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Abstract

This thesis evaluated the factors affecting bone flap survival and bone flap resorption after primary
cranial reparation surgery, cranioplasty, conducted to repair a cranial bone defect with an
autologous cryopreserved bone flap. Emphasis is put on the predictors, progression, and definition
of an important yet poorly understood postoperative complication, bone flap resorption.

Study I assessed the rates and predictors of bone flap removal and bone flap resorption in a
Finnish retrospective multicentre setting. 40% of patients developed complications of whom half
required bone flap removal. Bone flap resorption and surgical site infections were the underlying
cause in 90% of bone flap removal surgeries. The prevalence of both surgical site infections and
bone flap resorption was 9%. In summary, young age was found to predict bone flap resorption
and smoking predisposed patients to infections requiring bone flap removal.

Study II applied computed tomography-based volumetry to evaluate the prevalence of
subclinical bone flap resorption and to monitor its progression. In the follow-up, 90% of patients
were found to have decreased bone flap volumes indicating varying degrees of resorption.
However, the progression of bone flap resorption as a function of follow-up time was non-linear
on the cohort level, and thus routine radiological follow-up seems unjustified. Most bone flaps do
not appear to resorb enough to require removal even in the long-term follow-up.

Study III addressed the unclarity in the definition of bone flap resorption. The computed
tomography-based Oulu Resorption Score was developed to standardise the interpretation of
radiological bone flap resorption and to guide follow-up interventions. The score values range
from 0 to 9 with increasing values implying more severe bone flap resorption. Coupled with
radiological evaluation conducted by independent neurosurgeons, an Oulu Resorption Score of ≥5
was defined to be clinically relevant. Further, the scores were divided into four grades based on
the recommended follow-up procedures. Grades 0 (score 0) and I (scores 1 to 4) require no
additional follow-up, but those with a grade II (score 5 to 8) or III (score 9) should be referred to
neurosurgical consultation with reoperation considered at least in cases of grade III bone flap
resorption.

Keywords: bone flap resorption, bone flap survival, computed tomography,
cranioplasty, cryopreservation, decompressive craniectomy, score, volumetry
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Tiivistelmä

Tässä väitöstyössä selvitettiin potilaan omalla kylmäsäilytetyllä luuistutteella tehtyjen kallon 
luupuutosten ensikertaisten korjausleikkausten tuloksiin vaikuttavia tekijöitä. Erityisesti tarkas-
teltiin luuistutteen liukenemisen, erään tärkeän, joskin heikosti ymmärretyn komplikaation 
ennustavia tekijöitä, etenemistä ja määritelmää.

Tutkimuksessa I selvitettiin luuistutteen poiston ja liukenemisen yleisyyttä ja näihin vaikutta-
via tekijöitä suomalaisessa takautuvassa monikeskusaineistossa. Potilaista 40 %:lle kehittyi 
komplikaatio. Komplikaatioista puolet johti istutteen poistoon. Luuistutteen liukeneminen ja 
leikkausalueinfektiot muodostivat 90 % poistoon johtaneista komplikaatioista. Sekä infektioi-
den että istutteen liukenemisen esiintyvyys oli 9 %. Nuori ikä altisti istutteen liukenemiselle ja 
tupakointi leikkausalueinfektiolle.

Tutkimuksessa II sovellettiin tietokonetomografiaan perustuvaa tilavuusmittausta luuistutteen 
oireettoman liukenemisen esiintyvyyden ja etenemistaipumuksen selvittämiseksi. Seurannassa 
90 %:lla potilaista todettiin alentunut luuistutteen tilavuus viitaten asteeltaan vaihtelevaan istut-
teen liukenemiseen. Koko tutkimusjoukon tasolla istutteiden liukeneminen ei kuitenkaan eden-
nyt lineaarisesti seuranta-ajan funktiona, joten rutiininomainen seuranta kuvantamistutkimuksin 
ei vaikuta perustellulta. Suurin osa luuistutteista liukeni niin vähän, ettei uutta leikkausta tarvit-
tu pitkässäkään seurannassa.

Tutkimuksessa III käsiteltiin luuistutteen liukenemisen nykyisellään epäselvää määritelmää 
ja kehitettiin uusi tietokonetomografiaan perustuva pisteytysjärjestelmä (Oulu resorption score) 
tarkoituksena vakioida radiologisten luuistutteen liukenemislöydösten tulkinta ja ohjata hoitolin-
jan valintaa. Pisteytysarvot vaihtelevat välillä 0-9. Kasvava arvo kuvaa luuistutteen liukenemi-
sen vaikeusasteen kasvua. Luokitus yhdistettiin riippumattomien neurokirurgien radiologisiin 
arvioihin, joiden perusteella pistemäärä ≥5 määriteltiin kliinisesti merkitykselliseksi. Pistemää-
rät jaettiin neljään luokkaan suositeltujen jatkotoimenpiteiden mukaisesti. Luokkia 0 (0 pistettä) 
ja I (1–4 pistettä) vastaava luuistutteen liukeneminen ei vaadi jatkotoimenpiteitä. Luokkia II 
(5–8 pistettä) ja III (9 pistettä) vastaavasta luuistutteen liukenemisesta suositellaan konsultoita-
van neurokirurgia. Uusintaleikkausta suositellaan harkittavan ainakin luokan III tapauksissa.

Asiasanat: dekompressiivinen kraniektomia, kranioplastia, kylmäsäilytys, luuistutteen 
resorptio, luuistutteen selviäminen, tietokonetomografia, volumetria
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1 Introduction 
Increased intracranial pressure (ICP) is a neurosurgical condition that commonly 

arises from traumatic brain injury (TBI) (Hutchinson et al., 2016) or stroke (Fung 

et al., 2012; Güresir et al., 2009; Vahedi, Hofmeijer et al., 2007). The sequelae of 

intracranial hypertension are lethal if not treated promptly, as the fixed volume of 

the braincase prevents the expansion of the intracranial components (Dunn, 2002). 

In cases of refractorily high intracranial pressure despite standard neurosurgical 

treatment such as medication, upper body elevation, controlled respiration, brain 

resection and evacuation of haematomas, the last treatment option is decompressive 

craniectomy (DC). In DC, a large portion of the skull bone is removed to create 

room for the swelling brain, thus relieving intracranial pressure and potentially 

saving the patient’s life (Timofeev, Santarius, Kolias, & Hutchinson, 2012). 

Among survivors, the cranial bone defect created in DC requires reparation 

after the acute phase has subsided. Cranioplasty is most commonly conducted using 

the same bone flap that was removed in craniectomy and subsequently 

cryopreserved (Bhaskar, Zaw, Zheng, & Lee, 2011b). Despite the technical 

simplicity of cranioplasty, as many as 40% of patients develop complications 

(Schwarz et al., 2016). In addition to conventional neurosurgical complications, 

such as infections, haematomas and disruptions of cerebrospinal fluid (CSF) 

dynamics, bone flap resorption (BFR) may occur. 

BFR, unique to autologous cranioplasties, is regarded as a late complication in 

which the bone flap fails to reintegrate and adhere to the cranium due to the 

dissolution and absorption of the bone tissue into the circulation, referred to as 

resorption. The bone flap becomes loose and palpably soft, and the functional and 

cosmetic properties of the cranium are compromised. Eventually, a bone defect 

practically identical to that preceding cranioplasty may recur (Kim, J. H. et al., 2018; 

Schoekler & Trummer, 2014). BFR is particularly common in paediatric patients 

of whom up to 50% develop BFR severe enough to require bone flap removal and 

synthetic cranioplasty (Bowers, Riva-Cambrin, Hertzler, & Walker, 2013; Grant, G. 

A. et al., 2004). Still, the complication is poorly understood and heterogenously 

defined in the literature (Honeybul, Morrison, Ho, Lind, & Geelhoed, 2017). 

Factors affecting the outcome of autologous cranioplasty are not well known. 

Further, the prognosis of patients undergoing DC has improved to a satisfactory 

level quite recently (Kolias, Kirkpatrick, & Hutchinson, 2013) - as long-term 

follow-up is lacking, it has been uncertain whether all autologous bone flaps 

eventually resorb enough to require removal. 
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2 Review of the literature 
At the time of writing this thesis, a literature search on the medical literature 

database PubMed (US National Library of Medicine, National Institutes of Health, 

Bethesda, Maryland, USA) with ”decompressive craniectomy” as the search word 

yielded 2144 publications, and the search word ”cranioplasty” returned 2061 

publications, both with a notable yearly increase in publication volume during 

recent years (Fig. 1). Publication volumes of literature addressing DC have 

increased since the 1990s with a prominent increase between the years 2009 and 

2011, shortly following the publication of several high-quality randomised 

controlled trials on DC in the setting of ischaemic stroke (Vahedi et al., 2007). The 

publication volumes of cranioplasty literature appear to follow those of DC 

research. 

Fig. 1. The number of publications from the years 1950 to 2018 found in the PubMed 
database with the search terms ”decompressive craniectomy” and ”cranioplasty” 
sorted by year on the horizontal axis. Modified from PubMed (US National Library of 
Medicine, National Institutes of Health, Bethesda, Maryland, USA). 
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2.1 Decompressive craniectomy 

2.1.1 Historical aspects of decompressive craniectomy 

Primitive forms of craniectomy, translated literally as the removal of parts of the 

cranium, have been a widespread practice throughout most of human civilisation 

with the earliest archaeological evidence dating back to the Mesolithic era (Lillie, 

1998), operated skull specimen from multiple eras having been uncovered in 

Europe, Asia, Africa, Australia, and the Americas (Kshettry, Mindea, & Batjer, 

2007; Martin, G., 1995). Possible contemporary motives proposed by historians for 

this primitive surgery include not only the spiritual and experimental but also the 

therapeutic (Clower & Finger, 2001; Gresky et al., 2016; Rifkinson-Mann, 1988). 

However, research is complicated by the scarcity of written evidence. 

The earliest known description of the gross anatomy of the braincase and the 

connection between cranial pathology and bodily symptoms is described in the 

Edwin Smith papyrus estimated to have preceded Hippocrates, who lived from 

circa 460 to 370 before Common Era, by approximately a millennium (Feldman & 

Goodrich, 1999; Sanchez & Burridge, 2007). However, the latter is commonly 

credited as the first to rationally evaluate the types of cranial injuries that require 

surgical treatment (Panourias, Skiadas, Sakas, & Marketos, 2005), and even to 

touch upon the alleviation of the symptoms of increased ICP by trephination 

(Kshettry et al., 2007). Hippocrates’ work was continued by Galen during the 2nd 

century of the Common Era (Missios, 2007). The medieval period saw some 

refinement of disinfection and surgical techniques along with more delineated 

indications for craniectomy (Apuzzo, Liu, Sullivan, & Faccio, 2007). 

A more precise perception of the composition of the intracranial fluid 

compartments began to form in the 18th and 19th centuries from a hypothesis put 

forward by Monro, later supported by the findings of Kellie and Abercrombie 

(Mokri, 2001). Complemented by the recognition of the cerebrospinal fluid, the 

Monro-Kellie doctrine represents the modern paradigm of the mechanisms of 

increased ICP (Dunn, 2002). A clinical application of the doctrine, the 

decompressive value of craniectomy was first established in patients with 

inaccessible tumours and TBI by Kocher and Cushing at the dawn of modern 

neurosurgery (Cushing, 1905; Cushing, 1908; Hildebrandt, Surbeck, & Stienen, 

2012). 

In the 20th century, DC entered an era of uncertainty, as initially promising 

results (Kjellberg & Prieto, 1971; Ransohoff & Benjamin, 1971) were disputed by 
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continued research into the matter (Cooper, P. R., Rovit, & Ransohoff, 1976; 

Cooper, P. R., Hagler, Clark, & Barnett, 1979), and the optimal operative 

techniques of cerebral decompression were discussed (Clark, Nash, & Hutchison, 

1968; Gaab, Rittierodt, Lorenz, & Heissler, 1990; Gower, Lee, & McWhorter, 1988; 

Ivamoto, Numoto, & Donaghy, 1974; Kjellberg & Prieto, 1971). Finally, the 

beginning of the 21st century marked the publication of multiple randomised 

controlled studies in the setting of ischaemic stroke (Jüttler et al., 2007; Vahedi, 

Vicaut et al., 2007) and TBI (Cooper, D. J. et al., 2011; Hutchinson et al., 2016) in 

an ongoing attempt to answer the ancient question of optimal patient selection for 

the procedure. 

2.1.2 Indications for craniectomy 

Mirroring the publication volumes, the utilisation of DC is increasing (Adeoye, 

Hornung, Khatri, Ringer, & Kleindorfer, 2011; Bhattacharya, Kansara, Chaturvedi, 

& Coplin, 2013). DC is considered the last line of treatment for intractably high 

ICP despite maximal conservative treatment. Various lesions discussed in detail 

below may facilitate intracranial hypertension through either direct expansion and 

mass effect or cerebral swelling. The effects of these changes are magnified by the 

fixed space of the cranium and lead to globalised cerebral ischaemia, brain 

herniation, and eventually brain death if not promptly addressed (Dunn, 2002). 

Generally, DC is aimed at decreasing ICP and increasing cerebral perfusion 

pressure (CPP) (Bor-Seng-Shu et al., 2012) by creating additional room for the 

intracranial contents, thus limiting the extent of secondary injury with the main 

rationale of ensuring adequate brain tissue oxygenation. 

Additionally, bone defects approximating those arising from DC may be 

caused either by disease affecting the cranial bone itself or by the treatment of 

complications after a primary craniotomy or cranioplasty to treat a previous disease. 

Malignant cerebral infarction 

The term malignant cerebral infarction is most commonly used to refer to an 

occlusion of the distal internal carotid artery or the proximal middle cerebral artery 

with the possible involvement of the anterior and/or posterior cerebral arteries 

resulting in a complete infarction of the corresponding brain parenchyma (Hacke 

et al., 1996) (Fig. 2, page 24). Through several biochemical mechanisms known as 

the ischaemic cascades, cerebral ischaemia results in cytotoxic oedema (Deb, 
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Sharma, & Hassan, 2010). Ionic and vasogenic oedema occur within hours to days 

from the ischaemia onset, and malignant swelling of the brain takes place (Simard, 

Kent, Chen, Tarasov, & Gerzanich, 2007). 

Fig. 2. Disease course of a middle cerebral artery infarction, DC and cranioplasty 
imaged with computed tomography (CT). A shows a massive malignant cerebral 
infarction of the areas of the left middle and anterior cerebral arteries (asterisk) with 
notable mass effect and midline shift to the right (arrow). In B, DC has been performed 
(arrow) and decompression achieved. Midline shift absent. C and D show the 
radiological status 8 months post-DC (1 month post-cranioplasty) with atrophic 
changes of the infarction area evident (asterisk). In E and F, the follow-up CT scan after 
8 years is shown. Minor resorptive changes in the bone flap are noted (arrowheads), 
but brain protection appears adequate. 

Even with maximal medical treatment, malignant cerebral infarctions are 

associated with a mortality rate of 80% (Hacke et al., 1996) – no medical treatment 

has been proven to be effective (Hofmeijer, van der Worp, H. Bart, & Kappelle, 

2003). Perhaps the most extensive evidence base on the usefulness of DC has been 
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built in the setting of ischaemic stroke, as randomised controlled studies have 

described a reduction of 40% in mortality after DC (Alexander et al., 2016). Still, 

the proportion of patients who are left neurologically severely deficient following 

decompression remains a topic of concern. The outcomes of DC are discussed in 

detail in chapter 2.1.4. In stroke patients, the decision to operate is based 

individually on the clinical condition of the patient and the severity of CT scan 

findings. 

Traumatic brain injury 

Traumatic brain injury (TBI) is precisely defined as an alteration in brain function, 

or other evidence of brain pathology, caused by an external force (Menon, Schwab, 

Wright, & Maas, 2010). It is the greatest cause of death and disability in patients 

with any trauma-related injury (Rubiano, Carney, Chesnut, & Puyana, 2015). It is 

commonly accepted that in the young, TBI is the most common cause of death and 

disability and often results from a motor vehicle accident (Peeters et al., 2015), 

while in the elderly, falls are the most prominent aetiology of TBI (Thompson, 

McCormick, & Kagan, 2006). 

In the context of TBI, the primary insult is direct injury to the brain parenchyma, 

such as brain contusions, lacerations, and axonal injuries (Stocchetti et al., 2017) 

(Fig. 3, page 26). Though being more precisely the result of a vascular injury, 

haemorrhages and haematomas (e.g. epidural, subdural, intracerebral, 

subarachnoid, and intraventricular) are commonly interpreted as types of primary 

injury (Stocchetti et al., 2017). The secondary insult is broadly defined as damage 

to the brain parenchyma mediated by the processes initiated in the primary insult 

(Werner & Engelhard, 2007) including some of the cascades, resulting into 

cytotoxic, ionic, and vasogenic cerebral oedema (Donkin & Vink, 2010). Most of 

the secondary injury is mediated through increased ICP, and it has been 

correspondingly reported that DC has a mortality-reducing effect in the setting of 

TBI (Zhang, D. et al., 2017). 
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Fig. 3. Disease course of TBI, skull base fractures, DC, cranioplasty and a postoperative 
epidural haematoma imaged with CT. A shows left-sided subdural haemorrhaging and 
frontal contusion haemorrhages (arrowheads) with a pronounced midline shift to the 
right (arrow). Diffuse contusional blood foci within the brain were noted. In B, skull base 
fractures are visible (arrows). In C, DC was conducted (arrow) and decompression 
achieved. D shows the bone flap status two days after cranioplasty. A postoperative 
epidural haematoma (asterisk) causing midline shift to the right (arrow) is noted three 
days after cranioplasty. Requiring reoperation, the haematoma was found to be of 
venous aetiology. The radiological bone flap status is shown 10 weeks (E) and 4 years 
(F) post-cranioplasty. Brain protection is adequate. Additionally, progressive dural 
osteogenesis under the bone flap is seen in E and F (white arrowheads). The right-sided 
burr hole visualised in E and F (black arrowheads) had been made during a 
subdurostomy procedure two weeks after DC in order to treat a subdural effusion. 

Subarachnoid haemorrhage 

Subarachnoid haemorrhage (SAH) may be attributable to a trauma or be 

spontaneous in nature. 80% of spontaneous SAHs result from an intracranial 
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aneurysm, and the rest from non-aneurysmal causes (Lawton & Vates, 2017). 

Notably, the observed incidence of SAH in Finland has been regarded the highest 

in the world (de Rooij, Linn, van der Plas, J. A., Algra, & Rinkel, 2007), but this 

difference appears to stem from different autopsy rates, cohort age distributions, 

and varying study periods (Korja & Kaprio, 2015). Further, SAH incidences appear 

to be decreasing yearly concurrently with smoking and blood pressure trends 

(Korja, Lehto, Juvela, Kaprio, 2016). 

In SAH, intracranial hypertension may occur as the result of interrupted CSF 

dynamics, the primary haemorrhage, vasospasmic cerebral infarction, and cerebral 

swelling (Macdonald & Schweizer, 2017). Intracranial hypertension is encountered 

in half of the patients with SAH, and it is a risk factor for adverse outcomes (Heuer, 

Smith, Elliott, Winn, & LeRoux, 2004). Though DC is known to decrease ICP after 

SAH (Schirmer, Hoit, & Malek, 2007), no consensus on its usefulness in terms of 

improvement of outcome or reduction of mortality has been established (Alotaibi 

et al., 2017). 

Intracerebral haemorrhage 

DC has been performed in the setting of spontaneous intracerebral haemorrhage 

(ICH) both with and without haematoma evacuation with encouraging results 

(Fung et al., 2012; Heuts et al., 2013; Moussa & Khedr, 2017), though the evidence 

base mostly consists of retrospective reports, and randomised controlled studies on 

the matter are scant. 

Other 

As the main rationale behind DC is the mitigation of secondary brain damage from 

intracranial hypertension, the procedure has been conducted as a vitally indicated 

treatment modality in various diseases causing increased ICP. Due to DC not being 

a routine treatment in the diseases, most of which rare occurrences, evidence 

consists mainly of anecdotal reports and small patient series. 

