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Stellingen behorende bij het proefschrift

Comparative Effectiveness
of Surgery for Traumatic
Acute Subdural Hematoma

Neurosurgical evacuation of a traumatic acute subdural hematoma is a very effective intervention in
a comatose patient.

- This thesis -

Primum non nocere. When in equipoise on acute surgery or conservative treatment, treat patients
with a traumatic acute subdural hematoma conservatively (initially).

- This thesis, adapted from Hippocrates -

Primary decompressive craniectomy in traumatic acute subdural hematoma should be restricted to
salvageable patients in whom immediate replacement of the bone flap is not possible.

- This thesis -

For (acute) neurosurgical decisions, neurosurgeons have strong and consistent treatment preferences
that are more influenced by center (training) culture and custom than by patient characteristics. The
resulting treatment contrast between centers may be used in observational studies to challenge
unmeasured confounding with instrumental variable analysis.

- This thesis -

Instrumental variables are not a panacea.

- Adapted from Rassen et al. 2009 -

While clinicians have become accustomed to interpreting and applying the results of randomized
trials, this is not the case for observational studies (with instrumental variable analysis).

A strong collaboration between epidemiologists and clinicians is pivotal for clinical research,
because each one separately lacks essential knowledge.

In case of clinical dilemmas, each patient should be included in a study because the alternative,
perpetual uncertainty, is worse.

- Adapted from Fredrickson DS. The field trial: some thoughts on the indispensable ordeal. Bull N'Y Acad
Med. 1968 Aug -

Using association terminology when implying causal effects is often a reflection of unsolved
methodological flaws.

- Adapted from Herndn MA. Am ] Public Health 2018 -

People often underestimate the difficulty of doing clinical research well due to the ease of doing it
poorly.

- Adapted from jury verdict 2022 Rousseeuw Prize -

The success of an evidence-based neurosurgical practice lies in the ability to balance between -
surgically inherent - intuitive rationalism and - epidemiology required - skeptical empiricism.
Succes is geen verdienste.

Een neurochirurg is niet de snelste maar is nooit te laat.

- Adapted from Willem van Hanegem -
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GENERAL INTRODUCTION

TRAUMATIC BRAIN INJURY

Traumatic brain injury (TBI) has a devastating impact on patients and their families.
TBI, defined as an alteration in brain function, or other evidence of brain pathology,
caused by an external force," is one of the greatest global healthcare problems. The
yearly incidence varies widely per country with estimates ranging between 344 and
103 per 100,000 population (respectively in Asia and in the United States). TBI is
the most important cause of death and disability in young adults and is one of the
leading causes of injury-related death and disability across all other ages and in all
countries. TBI represents 30-40% of all injury-related deaths, and neurological
injury is projected to remain the most important cause of disability from neurological
diseases until 2030 (2—3 times higher than the contribution from cerebrovascular
disorders or Alzheimer’s disease).*”

TBI is typically categorized as primary or secondary brain injury. Primary brain
injury describes the irreversible damage of the accident, before any emergency care
has been given. Secondary brain injury describes the ensuing pathophysiological
cascade which is not yet completely clarified but at least involves a complex interplay
of neuroinflammation, hematological disturbances, metabolic disarray and neuronal

cell death.®

ACUTE SUBDURAL HEMATOMA

Sixty percent of patients with TBI needing hospitalization have intracranial
hemorrhage. The most prevalent hemorrhages are focal hematomas, with acute
subdural hematomas (ASDH) and intracerebral hematomas (ICH) being most
prevalent (Figure 1). Another focal hematoma, the epidural hematoma (EDH) is rare.
An ASDH after a traumatic head injury is the most lethal TBI despite treatment.>”®
Patients with an ASDH can experience a diverse array of symptoms, from deep
coma or progressive neurological deterioration to slight headache with a focal
deficit, and anything in between (Figure 2). This heterogeneity reflects a complex
pathophysiology with many different injury types that may accompany ASDH.
Several terms have been used throughout history to describe ASDH such as
pachymeningitis haemorrhagica, intradural hemorrhage, subdural hematoma,
subacute subdural hematoma (as opposed to ASDH). While this terms all describe
certain distinct characteristics, the expert consensus is to divide chronic and acute
lesions. ASDH is herein defined as a subdural hematoma diagnosed within 14 days
of TBI

The etiology distinguishes roughly between high-energy road traffic injuries, which
are mostly motorized incidents, and low-energy incidental falls, which are typically
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Figure 1. Different types of traumatic intracranial hematoma

(A) Epidural hematoma: a collection of blood between the skull and the outer membrane covering the
brain (dura mater). Epidural hematomas are mostly arterial in origin and can thus expand rapidly, causing
clinical deterioration and—if untreated—death. Treatment entails prompt surgical removal if symptomatic.
(B) Subdural hematoma: a collection of blood located underneath the dura mater, generally associated
with bruising of the underlying brain tissue (contusions). (C) Hemorrhagic contusion and intracerebral
hematoma: lesions that reflect similar underlying pathologies, ranging from local bruising (contusions) to
bleeding into the brain tissue (hematoma). Figure courtesy of Maartje Kunen, Medical Visuals, Arnhem,
Netherlands. Reproduced with permission from Maas et al.”

ground level falls in the elderly.” Incidental falls mostly cause an isolated ASDH that
originate from tearing of anchor venes intradurally. High velocity injuries induce
several trauma mechanisms upon the brain. Acceleration and deceleration may cause
shearing of neurons (diffuse axonal injury) and vessels.”® Direct impact, whether a
blow to the head or a head injury against an object, may result in bruising of the brain
(contusion) and fracturing of the skull, sometimes leading to vascular rupturing.
Hemorrhagic contusion injuries are frequently associated with ICH, which can
progress in time and transform hemorrhagically, leading to a large intraparenchymal
hematoma that sometimes also require surgical evacuation.

Thus, a TBI often constitutes of a combination of clinical diagnoses to describe
the brain damage. The diverse clinical manifestation with the complicated
etiopathophysiology has led to the denotation that TBI is ‘the most complex disease
in the most complex organ’.””

IMMEDIATE TREATMENT DECISIONS IN ACUTE SUBDURAL HEMATOMA

Patients with an ASDH are usually treated non-surgically.® The non-surgical
treatment strategy is best medical management that includes watchful monitoring
on the hospital ward or management on the intensive care unit (ICU) with
intracranial pressure (ICP) monitoring. Intensive care management aims to prevent
brain ischemia by the initiation of ICP lowering treatments while also maintaining
sufficient blood and oxygen supply to the brain. Surgical interventions can
complement the ICU treatments to minimize the burden of raised ICP.
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Surgical evacuation of an ASDH is commonly employed through a craniotomy or a
decompressive craniectomy (DC). A craniotomy entails opening of the skin, removal
of a piece of skull, removal of the hematoma clot, replacement of the skull flap and
closure of the skin. In a DC the skull flap is left out prior to closing the skin.

The surgical intervention can be targeted causally, by evacuation of a focal
hematoma, or symptomatically by opening the skull to reduce the (duration of)
brain compression, typically to treat suspected or proven (refractory) raised ICP. By
evacuation of the hematoma and, if indicated, performing concurrent DC, the raised
ICP is assumed to normalize and outcome is thought to improve (Figure 2).
Whether to treat a patient surgically or conservatively is made on the basis of the
neurological status of the patient, the size of the hematoma and the degree of the mass
effect. Surgery has risks that have to be weighed against the risks of ensuing brain
compression by the hematoma. Primary DC is performed if the brain is bulging
beyond the inner table of the skull intraoperatively, preventing the safe replacement
of the bone flap without pathological ICP rise. Another reason is preventive; if there
is concern that the brain may swell further in the first days after the operation. When
the swelling goes down, the patient has another operation to reconstruct their skull,
a cranioplasty. The associated risk of a cranioplasty are infection, cerebral edema and
bone-flap reabsorption. The advantage of a craniotomy is that the patient will not
need a later operation to rebuild the skull. However, this type of operation may fail to
control the brain swelling in some patients.

Woman, 82 years, fall on head.
Atrial fibrillation, apixaban. E3M6V4,
somnolent, no lateralization. Right-
sided ASDH with shift

Male, 70 years, motor
accident. Acenocoumarol.
E2M3V2. Small right-sided
ASDH with 3 mm shift.

Figure 2. Hypothetical cases to illustrate the question clinicians are faced with in patients with
an ASDH; to operate or not

Specifically, the question can broadly be divided into two typical patients: A) whether to evacuate the hema-
toma acutely or wait and monitor, possibly a delayed burr hole drainage, or B) in case of coma (Glasgow
Coma Scale < 9) and a small ASDH, evacuate with (primary) DC or place an ICP sensor and evacuate in
case of ICP rise.
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The degree of brain compression is inferred from the decrease in consciousness
level, expressed by the Glasgow Coma Scale (GCS), and the loss of pupil reactivity,
an imminent sign of transtentorial herniation. In clinical practice, patients may
present with multiple conditions, such as an ASDH combined with an ICH. The
presence of concurrent pathologies affects the choice of treatment. Importantly, the
surgical decision has to be made in far from ideal circumstances, in an emergency
setting, often with incomplete clinical information and without the option to consult
colleagues.

CURRENT EVIDENCE

History

Several studies have played a pivotal role in shaping the course of treatment for
ASDH throughout history. Although the evolution of the surgical evacuation of
traumatic focal lesions starts very early in history (Figure 3), the path to the modern
evaluation of the effect of surgery starts in the 20" century. In 1934 Munro shifted
the viewpoint for the disease ASDH from ‘being exclusively pathological’ to ‘more
(frequently) surgical’.® Seelig and colleagues proved in 1981 the strong curative
potential of surgery in ASDH by showing the sooner the better in comatose
patients.”® Several observations from fundamental studies of surgery in animals and
hyperacute measurements of (human) ASDH perioperatively have, furthermore,
elucidated mechanisms through which surgery may reduce damage of ASDH to
the brain. Cerebral focal ischemia was shown to be the common denominator that
explains the exceptional poor outcome of ASDH.” This ischemia can be caused
by generalized pressure effects through raised ICP,® focal pressure effects from
the hematoma,” metabolic derailments and local toxic effects,* especially in
combination with ICH.**** And although these studies show a multifactorial and
sometimes contradictory genesis, the underlying translational theme is that the
ischemia should be prevented.” Accordingly, the therapeutic mechanism of surgery
extends beyond the effect of decompressing the brain by reducing the ICP, but it
also serves to prevent local (neurotoxic) events that induce ischemia and worsen
outcome.**

Current evidence

The Brain Trauma Foundation (BTF) has issued surgical guidelines (Figure 4).
Surgery should be performed when the hematoma is significantly large irrespective
of neurological condition ér in case of progressive neurological deterioration
relatable to the lesion. These advices were based on observational studies with

28-32

selected patients from single centres.*?* The guideline was issued in 2006, thus

based on studies published before 2006 and there has been no update since then.”
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Figure 3. Brief history of the evolution of surgical evacuation in traumatic brain injury

Ancient man already knew that crushing the skull is the most effect method to eliminate an enemy. Concur-
rently, neurosurgical treatment with trepanation and burr-holes was devised to treat these injuries (mainly
skull deformities). It might be the oldest surgical procedure with archaeological evidence dating back to
the Neolithic period with anecdotal prove of trephinations for skull injuries already from 12,000 BC (A. The
ancient skull has a large left parietal trephination with clear signs of antemortem healing. Adapted from
). In the Greco-Roman era, Hippocrates postulated - in line with his do no harm principle - that surgery
below the dura is too dangerous to perform, restricting trephination for the treatment of skull injuries
only, thereby setting the general consensus for surgery of the brain well up into the renaissance. The first
systematic description of surgical indications for TBI, guidelines avant la lettre, have been written down by
Jacopo (Giacomo) Berengario da Carpi (1470-1550) in ‘Tractatus de Fractura Calvae sive Cranei’ (B. Cover
of the third edition of Berengario’s Treatise on Skull Fractures, Venice, 1535).2° He noted “..if the contused
brain seems to be deeper than the surgeon’s index finger, surgery is indicated” and in effort to introduce
some cost-effectiveness considerations he mentions: “..surgery has a price and surgeons with experience
in TBI are rare... therefore you must be prepared to pay for surgery... (the amount) equivalent to the price
of a small house”.
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It was not until the 18" century, however, that the English surgeon Percivall Pott (1714-1788) shifted the
predominant focus on skull to brain injuries and argued that surgery of the skull should go alongside an
appreciation of whether or not it should be accompanied by treatment of accumulated blood under the skull
(C. Aillustration from Pott’s work on head injuries detailing the “tripod” style of trephine that he favored.
From Pott P: The Chirurgical Works of Percival Pott. London: Hawke, W. Clarke, R. Collins, 1775). He sug-
gested that the symptoms seen in head injury might be due to direct injury of the brain and not due to just
skull injury, and that the distinction should be made between compression and concussion of the brain
when evaluating a head injury.”

While these historical anecdotes certainly have some medical and surgical merits, surgery in general prob-
ably did more harm than good until the 20™ century.” It was not until the introduction of anesthesia and
antisepsis in 1867, by Sir Joseph Lister (1827-1912), that surgeries of the skull were becoming safer.

The BTF acknowledged the lack of high-quality evidence and advised to conduct
well-conducted comparative studies on surgery vs conservative treatment in ASDH.
Thus, observational studies have provided valuable insights but the effectiveness of
surgery remains unclear.

SURGICAL MANAGEMENT OF ACUTE
SUBDURAL HEMATOMAS

RECOMMENDATIONS
(see Methodology)

Indications for Surgery

e An acute subdural hematoma (SDH) with a thickness greater than 10 mm or a midline
shift greater than 5 mm on computed tomographic (CT) scan should be surgically
evacuated, regardless of the patient’s Glasgow Coma Scale (GCS) score.

o All patients with acute SDH in coma (GCS score less than 9) should undergo intracranial
pressure (ICP) monitoring.

e A comatose patient (GCS score less than 9) with an SDH less than 10-mm thick and a
midline shift less than 5 mm should undergo surgical evacuation of the lesion if the GCS
score decreased between the time of injury and hospital admission by 2 or more points
on the GCS and/or the patient presents with asymmetric or fixed and dilated pupils
and/or the ICP exceeds 20 mm Hg.

Timing

e In patients with acute SDH and indications for surgery, surgical evacuation should be
performed as soon as possible.

Methods

o If surgical evacuation of an acute SDH in a comatose patient (GCS < 9) is indicated, it
should be performed using a craniotomy with or without bone flap removal and
duraplasty.

KEY WORDS: Coma, Computed tomographic parameters, Craniotomy, Decompressive craniectomy, Head

injury, Hematoma, Intracranial pressure monitoring, Salvageability, Subdural, Surgical technique, Timing of
surgery, Traumatic brain injury

Figure 4. Brain Trauma Foundation guidelines regarding surgical indications in acute subdural
hematoma3**
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GENERATING NEW EVIDENCE

With well-known limits in time, money and other resources, clinical research should
be focused on answering questions that directly result from daily clinical practice,
are thus clinically relevant.’® Although surgical evacuation of an ASDH is the most
frequently performed acute surgical intervention within the skull,” its effectiveness
relies on the lowest category on the evidence hierarchy* Many neurosurgical
intervention, especially acute surgery in TBI, have become well established before
the methodological principles of evidence-based medicine became common practice.
Although this may explain part of the lack of high-quality evidence, there is not a single
explanation why a higher evidence level has not been attained since then. A part maybe
explained by the fact that TBI surgery is considered common sense. The analogy to the
effectiveness of a parachute is made (Figure 5), even by authorities in the field.””

Figure 5. In 2002 Smith and Pell published “Parachute use to prevent death and major trauma
related to gravitational challenge: systematic review of randomized controlled trials.”

In poking fun at those who demand randomized controlled trial evidence to support therapeutic interven-
tion, they use the parachute as an example of an imperfect intervention for which no randomized controlled
trial evidence exists, sensibly enough suggest that no one is likely to volunteer to participate in such a trial.
This common sense is applied to many interventions among which one is acute surgery for acute subdural
hematoma. This extrapolation attests to the intractable opinion held among neurosurgeons of ASDH being
a purely a surgical disease and underestimates the complexity of the disease.
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This analogy disregards the complexity of the disease: it is not merely a matter of
assuming a lower ICP will lead to a good outcome. Every (new) intervention in health
care should be accompanied by a proper assessment of its benefit and harms. RCTs
provide the strongest evidence on the effectiveness of medical interventions.*
However, there is an abundance of literature showing the lack of successful RCTs in
neurosurgery.** RCTsin neurosurgery are difficult to conduct due to methodological,
pragmatic and sometimes ethical constraints. Investigating surgical interventions
involves particular challenges compared to non-surgical medical research because of
the complexity of (peri)operative procedures, surgical learning curves, patients’ and
surgeons’ equipoise, blinding issues, and cultural or psychological barriers towards
the use of randomization. For the specific challenges posed by surgical research, the
IDEAL (Idea, Development, Exploration, Assessment, Long-term) framework guides
researchers and clinicians in evaluating surgical interventions.® Specific for TBI
are the heterogeneity of the population and interventions, the emergency setting of
an acutely life-threatening condition, limited patient information in the absence of
proxies and the largely unknown pathophysiological mechanisms of brain injury.#+*
This failure of RCTs goes along a significant waste of clinical data and resources,
and stands in stark contrast to the need for updated surgical guidelines and burden
incurred by TBI.

The extent to which classical observational studies can inform treatment decision
is limited. Observational studies of intervention are prone for bias, i.e. potential
differences in outcome between intervention groups could also be explained by
other factors than the intervention under study. When using observational studies,
careful decisions in data collection and analysis should be made to allow causal
interpretation.*’

Therefore, the second-best study design is a prospective high-quality observational
comparative effectiveness study, also referred to as a form of comparative effectiveness
research (CER).”> CER studies have gained popularity over the years.”* Although
principally inferior to RCTs with regard to internal validity, more advanced analysis
such as instrumental variable analysis can lead to causal inference closely resembling
RCTs (Figure 6).” There have been many precedents of these observational studies
that directly impacted clinical practice.””> The appealing aspect in TBI to use CER is
the fact that there might be large practice variations due to the absence of high-quality
evidence, possibly a result of the strong treatment preferences of the neurosurgical
mindset. These possible large variations in care and outcome are worthwhile to
investigate because recognizing beneficial treatment strategies may far outweigh any
benefit that realistically can be expected from a new intervention.*®

Thus, there is a clear role for conducting high-quality observational studies with
sophisticated analyses to inform practice.
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RCT: random treatment Observational patient data:
allocation treatment allocation patient
dependent
Patient characteristics Patient characteristics
Treatment Outcome Treatment Outcome

Observational center data:
treatment allocation center dependent

Patient characteristics

Center — _, Treatment ————— Qutcome

Figure 6. Instrumental variable (1V) analysis to reduce confounding by indication, as compared
to randomization in randomized controlled trials (RCTs) and to traditional analysis in observa-

tional studies

Randomization separates treatment from patient characteristics and thereby ensures no confounding when
estimating the effect of treatment on outcome (A). Effect estimation in observational data relies on statisti-
cal correction (f.e. regression modelling or propensity scores) but unmeasured confounding may remain a
problem (B). In IV analysis (C), the instrumental variable center ‘allocates’ patients to be exposed to differ-
ent likelihoods of receiving treatment. In analyzing treatment as center characteristic instead of a patient
characteristic the intervention is again independent from the patient characteristics (no arrow from patient
characteristics to center, just like with randomization).

DATASETS USED IN THIS THESIS

CENTER-TBI

The Collaborative European NeuroTrauma Effectiveness Research in Traumatic
Brain Injury (CENTER-TBI) study was an international observational cohort study
in centers across Europe and Israel, including patients between December 19™ 2014
and December 17" 2017.

The aims of CENTER-TBI were to provide new, multidimensional insight into TBI
characterization and to determine effectiveness of several treatment interventions
in TBL.">Y

In total 4559 patients from 65 centers were included in the core study, which collected
data on demographics, injury, imaging, monitoring, treatment, and outcomes
up to 1-year post-injury (Figure 7). Provider profiling questionnaires captured the
structures and processes of care of participating centers.
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Mumber of inclusions

Figure 7. Participation per study center and country in the Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) Core study (n=4509 patients).

Net-QuRe

The Neurotrauma Quality Registry (Net-QuRe) is a multi-center, prospective,
observational cohort study designed to form the basis of a quality registry for
moderate and severe TBI in The Netherlands.**

Five level 1 trauma centers and eight rehabilitation facilities in The Netherlands
partook in Net-QuRe. All trauma centers serve a regional function for neurosurgical
care in geographically distinct areas. One of the trauma centers consists of three
separate hospitals, all of which facilitate complex neurocritical care.

Inclusion started in January 1, 2015 along with the commencement of the overarching
CENTER-TBI project and continued after its completion until the 1st of January,
2020. 937 patients were included. Next to general demographic measures, process
measures were collected. Data were gathered during admission in the hospital and
also in the rehabilitation center. Outcome measures are collected at 6, 12 and 24
months after hospital discharge.

In the studies in this thesis, we used the core study and provider profiling of CENTER-
TBI, as well as the Net-QuRe dataset.
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OBJECTIVES

The overall aim of this thesis is to evaluate the comparative effectiveness of treatment

approaches for patients with ASDH. This aim led to the following research questions:

I. Whatis the current evidence on the effectiveness of surgical treatment of ASDH?

II. What is the current practice in treatment of patients with ASDH in Europe?

III.Which study designs and analyses are suited to determine the effectiveness of
surgical treatment of ASDH?

IV. What is the effectiveness of different treatment approaches (surgery versus initial
conservative treatment and decompressive craniectomy versus craniotomy) for
ASDH?

OUTLINE OF THE THESIS

In Part I the current evidence base for neurosurgical interventions in TBI is addressed.
Chapter 2 provides an overview of recent effectiveness studies on neurosurgical
interventions and describes the neurosurgical considerations in the treatment of
patients with TBI. Chapter 3 is a systematic review of the available comparative
studies on surgery in ASDH

In Part IT [ present the current state of neurosurgical management of TBI in Europe
(Chapter 4) with an emphasis on the treatment of ASDH (Chapter s).

Part III focuses on how to properly design a study aiming to measure the
effectiveness of neurosurgical interventions (Chapter 6) with a focus on how to deal
with confounding in observational studies on acute neurosurgical decompression
in focal lesions (Chapter 7). Chapter 8 presents the study protocol, which discusses
the choices made in the design and conduct of the prospective observational
studies CENTER-TBI and Net-QuRe to determine the comparative effectiveness
of acute surgery vs conservative treatment for ASDH and ICH. The protocol has
been published for transparency and accountability, and to inspire subsequent
observational effectiveness studies on surgical interventions. The presented study
with regard to early surgical intervention in ICH is not part of this thesis.

The studies in Part IV aim to compare the effectiveness of surgical treatment
approaches in ASDH. First, a retrospective observational study with routinely
available data is presented in Chapter 9. The study is conducted in the centers of
our survey (Chapter 4) that had the most divergent views on the acute management
of ASDH. Chapter 10 describes the results of the observational study with regard
to the effectiveness of a strategy of acute neurosurgical decompression in ASDH,
in terms of both objective and subjective outcomes. Chapter 11 is a reply to a letter
to the editor. This letter is a reaction on the effectiveness study in Chapter 10 and
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serves as an example of the response among the neurosurgical community. Chapter
12 presents the study with regard to DC as compared to craniotomy in ASDH.

In Part V we summarize the preceding chapters and discuss the relevance, limitations
and clinical implications of our findings. We end by providing suggestions for future
research.
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Chapter 2

Surgical management of traumatic brain injury - to operate or not

Adapted from:

Traumatic brain injury: integrated apptoaches to improve prevention, clinical
care, and research.
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SUMMARY

Traumatic brain injury has a high mortality and those patients that survive often
experience long-term disability due to physical, cognitive or psychological deficits.
Neurosurgical interventions in traumatic brain injury can cause major reductions
in mortality and morbidity. However, the precise indications of surgery in traumatic
brain injury are not sufficiently clear. As a consequence, treatment varies among
regions, hospitals and neurosurgeons. Recent, current and future research is
rapidly changing this uncertainty. Pragmatic studies with a so-called comparative
effectiveness design seem to be the most promising to increase the level of evidence
of neurosurgical interventions in traumatic brain injury.
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INTRODUCTION

One of the most vexing problems in the neurosurgical care for brain trauma patients
is to determine which patients might benefit from surgical treatment for traumatic
intracranial hematoma’s and/or raised intracranial pressure. This is complicated by
additional uncertainty regarding the optimal timing of surgery and the most effective
technique, in particular in cases with large contusions and in patients considered for
decompressive craniectomy (DC). The goals of the initial surgical treatment in TBI
are to remove space-occupying intracranial hematomas, and to decrease pressure
on the brain in order to prevent or minimize damage to important brain structures
and to prevent life-threatening herniation events. Surgical decompression can be
achieved by evacuation of a hematoma, by insertion of an external ventricular drain
for drainage of cerebrospinal fluid (CSF), or by removing a large part of the skull
to alleviate raised intracranial pressure resulting from swelling of the brain.”® The
latter procedure, called decompressive craniectomy (DC), may be performed in the
same setting as the evacuation of a hematoma or later to treat diffuse brain swelling
that is refractory to conservative medical management. Evacuation of an intracranial
hematoma may be considered a causal approach, whilst DC is more symptomatic.
The majority of emergency TBI neurosurgery is directed at evacuating hematomas.*
The hematoma may be located inside the brain (contusion) or outside the brain,
above (epidural hematoma (EDH)) or below (acute subdural hematoma (ASDH,
figure 1)) the outermost covering of the brain (dura mater).

ASDH and contusions, which are sometimes called intracerebral hematomas,
represent the major clinical dilemmas. The occurrence of an ASDH is estimated
to be up to 11% in patients with TBI and up to 49% of the patients with severe TBI
(GCS < 9).5° Large cerebral contusions are observed in 8% of all TBI, in up to 35% of
severe TBI,” sometimes together with an ASDH, and in one study contusions were
seen in 73% of patients with moderate and severe TBI as diagnosed on MRIL®

34 s

Figure 1. Different types of post-traumatic intracranial hematomas: A: epidural; B: subdural
hematoma; C: intracerebral hematoma or contusion
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Whereas international consensus exists with regard to the necessity for evacuation
of a moderately sized or large EDH, heterogeneity exists in decision-making for
ASDH, for contusions and for refractory raised intracranial pressure. This leads to
considerable practice variation. The focus of this review is on the clinical specificities
of the surgical indications and on the evidence underpinning these decisions.

FACTORS INFLUENCING SURGICAL DECISION-MAKING IN TBI

Many clinical factors may influence the choice and timing of surgical treatment,
including patient related factors, surgeon preference, patient and family wishes,
religion and cultural background, as well as logistic considerations. Patient factors
include the initial GCS, pupillary size and reactivity, extracranial injuries, the
severity of the injury, structural abnormalities on the CT scan and comorbidity as
determinants of the balance between benefit and risk or futility. One of the most
important factors, however, seems to be the preference and (lack of) experience
of the treating neurosurgeon! When confronted with a patient with traumatic
ASDH and/or contusion the neurosurgeon on-call is faced with several challenging
management decisions.” Before choosing what type of surgery to perform, the
first decision is whether or not surgery should be performed. Surgery might save
a patient’s life and preserve neurological function.” However, some patients may
survive by surgery, but others may have an unfavorable functional outcome, "
ranging from severe neurological and cognitive deficits to a persistent vegetative
state. Conversely, surgery may not always be necessary and a substantial portion of
patients managed conservatively have favorable outcomes.”” Furthermore, certain
subgroups may not benefit from surgery because the primary damage is simply too
devastating. Too liberal surgical indications may lead to an increased number of
survivors with severe disabilities, but inappropriate conservative management may
result in unnecessary deaths. The decision to operate or not is not only based on
medical considerations of expected mortality and functional outcome, but also on
ethical considerations. The patient and relatives view towards a meaningful quality
of life might be different from our medical perception of favorable outcome. Notably,
the view on a worthwhile outcome can greatly differ between the clinician and the
patient/relatives, not seldom due to cultural and religious standpoints. Sometimes,
when there is enough time and opportunity to discuss the expected outcome with
the relatives, this personal view on quality of life can be taken into account. Thus, the
decision whether to operate or not does not merely depend on rational factors, but
also involves several intuitive and ethical issues.

Furthermore, an important aspect of surgical approach is the timing of surgery. This
relates specifically to intracerebral hematomas/contusions since it is generally agreed
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upon that early surgery is better than delayed for ASDH and EDH. Sometimes, a
contusion is initially managed conservatively, but may later be treated surgically
by bony decompression or removal of contused brain tissue because of secondary
deterioration. Indeed, a study conducted by the European Brain Injury Consortium
reported that 73% of patients undergoing a delayed DC had developed raised ICP due
to a contusion or intra-cerebral hemorrhage.*

These complex decisions often have to be made in difficult circumstances, constrained
by time.® and in absence of peer consultation. As a result, the decision is often based
on intuition and experience of the surgeon, which is not a rational evidence-based
approach.

EVIDENCE UNDERPINNING SURGICAL DECISION-MAKING IN TBI

Surgical guidelines have been developed but lack robust scientific grounds." The
guidelines recommend that every ASDH with a thickness more than 10 mm and
midline shift over 5 mm should be evacuated as soon as possible, irrespective of
the neurological condition. For contusions the guidelines advocate to evacuate all
lesions above 50 cm’, and above 20 cm’ in case of a GCS 6-8 with midline shift of
at least 5 mm and/or cisternal compression on CT. These guidelines were based on
low grade evidence (level III) derived from retrospective studies of small groups of
selected patients, published more than 10 years ago. While additional studies have
emerged,®"° these studies have only marginally improved the evidence base in this
context.

Consequently, many different opinions exist between neurosurgeons as to what
constitutes best surgical practice. Controversy is probably greatest with regard to the
management of intracerebral contusions: in some countries contusions are routinely
operated upon early to prevent deterioration (pre-emptive approach), whilst in others
a conservative approach is preferred and patients only seldom operated.*® The
variation in surgery for ASDH lies not so much in the timing, since benefits of early
surgery have been established, but more in the stance towards which subgroups of
patients can benefit from evacuation.’ Moreover, there is a large difference in point of
view among neurosurgeons with respect to combining the evacuation of an ASDH
with a DC.”

This paucity of high quality evidence on surgical management for TBI is partly
explained by the difficulty of performing RCTs in TBI in general.” The heterogeneous
study population, presence of other injuries, different mechanisms of injury, and the
multitude of treatment variables, together with relatively low patient numbers per
subgroup - due to rigid selection criteria - make the execution of RCTs of considerable
power problematic. To include a sufficient number of patients, TBI trials generally
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suffer from a considerable lag time between inception of the study and publication
of results. This leads to high costs with a low yield of effect.

Besides these general methodological difficulties in TBI RCTs, specific additional
constraints for surgical RCTs exist. Randomizing surgical treatments for TBI may
be problematic because of ethical concerns of withholding a potentially lifesaving
procedure. Although evidence is lacking, treating surgeons often do not have doubts
about the “best” treatment. In case this treatment is surgery, a decision to randomize
the patient and obtain informed consent is difficult to execute in the acute phase. And
even if a trial succeeds it frequently has limited external validity since the treatment
effect has been evaluated in selected populations, with prescriptive management
protocols that are sometimes difficult to replicate in the real-world clinical setting.
Several studies have recently been conducted, or are still on-going that address
several clinical uncertainties in neurosurgical decision-making (table). No RCTs have
been published on the surgical treatment of TBI, until recently, the Decompressive
Craniectomy in Patients with Severe Traumatic Brain Injury (DECRA) study was
published.” In the DECRA trial, the investigators wanted to assess whether early/
neuroprotective bifrontal DC can lead to better outcomes compared to standard
ICU treatment for patients with diffuse TBI. At 6-month follow-up, a higher rate of
unfavorable outcomes was observed in the DC group (OR 2.21; 95% CI 1.14—4.26; p
= 0.02). However, 27% of patients in the DC arm had bilaterally unreactive pupils
compared with only 12% in the medical arm. Following post-hoc adjustment for
pupil reactivity at baseline, the between-group difference in terms of unfavorable
outcome was no longer significant (adjusted OR 1.90; 95% CI 0.95-3.79).

Contrary to DECRA, the Randomised Evaluation of Surgery with Craniectomy for
Uncontrollable Elevation of Intra-cranial Pressure (RESCUEicp) trial aims to assess
the effectiveness of DC as a last-tier therapy for patients with refractory intracranial
hypertension. The results (primary end point) are expected in late 2014.

Another surgical study is the Surgical Trial in Traumatic Intracerebral Haemorrhage
(STITCH-Trauma), an international multicenter pragmatic randomized controlled
trial exploring the value of surgery in patients with intracerebral hemorrhage and
contusion. This study inclusion is based on clinical equipoise: only patients for whom
the responsible neurosurgeon is uncertain about the benefits of either treatment are
eligible. The study started in October 2009 but was halted due to concerns regarding
the numbers of patients recruited in the UK. On analysis, a strong tendency towards
benefit of early surgery was found, but non-significant due to low numbers.
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Table. Recent and emerging studies on surgery for TBI

Patients Intervention Controls Outcome  Main findings
DECRA Patients with (Early) secondary  Standardized GOSEat - DC greater risk
diffuse TBI within  (Bifrontal) DC ICU treatment 6 months of unfavorable
72 hours post- post- outcome (OR
injury injury 2.21)
- No significant
difference in
unfavorable
outcome (a
composite death,
vegetative state or
severe disability)
after post-hoc
adjustment for
pupil reactivity
RESCUE- Patients with (Last resort) Standardized -Outcome - Recruitment
ICP refractory ICP secondary DC ICU treatment  at completed
(hemicraniectomy discharge - Follow-up
or bifrontal) (GOS) ongoing
- GOSE at
6 months
post-
injury
STITCH- - Patients with Early evacuation of  Best medical A - Halted
trauma intracerebral the hematoma treatment prognosis
hematoma/ combined based - Non-significant
contusion with delayed GOSE/ benefit on primary
- Based on evacuation (if ~ Modified efficacy analysis
equipoise of appropriate) Rankin
neurosurgeon Scale
CENTER- Patients with Non-experimental CER design: GOSE at - Initiated 1™
TBI/Net- ASDH and/or - Direct evacuation of the hematoma 6 months  January 2015
QuRe intracerebral Vs conservative management post-
hematoma/ - Primary DC with evacuation of injury
contusion hematoma vs craniotomy with
evacuation of hematoma
RESCUE- Patients GCS <8  Primary DC with Craniotomy GOSE - Initiated
ASDH with ASDH evacuation of with evacuation at12 September 2014
hematoma of hematoma months
(only) post-
injury

CENTER-TBI, Collaborative European NeuroTrauma Effectiveness Research in TBI; DECRA, Decompres-
sive Craniectomy in Patients with Severe Traumatic Brain Injury; RESCUE-icp, Randomised Evaluation of
Surgery with Craniectomy for Uncontrollable Elevation of Intra-cranial Pressure; STITCH-trauma, Surgical
Trial in Traumatic Intracerebral Haemorrhage; Net-QuRe, Dutch Neurotraumatology Quality Registry; CER,
comparative effectiveness research; RESCUE-ASDH, Randomised Evaluation of Surgery with Craniectomy

for patients Undergoing Evacuation of Acute Subdural Haematoma; DC, decompressive craniectomy; ICU,

intensive care unit; ICP, intracranial pressure; GOS, Glasgow Outcome Scale.
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FUTURE PERSPECTIVES - COMPARATIVE EFFECTIVENESS RESEARCH

Clearly, there is a need for stronger evidence in the field of surgical treatment of
TBI. Future studies in surgical strategies for TBI should focus on feasibility and
generalizability, typical characteristics of comparative effectiveness research
(CER).*** Non-experimental CER, uses variability in treatment for comparison in
real-world conditions and is increasingly used in medicine to compare the outcomes
of different treatments.

