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Abstract

Background Although cranioplasty (CP) is a frequently performed and simple procedure, complications are common, particu-
larly bone flap resorption and infection. The timing of surgery is as an important contributory factor, but the optimal timing has
not been clearly determined.

Objective We retrospectively investigated bone flap resorption and surgical site infection after CP to determine the optimal
timing of surgery for reduction of complications.

Methods The study enrolled 126 patients who underwent decompressive craniectomy (DC) and subsequent CP. Patients with
bone flap resorption or surgical site infection were analyzed as the “complication” group. Receiver operating characteristic curve
analysis was performed and the Youden index was used to dichotomize “early CP” and “late CP” groups. Univariate and
multivariate survival analyses were performed.

Results The complication group included 42 patients. The Youden index was used to identify a cutoff value for the DC-CP
interval of > 44 days, and this was used to define early (< 45 days) and late (> 45 days) CP. Late CP was a significant risk factor in
univariate and multivariate Cox regression analyses.

Conclusion This study showed that early CP before 45 days after DC is associated with a lower rate of bone flap resorption and
surgical site infection than late CP.

Keywords Bone flap resorption - Cranioplasty - Early cranioplasty - Surgical site infection - Optimal timing

Introduction

Cranioplasty (CP) is required to restore the appearance of the
skull, protect intracranial tissue, and reduce the psychological
burden on patients who undergo preceding decompressive
craniectomy (DC) [12]. CP is performed with an autologous
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bone flap or artificial material depending on the patient’s sta-
tus. Autologous bone flap is usually the first choice in most
institutions: it is readily available at no cost, is cosmetically
acceptable, has growth potential, and is psychologically ac-
ceptable to the patients [1]. However, possible postoperative
complications, including surgical site infection and bone flap
resorption, occur [4]. The timing of CP is considered an im-
portant contributory factor. Recent studies identified “late CP”
as a significant risk factor for bone flap resorption [21, 22].
Other studies found that surgical site infection was more com-
mon in patients who underwent either extremely early [16] or
delayed CP [7, 19]. If early CP was associated with better
neurological outcomes, as well as a lower risk of complica-
tions, it would be better to avoid delayed CP [3, 11, 14, 25].
However, there is no consensus on the optimal timing of CP,
and the definition of “early” and “late” varies significantly
among studies. Since the timing of CP is a factor that can be
controlled by the surgeon, determining the optimal timing of
CP may aid in decreasing the complication rate. We retrospec-
tively reviewed our 13-year experience of CP to determine the
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optimal timing associated with fewer complications using sta-
tistical analyses.

Methods
Patients and operative technique

We retrospectively reviewed 156 patients who underwent
standard DC and subsequent CP between January 2004 and
December 2016. The study was approved by the Institutional
Review Board of the Human Research Center of our hospital.
Informed consent of the patient was not required because of
the retrospective study design. The study excluded 28 patients
who underwent CP with artificial materials, such as
polymethyl methacrylate or titanium mesh plates. Two pa-
tients who had postoperative hematomas were also excluded.
Thus, 126 patients were enrolled in the study (Fig. 1).

We performed DC when patients had refractory intracranial
hypertension, despite administration of the best medical treat-
ment. All patients received standard frontotemporoparietal
craniectomy with durotomy and duroplasty. The bone flap
was separated from the adherent tissue, packed in sterile
towels, and stored at — 80 °C after surgery. Subsequent CP
was scheduled after the resolution of brain swelling, based
on the patient’s general medical status. The previous skin in-
cision was reopened and the fibrous layer between the artifi-
cial dura and galea was prepared for reinsertion of the autol-
ogous bone flap. After the bone flap was washed several times
with a povidone-iodine and normal saline solution, the flap
was reimplanted with multiple epidural tack-up sutures and
fixed in its original position, in close contact of the bone de-
fect, using mini titanium plates and screws. The temporalis
muscle was placed over the bone flap and fixed. Finally, the
skin was closed with Vicryl and nylon sutures.

Reviewed Patients (N=156)

» Standard frontotemporoparietal craniectomy
* Subsequent cranioplasty

* Follow-up > 6 months

Exclusion criteria (N=30)
e Other complication
e CP with artificial materials

v

Enrolled Patients (N=126)
* No complication vs. Complications

Fig. 1 Patient enrolment and exclusion criteria
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Clinical data collection and analysis

Data on the demographic characteristics and possible risk fac-
tors, including age, sex, reason for DC, unilateral or bilateral
CP, bone dislodgement, multiplicity of bone flaps, preopera-
tive skull fracture, operative time for CP, existence of shunting
system (ventriculoperitoneal or lumboperitoneal shunt), the
interval between DC and CP, and levels of inflammatory
markers (erythrocyte sedimentation rate (ESR) and C-
reactive protein (CRP)) before and 1 week after CP were
collected.