The use of DC as a palliative measure in patients with inaccessible brain 

tumours was first described in the beginning of the 20th century (Cushing, 1905), 

and the practice continues in rare cases to the present day as a measure to reduce 

the mass effect of the tumour and as an adjuvant to tumour resection (Shim & Lee, 

2016; Sun et al., 2014). Additionally, reports on the utilisation of DC in cerebral 

venous thrombosis (Aaron et al., 2013), bacterial, viral and toxoplasmic 



28 

encephalitis (Agrawal & Hussain, 2005; Schwab et al., 1997), meningitis (Hoehne, 

Friedrich, Brawanski, Melter, & Schebesch, 2015), subdural empyema (Miller, 

Dias, & Uttley, 1987), demyelinating diseases and disorders (Cereda et al., 2013; 

Dombrowski, Mehta, Turner, & McDonagh, 2011), diabetic ketoasidosis (Nguyen, 

Callahan, & Cohen-Gadol, 2011), hyperammonemic encephalopathy (Wendell et 

al., 2010), Reye syndrome, and certain intoxications (Aghakhani et al., 2009; 

Greengard, Voris, & Hayden, 1962) have been published. 

2.1.3 Types of craniectomy 

No general agreement on the optimal operative technique has been established. The 

choice of technique is individually based on clinical variables and ultimately the 

preference of the surgeon (Timofeev & Hutchinson, 2006). The most commonly 

utilised modern techniques for DC are frontotemporoparietal hemicraniectomy and 

bifrontal craniectomy. 

Jiang and colleagues conducted a randomised controlled trial (RCT) comparing 

the efficacy of a larger 12x15 cm frontotemporoparietal “standard trauma 

craniectomy” (hemicraniectomy) to that of a smaller 6x8 cm temporoparietal 

“limited craniectomy” in a cohort of patients with severe TBI, and it was found that 

patients who received the larger craniectomy had a greater reduction of ICP, more 

favourable outcomes, and a decreased incidence of postoperative complications 

(Jiang et al., 2005). A small craniectomy may cause the development of additional 

complications, such as shear stress-associated haemorrhaging and venous 

congestion due to pronounced brain herniation through a small skull defect 

(Wagner et al., 2001), or conversely the ICP-lowering bulging of tissue through a 

defect too small may be suboptimal, all compromising an adequate mitigation of 

secondary injury. Thus, in order to achieve the benefits of DC, the bone flap has to 

be sufficiently large. 

Contrasting the current widely accepted practice, Vieira et al. proposed that 

watertight duraplasty is not necessary in DC and may lead to a longer operation 

time (Vieira et al., 2018), a generally appreciated predictor of surgical 

complications (Daley, Cecil, Clarke, Cofer, & Guillamondegui, 2015). 

Hemicraniectomy 

Hemicraniectomy is the most common type of DC (Quinn et al., 2011). Generally, 

hemicraniectomy is preferred over the other types of DC in cases of unilateral 
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lesions causing cerebral oedema, such as malignant hemispherical infarctions and 

haematomas (Brown & Wijdicks, 2017). Concluding from the current evidence, the 

gold standard of decompressive hemicraniectomy should measure at least 12 cm in 

the anteroposterior direction and reach the floor of the middle fossa in order to 

adequately decompress the temporal lobe and to prevent uncal herniation (Quinn 

et al., 2011), with the bone defect not reaching closer than 1 cm laterally from the 

midline in order to protect the superior sagittal sinus and the bridging veins 

(Wagner et al., 2001). However, hemicraniectomies in excess of the lower limit of 

12 cm in anteroposterior diameter do not appear to carry additional benefits in terms 

of surgical risk profile (Tanrikulu et al., 2015). 

Bifrontal craniectomy 

Bifrontal craniectomy is of particular use in cases with bilateral, preferably frontal 

lobe insults, generalised brain swelling with no focal aetiology (Polin et al., 1997; 

Quinn et al., 2011), and other conditions particularly requiring anterior fossa 

decompression. Brown and colleagues and Quinn et al. provided an accurate 

description of bifrontal DC (Brown & Wijdicks, 2017; Quinn et al., 2011): the 

procedure is divided into single and double flap techniques with the latter 

preserving the midline, thus protecting the underlying superior sagittal sinus. In the 

former, the cranial bone defect connects the frontal zygomatic processes along the 

supraorbital rim, continues posteriorly towards the squamous part of the temporal 

bone, and is completed in the coronal plane crossing the midline again. In the single 

flap procedure, additional release for the brain tissue is provided by cutting the 

sagittal sinus and releasing the falx frontobasally. In the double flap technique, the 

midline is not crossed, but rather two bone flaps are formed by creating additional 

bilateral anteroposterior bone openings of approximately 1 cm parallel to the 

midline. Decompression may be enhanced by extending the bone opening towards 

the middle fossa floor using rongeurs. 

Other means of surgical cerebral decompression 

Some variants such as subtemporal, circumferential, and temporoparietal 

decompression have been applied (Clark et al., 1968; Gower et al., 1988; Jiang et 

al., 2005), but the lower diameter threshold of 12 cm or otherwise adequate 

decompression may not be achieved in some of these types of surgery, namely 

subtemporal and circumferential decompression. Posterior fossa decompression 
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may require suboccipital craniectomy (Hornig, Rust, Busse, Jauss, & Laun, 1994). 

Lately, some have experimented with more novel methods for surgical brain 

decompression. An adequate command of at least moderately increased ICP may 

be achieved through hinge craniotomy, telescopic craniotomy, or floating anchored 

craniotomy (Gutman, How, & Withers, 2017; Khanna & Ferrara, 2016; Schmidt, 

Reyes, Fischer, & Flaherty, 2007), though their superiority requires proof from 

RCT settings. 

2.1.4 Outcomes of decompressive craniectomy 

The most robust evidence on the effectiveness of any surgical procedure is obtained 

through randomised controlled trials. Thus, the present review of outcomes 

concentrates on recent RCTs, and further emphasis is put on studies involving the 

randomisation of at least 100 patients, including the pooled analysis of the 

DECIMAL, DESTINY and HAMLET trials, and the DESTINY II, RESCUEicp 

and DECRA studies. 

Neurological outcome 

Postoperative neurological functional outcome is often evaluated using the 

extended Glasgow Outcome Scale (GOSE) and the modified Rankin Scale (mRS). 

The original version of the Rankin Scale (RS) was described by Rankin (Rankin, 

1957) and improved upon in 1988 (van Swieten, Koudstaal, Visser, Schouten, & 

van Gijn, 1988) with the addition of the asymptomatic category and an updated 

definition of certain subcategories. The Glasgow Outcome Scale was originally 

described by Jennett and Bond (Jennett, & Bond, 1975), and later reiterated to form 

the GOSE (Jennett, & Snoek, 1981) in reply to concerns about the insensitivity of 

the Glasgow Outcome Scale to recovery within its outcome categories and the 

original scale possibly overlooking important aspects of invalidity after brain injury, 

such as cognitive and emotional impairment. The RS and the mRS are described in 

detail in Table 1, page 31, and the Glasgow Outcome Scale and the GOSE in Table 

2, page 32. 
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Table 1. Definitions of the RS and mRS categories for the evaluation of patients. 
Modified from Rankin 1957 and van Swieten et al. 1988. 

RS Definition mRS Definition 

  0 No symptoms at all Asymptomatic. 

1 No significant 

disability 

Able to carry out all usual 

duties 

1 No significant disability 

despite symptoms 

Able to carry out all usual 

duties and activities 

2 Slight 

disability 

Unable to carry out some of 

previous activities but able to 

look after own affairs without 

assistance 

2 Slight disability Unable to carry out all 

previous activities but able to 

look after own affairs without 

assistance 

3 Moderate 

disability 

Requiring some help, but able 

to walk without assistance 

3 Moderate disability Requiring some help, but able 

to walk without assistance 

4 Moderately 

severe 

disability 

Unable to walk without 

assistance and unable to 

attend to own bodily needs 

without assistance 

4 Moderately severe 

disability 

Unable to walk without 

assistance, and unable to 

attend to own bodily needs 

without assistance 

5 Severe 

disability 

Bedridden, incontinent and 

requiring constant nursing care 

and attention 

5 Severe disability Bedridden, incontinent, and 

requiring constant nursing 

care and attention 

  6 Dead1 Death 
1Though not reported in the original mRS, this category is often added for the sake of clinical trials. 

The DECIMAL, DESTINY, and HAMLET trials were pooled in order to compare 

the efficacy of medical treatment to that of medical treatment and decompressive 

craniectomy conducted within 48 hours post-ictus in patients aged 18–60 years in 

the setting of a malignant middle cerebral artery area infarction with a possible 

ipsilateral infarction of the areas supplied by the anterior or posterior cerebral 

arteries (Vahedi et al., 2007). Functional outcome was evaluated by comparing the 

proportions of patients with favourable (mRS 0–4) and unfavourable (mRS 5–6) 

outcomes at 12 months postoperatively. An initial pooled analysis of the trials was 

published with the HAMLET study still ongoing, and it was found that DC resulted 

in an absolute risk reduction of 51% for an unfavourable outcome (Vahedi et al., 

2007). Following the completion of all the three studies, a meta-analysis reported 

slightly diluted absolute risk reductions of 42% for an mRS >4 and 50% for case 

fatality (Hofmeijer et al., 2009): in the HAMLET trial, the time until randomization 

was longer than in the DECIMAL and DESTINY. Furthermore, the patients 

included in the HAMLET trial had sustained more severe strokes than those in 

DECIMAL and DESTINY.
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Complementing the aforementioned trials, Jüttler et al. conducted the DESTINY II 

trial that evaluated the utility of decompressive hemicraniectomy in patients 

aged >60 years (Jüttler et al., 2014). Compared with medical therapy only, DC 

increased the proportion of patients with mRS 0–4 from 18% to 38% at 6 months 

after randomisation. However, it should be noted that 32% of the patients who 

underwent DC attained an mRS of 4, and thus still required assistance with most 

bodily needs. In contrast to the analyses of younger patients, no patient reached an 

mRS of 2 or less at one year, and only 7% in the DC arm of the study had an mRS 

of 3 (Jüttler et al., 2014), whereas almost 40% of the patients under 60 years of age 

had achieved an mRS of 3 or less (Hofmeijer et al., 2009). In their randomised 

controlled study, Zhao et al. produced similar results for patients aged 60–80 years 

(Zhao et al., 2012). Thus, age is an important general factor affecting functional 

outcome after DC for malignant stroke. 

The DECRA trial was conducted to compare the utility of bifrontal DC to that 

of medical treatment in the context of a severe, diffuse TBI causing a refractory 

ICP of >20 millimetres of mercury (mmHg) for 15 minutes within one hour 

(Cooper et al., 2011). Evaluation of functional outcomes between the groups was 

conducted at 6 months post-injury using a proportional odds analysis of the GOSE. 

The investigators found that bifrontal DC led to worse outcomes than medical 

treatment. Some concerns have been raised with regard to operative indications and 

possibly inadequate randomisation, which may have diluted the observed utility of 

DC (Honeybul, Ho, Lind, & Gillett, 2011). 

Later, the RESCUEicp trial was conducted to evaluate possible differences in 

the functional outcome distributions between patients who were randomised into 

DC and conservative treatment groups. The outcomes were measured using the 

GOSE at 6 months post-injury in patients with severe TBI causing an ICP 

of >25mmHg for at least an hour (Hutchinson et al., 2016). It was found that DC 

increased the number of survivors at the unfavourable end of the GOSE with the 

difference in the proportion of surviving patients decreasing towards the more 

favourable outcomes. The rates of good recovery and moderate disability showed 

no difference between the arms of the study, but rates of mortality and severe 

disability were lower in the surgical group. Correspondingly, rates of vegetative 

state were higher in the surgical group. The rates of unfavourable outcomes 

observed in recent randomised controlled studies, including the smaller RCTs, are 

reported in Table 3 on page 35. 

The longer-term prognosis of patients who have undergone DC has been 

unclear. Outcomes of the HAMLET trial were reassessed at three years after 
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randomisation, and an absolute risk reduction of 27% for not being able to live at 

home was reported for the patients randomised into the DC group and, 

encouragingly, the quality of life of the patients in the DC group had improved 

when measured with the visual analogue scale and the Short-Form 36 

Questionnaire (Geurts et al., 2013). 

Honeybul et al. conducted a study where they evaluated the quality of life 

beyond three years of follow-up in patients who had undergone DC for TBI, and 

discussed the disability paradox in depth in a subsequent article (Honeybul, Janzen, 

Kruger, & Ho, 2013; Honeybul, Gillett, Ho, Janzen, & Kruger, 2016). Although 

distinctive recovery 18 months post-DC did not occur, many patients had re-

evaluated what constituted an acceptable quality of life suggested by the fact that 

most patients provided positive retrospective consent for DC. However, it cannot 

be excluded that the patients had lost a notable portion of their cognitive capacity 

following the primary insult, and therefore could not fully fathom the definition of 

an adequate quality of life. 

Mortality 

The mortality after severe brain insults is devastating, and a solid evidence base 

demonstrating that DC effectively decreases mortality has been built from various 

insults resulting in intracranial hypertension, most notably in the settings of 

malignant hemispherical infarctions and TBI (Table 3, page 35). Some factors 

reported to predict mortality after DC include a malignant middle cerebral artery 

infarction with involvement of an additional territory infarction, extensive midline 

shift, prolonged postoperative unconsciousness, a low preoperative Glasgow Coma 

Scale score, or more generally a poor initial neurological status, increasing time 

interval between the onset of intracranial hypertension and DC, anisocoria, higher 

ICP both pre- and postoperatively, and performing DC after transtentorial 

herniation has taken place (Güresir et al., 2009; Kamran et al., 2017; Polin et al., 

1997; Pompucci et al., 2007; Sauvigny et al., 2018; Ziai et al., 2003). Additionally, 

some variables concerning operative technique have been reported to increase the 

rate of mortality, such as surgery-related cerebral lesions including parenchymal 

haemorrhages, which seem to arise from too small craniectomies – a mortality rate 

of 45% in those with DC-associated parenchymal haemorrhages versus 20% in 

patients with no haemorrhaging was reported in a retrospective review (Wagner et 

al., 2001). 
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Concluding from the above, DC appears to shift the patient distribution on the 

functional outcome scales from death towards the more favourable outcomes, 

namely converting death into dependency. Quality of life, however, may increase 

in the longer follow-up, but whether the improvement is real or biased remains 

open to interpretation. It also remains an ethical question, whether this outcome is 

desirable or justifies DC. In the future, a more precise delineation of the patients 

that do achieve a favourable outcome is required in order to improve functional 

outcomes as well as mortality. The careful reader should bear in mind that the 

inclusion criteria of even high-quality RCTs may not fully reflect clinical practice, 

which skews the results somewhat. 

Table 3. Rates of mortality and unfavourable neurological outcomes after DC and 
medical therapy versus medical therapy only, respectively, from RCT studies. 

Study reference Mortality (%)  Unfavourable neurologic outcome (%)1 

At 6 months At 12 months  At 6 months At 12 months 

Stroke      

DECIMAL 2007 25 vs. 78 25 vs. 78  35 vs. 78 25 vs. 78 

DESTINY 2007 24 vs. 66 18 vs. 53  18 vs. 53 24 vs. 67 

HAMLET 20092 n/a 19 vs. 78  n/a 48 vs. 78 

Slezins, et al. 2012 n/a 56 vs. 92  n/a 0 vs. 0 

Zhao, et al. 20123 13 vs. 61 17 vs. 70  33 vs. 83 25 vs. 87 

Zhao, et al. 20124 13 vs. 62 19 vs. 69  31 vs. 92 38 vs. 100 

DESTINY II 20145 33 vs. 70 43 vs. 76  61 vs. 83 62 vs. 84 

HeADDFIRST 2014 36 vs. 40 n/a  36 vs. 50 n/a 

TBI      

Taylor, et al. 20016 23 vs. 36 n/a  46 vs. 86 n/a 

DECRA 2011 19 vs. 18 n/a  70 vs. 51 n/a 

RESCUEicp 2016 27 vs. 49 30 vs. 52  73 vs. 73 68 vs. 72 
1GOSE ≤4 (DECRA and RESCUEicp), and mRS >4 in the rest. 2Only those randomised within 48 hours. 
3All patients. 4Patients aged over 60 years (range 61–80). 5Only included patients older than 60 years 

(range 61 to 82). 6Only included pediatric TBI patients: median age 10 years (range 1 to 15), and used a 

modified version of the Glasgow Outcome Scale as an outcome measure. 

2.2 Cranioplasty 

2.2.1 Historical aspects of cranioplasty 

Following the treatment of cranial injuries, there remains a bone defect. As people 

surprisingly often survived the perioperative period in the ancient times (Kushner, 
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Verano, & Titelbaum, 2018), there arose the obvious demand for the reconstruction 

of the skull defect, cranioplasty. Correspondingly, the earliest archaeological 

evidence indicates that cranioplasty has been conducted 3000 years BC with some 

claiming even earlier occurrences as early as 7000 BC (Aydin, Kucukyuruk, 

Abuzayed, Aydin, & Sanus, 2011; Sanan & Haines, 1997). Dating back to 2000 BC, 

a Peruvian skull with a frontal defect still covered with a thin gold plate has been 

discovered (Shah, Jung, & Skirboll, 2014). 

Instead of directly reconstructing the protective properties of the healthy 

cranium, Hippocrates and his successors relied on the induction of granulation 

tissue growth to cover the defect (Sanan & Haines, 1997), and it was only during 

the 16th century that the first written documentation on the cranioplasty procedure 

emerged. Ibrahim bin Abdullah provided the first written evidence in 1505 

followed in Europe by Fallopius and Petronius (Aciduman & Belen, 2007). The 

latter two preferred the use of gold plates for the repair of the defect, whilst Ibrahim 

bin Abdullah, a military surgeon, described the use of goat and canine xenografts 

to treat bone defects resulting from cranial bone fractures and their treatment. 

The use of xenografts persisted, and van Meekeren, the Dutch surgeon, 

reported in 1668 a peculiar case of a Russian man who underwent canine-derived 

cranioplasty due to a cranial bone defect from a sword strike (Pankratiev, 1933; 

Sanan & Haines, 1997). As the case came to the knowledge of the Orthodox Church 

that regarded the image of God in man as being defaced by augmentation with 

canine bone, the man, excommunicated, turned to his surgeon to have the xenograft 

removed. Unfortunately, the outcome of the surgery had been optimal and the graft 

had integrated to the cranium too tightly to be removed, and therefore the man was 

forced to flee beyond the force of the excommunication. 

Walther is commonly credited for having conducted the first autologous 

cranioplasty in 1821 (Sanan & Haines, 1997). An understanding of the process of 

bone reintegration and regeneration began to develop following the animal 

experiments of Ollier and the histological description of the creeping substitution 

phenomenon by Barth in the late 19th century, complemented by the work of 

Axhausen, who during the early 20th century concluded that xenografts lacked 

regenerative ability, and that the viability of autografts surpassed that of allografts 

(Ghayor & Weber, 2018; Sanan & Haines, 1997). 

Thus, autografts may be considered the gold standard for bone grafting, and 

accordingly various donor sites have been used in cranioplasty, including the 

cranium itself, the tibia, the ribs whole and split, the scapula, and the ilium (Feroze 

et al., 2015; Grant, F. C. & Norcross, 1939). Cryopreservation was established as 
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an accepted form of bone graft preservation after DC in the 1950s, and cranioplasty 

using cryopreserved bone yielded promising results (Elliott & Scott, 1951; Odom, 

Woodhall, & Wrenn, 1952). Today, autologous cranioplasty for the repair of major 

calvarial defects is performed predominantly using bone preserved deep-frozen or 

in vivo after craniectomy. However, autologous bone flaps are prone to BFR, 

especially in paediatric patients, and additional disadvantages such as donor site 

morbidity (Burchardt, 1983) and the issue of graft availability have spurred the 

ongoing development of alloplastic materials for the correction of cranial defects.  

Alloplasts used in cranioplasty in recent history may be roughly divided into 

metals and metal alloys, plastics and ceramics (Feroze et al., 2015). The 20th 

century was a time of busy experimentation with different reconstruction materials. 

Of metals, aluminium was used for the first time in 1893, and though 

cosmetically viable (Black, Kam, & Sights, 1968), it had to be abandoned due to 

epileptogenicity and in vivo disintegration (Sanan & Haines, 1997). Gold and silver 

were tested, and their use was widespread during the first World War, but these 

materials were abandoned before the second World War (Bonfield, Kumar, & 

Gerszten, 2014), mainly due to concerns with softness, costs, and tissue reactions, 

the latter in the case of silver. Vitallium, a promisingly corrosion-resistant alloy, 

was used during the 1940s (Geib, 1941) and abandoned due to the non-malleability 

of the material (Feroze et al., 2015). Attempts at cranioplasty with lead led to lead 

poisonings (Sanan & Haines, 1997). Other metallic materials included tantalum, 

stainless steel, titanium, and platinum (Feroze et al., 2015; Sanan & Haines, 1997), 

with only titanium in widespread use today. 

