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KEY POINTS

Question: Does primary decompressive craniectomy (DC) yield better outcome than 
craniotomy in patients surgically treated for a traumatic acute subdural hematoma 
(ASDH)?
Findings: In this international observational study of 336 ASDH patients from 
65 centers, we found substantial practice variation in the employment of DC 
over craniotomy for ASDH. In an instrumental variable analysis, this variation in 
treatment strategy did not result in a difference in functional outcome on the Glasgow 
Outcome Scale-Extended scale at six months (primary outcome). However, primary 
DC was associated with higher in-hospital mortality, more follow-on surgeries, and 
more complications.
Meaning: Surgical ASDH evacuation by primary DC as opposed to craniotomy is 
unlikely to result in better outcomes.
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ABSTRACT

Importance: Limited evidence exists on the comparative effectiveness of 
decompressive craniectomy (DC) versus craniotomy for evacuation of traumatic 
acute subdural hematoma (ASDH).
Objectives: To compare outcomes of primary DC versus craniotomy.
Design: Instrumental variable analysis of center treatment preference within the 
prospective observational Collaborative European NeuroTrauma Effectiveness 
Research in Traumatic Brain Injury and Neurotraumatology Quality Registry studies, 
which enrolled patients throughout Europe and Israel (2014 to 2020).
Setting: International; multicenter.
Participants: Patients with a clinical and radiological ASDH and acute neurosurgery. 
Patients with severe pre-existing neurological disorders were excluded.
Exposures: Surgical ASDH evacuation with DC versus craniotomy.
Main outcomes: Functional outcome measured by the Glasgow Outcome Scale-
Extended (GOSE) at 6 months. Analyses included random-effects ordinal regression 
with the adjusted center probability of DC as the instrumental variable.
Results: In 65 centers of 336 included patients, 91 (27%) underwent DC and 245 
(63%) craniotomy for ASDH evacuation. The proportion of primary DC within total 
acute surgery cases ranged from 6-67% with an interquartile range (IQR) of 12-26% 
among 46 centers; odds of receiving a DC for prognostically similar patients in one 
center versus another randomly selected center were trebled (adjusted median odds 
ratio 2.7, p < 0.0001). Higher center preference for DC over craniotomy was not 
associated with better functional outcome (adjusted common odds ratio (OR) per 
14% [IQR increase] more DC in a center = 0.9 [95% CI 0.7-1.1], n = 200). Primary 
DC was associated with more clinical complications (eg, higher rate of follow-on 
surgeries and complications [secondary cranial surgery 27% vs. 18%; shunts 11 
vs. 5%]; and higher odds of in-hospital mortality (adjusted OR per 14% IQR more 
primary DC 1.3 [95% CI (1.0 – 3.5), n = 200].
Conclusions and relevance: In traumatic ASDH, surgical hematoma evacuation 
by primary DC is unlikely to result in better functional outcome at 6 months than 
craniotomy. Given greater risk of complications, primary DC should be restricted to 
salvageable patients in whom immediate replacement of the bone flap is not possible 
due to severe swelling.
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INTRODUCTION

Acute subdural hematomas (ASDH) present in approximately one-third of patients 
with severe traumatic brain injury (TBI).1,2 This space-occupying hematoma, can 
severely reduce blood flow to the brain, and elevate intracranial pressure (ICP), 
causing brain herniation, poor functional outcome, and death.3 The decision to treat 
a patient surgically or conservatively in the acute phase turns on their neurological 
status, the size of the hematoma, and the degree of mass effect.4 
Surgical procedure to evacuate ASDH follows one of two approaches: craniotomy 
with reconstruction of the skull with the bone flap replaced, or decompressive 
craniectomy (DC), in which the bone flap is not immediately rebuilt to mitigate 
(future) ICP increase. Several clinical scenarios guide the surgical decision. Primary 
DC is performed if, after ASDH evacuation, the brain swells beyond the skull 
intraoperatively, preventing safe replacement of the flap without pathological ICP 
rise. Another scenario is preventive, if there is concern that the brain may swell post-
operatively.5 Secondary DC is performed later in the clinical course, as a last-resort 
after exhaustion of neurocritical care measures, with clear benefits to functional 
outcomes.6 
DC is considered more invasive than craniotomy, as it leads to a temporary bone 
defect, requires later skull reconstruction, and is associated with greater occurrence 
of post-traumatic hydrocephalus, bone flap reabsorption, and post-cranioplasty 
infection.7 The Brain Trauma Foundation guideline for surgical treatment of ASDH 
provides no clear indication for selection of approach.8

