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Abstract

Purpose: The aim of this study was to compare operative duration and total hospital costs incurred for patients undergoing
elective cranioplasty with a variety of materials, including manually shaped autogenous bone graft and titanium mesh, custom
patient-specific titanium mesh, polymethyl methacrylate (PMMA) acrylic, and polyetheretherketone (PEEK) implants. Methods:
A single-centre retrospective chart review was used. Patient demographics, defect characteristics, total operative time, and length
of hospital stay were obtained. Total costs were sourced from Sunnybrook and standardized to the 2014 to 2015 year. Bivariate
and age-controlled multivariate analyses were performed with (n = I 19) and without (n = 101) outliers. Results: VWhen outliers
were removed, an age-controlled analysis revealed that autogenous implants resulted in an operative time of 178 + 37 minutes
longer than manually shaped titanium implants (P < .01). The average cost of cranioplasty was CAD$18 335 + CAD$10 265 for
manually shaped titanium implants, CAD$3| 956 + CAD$31 206 for custom patient-specific titanium implants, CAD$20 786 +
CADS$13 075 for PMMA, CAD$14 291 + CAD$5562 for autogenous implants, and CAD$27 379 + CAD$4945 for PEEK
implants (P = .013). When outliers were removed, cranioplasty with PMMA and PEEK incurred greater costs, CAD$4442 +
CAD$2100 and CAD$13 372 + CAD$2728, respectively, more than manually shaped titanium implants (P < .01). Conclusions:
Manually shaped titanium mesh is the most cost-effective implant choice for small cranial defects. Large unknown defects and
frontal paranasal sinus defects are most effectively treated with autogenous bone or titanium mesh. Despite prolonged operative
duration and inpatient admission, total costs were not significantly increased. Both PMMA and PEEK implants were significantly
more costly, which may be a result of higher complications necessitating reoperation.

Résumé

Objectif : La présente étude visait 2 comparer la durée de I'opération et les colits hospitaliers totaux engagés pour les patients
qui subissaient une cranioplastie non urgente faisant appel a divers matériaux : greffon osseux autologue et treillis de titane
fagonnés a la main, implant PMMA et implant PEEK. Méthodologie : Les chercheurs ont réalisé une analyse rétrospective
monocentrique des dossiers. lIs ont colligé les renseignements démographiques sur les patients, les caractéristiques de 'anomalie,
la durée totale de I'opération et la durée du séjour hospitalier. lls ont extrait les colits totaux de Sunnybrook et les ont
standardisés pour I'année 2014-2015. lls ont effectué des analyses bivariées et multivariées controlées selon I'age en incluant
(n=119) et en excluant (n=101) les valeurs aberrantes. Résultats : Aprés I'élimination des valeurs aberrantes, une analyse
controélée selon I'age a révélé que les implants autologues s’associaient a une opération plus longue de 178 + 37 min que les
implants de titane fagonnés a la main (p<0,01). Le co(it moyen de la cranioplastie s’élevait a 18 335 CAD$ + 10265 CAD$ pour
les implants de titane fagonnés a la main, a 31 956 CAD$ + 31 206 CAD$ pour les implants de titane adaptés aux patients, a 20
786 CAD$ + 13 075 CADS$ pour les implants en PMMA, a 14291 CAD$ + 5 562 CAD$ pour les implants autologues et a 27
379 CAD$ + 4 945 CADS$ pour les implants en PEEK (p=0,013). Une fois les valeurs aberrantes éliminées, la cranioplastie par

! Department of Plastic and Reconstructive Surgery, Sunnybrook Health Sciences Centre, Toronto, Ontario, Canada
2 Division of Plastic Surgery, University of Toronto, Toronto, Ontario, Canada

Corresponding Author:
Paul Binhammer, Sunnybrook Health Sciences Centre, 2075 Bayview Ave., M1-524, Toronto, Ontario, Canada M4N 3M5.
Email: p.binhammer@utoronto.ca


https://orcid.org/0000-0002-0743-7913
https://orcid.org/0000-0002-0743-7913
mailto:p.binhammer@utoronto.ca
https://sagepub.com/journals-permissions
https://doi.org/10.1177/2292550319880922
http://journals.sagepub.com/home/psg

30

Plastic Surgery 28(1)

