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Abstract

Despite being a common procedure, cranioplasty (CP) is associated with a variety of serious, at times lethal, complications. This
study explored the relationship between the initial injury leading to decompressive craniectomy (DC) and the rates and types of
complications after subsequent CP. It specifically compared between traumatic brain injury (TBI) patients and patients under-
going CP after DC for other indications.

A comprehensive search of PubMed, Scopus, and the Cochrane Library databases using PRISMA guidelines was performed
to include case-control studies, cohorts, and clinical trials reporting complication data for CP after DC. Information about the
patients’ characteristics and the rates of overall and specific complications in TBI and non-TBI patients was extracted, summa-
rized, and analyzed.

A total of 59 studies, including the authors’ institutional experience, encompassing 9264 patients (4671 TBI vs. 4593 non-
TBI) met the inclusion criteria; this total also included 149 cases from our institutional series. The results of the analysis of the
published series are shown both with and without our series 23 studies reported overall complications, 40 reported infections, 10
reported new-onset seizures, 13 reported bone flap resorption (BFR), 5 reported post-CP hydrocephalus, 10 reported intracranial
hemorrhage (ICH), and 8 reported extra-axial fluid collections (EFC). TBI was associated with increased odds of BFR (odds ratio
[OR] 1.76, p < 0.01) and infection (OR 1.38, p = 0.02). No difference was detected in the odds of overall complications, seizures,
hydrocephalus, ICH, or EFC.

Awareness of increased risks of BFR and infection after CP in TBI patients promotes the implementation of new strategies to
prevent these complications especially in this category of patients.
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Introduction

Management of severe intracranial hypertension, when con-
servative therapies fail, may require DC, which is often
followed by CP after patient stabilization and optimization
[1, 2]. Despite being a time-honored and seemingly
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“straightforward” procedure, CP is burdened by a complica-
tion rate of up to 40%, some of which are severe enough to
compromise the outcome of the initial brain injury [3-5].
Documented complications following CP include, among
others: seizures, ICH, EFC, infections, hydrocephalus, BFR,
mechanical complications (MC), cerebral edema, and neuro-
logical deficits (NDs) [3, 6-9].

In recent years, a considerable number of studies explored
the various risk factors and pathological mechanisms under-
lying complications of CP after different brain injuries not
limited to trauma. However, very few of those studies evalu-
ated whether the type of initial injury may represent a risk
factor for post-CP complications [10—12].

Victims of TBI constitute the largest group of patients re-
quiring DC and subsequent CP [13]. In those patients, factors
such as impaired wound sterility due to traumatic contamina-
tion, scalp lacerations, multiple complex skull fractures,
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diffuse axonal injury, and pericontusional ischemia may all
increase the risk of post-CP complications and be detrimental
to the long-term outcome of the patient [2, 14-16].

This study aimed to compare the rates and types of post-CP
complications between TBI patients and patients suffering
from other primary pathologies, via a systematic review and
meta-analysis of the literature, supplemented by our institu-
tional experience. By elucidating the relationship between
TBI and specific complications following CP, it may be pos-
sible to prevent neurological damage and minimize the risk of
complications linked to CP, thus potentially improving neu-
rologic outcome.

Materials and methods
Search strategy

A comprehensive literature search to identify articles of inter-
est was performed in accordance with the PRISMA (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses)
guidelines [17]. PubMed, Scopus, and the Cochrane Library
were searched using the keywords: “cranioplasty,” “decom-
pressive craniectomy,” “complication,” “outcome,” “traumat-
ic brain injury,” and “TBL” The search included all papers
published between January 2000 and May 2020. The refer-
ence sections of the identified studies were reviewed to iden-
tify any additional relevant articles.

99 ¢ EENT3

Study selection

Case-control studies, cohort studies, or clinical trials reporting
on the relationship between the indication for DC and the type
and rate of related post-CP complications in human adults
were included in the analyses, unless they did not include
enough data to calculate the number of patients that underwent
DC for each indication considered in the study or the number
of complications following subsequent CP.

Comments, letters, technical notes, editorials, case reports,
or case series relating individually selected cases were exclud-
ed. Meta-analyses and reviews were also excluded; however,
referenced articles were thoroughly screened for possible
inclusion.

Non-English articles were excluded, unless the article was
part of a related systematic review. Studies that involved an-
imals, included non-calvarial or maxillofacial procedures, or
focused exclusively on the pediatric population were exclud-
ed. Studies were excluded if they reported patients who ini-
tially underwent craniotomy for reasons other than decom-
pression unless it was possible to separate them from the DC
patients.

Table 1 summarizes the inclusion and exclusion criteria.
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Data extraction

The following information was collected from eligible arti-
cles: (1) number of patients in the cohort, (2) indication for
DC, (3) mean age, (4) male to female ratio, (5) time interval
between DC and CP, (6) implant materials used for CP (e.g.,
preserved autologous bone, methyl methacrylate, and
polyether ether ketone), (7) mean post-op follow-up time,
and (8) incidence and types of post-CP complications.

Complications were grouped into the following categories:
(1) new-onset seizures; (2) intracranial hemorrhage (including
intracerebral hemorrhage, subdural hematoma, and epidural
hematoma); (3) nonhemorrhagic extra-axial fluid collections
(including subgaleal and subdural effusion, cerebrospinal flu-
id leak or fistula, and hygroma); (4) infection (including sur-
gical site infection, wound healing disturbances and wound
dehiscence, graft infection, empyema, brain abscess, and os-
teomyelitis); (5) hydrocephalus (treated with VPS or conser-
vatively); (6) bone flap resorption (including aseptic bone flap
necrosis; diagnosed by clinical exam (softness of the
reimplanted flap at palpation and/or flap loosening), imaging
(CT scan), or both). In our own series, bone flap resorption
was defined as any bone defect superior to 0.5 cm in its largest
diameter when a late CT scan (obtained at least 2 months after
CP) was compared to postoperative (within 24 h from CP) CT
scan; (7) other complications include MC, cerebral edema,
and NDs. For studies that reported all cases of complications
observed in their cohort (rather than focusing only on specific
types of complications), the category “overall complications”
was calculated by including all subjects affected by one or
more of the above complications.

Not all articles provided information about each item;
therefore, comparative analysis was limited by the nature of
the source data.

Study quality and risk of bias of individual articles were
assessed by the Newcastle-Ottawa Scale (NOS)—a three-cat-
egory, 9-point scale assessing cohort selection, comparability,
and outcome [18]. A higher score indicates higher quality.

