohorts reliably and 

efficiently is now feasible. 

IV 

Springs Produce Favorable Morphological Outcomes Compared to H-Crani-

ectomy in a Two-Center Comparison of Matched Cases 

Manuscript 

This study utilized the opportunity presented by the synchronized time points 

of clinical visits and radiology in Sweden’s two centers treating cranio-

synostosis. 23 cases from each center were matched for sex and preoperative 

CI to compare two surgical techniques for nonsyndromic sagittal cranio-

synostosis. The Gothenburg group used the Spring-assisted Surgery (SAS) 

technique, and the Uppsala group used the H craniectomy technique. The 

change in CI from preoperatively to three years of age was 4.1 SD ± 3.3 for 

the SAS group and 2.0 SD ± 3.3 for the H craniectomy group (p = 0.002). The 

SAS group had more redistribution of anterior and middle volume posteriorly 

(Figure 16). However, there was also a difference in volume distribution pre-

operatively, which decreases the generalizability of the findings but highlights 

how CI as a measure of morphology is incomplete. Perioperative data con-

firmed that the SAS method had minor bleeding and correspondingly less 

blood transfusion. However, we observed two cases of complications related 

to foreign material in the form of springs. 
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Figure 16. Change in relative distribution of partial intracranial volumes from 

preoperative age to three years of age. Significant p-values (<0.05 are anno-

tated as *, ** for 0,005 etc). 
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Discussion 

Secondary Coronal Synostosis 

Correlations between SCS and less growth of head circumference, intracranial 

volume (specifically posterior volume) and less growth in the anteroposterior 

plane, as well as more diffuse gyral impressions, are all coherent with an af-

fected growth drive relating to the coronal sutures. The group developing SCS 

may have less primary growth drive and therefore develop coronal synostosis 

as a result. Another plausible explanation is that SCS restricts cranial growth. 

A slight trend towards reducing head circumference growth could be sus-

pected, but the difference is too small to draw firm conclusions. One patient 

in our study group had undergone biopsies of coronal sutures as part of another 

study but did not develop SCS during follow-up. Although previously de-

scribed64, we found no correlation between papillary edema and SCS as our 

study's prevalence was 0%. The high prevalence found in that study (9%) 

stands out compared to the literature and when the authors compared this num-

ber with that in patients operated during an earlier period where total vault 

reconstruction was used. The prevalence of papillary edema was 1.6% during 

that period, although a shorter follow-up time was used. Notably, no patient 

in our study developed papillary edema even though the fundoscopy fre-

quency was more frequent until three years of age. 

Interestingly, the Rotterdam group declared a long and meticulous fundoscopy 

routine, including examinations every three years from six to eighteen years 

of age. This routine is appealing considering the sensitivity trends of fundos-

copies for raised intracranial pressure with age25. The Paris group reported 

papillary edema in only 2/193 (2%) patients in the first study and 2.1% in a 

later study after H craniectomy62,63. However, in this study the fundoscopy 

frequency was not available. Altogether, SCS was further established as an 

adverse event during the postoperative period that warrants attention. It seems 

that partial suturectomies of the coronal sutures prevent interpretation of the 

radiological finding of SCS one year after surgery due to persistent calvarial 

defects seen in paper II. However, it is unclear whether removing the coronal 

sutures prevents ossification in a way that precludes potential growth re-

striction later in the postoperative course. It will be desirable if further studies 

match the frequency of radiology and fundoscopies as it can otherwise 
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complicate interpretation, as seen in the commentary to our publication77. 

Studies on larger populations and eventual neurocognitive aspects of the con-

dition would be informative.   

Partial Intracranial Volumes 

There are pros and cons to any choices of landmarks for separating intracranial 

volume into partial volumes. Because there was no established method, our 

research group chose to set the landmarks in the skull base. This choice was 

taken to minimize the effects of surgery on the landmarks and hedge against 

secondary fusion of other sutures that would harm the use of sutures as bound-

aries for partial intracranial volumes. Choosing landmarks independent of su-

tures also enables the use of the method in other forms of craniosynostosis 

where those sutures might be affected. The posteriormost border of opisthion 

results may be a somewhat “posteriorly weighted” posterior volume, leading 

to a very comprehensive middle volume. The original intent was to capture 

posterior bulleting quantifiably, which this choice likely achieves. It could be 

plausible that using the tuberculum sellae as the posterior boundary of the an-

terior volume is too posterior to evaluate frontal bossing specifically. On the 

other hand, the resulting anterior volume seems adequate for the name. These 

partial volumes could theoretically be measured in 3D images if a way to 

transfer a proxy of the landmarks was developed or only external landmarks 

were used. 