PMMA ou PEEK étaient les plus coliteuses, a 4 442 CAD$ + 2 100 CADS$ et 13 372 CAD$ + 2 728 CAD$ de plus que les
implants de titane fagonnés a la main (p<0,01). Conclusions : Les treillis de titane fagonnés a la main présentent le meilleur
rapport colt-efficacité en cas d’'anomalies craniennes bénignes. Le traitement des graves anomalies d’origine inconnue et des
anomalies des sinus paranasaux frontaux les plus efficaces sont I'os autologue ou le treillis de titane. Malgré une opération et un
séjour hospitalier prolongés, les colits totaux n’augmentaient pas de maniére significative. Les implants de PMMA et de PEEK
étaient considérablement plus cher, peut-étre a cause du plus fort taux de complications donnant lieu a une réopération.
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Introduction

Cranioplasty is a reconstructive procedure that repairs func-
tional and aesthetic defects of the skull. It aims to restore skull
integrity,' improve cerebral hemodynamics,”> and relieve psy-
chological and social disabilities.*®

The material used for cranioplasty must obliterate the skull
defect while restoring cranial surface morphology. It should be
cost-effective, radiolucent and non-ferromagnetic, infection
resistant, lightweight, biologically inert,” osteoinductive, and
osteoconductive.””"® At present, there are various materials
available for cranioplasty, including autogenous bone, poly-
methyl methacrylate (PMMA) acrylic, polyetheretherketone
(PEEK), and titanium implants.

The potential for revascularization and consolidation of auto-
genous split skull bone grafts results in the preference of this
material for cranioplasty, particularly in reconstruction of frontal
skull defects adjacent to paranasal sinuses."”"'> Nonetheless,
pitfalls of autogenous implants include long operative durations,
donor site morbidity, and a high risk of reabsorption resulting in
visible surface contour irregularities.”!%!314

Advances in biocompatible materials and custom computer-
generated implants (CCGIs)"'> have broadened the reconstruc-
tive options available to surgeons. Polymethyl methacrylate is
a moldable acrylic resin that is lightweight, radiolucent, and
permanently maintains both shape and volume.'*'® Poly-
methyl methacrylate however lacks osteoconductive properties
and incurs an exothermic reaction that poses a threat to adja-
cent tissues. More importantly, it is a polymer that does not
tolerate contamination and is therefore contraindicated in fron-
tal reconstruction with potential exposure to paranasal
sinuses.'"®"!7 Polyetheretherketone is easily shaped, radiolu-
cent, and lightweight.>"'®!” However, PEEK implants are
expensive’ and, similar to all polymer implants, are contrain-
dicated in frontal reconstruction. Finally, titanium implants are
an excellent choice for large cranioplasties due to biocompat-
ibility, handling characteristics, strength, and low infection
rates.®?° Titanium mesh is more tolerant of contamination and
is the preferred material in the reconstruction of frontal defects
adjacent to sinuses. Titanium mesh is versatile, allowing intrao-
perative modification in the size and shape of the implant and
incorporation of bone graft or bone segments within the recon-
structive construct. Reported aesthetic outcomes and long-
term, patient-reported satisfaction are excellent.”' However,
titanium implants can result in erosion of the overlying soft

tissues with implant exposure in 14% of patients**; possibly
due to fluctuations in the pressure gradient between the atmo-
sphere and the intracranial space acting through a mesh struc-
ture.® The risk of mesh exposure may be particularly high in
patients undergoing postoperative radiotherapy.?**

Presently, there is no consensus on which material is super-
ior, and the choice is typically based on surgeon preference.’
One key consideration in the choice of implant material is cost.
Cranioplasty with CCGI or patient-specific implants (PSIs) is
significantly costlier than cranioplasty with autogenous bone
grafts.'>?>%¢ Yet, when costs associated with operative dura-
tion or intensive care unit (ICU) admission are considered,
Gilardino et al'®> observed no significant difference in costs
between autogenous and CCGI. When the costs of reoperation
for complications are included in the cost-benefit analysis,'
cranioplasty with autogenous implants was found to be more
expensive.

Overall, the cost-effectiveness of different cranioplasty
implant materials is unclear. Previous studies are limited by
small sample size, the comparison of few implant materials,
or incomplete analysis of costs.?’ For this reason, we aimed to
elucidate the costs incurred in a large sample of cranioplasty
patients treated with several implant materials including manu-
ally shaped titanium implants, autogenous split skull auto-
grafts, custom patient-specific (CPS) titanium implants,
PMMA acrylic implants, and PEEK implants. The present
investigation is a single-centre retrospective chart review of
patients who underwent elective cranioplasty by a single sur-
geon (O.A.). The primary objective of this study is to summar-
ize the total hospital costs incurred for a series of cranioplasty
patients, with the interest of comparing operative time, inpati-
ent stay, complications, and the material of reconstruction.