Local series of CP patients

A retrospective review was done to identify all cranioplasties
performed on adult patients (older than eighteen at the time of
the initial injury) at the neurosurgical unit of Fondazione
IRCCS San Matteo (Pavia, Italy), between January 1st 2009
and December 31st 2019. All patients or their legal represen-
tative when the patient neurological status did not allow an
informed decision signed an informed consent authorizing the
use of anonymized clinical data for retrospective analysis and
clinical research. Relevant clinical and demographic data were
extracted from the patients’ medical records, including age,
sex, indication for initial DC, timing of CP after initial DC, CP
implant material, postoperative complications, and post-CP
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Table 1 Study selection criteria
Inclusion criteria

Exclusion criteria

Case-control studies, cohort studies, or clinical trials,

large case series

Includes data on the indication for decompressive
craniectomy and the type and rate of related
post-cranioplasty complications

Comments, letters, technical notes, editorials,
meta-analyses, reviews, case reports, or individually
selected case series

Focuses on animals, pediatric patients, or
cranioplasties done for reasons other than
post-decompressive craniectomy

Published in a language other than English

Contains insufficient data for meta-analysis

follow-up time. All data were anonymized before analysis,
and parameters characterizing our series were introduced as
a bulk in the meta-analysis.

Data analysis

The data were analyzed using Review Manager 5.3.5 (The
Cochrane Collaboration) [19]. Complications were first cate-
gorized by type (e.g., overall complications, infection, and
seizure) and then split into two groups: “TBI patients” and
“non-TBI patients,” according to the original indication for
initial DC. TBI patients included every injury described as
“trauma” or “head injury” as well as concussion, contusion,
and traumatic/non-spontaneous ICH. Open and closed TBI
were considered together. The non-TBI patient group includ-
ed all other indications such as hemorrhagic and ischemic
strokes, spontaneous subarachnoid hemorrhage, infections,
and tumors.

The pooled rate of every complication type for each indi-
cation group was calculated by summing the number of pa-
tients reported to suffer the specific complication in each study
and then dividing the by the total number of patients who
underwent DC for that indication.

For studies that included both TBI and non-TBI patients,
odds ratios (ORs) and 95% confidence intervals (CI) for each
complication were calculated by dividing the odds in the
“TBI” patient group by the odds in the “non-TBI” patient
group. To account for the heterogeneity of the data, the
Mantel-Haenszel method with random-effects model was
used. The /7 metric was reported to further quantify heteroge-
neity. p values of 0.05 or less were considered statistically
significant.

Results

The initial literature search yielded 738 entries. Eighteen ad-
ditional articles were found by searching the references of
articles. Two-hundred-thirty-four duplicates were found and
removed. The remaining 522 studies were screened, and 457
were eliminated based on exclusion criteria. After this, 65

articles were assessed for eligibility and 59 were included in
the final analysis (Fig. 1) [10-12, 15, 16, 20-72].

Six articles were excluded for the following reasons: 5
articles utilized the same 2 cohorts [10, 37, 73-75].
Therefore, 1 article for each cohort was selected and the other
3 articles were discarded. One article dealt mostly with pedi-
atric patients (mean age 12.2 years) [76]; 2 articles included a
significant proportion (>75%) of cranioplasties done for rea-
sons other than post-DC [77, 78].

Two studies included cranioplasties done both following a
DC and for other indications but reported sufficient detail to
allow for extraction of the data regarding post-DC
cranioplasties only [45, 49].

There was an overlap between 2 studies in the authors,
location and time frame in which they were performed [16,
36]. However, the studies focused on different complications
(1 reported BFR, and the other dealt with infection, EFC, and
IH), and were therefore treated as a single cohort with com-
plication rates pooled from both studies.

Seven of the included studies were published between
2000 and 2009, compared with 52 studies published between
2010 and 2019. This disparity reflects the growing interest for
complications of CP as demonstrated by PubMed’s
Publication Timeline feature showing an average of 3 + 3
papers per year during the first decade of the century com-
pared with 35 + 13 per year during the second decade.

Study and patient characteristics

The baseline characteristics of the individual studies are sum-
marized in Table 2. Of the studies included, 6 were prospec-
tive cohorts and the rest (n=53) were retrospective cohorts.
Together, the studies comprised a pooled cohort of 9264 pa-
tients, out of which 4671 (50%) were affected by TBI. Fifty
studies reported mean age, with a pooled mean of44 + 1 years.
Fifty-six studies reported data about the male to female ratio,
with a pooled mean of 65% =+ 2% males.

Fifty-five studies included CP performed using autologous
bone flaps (ABF), with 36 studies also including synthetic
materials such as titanium mesh, hydroxyapatite (HA),
polymethyl methacrylate (PMMA), polyether-ether-ketone
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Fig. 1 PRISMA flow diagram of
literature search strategy and

738 records

18 additional

article selection identified through records identified
database through other
searching sources

!

522 records after duplicates
removed

(PEEK), and individually customized implants (containing a
combination of the previously mentioned materials). Three
studies included only CP performed with synthetic materials.

Time interval from DC to CP ranged between 39 and 370
days, with a median of 196 and a mean of 161 + 37.5 days.
Fourteen studies, including our own series, stratified the time
interval according to the initial indication for DC [16, 22, 24,
25, 29, 30, 36, 37, 45, 53, 55, 56, 67]. The pooled mean
interval from those studies was 131 + 62 days for TBI patients,
compared with 116 = 58 days for non-TBI patients. The
timing of CP did not significantly differ between the underly-
ing pathologies (difference = 15 days, 95% CI = —37 < diff <
67, and p = 0.57).

Study quality ranged from 5 to 8 out of 9 on the Newcastle-
Ottawa Scale. Points were deduced mainly for lack of
matched cohorts, neglect to mention length of follow-up and
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479 records
1 excluded

522 records (according to
screened selection criteria)

1

65 full-text articles 6 full-text articles

assessed for excluded, with
eligibility reasons
1
59 studies
included in

meta-analysis

lack of representativeness of the exposed cohort of the overall
population. Most (n = 56) had adequate ascertainment of ex-
posure, sufficient comparability, and good assessment of
outcome.

Institutional experience

The general characteristics of our cohort are summarized in
Table 2. It included a total of 149 patients, out of which 56
(37.6%) were initially diagnosed with TBI. The overall com-
plication rate of CP was calculated by considering all compli-
cations independently of whether they required treatment or
not and added up to 42.3%. There was no statistically signif-
icant difference in odds of overall complications between TBI
patients (37.5%) and non-TBI patients (45.2%); OR = 0.83
(p=0.56 and CI 0.45-1.54).



