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Abstract

Background: Failure rates with cranioplasty procedures have driven efforts to improve graft material and reduce
reoperation. One promising allograft source is a 3D-printed titanium mesh with calcium phosphate filler. This study
evaluated failure rates and pertinent characteristics of these novel 3D-grafts compared to traditional materials.

Methods: Sixty patients were retrospectively identified who underwent a cranioplasty between January 2015-
December 2017. Specific data points related to graft failure were collected for all surgical admissions, from the
primary injury to their most recent. These included, but were not limited to, initial physical exam findings, vitals,
comorbid conditions, surgery length, estimated blood loss, incision type, and need for revision. Failure rates of
3D-printed allografts were compared to traditional grafts.

Results: A total of 60 subjects were identified who underwent 71 unique cranioplasty procedures (3D =13,
Synthetic =12, Autologous =46). There were 14 total failures, demonstrating a 19.7% overall failure rate.
Specifically, 15.4% (n=2) of 3D, 19.6% (n=9) of autologous, and 25.0% (n=3) of synthetic grafts required
revision. Patients receiving 3D-grafts had the shortest overall mean surgery times (200.8 + 54.3 min) and lowest
infection rates (7.7%) compared to autologous (210.5 +47.9 min | 25.0%) and synthetic models (217.6 +77.3
min | 8.7%), though significance was unable to be determined. Tobacco use and trap-door incisions were
associated with increased failure rates relative to straight or curved incisions in autologous grafts.
Cranioplasties performed less than 3 months after craniectomy appeared to fail more often than those
performed at least three months after craniectomy, for the synthetic group.

Conclusion: We concluded that 3D-printed cranioplasty grafts may lead to lower failure rates and shorter
surgery times compared to traditional cranioplasty materials in our limited population. 3D-implants hold
promise for cranial reconstruction after TBI.
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Background

Decompressive craniectomy (DC) is a common neuro-
surgical intervention in which a large section of the skull
is removed in the setting of severe traumatic brain injury
(TBI). The resulting skull defect is left open to allow
brain tissue to swell past this rigid border, thus mitigat-
ing potentially fatal elevations in intracranial pressure
[1-3]. Once the underlying pathology has been cor-
rected, the contour of the skull is reconstructed either
with the autologous bone flap or a synthetic implant via
cranioplasty. This is done for cosmesis as well as to re-
duce complications from DC including seizure, post-
traumatic hydrocephalus, and syndrome of trephined
[4-7]. While cranioplasty is a routine and technically
straightforward procedure, current data demonstrates
failure and complication rates as high as 40% due to in-
fection, hardware exposure, and autologous bone resorp-
tion [8—10]. As such, there has been a focus on shorter
operating times, optimizing time between craniectomy
and cranioplasty, and managing patient comorbidities to
improve outcomes [11-13].

Another avenue that has been explored is the advance-
ment in cranioplasty material and design. Traditionally,
frozen or subcutaneously preserved autologous bone flaps
have been used for reconstruction due to lower costs and
anatomical fit [14, 15] (Fig. 1). However, current compli-
cation rates with this material, specifically bone resorption
and infection, have highlighted the role for synthetic alter-
natives [16—21]. Currently, titanium mesh, polyetherether-
ketone (PEEK), polymethylmethacrylate (PMMA), and
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hydroxyapatite implants are being utilized. While each
have their own added benefits, they also carry their own
unique issues. Titanium mesh possesses noninflammatory
and noncorrosive functionality while maintaining strength
and malleability, yet creates imaging artifacts and carries
an increased risk for metal hypersensitivity leading to de-
vice exposure [22-24]. PEEK demonstrates reduced com-
plication and failure rates compared to autologous and
titanium counterparts in limited studies [24, 25]. However,
PEEK may not always incorporate with the native bone
defect, leading to extrusion [23, 26]. PMMA implants have
robust compression, heat and stress resistance, and strong
adherence [23, 27], but have demonstrated greater infec-
tion rates and the potential for exothermic burn reaction
due to a polymerization process [28, 29]. Lastly, hydroxy-
apatite is known for its contour ability and its excellent
cosmesis, but lacks tensile strength and osseointegration,
leaving the skull susceptible to fragmentation and infec-
tion [30-32]. Overall, synthetic implants have shown
lower infection rates and absorption rates compared to au-
tologous [23, 33, 34]. Yet, there are still issues to be ad-
dressed with these materials to maximize patient outcome.

