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Predictors of Clinical Outcomes in Autologous Cranioplasty
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BACKGROUND: Cranioplasty is a common neurosur-
gical procedure and autologous grafts are preferred due to
their aesthetic and biocompatibility benefits. Multiple risk
factors are implicated as predictors for neurologic
outcome. This study focuses on risk factors that may he
associated with complications and analyzes the predictors
of neurologic outcomes after autologous cranioplasty.

METHODS: This is a retrospective observational study
conducted at a tertiary care center between 2015 and 2021.
Adults with autologous cranioplasty (n = 132) were
recruited from procedure logs and the hospital electronic
health record. Clinicodemographic parameters, risk fac-
tors, and complications were recorded. Neurologic out-
comes were measured using the dichotomized Glasgow
Outcome Scale (GOS). Primary outcome measure was pre-
and post-cranioplasty GOS at the last follow up. Secondary
outcome measures were the predicting factors that
contributed to enhanced neurologic outcome post-
cranioplasty.

RESULTS: Mean age was 41.4 (standard deviation 4
13.5) years with male predominance (12.2:1). Complications
developed in 12.9% (n = 17), with infections in 3.8% (n =
5) and hydrocephalus in 2.3% (n = 3). In bivariate analysis,
pre-cranioplasty GOS good grades 4 and 5 (P < 0.001),
trauma as an indication for decompressive craniectomy
(DC) (P < 0.001), and early cranioplasty <12 weeks (P =

0.023) were statistically significant predictors for post-
cranioplasty neurologic recovery at follow-up. In a multi-
ple logistic regression model, adjusted odds ratio for pre-
cranioplasty GOS was 28.77 (95% confidence interval [CI]
7.21-114.74, P < 0.001), for trauma as indication for DC was
5.15 (95% CI 1.65—16.05, P = 0.003), and for early cranio-
plasty <12 weeks was 3.04 (95% CI 1.12—8.27 P = 0.029).

CONCLUSIONS: Autologous cranioplasty contributes to
a quantifiable neurologic outcome. Pre-cranioplasty
neurologic status, cranioplasty done for traumatic DC and
early cranioplasty may have potential for enhanced
neurologic recovery. Further clinical studies with better
evidence may expound upon these findings.

INTRODUCTION

ecompressive craniectomy (DC) has become increasingly
recognized as an effective treatment for increased intra-
cranial pressure due to malignant cerebral edema from
head trauma, brain infarction, intracranial hemorrhage, or post-
surgical complications.”” As a result, cranioplasty-related pro-
cedures are also becoming increasingly common, with a growing
body of the evidence.” In addition to esthetics benefits, cranio-
plasty tends to promote brain protection and optimizes cerebral
hydrodynamic conditions, protects patients from seizures, and
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relieves the syndrome of trephine.®® Cranioplasty also improves
neurocognition, relieves psychologic sequelae, and increases
social performance.""*

Cranioplasty has recognized complications that include intra-
cranial or graft infection, hemorrhage, pneumocephalus, poor
cosmesis, persistent fluid collection, and death.’>™® The published
studies have quoted a wide range of complication rates ranging
from 3.3% to 40.8%.7"® Multiple risk factors have been
implicated including age, indications for DC, time lapse
between DC and cranioplasty, repeat operation, antibiotic
regimen, use of drains, and type of implant.”>*° The choice of
defect fill material has advanced from use of precious metals to
autologous bone, and now includes the use of 3-dimensionally
printed synthetic materials.”>*" Autologous bone flaps are still
preferred as these are more convenient, less costly, and offer
excellent cosmetic results.**

Much of the modern literature regarding cranioplasty analyzes
the technical aspects of the procedure (such as bone flap storing
procedures, timing of surgical intervention), the use of different
materials, or other specific modifications to either the craniectomy
or cranial repair, which may influence the cranioplasty.”**** The
complication-related risk factors associated with cranioplasty and
their effect on the neurologic outcomes have long been neglected.
At present, the appropriate timing of cranioplasty, the ideal ma-
terial for cranial repair, and possible risk factors associated with
complications constitute a matter of debate. This study presents a
retrospective review of autologous cranioplasty conducted at a
tertiary care center with an emphasis on neurologic outcomes and
aims to review risk factors associated with predictors of enhanced
neurologic outcome.

METHODS

This is a retrospective observational study with data collection of
patients’ charts from January 2015 until June 2021 at a tertiary care
center. The data were collected from operative logs for patients
who underwent standard decompressive craniectomies followed
by autologous cranioplasty during the study period. The study was
approved by the local institutional review board and patient con-
sent was exempted as the study involved review of existing data
without disclosing patient identifiers.