The use of partial intracranial volumes provided additional information with 

implications for morphology. The method captured differences not seen using 

only CI and total intracranial volume. As shown in paper I, the difference in 

growth could be localized to the posterior volume. In paper IV, partial intra-

cranial volume revealed preoperative differences in morphology where 

matching for CI did not. Compared to healthy controls, the results become 

hard to interpret as the resulting picture of volume distribution and changes in 

those values proved to be less clear than imagined. Interpretation of the results 

may become more evident with increasing knowledge and experience.  

Comparative Surgical Outcomes 

The broader modification of the H craniectomy used in Helsinki correlated to 

a greater increase in CI from preoperatively to postoperatively. The goals with 

these modifications were to achieve a better morphological outcome but re-

quire a more extensive procedure. These extensions could result in heightened 

perioperative risk, but the lack of complication rates in the used material sig-

nified that such risks either did not exist or could not be detected. The Helsinki 
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patient group had a much more scaphocephalic deformity than the Uppsala 

patient group. We could not find the cause of this difference, but conceivable 

explanations are different referral thresholds or that the phenotype is more 

severe in Finland. We could not find any reliable sources of reference values 

for CI in the two populations. Because the groups converged in CI from pre-

operatively to one year of age, the Helsinki group, which had undergone the 

more extensive modification, had a larger CI correction. Regression with fol-

low-up analysis of all cohorts combined found that a lower preoperative CI 

correlated to a greater change in CI, suggesting that a more severe deformity 

allows for a larger correction. This finding was confirmed in an unpublished 

analysis of the cohorts included in Paper IV. The large preoperative difference 

in CI detected in Paper II illustrates the value of matching for preoperative CI, 

which was performed in Paper IV. Partial suturectomies of coronal sutures led 

to a high degree of defects one year postoperatively, which meant that second-

ary coronal synostosis could not be present. However, what remained of the 

sutures was not presumed to have fused in any Helsinki patient. The groups 

did not differ in the growth of head circumference normalized to the reference 

charts of each country. The larger change in CI in the Helsinki group, having 

undergone a more extensive procedure, was due to less growth in the antero-

posterior diameter and more growth in width. This change could be interpreted 

to mean that coronal suturectomies did not prevent potential growth restriction 

caused by secondary coronal synostosis. Another plausible explanation is that 

a negative effect on growth by the more extensive procedures compensates for 

a lower prevalence of SCS. 

In the comparative study between H craniectomy and SAS cohorts were 

matched for preoperative CI and sex, with a strong agreement in the timing of 

surgery and radiologic imaging as well as synchronized follow-up. Both co-

horts were from the Swedish population. Analysis of perioperative data con-

firmed the favorable profile of SAS, although there were two complications 

related to springs. The required additional procedure for spring removal meant 

that the SAS group had a more extended total average hospital stay. No dif-

ference in TIV was found either before or after surgery. The central point of 

this study is that SAS had a larger correction of morphology when measured 

in CI compared to H craniectomy due to greater expansion in the anteroposte-

rior plane in the H craniectomy group. The SAS group had a more remarkable 

shift of intracranial volume posteriorly without paying a cost in the form of a 

lower CI. Overall, this observation can be interpreted as a more effective re-

lease of posterior parietal constriction.  

Considering these findings, the Uppsala Craniofacial Center switched to SAS 

as the primary technique for early treatment of SC. The prevalences of SCS in 

these cohorts were not evaluated as the resolution on the postoperative CT 

images was inadequate for a fair comparison. Nevertheless, a trend towards a 
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lower prevalence of SCS in the SAS group was suspected, which could also 

play a role in the more significant volume shift posteriorly seen in the H cra-

niectomy group. 

Artificial Intelligence 

The purpose of the AI-based image analysis presented in this thesis was to 

enable objective, large-scale image data processing using high-performance 

computing, setting the stage for future multicenter comparisons. In paper III, 

we described a neural network-based method to analyze pre- and postopera-

tive images in craniosynostosis. There are multiple software systems available 

for segmenting intracranial volumes. The deep learning-based network is sig-

nificantly faster than any manual or semiautomatic conventional segmentation 

method. Segmenting cranial bones is more complex compared to intracranial 

volume due to difficulties in defining the borders in 2D. This paper first used 

a custom 3D segmentation application (BoneSplit) to perform reference seg-

mentations that were then refined and finalized in a 3D Slicer. These data were 

subsequently used to train convolutional neural networks that were shown to 

be reliable in the segmentation of total intracranial volume and cranial bones 

in preoperative CT images. The neural network-based methods for image 

analysis presented here could enable time- and resource-efficient data analysis 

in future larger studies. 