Literature analyzing selection of technique has methodologic limitations, and 
comes largely from retrospective cohort studies.1,4,9,10 This lack of high-quality 
evidence may lead to practice variation comparing neurosurgical centers, which may 
further confound results.11,12 Comparative-effectiveness research (CER) can exploit 
this variation to determine optimal management.13 In this observational study we 
compared primary DC versus craniotomy for ASDH, assessing functional outcome 
at 6 months, to test the hypothesis that primary DC yields better outcomes. This 
hypothesis is based on the most rigorous of the current evidence, which suggests 
better outcomes for primary DC.14,15

METHODS

The study and predefined protocol follow the Strengthening the Reporting of 
Observational Studies in Epidemiology statement with instrumental variable (IV) 
analyses recommendations, and corresponds to stage 3 in the IDEAL framework.16,17 
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Design
This is a prospective, observational, cohort study within the Collaborative European 
NeuroTrauma Effectiveness Research in TBI (CENTER-TBI), which enrolled patients 
between 2014 and 2017 in 65 centers across Europe and Israel.1 18,19 Parent studies 
were conducted in accordance with Good Clinical Practice (CPMP/ICH/135/95). 
Informed written or oral consent by patients or legal representatives was obtained 
according to local regulation.

Study population/data management
The CENTER-TBI cohort included patients with TBI and no pre-existing severe 
neurological disorders that could affect outcome assessment, who presented within 
24 hours of trauma, and who had a brain CT ordered as part of clinical care. For the 
current study, we selected patients from the CENTER-TBI cohort with an ASDH 
confirmed on admission CT who received acute surgery.2 We excluded patients 
who received a craniotomy for other types of injury, those that were brain dead, and 
those considered by the treating doctor to have an unsurvivable injury, for whom 
active treatment was futile. Data were collected by trained personnel using online 
case-report forms (QuesGen Systems, Burlingame, CA, USA), coded with the NIH-
NINDS Common Data Elements.18

Center characteristics 
Center characteristics have been previously reported.11 Questions included center 
policy regarding the threshold for primary DC, which was used in sensitivity 
analyses. Other treatment decisions possibly related to surgical threshold (eg, 
prehospital care) could affect the internal validity of the study. We therefore did a 
cluster analysis, showing that center surgical treatment preferences were unrelated 
to other treatment preferences.20 

Interventions
Acute hematoma evacuation was performed via craniotomy or primary DC, at 
the discretion of the treating neurosurgeon. Treatment groups were classified 
according to first (presenting) CT. Per study protocol, neurosurgeons were queried 
as to reason(s) surgery was indicated, surgical approach, and confirmed according to 
operating room disposition and by intervention codes or description. Techniques for 
durotomy and potential duroplasty were not routinely collected. Other emergency 

1	 The CENTER-TBI patients enrolled in The Netherlands were co-enrolled in the Neurotraumatology Quality 
Registry (Net-QuRe), which enrolled patients between 2015 and 2020 in 7 centers across the Netherlands. 
Net-QuRe had identical eligibility criteria but included patients with a Glasgow Coma Scale (GCS) score < 
13.
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and post-surgical care followed local protocols (ICU management, ICP monitoring, 
and/or follow-on surgery).

Outcomes
The primary outcome was functional outcome at 6 months on the Glasgow 
Outcome Scale-Extended (GOSE).21 Secondary outcomes were in-hospital mortality, 
ICP, frequency and type of neurosurgical interventions, medical and surgical 
complications, ‘treatment failure’ (subsequent craniotomy or DC), ICU and hospital 
length of stay (days), dichotomized 6-month GOSE score across multiple thresholds, 
and quality of life at 6-months postinjury, measured with the Quality of Life after 
Brain Injury instrument (QOLIBRI).22