Of plastics, celluloid was introduced during the 19th century, but it was later 

abandoned due to cellular reactions compromising its utility and the emergence of 

tantalum and polymethylmethacrylate (PMMA), a thermoplastic, which was 

introduced into cranioplasty in the 1940s (Gurdjian, Webster, & Chaignon Brown, 

1943). PMMA as a biotolerant and cost-effective material continues to be widely 

used today (Jaberi, Gambrell, Tiwana, Madden, & Finn, 2013; Marchac & 

Greensmith, 2008). Busch et al. first reported the use of PE as a cranial bone 

substitute (Busch, Bing, & Hansen, 1949), the tissue integration capabilities of 

which were sought to be improved with the introduction of porous PE (Klawitter, 

Bagwell, Weinstein, & Sauer, 1976; Liu, Gottfried, Cole, Dougherty, & Couldwell, 

2004). The latest major addition to the plastic class of cranioplasty materials, 

polyetheretherketone (PEEK), was described as recently as in the 21st century 

(Scolozzi, Martinez, & Jaques, 2007). 
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Of calcium phosphate-based materials, mainly hydroxyapatite and tricalcium 

phosphate have been used in cranioplasty. Hydroxyapatite is the prime component 

of the inorganic matrix of bone, and thus its inherent biocompatibility makes it an 

appealing bone substitute candidate. Though biocompatible, the mechanical 

properties of tricalcium phosphate proved suboptimal (Harris et al., 2014). A 

hydroxyapatite cement capable of being used in cranioplasty was first described in 

the 1980s (Costantino, Friedman, Jones, Chow, & Sisson, 1992) with better results, 

but due to its brittle nature, its use has been confined especially to small cranial 

defects (Bonda, Manjila, Selman, & Dean, 2015). The brittleness may be overcome 

to some degree by impregnating the hydroxyapatite cement with a titanium mesh 

(Shah et al., 2014), and, more recently, pre-formed patient-specific solutions have 

been described (Engstrand et al., 2014; Staffa et al., 2012). 

The ideal cranioplasty material is of adequate mechanical strength, confers 

ease of use, cost-effectiveness, high biocompatibility, unlimited availability, bone 

incorporation in terms of osteoinductiveness and osteoconductiveness, and a low 

infection rate, nor should any inflammatory reaction result from its possible 

degradation or heat be conducted by it (Goldstein, Paliga, & Bartlett, 2013; 

Goodrich, Sandler, & Tepper, 2012; Zanotti et al., 2016). In attempts to develop the 

optimal material, history has seen the introduction of always new prime materials 

only for them to be abandoned due to the emergence of an improved candidate. To 

the present day, no known material possesses all the desired qualities of the ideal 

cranial bone substitute. 

2.2.2 Autologous cranioplasty 

The particular advantages of using autologous bone grafting include those that the 

graft is bio-, histo-, and immunocompatible with the recipient (Zanotti et al., 2016). 

In the case of cranioplasty, the autologous cranial bone graft is also usually a perfect 

fit to the recipient site as depicted in Fig. 4, page 39, and correspondingly 

autogenous bone has been regarded the gold standard material in cranioplasty. 

Usually, the bone flap removed in DC is preserved frozen or in a subcutaneous fat 

pocket. Cryopreservation is not available in all neurosurgical units, and therefore 

subcutaneous preservation is sometimes conducted. Alternatively, subcutaneous 

preservation is forbidden by the law in some countries (Frassanito et al., 2017). The 

two methods appear to yield similar results (Corliss et al., 2016), but the presence 

of an additional surgical site in the case of subcutaneous preservation increases the 

risk of complications somewhat (Ernst, Qeadan, & Carlson, 2018). Fresh autografts 
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may also come into question in repairing cranial bone defects. Viable autograft 

materials include split-thickness cranial and rib autografts and some less common 

donor sites, but the inherent issues of donor site morbidity and the added 

complexity of surgery hinder their potential (Bonda et al., 2015; Goldstein et al., 

2013). Particularly, the split-thickness rib technique may result in a “washboard” 

appearance of the recipient site (Goodrich et al., 2012). 

Fig. 4. Bone flap thawing before reimplantation, the exposed recipient site of the bone 
flap and a 3D CT reconstruction of the cranium before cranioplasty (A, B, C, 
respectively). The bone flap was affixed to the cranium using double-sided clamp 
systems, and a perfect fit to the recipient site was achieved (D). 

After removal in DC, the cranial bone flap is most often preserved sterilely in a 

freezer (Bhaskar et al., 2011b). Preservation times and temperatures vary greatly, 

and no standard regarding either has been established (Malcolm et al., 2016). Some 

advocate submerging the bone flap in antiseptics prior to preservation (Zhang, J. et 

al., 2017). Cryoprotectants such as glycerol or dimethyl sulfoxide have been used 

A B

C D
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in an attempt to better preserve the viability of bone cells (Fan et al., 2018; Takeuchi 

et al., 2016), but their additional value in cranioplasty is unclear. Aiming to reduce 

the incidence of surgical site infections (SSIs) after cranioplasty, some authors 

conduct additional precranioplasty sterilisation by boiling or autoclaving the bone 

flap (Martin, K. D. et al., 2014; Osawa et al., 1990), which raises the question 

whether such a practice exposes the patient to complications due to the increased 

loss of bone cells. Martin and colleagues reported a BFR rate of up to 44% with 

boiled bone flaps in patients aged less than 18 years, but whether this is associated 

with the management of the bone flap is unclear, as Grant et al. reported similar 

results from a comparable cohort that underwent cranioplasty with cryopreserved 

bone (Grant et al., 2004). In any case, the bone flap should be considered an 

autologous scaffold for osteointegrative activity, as the viability of bone cells is lost 

in the freezing process alone (Bhaskar, Yusheng, Zheng, & Lee, 2011a; Chan et al., 

2017; Oh, Zöller, & Kübler, 2002). 

2.2.3 Synthetic cranioplasty 

Cranial bone substitutes comprise a heterogenous group of materials. They are used 

commonly for the repair of major calvarial defects such as those following DC. 

Synthetic implant materials include PMMA, PE, PEEK, fiber-reinforced bioactive 

glass solutions, titanium alloys, calcium phosphate-based materials, and certain 

composite materials. Notably, with the use of modern computer-aided design and 

manufacturing methods, all of the materials are available for the reconstruction of 

large defects (Cabraja, Klein, & Lehmann, 2009). A comparison of the relevant 

strengths and weaknesses of each cranioplasty material is provided in Table 4 on 

page 43. 

Polymethylmethacrylate 

Polymethylmethacrylate (PMMA) is a lightweight thermoplastic. The material was 

found to be highly biotolerable by the English ophtalmologist Sir Harold Ridley 

during the Second World War, as Royal Airforce pilots rarely developed 

inflammatory reactions after PMMA splinters penetrated and became enlodged in 

their eyes upon the shattering of cockpit sidewalls (Apple & Sims, 1996). 

Cranioplasty may be conducted either with an intraoperatively formed PMMA 

implant or a preoperatively made implant commonly manufactured using 

computer-aided design and 3D printing. 
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PMMA is regarded as a safe and effective cranioplasty material that has been 

shown to produce satisfactory long-term outcomes in both the adult and paediatric 

populations (Fiaschi et al., 2016; Jaberi et al., 2013). Major disadvantages of 

intraoperatively polymerised PMMA include the exothermic polymerisation 

reaction that may convey damage to the surrounding tissues and the proposed 

neurotoxic effects of the residual monomer (Golz, Graham, Busch, Wulf, & Winder, 

2010; Pikis, Goldstein, & Spektor, 2015). 

Polyetheretherketone 

Polyetheretherketone (PEEK) is a thermoplastic that is highly inert in nature. Thus, 

it is less susceptible to chemical and mechanical breakdown and the subsequent 

release of potentially toxic substances. Moreover, its structural stability is retained 

in high temperatures giving rise to the ease of sterilisation of the material (Zanotti 

et al., 2016). Using PEEK for the reconstruction of large cranial defects in 

multicentre settings, Rosenthal et al. and Jonkergouw & colleagues reported results 

comparable to autologous bone after mean follow-up durations of 2 years and 19 

months, respectively (Jonkergouw et al., 2016; Rosenthal et al., 2014). 

Polyethylene 

After its introduction in the 1940s, the properties of polyethylene (PE) bone 

substitute were improved with the introduction of porous PE, which allowed for 

bone ingrowth (Klawitter et al., 1976) and thus the integration of the implant to the 

cranium and possibly decreased infection rates. Liu and colleagues reported 

excellent outcomes in a large series of patients undergoing small-to-medium (<8 

cm) cranioplasty with porous PE cranioplasty (Liu et al., 2004), and Lin et al. 

demonstrated the viability of porous PE obtained via computer-aided design for the 

reconstruction of large cranial defects in paediatric patients (Lin et al., 2012). 

Titanium 

Titanium alloys are widely regarded as biocompatible and reasonably inert 

materials suitable for bone grafting. Titanium implants are in widespread use in 

various subspecialties of surgery. In cranioplasty, titanium may be used as 

intraoperatively malleable meshes and plates or manufactured using computer-

aided design methods to produce a patient-specific implant (Eppley, 2002; Park, E. 
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et al., 2016). Titanium mesh is sometimes applied in conjunction with other 

materials such as bone cements in order to improve the durability of the 

cranioplasty (Ducic, 2002). 

The mechanical strength of titanium plates greatly exceeds that of native bone, 

and though this may be seen as an advantage (Lemcke, Löser, Telm, & Meier, 2013) 

resulting in lesser deformation under stress, elastic modulus discontinuities may 

cause implant loosening at the bone–implant interface (Tsouknidas, Maropoulos, 

Savvakis, & Michailidis, 2011). Heat insensitivity may also occur due to thermal 

conduction when using metal implants. Though reports of favourable outcomes 

exist (Williams, Fan, & Bentley, 2016), concerns about the long-term outcomes of 

titanium mesh especially in high-risk patients have been reported (Kwiecien et al., 

2018). Especially in these cases, adequate soft tissue coverage of the titanium 

implant is paramount (Ma et al., 2018; Maqbool, Binhammer, Binhammer, & 

Antonyshyn, 2018). 

Calcium phosphates 

The main benefit of calcium phosphate-based materials as bone substitutes is their 

high biocompatibility. This arises from their physicochemical composition 

resembling that of the inorganic matrix of bone, which has been claimed to better 

enable osteointegration (Bhatt & Rozental, 2012). Calcium phosphate implants 

may be divided into calcium phosphate cements, solid tricalcium phosphates, and 

sintered hydroxyapatites (Larsson, 2010). Hydroxyapatite is probably the most 

common among calcium phosphate-based materials used in cranioplasty. It is 

available for cranioplasty mainly in two forms: bone cements and pre-formed 

patient-specific ceramic implants. 

Calcium phosphate bone cement cranioplasties seem to perform well in defects 

smaller than 25 cm2, but complication rates increase sharply in larger defects (Zins, 

Langevin, & Nasir, 2010). Osseous integration into these cements has indeed been 

shown, but it may be of inadequate extent, too superficial, and too slow to confer 

notable clinical value (Goodrich et al., 2012; Larsson, 2010). Osteointegration may 

be encouraged by increasing the porosity of the material, as has been done in the 

case of sintered patient-specific ceramic hydroxyapatite cranioplasty implants. Still, 

sufficient osteointegration remains a concern (Moles et al., 2018). In any case, 

satisfactory results have been reported using hydroxyapatite implants with claims 

of even spontaneous healing of traumatic implant fractures (Staffa et al., 2012). 

Fractures are indeed the major complication in porous hydroxyapatite implants due 
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to the brittleness of the material. The brittle nature of calcium phosphate-based 

constructs has in turn been addressed by reinforcing the patient-specific calcium 

phosphate material with a titanium skeleton (Engstrand et al., 2014). Consequently, 

promising results have been reported in a cohort with a high rate of previous 

cranioplasty failures with a median follow-up duration of 25 months (Kihlström 

Burenstam Linder, Birgersson, Lundgren, Illies, & Engstrand, 2018). 

Fiber-reinforced composite with bioactive glass 

Fiber-reinforced composite-based materials were first approved for use in cranial 

surgery in the 1990s (Vallittu, P. K., 1999). Bioglasses are synthetic bone substitutes, 

some of which are resorbable and convey osteoconduction, osteoinduction, and 

antibactericity (Ojansivu et al., 2015; Välimäki & Aro, 2006). Due to these 

favourable properties, bioglass has been added to cranial implant constructs in an 

attempt to enhance the integration of the fiber-reinforced composite-based implants. 

These fiber-reinforced composite with bioactive glass (FRC-BG) implants have 

shown promising short-term results in cranioplastic surgery (Aitasalo, Piitulainen, 

Rekola, & Vallittu, 2014; Piitulainen, Posti et al., 2015). 

Table 4. Comparison of the relevant properties of autologous bone and common 
cranioplasty materials available as patient-specific implants (Shah et al., 2014; Sinclair 
& Scoffings, 2010; Vallittu, 2017; Zanotti et al., 2016). 

Property Autologous 

bone 
PMMA PEEK & PE FRC-BG 

Hydroxyapa-

tite ceramic 
Titanium 

Biocompatible Native bone Yes Yes Yes Yes Yes 

Osteoconduction1 Yes No No Partial Yes No 

Osteoinduction Yes No No Partial Yes No 

Mechanical 

resistance 
Native bone 

Comparable 

to bone 

Comparable 

to bone 

Comparable 

to bone 

Moderate 

(brittle) 

Higher than 

native bone 

Cost Low2 Moderate High N/a High High 

CT artifact None None None None None Minor 

Magnetic 

resonance 

imaging artifact 

None None None None None Minor 

Toxicity None Possible Possible Possible None Possible 

Resorption Yes None None Partial3 None/Minor None 
1This property may be enhanced by increasing the porosity of the implant material. 2Costs associated 

with bone storage, e.g., cryopreservation, may increase the total cost. These costs have been reported to 

be between 400 to 900 € (Lemèe et al., 2013; Lethaus et al., 2014). 3Bioglass portion is resorbable. 
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2.3 Outcomes of autologous cranioplasty 

2.3.1 Neurological outcome 

Cranioplasty has been reported to notably enhance neurological rehabilitation 

(Dujovny, Aviles, Agner, Fernandez, & Charbel, 1997) as measured using various 

neurological scales. Therefore, the surgery should not be considered only cosmetic 

or mechanically protective. Using tests including the Barthel scale, Bender et al. 

noted that increases in the size of the repaired bone defect led to an increased direct 

benefit of cranioplasty on test results, although with no effect on the final outcome 

(Bender et al., 2013). Effects of cranioplasty on cognitive rehabilitation have also 

been demonstrated using neuropsychological test arrays (Bender et al., 2013; Di 

Stefano et al., 2012; Di Stefano et al., 2016), though their reliability may be 

questionable due to abundant confounding factors (Zucchella et al., 2018). 

Accelerated rehabilitation may be facilitated by the improvement of cerebral 

perfusion, its postural regulation, cerebrovascular reserve capacity, and cerebral 

metabolism after cranioplasty (Halani et al., 2017; Winkler, Stummer, Linke, 

Krishnan, & Tatsch, 2000). Indeed, Shahid et al. showed simultaneous 

improvements in postcranioplasty neurological status, cognitive tests, and cerebral 

perfusion (Shahid, Mohanty, Singla, Mittal, & Gupta, 2018), though with 

disconcordance between the areas of increased perfusion and those evaluated by 

the cognitive tests. Though causation could not be assumed, corresponding results 

were reported in a recent systematic review (Halani et al., 2017). Thus, the key role 

of cranioplasty in facilitating rehabilitation warrants recognition. 

Importantly, the time interval between craniectomy and cranioplasty has been 

identified as an important factor affecting neurological outcome. In a meta-analysis, 

patients who underwent cranioplasty earlier than 90 days after craniectomy showed 

improved neurological outcome with a greater improvement magnitude when 

compared to cranioplasty after more than 90 days (Malcolm, Rindler et al., 2018). 

In fact, a longer freezer time between craniectomy and cranioplasty may expose the 

patient to the syndrome of the trephined (Ashayeri, M Jackson, Huang, Brem, & R 

Gordon, 2016). 

The syndrome of the trephined, occasionally known as the sinking skin flap 

syndrome, is a rare postoperative complication of craniectomy. It is regarded as a 

neurological syndrome most commonly characterised by progressive motor 

weakness and cognitive decline, which appreciably and immediately improves 

following cranioplasty (Ashayeri et al., 2016). A “sunken” appearance of the skin 
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flap is often noted in reported cases, but it is unclear whether it is a genuine 

manifestation of the syndrome or if it merely arises from selection bias (Vasung et 

al., 2016). After craniectomy, the brain is more exposed to atmospheric pressure. 

Thus, the effect of the increased pressure exerted on the brain by the soft tissues 

resulting in decreased perfusion and abnormal CSF dynamics along with impaired 

glymphatic system function have been suggested as the underlying 

pathomechanisms (Ashayeri et al., 2016; Fodstad, Love, Ekstedt, Fridén, & 

Liliequist, 1984; Plog et al., 2018), which could be easily alleviated with 

cranioplasty. A recent study found that a lowered 3rd ventricle and intracranial CSF 

volumes after DC were associated with the syndrome (Vasung et al., 2016). In the 

absence of a standardised reporting system, however, the exact definition and 

pathophysiology of the syndrome remain to be established. 

2.3.2 Mortality 

In patients undergoing DC and subsequent cranioplasty, most mortality is seen in 

the perioperative phase of DC. Postcranioplasty mortality is lower, but still several 

percents (Zanaty et al., 2015). Schwarz et al. reported a 30-day mortality of 1.3% 

(Schwarz et al., 2016). There is a paucity of data regarding causes and times of 

deaths of cranioplasty patients with the data commonly reported only in cases with 

peculiar courses. Postoperative haemorrhages and haematomas are common 

(Schuss et al., 2012), and intracranial haematomas are associated with minor 

mortality in this setting (Morton et al., 2018; Zanaty et al., 2015). Further, patient 

selection likely affects mortality rates following cranioplasty. 

Notably, cases of intractable brain swelling resulting in sudden death after 

otherwise uneventful cranioplasties have been reported (Honeybul, 2011). A recent 

systematic review suggested underreporting of the complication and cited 26 

reported cases of the phenomenon (Robles & Cuevas-Solórzano, 2018). In the 

absence of any other appreciable cause, these cases are apparently a distinct clinical 

phenomenon that has been suggested to arise from a rapid shift from atmospheric 

pressure acting on the brain to the suction effect of the drain placed during surgery 

(Kaneshiro, Murata, Yamauchi, & Urano, 2017) and impaired cerebral 

autoregulation (Honeybul, 2011), which is associated even with mild TBI (Jünger 

et al., 1997). Sviri et al. suggested that this complication may be avoided by 

initiating suction to the surgical site only after awakening the patient (Sviri, 2015). 
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2.3.3 Complications 

Any neurosurgical operation entails a risk of complications (Rolston, Han, Lau, 

Berger, & Parsa, 2014). Though commonly regarded as a routine procedure, 

cranioplasty is associated with a notable burden of postoperative complications 

with rates up to 40% (Schwarz et al., 2016) (Table 5, page 46). Concerning 

complication rates, notable inter-study variability is evident likely due to both small 

sample sizes and varying definitions of complications between studies. Most 

complications occur in the immediate recovery period after cranioplasty (Coulter 

et al., 2014), but some, especially BFR, tend to occur in the longer follow-up 

(Honeybul et al., 2011). SSIs and aseptic BFR are the most common complications 

requiring repeat procedures, together accounting for 90% of revision surgeries 

(Malcolm, Mahmooth et al., 2018). 

Table 5. A broad classification of complications following cranioplasty. Adapted from 
Gooch et al., 2009; Theodosopoulos et al., 2012; Di Rienzo et al., 2016; Sahoo et al., 
2018. 

Type Complication 

Bone flap/implant complications Bone flap resorption 

 Bone flap/implant migration 

 Unsatisfactory cosmesis 

 Bone flap/implant fracture 

Wound infections Deep SSI 

 Superficial SSI 

Skin flap complications Necrosis 

 Dehiscence 

 Ulceration 

Conventional neurosurgical complications Intracranial haematoma 

 Extracranial haematoma 

 CSF leak and/or collection 

 Seizure 

 Hydrocephalus 

 Temporal hollowing 

 Scar alopecia 

Medical complications Deep venous thrombosis 

 Pulmonary embolism 

 Pneumonia 

 Intraoperative haemodynamic instability 

 Allergic reaction 
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Surgical site infections 

The definition of surgical site infection (SSI) varies between studies from the sole 

requirement of intravenous antibiotics to the surgical removal of the bone flap 

(Chang, Hartzfeld, Langlois, Mahmood, & Seyfried, 2010), and correspondingly 

the prevalence rates of SSIs range from 4% to 25% after cranioplasty with 

autologous cryopreserved bone (Fan et al., 2018; Piitulainen, Kauko et al., 2015). 