A novel implant type, 3D-printed calcium phosphate
cement mosaic tiles on a titanium mesh, has recently re-
ceived Food and Drug Administration approval in the
United States [35]. Along with its antimicrobial and
osteogenic qualities, these 3D implants are also designed
to minimize operation times and optimize cranial defect
repair through individualized design (Fig. 2). Due to
their recent emergence in the field, there has been

Fig. 1 3D Reconstructions of Head CT Images in Craniectomy and Cranioplasty (a) Intact or normal skull. (b) Skull fracture that is overlying
intracranial pathology requiring craniectomy. (c) Cranial defect after craniectomy. Note the asymmetric and heterogeneous nature of the outer
border. (d) Post-operative subject who had undergone cranioplasty with autologous bone. The perforated piece overlying the skull is a Jackson-
Pratt drain. Note that the bone fragments require extra structural support and do not fully repair the cranial defect along the inferior border
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implant to enhance revascularization

Fig. 2 Images of 3D Printed Titanium Mesh Implants (a) Three views of the 3D printed titanium skeleton. (b) Transparent view of the 3D printed
titanium skeleton embedded in the core of the calcium phosphate tiles. (c) Three views of the biocompatible calcium phosphate ceramic tiles
situated upon the titanium skeleton layer. Note the mosaic tile design incorporating inter-tile spacing to permit fluid movement throughout the

limited data published on the failure rates of these 3D
implants. One recently published study looked at the
outcomes of 50 Swedish patients with the 3D implant,
32 (64%) of whom had a prior failure with autologous or
alloplastic implants and subsequently received the 3D
implant [35]. Overall, they demonstrated a 7.5% explant-
ation rate for the 3D implants, as well as in situ bone
regeneration and osseointegration [36]. While these
findings suggest a significant reduction in cranioplasty
failure rates with 3D implants, the study did not investi-
gate or compare the raw failure rates of cohorts receiv-
ing different cranioplasty types, and rather only focused
on those who received a 3D implant. It also did not dir-
ectly explore the statistical mediators or complexities be-
tween patient cohorts who receive different cranioplasty
implant type.

In the present study, we evaluated cranioplasty proce-
dures performed at a level-1 trauma hospital in the
United States, specifically focusing on the unique factors
with the potential to affect outcomes in 3D-printed
grafts, autologous grafts, and other synthetic allografts
cohorts. We attempt to better describe the pertinent fea-
tures of cranioplasty failure at an urban trauma center
by capturing patient comorbidities, risk factors, and

surgical considerations and contribute to the literature
evaluating cranioplasty material.

Materials and methods

Subject selection and study population

A retrospective chart review was performed on all pa-
tients that underwent cranioplasty from January 1st,
2015 to December 31st, 2017 at our level-1 Trauma
Center, Hennepin County Medical Center in Minneapolis,
Minnesota. Those included in the study were patients with
a prior craniectomy followed by at least one cranioplasty
procedure within the aforementioned time interval. Those
with insufficient cranioplasty data or documentation, cra-
nioplasty performed at another hospital, and absence of
prior craniectomy information were excluded. The study
was approved by and conducted in full compliance with
the Hennepin Healthcare Research Institute Institutional
Review Board with number HSR#17-4309.

Clinical data

Clinical data from the electronic medical records (EMR)
was retrospectively collected for all patients that had
undergone a cranioplasty procedure within the specified
time interval, based on relevant ICD-9 and ICD-10
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codes. Data was collected for each surgical admission in-
cluding the initial craniectomy, primary cranioplasty, ex-
plantations, and subsequent cranioplasty to capture a
holistic view of their neurosurgical history. We also col-
lected information on patient demographics, comorbidi-
ties, underlying neurosurgical pathology, preoperative
antibiotics, surgery length time, estimated blood loss
(EBL), incision type, intraoperative vitals, postoperative
complications, infection diagnosis and treatment, hos-
pital length of stay, discharge destination, time between
neurosurgical procedures, and mortality.

We defined cranioplasty failure as the need for ex-
plantation and surgical revision. Common indications in-
cluded infection, fluid collection, bone resorption, and
others. The time between the cranioplasty explantation
was denoted as the time to failure. Additionally, we
chose to evaluate each cranioplasty procedure separately,
rather than evaluating each patient, such that if one pa-
tient underwent multiple cranioplasty procedures, each
of those procedures was treated as independent of one
another. If multiple procedures were performed during a
single admission, the data was collected separately. Only
the hospital admissions that included or involved a com-
plication of a neurological surgery were included.

