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Bone Flap Resorption in Pediatric Patients Following

Autologous Cranioplasty

Following a decompressive craniectomy, the autologous bone flap is generally considered
the reconstructive material of choice in pediatric patients. Replacement of the original
bone flap takes advantage of its natural biocompatibility and the associated low risk of
rejection, as well as the potential to reintegrate with the adjacent bone and subsequently
grow with the patient. However, despite these advantages and unlike adult patients, the
replaced calvarial bone is more likely to undergo delayed bone resorption in pediatric
patients, ultimately requiring revision surgery. In this review, we describe the materials
that are currently available for pediatric cranioplasty, the advantages and disadvantages
of autologous calvarial replacement, the incidence and classification of bone resorption,
and the clinical risk factors for bone flap resorption that have been identified to date.
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ecompressive craniectomy has been

described in pediatric patients with

malignant cerebral edema secondary
to a large infarct,! severe encephalitis,®? or
severe traumatic brain injury (TBD).4 In the
trauma population, a primary decompression is
performed early in the patients hospital course,
typically in the context of a mass lesion (such
as a subdural hematoma or a contusion) that
requires evacuation. In contrast, a secondary
decompression is performed in a delayed
manner in patients with refractory intracranial
hypertension, in whom medical therapies
have failed.*® A decompressive craniectomy
can improve brain compliance and compen-
satory reserve, resulting in improved cerebral
perfusion.”

A number of techniques have been described
as a decompressive craniectomy, each with
a varying degree of bony removal and/or
dural opening.® A unilateral frontoparietotem-
poral craniectomy is commonly used, partic-
ularly in patients with focal pathology and/or
mass lesions.””!? Other options include a
bifrontal craniectomy in patients with diffuse

swelling,'?'7 bilateral ~frontoparietotemporal

ABBREVIATIONS: CT, computed tomography; OR,
odds ratio; PEEK, polyetheretherketone; PMMA,
polymethyl methacrylate; TBI, traumatic brain injury
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craniectomies, and bilateral temporal
craniectomies. Once the bony decom-
pression is complete, the options for dural
opening include leaving the dura intact, scoring
the dura, or opening it with or without an
expansile duraplasty.

In 2003, a mulddisciplinary task force
developed the “Guidelines for the Acute Medical
Management of Severe Traumatic Brain Injury
in Infants, Children, and Adolescents”;?° the
recently published third edition provides a
Level III recommendation that “decompressive
craniectomy is suggested to treat neurologic
deterioration, herniation, or intracranial hyper-
tension refractory to medical management.”?!

PEDIATRIC CRANIOPLASTY:
AUTOLOGOUS VS SYNTHETIC
RECONSTRUCTION

Following a decompressive craniectomy, there
is typically a variable period of time during which
the cerebral swelling subsides; replacement of the
bone flap then becomes necessary via a cranio-
plasty. Two general categories of reconstructive
materials have been described: autologous and
synthetic. (Bone allografts are typically not used
due to the risk of disease transmission.??) In a
systematic review of 24 studies describing 864
pediatric cranioplasties, autologous bone flaps
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were used in 56% of the cases, 75% of which utilized the
original bone flap.?> Other autologous reconstruction techniques
included split thickness calvarial grafts, particulate bone grafts,
and rib grafts. In the pediatric population, split thickness calvarial
grafts are difficult to obtain due to the immaturity of the diploic
space in children under 5 yr of age, though successful techniques
for obtaining split thickness grafts in this population have been
described.?*2¢ Furthermore, extracranial donor sites such as rib
grafts and iliac crest grafts are complicated by donor site morbidity
and contour irregularity at the graft site.”” >

