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Abstract

Background Extracorporeal irradiation of tumorous calvaria (EITC) can be performed to restore function and form of the
skull after resection of bone-invasive meningioma. We sought to examine the rate of tumour recurrence and other selected
outcomes in patients undergoing meningioma resection and EITC.

Methods Retrospective single-centre study of adult patients undergoing meningioma resection and EITC between January
2015 and November 2022 at a tertiary neurosurgical centre. Patient demographics, surgery data, tumour data, use of adjuvant
therapy, surgical complications, and tumour recurrences were collected.

Results Eighteen patients with 11 (61%) CNS WHO grade 1, 6 (33%) grade 2, and 1 (6%) grade 3 meningiomas were
included. Median follow-up was 42 months (range 3-88). Five (28%) patients had a recurrence, but none were associated
with the bone flap. Two (11%) wound infections requiring explant surgery occurred. Six (33%) patients required a further
operation. Two operations were for recurrences, one was for infection, one was a washout and wound exploration but no
evidence of infection was found, one patient requested the removal of a small titanium implant, and one patient required a
ventriculoperitoneal shunt for a persistent CSF collection. There were no cases of bone flap resorption and cosmetic outcome
was not routinely recorded.

Conclusion EITC is feasible and fast to perform with good outcomes and cost-effectiveness compared to other reconstructive
methods. We observed similar recurrence rates and lower infection rates requiring explant compared to the largest series
of cranioplasty in meningioma. Cosmetic outcome is universally under-reported and should be reported in future studies.
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Introduction

Surgery is the main mode of treatment of most meningiomas

54 William H. Cook and the degree of resection is predictive of recurrence [26].
whc35@cam.ac.uk While there have been efforts to refine Simpson grading
[10], its grades are still used widely when resecting men-
ingiomas, including bone-invasive meningiomas. Excision
of affected bone is part of the grading system, reflecting the
increased risk of recurrence associated with meningioma
remaining in bone. Therefore, when treating bone-invasive
meningiomas it is important to achieve not only maximum
safe tumour resection but also functionally sound and cos-
metically acceptable reconstruction of the skull. An increas-
ing range of materials, including polymethyl methacrylate
ﬁrais‘;fgcﬁ‘;i?s:sihe National Neuroscience Institute, (PMMA) [31], titanium [5], polyetheretherketone (PEEK)
& Sngapore [3], allogeneic bone [29], and other methods have been

developed to carry out such reconstructions. These include
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pre-manufactured individualized implants [5], and generic
materials, including PMMA and titanium mesh, that can
be adapted by the surgeon intraoperatively. In cases where
the bone is infiltrated but its architecture and mechanical
strength largely preserved, reimplantation of the bone flap
after its treatment in the autoclave [30], or with high dose
radiotherapy, termed extracorporeal irradiation of tumorous
calvaria (EITC), could be an alternative [28]. However, lit-
tle is known about EITC’s functional efficacy and safety as
to date only 23 cases have been reported in total [13, 16,
18, 28]. Furthermore, despite the utility of these techniques,
each have their own complication profiles due to the tech-
nique itself or the material used.

EITC may be a useful adjunct to cranioplasty techniques
and may provide a more cost-effective method of skull
reconstruction with good cosmetic outcome and minimal
chance of immunological rejection when compared to for-
eign implants [30]. The aim of the present study is to add
to the collective experience by reporting the use of EITC
in 18 consecutive patients with bone-invasive meningioma
including the tumour characteristics of each case and their
long-term results.

Methods
Patient selection

A retrospective single-centre review was conducted of con-
secutive adult patients undergoing meningioma resection
and EITC between January 2015 and November 2022 at
a tertiary neurosurgical centre. This case series has been
reported in line with the PROCESS Guideline [1]. The study
protocol was review by the hospital research and develop-
ment office and, as this was a retrospective review of case
notes, no study-specific consent, i.e. ‘research consent',
was mandated. In each case, a patient-specific consent was
obtained for treatment (‘clinical consent’), as per established
routine clinical practice. One patient gave consent to the
publication of their clinical photographs.