Each cranioplasty procedure was classified into one of
the following three groups: 3D-printed (OssDsign©® —
Uppsala, Sweden), autologous, and synthetic grafts
(Fig. 3). The synthetic category included PEEK, titanium
mesh, and PMMA implants. If a patient underwent mul-
tiple cranioplasty procedures, and if different implant
materials were used for the separate procedures, then
the procedure was grouped according to its respective
implant category. An individual patient may have proce-
dures separated into different groups, according to the
type of implant material used.

Statistical analysis

The cranioplasty procedures were categorized into three co-
horts and compared. Continuous variables were expressed
as the mean + standard deviation, and categorical variables
were expressed as a percentage or frequency.

Results

Sample demographics

In total, 60 patients underwent 71 total cranioplasty pro-
cedures. Our patient population was comprised of 40%
females (1 =24) and 60% males (# =40) with a mean
age of 39.7 years (range 3-79). A majority of the subjects
were Caucasian (63.3%), with the remainder being
African American (16.7%), Hispanic (11.7%), and Other
(8.3%). Insurance funding at the time of the cranioplasty
was 45.0% private insurance, 33.3% medical assistance,
and 20.0% Medicare/Medicaid. The comorbidity profile
for all cohorts demonstrated a mean body mass index
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(BMI) of 25.9, a 20.0% incidence of hypertension, and a
13.3% incidence of Diabetes Mellitus Type II. Substance
use was prevalent, with 53.3% of patients using alcohol,
36.7% using tobacco, and 20.0% using illicit drugs.
Finally, a review of psychiatric diagnoses revealed 25.0%
of subjects had depression, 18.3% had anxiety, 8.3% had
Attention Deficit Hyperactivity Disorder (ADHD), and
13.3% had a different psychiatric condition (Table 1).

Craniectomy data

The most common mechanisms of injury were blunt
trauma (56.7%), spontaneous intracranial events (ICE)
(35.0%) such as aneurysmal hemorrhage and strokes,
and penetrating trauma (8.3%). The main underlying
pathology being treated with primary craniectomy was
hemorrhage (63.3%), followed by cerebral edema (20.0%)
and penetrating cerebral wounds (16.7%).

Implant data

Of these 71 unique cranioplasty procedures, 56 (78.9%)
were a primary cranioplasty, 13 (18.3%) were a second-
ary cranioplasty, and two (2.8%) were a tertiary cranio-
plasty. Autologous bone flaps were utilized in 46 (64.8%)
of these procedures: 44 primary, two secondary, and zero
tertiary. 3D flaps were used for 13 (18.3%) procedures:
six primary, six secondary, and one tertiary. Finally, syn-
thetic flaps were used for 12 (16.9%) procedures: six pri-
mary, five secondary, and one tertiary. Of these synthetic
flaps, eight were titanium, three were PEEK, and one
was PMMA. See Fig. 2 for CT imaging of implant
cohorts.

Intraoperative metrics

The mean length of surgery for all procedures was 217.6
(+ 69.3) minutes: 224.4 (+ 77.3) minutes for autologous,
210.5 (£ 47.9) minutes for synthetic, and 200.8 (+ 54.3)
minutes for 3D (Table 2). Two autologous and one syn-
thetic outliers were removed from this analysis because
they involved additional procedures (i.e. external carotid-
internal carotid bypass, arteriovenous malformation resec-
tion, and tumor resection). The mean EBL for all proce-
dures was 244.5 (+ 155.9) mL: 257.6 (+ 168.6) mL for
autologous, 223.3 (+ 132.3) mL for 3D, and 212.0 (+ 125.1)
mL for synthetic. There were also two autologous outliers
with EBL > 1.5 L excluded, as one subject underwent a bi-
lateral cranioplasty, and the other was a pediatric subject
with extensive extracranial and intracranial hemorrhage.