Neurosurg Rev (2021) 44:3125-3142 3129
Table 2 Characteristics of included studies
Reference Study design  Number of Mean Males Indications  Described Implant Mean  Follow- Quality
patients age (%) for DC complications material DCto up (NOS)
(years) CP (months)
Total TBI Non- interval
TBI (days)
Nagayama 2002*  Retrospective 195 28 167 NS NS TBI, Infection ABF NS NS N/A
cohort non-TBI
Shimizu 2002* Retrospective 70 29 41 NS NS TBI Infection ABF NS NS N/A
cohort non-TBI
Iwama 2003 Retrospective 49 15 34 51 61 SAH, TBI, Infection, ABF NS 59 6%
cohort VL, ICH, BFR
stroke,
tumor,
infection
Moreira-Gonzalez Retrospective 200 99 101 32 55  TBI tumor NS ABF, PMMA, NS 36 Tx
2003 cohort HA
Matsuno 2006 Retrospective 206 64 142 48 60 SAH, ICH, Infection ABF, PMMA, NS 64 Tx
cohort VL, TBI, customized
infection,
tumor
Kriegel 2007 Retrospective 39 11 28 40 56  TBI, stroke, Infection, ABF, PMMA 234 32 6%
cohort ICH, BFR, ICH
tumor,
infection
Cheng 2008 Retrospective 84 60 24 45 73 TBI, ICH, Infection ABF, PMMA 370 NS 6%
cohort stroke,
ST, VL,
tumor,
infection
Beauchamp 2010  Retrospective 69 69 0 307 80 TBI HC, infection ABF, 87" NS 6%
cohort synthetic
Chang 2010 Retrospective 212 79 133 44 57 SAH, TBI, NS ABF, 160 NS T
cohort stroke, synthetic
tumor,
infection,
VL, other
Inamasu 2010 Retrospective 70 33 37 46 53  TBI, SAH, Infection ABF 39 50 Tk
cohort ICH,
stroke
Stephens 2010 Retrospective 108 108 0 26 99  TBI Infection, PMMA, TM 190 NS 6%
cohort seizure,
ICH
Giresir 2011 Prospective 196 74 122 51 55 TBI, SAH, Infection, ABF 97 >6 8%k
cohort ICH, EFC, ICH
stroke,
other
Huang 2011 Prospective 135 135 0 43 69 TBI Infection, ABF 83 33 6%
cohort ICH, EFC
Lee 2011 Retrospective 59 39 20 48 66 TBI, SAH, EFC,ICH, ABF, PMMA 196 11.5 8%
cohort stroke, infection,
tumor BFR
Sobani 2011 Retrospective 96 55 41 33 73 TBI, tumor, HC, ABF, PMMA, 90 13 8%
cohort infection, infection, customized
stroke ICH,
seizures,
EFC, other
Archavalis 2012 Retrospective 200 51 149 53~ 55 SAH, TBI, Infection, ABF 75 43 8%k
cohort stroke, ICH, EFC,
ICH, other
infection
Im 2012 Retrospective 131 61 70 50 62 VL, TBI, Infection ABF,PMMA, <90 NS 6%
cohort tumor PEEK,
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Table 2 (continued)

Reference Study design  Number of Mean Males Indications  Described Implant Mean  Follow- Quality
patients age (%) for DC complications material DCto up (NOS)
————— (years) CP (months)
Total TBI Non- interval
TBI (days)
bone
cement
Schuss 2012 Prospective 280 98 182 46 52 TBI, stroke, ICH, ABF 103 NS 6%
cohort SAH, infection,
ICH EFC, BFR
Tantawi 2012 Retrospective 200 200 0 25 100 TBI Infection, PMMA, TM NS 29 6%k
cohort seizure,
other
Bobinski 2013 Retrospective 49 49 0 43 78  TBI ICH, ABF, PMMA 114 5 6%
cohort infection,
BFR, other
Diinisch 2013 Retrospective 372 134 238 49 57 TBIL SAH, BFR ABF 78" 12 Tx
cohort stroke,
ICH,
tumor
Lee 2013 Retrospective 236 142 94 38 78  TBI, ICH, Seizures, TM, ABF, NS >12 8%
cohort stroke, infection, PEEK
infection, ICH, other
tumor
Oladunjoye 2013  Retrospective 62 44 18 NS 60  TBI, stroke, HC, EFC, ABF 54~ NS 8%
cohort ICH, infections
SAH
Piedra 2013 Retrospective 74 0 74 47 50  Stroke, ICH, ICH, ABF, 91 13 Tk
cohort VL infection, synthetic
HC, BFR
Schuss 2013 Retrospective 254 89 165 45 52 TBI, stroke, BFR ABF 103 12 8%
cohort SAH,
ICH,
other
Walcott 2013 Retrospective 239 146 93 42 66 VL, stroke, ICH, ABF, 183 15 8%k
cohort TBI infection, synthetic
HC,
seizures
Wachter 2013 Retrospective 136 52 84 45 68  TBI, stroke, BFR, ABF, PMMA 111 NS Tx
cohort SAH, infection,
ICH, ICH, EFC,
infection, other
ST,
unknown
Cheng 2014 Prospective 290 199 91 50 67  TBI, stroke, Infection ABF 60 6-12 Th
cohort ICH,
SAH,
tumor,
other
Klinger 2014 Retrospective 249 118 131 44 63 TBI, SAH, Infection, ABF, acrylic NS NS T
cohort ICH, BFR, ICH
stroke,
infection,
tumor,
other
Mukherjee 2014 Retrospective 174 69 105 41 60  TBI, tumor, Seizures, ™ 311 NS 6%
cohort infection ICH,
infection,
other
Schoekler 2014 Retrospective 58 18 40 46 57  Stroke, TBI, BFR ABF,PMMA, 233 6 8%k
cohort ICH, PEEK,
tumor
Sundseth 2014 47 0 47 48 57 ABF 97N 41" 6%
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Table 2 (continued)