This approach may allow us to link documented variation in surgical strategies
to outcome variation in two promising studies now under development (Table).
Specifically, for surgical strategies, the proven variation in surgical strategies will be
linked to the outcome variation. Thereby, in CENTER-TBI, we expect to answer the
burning clinical questions of this chapters’ title: who to operate and when in certain
subgroup of patients with ASDH and/or contusions. In addition, the Randomised
Evaluation of Surgery with Craniectomy for patients Undergoing Evacuation of Acute
Subdural Haematoma (RESCUE-ASDH) is an international multicenter, pragmatic,
parallel group randomized trial of primary DC versus craniotomy for adult head-
injured patients with an ASDH.** The new study is currently in the set-up phase and
the internal pilot phase is expected to start in 2014.

With these innovative studies as forerunners, we strongly believe that the CER
approach has the potential to create more clarity in the uncertainties in the
neurosurgical treatment of TBL.***'

Thus, confronted with a patient with TBI, neurosurgeons have to deal with multiple
clinical and radiological variables, in a limited time frame and with a shortage of
data or predictive outcomes, leading to a broad variation in current practice. We
strongly believe that CER approaches and pragmatic trials have potential to create
more clarity in the uncertainties in the neurosurgical treatment of TBL.***

38 Part I



REFERENCES

I.

I0.

II.

Bullock MR, Chesnut R, Ghajar J,
et al.  Introduction.  Neurosurgery
20006;58(Supplement):S2-1-S2-3.
Rosenfeld JV, Maas AI, Bragge P,
Morganti-Kossmann MC, Manley GT,
Gruen RL. Early management of severe
traumatic  brain injury. The Lancet
2012;380(9847):1088—98.

Timofeev I, Dahyot-Fizelier C, Keong N,
et al. Ventriculostomy for control of raised
ICP in acute traumatic brain injury. Acta
Neurochir Suppl 2008;102:99-104.
Compagnone C, Murray GD, Teasdale GM,
et al. The Management of Patients with
Intradural Post-Traumatic Mass Lesions: A
Multicenter Survey of Current Approaches
to Surgical Management in 729 Patients
Coordinated by the European Brain Injury
Consortium. Neurosurgery 2005;1183—92.
Bullock MR, Chesnut R, Ghajar J, et al.
Surgical management of acute subdural
hematomas.  Neurosurgery  20006;58(3
Suppl):S16-24-discussionSi-iv.

Leitgeb J, Mauritz W, Brazinova A, et al.
Outcome after severe brain trauma due
to acute subdural hematoma. Journal of
Neurosurgery 2012;117(2):324-33.

Bullock MR, Chesnut R, Ghajar ], et
al. Surgical management of traumatic
parenchymal lesions. Neurosurgery
20006;58(3 Suppl):S25—46-discussionSi-iv.
Skandsen T, Kvistad KA, Solheim O, Strand
IH, Folvik M, Vik A. Prevalence and impact
of diffuse axonal injury in patients with
moderate and severe head injury: a cohort
study of early magnetic resonance imaging
findings and 1-year outcome. Journal of
Neurosurgery 2010;113(3):556-63.

Seelig JM, Becker DP, Miller JD, Greenberg
RP, Ward JD, Choi SC. Traumatic acute
subdural hematoma: major mortality
reduction in comatose patients treated
within four hours. N Engl | Med
1981;304(25):1511-8.

Tallon JM, Ackroyd-Stolarz S, Karim SA,
Clarke DB. The epidemiology of surgically
treated acute subdural and epidural
hematomas in patients with head injuries:
a population-based study. Can | Surg
2008;51(5):339—45-

Li LM, Kolias AG, Guilfoyle MR, et al.
Outcome following evacuation of acute
subdural haematomas: a comparison
of craniotomy with decompressive
craniectomy. Acta Neurochir

2012;154(9):1555-61.

Chapter 2

I2.

13.

14.

3.

16.

17.

18.

19.

20.

21.

22.

Nijboer JMM, van der Naalt J, Duis ten
H-J. Patients beyond salvation? Various
categories of trauma patients with a
minimal Glasgow Coma Score. Injury
2010;41(1):52—7.

Dent DL, Croce MA, Menke PG, et al
Prognostic factors after acute subdural
hematoma. The Journal of Trauma: Injury,
Infection, and Critical Care 1995;39(1):36—
42—discussiong2-3.

Mathew P, Oluoch-Olunya DL, Condon BR,
Bullock R. Acute subdural haematoma in
the conscious patient: outcome with initial
non-operative management. Acta Neurochir
1993;121(3-4):100-8.

Servadei F, Nasi MT, Cremonini AM,
Giuliani G, Cenni P, Nanni A. Importance
of a reliable admission Glasgow Coma
Scale score for determining the need for
evacuation of posttraumatic subdural
hematomas: a prospective study of 63
patients. The Journal of Trauma: Injury,
Infection, and Critical Care 1998;44(5):868—
73

Murray GD, Teasdale GM, Braakman R, et
al. The European Brain Injury Consortium
survey of head injuries. Acta Neurochir
1999;141(3):223-36.

Kolias AG, Belli A, Li LM, et al. Primary
decompressive craniectomy for acute
subdural haematomas: results of an
international  survey. Acta  Neurochir
2012;154(9):1563-5.

Maas AIR, Roozenbeek B, Manley GT.
Clinical trials in traumatic brain injury:
past experience and current developments.
Neurotherapeutics 2010;7(1):115—206.

Cooper DJ, Rosenfeld JV, Murray L, et al.
Decompressive Craniectomy in Diffuse
Traumatic Brain Injury. N Engl | Med
2011;364(16):1493—502.

Maas AIR, Menon DK, Lingsma HF, Pineda
JA, Sandel ME, Manley GT. Re-Orientation
of Clinical Research in Traumatic Brain
Injury: Report of an International
Workshop on Comparative Effectiveness
Research.  Journal  of  Neurotrauma
2012;29(1):32—46.

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

Kolias AG, Kirkpatrick PJ, Hutchinson PJ.
Decompressive craniectomy: past, present
and future. Nat Rev Neurol 2013;9(7):405—

15.

39






wn

The mortality reduction of acute surgery in traumatic acute subdural™
hematoma since the 19" century: systematic review and meta-analysis |

ium of the International Neurotrauma
ebruary 1-4, 2016.

|

&

Portions of this work were presented at the 12" S
Society, Capetown, South-Afri




ABSTRACT

The rationale of performing surgery for ASDH to reduce mortality is often compared
to the self-evident effectiveness of a parachute when skydiving. Nevertheless, it is of
clinical relevance to estimate the magnitude of the effectiveness of surgery. The aim
of this study is to determine whether surgery reduces mortality in traumatic acute
subdural hematoma (ASDH) as compared to initial conservative treatment.

A systematic search was performed in the databases IndexCAT, PubMed, Embase,
Web of Science, Cochrane library, CENTRAL, Academic Search Premier, Google
Scholar, ScienceDirect, and CINAHL for studies investigating ASDH treated
conservatively and surgically, without restriction to publication date, describing
the mortality. Cohort studies or trials with at least five patients with ASDH, clearly
describing surgical, conservative treatment or both, with the mortality at discharge,
reported in English or Dutch, were eligible.

The search yielded 2025 reports of which 282 were considered for full-text review.
After risk of bias assessment, we included 102 studies comprising 12,287 patients.
The data was synthesized using meta-analysis of absolute risks was conducted in
random-effects models, with dramatic effect estimation in subgroups.

Overall mortality in surgically treated ASDH is 48% (95% CI 44-53%). Mortality after
surgery for comatose patients (GCS < 8) is 41% (95% CI 31-51%) in contemporary
series (after 2000). Mortality after surgery for non-comatose ASDH is 12% (95% CI
4-23%). Conservative treatment is associated with an overall mortality of 35% (95%
CI 22-48%), and 81% (95% CI 56-98%) when restricting to comatose patients. The
absolute risk reduction (ARR) is 40% (95% CI 35-45%), with a number needed to
treat of 2.5 (95% CI 2.2-2.9) to prevent one death in comatose ASDH.

Thus, surgery is effective to reduce mortality among comatose ASDH patients. The
magnitude of the effect is large, although the effect size may not be sufficient to
overcome any bias.
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INTRODUCTION

Three hundred per 100000 people are admitted with traumatic brain injury (TBI)
yearly." Of those, 20% has an acute subdural hematoma (ASDH), which is one of
the most important causes of the high mortality and substantial morbidity in TBI.?
Surgical evacuation is considered the cornerstone of treatment but associated with
strong practice variation.” The evidence level of the effect of surgical evacuation does
not rise above class III (Brain Trauma Foundation (BTF) classification of evidence?),
and is mainly based on uncontrolled cohorts or case series.” A systematic review with
or without meta-analysis has never been performed. The most recent review is from
1997 and was not performed systematically.’

Neurosurgical interventions are seldom based on level I/II evidence.® There is a
lack of comparative studies that are properly designed to estimate the effectiveness
of surgery. In ASDH, neurosurgeons are reluctant to randomize surgery.’” It is
considered unethical because it potentially withholds a lifesaving treatment and
common sense can be applied to deduce its effectiveness. Some make the analogy
with the effect of a parachute when jumping from a plane.®

Inan effort to integrate obvious effects with evidence based medicine (EBM), Glasziou
et al. coined the term ‘dramatic effect’ and explored methods to infer causality of
several interventions.® This approach has also been applied in neurosurgery. The
effect of surgery in epidural hematoma (EDH) was determined in a meta-analysis
using a historical control group.” The Oxford Centre for Evidence Based Medicine
has proposed to upgrade observational studies with a dramatic effect to a higher
evidence level." Whether surgery for ASDH can be seen as a dramatic effect for
which bias is unlikely to explain its apparent effect, remains to be determined.

The question of this study is whether a surgical strategy (i.e. evacuation by craniotomy
[CR] or decompressive craniectomy [DC]) leads to lower in-hospital mortality as
compared to (initial) conservative treatment in ASDH. Our hypothesis is that
mortality in comatose (Glasgow Coma Scale [GCS] < 8) ASDH is high for conservative
treatment and much lower for surgery. A large difference between mortality risks,
in combination with an endpoint that is not prone to misclassification, would
provide robust evidence for which the common sense parachute analogy applies.”**
The underlying concept is that the effect will probably be very large and thereby
outweighs any practically conceivable bias.

METHODS

The Preferred Reporting Items for Systematic Reviews and Meta-Analyses were
followed.® The review protocol was preregistered on PROSPERO (registration
number CRD42015025491). It was prepared as start of a living systematic review
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(LSR) of the CENTER-TBI project (www.center-tbi.eu). The LSR was performed
separately, with the Glasgow Outcome Scale (Extended) as outcome and was started
in 2016 (PROSPERO CRD42019125330).

SEARCH STRATEGY AND SELECTION CRITERIA

To find studies on mortality risks in surgical and conservative ASDH, we searched
English and Dutch publications in the databases IndexCAT, PubMed, Embase
(OVID-version), Web of Science, Cochrane library, CENTRAL, Academic Search
Premier, Google Scholar, ScienceDirect, and CINAHL. The search string focused on
traumatic ASDH, cranial surgery, conservative management and outcome, and was
devised with a trained librarian (JS). We did not restrict the search to a publication
date, as reports on the natural history of ASDH were estimated to be mostly available
in very old literature. The search dates from September 19, 2019 (supplemental
material 1). For studies describing cohorts with either treatment strategy only, we
truncated the search at 2016. The LSR started in 2016 and focused on traditional
meta-analysis to infer effectiveness. Therefore, from 2016 onwards we only included
studies with both treatment groups.

Original studies were eligible if they met the following criteria: (1) a cohort study or
a trial with at least five patients with traumatic ASDH, clearly describing surgical,
conservative treatment or both with (2) description of the in-hospital mortality.
Studies with patients younger than 16 or with posterior fossa- or interhemispheric
ASDH were excluded. Case series were not considered because these do not allow
calculation of absolute risks.” Studies with outcome-based sampling, for example
in studies that diagnose ASDH post-mortem, will be excluded. We included studies
with exposure (surgical or conservative treatment) based sampling.

The citations were downloaded into Covidence (www.covidence.org). The initial
study selection on abstract and title was independently done by two authors (TVE,
NvdG). Full texts were reviewed by three authors (IVE, LR, NvdG). Discrepancies
were solved by consensus. We did not treat the absence of a stated aim, an unclear
aim, or an aim discordant from our systematic review, as exclusion factors.

DEFINITIONS

We used the BTF’s definition of ASDH: every patient within 2 weeks of head injury
and a diagnosis of a subdural localized hematoma (either on CT, by angiography,
by other radiological exams (including air ventriculography) and/or by surgery).”
Subacute or chronic subdural hematomas were not considered.

Pragmatic definitions for a primary surgical and conservative treatment strategy
were used by adhering to the definition of the study in question. However, a surgical
strategy had to include at least: (1) a CR or a DC to evacuate the hematoma and (2)
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initiated within 24 hours of presentation or, when no time window was reported,

surgery directly after the first CT that revealed the ASDH. A conservative strategy is

any hospital admittance with associated medical interventions without a CR or a DC
within 24 hours of presentation or after the first CT with optional secondary CR or

DC in case of secondary deterioration after 24 hours.

Because the presentation of ASDH is clinically heterogeneous, we regarded several

outcome predictors relevant:

- Clinical parameters: age, level of consciousness as an indicator of TBI severity
(mild and moderate (GCS > 8), mixed, severe (GCS = 8)), pupillary reactivity
(abnormal or non-reactive to light, normal);

- Radiological parameters: thickness of the ASDH, the severity of midline shift,
other intracranial lesions (e.g. contusions);

- Process parameters: time to hospital, time to operation (either from injury or
from hospital).

If two out of three parameters were completely described, the article was qualified as

adequately reporting relevant prognostic characteristics.

DATA EXTRACTION AND RISK OF BIAS ASSESSMENT

Data was independently extracted by two authors (LR, TvE). Discrepancies were
resolved by consensus. The following data were extracted: study design, presence
of a comparison group, sample size, in-hospital mortality, inclusion and exclusion
criteria, age, GCS, anti-coagulant use, concomitantintracranialhematoma/contusion,
proportion surgically treated (in case of comparative studies), operation type (DC,
CR and/or BR), report on relevant outcome predictors, and CT diagnose of ASDH.
Further, we extracted whether the cohort of patients consisted of a subpopulation.
Risk of bias was assessed by an adapted MINORS instrument.”® The ‘low risk of bias’-
requirements were: (a) ascertainment of exposure by CT, (b) consecutive inclusion, (c)
prospective data collection, and (d) adequate description of prognostic characteristics
(see ‘Definitions’). In (comparative) studies containing both treatment groups,
additional criteria for ‘low risk of bias’ were: (e) contemporary groups (no historical
comparison), (f) baseline equivalence of groups, and (g) adequate adjustment for
confounders. At the end of this process we allocated each study to a dichotomic
qualitative score ‘low risk of bias’ ‘yes’ or ‘no’, instead of the original quantification of
the risk of bias from MINORS, because numerical representation of the components
may be misleading.”

STATISTICAL ANALYSIS
The pooled mortality risk (proportion) was the outcome measure. Mortality was

stratified on publication date (before vs after CT-era), age categories, and presenting
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consciousness level (motor score 6/GCS > 8 versus motor score < 6/GCS = 8). After
assessment of risk of bias and study heterogeneity, pooled estimates of respectively
the proportions of the surgical and conservative cohorts and of the effect measures
(i.e. relative risks, odds ratios) from the comparative studies were obtained. The
predefined plan for meta-analyses:

The first strategy assumed a dramatic effect (of surgery on mortality) by comparison
with estimations from historical cohorts. The assumptions are 1) an objective outcome
measure, not prone to misclassification, 2) a high mortality risk in untreated subjects
confirmed by multiple cohorts and 3) a much lower mortality risk in surgically treated
subjects in multiple cohorts. The pooled mortality risk of the surgical cohorts was
compared to that of the conservative cohorts by use of the absolute risk reduction
(ARR), relative risk (RR) and the numbers-needed-to-treat (NNT) to quantify the effect
of surgery on mortality.” We sought to provide these effect measures specifically for
the comatose subgroup (GCS < &) in which the dramatic effect assumptions apply.
In this analysis, we compared mortality in surgery cohorts after 2000 with mortality
in all conservative cohorts. Thereby aiming for an accurate reflection of modern-day
surgery and an appropriate estimate of conservative treatment of comatose ASDH
respectively. Sensitivity analyses were performed with and without restricting to
time period (after 2000).

The second strategy was a (conventional) meta-analysis with pooling of effect
estimates. Pooled estimates were obtained when studies were termed low risk of
bias.

Meta-analyses for effect estimates and for proportions were carried out using the
metan and metaprop commands™' in Stata 14 (Stata Corp., College Station, TX,
USA) in random-effects models.

RESULTS

STUDY CHARACTERISTICS

One hundred and two studies were included involving data from 12,287 patients (Fig.
1): seventy cohort studies of surgically treated ASDH, 11 cohort studies of natural
history/conservatively treated ASDH and 21 studies containing both surgically
and conservatively treated patients (Table 1, 2, 3 in supplemental material 2).>°"™
Consequently, there were 91 surgical cohorts and 32 conservative cohorts of which
the natural history of ASDH can be inferred. All studies considered, mortality was

46% (95% CI 42-51%).
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Regular databases n = IndexCat Meeting abstracts n =71 Cross-reference
1164 n=661 (Embase: 53 search
(PubMed: 879 Web of Science: 18, n=30
Embase: 425 COCHRANE: 3, Google
Web of Science: 216 Scholar: 5)
COCHRANE: 24 I
CENTRAL: 24, 1
CINAHL: 14,
Academic Search
Premier: 24, Total
ScienceDirect: 15, n = 2025 results
Google Scholar: 66)
Duplicates n = 432
Title/abstract
screening
n=1593 Excluded:
* No ASDH patients
* Not in English or Dutch
* No full text article available
* Wrong study design

¢ Lessthan 5 patients

Full text screening
282 articles Excluded (n=180):

* No outcome for ASDH (n=32)

* No outcome for treatments
separately (n=46)

* No outcome of interest (n=18)

* Not in English or Dutch (n=25)

* Wrong study design (n=39)

Critical appraisal and * Less than 5 patients (n=7)
data extraction ¢ Not admitted within 24h (n=3)

102 articles * Reprint or re-used cohort (n=4)
* Patient domain too specific (n=6)

Figure 1. Flow diagram of screened, included and excluded studies.

RISK OF BIAS AND HETEROGENEITY

Four of the conservative cohorts (13%) had a low risk of bias compared to eight
surgical cohorts (9%) (Table 1, 2 and 4 in supplemental material 2). None of the
studies containing both groups, had a low risk of bias (Table 3 and 4 in supplemental
material 2). Visual (qualitative) assessment of the wide variability in the reported
mortality risks of the studies in the forest plots showed substantial between-study
heterogeneity.

MORTALITY IN SURGICALLY TREATED ACUTE SUBDURAL HEMATOMA PATIENTS

The overall mortality in the surgery group was 48% (95% CI 45-52%). Patients
younger than 30 and older than 6o had a lower mortality (respectively 19% and 31%)
than patients between 30 and 6o years (44% and 54% respectively for 31-45 and
46-60 years, Fig. 1 in supplemental material 2).

There were two surgical cohorts for non-comatose ASDH. In these studies patients
had a GCS between 11-15 and the pooled mortality was 12% (95% CI 4-23%). Thirty-
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Study Mortality (95% ClI)

Up to 2000

Munro (1934) —_— 0.41(0.27, 0.57)
McLaurin (1961) e 0.73 (0.62, 0.82)
Schisano (1964) —_— 0.75(0.61, 0.84)

Jamieson (1972)

Hernesniemi (1) (1979)
Seelig (1981) 0.57 (0.47, 0.67)
Gennarelli (1982) 0.61 (0.56, 0.67)

—_— 0.63 (0.57, 0.69)
——
——
——
Stone (1983) B — 0.59 (0.51, 0.67)
—_—
——

0.66 (0.57, 0.74)

Shigemori (1984) 0.55 (0.38, 0.71)
Shigemori (1988) 0.63 (0.46, 0.78)

Marshall (1991) . 0.50 (0.43, 0.58)
Wilberger (1991) —_— 0.66 (0.57, 0.75)
Sakas (1995) o 0.64 (0.43, 0.80)
Domenicucci (1998) —— 0.68 (0.50, 0.81)
Servadei (1998) —_— 0.56 (0.42, 0.69)
Beatty (1999) o 0.50 (0.19, 0.81)
Subtotal <> 0.61 (0.58, 0.65)
2000-2015

Caroli (2001) —_— 0.23(0.11, 0.42)
Cruz (2001) — 0.20 (0.14, 0.26)
Guilburd (2001) —_— 0.52 (0.35, 0.68)
Hlatky (2004) D E— 0.45 (0.30, 0.62)
Inamasu (2006) B — 0.79 (0.62, 0.89)
D'Amato (2007) D ——— 0.35(0.19, 0.55)
Zhao Hong (2009) —_— 0.66 (0.59, 0.72)
Bhat (2010) — 0.37 (0.31, 0.44)
Chabok (2011) —_— 0.33(0.21, 0.48)
Chen (2011) —_— 0.17 (0.11, 0.25)
Leitgeb (2012) . — 0.43 (0.36, 0.50)
Kalayci (2013) D E— 0.38 (0.24, 0.55)
Girotto (2014) —_— 0.36 (0.24, 0.50)
Inamasu (2014) —_— 0.34 (0.24, 0.47)
Ayoub (2015) o 0.65 (0.43, 0.82)
Subtotal P 0.41 (0.31, 0.51)

Mortality (proportion)

Figure 2. Historical and contemporary mortality risks in surgically treated comatose acute sub-

dural hematoma patients.
The squares and horizontal lines correspond to the mortality risks with 95% Cls. The diamond represents
the pooled mortality risk and 95% Cl of the subgroup population.

one studies in comatose ASDH patients showed a pooled mortality of 51%, 95% CI
45-58 (Fig. 2 in supplemental material 2). Pooled mortality for (surgical) ASDH in
studies without restriction to TBI severity (i.e. GCS 3-15) was 45% (95% CI 38-51, Fig.
3 in supplemental material 2).

Mortality before the CT-era was 59% and in studies with a CT diagnosis of ASDH
mortality was 45% (Fig. 4 in supplemental material 2). Surgery for comatose ASDH
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Study Mortality (95% Cl)

Comatose

Munro (1934) ———= 1.00(0.85, 1.00)
Laudig (1940) ——= 1,00 (0.89, 1.00)
Lewin (1949) & 1.00 (0.51, 1.00)
Hernesniemi (1) (1979) —————=—  0.90(0.71,0.97)
Servadei (1998) —_— 0.20 (0.07, 0.45)
Sousa (2002) —_— 0.77 (0.63, 0.87)
D'Amato (2007) - 0.60 (0.23, 0.88)
Leitgeb (2012) —_— 0.51 (0.44, 0.59)
Subtotal ——  —— 081(056,098)

Non-comatose

Mathew (1993) 0.00 (0.00, 0.14)

—
Croce (1994) -— 0.05 (0.02, 0.14)
Laviv (2014) -— 0.03 (0.01, 0.09)
Kim (2014) -— 0.00 (0.00, 0.04)
Sufaro (2019) e — 0.08 (0.02, 0.24)
Subtotal C 0.02 (0.00, 0.06)

T T T T T

0 25 5 75 1

Mortality (proportion)

Figure 3. Mortality of the natural history or conservative treatment of comatose and non-coma-

tose acute subdural hematoma patients.
The squares and horizontal lines correspond to the mortality risks with 95% Cls. The diamond represents
the pooled mortality risk and 95% ClI of the subgroup population.

patients in more recent studies (after 2000) is associated with a pooled mortality of
41% while mortality was 61% in studies before 2000 (Fig. 2).

MORTALITY AFTER CONSERVATIVE TREATMENT OF ACUTE SUBDURAL HEMATOMA

The overall mortality risk after conservative treatment was 35% (95% CI 22-48%),
inferred from studies describing the natural history of ASDH and studies of
conservatively treated comatose ASDH. Pooling comatose ASDH patients with
conservative treatment, resulted in a mortality of 81% (95% CI 56-98%, Fig. 3), while
in studies after 2000, conservative treatment is associated with a pooled mortality of
64% (95% CI 41-81%). Pooled mortality in conservative treated non-comatose ASDH
patients was 2% (95% CI 0-6%, Figure 3). Pooled mortality of ASDH conservative
management in mixed GCS cohorts was 26% (95% CI 13-40%, Fig. 5in supplemental
material 2).
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Table 1. Summary statistics of the effect measures of surgery for acute subdural hematoma
Treatment for ASDH (95% Cl, number of studies)

Mortality without intervention 81% (56-98, n = 8)
Mortality with intervention 41% (31-51, n = 15)
ARR 40% (31-49)
RRR 49%

NNT 2.5 (2.0-3.2)

ASDH: acute subdural hematoma. ARR (absolute risk reduction). Cl (confidence interval). RRR (relative risk
reduction). NNT (number needed to treat).

Table 2. Summary statistics of the effect measures of surgery for epidural hematoma and para-
chute in free-fall

Surgery for EDH* Parachute in free-fall*
Mortality without intervention 99% (95-99) 74% (69-79)
Mortality with intervention 13% (11-15) 0% (0.0011-0.0017)
ARR 86% (82-89) 74% (69-79)
RRR 87% 99.9%
NNT 1.2 (1.1-1.2) 1.4 (1.3-1.5)

EDH: epidural hematoma. ARR (absolute risk reduction). RRR (relative risk reduction). NNT (number
needed to treat).
* Adapted from .

TREATMENT EFFECT

The absence of studies with a low risk of bias as well as the considerable between-
study heterogeneity, as can be inferred from the widely varying mortality risks, do
not allow meta-analysis of effect estimates. Moreover, among the studies with both
cohorts, there were no comparative studies that presented effect measures.

The mortality risk associated with the conservative treatment of comatose ASDH
patients, was 81% (Fig. 3). Compared to the mortality of modern surgery in comatose
ASDH patients of 41%, this translates to an ARR 40% and a NNT of 2.5 (Table 1).
Restricting the historical control group to after 2000 as well, leads to an ARR of 23%
(95% CI 13-32%) and a NNT of 4.3 (3.1-7.7). And finally, without restricting to time
period leads to 81 versus 51% with an ARR of 30% (95% CI 24-36%) and a NNT of

3.3 (2.8-4.2).
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DISCUSSION

ASDH is associated with poor outcome despite surgery. Mortality in surgically treated
comatose patients has been reduced considerably since the 19" century. Surgery is
nowadays associated with a mortality of 41%. In historical cohorts, conservatively
treated ASDH has a mortality of 81%. Together this leads to an ARR 40% and a NNT
of 2.5. In clinically relatively good patients (GCS 9-15) there is no obvious mortality
benefit of surgery.

We assumed a strong effect of surgery to determine the relation of surgery and
mortality in ASDH. The validity of our conclusion relies on whether our effect is
dramatic enough that confounding and immortal time bias can be sufficiently ruled
out. The magnitude of the effect is large, although not as large as surgery for EDH
(ARR 74%) or as for a parachute when skydiving (ARR 86%, Table 2). ASDH is a
more debilitating disease than EDH because of underlying primary brain damage,
and even after (modern-day) surgery the mortality is high. Glasziou et al and Nelson
etal. propose a risk ratio (RR) of at least 10 and an ARR of 50% respectively, to qualify
as a convincing difference to claim a treatment effect.”’® Even when the mortality of
the natural history of ASDH would be 100%, these dramatic effect thresholds would
not be reached with a RR of 2.4 and an ARR of 59%. According to these conventions,
surgery for ASDH would qualify but with low confidence.

The type of control group influences the effect size. When restricting the conservative
treatment estimate to after 2000, the ARR was 23%. This difference is not considered
a dramatic effect beyond doubt and can be explained by bias. However, the clinical
decision for conservative treatment in these three studies was (well) reasoned, i.e.
strong confounding by indication, resulting in a selected subgroup (not neurologically
deteriorating patients with small ASDH and normal ICP). This control group is
therefore less appropriate. The type of control group requires balancing between
an accurate reflection of curative ability of conservative management against highly
selected populations of comatose patients amenable to conservative management.
By including studies done before the widespread use of CT, we are exploiting the
pre-CT era’s inability to fully appreciate the strong curative potential of surgical
evacuation. By combining those with modern conservative cohorts, we aimed to
obtain an accurate reflection of conservative treatment mortality risk of comatose
ASDH.

Is this study a mere exercise in epidemiological theory and unnecessary complex
rendition of common sense? In other words, what are the implications of our results?
First, our results demonstrate that surgical evacuation of ASDH is an effective
intervention. TBI guidelines should reflect the consensus that observational studies
with a dramatic effect should be regarded as level-2 evidence, similar to randomized
trials.” It may be argued that there is no need for additional study into the effect of
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surgery in comatose patients in terms of mortality reduction, especially for the rapidly
deteriorating young patient with one nonreactive pupil and an isolated ASDH. On
the other hand, the question may be raised whether the results are sufficient not to
perform arandomized trial. The ARR of 40% could be considered not a dramatic effect
beyond doubt. It might be explained by confounding, selection bias and immortal
time bias. Although ASDH is seen as a progressive condition with a certain death,
it probably should be seen as spontaneous remitting. In contrast to EDH, ASDH is
often of venous origin instead of arterial, perhaps making a good clinical outcome
possible after expectant management. After all, chronic subdural hematoma arise
from liquefication of an ASDH - albeit without or little symptoms mostly. Some of
the included studies confirm this satisfactory prognosis of conservative treatment
of comatose ASDH patients. Thus, at least in certain comatose ASDH subgroups
randomized trials are defendable.

Second, this study does not support the notion that older patients have a worse
outcome. A possible explanation, though, could be selection bias where older
patients are deceased before hospital admission and therefore not included in any
study. However, the current results are in line with clinical experience that older
patients often have an isolated ASDH without contusion as a result of a low energetic
head trauma that may respond well to an early evacuation with a small craniotomy
or conservative treatment with watchful waiting and eventually a delayed burr hole
drainage.

Third, this study highlights the improved care for patients with ASDH over the past
century. The targeted and efficient craniotomy and DC to treat severe TBI and ASDH
have coincided with the evolution of trauma care systems. Advances in neurocritical
care and the widespread introduction of CT-scanners and ICP monitors, have
decreased mortality for patients with severe TBI dramatically in modern well-
resourced hospitals.

Fourth and final, the effect of surgery in moderate TBI could not be estimated
because cohorts restricting to moderate TBI were not available. However, the
probable positive effect exerts its influence mostly in terms of functional outcome
since the in-hospital mortality of conservatively treated non-comatose ASDH already
is relatively low with 2%.

This is the first systematic review of ASDH surgery. A strength is that it profits from
an exhaustive search of ASDH studies with an overview spanning 120 years ASDH
care. Limitations are the restriction to mortality as outcome and the broad eligibility
criteria, leading to strong between-study heterogeneity. Furthermore, the study may
have suffered from (positively skewed) publication bias. ASDH is associated with
poor outcome which can lead to under-publication of cohorts with a less favorable
outcome.
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This report provides a reference for studies into the effectiveness of surgery for
ASDH. Apart from surgery for comatose ASDH in terms of mortality, surgery in
ASDH is of unclear benefit. Wide practice variation confirms this statement.”***
Subgroups such as patients with moderate TBI and the elderly warrant high-quality
comparative studies. In addition, the effect of surgery on functional outcome and
quality of life requires further investigation.

CoNCLUSION

By comparing contemporary surgical treatment with the natural history of ASDH in
a systematic review of the mortality risk, surgery seems to reduce mortality among
comatose ASDH patients almost twofold. This finding integrates common sense, i.e.
obvious effects, with EBM standards, although the effect size may not be sufficient
to overcome any bias.
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ABSTRACT

Several recent global traumatic brain injury (TBI) initiatives rely on practice variation
in diagnostic and treatment methods to answer effectiveness questions. One of
these scientific dilemmas, the surgical management of the traumatic acute subdural
hematoma (ASDH) might be variable between countries, between centers within
countries and even between neurosurgeons within a center and hence amenable
for a comparative effectiveness study. The aim of this questionnaire was to explore
treatment variation for ASDH between neurosurgeons in similar centers in a densely
populated geographical area. An online questionnaire, involving treatment decisions
on 6 case vignettes of ASDH, was sent to 93 neurosurgeons in The Netherlands and
Belgium. Clinical and radiological variables differed per case. Sixty neurosurgeons
filled out the questionnaire (response rate 65%). For case vignettes with severe
TBI and an ASDH there was a modest variation for the decision to evacuate the
hematoma and a large variation for the decision to combine the evacuation with
a decompressive craniectomy. The main reasons to operate were ‘neurological
condition’ and ‘mass effect’. For ASDH and mild/moderate TBI there was large
variation for operating or not, whereas ‘hematoma size’ was the predominant
motivation for surgery. Significant intercenter variation for the decision to evacuate
the hematoma was observed (p = 0.01). Most pronounced was that one out of seven
(14%) neurosurgeons in one region chose a surgical strategy compared to nine out of
ten (90%) in another region for the same case. In conclusion, variation exists in the
neurosurgical management of TBI within an otherwise homogeneous setting. This
variation supports the methodology of the international CENTER-TBI initiative and
shaped the Dutch Net-QuRe initiative.

Keywords:
Traumatic brain injury, acute subdural hematoma, treatment variation.
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INTRODUCTION

Current and future research initiatives in traumatic train injury (IBI) aim to answer
effectiveness questions using a comparative effectiveness approach.’ While most
traditional clinical trials have shown disappointing results due to methodological
and ethical constraints,” this comparative effectiveness methodological strategy
seems promising for TBI since considerable unexplained variation in outcome has
been reported and hypothesized to be due to variation in standard practice care.
To relate the practice variation to the outcome variation, however, several of the
hypothesized assumptions, imposed by the ambition to do effectiveness research
using observational data, have to be explored. Specifically, for many neurosurgical
effectiveness questions, mainly regarding severe TBI patients and/or patients with
CT abnormalities, practice variation in care has to be present and be quantifiable in
the data while at the same time other factors (i.e. confounders) need to be uniformly
distributed. Therefore, in preparation for the Dutch Neurotraumatology Quality
Registry (Net-QuRe) and Collaborative European NeuroTrauma Effectiveness
Research in Traumatic Brain Injury (CENTER-TBI) of one of the important
neurosurgical questions, we aimed to explore whether a detailed analysis would
lead to a quantification of the hypothesized practice variation in an otherwise
homogeneous area. The question entails the clinical dilemma ‘to operate or not in
acute subdural hematoma (ASDH)".

When confronted with a patientwith TBIand an accompanying ASDH neurosurgeons,
are faced with several management dilemmas. The first and most challenging
question is whether or not emergency surgery is indicated. The decision whether
to evacuate an ASDH is based on a number of factors including the patient’s age,
Glasgow Coma Score (GCS), pupillary status, comorbidities, computed tomography
(CT) findings and subsequent neurological deterioration or not.* Prompt surgical
evacuation can successfully decrease mortality but it is also known that despite
surgical and intensive care treatment many patients die or have an unfavorable
functional outcome.*® On the other hand, a substantial portion of patients managed
conservatively may have long term favorable outcomes.”™

The second question is whether evacuation of the hematoma should be accompanied
by a bony decompression (a decompressive craniectomy, DC). This decision seems
to be mainly influenced by the following factors: observation of brain swelling
during the surgery, intuitively to be expected secondary brain swelling by the
treating clinicians (neurosurgeon, neurologist or intensivist), medically intractable
intracranial hypertension in the course of intensive care treatment, presence of
penetrating (blast) brain injury or solely as the result of the hospital’s protocol.*""
The known complications of decompressive surgery have to be balanced against the
risk of uncontrolled brain swelling."*"
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Ethical considerations complicate these decisions even more. Treatment decisions
do not merely depend on efficacy based on mortality and functional outcome, but
should also consider patient autonomy and incorporate perceived cognitive and
somatic disability. Evacuation of the hematoma can be lifesaving but at the same
time may lead to survival of severely disabled patients with a poor quality of live or
even absence of autonomous cognitive functioning and rational thinking."®"”

In addition, these complicated decisions often have to be made in far from ideal
conditions, constrained by time, suffering from incomplete information of patients’
medical history. And due to 24/7 occurrence, often ensue at difficult moments, in
the middle of the night or weekend when regular consultation between senior staff-
colleagues is difficult and important treatment choices frequently have to be made by
one medical expert, mostly the neurosurgeon on call.