Incision type

For the type of surgical incision, a backwards question
mark was used for 48 procedures (67.6%), linear for eight
procedures (11.3%) T-shaped for six procedures (8.5%),
trap door for two procedures (2.8%), and other types for
seven procedures (9.9%) (Table 2). The incisions denoted



Koller et al. 3D Printing in Medicine (2020) 6:14

Page 5 of 10

Lateral Scout Image

Head CT - Bone View

Coronal Plane Axial Plane

X \‘\\

T

Fig. 3 Head CT Images of Autologous, Synthetic, and 3D Printed Cranioplasty Implants (a) Images of a subject post-craniectomy. (b) Images of a
subject post-cranioplasty with an autologous implant. Note the defect at the inferior border of the implant in the coronal plane. (c) Images of a

subject post-cranioplasty with a synthetic implant. Note the improved profile of the skull border using the synthetic implant in the coronal plane
as well as the remaining inferior defect. (d) Images of a subject post-cranioplasty with a 3D printed implant. Note the improved defect repair and

restoration of the native skull border profile

as “other” included horseshoe, extended lacerations, and
those without details in the EMR. Of note, all autologous
cranioplasties utilizing a trap-door incision failed (n = 2),
while none of the six using a linear incision failed. Add-
itionally, three of the 31 autologous cranioplasties using a
backwards question-mark incision failed (9.7%).

Time since Craniectomy
The mean time interval between the craniectomy or
explant to the cranioplasty was 72.9 (+ 64.3) days

overall. For the specific cohorts, the mean interval
time was 47.5 (+ 41.8) days for autologous, 129.3 (+
52.6) days for 3D, and 121.7 (+ 92.2) days for syn-
thetic implants. Three outliers were removed, one
from the 3D group and two from the synthetic group,
due to markedly prolonged time intervals that fell
more than two standard deviations away from the
mean. For analysis, the remaining 68 time intervals
were classified into two groups: less than 3 months,
and at least 3 months. In this study, the synthetic
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Table 2 Descriptive Intraoperative Metrics for Cranioplasty

Characteristic Cranioplasty Total 3D Autologous Synthetic
Age Incision Type
Mean (SD) 39.7 (179 Backwards 7' 48 (68%) 8 (17%) 31 (66%) 9 (19%)
Range 3-79 T-Shaped 6 (8%) 2 (33%) 4 (67%) 0 (0%)
Sex Linear 8 (11%) 1 (13%) 6 (75%) 1 (13%)
Male 36 (60%) Trap Door 2 (3%) 0 (0%) 2 (100%) 0 (0%)
Female 24 (40%) Other 7 (10%) 2 (29%) 3 (43%) 2 (29%)
Race Surgery Length (min)
African American 10 (17%) Mean 2176 200.8 2244 2105
Caucasian 38 (63%) SD 693 543 773 479
Hispanic 7 (12%) EBL (mL)
Other 5 (8%) Mean 244.5 2233 2576 2120
Insurance® SD 155.9 1323 168.6 125.1
Medicare/Medicaid 12 (20%) Time Since Craniectomy (d)
Private Insurance 27 (45%) Mean 729 1293 475 121.7
Medical Assistance 20 (33%) SD 643 526 418 922
Mechanism of Injury ‘?": Question-mark, EBL Estimated blood loss, SD Standard deviation
Small sample sizes did not allow for reliable statistical analysis
Blunt Trauma 34 (57%)
Penetrating Trauma 5 (8%)
Spontaneous ICE 21 (35%) Cranioplasty failure requiring reoperation
Pathology of Injury Out of the 71 total cranioplasty procedures, 14 (19.7%)
required surgical revision (Table 3). These consisted of
Cerebral Edema 12 (20%) . . . .
11 primary cranioplasty failures (19.6% failure rate), two
Hemorrhage/Bleeds 38 (63%) secondary failures, and one tertiary failure. Out of the 14
Penetrating Wound 10 (17%) total failures, nine were autologous implants (64.3%),
BMI three were synthetic implants (21.4%), and two were 3D
Mean (SD) 259 (5.8) implants (14.3%). Within each category, three of the 12
Substance History total synthetic i@plants fail‘ed (25.0%), nine of the 46
Alcohol 32 (53%) total autologous 1mplar.1ts failed (19.6%), and two of the
13 total 3D implants failed (15.4%).
Tobacco 22.37%) Collectively for the three groups, the average time to
lllicit Drugs 12 (20%) failure was 75.3 (= 87.9) days: the autologous group was
Psychiatric History 86.4 (+ 94.6) days, 3D group was 29.0 (+ 8.5) days, and
ADHD 5 (8%) synthetic group was 80.0 (+ 114.14) days. Of note, two
Anxiety 11 (18%) autologous grafts failed at 3713 and 2310 days, both of
A which required interval surgical revisions that did not
Depression 15 (25%) . . . . .
meet our definition of failure (i.e. removal of a single
Other 8 (13%) piece of hardware without cranioplasty revision). They
Other Comorbidities were both excluded in this analysis.
Diabetes Mellitus Il 8 (13%) For the failures within the autologous subgroup, four
Hypertension 12 (20%) patients needed revisions due to infection, three pre-