A number of synthetic materials have been used as an alter-
native to autologous bone flaps, including metals (titanium),
acrylics (polymethyl methacrylate [PMMA]), ceramics (calcium
phosphate-based cements such as hydroxyapatite), and plastics
(porous polyethylene and polyetheretherketone [PEEK]).?!-34
Although the ideal cranioplasty material would facilitate osteoin-
tegration and be lightweight, cosmetic, durable, physiologi-
cally compatible, and cost-effective, none of the materials listed
above represents a perfect replacement for autologous bone.®
Titanium can be difficult to contour, and generates artifact
on a computed tomography (CT) scan.’> PMMA is one of
the preferred synthetic materials for adult cranioplasties, but
complications associated with PMMA have included infection,
extrusion, migration, and thermal sensitivity.?*13¢ Although
hydroxyapatite cement has osteoconductive and osteoinductive
properties similar to bone, it has been associated with high rates
of infection, inflammation, fracture, and fragmentation when
exposed to cerebrospinal fluid or blood, and is generally not
recommended for full thickness defects.?” Plastic polymers have
been used successfully in adults; porous polyethylene theoreti-
cally allows for bony ingrowth and revascularization, while PEEK
implants are lightweight, durable, and biocompatible, though
lacking in osteoconductive or osteoinductive properties.??-30-38:39
However, pediatric data remain sparse.

Autologous bone flaps have several distinct advantages over
synthetic materials, including natural biocompatibility, low risk
of rejection, and the ability to fit the original defect without the
need for additional contouring.?***-4! Autologous cranioplasty
has also been suggested to have a lower risk of infection, though
a meta-analysis identified a 3.9% infection rate in the autol-
ogous group and a 5.2% infection rate in the synthetic group, a
difference that was not statistically significant (P = .56).%’ Partic-
ularly in pediatric patients, however, an important advantage of
autologous bone flaps is the ability to become reintegrated and
subsequently grow with the patient.>*%? Consequently, unless
there has been gross contamination of the bone, replacement of
the original bone flap has typically been advocated for pediatric

patients following a decompressive craniectomy.

BONE RESORPTION FOLLOWING PEDIATRIC
CRANIOPLASTY

Despite its advantages, the use of autologous bone flaps for
pediatric cranioplasty has historically been complicated by high
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BONE RESORPTION FOLLOWING PEDIATRIC CRANIOPLASTY

rates of delayed bone resorption (Figure 1). Reintegration of
a devascularized calvarial bone flap requires revascularization,
osteoconduction, osteoinduction, and osteogenesis, whereby the
graft serves as an inert biological scaffold for blood vessels and
osteoprogenitor cells from the adjacent viable tissue.’* 3% Graft
remodeling involves a balance between bone resorption and new
bone deposition; any interference to this process may result in
excessive bone resorption.

The incidence of resorption has varied widely in the literature.
Amongadults, the quoted incidence ranges from 3% to 230,45-48
with one meta-analysis finding an overall rate of 20%.% Among
pediatric patients, the incidence of bone resorption is signifi-
cantly higher, with Piedra et al,’® Grant et al,>* and Bowers
et al’! reporting resorption rates of 29.5%, 50%, and 50%,
respectively (Table 1). Others have demonstrated even higher
rates of resorption, with Beez et al>? reporting an incidence of
76.9% and Martin et al>® documenting resorption in 66.7%
of patients. In a multicenter retrospective study, Rocque et al**
found that 21.7% of their patients underwent significant bone
resorption requiring revision surgery. Additionally, a systematic
review published in 2013 identified an overall rate of resorption
of 36%,% while a more recent systematic review published in
2018 found an overall resorption rate of 16.5%.%° The wide range
reported in the literature may be related to (1) differences in
how “bone resorption” is defined, (2) confounders such as age,
the interval between decompression and cranioplasty, and surgical
technique, and/or (3) missing data due to the fact that resorption
rates are not reported in many studies.*?:>