Society, and thereby future patients in particular, will have the opinion that these
difficult decisions in TBI management follow protocolled schemes and algorithms,
thereby excluding doubt. The contrary of this assumption might however be more
true. The surgical decision-making is hampered by the lack of evidence-based
selection criteria as a consequence of the absence of robust scientific grounds for
surgical indications.” The most recent and most broadly known guidelines, The
Brain Trauma Foundation (BTF) guidelines on the surgical management of ASDH*
are deduced from studies with a maximum of - merely - level 3 evidence. Since
then, the only study exceeding this level™ has also not led to clearly defined surgical
indications of procedures for patients with an ASDH. Generally, in TBI, there is alack
of high quality evidence relating surgery to outcome, mostly due to methodological
constraints.***

Thus, confronted with a patient with a traumatic ASDH, clinicians have to deal with
multiple clinical and radiological variables, in a very limited time frame and with a
shortage of data or predictive outcomes. In this setting the training background of the
trauma team, the culture of the way treatment is being performed in that particular
hospital and the intuition of the neurosurgeon on call could be the most important
factors that predict surgical decisions. How this echoes into current practice patterns
with possibly variation in TBI management protocols has been scarcely investigated.
Hypothetically, no large difference in background and university training of
neurosurgeons exists in Belgium and The Netherlands and, therefore, a low practice
variation is to be expected. So far, no study has evaluated if this varying trauma
management could also be the result of a variable view among neurosurgeons.
Therefore, we performed an online questionnaire study with questions on the
clinical management of hypothetical cases, based on real patients with an ASDH,
to determine, whether variability in view exists among neurosurgeons on treatment
of the ASDH and which potential factors might influence surgical decision-making
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by presenting cases that varied for the patient’s age, severity (in GCS), thickness of
the hematoma and mass effect. The study was conducted in this area with the global
goal to evaluate the differences in healthcare provider profile in a hypothetically

homogeneous area.

METHODS

The Netherlands and Belgium are small countries with a high population density.
Neurosurgical care for patients with TBI is provided at 11 level I trauma centers,
serving separate areas according to regional referral policies. Acute trauma care is
uniformly organized for all patients, with equal distribution of resources among
hospitals. Almost all inhabitants (98%) are within 30 minutes reach from a trauma
center (Fig. 1).

Travelling time (minutes)
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— provinces

Source: RIVM, LNAZ

Figure 1. Average traveling time to a trauma center in the Netherlands 2011.
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Regular day-to-day cases with TBI and CT brain abnormalities suspecting ASDH
were selected. The medical history and CT scans of these patients with traumatic
ASDH were retrieved from medical records of Leiden University Medical Center,
Medical Center Haaglanden and University Hospitals Leuven. We reviewed these
cases and selected 6 cases, based on individual variability between patients, with
different medical history, based on severity, age, duration between the accident
and presentation to the hospital (Fig. 2). In order to examine potential variation in
treatment we selected 4 cases that evoked discussion a priori in the author group
and 2 cases that did not (as a control group). Case 1, 2 (control) and 3 represent
severe and moderate TBI, i.e. GCS 3-12, and cases 4, 5 (control) and 6 represent mild
TBI, i.e. GCS 13-15. The cases were presented in a fixed random order (i.e. equal
for every respondent). The provided information per case consisted of the clinical
characteristics depicted in Figure 2 and three axial CT coupes (one of which is shown
in the figure). In Table 2 the questions regarding these cases are listed.

Dutch and Belgian neurosurgical department chiefs were asked by email whether
we could send a survey on operative management of the traumatic acute subdural
hematoma to their staff members. An invitation for the online questionnaire
was subsequently sent to the staff clinicians, fellows and chief residents working
in the responding neurosurgical departments. The online survey was made and
disseminated using the web survey tool SurveyMonkey (SurveyMonkey Inc., Palo
Alto, California, USA, www.surveymonkey.com).

Collected variables of the neurosurgeon were the age, location of residency program,
current clinical department and practicing time (time since finishing residency). The
various treatment options were analyzed for each case in general (all neurosurgeons).
Whether the responders would have operated or not was also analyzed per center (or
geographical region) if more than half of the employed staff clinicians responded.
The question whether to combine the evacuation with a decompressive procedure,
was also regionally analyzed but only for the severe TBI cases (1,2, and 3).

Since the outline of this study was descriptive, only a few statistical analyses were
employed. Statistical comparisons were limited to the analysis of regional variation
using chi-square test and Fisher’s exact test when appropriate. For statistical analysis
SPSS 20.0 (IBM, Chicago, Il, USA) was used. P-values < 0.05 were considered to
statistical significance. The missing values (not answered questions) for all questions
were accepted up to 4% for all questions. Missing data were left out and observed
data were analyzed unless stated otherwise.
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Case 1

Woman, 27 years, motor vehicle accident half hour ago, fall on right side of head.
History: blank. Medication: none.

Neurological exam

E3MS5V1, localizes with right arm, not with left arm.

Cranial nerves: normal pupillary reactivity and corneal reflex on both sides.

Ccr

Left-sided ASDH, contusions left frontotemporal, impression fracture petrous bone right.
Midline shift 1 cm to the right. Obliterated basal cisterns.

Case 2

Man, 28 years, assault 40 minutes ago, GCS of EIM2V2 and normal pupillary reactivity both
sides.

History: unknown. Medication: unknown.

Neurological exam

E1M2V2, no lateralization. Cranial nerves: normal pupillary reactivity on both sides.

Ccr

Left-sided ASDH, severe midline shift to the right.

Case 3

Man, 72 years, found unconscious, unclear since when.

History: atrial fibrillation. Medication: acenocoumarol.

Neurological exam

E1M2V1. Cranial nerves: pupil anisocoria (left > right), left pupil nonreactive, normal corneal
and oculocephalic reflexes.

Blood results

INR 3,6

Ccr

Large left -sided ASDH with severe midline shift.

Case 4

Man, 79 years, fall on head couple of hours ago. History: diabetes mellitus and
hypertension.

Medication: no anticoagulants, no aspirin.

Neurological exam

E3M6VS. Cranial nerves: no abnormalities.

Motor function: paretic right arm (MRC 4), no other paresis.

Ccr

Left-sided ASDH of 20 mm. Midline shift 9 mm. Normal basal cisterns.

Case 5

Man, 43 years, assault 2 days ago, headache since then, today nausea and vomiting, no

loss of consciousness.

History: aorta insufficiency grade 1 - 2, atrial fibrillation. Medication: acenocoumarol.
Neurological exam

EMV 15. No aphasia. Cranial nerves: normal. Motor function: slight drifting right arm (Barr¢).
Blood results

INR 2.36.

Ccr

Left-sided ASDH of 10 mm, midline shift of 5 mm.

Case 6

‘Woman, 79 years, motor vehicle accident, remembers everything, mild headache without
other symptoms.

History: Percutaneous coronary intervention. Medication: aspirin.

Neurological exam

Wound on back of head.

EMV15. No abnormalities.

cr

Left-sided ASDH with mild midline shift to the right. Fracture line caudal side of maxillary
sinus.

Figure 2. The six case vignettes and the accompanying CTs.
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RESULTS

NEUROSURGEON’S CHARACTERISTICS

The survey was completed by 60 respondents (53 neurosurgeons and 7 chief residents)
of a total of 93 invitations send out (response rate 65%). Of the respondents, 43
work in the Netherlands and 17 in Belgium. The responding neurosurgeons work
in respectively Amsterdam, Enschede, Leiden/The Hague, Nijmegen, Rotterdam,
Tilburg, Antwerp, Brussels or Leuven. Three clinicians did not report their center.
The number of clinicians per center is kept anonymous. The respondents had a
mean age of 44 years (range 30 — 67) with a median time since finishing residency
of 12 years (Table 1).

STRATEGY TOWARDS PATIENTS WITH SEVERE TBI AND ASDH

For patients with severe TBI and ASDH (case 1, 2 and 3) there is variation in the
decision to surgically evacuate the hematoma or not; respectively 88, 100 and 77
% answered ‘yes’ to the question ‘would you operate or not?” and 23, 8.3 and 28%
answered ‘yes’ to the question ‘randomize or not?’ (Table 2). The question ‘DC or
not?’” resulted in respectively 74, 67 and 17% of ‘yes’ answers, indicating variation
in type of surgery per case. In addition, respectively 5 (9.4%), 6 (10%) and 2 (4.3%)
would choose to perform a DC intraoperatively only when the brain was considered
to be swollen. For all other neurosurgeons a craniotomy was the preferred strategy.
For the question ‘ICP measurement?’ respectively 72, 82 and 43% of neurosurgeons
answered ‘yes’. In case 1 all other neurosurgeons answered ‘no’ except for eight
neurosurgeons (13%) that chose to place an ICP monitor depending on intraoperative
brain swelling. In case 2 and 3 all other neurosurgeons did not choose to place an
ICP sensor.

Table 1. Baseline characteristics

Responder’s characteristics Number of responders (%)
Number of responders 60 of 93 (65)

Male 55 (92)

Dutch 43 (72)

Age 44, range 30-67

Chief residents neurosurgery 7 (12)

Years since finishing residency 12,14 IQR

IQR: interquartile range.
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Table 2. Questions, possible answers and responses (proportions) with regard to the clinical
case vignettes

Answers (%)

Questions Possible answers  Case1 Case2 Case3 Caseq Case5 Case6
1. Would you Yes 53 (88.3) 60 (100) 46 (76.7) 41 (68.3) 3 (5.0) 3 (5.0)
perform an

operation on this  No 7(m7) o 14(23.3) 19 (317) 57(95) 57 (95)
patient?

2. Would you be Yes 14 (23.3) 5(8.3) 17 (28.3) 29 (48.3) 24 (40) 12 (20)

willing to leave

this decision
(whether to operate
or not) open for
randomization in a

No 45(75) * 55(917) 43 (717) 31 (517) 36 (60) 43 (80)

study?
3. When answered  a) Craniotomy with  5(9.4) 14 (23.3) 35(76.1) 39 (95.1) 2 (667) 2 (667)
‘yes’ on Q1, what evacuation of the
kind of operation hematoma
would you perform? ) pc it 39 (73.5) 40 (667) 8 (17.4) o o o
evacuation of the
hematoma
¢) Burr hole o o o o o
drainage

d) Another option,  5(9.4)  6(100) 2(43) 2(49) 1(333) 1(33.3)
please specify: ... **

4. Would you place  Yes 43 (717) 49 (817) 26 (43.3) 3 (5.0) o o
D
an ICP sensor? No 6(10) 10(167) 31(517) 56(93.3) 55(917) 55(917)
Depends on 8(13.3) % o* o* o* o* o*
intraoperative
swelling

* Numbers do not add up because some respondents did not answer.

** For case 1,2 and 3 the respondents answered that they would perform a decompressive craniectomy
dependent on intraoperative swelling. For case 4, 5 and 6 the respondents would start dexamethasone and/
or would perform a burrhole drainage in a later stage.

DC: decompressive craniectomy; ICP: intracranial pressure.

STRATEGY TOWARDS PATIENTS WITH MILD TBI AND ASDH

For the patients with mild TBI and ASDH (case 4, 5 and 6) there is considerable
variation in the decision to surgically evacuate the hematoma or not (Table 2;
‘operate or not?’ respectively 68, 5.0 and 5.0% ‘yes’ answers; positive incentive for
randomization respectively 48, 40 and 20%). DC was never chosen in mild cases.
ICP measurement was chosen in three mild TBI cases (5.0% for case 4).

Chapter 4 71



100

® Neurological condition
“Hematoma size

" Mass effect

= Other

% of responses

Case 1 Case 2 Case 3 Case 4

Figure 3. Graph illustrating the reason(s) for evacuation of the acute subdural hematoma, in

percentages of responses (proportions).
The respondents had the choice to give multiple answers per case. Case 5 and 6 were not included since
a minority of surgeons chose to operate (see Table 2). The numbered cases refer to the cases shown in

figure 2.

Table 3. The relation between neurosurgeon’s age and tendency to operate

Hypothetically operated (%) Age
=45)rs >45yrs p

Case1 31 (93.9) 18 (81.8) 0.20
Case 2 33 (100) 22 (100 N/A
Case 3 23 (69.7) 18 (81.8) 0.31
Case 4 20 (60.6) 17 (77.3) 0.9
Cases 2 (6.) 1 (4.5) 1.0
Case 6 2 (6.1) o (0.0) 0.51
Total 111 (56.1) 76 (57.5) 0.80

Five respondents did not report their age. Yrs: years.

Table 4. The relation between region and tendency to operate

Hypothetically operated (%) Regions

A(n=3) B(n=7) C(n=16) D(n=10) E(n=7) P
Case1 2 (667) 6 (857) 14 (87.5) 10 (100) 85.7 (6) 0.49
Case 3 1(33-3) 3(42.9) 14 (87.5) 9 (90) 7 (100) 0.17
Case 4 o (o) 1 (14.3) 13 (81.2) 9 (90) 6 (857) 0.01
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INDICATIONS FOR SURGERY

For cases representing severe TBI the main reasons for surgery of the ASDH were
‘neurological condition’ and ‘mass effect’. For the operated mild TBI case ‘hematoma
size’ was the most important variable for the decision to operate (Fig. 3).

AGE AND PRACTICE VARIATION
There was no association between age and tendency to operate for all six cases
individual or overall (Table 3).

REGIONAL VARIATION

Region is associated with the decision to evacuate the hematoma or not (Table 4).
For case 1, the proportion surgical strategies did not differ between regions. For case
3, neurosurgeons in region A and B were less aggressive, although not significantly,
with regard to evacuating the hematoma compared to region C, D, and E. For case
4 there was a significant association between region and operating or not. Most
notably, one out of seven (14%) of neurosurgeons in one region chose a surgical
strategy compared to nine out of ten (9o%) in another region for this case vignette.
The intracenter variability, i.e. neurosurgeons within a center, is most pronounced
for region B, as can also be deduced from Table 4. Lastly, there seems to be a
moderate regional variation for the decision to combine the primary evacuation of
the hematoma directly with a DC: in case one 57% of region B (n =) would perform
a primary DC while 100 % of region C (n = 16).

DISCUSSION

Remarkably and in contrast to the author’s hypothesis, this study suggests that
standard treatment of (severe) TBI is highly variable due to a differing view on
neurosurgical management despite the small countries, dense population and
similar training curricula of trauma team physicians.

The survey results show that surgical decision making for patients with ASDH
varies considerably in the Dutch speaking part of The Netherlands and Belgium.
Practice variation in the treatment of ASDH between countries and within large
countries like the USA is probable but was not suspected within small countries
between hospitals or even between neurosurgeons. The variation in neurosurgical
management between regions and between neurosurgeons is quite impressive
and cannot be explained by the lack of evidence alone. Ethical considerations,
personal opinions about value of a meaningful life from a humanistic perspective
probably play an important role. It could be true that the reasons and predictions
of clinicians in charge of TBI patients, driving life and death decisions, and, along
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that line, how well a neurosurgeon or neurologist can actually predict the outcome,
have a profound impact on the prognosis of TBI patients. Therefore, we feel that
the different treatment strategies, reflected by the differing opinions in this study,
should be related to the true outcome which can best be challenged by a comparative
observational study of the different strategies with a comprehensive assessment of
the long-term outcome (CENTER-TBI and Net-QuRe).

Specifically, this study shows that there seem to be two groups of TBI-ASDH patients
that pose a challenging problem in surgical decision making, namely (1) patients with
slight decrease in consciousness, i.e. mild TBI, combined with a large hematoma,
and (2) elderly patients with a seemingly poor prognostic profile. These two groups
will be discussed separately. A most remarkable finding was the regional variation
(Table 4), which forms an important basis for future research on this subject and will
be discussed subsequently.

MiLp symMPTOMS BUT IARGE ASDH

The patients with slight decrease in consciousness and a large ASDH (thickness
> 10 mm), such as case 4, appear to be a clinical challenge since there was a broad
variation in operating or not as well as a high incentive to randomize. Presumably,
neurosurgeons in favor of evacuation of the subdural hematoma estimate that a large
ASDH leads to neurological deterioration or death by acting to slowly. Their suspicion
is backed by the BTF guideline, which was devised in 2005 by an international panel
of experts, that states that every ASDH with a thickness more than 10 mm and a
midline shift over 5 mm should be evacuated as soon as possible, irrespective of
neurological condition.* On the other hand, surgeons in favor of a conservative
strategy do not want to expose the patient to the risks of a craniotomy without a more
precise estimation of the chance of neurological deterioration when withholding an
operation. It can be argued that the guideline and the evidence so far should not
guide treatment since good quality comparative studies are lacking. Specifically, the
reviewed studies of the BTF guideline were of a low level of evidence; retrospective,
used small or selected study populations, and were performed more than 10 years
ago. Since then, the only study exceeding this level is a Austrian prognostic study"
Unfortunately, this study included patients with an ASDH due to severe TBI while
patients with an ASDH due to mild or moderate TBI were not analyzed. This group
represent up to 54% of patients with an ASDH.? Consequently, these results have
not led to a clearly defined subset of surgical indications of procedures for patients
with an ASDH.
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ELDERLY WITH POOR PROGNOSIS

The second category of ASDH patients that form a clinical dilemma is the
prognostically unfavorable group of the elderly patient with severe TBI (as presented
in case 3). Importantly, this clinical dilemma will only become more relevant since
the number of elderly patients with a TBI is rapidly increasing® and specifically
because subdural hematomas are more frequent in older patients.”

The treating neurosurgeon chooses not to operate because she/he believes the
outcome will still be unfavorable with an operation. On the other hand, the reason
to perform surgery could be that a neurosurgeon believes every patient deserves a
chance to survive, how unlikely it may be. This tendency to act in severe TBI cases
concerns especially young patients. In elderly patients some neurosurgeons are
more reserved and abstain from cranial surgery as illustrated in case 3, probably due
to an estimated poor prognosis.

To understand the variation in surgical decision-making is to understand the
different metrics used to objectify outcome of patients. Clearly, the estimation of an
unfavorable outcome or prognosis critically depends on how a worthwhile outcome
is valued according to the treating neurosurgeon, trauma-surgeon, intensivist or
neurologist. Although functional outcome scales are generally used to determine
effectiveness in neurotraumatology studies (i.e. GOSE), neurosurgeons might
consider other factors in the clinical setting. Often the conceptual issue quality of
life (QoL) is routinely employed in clinical setting, especially in talking about the
expected outcome of patients with a severe TBI. The neurosurgeon might estimate
that the live that will be saved is not worth living or will result in a low quality of live,
and therefore an evacuation is not performed.

In this context it is interesting to see how in a validated QoL instrument performs
in ASDH patients. Therefore we performed a 4 year cohort study in Leiden and The
Hague in which was shown that ASDH patients with a presenting GCS > 12 do not
differ in their long term QoL (as measured by the Qolibri scale***) compared to
surviving ASDH patients with a presenting GCS < 9.”° This finding relates to the
disability paradox where patients with severe disease or disability do not necessarily
report a poor QoL.””

SURGICAL DECISION MAKING IN ASDH

Making decisions under uncertainty, especially when time constrained, as is the case
for patients with traumatic ASDH, is susceptible for bias ** and thereby can lead
to practice variation. Analyzing the factors associated with this variation will let us
understand how the decisions come about and can be improved. The challenges
in understanding surgical decision making have been described for patients with
spontaneous intracerebral haemorrhage.* Each of these issues more or less can also
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hamper surgical decision-making in traumatic ASDH. Explicitly, in this investigation,
evidence is found for region as an important aggregating factor for the variation in
surgical care. The most likely explanation for this result is a differing practice culture
between institutions and training background of neurosurgeons.

Also, we like to elaborate on a possible explanation for the discrepancy in the presented
variation between severe and mild cases. There was a higher positive incentive for
randomization in cases with mild symptomatology (4,5 and 6) than in severe cases
(1,2 and 3), possibly reflecting more uncertainty with regard to mild/moderate TBI
and ASDH. However, although the percentages ‘yes’ for surgery in cases 1, 2 and
3 were relatively high, it is important to realize that variation thus exists even for
severe neurotrauma cases, in which the decision whether to operate or not often is
a matter of life or death. An important explanation could be that neurosurgeons are
more convinced of the merits of rapid surgical evacuation in severe cases. In part this
might also be explained by a human instinct to act or do something in a patient with
a life-threatening condition.

REGIONAL VARIATION IN THE LITERATURE

Although no similar survey has been conducted, other studies have shown that
variability in treatment of TBI exists. Rayan et al. showed that in only 17% of a
random sample of (brain) trauma patients care was delivered according to the BTF
guidelines,*® suggesting a variable approach. In addition, in an international survey
it was shown that there was a difference in point of view among neurosurgeons
with respect to combining the evacuation of an ASDH with a DC.*" Furthermore,
intercenter variation in TBI has been shown to exist for referral policy, admission
organization, intensive care management (including ICP treatment).>***

The intercenter or regional variation in surgical treatment of ASDH has not been
shown in the literature. For other life-threatening or emergency disorders it has
been investigated and confirmed for the ruptured abdominal aneurysm* and the
spontaneous intracerebral haemorrhage.*

STRENGTHS AND LIMITATIONS OF THE STUDY

The main strength of our study is the standardized manner the questionnaire was
submitted to medical professionals. Although the senior authors had a strong belief
in homogeneous results across neurosurgeons and regions, the study subjects did
choose quite differently for the same patient. In the aforementioned studies on
current practices in TBI management, variation can be explained by other factors,
e.g. by different institutional infrastructure or resources, by divergent patient
preferences or by case-mix.
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In addition, for the first time the pivotal clinical dilemma whether ‘to operate or
not’ is addressed because case vignettes are presented across the whole spectrum
of TBI (GCS 3 to 15). Other studies focus on how care is provided for certain patient
subgroups, i.e. with large ASDHs and/or severe TBI. Hence, mainly approaches are
evaluated that go into managing high ICP with DC.’** Thus, our study provides
insight into the more real-life situation where neurosurgeons are confronted by
ASDH patients with heterogeneous clinical and radiological factors.

A very important but inevitable limitation of this study is the set-up as a survey
wherein the actual real-life clinical setting is lacking. In the clinical setting the studied
decisions often have to be made in far from ideal circumstances with potentially fatal
consequences. In contrast, the decisions in this questionnaire are purely complicated
by patient characteristics. Nonetheless, while it is acknowledged that this lack of real-
life conditions could influence every respondent differently, the main conclusion on
variation in ASDH management is most likely justified.

FUTURE DIRECTION: COMPARATIVE EFFECTIVENESS RESEARCH

An explanation for the apparent lack of high degree evidence on surgical management
for TBI is the difficulty of performing randomized clinical trials. Generally in TBI
research, the heterogeneous study population of TBI, i.e. the multitude of patient
characteristics and treatment variables, together with small patient numbers make
powering clinical trials problematic* and, therefore, require an extensive investment
of time and money. Specifically for efficacy research of surgical strategies,
randomizing surgical treatments for TBI is difficult to perform because of ethical
concerns of withholding a potentially lifesaving procedure. In the presented study
this is reflected in the low motivation to randomize severe TBI cases. And even if a
trial succeeds it regularly has limited external validity since the treatment effect has
been evaluated in certain subgroups, with management protocols that are sometimes
difficult to replicate in the whole population. The randomized controlled trials on
the surgical treatment of TBI, the Decompressive Craniectomy in Patients with
Severe Traumatic Brain Injury (DECRA) study” and the Surgical Trial in Traumatic
Intracerebral Haemorrhage (STITCH-Trauma)** trial are examples illustrative of
these methodological difficulties.

Due to these methodological challenges, the focus of much TBI research in the last
decades has been on suggestions for optimizing RCT design and new study designs
in TBL.** A promising approach could be the so-called comparative effectiveness
research (CER). In this design, the heterogeneity and variability, which trouble RCT,
are accepted and exploited to study effectiveness of treatments as they occur in real-
life practice. This CER analysis of (surgical) treatment for TBI is currently one of the
goals of a Dutch initiative called Net-QuRe and an international research initiative
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called CENTER-TBI of which the authors are scientific participants (www.center-tbi.
eu). The natural existing variation in management shown in this questionnaire
provides a strong incentive for such a pragmatic observational study where the
variation in surgical strategies is compared between regions and/or neurosurgeons.
The rationale for this effort is further strengthened by the fact that the variability in
the field of TBI management goes alongside unexplained variability in outcome. In a
study by Lingsma and colleagues® more than threefold differences were found in the
probability over and above chance effects to have an unfavorable outcome between
the centers, which could not be explained by adjustments for the most important
predictors of outcome in TBI (age, GCS motor score and pupil reactivity). Hence,
relating this unexplained variation in outcome to the current practice variation is a
promising methodological strategy in the challenging field of TBI research.***
There is a large variation in management approach for the traumatic ASDH in a
medically uniformly trained European region, being The Netherlands and Belgium.
Interestingly, there was a regional variation in a surgical versus conservative approach.
Ultimately, this variation in management should be exploited in a comparative
effectiveness study.
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ABSTRACT

BACKGROUND

Neurosurgical management of traumatic brain injury (I'BI) is challenging, with only
low-quality evidence. We aimed to explore differences in neurosurgical strategies for
TBI across Europe.

METHODS

A survey was sent to 68 centers participating in the Collaborative European
Neurotrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI)
study. The questionnaire contained 21 questions, including the decision when to
operate (or not) on traumatic acute subdural hematoma (ASDH) and intracerebral
hematoma (ICH), and when to perform a decompressive craniectomy (DC) in raised
intracranial pressure (ICP).

REesurrs

The survey was completed by 68 centers (100%). On average, 10 neurosurgeons
work in each trauma center. In all centers a neurosurgeon was available within 30
minutes. Forty percent of responders reported a thickness or volume threshold
for evacuation of an ASDH. Most responders (78%) decide on a primary DC in
evacuating an ASDH during the operation, when swelling is present. For ICH, 3%
would perform an evacuation directly to prevent secondary deterioration and 66%
only in case of clinical deterioration. Most respondents (91%) reported to consider a
DC for refractory high ICP. The reported cut-oft ICP for DC in refractory high ICP,
however, differed: 60% uses 25 mmHg, 18 % 30 mmHg and 17 % 20 mmHg.
Treatment strategies varied substantially between regions, specifically for the
threshold for ASDH surgery and DC for refractory raised ICP. Also, within center
variation was present: 31% reported variation within the hospital for inserting an ICP
monitor and 43% for evacuating mass lesions.

CONCLUSION

Despite a homogeneous organization, considerable practice variation exists of
neurosurgical strategies for TBI in Europe. These results provide an incentive for
comparative effectiveness research to determine elements of effective neurosurgical
care.
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INTRODUCTION

Neurosurgical decision-making in patients with traumatic brain injury (TBI) is often
challenging for several reasons. First, no two TBI patients are identical — clinical and
radiological findings may differ greatly." Second, there is no high-quality evidence to
supportthe range of possible neurosurgical proceduresin TBI. Indications for surgical
management are summarized in the Brain Trauma Foundation guidelines,” but are
merely based on retrospective studies of small groups of selected patients. These
guidelines provide general advice on surgical indications for evacuation of acute
epidural (EDH), acute subdural (ASDH) and contusions/intracerebral hematomas
(ICH) based on the size of the hematoma and midline shift. The guidance for
decompressive surgery is even less clear. It is mostly performed to decrease raised
intracranial pressure (ICP), either as a primary procedure in an acute setting, or as
a secondary procedure to deal with diffuse edema or peri-contusional swelling. The
guidelines state that this latter use of secondary decompression can reduce ICP, but
does not necessarily improve outcome.? More fundamentally, the rationale for ICP
monitoring has been challenged by the BEST-TRIP randomized controlled trial (RCT),
which found no benefit of a management protocol based on intracranial pressure
monitoring, compared to one based on serial imaging and clinical examination.
These results have generated doubts regarding ICP monitoring.** Overall, there is
no clear consensus on the indications, extent and timing of surgery.’

This limited high quality evidence for surgical management in TBI arises from
a lack of RCTs, which may be difficult to conduct due to pragmatic, ethical and
methodological barriers.”” However, observational studies to determine effectiveness
are more prone for bias." A promising alternative approach could be comparative
effectiveness research (CER).”" In this design, the heterogeneity and variability, that
trouble RCTs in TBI, are accepted and exploited to study effectiveness of treatments
as they occur in real-life practice. The current Collaborative European Neurotrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) study aims to
use CER methodology to study treatment effectiveness of several neurosurgical
interventions.™

The aim of this study was to explore differences in neurosurgical strategies for
TBI across Europe to provide a context for CENTER-TBI, an up-to-date insight into
European neurosurgical management of TBI, and to identify naturally occurring
variation between trauma centers in order to identify substrates for neurosurgical
research questions that might be answered using CER in the study.
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MATERIALS AND METHODS

This study was conducted within the setting of the international observational study
CENTER-TBI." Between 2014 and 2015, all centers participating in the international
multicenter observational study CENTER-TBI (www.center-tbi.eu) were asked to
complete a questionnaire on neurosurgical management of TBI (Supplementary file
1)." The questionnaire was sent to 771 centers (Figure 1), of which 5 centers dropped
out and 2 joined in, resulting in 68 eligible centers from Austria (n=2), Belgium
(n=4), Bosnia Herzegovina (n=2), Denmark (n=2), Finland (n=2), France (n=7),
Germany (n=4), Hungary (n=3), Israel (n=2), Italy (n=r10), Latvia (n=3), Lithuania
(n=2), Norway (n=3), Romania (n=1), Serbia (n=1), Spain (n=4), Sweden (n=2),
Switzerland (n=1), The Netherlands (n=6) and The United Kingdom (n=7).

Y

Figure 1. Centers and countries included in the Collaborative European NeuroTrauma Effective-
ness Research in Traumatic Brain Injury (CENTER-TBI) study

Reprinted and updated from Cnossen et al. (2016) with permission from dr. Cnossen and Maas et al.
(2015). Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury: a prospec-
tive longitudinal observational study. Neurosurgery, 76:67-80o, under a CC BY license, with permission from
professor A.l. Maas
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QUESTIONNAIRE DEVELOPMENT AND ADMINISTRATION

We developed a set of questionnaires based on available literature and experts to
measure the structure and processes of TBI care in individual centers. Details
regarding this process and the questionnaires used are described in a separate
paper.” Pilot testing was undertaken in 16 of the participating centers and feedback
was incorporated into the final design.

One of the questionnaires was on neurosurgical standard practice. This survey
contained 21 questions which could broadly be divided into 3 categories: 1) center
characteristics and internal structure; 2) general (neuro)surgical trauma care and
processes; 3) site specific neurosurgical management for treating ASDH, EDH, ICH,
the use of DC, and policy with regard to orthopedic injuries in the context of patients
who had suffered a TBI.

Questions either sought quantitative estimates of key metrics (e.g. annual surgical
volume, staff size, ASDH thickness or ICP thresholds for surgery) or attempted to
elicit the ‘general policy’ of the center. To capture the latter these questions were
formulated in two ways: respondents were asked to estimate what the management
strategy is in more than three quarters of patients in their center in a given context;
or respondents were asked to indicate how often they used a particular surgical
technique or how often specific factors influence their decision-making (never =
0 -10%, rarely = 10-30%, sometimes = 30-70%, frequently = 70-9o % and always
90-100%). The options ‘frequently’ and ‘always’ were interpreted as ‘general
policy’, in line with a previous report'® and similar to previous publications on other
questionnaires.”"”

The reliability of the surveys were tested by calculation of concordance in a previous
publication.” Overall, the median concordance rates between duplicate questions,
was 0.81 (range 0.44 — 0.97) and specifically for the ‘Neurosurgery’ survey 0.78
(range 0.68 — 0.86).

ANALYSES

The median and interquartile range (IQR) were calculated for continuous variables,
and frequencies were reported along with percentages for categorical variables.
Countries were divided into seven geographic regions: Northern Europe (Norway 3,
Sweden 2, Finland 2 and Denmark 2 centers), Western Europe (Austria 2, Belgium
4, France 7, Germany 4, Switzerland 1 and The Netherlands 6 centers), The United
Kingdom (7 centers), Southern Europe (Italy 10 and Spain 4 centers), Eastern Europe
(Hungary 3, Romania 1, Serbia 1 and Bosnia Herzegovina 2 centers), Baltic States
(Latvia 3 and Lithuania 2 centers) and Israel (2 centers).

For the following neurosurgical treatment strategies we quantified regional
differences: an absolute cutoff of hematoma thickness as an indication for surgery
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for ASDH, DC in the primary evacuation of an ASDH, early/pre-emptive surgical
evacuation for ICH, and DC as a general policy in case of refractory raised ICP.

To assess the association of region with one of these treatment choices, a logistic
regression was performed with treatment choice (general policy or ‘yes/no’) as a
dependent variable and the region (categorical) as independent variable. Nagelkerke
R2 indicated the variance explained by geographic region. Analyses were done in
IBM SPSS Statistics version 20 (IBM, Chicago, I, USA).

RESULTS

CENTER CHARACTERISTICS

All 68 eligible centers completed the questionnaire on neurosurgery (response rate
100%). Questionnaires were mainly completed by neurosurgeons (n = 53, 78%),
followed by local CENTER-TBI investigators (mainly research physicians or nurses:
19%). On average, 10 neurosurgeons (IQR 8-13) and 4 trauma surgeons (IQR o-12)
worked in each center. All centers reported that neurosurgical coverage was available
24 hours a day/y days a week, either by way of in-house availability of a qualified
neurosurgeon (47%), or the availability of such an individual in less than 30 minutes

(53%) (Table 1).

GENERAL (NEURO)SURGICAL CARE AND PROCESSES

Treatment decisions regarding cranial surgical interventions in TBI patients
within the critical care ER and ICU period are in most centers determined by
the neurosurgeon (n= 65, 96%), followed by the orthopedic surgeons and neuro-
intensivist in respectively 3% (n=2) and 1% (n=1). Urgent neurosurgical interventions
(ICP monitor device insertion not included) for life-threatening traumatic intracranial
lesions, are made by the neurosurgeon in 98.5% and trauma surgeons in 1.5% of the
centers. Raised ICP will almost always be incorporated in decision making, the time
of day almost never (Figure 2).

With regard to extremities fractures, the general policy in 59 (87%) centers was so-
called damage control with priority for TBI and delayed definitive treatment of the
limb fractures (Table 2). This policy is protocolized in 21 centers (22%).

Of all centers, 58 (85%) estimated the space-occupying effect of traumatic lesions on
the surrounding tissue by calculation of the thickness of the hematoma and midline
shift on CT. A quarter of centers used actual volume measurement to make surgical
decisions (Table 2).
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Table 1. Characteristics of centers participating in neurosurgery survey

Characteristic N completed No. (%) or
median (IQR)
Profession of respondent 68

Neurologist 3(4)

Neurosurgeon 53 (78)

Trauma surgeon 3 (4)

ED physician 1(2)

Intensivist 1(1)*

Administrative staff member 1 (16)*

CENTER-TBI local investigator 13 (19)*

Volume of surgeries in 2013°

ASDH 59 25 (15-49)

ICH/contusion 58 10 (521)

EDH 59 10 (5-19)

DC
Hemicraniectomy 57 10 (516)
Bifrontal 57 0 (0-2)
Removal bone flap 55 1 (0-3)

Ventriculostomy 57 7 (2-21)

Cranioplasty 56 10 (6-14)

Depressed skull fracture 57 5 (2-12)

Staffing (FTE)

Neurosurgeons 66 10 (8-13)
Residents in training 65 5 (3-8)
Residents not in training 61 o (0-3)
Trauma surgeons 64 4 (0-12)

Organization of care

Neurosurgical decision making in ICU 68 65 (96)
Neurosurgeon 1(3)
Trauma surgeon o
Neurologist 1(2)
Neurointensivist or general intensivist

24/7 neurosurgical coverage** 68 32 (47)
Qualified neurosurgeon in-house 30 (44)
Resident neurosurgery in-house 36 (53)
Neurosurgeon within 30 minutes 1 (16)
Neurosurgical resident within 30 minutes o (o)

Neurosurgeon more than 30 minutes

ASDH: acute subdural hematoma, EDH: epidural hematoma, ICH: intracerebral hematoma, DC:
decompressive craniectomy, FTE: full time equivalent, ICU: intensive care unit

* Numbers do not add up because the local investigators also depicted their profession and one responder
declared to be an intensivist as well as an administrative staff member.

