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Abstract
Objective To compare the long-term outcomes of patients who had been randomly allocated to receive primary titanium
cranioplasty or autologous bone graft following decompressive craniectomy.
Methods Sixty-four patients had been previously enrolled and randomised to receive either their own bone graft or a
primary titanium cranioplasty. Functional and cosmetic outcomes had previously been assessed at 1-year following the
cranioplasty procedure. Hospital records and the Picture Archiving communication system were reviewed to determine
how many patients had cranioplasty failure or associated complications such as seizures beyond 1 year—with a mini-
mum of 24-month follow-up.
Results Amongst the 31 patients in the titanium group (one patient had died), no patients had a partial or complete
cranioplasty failure at 12 months follow-up and there had been no failures beyond 12 months. Amongst the 31 patients
who had an autologous cranioplasty (one patient had died), 7 patients had complete resorption of the autologous bone
such that it was adjudged a complete failure at 12-month follow-up. Five of these patients had had titanium augmen-
tation and two patients declined further surgery. Both of these patients requested cranial augmentation for functional and
cosmetic reasons subsequent to the 12-month follow-up. Another patient who had previously been noted to have
moderate resorption at 12 months presented 1 year later with progressive bone flap resorption and also required
subsequent augmentation for functional and cosmetic reasons. When follow-up was extended to a minimum of
24 months, use of titanium instead of autologous bone for primary cranioplasty resulted in a significant reduction in
the number of patients who required rescue cranioplasty (0 vs 25%, 95% confidence interval [CI] 9.1–42.1%; p = 0.001).
In addition, there were significantly less total hospital healthcare costs in those patients randomised to the titanium arm
of the trial (difference = A$9999, 95%CI 2231–17,768; p = 0.015).
Conclusions Bone resorption continued to occur beyond 12 months after autologous cranioplasty; use of primary titanium
cranioplasty after decompressive craniectomy reduced the number of reoperations needed and the associated long-term
total hospital costs.
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Introduction

There continues to be considerable interest in the use of
decompressive craniectomy in the management of neuro-
logical emergencies [6]. The results of recent randomised
controlled trials have confirmed the significant survival
advantage that can be achieved; however, evidence that
outcome is improved when compared with those patients
who survive following medical management has been less
forthcoming [10, 15]. This may be for a number of rea-
sons, not least of which is the morbidity associated with
both the initial decompressive craniectomy and the subse-
quent cranioplasty [3, 7, 17].

One issue that remains a source of debate is the choice
of the the most appropriate material with which to recon-
struct the skull defect. Traditionally, the material most
commonly used has been the patient’s own bone that has
been stored in a refridgerated sterile container. This is be-
cause autologous bone is cheap, biocompatable, strong,
radiolucent and has an ideal contour. However, it has been
demonstrated that use of autologous bone is associated
with a high failure rate due to either infection or bony
resorption [2, 4, 7, 11, 13, 14]. When this occurs, the orig-
inal bone flap has to be discarded and an alloplastic mate-
rial has to be used. This subjects the patient to another
surgical procedure with the attendent morbidity.

In order to address this issue, a number of alternative
materials have been used, one of which is titanium [1, 16].
This has the the advantage of being strong and
biocompatable, and advances in computer-assisted design
and manufacturing has enabled technicians to produce
large custom-made prefabricated plates [1]. Favourable
long-term functional and aesthetic outcomes have been re-
ported; however, one of the disadvantages of these plates
has been cost.

This prompted the current investigators to conduct a
prospective randomised controlled trial comparing autol-
ogous cranioplasty with primary titanium cranioplasty [9].
Patients were randomised to receive either autologous
bone that had been stored in a refridgerator or primary
titanium. At 1 year follow up, although five patients
who had received an autologous cranioplasty required a
secondary titanium cranioplasty due to severe bone flap
resorption, overall primary titanium cranioplasty was cost-
neutral, and no more cost effective, compared to autolo-
gous cranioplasty. This may have been because the study
sample size was too small to detect a potential difference
in cost-effectiveness. Alternatively, the follow-up period
may have been inadequate such that significant differ-
ences that occurred beyond 12 months were not detected.