Risk factors for SSI suggested in previous studies include diabetes mellitus (DM), 

early cranioplasty, craniectomy with an emergency indication, prolonged operative 

time, autoclaving the bone flap before cranioplasty, subgaleal fluid collections, 

temporalis muscle resection, and multiple preceding operations (Chaturvedi et al., 

2016; Fan et al., 2018; Kim, H. et al., 2013; Lee, C., Chung, Lee, Yang, & Son, 

2012; Morton et al., 2016; Wui et al., 2016). The causative organism in 60% of 

autologous cranioplasty infections is of the Staphylococcus species followed by 

Propionibacteria and Escherichia coli (Morton et al., 2016). 

Bacterial culture samples are generally obtained from the bone flaps intended 

for cranioplasty. In order to theoretically reduce the incidence of SSIs, the bone 

flaps are usually discarded if the culture is positive for any bacterium. However, 

the predictive value of bone flap bacterial cultures taken during craniectomy seems 

poor in terms of postcranioplasty SSIs, and, furthermore, reimplanting a culture-

positive bone flap does not predict the development of SSI or even the causative 

pathogen of the possible SSI (Chiang et al., 2011; Morton et al., 2016). In Finland, 

tissue establishments, such as tissue banks, are supervised by the Finnish Medicines 

Agency (Act 101/2001 on the Medical Use of Human Organs and Tissues ("Tissue 

Act") 6a:20j.1 §) that also defines the appropriate practices concerning quality and 

safety as well as the minimum set of laboratory tests required for the use of tissue 

grafts (Finnish Medicines Agency Administrative Regulations 2/2014 and 3/2014). 

Hydrocephalus 

Hydrocephalus requiring CSF diversion is a common occurrence after DC affecting 

14% of patients postoperatively (Honeybul et al., 2011), but it may also occur after 

cranioplasty with an overall prevalence ranging from 1% to 12% (Piedra, Ragel, 

Dogan, Coppa, & Delashaw, 2013; Zanaty et al., 2015). The definition of 

hydrocephalus differs between studies from requiring the placement of a 

ventricular shunt to the presence of ventriculomegaly on a CT scan with 

accompanying neurological symptoms, all of the preceding, or ventriculomegaly 
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with no neurological symptoms (Bender et al., 2013; Cho, Park, Choe, & Seo, 2011; 

Piedra et al., 2013; Walcott et al., 2013). Likely, the mechanism of hydrocephalus 

is similar in both synthetic and autologous cranioplasty, and thus it is reasonable to 

presume similar risk factors for the complication irrespective of the cranioplasty 

material. Increasing age, female sex, SAH, TBI, and intraparenchymal 

haemorrhages have been suggested as risk factors for hydrocephalus following 

cranioplasty (Zanaty et al., 2015). 

Timing of cranioplasty after DC has been considered an important factor 

predicting the development of hydrocephalus, though its effect appears unclear, as 

conflicting results have been reported on the effect of timing of surgery on 

hydrocephalus (Morton et al., 2018; Waziri, Fusco, Mayer, McKhann, & Connolly, 

2007). A recent systematic review concluded that early cranioplasty was associated 

with increased odds for hydrocephalus, but that a subset of patients with pre-

existing hydrocephalus may benefit from earlier combined cranioplasty and 

ventriculoperitoneostomy (Malcolm et al., 2016) despite the additional 

complications associated with one-stage surgery (Heo, Park, Cho, Chang, & Park, 

2014; Schuss, Borger, Güresir, Vatter, & Güresir, 2015). 

The gravity of hydrocephalus is magnified, as it may be a predictor of 

subsequent SSI (Zanaty et al., 2015) and hinder neurological rehabilitation, and 

furthermore the insertion of a CSF shunt predisposes the patient to additional 

complications. This occurs not only as a direct consequence of the additional 

surgery, but the presence of a CSF shunt has also been identified as a predictor of 

cranioplasty complications (Walcott et al., 2013), such as BFR and infections 

(Mustroph et al., 2017). In infants undergoing cranioplasty whilst aged less than a 

year, symptomatic subdural fluid collections and hydrocephalus seem constant 

occurrences causing further complications, such as bone flap dislocation and 

subsequent BFR (Frassanito, Massimi, Caldarelli, Tamburrini, & Di Rocco, 2012). 

Haematoma 

A postoperative increase in the incidence of haematomas is evident (Fig. 3, page 

26). The total prevalence of epidural and subdural haematomas in any-material 

cranioplasty ranges from 2.2 to 12.2% (Bobinski, Koskinen, & Lindvall, 2013; 

Wachter, Reineke, Behm, & Rohde, 2013), and though usually treated successfully, 

a minor mortality of 0.26% is associated with their occurrence (Morton et al., 2018), 

emphasising the importance of intraoperative haemostasis and prompt recognition 
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of postoperative neurological deterioration. Extracranial haematomas and seromas, 

alleviated by aspiration where required, occur commonly. 

Other 

Despite the mainly extradural nature of cranioplasty, minor brain tissue 

manipulation occurs during surgery, which may precipitate seizures (Walcott et al., 

2013). Indeed, cranioplasty is associated with an increase in the incidence of new-

onset seizures of up to 16% (Sobani et al., 2011). The incidence of seizures may be 

further increased following additional surgery for postoperative complications or 

the primary insult. Importantly, seizures may be associated with increased 

postoperative mortality (Zanaty et al., 2015). In any case, effective seizure 

prevention is achieved with the use of antiepileptic drugs perioperatively (Liang et 

al., 2017). 

Various additional postoperative complications may occur after cranioplasty. 

Wound complications may be classified as necrosis, ulceration, or dehiscence (Di 

Rienzo et al., 2016). These may arise from an improper fit of the bone graft, SSI, 

or inadequate soft tissue coverage. As one of the most intuitive benefits of 

cranioplasty is the restoration of normal cosmesis, an unsatisfactory cosmetic 

outcome may be debilitating to the patient and is commonly considered a 

complication. Certain complications that are attributable to any cranial 

neurosurgical operation may occur, and those include CSF leaks, infections of the 

central nervous system, and wound alopecia. 

2.4 Bone flap resorption 

Bone flap resorption (BFR), depicted in Fig. 5, page 50, is perhaps the most 

important complication following autologous cranioplasty. It may not only hamper 

the protective and aesthetic properties of the cranium especially in the paediatric 

population (Rocque et al., 2018) but also predispose the patient to additional 

complications, such as bone flap instability. Together with SSIs, it is the most 

common cause of bone flap removal (Brommeland, Rydning, Pripp, & Helseth, 

2015; Wachter et al., 2013). Still, BFR remains underdiagnosed and poorly 

understood (Dünisch et al., 2013), and no known surgical technique has been shown 

to affect its incidence. 
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Fig. 5. Bone flap resorption. A shows the intact bone flap one week after cranioplasty in 
a computed tomography scan. In B, the skull bone exactly one year after cranioplasty 
is shown. In C, a three-dimensional reconstruction of the skull bones at one year after 
cranioplasty is shown. Here, the bone flap shows extensive thinning, hole formation, 
and non-union with the surrounding calvarium. Brain protection was compromised, and 
thus a re-cranioplasty was conducted. D shows the radiological status after removal of 
the resorbed bone flaps and reconstruction with a polyetheretherketone (PEEK) implant 
that appears hypodense compared to the cranium. 

In previous studies evaluating the radiological manifestations of BFR, prevalences 

from 43% to 54% have been reported for BFR of any severity (Table 6, page 51) 

(Dünisch et al., 2013; Ernst et al., 2018). Not all radiological cases of BFR are 

severe enough to require surgical treatment: retrospective reports cite prevalence 

rates of 1% to 32% for clinically relevant BFR (Klinger et al., 2014; Moreira-

Gonzalez, Jackson, Miyawaki, Barakat, & DiNick, 2003). Concerning BFR, inter-

study variation is perhaps even more pronounced than in the previously discussed 

complications. Paediatric patients and those with CSF-diverting shunts appear to 
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be at most risk for developing BFR. Preservation method, freezer time, 

fragmentation of the bone flap, and indication for DC bear more unclear impacts 

on BFR than age and CSF diversion. 

Table 6. Comparison of BFR prevalences obtained from studies aimed to assess the 
severity of BFR radiologically. 

Study Total prevalence of BFR (%) Follow-up time (months) 

Dünisch et al. 20131 54 Median 11 (IQR 2 to 25)  

Ewald et al. 20131 34 Median 9 (IQR 4 to 22) 

Schwarz et al. 20161,2 22 Median 11 (IQR 2 to 23) 

Stieglitz et al. 2015 51 Mean 21.6 (SD 1.5)  

Honeybul et al. 2017 62 12 (RCT) 

Zhang et al. 2017 46 Mean 63.1 (range 24–122) 

Ernst et al. 20183 43 Mean 11 (range 0.03 to 109) 

IQR = interquartile range, SD = standard deviation. 1These studies report parts of the same patient 

cohort. 2Only “type II” BFR reported. 3Subcutaneous bone flap preservation, BFR evaluated using the 

grading of Dünisch et al. 

2.4.1 Definition of bone flap resorption 

The term bone flap resorption (BFR) implies disintegrative osteolytic changes of 

varying severity and loss of bone tissue occurring in the bone flap after 

reimplantation. The process may cause weakening and loosening of the bone flap, 

and eventually involve non-union of the bone flap with the surrounding calvarium 

along with cavity formation within the flap (Fig. 5, page 50). The process may 

eventually compromise the protective capabilities of the healthy cranium. At worst, 

a status practically identical to that before cranioplasty may recur (Kim et al., 2018; 

Schoekler & Trummer, 2014) as the bone flap is finally absorbed into the 

circulation. 

In the literature, BFR has been defined clinically as bone flap osteolysis 

causing progressive skull defect, instability, or cosmetic deformation of the skull 

(Schuss et al., 2012). Commonly only BFR severe enough to indicate re-

cranioplasty is reported in the clinical literature. However, judgment of the 

necessity of re-cranioplasty is highly subjective and depends on the severity of BFR, 

for which no standard definition has been established (Ewald et al., 2014; Honeybul 

et al., 2017; Mracek, Hommerova, Mork, Richtr, & Priban, 2015). Radiological 

definitions vary, and they are discussed in detail below (pages 55 to 58). 
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2.4.2 Factors affecting bone flap resorption 

Young age 

The incidence of BFR has been established to decrease with increasing age. In 

patients aged less than a year, BFR was a constant finding with a prevalence of 100% 

(Frassanito et al., 2012). 70% of patients younger than 2.5 years (Bowers et al., 

2013) and up to 50% of the general paediatric population develop BFR (Bowers et 

al., 2013; Grant et al., 2004). A pooled prevalence of 39% across all paediatric 

patients undergoing cryopreserved autologous cranioplasty was reported in a 

systematic review of the literature (Rocque, Amancherla, Lew, & Lam, 2013). 

Indeed, Rocque et al. suggested a decrease of 1% in risk of BFR per an increase of 

one month in patient age on the basis of a multicentre study that retrospectively 

evaluated 240 paediatric patients undergoing autologous cranioplasty with either 

stored cranial autografts, other autografts or, in 2 cases, with allografts (Rocque et 

al., 2018). This steep relationship will however break down at later ages, indicating 

which Morton et al. suggested a hazard ratio of 0.67 for BFR per an increase of 10 

years in patient age in a cohort comprised predominantly of adults (Morton et al., 

2018). 

It is not clear which characteristics of young cranial bone induce BFR, but 

some hypotheses have been set out. Ongoing growth of the cranium includes 

resorptive activity and affects the metabolic properties of the skull bone, which may 

in turn precipitate BFR, especially if the metabolic demand of revitalising a large 

devitalised bone flap exceeds the capabilities of the surrounding calvarium (Bowers 

et al., 2013). Grant et al. suggested that in paediatric populations, the underlying 

cause of BFR is thinness of the cranial bone (Grant et al., 2004), which may 

translate to few growth factors and minimal scaffold for osteointegration, especially 

after partial BFR has occurred. The role of the dura mater in cranial growth is well 

established. In DC, however, the dura is manipulated, which leads to a local lack 

of dural coverage and may disturb the normal resorption–apposition pattern of skull 

growth, which has been suggested to predispose younger patients to BFR (Martin 

et al., 2014). 

Cerebrospinal fluid shunting 

In the realm of patients undergoing cranioplasty, CSF-diverting shunts may be 

required for the treatment of abnormal CSF dynamics, such as hydrocephalus, 



 

53 

following the initial insult, DC, or cranioplasty itself. The presence of CSF-

diverting shunts after cranioplasty, however, appears to increase the incidence of 

complications (Walcott et al., 2013), particularly BFR (Dünisch et al., 2013). BFR 

leading to bone flap collapse has been reported in 25% of the patients with 

ventriculoperitoneostomy compared with 4% of those without a shunt (Zhang et al., 

2017). 

It is unclear how CSF diversion causes BFR. Possible suction effects due to 

CSF volume reduction may be involved. Indeed, Tsang et al. reported CSF shunting 

to increase the risk of bone flap depression following cranioplasty (Tsang, Hui, Lui, 

& Leung, 2015), and Zhang et al. suggested that the possible fine motion arising 

from the siphon effect of the shunt may lead to BFR through slight bone flap 

instability (Zhang et al., 2017). Additionally, the normal growth of the cranium 

depends on an intricate interplay of growth factors, the meninges, and cranial 

sutures initially induced by the expansion of the brain tissue (Richtsmeier & 

Flaherty, 2013). These mechanisms and consequently cranial growth may be 

disturbed by CSF shunts (Nilsson, Svensson, Korkmaz, Nelvig, & Tisell, 2013), 

which appear to affect the development of BFR not only in paediatric cohorts but 

also in adult patients. 

Fragmentation of the bone flap 

The implantation of fragmented bone flaps, whether iatrogenic or aetiology-related, 

has been reported to predispose patients to BFR (Bowers et al., 2013; Dünisch et 

al., 2013; Schuss et al., 2013; Brommeland et al, 2015; Schwarz et al., 2016; Zhang 

et al., 2017). This is a highly intuitive result, as in order for the bone flap to survive, 

adequate revascularisation and perfusion are critical (Oppenheimer, Tong, & 

Buchman, 2008). Following fragmentation, bone perfusion may be disturbed 

through multiple pathways. In order for the bone flap to become fused with the 

surrounding calvarium, it must become fully revascularised. This requires healing 

of the saw gap formed in removing the bone flap and of any additional fractures. 

Fractures heal in an indirect fashion or, in the presence of an exact and stable 

anatomical approximation of fracture ends, by direct healing. Both of these 

mechanisms require the breaching of fracture lines by cytokines, growth factors, 

and bone repairing cells (Marsell, 2011). Thus, the multiplicity of fractures within 

the bone flap may slow the process of bone flap revascularisation, an effect possibly 

further worsened by the fine motion of bone flap fragments (Zhang et al., 2017) 

especially in cases of suboptimal fixation. 
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Preservation method 

Bone autografts that contain viable bone cells may be held as the gold standard of 

cryopreserved bone grafts, as they are considered to provide the fastest graft 

incorporation (Oh et al., 2002). Bone flaps implanted in cranioplasty are usually 

cryopreserved (Bhaskar et al., 2011b), following which the viability of bone cells 

is lost (Bhaskar et al., 2011a; Chan et al., 2017). Conversely, microstructural 

changes in bone after the freezing process appear minor at most and generally 

consist of cellular and collagenous alterations – importantly, Haversian canals, 

lamellae, and canaliculi have been described to be unaffected by the freezing and 

thawing of the bone in fibular and rabbit models (Andrade, Sá, Marchionni, dos 

Santos Calmon de Bittencourt, & Sadigursky, 2008; Shaw et al. 2012). Thus, 

cryopreserved bone flaps are to be considered nonvital biocompatible scaffolds for 

bone regeneration and revitalisation. 

Another common bone flap preservation method is placing the bone flap in a 

subcutaneous pocket until cranioplasty. With subcutaneous bone preservation, bone 

viability may be better preserved as both osteoblast activity and osteogenesis within 

the bone flap has been described following retrieval from the subcutaneous pocket 

(Singla, Parkinson Singh, Gupta, Karthigeyan, & Radotra, 2014). Using 

subcutaneous preservation, radiological BFR occurs similarly compared to 

autologous bone flaps, though severe BFR may develop more uncommonly (Ernst 

et al., 2018). Comparative studies are scant, but those published suggest similar 

results between the two methods (Corliss et al., 2016). 

Traumatic brain injury as a risk factor for bone flap resorption 

Of the conditions leading to DC, BFR is most commonly attributed to TBI 

(Honeybul & Ho, 2011; Schuss et al., 2013). TBI may result in bone flap 

fragmentation, which was discussed earlier. Additionally, the incidence of TBI 

peaks in young adults and in the elderly (Peeters et al., 2015). This may also be 

reflected in the age of patients undergoing cranioplasty after TBI as DC is 

commonly contraindicated in the elderly. This may in turn increase the observed 

incidence of BFR in TBI patients, who are generally younger than those undergoing 

DC for other reasons. 
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Microbiological and pathophysiological aspects of bone flap resorption 

Viable bone undergoes constant remodeling induced by osteocytes and 

characterised by resorption and ossification through the activity of osteoclasts and 

osteoblasts, respectively, and disturbances of this process may lead to bone 

metabolic disease (Feng & McDonald, 2011). It would therefore be intuitive to 

propose that BFR after cranioplasty is associated with either increased osteoclastic 

resorption or decreased osteoblastic ossification. As discussed earlier, it is known 

that cells sustain damage during cryopreservation (Karlsson & Toner, 1996). 

Subsequently, osteoblasts lose their viability following cryopreservation (Bhaskar 

et al., 2011a). Assuming similar behaviour for osteocytes, apoptotic osteocytes 

could thus contribute to BFR, as apoptotic osteocytes are inductors of osteoclastic 

bone resorption (Plotkin, 2014). However, osteoclastic dissolution of the inorganic 

bone matrix should increase extracellular calcium concentration (Silver, Murrills, 

& Etherington, 1988), which should, in principle, inhibit osteoclastic bone 

resorption (Kajiya, 2012; Lorget et al., 2000). Regardless, clinical BFR still 

develops in some cases, and thus the cellular etiology of BFR is unclear. 

In long bones, avascular necrosis denotes bone cell death due to insufficient 

blood perfusion with commonly progressive behaviour ultimately resulting in joint 

destruction within months to years (Rajpura, Wright, & Board, 2011). In the realm 

of cranioplasty, inadequate perfusion may occur due to bone flap instability, the use 

of bone wax, and large gaps between the autograft and the healthy cranium. The 

magnetic resonance imaging and histological signs of avascular necrosis are 

characteristic (Saini & Saifuddin, 2004), but these findings from cases of BFR are 

scant in the literature, and thus avascular necrosis cannot be definitively assigned 

as the cause of BFR. Osteolytic processes, mediated through the uncoupling of 

bone resorption and formation, are also seen in cases of osteomyelitis (Marriott, 

2013), and though aseptic BFR differs from septic osteolysis in its pathology, as 

there is no known septic component, SSIs have been identified as risk factors for 

BFR suggesting an association between these two clinical entities (Schuss et al., 

2013). Still, the main pathway of clinical BFR remains unclear. 

2.4.3 Quantitative radiological analysis 

Manual CT volumetry was first described shortly after the introduction of CT 

devices into clinical practice (Breiman et al., 1982; Heymsfield et al., 1979). 

Subsequently, the summation of area method has been adopted in various 
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specialties of medicine such as transplantation surgery and oncology (Kawasaki et 

al., 1993; Lee, S. M. et al., 2009). Volume measurements obtained by manual 

volumetry correspond sufficiently with the actual volumes, and in the case of 

several skeletal sites interobserver variability has been minor (Brindle et al., 2006; 

Srivastava, Cheng, & Das, 2016). Continuing, semiautomated approaches to CT 

segmentation have been described for various applications including cranial bone 

(Kang, Engelke, & Kalender, 2003). Despite CT volumetry being a commonly 

accepted method, no prior studies have reported its use, manual or computer-

assisted, in monitoring the development of BFR following cranioplasty. Some 

quantitative evidence of BFR has however been obtained via simple lateral 2D area 

measurements, which only account for bone loss occurring on the margins of the 

bone flap (Park, S. P. et al., 2017). 