Reference Study design  Number of Mean Males Indications  Described Implant Mean  Follow- Quality
patients age (%) for DC complications material DCto up (NOS)
————— (years) CP (months)
Total TBI Non- interval
TBI (days)
Retrospective Stroke, ICH, Infection,
cohort tumor BFR
Brommeland 2015 Retrospective 71 58 13 31N 62  TBI, stroke Infection, ABF, 74N 10" Tx
cohort ICH, BFR, synthetic
other
Chen 2015 Retrospective 7 7 0 47 71  TBI Infection ™ 54 29 Tk
cohort
Paredes 2015 Prospective 55 28 27 43 67  TBI, ICH, Infection, ABF, PEEK, 309 NS 5%
cohort VL ICH PMMA
Rosseto 2015 Retrospective 45 38 7 32 82  Stroke, Infection ABF, NS 2-27 6%k
cohort infection, synthetic
TBI,
unknown
Tsang 2015 Retrospective 162 68 94 49 63 VL, TBI, Infection, ABF, acrylic, 162 58 8%k
cohort infection, BFR, ™
tumor seizures,
other
Von Der Breile Retrospective 219 159 60 43 NS  TBI, stroke Infection, ABF, PMMA, NS NS T
2015 cohort BFR customized
Borger 2016 Retrospective 75 0 75 52 48  stroke Infection, NS 145 NS 6%
cohort ICH, other
Chaturvedi 2016  Retrospective 74 74 0 Ry 71  TBI Infection, ABF, TM, 305 32 6%
cohort seizure, acrylic
ICH, EFC,
other
Daou 2016 Retrospective 114 15 99 51 47  SAH,ICH, BFR, HC, ABF 180 25 8%
cohort stroke, ICH,
TBI, ICH, seizures,
VL infection
Honeybul 2016 Retrospective 512 330 182 39 71  TBI, stroke. EFC, ICH, ABF, TM, 98 NS Tk
cohort tumor, seizures, mesenchy-
infection, infection, mal stromal
SAH, BFR cells
ICH
Krause-Titz 2016  Retrospective 248 80 168 46 51 TBI, SAH, HC, seizures, ABF, PMMA, 231 NS T
cohort stroke, ICH, PMMA+
tumor infection, ™,
other customized
Pierson 2016 Retrospective 39 24 15 57 61 TBI, VL, Infection, ABF, 124 NS T
cohort ICH, seizures customized
stroke,
infection,
tumor
Quah 2016 Prospective 70 47 23 40 71  TBI, ICH, Infection ABF, TM, NS 23 5%
cohort stroke, acrylic,
other PEEK
Riordan 2016 Retrospective 186 92 94 36 62 TBI, SAH, Infection ABF, 220 NS Tx
cohort infection, synthetic
ICH,
tumor,
stroke
Roberts 2016 Retrospective 14 14 0 24 100 TBI Infection ABF, NS NS 5%
cohort synthetic
Shibahashi 2017  Retrospective 155 82 73 57N 59  TBIL SAH, Infection, ABF, 44 6 8%
cohort ICH, ICH synthetic
stroke
Abode-Iamah Retrospective 258 139 119 49 62 Infection, ABF, NS NS Tx
2018 cohort seizures, synthetic
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Table 2 (continued)

Reference Study design

Mean Males

Total TBI Non-

Indications
for DC

Described
complications

Jin 2018 Retrospective
cohort
Morton 2018 Retrospective
cohort
Posti 2018 Retrospective
cohort
Kim 2019 Retrospective
cohort
Shih 2019 Retrospective
cohort
Yeap 2019 Retrospective
cohort

Alkhaibary 2020  Retrospective
cohort

Goedemans 2020  Retrospective

cohort
Rashidi 2020 Retrospective
cohort
Our series Retrospective
cohort

ICH, TBI,
tumor,
other

TBI, stroke,

SAH,
ICH,
tumor
TBI, ICH,
SAH,
stroke,

infection,

tumor

TBI, stroke,

tumor,

infection,

ICH,
SAH,
other

SAH, tumor,

stroke,

ICH, TBI
TBI, stroke,

tumor,
infection

ICH, VL,
stroke,

infection,

TBI,
tumor

TBI, stroke,

SAH,
other
Stroke,
SAH,
TBI, ST,
ICH,

infection,

tumor

TBI, stroke,

ICH,
SAH,
tumor,

infection,

other
TBI,

infection,

tumor
stroke,
ICH

HC, BFR,
EFC, ICH

Infection,
BFR

HC, BFR,
seizures,
ICH, other

NS

Infection,
BFR

Seizures,
ICH,
infection,
other

Seizures

Infection

ICH,
infection,
EFC, HC

BFR

Infection,
seizure,
HC, ICH,
BFR

TBI traumatic brain injury, DC decompressive craniectomy, CP cranioplasty, NOS Newcastle-Ottawa Scale, SAH subarachnoid hemorrhage, ST sinus
thrombosis, VL venous lesion, /CH intracranial hemorrhage, BFR bone flap resorption, EFC extra-axial fluid collection, HC hydrocephalus, NS not
specified, ABF' autologous bone flap, PMMA polymethylmethacrylate, TM titanium mesh, HA hydroxyapatite, FRC-BG fiber-reinforced composite-

bioactive glass, PEEK polyetheretherketone, PE polyethylene, N/A not applicable

*Data extracted from Cheng et al. [31] (original article in Japanese); * median
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The rates of individual complications in our institution
were 0.7% for new-onset seizures, 7.4% for ICH, 22.1% for
infection, 8.7% for hydrocephalus, and 17.1% for BFR. When
subdivided according to complication type, no single compli-
cation had significantly different odds in TBI patients com-
pared with non-TBI ones.

Overall complications

In total, 23 studies reported the overall rates of post-CP com-
plications seen in their cohorts. These included seizures (n=5),
ICH (n=13), EFC (n=7), infection (n=19 studies), hydroceph-
alus (n=5), BFR (n=8), and other complications (n=6). Three
studies did not specify which complications were considered.

The pooled overall complication rate of CP was 24.6%
(683/2779) when considering all indications together,
consisting of 27.8% (353/1269) in TBI patients and 21.9%
(330/1510) in non-TBI patients.

Sixteen of the studies reporting overall complication rates
allowed for comparison between the TBI and non-TBI pa-
tients (Fig. 2) (while the other 7 only reported complication
rates for a single primary indication). The pooled rate of over-
all complications from these studies was 24.0% (n = 549/
2283), ranging from 14.6 to 42.3%.

No significant difference in the odds of overall complica-
tions was found in TBI patients (n = 254/969 procedures,
26.2%) when compared with non-TBI patients (n = 295/
1314, 22.5%; OR 1.26, CI 0.88-1.82, and p = 0.20) using a
random-effects model (# = 62% and p = 0.0005). Similar
results were obtained when the analysis was conducted with-
out adding our series to the published data (Supplementary
Fig. S2).

Seizures

In total, 10 studies reported new-onset seizure rates. The
pooled rate was 13.2% (307/2333). When divided according
to initial indication, the rate of seizure was 12.6% (177/1405)
in TBI patients and 14.0% (130/928) in non-TBI patients.

Seven of the studies reporting seizure rates allowed for
comparison between TBI and non-TBI patients (Fig. 3). The
pooled rate of seizures from these studies was 14.6% (n =284/
1951), ranging from 0.7 to 29.0%.

There was no difference in the odds of seizure in TBI pa-
tients (n = 154/1023 procedures, 15.1%) when compared with
non-TBI patients (n = 130/928, 14.0%; OR 0.96, CI 0.64—
1.44, and p = 0.86) using a random-effects model (/* = 43%
and p = 0.10). This was true with (Fig. 3) or without the
addition of the cases of our series (Supplementary Fig. S3).

Intracranial hemorrhage

In total, 10 studies reported ICH rates. The pooled rate was
4.8% (63/1320), 4.6% (28/615) in TBI patients, and 5.0% (35/
705) in non-TBI patients.

Five of the studies reporting ICH allowed for comparison
between TBI and non-TBI patients (Fig. 4). One study report-
ed postoperative epidural hematomas only, while the others,
including ours, considered both epidural and subdural hema-
tomas requiring evacuation. One study also considered
subgaleal hematomas.

The pooled rate of hemorrhage from these studies was
5.0% (n = 46/913), ranging from 3.6 to 7.4%.