Several groups have sought to standardize the definition of
bone resorption across studies. Bone resorption was initially
categorized by Dunisch et al*® as type I necrosis when there is
thinning of the bone flap vs type II necrosis when there is a
complete lysis of the inner and outer tables of bone. More recently,
software has been used to perform automated segmentation and
volume measurements that can be tracked over time. In one study,
the percentage of decrease in volume of the bone flap was calcu-
lated, and was correlated with a semiquantitative score in which
the following radiological features were assigned points: bone
suffusion, linear vs jagged bone thinning, loss of differentiation
between bone and diploe, central vs peripheral bone loss, and
fragment or flap displacement.”> Out of a total potential score
of 18, a score <6 corresponded to a volume decrease <15% and
was considered mild (thinning of bone), a score of 7 to 12 corre-
sponded to a volume decrease of 16% to 39% and was considered
moderate (loss of bone but with preserved cerebral protection),
and a score >13 corresponded to a volume decrease >40% and
was considered severe (loss of bone resulting in loss of cerebral
protection). A more straightforward CT-based scoring system
was proposed by Korhonen et al.’® The “Oulu resorption score”
(Table 2) ranged from 0 to 9 based on the extent (% remaining
bone volume), severity (presence and/or size of bicortical perfo-
rations), and the number of foci of bone resorption (Figure 2).
A score of 0 correlates with no resorption, while scores of 1 to
4 correlate with grade I (nonrelevant) resorption, scores of 5 to
8 correlate with grade II (clinically relevant) resorption, and a
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FIGURE 1. Imaging obtained in a G-yr-old boy who underwent a decompressive craniectomy for a large intraparenchymal
hemorrhage, followed by native bone flap replacement 2 mo later. A, Nonenhanced axial head CT obtained with bone window
settings. B, Three-dimensional skull reconstruction showing bone flap resorption 6 mo following the cranioplasty.

score of 9 correlates with grade III resorption (bone flap failure
requiring revision).

Quantitative analyses such as these have demonstrated that
some degree of radiological bone resorption is present in a
majority of patients following a cranioplasty, but the presence of
mild bone resorption does not necessarily signify a progressive
process that will ultimately require a revision.*> While routine
radiological surveillance is typically not recommended, clinical
follow-up is necessary because severe resorption has a number of
clinically relevant cosmetic and physiologic effects.’® Bony defects
that result in poor cosmesis can impact a patient’s quality of life;
when large, bony defects can also expose the underlying brain
parenchyma to potential injury. Significant bone resorption may
even impact the ability of the cranioplasty to improve cerebral
blood flow, cerebrospinal fluid hydrodynamics, and neurological
function following a decompressive craniectomy.®>-%0 As a
result, “significant” bone resorption typically requires a revision
of the cranioplasty using either autologous split-thickness bone
grafts, exchange cranioplasties, or synthetic materials. This,
however, necessitates additional surgery, exposing the patient to
further risks (particularly infection), additional hospitalizations,
and increased costs.

RISK FACTORS FOR BONE RESORPTION

In an effort to reduce the need for revision surgery, some have
sought to mitigate bone resorption itself by identifying the clinical
risk factors associated with resorption. Variables that have been
studied include patient age, the mode and duration of bone flap
storage, the size of the bone flap, the number of bone fragments,
and the presence of a shunt, among others (Table 3).
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Patient Age
Grant et al** and Piedra et al®® did not identify a significant
association between patient age and the risk of bone resorption.
However, Bowers et al’! found that patients less than or equal to
2.5 yr of age were at increased risk of bone flap resorption (odds
ratio [OR] 23.1, P=.01). Additionally, Martin et al reported that
bone resorption was significantly more likely to occur in the 0 to
7 yr age range relative to the 8 to 14 yr range (81.8% vs 42%,
P < .001). These findings suggest that while bone resorption is
fairly common among the general pediatric population, the risk
of resorption rises steadily with decreasing age. Indeed, Frassanito
et al®! identified a 100% rate of resorption in a subgroup of
patients who underwent decompressive craniectomy followed by
autologous cranioplasty when under 1 yr of age. In a multivariate
analysis, Rocque et al>* found that as the patient’s age increases,
each additional month decreases the risk of bone resorption by
1% (OR 0.99, P < .001).