Materials and Methods
Participants

Following Research Ethics Board approval, a single-centre
retrospective chart review was used. Consecutive patients
between January 2000 and July 2016 of 1 surgeon (O.A.) were
assessed for inclusion. Patients were eligible if they underwent
elective cranial vault reconstruction with autologous split skull
bone graft, manually shaped or CPS titanium implants, PMMA,
or PEEK. Patients were excluded if (1) a postoperative com-
puted tomography scan was unavailable, (2) they failed to
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Figure 1. Manually shaped titanium mesh relies on intraoperative
manipulation of a 2-dimensional sheet of titanium mesh into a
3-dimensional shape. It is a simple and effective technique for
small defects.

attend follow-ups (>1 month), (3) they incurred a primary cra-
nial defect, or (4) calcium phosphate bone cement exclusively
or in association with any of the above-named implant materi-
als was used.

Cranioplasty Techniques

Five different cranioplasty techniques were used and are com-
pared in this study:

1. Manually shaped titanium implants require direct
intraoperative manipulation of a sheet of titanium mesh
to restore a 3-dimensional anatomical shape. Although
simple and versatile, this technique is only applicable in
small defects (Figure 1).

2. Split skull autogenous cranioplasty relies on the har-
vesting of autograft, manual carving, and assembly of
bone segments into a 3-dimensional construct. It is a
laborious and technically challenging procedure (Figure
2).

3. Custom PEEK implants are prefabricated commercially
available (Depuy Synthes, Raynham, Massachusetts)
polymer implants that are suitable for stable, unalter-
able skull defects (Figure 3).

4. Custom PMMA implants are cast intraoperatively using
prefabricated patient-specific molds and forming tools
(Calavera Surgical Design, Toronto, Canada; Figure 4).

5. Custom patient-specific titanium implants are shaped
intraoperatively using patient-specific molds, forming
tools, and a press to shape a sheet of titanium mesh into
a 3-dimensional anatomical implant (Calavera Surgical
Design). These implants are indicated in the reconstruc-
tion of “unknown defects,” that is, ablative defects
where the extent of ablation cannot be predicted and
in the reconstruction of craniofrontal defects with
potential paranasal sinus exposure (Figure 5).

Data Collection

Patient demographics (age, sex), defect characteristics (etiol-
ogy, size), soft tissue coverage (free flap or transposition flap),
perioperative radiotherapy, complication rates, operative time,
ICU admission, and hospital inpatient stay (recovery on ward)
were obtained.

Total costs were sourced from Sunnybrook Health Sciences
Centre (Alliance Decision Support Case Costing System) and

Figure 2. Autogenous cranioplasty necessitates harvesting of split skull bone graft. For a large bifrontal defect, bilateral parietal craniotomies are
performed to harvest bone graft (A), which is split into inner and outer tables. The inner table bone reconstructs the craniotomy donor sites,
while outer table grafts are carved and assembled to reconstruct the skull defect (B).
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Figure 3. Polyetheretherketone (PEEK) cranioplasty employs
a prefabricated polymer implant to resurface a stable skull defect.

standardized. The 2014 to 2015 cost data were obtained for the
implant, the ICU (CAD$4596) and ward stay (CAD$639) per
day, and the operating room cost per minute (CADS$20.5).
Indirect costs (wages lost) and intangible costs (pain) were
not assessed.'> Complication costs were calculated as proce-
dural costs and did not include outpatient medication or the
costs associated with a new implant. When a reoperation was
required, the cases were treated separately. All data were
managed with a database software (FilemakerPro 12; File-
maker Inc, Santa Clara, California).

Of the 132 consecutive patients reviewed, 119 met the inclu-
sion criteria (Table 1). Outliers were identified (A.B. and
0.A)), removed, and a separate analysis was performed (Table
2). These included surgical cases where operative duration was
prolonged for extraneous reasons (frozen section for cancer
ablation and free tissue transfer for resurfacing).