*#* Multiple options possible

*Head trauma related surgeries
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Persistent high ICP

Pupillary size and responses
Guidelines / protocols

Age of the patient

Expertise of the surgeon

Opinion from other disciplines
Time from trauma to ED

If TBI was result of suicide attempt

Time of the day
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= Never/Rarely m Sometimes » Frequently/Always

Figure 2. Factors of influence on neurosurgical decision making

Shown are the percentages of centers that would be never/rarely, sometimes or frequently/always influ-
enced by the described factors in the decision to perform neurosurgical procedures. Question was com-
pleted by all 68 centers.

ICP: intracranial pressure; ED: Emergency Department

NEUROSURGICAL MANAGEMENT OF ASDH, EDH, ICH, AND THE USE OF
DECOMPRESSIVE CRANIECTOMY

ASDH provided the highest volume of neurosurgical TBI cases, on average 25 cases
per year. When performing a DC (for any indication), hemicraniectomy was the
preferential technique, and bifrontal craniectomy was rarely performed (Table 1). Less
than half of the centers (n=27, 40%) reported an absolute threshold for evacuating
an ASDH. Four out of ten centers generally incorporate age in their decision for
evacuating an ASDH (Table 2 and Figure 2).

ICH were seldom operated upon pre-emptively, but 67% of centers reported
undertaking delayed surgery in the event of deterioration. Almost a third of centers
reported within-center variations between individual neurosurgeons in decisions
regarding surgical evacuation of contusions or traumatic ICH.

Only a very low proportion of centers would routinely perform a DC at the time of
evacuation of either ASDH or ICH (respectively 6% and 1.5% of the centers). For
refractory raised ICP, most centers (n= 64, 91%) would consider a decompressive
craniectomy, while 32 (47%) see this as a general policy in their center (Figure 3,
Table 2 and Figure in supplementary file 2). Ninety-six percent (n=65) reported to
have a specific threshold for DC in refractory raised ICP. This was most commonly
specified as 25 mmHg (n=39, 58%), followed by 30 mmHg (n=12, 18%) and 20
mmHg (n=11, 17%).
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Table 2. Neurosurgical treatment policy of traumatic brain injury

Characteristic N completed No. (%) or
mean (sd)
Structural estimation of mass lesions on CT* 68
Visual intuition (e.g. no actual measurement) 27 (40)
Width, diameter and/or amount of MLS of the mass lesion 58 (85)
Volume measurements with imaging software 1 (16)
Volume measurements with direct calculation 17 (25)
Other 1(2)
ASDH operation determinants
Age considered important in surgery decision * 68
Size (volume or thickness) threshold for surgery 68 26 (42)
Minimum volume or thickness: 28%* 27 (40)
15 mm
10 mm 2 (3)
10 mm and/or > 5 mm MLS 16 (24)
5mm 2 (3)
ASDH thickness > width of cranium 3(4)
Midline shift > thickness ASDH 3(4)
DC indications 68 2 (3)
Routine 4 (6)
Intra-operative brain swelling 59 (86)
Sometimes as a second procedure in case of uncontrollable ICP 5 (7)
Never o (0)
ICH/contusion operation determinants
General policy 68
Pre-emptive (to prevent deterioration) 2 (3)
Delayed (after deterioration) 45 (66)
Variable (depends on surgeon) 18 (27)
Other 3(4)
DC indications 68
Routine 1(2)
Intra-operative brain swelling 55 (81)
Sometimes as a delayed procedure in case of uncontrollable ICP 10 (15)
Never 2 (3)
Raised ICP determinants
DC employed >70 % of refractory high ICP cases 68 32 (46)
Mostly early DC (within 6-12 hrs of refractory ICP) 64 32 (47)
Mostly late DC (as last resort to control ICP) 64 32 (47)
ICP threshold for DC 68 65 (96)
Raised ICP threshold for DC (mmHg): 647%%
30 12 (18)
25 39 (60)
20 1 (17)
15 1(2)
Not standardized 1(2)
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Table 2. Neurosurgical treatment policy of traumatic brain injury (continued)

Characteristic N completed No. (%) or
mean (sd)

DC indications considered* 7 (10)
Pre-emptive in raised ICP (not last resort) 68 64 (91)
Refractory raised ICP (last resort) 9 (13)
CT evidence of raised ICP 45 (66)
Intra-operative brain swelling 2 (3)
Routine with every ASDH or ICH evacuation

Policy towards extremity limb fractures® 59 (87)
Damage control 68 9 (13)

Definitive care

MLS: midline shift, BTF: Brain Trauma Foundation, ICP: intracranial pressure, hrs: hours

* Multiple options possible. ** One responder did not report a threshold for surgery while answering a
specific threshold (10 mm). One responder reported to employ a threshold for DC in raised ICP while
not giving their specific threshold. * The question was whether the responder considers if the decision on
surgery in acute SDH is influenced by age (based on a general consensus in their respective center). ® Dam-
age control is focused on the TBI. All extremity fractures are stabilized, but definitive treatment delayed.
Definitive care: the extremity fractures are operated as soon as possible.

Routinely DC for ASDH -

Pre-emptive surgery in ICH/contusion I
Delayed surgery in IGH/contusion

mProportion (%) of cenlers that employs this neurosurgical strategy

Routinely DC for ICH

Last resort DC in raised ICP

10 20 30 40 50 60 70 80 90 100

o

Figure 3. Treatment indications for neurosurgical interventions

Shown are the proportions of centers that generally have these specific preferences with regard to operating
or not in ASDH, ICH and raised intracranial pressure respectively.

ASDH: acute subdural hematoma; DC: decompressive craniectomy; ICH: intracerebral hematoma; ICP:

intracranial pressure

GUIDELINES AND PRACTICE VARIATION

Overall, the reported adherence to the BTF guidelines was high (Figure 4). The
use of surgical interventions and specific indications for these interventions varied
substantially within and between regions (Table 3). Surgical evacuation of ICH was
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SDH
m Never/Rarely

EDH W Sometimes

Contusion = Frequently/Always

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Figure 4. Brain Trauma Foundation guideline adherence

Shown are the percentages of centers that reported to never/rarely, sometimes or frequently/always follow
the Brain Trauma Foundation guidelines for the management of SDH, EDH or contusions. Question was
completed by 68 of the 68 centers.

TBI: traumatic brain injury; SDH: subdural hematoma; EDH: epidural hematoma

Table 3. Within- and between-region variation in surgical management

Decision Northern Western United Southern Eastern Baltic Israel Nagelkerke
Europe Europe Kingdom Europe Europe States R*Value

ASDH

- Size threshold for evacuation 56 29 o 29 71 80 100 0.34

- Routine or intraoperative DC 89 92 100 100 86 80 100 0.17

ICH /contusion

- Pre-emptive surgery o o o 7 o 20 o 0.35

Refractory raised ICP

-DC 44 37 29 57 43 80 100 0.15

ASDH: acute subdural hematoma, ICH: intracerebral hematoma, DC: decompressive craniectomy, ICP:
intracranial pressure

Table presents the proportion (%) of respondent within each region that indicated that they used the de-
scribed strategy as their general policy for patients with respectively ASDH, ICH or refractory raised ICP. The
Nagelkerke R? value represents the variation in treatment that can be explained by the region.

only performed in the Baltic States and Southern Europe and geographic region
explained 35% of the variance in use of the intervention. Having a specific threshold
for ASDH surgery and employing a DC for refractory raised ICP showed the largest
within-region and also between-region variation. Lastly, when directly asked whether
variation in specific management strategies exist, respectively 31% and 43% indicated
to have a structural variation within their center staff with regard to ICP sensor
insertion and mass lesion evacuation (Table 4).
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Table 4. Neurosurgical decision making

Characteristic N completed No (%)
Structural variation” ICP monitor insertion 68

No 47 (69)
Yes 21 (31)
Structural variation” mass lesion evacuation 65

No 29 (43)
Yes 29 (43)
Depending on lesion type 7 (10)

ED: emergency department, GCS: Glasgow Coma Scale

“Structural variation refers to a situation in which one or more of the clinicians are generally more
likely to perform the (diagnostic) intervention than others.

DISCUSSION

The aim of this study was to explore differences in neurosurgical strategies for TBI
across Europe. We found substantial variability in practice and thereby provide useful
indications regarding potential substrates for CER in CENTER-TBI. The structures
and processes of neurosurgical care are generally homogeneous across centers with
a comparable number of neurosurgeons, similar organization of neurosurgical
coverage and uniform organization of responsibility for most surgical decisions on
the ER and ICU. The indications for surgery, however, differ substantially with high
within-region and between-region practice variations.

CONTEMPORARY NEUROSURGICAL CARE

There are no recent comparable studies providing an overview of neurosurgical
management on this scale. Two recent national surveys, in The United Kingdom and
the Republic of Ireland and The Netherlands, have shown a comparable variability
among neurosurgeons regarding the decision to evacuate an ASDH or to perform a
primary DC."®"

When comparing our results to existing -much older- surveys, evacuation of a
traumatic ICH seems to be less often considered than in the past.*** Our results are
concordant with older surveys in reporting variable use of DC for refractory raised
ICP, despite the DECRA trial (the RECUEicp was not published yet).*** Interestingly,
although the mostly applied cutoff for DC in refractory is reported to be 25 mmHg
(60%), a lower value, 20 mmHg, and a higher value, 30 mmHg, are both reported to
be used in almost 20 % of centers.

More broadly, our results replicate past data that suggest poor guideline adherence
and practice variability. Rayan et al. showed that in only 17% of a random sample
of (brain) trauma patients care was delivered according to the BTF guidelines.** Of
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note, in the current study, surveys were sent to the centers between 2014 and 2015,
so the more recent, updated BTF guidelines were not published yet, although the
update was for medical management mainly (except DC in refractory IC).?

Comparable questionnaires on other aspects of TBI care have recently been published
for ER and ICU management that, without exception, show practice variation.’s7*¢
Practice variation has also been reported for other life-threatening or emergency
disorders including ruptured abdominal aneurysm®” and the spontaneous

intracerebral hemorrhage.”®

STRENGTHS AND LIMITATIONS

A strength of the current study is the methodology that we used to investigate
practice variation. First, detailed questions were posed to shed light on specific
clinical decisions with regard to neurosurgical interventions. Subsequently,
(objective) answers on amounts (volume load, mostly from in-hospital registries)
were combined with qualitative information (estimations of general policies, using
two approaches). When integrated with the high response rate and low amount of
missing data in 68 centers, this overview provides a complete picture of reported
neurosurgical care across Europe.

This study also had weaknesses. First, responses to the questionnaire may have been
biased by the abstract nature of the questions posed, which neglected to provide
a more concrete clinical context for judgments about reported practice. Although
the respondents were experienced neurosurgeons with a scientific background,
the difficulty of weighing individual patient characteristics with potentially fatal
consequences can never be fully captured by a theoretical survey. In particular, the
rational decision making can obviously be completely different due to the cognitive
biases of neurosurgeons in the acute critical care period.

Second, there might be a concern as to how well the individual neurosurgeon
respondent can represent the general center neurosurgical policy. Although we urged
the respondent to report the general consensus on treatment at their center rather
than individual management preferences (see Supplementary file 1), neurosurgical
strategies may still be variable within centers between neurosurgeons. However,
we did capture a qualitative assessment of this intra-center variability (Table 4).
Third, we did not fully account for inherent regional variations such as evidence
knowledge, caseload and case-mix due to referral patterns or admission policies,
as a potential explanation for differences in neurosurgery policies. Variations in
evidence knowledge for some questions, such as those on guidelines, are important.
Moreover, while we did asses the center’s caseload and case-mix, the caseload and
case-mix of the (individual) respondent was not specifically asked. Fourth, the
questions dealt with individual decisions in isolation, rather than the more complex
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real-life situation where several competing priorities need to be addressed. Fifth, the
reports may have been biased (in varying extents) towards how centers would have
been liked to be perceived, rather than a faithful report of actual clinical policy and
practice. This issue will be addressed by a planned comparison of these Provider
Profiling responses with actual treatment strategies employed in patient-level data
from these centers in the CENTER-TBI Core study.

Finally, our study sample represents centers participating in TBI-research which
are likely specialized neurotrauma centers with a tendency to have practice that is
skewed towards up-to-date knowledge. An example is the fact that almost half of all
centers stated to have a neurosurgeon in house 24 hours a day. When studying all
centers in Europe providing care to TBI patients, variability might be even larger.

IMPLICATIONS

Our results should be interpreted in combination with the current evidence on the
effectiveness of different surgical strategies. For the use of DC in refractory raised
ICP due to diffuse swelling, two RCTSs have provided useful guidance. The DECRA
trial showed that early use of DC for modest rises in ICP was associated with worse
outcomes.* More recently however, after the conduct of this survey, the RESCUEicp
trial showed that, when used for refractory severe intracranial hypertension, DC can
save lives, but results in an excess of severely disabled survivors.” It is clear that
the intervention is not uniformly beneficial: while some functional improvements
occur by 12 months, many survivors remain severely disabled. Rescue-ICP was
not published yet at the conduct of this study. In our study the majority of centers
indicated that DC is often employed for both indications (pre-emptive and last resort).
With regard to focal lesions, a recent study suggested thatin patients with an ASDH an
aggressive approach towards evacuation is associated with better outcome compared
to a conservative approach.” Similar trends were noted in the STITCH-trauma trial,
which suggested better outcome with early surgical management of ICH.*° In our
study, a minority of centers considers an early strategy for ICH evacuation.

Lastly, DC in the primary evacuation of an ASDH seems to be associated with more
favorable outcomes.* There is no class 1 evidence, although the research question
is currently being challenged in an RCT (Rescue-ASDH; ISRCT87370545). In the
current survey standard (in some cases preventive) DC in ASDH evacuation is rarely
employed but mostly done in case of intraoperative swelling.

There may be several explanations for the practice variation that we observed.
Although high practice variation rates can be a sign of poor implementation of
evidence based care, in this context it probably reflects the lack of strong evidence to
underpin practice. In such a low evidence context, clinical decisions are not driven by
careful consideration or penetration of the evidence, but by local customs and surgical
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training, handed down over the years from one surgeon to the other in a given center
(or country). The professional cultural drivers that underpin such learned treatment
preferences are resistant to change, and provide an important hurdle to the design
and conduct of randomized studies for neurosurgical interventions in TBI.>*
Additionally, even where the results of RCTs are available, it is possible that
many neurosurgeons do not think the RCT results applicable to their (individual)
patients, or restrict their focus to short term clinical outcomes such as mortality and
complication rates (instead of long term clinical or patient reported outcomes).”
The results of the questionnaire point out burning clinical questions for neurosurgery
in TBI. For ASDH and ICH, important questions include whether to operate or not,
the timing of operative evacuation, and whether or not a primary DC should be
undertaken. Future studies should address these questions. For DC, the variation
should lead to studies exploring the lack of evidence penetration, in addition to
studying effectiveness of DC in refractory raised ICP.

While RCTs may provide the security of randomisation as a basis for examining
answering these questions, RCTs have no successful history in TBI due to various
reasons.” The CENTER-TBI Provider Profiling exercise has revealed large practice
variation that can be related to variation in patient outcome.** Such a CER approach
may be a pragmatic alternative to RCTs.

Therefore, different steps are required. Firstly, to specify, ideally a-priori, how and
where treatment variation occurs. This was one of the goals of this provider profiling.
Secondly, the CENTER-TBI Core Study will need to collect patient-level data from
a large variety of centers, capturing the range of treatment variation and relate it
to outcome. The main challenge is to disentangle the effect of specific surgical
strategies in a center from other regional care variation that might affect outcome.
To do so we propose random-effect models in which the effect of ‘surgical strategy’
on outcome is estimated with adjustment for other between-hospital differences in a
random effect for hospital.”*%

CONCLUSIONS

This survey study explored differences in neurosurgical strategies for TBI. Current
neurosurgical care differs within Europe (and Israel), while the organization of
trauma centers does not. This variation in practice likely reflects the lack of high-
quality evidence for these important, potentially life-saving, emergency neurosurgical
interventions. In addition, local professional culture may drive practice in ways
that are not dependent on the availability or penetration of evidence. The resulting
entrenched practice variation does not facilitate equipoise that makes RCTs easy to
deliver. CER may provide a pragmatic approach to generate evidence on optimal
neurosurgical strategies for TBI patients.
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ABSTRACT

Introduction: Observational studies of interventions are at risk for confounding by
indication. The objective of the current study was to define the circumstances for the
validity of methods to adjust for confounding by indication in observational studies.
Patients and methods: We performed post-hoc analyses of data prospectively collected
from three European and North-American traumatic brain injury (TBI) studies
including 1,725 patients. The effects of three interventions (intracranial pressure
(ICP) monitoring, intracranial operation and primary referral) were estimated in
a proportional odds regression model with the Glasgow Outcome Scale as ordinal
outcome variable. Three analytical methods were compared: classical covariate
adjustment; propensity score matching; and instrumental variable (IV) analysis in
which the percentage exposed to an intervention in each hospital was added as an
independent variable, together with a random intercept for each hospital. In addition,
a simulation study was performed in which the effect of a hypothetical beneficial
intervention (OR = 1.65) was simulated for scenarios with and without unmeasured
confounders.

Results: For all three interventions, covariate adjustment and propensity score
matching resulted in negative estimates of the treatment effect (OR ranging from
0.80-0.92), whereas the IV approach indicated that both ICP monitoring and
intracranial operation might be beneficial (OR per 10% change: 1.17; 95% CI 1.01-
1.42 and 1.42; 95% CI 0.95-1.97). In our simulation study, we found that covariate
adjustment and propensity score matching resulted in an invalid estimate of the
treatment effect in case of unmeasured confounders (OR ranging from 0.90-1.03).
The IV approach provided an estimate in the similar direction as the simulated effect
(OR per 10% change 1.04-1.05), but was statistically inefficient.

Conclusions: The effect estimation of interventions in observational studies strongly
depends on the analytical method used. When unobserved confounding and practice
variation are expected in observational multi-center studies, instrumental variable
analysis should be considered.
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INTRODUCTION

Randomized controlled trials (RCTs) have long been considered the cornerstone
of evidence-based medicine." They are however not always feasible due financial,
ethical and practical constraints,® and are criticized for the lack of external
validity." Observational studies constitute the main alternative. A key challenge in
observational studies of interventions is confounding by indication, a phrase that
refers to a situation where patient characteristics, rather than the intervention, are
independent predictors of outcome. * As a consequence, patients exposed and not
exposed to a particular intervention might not be comparable, hampering causal
inference. World leading experts in this field have stressed the need for further
development and testing statistical methods to handle confounding by indication.**
The epidemiological and statistical literature describes several analytical methods
to account for confounding, among which covariate adjustment and propensity
scores are probably the most commonly applied. In covariate adjustment, measured
confounders are added as independent variables to the analytical model. This results
in a risk-adjusted effect estimate.”® In propensity scores, the chance (‘propensity’)
of being exposed to the intervention, based on measured patient characteristics, is
added as a covariate to the model or used to match patients exposed and not exposed.®
Propensity scores aim to balance factors influencing management decisions”*"™°
and are especially to be considered when there are few outcome events.® These
commonly applied methods however, cannot adequately correct for unmeasured
confounders. For example, a surgeon may decide to perform an operation because of
his clinical intuition. Clinical intuition might be related to the patient’s prognosis but
may not be adequately captured in the clinical data and thereby may leave residual
confounding >"** A relatively new method to adjust for confounding is instrumental
variable (IV) analysis. In IV, a substitute variable, ‘the instrument’ (e.g. hospital), is
used as level of analysis. IV is becoming more popular in comparative effectiveness
research (CER) and can theoretically adjust for unmeasured confounders.”*”
However, its validity depends on the degree to which the following three assumptions
are met: The instrument should be strongly associated with the intervention under
study (assumption 1), not related to the confounders (assumption 2) and not
independently associated with the outcome under study (assumption 3).”*

Clinical practice in patients with traumatic brain injury (TBI) is generally
hypothesized to be prone to confounding by indication because treatment choice and
outcome are highly dependent on injury severity and clinical status. In addition, the
combination of a low evidence-base and strong (cultural or eminence based) beliefs of
best practice leads to large practice variation between hospitals;* e.g. some hospitals
have the general policy to treat TBI patients (regardless of patient characteristics)
with a specific intervention, whereas this intervention may only be rarely used in
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%6 This combination makes IV analysis of observational studies in

other centers.
TBI a promising approach. For the purpose of the current study, we selected three

interventions that have shown to be effective according to best available evidence

17-21 22-27

and expert consensus meetings,”* with guidelines advocating these strategies,
but also have shown extensive practice variation: ICP placement for ICP directed
therapies versus serial clinical and radiological assessment,* to operate or not in
mass lesions,” and primary versus secondary referral to specialized care.”

The objective of the current study was to define the circumstances for the validity of
methods to adjust for confounding by indication using three selected interventions

in TBI patients and a simulation study.

PATIENTS AND METHODS

STUDY POPULATIONS AND INTERVENTIONS

Three TBI datasets were used. The Prospective Observational Cohort Neurotrauma
(POCON) dataset

consists of 557 consecutive patients with moderate and severe TBI (Glasgow Coma
Scale (GCS) score 3-13) from five level I trauma centres in the Netherlands between
2008-2009. Detailed information on data collection, procedures and patients has
been described previously.” From the POCON dataset, we extracted 266 patients
with an indication for intracranial pressure (ICP) monitoring according to the 2007
Brain Trauma Foundation (BTF) guidelines;*® that is, patients with a GCS < 8 and
a Computed Tomography (CT) Marshall score = 2, or patients with a GCS score <
8, CT Marshall score < 2 and at least one of the following risk factors: 1) age > 40
years; 2) hypotensive episode (SBP < go mmHg); and 3) motor score < 3 (unilateral
of bilateral motor posturing).

We further used the International Mission for Prognosis and Analysis of Clinical
Trials (IMPACT) dataset, which consists of data from prospective studies and
phase III trials in patients with moderate and severe TBI.* The International and
North American Tirilazad trial (86 hospitals between 1992 and 1994) was selected
from the IMPACT dataset, because it comprises the requisite data to estimate the
effectiveness of intracranial operations (craniotomy or craniectomy). From the 2,159
patients included in this trial, data of 6777 patients with severe TBI, a mass lesion and
a sixmonth outcome assessment were extracted.

We additionally selected the European Brain Injury Consortium (EBIC) study (67
hospitals, in 1995) from the IMPACT dataset, which contains information on referral
status of 822 patients. Referral and outcome were assessed in 782 patients, who
were subsequently extracted. Detailed information on the IMPACT dataset has been
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comprehensively described in previous publications.*® The POCON, Tirilazad and
EBIC studies were approved by the institutional review boards of the participating
centers and all patients provided informed consent. Data was made available for the
current study after an agreement with the principal investigators of these studies.

DATA COLLECTION

Collected patient variables in all datasets included age, sex, GCS (motor) score,
pupillary reactivity (both pupils reactive, one pupil reactive, no pupil reactivity),
hypoxic episode (at injury scene or emergency department), hypotensive episode
(at injury scene or emergency department), admission glucose level (mmol/L)
and admission hemoglobin level (hb, g/L). In all datasets, the initial CT scan was
assessed using the Marshall score,** and the presence of traumatic subarachnoid
hemorrhages (tSAH) and epidural hemorrhages (EDH) were scored.

To summarize patient characteristics, we calculated the probability of survival and
favourable outcome (Glasgow Outcome Scale (GOS) score =4) for each patient based
on the IMPACT laboratory model® with all above-mentioned demographic and
clinical factors as predictors. These prognostic scores reflect chances on respectively
survival and favourable outcome based on baseline characteristics.

Sixmonth outcome was assessed using the Glasgow Outcome Scale Extended
(GOS-E) in the POCON dataset and the GOS in the EBIC and Tirilazad trial datasets.
Both scales were collapsed into a four-point ordinal scale: 1= death or persistent
vegetative state; 2 = severe disability; 3 = moderate disability; 4 = good recovery.

STATISTICAL ANALYSES

Missing values in patient characteristics were imputed using single imputation. To
assess differences in patient characteristics between patients exposed and not exposed
to the interventions in the imputed datasets, we compared these characteristics in
terms of clinical relevancy.

To examine the effectiveness of interventions, we used proportional odds logistic
regression models with the 4-point ordinal GOS as outcome variable. A proportional
odds model increases statistical power in comparison to a conventional logistic
regression model with a binary outcome.® The odds ratios (OR) derived from a
proportional odds regression model could be interpreted as the average shift over
the GOS caused by the intervention under study.*®

As a reference, we estimated unadjusted effects of the interventions with patient
(exposed to the intervention yes/no) as the unit of analysis. To adjust for confounders,
we performed covariate adjustment, propensity score matching and IV analysis. In
the covariate-adjusted model, the variables from the IMPACT prognostic model*®
(age, GCS motor score, pupillary reaction, hypoxia, hypotension, CT classification,
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tSAH, EDH, glucose and Hb) were added as independent variables. In a propensity
score model, the propensity of being exposed to the intervention was computed using
multivariable logistic regression with the intervention under study as dependent
variable and all IMPACT variables as predictors. Propensity score matching was
used to match patients who were exposed to the intervention to patients who
were not exposed to the intervention with a maximum difference of o.10 between
propensity scores. An advantage of propensity score matching is that patients with
non-overlapping propensity scores are omitted from the analyses, increasing the
comparability of those exposed and not exposed.”® In addition, propensity score
matching is relatively robust and relies on fewer assumptions than other propensity
score-based methods (e.g. propensity score adjustment).”

We used fixed effect models for all patient-level analyses. The ORs and 95%
confidence intervals (Cls) were obtained from the models and the ORs indicated the
odds of a more favourable outcome for patients who were exposed to the intervention
compared to patients not exposed.

For the IV analyses, we entered the percentage exposed to the intervention in each
hospital (the instrument) as an independent variable to the analyses, together with a
random intercept for hospital to correct for other between-hospital differences than
the intervention under study or between-hospital differences that existed by chance.
All IMPACT prognostic variables were added as covariates to increase statistical
power.** To minimize the influence of chance, we only included hospitals with data
on atleast 20 patients in the IV analyses. The ORs were obtained from the models and
the corresponding 95% Cls were calculated using bootstrapping with 500 samples.
The ORs indicated the odds on a more favourable outcome for a 10% increase in
exposure to the intervention in a particular hospital. Assumptions of the IV approach
were checked by calculating the partial F statistic, in line with recommendations.*
In addition, we checked associations with measured confounders by calculating
Spearman’s correlation coefficients between the instrumental variables and the
prognostic scores of survival and favourable outcome. The third assumption (the
instrumental variable is not independently associated with outcome) cannot be
empirically verified, but is captured in the random effect model that we used.

The proportional odds analyses were performed in R (version 3.1.2) using the ordinal
package.*® Other analyses were performed using the Statistical Package for the Social

Sciences version 21I.

SENSITIVITY ANALYSES

As sensitivity analyses we explored alternative methods for propensity score
matching and IV analysis. Since propensity score matching may result in a non-
representative sample’ and a loss of statistical power,* we also used propensity
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score adjustment and inverse probability weighting (IPW) to estimate the treatment
effect. For propensity score adjustment, the linear predictor of the propensity score
was added as a covariate to the proportional odds regression models. In IPW, the
outcome of patients exposed to the intervention is extrapolated to the non-exposed
patients with similar propensity scores; for every patient exposed with a probability
of 0.20, there are four patients with the same probability who were not exposed.
The outcome of the exposed patient is subsequently extrapolated to all other four
patients with the same propensity score.** We used standardized weights in which
we divided the unadjusted chance of receiving the intervention in the total study
population by the propensity score.® Since this still resulted in large standard errors,
we winsorized our cohort by 95%; i.e. patients below the 2.5 and above the 97.5"
percentile received the scores belonging to the 2.5 and 97.5™ quartile, respectively.
As an alternative to the IV approach used in this study, we divided hospitals into two
groups based on their preference for the intervention. The mean percentage exposed
to each intervention was calculated and hospitals scoring above these means were
classified as having a high preference, whereas hospitals scoring below the means
were classified as having a low preference.

Since the percentage patients exposed to the intervention in each hospital can still
be based on case-mix (e.g. in a hospital with more severely injured patients, the
percentage patients receiving aggressive interventions might be higher) and could
also exist by chance, we estimated a random intercept for hospital from a model
predicting exposure to the intervention yes/no adjusted for the IMPACT variables.
Thisrandom intercept for exposure represents the chance of receiving the intervention
in a specific hospital corrected for case-mix and chance, and was subsequently used
instead of the percentage exposed in the IV analyses. A disadvantage of this method
is that the estimate obtained is hard to interpret and very uncertain due to the
shrinkage of the between-hospital variation by the random effects model.

SIMUIATION STUDY

In empirical data, ‘true’ effects are never known and as a consequence, estimating the
validity of analytical methods remains difficult. Therefore, we performed a simulation
study in which a true treatment effect was simulated in the data. The simulation study
was built around the POCON dataset, which was inflated to 133,000 patients from
20 hospitals. We simulated a hypothetical intervention with a beneficial effect of OR
= 1.65. For the association between the hypothetical intervention and confounders,
we used the observed associations between ICP monitoring and confounders in the
POCON dataset. We used six-month survival (yes/no) as outcome variable, which
was generated based on a combination of the prognostic effect of the confounders
and the effect of the hypothetical intervention.
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We simulated four different scenarios and estimated the treatment effect using
covariate adjustment, propensity score matching and IV analysis. In the first scenario,
there were only measured confounders. We used motor score and pupillary reactivity
as representing the measured confounders. In the second scenario, both measured
and unmeasured characteristics comprised confounders. Marshall CT scores and
the presence of a tSAH were used as unmeasured confounders. For both the first
and second scenario, no between-hospital variation existed, which is comparable to
a single-center study. The third and fourth scenarios were similar to the first and
the second, but included between-hospital variation in how often the hypothetical
intervention was performed. Since the observed variation of ICP monitoring among
hospitals ranged from 17 to 58%, every hospital received a random percentage within
this range. The simulations were performed in R statistical software using the rms**
and Ime4® packages.

RESULTS

PATIENT CHARACTERISTICS

In the POCON dataset (n = 266), used for exploring the effects of ICP monitoring,
patients who received an ICP monitor (n = 110) were generally younger, more often
male, had a lower GCS motor score, less pupillary reactivity, less often hypoxia and
hypotension and more often a mass lesion. In addition, patients receiving an ICP
monitor more often had tSAH, EDH, and had on average a higher glucose level.
These baseline differences resulted in a worse a priori prognosis for patients who
received an ICP monitor compared to patients who did not receive an ICP monitor
(n = 156; chance on survival 39% and 58% respectively). Observed outcome was also
less favourable in patients who received an ICP monitor.

In the Tirilazad dataset (n = 677), used for exploring the effects of intracranial surgery,
patients who did (n = 579) and did not (n = 98) receive an intracranial operation did
not differ on baseline characteristics except for hypotension (14% vs 21%,) and the
presence of an EDH (31% vs 10%,), nor did the observed outcome differ.

In the EBIC dataset (n =782), used for exploring the effects of referral policy, patients
who were primary referred (n = 334) had higher blood glucose levels (8.1 vs. 7.9
mmol/L) and more often a tSAH (47% vs. 38%) compared to patients who were
secondary referred (n = 448). There were no other clinical meaningful differences
between groups (Table 1).
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Table 2. Comparing analytical methods to adjust for confounding by indication in proportional
odds logistic regression models with the Glasgow Outcome Scale as outcome

Approach POCON dataset Tirilazad dataset EBIC dataset
ICP monitoring Intracranial operation Primary referral
OR (95% Cl) OR (95% Cl) OR (95% Cl)
Unadjusted model 0.51 (0.32-0.81) 1.04 (0.70-1.54) 0.85 (0.66 —1.10)
Covariate adjustment* 0.91 (0.48-174) 0.92 (0.59-1.42) 0.85 (0.64 — 1.15)
Propensity score matching#* 0.80 (0.42-1.54) 0.89 (0.53-1.50) 0.89 (0.76 -1.18)
Hospital-level approacht 1.17 (1.01-1.42) 1.42 (0.95-1.97)1 0.91 (0.81-1.03)L

Notes: *Model was adjusted for the following confounders: Age, GCS motor score, pupillary reaction, hy-
poxia, hypotension, CT classification, tSAH, EDH, glucose and hemoglobin

**A propensity score was calculated based on the following variables: Age, GCS motor score, pupillary re-
action, hypoxia, hypotension, CT classification, tSAH, EDH, glucose and hemoglobin. For ICP monitoring,
matching resulted in 67 patients receiving the intervention (propensity score 0.47, probability on survival
0.46, probability on favorable outcome 0.28) and 67 patients not receiving the intervention (propensity
score 0.46, probability on survival 0.43, probability on favorable outcome 0.32). For craniotomy, matching
resulted in 96 patients receiving the intervention (propensity score 0.83, probability survival 0.63, probabil-
ity favorable outcome 0.42) and 96 patients not receiving the intervention (propensity score 0.83, probabil-
ity survival 0.63, probability favorable outcome 0.42). For primary referral, matching resulted 312 patients
primary referred (propensity score 0.46; probability survival 0.65; probability favorable outcome 0.49) and
312 patients secondary referred (propensity score 0.47, probability survival 0.65, probability favorable out-
come 0.48).

TPer 10% change; Model was adjusted for the following confounders: Age, GCS motor score, pupillary reac-
tion, hypoxia, hypotension, CT classification, tSAH, EDH, glucose and hemoglobin

tAnalyses in 7 centers with a total of 172 patients

EAnalyses in 12 centers with a total of 350 patients

Abbreviations: CT, computed tomography; EBIC, European Brain Injury Consortium; EDHs, epidural haem-
orrhages; GCS, Glasgow Coma Scale; ICP, intracranial pressure; POCON, Prospective Observational Cohort
Neurotrauma; tSAHs, traumatic subarachnoid hemorrhages.

COVARIATE ADJUSTMENT AND PROPENSITY SCORE MATCHING

Unadjusted analyses showed that patients receiving an ICP monitor in the POCON
dataset had a worse outcome than patients not receiving an ICP monitor (OR o.57;
95%CI 0.32-0.81; Table 2). For intracranial operation and primary referral, as analysed
in the Tirilazad and EBIC datasets respectively, only minor differences were found
between treated and non-treated patients. Covariate adjustment and propensity
score matching resulted in imprecise estimates below one, indicating that exposure
to the interventions might have either a negative or no effect on outcome.