Study Design and Patient Data

The study population included all patients who underwent DC for
any reasons including treatment of traumatic and vascular
disorders. These patients then underwent cranioplasty or re-
implantation of autologous bone flaps. A dichotomized cutoff
for early versus late cranioplasty is set at go days (12 weeks), as has
been previously reported.*> The patients were alive at the time of
the study and did not have any source of infection at the time of
cranioplasty. We excluded patients who underwent cranioplasty
with any synthetic implants and those operated on for surgical
repair of congenital cranial anomalies. Data were obtained from
electronic health records for variables including age, ethnicity,
comorbid conditions, indications for DC, duration between
the DC and cranioplasty, post-cranioplasty complications,
pre-cranioplasty Glasgow Outcome Scale (GOS) and postoperative
GOS at follow-up.

Bone Flap Preservation and Storage

Per hospital policy, all autologous bone flaps harvested from DC
were cryopreserved in a deep freezer at a temperature below
—70°C. Before cryopreservation, connective tissues such as peri-
cranium, muscle, fascia, and galea were entirely removed. Before
the re-implantation, the autograft was properly identified for the
respective patient. The scrub nurse removed autograft bone from
the sterile wrapper, washed it with saline, and placed it in a sterile
basin container filled with hydrogen peroxide solution. It
remained submerged for at least 20—30 minutes at room tem-
perature. The cryopreserved bone was then washed with normal
saline after soaking several times in gentamycin solution prior to
re-implantation. Prophylactic antibiotics were administered 30—45
minutes before the incision during the cranioplasty; other opera-
tive procedure technique varied between different neurosurgeons.
A dichotomized threshold for duration of operating time is set at
120 minutes, as has been published as an average timing for
autologous cranioplasty in literature.*® All patients with head
trauma were on prophylactic antiepileptic as a standard
protocol.””*®

Statistical Analysis

Descriptive statistics in the form of mean and standard deviation
(SD) (for normally distributed data), or median with interquartile
range (IQR) (for data not normally distributed) were calculated for
interval variables (e.g., age) as appropriate. Frequency with per-
centage is reported for categorical variables (e.g., sex). Bivariate
analysis of different clinical and demographic variables was per-
formed to find statistically significant predictors of neurologic
outcome after cranioplasty. P values were calculated using the
Pearson % test for binary variables and Mann-Whitney U-test was
applied to find P values for continuous data. Multiple logistic
regression analysis was performed to assess the adjusted rela-
tionship between age, sex, diabetes mellitus (DM), hypertension
(HTIN), number of surgeries, operative time, pre-cranioplasty
GOS, indications for DC, time duration between DC and cranio-
plasty, and good GOS among post-cranioplasty patients. Adjusted
odds ratio (AOR) and 95% confidence intervals (CIs) for the AOR
were reported. Statistical significance was set at P < 0.05 (2-
tailed). All statistical analyses were performed using the Statisti-
cal Package for Social Sciences (version 27; IBM. Armonk, NY).

RESULTS

Among 132 patients, 69 patients were <40 years old (mean 41.4
years, SD =+ 13.5 years) with a male predominance (n = 122). Sixty-
one patients had associated hypertension and 31 patients had DM
preoperatively. Most of the patients (n = 101) were non-Arab and 31
patients were Arab. Trauma was the preoperative indication for DC
in 58 versus 74 patients due to non-traumatic reasons including
strokes and intracerebral hemorrhages. Mean operative time for
cranioplasty procedure remained 124 (SD = 38.5) minutes with most
patients (n = 81) operated on for <120 minutes. Most patients (n =
108) underwent one surgery before cranioplasty with mean time
between first surgery and cranioplasty of <12 weeks (mean 13.1
weeks, SD+ 7.8 weeks) in 77 patients and median follow up
remained 3 (IQR 2—6) months (Tabhle 1). Postoperative
complications (n = 17) included infections (n = 5), extradural
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hematomas (n = 4), and subgaleal collections (n = 3);
intraparenchymal hemorrhage and wound necrosis each
developed in 1 patient each (Table 2). Hydrocephalus was
observed in 3 patients as a sequala of the initial brain insult.
Among the patients with hydrocephalus, all 3 patients have
undergone ventriculoperitoneal (VP) shunt placement. All of them
had traumatic brain injury initially, 2 patients had
ventriculomegaly at time of the cranioplasty, hence an external
ventricular drainage (EVD) catheter was inserted during
cranioplasty. Both failed weaning from EVD post-cranioplasty and
eventually needed a VP shunt. One patient developed hydrocephalus
later as manifested by a decrease in level of consciousness. None of
the patients has developed new onset seizures after cranioplasty.
In bivariate analysis (Table 3) of dichotomized GOS with
clinicodemographic binary variables, indications for DC (P <
0.001), duration between DC and cranioplasty (P = 0.023) and
preoperative cranioplasty GOS (P < o.001) were found to be