Reflections 

Throughout this thesis, various attempts were made to use subjective rating 

scales to analyze morphological outcomes. The only rating that was used was 

the presence of prominent diffuse gyral impressions. Considering the inter-

rater reliability of other subjective measurements in the field, the unfortunate 

but not entirely surprising result was an initial discordance between raters in 

20% of cases. However, a consensus could eventually be reached. This was 

not a subjective rating of morphological outcomes, which probably increased 

interrater reliability. We decided to still include these results in paper I given 

that the finding seemed to complement the other findings regarding SCS. 

The challenge with subjective rating scales in craniofacial surgery is that the 

rater’s perspective appears to play too important a role to make them statisti-

cally viable. If any morphological subjective scale should be used, the pa-

tient’s assessment of morphological outcome seems to be closest to the heart 

of the matter. Another notable trend among presentations at congresses/con-

ferences is that software systems can now detect subtle, persistent deformities 

that non-specialists overlook, which begs the question - what does it matter? 
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Strip craniectomy with postoperative helmet therapy is a minimally invasive 

surgical technique with good morphological outcome. The method is increas-

ingly common in the USA and does not appear to raise total costs51. However, 

it relies on the restraint of cranial growth in the anteroposterior plane by the 

helmet. The pi-plasty procedure is in the same vein, albeit it involves active 

compression in the anteroposterior plane. The burden of proof of neurocogni-

tive outcomes lies on the proponents of these techniques. 

In this research work we used data from three reference centers for craniofa-

cial surgery to identify differences between surgical methods for early treat-

ment of sagittal craniosynostosis. Most comparisons in the research field are 

within the same center with a choice of technique related to age at presentation 

or focusing on anesthesiology and perioperative data. Because of the rarity of 

the disease, cooperation between centers presents an opportunity to reach ad-

equate power levels. However, variations in clinical follow-up routines and 

examinations complicate comparative studies. International coordination of 

data obtainment and analysis would be of immense scientific value and a sig-

nificant step towards streamlining craniofacial care as opposed to the variabil-

ity seen today. The current discord in treatment methods for nonsyndromic 

sagittal craniosynostosis is conceivably a temporary phenomenon in anticipa-

tion of conclusive data. Remaining neutral to the outcome of a study is a chal-

lenge that likely increases with accumulating experience and pride. Optimis-

tically, the choice to change surgical techniques exercised in Uppsala after 

evaluating the data can set a precedent in the field. 
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Populärvetenskaplig Sammanfattning 

Kraniosynostos innebär en för tidig förslutning av en- eller flera av skallens 

tillväxtsömmar (suturer). Tillståndet kan antingen vara genetiskt orsakat, och 

är då oftast ett uttryck för ett kraniofacialt syndrom, eller icke-syndromalt. 

Den vanligaste typen är icke-syndromal synostos av den sagittala suturen - 

Sagittal Kraniosynostos. Vid Sagittal Kraniosynostos hämmas växten av  bar-

nets skalle i bredd. I och med den växande hjärnans behov av ökad plats växer 

då skallen kompensatoriskt på framför allt längden vilket ger ett typiskt utse-

ende i form av en smal och avlång skalle - Scaphocephali (båtskalle). 

Åsikterna kring hur, var och när tillståndet ska behandlas skiljer sig åt. Något 

som exemplifieras av de vitt skilda kirurgiska teknikerna som används. De få 

utfallsmått som är allmänt accepterade fångar inte alla komponenter av den 

deformitet som uppstår vilket försvårar studier på kirurgiska utfall och andra 

faktorer som kan tänkas ha påverkan på form. 

I den här avhandlingen undersöktes det radiologiska fyndet sekundär synostos 

av koronarsuturerna närmare. Fyndet visade sig korrelera till en tillväxthäm-

ning i längdriktning samt mindre tillväxt i huvudomfång och intrakraniell vo-

lym. 

Ytterligare avlägsnande av ben vid H-kraniektomi visade sig korrelera till en 

större korrigering av den scaphocephala deformiteten men en starkare effekt 

kom från att en större preoperativ deformitet tillät större korrigering. 

Den mindre invasiva fjädertekniken normaliserade deformiteten till en större 

grad än H-kraniektomi i en jämförelse mellan patientfall matchade för kön och 

preoperativ deformitetsgrad. 

En metod för att dela upp den intrakraniella volymen i tre delvolymer före-

slogs som ett sätt att närmare beskriva deformiteten som uppstår vid sagittal 

kraniosynostos. Metoden fångade upp skillnader som inte fångades upp av de 

mer etablerade måtten. 
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AI i form av neurala nätverk som kan mäta intrakraniell volym och kraniella 

ben togs fram och validerades vilket bekräftade metodens viabilitet inom om-

rådet. 
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