Young age may impact the rate of bone resorption in several
ways. The thinness of the calvaria has been hypothesized to play
arole, as has the naturally high rate of bone turnover in pediatric
patients.** 4" Although young children, particularly those less
than 2 yr of age, can typically undergo successful calvarial reossi-
fication of small calvarial defects, the rapid bone turnover that
occurs during this period of rapid head growth is associated with
increased metabolic demand on the calvarium and may impact
the ability of a large bone flap to create a successful fusion.>!*¢2

Mode and Duration of Bone Flap Storage

Bone that is removed during a decompressive craniectomy
is typically either stored in a subcutaneous abdominal pocket
or cryopreserved until the patient is ready for a cranioplasty.

www.operativeneurosurgery-online.com
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TABLE 1. Summary of Existing Pediatric Literature

craniectomy
fracture, and

underlying

contusion

Grantetal, Piedra et al, Bowers et al, Martin Rocque et al, Beez et al,
200434 2012%° 2013%1 etal, 201433 2018 20192
Study design Single center Single center Single center Single center Multicenter Single center
(13 centers)
Patients 40 61 54 27 359 15
Defect surface area 99.4 cm? N/A “Generous “As large as possible, covering N/A 121.6 cm?
(14147 cm?) frontotem- about two-thirds of the (74-159 cm?)
poroparietal hemisphere”
decompressive
craniectomy”
Age 93yr 95yr 62 £47yr Group 1: Group 2: 84 +57yr 12yr
(6 Wk to 19 yr) (range not 49yr? 174 yr? (117 yr)P
reported) (1mo to 14 yr) (15-17 yr)
Interval from N/A 2.1 mo 2.1 mo Group 1: Group 2: N/A 1.5 mo
craniectomy to (0.2-9.9 mo) (0.3-13 mo) 3.0 mo? 33 mo? (1-4 mo)
cranioplasty (0.5-3.7 mo) (2.8-5.1mo)
Bone flap resorption 20 (50%) 18 (29.5%) 27 (50%) Group 1: Group 2: 52 (21.7%)¢ 8 patients/10
12 (66.7%) 0 (0%) bone flaps (77%)
Infection 2 (10%) 4 (6.6%) 9 (16.7%) Group 1: Group 2: 38 (10.5%) 1(7.7%)
2 (11%) 2 (22%)
Interval from N/A N/A 4.8 mo (1-36 mo) Group 1: Group 2: N/A 19 mo (4-54 mo)
cranioplasty to 8.4 mo (range N/A
resorption not reported)
Interval from 13.3mo N/A N/A Group 1: Group 2: N/A N/A
cranioplasty to (2-76 mo) 8.9 mo N/A
revision (3.2-16.4 mo)
Follow-up 57.6 mo 24 mo 379 mo 83 mo 32mo TBI subgroup:
(6-72 mo) (2-124 mo) (1.5-168 mo) (18-154 mo) (range not 26 mo (2-84 mo)
reported) Non-TBI
subgroup:
75 mo (8-120 mo)
Risk factors Craniectomy Time to Age <25yr, Age <7yr Age (1% decrease N/A
defect cranioplasty >6 post-traumatic in risk of
size >75 cm? wk after hydrocephalus, resorption for

comminuted skull

each month of
increasing age),
external
ventricular drain
use, and lumbar
shunt

All values represent n (%), mean (range), or mean =+ standard deviation unless otherwise specified.

2Values represent medians.

bAge reported for 15 patients undergoing decompressive craniectomy, rather than the subset of 10 patients who ultimately underwent autologous cranioplasty with 13 bone flaps.

€Only 240 of the total 359 patients were included in the analysis of bone resorption.

Subcutaneous storage provides the ability for the bone flap to
remain with the patient if he or she transfers to another facility,
and has been hypothesized to be a better method of maintaining
cell viability relative to cryopreservation.”> In a meta-analysis of
48 studies involving 5346 adult and pediatric patients, there was
no significant difference in resorption rates in patients under-
going cranioplasty after subcutaneous storage vs cryopreservation
(7.7% vs 9.7%, P = .33).4" However, subcutaneous storage
is typically not recommended in pediatric patients, particularly
infants and young children, given the large head-to-body ratio and
the surgical trauma that would be required to create an adequate
abdominal pocker.’!