Statistical analysis
Baseline characteristics are presented using descriptive statistics, including 
standardized mean differences across the instrument and between groups. The 
CRASH-CT head injury model was used to calculate predicted probabilities of 
unfavorable outcome.23 We calculated the median odds ratio (MOR) to compare 
between-center differences in surgery. The MOR quantifies treatment variation 
between centers that is not attributable to chance and not explained by other (case-
mix) factors.
Outcomes were analyzed with respect to center treatment strategy (and not actual 
treatment) using instrumental variable (IV) analyses. In this natural experiment the 
IV “allocates” patients to either the DC or craniotomy treatment strategy based on the 
treating center, and reduces (unmeasured) confounding (eMethods). 
The common odds ratio (OR) was estimated with a random-effects multivariable 
proportional odds logistic regression model with the ordinal GOSE as outcome 
variable, the case-mix adjusted center-specific treatment probability of DC as 
the independent variable (the IV), and a random intercept for treating center 
(unexplained residual between-center differences). The OR summarizes the shift 
in the direction of a better score on the GOSE. Adjustment was made for age, GCS, 
pupillary reactivity, midline shift, concomitant contusion, and hematoma size as 
potential confounders. The resulting adjusted common OR was presented as an 
increase from the first to the fourth quartile (IQR) of the (continuous) instrumental 
variable (the adjusted probabilities for undergoing DC) and can be interpreted as the 
odds of a more favorable outcome when comparing centers favoring a strategy of 
primary DC versus those favoring craniotomy. Only centers with ³ 10 patients were 
included in analyses.
Sensitivity analysis included IV analysis using center-preference for primary DC as 
the instrumental variable, per prior published provider profile.11 Sensitivity IV analysis 
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was also performed excluding centers with < 15 patients. Last, the IV association 
of surgical preference with outcome was also estimated by linear regression with 
the case-mix adjusted probability of DC (treatment preference) as the independent 
variable, mean GOSE by center as the dependent variable, and similar adjustment.
We performed unadjusted and multivariable regression and propensity score 
matching (PSM) as sensitivity analyses with actual DC received as treatment variable 
(yes/no; not center DC preference) and GOSE as ordinal outcome variable. We 
determined adjusted ORs (aOR) for multiple cutoff values on the GOSE to assess 
consistency of effect estimates. Further details are supplemented (eMethods). 
Analyses were conducted using R-software 4.1.0, RStudio 1.1.463. Missing data were 
multiply imputed (‘mice’ package, m=5), assuming data to be missing-at-random. 
The 95% CIs for the ORs were obtained from 2.5 and 97.5 percentiles among the 
bootstrap replications. 

RESULTS

Of 4509 patients in CENTER-TBI, 336 patients underwent acute surgery for an 
ASDH, of whom 91 (27%) received a primary DC and 245 (73%) received a craniotomy 
(Figure 1). Median time from injury to start of surgery was 3.5 hours for primary 
DC (IQR 2.2–5.1) and 4.1 hours for craniotomy (IQR 2.8-7.0). Patients undergoing 
primary DC were younger (median age 49 vs. 59 years), less often on anticoagulants 
and/or platelet aggregation inhibitors (14 vs. 25%), with more major extracranial 
injuries (53 vs. 36%), worse presenting GCS scores (median 4 vs. 7), larger ASDH 
volumes (median 64 vs. 49 cm3), and more frequent contusions and subarachnoid 
hemorrhages (66% vs. 55%, and 75% vs. 62% respectively; eTable 1).
These baseline characteristics did not translate into different predicted 6-month 
unfavorable outcomes calculated according to the CRASH-CT for primary DC 
compared to craniotomy (respectively, 71 vs. 74 %). The most frequently cited 
rationale for selecting a DC was a ‘pre-emptive approach to treatment of (suspected) 
raised ICP (not last resort)’ in 31% of DC cases (eTable 2). 
Secondary DC or craniotomy for contusions or hematomas was performed in 25 
(27%) patients initially treated with primary DC and in 43 (18%) patients initially 
treated with craniotomy. Patients undergoing primary DC vs. craniotomy had longer 
hospital stays (median 38 vs. 18 days), more frequently required shunts (11 vs. 5%), 
and had more intracranial complications (delayed intracranial hematoma/seroma, 
23 vs. 16%). Cranioplasty during primary admission was performed in 23 (25%) 
patients in the primary DC group and in 12 (5%) in the craniotomy group (after 
secondary DC) (eTable 3).
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The proportion of primary DC relative to all acute surgeries ranged from 6% to 
67% across 46 centers (IQR = 12-26%; Figure 2A), with a MOR of 2.7 (p < 0.0001) 
(Figure 2B and 2C), representing an almost 3-fold higher odds of receiving DC for 
clinically similar patients, when randomly comparing 2 centers. Moreover, baseline 
prognosis (predicted 6-month unfavorable outcome of the CRASH-CT score) for 
surgical patients across regions defi ned by primary DC treatment rates were similar 
(Table 1). The testable assumptions for IV analyses were met (eResults). 