There was no difference in the odds of hemorrhage in TBI
patients (n = 17/357 procedures, 4.8%) when compared with
non-TBI patients (n = 29/556, 5.2%; OR 0.98, CI 0.52-1.83,
and p = 0.95) using a random-effects model (* = 0% and p =

TBI Non-TBI Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Moreira-Gonzalez 2003 25 99 32 101 8.2% 0.73[0.39, 1.35] 2003 I
Kriegel 2007 2 11 10 28 3.1% 0.40[0.07, 2.23] 2007
Chang 2010 7 79 27 133 6.6% 0.38[0.16, 0.92] 2010
Sobani 2011 22 55 12 41 6.7% 1.61[0.68, 3.82] 2011 -
Giresir 2011 14 74 17 122 7.2% 1.4410.66, 3.13] 2011 e
Schuss 2012 20 98 26 182 8.0% 1.54[0.81, 2.93] 2012 T
Watcher 2013 19 52 22 84 7.4% 1.62[0.77, 3.42] 2013 T
Oladunjoye 2013 16 44 7 18 5.3% 0.90[0.29, 2.78] 2013 - 1
Mukherjee 2014 24 69 22 105 7.8% 2.01[1.02, 3.98] 2014 —
Von Der Breile 2015 30 159 2 60 3.9% 6.74 [1.56, 29.17] 2015
Paredes 2015 4 28 6 27 41% 0.58[0.14, 2.35] 2015 —
Pierson 2016 7 24 3 15 3.6% 1.65[0.35, 7.69] 2016 I
Posti 2018 7 40 28 115 6.4% 0.66 [0.26, 1.65] 2018 e
Kim 2019 21 54 21 72 7.4% 1.55[0.73, 3.26] 2019 -
Goedemans 2020 15 27 18 118 6.4% 6.94 [2.80, 17.25] 2020
Current Study 21 56 42 93 7.8% 0.73[0.37, 1.44] 2020 -
Total (95% CI) 969 1314 100.0% 1.26 [0.88, 1.82] o
Total events 254 295

[T 2 — . 2 — - - .12 = 9O, t t t }
Heterogeneity: Tau? = 0.32; Chi? = 39.69, df = 15 (P = 0.0005); I* = 62% 0.05 02 1 s 20

Test for overall effect: Z = 1.27 (P = 0.20)
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Fig. 2 Forest plot of studies reporting overall cranioplasty complications in TBI and non-TBI patients

@ Springer



3134 Neurosurg Rev (2021) 44:3125-3142

TBI Non-TBI Odds Ratio Odds Ratio

Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI

Lee 2013 17 142 19 94 17.1% 0.54[0.26, 1.10] 2013 — T

Krause-Titz 2016 29 80 43 168 21.1% 1.65[0.93, 2.93] 2016 =

Pierson 2016 1 24 2 15 2.4% 0.28[0.02, 3.43] 2016

Morton 2018 12 388 19 366 16.5% 0.58[0.28, 1.22] 2018 -

Yeap 2019 63 220 26 116 22.7% 1.39[0.82,2.35] 2019 T

Shih 2019 32 113 20 76 18.7% 1.11[0.57, 2.13] 2019 B

Current Study 0 56 1 93 1.5% 0.55[0.02, 13.63] 2020

Total (95% CI) 1023 928 100.0% 0.96 [0.64, 1.44]

Total events 154 130

Heterogeneity: Tau? = 0.11; Chi? = 10.58, df = 6 (P = 0.10); 1> = 43%
Test for overall effect: Z = 0.17 (P = 0.86)

005 02 1 5 20
Higher Odds Non-TBI Higher Odds TBI

Fig. 3 Forest plot of studies reporting new-onset post-cranioplasty seizures in TBI and non-TBI patients

0.86). This was true with (Fig. 4) or without the addition of the
cases of our series (Supplementary Fig. S4).

Extra-axial fluid collections

In total, 8 studies reported the rates of noninfectious and
nonhemorrhagic EFCs. The pooled rate was 5.5% (57/
1028), 7.3% (42/578) in TBI patients, and 3.3% (15/450) in
non-TBI patients.

Five of the studies reporting EFC were allowed for com-
parison between the TBI and non-TBI group (Fig. 5). These
included epidural and subdural fluid collections (n=3 studies),
hygroma (n=3), and CSF fistula (n=2). In our cohort, no pa-
tient suffered from EFC after CP.

The pooled rate of EFC from these studies was 6.0% (n =
38/636), ranging from 1.1 to 37.3%.

There was no difference in the odds of EFC in TBI patients
(n =23/279 procedures, 8.2%) when compared with non-TBI
patients (n = 15/357, 4.2%; OR 0.88, CI 0.40-1.92, and p =
0.75) using a random-effects model (7 = 2% and p = 0.39).
This was true with (Fig. 5) or without the addition of the cases
of our series (Supplementary Fig. S5).

Infection

In total, 40 studies reported infection rates. The pooled rate
was 10.0% (546/5461), consisting of 11.0% (325/2960) in
TBI patients and 8.8% (221/2501) in non-TBI patients. In
our series, we considered as complicated by infection every

cranioplasty associated with persistent fever, raised inflamma-
tory parameters, and/or local swelling or pus. We also consid-
ered infected the skull flaps that resulted positive for microbial
growth at the time of revision surgery. If both BFR and infec-
tion were present in the same patient, the patient was consid-
ered as affected by two complications.

Twenty-nine of the studies reporting infection rates
allowed for comparison between TBI and non-TBI patients
(Fig. 6). The pooled rate of infection from these studies was
10.0% (n = 461/4609), ranging from 2.0 to 24.4%.

There was a significant increase in the odds of infection in
TBI patients (n = 262/2304 procedures, 11.4%) when com-
pared with non-TBI patients (n = 199/2305, 8.6%; OR 1.38,
CI 1.05-1.80, and p = 0.02) using a random-effects model (I2
=32% and p = 0.05). This was true with (Fig. 6) or without the
addition of the cases of our series (Supplementary Fig. S6).

Hydrocephalus post-CP

In total, 5 studies reported rates of hydrocephalus developing
after CP. The pooled rate was 12.0% (155/1287), 8.1% (46/
568) in TBI patients, and 15.2% (109/719) in non-TBI
patients.

Four of the studies reporting post-CP hydrocephalus
allowed for comparison between TBI and non-TBI patients
(Fig. 7). Three studies, including ours, defined hydrocephalus
as requiring the placement of a ventriculoperitoneal shunt,
while one considered both cases that required VPS and those
that resolved spontaneously.