Table 1. Summary of Characteristics ‘

Characteristic Value
1. Age, years 414 + 135
<40 69 (52.3)
>40 63 (47.7)
2. Sex
o Male 122 (92.4)
o fFemale 10 (7.6)
3. Comorbidities
o Diabetes mellitus 31 (23.5)
o Hypertension 61 (46.2)
4. Ethnicity
o Arab 31 (23.5)
o Non-Arab 101 (76.5)
5. Indication for surgeries
e Traumatic 58 (43.9)
o Nontraumatic (vascular/tumors/others) 74 (56.1)
6. Operative time, minutes 1246 + 385
e Up to 120 81 (61.4)
o More than 120 51 (38.6)
7. Number of surgeries before cranioplasty
o 108 (81.8)
°>? 24 (18.2)
8. Duration between craniectomy and cranioplasty, weeks 131 £78
e <12 77 (58.3)
e > 12 55 (41.7)
9. Duration of follow-up, months 3 (2—6)
Results are expressed as mean + standard deviation, median (interquartile range), or
number (percentage).

Table 2. Postoperative Complications

Frequency (n = 132)

Complication (n = 17) Number (%)

None 115 (87.1)
Infections 5(3.8)
Extradural hematoma 4 (3.0)
Hydrocephalus 3(23)
Subgaleal collections 3(2.3)
Intraparenchymal hemorrhage 1(0.8)
Wound necrosis 11(0.8)
Total complications 17 (12.9)

statistically significant. In multiple logistic regression analysis,
after adjusting for confounding variables (including age, sex,
DM, HTN, number of surgeries, operative time), the identified
significant variables in bivariate analyses (initial GOS,
indications for DC, and duration between initial surgery and
cranioplasty) remained significant independent predictors
associated with good post cranioplasty GOS (Table 4). AOR of
the model for preoperative GOS was 28.77 (95% CI 7.21—114.74,
P < 0.001), 5.15 (95% CI 1.65—16.05, P = 0.003) for traumatic
DC, and 3.04 (95% CI 1.12—8.27, P = 0.029) for the duration
between initial surgery and cranioplasty.

DISCUSSION

Cranioplasty techniques blend both art and surgical science.?”°
Although cranioplasties with gold and silver have been
documented since the time of the Incas many centuries ago, the
first report of cranioplasty by Job Janszoon van Meekeren
appeared in 1868.°3" Macewen is the father of the modern
practice of autologous bone grafting and reported the successful
reimplantation of bone pieces into cranial defects in 1885.>° The
diversity of methods proposed for cranium reconstruction from
prehistory to modern medicine affirms the engaging nature of
the problem.">9-33*

Autologous Bone for Cranial Reconstruction

Although autologous bone is considered the gold standard material
for cranioplasty procedures, there are still some arguments against
its use due to its high propensity for reabsorption.>*** Autologous
bone flaps are preferred over newly developed reconstructive
materials, because the former are more convenient, offer
excellent morphologic fit, and permit bone growth and higher
biocompatibility.*>**33 Bone storage may be inconvenient since it
requires freezing temperatures (below —70°C) or subcutaneous
preservation.>* In comparing methods of bone preservation in the
abdominal wall versus cryopreservation, there is no significant
difference in postoperative infections in similar surgical risk
profiles, and it remains a matter of individual preference and
equipment availability.®® Generally, cryopreservation may be
preferred because of the shorter operation time and avoidance of
complications with the abdominal pocket, whereas the portability
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Table 3. Bivariate Analysis, Relationship of CIinicodemographic‘ Table 4. Bivariate and Multiple Logistic Regression (Identified
Factors With Dichotomized Post-cranioplasty GOS Significant Factors Associated With Good GOS)
Post-cranioplasty GOS Unadjusted OR (95% CI); 95% Cl for P
Factor P Value AOR AOR Value