1407 with CT diagnosis of ASDH

4559 in core studies available 
for analysis 

336 acute surgery

Secondary analyses, center-level approach (n= 200), in-hospital mortality, 
dichotomized GOSE, QOLIBRI at 6 months

Primary analysis, center-level approach (n= 200), GOSE at 6 months

91 evacuation by DC 245 evacuation by 
craniotomy

3152 excluded
- Not meeting inclusion criteria

(n=3030)
- Declined to participate (n=43)
- CT not available (n= 72)
¨ Centers with < 5 patients (n= 7)

1071 excluded
- Brain dead (n=4)
- Not salvageable (n=85)
- Initial conservative treatment
(n=982)

132 excluded from centers with <10 
patients
4 excluded; also in RESCUE-ASDH

Figure 1. Flow diagram of study population and data analyses 
DC: decompressive craniectomy, GOSE: Glasgow Outcome Scale Extended, QOLIBRI, Quality of Life after 
Brain Injury Questionnaire.
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A

B

Figure 2. Between-center and between-country diff erences in primary decompressive craniec-
tomy 
Figure 2A shows the observed frequencies of primary decompressive craniectomy of surgical ASDH pa-
tients per center. Figure 2B shows the case-mix adjusted log odds ratio for primary decompressive craniec-
tomy per center (A). The median odds ratio (MOR) refl ects the between-center variation; a MOR equal to 
1 represents no variation, the larger the MOR, the larger the variation. The MOR is 2.7 (p value < 0.0001).
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C

Figure 2. Between-center and between-country diff erences in primary decompressive craniec-
tomy (continued)
Figure 2C represents the log odds ratio for primary decompressive craniectomy as compared to craniotomy 
per country compared with the overall average, also case-mix adjusted.
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After excluding patients from centers with < 10 patients (n = 132), 200 patients were 
available for primary IV analysis (Table 1). Center preference for DC over craniotomy 
was not associated with better functional outcome (adjusted common OR 0.9, 95% 
CI 0.7 – 1.1 in favor of craniotomy, Table 2, eFigure 2). The aORs were consistent 
across GOSE cutoffs (Table 2). In-hospital mortality was associated with a higher 
center preference for primary DC (aOR per 14% IQR more primary DC 1.3 [95% 
CI (1.0 – 3.4), Table 2). The association between surgical strategy and quality of life 
could not be estimated due to low numbers (no centers with ³ 10 patients in the 
QOLIBRI subgroup). 
Patients from centers with the highest case-mix adjusted probability (ie, preference 
for) DC more often had a period of neuroworsening and a higher Therapy Intensity 
Level (TIL). Otherwise, secondary outcomes did not differ between surgical 
preference groups (eTable 5). 
Primary DC was associated with worse outcomes in unadjusted patient-level analysis 
(eg, GOSE: common OR 0.4, 95% CI 0.3 – 0.6; eTable 6, eTable 7). Covariable 
adjustment in multivariable regression and PSM (at patient-level) resulted in GOSE-
association estimates favoring a craniotomy (adjusted common OR 0.4, 95% CI 0.2 
– 0.6 and adjusted common OR 0.4, 95% CI 0.3 – 0.8, respectively; eFigure 1, eTable 
6, eTable 8). In sensitivity IV analyses, the primary association estimate remained 
consistent when excluding centers with < 15 patients (n = 97; adjusted common OR 
0.9 [95% CI 0.5 – 1.5], eTable 6, 9, 10 and 11), and when using a priori defined IV 
(adjusted common OR 0.9, 95% CI 0.4 – 2.2; eTable 6). In-hospital mortality did not 
differ across centers with primary DC preference in sensitivity IV analysis excluding 
centers with < 15 patients (eTable 10).