OPERATIVE NEURO

As a result, cryopreservation represents the storage mode of
choice for pediatric patients. Some have proposed that cryop-
reservation impairs cell viability and graft revascularization, and
therefore increases the risk of bone resorption.®*-®> This is a
possible explanation for the finding of Piedra et al®® that bone
resorption was 3x more likely among patients whose bone flap
was cryopreserved for more than 6 wk (42% of patients under-
going delayed cranioplasty vs 14.3% of patients undergoing early
cranioplasty). However, other studies have shown that osteo-
cytes, structural scaffolding, and proteins involved in bone fusion
remain intact despite prolonged cryopreservation.® The freezing
method and storage temperature likely have an impact. Fan
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TABLE 2. Oulu Resorption Score

Variable Score

Extent (ie, remaining bone volume)
No BFR/remaining bone volume = 100%
Remaining bone volume 75% to 99.9%
Remaining bone volume 25% to 74.9%
Remaining bone volume <25%
Severity of perforations due to BFR
No BFR or only cancellous bone loss
Nonperforating resorption
A new bicortical perforation of <1.0 cm
A new bicortical perforation of >1.0 cm
Focus (ie, total integrity of the bone flap)
No BFR
One focal BFR change
Multiple BFR foci
Diffuse BFR: signs of BFR throughout the flap area

w N O o

w N = O

w N O o

BFR = bone flap resorption.
Modified with permission from Korhonen et al® under the Creative Commons Attri-
bution 4.0 International License.

et al® suggested that cryopreservation with dimethyl sulfoxide
may be a more effective method of preserving osteocyte viability
and biological activity by reducing ice crystal formation; the
authors also recommended a “slow freezing” method, sequen-
tially transferring the bone flap to colder temperatures until
ultimately storing the bone in liquid nitrogen (—196°C). They
cautioned against attempting to sterilize the bone using alcohol
soaking, autoclaving, or calcination, which devitalizes the bone
and destroys the osteocytes.

Bone Flap Size

Grant et al** reported higher rates of bone resorption with
larger skull defects. Although the authors stratified the skull defect
area into 6 subgroups based on size, they found that 75 cm? repre-
sented a significant size threshold. Skull defects that were larger
than 75 cm? were associated with a greater than 60% failure rate,
while there were no failures among those patients whose skull
defect was smaller than 75 cm?. Unfortunately, decompressive
craniectomy requires removal of a large region of bone in order to
be effective, and it is rarely feasible to modify the decompression
in an effort to minimize subsequent resorption. Indeed, Martin
et al>® presented a series of patients who all had a decompressive
craniectomy that was larger than 75 cm?; this may in part explain
the high rate of resorption in their study.

Number of Bone Fragments

Bowers et al’! reported that the presence of a comminuted
skull fracture is a risk factor for bone resorption. The presence of
multiple bone fragments may increase the amount of cancellous
bone that is exposed to circulating osteoclasts in the bloodstream,
resulting in bone resorption.66 Alternatively, bone fragmentation
may increase the surface area that needs to fuse, and makes it
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Initial

Follow-up

Grade 0
No Resorption

Grade 1
Mild

Grade 2
Moderate

Grade 3
Severe

FIGURE 2. CT slices with bone window settings depicting the initial postop-
erative and follow-up bone flap status (left and right columns, respectively) of
4 cranioplasty patients with different levels of bone flap resorption (right side of
each image). Each row comprises one patient. Modified with permission from
Korhonen et alP® under the Creative Commons Attribution 4.0 International
License.

difficult to fixate and minimize the gaps between the fragments.
A third hypothesis is that the presence of a comminuted fracture
signifies a powerful impact that was dissipated by the skull,
resulting in more local damage and ultimately interfering with
bone fusion. It is possible that the presence of an underlying
contusion is also associated with bone resorption for similar
reasons.’!