Good Grades Poor Grades P Pre-craniaplasty GOS

Variables (4 and 5) (2 and 3) Value*
o Poor grade 1 1
Age, years « Good grade 26.80 (7.69—9397); 2877 7.21—11474 <0001
<40 46 (66.7) 23(33.3) 0.568 <0.001
>40 39 (61.9) 24 (38.1) Indications for decompressive craniectomies
Sex o Nontraumatic 1 1
Male 78(639)  44(361) 0700 et
Female 7 (70.0) 3 (30.0) .o.Traumatlc brain 4.05 (1.82—9.0); 5.15 1.65—16.05 0.003
injury 0.001
i Duration between initial surgery and cranioplasty, in weeks
Arab 22 (71.0) 9(29.0 0.382
°> 12 1 1
et a2 S <12 239(1.15-496), 304 1.12-827 0.029
Comorbidities 0.019
Diabetes mellitus 0.987

Multiple logistic regression identified significant factors associated with good GOS, the
e Yes 20 (64.5) 11 (35.5) OR for good GOS was adjusted for all the significant variables in the tables (pre-
cranioplasty GOS, indication for decompression, and time delay) and nonsignificant

o No 65 (64.4) 36 (35.6) variables (age, sex, diabetes mellitus, hypertension, number of surgeries, operative
Hypertension time, prophylactic antibiotics used, and duration of surgical drain).
o Ves 40 (65.6) 21 (34.4) 0793 Hos;nae:;)& Lemshow % = 7.57; P = 0.482 (indicating adequate fit of the model to the
o No 45 (63.4) 26 (36.6) AOR, adjljsted odds ratio; Cl, confidence interval; GOS, Glasgow Outcome Scale; OR, odds
Indications for surgery Ein
Traumatic 47 (81.0) 11 (19.0)  <0.001
Nontraumatic 38 (51.4) 36 (48.6) favors subcutaneous storage.®3° In a systematic review, Corliss

et al.’’ found no statistically significant differences in terms of
infection, resorption, and/or reoperation rate comparing
<120 53 (65.4) 28 (346) 0754 extracorporal cryopreservation versus abdominal pocket storage.
>120 32 (62.7) 19 (37.3) Copbad et al.** concluded th.at autologous bone .is still the most
reliable, safe, and cost-effective material for use in reconstructive
cranioplasty. In our study, we used cryopreservation as a standard
method with bone preservation below —70°C for all patients.

Operative time, minutes)

Number of surgeries before
cranioplasty

1 71 (65.1) 38(349) 0.698

22 (609} JlERy Complications in Autologous Cranioplasty
Duration between craniectomy and Complication rates for autologous bone cranioplasties range from
cranioplasty, weeks o to 53.3 percent, whereas it is 4.8 to 63.6 percent for alloplastic
<12 57 (72.2) 22 (278) 0023 cranioplasties.”*** This encompasses everything from more
12 28 (528) 25 (472) serious findings of infection, extrusion/reabsorption, t'o the less
_ common outcomes of hematoma, hydrocephalus, seizure, and
Pre-cranioplasty GOS chronic pain. Chang et al.3® found that infection was more
Good grade (4 and 5) 55 (94.4) 3(5.2) <0.001 common after use of alloplastic materials compared with

0 (o) 1

Poor grade (2 and 3) 30 (40.4) 44 (595) a.utologous bone (18.9% vs. 4.6 /.o). Qvergll, the available
literature supports the notion that infection is more common
Total 85 (64.4) 47 (35.6) with alloplastic materials.>*>°>3® The complication rate of 12.
Duration of follow-up, months 3 (2—5.75) 3(2—8) 0708t 9% (n = 17) with overall infection rate of 3.8% (n = 5) in our

study is aligned with contemporary data.>+%'7'9 Infections
accounted for just over one third of all patients (5 out of 17)
who developed complications. Bone resorption was not observed
in any of the cryopreserved bone flaps before implantation as
most patients (n = 77) underwent cranioplasty in nearly 12

Results are expressed as number (percentage) or median (interquartile range). Glasgow
Outcome scale (GOS) is dichotomized as good (grade 4 and 5) and poor (grade 2 and 3).

*P value was calculated using the Pearson x2 test, unless otherwise noted.