DISCUSSION

This prospective observational study demonstrates large treatment variation 
across European and Israeli centers in the selection of DC versus craniotomy in 
surgical evacuation of traumatic ASDH. It is the first to exploit this variation using 
IV analyses, finding that primary DC compared to craniotomy was unlikely to be 
associated with better functional outcome. These findings held in predefined IV 
sensitivity analyses. Patient-level analysis with multivariable regression and PSM 
revealed poorer outcomes for primary DC, although as described below, residual 
confounding may have been present. Further, primary DC was associated with more 
complications, more follow-on surgeries and higher in-hospital mortality.
Election of primary DC is well established in cases of ASDH with acutely severe 
swelling preventing replacement of the bone flap. A recent consensus states that if 
the brain is bulging beyond the inner table of the skull intra-operatively, the bone 
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flap should not be replaced.8,24 The advantage of a DC is more effective control of ICP 
elevation, potentially preventing secondary brain injury and poor clinical outcome. 
However, DC necessitates additional reconstructive surgery (cranioplasty) and carries 
risks related to the bone defect, infections, and bone-flap reabsorption.7 Further, 
DC is known to alter cerebrospinal fluid flow dynamics, and cerebral blood flow 
dynamics, both of which improve with replacement of the bone flap.25-28 Clinically 
relevant evidence is weak for primary DC in ASDH; large treatment variations 
exist,11,29,30 and support for claims of effectiveness are inconsistent. Most of these 
observational studies suggest worse outcomes for primary DC.1,4,9,10,15,31,32 When 
comparing the preoperative and baseline characteristic of DC versus craniotomy 
cohorts, all studies show that patients selected to undergo DC are more likely to 
have lower GCS, more concomitant hematomas and therefore, and have a poorer 
prognosis at baseline. Neurosurgeons are therefore more likely to select DC for the 
more severely impaired patients in anticipation of potential cerebral swelling that is 
difficult to manage medically. The higher number of patients with poor prognosis 
undergoing DC suggests strong confounding within these observational studies and 
that interpretation of worse outcomes resulting from primary DC, rather than from 
worse baseline status, may be incorrect.5,13 The methodologically best – albeit small 
-  study evaluating this treatment variation through comparison of two neurosurgical 
centers found postoperative ICP to be better controlled and outcomes improved in 
the centers with greater utilization of primary DC in TBI.14 However, these results 
included patients undergoing emergent DC or craniotomy for any mass or diffuse 
lesion, not specifically ASDH, which represented only 15 of 52 participants. 
Our findings confirm these previously reported treatment variations and the 
inconsistency displayed by neurosurgeons as to selection of primary DC versus 
craniotomy in the absence of massive swelling. Patients in our cohort who underwent 
primary DC were also more severely injured, despite scoring similar prognoses 
on CRASH-CT, and required more interventions to lower ICP (ie, greater TIL). 
Although many patients who received primary DC attained similar 6-month GOSE 
outcomes as patients who received craniotomy, as noted, they experienced a worse 
clinical course. We maintain that the chance of a favorable outcome after primary 
DC was less likely when viewed in the context of the IV analyses, which showed an 
absence of clear benefit, and the patient-level analyses that clearly suggested harm. 
Comparative effectiveness research with IV analysis, utilizing heterogeneity in 
practices across centers to compare their effectiveness of interventions that may be 
standard practice in some centers, but not in others, offers complementary evidence 
to the gold standard of RCTs.33,13,34 Compared with conventional, patient-level analysis, 
IV CER is less prone to confounding. The validity, however, relies on whether the 
center treatment rate is an appropriate instrumental variable. Our instrument was 