Data Analysis

Summary statistics were calculated for all variables. Continu-
ous variables were assessed for normality using the
Kolmogorov-Smirnov test, skewness, and kurtosis. Data are
displayed as mean + standard deviation. One-way analysis
of variance and y? tests (categorical variables) were performed
to compare demographics, defect characteristics, complication
rates, operative duration, total costs, and recovery (ICU or
Ward) between implant types. A bivariate analysis was per-
formed with (n = 119) and without outliers (n = 101). Multiple
regression analysis adjusting for age was conducted for total
costs (n = 118), operative duration (n = 119), recovery in ICU
(n = 115), and recovery on ward (n = 114). An age-controlled
multivariate analysis was also performed in the absence of out-
liers: total costs (n = 100), operative duration (n = 101), recov-
ery in ICU (n = 97), and recovery on ward (n = 96). Multiple
regression analysis utilized manually shaped titanium implants
as the reference group. Data are reported as mean + standard
error with the 95% confidence intervals (95% Cls). A P value
of .05 was used to denote statistical significance. All analysis
were performed using SPSS statistical package version 20
(version 23.0; IBM SPSS Statistics for Windows, Armonk,
New York) or SAS version 9.4.

Results

Defect Etiology

There was no statistically significant difference in defect loca-
tion between the groups (P = .111; Table 1). There was, how-
ever, a significant difference in the size of the defect between
groups (P < .001). Manually shaped titanium implants were
primarily used to treat small defects, whereas CPS titanium
implants and PMMA were used for large cranial defects. In
most ablative, postinfection cases or in close proximity to para-
nasal sinus, autogenous bone or manually shaped titanium
implants were used.

Figure 4. Intraoperative fabrication of a patient-specific polymethyl methacrylate (PMMA) implant using a custom mold (A; Calavera Surgical
Design, Toronto, Canada) provides a polymer implant which fits the defect and restores normal skull shape (B).
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Figure 5. Three-dimensional computed tomography (CT) demonstrating a right craniofrontal dysplasia (A). The extent of tumour ablation and
therefore the size and shape of the skull defect are “unknown” prior to surgery. A patient-specific titanium mesh can be shaped intraoperatively
(B) using a press and custom mold and forming tool (Calavera Surgical Design, Toronto, Canada) and trimmed appropriately to fit any defect.
The titanium mesh is versatile in that it can be adapted to any shape and size of defect, can incorporate bone grafts, and can be used in

reconstructing paranasal sinus regions.

Table I. Participant Characteristics (Outliers Included).”

Implant Type
Manually Shaped Custom Patient- Autogenous
Titanium Specific Titanium PMMA Bone PEEK

n (%) N =32 N =32 N = 31 N =13 N =1l P Value
Gender 019°

Male 14 (43) 24 (75) 23 (74) 5(38) 6 (55)

Female 18 (57) 8 (25) 8 (26) 8 (62) 5 (45)
Age, years 58 + 21 49 + 20 43 + 16 48 + 10 40 + 12 .008°
Total costs, CAD$
n=1I8 18355 + 10265 31956 + 31206 20786 + 13 075 14291 + 5562 27379 + 4945 .013°
Operation time (minutes)
n=11I9 214 + 131 308 + 190 177 + 87 348 + 138 197 + 88 <.001°
Recovery, days

ICU n=1I5 12 + 1.5 22 + 34 .1 + 1.6 12 + 1.0 14 + 08 .302

Ward, n = | 14 27 + 40 134 + 413 79 + 182 29 + 1.6 27 + 1.7 .397
Complications 435

None 23 (72) 23 (72) 20 (65) 11 (85) 9 (82)

Minor 5(16) 39 2 (6) 2 (15) 1 (9)

Major 4(12) 6(19) 9 (29) 0 (0) 1 (9)
Size of defect* <.001°

Small 20 0 | 0 0

Medium 6 9 8 8 0

Large 2 12 14 3 4

Massive 0 8 8 | 6

Abbreviations: ICU, intensive care unit; PMMA, polymethyl methacrylate; PEEK, polyetheretherketone; SD, standard deviation.

Note. Bold values p<.05.

?Values are presented as mean + SD.
PStatistically significant difference (P < .05).
“Not all patient data were available.