It is in that later regard that recent clinical findings
may be significant because since the trial finished, a
number of patients in the autologous arm of the trial have

presented beyond 12 months follow up with severe au-
tologous bone resorption such that they required a sec-
ondary titanium cranioplasty.

The aim of this study was to review the clinical data
in order to determine how many cranioplasties have
failed beyond the initial 12-month follow up, incorpo-
rate this new data with the primary study analysis and
recalculate the cost-effectiveness of performing a prima-
ry titanium cranioplasty.

Methods

The methodology and results of the primary analysis of this
prospective randomised controlled trial have previously been
published [9]. The trial had been approved by the Human
Research Ethics committees from the two hospitals that pro-
vide neurosurgical services in Western Australia (EC 2012/
126 and EC 2012-052). It was registered with Australian
a n d N ew Z e a l a n d C l i n i c a l T r i a l s R e g i s t r y
(ACTRN12612000353897).

The trial commenced recruitment in early 2012 and ended
in late 2015. Sixty-four patients were enrolled and randomised
to receive either their own bone that had been stored in a
refrigerator at minus 80 °C or a primary titanium cranioplasty.

The inclusion and exclusion criteria, recruitment process
and consent, randomisation process and manufacturing pro-
cess for the titanium cranioplasties and the surgical technique
have previously been reported.

Manufacture of custom-made titanium cranioplasties

A three-dimensional (3D) model of the skull was generated
from a high-resolution helical multi-slice CT scan of the pa-
tient’s head. A model of the cranial defect was then created
and a rapid-prototype mould was used to press the titanium
plate. These were manufactured from medical-grade titanium
sheet (ASTM-F67-98), ranging in thickness from 0.6 to
1.0 mm depending on the area to be covered and the depth
of the pressing required. Each plate was try-fitted to the rapid-
prototype model to ensure that the surface contours were
smooth and the orientation was unambiguous (Fig. 1a, b).

Hospital record review

The hospital records of all patients involved in the trial were
reviewed in order to determine how many patients had pre-
sented beyond the predetermined 12-month follow up. Note
was made of the reasons for representation and all long-term
complications. In addition, the Western Australian state-wide
picture archiving communication system (PACS) was used to
determine whether any patients had had further imaging per-
formed at any other hospitals withinWestern Australia and the
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reason for requiring the imaging (e.g. seizures, possible recon-
structive failure).

The original primary and secondary outcome measures
were retained and the minimum follow-up period for all pa-
tients was 24 months after cranioplasty.

Outcome measures

Primary outcome measure—implant failure requiring
reoperation

This may be due to either

& Infection

This is defined as an infected cranioplasty that required
removal of the implant and systemic antibiotic therapy.

& Autologous bone flap resorption

This was assessed using CT scans following the immediate
autologous cranioplasty, at the initial predetermined 12-month
follow-up and at any time point thereafter when clinically
indicated. The assessment was performed by the senior neu-
rosurgeon (SH) using the original criteria.

Secondary outcome measures were as follows:

& Adverse events (any time point beyond 12 months)

– Long-term seizure activity

& Long-term total hospital costs incurred by the two groups
of patients

– This included manufacture of the custom-made titanium
cranioplasty plate (A$3500) (both as a primary and for those
that failed as a secondary procedure) [1], total number of
neurosurgical operations (A$25,000 per 2-h operation) and
length of additional hospital days (A$1000 per ward day)
including ICU stay (A$3500 per day) due to complications

(excluding ongoing hospital inpatient requirements), total
antibiotic-days and total theatre time [5].

– The number of significant cost items were measured (e.g.
costs of titanium plates), but the actual total costs were
estimated using average costs (e.g. days in hospital) asso-
ciated with each item as costed in Australia in 2015.

– No cost analysis was incorporated for the bone flap stor-
age. At the two neurotrauma institutions in Western
Australia, the bone flaps are stored in-house within a des-
ignated bone flap refrigerator and as such, the financial
implications are negligible.