Chapter 12� 221

strongly associated with primary DC and did not associate with baseline prognosis: 
the widely differing surgical strategies are practiced in centers that on average treat 
similar patients. The balanced confounding between centers suggests a reasonable 
balance in the distribution of unmeasured confounding.13 Nonetheless, the observed 
practice variation might still partly result from prognostic differences. Therefore, 
we surveyed providers to evaluate whether the between-center variation actually 
arose from provider preferences.11 The a priori reported center policy for primary 
DC strongly predicted actual primary DC use (ie, stronger than any single patient 
characteristic). To further extricate the effect of the ASDH surgical strategy in a 
center from other between-center care variations associated with outcome, we 
adjusted with a random-effects for center.
The totality of our analyses suggests that the chance of a favorable outcome after 
primary DC is less likely when viewed in the context of the IV analyses, which 
showed an absence of clear benefit, and the patient-level analyses that clearly 
suggested harm. Given the higher risk of a complicated clinical course, we maintain 
that the selection of primary DC should be restricted to salvageable patients with 
brain swelling precluding flap repositioning. Our results apply to patients for whom 
the neurosurgeon may be in equipoise, because, an identical patient may receive a 
DC in one center and a craniotomy in another, it naturally follows that there is more 
than one valid treatment option. And since equipoise differs per center, we cannot 
readily identify the relative contribution of each subgroup.35-37 
We acknowledge several limitations. First, possible residual confounding remains 
due to other local practice variations associated with surgical preference, despite IV 
analysis, rigorous statistical adjustment (ie, a random-effects term) and multiple 
sensitivity analyses, particularly the IV analysis with the a priori center policy for 
approach as a different, strong IV, strongly correlated to the actual DC employment, 
confirming consistent neurosurgeon’s preferences. To further account for center-
level confounding we performed a separate cluster analysis, with a broader medical 
domain view than neurosurgical treatment alone, to explore if the assumption of the 
absence of correlation between treatment choices is tenable. The main conclusion 
was that specific treatment policies within domains (ICP monitoring, coagulation and 
transfusion, neurosurgery, prophylactic antibiotics, and more general ICU treatment 
policies) do not correlate with other treatment policies. Importantly, the absence of 
correlation between domains was most pronounced for surgical treatment. Another 
limitation is that participating institutions of CENTER-TBI were mainly tertiary 
referral centers. Results may not be generalizable to other hospital settings and 
every patient. Last, the interpretation of the effect of primary DC is hampered by the 
relatively small sample size, resulting in a wide confidence interval that may obscure 
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a small, clinically relevant effect. Although this cohort is the largest to date, subgroup 
analyses were considered infeasible. 

CONCLUSION

In patients with a traumatic ASDH, surgical evacuation by primary DC as compared 
to craniotomy is unlikely to be of benefit, measured in terms of functional outcome at 
6 months, and the higher risk of complications. Our study underscores the necessity 
of collecting granular data on interventions and their sequelae to more accurately 
delineate the clinical course. The pragmatic RESCUE-ASDH RCT will provide 
further evidence on the efficacy of primary DC for ASDH.38 Strong consideration 
should be given to revising guidelines to restrict selection of primary DC to patients 
whose severe swelling precludes replacement of the bone flap. Such direction could 
bring needed evidence-based consistency to current practice and result in better 
overall outcomes for patients.

Funding/Support: The authors’ work on this study is funded by the Hersenstichting 
Nederland (the Dutch Brain Foundation, grant number ps2014.06) for the Dutch 
Neurotraumatology Quality Registry (Net-QuRe)19 and the European Union 
seventh Framework Program (grant 602150) for CENTER-TBI. Additional support 
for CENTER-TBI was obtained from the Hannelore Kohl Stiftung (Germany), 
from OneMind (USA), from Integra LifeSciences Corporation (USA) and from 
NeuroTrauma Sciences (USA).

Role of the Funder/Sponsor: The funding entities had no role in the design and 
conduct of the study; collection, management, analysis, and interpretation of the 
data; preparation, review, or approval of the manuscript; and decision to submit the 
manuscript for publication.

Acknowledgements: The authors thank Amy J. Markowitz, JD (Editorial Consultant 
and Program Manager Transforming Research and Clinical Knowledge in Traumatic 
Brain Injury (TRACK-TBI), Brain and Spinal Injury Center, Zuckerberg San Francisco 
General Hospital, Department of Neurological Surgery, University of California San 
Francisco, The United States of America) for critical appraisal of our manuscript.



Chapter 12� 223

REFERENCES
1.	 Woertgen C, Rothoerl RD, Schebesch 

KM, Albert R. Comparison of craniotomy 
and craniectomy in patients with acute 
subdural haematoma. J Clin Neurosci 
2006;13(7):718-721.

2.	 van Essen TA, Lingsma HF, Pisică D, et 
al. Surgery versus conservative treatment 
for traumatic acute subdural haematoma: 
a prospective, multicentre, observational, 
comparative effectiveness study. Lancet 
Neurol 2022; 21(7):620-631.

3.	 Yang C, Ma Y, Xie L, et al. Intracranial 
Pressure Monitoring in the Intensive Care 
Unit for Patients with Severe Traumatic 
Brain Injury: Analysis of the CENTER-
TBI China Registry. Neurocrit Care 2022; 
37(1):160-171.

4.	 Tsermoulas G, Shah O, Wijesinghe HE, et 
al. Surgery for Acute Subdural Hematoma: 
Replace or Remove the Bone Flap? World 
Neurosurg 2016; 88:569-575.