Operative Time

Operative time was significantly different between the groups
(n = 119, P < .001). The average operative time was 214 +
131 minutes for manually shaped titanium implants, 308 +

190 minutes for CPS titanium implants, 177 + 87 minutes for

PMMA, 348 + 138 minutes for autogenous implants, and 197
+ 88 minutes for PEEK (Figure 6). After adjusting for age,
CPS titanium implants, autogenous implants, PMMA, and
PEEK groups were compared to manually shaped titanium
implants (reference group, 214 + 131 minutes). Cranioplasty
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Table 2. Participant Characteristics (Outliers Removed).”

Implant Type
Manually Shaped ~ Custom Patient- Autogenous
Titanium Specific Titanium PMMA Bone PEEK

n (%) N =25 N =23 N =26 N=13 N =1l P Value
Gender .014°

Male 11 (44) 19 (90) 20 (77) 5(38) 6 (55)

Female 15 (56) 4 (10) 8 (33) 8 (62) 5 (45)
Age, years 55 4+ 21 43 4+ 17 42 + 16 48 + 10 40 4+ 12 .027°
Total costs

n =100 14626 + 4676 17536 + 7719 18540 + 10080 14291 + 5562 27379 + 4945 <.001°
Operation duration (minutes)

N =10l 170 + 82 227 + 137 179 + 90 348 + 138 197 + 88 <.001°
Recovery (days)

ICU,n =97 0.8 + 0.6 09 + 1.3 12 + 1.6 12 + 1.0 14 + 08 .604

Ward, n = 96 1.8 + 1.3 38 + 65 33 + 32 29 + 1.6 27 + 1.7 429
Complications .099

None 21 (84) 20 (87) 16 (62) I'1(85) 9 (82)

Minor 3(12) 2 (9) 2 (8) 2 (15) 19

Major I (4) I (4) 8 (31) 0 (0) 1 (9)

Abbreviations: ICU, intensive care unit; PMMA, polymethyl methacrylate; PEEK, polyetheretherketone; SD, standard deviation.

Note. Bold values p<.05.
*Values are presented as mean + SD.
PStatistically significant difference (P < .05).
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Figure 6. Operative time (minutes) for cranial vault reconstruction.
Outliers removed; after adjusting for age, autogenous implants were
associated with a greater operative time compared to manually shaped
titanium implants (P < .01). *Significant difference (P < .05).

with CPS titanium implants and autogenous implants resulted
in a significantly longer operative duration, 113 + 34 (95% CI:
46-181) minutes and 154 + 45 (95% CI. 66-242) minutes,
compared to manually shaped titanium implants (P < .01;
Table 3). When outliers were removed, only autogenous
implants were associated with an operative duration 178 +
37 (95% CI: 105-252) minutes longer than manually shaped
titanium implants (P < .01; Table 4).

Recovery in ICU and on Ward

There was no significant difference between implant type and
recovery in ICU (P = .302) with (n = 115; Table 1) or without

outliers (n = 97; Table 2). However, an age-controlled multi-
variate analysis revealed that participants treated with CPS
titanium implants remained in ICU 1.24 + 0.54 (95% CL:
0.16-2.32) days longer than those treated with manually shaped
titanium implants (P = .025; Table 3). When outliers were
removed, there was no statistically significant association
between implant type and recovery in the ICU (P > .05; Table
4).

There was no significant difference between implant type
and recovery on ward with (n = 114; Table 1) or without out-
liers (n = 96, P = .397). The relationship remained non-
significant after adjusting for age (P > .05; Table 3). However,
when outliers were removed and the data adjusted for age, CPS
titanium implants resulted in a longer recovery on ward 2.4 +
1.1 (95% CI: 0.3-4.58) days compared to manually shaped
implants (P = .026; Table 4). In addition, those treated with
PMMA remained on ward 2.1 + 1.0 (95% CI: —0.01 to 4.11)
days longer than those treated with manually shaped titanium
implants (P = .051; Figure 7).

Total Costs

Total costs were significantly different between the groups
(Table 1; P = .013). The average cost was CAD$18 335 +
CADS$10 265 for manually shaped titanium implants, CAD$31
956 + CADS$31 206 for CPS titanium implants, CAD$20 786
+ CADS$13 075 for PMMA, CADS$14 291 + CADS$5562 for
autogenous implants, and CAD$27 379 + CAD$4945 for
PEEK (Figure 8). After adjusting for age, cranioplasty with
CPS titanium implants cost CADS$15 147 + CAD$4693
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Table 3. Multiple Regression Analysis Adjusted for Age (Outliers Included).?