Hounsfield units (HU) are a quantitative measure of radiodensity inherent in 

the visual interpretation of CT data. HU values describe the attenuation coefficient 

of tissue in relation to the attenuation coefficients of distilled water and air, 

radiodensities of which are defined as 0 and -1000 in HUs (Hounsfield, 1980). 

There exists a correlation between HU values and bone mineral density, which is a 

component of bone strength (Schwaiger et al., 2014). The relationship has been 

extensively applied in musculoskeletal radiology (Schreiber, Anderson, & Hsu, 

2014), but their use for cranial bone is less established. In the context of 

cranioplasty, HU values have been mainly applied in following the survival of 

synthetic implants (Thesleff et al., 2011; Zaccaria, Tharakan, & Altermatt, 2017). 

2.4.4 Grading systems 

Instead of volumetric approaches, research effort has centred on the development 

of subjective grading systems for BFR. To date, four studies have attempted to 

establish radiological or clinicoradiological systems for the recognition of BFR 

(Dünisch et al., 2013; Honeybul et al., 2017; Stieglitz et al., 2015; Zhang et al., 

2017). The systems are summarised in Table 7 to Table 10, pages 57 to 58. 
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Table 7. The classification criteria for BFR proposed by Dünisch et al. 

Category Explanation Prevalence (%) 

Type I bone flap 

necrosis 

A thinning of the bone flap and/or a beginning resorption along the 

rims of the flap. 

32 

Type II bone flap 

necrosis1 

A circumscribed, complete lysis of the bone within the flap, 

including tabula interna and externa with loss of the bony protection 

of the brain. 

22 

1Type II BFR was held an indication for re-cranioplasty at Dünisch and colleagues’ institution. 

Table 8. Classification of BFR according to Honeybul et al. 

Variable Radiological criteria Prevalence (%) 

Complete success Fusion at anterior craniectomy margins & no evidence of BFR 39 

Partial success No fusion at craniectomy margins but minimal evidence of BFR. 16 

Satisfactory Some BFR but cerebral protection is satisfactory. 13 

Partial failure1 Erosion through both tables of calvarium or with significant gaps in 

the skull such that cerebral protection is potentially compromised. 

10 

Complete failure1 Loss of cerebral protection – requires augmentation 23 
1Partial failure may indicate re-cranioplasty, complete failure indicates re-cranioplasty according to 

Honeybul et al. 

Table 9. The scoring criteria for BFR proposed by Stieglitz and colleagues. 

Variable CT findings 

if available 

Inspection or palpation finding 

if CT unavailable 

Points1 

Gaps or holes 

(not temporobasal) 

None Not palpable or visible 0 

<2 cm  +1 

≥2, <3 cm  +2 

≥3 cm Palpable or visible +3 

Bone thickness ≥1 mm Cannot be judged 0 

<1 mm +1 

Bone flap stability, 

dislocation, collapse 

< bone thickness Stable 0 

≥ bone thickness Palpable or visible instability, 

dislocation or collapse 

+3 

1Treatment guidelines derived by the Stieglitz et al. from their score: 0 points (no BFR): clinical follow-up, 

1–2 points (minor BFR): follow-up with CT scan after 6 months, ≥3 points (major BFR): re-cranioplasty. 

Minor BFR was observed in 21% of their patients and major BFR in 30%. 
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Table 10. Typing of BFR proposed by Zhang et al. 

Variable Characteristics Prevalence (%) 

Type I Bone flap thinning or bone gap widening: BFR occurs mainly at the 

surface and the rim of the bone flap. 

27 

Mild Thickness over 2/3 of the cranial bone. 23 

Moderate Thickness less than 2/3 of the cranial bone. 2 

Severe1 Bone flap collapse due to BFR and loss of support function. 2 

   

Type II Reduced bone density: BFR shows a homogenous decrease of 

density, with or without bone flap thinning. 

5 

Mild The density is slightly reduced 4 

Moderate Density greatly reduced 1 

Severe1 Bone flap collapse due to BFR and loss of support function. 0 

   

Type III Osteolysis within the bone flap: BFR displays limited or extensive 

osteolysis, characterised by “moth-eaten” appearance 

13 

Mild Mildly moth-eaten appearance 6 

Moderate Significantly moth-eaten appearance 3 

Severe1 Bone flap collapse due to BFR and loss of support function. 4 
1Zhang and colleagues suggested severe BFR of any grade an indication for re-cranioplasty. 
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3 Aims of the study 
The goals of the present study were to evaluate the outcomes and complications of 

cryopreserved autologous cranioplasty surgery with an emphasis on BFR, and to 

describe and apply two novel radiological tools to be used in the follow-up of BFR 

for both treatment and research purposes. The research questions for the 

corresponding substudies were set as follows. 

1. How common are postoperative complications, complications severe enough 

to require bone flap removal, and BFR requiring repeated surgery after primary 

autologous cranioplasty in a Finnish multicentre setting? (I) 

2. What are the risk factors for bone flap removal and clinical BFR? (I) 

3. How common is subclinical BFR in patients undergoing autologous 

cranioplasty after decompressive craniectomy? (II) 

4. Will most bone flaps resorb enough to require removal in the long follow-up: 

is BFR a progressive phenomenon? (II) 

5. How should BFR be defined in research and clinical applications, and what 

extent of BFR is to be considered clinically relevant? (III) 
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4 Patients and methods 

4.1 Subjects 

The study population of the multicentre retrospective study (I) comprised 207 

patients who underwent their first autologous cranioplasty that was conducted with 

a cryopreserved autologous bone graft at either the Oulu University Hospital or the 

Turku University Hospital between 1st January 2002 and 31st December 2015 or at 

the Kuopio University Hospital between 1st January 2005 and 31st December 2015. 

Three autologous cranioplasties were nonprimary and therefore excluded from the 

study population. Additionally, minor cranioplasties (such as burr hole repairs) and 

cranioplastic surgery for craniosynostoses were excluded. The three 

aforementioned tertiary level teaching hospitals are the only hospitals in their 

corresponding hospital districts performing craniectomies and cranioplasties, and 

thus all patients with cranioplasty complications are referred to these hospitals. The 

combined population base served by these three hospitals was 2,500,000 

inhabitants as of 31st December 2015. 

For the studies II and III, all 45 primary autologous cranioplasty procedures 

conducted with cryopreserved autologous bone flaps following DC at the Oulu 

University Hospital between 1st January 2004 and 31st December 2014 were 

identified (Fig. 6, page 62). The patients were additionally required to have 

undergone at least either a preoperative or an immediate postoperative CT scan and 

a subsequent follow-up CT scan. If the CT data were unavailable in the Oulu 

University Hospital picture archiving and communication system, secondary 

centres were queried for possible additional data. An immediate postoperative CT 

scan of 33 (80.5%) patients was found. In the absence of the immediate 

postoperative CT data, the initial volumetric measurements had to be made from 

pre-cranioplasty CT scans in 8 (19.5%) cases. For the follow-up volumetric 

measurements, a CT scan less than 1 year old was accepted, and patients with a 

recent (less than 1 year old) follow-up CT scan were identified from the patient 

records and included in the studies. Those with a follow-up CT scan more than 1 

year old were invited to the Oulu University Hospital or a secondary centre for a 

follow-up CT scan. In 7 (17.1%) cases, the bone flap had been removed, and the 

measurements were made from the pre-removal CT scan. All the required data were 

available for 41 (91.1% of total) patients – 4 (8.9%) patients had to be excluded. 1 

(2.2%) patient was excluded due to missing CT data and 3 (6.7%) patients due to 
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death before the required scans could be taken. The Oulu University Hospital had 

a catchment population of 740,000 inhabitants as of 31st December 2015. The 

baseline data of the patients included in the substudies is reported in Table 11, page 

63. 

Fig. 6. Flow chart of patients screened in studies II and III, and reasons for choosing a 
synthetic implant cranioplasty or declining cranioplasty.  
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n = 15

Other: upcoming, 

etc. n = 5

Patients screened
n = 194

Decompressive craniectomy
n = 95

Other cause of bone defect or 
other type of surgery n = 99

Craniotomy infection, tumor, 
craniosynostosis, etc.

Patient opted out
n = 3

Patient in poor 
condition n = 1

Inclusion to studies II and III
n = 41

Autologous cryopreserved 
cranioplasty

n = 45

Any-material cranioplasty
n = 71

Synthetic cranioplasty
n = 26, due to:

No cranioplasty
n = 24, due to:

Radiological data available
n = 41

Other causes
n = 16

Too fragmented 
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bone flap, 
preference, etc.

Bone flap 
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n = 10
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Table 11. Demographic data of the patients included in the substudies. 

Characteristic Study I Studies II and III 

Total patients 207 41 

Mean age at cranioplasty (±SD), yrs 42 (16) 41 (15) 

Sex, n (%)   

Male 128 (61.8) 31 (75.6) 

Female 79 (38.2) 10 (24.4) 

Primary diagnosis, n (%)   

Trauma 77 (37.2) 16 (39.0) 

Stroke1 111 (53.6) 24 (58.5) 

Intracerebral haemorrhage 17 (8.2) 4 (9.8) 

Subarachnoid haemorrhage 29 (14.0) 1 (2.4) 

Ischaemic stroke 65 (31.4) 19 (46.3) 

Benign tumour 10 (4.8) 0 (0.0) 

Malignant tumour 2 (1.0) 0 (0.0) 

Infection 5 (2.4) 0 (0.0) 

Other 2 (1.0) 1 (2.4) 
1Patients with non-traumatic intracerebral or subarachnoid haemorrhage or ischaemic stroke as their 

primary diagnosis were taken to form the stroke group. 

4.2 Methods 

4.2.1 Increased intracranial pressure, decompressive craniectomy 
and cranioplasty 

Management of increased intracranial pressure 

The respective Current Care Guideline maintained by The Finnish Medical Society 

Duodecim represents the recommended evidence-based standard protocol for the 

therapeutic management of intracranial hypertension in Finland (Current Care 

Guidelines, 2017). The guideline is followed by the centres participating in the 

present studies. 

The management of intracranial hypertension aims to prevent and minimise 

secondary brain injury after the primary injury and to ensure adequate brain 

perfusion and oxygenation by maintaining an ICP of less than 20 mmHg and a CPP 

of over 60-70 mmHg via a stepwise treatment scheme. TBI patients with an ICP 

refractorily over 20 mmHg are treated in a stepwise manner (Fig. 7, page 64), and 

they are indicated for decompression surgery if a sufficient neurological outcome 
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can be expected. The stroke patients’ surgical treatment scheme is chosen more 

subjectively on account of the patient’s clinical condition, ICP, and CT findings. 

Surgical treatment of certain tumours may also produce a cranial bone defect and 

more rarely require DC, but these defects tend to be repaired with synthetic 

implants. 

Fig. 7. Stepwise treatment scheme of increased ICP after TBI. Modified from Brain Injury: 
Current Care Guidelines and Hutchinson, et al. (Current Care Guidelines, 2017; 
Hutchinson et al., 2016). 
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Hyperosmolar treatment (intravenous hypertonic saline or mannitol)
Mild hyperventilation (arterial CO2 partial pressure 4–4.5 kPa)

Ventriculostomy
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Sedation and analgesia

Deep sedation
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Monitoring of state of consciousness, blood pressure,
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Decompressive craniectomy 

Decompressive craniectomy (DC) is used for the treatment of retractably high (>20 

mmHg) ICP in order to maintain a CPP level of >60 mmHg. Most commonly, a 

hemicraniectomy is conducted (Quinn et al., 2011). A large portion measuring at 

least 12 cm in the anteroposterior direction and reaching from the middle fossa to 

1 cm laterally from the midline of the cranium is removed and the dura mater 

opened (Tanrikulu et al., 2015; Timofeev et al., 2012; Wagner et al., 2001). The 

dura is either left open or a non-constricting duroplasty is performed. Thus, more 

room is created to allow the brain parenchyma to expand more freely and ICP is 

reduced and CPP increased (Bor-Seng-Shu et al., 2012). 

After the cranial bone flap is harvested, the flap is sterilely double-sealed inside 

two dry sterile plastic bags and preserved with no cryoprotectants in -70°C until 

cranioplasty. At the Oulu University Hospital, before storing the bone flap, 

bacteriological culture samples are taken from the bone. If any bacterium is 

successfully cultured from the samples, the bone flap is discarded and the following 

cranial reparation is conducted using a synthetic implant. 

Cranioplasty with cryopreserved autologous cranial bone 

Before cranioplasty, the bone flap is allowed to thaw to room temperature in a 

room-temperature saline solution. The scalp is incised through to the bone utilising 

the surgical wound created ideally 1–2 cm beyond the margin of the bone defect in 

the preceding craniectomy procedure. The subgaleal plane of dissection is 

identified, the scalp flap is elevated, and the margins of the bone defect revealed. 

If the temporalis muscle has tightly adhered to the dura, it may be left in place. 

Then, dural elevation sutures are placed to the flap. The bone flap is affixed to the 

surrounding calvarium and the dural elevation sutures are tightened. Finally, the 

galea and skin are closed in a layered manner. 

4.2.2 Retrospective data collection (I, II, III) 

The patients’ basic information (birthdate, sex, time of death, body mass index 

(BMI)), lifestyle factors (abuse of intoxicants, smoking) and the possible presence 

of DM were extracted from the hospital records. Clinical data on the aetiology of 

the cranial defect (i.e. primary diagnosis), dates of the craniectomy and cranioplasty 

operations, and the CT scans used for the analyses, complications and outcome of 
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the cranioplasty were extracted from the hospital records. Data on the diagnosis 

dates of possible bone flap resorption and infectious complications along with the 

microorganisms that caused the infections were collected. The outcome at the last 

follow-up was classified as cranioplasty removal or autograft survival. 

Complications recorded were bone flap resorption, deep and superficial surgical 

site infections, cerebrospinal fluid leak, hydrocephalus, formation of a 

seroma/haematoma, implant migration, unsatisfactory cosmesis, and exposure of 

the cranioplasty. A subgroup analysis for bone flap resorption was conducted in 

study I, where bone flap resorption was defined as resorption of the bone flap 

requiring removal or refixation of the autograft. 

Concerning the data on smoking and intoxicant abuse, a patient was only 

considered to be a smoker or intoxicant abuser if they were specifically mentioned 

as such in the patient records. Only one complication per patient, termed the 

primary complication, is reported in the present studies. If multiple complications 

occurred in the same patient, the one that indicated removal of the autograft or most 

influenced follow-up treatments was chosen for the primary complication. Patients 

with a BMI of over 30 kg/m2 were considered obese, as defined in the World Health 

Organization’s criteria (World Health Organization, 2000). A rough estimate of the 

size of the bone defect was obtained via third-party computer interfaces that 

allowed for manual outlining and area calculation of the defect from the lateral 2D 

scout image of the perioperative CT scans. The dates of death of the deceased 

patients were provided by Statistics Finland. 

4.2.3 Bone flap measurements and calculations (II) 

For the ultimate cohort of 41 patients who underwent primary autologous 

cranioplasty after DC and had all the required CT scans available, bone flap volume 

and radiodensity were used as proxy variables for bone flap resorption, and the 

changes in these variables were calculated in the follow-up. Where available, the 

immediate postoperative CT scans were performed at a mean of 1.4 months after 

cranioplasty, and the follow-up CT scans were conducted at a mean of 4.3 years 

(SD 3.14 years, range 2 to 139 months) after cranioplasty. 

Remaining bone flap volume 

Change in bone flap volume is an intuitive marker of BFR. Bone flap areas were 

measured in the axial plane from the initial bone flap (IBF) and follow-up CT scans 
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using a computer interface that allowed for manual outlining and area calculation 

of the bone flap and conversion of the area into mm2 (Fig. 8, page 69). The CT scan 

slices were aligned in order to make both measurements at exactly the same levels 

of the bone flaps in the axial plane. The bone flap area (A) defined by the outline 

was converted into mm2. After all the measurements had been conducted using a 

vertical interval (dy) of 10 mm, the bone flap volume (V) was calculated as shown 

in Equation 1 using the summation of area method. 

 

 V = dy · (A1 + A2 + … + An), (1) 

 

where A1, A2, …, An represent single bone flap areas measured in the axial 

plane. Then, the relative remaining bone volume (RBV) percentage was found 

using Equation 2: 

 

 RBV = Vf/Vi · 100%, (2) 

 

where Vf and Vi respectively represent bone flap volumes in the IBF and 

follow-up CT scans as calculated per Equation 1. Therefore, an RBV ≥100% 

represents total absence of BFR in the follow-up, and an RBV <100% indicates 

BFR. 

Bone quality change 

Change of bone quality is a possible proxy marker of BFR. Bone flap quality was 

estimated by measuring the change of bone flap radiodensity in terms of the change 

in average HU values, which are a quantitative measure of radiodensity. Again, the 

axial bone flap area was outlined on five evenly spaced levels of the bone flap from 

the IBF and follow-up CT scans using the method described in the previous 

paragraph. In addition to the bone flap area, the average radiodensity of the outlined 

area was measured in HU values. Used as absolute values, HU values are prone to 

error (Birnbaum, Hindman, Lee, & Babb, 2007; Levi, Gray, McCullough, & 

Hattery, 1982). Thus, the radiodensity measurements were standardised by 

conducting the aforementioned area and average HU measurements on the healthy, 

untouched calvarium on the opposite side of the skull, which was assumed to 

remain constant in composition through the follow-up time. Then, the axial bone 
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area and the average HU value (HU) of the outlined area were used to determine 

the mean radiodensity (R) for both the bone flap and the opposite healthy cranial 

bone (Equation 3) as shown in Fig. 8, page 69. Since the opposing healthy cranial 

bone likely differs in composition compared to the cranioplasty site in patients with 

bifrontal cranioplasty (n=5), those patients were excluded from the radiodensity 

measurements, leaving a subcohort of 36 patients eligible for the bone radiodensity 

analyses. 

 

 R = (A1 · HU1 + … + A5 · HU5) / (A1 + … + A5), (3) 

 

in which HU1, HU2, …, HUn are the average bone flap radiodensities of the 

respective bone flap areas A1, A2, …, A5. Then, the relative difference in HU values 

between the cryopreserved bone flap and healthy skull bone (dRINTRA) was found 

(Equation 4) in both IBF and follow-up CT scans in order to adjust for the errors 

inherent in the inter-scan comparison of absolute HU values. 

 

 dRINTRA = RFLAP / ROPPOSITE (4) 

 

where RFLAP and ROPPOSITE respectively represent the mean radiodensities (R) 

of the bone flap and the opposite healthy cranial bone as calculated in Equation 3. 

A dRINTRA value of 1 represents identical bone radiodensity between the 

cranioplasty area and the healthy cranial bone, and all other values indicate 

differences in radiodensity. The value of dRINTRA is hypothesised to be close to 1 in 

the IBF scan, and changes are only expected in the follow-up. The bone flap 

radiodensity in the follow-up in relation to untouched bone (dR) was calculated by 

comparing the dRINTRA in the IBF scan (Ri) and in the follow-up scan (Rf) (Equation 

5): 

 

 dR = Rf / Ri · 100% (5) 

 

A dR of 100% represents unchanged bone flap radiodensity in the follow-up, 

and all other values indicate changes in bone radiodensity. 
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Fig. 8. A patient with a right-sided autologous cranioplasty. The RBV and HU 
measurements on one axial level are shown. A and A´ depict the IBF CT scan conducted 
immediately after cranioplasty with and without the measurements. Accordingly, B and 
B´ represent the follow-up CT scan with and without RBV and HU measurements taken 
2 years 9 months after the IBF CT scan. Calculated from these 2 slices, the RBV was 
[(350.8+110.0+98.7) mm2 / (485.4+393.4) mm2] ∙ 100% = 64%, and the mean HU values of 
the flap were 1101 HU and 1052 in the IBF and follow-up CT scans, respectively, and 
thus the dR was [(1052/1151) HU / (1101/1056) HU] ∙ 100% = 88%. For the whole bone 
flap, the RBV was 73% and the dR 91%. 
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4.2.4 The Oulu Resorption Score (ORS) and the relevance of 
radiological bone flap resorption (III) 

Development of the Oulu Resorption Score 

A BFR scoring system was developed with the ultimate goal of producing a robust 

and objective score that is capable of reliably defining BFR. In order for the score 

to recognise all types of BFR, universal markers of BFR are required. The scoring 

system is proposed to comprise three variables: Extent, Severity and Focus. In order 

to account for the difficulty of BFR, each variable was divided into four subclasses 

and scored accordingly based on the sum of the subclass scores. The minimum 

score of 0 indicates no BFR, and the maximum 9 represents very difficult BFR, i.e., 

the higher the score, the more difficult the BFR. A more detailed explanation of the 

scoring system is provided in Table 12. 