5.	 Phan K, Moore JM, Griessenauer C, et 
al. Craniotomy Versus Decompressive 
Craniectomy for Acute Subdural 
Hematoma: Systematic Review and Meta-
Analysis. World Neurosurg 2017; 101:677-
685.e672.

6.	 Kolias AG, Adams H, Timofeev IS, et al. 
Evaluation of Outcomes Among Patients 
With Traumatic Intracranial Hypertension 
Treated With Decompressive Craniectomy 
vs Standard Medical Care at 24 Months: 
A Secondary Analysis of the RESCUEicp 
Randomized Clinical Trial. JAMA Neurol 
2022; 79(7):664-671.

7.	 Stiver SI. Complications of decompressive 
craniectomy for traumatic brain injury. 
Neurosurg Focus. 2009;26(6):E7.

8.	 Bullock MR, Chesnut R, Ghajar J, et al. 
Surgical management of acute subdural 
hematomas. Neurosurger. 2006;58(3 
Suppl):S16-24; discussion Si-iv.

9.	 Rush B, Rousseau J, Sekhon MS, Griesdale 
DE. Craniotomy Versus Craniectomy for 
Acute Traumatic Subdural Hematoma in 
the United States: A National Retrospective 
Cohort Analysis. World Neurosurg 2016; 
88:25-31.

10.	 Ahmed N, Greenberg P, Shin S. Mortality 
Outcome of Emergency Decompressive 
Craniectomy and Craniotomy in 
the Management of Acute Subdural 
Hematoma: A National Data Analysis. Am 
Surg 2021; 87(3):347-353.

11.	 van Essen TA, den Boogert HF, Cnossen 
MC, et al. Variation in neurosurgical 
management of traumatic brain injury: a 
survey in 68 centers participating in the 
CENTER-TBI study. Acta Neurochir (Wien) 
2019; 161(3):435-449.

12.	 van Essen TA, de Ruiter GC, Kho KH, Peul 
WC. Neurosurgical Treatment Variation 
of Traumatic Brain Injury: Evaluation of 
Acute Subdural Hematoma Management 
in Belgium and The Netherlands. J 
Neurotrauma 2017; 34(4):881-889.

13.	 Cnossen MC, van Essen TA, Ceyisakar 
IE, et al. Adjusting for confounding by 
indication in observational studies: a 
case study in traumatic brain injury. Clin 
Epidemiol 2018; 10:841-852.

14.	 Hartings JA, Vidgeon S, Strong AJ, et al. 
Surgical management of traumatic brain 
injury: a comparative-effectiveness study 
of 2 centers. J Neurosurg 2014; 120(2):434-
446.

15.	 Li LM, Kolias AG, Guilfoyle MR, et al. 
Outcome following evacuation of acute 
subdural haematomas: a comparison 
of craniotomy with decompressive 
craniectomy. Acta Neurochir (Wien) 2012; 
154(9):1555-1561.

16.	 Von Elm E, Altman DG, Egger M, et 
al. The Strengthening the Reporting of 
Observational Studies in Epidemiology 
(STROBE) statement: guidelines for 
reporting observational studies. The Lancet 
2007; 370(9596):1453-1457.

17.	 Van Essen TA, Volovici V, Cnossen 
MC, et al. Comparative effectiveness of 
surgery in traumatic acute subdural and 
intracerebral haematoma: study protocol 
for a prospective observational study within 
CENTER-TBI and Net-QuRe. BMJ Open 
2019;9(10):e033513.

18.	 Maas AI, Menon DK, Steyerberg EW, et 
al. Collaborative European NeuroTrauma 
Effectiveness Research in Traumatic 
Brain Injury (CENTER-TBI): a prospective 
longitudinal observational study. 
Neurosurgery 2015; 76(1):67-80.

19.	 Peppel LD, Heijenbrok-Kal MH, Van 
Essen TA, et al. A delphi procedure on 
rehabilitation outcome for patients with 
moderate to severe traumatic brain injury; 
first phase of the Neurotraumatology 
Quality Registry (NeT-QuRe). J Rehabil Med 
2022; 54:jrm00249.

20.	 Ceyisakar IE, Huijben JA, Maas AIR, et al. 
Can We Cluster ICU Treatment Strategies 
for Traumatic Brain Injury by Hospital 
Treatment Preferences? Neurocrit Care 
2022;36(3):846-856.