Unstandardized Coefficient

Outcome and Implant Type Estimate + SE 95% Cl P Value
Total estimate costs (CAD$, n = 118)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 15147 + 4693 5849 to 24 445 .002°
PMMA 4879 + 4893 —4815 to 14 574 321
Autogenous bone —2391 + 6137 —14 550 to 9768 .698
PEEK 12107 + 6683 —1133 to 25351 .073
Operation duration (minutes, n = | 19)
Manually shaped titanium Reference Reference Reference
Custom patient-specific Titanium 113 + 34 46 to 181 .001°
PMMA —6 + 35 —76 to 63 .855
Autogenous bone 154 + 45 66 to 242 <.0001°
PEEK 21 + 49 —75to 118 .659
Recovery in ICU (days, n = 115)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 1.24 + 0.54 0.16 to 2.32 .025°
PMMA 0.35 + 0.56 —0.76 to 1.47 533
Autogenous bone 0.23 + 0.70 —1.16 to 1.62 744
PEEK 0.70 + 0.76 —0.82 to 2.21 .36
Recovery in ward (days, n = 1 14)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 104 + 6.1 —1.6 to 224 .089
PMMA 46 + 6.3 —79to 17.1 464
Autogenous bone —-0.1 +78 —15.6to 15.3 .985
PEEK —0.7 + 85 —17.6 to l6.1 931

Abbreviations: Cl, confidence interval; ICU, intensive care unit; PMMA, polymethyl methacrylate; PEEK, polyetheretherketone; SE, standard error; SD, standard

deviation.

Note. Bold values p<.05.

*Values are presented as estimate + SE.
bStatistically significant difference (P < .05).

(95% CI: 5849-24 445) more than cranioplasty with manually
shaped titanium implants (P = .002; Table 3).

Upon the removal of outliers (n = 100), total costs were
significantly different between the groups (P <.001). The aver-
age cost was CADS$14 626 + CAD$4676 for manually shaped
titanium implants, CAD$17 536 + CADS$7719 for CPS tita-
nium implants, CAD$18 540 + CADS$10 080 for PMMA,
CADS$14 291 + CADS$5562 for autogenous, and CAD$27
379 + CAD$4945 for PEEK (Figure 8). An age-adjusted mul-
tivariate analysis performed without outliers (n = 100)
revealed that cranioplasty with PMMA incurred greater costs,
CADS$4442 + CADS$2100 (95% CI: 272-8613) more than cra-
nioplasty with manually shaped titanium implants (P = .037;
Table 4). Similarly, cranioplasty with PEEK was CAD$13 372
+ 2728 (95% CI: 7955-18 788) more than cranioplasty with
manually shaped titanium implants (P < .01; Table 4).

Complication Rates

Complications associated with each implant type are listed in
Table 5. There was no significant difference between implant
type and complication rates with or without outliers (P > .05).
The proportion of participants who experienced a complication

requiring surgical intervention was 19% titanium implants,
29% for PMMA, 15% for autogenous bone, and 27% for PEEK
(Figure 9).

Discussion

This investigation is a single-centre retrospective chart review
that compares operative duration, inpatient stay, and total hos-
pital costs incurred for patients undergoing elective cranio-
plasty with manually shaped or CPS titanium implants,
PMMA, autogenous bone implants, or PEEK. It is of vital
importance to recognize that these patient populations are not
strictly comparable because the clinical indications for the use
of a specific implant type varies with etiology, size, and loca-
tion of skull defect. Specifically, manually shaped titanium
implants were used in small cranial defects only. Prefabricated
PMMA or PEEK implants can only be used in the elective
reconstruction of defined skull defects, where the size and/or
shape of the defect will not be modified at the time of surgery.
Autogenous split skull bone grafts and CPS titanium mesh
implants are specifically designed for reconstruction of the
“unknown defect,” that is, ablative surgery where the size and
shape of the skull defect cannot be predicted. Autogenous split
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Table 4. Multiple Regression Analysis Adjusted for Age (Outliers Removed).?