EITC technique

The decision to reconstruct the skull defect with the autolo-
gous bone and EITC was anticipated preoperatively based on
imaging (CT and/or MRI with contrast) but confirmed intra-
operatively once the bone flap was raised and tumour inva-
sion was macroscopically inspected. A rongueur or high-
speed drill were used to remove exostotic tumour-infiltrated
bone and/or frank tumour. Bone flaps were then wrapped
in wet gauze, placed in a sterile plastic bag and a container,
and transferred to the Radiotherapy Department. The bone
flap was placed on the linear accelerator treatment couch
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and tissue equivalent material (bolus) used to form a square
block around the sterile container. The treatment was deliv-
ered using a single, direct applied with 6-MV photon beam
to a minimum dose of 80 Gy. Radiation delivery time was
approximately 30 min with the total process taking approxi-
mately 45 min. After the intracranial tumour resection was
completed the irradiated bone flap was reimplanted and fixed
with standard titanium metalware; in 8/18 cases small pieces
of titanium mesh were used to cover a bone defect. The sur-
gical wound was closed in a standard fashion.

Data collection

Demographic and clinical information was collected from
hospital electronic medical records. The collected variables
were patient age, sex, tumour characteristics (CNS WHO
grade, histological subtype, Ki-67 index, laterality, location),
surgery characteristics (Simpson grade), follow-up charac-
teristics (time to last follow-up, rates of tumour recurrence,
cosmetic outcome, adjuvant therapy, death), and complica-
tions (infection, bone resorption, reoperation).

Statistical analysis

Data were compiled in Microsoft® Excel (version 16.73;
Microsoft®, Redmond, WA, USA) and summary statistics
and figures produced where possible.

Results

Eighteen consecutive patients with bone-invasive meningi-
oma have undergone EITC at our institution between Janu-
ary 2015 and November 2022 (Table 1). The mean age of
these patients was 59 + 16 years (range 18 to 78), with 12
females (67%) and 6 males (33%) included.

Tumour characteristics

All tumours in this series were histologically-confirmed
meningiomas. Three patients had previously had men-
ingiomas resected. Two patients had previous resections
of tumours in different locations. There were 11 (61%)
CNS WHO grade 1, 6 (33%) grade 2, and 1 (6%) grade
3 meningioma(s). Mean Ki-67 index was 8.2+7.0%. All
patients had preoperative CT scans and all but one patient
had preoperative MRI scans. Tumour locations included 10
parasagittal, 4 convexity, 3 spheno-orbital/convexity, and 1
falcotentorial. In 4 cases there was intra-operatively apparent
macroscopic involvement of the scalp.
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Surgical characteristics

Three (17%) operations were Simpson grade 1 resections,
six (33%) were Simpson 2, two (11%) was Simpson 3, and
seven (39%) were Simpson 4. Only one out of four convex-
ity tumours, compared to 5 out of 10 parasagittal tumours,
were Simpson grade 4 resections. In all cases, frank tumour
was removed with rongueur and/or drill, and in all cases the
margin of bony resection was at least 10 mm. The degree
of tumour infiltration of the irradiated and retained bone
flap in terms of transverse (across the thickness of the
bone) and lateral (across the width of the bone) extent in
each individual case is listed in Table 1. In two, two, and
one case(s) the tumour reached the inner table, diploe, and
outer table, respectively. The meningioma grew beyond the
outer table in the remaining 13 patients. In terms of lateral
extent, six cases had <25% of the bone flap infiltrated (as per
pre-operative imaging), while eight had 25-50%, and four
had 50-75%. A minimum of 80 Gy of radiation was deliv-
ered to each patient’s tumorous calvaria. Figure 1 presents