INSTRUMENTAL VARIABLE ANALYSIS

In the POCON dataset, the percentage of patients that received an ICP monitor
ranged from 17-58% between participating hospitals. All five hospitals included
at least 20 patients (range 37-51 patients). For intracranial operation, only seven
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Table 3. Comparing analytical methods to adjust for confounding by indication in a simulation
study with 6 month survival as binary outcome

Approach Scenario 1% Scenario 2% Scenario 3% Scenario 4%
OR (95% Cl) OR (95% ClI) OR (95% Cl) OR (95% Cl)

Unadjusted model 1.02 (1.00-1.04) 0.69 (0.68-0.71)  0.96 (0.93-0.98) 0.72 (0.70-0.74)

Covariate adjustment 1.67 (1.63-1.71)  0.99 (0.97-1.02)  1.52 (1.47-1.56) 1.03 (1.00-1.06)

propensity score matching ~ 1.46 (1.43-1.50)  0.90 (0.88-0.92)  1.46 (1.41-1.50) 0.94 (0.91-0.97)

Hospital-level approachy NA NA 1.05 (1.04-1.07)  1.04 (1.02-1.05)

Notes: *Scenario 1 = observed confounders, no hospital variation; Scenario 2 = observed and unobserved
confounders, no hospital variation; scenario 3 = observed confounders, hospital variation (17-58%), sce-
nario 4 = observed and unobserved confounders, hospital variation (17-58%)

‘TPer 10% change

hospitals from the Tirilazad dataset included more than 20 patients, encompassing
172 patients. The percentage of patients receiving an intracranial operation ranged
from 67 to 100% between hospitals. For primary referral, 12 hospitals from the EBIC
dataset included more than 20 patients, reducing the sample size to 350 patients.
The percentage primary referrals ranged from 17 to 83% between hospitals.

The instruments (percentage of patients exposed to the intervention in each hospital)
were associated with the interventions under study (Partial F statistic 6.96 to 65.9).
In addition, correlations between the instruments and confounders were generally
small (Online supplement 1), indicating that the assumptions for IV analyses are met
Using IV analysis, we found that patients treated in hospitals that performed 10%
more ICP monitors had an 1.17 (95% CI 1.01-1.42) higher odds on favorable outcome,
compared to patients treated in hospitals where ICP monitoring was less often
employed (Table 2). For intracranial operation, a 10% increase resulted in a higher
odds of favorable outcome, but this estimate was rather imprecise (OR 1.42, 95% CI
0.95-1.906). For primary referral, centers admitting more primary referred patients
and less secondary referred patients had a slightly worse outcome (OR: 0.91, 95%
CI 0.81-1.03). More primary referrals and consequently less secondary referrals are
indicative for less specialized neurocritical care, and therefore, an odds ratio below
one was in line with expectations.

SENSITIVITY ANALYSES

Propensity score adjustment and IPW resulted in similar effect estimates compared
to covariate adjustment and propensity score matching (Online Supplement 2).
The alternative hospital-level approaches resulted in effect estimates in the same
direction as the IV analyses. Confidence intervals were however large, indicating a
decrease of statistically efficiency.
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Table 4. Characteristics of analytical methods to adjust for confounding by indication based on our simula-
tion- and validation study

Approach Adjustment  Adjustment  Statistical Relying Interpretation
for for efficiency on strong
measured unmeasured assumptions

confounders confounders

Unadjusted model - - + - +
Covariate adjustment + - +/-1 - ¥
Propensity score matching + - - - +
Instrumental variable analysis  + +% - +

Notes: t Statistical efficiency depends on the number of covariates and the number of patients with the
outcome of interest (‘events’).
*In theory, instrumental variable analysis can correct for unmeasured confounders.

SIMUIATION STUDY

The unadjusted analyses resulted in ORs ranging from 0.69 to 1.02 for the four
different scenarios (Table 3). In the scenarios where the associations between
intervention and outcome were influenced by measured confounders only (scenario
1 and 3), covariate adjustment and propensity score matching resulted in ORs in the
range of 1.46-1.67, broadly in line with the simulated effect (OR = 1.65). However,
in the scenarios where unmeasured confounders also influenced the association
between intervention and outcome (scenario 2 and 4), the adjusted ORs in
multivariable analyses were all close to the point of no effect (OR 0.99 and 1.03),
whereas the ORs in the propensity-score matching models were negatively directed
(OR 0.90 and 0.94). IV analysis resulted in a positive and statistically significant
effect (OR 1.04-1.05 per 10% change), indicating that patients admitted to hospitals
that more often performed the hypothetical intervention had better odds on survival
than patients admitted to hospitals where the intervention was less often performed.
When transforming these ORs to a 100% change (meaning that all patients in a
center would receive the hypothetical treatment), the effect estimate (OR =1.05"10 =
1.63) is highly comparable to the simulated treatment effect. The standard errors of
the hospital-level analyses (SE 0.07) were however far larger than the standard errors
in the patient-level analyses (SE o.01), indicating a substantial reduction in statistical
efficiency (Table 4).
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DISCUSSION

We compared analytical methods to adjust for confounding by indication in
observational studies using three empirical case studies and a simulation study.
The estimated effects strongly depended on the analytical method applied. As
expected, the presence of unmeasured confounders, makes covariate adjustment
and propensity score matching invalid. Instrumental variable (IV) analysis, although
statistically inefficient and relying on strong assumptions, may then provide more
valid estimates of the effectiveness of interventions.

COVARIATE ADJUSTMENT AND PROPENSITY SCORE MATCHING

Covariate adjustment and propensity score matching are commonly used in
observational studies of interventions. We found that these methods could provide an
unbiased estimate of the effect of the intervention, on the condition that all relevant
confounders are measured and adjusted for. Covariate adjustment and propensity
score matching cannot adjust for unmeasured confounders.*”"™"*# In our simulation
study, for example, the beneficial interventions appeared harmful or non-effective
when analyzed with covariate adjustment or propensity score matching, due to
residual confounding by indication.

INSTRUMENTAL VARIABLE ANALYSIS

IV analysis resulted in better estimates of the effect of interventions in our simulation
study; the direction of the effect was congruent with the simulated effect. In our
empirical case studies, the directions of effects were in line with how patients should
be treated according to guidelines for TBI***® and best available evidence.”7**74

IV analysis is becoming more popular in TBI research. Several recently published
TBI studies analysed effectiveness at the hospital level*° and a large European CER
study is planning to use hospital-level analysis to assess effectiveness of many TBI
interventions.” Previous studies typically divided hospitals into groups (e.g. tertiles*
or quartiles*®) based on the percentage of patients treated. The percentage treated in
each hospital can also be used as a continuous variable, which increases statistical
power.

Nevertheless, IV analysis also has limitations that warrant comment. First, IV
analysis is statistically inefficient compared to conventional analytical methods.
Since the analyses are performed at the level of the hospital, the effective sample size
decreases. As a consequence, a large number of centers and patients and substantial
variability in exposure to interventions across centers are needed to reach a precise
estimate in case of a true beneficial effect. The conduct of IV analysis might therefore
be relatively expensive and resource-intensive. However, when compared to clinical
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trials, IV analysis of observational data is probably more economical since many
research questions could be addressed using the same data.

Second, the interpretation of the OR differs from the conventional analyses. Rather
than an estimate of the effect of interventions in individual patients, IV provides
information on whether patients’ outcome will improve when hospitals change
their policy with respect to a specific intervention.”® The issue of interpretation
is prominent for primary referral. Although primary referral on the patient-level
might be associated with more specialized neurocritical care, at the hospital-level a
larger number of primary referrals and thus a lower number of secondary referrals
are indicative for less specialized care. Therefore, for primary referral, a negative
association between the instrument ‘percentage primary referrals’ and outcome
was expected, which was indeed found in the EBIC data. Third, the success of IV
analysis depends on whether the underlying assumptions are met.”>*” Thus, IV
analysis might not always be defendable. Between-hospital variation, caused by other
variables than those in the model, could theoretically be captured by the random
effect model. Nevertheless, when correlations are strong (e.g. centers that often
perform a particular intervention are all from the same geographic region that differs
from other regions in many aspects), the statistical model will be unable to separate
the effect of the intervention from the effect of the confounder. In these situations,
one should consider other analytical methods or conclude that it is not possible to
analyze the effectiveness of the particular intervention in the dataset.

STRENGTHS AND LIMITATIONS

A major strength of our study is that we included both empirical case studies and a
simulation. The TBI examples show how the various analytical methods worked with
actual patient data and demonstrated the influence of analytical method on effect
estimate. The simulation study subsequently provided insight into the underlying
mechanisms and thereby indicated which methods provided valid estimates of the
treatment effect in different situations. A limitation of our simulation study is that
we only examined four scenarios while there are many more possible interactions
between treatment and confounders that might be of interest. A second limitation
is that we used the observed range from one dataset (POCON), whereas the actual
range might differ. Future simulation studies could address alternative scenarios
and should further investigate how statistical power can be optimized when using IV
analysis. Another limitation of the simulation study is that we included two variables
as presenting the measured confounders and two variables as presenting the
unmeasured confounders. As a consequence, the predictive value of our predictors
is relatively modest which may have resulted in unstable estimates.
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Our case studies also have several limitations. The data is relatively outdated (data
was collected between 1992 and 2009) and analyzed post-hoc. Therefore, the current
study cannot be used to draw conclusions about the effectiveness of interventions. In
addition, each intervention was measured in only one dataset while it would be more
interesting to demonstrate the different analytical methods for each intervention
over different datasets. This was not possible in our study since not all interventions
were measured in all three datasets. Furthermore, specific concerns exist in the data
with regard to the three interventions. An ICP monitor is a diagnostic procedure
and cannot influence outcome on itself, while it can cause complications. The
actual comparison is between ICP driven therapies versus clinical/radiological
driven therapies. With regard to the variable intracranial operation, the clinical
applicability is unclear since the exposure and intervention in these data are not
defined specifically (What kind of mass lesions? What intracranial operation?).
More granular information on these interventions was unavailable inherent to the
post-hoc setup. For primary referral, we assumed that more primary referrals are
associated with less specialized care. However, an alternative explanation would be
that many primary referrals in a center are indicative that this center has a central
location.. Another limitation is that all three datasets were relatively modest in terms
of number of hospitals and number of patients. The POCON dataset had only five
hospitals, while the Tirilazad and EBIC datasets had only seven and 12 hospitals that
included at least 20 patients, respectively. Therefore, differences among hospitals
might also exist by chance; for instance, if a hospital included only 20 patients, these
patients might not be representative for the general policy in the particular hospital.
Therefore, we recommend future studies using IV analyses in TBI to include a larger
number of hospitals and a large number of patients in each hospital. In addition, since
the ‘percentage treated’ in each hospital is based on data of the included patients, it
might still be subject to confounding by indication. Alternatively, policies with regard
to an intervention might be identified by (former) registry data or by an independent
survey study completed by all the participating hospitals. Such an approach will
be used in an ongoing TBI study.” A further limitation may have been the use of
an ordinal outcome measurement. Although ordinal outcome measurements are
highly recommended in TBI research due to an increase of statistical power and
precision,®® it is uncertain whether the results of this study are also generalizable to
binary and continuous outcomes. Finally, it should be recognized that all covariates
included in this study are measured only at admission, while the clinical situation
of a patient may change over time (e.g. the GCS score may deteriorate), resulting
in a different risk profile and also influencing treatment decisions. Allowing time-
varying aspects may probably improve the predictive value of covariates and thereby
may also improve the validity of patient-level analyses, This should be studied in
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future investigations. although it should be noted that only covariates that are known
before the treatment decision is made are relevant, to avoid over-adjustment.

IMPLICATIONS

IV is emerging as an analytical method in many research fields, including oncology,’*
cardiovascular disease® and pharmaco-epidemiology.® We demonstrated that IV
might provide a more valid estimate of the treatment effect compared to conventional
analytical methods. In addition, IV is not only suitable for analyzing the effectiveness
of individual interventions, but can also be applied to estimate the effectiveness of
systems of care; for instance, Pezzin and colleagues” studied the influence of volume
on breast cancer mortality using IV. We showed that the percentage treated in each
hospital might be a valid instrument. Notwithstanding, for interventions that show
mainly between-region or between-country variation rather than between-hospital
variation, e.g. prehospital trauma care, one might choose to analyze the results on the
level of the region or country rather than the level of the hospital. Since all methods for
causal inference have their strengths and limitations, it is nevertheless not desirable
to regard one method as ‘correct’”® Instead, alternative methods should be used
simultaneously.”® In case alternative method provide similar results, the credibility
of the findings may strengthen. However, if findings are non-concordant one has
to determine which method is the most credible. Laborde-Casterot and colleagues®
developed a flow-chart to determine which method (IV vs. patient-level methods)
may provide the most valid results. Factors that could be taken into account when
analyzing non-concordance of result include the risk of confounding by indication,
the strength of the instrument, the validity of the instrument, the statistical power
and concordance with RCTs on the same intervention (if available).”®

CONCLUSION

The effect estimation of interventions in observational studies strongly depends on
the analytical method used. When unobserved confounding and practice variation
are expected in observational multi-center studies, instrumental variable analysis
should be considered.

ABBREVIATIONS

CER Comparative effectiveness research
CI Confidence interval

CT Computed tomography

GCS Glasgow coma scale
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GOS Glasgow outcome scale

GOSE Glasgow outcome scale extended

EBIC European brain injury consortium

EDH Epidural hemorrhages

ICP Intracranial pressure

IMPACT International mission for prognosis and analysis of clinical trials
IPW Inverse probability weighting

v Instrumental variable

OR Odds ratio

POCON Prospective observational cohort neurotrauma study
RCT Randomized controlled trial

SBP Systolic blood pressure

SE Standard error

TBI Traumatic brain injury

TSAH Traumatic subarachnoid hemorrhages
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cerebellar intracranial hemorrhage
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To the Editor

In a propensity score-matched cohort of 578 patients from 4 observational cohort
studies, Dr Kuramatsu and colleagues showed that evacuation of medium-sized
intracerebellar hematomas (approximate volume, 20 cm3) was not associated with
better functional outcome." Assessing treatment effectiveness in observational data
is challenging because treatment decisions are based on patient characteristics that
also are typically predictive of outcome, causing confounding by indication. Although
the authors addressed this potential bias with propensity scores, we would like to
emphasize the possibility of residual confounding.

In their study, surgically treated patients were younger, had worse Glasgow
Coma Scale scores at presentation, had larger hematomas, and more often had
intraventricular hemorrhage. In matching patients with the same risk of undergoing
a surgical evacuation (the propensity), the authors suggested that treatment groups
with similar prognosis were created. However, while measured confounding seems
to have been properly addressed, unmeasured confounding may still be a problem.
Many factors may influence decision-making in these patients, including frailty
and preexisting conditions that could be contraindications for surgery. Contexts
with strong measured confounding are also likely to show substantial unmeasured
confounding. Propensity score matching is a statistically efficient alternative for
regression-based covariate adjustment but still relies on the assumption that no
unmeasured treatment preferences strongly relate to prognosis.*?

A methodological study on comparable treatment considerations found that
unmeasured confounding is not merely a theoretical problem.? In post hoc analyses
of traumatic brain injury cohorts, analytical methods for surgery in traumatic
intracranial hematomas and intracranial pressure—guided treatment were compared;
propensity score matching was unable to account for unmeasured imbalances
between treatment groups. A simulation study confirmed that propensity score
matching resulted in an invalid estimate of the treatment effect in the case of
unmeasured confounding,’ which also was shown in other fields.*

Our view is that unmeasured confounding is an insurmountable problem in
observational studies of acute neurosurgical decisions. A promising alternative for
effect estimation is instrumental variable analysis. Although this method has its
own difficulties, such as defining appropriate instruments and the necessity of large
samples, it is not biased by unmeasured confounding.>* Since the cohort in the study
by Kuramatsu and colleagues came from 64 centers with likely differing practice
culture among institutions, have the authors considered a regional comparison of
treatment strategies?
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ABSTRACT

INTRODUCTION

Controversy exists about the optimal treatment for patients with a traumatic acute
subdural hematoma (ASDH) and an intracerebral hematoma/contusion (t-ICH).
Treatment varies largely between different regions. The effect of this practice
variation on patient outcome is unknown.

Here we present the protocol for a prospective multicentre observational study
aimed at comparing the effectiveness of different treatment strategies in patients
with ASDH and/or t-ICH. Specifically, the aims are to compare 1) an acute surgical
approach to an expectant approach and 2) craniotomy to decompressive craniectomy
when evacuating the hematoma.

METHODS AND ANALYSIS

Patients presenting to the emergency room with an ASDH and/or an t-ICH
are eligible for inclusion. Standardized prospective data on patient and injury
characteristics, treatment, and outcome will be collected on 1000 ASDH and 750
t-ICH patients in 60-70 centres within two multicentre prospective observational
cohort studies: the Collaborative European NeuroTrauma Effectiveness Research
in Traumatic Brain Injury (CENTER-TBI) and Neurotraumatology Quality Registry
(Net-QuRe). The interventions of interest are acute surgery, defined as surgery
directly after the first CT at presentation, versus late or no surgery, and craniotomy
versus decompressive craniectomy. The primary outcome measure is the Glasgow
Outcome Score — Extended at six months. Secondary outcome measures include
in-hospital mortality, quality of life and neuropsychological tests. In the primary
analysis, the effect of treatment preference (e.g. proportion of patients in which the
intervention under study is preferred) per hospital will be analysed with random
effects ordinal regression models, adjusted for case-mix and stratified by study. Such
a hospital level approach reduces confounding by indication. Sensitivity analyses will
include propensity score matching, with treatment defined on patient level. This
study is designed to determine the best acute management strategy for ASDH and
t-ICH by exploiting the existing between-hospital variability in surgical management.

ETHICS AND DISSEMINATION

Ethics approval was obtained in all participating countries. Results of surgical
management of acute subdural hematoma and intracerebral hematoma/contusion
will separately be submitted for publication in a peer-reviewed journal.
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TRIAL REGISTRATION
CENTER-TBI is registered within ClinicalTrials.gov with identifier NCTo2210221
and Net-QuRe is registered with the Netherlands Trial Register NL 57061.

ARTICLE SUMMARY

STRENGTHS AND LIMITATIONS OF THIS STUDY
This comparative effectiveness study is a multicentre prospective observational
cohort study that exploits variation in management strategies for intracranial
hematomas to enable comparisons of the effectiveness of interventions.
To overcome the bias by confounding the main analyses uses an instrumental
variable approach; this approach is more robust to address unmeasured
confounding than conventional individual patients level analysis methods
Large sample sizes will be recruited: 1000 patients with acute subdural hematoma
and 750 patients with intracerebral hematoma/contusion are expected, recruited
in approximately 7o centres.
Simulation studies confirmed the expected samples to be sufficient.
The main limitation of this study is the absence of a randomised assignment of
treatment strategy.
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BACKGROUND

In Europe, over two million patients are admitted to hospital each year for traumatic
brain injury (TBI), of whom 82.000 people die." Survivors may have long-term
physical, cognitive and mental disorders that often necessitate specialized care or
rehabilitation programs. This debilitating morbidity has been estimated to lead to
enormous societal costs.” An acute intracranial hematoma is the most frequently
encountered pathological entity in TBI patients (Figure). Predominantly two specific
subtypes, the acute subdural and an intracerebral hematoma or contusion (ASDH
and t-ICH), occur in respectively 11 and 8% of all moderate TBI patients and up to
49% and 35% of all severe TBI patients [3-6]. Patients with an ASDH and/or t-ICH
can show a wide array of symptoms, ranging from relatively mild complaints such
as headache and nausea to severe conditions such as a comatose state (defined by a
Glasgow Coma Scale (GCS) < 9).

Management of these traumatic hematomas can be challenging and requires the
integration of clinical findings and diagnostic imaging. The main question is
whether or not the patient needs to be immediately operated upon for evacuation of
the hematoma and, secondly, if this surgical evacuation should be accompanied by a
decompressive craniectomy (DC, i.e. leaving the bone flap out) or not.

Among comatose patients with a large ASDH, direct evacuation of the hematoma
leads to a lower mortality.>* Although questioning the effectiveness of surgery in
these patients has been compared to questioning the effectiveness of a parachute in
skydiving,*® this cannot be generalized to most ASDH patients. Surgery may save
a patient’s life and preserve neurological function, some, however, may have an
unsatisfactory functional outcome, ranging from severe neurological and cognitive
deficits to a persistent vegetative state.”® Furthermore, certain subgroups may
not benefit from surgery because the damage by the primary injury is simply too
devastating.” On the other hand, surgery may notalways be necessary and a substantial
proportion of patients managed conservatively have satisfactory outcomes.””™ In
addition, timing of surgery plays a role, specifically for a t-ICH. Sometimes a t-ICH
is initially managed conservatively, but may later be treated surgically when a patient
deteriorates. The evacuation of the t-ICH can consist of removal of contused brain
tissue. Finally, for the decision whether or not the evacuation of the hematoma
should be accompanied by a DC, the surgeon weighs the increased complications
rate of a DC against the risk of medically intractable diffuse brain swelling.”

High quality evidence for these decisions (if, when and how) is not available. For
all guidelines that relate to TBI, the Brain Trauma Foundation (BTF) guideline for
surgical management of intracranial hematomas, devised in 2005 by an international
panel of experts, is based solely on class I11 evidence.”®"” As a result these complex
decisions are often based on intuition, regional training and experience of the
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Figure. Different types of post-traumatic intracranial haematoma

(A) Epidural haematoma: a collection of blood between the skull and the outer membrane covering the
brain (dura mater). (B) Subdural haematoma: a collection of blood located underneath the dura mater,
generally associated with bruising of the underlying brain tissue (contusions). (C) Haemorrhagic contusion
and intracerebral haematoma: lesions that reflect similar underlying pathologies, ranging from local bruis-
ing (contusions) to bleeding into the brain tissue (haematoma). Figure courtesy of Maartje Kunen, Medical
Visuals, Arnhem, Netherlands. Reproduced with permission from.**

surgeon, leading to broad practice variation between centres, countries and even
between surgeons within a centre.**

Therefore, a systematic evaluation in a (prospective) comparative study is proposed
with comprehensive assessment of outcome, including perceived quality of life. We
consider an observational comparative effectiveness design the next best alternative
to a randomised controlled trial (RCT). These clinical questions are difficult to
address in a randomised trial due to several methodological, ethical and pragmatic
concerns.” Most importantly, the hesitance of clinicians to randomise surgical
treatments because of strong opinions on the best treatment hampers realising a
RCT.

Here, we present the design of a pragmatic prospective observational cohort study
of surgical strategies for ASDH and t-ICH, conducted in the Collaborative European
NeuroTrauma Effectiveness Research in Traumatic Brain Injury (CENTER-TBI)
study and the Dutch embedded complete chain of care Neurotraumatology Quality
Registry (Net-QuRe).>2°

OBJECTIVES

The primary aim is to compare the effectiveness of acute surgery with expectant
management in the treatment of 1) ASDH and 2) t-ICH. The secondary goal is 3)
to assess the effectiveness of craniotomy compared to DC for ASDH and/or t-ICH.
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METHODS AND DESIGN

DEsiGN

This study uses a comparative effectiveness research (CER) design, a multicentre
prospective observational cohort study that exploits variation in neurotrauma care
to create and compare parallel study groups. The multicentre design is necessary
to ensure the required number of patients with different neurotrauma treatment
strategies for ASDH and t-ICH. The study is conducted in neurosurgical trauma
centres in Europe that participate in CENTER-TBI.* CENTER-TBI collects data of
patients with clinical diagnosis of TBI and an indication for a CT scan.” Data for
the cohort described in this protocol will partly be collected through CENTER-TBI.
The Dutch centres not participating in CENTER-TBI will acquire data through Net-
QuRe, in a separate database with a similar data collection protocol.**** The research
question and methodology described here were designed before the inclusion of
patients.

PATIENT AND PUBLIC INVOLVEMENT

Patients were involved in the priority of the research questions and selection of
outcome measures in a ‘patient advisory panel’ consisting of patients and their
caregivers. Furthermore, some patients and their caregivers have been asked to join
a focus group on the feasibility of the follow-up (burden of the follow-up, the design/
length of the questionnaires) and to advice on other research questions. The patient
panel and their caregivers will be informed about the developments of the study and
will be invited to participate in research meetings and discussions. Also, patients and
family are informed of the study results through dedicated websites (Center-tbi.eu
and Net-QuRe.nl).

A public debate is going on in the Netherlands about whether or not patients are
treated too much at an older age or end-of-life stage. This debate has led to the start
of formal campaign ‘Choosing Wisely’ of which the senior author WPE is organizing
member.* The appropriateness of surgical TBI treatment has been prioritized.

ELIGIBLE STUDY PATIENTS
The patients are selected from the observational cohorts from CENTER-TBI or Net-
QuRe. Patients presenting to the emergency room with a clinical and radiological
diagnosis of ASDH and/or a t-ICH are eligible for inclusion.
The in- and exclusion criteria are as following.
Inclusion criteria:

ASDH and/or a large (>10 cc) t-ICH on a CT-scan

Acute presentation (< 24 hours of injury) with history of head trauma
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Clinical indication for admission (ward or ICU)
Exclusion criteria:

An ASDH or t-ICH due to penetrating injury, a spontaneous or iatrogenic

ASDH/t-ICH

Severe pre-existing neurological disorder that would confound outcome

assessments
Patients are not excluded based on other clinical and radiological characteristics
(such as: advanced age, antiplatelet/anticoagulant use, small hematoma volume).
Radiological criteria for an ASDH or t-ICH/contusion are a high-density lesion, with
or without radiological signs of raised intracranial pressure (ICP) and with or without
mass effect (i.e. midline shift, compression of ventricles and/or basal systems). The
minimal size of the t-ICH needs to be 1occ to be included.

INTERVENTION PROCEDURES

Inherent to the observational design of this study the management strategies under
investigation proceed according to local emergency- and intensive care protocols or
surgeon’s expertise. Consequently, the resulting variation in management is accepted
and analysed. To gain insight into this variation detailed information is collected on
the reasons for specific interventions or management strategies (see section ‘why’
questions).

Surgical strategy

Surgical treatment consists of evacuation of the hematoma and/or contusion with
a craniotomy, or with a DC, defined as hematoma evacuation plus leaving a large
portion of the skull open to allow brain swelling in the secondary phase, preventing
subsequent brain injury. Generally, in Europe a craniotomy is performed for
hematoma evacuation and DC when (intractable) swelling is seen intraoperatively or
when swelling is expected (preventive). The decision for a DC can be made primarily,
or secondarily by increasing the defect of the bone flap that is formed during a
normal craniotomy. In conjunction to these surgical procedures the neurosurgeon
will decide to place an intracranial pressure (ICP) monitor or not. The ICP device
can be an intraparenchymal sensor or an external ventricular drain with a transducer
for the ICP. The latter has an option to drain cerebrospinal fluid (CSF) and thereby
lower ICP.

The operation will be performed by a qualified neurosurgeon or neurosurgical
resident. The techniques for evacuating such hematomas are well established,
although specific components of the operations may differ between surgeons. Our
aim will be to collect pertinent operative data on a standardized data collection form.
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The postoperative care on the ward or intensive care unit (ICU) generally is
protocolized in European centres. The length of hospital stay will differ considerably
between patients, ranging from one day to several months, mainly related to the
severity of the injury. The aim for a patient is to be discharged as soon as possible.
Furthermore, the supportive care is provided as described in the section ‘expectant
management’.

Expectant management, with possibly delayed surgery

For patients admitted to the ward, monitoring is in general by clinical neurological
control (GCS and motor strength) with or without CT brain follow-up, whereas
for those patients admitted to the ICU (mostly severe TBI) the diagnostic and
therapeutic options include ICP monitoring with medical management of
intracranial hypertension (i.e. hyperosmolar therapies, hyperventilation etc) and
cerebral perfusion pressure (CPP).

Follow-up CT scans, performed during hospitalization, are collected and analysed
centrally, independent from the treating physicians. Hereby, an estimation is made
about the proportion of the evacuated hematoma and the change in density of lesions.
Patients will be allocated to one of the treatment arms based on the initial treatment
strategy. The data collection includes questions after each CT that ask whether or
not the patient is transferred to the OR for an operative procedure. In doing so,
the treatment ‘arms’ in this study can be carefully controlled based on the first CT
on presentation (showing an ASDH and/or a t-ICH). The initial treatment regimen
chosen will be one of either treatment arms, analysed according to an intention-to-
treat approach.

DATA COLLECTION

Data of care management by hospital personnel are registered in all departments.
Data collection is done in a standardized electronic database, based on the ‘common
data elements’ for TBI and web-based data collection protocol.***'

Practice variation and provider profiling

Parallel to a survey on regional practice variation towards ASDH management in
the Netherlands, we have performed provider profiling of neurosurgical care for TBI
in Europe.*” This study provides an exploration of the organization of neurosurgical
care and treatment policy of TBI in all study centres. Such centre characterization
allows specification of the local policy and standardized protocol. Structures and
processes of care to be studied are patient volume, location of first ER evaluation,
level of the trauma centre, referral policy, number of neurosurgeons, type of ICU and
24/7 CT availability. In addition, with regard to post-acute care, routine follow-up for
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ER patients, ICU approaches to fluid load, hyperventilation, hyperosmolar therapy,
timing of intracranial surgery, timing of extracranial surgery, glucose management,
cerebral spinal fluid (CSF) drainage, DC, CPP management, coagulopathy treatment
and ICP monitoring (parenchymal or CSF catheter). Whether or not consensus for
divergent clinical decisions is agreed upon and whether or not hospital protocols are
available and applied.

Admission data

In short, the ‘common data elements’ entail the collection of patient characteristics
including demographics, comorbidities, associated extracranial injuries, neurological
condition, prehospital information, hypoxic and hypotensive periods, and CT
abnormalities. For the purpose of CER detailed information on processes of care
will be collected within CENTER-TBI and Net-QuRe, including timing (of first
CT, second CT, operation), surgery parameters, pre-hospital management and IC
therapies (including ICP: pharmacological and/or DC). These data are collected on
patient level, but also on hospital level (see previous paragraph).

‘Why’ questions

The observational design poses a challenge for inferring that the surgery caused
the outcome instead of other factors. Several known and measured confounders
(pupillary abnormalities, GCS and hematoma characteristics on CT) can be
accounted for. However, for the decision to operate or not in intracranial hematoma,
neurosurgeons select certain clinical, radiological and subjective ‘gut feeling’
characteristics that would normally go unmeasured. Therefore, the following efforts
are undertaken to collect variables that normally will go unmeasured. To assess
the effectiveness of different treatments for ASDH and t-ICH additional data are
collected on an individual (doctor) level; the neurosurgeon, ICU physician and/
or neurologist is asked to give their indication/reason to choose for surgery or
conservative management (e.g. hematoma size, mass effect, clinical symptoms,
clinical deterioration and/or other motivation), his or her motivation for the chosen
procedure (DC or craniotomy) and the anticipated prognosis of the patient.

The motivation for surgery and the prognosis is collected before the decision for
surgery or conservative management because afterwards the motivation could have
been changed due to several factors such as intraoperative findings and the clinical
course of the patient after the surgery.

Because of the infrastructure in TBI care, in which the clinician on-call is often
outside the hospital and - in case of the neurosurgeon - will start with the surgery
right after arrival in the hospital, the neurological and neurosurgical residents will
assess their supervising clinician’s motivation before the decision is carried out. To
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control this process, the date and time of collecting these variables is collected as
well.

OUTCOME MEASUREMENTS AND ENDPOINTS

Within CENTER-TBI and Net-QuRe the outcome measures are assessed by face-to-
face interviews, postal or emailed questionnaires or by telephone interviews at 3,
6 and 12 months after injury. Outcome assessment is done naive for the research
questions.

The primary endpoint is the 6-month Glasgow Outcome Score - Extended (GOSE?).
The Glasgow Outcome Scale Extended (GOSE) is the most commonly used outcome
measurein TBI. The GOSE grades disability on an 8-point scale incorporating physical
deficits as well as emotional and cognitive disturbances affecting disability.*** The
GOSE is designed as a structured interview and can be applied through telephone*®
and the mail .’

Secondary endpoints are mortality, structural hematoma changes on CT, frequency
and type of neurosurgical interventions, ICU and hospital length of stay (days),
complications (hydrocephalus, intracranial haemorrhage, infection, pulmonary
embolism, deep vein thrombosis and death), ‘treatment failure’ during the initial
hospital admittance (patient in the expectant group who are operated at a delayed
moment or patients in the early surgery group who are operated again), discharge to
home (from the hospital, rehabilitation facility or nursing home), quality of life 6 and
12 months postinjury with the SF-12, the brain injury specific Quality of Life after
Brain Injury questionnaire (Qolibri)*® and cognitive tests. Details of these and other
outcome measures are provided in our previous publication.”

DATA ANALYSIS

Patient characteristics, hospital characteristics, and variation in both treatment and
outcome variation will be described using descriptive statistics. To assess differences
between groups, appropriate tests will be employed according to distribution and
scale of measurement (Student’s t-tests or Mann-Whitney U tests for continuous
variables and Chi-squared tests, or Fisher’s exact test for categorical variables). To
examine effectiveness of interventions, proportional odds logistic regression models
with the 8-point ordinal GOSE as outcome variable will be used. A proportional odds
model increases statistical power in comparison to a conventional logistic regression
model with a binary outcome.® The odds ratios derived from a proportional odds
regression model could be interpreted as the odds ratio (OR) for shifting over the
GOSE.»

The main challenge in the analyses is how to estimate a treatment effect in these
observational data with strong confounding. Conventional methods, patient-level
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analyses with covariate adjustment in regression modelling and propensity score
matching, can insufficiently account for the (unmeasured) confounding in TBI.*
Therefore, the main analyses will use the between-hospital variation in treatment
for determining effectiveness by comparing regional treatment strategies. This is an
instrumental variable (IV) approach. The instrument is the proportion of patients
exposed to the intervention per hospital, determined as the proportion initially
operated ASDH of total ASDH patients, initially operated t-ICH of total t-ICH
patients and proportion of total ASDH or t-ICH patients exposed to primary DC
(that forms a proxy for ‘aggressiveness’ of the neurosurgical staff). Total ASDH and
ICH numbers are available through the registry. The instrument is entered as an
independent variable to the analyses. The unmeasured and measured confounding
at the hospital level, for example hospitals that perform more surgery also more
often perform other treatments, is overcome with a multilevel analysis model.# In
this model the random intercept should capture the measured and unmeasured
confounders at hospital level, resulting in unbiased treatment effect estimates. The
random intercept for each hospital represents the unexplained hospital effect (beyond
all factors included in the model, including the instrument treatment preference).
Assumptions of the IV approach will be checked according to our previous published
case study.*°

For these analyses, hospitals contributing at least 15 patients to the study sample
are included to minimize the influence of chance. To increase statistical power,
adjustment for potential patient level confounding will be made by adding the
strongest predictors of outcome (age, GCS, pupillary response, CT characteristics
(hematoma thickness and volume, subarachnoid haemorrhage, basal cistern
compromise, other focal or diffuse lesions), hypoxic or hypotensive episodes and
extracranial injuries) as covariates.** These factors were determined by prognostic
modelling in the International Mission for Prognosis and Analysis of Clinical
Trials (IMPACT) study based on a dataset of ten RCTs and three observational
studies.” Thus, the treatment effect parameter will be the estimate for the effect of
‘aggressiveness’ on outcome from a random effects ordinal regression model with
hospital as a random intercept.

In sensitivity analyses the instrument validity will be further explored by quantifying
a priori collected data, the results of our survey”® and the provider profiling of
CENTER-TBI,"” and comparing these to the post-hoc derived relative proportion
exposed to the intervention per hospital.

In the secondary analyses, conventional regression modelling with covariate
adjustmentand propensity score matchingis performed. In both these analyses actual
treatment will be a binary treatment variable and GOSE as ordinal outcome variable.
For ASDH surgery effectiveness, confounding will be controlled for by adding age,
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GCS, pupil reactivity, hematoma thickness and midline shift as covariates in the
model. For t-ICH effectiveness, confounding adjustment for age, GCS, hematoma
volume, pupil reactivity, hematoma laterality and midline shift. For DC effectiveness,
by age, GCS, pupil reactivity, midline shift and hematoma size (ASDH: thickness;
t-ICH: volume).

Importantly, the effect of surgery is probably not uniform, as is suggested by
empirical evidence***# and by clinical experience. Therefore, effect modification by
the following variables will be tested using interaction terms: GCS of = 9, hematoma
size >10 mm in diameter, midline shift >5 mm, time to treatment and baseline
prognostic risk.**

SAMPLE SIZE

In CENTER-TBI and Net-QuRe together approximately 1000 patients with ASDH
are expected. For t-ICH, 750 patients are expected. Parallel to the core study, 3500
and 3000 ASDH and ICH patients are expected in the registry respectively. These
patients are recruited in approximately 7o centres.