Statistical analysis

Assuming p < 0.05 as statistically significant and a power of
80% for the study, we had previously calculated that 32 sub-
jects in each group will be needed to demonstrate a 25%
difference in rates of satisfactory cosmetic and functional out-
comes due to bone resorption after primary cranioplasty. This
was based on our previous experience that had demonstrated
that over 32% of patients requiring decompressive
craniectomy had complications related to either infections of
the autologous cranioplasty or significant bone resorption
compared to < 5% complication rate of using primary titanium
cranioplasty [7, 8]. Overall, it had been calculated that a total
of 64 patients were therefore required. All analyses had been
calculated on an intention-to-treat basis. Categorical and con-
tinuous outcomes with skewed distributions were analysed by
chi-square andMann-Whitney tests, respectively. All analyses
were conducted by SPSS for Windows (version 24.0, IBM,
USA) and a p value < 0.05 was taken as significant.

Results

The initial study was from early 2012 to mid-2015. During
that time period, 64 patients were randomised from a possible
105 patients who required a cranioplasty procedure. The

Fig. 1 Examples of a titanium
plate seen on the rapid-prototype
model. a Bifrontal. b Unilateral
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patients randomised to either group had been similar in their
baseline characteristics.

Primary titanium cranioplasty

Cranioplasty failure

Amongst the 32 patients originally randomised to receive a
primary titanium cranioplasty, there had been one death within
the 12-month follow up. Since then, there have been no further
deaths. No patients had presented with cranioplasty failure
either within the predetermined 12-month follow up or at
any time thereafter (Fig. 2).

Presentation beyond the predetermined 12-month follow up

Four patients presented to hospital with cranioplasty-related
issues and had had a CT scan performed. Three patients had
complained of headache. No cranial abnormality was found.
One 40-year-old male who initially had a decompressive
craniectomy following an assault presented on three further
occasions following separate instances of assault. On each
occasion, he had sustained significant head trauma but the
titanium plate remained undamaged.

Primary autologous cranioplasty

Cranioplasty failure (Table 1(a and b))

Amongst the 32 patients originally randomised to receive a pri-
mary autologous cranioplasty, there had been one death within
the 12-month follow-up. Since then, there have been no further
deaths. In the predetermined 12-month follow-up period, five
patients presented with complete cranioplasty failure due to
bone flap resorption, and they each required further surgery to
replace the resorbed bone with a titanium cranioplasty. Two
other patients were adjudged to have complete cranioplasty fail-
ure due to bone flap resorption, but each declined further sur-
gery. A 63-year-old lady felt that the cosmetic defect could be
hidden by her hair and she was unconcerned regarding the lack
of cranial protection. A 22-year-old indigenous female
expressed cultural reasons for avoiding implantation of a metal
object. She also had good hair coverage such that the cosmetic
defect was minimally apparent. Beyond the predetermined 12-
month follow-up, both patients changed their minds, predomi-
nantly because of increasingly severe postural headaches. A 40-
year-old male was noted to have moderately severe resorption at
1 year and this subsequently progressed. He had augmentation
with a titanium cranioplasty approximately 2 years following the
initial autologous cranioplasty.

Fig. 2 Flow chart of the patients included in the study
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Presentation beyond the predetermined 12-month follow-up

Eight patients presented to hospital with cranioplasty-related
issues and had a CT scan performed. Four patients had
complained of headache. No cranial abnormality was found.
Two patients presented following a seizure; a 22-year-old
male presented with a first seizure and a 64-year-old male
had a history of post-traumatic seizures. No cranial abnormal-
ity was found in either patient. A 41-year-old female on war-
farin for a prosthetic heart valve presented 26 months follow-
ing an autologous cranioplasty with an acute subdural
haematoma having had a fall. This was contralateral to the
previous cranioplasty and required evacuation. A 24-year-
old male presented 3 years following autologous cranioplasty
with a progressively worsening defect. He has made a poor
neurological recovery and his parents are still considering
their options. There were no infections in either the autologous
or titanium cranioplasty arm of the trial patients beyond 12-
month follow-up.

Overall differences in primary outcomes
between the two groups

When follow-up was extended to a minimum of 24 months,
use of titanium instead of autologous bone for primary
cranioplasty resulted in significant reduction in the number
of patients requiring rescue cranioplasty (0 vs 25%, 95% con-
fidence interval [CI] 9.1–42.1%; p = 0.001) and total hospital
healthcare costs (mean cost per patient A$33,344 vs
A$43,343, respectively; and the difference = A$9999,
95%CI 2231–17,768, p = 0.015).