*Two patients had unknown insurance: one autologous and one synthetic
ADHD Attention deficit hyperactivity disorder, BMI Body mass index, ICE
Intracranial event, SD Standard deviation

Small sample sizes did not allow for reliable statistical analysis

group had numerically more failures in patients
whose time intervals were less than 3 months (z=3,
60%) compared to those of at least 3 months (n=0,
0%) (Table 2).

sented with fluid collection, one experienced bone re-
sorption, and two had other pathologies. In the 3D
subgroup, one presented with infection and one pre-
sented with wound failure. In the synthetic subgroup, all
three presented with infection (Table 3).

In addition, within the autologous group, the comor-
bid factors of tobacco use (1 =6, 42.86%), and a pre-
existing ADHD diagnosis (n =3, 100%) were present
most commonly in those that failed.
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Table 3 Cranioplasty Failure Rates
Total 3D Autologous Synthetic

Total Failures

Totals 14 2 9 3

% Failed 19.7% 154% 19.6% 25.0%
Primary Implant

Totals 56 6 44 6

# Failed 11 1 8 2

% Failed 19.6% 16.7% 18.2% 33.3%
Secondary/Tertiary Implant

Totals 15 7 2 6

# Failed 3 1 1 1

% Failed 20.0% 14.3% 50.0% 16.7%
Reason for Revision

Fluid Collection 2 0 2 0

Infection 8 1 4 3

Bone Resorption 1 0 1 0

Other 3 1 2 0
Time to Failure (d)

Mean 753 290 864 80.0

SD 879 85 94.6 114.1
Follow-Up Time (d)

Mean 8025 400.8 9734 5935

SD 340.0 106.4 276.0 2171

SD Standard deviation
Small sample sizes did not allow for reliable statistical analysis

Discussion

Complications from cranioplasty procedures continue to
be an important issue despite the procedure’s routine
nature. Prior work has investigated the feasibility of util-
izing 3D technology for cranioplasty implants [37-41]. A
mold fabrication system has been developed that con-
structs cranioplasty implants with higher cranial index
symmetry — matching the cranial defect more accurately
— than autologous types [41-44] (Figs. 1 and 2). Other
research has assessed these 3D implants using cadavers
as proxies, providing insight into the efficiency of the
technique and the clinical applications of employing pro-
cedures of this genre [45]. The most promising research
looked retrospectively at patients undergoing calcium
phosphate-based implants with 3D-printed titanium
mesh reinforcement [36]. Notably, the need for explant-
ation was found in 7.5% of these patients, who collect-
ively had a previous failure rate of 64% in prior
autologous or alloplastic implants. This study, however,
did not assess the failure rates between different cranio-
plasty types, nor did they delve into the factors contrib-
uting to these outcomes. While the results from the
present study were based on a population size that did
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not allow for reliable statistical testing, the raw data does
provide valuable insight into the promising potential of
3D-printed implants and the elements involved in redu-
cing cranioplasty failures.

Our study demonstrated an overall cranioplasty failure
rate of 19.7% at our institution. Notably, the failure rates
of synthetic implants, autologous implants, and 3D im-
plants were 25.0%, 19.6%, and 15.4%, respectively. Infec-
tion was the leading cause of failure, with infection rates
of 25.0% for synthetic, 8.7% for autologous, and 7.7% for
3D. Of note, 3D implants in this study had shorter
follow-up times on average (400.8 + 106.4 days) com-
pared to the other cohorts. This may favorably bias fail-
ure rates in the 3D cohort as complications can present
after a prolonged period and is noted as a limitation.