TBI Non-TBI Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Kriegel 2007 0 11 2 28  41% 0.46 [0.02, 10.38] 2007
Guresir 2011 2 74 5 122 14.2% 0.65[0.12, 3.44] 2011 L B
Schuss 2012 5 98 12 182 34.1% 0.76 [0.26, 2.23] 2012 — &
Klinger 2014 5 118 4 131 21.9% 1.40[0.37,5.36] 2014 I
Current Study 5 56 6 93 25.7% 1.42[0.41,4.89] 2020 B
Total (95% CI) 357 556 100.0% 0.98 [0.52, 1.83]
Total events 17 29

Heterogeneity: Tau? = 0.00; Chi? = 1.30, df =4 (P = 0.86); I>= 0%
Test for overall effect: Z = 0.06 (P = 0.95)

0.02 0.1 1 10 50
Increased odds Non-TBI  Increased odds TBI

Fig. 4 Forest plot of studies reporting post-cranioplasty intracranial hemorrhage in TBI and non-TBI patients

@ Springer



Neurosurg Rev (2021) 44:3125-3142 3135
TBI Non-TBI Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Lee 2011 14 39 8 20 46.5% 0.84[0.28, 2.54] 2011 —
Guresir 2011 2 74 1 122 10.2% 3.36 [0.30, 37.73] 2011
Schuss 2012 2 98 1 182 10.3% 3.77[0.34,42.12] 2012
Oladunjoye 2013 4 44 4 18 25.6% 0.35[0.08, 1.59] 2013 =
Pierson 2016 1 24 1 15  7.4% 0.61[0.04, 10.53] 2016
Current Study 0 56 0 93 Not estimable 2020
Total (95% CI) 279 357 100.0% 0.88 [0.40, 1.92]

Total events 23 15
Heterogeneity: Tau? = 0.02; Chi? = 4.08, df =4 (P = 0.39); I? = 2%
Test for overall effect: Z =0.32 (P = 0.75)

-
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Fig. 5 Forest plot of studies reporting post-cranioplasty extra-axial fluid collections in TBI and non-TBI patients

The pooled rate of hydrocephalus from these studies was
12.7% (n = 154/1213), ranging from 8.7 to 25.0%.

There was no difference in the odds of hydrocephalus in
TBI patients (n = 46/568 procedures, 8.1%) when compared
with non-TBI patients (n = 108/645, 16.7%; OR 0.57, CI
0.27-1.19, and p = 0.13) using a random-effects model (/* =
63% and p = 0.04), when cases collected from the literature
and our own were considered together (Fig. 7). However,
when published cases were analyzed separately, the odds of
hydrocephalus in TBI patients were 7.8% (n=40/152), com-
pared with 18.3% (n=101/552) in non-TBI patients, giving an
odds ratio of 0.43 (CI 0.22-0.86). These results were signifi-
cant (p = 0.02) (Supplementary Fig. S7).

Bone flap resorption

In total, 13 studies reported BFR rates. For calculation pur-
poses, studies that included synthetic implants in their cohorts
were considered only if it was possible to extract the number
of patients who underwent CP using autologous bone graft.
Resorption was determined either by clinical exam (softness
of the reimplanted flap at palpation and or flap loosening) or
imaging (CT scan) or both. In our own series, bone flap re-
sorption was defined as any bone defect superior to 0.5 cm in
its largest diameter when a late CT scan (obtained at least 2
months after CP) was compared to an early (within 24 h) post-
CP CT scan. The pooled rate was 14.2% (271/1913). When

TBI Non-TBI Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Shimizu 2002 5 29 1 41 1.3% 8.33[0.92, 75.65] 2002
Nagayama 2002 4 28 4 167  2.7% 6.79 [1.59, 28.97] 2002
Iwama 2003 1 15 0 34 0.7% 7.140.27, 185.73] 2003
Matsuno 2006 12 64 13 142 5.6% 2.29[0.98, 5.35] 2006 —
Kriegel 2007 1 11 3 28 1.2% 0.83[0.08, 9.00] 2007
Cheng 2008 7 60 2 24 2.2% 1.45[0.28, 7.55] 2008 -
Inamasu 2010 4 33 3 37 24% 1.56 [0.32, 7.57] 2010 [ R
Giresir 2011 11 74 6 122 44% 3.38[1.19, 9.56] 2011 e
Archavalis et al. 2012 5 51 16 149 43% 0.90 [0.31, 2.60] 2012 I I
Im 2012 8 61 6 70 4.0% 1.61[0.53, 4.93] 2012 ]
Schuss 2012 12 98 8 182 5.0% 3.03[1.20, 7.70] 2012 -
Walcott 2013 13 146 16 93 6.0% 0.47 [0.21, 1.03] 2013 ]
Oladunjoye 2013 4 44 0 18  0.8% 4.11[0.21, 80.38] 2013
Mukherjee 2014 9 69 7 105 4.4% 2.10[0.74,5.93] 2014 1
Klinger 2014 10 118 5 131 4.0% 2.33[0.77,7.04] 2014 T
Cheng 2014 34 199 12 91 6.6% 1.36 [0.67, 2.76] 2014 T
Tsang 2015 2 68 11 94  25% 0.23[0.05, 1.07] 2015
Rosseto 2015 9 38 2 7 1.9% 0.78[0.13,4.70] 2015 ]
Von Der Breile 2015 9 159 1 60 1.5% 3.54 [0.44, 28.56] 2015
Pierson 2016 2 24 0 15  0.7% 3.44[0.15, 76.81] 2016
Honeybul 2016 28 330 14 182 7.0% 1.11[0.57,2.17] 2016 -
Riordan 2016 22 93 21 87 6.8% 0.97 [0.49, 1.93] 2016 -1
Quah 2016 2 47 1 23 1.1% 0.98[0.08, 11.38] 2016
Shibahashi 2017 8 82 5 73 3.8% 1.47 [0.46, 4.71] 2017 —
Jin 2018 3 36 4 21 2.3% 0.39[0.08, 1.93] 2018 —
Abode-lamah 2018 9 139 6 119 4.2% 1.30[0.45, 3.78] 2018 N R
Kim 2019 7 54 4 72 3.3% 2.53[0.70, 9.14] 2019 I
Current Study 10 56 23 93 5.7% 0.66 [0.29, 1.52] 2020 I
Alkhaibary 2020 11 78 5 25  3.7% 0.66 [0.20, 2.11] 2020 -1
Total (95% CI) 2304 2305 100.0% 1.38 [1.05, 1.80] &
Total events 262 199

Heterogeneity: Tau? = 0.16; Chi? = 41.15, df = 28 (P = 0.05); 1= 32%
Test for overall effect: Z = 2.30 (P = 0.02)

Fig. 6 Forest plot of studies reporting post-cranioplasty infection in TBI and non-TBI patients
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TBI Non-TBI Odds Ratio Odds Ratio
Study or Subgroup  Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Oladunjoye 2013 8 44 3 18  16.0% 1.11[0.26,4.77] 2013 bl
Krause-Titz 2016 8 80 54 168 28.2% 0.23[0.11, 0.52] 2016 I
Morton 2018 24 388 44 366 34.8% 0.48[0.29, 0.81] 2018 — &
Current Study 6 56 7 93 21.0% 1.47 [0.47,4.63] 2020 T
Total (95% Cl) 568 645 100.0% 0.57 [0.27, 1.19] i
Total events 46 108
o T2 = . Chiz = - - ]2 = 639 } t t f } }
Heterogeneity: Tau? = 0.34; Chi? = 8.08, df = 3 (P = 0.04); 1> =63% 01 02 05 1 5 5 10

Test for overall effect: Z = 1.49 (P = 0.13)
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Fig. 7 Forest plot of studies reporting post-cranioplasty hydrocephalus in TBI and non-TBI patients

divided according to initial indication, the rate of BFR was
19.7% (165/837) in TBI patients and 9.8% (106/1082) in non-
TBI patients.