Standard sample size calculations for these specific analyses are not readily available.
Therefore, a simulation study was performed to calculate statistical power. The
assumptions for these calculations were the following: 30, 50 or 7o hospitals, variation
of intracranial operation among hospitals 10 to 90% and an effect estimate of OR
0.6 on unfavourable outcome. In addition, we assumed covariate adjustment and
the ordinal analysis to increase power with 40 to 49%.*° The simulation confirmed
these sample sizes to be sufficient to obtain a power of 80% to detect a difference
(assuming a 2-sided significance 0.05).

This is in line with preparatory simulation study we performed in which a true
treatment effect was simulated specifically to assess the TBI specific associations
between covariates and outcome.** This simulation study was built around the
International and North American Tirilazad trial dataset (86 hospitals between
1992 and 1994) of the IMPACT dataset,¥ which was inflated to CENTER-TBI/
Net-QuRe numbers (respectively 750 and 1000 patients from 70 hospitals). We
simulated a hypothetical intervention with an OR 1.5. For the association between
the hypothetical intervention and confounders, we used the observed associations
between intracranial operation and confounders in the Tirilazad dataset. We used
sixmonth binary (functional) outcome as dependent variable, which was generated
based on a combination of the prognostic effect of the confounders and the effect of
the hypothetical intervention.

For analyses and simulations R statistical software with add-ons (the rms and lmey
packages) is used.

142 Part I11



MISSING DATA
Missing baseline data will be imputed with multiple imputation (n=j).

REePORTING
Reporting of our study will follow the STROBE statement with a special focus on
instrumental variable analyses recommendations.*®

STUDY LIMITATIONS

The main limitation of this study is the absence of a randomised assignment of
treatment or strategy. Risks of confounding by indication are reduced by instrumental
variable analysis. The success of the primary analysis however, depends on the
strength of the instrument, i.e. the difference in aggressive versus conservative
practice style between physicians during the study period. The results of the provider
profiling (before the study) are encouraging. As secondary analyses we perform more
conventional approaches to adjust for confounding by indication (multivariable
adjustment and propensity scores). The results of analytical approaches will be
interpreted in the light of the assumptions they require and to what extent these are
likely to be fulfilled in the data. The final conclusion will be drawn based on the joint
results of all analyses.

DISCUSSION

There is controversy with regard to the initial neurosurgical management of ASDH
and t-ICH. First, neurosurgeons are faced with an acute decision to operate or not,
and second, are confronted by the choice to evacuate the hematoma with or without
a DC. The complexity lies in the balance between too liberal surgical indications
with an increased number of survivors with severe disabilities against inappropriate
conservative management with unnecessary death and disability. In combination
with the circumstances, i.e. urgency and time pressure as well as absence of peer
consultation, these treatment decisions have been shown to lead to variation in
surgical treatment between surgeons.

The proposed study will provide a strong level of evidence for surgical management
of ASDH and t-ICH. We expect that the large natural existing practice variation in
management of these intracranial lesions™" could in part explain the unexplained
between-centre variability in outcome in TBI.# Thereby, the impact on patients will
probably be significant. Recognizing and implementing the most effective clinical
treatment strategy could be an important step towards reducing the widely differing
injury mortality rates across Europe.**
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Current and ongoing studies are sparse. Since the BTF guideline, which was based
on merely retrospective studies with small or selected study populations that were
performed more than 10 years before the guideline,”*"* there have been only some
comparative studies. In our own retrospective analyses, early ASDH evacuation
might be associated with lower odds of mortality and unfavourable outcome (GOS
= 3).* This is the first report showing an effect estimate of surgery for ASDH. The
clinical effectiveness of an early evacuation for t-ICH was challenged in the Surgical
Trial in Traumatic Intracerebral Haemorrhage (STITCH-Trauma), an international
multicentre pragmatic randomised controlled trial*° The study started in October
2009 but was halted due to a disbalance in recruited patients per country. In the
analysis of the included patients, a strong (but non-significant) tendency towards
benefit of early surgery was found on the primary endpoint the dichotomous GOS
and there were significantly more deaths in the initial conservative treatment group.
The effectiveness of a primary DC in patients with ASDH is currently being assessed
in the recruiting RESCUE-ASDH randomised trial.”

Thus, these traumatic hematomas confront the neurosurgeon with a challenging
surgical decision-making task, which, most likely due to a lack of general evidence,
leads to broad variation in current surgical practice patterns. While RCTs can be
delivered and provide high level evidence, they are challenging to conduct, hence
the rationale for other methodological intervention paradigms. The high-quality
observational study presented in this article, with a focus on the analysis of the
differences in management and outcome, is expected to provide the much-needed
further evidence in the field of surgical management of traumatic focal lesions.

ABBREVIATIONS

ASDH: acute subdural hematoma,

CENTER-TBI: Collaborative European NeuroTrauma Effectiveness research in TBI
CER: comparative effectiveness research,

CPP: cerebral perfusion pressure,

CSF: cerebrospinal fluid,

CT: computed tomography,

ER: emergency room,

GCS: Glasgow Coma Score,

GOSE: Glasgow Outcome Scale Extended,

ICU: intensive care unit,

ICP: intracranial pressure,

IMPACT: International Mission for Prognosis and Analysis of Clinical Trials in TBI,
IV: instrumental variable,

144 Part I11



Net-QuRe: Neurotraumatology Quality Registry,
OR: operating room,

Qolibri: Quality of Live in Brain Injury,

RCT: randomised clinical trial,

TBI: traumatic brain injury,

t-ICH: intracerebral hematoma/contusion.
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ABSTRACT

Uncertainty remains on the optimal initial management of patients with traumatic
acute subdural hematoma, leading to regional variation in surgical policy. This can
be exploited to compare the effect of various management strategies and determine
best practices. This article reports such a comparative effectiveness analysis of a
retrospective observational cohort of traumatic acute subdural hematoma patients
in two geographically distinct neurosurgical departments chosen for their — a-priori
defined — diverging treatment preferences. Region A favored a strategy focused
on surgical hematoma evacuation, while region B employed a more conservative
approach, performing primary surgery less often. Region was used as a proxy for
preferred treatment strategy to compare outcomes between groups, adjusted for
potential confounders using multivariable logistic regression with imputation
of missing data. In total, 190 patients were included: 108 from region A and 82
from region B. There were 104 males (54.7%). Matching current epidemiological
developments, the median age was relatively high at 68 years (IQR, 54-76). Baseline
characteristics were comparable between regions. Primary evacuation was carried
out in 84% of patients in region A and 65% in region B (p<.o1). Mortality was lower
in region A (37% vs. 45%, p=.29), as well as unfavorable outcome (53% vs. 62%,
p=-23). The strategy favoring surgical evacuation was associated with significantly
lower odds of mortality (OR: 0.43; 95% CI: 0.21 to 0.88) and unfavorable outcome
(OR: 0.53; 95% CI: 0.27 to 1.02) 3-9 months post-injury. Therefore, in the aging
population of patients with acute subdural hematoma a treatment strategy favoring
emergency hematoma evacuation might be associated with lower odds of mortality
and unfavorable outcome.
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INTRODUCTION

In 1983, Gelpke and colleagues compared survival after severe traumatic brain injury
(TBI) between two neurosurgical departments in the Netherlands. They concluded
that of the 18% difference in survival rate between centers, 10.5% was accounted
for by differences in baseline characteristics, and the remaining 7.5% could reflect
differences in management strategies.’ This study can be regarded as comparative
effectiveness research (CER) avant la lettre in the field of TBI. CER aims to relate
naturally occurring treatment variation to differences in patient-relevant outcomes,
measured in day-to-day clinical settings and broad populations.” This is increasingly
recognized as a powerful alternative to randomized controlled trials (RCTs).> Many
surgical trials have been hampered by protracted recruitment periods*’ and financial
constraints,® while providing limited benefit to clinical management.>” Moreover,
CER could be worthwhile because, partly due to current treatment guidelines
featuring low class evidence, considerable between-center differences in the clinical
management of TBI are seen.™

“To operate or not?” is a burning clinical question every surgeon frequently has
to answer. In the case of traumatic acute subdural hematoma (ASDH), whether
the patient will benefit from direct surgical evacuation of the hematoma remains
a contested issue. Though prompt surgery has been associated with improved
survival,” ™ reported mortality rates remain high, ranging from 40 to 60% in
surgically treated patients of all trauma severities.* Conversely, it has been suggested
that certain patients with a poor prognosis may not be treated at all,*** and
patients with minimal symptomatology or comatose ASDH patient with a minimal
hematoma without extracranial explanations for his/her coma can successfully be
treated conservatively.**™ Conservative treatment comprises of observation, serial
neurological examinations and sometimes placement of an intracranial pressure
(ICP) monitor with non-operative/medical management of intracranial hypertension
when appropriate.

Thus, the decision to operate or not poses a clinical challenge for the neurosurgeon
and should preferably be aided by guidelines based on comparison of treatment
regimes. However, RCTs have never been done and comparative observational cohort
studies with balanced treatment groups are unavailable. The most widely used
surgical guidelines published by the Brain Trauma Foundation are consequently
made up of weak evidence.* Therefore clinical decision-making is presently
influenced by neurosurgeons’ individual preferences for, or familiarity with
treatment of traumatic ASDH. As a result, management strategies vary considerably
between neurosurgical departments, even between those within dedicated level 1
trauma centers with protocolled emergency medicine schemes.”™* Clearly, there
is a need for comparative studies to elucidate the optimal treatment of traumatic
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ASDH. Since randomized surgical trials are not practically feasible because of moral
boundaries of treating physicians, the comparison of cohorts between homogenous
regions managing ASDH in different ways may be the best available alternative to
assess the effectiveness of surgical therapy.

The objective of this study was to compare mortality and functional outcome
between an immediate surgical and a conservative, less surgery driven approach for
the treatment of traumatic ASDH.

MATERIALS AND METHODS

This study was conducted and reported according to the criteria of the ‘Strengthening
the Reporting of Observational Based Studies’ (STROBE) statement.®

THE DUTCH HEALTHCARE SYSTEM AND REGIONAL TREATMENT VARIATION

Healthcare in the Netherlands is uniformly accessible to all patients, with equal
distribution of resources among hospitals. Neurosurgical care for patients with
TBI is provided at 11 level 1 trauma centers, serving separate areas according to
regional referral policies. Training and licensing is equal among these centers.
However, neurosurgical practices differ across these centers, probably due to local
surgical customs handed down over the years: a recent survey assessing whether
neurosurgeons would perform an operation in various patients with ASDH showed
considerable between-center variation among Dutch neurosurgeons’ attitudes
towards patients with traumatic ASDH."” Based on this questionnaire, the centers
that showed the most divergent view on whether to operate acutely or not in cases
reflecting the whole clinical TBI severity spectrum (90.0% vs 14.3% for moderate
TBI, 90.0% and 42.9% for severe TBI) were chosen before the start of the current
study. In both centers the same Brain Trauma Foundation guideline-based ICU
protocol for (refractory) raised ICP is employed while the neurosurgical departments
do not employ a surgical protocol (e.g. the Brain Trauma Foundation guideline).

STUDY DESIGN, SETTING AND POPULATION

Two patient cohorts were retrospectively identified at two neurosurgical departments,
in geographically separate regions. Neurosurgeons from region A treat TBI patients
at two neurosurgically collaborating hospitals within level 1 trauma centers and
advocate primary surgical treatment of ASDH (through hematoma evacuation
with or without decompression). Neurosurgeons from region B operate in a single
level 1 trauma center and opt for surgery less often, suggesting a more conservative
approach.” Both regions serve a homogeneous population of about 2 million people.
Regions A and B employed 16 and 18 neurosurgeons respectively.
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ELIGIBILITY CRITERIA

The Dutch registry system for hospital funding appoints diagnosis and treatment
codes to all patients visiting a hospital. Using this system as a screening tool, we
consecutively identified all patients treated by a neurosurgeon for TBI between 2008
and 2012 in both regions. Thereafter, the national trauma registry was checked for
any missed inclusions.” A broad set of inclusion criteria was applied: patients were
included if they had sustained head injury with direct presentation to the emergency
room, were over 16 years of age, and showed a hyperdense, crescent shaped lesion —
indicative ofan ASDH —on the CT-scan. Exclusion criteria were penetrating injury, non-
traumatic ASDH, ASDH secondary to an earlier procedure, and patients presenting
with concomitant intracranial focal lesions (i.e. intracerebral hematoma or epidural
hematoma) that required emergency surgery. Patients withheld from treatment due to
severe comorbidity or because they were deemed unsalvageable, were also excluded on
the premises the outcome would have been the same regardless of treatment.

VARIABLES

Data from electronic patient files were gathered on demographics, medical history,
use of anticoagulants or antiplatelet agents, injury related variables, radiological
variables, treatment variables, complications and outcome variables.

Injury related variables included trauma mechanism, first emergency room Glasgow
Coma Scale (GCS) score, focal neurological symptoms (paresis, aphasia or cranial
nerve deficit), pupillary light reflex, clinical deterioration (i.e. a decrease of more than
1 point on the GCS, new abnormal pupillary light reflex, or new focal neurological
symptoms, from the time of first assessment), presence of significant extra-cranial
injury, and primary presentation to the study hospitals.

Radiological variables were assessed from the first CT-scan. They included clot
thickness, midline shift, patency of the basal cisterns, presence of cranial fractures,
and presence of concomitant intracranial hemorrhage (subarachnoid hemorrhage,
epidural hematoma, contralateral subdural hematoma, intraventricular hemorrhage,
or intracerebral hematoma/contusion). We also noted if a second preoperative CT-
scan was made and whether it showed radiological deterioration (i.e. presence of new
focal lesion or >5mm increase in hematoma thickness).

Therapy related variables included type of management (conservative or surgical),
type of surgery (craniotomy, decompressive craniectomy (DC), or other), use of an ICP
monitor, and any delayed surgical procedures performed after the initial treatment
was received. The maximum diameter of the DC was measured from postoperative
CT-scans. Patients were considered surgically treated when a report was made on
the indication and the surgical procedure was started after the last CT made on
the emergency room. Patients were considered conservatively managed when the
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neurosurgeon on call reported not to operate after the CT. Patients that were primarily
conservatively managed could require surgery later on, after secondary deterioration.
All complications requiring medical attention during admission (e.g. antibiotic
treatment for infection) were noted. Complications were defined as intracranial (e.g.
seizure, hydrocephalus), cardiovascular (e.g. arrhythmia, ischemia), respiratory (e.g.
respiratory insufficiency, hypoxia), metabolic (e.g. electrolyte disturbances, renal
failure), infections (e.g. pneumonia, wound infection), or other.

Outcome measures were mortality at discharge and functional outcome according to
the Glasgow Outcome Score (GOS). Functional outcome was judged from outpatient
follow-up letters at 3-9 months post trauma, and dichotomized into favorable (GOS
4-5) or unfavorable (GOS 1-3).>°

Two authors from region A collected all data. To ensure uniform and unbiased
collection, both contributors independently gathered data according to a standardized
collection sheet. In case of uncertainty, variables were coded after consensus was
reached through discussion.

This study was approved by the ethics committees of the two participating hospitals.

STATISTICAL ANALYSIS

The median and interquartile range (IQR) were calculated for continuous variables
and frequencies were reported along with percentages for categorical variables. To
test for differences in patient characteristics, treatments and outcomes between
regions, we used Pearson’s chi-square test for categorical, and the Mann-Whitney
U test for continuous variables. In order to provide a summary baseline prognostic
score for both regions, a multivariable logistic regression model, based on all
available variables featured in the CRASH-CT head injury prognosis model (age,
GCS score, pupil reactivity to light, major extracranial injury, midline shift >5mm,
traumatic subarachnoid hemorrhage, and obliteration of the basal cisterns), was
used to calculate predicted probabilities for mortality and unfavorable outcome.”

To assess the effect of treatment strategy on outcome, we used region as proxy for treatment
strategy. That strategy correlates with more surgeries (and possibly other aspects, see
discussion). Assuming regional variation was the only determinant of treatment strategy, the
region in which patients were treated was used as grouping variable to compare outcomes.
A multivariable logistic regression model was used to estimate the effect of treatment
strategy on outcome, adjusted for the confounders age, GCS score, pupil reactivity and
hematoma thickness. In addition, subgroup analysis restricted to patients with mild to
moderate TBI (GCS 9 to 15) was done. The regression analyses were done using a multiple
imputed dataset created with the automatic imputation method of the impute function
of SPSS. Missing data were reported for all variables at baseline. Results were considered
statistically significant if p<.os. All analyses were performed using IBM’s SPSS version 23.
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RESULTS

PARTICIPANTS AND PRESENTATION

A total of 612 cases were screened (N, region A=294; N, region B=318) of which
195 cases met the eligibility criteria: 109 from region A and 86 from region B. Five
cases were excluded due to severe comorbidity (N, region A=1), or were deemed
unsalvageable (N, region B=4, figure 1).

The study population included 104 males (54.7%) and the median age was 68 years
(IQR, 54-76). Regions did not differ significantly on age, sex, use of anticoagulants,
injury mechanism, GCS score, occurrence of focal neurological symptoms, pupillary
exam, or frequency of major extracranial injury (table 1). Region A received more
primary referrals than region B (63% vs. 21%, p<.o1). Patients in region B more often
experienced clinical deterioration (34% vs. 51%, p<.o1). Region A had larger median
hematoma thickness (14mm vs. tomm, p<.o1), larger median midline shift (12mm
vs. gmm, p<.o1), and less cranial fractures (28% vs. 44%, p<.03). The baseline
CRASH-CT predicted risk of unfavorable outcome was similar: 56% in region A and
53% in region B (p=.18). Missing values per variable used in both univariable and
multivariable regression analyses did not exceed 5.8% (table 1).

417 Not eligible:
* No ASDH
® Penetrating injury
* Non-traumatic ASDH
* ASDH secondary to surgical
procedure

— 195 Met the eligibility criteria * Other Ie5|9n requiring
neurosurgical procedure

612 Patients assessed for eligibility

v

v
109 With ASDH 86 With ASDH
treated in region A treated in region B
1 Deemed iy 4 Deemed
<t »
unsalvageable unsalvageable
v v
108 With ASDH 82 With ASDH
included in region A { included in region B
17 Primary 29 Primary
91 Primary surgery conservative 53 Primary surgery conservative
management management

Figure 1. Patient inclusion flow chart showing the number of patients included in each region
(region A: liberal surgical policy, region B: more conservative policy) and the definitive treatment
received (either primary surgical or conservative).
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Table 1. Clinical and radiological variables for the entire study population

Variable, % missing Region A (N=108) Region B (N=82) p-value
Age, median (IQR), years, 0% 70 (54 —78) 65 (53— 74) .07
Male sex, No. (%), 0% 57/108 (53%) 47/82 (57%) .56
History of diabetes, No. (%), 1.6% 14/105 (13%) 10/82 (12%) 1.00
Vascular history, No. (%), 1.6% 60/105 (57%) 45/82 (55%) 769
Anticoagulant, No. (%), 1.6%
Anticoagulants 34/107 (32%) 18/80 (23%) 19
Platelet inhibitors 20/107 (20%) 16/80 (19%) 1.00
Mechanism of injury, No. (%), 2.5%
Fall 58/104 (56%) 45/81 (56%) 1.00
Assault 5/104 (5%) 1/81 (1%) .23
Motor vehicle accident 12/104 (12%) 13/81 (16%) .39
Fall from bike 12/104 (12%) 11/81 (14%) .82
Other 17/104 (16%) 11/81 (14%) .68
Primary presentation, No. (%), 0% 67/106 (63%) 17/82 (21%) <.01
Focal neurological symptoms, No. (%), 24.7% 42/79 (53%) 28/64 (44%) 31
Abnormal pupils, No. (%), 5.3%
One 13/101 (13%) 12/79 (15%) .67
Two 14/101 (14%) 9/79 (12%) .66
First GCS score, median (IQR), 2.6% 9 (6-14) 12 (7—15) 48
Initial motor (M) score, median (IQR), 29.5% 6 (5-6) 5(4—6) .04
TBI severity, No. (%), 1.6%
Mild (GCS 13 to 15) 40/107 (37%) 29/80 (36%) 1.00
Moderate (GCS 9 to 12) 18/107 (17%) 20/80 (25%) .20
Severe (GCS 3 to 8) 49/107 (46%) 31/80 (39%) .37
Clinical deterioration, No. (%), 0% 37/108 (34%) 44/82 (54%) <.01
GCS score after deterioration, median (IQR), 5.2% 8 (4-13) 8 (5—13) 45
Major extracranial injury, No. (%), 3.2% 12/102 (12%) 11/82 (13%) .82
CT characteristics
Thickness, median (IQR), mm, 5.8% 14 (9 -18) 10 (7-14) <.01
Midline shift, median (IQR), mm, 4.2% 12 (7 -16) 8(3-13) <.01
Basal cisterns obliterated, No. (%), 4.2% 39/101 (39%) 24/81 (30%) .22
Concomitant SAH, No. (%), 2.1% 24/104 (23%) 23/82 (28%) .50
Concomitant contusion, No. (%), 2.6% 20/104 (19%) 25/81 (31%) .08
Concomitant EDH, No. (%), 2.1% 7/104 (7%) 4/82 (5%) 76
Concomitant SDH, No. (%), 2.1% 8/104 (8%) 11/82 (13%) .23
Concomitant IVH, No. (%), 2.1% 2/104 (2%) 2/82 (2%) 1.00
Cranial fracture, No. (%), 2.1% 30/106 (28%) 35/80 (44%) .03
Second CT scan, No. (%), 1.6% 23/105 (22%) 19/82 (23%) .86
Radiologic deterioration, 2.4% 14/22 (64%)* 10/19 (53%)* .54

Predicted unfavorable outcome based on CRASH-CT

0, [T O, of _ O
variables (GOS < 3, %), mean (IQR), 12.6% 56% (42% ~75%) 53% (32%-70%) 18
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Table 1. Clinical and radiological variables for the entire study population (continued)

Variable, % missing Region A (N=108) Region B (N=82) p-value

* percentage of all second CT scans

IQR, interquartile range; No., Number; GCS, Glasgow Coma Scale; TBI, Traumatic Brain Injury; CT,
Computer Tomography; SAH, subarachnoid hemorrhage; EDH, epidural hematoma; SDH, subdural
hematoma; IVH, intraventricular hemorrhage; GOS, Glasgow Outcome Score

INTERVENTIONS

Patients in region A more often received emergency surgery (84% vs. 65%, p<.o1) or

an ICP sensor (38% vs. 15%, p<.o1). When undergoing surgery, patients were more

likely to undergo DC in region B (32% vs. 55%, p<.o1). The median size of DC in

region B was somewhat larger (1romm vs. 116mm, p=.15). Both regions had a similar

rate of delayed procedures (15% vs 16%, p=.57) and complications (table 2).

Table 2. Hospital course variables for the entire study population

Variable, % missing Region A (N=108) Region B (N=82) p-values
ICP monitor placed, No. (%), 1.1% 40/106 (38%) 12/82 (15%) <.01
Emergency surgery, 0%

Total, No. (%) 91/108 (84%) 53/82 (65%) <.01
Craniotomy, No. (%) 60/91 (66%)* 24/53 (45%)* .02
DG, No. (%) 29/91 (32%) ° 29/53 (55%) © <.01
Other, No. (%) 2/91 (2%)* 0/53 (0%)* .53
Size of DC, mdn (IQR) 110 (97 — 115) 116 (103.5 - 127) a5
Delayed surgery, No. (%), 2.6%

Total 16/103 (15%) 16/82 (19%) .57
Craniotomy 4/16 (25%)* 7/15 (44%) * .46
DC 6/16 (38%)* 4/15 (25%) * 70
Burrhole 4/16 (25%)° 3/15 (19%) * 1.00
Other 2/16 (13%) * 2/15 (13%) ° 1.00
Complications, No. (%), 7.4%

Total 56/95 (59%) 50/81 (62%) 76
Intracranial 30/95 (32%) 29/81 (36%) .63
Cardiovascular 13/95 (14%) 17/81 (21%) .23
Respiratory 4/95 (4%) 9/81 (11%) RLY
Metabolic 3/95 (3%) 9/81 (11%) .07
Infection 30/95 (32%) 18/81 (22%) a8
Other 1/100 (1%) 7/81 (9%) .02

* Percentage within group of emergency or delayed procedures

ICP, intracranial pressure; mdn, median; No., Number; IQR, interquartile range; DC, decompressive

craniectomy
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Table 3. Output of logistic regression analyses. Numbers are odds ratios and 95% confidence
intervals for the effect of treatment strategy on mortality and unfavorable outcome (Glasgow
Outcome Score = 3)

Analysis type Mortality at discharge  Unfavorable outcome at 3-9 months
All patients

Univariable (N=190), OR (95% Cl) 0.75 (0.42 to 1.10) 074 (0.41t0 1.02)

Multivariable (N=190), OR (95% Cl)*  0.43 (0.21 t0 0.88) 0.53 (0.27 t0 1.02)

Subgroup of mild-moderate TBI patients

Univariable (N=110), OR (95% Cl) 0.51 (0.22 to 1.18) 0.45 (0.21t0 0.96)

Multivariable (N=110), OR (95% Cl)® 0.34 (0.13t0 0.97) 0.33 (0.14 t0 0.77)

* controlling for age, GCS score, pupillary reactivity and hematoma thickness
® controlling for age, GCS score and hematoma thickness
OR, odds ratio; Cl, confidence interval; TBI, traumatic brain injury; GCS, Glasgow coma scale

THE EFFECT OF TREATMENT STRATEGY

Hospital mortality in region A was 37%, compared to 45% in region B (p=.29).
Also, in region A 53% had an unfavorable outcome after 3-9 months, compared to
62% in region B (p=.23). Region showed a favorable effect of a more aggressive
treatment strategy (region A) in both unadjusted (mortality OR, 0.75; 95% CI, 0.42
to 1.10; unfavorable outcome OR, 0.74; 95% CI, 0.41 to 1.02) and adjusted analysis
(mortality OR, 0.43; 95% CI, 0.21 to 0.88; unfavorable outcome OR, 0.53; 95% CI,
0.27 to 1.02). Subgroup analysis restricted to patients with mild to moderate TBI
(N=110) showed a similar effect for both mortality (adjusted OR, 0.34; 95% CI, 0.13
to 0.91) and unfavorable outcome (adjusted OR, 0.33; 95% CI 0.14 to 0.77) (table 3).
A post-hoc analysis with adjustment for decompressive craniectomy and primary
referral confirmed the main results (supplementary tables 1 and 2).

THE EFFECT OF SURGERY ON PATIENT LEVEL

In multivariable analysis, surgery was associated with higher odds of in-hospital
mortality (OR, 6.6; 95% CI, 1.43 to 30.8) and unfavorable outcome (OR, 1.56, 95%
CIL: 0.64 to 3.82, table 4).

Table 4. Output of logistic regression analyses. Numbers are odds ratio’s and 95% confidence
intervals for the effect of surgery on mortality and unfavorable outcome (Glasgow Outcome
Score <3)

Analysis type Mortality at discharge Unfavorable outcome at 3-9 months
Effect of surgery on patient level

Univariable, OR (95% Cl) 9.7 (3.3 t0 28.6) 3.5 (1.7t0 7.3)

Multivariable, OR (95% Cl)* 6.6 (1.4 t0 30.8) 1.6 (0.6 t0 3.8)

* controlling for age, GCS score, pupillary reactivity and hematoma thickness
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DISCUSSION

This study compared an aggressive surgical policy to a more conservative management
strategy for traumatic ASDH. Though the study groups were comparable in terms
of baseline prognosis, patients were significantly more likely to undergo emergency
surgery in the expected region. A primarily surgically focused strategy was associated
with a lower in-hospital mortality and unfavorable outcome.

Estimating causal treatment effects in non-randomized data is often impossible
due to confounding by indication. Some of the baseline imbalance can be corrected
through stratification or multivariable modeling (amongst other selection or analysis
techniques). However, when we compared a surgical with a non-operative treatment
on patient level in this study (table 4), in contrast to comparing treatment strategies
on a center level, emergency surgery was associated with worse outcome even after
adjusting for confounders. This suggests unmeasured confounding by indication,
causing misleading effect estimates. The region-based comparison is a major strength
of this study. It allowed for a ‘natural experiment’ where patients were ‘allocated’ to
one of both policies based on where the accident occurred and not based on their
baseline characteristics. This provided an opportunity for an analysis that likely
has a considerable reduction of unmeasured confounding compared to an analysis
comparing the actual treatment received. Based on the balance between groups with
regard to measured confounders, we may speculate that there is also balance in
unmeasured confounders. This assumption, however, cannot be statistically proven
(as would neither be possible or rational in an RCT).

A weakness is that we compared surgical strategy in only two centers. It cannot
be excluded that differences between regions in other aspects of care, e.g. other
treatments or organization of care, caused the difference in outcome in addition
to the surgical approach. To account for these differences in such a hospital-level
approach more centers are generally needed to disentangle the care aspects that
correlate with the treatment decision of interest. Therefore, we need to interpret
our results with caution. The wide confidence interval of the effect estimates clearly
underwrites this statement even more. A study with more hospitals is needed to
allow adjustment for differences between the hospitals other than in the treatment
of interest.

An obvious limitation in this context, although inherent to the observational nature,
is that the region-based approach did not completely eliminate all differences in
baseline confounders. Patients from region A presented directly to the study hospital
more often (63% vs. 21%, p<.o1). Primary presentation to a neurosurgical center
improves patient outcome and has a close relationship with time to surgery,’* both of
which may have contributed to the lower rates of mortality and unfavorable outcome
observed in region A. The higher incidence of clinical deterioration in region B may
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be consequent to the larger number of secondary referrals. On the other hand, region
B is characterized by relatively smaller hematoma thickness and midline shift (on the
same time point CT), while having a higher proportion of accompanying contusions.
However, the possible resulting confounding is adjusted for appropriately. Moreover,
apparently the imbalances are evenly spread out because the cohorts of both regions
have a similar prognosis in the validated CRASH model. So they were similar for the
most important predictors of outcome on arrival to the study hospital.

Another limitation may be that the data collectors could not be blinded for hospital
of admission, which might give rise to information bias. To minimize potential bias,
a standardized and controlled data collection protocol was followed. Nevertheless, we
need to consider that the GOS was estimated from clinic discharge and visit letters,
instead of a structured interview.

Furthermore, this study needs an important note on generalizability. This is a
relatively old population, with a high proportion of fall-related ASDH (56%). Recent
comparable series of patients with ASDH of varying severities report mean ages of 55
to 58 years.'?#?* The high age in this study should come as no surprise considering the
aging population in developed countries, but should be kept in mind when applying
its results. Also, for a clinician to determine to which patients these results are
relevant she/he needs to consider for what kind of ASDH patients the neurosurgery
is consulted in the Netherlands. An unknown number of mild cases reviewed by the
neurologist or neurology resident without consultation of a neurosurgeon were not
included. This explains the relatively small number of conservatively treated patients
(24% overall) in our cohort compared to recent studies, reporting 74-83% of ASDHs
being treated nonoperatively.”** And, though much less common, this also applies
to very severe cases, not operated due to an extremely poor prognosis. Because the
mild cases constitute the majority of TBI, and this patient category undoubtedly has
an above-average prognosis, applying the favorable results of surgery to all ASDH
patients would not be reasonable. While both the age and consultation patterns
might influence the generalizability, we nonetheless consider our selection useful
in research on surgical decision making, because our cohort is representative of the
ASDH population currently presented to neurosurgeons.

THE ROLE OF SURGERY FOR ASDH

Our results are in line with other recent studies reporting a positive effect of early/
aggressive surgical management, mainly for severe TBI on mortality and functional
outcome.”? A recent report showed this could also be true for routine use of invasive
ICP measurement for severe TBL." On the other hand, when restricting to surgery,
and the complete patientdomain, i.e. ASDH patients with mild to severe TBI, previous
studies have reported worse or similar outcomes in patients undergoing surgical
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treatment, 2420323637

However, all studies compared outcomes between surgically
and non-operatively treated patients at the patient level rather than a regional level,
potentially leading to confounding by indication, because more severely injured
patients are more likely to be operated. As mentioned above, when performing a
conventional analysis on our cohort, surgery was associated with increased mortality
and unfavorable outcome in our data. Hence, the distorting effect of confounding by
indication in TBI supports the use of a comparative effectiveness approach when an
RCT is not feasible for whatever reason.

When discussing the role of surgery in TBI, the use of decompressive craniectomy
cannot be left unmentioned. Region B used DC significantly more often, despite
equal distribution of prognostic factors. This could reflect another variation in
surgical strategy or be consequent to the higher number of secondary referrals,
resulting in presentation at a later stage, when brain swelling has started to occur.
There is limited evidence on the use of primary DC in the treatment of ASDH, and
studies comparing craniotomy to DC are likely confounded by indication as well.***°
Consequently, the effect of more frequent use of DC in region B on our outcome
measures is uncertain. The planned RESCUE-ASDH trial will use an experimental
comparative effectiveness design to clarify the value of DC as a primary treatment in
severe TBL."

This study reports an example of the practice variation in surgical treatment of
traumatic ASDH. Advantage can be taken of this variation for CER. Larger cohorts
with more hospitals are required to perform robust analyses to explore the ability
of this method to infer causality, and with enough statistical power to study specific
substrata according to age and trauma severity. The availability of such cohorts, with
prospectively gathered, trial quality data from real-world settings, will allow initiatives
such as Net-QuRe and CENTER-TBI to answer urgent clinical questions to provide
the much needed guidance for the treatment of TBL.#

CONCLUSION

In this comparative study of surgery for ASDH, an aggressive management strategy
favoring emergency evacuation of the hematoma was associated with better outcome.
This conclusion derives from a contemporary cohort of relatively old traumatic
ASDH patients that reflects the current population presented to a neurosurgeon.
Larger, prospective, comparative studies with more hospitals are needed to confirm
this effect of surgery and to explore generalizability.
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SUMMARY

BACKGROUND

Despite being well-established, acute surgery in traumatic acute subdural hematoma
(ASDH) is based on low-grade evidence. We aimed to compare the effectiveness of a
strategy preferring acute surgical evacuation with one preferring (initial) conservative
treatment in ASDH.

METHODS

Using the observational, multicentre, European cohort CENTER-TBI, we conducted
a prospective comparative effectiveness study among patients with ASDH,
presenting within 24 hours after injury. In an instrumental variable analysis, we
compared outcomes between centres according to treatment preference, measured
by the case-mix adjusted proportion acute surgery per centre. The primary endpoint
was functional outcome rated by the 6-months Glasgow Outcome Scale Extended,
estimated with ordinal regression as a common odds ratio (OR), adjusted for
prespecified confounders. Variation in centre preference was quantified with the
median odds ratio (MOR).

FINDINGS

We included 1407 patients with ASDH from 65 centres. Acute surgical evacuation
was performed in 336 patients (24%), in 245 (73%) by craniotomy and in 91 (27%)
by decompressive craniectomy. Delayed surgery after initial conservative treatment
(n=982) occurred in 107 patients (11%). The proportion acute surgery ranged from 6
to 52% (IQR 12-36%) between centres with a twofold higher probability of receiving
acute surgery for an identical patient in one versus another random centre (adjusted
MOR for acute surgery 1-8 [p < 0-ooo1]). Centre preference for acute surgery over
initial conservative treatment was not associated with better outcome (OR per 24%
(IQR) more acute surgery in a centre 0-92 [95% CI o0-77-1-09]). This was consistent
in the group of patients without unreactive pupils or a GCS of 15.