Fig.1 Case 4 (a&b): a, Preop-
erative T1-weighted MR image
after contrast administration
(T1+c) in a 34-year-old woman
with a CNS WHO grade 2
chordoid meningioma. There

is evidence of tumour invasion
into the calvaria. b, T1 +¢ MRI
from the analogous location
obtained 55 months post-
operatively, demonstrating a
section of the bone flap that had
undergone EITC with no recur-
rence or bone resorption. Case
6 (c&d): c, Preoperative T1+c
MRI in a 63-year-old woman
with an atypical meningioma.
There is evidence of tumour
invasion into the calvaria. d,
T1+c MRI from the analogous
location obtained 48 months
post-operatively, demonstrating
a section of the bone flap that
had undergone EITC with no
recurrence or bone resorption

two meningiomas whose management included EITC and
their long-term radiological appearances. Figure 2 pre-
sents another large bone- and skin-invasive meningioma
that underwent EITC as part of surgery and post-operative
appearances. Seven (39%) patients received adjuvant ther-
apy, six receiving radiation therapy, one receiving stereo-
tactic radiosurgery, and one patient who received radiation
therapy also received bevacizumab.

Tumour control and patient survival

Median follow-up was 42 months (range 3 to 88). Five (28%)
patients had a recurrence, but none were associated with the
bone flap. Of these patients, three had intracranial recur-
rences and two had bone recurrences away from the bone
flap site. The other thirteen (72%) patients did not have a
recurrence. Of those tumours that did recur, mean time to
recurrence was 30 + 18 months (range 10 to 55 months).
Two recurrences occurred in CNS WHO grade 1 tumours,
another two were grade 2, and one was grade 3. Simpson

@ Springer
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Fig.2 This 71-year-old man
was reluctant to undergo treat-
ment of his parasagittal men-
ingioma, hiding under his hat a
tumour that had grown through
the bone and into the scalp. a,
Preoperative photograph. b,
Preoperative CT scan. c, Preop-
erative MRI scan. He underwent
resection and reconstruction
with EITC and primary skin
closure in one sitting. The cen-
tre of the bone flap was replaced
with tumour and was excised.
This defect was covered with a
titanium mesh. This was a CNS
WHO grade 2 meningioma
with Simpson grade 4 resec-
tion. The patient underwent
external beam radiation therapy.
Approximately 12 months after
surgery the wound started to
dehisce over the titanium mesh
and the titanium was removed,
which allowed the skin to heal.
d, Post-operative CT scout
image demonstrating bone and
implant appearances. e, Post-
operative skin appearances

grades in these cases ranged from 2 to 4. There were three
deaths, of which two were related to progressive menin-
gioma; one CNS WHO grade 3 and Simpson 2; the other
WHO grade 2, Simpson 4). Of the patients who died, mean
post-operative survival was 46 + 13 months (range 31 to
62 months).

Complications

Three (17%) patients developed a post-operative infection.
Two (11%) wound infections requiring explant surgery
occurred although neither was directly related to the bone
flap; in one case there was wound dehiscence, and in the
other case (Case 1) the skin flap had been previously irradi-
ated. In the third case there was a suspicion of CSF infec-
tion (high CSF polymorph count, no organism seen). This
resolved with intravenous antibiotics and did not require
repeat surgery. One additional case developed titanium mesh
erosion through the wound following radiation treatment.
The mesh was removed to facilitate healing. There were no
cases of bone flap resorption. Six (33%) patients required
a further operation. Two operations were for recurrences,
one was for infection, one was a washout and wound explo-
ration but no evidence of infection was found, one patient
requested the removal of a small titanium implant, and one
patient required a ventriculoperitoneal shunt for a CSF col-
lection. We found no records of explicit or inferred cosmetic

@ Springer

issues, but cosmetic outcomes of surgery were not routinely
reported.