We classified the patients into “complication” and “no
complication” groups, based on whether surgical site infection
or bone flap resorption occurred. Other complications, such as
postoperative hematoma, subdural hygroma, and wound de-
hiscence, were not considered. Surgical site infection was di-
agnosed clinically by any evidence of infection, including
fever, erythema, swelling, elevated white blood cell count or
inflammatory marker levels, results of blood or tissue cultures,
and/or ring-enhancing fluid collection on contrast-enhanced
cranial images (Fig. 2). Bone flap resorption was diagnosed
with serial brain computed tomography (CT). We defined
bone flap resorption as more than 50% thinning of the bone
flap compared to the thickness of the contralateral region
(Fig. 3).

Patients were also classified into “early CP” and “late CP”
groups. To statistically define early and late periods, we used a
receiver operating characteristic (ROC) curve and the Youden
index. This method was used to obtain a cutoff value for the
DC-CP interval to dichotomize continuous variables (DC-CP
interval) into categorical variables (early and late CP).

Statistical analysis was performed using standard software
(SPSS version 22.0, IBM, Chicago, IL, USA). Continuous
variables are reported as median values =+ standard deviation,
while categorical data are reported as frequencies and percent-
ages. Statistical significance was defined as a p value < 0.05.

Fig. 2 Contrast-enhanced brain CT of a patient with surgical site
infection. Ring-enhancing fluid collection and adjacent cerebral edema
suggested surgical site infection. (CT, computed tomography)
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Fig. 3 Brain CT of a patient with bone flap resorption. The complete
grafted bone flap on the right side showed thinning of more than 50%
compared to the contralateral side. (CT, computed tomography)

Univariate and multivariate Cox regression analysis were used
to identify the risk factors for complications and to elucidate
the differences between the groups, respectively.

Results

The area under the ROC curve (AUC) was 0.60, and the
associated criterion of Youden index was >44 days (Fig. 4
and Table 1). Early (<45 days) and late (>45 days) CP were

Fig. 4 ROC curve of the DC-CP 100
interval (DC, decompressive
craniectomy; CP, cranioplasty)
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Table 1 The results of ROC curve analysis and the Youden index (CL,
confidence interval)

Area under the ROC curve (AUC)

Area under the ROC curve (AUC) 0.60

Significance level P (Area=0.5) 0.0517

Youden index

Youden index J 0.25

Associated criterion >44

Sensitivity (95% CI) 90.48 (77.4-97.3)
Specificity (95% CI) 34.52 (24.5-45.7)

defined based on these reference values. Figure5S shows the
distribution of the patients.

Among the 126 enrolled patients, 42 were in the
“complication” group (Table 2). The CP complication rate was
33.3% in our study; 11 patients were diagnosed with surgical site
infection and 31 were diagnosed with bone flap resorption.

The results of univariate and multivariate Cox regression
analyses are shown in Table 3. The parameters of late CP and
postoperative ESR and CRP were statistically significant in
the univariate analysis. Multivariate Cox regression analysis
was performed with these parameters, and only late CP was
statistically significant. Postoperative inflammatory marker
levels were relatively high in the “complication” group; how-
ever, these were not significant factors in the multivariate
analysis.