Table 12. The scoring criteria of the Oulu Resorption Score (ORS) for autologous 
cranioplasties. 

Variable Subclass score 

Extent (estimated remaining bone volume)  

≥100% 0 

75–99% 0 

25–74% 2 

<25% 3 

Severity (perforations due to BFR)  

No BFR/only cancellous bone loss 0 

Non-perforating cortical BFR 1 

New bicortical perforation <10mm 2 

New bicortical perforation ≥10mm 3 

Focus (the number of BFR foci)  

None 0 

One 0 

Multiple 2 

Diffuse: BFR throughout the flap 3 
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Radiological evaluation using the Oulu Resorption Score 

The author and a musculoskeletal radiologist evaluated the previously described 

CT data of all the 41 autologous cranioplasty patients. A meeting was held prior to 

the evaluation process in order to assess any unclarities and discrepancies in the 

scoring system. The CT data was re-evaluated in a random order by the author one 

month after the initial evaluation process. Based on these evaluation rounds, the 

mean Oulu Resorption Score (ORS) was calculated for each patient. 

Presence and relevance of radiological BFR 

Every classification intended for clinical use should provide value for clinical 

decision-making. Thus, in order to assess the viability of the proposed scoring 

system, two consultant neurosurgeons independently assessed the previously 

described CT data and evaluated whether any BFR changes were present and 

whether the patient should be referred to neurosurgical consultation due to possible 

BFR findings. Additionally, the neurosurgeons registered the cases in which the 

patient should be referred to a neurosurgeon and re-cranioplasty should be 

considered due to bone flap failure caused by BFR. The cases in which at least one 

of the neurosurgeon evaluators recommended referral of the patient to 

neurosurgical consultation were considered relevant in the analyses. In order to 

ensure the viability of the neurosurgeons’ assessments for further analysis, their 

agreement on both the presence and relevance of BFR findings was tested using 

Cohen’s kappa (κ) statistic. 

Score threshold for relevant radiological BFR 

The neurosurgeons’ evaluations on the relevance of BFR were compared with the 

mean Oulu Resorption Scores of the respective patients. Then, a score threshold 

value for relevant radiological BFR was found. In order to render the scoring 

system more user-friendly, the score results were divided into four grades: 0 (no 

BFR), grade I (non-relevant BFR), grade II (relevant BFR), and grade III (bone flap 

failure due to BFR). 
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4.2.5 Radiological specifications 

All the CT data that were utilised for the analyses were interpreted with the Oulu 

University Hospital’s radiology software (neaView Radiology, Neagen Ltd., 

Helsinki, Finland) using bone window settings (W/L 2800/600 HU). All the CT 

data were stored in a picture archiving and communication system. 

4.2.6 Statistical analyses 

In studies I, II, and III, the statistical significance of the categorical variables was 

calculated using Pearson’s χ2 or Fisher’s exact tests. In studies I and II, the 

continuous variables were evaluated for statistical significance using one-way 

analysis of variance (ANOVA), except that in the cases where Levene’s test for 

homogeneity of variances was found to be statistically significant, the Brown-

Forsythe test was utilised instead. 

In studies I and II, variables were chosen for further binary and linear 

regression analyses (enter method) respectively, based on their clinical relevance 

and/or statistical significance in Pearson’s χ2, Fisher’s exact, ANOVA, or Brown-

Forsythe tests. In study I utilising logistic regression analysis, the odds ratio (OR) 

and the 95% confidence interval (CI) are reported. In the linear regression analyses 

of study II, the unstandardised B and 95% CI values of the variables included in 

the linear regression model are reported. 

In study I, the follow-up time was defined as the time between cranioplasty and 

removal of the bone flap, date of the patient’s death, or 31st December 2015. In 

study I, the time interval from cranioplasty to the diagnosis of clinically significant 

BFR was defined as the time between craniectomy and the CT scan that confirmed 

the presence of BFR, except for one patient whose BFR was discovered during a 

wound revision procedure. In this case, the date of cranioplasty removal was used 

instead of the CT scan date in calculating the time until BFR. In study II, the follow-

up time was defined as the time between the IBF CT scan or cranioplasty (if no 

immediate postoperative CT scan was available) and the follow-up CT scan, and 

the follow-up time was divided into quartiles in the linear regression analysis. In 

studies I, II, and III, the patients were divided into three age groups: 0–29 years, 

30–50 years, or >50 years in order to enable interstudy comparison, as similar 

cutoffs have been used previously (Martin et al., 2014; Schwarz et al., 2016). 

Additionally, in study I the age was classified as being either over or under the 

median age of the cohort (44 years) where required in order to reduce the number 
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of analysis variables. The time interval between craniectomy and cranioplasty, 

termed freezer time, was classified as being 0–3, 3–6, and >6 months in studies I, 

II and III. 

In study III, the agreement on the presence and relevance of BFR was assessed 

for strength using Cohen’s kappa (κ) statistic. The κ statistic is a statistical measure 

of the strength of observer agreement, which also accounts for agreement by chance. 

With the values of the κ statistic are reported the 95% CIs. The κ values were 

interpreted as suggested by Landis & Koch (Landis & Koch, 1977). Thus, κ values 

of <0.0 were classified as being poor, 0.0–0.20 slight, 0.21–0.40 fair, 0.41–0.60 

moderate, 0.61–0.80 substantial, and 0.81–1.00 almost perfect. 

Continuous variables are described with the mean or the median, and the 

standard deviation (SD), interquartile range (IQR), and/or range are reported where 

indicated. In all the statistical analyses, a two-tailed p value of <0.05 was 

considered statistically significant, and all the statistical analyses were conducted 

with the Statistical Package for the Social Sciences (IBM SPSS Statistics for 

Windows. Armonk, NY: IBM Corp). 

4.2.7 Ethical considerations 

The studies were conducted in accordance with the Declaration of Helsinki on 

ethical principles for medical research, and the study protocol was approved by the 

ethics review committee of the Northern Ostrobothnia hospital district (record 

number 111/2015). 
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5 Results 

5.1 Complications, bone flap failures, and their predictors after 
primary autologous cranioplasty (I) 

The demographic data of the 207 patients included in study I was reported earlier 

in Table 11, page 63. Most, 111 (54%), of the patients had sustained a stroke, and 

trauma was the second most common aetiology for craniectomy, accounting for 77 

(37%) of the cases. The patients were followed for a mean duration of 3.7 years 

(SD 2.7, range 2 days to 11.9 years), and the mean freezer time was 184 days (SD 

286, median 146). Eleven patients (5%) had died during the follow-up period. 

5.1.1 Complications of autologous cranioplasty 

In total, 40% of the 207 patients who underwent primary autologous cranioplasty 

with a cryopreserved bone flap in the three centres developed postoperative 

complications, and 19% developed a complication severe enough to require 

removal of the autograft with possible reparation of the bone defect using a 

synthetic implant. In the cross-tabulation tests, patient age was a statistically 

significant risk factor for both bone flap removal and BFR. Additionally, smoking 

and male sex were statistically significant risk factors for bone flap removal and 

BFR, respectively. The data on complications is reported in detail in Table 13, page 

76, and the results of the cross-tabulation tests for possible risk factors of 

cranioplasty failure and BFR in Table 14, page 77. 
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Table 13. Data on all post-cranioplasty complications and complications that led to 
bone flap removal. Table modified from study I. 

Primary complication 

Types of the 207 primary 

postoperative complications after 

autologous cranioplasty (%) 

Types of the 40 complications that 

required bone flap removal (%) 

BFR 19 (9.2) 16 (40.0) 

Deep SSI 19 (9.2) 19 (47.5) 

Seroma or haematoma 18 (8.7) 2 (5.0) 

Cerebrospinal fluid leak 8 (3.9) 0 (0.0) 

Cosmetically unsatisfactory 7 (3.4) 1 (2.5) 

Migration of implant 4 (1.9) 2 (5.0) 

Hydrocephalus 3 (1.4) 0 (0.0) 

Bone flap exposure 2 (1.0) 0 (0.0) 

Superficial surgical site infection 2 (1.0) 0 (0.0) 

No complications 125 (60.4) 0 (0.0) 

 

5.1.2 Predictors of autologous cranioplasty removal 

Of the 82 complications, 40 (49%) required bone flap removal with the indication 

for bone flap removal being in 35 (88%) cases BFR or deep SSI. 

Cigarette-smoking was a statistically significant predictor of bone flap removal 

in all of the four logistic regression models it was included in. Additionally, 

smokers developed SSIs significantly more often than non-smoking patients (21% 

vs. 7%, p=0.02, Fisher’s exact test). In order to evaluate if smoking habits differed 

between age groups, an interaction analysis between smoking and age was 

conducted. No statistically significant interaction between these variables was 

observed (OR 0.54, 95% CI 0.11–2.70, p=0.45). 

A young age was an independent predictor for bone flap removal in three of 

the five logistic regression models and borderline significant in two models. 

Patients with DM (n=5) had an increased prevalence of bone flap removal (40% vs. 

19%), but statistical significance was not reached. Both of the two bone flap 

removals conducted for patients with DM were carried out due to deep SSIs. The 

most prevalent indications for craniectomy were stroke and trauma, but neither of 

these were found to be predictors of bone flap removal. The length of freezer time 

between craniectomy and cranioplasty did not predict bone flap removal. The 

results of the logistic regression models built to estimate the effect of possible risk 

factors on bone flap removal are reported in Table 15, page 78. 
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Table 14. Analysis of risk factors of autologous cranioplasty failure and BFR in 207 
patients undergoing autologous cranioplasty. Analyses conducted with Pearson’s χ2, 
Fisher’s exact, and ANOVA tests. Table modified from study I. 

Risk factor 

Outcome  BFR 

Normal 

healing 

(n=167) 

Bone flap 

removal 

(n=40) 

p value  No BFR 

(n=188) 
BFR (n=19) p value 

Male, n (%) 100 (59.9) 28 (70.0) 0.24  112 (59.6) 16 (84.2) 0.041 

Age mean 

(SD)2 
43.2 (16.3) 37.4 (14.1) 0.041  42.9 (15.8) 33.5 (16.3) 0.021 

Age, n (%)   0.021    0.021 

<30 yrs 33 (19.8) 13 (32.5)   37 (19.7) 9 (47.4)  

30-50 yrs 68 (40.7) 20 (50.0)   81 (43.1) 7 (36.8)  

>50 yrs 66 (39.5) 7 (17.5)   70 (37.2) 3 (15.8)  

Age <median2 81 (48.5) 28 (70.0) 0.021  95 (50.5) 14 (73.7) 0.041 

Smoking 27 (16.2) 16 (40.0) <0.0011  37 (19.7) 6 (31.6) 0.24 

Intoxicant 

abuse 
27 (16.2) 10 (25.0) 0.19  32 (17.0) 5 (26.3) 0.35 

DM, n (%) 3 (1.8) 2 (5.0) 0.25  5 (2.7) 0 (0.0) 0.99 

BMI >303 14/122 (11.5) 2/33 (6.1) 0.53  16/139 (11.5) 0/16 (0.0) 0.38 

Freezer time in 

months 
  0.23    0.03 

<3 52 (31.1) 11 (27.5)   55 (29.3) 8 (42.1)  

3 to 6 48 (28.7) 17 (42.5)   56 (29.8) 9 (47.4)  

>6 67 (40.1) 12 (30.0)   77 (41.0) 2 (10.5)  

Primary 

diagnosis 
  0.37    0.41 

Trauma 58 (34.7) 19 (47.5)   66 (35.1) 11 (57.9)  

Stroke 92 (55.1) 19 (47.5)   104 (55.3) 7 (36.8)  

ICI 55 (32.9) 10 (25.0)   61 (32.4) 4 (21.1)  

SAH 22 (13.2) 7 (17.5)   26 (13.8) 3 (15.8)  

ICH 15 (9.0) 2 (5.0)   17 (9.0) 0 (0.0)  

Benign tumour 10 (6.0) 0 (0.0)   10 (5.3) 0 (0.0)  

Malign tumour 2 (1.2) 0 (0.0)   2 (1.1) 0 (0.0)  

Infection 3 (1.8) 2 (5.0)   4 (2.1) 1 (5.3)  

Other 2 (1.2) 0 (0.0)   2 (1.1) 0 (0.0)  

1 p <0.05 for a statistically significant difference between groups. 2The mean and median ages were 42 

and 44 years, respectively. 3Data given as n/valid cases (% of valid cases of total). 

  



 

78 

Table 15. Effects of risk factors on bone flap removal and BFR in 207 autologous 
cranioplasty patients obtained in five logistic regression analysis models (enter 
method) each. 

Models & risk factors Bone flap removal   BFR requiring reoperation 

OR (95% CI) p value   OR (95% CI) p value 

Model 1      

Smoking 3.35 (1.52–7.40) 0.0031 
 

1.88 (0.62–5.65) 0.26 

Age at cranioplasty 
     

<30 yrs 3.62 (1.26–10.39) 0.021 
 

4.52 (1.12–18.24) 0.031 

30–50 yrs 2.25 (0.867–5.83) 0.10 
 

1.68 (0.41–7.00) 0.47 

>50 yrs 1 
  

1 
 

Male sex 1.21 (0.55–2.68) 0.64   2.66 (0.72–9.82) 0.141 

Model 2      

DM2 5.64 (0.81–39.38) 0.08 
   

Smoking 3.20 (1.47–6.94) 0.0031 
   

Age <median3 2.57 (1.15–5.74) 0.021 
   

Male sex 1.36 (0.62–2.99) 0.45   
  

Model 3      

Trauma 1.24 (0.57–2.69) 0.59 
 

1.66 (0.59–4.62) 0.34 

Smoking 3.17 (1.47–6.85) 0.0031 
 

1.58 (0.54–4.59) 0.40 

Age <median3 2.08 (0.94–4.61) 0.07 
 

2.05 (0.67–6.31) 0.21 

Male sex 1.29 (0.58–2.84) 0.53   2.90 (0.79–10.63) 0.11 

Model 4      

Stroke 0.91 (0.43–1.93) 0.81 
 

0.66 (0.23–1.83) 0.42 

Smoking 3.18 (1.47–6.88) 0.0031 
 

1.61 (0.56–4.69) 0.38 

Age <median3 2.17 (0.99–4.73) 0.05 
 

2.14 (0.71–6.50) 0.18 

Male sex 1.32 (0.60–2.91) 0.49   2.98 (0.82–10.88) 0.10 

Model 5      

Freezer time 
     

0–3 months 1.01 (0.40–2.52) 0.98 
 

5.26 (1.05–26.32) 0.041 

3–6 months 1.89 (0.81–4.41) 0.14 
 

5.40 (1.10–26.38) 0.041 

>6 months 1 
  

1 
 

Age <median3 2.51 (1.17–5.39) 0.021 
 

2.26 (0.76–6.76) 0.14 

Male sex 1.29 (0.59–2.78) 0.53   3.22 (0.87–11.90) 0.08 
1p < 0.05 indicates a statistically significant difference between the groups. 2Analysis for the impact of DM 

on BFR not conducted, as no patients with BFR had DM. 3Median age of the whole cohort. 

The ORs represent comparisons with patients without the risk factor. 
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5.1.3 Predictors of bone flap resorption after autologous 
cranioplasty 

Nineteen (9%) of the 207 autologous cranioplasty patients developed clinical BFR 

requiring implant refixation or removal. Sixteen (84%) of the cases with clinical 

BFR underwent bone flap removal, and three (16%) underwent refixation of the 

bone flap during the follow-up period. The mean time interval from cranioplasty to 

the diagnosis date of the clinically significant BFR was 534 days (SD 397 days, 

range 103 to 1742 days). 

An age less than 30 years was an independent predictor for clinically 

significant BFR. In the same model, those aged 30–50 years were found to have a 

higher OR for developing clinically significant BFR compared to those aged >50 

years, but the latter was not a statistically significant finding. Surprisingly, an age 

below the median did not reach statistical significance in the logistic regression 

models indicating that particularly the youngest age group (<30 years) is at risk for 

developing clinical BFR. A shorter freezer time (0–3 and 3–6 months vs. over 6 

months) between craniectomy and cranioplasty reached statistical significance in 

predicting BFR, though the association seemed to be very slight given the wide 95% 

CI of the result, and that short freezer time did not predict bone flap removal. 

Smoking, trauma, or stroke were not found to be predictors of BFR. The results of 

the logistic regression models built to estimate the effect of possible risk factors on 

BFR are reported in Table 15, page 78. 

5.2 Bone flap volumetry (II) 

The development of BFR was monitored radiologically in the autologous 

cranioplasty patient cohort of the Oulu University Hospital. 

Sixteen (39%) of the patients developed one or more clinical complications, 

seven (17%) cranioplasties had been removed due to complications, with the 

complication necessitating bone flap removal being BFR in four (10%) and SSI in 

3 (7%) cases. Of the 41 patients included in studies II and III, three (7%) patients 

had died during the follow-up period. None of the deaths were related to the 

cranioplasty procedures. The demographic data of the 41 autologous cranioplasty 

patients included in studies II and III was reported earlier in Table 11, page 63. 

Equivalently to study I, the cohort mainly consisted of 24 (59%) stroke and 16 

(39%) trauma patients.   
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5.2.1 Remaining bone volume 

At least some BFR indicated by a remaining bone volume (RBV) <100% was found 

in 37 (90%) of the patients, and the mean RBV of the patients was 81.2% (SD 

18.6%) with a range of 25.7% to 103.8%. Thirteen (32%) patients had an RBV 

<80%. The distribution of the RBV values as a function of patient age and follow-

up time is depicted in Fig. 9. The patient group with bone flap removal due to any 

reason had a mean RBV of 76.2% (SD 32.6%), and those with bone flap removal 

due to BFR had a mean RBV of 60.6% (SD 36.7%, range 25.7 to 92.9%). In the 

subgroup of BFR patients that had no coinciding bacteriologically proven SSI 

(n=2), the mean RBV was only 29.0% (range 25.7 to 32.2%). In the statistical 

analyses, no associations between RBV and age, sex, follow-up time, smoking 

habits, primary diagnosis, freezer time, or use of CSF shunts were found, though 

some differences arise between groups (Table 16, page 81). Notably, the mean RBV 

of patients aged <30 years was 15.8% lower than that of the older patients, though 

this was not a statistically significant finding in these analyses. 

Fig. 9. Scatter plots of RBV as a function of patient age (A) and follow-up time (B). 
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Table 16. Analysis of the effect of possible factors on the relative RBV in the follow-up. 
Conducted using one-way ANOVA and Brown-Forsythe tests where appropriate. 

Risk factor Patients (n=41) Mean relative RBV % (SD) p value 

Sex   0.18 

Male 31 (75.6) 79.0 (19.3)  

Woman 10 (24.4) 88.1 (15.1)  

Age   0.08 

<30 years 11 (26.8) 70.0 (27.0)  

30 to 49 years 16 (39.0) 83 (11.6)  

≥50 years 14 (34.1) 87.9 (13.5)  

Outcome   0.65 

Bone flap removed 7 (17.1) 76.2 (32.6)  

Normal healing 34 (82.9) 82.2 (11.6)  

Smoking status   0.17 

Smoker 14 (34.1) 86.7 (13.0)  

Non-smoker 27 (65.9) 78.3 (20.5)  

Cranial defect aetiology   0.19 

Trauma 16 (39.0) 76.5 (23.5)  

Stroke 24 (58.5) 85.4 (13.3)  

Other 1 (2.4) 55.4  

Bone flap intactness   0.69 

Fragmented 7 (17.1) 77.4 (27.9)  

Non-fragmented 34 (82.9) 82.0 (16.5)  

Ventriculostomy   0.77 

Required 14 (34.1) 82.4 (19.9)  

Not in place 27 (65.9) 80.6 (18.2)  

CSF diverting shunt   0.37 

In place 6 (14.6) 74.8 (27.7)  

Not in place 35 (85.4) 82.3 (16.9)  

Freezer time   0.16 

≤3 months 8 (19.5) 83.6 (16.6)  

>3 to 6 months 11 (26.8) 72.0 (24.6)  

>6 months 22 (53.7) 84.9 (14.7)  

The impact of follow-up duration and patient age on RBV 

In order to analyse whether BFR is a follow-up time dependent progressive 

phenomenon concerning every patient, i.e., whether all bone flaps would have to 

be removed at some point, a linear regression model assessing the effect of patient 

age and follow-up time on RBV was constructed. In the model, no statistically 
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significant effect of follow-up time on RBV was found, but age >30 was found to 

statistically significantly predict higher RBV (Table 17). 