INTERPRETATION

Similar patients with ASDH, without an extremely poor or good prognosis at
presentation, were treated differently due to varying treatment preferences. A
treatment strategy preferring an aggressive approach of acute surgical evacuation
over initial conservative treatment was not associated with better outcome. Therefore,
in a patient with an ASDH for whom a clinician sees no clear superiority in acute
surgery vs. conservative strategy, initial conservative treatment may be considered.
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FunbiNG

The Hersenstichting Nederland (the Dutch Brain Foundation), the European
Commission seventh Framework Program, the Hannelore Kohl Stiftung (Germany),
OneMind (USA), Integra LifeSciences Corporation (USA), and NeuroTrauma
Sciences (USA).

INTRODUCTION

Acute subdural hematoma (ASDH) is the most prevalent focal lesion in traumatic
brain injury (TBI) and is associated with high mortality and long-term neurocognitive
morbidity.” One of the cornerstones of treatment is immediate neurosurgical
management: acute hematoma evacuation or initial conservative treatment with
potential delayed surgery.*?

In patients with rapid neurological deterioration due to a large ASDH the decision
to operate in the acute phase is clear: without acute surgery a high intracranial
pressure (ICP) will persist and the patient will die. In most cases however, the
benefit of acute surgery is less clear and patients may - at least initially - be safely
managed conservatively. It requires balancing surgery with potential complications
against initial conservative treatment with a risk of early death and disability due to
irreversible deterioration.

Current Brain Trauma Foundation (BTF) guidelines advise acute surgery for
ASDHs thicker than 10 mm or with midline shift greater than 5 mm, irrespective
of clinical condition or patient characteristics,* but the strength of underpinning
evidence is low, with only non-comparative studies in small, selected populations.>®
In the emergency setting, without high-level evidence, neurosurgeons are left with
intuition and experience, formed by regional training and centre treatment culture,
to guide their decision.

Consequently, the threshold for ASDH surgical evacuation varies substantially
between centres."”"" Strong treatment preferences deeply rooted in centres seem to
underlie this practice variation and reflect a lack of equipoise, a necessary premise
for a randomised controlled trial (RCT).

Practice variation, however, provides opportunities to study the effectiveness
of interventions in clinical reality by relating treatment variation to outcome.”
Within the large observational cohort study ‘Collaborative European NeuroTrauma
Effectiveness Research in TBI' (CENTER-TBI), designed as comparative effectiveness
study, preferred local treatment strategies were accepted and exploited to estimate
their effectiveness in real-life practice.* Our aim was to compare the effectiveness
of a strategy of acute surgical evacuation with one preferring initial conservative
treatment in patients with ASDH.
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METHODS

This report follows the Strengthening the Reporting of Observational Studies in
Epidemiology-statement with instrumental variable (IV) recommendations.’"
The research question, design, outcomes, analysis, subgroups and sample size
calculations were defined before patient enrolment and have been published."
CENTER-TBI is registered with ClinicalTrials.gov, number NCTo2210221, and the
Resource Identification Portal (RRID: SCR_o15582). This study corresponds to Stage

A in the IDEAL Framework."”

STUDY POPULATION

Patients with TBI, presenting within 24 hours after trauma, with a brain CT and
without pre-existing severe neurological disorders were included in CENTER-TBI,
from 2014 through 2017, in centres across Europe and Israel.”®* For this study, we
selected patients with ASDH regardless of size and presumed necessity for surgical
treatment. We excluded brain dead patients and those considered by the treating
physician to be not salvageable due to injury deemed unsurvivable, in whom active
treatment was not indicated. Due to the design of comparing treatment preferences,
the study population inherently reflects the “real-life” clinical dilemma who to
surgically treat acutely (appendix p 16). However, for interpretation purposes, we
restricted the main analysis also to those “clinical equipoise” patients, being those
without an extreme prognosis on either side of the spectrum. Specifically, patients
with one or two unreactive pupils (poor prognosis) and patients with a GCS 15
(relatively good prognosis) were excluded for this main analysis.

CENTER-TBI was conducted in accordance to Good Clinical Practice (CPMP/
ICH/135/95). Informed consent by patients or legal representatives was obtained
according to local legislations.

CENTRE CHARACTERISTICS AND DATA MANAGEMENT

12,20

Centre characteristics were collected in prior performed surveys. Questions
included the centre’s policy towards the threshold for acute surgery, which was
used in sensitivity analyses (appendix pp 13-14). Other treatment decisions, such as
prehospital care, possibly related to the surgical threshold can impact the internal
validity of our study. We have therefore performed extensive cluster analysis, of which
part is separately published.” The main conclusion was that treatment preferences
within a centres are unrelated.

Data were collected by trained personnel using web-based case report forms
(QuesGen Systems Incorporated, Burlingame, CA, USA), coded with the Common
Data Elements scheme.”® Complete CENTER-TBI methodology was published

separately.”
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INTERVENTIONS

Acute surgery was defined as surgery directly after the first CT-scan, conservative
treatment was defined as best medical management (after the first scan) with
potential delayed surgery. Neurosurgeons were asked at each CT if and why surgery
was indicated, checked by actual operating room transferal and by surgery codes/
description. Surgical treatment was at the discretion of the treating neurosurgeon
and consisted of ASDH evacuation by craniotomy or by additionally performing a
(primary) decompressive craniectomy (DC), defined as craniotomy without bone flap
replacement to allow for current or near-future brain swelling. If deemed necessary,
surgery of concomitant skull or brain lesions was performed simultaneously. The
initial conservative approach was defined as best medical management after the
first scan, with clinical monitoring on the ward, medium-care- or (neurocritical)
intensive care unit (ICU) and included possible ICP monitoring and delayed surgical
evacuation).

OuTCOMES

The primary outcome was the Glasgow Outcome Scale Extended (GOSE), an 8-point
scale ranging from 1 (death) to 8 (upper good recovery), at 6 months.** The use of
the GOSE as a core global outcome measure is recommended by the interagency
TBI Outcomes Workgroup and the International Mission for Prognosis and Analysis
of Clinical Trials in TBI group (IMPACT Common Data Elements). Secondary
outcomes included in-hospital mortality, progression on CT/MRI, hospital length
of stay (days), discharge destination, and 6-months quality of life assessed with the
brain injury-specific Quality of Life after Brain Injury Questionnaire (Qolibri).”
Outcome assessments were standardized and administered by interview or postal
questionnaire.”

STATISTICAL ANALYSIS

Baseline characteristics are presented using descriptive statistics and compared
between treatment groups with standardized mean differences. Practice variation
was described as the proportion (%, interquartile range [IQR]) of patients undergoing
acute surgery per centre. To quantify and compare the between-centre differences
in acute surgery, we calculated the median odds ratio (MOR). The MOR quantifies
treatment variation between centres that is not attributable to chance and not
explained by other (case-mix) factors.

The outcomes were analysed with respect to centre treatment strategy (and not
actual treatment) in instrumental variable (IV) analyses.***® Specifically, this was
a comparison of centres with different preferences for acute surgical evacuation,
quantified by the case-mix adjusted probability of performing acute surgery (as
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opposed to initial conservative treatment) as observed per centre. To minimize
the influence of chance, only centres with at least 15 patients were included. We
presented baseline characteristics and the Corticosteroid Randomization after
Significant Head Injury (CRASH)-CT-score, a validated baseline prognostic model,*
across quartiles of the instrumental variable, i.e. the case-mix adjusted probability of
performing acute surgery. The first category contains centres least likely to perform
acute surgery, fourth quartile contains centres most likely to perform acute surgery.
The IV analysis is based on preference for acute surgery rates as a continuous
variable, the quartiles are presented to provide insight in the comparability of
patient populations across the instrument, which allows the reader to evaluate
how comparable the patient characteristics are (IV assumption: the instrument is
independent of confounders).”®3°

The primary effect estimate was the adjusted common OR for a shift in the direction
of a better outcome on the GOSE (proportional odds). This ratio was estimated
with random-effects ordinal regression with the instrument (adjusted probability
of performing acute surgery) as a continuous treatment variable. Random-effect
accounts for other between-centre differences than the factors included in the model.
Confounding was further addressed by adjusting for the predefined variables age,
GCS, pupil reactivity, ASDH size and midline shift." The common OR is presented
as a comparison between the first and the fourth quartile (IQR) of the instrument
(the adjusted probabilities for undergoing acute surgery) and can be interpreted
as the odds for a more favourable outcome when comparing centres favouring a
strategy of acute surgery to those favouring initial conservative treatment.

The main analysis was post-hoc repeated on those patients for whom clinical
equipoise exists, as would have been done for a RCT. In this post-hoc analysis, we
excluded patients without an extremely good (i.e. GCS 15) or an extremely poor (one
or two unreactive pupils) prognosis. While most clinicians would agree that there is
more equipoise in these patients, and thus intuitively feel that the results might be
applicable to them, we did not define this analysis in the protocol and thus label it
post-hoc.

To assess the consistency of the (ordinal) estimate and the plausibility of
proportionality of the OR, we present ORs for multiple cut-offs on the GOSE.

The association of surgical preferences with outcome was also estimated by linear
regression with the fixed effect centre coefficients as independent variable and
the (continuous) mean GOSE per centre as dependent variable. These results are
graphically represented in scatter plots.

Secondary outcomes were analysed with random-effectslogisticand linear regression.
The primary, centre-level, analysis, was supplemented with several sensitivity
analyses including predefined subgroup analyses. Specifically, one of the sensitivity
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analyses was an instrumental variable analysis using the surveyed centre’s preference
for the use of surgery, as captured through the prior performed provider profiling,
as the instrumental variable. Additionally, we performed sensitivity and subgroup
analyses on patient-level, with multivariable regression and propensity score
matching. A consistency in estimates with the employed methods would strengthen
our findings.*" All sensitivity analyses were performed for the primary outcome.
The supplementary appendix provides additional methodological details for all
analyses.

Power calculations showed that assuming inclusion of 10ooo ASDH patients would
provide 80% power to detect an OR of 0- 6.

Analyses were performed in R-software version 3.5.3 and RStudio version 1.1.463.
Missing data were multiply imputed with the Multiple Imputation by Chained
Equations (MICE) package (n=5), assuming to be missing at random.

Comparison of descriptive characteristics are presented with standardized mean
differences (SMD) and p-values between compared groups. ORs and Beta’s are
presented with 95% confidence intervals (Cls) calculated by bootstrapping with 500
samples.

ROLE OF THE FUNDING SOURCES

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.

RESULTS

PATIENT CHARACTERISTICS

Of 4559 patients with TBI, 1407 patients with ASDH were included. Acute surgery
was performed in 336 patients (25%), at a median of 3-8 (IQR 2-5 — 6-5) hours
after injury (appendix pp 17-21). Eighty-nine cases had an extremely poor prognosis
or were brain dead, resulting in 982 out of 1071 patients treated conservatively, of
which 107 patients (11%) receiving delayed surgery (craniotomy or DC), at a median
of 19-1 (IQR 8-1 — 84-6) hours after injury. Of the 336 patients acutely operated, 91
(27%) underwent a primary DC (Figure 1). Of the initial conservatively treated by
medical management, 313 patients (32%) received ICP monitoring, 107 patients (11%)
underwent delayed DC or craniotomy for an ASDH or ICH and 20 patients (2%)
received a (delayed) burr hole drainage for a chronic subdural hematoma (appendix
pp 17-21). After excluding patients from centres with fewer than 15 patients (n = 158),
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1160 patients were included in the IV analysis, 292 patients with acute surgery and
868 with (initial) conservative treatment (Figure 1).

The acute surgery cohort had a lower GCS at presentation, larger ASDHs, and a
greater proportion of accompanying large contusions compared to the conservative
cohort (appendix pp 17-21). The main reason for acute surgery was ‘emergency’
(57%), while in mild/moderate TBI, ‘mass effect on CT” was relatively more often
the motivation for surgery compared to severe TBI (appendix pp 26-27). Ninety-two
percent of patients with 1 nonreactive pupil and large hematoma received acute
surgery.

The main reasons for not performing acute surgery were that the lesion was considered
not to benefit from surgery (considered ‘no surgical lesion’) or had little mass effect.
The main reasons for secondary surgery after initial conservative treatment were
‘(suspicion of) raised ICP’, ‘mass effect on CT’ and ‘clinical deterioration’ (appendix
pp 26-27). Ninety-three percent of patients with a GCS of 15 received conservative
treatment (initially).

In 89 patients, neither treatment was performed because these patients were
considered not salvageable due to injury deemed unsurvivable (appendix pp 26-
27). These patients had severe clinical and radiological characteristics and an in-
hospital mortality of 96% with a median time to death of 21 hours, preceded by a
multidisciplinary treatment limiting decision in most patients (79%, appendix pp
22-25).

PRACTICE VARIATION

The proportion of patients undergoing acute surgery per centre ranged from 5-6 to
51-5% (IQR, 12-3-35-9%) between centres (appendix p 28). Practice variation was low
for patients with a GCS of 15, in whom initial conservative treatment varied between
91 and 100%, and for patients with one nonreactive pupil and a large hematoma of
whom 100% received acute surgery in 13 out of 16 centres.

The MOR for acute surgery was 1-8 (p < 0-0001), reflecting a nearly twofold higher
probability of receiving acute surgery for an identical patient in one versus another
random centre (Figure 2). This remained consistent when restricting to patients
with both reactive pupils and a GCS < 15: proportion acute surgery ranging from
3-110 47-6% (IQR, 14-3-36-2%) between centres with a MOR of 1-7 (p = 0-0244).
Furthermore, the a-priori reported thresholds for acute surgery, i.e. the centre
treatment policies, were associated with the casemix-adjusted (observed) acute
surgery rates, confirming that surgery rates reflect centre treatment preferences
(Table 1 and appendix p 15).

Despite differences in baseline characteristics, the predicted 6-month functional
outcome of the CRASH-CT score was similar across centres (Table 1), reflecting a
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Number of patients in core
study available for analysis
4559

Excluded (n = 3152)

+ Not meeting inclusion criteria (n =
3030)

+ Declined to participate (n =43)

+ CT not available (n = 72)

A4

Number of patients with CT
diagnosis of ASDH (n =

Did not receive any intervention (n =
89):
¢ Brain dead (n=4) *

A4

A 4 A

Acute surgical evacuation (n = 336) Initial conservative treatment (n = 982)
- Primary DC (n=91)

- Cranintomv (n =24R)\

Primary analysis (n =1318)
+ Centre-level approach (n = 1160), odds favorable GOSE at 6
months
+ Centres with < 15 patients excluded from analvsis (n = 158)

!

Secondary analyses, centre-level approach (n = 1160, in-hospital
mortality, GOSE dichotomised at multiple cutoffs, Qolibri at 6 months)

Figure 1. Flow diagram of study population and data analyses

* As judged by the treating physician.

DC indicates decompressive craniectomy, GOSE Glasgow Outcome Scale Extended and Qolibri Quality of
Life after Brain Injury Scale.

balance in patient populations between centres with varying surgical preferences.
Findings were consistent when analyses were restricted to patients with both reactive
pupils and a GCS < 15 (appendix pp 29-32).

Formally, the testable assumptions for IV analyses were met (appendix p 33).

Thus, the widely differing surgical practices arise from centres that on average treat

similar patients.
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Figure 2. Between-centre (A) and between-country (B) differences in acute surgery
(A) The x-axis presents the log odds of the adjusted acute surgery rates per centre. A logistic random-effects
model, adjusted for the predefined confounders age, GCS, pupil reactivity, hematoma size and midline
shift, was used to estimate acute surgery preference per centre with corresponding 95% Cls. (B) The colour
coding in this geographical representation of Europe depicts the log odds of acute surgery per country
compared with the overall average, adjusted for confounding, by means of the same model used for the

centre analysis.
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ASSOCIATION WITH OUTCOME

Centre preference for acute surgery over initial conservative treatment was not
associated with better outcome according to GOSE at 6 months (adjusted common
OR per 23-6% (IQR) more acute surgery in a centre 0-92 [95% CI 0-77-1-09)], Table
2; appendix p 34). The ORs were consistent across multiple GOSE dichotomizations
(Table 2). In the post-hoc analysis, excluding patients with one or two unreactive
pupils and patients with GCS 15, the OR remained consistent (adjusted common OR
per 22% (IQR) more acute surgery in a centre 0-91 [95% CI o-72-1-18], appendix
p 35). Subgroup analyses showed considerable practice variation and consistent
ORs (appendix p 36). Centre preference for acute surgery was strongly, but non-
significantly, associated with better outcomes in large hematomas (OR 27 [95% CI
0-86-8-32].

In sensitivity analyses, the association remained consistent when using the
predefined instrumental variable (high vs low threshold surgical centres OR 1-05
[95% CI 0-85 — 1-32]), including centres with more than 10 patients instead of 15 (n
=1227, OR 0-87[95% CI 0-66 —1-0]), including the patients with a poor prognosis
deemed to have an non-survivable injury (OR 1-01[95% CI 087 —1-27]) or excluding
patients with unreactive pupils or GCS 15 (n =730, OR 0-94 [95% CI 0-85 — 1-12],
appendix p 37).

Adjustment in multivariable regression and propensity score matching gave
comparable estimates to the primary analysis (appendix pp 37-40). Specifically
excluding patients with one or two unreactive pupils and patients with GCS 15, the
ORs from the multivariable regression and the propensity score matching remained
consistent (appendix 37). In patient-level subgroup analyses, surgery was associated
with worse outcome for age under 65. Acute surgery in the elderly and in patient
with moderate TBI was non-significantly associated with better outcome (Figure 3).
None of the secondary outcomes were different between groups (Table 2, appendix

p 41).

DISCUSSION

In this comparative effectiveness study, similar patients with ASDH were treated
differently due to varying surgical treatment preferences, and therefore, clinical
equipoise can be inferred. A treatment strategy preferring an aggressive approach
of acute surgical evacuation over initial conservative treatment was not associated
with a better outcome. Results were consistent when targeting patients in whom
equipoise likely existed for surgical vs. conservative treatment.

In settings where RCTs are difficult to conduct and strong confounding by indication
exists, observational studies using robust quasi-experimental approaches are a
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promising alternative.>** The validity of our conclusions relies on whether the centre
treatment rate is an appropriate instrumental variable. Our instrument was strongly
associated with acute surgery and not associated with baseline prediction of outcome.
The balanced confounding between centres allows to reliably infer a reasonable
balance in the distribution of unmeasured confounding.”” Yet, the observed practice
variation might still partly result from residual prognostic differences. Therefore,
we compared observed rates of surgery to centre policies captured during provider
profiling and confirmed that the between-centre variation actually arises from
provider preferences.” An a-priori reported low threshold for acute surgery was
strongly associated with centres actually performing acute surgery more frequently
for similar patients. Moreover, we showed that the organization of TBI care (in the
same centres of the current study) was homogeneous, making residual confounding
due to other local practice variations unlikely. To further disentangle the effect of the
ASDH treatment strategy in a centre from other between-centre variations in care
associated with outcome, the effect of the current treatment strategy on outcome
was modelled with adjustment for other between-centre differences using a random-
effect for centre.””

The findings were robust in predefined sensitivity analyses and subgroups. By
excluding patients who, in the acute phase, did not receive active treatment due to
poor prognosis, the results could have suffered from selection bias. Similar to cross-
over in as-treated analysis in a RCT, the inclusion of this cohort for the effectiveness
analyses may nothave been independent from confounding.’* However, we performed
a sensitivity analysis on the entire cohort - thereby not selecting on treatment — and
found a similar OR. Finally, immortal time bias has been addressed through the
design in which we defined the treatment groups after the first CT (showing the
ASDH), thereby aligning the start of the follow-up with treatment assignment.

In terms of clinical implication, the results should be interpreted more carefully than
concluding no effect of surgery. First, estimating an overall effect of any

(surgical) intervention in traumatic brain injury is amenable to a neutral result,
possibly because of averaging heterogeneous effects.”® In acute neurosurgery, several
randomised controlled trials and comparative observational studies have found such
negative findings. The reasons are multiple and might also be a variable response to
treatment because of the

complexity and variability of the injury.**

Second, the interpretation of IV effect estimates differs from that of conventional
analyses. The instrument is the proportion surgically treated per centre as a proxy
for the surgeon’s treatment preference. Because an identical patient may be operated
in one centre but not in another, it naturally follows that there is more than one valid
treatment option. The results apply to patients for whom the neurosurgeon may be
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in equipoise, judging that more than one valid treatment option exists (appendix
p 17). As this equipoise differs per centre, we cannot readily identify the relative
contribution of each subgroup.®® Some authors suggest that IV analysis provides
information on whether patients’ outcome will improve when centres change their
policy with respect to a specific intervention, rather than estimating an effect in
individual patients.*®#° In this study some extrapolation to patient-level effects may
be appropriate, because the multivariable regression and propensity score matching
resulted in similar estimates to the IV approach and all methods were reliable and
implemented correctly.®” The results should be appreciated in light of the conceptual
difference between the employed methods.

Thus, although the inherent heterogeneous treatment effects in TBI and the
indefinable patient population in IV effect estimation preclude recognizing an
average treatment effect, the results suggest, when in equipoise regarding the
decision to evacuate or not, no difference in outcome due to a centre’s treatment
strategy.

Surgical evacuation of ASDH remains the cornerstone of treatment in life-
threatening neurological deterioration.? All patients with one nonreactive pupil and
a large hematoma were surgically treated acutely in nearly all participating centres,
which had also been confirmed in our treatment preference surveys.”** The strong
— albeit non-significant — IV effect of surgery in the predefined subgroup with large
hematoma is consistent with clinical experience that most patients would probably
die if not operated, an effect that cannot be deduced from a RCT due to obvious
constraints.

The estimates in the age subgroups were consistent in patient- and centre-level
analyses. A suggestion of benefit in the elderly is consistent with other comparative
studies, although pre-existent co-morbidities are major drivers of outcome in the
elderly with TBI.*"# The negative effect of acute surgery in patients younger than Gs
rather contrasts the consensus of benefit of acute surgery in young ASDH patients.
In general, acute surgery may not always be necessary and a substantial proportion
of patients initially managed conservatively have satisfactory outcomes.”” 944

This study’s strengths are the comparative effectiveness design using a contemporary,
large cohort, with prospective, standardized data collection and predefined provider
profiling. A limitation already discussed is the difficulty in interpretation of TV analysis.
A RCT would obviously be ideal but is not easily feasible and also has methodological
challenges.” Another limitation remains the possible residual confounding due to
other local practice variations associated with surgical threshold, despite statistical
adjustment (i.e. random effects term), despite the study design construction (IV
analysis with a-priori confirmed neurosurgeon’s preferences), and despite robust
association estimates. We previously performed, a separate cluster analysis, with
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a broader medical domain view than neurosurgical treatment alone, to explore if
the assumption of the absence of correlation between treatment choices holds.”
The main conclusion was that, although correlations between treatment policies
within domains (intracranial pressure monitoring, coagulation and transfusion,
neurosurgery, prophylactic antibiotics, and more general ICU treatment policies)
were found, is was not possible to cluster hospitals. Thus, specific treatment choices
within the cohort do not correlate with other treatment choices of another domain.
Importantly, the absence of correlation between domains was most pronounced for
surgical treatment.

Limitation of the CENTER-TBI cohort in general is the focus on patients presenting
to regional neurotrauma centres, with exclusion of pre-hospital deaths and patients
with milder injuries. Participating institutions were mainly referral centres for
neurotrauma and results might not be generalizable to other hospital settings and to
every patient with a traumatic ASDH. For example, CENTER-TBI mainly included
white males, reflecting the predominant white population of Europe and the fact that
males are predominant in TBI, and thus the results are mostly applicable to white
males.

An important power consideration is whether there could have been a clinically
relevant treatment effect that was not detected with the current sample size. For
power calculations the treatment effect was based on an OR 0.6, deduced from
the available evidence, suggesting comparable effect sizes for surgical ASDH
evacuation.**"# Nevertheless, this assumed treatment effect is substantial and also
smaller effects might be clinically relevant. However, all analyses show robust odds
ratios close to 1. The uncertainty in these estimates is reported through confidence
intervals; not by claiming non-significance in the p-values. So, while larger sample
sizes are desirable to reduce statistical uncertainty, the current results are highly
relevant for clinical practice and reflects “real life” care among patients with ASDH
referred to a dedicated neurotrauma centre.

Subsequent studies of surgery in ASDH are advised to be pragmatic RCTs, specifically
targeted at those subgroups of patients likely to benefit from acute surgery, as
explored in our study, in combination with previous evidence.

In conclusion, similar patients with traumatic ASDH, without an extremely poor
or good prognosis at presentation, were treated differently across different centres
due to varying treatment preferences. A treatment strategy preferring an aggressive
approach of acute surgical evacuation over initial conservative treatment was not
associated with better outcome. Therefore, in a patient with an ASDH for whom
a clinician sees no clear superiority in acute surgery versus conservative strategy,
initial conservative treatment may be considered.
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In this chapter I respond to a letter to the editor in
our results from the effectiveness study of a

concerns are raised on the validity of
urgery in ASDH (Chapter 10).



We appreciate the comments of Nathan Beucler on our Article,’ which possibly also
reflect concerns shared by other neurosurgeons. In response to the first point, we
restated the Brain Trauma Foundation guidelines regarding when to operate when
a patient is not comatose. These guidelines for patients with a large haematoma (ie,
clot >10 mm thick or causing >5 mm midline shift) recommend to operate regardless
of the patient’s Glasgow Coma Scale (GCS) score. Nevertheless, uncertainty about
the best approach continues.

Second, Beucler suggests that delayed surgery could be regarded as acute surgery
and should not have been analysed in the conservative treatment group. Our research
question was whether to immediately operate on a patient with an acute subdural
haematoma (on CT). This question reflects clinical reality. Some patients will
deteriorate and have surgery later which— obviously—is not known at the time of
planning. Comparison of all early (<24 h) surgical procedures with all conservatively
treated patients would be erroneous and probably show that surgery leads to a worse
outcome compared with conservative treatment, due to confounding by indication
and immortal time bias. The Subdural Hematoma in the Elderly (SHE) Score® is an
example of a study with such biases, at least when interpreted as an intervention
instead of a prediction study. The SHE score is a prediction tool that should not
be used to triage treatment—the extensively validated IMPACT and CRASH-CT
models are superior in this respect. Moreover, the SHE score has limited value as a
prediction tool for acute subdural haematoma because 31% of the cohort in that study
had mixed-acuity or chronic subdural haematoma.? Therefore, the SHE score does
not support an approach to limit treatment for older patients with acute subdural
haematoma, with best available evidence suggesting the opposite.*”

Third, Beucler presumes a benefit of primary decompressive craniectomy over
craniotomy to account for the absence of benefit of acute surgery. No definitive
evidence is available to support this assumption (while awaiting the findings
of RESCUE-ASDH. Further, the author highlights the high proportion of
decompressive craniectomy procedures in the conservative treatment group of total
non-acute decompressive craniectomies, yet this metric does not inform the point.
Instead, we should look at the proportion of decompressive craniectomy procedures
in the (initially) conservatively treated group (52 of 982 patients had a delayed
operation with a decompressive craniectomy, thus 5% is the risk of early secondary
deterioration requiring decompressive craniectomy) and the proportion of delayed
decompressive craniectomy procedures after a primary craniotomy (51 of 245 patients
had decompressive craniectomy after primary craniotomy, a risk of 21%).

Beucler also comments that our inclusion criteria were too broad, and the multiple
neurosurgery centres made interpretation difficult. We understand the difficulty of
interpreting a comparative effectiveness study using instrumental variable analysis.
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Since treatment allocation was based on neurosurgeon preference, the effect estimate
is applicable to patients for whom the neurosurgeon would consider both treatment
options. Sensitivity analyses with smaller inclusion criteria showed similar findings.
We consider the multicentre nature of our study a strength, because studies with
sufficient sample sizes can generate reliable and generalisable results.
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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 resultin 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.

206 Part IV



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 < o.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)."* 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.’ 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.*

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.’ 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.®

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.” The Brain Trauma Foundation guideline for surgical treatment of ASDH
provides no clear indication for selection of approach.®

Literature analyzing selection of technique has methodologic limitations, and
comes largely from retrospective cohort studies."*°'® This lack of high-quality
evidence may lead to practice variation comparing neurosurgical centers, which may
further confound results."** Comparative-effectiveness research (CER) can exploit
this variation to determine optimal management.” 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."*"

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.*"”
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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.” ' 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 POPUIATION / 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.” 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.™

CENTER CHARACTERISTICS

Center characteristics have been previously reported.” 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.*

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).* 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).**

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.” 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 [ ] 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.” 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
(ves/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% ClIs 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 cm’), 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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4559 in core studies available
for analysis

3152 excluded

- Not meeting inclusion criteria
(n=3030)

- Declined to participate (n=43)

- CT not available (n=72)

A4

v

1407 with CT diagnosis of ASDH

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

A4

A 4

336 acute surgery

l l

91 evacuation by DC 245 evacuation by
craniotomy

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

A4

A4

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

I

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

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.

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 defined by primary DC treatment rates were similar
(Table 1). The testable assumptions for IV analyses were met (eResults).
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Primary decompressive craniectomy
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Figure 2. Between-center and between-country differences 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) reflects 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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Figure 2. Between-center and between-country differences 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 < 1o 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 ] 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.®* 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.” Further,
DC is known to alter cerebrospinal fluid flow dynamics, and cerebral blood flow

25-28

dynamics, both of which improve with replacement of the bone flap.*™*® Clinically

relevant evidence is weak for primary DC in ASDH; large treatment variations

exist, ™93¢

and support for claims of effectiveness are inconsistent. Most of these
observational studies suggest worse outcomes for primary DC."*9'*33* 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.””® 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 TBIL." 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.»"** 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
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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.” 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.” 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.*

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.?® 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.
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eMETHODS

INSTRUMENTAL VARIABLE ANALYSIS

The main analysis associates center-level treatment strategies to functional outcome
to deduce effectiveness. This natural experiment, in which patients are ‘allocated’
to one or another treatment strategy based on where the accident occurred, leads to
considerable reduction of (unmeasured) confounding because patients are brought
to hospitals without knowledge of neurosurgical treatment preference. This is an
instrumental variable (IV) analysis, a quasi-experimental approach, where the IV
center ‘allocates’ patients to be exposed to different likelihoods of receiving primary
decompressive craniectomy (DC). IV analysis is less biased by (unmeasured)
confounding by indication and is the preferred analytical method in observational
studies on acute neurosurgical decisions in traumatic brain injury.”

The IV approach accounts for unmeasured confounding for which two verifiable
assumptions must be met: 1) the instrument is associated with the intervention,
and 2) the instrument is not independently associated with the outcome.* The first
assumption was addressed using the median odds ratio (MOR), which quantifies
the between-center primary DC variation that is not explained by other factors
in the model or attributable to chance. A fixed-effects logistical regression model
was compared to a model with random intercept for center (with age, GCS score,
pupil reactivity, midline shift, concomitant contusion and hematoma size as fixed-
effects in both models) with the likelihood ratio test to determine the significance
of between-center variation and the partial F statistic as a measure for explained
variance.” The second assumption was addressed by comparing baseline prognosis
(CRASH-CT score) across the levels of the IV. Moreover, associations between the
IV and measured confounders were checked by calculating Spearman’s correlation
coefficients between the IV (center preference) and predicted probabilities of
unfavorable outcome.

For the IV analyses, the (common) ORs of primary and secondary endpoints are
presented as an incremental increase from the 25th percentile to the 75th percentile
(the interquartile range [IQR]) of the adjusted primary DC probabilities (treatment
preference). The resulting adjusted OR indicates the odds of a more favorable
outcome for patient in a hospital at the 25th percentile compared to a patient in
a hospital at the 75th percentile on the range of the center surgical preference. To
minimize the influence of chance, centers with data on at least 10 patients were
included in the primary IV analyses which was a deviation from our protocol.’ The
protocol stated to include centers contributing at least 15 patients but that resulted
in considerably smaller sample. The study protocol was published before patient
enrollment.’
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SENSITIVITY ANALYSES

As sensitivity IV analysis, the instrument was compared with prior collected data
on preference for a pre-emptive and/or routine approach with regard to DC when
evacuating ASDH from the provider profiling of the CENTER-TBI study.®
Additional analyses were performed with primary DC defined at patient-level
(exposed to intervention, yes/no), unadjusted, with multivariable regression and
propensity score matching (PSM) and restricting to the BTF-guideline subgroup. The
propensity of being exposed to the intervention was computed using multivariable
logistic regression with primary DC as dependent variable. PSM was used to match
exposed patients with non-exposed patients. The maximum difference between
propensity scores was set at o.10 (the caliper) using a nearest neighbor approach in
1:1 balance. For both the propensity score model and the covariable-adjusted model,
the aforementioned confounding variables of the primary analysis were considered
independent variables. We used random-effects models with center as the clustering
variable for all patient-level analyses.
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eRESULTS

QUANTIFICATION OF PRACTICE VARIATION AND INSTRUMENTAL VARIABLE
ASSUMPTIONS

The instrument was consequently strongly associated with the intervention under
study (partial F statistic 28; eTable 2). Further, correlations between the instruments
and measured confounders were small (Spearman’s Rho correlation -0.17; eTable 4),
meaning that despite differences in baseline characteristics, the predicted 6-month
functional outcome of the CRASH-CT score was similar across centers. The a-priori
reported policy of a low threshold for primary DC was the strongest predictor of
observed primary DC, i.e. over and above all other predictors (OR 8.8, 95% CI 1.9
— 40.0, as compared to e.g. variable ‘two nonreactive pupils’ with OR 1.4, 95% CI
0.5 — 4.0), confirming that primary DC rates reflect center treatment preferences
(Table 1).

SENSITIVITY ANALYSES

On a continuous outcome scale in linear regression, higher adjusted primary DC
rates per center were not associated with higher mean GOS-E scores. For an increase
from the 25th to the 75th percentile (i.e. the IQR) of the adjusted probabilities for
primary DC, the mean GOSE decreased non-significantly with o.1 for primary DC
(95% CI: -0.2 — 0.1); eFigure 2). In a similar analysis excluding centers with < 15
patients the mean GOSE increased non-significantly with o.1 for primary DC (95%
CL: -1.1 - 1.4)).
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eTable 1. Baseline and treatment characteristics of patients with acute surgery for traumatic
acute subdural hematoma, comparing primary decompressive craniectomy and craniotomy

Patient characteristic Treatment (n = 336)
Decompressive  Craniotomy SMD Missing
craniectomy (%)
n 91 245
Age (median [IQR]) 49 [35, 62 59 [42, 68]  0.42
Male sex (%) 73 (80) 169 (69) 0.24
ASAPS (%) 0.40
Healthy 51 (56) 108 (44)
Mild systemic disease 18 (20) 88 (36)
Severe systemic disease 13 (14) 36 (15)
Threat to life 1(1) 1(0)
Unknown 8(9) 11 (5)
Injury cause (%) 0.33 o
Road traffic incident 29 (33) 67 (29)
Incidental fall 44 (49) 114 (49)
Other non-intentional injury 2 (2) 9 (4)
Assault/violence 7 (8) 15 (6)
Suicide attempt 3(3) 3(1)
Hypoxia (%) * 0.36 1
No 66 (75) 201 (82)
Definite 12 (14) 12 (5)
Suspect 6 (7) 10 (4)
Unknown 4 (5) 21 (9)
Hypotension (%) ° 0.10 1
No 76 (87) 205 (84)
Definite 3(4) 12 (5)
Suspect  4.(5) 10 (4)
Unknown 5 (6) 17 (7)
Any major extracranial injury (%) 48 (53) 89 (36) 0.34 o
GCS (median [IQRY]) 403 8] 703 13] 0.50 5
GCS motor (median [IQR]) 11, 4] 4, 6] 0.53 2
Pupils (%) 0.26 4
Both reacting 53 (59) 162 (70)
One reacting 13 (14) 31 (13)
Both unreacting 24 (27) 38 (17)
Any focal neurological deficit (%) 0.39 o
No 33 (36) 124 (51)
Yes 12 (13) 43 (18)
Unknown 46 (51) 77 (32)
Anti-coagulants or platelet aggregation inhibitors (%) 0.31 o
No 71 (78) 164 (67)
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eTable 1. Baseline and treatment characteristics of patients with acute surgery for traumatic
acute subdural hematoma, comparing primary decompressive craniectomy and craniotomy
(continued)

Patient characteristic Treatment (n = 336)
Decompressive  Craniotomy SMD Missing
craniectomy (%)
Anti-coagulants 5 (6) 28 (12)
Platelet inhibitors 8 (9) 30 (12)
Both o (o) 3(1)
Unknown 7 (8) 19 (8)
Total volume of ASDH (cm3, median [IQR]) 64 [34, 97 49[20,83] 0.32 32
CT large ASDH (%) * 69 (76) 183 (75) 0.03
CT midline shift (%) © 79 (87) 208 (85) 0.06
CT contusion (%) 0.28
No 28 (31) 106 (43)
Small 38 (42) 94 (38)
Large 21 (23) 39 (16)
Unknown 3(3) 6 (2)
CT SAH (%) 0.38 o
No 23 (25) 94 (38)
Basal 6 (7) 20 (8)
Cortical 38 (42) 97 (40)
Basal and Cortical 24 (26) 34 (14)
CT basal cisterns absent/compressed (%) 50 (56) 106 (44) 0.24 1
Mean predicted 6-month unfavorable outcome (GOS 71[59, 86] 74 [50, 87] 0.11 o
score < 3, %, median [IQR])
Acute surgery characteristics
Surgery type Na 9
Hemi-craniectomy 79 (87)
Bifrontal-craniectomy 4 (5)
Time from injury to surgery (minutes, median [IQR]) 210 [131,303] 246 [165, 420] 0.1 1

Abbreviation: AlS, Abbreviated Injury Scale; ASAPS, American Society of Anesthesiologists classification
system; ASDH, acute subdural hematoma; CPP, cerebral perfusion pressure; GCS, Glasgow Coma Scale;
GOS, Glasgow Outcome Scale (5-point); ICP, intracranial pressure; IQR, interquartile range; SAH, sub-
arachnoid hemorrhage; SMD, standardized mean difference.