Unstandardized Coefficient

Outcome and Implant Type Estimate + SE 95% ClI P Value
Total estimate costs (CAD$, n = 100)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 3378 + 2165 —920 to 7677 122
PMMA 4442 + 2100 272 to 8,613 .037°
Autogenous bone —601 + 2513 —5051 to 4929 .981
PEEK 13372 + 2728 7955 to 18 788 <.0001°
Operation duration (minutes, n = 101)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 58 + 32 —5to 121 .071
PMMA 10 + 31 —51 to 71 739
Autogenous bone 178 + 37 105 to 252 <.0001°
PEEK 29 + 40 —51 to 108 A78
Recovery in ICU (days, n = 97)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 02 + 04 —0.50 to 0.93 .548
PMMA 05 + 03 —0.19to I.18 .158
Autogenous bone 04 + 04 —0.42 to 1.21 339
PEEK 0.6 + 0.4 —0.24 to 1.53 .I151
Recovery in ward (days, n = 95)
Manually shaped titanium Reference Reference Reference
Custom patient-specific titanium 24 + 1.1 0.30 to 4.58 .026°
PMMA 2.1 £ 1.0 —0.01 to 4.11 051°
Autogenous bone 14+ 1.2 —1.06 to 3.82 265
PEEK 1.6 + 1.3 —1.05 to 4.24 233

Abbreviations: Cl, confidence interval; ICU, intensive care unit; PMMA, polymethyl methacrylate; PEEK, polyetheretherketone; SE, standard error; SD, standard

deviation.

Note. Bold values p<.05.

*Values are presented as estimate + SE.
bStatistically significant difference (P < .05).
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Figure 7. Intensive care unit (ICU) and ward stay for cranial vault
reconstructive patients treated with various implant types. Data are
presented as mean + standard deviation (SD) days. When outliers
were removed and the data adjusted for age, patients treated with
custom patient-specific titanium implants and polymethyl methacry-
late (PMMA) implants remained in the ward longer (2.4 + 1.l and
2.1 + 1.0 days, respectively) than those treated with manually shaped
titanium implants (P < .05). After adjusting for age, there was no
statistically significant difference between implant types and ICU stay.
*Significant difference (P < .05).
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Figure 8. Total cost (CAD$CAD) for cranial vault reconstruction.
Outliers removed; after adjusting for age, polymethyl methacrylate
(PMMA), and polyetheretherketone (PEEK) implants are associated
with greater costs compared to manually shaped titanium implants
(P < .05). *Significant difference (P < .05).

skull bone grafts and CPS titanium mesh implants are also
preferentially used in frontal reconstruction, where there is a
potential for encroachment on or exposure to paranasal sinuses.
Certain reconstructive modalities, therefore, are used in more
challenging recipient sites.
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Table 5. Incidence of Complications by Implant Material.

Total Complications Complication Type

Complications Requiring Poor Implant Fluid

Material N Complications Surgical Intervention Contour  Exposure  Infection  Collection  Scar  CSF Leak
Titanium® 64 21 12 5 | 2 3 |
PMMA 31 13 9 4 5
Autogenous 13 5 2 2
PEEK I 5 3 | | |

Abbreviations: CSF, cerebral spinal fluid; PMMA, polymethyl methacrylate; PEEK, polyetheretherketone.
?Data reported included manually shaped and custom patient-specific titanium implants.
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Figure 9. Complication rates for patients treated with various
cranioplasty implant types (n = |19). Data are presented as the total
incidence of complications including headache, seizures, and pain,
some of which may not be related to cranioplasty. Complications
requiring surgical intervention are all related to the cranioplasty

and range from scar revision, fluid aspiration, lumbar drain to implant
removal. Polymethyl methacrylate (PMMA; acrylic) and polyether-
etherketone (PEEK) were associated with higher complication rates
(29% and 27%, respectively).

In terms of total hospital costs, our results indicate that
cranioplasty using CPS titanium implants costs CAD$15 147
+ CAD$4693 more than cranioplasty using manually shaped
titanium implants. However, if cases requiring cancer excision
under frozen section control or free tissue transfer for resurfa-
cing of extensive composite defects are removed, cranioplasty
using PMMA and PEEK results in total costs CAD$4442 +
CADS$2100 and CADS$13 372 4+ CAD$2728 more than cranio-
plasty with manually shaped titanium implants.