Discussion

Calvarial reconstruction following meningioma resection
is important for structural and cosmetic reasons. Achiev-
ing good reconstructive results is made more challenging
if there is tumour invasion of the calvaria, in which case
reconstruction may require a partial or entire replacement
of the craniotomy flap with a variety of materials [5, 31],
autologous or allogeneic bone grafting [29], autoclaving
[30], or irradiating the autologous bone flap. To date only
23 cases of extracorporeal irradiation of tumour-infiltrated
calvarial (EITC) flap have been published [13, 16, 18, 28].
Here we present our experience with extracorporeal irra-
diation of a craniotomy bone flap intra-operatively, during
resection of meningiomas that invaded the bone flap. This
is a retrospective series of 18 patients meningiomas with
a median follow-up of 42 months. In 14 cases the tumour
infiltration was limited to the bone flap (convexity and par-
asagittal), while in 4 cases it extended beyond the bone flap
(lateral sphenoid wing/spheno-orbital). CNS WHO grades
higher than grade 1 may be over-represented (40%) but this
is in keeping with other series of bone invasive meningioma
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requiring calvarial reconstruction [17, 28], and likely reflects
the more aggressive behaviour of higher grade meningiomas.

Complications of EITC

Bone resorption was one of the anticipated complications and
was reported to some degree in all of the four first reported
cases of EITC when 30,000 Gy was delivered [16]. However,
bone resorption has not occurred in the present series nor
any of the more recently published cases of EITC for men-
ingioma when up to 120 Gy was used [13, 18, 28]. This is in
contrast to series of autoclaved bone which report resorption
rates of up to 19% [30], and reduced torsional strength in an
animal model [14]. There were no cases of infection reported
in previously published series [13, 28], but a proportion of
craniotomies for tumours will unfortunately develop infec-
tion requiring craniotomy flap explantation, whether this was
a primary untreated bone (2% [21]), autoclaved bone (up to
4% [24]), bone autologous graft (up to 5% [9]), or an allograft
(Table 2, up to 17% [17]). Table 2 summarises studies of
cranioplasty for bone-invasive meningioma [3, 6, 12, 15, 17,
19, 22]. One of our cases underwent removal of the titanium
mesh in the absence of infection (Case 3). This was prob-
ably due to scar contraction caused by subsequent external
beam radiotherapy leading to erosion of the titanium centre
through the bone. The titanium had to be removed to allow
the skin to heal. Explantation of two bone flaps for infec-
tion was required in two cases in our series (11%) which is
rather high, however the total number of cases was too low
to draw any meaningful conclusion. However, it seems that
titanium is irritating to the scalp, especially if this is pre-
ceded or followed by radiotherapy, and smoother contour of
a cranioplasty may be a better option, at least in some cases.
Nevertheless, this complication is not unique to EITC and is
known to occur in other types of solutions to calvarial bone
loss [17]. Clearly, the number of published cases of EITC
is currently insufficient to draw firm conclusions regarding
infection and other complications, other than stating that
complications do occur with EITC.

Tumour recurrence

There have been no bone flap-related meningioma recur-
rences in any of the 41 EITC cases published thus far,
including the present series [13, 16, 18, 28]. The other larg-
est series of EITC in meningioma followed up patients for
a mean of 41 months and in addition to 18 patients with
meningioma, treated two patients with dural-based B-cell
lymphoma and one with a lung cancer metastasis [28].
One patient in their series died one month postoperatively
but the authors did not describe their cause of death. As in
our series, one patient in their series also required a repeat
operation to remove some prominent metal hardware.

Although a dose of 120 Gy was used for the EITC protocol
in their series, more than the minimum of 80 Gy given at
our institution, this was not associated with a higher rate
of complications such as bone resorption. It is notable that
tumorous long bones have been completely cleared of viable
osteosarcoma tumour cells with 50 Gy [27], suggesting that
higher doses may not be necessary despite the anoxic irra-
diation conditions, while increasing the risk of radiation-
related complications [23]. Another single case of EITC has
reported good outcomes 29 months following surgery for an
anterior skull base meningioma with frontal bone extension
[13]. In addition to meningioma, EITC has been successful
in a case of calvarial sarcoma [25], supporting its use in a
range of bone-invasive neoplasms affecting the calvarium.