1P value was calculated using Mann-Whitney U-test.
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weeks (mean 13.1 + 7.8 weeks) and no post-cranioplasty resorp-
tion was observed in this cohort due to the short duration of
follow-up. Hydrocephalus is one of the main complications of
decompressive craniectomy, ranging from 11.9% to 36% in adults,
with most cases requiring VP shunt placement.?>*° In our study,
only 2.3% (n = 3) of the patients developed hydrocephalus
requiring permanent VP shunt. Seizures after cranioplasty have
been reported to range from 2.9%—29%.%+ No patients with
traumatic brain injury developed post-cranioplasty seizure in our
cohort except 2 patients who had cranioplasty for non-traumatic
indications. This may be due to our standard use of prophylactic
antiepileptic in all post-traumatic DC patients for 6 months as its
effectiveness has been published in a recent review.>®

Post-cranioplasty Neurologic Prognosis

Neurologic outcomes after cranioplasty is multifactorial, primarily
dependent on indications for DC, quality of neurologic rehabili-
tation, and support for reintegration into daily life for these pa-
tients.** In the literature, the rate of good recovery ranged between
36% and 64%.% Giese et al. concluded a significant neurologic
improvement in the long term after cranioplasty in all patients
(42.6%), with a 30 day-mortality rate of 0.49%t.** A systematic
review and meta-analysis of 7 cranioplasty studies (528 patients)
with similar pre- and postoperative assessment of neurologic
function confirmed a significant neurologic improvement after
cranioplasty (mean follow-up 3—180 days).** In our study, there
was also significant neurologic improvement (P < o.001) based
on GOS when we compared preoperative neurologic status with
post-cranioplasty dichotomized GOS. In multiple regression
analysis, odds of good recovery for GOS grades 4 and 5 was 28.77
(95% CI 7.47—163.56, P < 0.0001) in comparison with poor grades
(2 and 3) after adjusting for identified factors in bivariate analysis.
It remains unclear whether neurologic recovery is promoted by
cranioplasty or other confounders including the effect of rehabil-
itation and duration of follow-up. This limitation can only be
addressed by direct comparison of DC patients with and without
cranioplasty that mandates an ethical equipoise and a long-term
follow up.

Predictors of Post-cranioplasty Prognosis

Several heterogenous factors were used to predict clinical
outcome, including: patient-centered risks, indications for DC,
pre-cranioplasty neurologic status, timing of cranioplasty, post-
operative complications, quality of rehabilitation, parameters used
for neurologic assessment, and duration of follow-up.’®"9:3
Long-term neurologic outcome of patients undergoing DC
differed remarkably when assorting by etiology, ranging from
0%—91%t.** In our study, multiple regression analysis of different

REFERENCES

1. De Bonis P, Frassanito P, Mangiola A, Nucci CG,

Int. 2017;8:91.

Anile C, Pompucci A. Cranial repair: how 3. Junior AC, Hamamoto Filho PT, Gongalves MP,
Neto AA, Zanini MA. Cranioplasty: an institu-
tional experience. ] Craniofac Surg. 2018;29:

complicated is filling a “hole”? ] Neurotrauma. 2012;
29:1071-1076.
1402-1405.

outcome—an institutional experience. Surg Neurol

factors confirmed that the adjusted odds of neurologic outcome
were better for traumatic DC (higher odds 5.15, P = 0.003) as
compared to non-traumatic patients. Posti et al.*> concluded
that a successful cranioplasty with good pre-cranioplasty clinical
status predicts a favorable outcome 1 year after cranioplasty, and
these results are aligned with our study, showing higher adjusted
odds (28.27 times) of neurologic recovery when compared with
poor pre-cranioplasty GOS grades. Early cranioplasty (<3 months)
has been associated with enhanced neurologic recovery.*** This
is aligned with our study results that showed adjusted odds for
early cranioplasty (<12 weeks) to be 3.04 times with reference to
cranioplasty done after 3 months. A recently published
consensus statement from the International Consensus Meeting
on Post-TBI Cranioplasty endorsed cranioplasties for improved
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Limitations

The study has the inherent limitations of being a retrospective
review, and data related to some clinical variables were either
incomplete or missing. It was limited by a short follow-up dura-
tion of 3 months, as most patients were repatriated to their home
country, having been expatriate in Qatar. However, the study is
powered by a large sample size and the logistic regression model
included a wide array of clinical variables.

CONCLUSIONS

Cranioplasty is a common neurosurgical procedure with quanti-
fiable clinical outcomes. There are multiple risk factors for com-
plications but risk of infection after autologous cranioplasty
remains low. Pre-cranioplasty neurologic status and cranioplasty
done for traumatic DC have comparatively better prognosis while
early cranioplasty within 3 months may have a role in enhanced
neurologic recovery. Future studies with better clinical evidence
are required to consolidate these findings.
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