Table 17. A linear regression model on the effect of follow-up time and age on relative 
RBV. 

Risk factor Unstandardised B 95% CI p value 

Follow-up time    

<105 weeks    

105 to 198 weeks -0.08 -0.23 to 0.08 0.34 

199 to 347 weeks 0.01 -0.15 to 0.17 0.90 

>348 weeks 0.03 -0.13 to 0.18 0.73 

Age    

≤30 years    

>30 years 0.17 0.03 to 0.30 0.021 

Constant 0.70 0.56 to 0.84 <0.011 
1 p <0.05. 

5.2.2 Relative radiodensity 

When compared to the initial bone flap (IBF) CT scan radiodensity, bone flap 

radiodensity in the follow-up in relation to untouched bone (dR) was 99.7% (SD 

11.3%, range 72.7 to 139.3%) in the 36 patients included in the radiodensity study. 

The HU values of the bone flap compared to the HU values of the adjacent 

calvarium, termed Ri and Rf in the IBF and follow-up CT scans respectively, had 

mean values of 98.5% (SD 4.4%, range 84.0 to 107.1%) and 98.1% (SD 8.8%, 

range 70.8 to 117.0%). The HU values used in calculating Ri, Rf and dR are 

depicted in Fig. 10, page 83 along with the relationship between the relative RBV 

and dR values. 
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Fig. 10. Scatter plots of the mean HU values of the bone flap (RFLAP) on the vertical axis 
and the mean HU values of the adjacent healthy cranium (ROPPOSITE) on the horizontal 
axis in the IBF CT scan (A) and in the follow-up CT scan (B). In A and B, the dashed lines 
represent guiding lines with the function y=x. The solid lines are fitted to the figures 
based on the distribution of the measured values. RFLAP was divided with ROPPOSITE to 
calculate the relative radiodensity of the bone flap in both the IBF and follow-up CT 
scans (Ri and Rf, respectively). In C, the Ri and Rf values, based on which the dR value 
was calculated, are depicted. In D, the relative RBV values are shown as a function of 
the dR value. 

5.3 Scoring system for bone flap resorption (III) 

The Oulu Resorption Score (ORS) was developed for the CT-based evaluation of 

BFR. The score was compared to the independent evaluations of the same CT data 

set conducted by two neurosurgeons in order to compile follow-up intervention 

600

800

1000

1200

1400

1600

600 800 1000 1200 1400 1600

R
FL

AP
in

 th
e I

BF
 C

T 
sc

an

ROPPOSITE in the IBF CT scan

600

800

1000

1200

1400

1600

600 800 1000 1200 1400 1600

R
FL

AP
in

 th
e f

ol
lo

w
-u

p 
C

T 
sc

an

ROPPOSITE in the follow-up CT scan

0,7

0,8

0,9

1

1,1

1,2

0,7 0,8 0,9 1 1,1 1,2

R
i

Rf

20

40

60

80

100

120

140

20 40 60 80 100 120 140

R
el

at
iv

e R
BV

 (%
)

dR (%)

A B

C D



 

84 

recommendations based on the severity of BFR. The demographic data of the 41 

autologous cranioplasty patients included in studies II and III was reported earlier 

in Table 11, page 63 and in chapter 5.2. 

5.3.1 Evaluation of bone flap resorption 

The cohort of autologous cranioplasty patients of the Oulu University Hospital was 

evaluated using the ORS by the author and a musculoskeletal radiologist. The same 

data was also assessed for subjective signs of BFR by two independent 

neurosurgeons, who also recommended follow-up schemes for each patient based 

on the CT data. 

Using the ORS, 9 (22%) patients had no signs of BFR, thus attaining a mean 

ORS of 0. A mean ORS of >0 indicating any degree of BFR was found in 32 (78%) 

of our patients. In the neurosurgeons’ assessments of BFR in the bone flaps, the 

evaluators found subjective signs of any-degree BFR in 31 (76%) and 34 (83%) 

cases, of which five were considered relevant by one evaluator and six by both 

evaluators. Therefore, a total of 11 (27%) patients had relevant BFR as evaluated 

by the neurosurgeon evaluators. 

In order to ensure that the neurosurgeon evaluators’ assessments were eligible 

for further analyses, the strength of evaluator agreement was assessed and found to 

be substantial concerning both the presence and relevance of BFR (Table 18). 

Table 18. The neurosurgeon evaluators’ assessments and strength of agreement on the 
presence and relevance of BFR. 

Evaluator 1 
Evaluator 2 

κ statistic (95% CI) 
BFR No BFR 

BFR 30 4 0.63 

(0.34 to 0.92) No BFR 1 6 

    

 Relevant BFR Non-relevant BFR at most  

Relevant BFR 6 0 
0.64 

(0.36 to 0.91) 
Non-relevant BFR 

at most 
5 30 

5.3.2 Definition of relevant bone flap resorption 

All of the 11 patients whose BFR was considered relevant by the neurosurgeon 

evaluators reached a mean ORS of ≥5. Four additional patients whose BFR was 
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considered non-relevant by the neurosurgeon evaluators had a mean ORS of ≥5. In 

order for the ORS system to recognise all cases of relevant BFR, the threshold value 

of ORS ≥5 was chosen to indicate relevant BFR, and thus 15 (37%) patients had 

relevant BFR. The mean ORS scores, relevance of BFR and the recommended 

follow-up interventions are shown in detail in Table 19. 

Table 19. Comparison of the autologous cranioplasty patients’ mean ORSs and the 
evaluations on the relevance of BFR conducted by two independent neurosurgeons. 

Mean ORS Non-relevant BFR 

(n=30)1,2 

Relevant BFR 

(n=9)1,2 

Bone flap failure 

due to BFR (n=2)1,2 

Follow-up action 

recommendation 

0.0 to 4.9 26 (63.4) 0 (0.0) 0 (0.0) None 

5.0 to 8.9 4 (9.8) 9 (22.0) 0 (0.0) Consultation 

9.0 0 (0.0) 0 (0.0) 2 (4.9) Consultation and re-

cranioplasty evaluation 
1 Assessed by the neurosurgeon evaluators. 2 Data given as n (% of total). 

Based on the mean ORSs, the severity of BFR was divided in four grades. Total 

absence of BFR (ORS = 0) was chosen to indicate grade 0 BFR, and the presence 

of non-relevant BFR (ORS 1 to 4) indicated grade I BFR, for neither of which were 

follow-up actions recommended. Presence of relevant BFR (ORS ≥5) indicated 

grade II BFR, and bone flap failure due to BFR (ORS 9) indicated grade III BFR. 

For grade II and III BFR, the patient is recommended to be referred to neurosurgical 

consultation, and at least in the cases with grade III BFR, re-cranioplasty should be 

considered by the neurosurgeon. 

In order to exceed an ORS of 4 and to be defined relevant, the patient must 

receive points from at least two out of three of the ORS variables (Extent, Severity 

and Focus as shown in Table 12, page 70) in the follow-up CT scan. In other words, 

BFR must cause the bone flap to lose a notable amount of its volume and/or become 

perforated in one or more areas of the bone flap (Fig. 11, page 86). 
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Fig. 11. Initial bone flap (IBF) (upper) and follow-up CT scans (lower) of four patients (A, 
B, C, D). Patient A was given a mean ORS of 0 (grade 0) as BFR changes were absent. 
Partial ossification of the bone flap edges (white arrowhead) and hyperostosis frontalis 
(black arrowheads) are noted. Patient B had a mean ORS of 1.33 (grade I) as their bone 
flap volume was ≥75%, but slight non-perforating BFR changes are noted on the bone 
flap cortices (arrowheads). The patient in C received a mean ORS of 8 (grade II) as their 
bone flap volume was 25–75% of the original and the bone flap showed diffuse BFR 
changes with a perforation of >1 cm in diameter (arrow). Still, the bone flap edges had 
remained fixed to the cranium (arrowheads). In D, the patient was assigned a mean ORS 
of 9 (grade III) due to diffuse BFR rendering the bone flap volume <25% of the IBF 
volume and a perforation of >1 cm in diameter seen (arrow). 

5.3.3 Risk factors for relevant bone flap resorption 

Several possible risk factors for relevant BFR defined as mean ORS ≥5 (grades II 

and III) were evaluated. No statistically significant associations were found 

between relevant BFR and age, aetiology of the cranial defect, sex, freezer time, 

smoking habits, or defect size (Table 20, page 87). 
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Table 20. Statistical evaluation of possible risk factors for relevant BFR (ORS ≥5) 
obtained by the χ2 and Fisher’s exact tests. Groups’ mean ORSs are also reported. 

Risk factor Non-relevant BFR (n=26) Relevant BFR (n=15) p value Mean ORS (SD)2 

Sex   0.28  

Male, n (%) 18 (69.2) 13 (86.7)  3.8 (3.0) 

Female, n (%) 8 (30.8) 2 (13.3)  2.1 (2.2) 

Age   0.09  

0 to 29 years, n (%) 4 (15.4) 7 (46.7)  4.9 (3.5) 

30 to 49 years, n (%) 11 (42.3) 5 (33.3)  3.1 (2.6) 

≥ 50 years, n (%) 11 (42.3) 3 (20.0)  2.5 (2.5) 

Primary diagnosis   0.60  

Trauma, n (%) 9 (34.6) 7 (46.7)  3.8 (3.2) 

Stroke, n (%) 17 (65.4) 7 (46.7)  2.9 (2.6) 

Other, n (%) 0 (0.0) 1 (6.7)  8.0 (0.0) 

Smoking habit   0.15  

Smoker, n (%) 11 (42.3) 3 (20.0)  2.5 (2.7) 

Non-smoker, n (%) 15 (57.7) 12 (80.0)  3.9 (3.0) 

Defect size1   0.13  

< median, n (%) 15 (57.7) 5 (33.3)  2.7 (2.7) 

≥ median, n (%) 11 (42.3) 10 (66.6)  4.1 (3.0) 

Freezer time   0.46  

< 90 days, n (%) 4 (15.4) 4 (26.7)  3.6 (3.0) 

90 to 179 days, n (%) 6 (23.1) 5 (33.3)  4.2 (3.8) 

≥ 180 days, n (%) 16 (61.5) 6 (40.0)  2.9 (2.5) 
1 The median bone flap size was 91.70 cm2. 2Calculated as the mean of the mean ORS used for the 

analyses and the definition of BFR relevance. 

 

  



 

88 

 



 

89 

6 Discussion 
The present series of studies evaluated the outcome of primary autologous 

cryopreserved cranioplasty in a multicentre setting and described in a single-centre 

setting two new methods to be used in both academical and clinical applications 

for the recognition and follow-up of BFR. First, the present studies added to the 

knowledge on the risk factors for BFR and bone flap failure. Second, previous 

research lacked knowledge on the prevalence of subclinical BFR and especially its 

long-term progression, that is, whether most bone flaps eventually undergo 

significant BFR and thus require reoperation. Finally, BFR, though a common 

complication, lacked a robust definition with potential for academic and clinical 

application. 

6.1 Outcomes of primary cryopreserved autologous cranioplasty 

6.1.1 Complications and failure of cryopreserved autologous 
cranioplasty 

Autologous cranioplasty is associated with a notable burden of postoperative 

complications. Identical complication rates of 40% and 39% in a multicentre setting 

and in the institutional cohort of the Oulu University Hospital, respectively, were 

found. The most common postoperative complications were BFR, SSI, and 

postoperative haematomas each with a prevalence of 9% that together accounted 

for 68% of all complications. Following complications, bone flaps had to be 

removed in 19% and 17% of cases in the multi- and single-centre settings, 

respectively. The complications necessitating bone flap removal were BFR or deep 

SSI in 88% of bone flap failures with prevalences of 8% and 9%, respectively. The 

observed rates of complications and bone flap failure are congruent with the 

existing literature (Brommeland, Rydning, Pripp, & Helseth, 2015; Gooch, Gin, 

Kenning, & German, 2009; Li et al., 2017; Mracek et al., 2015; Schwarz et al., 

2016; Sundseth, Sundseth, Berg-Johnsen, Sorteberg, & Lindegaard, 2014; Wachter 

et al., 2013), and the rates of SSI and BFR tangent the rates of those complications 

reported in the literature (Corliss et al., 2016). 
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6.1.2 Predictors of bone flap removal 

Extrapolating, two main pathways of autologous bone flap failure emerge: BFR 

associated with young age, and SSIs associated with lifestyle factors, most 

importantly smoking. 

An age of under 30 years was found to predict bone flap removal. More 

precisely, in the present studies, young age was found to be a predictor of both BFR 

requiring bone flap removal and increased volumetric BFR following cranioplasty. 

This effect of age on BFR is widely accepted in the literature (Honeybul et al., 2017; 

Schuss et al., 2013; Schwarz et al., 2016) with the prevalence of the complication 

being inversely proportionate to patient age in certain groups (Morton et al., 2018; 

Rocque et al., 2018). Evaluated with the ORS, patients younger than 30 years had 

higher scores, although statistical significance was not reached, and in the ANOVA 

analysis, patient age had only a borderline significant effect on RBV. These findings 

are at least partially explained by the absence of patients younger than 15 years in 

the cohort of studies II and III. Ongoing growth of the cranium, thinness of the 

autograft, and abnormal dural coverage have been proposed as the underlying 

causes of BFR in the young (Bowers et al., 2013; Grant et al., 2004; Martin et al., 

2014), but proof of causality for any of these hypotheses requires further research. 

Smoking was an independent predictor of bone flap removal with its effects 

carried mainly through increased rates of SSI, which were threefold compared to 

non-smokers. Smoking is a common predictor of various complications, such as 

SSIs across surgical specialties including neurosurgery (Grønkjær et al., 2014; Lau, 

Berger, Khullar, & Maa, 2013), and its effect may be of magnified importance in 

the context of cranioplasty where a large devitalised bone flap is reinserted. The 

mechanism by which smoking contributes to SSIs and cranioplasty outcome is 

likely mediated through vasoconstriction, increased systemic oxygen demand, 

decreased tissue oxygen concentration, and the disruption of key inflammatory 

pathways of wound healing caused by the constituents of tobacco smoke (Sørensen, 

2012). Cessation of smoking, however, improves surgical outcomes, and it should 

be strongly recommended to smoking patients (Lindström et al., 2008; Møller, 

Villebro, Pedersen, & Tønnesen, 2002), though it cannot be excluded that even 

previous smoking habits could still affect outcomes. Concerning other lifestyle 

factors, DM has also been reported to increase the risk of SSI in autologous 

cranioplasty (Fan et al., 2018). Though statistically a non-significant result likely 

due to the low number (n=5) of diabetic patients in the present study population, 

the rate of bone flap removal was indeed twofold in DM patients compared to non-
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diabetics (40% vs 19%), with all the cranioplasty removals of DM patients having 

been conducted due to SSI. As the incidence of DM is rising worldwide (NCD-

RisC, 2016), its effect on surgical outcomes will be of increasing importance in the 

future. 

6.1.3 Freezer time 

The time interval, freezer time, between craniectomy and cranioplasty is often 

hypothesised to affect cranioplasty outcomes and complications as 

cryopreservation sacrifices the majority of bone cells (Bhaskar et al., 2011a). In a 

meta-analysis, Malcolm et al. demonstrated that early cranioplasty was a predictor 

of post-cranioplasty hydrocephalus, but no significant association between timing 

and other complications was found (Malcolm et al., 2016). Correspondingly, in the 

present studies, no clear effect of freezer time on complications or bone flap failure 

was found. Though a freezer time shorter than 6 months reached statistical 

significance in the logistic regression analysis for the development of BFR, its 

effect was non-significant for bone flap removal. The wide CI of the result 

concerning BFR suggests uncertainty. When evaluated volumetrically and using 

the ORS, no significant effect of freezer time on the extent of BFR was found. In 

conclusion, timing of surgery does not seem to be as important as previously 

hypothesised concerning traditional surgical outcomes. However, an increasing 

freezer time lengthens the time the brain is unprotected and appears to predispose 

patients to sequelae of DC, such as the syndrome of the trephined (Ashayeri et al., 

2016), which are effectively alleviated by cranioplasty. Further, early cranioplasty 

benefits neurological rehabilitation and increases its magnitude when compared to 

later cranioplasty (Malcolm et al., 2018). Thus, a shorter freezer time appears 

preferable as long as the increased risk for the development of hydrocephalus is 

recognised. 

6.1.4 Indication of decompressive craniectomy 

In the literature, patients with DC due to TBI have been reported to develop BFR 

more often (Honeybul & Ho, 2011; Schuss et al., 2013). This could be explained 

by the generally younger age of trauma patients compared to other patient groups 

undergoing DC and the direct effect of the primary insult in the form of fragmented 

bone flaps, both known predictors of BFR (Morton et al., 2018; Rocque et al., 2018; 

Schwarz et al., 2016). Indeed, in the present study, trauma patients had higher rates 
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of BFR requiring bone flap removal, but statistical significance was not reached. 

Conversely, those undergoing cranioplasty following DC for stroke may develop 

SSIs more often as the risk factors of stroke overlap those of SSI, namely DM and 

smoking (Walcott et al., 2013), which were indeed suggestive of increased SSI rates 

in the present study. 

In the present studies, the primary diagnosis necessitating DC did not predict 

either any-cause removal of the cranioplasty or BFR, whether defined 

volumetrically, using the ORS (≥5), or as requiring bone flap reoperation. All the 

patients of the study cohorts, which mainly consisted of stroke and trauma patients, 

have sustained major brain damage, but only those with sufficient recovery and 

viable bone flaps after the primary insult are selected for autologous cranioplasty. 

This explains the absence of differences. In summary, primary diagnoses appear to 

be secondary predictors of cranioplasty outcome with the related and consequent 

patient-specific variables being the primary predictors of bone flap failure. 

6.1.5 Migration of the bone flap and cosmesis 

Additional cranioplasty complications recorded were CSF leaks, hydrocephalus, 

migration of the bone flap, and unsatisfactory cosmesis. The total prevalence of 

these complications was 11%, and three removal surgeries were conducted due to 

them in study I. 

In the multicentre cohort, two of the four patients with implant migration as 

their primary complication underwent cranioplasty removal. Successful fixation of 

the cranioplasty to the bone defect edges is paramount in order to restore the 

functional and cosmetic properties of the cranium. Suboptimal fixation also leads 

to instability of the bone flap, which from the viewpoint of clinical orthopaedics 

prevents ossification of the bone flap to the cranium, and this may result in BFR or 

even allow for the “sinking” of the bone flap (Zhang et al., 2017), which may 

provoke symptoms resembling those encountered in the syndrome of the trephined 

(Di Rienzo et al., 2013; Khansare, Walsh, & Binning, 2015). Despite initially 

perfect fixation, hardware loosening could occur due to incomplete BFR of the flap. 

Moderate BFR was found to be surprisingly common in the present studies. 

Therefore, no new-onset symptom following cranioplasty is to be overlooked or 

arbitrarily attributed to the primary insult. 

Instability of the bone flap and the varying stages of BFR along with surgery-

related complications, such as scar alopecia and temporalis muscle atrophy, may 

contribute to the development of suboptimal cosmesis, which is potentially 



 

93 

disabling to the patient especially in the case of an otherwise favourable outcome. 

In the multicentre cohort, one of the seven patients with unsatisfactory cosmesis as 

the primary complication underwent bone flap removal. The reasons for declining 

a cosmetic cranioplasty were outside the scope of the present thesis, but reluctance 

to undergo additional surgery is likely a major factor as patients may be satisfied 

with being able to lead normal lives again following surgery (Stieglitz et al., 2015). 

The perception of cosmesis is highly subjective, and its impact on the quality of 

life warrants recognition as a measure of surgical outcome. 

In conclusion, subclinical BFR appears to play a role in the development of 

clinical complications possibly requiring revision surgery. 

6.2 Bone flap resorption after cryopreserved autologous 
cranioplasty 

6.2.1 Clinical bone flap resorption 

In the multicentre setting, clinical BFR developed in 19 (9%) cases and led to the 

removal of the bone flaps in 16 cases with the remaining three treated by refixation 

of the bone flap. BFR was diagnosed after a mean time of 534 days after 

cranioplasty. In the cohort of the Oulu University Hospital, four (10%) of the 

patients had BFR that required bone flap removal. 