Presence of a Shunt

Bowers et al’! also found post-traumatic hydrocephalus to
be a risk factor for bone resorption. Of the 27 patients with
bone resorption in their series, 12 patients (44%) required a
ventriculoperitoneal shunt placement prior to their cranioplasty.

www.operativeneurosurgery-online.com
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TABLE 3. Clinical Risk Factors for Bone Resorption in Pediatric Patients

Grant et al, 200434

Piedra et al, 201250

Bowers etal,2013°"  Martin etal, 2014°®>  Rocque et al, 20184

Age - -
Reason for craniectomy - -
Size of flap
Fragmentation - N/A
Duration of cryopreservation - > 6wk
Shunt - -
Underlying contusion N/A

<25yr <7yr +
N/A N/A -
+ N/A N/A
= = N/A
+ - +
+ N/A N/A

Similarly, Martin et al>® found a trend toward increased bone
resorption in pediatric patients with a permanent shunt compared
to those without a shunt (75% vs 64%, respectively), though the
difference was not significant. Most recently, a multicenter retro-
spective study found the presence of an external ventricular drain
or a lumbar shunt to have significant or nearly significant associ-
ations with bone resorption in multivariate models.>*

One possibility is that the presence of hydrocephalus serves as a
secondary marker of injury severity. Alternatively, the presence of
a shunt might interfere with normal intracranial pressure fluctu-
ations, which in turn have been shown to play a dynamic role
in skull growth.®? Preclinical data have demonstrated that the
growing brain places mechanical, tensile strain on the overlying
immature dura, which induces the secretion of growth factors
that contribute to osteogenesis, particularly during the first 2 yr
of life.:62:%7 By blunting the natural fluctuations in intracranial
pressure, a shunt may interfere with the tensile strain on the dura,
as well as subsequent cytokine release.

Similarly, an expansile duraplasty may interrupt the physio-
logical interactions between the brain, the native dura, and the
overlying bone, and the subsequent lack of growth factor secretion
may contribute to bone flap resorption.>® These factors likely
become less important with increasing age, as the skull typically
attains its final size by 7 yr of age;®® this may, in part, contribute to
the increased rate of bone resorption seen in younger patients.*

FUTURE DIRECTIONS

While clinical risk factors for bone resorption have been
identified, innovative solutions are required in order to mitigate
resorption. Opportunities exist to adapt bone repair strategies
that are being developed in the fields of orthopedic surgery and
plastic surgery, where active areas of research include novel bioma-
terial development, tissue engineering, stem cell delivery, and
mechanical stimulation.

Biomaterials and Tissue Engineering

Biocompatible and biodegradable scaffolds feature complex,
porous, 3-dimensional architectures that promote osteocon-
duction and vascular ingrowth, and which can be seeded
with progeni Ils and/ inducti h £ SR

progenitor cells and/or osteoinductive growth factors.

OPERATIVE NEURO

Cutting-edge developments include the use of magnetic scaffolds
that can be guided with an external magnetic field and injectable

scaffolds.®?-71:72

Stem Cell Delivery

Mesenchymal stem cells and osteoprogenitor cells can be
delivered directly to the repair site, either alone or in combi-
nation with a cell delivery vehicle. In a pilot study in Finland,
adipose-derived stem cells were seeded onto a scaffold material
composed of beta-tricalcium phosphate granules.””> Although
initially promising, long-term outcomes proved less favorable,
with 3 of 5 patients requiring a revision due to graft-related
problems.”* Nevertheless, stem cell delivery remains a robust area
of research.

Mechanical Stimulation

Mechanical stability and the mechanical loading of bone
have both been shown to play a role in bone repair. Shear
strain and fluid flow upregulate mechanotransductive molecular
pathways that are involved in regulating the formation of fibrous
connective tissue, cartilage, and bone.®”>”> Noninvasive methods
of mechanical stimulation have been explored in the extremities
using low-intensity pulsed ultrasound and pulsed electromagnetic
fields, and further investigations of their mechanism of action are
011going.76’78

CONCLUSION

Bone flap resorption remains a significant complication for
pediatric patients undergoing an autologous cranioplasty. Despite
an increasingly comprehensive understanding of the clinical
risk factors associated with bone flap resorption, strategies for
enhancing calvarial bone repair remain primarily lab-based.
Additional work is necessary to translate bioengineering advances
into better outcomes for pediatric patients undergoing cranio-

plasty.
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