Discussion

This study represents the first prospective randomised con-
trolled trial comparing autologous cranioplasty with an indus-
trial patient-specific implant. The hypothesis upon which the
trial was based was that primary titanium cranioplasty would
improve cerebral protection by avoiding the frequent problem
of bone resorption requiring reoperation, and this would offset
the higher initial outlay cost of titanium plates.

The results of the trial at the initial predetermined 12-month
follow up showed only a tendency to support this hypothesis
which was not statistically significant. It was not intended to
follow patients beyond 12 months because it had been antic-
ipated that and all complications would be captured within
that timeframe.

The results of the current study demonstrate that a longer
period of formal clinical and radiological assessment should
have been considered in order to fully appreciate the success
or otherwise of cranial reconstruction with either titanium or
autologous bone. Overall, the results of the current study

would seem to favour the use of primary titanium over autol-
ogous bone when considering cranial reconstruction follow-
ing decompressive craniectomy; however, before this position
can be adopted, there are a number of issues that require
consideration.

First, notwithstanding the relatively high rate of failure due
to bone resorption, it should be noted that this was by no
means always the case. In many cases, the autologous
cranioplasty was seen to provide an excellent restorative con-
tour with radiological evidence of bone fusion, at least at the
anterior aspect of the reconstruction. What remains to be
established is the reason why some bone flaps are successful
and others fail so dramatically. Age would appear to be an
important factor, and the results of this study would certainly
support the use of primary titanium in younger patients. What
remains to be established is the ideal material in the paediatric
population and whilst this question is outside the remit of the
current study, it remains an important research topic [4].

Second, notwithstanding the cost benefit demonstrated in
this study, it should be noted that the costing of the custom-
made titanium plates is probably less than the market prices,
not only for titanium but also for other materials that are cur-
rently available. The plates have been manufactured in the
Department of Medical Engineering and Physics at Royal
Perth Hospital for more than 20 years and are produced at cost
price with little need to take into account factors such as over-
head expenses and profit margins that would need to be con-
sidered by a private company.

It must be acknowledged that recent advances in the direct
3D printing of metal implants has the potential to make
patient-specific implants more widely available and at a lesser
cost and although the initial costs of these plates may be high,
the wider adoption of this technology is expected to eventually
reduce the cost [12]. As such, the cost benefit demonstrated in
this study may need to be recalculated depending on local
circumstances, choice of reconstructive material and
manufacturing costs thereafter.

Finally, there are the limitations of this study. Whilst the
predetermined follow up of 12 months may have been too
short, we did not allow for follow up beyond this period. As
such, the long-term outcome in many of the patients has not
been formally assessed, and as such, we are unable to provide
certain important clinical data such as the mean length of
follow up. We have assumed that there have been no failures
in the titanium arm of the study beyond 12 months; however,
it must be accepted that this has not been definitively assessed.
Likewise, there may have been ongoing resorption beyond
12 months in patients randomised to the autologous arm of
the trial. As has been previously noted [14], many patients
with significant resorption do not spontaneously report this
occurrence and were unaware that this could be a potential
problem. Over recent years, the practice at the two
neurotrauma centres in Perth Western Australia has been
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modified such that all patients who have an autologous
cranioplasty have a fine-cut CT scan at 1 year specifically to
assess the integrity of the skull. Whether this surveillance
period needs to be extended to 2 years and beyond has yet
to be established but will need to be considered in the light of
the current study findings. A final issue that needs to be con-
sidered is the ideal material with which to reconstruct skull
defects. The results of this study suggests that titanium has
significant advantages over autologous bone; however, there
are many other commercially available materials such as
methylmethacrylate, ceramics, carbon fibre, and PEEK.
Further studies will be required in order to evaluate the effi-
cacy of each material in terms of functional outcome and cost-
effectiveness, and this must be the focus of ongoing research
in his area.

Conclusion

Use of primary autologous bone for a reconstructive
cranioplasty remains a viable option but bone resorption
is a significant problem especially in young patients. This
resorption continued to occur beyond 12 months in a small
number of patients. The use of primary titanium
cranioplasty after decompressive craniectomy reduced the
number of reoperations needed and the associated long-
term total hospital costs.
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