6.2.2 Radiological bone flap resorption 

In the volumetric analysis, 90% of patients had an RBV below 100% indicating any 

extent of BFR, and a third of the patients had an RBV below 80%. Using the ORS, 

78% of our patients had an ORS greater than 0. Further, in the subjective 

radiological analyses conducted by the neurosurgeons, 79% of the patients had any 

extent of BFR. The results indicate that subclinical BFR is ubiquitous following 

autologous cranioplasty, but that the majority of the patients do not require bone 

flap removal, nor does incomplete BFR necessarily indicate the development of 

clinical BFR. These conclusions are supported by the early findings of Prolo (Prolo, 

Burres, McLaughlin, & Christensen, 1979). 
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6.2.3 Progression of bone flap resorption 

BFR has been suggested to progress as a function of follow-up time (Park et al., 

2017), which could play a role in the greater incidence of BFR in the young with 

longer follow-up times, but also lead to most reinserted bone flaps eventually 

requiring removal. In the linear regression analysis where the progression of the 

bone flap volume was evaluated in relation to follow-up time and patient age, only 

an age of over 30 years was found to predict higher RBV. Although no follow-up 

time dependent linearity was found in the development of BFR, an age of less than 

30 years clearly predicted decreased RBV in the model, but this was independent 

of the length of follow-up, which suggests that the effect of some other age-

associated factor predisposes the young to BFR. 

Most importantly, all bone flaps do not seem to resorb enough to require re-

cranioplasty in the long term, but moderate BFR seems to be a physiological 

revitalisation reaction of the bone flap. Assuming similar behaviour for cranial 

bone grafts and long bone grafts, the reintegration of the devitalised autologous 

scaffold occurs through creeping substitution that continues until the replacement 

of all of the dead bone over the course of months or years (Roberts & Rosenbaum, 

2012), which coincides with the time during which most BFR has been reported to 

occur (Honeybul & Ho, 2012; Zhang et al., 2017). 

As BFR did not progress at a constant rate on the cohort level, routine follow-

up CT scans in the absence of new symptoms seem unnecessary. Therefore, clinical 

follow-up including manual assessment of bone flap stability is advised, but 

radiological exams should be reserved only for selected patients. These two 

conclusions are further supported by earlier reports noting that most clinical BFR 

occurred within 12–18 months after cranioplasty (Honeybul & Ho, 2012). 

HU values of the autologous cranioplasty cohort of the Oulu University 

Hospital were measured (Fig. 10, page 83). In the IBF CT scan, the radiodensity of 

the newly reimplanted bone flap corresponded to that of the adjacent untouched 

calvarium (Ri). This was anticipated, as remodellation of the autograft had not yet 

occurred. Comparing the radiodensities of the bone flap and the adjacent calvarium 

in the follow-up CT scan (Rf), however, more pronounced changes were found: 

though the mean Ri and Rf values of the cohort remained identical (99 vs. 98%), 

the SD and range of the radiodensity distribution were twofold in the follow-up CT 

scans compared to the IBF scans (SD 4 vs. 9%, range 84 to 107% vs. 71 to 117% 

in the IBF and follow-up scans, respectively). Accordingly, derived from Ri and Rf, 

dR ranged from 73% to 139% with a mean of 100% (SD 11%) (Fig. 10, page 83). 
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The radiodensities of the bone flaps did not behave in a fixed fashion, which is 

likely due to the presence of multiple types of BFR even within the same bone flap 

(i.e. thinning, cavity formation, and perforations) leading to heterogenous 

measurements. These results suggest that the bone flap remains an active site of 

remodellation following cranioplasty, but the interpretation of these changes 

warrants further research. 

6.2.4 Volumetric threshold of clinical bone flap resorption 

BFR requiring bone flap removal occurred in four patients in the cohort of the Oulu 

University Hospital. Two of these cases were diagnosed during revision surgery for 

early wound infections and therefore underwent bone flap removal already at 73 

and 125 days after cranioplasty. It is suspected that osteomyelitic softening and 

resorption of the bone may have occurred, following which decomposed bony 

material may persist in CT (Moser et al., 2012), and thus the RBV and ORS 

measurements overestimated the integrity of the bone flaps. The RBVs of both 

patients exceeded 90% and their mean ORSs were lower than 1. However, 

microscopical analysis of the bone, which was available for one of the two patients, 

showed no signs of infection. Obviously, there exists a rationale to differentiate 

possible infectious softening of the bone flap from strictly aseptic BFR. 

Nevertheless, Schuss et al. identified early wound healing disturbances and 

abscesses as risk factors of BFR (Schuss et al., 2013). 

The remaining two patients with BFR, both of them males aged 16 and 24 years, 

presented with clinically softened and disfigured bone flaps at 12 and 14 months 

after cranioplasty. Severe BFR was visible in the CT with no clinical, biochemical, 

or radiological signs of infection. In both of these patients, RBV was below 33% 

(26% and 32%), and they both reached the maximum mean ORS of 9. Thus, an 

RBV below 33% was enough to produce clinical manifestations of BFR requiring 

re-cranioplasty in the present cohort. It should be noted, however, that the study 

population did not undergo standardised clinical evaluation at the time of CT 

imaging, and therefore this threshold is merely directional, as cosmetic issues or 

bone flap instability may well occur with higher RBVs. Volumetrically, the 

definition of relevant BFR remains unclear. 
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6.2.5 Oulu Resorption Score threshold of relevant bone flap resorption 

Despite being a common finding in the follow-up CT scans, no consensus on the 

definition or relevance of radiological BFR has been established. This has been a 

major weakness in previous studies (Ernst et al., 2018; Honeybul & Ho, 2016; 

Honeybul et al., 2017; Kim et al., 2018). Unclear definitions result in discrepancies 

in the reported rates of BFR (Kim et al., 2018; Klinger et al., 2014) and pose a 

clinical problem: the identification of cases that should be referred to neurosurgical 

consultation can be rather challenging to the clinician or radiologist without a 

straight-forward scoring system (Fig. 11, page 86). The challenge is exacerbated in 

patients living in lower-level healthcare facilities with limited neurosurgical ability 

by the time that BFR could be diagnosed. 

In order to test the viability of the neurosurgeons’ evaluations, their agreement 

was tested with the κ statistic. The agreement was found to be of substantial 

strength (κ 0.64). All the patients whose BFR was evaluated significant by the 

neurosurgeons had a mean ORS of 5 or greater, which was defined as the threshold 

for relevant BFR. This suggests that the ORS delineated the patient group with 

clinically relevant BFR while successfully ruling out patients with a non-relevant 

extent of BFR from the intervention group. For the two patients that attained the 

maximum ORS of 9, both neurosurgeons recommended re-cranioplasty evaluation. 

An ORS of 9 was therefore defined as the threshold of bone flap failure due to BFR. 

Indeed, both of these patients had undergone bone flap removal and synthetic 

cranioplasty following the follow-up CT scan. Based on these definitions, it was 

proposed that patients with an ORS of 0–4 (grades 0 and I) do not require follow-

up interventions, but patients whose ORS exceeds 5 (grades II and III) should be 

referred to neurosurgical consultation, during which reoperation should be 

considered for at least those patients with a maximum ORS of 9 (grade III). 

Theoretical background of the Oulu Resorption Score 

The proposed constituent variables of the ORS (Table 12, page 70) are based on 

previously published grading systems and recent radiological studies including 

study II (Dünisch et al., 2013; Honeybul et al., 2017; Kim et al., 2018; Stieglitz et 

al., 2015; Zhang et al., 2017). 

Dünisch and colleagues divided bone flap necrosis into two types (Table 7, 

page 57): type I marks the thinning of the bone flap and/or beginning BFR along 

the rims of the flap, and type II a circumscribed, complete lysis of the bone within 
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the flap with loss of cerebral protection. The classification has been applied by the 

same authors in two subsequent studies (Ewald et al., 2014; Schwarz et al., 2016), 

and by Ernst et al. in one study (Ernst et al., 2018). Kim et al. applied a similar 

classification (Kim, S. H. et al., 2017). Dünisch et al. held type II necrosis as an 

indication for revision surgery. Still, 57% of patients with type II necrosis were not 

reoperated on (Dünisch et al., 2013), and neither were all patients with type II bone 

flap necrosis reoperated on in the study by Ernst and colleagues. Type I necrosis 

was defined as not requiring surgery. Beginning BFR along the rims of the bone 

flap may result in fixation hardware loosening, and consequently bone flap 

instability or migration. Thus, their classification may overestimate the revision 

requirement in certain patients and not recognise BFR requiring reoperation in 

others. Their system, however, is well applicable for retrospective analysis and the 

statistical evaluation of risk factors. 

Honeybul and colleagues suggested a five-variable classification system for 

BFR (Table 8, page 57), which accurately describes the traditional subjective 

evaluation of BFR and requirement for revision surgery, but the definitions of the 

subclasses remain inaccurate. 

Stieglitz and colleagues proposed a scoring system with three subcategories 

(Table 9, page 57). Patients with no CT data available were included in the 

development of the score, and it could be used without CT imaging. Its ability in 

recognising relevant BFR is questionable as the cut-offs of palpation findings were 

not coupled to the radiological findings in the study. However, the demand for a 

CT evaluation system that is coupled to clinical findings is obvious. 

Zhang and colleagues described three separate types of BFR (thinning, reduced 

bone density, and osteolysis within the flap) (0, page 58) but did not report 

extensive definitions of these types or clear distinctions between the mild, moderate, 

and severe subclasses. In cases of severe BFR, synthetic reconstruction was 

performed. Notable overlapping of these BFR types is evident, which was also 

noted by the authors themselves. Though academically interesting, the division of 

BFR into three distinct types raises questions on the aetiology of these types rather 

than aiding to decide whether BFR is clinically relevant. 

Three of the previous radiological scoring systems use thinning of the bone as 

a proxy indicator of BFR. It was previously discussed that an RBV of less than 33% 

resulted in clinical manifestations of BFR severe enough to require re-cranioplasty. 

Therefore, the lower cut-off value of the Extent variable was defined to be slightly 

lower, 25%. It was also demonstrated in study II that three fourths of our patients 
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had an RBV of over 75% (Fig. 9, page 80), which was then selected as the upper 

cut-off for this estimated bone volume variable. 

Besides volumetric loss of bone, the development of perforations within the 

bone flap diminish both the functional and cosmetic results of autologous 

cranioplasty (Honeybul et al., 2017). This is recognised in the Severity variable, for 

which the cut-off value of 1 cm for the diameter of the perforation was chosen 

based on the observation that even a perforation the size of a burr hole may 

deteriorate cosmesis (Dujovny et al., 1997). Further, a focus exceeding 1 cm in 

diameter has been previously used as an indicator of radiological BFR (Kim et al., 

2018). It should be pointed out, however, that only new perforations or enlargement 

of the existing ones are to be taken as indicators of BFR, as iatrogenic bone defects 

are commonly present. Importantly, BFR occurring at the rims of the bone flap that 

could potentially lead to fixation hardware loosening, is taken into account here. 

The previous classification systems account for the total portion of the 

autograft affected by the BFR process. A diffusely resorbed bone flap is clinically 

more alarming than one confined BFR focus, which is more objectively recognised 

in the score using the Focus variable. As suggested earlier by Prolo (Prolo et al., 

1979) and in study II, minor BFR was interpreted as a physiological phenomenon, 

and thus this was allowed for by assigning a score of 0 to an estimated volume 

decrease of less than 25% and the presence of at most one confined BFR focus 

(Table 12, page 70). 

6.3 Limitations 

Study I was a retrospective study that evaluated the outcomes of all patients 

undergoing primary cryopreserved autologous cranioplasty in three of the five 

Finnish university hospitals, which are tertiary-level healthcare institutions. The 

primary outcome was any-cause bone flap removal, and the secondary outcome 

was BFR requiring refixation or removal of the bone flap. Studies II and III 

evaluated BFR volumetrically and using the ORS, respectively. 

6.3.1 Retrospective data collection (I, II and III) 

Importantly, a patient was classified as a smoker if they were explicitly listed as 

such in the patient records, and a non-smoker if that was explicitly mentioned or if 

no mention of the patient smoking was found. It is possible that smokers who have 

since quit are listed as smokers, or that a smoker’s smoking status had not been 
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logged to the patient databases. It cannot be excluded that even former smoking 

habits could affect outcome, either. In any case, this protocol is accepted in the 

literature (Marston et al., 2014). The most reliable method to verify the smoking 

status would probably be a composite of biochemical measurements and patient 

interview, but this approach is not feasible in the present study setting, and even 

face-to-face interviews may include false reports (Patrick et al., 1994). Due to 

retrospective data collection, similar limitations apply to other presently recorded 

variables including complications other than BFR. 

None of the three studies were population-based. Though the study cohort was 

non-selected in that it comprised every patient undergoing primary autologous 

cranioplasty and that all cranioplasty complications requiring neurosurgical 

consultation are referred to the corresponding centres, selection occurs at an earlier 

phase when the treatment protocol is chosen for the patient based on clinical 

variables. For instance, an age of 65 years is considered at least a relative 

contraindication of DC in the three centres, and correspondingly the oldest patient 

in the cohorts was 65 years old. The results can therefore not be directly extended 

to patients older than 65 years of age. Concerning studies II and III, the cohort did 

not include any patients younger than 15 years. Nevertheless, the current 

population accurately represents the patient group undergoing autologous 

cranioplasty and the study population is analogous in composition to those reported 

in other major studies (Morton et al., 2018; Schwarz et al., 2016). 

Patients are further selected on the basis of reconstruction material, as it is an 

established protocol in Finnish tissue banks to obtain bacteriological cultures from 

the DC bone flaps and to discard contaminated flaps in order to theoretically reduce 

the risk of SSI. Notably fragmented or contaminated bone flaps are not reimplanted 

either. Even further, only those with sufficient recovery from the primary insult are 

selected for cranioplasty. Selection also occurs whilst deciding whether to reoperate. 

For instance, as no standardised system was available for application, the decision 

to perform re-cranioplasty due to BFR was highly subjective. In a cohort of patients 

who have sustained a critical illness, BFR may be underestimated due to impaired 

cognition and communication or reluctance to undergo additional surgery (Stieglitz 

et al., 2015). This underestimation, however, is absent in studies II and III, where 

imaging was used to determine the stage of BFR. 

In order to accurately evaluate outcomes, follow-up periods have to be 

sufficient, the proportion of patients lost for follow-up must not be exceedingly 

high, and sample sizes have to be large enough. These conditions are fulfilled in all 

the three studies with mean follow-up periods of 3.7 and 4.3 years. Most 
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cranioplasty complications occur during the first month postoperatively (Coulter et 

al., 2014), and most BFR has been reported to occur within 12–18 months 

(Honeybul & Ho, 2012; Zhang et al., 2017) after cranioplasty. 

Partially owing to the definition of the follow-up duration, no patients were 

lost for follow-up in study I, which is not the case in most series. In studies II and 

III, if radiological data was lacking, secondary centres were queried for potentially 

missing data. As a result, only four patients (9%) were non-available for inclusion 

with only one due to missing data and the others due to death before sufficient 

imaging. Thus, the conclusions drawn in the three studies are based on the whole 

patient cohort. 

Further, the cohort size was large enough to describe the most important 

predictors of cranioplasty failure, and the treatment protocols did not markedly 

differ between hospitals. No major changes in operative techniques etc. occurred 

during the ten-year inclusion period, which cannot be excluded during the next ten 

years with, for instance, modern desktop 3D printers being able to produce viable 

cranioplasty implants (Morales-Gómez et al., 2018). 

6.3.2 Radiological considerations (II and III) 

For studies II and III, all the patients undergoing cranioplasty with an autologous 

cryopreserved bone flap following DC at the Oulu University Hospital were 

successfully identified. 

In studies II and III, measurements were obtained at only two points in time, 

the IBF and follow-up CT scans, and though sufficient to study BFR on the cohort 

level, measurements need to be made from more CT scans in order to monitor the 

behaviour of the bone flap more accurately. Further, the two time points were not 

standardised, and consequently the time until measurement and scoring differed, 

which may have influenced the results. Still, differences were recognised both 

volumetrically and by using the ORS system. 

Bone flap size was measured in 2D using lateral scout images. These 

measurements underestimate the surface area of the bone flap especially at the 

convexity due to the curvature of the skull. Thus, this measurement may only be 

used as an approximate variable. 
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Study II 

As the radiological volumetry method used for RBV is quantitative in nature and 

does not require subjective decisions, the extent of BFR is objectively described. 

Still, measurement accuracy is of question, and the method applied here has not 

been validated for use in cranial bone volumetry. A particular weakness associated 

with the present volumetric method is the summation of adjacent structures in the 

CT scan, which results in greater measured axial bone flap areas especially near the 

vertex in thick-sliced CT scans. This effect could be reduced by using CT scans 

with a thin slice thickness for the measurements. Srivastava et al. assessed the effect 

of slice thickness on CT volumetry measurements (Srivastava, Cheng, & Das, 

2016). They reported an error of 2–3% with 10-mm-thick slices when measuring a 

volume of 100 cm3. Specifically, the measurements presented here were conducted 

with a vertical space, as distinguished from slice thickness, of 10 mm between the 

slices used for measurements. These method-associated measurement errors were 

further reduced in the present study by analysing relative bone flap volumes instead 

of absolute values. 

Intraobserver variability is a source of error in studies involving any 

measurement, and it may have been reduced in the present study by avoiding 

lengthy measurement sessions. Interobserver variability was absent. On the other 

hand, as these observer variabilities were not quantified, their impact could not be 

measured and uncertainty in the generalisability of the results and methods is 

evident. In any case, concerning various skeletal sites, Brindle et al. demonstrated 

negligible interobserver variabilities in CT volumetry (Brindle et al., 2006). 

Study III 

The proposed Oulu Resorption Score for the definition of BFR was developed 

based on previously published radiological tools and aimed to improve upon them. 

Despite being viable for CT evaluation, the ORS system accounts only for BFR, 

and the score used alone cannot discern whether re-operation is required but a 

clinical evaluation is necessary before the decision. Study III marks the description 

and application of the ORS, but though multiple readers were used in order to 

obtain more reliable results, intra- or interobserver variability were not tested in 

order to avoid tautologous conclusions. The validity and generalisability of the 

ORS are the subject of a subsequent study. 
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6.4 Future research directions 

Study I provided new data and partially supported the existing knowledge on the 

risk factors for bone flap removal and BFR and pointed to young age and smoking 

as the major risk factors of poor surgical outcome after autologous cryopreserved 

cranioplasty. In the future, the Finnish National Cranial Implant Registry study will 

continue with the aim of including the data from the remaining two Finnish 

university hospitals into the study in order to form a nationwide cranial implant 

registry. Notably, the construction of several other European national cranioplasty 

registries has been commenced (Giese et al., 2015; Kolias et al., 2014). 

Study II provided data on the long-term behaviour of the bone flap following 

reimplantation. Among the most important results is that most bone flaps will not 

resorb enough to require re-cranioplasty, and thus autologous bone flaps appear to 

be viable reconstruction materials. The further development of volumetric methods 

and perhaps the application of a computerised method would result in more precise 

data on the required length of follow-up required with regard to BFR. 

Study III gave rise to a novel, easy-to-use radiological scoring system for BFR, 

the Oulu Resorption Score. The validity and generalisability of the method remains 

the subject of a subsequent, preferably multicentre validation study that could 

simultaneously compare the existing classification systems. Assuming validation, 

the ORS could be used for following the progression of BFR as a function of time 

potentially more efficiently than the labour-intensive volumetric method, which is 

still viable for academical purposes. Clinically, the adoption of the ORS could offer 

possibilities for limiting the use of ionising radiation and avoiding unjustified 

neurosurgical consultations and referrals that arise from uncertainty in the 

interpretation of BFR findings. These are especially important viewpoints 

considering the increasing patient volumes undergoing DC (Bhattacharya, Kansara, 

Chaturvedi, & Coplin, 2013) and subsequently cranioplasty. Academically, the use 

of a standardised definition of BFR yields potential for enhancing inter-study 

comparison and identification of risk factors of BFR. 
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7 Conclusions 
In conclusion, the answers to the study questions are as follows. 

1. 40% of the patients developed any complication, and half of these required 

bone flap removal after primary autologous cryopreserved cranioplasty. 

Clinical BFR requiring reoperation occurred in 9% of patients. (I) 

2. An age of less than 30 years and smoking were found to be risk factors for 

bone flap removal. Specifically, smoking predisposed the patient to SSIs, and 

young age predicted clinical BFR. (I) 

3. Subclinical BFR of varying severity following cryopreserved autologous 

cranioplasty is common, as bone flap volumes decreased in 90% of the patients 

during the follow-up. (II) 

4. The progression of BFR was non-linear on the cohort level. Thus, most bone 

flaps will likely not resorb enough to require removal. (II) 

5. The Oulu Resorption Score was found to successfully define BFR and discern 

the clinically relevant cases from the non-relevant. Grade II and III BFR should 

be considered clinically relevant. (III) 
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