Ten of the studies reporting BFR rates allowed for compar-
ison between TBI and non-TBI patients (Fig. 8). The pooled
rate of BFR was 14.8% (n = 261/1768), ranging from 3.9 to
33.3%. There was a significant increase in the odds of resorp-
tion in TBI patients (n = 159/807 procedures, 19.7%) when
compared with non-TBI patients (n = 102/961, 10.6%; OR
1.76, CI 1.30-2.39, and p = 0.0003) using a random-effects
model (= 0% and p = 0.53). This was true with (Fig. 8) or
without the addition of the cases of our series (Supplementary
Fig. S8).

Other complications

Ten studies reported various MCs, which included contour
abnormalities/poor cosmesis (n=3 studies) [51, 69, 71], im-
plant displacement (n=6) [24, 25, 27, 47, 70, 71], implant
loosening (n=2) [44, 64], and implant fracture (n=1) [44].
The pooled rate of MCs was 3.1%, ranging from 0.4 to
10.0%. Cerebral edema was reported in 2 studies [22, 51],
with a pooled rate of 1.07%, ranging from 1.0 to 1.1%. Five
studies reported NDs, other than seizures, following CP, in-
cluding reduced consciousness levels (n=1) [70], urinary re-
tention (n=1) [51], cerebral contusion (r=1) [71], new tran-
sient NDs (n=1) [66], and worsening of previous NDs (n=1)
[29]. The pooled rate of NDs was 1.9%, ranging from 0.6 to

6.8%. The reported data for these complications were insuffi-
cient for comparison between TBI and non-TBI patients.

Discussion

This study found no difference in overall complication rates
between TBI and non-TBI patients. The heterogeneity of the
data was high, indicating that there is a large disagreement
between the different studies. This can be explained by several
considerations.

First, as can be seen from the table summarizing the study
characteristics of the different cohorts (Table 2), the definition
of “complications” is quite broad. Some studies measured
only complications requiring new surgery [26, 54], while
others, as we did in our series, also considered those that could
be treated conservatively [28, 35, 42, 51, 56, 57, 62, 79].
Some studies included such outcomes as poor cosmesis [51,
71] or death [56] in their count of complications, while others
did not.

Second, comorbidities, choice of graft material, timing of
CP, etc. all influence the measured complication rates in a
cohort [42, 47, 50, 72]. Since the comparison was made be-
tween studies done in different locations, at different times,
and on different cohorts, these factors inevitably affected the
calculated complication rates.

Third, as can be seen from the subgroup analysis of indi-
vidual complications, TBI might be a risk factor for some

TBI Non-TBI Odds Ratio Odds Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI Year M-H, Random, 95% CI
Kriegel 2007 2 4 4 14 1.8% 2.50[0.26, 24.38] 2007
Schuss 2013 7 89 3 165 4.9% 4.61[1.16, 18.29] 2013
Dinisch 2013 41 134 44 238 38.3% 1.94[1.19, 3.18] 2013 ——
Brommeland 2015 10 58 4 13 5.0% 0.47[0.12, 1.83] 2015 - 1
Daou 2016 0 15 3 99 1.0% 0.89[0.04, 18.07] 2016
Honeybul 2016 61 263 8 67 14.8% 2.23[1.01,4.92] 2016 =
Jin 2018 9 36 3 21 4.5% 2.00[0.48, 8.41] 2018 B
Kim 2019 14 54 17 72 13.9% 1.13[0.50, 2.56] 2019 N
Current Study 9 44 12 79 10.2% 1.44[0.55, 3.73] 2020 A
Rashidi 2020 6 110 4 193 5.6% 2.73[0.75,9.88] 2020 1
Total (95% CI) 807 961 100.0% 1.76 [1.30, 2.39] <o
Total events 159 102
Heterogeneity: Tau? = 0.00; Chi? = 8.07, df =9 (P = 0.53); I>=0% 0.b5 sz 1 é 2'0

Test for overall effect: Z = 3.64 (P = 0.0003)
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Fig. 8 Forest plot of studies reporting post-cranioplasty bone flap resorption in TBI and non-TBI patients
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complications, such as infections and bone flap resorption,
and not for others, such as hydrocephalus developing post-
CP. Thus, when grouping the complications together, the dif-
ferent effects tended to cancel each other.

On the other hand, when individual complications were
analyzed, we found that TBI increased the odds of the follow-
ing specific complications: infection and autologous bone flap
resorption. This was true both with and without our series
included in the data (Supplementary Fig. S6 and SS8).
Conversely, the risk of post-CP hydrocephalus resulted sig-
nificantly higher in non-TBI patients when only published
data were analyzed (Supplementary Fig. S7), but not when
we added our data (Fig. 7). A possible explanation is that,
compared to other complications, only three studies [44, 50,
53] report data on the incidence of hydrocephalus after CP.
This relative scarcity of data enhances sensitivity of the statis-
tical analysis to the addition of our series, suggesting that more
data will be necessary to clarify the issue.

Our finding of increased odds of autologous bone flap re-
sorption in TBI patients compared to non-TBI patients is in
agreement with previous observations based on a smaller
number of patients [16, 80]. One explanation is that severe
trauma is associated with multiple fractures within the
reimplanted autologous bone [16]. The quantity and complex-
ity of the fractures may interfere with the osteointegration of
the graft and eventually lead to its resorption [81, 82].
Moreover, bone defects resulting from DC after TBI tend to
be larger than those resulting from DC performed for other
reasons and may therefore hinder the reintegration of the au-
tologous bone flap after CP [57]. Of note, 12 out of the 13
studies examined in the meta-analysis for BFR (representing
96% of the comparison population) utilized exclusively, as we
did, the cryopreservation method to preserve the flaps before
CP. Therefore, while it is possible that the method of autolo-
gous flap preservation may influence the rates of BFR, this
factor was controlled for in our meta-analysis.

Interestingly, our finding in adults is also confirmed in the
pediatric population, where patients who undergo CP with
autologous bone flap replacement after DC for TBI have been
shown to experience even higher rates of BFR, reaching up to
50.0% of cases [83].