20 40 60 80 100
100-Specificity
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Table 2 General demographics of the “complication” group (SAH,
b subarachnoid hemorrhage; /CH, intracerebral hemorrhage; 7B/,
3001 traumatic brain injury; OP, operation; CP, cranioplasty; DC,
decompressive craniectomy; ESR, erythrocyte sedimentation; CRP, C-
reactive protein)
. Parameters Complication (N =42)
Bone flap resorption (N=31) Infection (N=11)
= 200 Age (years) 53.39+£18.90 45.91+10.87
_§‘ o @ Female 14 (45.16%) 2 (18.18%)
L °
» ° Qe Diagnosis
g . o Aneurysmal SAH 10 (32.26%) 1 (9.09%)
‘GE) . o e . Brain tumor 0 (0%) 1 (9.09%)
= .
% ° Cerebral infarction 4 (12.90%) 1 (9.09%)
®
LlJ . o % ICH 3 (9.68%) 1 (9.09%)
0 100+ o ¢ s =4 TBI 14 (45.16%) 7 (63.63%)
o® '* : ° \' Late CP 28 (90.32%) 11 (100%)
.‘ Pt 0.' 'u ° OP time (min) 187.19+£79.96 197.55+81.53
°
7 7 T S .".’ _____________________ ! :_o' __________ Bone flap size (cm®) 108.71 £38.04 92.82+£18.47
s . :.‘ Bilateral DC 6 (19.35%) 1 (9.09%)
®
;... e Bone dislodgement 10 (32.26%) 1 (9.09%)
0- Multiple flaps 9 (29.03%) 5 (45.45%)
Complication No complication Preoperative fracture 11 (35.48%) 4 (36.36%)
Fig. 5 Graphical plot of the distribution of the patients Shunting system 17(54.84%) 4(36.36%)
ESR (mm/h) 3525+23.28 35.00£23.55
CRP (mg/L) 23.66+£26.69 10.46 £17.07
Discussion ESR 1 week (mm/h) 51.10+28.34 61.60+31.96
CRP 1 week (mg/L) 37.86+36.43 57.31+46.73

This study used a statistical method to define “early
cranioplasty”, and the result showed that early cranioplasty
is “cranioplasty within 45 days.” Although CP is considered
a simple procedure, the incidence of complications after CP is
relatively high, ranging from 12 to 50%, and numerous risk
factors for CP-associated complications have been identified
in previous studies [7, 19, 21, 22]. Our study focused on the
timing of CP as a risk factor associated with surgical site
infection and bone flap resorption. The timing of surgery is
important because it can be modified by the clinician.

Prior to investigating the optimal timing for surgery, we
should define the complications of CP. In the current study,
surgical site infection and bone flap resorption are regarded as
complications of CP because these are the main causes of
bone flap implantation failure, which is a unique procedure
of CP [4, 9, 10, 15, 22]. Several studies reported that late CP
was a significant risk factor for bone flap resorption [21, 22]. It
is presumed that a long interval between DC and CP leads to
decreased bone flap viability, which, in turn, leads to failure of
bone remodeling [21, 22]. On the other hand, there are some
argues about the association between the timing of CP and
surgical site infection. A recent study revealed that the rate
of infection was high if CP was performed extremely early
(< 14 days) [16]. This may be associated with a patient’s med-
ical condition or systemic infection. Recent studies found no
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significant differences in the incidence of infection between
early and late CP, and some reported a higher incidence of
infection in the late CP groups [7, 14, 19, 20].

The optimal timing for CP has not been clearly determined.
The definition of early and late varies among reports [5, 16,
19]. Most studies defined early and late periods based on a
standard period of approximately 90 days between DC and
CP. These studies choose the 90-day time point due to the
following reasons: (1) in the authors’ experience, the CP pro-
cedures are often performed approximately 90 days after the
initial craniectomy [6, 8, 17]; (2) in their data, the median time
to CP was approximately 90 days, which served as a cutoff for
defining early/late time points [3, 24]; and (3) subsequent
studies followed the majority of the studies that used the 90-
day time point [13].

We used ROC curve analysis and the Youden index to
define the early and late periods. The ROC curve analysis
can be used to evaluate the diagnostic ability of continuous
variables for distinguishing between a diseased and non-
diseased population. It is frequently used to define the optimal
cutoff value for classifying the continuous variables into di-
chotomous categories. In our series, the continuous variables
would be the DC-CP interval and a diseased population means
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Table 3  Results of univariate and multivariate Cox regression analyses
(SAH, subarachnoid hemorrhage; /CH, intracerebral hemorrhage; 7BI,
traumatic brain injury; OP, operation; CP, cranioplasty; DC,

decompressive craniectomy; ESR, erythrocyte sedimentation; CRP, C-
reactive protein; HR, hazard ratio; CI, confidence interval, *p value <
0.05, fp value <0.10)

Parameters No complication Complication Univariable HR Multivariable HR (95% CI)
(N=284) (N=42) (95% CI) p value
p value
Age (years) 50.93 +14.20 51.43+17.36 1.001 (0.98-1.023)

Female
Diagnosis

Aneurysmal SAH
Brain tumor

Cbr infarction
ICH

TBI
Late CP

OP time (min)