Alternative reconstructive methods

Meningiomas with substantial infiltration of calvaria may
be better reconstructed with alternative methods. EITC is
probably not ideal where there is a large amount of bone
loss due to bone replacement by tumour, which, in this series
was removed and replaced by a titanium mesh. This was
done both for oncological reasons and in anticipation of
tumour necrosis following radiotherapy and consequent loss
of contour. Large areas of mesh are likely to be unsightly,
especially in exposed areas such as the forehead, but there
is also a risk of erosion via skin, especially if radiation treat-
ment was previously given or is anticipated. It is therefore
useful to perform both MRI and CT to determine the likely
extent and location of bone loss and consider alternative
methods of bone replacement if the anticipated bone loss
is extensive and/or in cosmetically critical areas. Several
cranioplasty options exist and the selection of the optimum
method should consider several factors. In meningioma, tita-
nium is problematic as follow up imaging to detect recur-
rence is more difficult due to artefact [4, 20]. Furthermore,
metalware can lead to protuberance, especially if radiation
is also delivered through the overlying skin, leading to skin
breakdown and/or discomfort for the patient [17]. Other
materials such as hydroxyapatite can have problems with
mechanical strength and may fracture easily [8].

The cost of cranioplasty is also a consideration [2]. This
cost varies between different cranioplasty materials with
metal-containing implants and those that require advanced
design such as 3D printing proving more costly [2], although
some manufacturing techniques have reduced these costs [7].
While EITC requires a hospital to have radiation therapy
equipment, the only specific device required is a clinical
linear accelerator and the cost associated with a single bone
flap treatment is minimal. Despite the low cost for hospitals
with radiation therapy capabilities, it is important to note
that many low and middle-income countries do not have
access to radiation therapy and the gap between demand

@ Springer
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and supply of this technology has widened over the past
decade [32].

An ideal reconstructive technique would achieve the
desired cosmetic effect, be biologically inert yet would read-
ily integrate with the scalp and surrounding bone, mechani-
cally strong and free of radiological artefacts, be delivered
at the time of respective surgery, and cheap. While not ful-
filling all these criteria for an ideal solution, based on this
series of 18 cases as well as the other 23 published cases,
EITC seems to be a safe and practical option.

Limitations

All series of EITC for meningioma reported to date are
retrospective. Multicentre prospective evaluation would be
more rigorous at evaluating and comparing EITC outcomes
with cranioplasties [2]. The duration of follow-up is another
limitation of the series of EITC reported to date, including
our own, which may underestimate specific long-term com-
plications including tumour recurrence and bone resorption
[28]. Furthermore, we observed that cosmetic outcome is
not routinely documented at our institution, making it diffi-
cult to present the cosmetic outcomes of EITC in our cohort
of patients. Metrics for functional and cosmetic outcomes
following cranioplasty could be adapted for use in other
reconstructive techniques such as EITC [11]. To determine
whether irradiation of the flap after macroscopic removal
of the tumour from the bone confers any additional benefit
and to quantify it, an appropriate control group would be
required.

Conclusions

EITC for bone-invasive meningioma is a feasible and safe
technique for managing meningioma-invaded bone. In the
series presented here, we observed good outcomes and simi-
lar overall rates of recurrence and complications, including
infection requiring explant compared to other reconstructive
methods used in meningioma invading bone. Cosmetic out-
come is universally under-reported and should be included
in future studies alongside recurrence rates, complications,
and other standard clinical outcomes. A prospective clinical
trial comparing EITC and cranioplasty would be difficult to
conduct given the small cohort of patients that may benefit
from this approach. Systematic prospective collection of
outcomes across multiple units, for example via a national
or international registry, would provide further robust data
on this technique.
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