The association between DC for TBI and higher post-CP
infection rates is also supported by several published studies
[23, 51, 67, 84]. Plausible risk factors predisposing TBI pa-
tients for infection may include initial contamination of the
skull through traumatic discontinuities of the overlying skin
and galea or the presence of multiple scars of traumatic and
surgical origin which compromise the vascularization of the
surgical flap, resulting in delayed wound healing after CP [62,
85]. Here as well, the larger skull defects following DC after
TBI and their association with delayed integration of the
reimplanted bone flap may also play a role [57]. Lastly, the
possible involvement of the air cavities of the skull, involved

by fractures or by the decompressive flap, may also increase
the infection rate of the reimplanted bone after CP [43].

Our meta-analysis, including our own patient cohort, did
not find significant differences in the odds of hydrocephalus,
ICH, insurgence of EFCs, or seizures after CP in TBI patients
compared with patients undergoing the same surgery for non-
TBI pathologies. Hydrocephalus after CP has been associated
with nontraumatic SAH [44, 50], and the incidence of ICH
after CP is similar in patients with different initial neurologic
insults [50]. The pooled rate of EFC in the present analysis
was 5.5% (7.3% in TBI versus 3.3% in non-TBI). Kurland
et al. reported similar results, with a rate of 5.8% for subdural
effusions/hygroma and 6.8% for CSF leaks/fistulas, for an
overall rate of 6.1% [86].

One retrospective study showed a significant reduction in
odds of overall complication rates in TBI patients [28]. The
authors attributed their results to the fact that TBI patients in
their cohort were significantly younger on average than pa-
tients with other primary pathologies. Although patients af-
fected by TBI were younger than non-TBI patients in our
study as well, we did not find a significant negative correlation
between TBI and odds of post-CP hydrocephalus.

Out of the studies reporting infection, 19 performed regres-
sion analysis to compare between autologous bone and syn-
thetic materials for difference in infection rates. Out of these,
only one [48] found significantly lower rates of infection in
titanium mesh implants when compared to autologous bone.
All the rest found no statistical difference in infection rates.
This was confirmed recently by a large meta-analysis [87].
However, most of studies used for the meta-analysis did not
specify which type of material was used for each patient. It
was therefore impossible for us to determine the ratio of au-
tologous cranioplasties between the TBI and non-TBI pa-
tients. In our own series, there was no significant difference
in the ratio of cranioplasty using autologous bone flap be-
tween the TBI group and the non-TBI group (%, 0.979; DF,
1; p <0.3223).

Finally, we did not find any significant difference in the
timing of cranioplasty between TBI and non-TBI patients.
Thus, the DC to CP interval does not appear to have influ-
enced the results of our analysis. This conclusion is, in fact,
supported both by our own experience and by that of others
[62].

Strengths and limitations

To the best of our knowledge, this is the only meta-analysis to
date exploring the differences in both overall and seven spe-
cific post-CP complications between TBI patients and other
primary pathologies. Kurland et al. had previously considered
the rates of post-CP complications according to different DC
indications, including trauma, but their study was only a
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systematic review, utilizing data pooled from different reports
to produce a single large cohort [86]. The current study com-
pared between the different cohorts, giving more weight to
larger, less biased ones, and attempting to account for the
heterogeneity of data using statistical models. In addition,
our study is more specific in its categorization of complica-
tions into subgroups and analyzed some complications, like
seizures, that were not accounted for by Kurland et al.

However, there are several limitations to our analysis. First,
the definition of “craniectomy” varied across studies. While
studies in which a significant portion of patients underwent
craniectomies for purposes other than the reduction of intra-
cranial pressure (e.g., removal of a skull tumor) were exclud-
ed, in few cases, it was impossible to quantify the percentage
of non-decompressive craniectomies as the reason for
craniectomy was not explicitly stated in the paper [32, 48].

Second, as previously stated, the complications controlled
for by the individual studies varied significantly. In addition,
the definitions for some of the complications differed between
the authors, particularly for infection. Some studies only con-
sidered infection a complication if it required reoperation [52],
whereas others, such as ours, also included infections treated
conservatively. Some studies distinguished between surgical
site infections, graft infections, and abscesses [66], while
others grouped all under the general definition of infection
[56]. Cases of cellulitis, meningitis, osteomyelitis, intracranial
abscess, and empyema were explicitly specified in some cases
studies but not in others [26, 66]. Our analysis therefore
grouped all types of infection under a single category.

Third, our analysis did not stratify the data by age, sex,
severity of injury, comorbidities, or other variables that may
have influenced the results [88]. Neither did it account for the
anatomic heterogeneity of CP, as patients with unilateral, bi-
lateral, and bifrontal craniectomies of various sizes were
pooled together, even though bifrontal procedures may have
significantly higher infection rates and increased risk for re-
operation [89].

Fourth, the analysis treated each case of complication as an
independent event. This may not be completely accurate, as in
reality once a complication has accrued, it tends to predispose
the patient for other complications [88].

Lastly, the analysis was susceptible to publication bias, as
most of the data were derived from published articles, even
though we integrated data from the literature with our direct
surgical experience and performed separate analysis with and
without the addition of our series. Overall results of the analysis
of the two sets of data were largely in agreement, with the ex-
ception of post-CP hydrocephalus, as already discussed above.

Nonetheless, the idea behind this study was to try to shed
light on the ongoing debate about whether or not TBI as pri-
mary pathology influences the rates of post-CP complications.
The heterogeneity of the cohorts and data used for the analysis
reflects the sacrifice of some of its validity in favor of
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generalizability, mirroring actual clinical practice, where the
spectrum of CP patients, material, surgical techniques, and
complications is wide and varied.

Conclusion

DC is an effective means to control ICP and mitigate the risk
of herniation in patients with cerebral edema resulting from a
wide range of conditions, and subsequent CP is crucial to
restore cranial integrity and prevent SSFS [2]. However, while
those procedures are technically straightforward, they place
the patient at risk for many nontrivial complications, which
can negatively impact outcome [86].

Our systematic review and meta-analysis investigated the
difference in complication rates after CP following DC, for
TBI and all other indications considered together. Our results
suggest that there is no significant difference in the overall
complication rates between the two groups. However, when
we analyzed specific complications separately, we found a
significant increase in odds of autologous bone flap resorption
and of infection in TBI patients. We hope that our findings
will increase the awareness to these specific complications
and promote the development of new strategies to decrease
the risk of such complications, which may significantly com-
promise the already difficult pathway to recovery of trauma
patients, even at advanced stages of healing.

Furthermore, as numbers of DC and CP continue to rise
[90], it will become increasingly important to be aware of the
actual risk of complications encountered by specific patient
populations. Neurosurgeons, neurologists, and patients will
need to know the risks of the procedure to be able to make
informed decisions and develop new protocols to prevent
those complications.
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