One factor contributing to total hospital costs is operative
duration. The present investigation observed that cranioplasty
with autogenous bone graft and CPS titanium implants resulted
in a longer operative duration compared to manually shaped
titanium implants. However, upon the removal of outliers, the
average operative duration of CPS titanium implants decreased
from 308 + 190 minutes to 227 + 137 minutes, leaving only
cranioplasty with autogenous implants with a significantly lon-
ger operative duration. These data are similar to previous inves-
tigations that observed a longer operative duration for
cranioplasty with autogenous compared to PSI or CCGI. >3-

The longer operative duration for autogenous implants is dri-
ven, primarily, by the technical requirements of the procedure,
including harvesting of bone, manual carving, shaping, and
assembly of bone segments.*’

In addition to operative duration, total hospital costs are
greatly influenced by the length of hospital stay. Some inves-
tigations report hospital stays up to 6 days for custom titanium
implants,?” 2 days for autogenous implants,*> and 4.5 days for
PEEK." In the present investigation, we observed an average
ICU stay of 1.4 days, with no significant difference between the
groups. However, a multivariate analysis revealed that CPS
titanium implants resulted in an ICU stay 1.24 days longer than
cranioplasty with manually shaped titanium implants. Further,
upon the removal of outliers, cranioplasty with CPS titanium
implants and PMMA resulted in a longer recovery on ward (2.4
and 2.1 days, respectively) compared to manually shaped tita-
nium implants.

In contrast, recent investigations report that cranioplasty
with autogenous implants results in a longer inpatient stay
compared to CCGI, but this does not translate into statistically
significant differences in total hospital costs.'>**> Of note,
despite a longer operative duration, hospital stay, implant
issues, or infection, previous studies have documented that
cranioplasty with an autogenous bone graft is cheaper than
custom PEEK implants®* or PSI in any other material.*> In the
present investigation, an age-controlled analysis revealed that
cranioplasty with CPS titanium implants costs more than cra-
nioplasty with manually shaped titanium implants. However,
when outliers were removed, cranioplasty with PMMA and
PEEK is more expensive than manually shaped titanium
implants. Although not accounted for in our analysis, it is worth
noting that CPS titanium implants and PMMA were used to
treat large cranial defects, which may influence total costs and
complication rates.”**® Of note, Li et al*® analyzed 8275 cra-
nioplasty patients and observed that defect size, time of cranio-
plasty, and previous infection, rather than implant material,
increased complication rates and cost. Specifically, large cra-
nioplasties (>5 cm) and delayed cranioplasties (>90 days)
resulted in a higher complication rate, whereas the use of auto-
graphs did not.*® Similar to Li et al*® and despite the high
complication rate associated with cranioplasty (10%-40%),*
we report no difference in major complication rates between
the groups.
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Although our sample size was substantially smaller than Li
et al,?® a strength of our investigation was the decision to per-
form the analysis twice. The decision to do so was 2-fold; first,
the medium sample size encouraged the inclusion of outliers to
increase the number of data points for the analysis. Second, we
sought to examine the effect of complex cases (cancer resection
with frozen section and free tissue transfer for associated scalp
defect reconstruction) on our outcomes. Our results indicate
that the inclusion of outliers differentially influenced operative
duration, recovery in ICU or on ward, and total hospital costs.
As such, our data suggest that investigations with small sample
sizes (n < 50) should consider if the inclusion of outliers is
appropriate and recognize the consequences of their removal.

To the best of our knowledge, this is the largest cost analysis
to date examining various materials used for cranioplasty. Our
aim was to provide objective evidence to inform reconstructive
surgeons on the operative time, inpatient stay, and total costs
associated with various implant materials. Although we per-
formed a thorough analysis of various outcomes with and with-
out outliers, this investigation is not without limitations. We
used a single-centre retrospective chart review, and so the cost
associated with cranioplasty may vary across Canadian centres.
Further, we did not assess aesthetic or patient-reported satisfac-
tion, and wages lost due to inpatient stay were not included in
analyses.

In summary, small cranial defects are amenable to recon-
struction with manually shaped titanium or autogenous split
skull bone graft, and both of these techniques are the most
cost-effective. Large paranasal sinus defects and large ablative
“unknown” defects can only be reconstructed with autogenous
bone or CPS titanium mesh. Autogenous bone reconstruction
results in significantly prolonged operative duration, while
CPS titanium mesh is associated with prolonged hospital ward
admission. Despite this, the cost of autogenous bone or CPS
titanium mesh reconstruction is not significantly greater than
manually shaped titanium implants. Elective cranioplasty of
large stable skull defects far removed from potential sinus con-
tamination can be repaired by any type of implant material
(titanium, PMMA, PEEK). Of these, custom PMMA and PEEK
implants are significantly more costly, and the incidence of
complications necessitating reoperations may contribute to
this.
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