224� Part IV

21.	 Hudak AM, Caesar RR, Frol AB, et al. 
Functional outcome scales in traumatic 
brain injury: a comparison of the 
Glasgow Outcome Scale (Extended) and 
the Functional Status Examination. J 
Neurotrauma 2005; 22(11):1319-1326.

22.	 Kreitzer N, Jain S, Young JS, et al. 
Comparing the Quality of Life after Brain 
Injury-Overall Scale and Satisfaction 
with Life Scale as Outcome Measures 
for Traumatic Brain Injury Research. J 
Neurotrauma 2021; 38(23):3352-3363.

23.	 Han J, King NK, Neilson SJ, Gandhi MP, 
Ng I. External validation of the CRASH 
and IMPACT prognostic models in severe 
traumatic brain injury. J Neurotrauma 
2014; 31(13):1146-1152.

24.	 Hutchinson PJ, Kolias AG, Tajsic T, 
et al. Consensus statement from the 
International Consensus Meeting on the 
Role of Decompressive Craniectomy in the 
Management of Traumatic Brain Injury: 
Consensus statement. Acta Neurochir 
(Wien) 2019; 161(7):1261-1274.

25.	 Won YD, Yoo DS, Kim KT, et al. Cranioplasty 
effect on the cerebral hemodynamics and 
cardiac function. Acta Neurochir Suppl 
2008; 102:15-20.

26.	 Halani SH, Chu JK, Malcolm JG, et 
al. Effects of Cranioplasty on Cerebral 
Blood Flow Following Decompressive 
Craniectomy: A Systematic Review of the 
Literature. Neurosurgery 2017; 81(2):204-
216.

27.	 Stiver SI, Wintermark M, Manley GT. 
Motor trephine syndrome: a mechanistic 
hypothesis. Acta Neurochir Suppl. 
2008;102:273-277.

28.	 Czosnyka M, Copeman J, Czosnyka Z, et al. 
Post-traumatic hydrocephalus: influence 
of craniectomy on the CSF circulation. 
J Neurol Neurosurg Psychiatry 2000; 
68(2):246-248.

29.	 Mohan M, Layard Horsfall H, Solla DJF, 
et al. Decompressive craniotomy: an 
international survey of practice. Acta 
Neurochir (Wien) 2021; 163(5):1415-1422.

30.	 Kolias AG, Scotton WJ, Belli A, et al. 
Surgical management of acute subdural 
haematomas: current practice patterns in 
the United Kingdom and the Republic of 
Ireland. Br J Neurosurg 2013; 27(3):330-333.

31.	 Chen SH, Chen Y, Fang WK, Huang 
DW, Huang KC, Tseng SH. Comparison 
of craniotomy and decompressive 
craniectomy in severely head-injured 
patients with acute subdural hematoma. J 
Trauma 2011;71(6):1632-1636.

32.	 Shibahashi K, Sugiyama K, Tomio J, Hoda 
H, Morita A. In-hospital mortality and 
length of hospital stay with craniotomy 
versus craniectomy for acute subdural 
hemorrhage: a multicenter, propensity 
score-matched analysis. J Neurosurg 2019:1-
10.

33.	 Black N. Why we need observational studies 
to evaluate the effectiveness of health care. 
BMJ 1996;312(7040):1215-1218.

34.	 Timmons SD, Toms SA. Comparative 
effectiveness research in neurotrauma. 
Neurosurg FOCUS 2012; 33(1):E3.

35.	 Stukel TA, Fisher ES, Wennberg DE, et 
al. Analysis of observational studies in 
the presence of treatment selection bias: 
effects of invasive cardiac management on 
AMI survival using propensity score and 
instrumental variable methods. JAMA. 
2007; 297(3):278-285.

36.	 Maciejewski ML, Brookhart MA. Using 
Instrumental Variables to Address Bias 
From Unobserved Confounders. JAMA. 
2019; 321(21):2124-2125.

37.	 Swanson SA, Hernán MA. The challenging 
interpretation of instrumental variable 
estimates under monotonicity. Int J 
Epidemiol 2018; 47(4):1289-1297.

38.	 Kolias AG, Adams H, Timofeev I, et al. 
Decompressive craniectomy following 
traumatic brain injury: developing the 
evidence base. Br J Neurosurg 2016; 
30(2):246-250.