Bone flap size (cm?)
Bilateral DC

Bone dislodgement
Multiple flaps
Preoperative fracture
Shunting system
ESR (mm/h)

CRP (mg/L)

Postoperative ESR (mm/h)

Postoperative CRP (mg/L)

30 (35.71%)

23 (27.38%)
7 (8.33%)
13 (15.48%)
8 (9.52%)
33 (39.29%)
36 (62.07%)

156.07 £72.02
102.19+£25.10
11 (13.10%)
16 (19.05%)
24 (28.57%)
19 (22.62%)
24 (28.57%)
37.86+£27.18
21.52+£2522

43.94+£27.06

25.07+34.94

16 (39.10%)

11 (26.19%)
1 (2.38%)

5 (11.90%)
4(9.52%)
21 (50%)
39 (92.86%)

189.90+79.50
104.55+34.53
7 (16.67%)

11 (26.19%)
14 (33.33%)
15 (35.71%)
21 (50%)
35.17+23.06
20.12+24.99

53.66+29.20

42.60+39.47

0.9113

1.086 (0.582-2.026)
0.7958

0.991 (0.34-2.894)
0.5552

3.827 (1.364-10.735)

0.0108*

1.002 (0.999-1.006)
0.1937

1.007 (0.996-1.018)
0.1888

0.991 (0.44-2.234)
0.7958

1.052 (0.527-2.101)
0.8848

1.008 (0.53-1.916)
0.981

1.682 (0.89-3.177)
0.1093

1.842 (0.99-3.425)
0.0537+

0.996 (0.984-1.008)
0.4873

1.001 (0.989-1.013)
0.8442

1.013 (1.002-1.024)
0.0204%

1.009 (1.002-1.015)
0.0098*

4.602 (1.404-15.086)
0.0117*

1.006 (0.995-1.017)
0.3151

1.006 (1-1.013)
0.0599

the complication group. Marked sensitivity and specificity
values were noted in a graphical plot (Fig. 4) which generated
for the continuous variable, DC-CP interval. Using the ROC
curve analysis, Youden’s J index (also called the Youden in-
dex) was adopted, which signifies the maximum potential
effectiveness (Table 1). Highest sensitivity and specificity
were shown for 44 days of surgery, and this value was used
to identify the early and late CP groups. Most of the compli-
cations occurred in the late period with high sensitivity
(90.48%). Univariate and multivariate Cox regression analy-
ses were performed after defining early and late CP.
Subsequent analyses verified that late CP was a statistically
significant risk factor for complications.

The early period defined in the present study was earlier
than that defined in the previous reports. This raises concern

regarding the remaining brain swelling or possibility of infec-
tion after CP [25]. A retrospective multicenter study reviewed
the resolution period of brain swelling with serial brain CT and
identified that CP can be performed approximately 34 days
after DC [26]. Recent reports found that early CP is not asso-
ciated with infection and provides a clear dissection plane
during the operative procedure, thereby reducing complica-
tions, such as sinking skin flap syndrome, subdural hygromas,
and bone graft resorption [2, 18]. Early CP allows for a shorter
duration of hospital stay and lower costs [3, 11, 19].
Moreover, a recent systematic review and meta-analysis re-
vealed that early CP is associated with greater neurological
improvement [14].

There are several limitations in our study. The incidence of
complications was relatively high (33.3%). This may be due
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to the use of a definition of bone flap resorption that was
stricter than that used in other studies. We defined bone flap
resorption based on the clear findings of serial brain CT; how-
ever, other studies defined resorption based on the need for
surgical revision [21, 22] or on physical examination [23].
Extremely early CP (within 2 weeks after DC) cases were
not included in our series because many patients of traumatic
brain injury still showed some swelling in that period. A sam-
ple size of 126 enrolled patients may be not adequate to de-
termine the optimal timing for surgery using statistical
methods. A multicenter study with a larger cohort may show
different results. Finally, the AUC of our series was 0.60, with
high sensitivity but relatively low specificity.

Conclusion

There is no consensus on the optimal timing of CP and the
definition of “early” and “late” varies significantly among
studies. To our knowledge, no study has identified the optimal
timing of CP using statistical methods to date. Based on our
results, early CP may be defined as CP performed within
45 days after DC. Late CP was a significant risk factor in
the univariate and multivariate Cox regression analyses. This
study showed that early CP, within 45 days after DC, is asso-
ciated with a lower rate of bone flap resorption and surgical
site infection compared to late CP.
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