There has been a recent focus on the choice of surgi-
cal incision used and its role in cranioplasty failure.
Current theories suggest that optimizing flap vascularity
improves healing thus limiting infection, hardware ex-
posure, and need for reoperation. Our study found that
both of the autologous implants placed using a trap door
incision, which has suboptimal vascularity, failed (100%)
compared to the backwards question mark (66%) and
linear incisions (75%) for this cohort. This may support
the hypothesis that an improved vascularity of a straigh-
ter incision may be beneficial for surgical outcomes. We
also found that tobacco use was more prevalent in au-
tologous failures (42.9%), and that all autologous cranio-
plasty patients with ADHD comorbidity resulted in
failures. Time from the craniectomy or explant to the
cranioplasty was also a factor in synthetic failure, with
those implanted in less than 3 months after craniectomy
failing 60% of the time, compared to those implants at
least 3 months after craniectomy having a failure rate of
0%. Another intraoperative metric of note was surgery
length; we found the shortest mean times for 3D im-
plants (200.8 min), followed by synthetic (210.5 min) and
autologous (224.4 min). While the differences in surgery
lengths were not able to be statistically compared in our
study due to small sample sizes, improvements in surgical
efficiency and patient safety remains an important goal.
The 3D-printed implants were designed precisely for this
reason and to eliminate the need for manual intraopera-
tive sculpting or reconstruction of fragmented skull pieces
applied to alternative implant options (Fig. 4).

It should be noted that seven of 13 (53.8%) 3D cases,
six of 12 (50.0%) synthetic cases, and two of 46 (4.3%)
autologous cases were revisions of at least one previously
failed cranioplasty procedure. With the current standard
of care favoring the use of autologous bone flaps for pri-
mary cranioplasty, this is not unexpected but does add a
level of complexity to the interpretation of our data.
Considering that prior failure is a major risk factor for
subsequent cranioplasty failure, the 3D and synthetic
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implant integrated into the underlying titanium reinforcement

Fig. 4 Images of 3D Reconstructions of Cranial Defect and Incorporated Implant (a) Cranial defect after craniectomy. (b) Titanium skeleton with
its adjustable, pre-designed fixation arms filling in the cranial defect, allowing for patient-specific customization. (c) Calcium phosphate mosaic

groups were already predisposed to complications. Inter-
estingly, despite 46.2% of the 3D implants being utilized
to replace a traditional implant that had failed, this co-
hort demonstrated the lowest failure rate (15.4%). More-
over, the only 3D procedure to be complicated by an
identified infection was in a patient who had previously
undergone an autologous cranioplasty that subsequently
became infected, requiring a revision with the aforemen-
tioned 3D procedure. Perhaps, given the theoretical anti-
microbial and intraoperative benefits of the 3D implant,
larger studies may be able to explore the potential bene-
fit of utilizing a 3D implant as the primary material to
reduce the need to surgical revision.

As with any retrospective study, the interpretation of
our data carries notable limitations. The first of these is
variable duration of follow-up time in the different
groups. The average time to failure was 75.3 days collect-
ively, with the longest average being 86.4 days in the au-
tologous group, and an average follow-up time of 802.5
days across all three groups (Table 3). For those patients
whose cranioplasty procedure occurred more recently, it
was ensured that their charts were assessed for a mini-
mum of 6 months following the cranioplasty, to allow
enough time to observe any complications. With this
consideration, it was determined that all but one proced-
ure had follow-up times that were more than two
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standard deviations from the average time to failure.
This strongly suggests that the vast majority of compli-
cations or failures that could arise from any given cra-
nioplasty procedure were in fact observed and recorded
within the timeframe of the study. Nonetheless, the lon-
ger the graft is followed, the greater the likelihood of
identifying a failure.

The potential impact of confounding variables on fail-
ure rates between implant types must also be mentioned.
For example, patients with a lower BMI and a preference
towards optimal incision type within an implant type
may skew outcomes. Another notable limitation is that
due to our small sample size, we were unable to perform
valid statistical analysis to determine the significance of
specific factors on cranioplasty outcomes. Nonetheless,
the data captured here are informative. As there are not
currently any U.S. studies that compare 3D-printed im-
plants to autologous and synthetic implants, the expan-
sion of the present study to multiple hospitals and the
inclusion of additional 3D and synthetic implants could
potentially produce more robust and constructive find-
ings. Future studies would also benefit from longer pa-
tient follow-up at various intervals, examining both
minor and major complications to add more depth and
detail to the findings on cranioplasty failures.

Conclusion

Based on the findings from the present study, 3D-
printed implants demonstrate potentially favorable fail-
ure rates, infection rates, and surgery times compared to
autologous and synthetic implants in TBI cranial recon-
struction, although statistical significance could not be
determined given our limited study population. Further
research on the efficacy of 3D implants and their impact
on surgical outcomes using larger sample sizes and lon-
ger follow-up assessments are warranted.
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