* Second insult during the pre-hospital or ER phase, defined as PaO2 < 8 kPa (60 mmHg)/SaO2 < 9o%.
“Suspected” was scored if the patient did not have documented hypoxia by PaO2 or SaO2, but there was a
clinical suspicion, as evidenced by for example cyanosis, apnea or respiratory distress.

® Second insult during the pre-hospital or ER phase, defined as systolic BP < 9o mmHg. “Suspected” was
scored if the patient did not have a documented blood pressure, but was reported to be in shock or have an
absent brachial pulse (not related to injury of the extremity).

CAISTI3

dLarge is defined qualitatively by the treating neurosurgeon and corresponded to a size larger than 25 cm3.
¢Midline shift present is classified as being more than 5 mm.

"TBI severity as summarized in predicted unfavorable outcome, proportion with a Glasgow Outcome Scale
score < 3, based on CRASH-CT variables.
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eTable 2. Characteristics of primary decompressive craniectomy

Patient characteristic

Missing

n 91
Reason for DC (%) 10

Pre-emptive approach to treatment of (suspected) raised ICP (not last resort) 25 (31)

Raised ICP, refractory to medical management (last resort) 17 (21)

ICP not monitored, but CT evidence of raised ICP 21 (26)

Not directly planned, but decided on because of intra-operative brain swelling 14 (17)

Routinely performed with every ASDH or contusion evacuation 4 (5)

Development of cerebral infarction 1(1)

Abbreviation: ASDH, acute subdural hematoma; DC, decompressive craniectomy; ICP, intracranial pressure

eTable 3. Hospital course, complications and follow-up of patients with acute surgery for trau-
matic acute subdural hematoma, comparing primary decompressive craniectomy and crani-

otomy
Treatment (n = 336)
Decompressive ~ Craniotomy SMD Missing
craniectomy (%)
n 91 245
Length of hospital stay (median [IQR]) 38 [24, 67] 18 [10, 36] 0.42 o
Any neuroworsening (%) * 48 (53) 100 (47) 0.23 o
Progression on CT (%) ° 36 (40) 83 (34) 0.10 1
Increase in initial lesion 26 (72) 50 (60)
Development of new lesion 10 (28) 32 (39)
Secondary surgery (%) 25 (27) 43 (18) 27
DC 14 (56) 12 (28)
ASDH 9 (36) 23 (53)
Contusion/ICH 2 (8) 8 (190
Time injury to secondary or delayed surgery (min, 795466, 29090] 1210 [330, 4310]
median [IQR])
ICP monitor (%) 79 (87) 157 (64) 0.55 0.0
ICP (median [IQR]) 12 [9, 17] 12 [8, 15] 0.23 32
CPP (median [IQR]) 74 [70, 77] 73[67,771 0.02 32
TIL (median [IQR]) 81[6,12] 30,71 1.01 2
Extracranial surgery (%) 25 (28) 44 (18) 0.23 o

Other cranial surgery (during admission, after primary surgery or initial conservative treatment, %)

Epidural hematoma 4 (4) 7 (3)
Ventriculostomy for CSF drainage 12 (13) 23 (9)
Chronic subdural hematoma 1(1) o (o)
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eTable 3. Hospital course, complications and follow-up of patients with acute surgery for trau-
matic acute subdural hematoma, comparing primary decompressive craniectomy and crani-
otomy (continued)

Treatment (n = 336)

Decompressive  Craniotomy SMD Missing

craniectomy (%)
Cranioplasty 23 (25) 12 (5)
CSF shunt 10 (11) 12 (5)

Complications (requiring treatment) o
Delayed intracranial hematoma/seroma (%) 21 (23) 40 (16) 0.7
Raised ICP (%) 50 (55) 84 (34) 0.43
Meningitis (%) 1 (12) 16 (7) 0.9
Seizure (%) 1 (12) 31 (13) 0.02
Other intracranial complication %) 9 (10) 14 (6) 0.16
Ventilator-associated pneumonia (%) 24 (26) 32 (13) 0.34
Cardiac arrest (%) 7 (8) 17 (7) 0.03
Respiratory (%) 21 (23) 50 (20) 0.07
Cardiovascular (%) 2 (2) 11 (5) 0.3
Metabolic (%) 10 (11) 12 (5) 0.23
CRBSI (%) 4 (4) 7(3) 0.08
Deep venous thrombosis (%) 4 (4) 7 (3) 0.08
Pulmonary embolus (%) 3(3) 5 (2) 0.08
Pressure sores (decubitus) (%) 10 (11) 15 (6) 0.18
Urinary tract infection (%) 8 (8) 22 (9) 0.01
Other systemic complication (%) 1 (12) 31 (13) 0.02

Discharge destination 0.36 38

Other hospitalw 12 (25) 49 (32)
Rehabilitation unit 22 (46) 61 (40)
Nursing home 5 (10) 10 (7)
Home 5 (10) 27 (18)
Other 48 5 (3)

Treatment during follow-up (after discharge) o
Hydrocephalus 7 (8) 2 (1)

Chronic subdural hematoma 2 (2) 4(2)
Cranioplasty 14 (15) 1 (4)

Abbreviation: DC, decompressive craniectomy; CRBSI, catheter-related bloodstream infection; CSF, cere-
brospinal fluid; ICP, intracranial pressure IQR, interquartile range; TIL, Therapy Intensity Level.

* Neuroworsening is defined as: a spontaneous decrease in the Glasgow Coma Scale motor score = 2
points (compared with the previous examination), a new loss of pupillary reactivity, development of pupil-
lary asymmetry = 2 mm, and/or deterioration in neurological or CT status sufficient to warrant immediate
medical or surgical intervention.

®Progression on the CT scan during the hospital course is defined as an increase in initial lesion and/or the
development of a new lesion.
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eTable 4. Assumptions for instrumental variable analyses

IV assumptions Primary DC

Assumption 1: instrument association with intervention

Partial F statistic 28.3

Assumption 2: instrument association with prognosis

Spearman’s Rho correlation with Pygorable ° -0.17

Abbreviation: DC, decompressive craniectomy; 1V, instrumental variable
* Prognosis as summarized in CT-CRASH score, predicted unfavorable outcome (proportion with a Glasgow
Outcome Scale score < 3)

eTable 5. Hospital course and outcome across centers with different preferences for primary
decompressive craniectomy

Treatment preference (observed acute surgery
rates)

Quartile1 Quartile2 Quartile3 Quartile 4 SMD
(6-12%) (12-19%) (19-26%) (26-67%)

n 53 48 51 48
Any neuroworsening (%) ° 23 (43) 13 (27) 27 (53) 32 (67)  0.45
Progression on CT (%) b 22 (42) 15 (31) 21 (47) 21 (44) 0.13
ICP monitor placement (%) 44 (83) 25 (52) 34 (67) 37 (77) 0.38
ICP (median [IQR]) 12[8,15]  11[8,16] 10 [7,17] 12 [7,16] 0.0
CPP (median [IQR]) 681[61,73] 7165 76] 72[67,76] 74[69,76] ©0.07
TIL (median [IQR]) 512, 8 30, 9] 5[2, 9] 631 053
Length of hospital stay (days, [IQR])) 17[10,35]  13[7,30] 17[8,28] 24[6,46] o0.24
Length of ICU stay (median [IQR]) 8[3,16] 11[3,18] 8[2,18] 7[2,14] o0.23
In-hospital mortality (%) 12 (23) 11 (23) 21 (41) 18 (38) 0.26
GOSE 6-months (%) 0.53
1=Dead 18 (34) 14 (29) 21 (41) 20 (42)
2=Vegetative state/3=Lower severe disability 15 (28) 13 (27) 1 (22) 6 (12)
4=Upper severe disability 3 (6) 1(2) 3 (6) 5 (10)
s=Lower moderate disability 3 (6) 10 (21) 7 (14) 6 (12)
6=Upper moderate disability 1(2) o (o) 2 (4) 3 (6)
7=Lower good recovery 6 (11) 7 (15) 4 (8) 6 (12)
8=Upper good recovery 7 (13) 3 (6) 3 (6) 2 (4)

Abbreviation: CPP, cerebral perfusion pressure; DC, decompressive craniectomy; GOSE, Glasgow Outcome
Scale Extended; ICU, intensive care unit; IQR, interquartile range; SMD, standardized mean difference; TIL,
therapy intensity level.

* Neuroworsening is defined as: a spontaneous decrease in the Glasgow Coma Scale motor score = 2
points (compared with the previous examination), a new loss of pupillary reactivity, development of pupil-
lary asymmetry = 2 mm, and/or deterioration in neurological or CT status sufficient to warrant immediate
medical or surgical intervention.

® Progression on the CT scan during the hospital course is defined as an increase in initial lesion and/or the
development of a new lesion.
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Distribution of Propensity Scores
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eFigure 1. Propensity scores distribution of nonmatched cohorts and propensity matched co-

horts of primary decompressive craniectomy

The propensity of being exposed to the intervention was computed using multivariable logistic regression
with primary decompressive craniectomy as the dependent variable. Propensity score matching was used
to match exposed patients with non-exposed patients. The maximum difference between propensity scores
was set at 0-10 (the caliper) using a nearest neighbor approach in 1:1 balance.
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eTable 6. Results of sensitivity analyses: comparing analytical methods to adjust for confound-
ing by indication in proportional odds logistic regression models with the Glasgow Outcome

Scale Extended score as outcome

Approach

Primary DC (common OR g5 % ClI,
number of patients)

Unadjusted model

0.4 (0.3—0.6, n=1336)

Covariable adjustment?

0.4 (0.2 —-0.6, n=336)

Propensity score matching b

0.4 (0.3-0.8, n=174)

Instrumental variable °

With the cohort with centers < 15 patients excluded

0.9 (0.5-1.5,n=97)

Predefined instrument (in provider profiling) ¢

0.9 (0.4—2.2,n=204) °

Abbreviation: Cl, confidence interval; DC, decompressive craniectomy; OR, odds ratio.

* Model was adjusted for the following confounders: age, GCS, pupillary reactivity, midline shift, concomi-
tant contusion and hematoma size, including a random intercept for center.

® A propensity score was calculated based on the following variables: age, GCS, pupillary reactivity, midline
shift, concomitant contusion and hematoma size, including a random intercept for center.

¢ The adjusted common OR indicates the odds of a more favorable outcome for an increase of the 25th
percentile to the 75th percentile of the range in exposure to the regional intervention preferences. In this
random effects model, the random intercept for each center represents the unexplained center effect (be-
yond all factors included in the model, including the instrument treatment preference).

¢ Centers provided in a questionnaire - before patient enrolment - whether they employ a pre-emptive and/
or routine approach with regard to DC when evacuating ASDH. For the current analysis, the threshold for
primary DC surgery for ASDH was dichotomized accordingly: “Yes’, primary DC routinely/pre-emptively
versus ‘No’, no primary DC routinely/pre-emptively were compared.

The association could not be estimated on the cohort with centers providing 15 patients, because there were
no ‘routing/pre-emptive centers’. Instead, the cohort with centers providing at least 10 patients were used.

eTable 7. Unadjusted patient-level analysis

Outcome Patient-level analyses
Primary DC  Craniotomy Effect variable Unadjusted value
(=91  (n=245) (95% CI)
Primary outcome: GOSE at 6 3 [1-4] 4[1-6] Common odds ratio 0.4 (0.3—0.6)

months (median [IQR])

Secondary outcomes

In-hospital mortality 35 (38) 58 (24) Odds ratio 2.0 (1.2-3.4)
GOSE of 7 or 8 (%) 4 (4) 50 (20) Odds ratio 0.2 (0.1-0.5)
GOSE of 5-8 (%) 18 (20) 108 (44) Odds ratio 0.3 (0.2 -0.6)
GOSE of 4-8 (%) 26 (29) 126 (51) Odds ratio 0.4 (0.2 -0.6)
QOLIBRI (median [IQR]) at 6 69 (60-80) 76 (60-85) Beta -3.9 (112.5-4.7)

months *

Abbreviation: Cl, confidence interval; DC, decompressive craniectomy; GOSE, Glasgow Outcome Scale
Extended; IQR, interquartile range; Na, not available; QOLIBRI, Quality of Life after Brain Injury Scale.

* QOLIBRI is a standardized health specific quality of life measure specifically designed for and validated in
outcome assesment in patients with brain injury. It is a numerical scale with scores ranging from o to 100,
with higher scores indicating a better quality of life. The score was avaiable for 19 patients of the primary DC
group and 111 of the craniotomy group.
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eTable 8. Baseline characteristics of propensity matched cohort, comparing primary decompres-

sive craniectomy with craniotomy

Patient characteristic

Treatment status (n =174)

Decompressive Craniotomy  SMD
craniectomy
n 87 87
Age (median [IQRY]) 5136, 63] 47 (34, 59 0.2
ASAPS (%) 0.4
Healthy 48 (55) 51 (59)
Mild systemic disease 17 (20) 26 (30)
Severe systemic disease 13 (15) 5 (6)
Threat to life 1(1) 1(1)
Unknown 8 (9) 4 (5)
Hypoxia (%) 0.5
No 65 (75) 68 (78)
Definite 13 (15) 3(3)
Suspect 5 (6) 7 (8)
Unknown 4 (5) 9 (10)
Hypotension (%) 0.3
No 76 (87) 68 (78)
Definite 3(3) 5 (6)
Suspect 3(3) 5 (6)
Unknown 5 (6) 9 (10)
Any major extracranial injury (%) 46 (53) 37 (43) 0.4
GCS (median [IQR]) 5[3, 8] 43, 7] 0.2
GCS motor (median [IQR]) 11, 4] 11, 4] o
Pupils (%) 0.2
Both reacting 54 (62) 52 (60)
One reacting 12 (14) 12 (14)
Both unreacting 21 (24) 23 (26)
CT large ASDH (%) 66 (76) 60 (69) o
CT midline shift measure (mm) 8[s, 13 84, 13] o
CT contusion (%) 0.2
No 28 (32) 31 (36)
Small 37 (43) 31 (36)
Large 19 (22) 20 (23)
Unknown 3(3) 5 (6)
GOSE (%) 0.5
1=Dead 36 (41) 23 (26)
2=Vegetative state/3=Lower severe disability 26 (30) 23 (26)
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eTable 8. Baseline characteristics of propensity matched cohort, comparing primary decompres-
sive craniectomy with craniotomy (continued)

Patient characteristic Treatment status (n =174)
Decompressive Craniotomy  SMD
craniectomy
4=Upper severe disability 8(9) 8 (9)
s=Lower moderate disability 12 (14) 15 (17)
6=Upper moderate disability 1(1) 6 (7)
7=Lower good recovery 3(3) 7 (8)
8=Upper good recovery 1(1) 5 (6)

Abbreviation: ASAPS, American Society of Anesthesiologists classification system; ASDH, acute subdural
hematoma; GCS, Glasgow Coma Scale; GOSE, Glasgow Outcome Scale Extended; IQR, interquartile range;
SMD, standardized mean difference.

eTable g. Selected baseline characteristics and prognosis across centers with different prefer-
ences for primary decompressive craniectomy, excluding centers < 15 patients

Patient characteristic Treatment preference (observed
primary DC rates per centre) *
Tertile 1 Tertile2  Tertile3 SMD
(0-22) (22-45) (45-67)

n 42 40 15
Age (median [IQR]) 62 [56, 68] 63 [41,68] 44[31,58] 0.6
ASAPS (%) 08

Healthy 25 (60) 20 (50) 3 (20)

Mild systemic disease 14 (33) 12 (30) 8 (53)

Severe systemic disease 3(7) 7 (18) 2 (13)

Threat to life 0 (0) 1(3) 0 (o)

Unknown o (0) o (o) 2 (13)
Hypoxia (%) ° 0.8
No 30(7 35088  11(73)
Definite 1(2) 5 (13) 2 (13)
Suspect 2 (5) 0 (o) 2 (13)
Unknown 9 (21) 0 (o) 0 (0)
Hypotension (%) © 0.6
No 32(76)  38(95)  13(87)
Definite 1(2) 1(3) 0 (o)
Suspect 0 (o) 1(3) 1(7)
Unknown 9 (21) 0 (o) )
Any major extracranial injury (%) 20 (48) 20 (50) 8 (53) 0.1
GCS baseline (median [IQR]) 813, 1] 703 9] 5[4,13] 0.2
GCS motor baseline (median [IQR]) 41, 5] 11, 5] 3[2, 6] 0.4
Pupils (%) 0.5
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eTable 9. Selected baseline characteristics and prognosis across centers with different prefer-
ences for primary decompressive craniectomy, excluding centers < 15 patients (continued)

Patient characteristic Treatment preference (observed
primary DC rates per centre) *
Tertile 1 Tertile2  Tertiles SMD
(0-22) (22-45) (45-67)

Both reacting 28 (67) 23 (58) 9 (60)
One reacting 3(7) 7 (18) 0 (o)
Both unreacting 11 (26) 10 (25) 6 (40)
Total volume of ASDH (cm3, median [IQR]) 6133, 97] 73[33, 100] 47 [17, 79]
CT large ASDH (%) 29 (69) 34 (85) 10(67) o3
CT midline shift (%) ° 32 (76) 38 (95) 14(93) o4
CT contusion (%) 0.5
No 14(33)  16(40)  3(20)
Small 20 (48) 20 (50) 10 (67)
Large 8 (19) 3(3) 2 (13)
Unknown 0 (o) 1(3) 0 (o)
CT subarachnoid hemorrhage (%) 0.8
No 13 (31) 9 (23) 6 (40)
Basal 5 (12) 2 (5) 0 (o)
Cortical 17 (47) 25 (63) 3 (20)
Basal and cortical 7 (17) 4 (10) 6 (40) 0.2
CT basal cisterns absent/compressed (%) 18 (43) 19 (48) 9 (60) 0.5

Mean predicted 6-month unfavorable outcome (GOS score
< 3, %, median [IQR]) ¢ 76 [57, 88] 83[64,91] 65[45,73] o0.2

Abbreviation: AlS, Abbreviated Injury Scale; ASAPS, American Society of Anesthesiologists classification
system; ASDH, acute subdural hematoma; DC, decompressive craniectomy; GCS, Glasgow Coma Scale;
GOS, Glasgow Outcome Scale (5-point); IQR, interquartile range; IV, instrumental variable; SAH, subarach-
noid hemorrhage

* Treatment preference as defined by the case-mix adjusted probability of undergoing acute surgery (as
opposed to initial conservative treatment) based on the observed acute surgery rates per centre. This cor-
responds to the IV status and presented in quartiles of the range of adjusted regional primary DC rates.
The first category is less aggressive than the second and the second is less aggressive than the third and so
forth. Importantly, the IV analysis used the acute surgery rates as continuous preference, the quartiles are
presented for purposes of interpretability of baseline comparability.

® Second insult during the pre-hospital or ER phase, defined as PaO2 < 8 kPa (60 mmHg)/SaO2 < 90%.
‘Suspected’ was scored if the patient did not have documented hypoxia by PaO2 or SaO2, but there was a
clinical suspicion, as evidenced by for example cyanosis, apnoea or respiratory distress.

¢ Second insult during the pre-hospital or ER phase, defined as systolic BP < 9o mmHg. ‘Suspected’ was
scored if the patient did not have a documented blood pressure, but was reported to be in shock or have an
absent brachial pulse (not related to injury of the extremity)

dAISTI3

¢Large is defined qualitatively by the treating neurosurgeon and corresponded to a size larger than 25 cm3.
Midline shift present is classified as being more than 5 mm.

¢ TBI severity as summarized in predicted unfavorable outcome, proportion with a Glasgow Outcome Scale
score < 3, based on CRASH-CT variables
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eTable 10. Hospital course and outcome across centers with different preferences for primary
decompressive craniectomy, excluding centers < 15 patients

Treatment preference (observed primary DC
rates per centre)

Tertile 1 Tertile 2 Tertile 3 SMD
(0-22) (22 - 45) (45-67)
n 42 40 15
Length of hospital stay (median [IQR]) 21[10, 35] 17 8, 25] 41 [21, 66] 0.3
Length of ICU stay (median [IQR]) 12 [6, 18] 9[2,17] 10 [5,18] 0.1
ICP monitor (%) 36 (86) 25 (62) 12 (80) 0.4
ICP (median [IQR]) 12 [9, 17] 12 [7,19] 12 [10, 16] 0.1
Any neuroworsening (%) * 17 (40) 21 (52) 10 (67) 0.4
Progression on CT (%) ° 19 (45) 18 (45) 7 (47) <0.1
In-hospital mortality (%) 11(26) 16 (40) 4 (27) 0.2
GOSE (%) 0.8
1=Dead 16 (38) 17 (42) 5(33)
2=Vegetative state/3=Lower severe disability 11 (26) 10 (25) 3 (20)
4=Upper severe disability 3(7) 1(3) 3 (20)
s=Lower moderate disability 2 (5) 5 (13) 3 (20)
6=Upper moderate disability 1(2) 1(3) 1(7)
7=Lower good recovery 5 (12) 4 (10) o (0)
8=Upper good recovery 4 (10) 2 (5) o (0)

Abbreviation: DC, decompressive craniectomy; GOSE, Glasgow Outcome Scale Extended; ICU, intensive
care unit; IQR, interquartile range

* Neuroworsening is defined as: a spontaneous decrease in the Glasgow Coma Scale motor score = 2
points (compared with the previous examination), a new loss of pupillary reactivity, development of pupil-
lary asymmetry = 2 mm, and/or deterioration in neurological or CT status sufficient to warrant immediate
medical or surgical intervention.

® Progression on the CT scan during the hospital course is defined as an increase in initial lesion and/or
the development of a new lesion.
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eTable 11. Primary and secondary outcomes and treatment associations for primary decompressive craniec-
tomy, excluding centers < 15 patients

Outcome Intervention (n  Control (n = Effect Unadjusted value  Adjusted value
=91) 245) parameter  of patient-level of center-level
analysis (95% Cl, analysis (95% Cl,
n =336) n=97)°
Primary outcome: 3 [1-4] 4 [1-6] Common 0.4 (0.3-0.6) 0.9 (0.5—-1.5)
GOSE at 6 months odds ratio
(median [IQR])
Secondary outcomes
In-hospital 35 (38) 58 (24) Odds ratio 2.0 (1.2—3.4) 1.0 (0.5-2.4)
mortality
GOSE of 7 or 8 (%) 4 (4) 50 (20) Odds ratio 0.2 (0.1-0.5) 0.5 (0.2 —1.2)
GOSE of 5-8 (%) 18 (20) 108 (44) Odds ratio 0.3 (0.2 —0.6) 1.0 (0.5-1.8)
GOSE of 4-8 (%) 26 (29) 126 (51) Odds ratio 0.4 (0.2 —0.6) 1.2 (0.5-17)
QOLIBRI (median 69 (60-80) 76 (60-85) Beta -3.9 (-12.5-47) Na ¢

[IQR]) at 6 months °

Abbreviation: Cl, confidence interval; GOSE, Glasgow Outcome Scale Extended; IQR, interquartile range;
IV, instrumental variable; Na, not available; QOLIBRI, Quality of Life after Brain Injury Scale.

1V analysis with estimates with from random effect multivariable ordinal regression with the instrument,
adjusted probability of undergoing primary DC as treatment variable. Confounding was furthermore ad-
dressed by adjusting for the a-priori defined variables age, GCS, pupil reactivity, hematoma size, contusion
presence and midline shift. The adjusted common OR indicates the odds of a more favorable outcome
for an increase of the 25th percentile to the 75th percentile (IQR) of the range in exposure to the center
intervention preferences.

® QOLIBRI is a standardized health specific quality of life measure specifically designed for and validated in
outcome assesment in patients with brain injury. It is a numerical scale with scores ranging from o to 100,
with higher scores indicating a better quality of life. The score was avaiable for 19 patients of the primary DC
group and 111 of the craniotomy group.

“The association estimate could not be estimated due to low numbers (no centers with more than 15 pa-
tients in the subcohort).
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e

Mean GOS-E score

2.5 0.0 25 5.0
Adjusted probability of primary decompressive craniectomy
eFigure 2. Functional outcome of centers with different probabilities of primary decompressive
craniectomy
Graphical illustration to estimate the incremental effect of more primary decompressive craniectomy. Each
circle represents a center with the area being proportional to the number of patients per center. The fitted

line is the result of an adjusted random effects linear model with dotted lines reporting the 95% confidence
intervals. The mean GOSE decreased non-significantly with 0.1 for primary DC (95% Cl: -0.2 — 0.1, n = 200).
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SUMMARY

In Chapter 1, the knowledge on the surgical management of the acute subdural
hematoma (ASDH) in traumatic brain injury (TBI) is summarized. The ASDH is the
most prevalent TBI and evacuation of an ASDH is one of the most common acute
neurosurgical intervention." Neurosurgeons in favor of evacuation of a subdural
estimate that acting too slowly or not at all when there is a large ASDH leads to
neurological deterioration or death. Their suspicion is backed by the Brain Trauma
Foundation (BTF) guideline, which was devised in 2005 by an international panel
of experts and states that every ASDH with a thickness >1omm and a midline shift
over ymm and every ICH larger than 50 cm’ should be evacuated, irrespective of
neurological condition.** On the other hand, surgeons in favor of a conservative
strategy do not want to expose the patient to the risks of a craniotomy or decompressive
craniectomy (DC) without a more precise estimation of the chance of neurological
deterioration when withholding an operation. It can be argued that the guideline and
the evidence so far should not guide treatment, because good quality comparative
studies are lacking.
The lack of sound evidence to guide this decision in TBI was the motivation for this
PhD project. Subsequently, we postulated the research questions:
I. Whatis the current evidence on the effectiveness of surgical treatment of ASDH?
II. What is the current practice in treatment of patients with ASDH in Europe?
II1.Which study designs and analyses are suited to determine the effectiveness of
surgical treatment of ASDH?
IV. What is the effectiveness of different treatment approaches (surgery versus initial
conservative Treatment, and DC versus craniotomy) for ASDH?
Thereafter, we described the datasets of Collaborative European NeuroTrauma
Effectiveness Research in Traumatic Brain Injury (CENTER-TBI) cohort and
the Neurotraumatology Quality Registry (Net-QuRe) that we used to answer the
questions.

In PART I the current evidence is updated. The summary in Chapter 2 gives an
overview of current comparative studies in surgical TBI and opportunities for future
research. Chapter 3 is a systematic review on the effect of surgery in ASDH. We
try to improve the current evidence base by using already performed studies. In
the first systematic review of the mortality risk in ASDH, we included 102 studies
comprising 12,287 patients. The overall mortality in surgically treated ASDH was
48% (95% confidence interval [CI] 44-53%) while mortality was 41% (95% CI 31-
51%) in comatose ASDH patients that were surgically treated. The mortality risk
associated with the conservative treatment of comatose ASDH patients was 81%
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(95% CI 56-98%). In a dramatic effect design, we show that the size of the beneficial
effect of surgical evacuation equals 40% mortality reduction.

In PART II we describe the current neurosurgical management strategies of TBI.
The first study, Chapter 4, is a survey in The Netherlands and Belgium on how
patients with ASDH are managed. The research question is whether the varying
trauma management of ASDH is the result of a variable view among neurosurgeons.
Regular day-to-day cases of TBI and an ASDH were presented to them online. Sixty
neurosurgeons filled out the questionnaire (response rate 65%). For patients with
severe TBI and ASDH (three cases) there was a modest variation in the decision to
surgically evacuate the hematoma or not; respectively 88%, 100%, and 77% would
perform acute surgery. The variation became more pronounced for patients with a
moderate or mild TBI. For example, in a hypothetical case of a 79-year-old male with
a mild TBI and a fairly large ASDH, 1 out of 7 (14%) neurosurgeons in one region
chose a surgical strategy compared with 9 out of 10 (90%) in another region for the
same scenario. However, despite this distinct practice variation, less than half of (the
same) neurosurgeons (48%) would leave this decision open for randomization in a
study. This practice variation together with the fact that this group, mild or moderate
TBI and ASDH, represents the majority of patients with an ASDH, were the impetus
for our further research. The variation supports the methodology of the international
Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain
Injury (CENTER-TBI) initiative, and shaped the Dutch Neurotraumatology Quality
Registry (Net-QuRe) initiative.*’

This overview of contemporary neurosurgical care in The Netherlands and
Belgium is complemented in Chapter 5, by a survey aimed to explore differences
in neurosurgical strategies for TBI across Europe. The questionnaire consisted
of several topics among which the decision when to operate (or not) on traumatic
ASDH and ICH, and when to perform a decompressive craniectomy (DC) in raised
intracranial pressure (ICP). The survey was completed by 68 centers (100%), mostly
by neurosurgeons (78%). All centers provide 24/7 acute neurosurgical coverage, at
least within 30 minutes. ASDH represents the highest volume of neurosurgical TBI
cases, on average 25 cases per year (per center). Forty percent of responders reported
a thickness or volume threshold for evacuation of an ASDH. Most responders (78%)
decide on a primary DC in evacuating an ASDH during the operation, when swelling
is present. For ICH, 3% would perform an evacuation directly, i.e. on presentation,
to prevent secondary deterioration and 66% only in case of clinical deterioration.
Treatment strategies varied substantially between regions, specifically for the
threshold for ASDH surgery and DC for refractory raised ICP. 31% of centers reported
variation within the hospital for inserting an ICP monitor and 43% for evacuating
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mass lesions. The results of the questionnaire point out potential substrates for
comparative effectiveness research (CER) in CENTER-TBI.

In PART III deals with the preparation of designing our study, methodological
choices made, to meet our effectiveness objectives. Specifically, it describes two case
studies, a review of the literature concerning how to design an observational study to
determine the effectiveness of acute intracranial interventions, and the protocol for
the main comparative effectiveness studies.

Observational studies constitute the alternative to the gold-standard of a randomized
controlled trial (RCT). A key challenge in observational studies of interventions
is confounding by indication, a phrase that refers to a situation where patient
characteristics, rather than the intervention, are independent predictors of outcome.
The objective of the study in Chapter 6 was to define the circumstances for the validity
of methods to adjust for confounding in observational studies of interventions in TBI.
Threelarge TBI datasets were used to perform post-hocanalyses with the interventions
intracranial pressure (ICP) monitoring, intracranial operation and primary referral.
Multivariable regression, propensity score matching and instrumental variable (IV)
analysis were compared. Furthermore, in a simulation study these methods were
compared in their ability to correct unmeasured confounding in a hypothetical not
further defined intervention. For all three interventions, multivariable regression
and propensity score matching resulted in negative estimates of the treatment effect
(OR ranging from 0.80 to 0.92), whereas the IV approach indicated that both ICP
monitoring and intracranial operation might be beneficial (OR per 10% change 1.17,
95% Cl 1.01-1.42 and 1.42, 95% CI 0.95-1.97). In our simulation study, multivariable
regression and propensity score matching resulted in an invalid estimate of the
treatment effect in case of unmeasured confounders (OR ranging from o.90 to
1.03). The IV approach provided an estimate in the similar direction as the simulated
effect (OR per 10% change 1.04-1.05) but was statistically inefficient. The conclusion
is that IV analysis might provide a more valid estimate of the treatment effect
compared to conventional analytical methods. However, the findings also suggest
that alternative methods should be used simultaneously to strengthen the credibility
of effect estimation.®

Chapter 7 is a letter to the editor in which we respond to an observational study
investigating the effect of surgical evacuation for spontaneous intracerebellar
hematoma.”We question the validity of the results and we point out our concerns
with regards to the study analysis. We suggest that the study should preferably use
an IV effect estimation to reliably correct for the unmeasured confounding because
the cohort stems from 64 centers with likely differing practice culture. In their
response the authors performed this analysis and conclude to have provided similar
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results as with their original estimates across the investigated primary and secondary
outcomes.®

In Chapter 8, we work out a proposal for the comparative studies. We designed part
of the CENTER-TBI cohort and setup the Net-QuRe with the aim to answer who to
surgically treat acutely in ASDH, ICH and when to perform a primary DC. This study
uses a comparative effectiveness research (CER) design, a multicenter prospective
observational cohort study that exploits variation in neurotrauma care to create and
compare parallel study groups. The multicenter design is necessary to ensure the
required number of patients with different neurotrauma treatment strategies for
ASDH and t-ICH. Patients with an ASDH and/or a t-ICH are eligible for inclusion.
Inherent to the observational design of this study the management strategies under
investigation proceed according to local emergency and intensive care protocols or
surgeon’s expertise. Consequently, the resulting variation in management is accepted
and analyzed. To gain insight into this variation, detailed information is collected
on the reasons for specific interventions or management strategies (see section
‘why’ questions). The interventions of interest are acute surgery, defined as surgery
directly after the first CT at presentation versus late or no surgery and craniotomy
versus DC. The primary outcome measure is the Glasgow Outcome Score-Extended
at 6 months. Secondary outcome measures include in-hospital mortality, quality of
life and neuropsychological tests. In the primary analysis, the effect of treatment
preference (i.e. the proportion of patients in which the intervention under study
is preferred) per hospital will be analyzed with random effects proportional odds
ordinal regression models, adjusted for case mix. Sensitivity analyses will include
(conventional) multivariable regression modelling and propensity score matching,
with treatment defined on patient level. In CENTER-TBI and Net-QuRe together
approximately 1000 patients with ASDH and 750 patients with ICH were expected,
recruited from approximately 7o centers. These samples would lead to a power of
80% to detect a difference (assuming a two-sided significance 0.05).

PART IV is focused on the effectiveness of surgery in ASDH. Timely evacuation of an
expanding traumatic intracranial hematoma in a patient with deteriorating level of
consciousness is lifesaving. Most patients with a traumatic intracranial hematoma,
however, present with a moderately decreased or high conscious level. Uncertainty
exists, particularly in patients with an ASDH or an ICH on indications, timing of
surgery and type of surgery, reflected in large practice variations.

We start with an observational comparative effectiveness study among two trauma
regions in The Netherlands in Chapter 9. We compared treatment strategies on center
level rather than patient level to reduce confounding by indication. These regions are
geographically distinct and covered by separate neurosurgical departments. These
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regions were chosen for their — a-priori defined — diverging treatment preferences
derived from the survey in Chapter 7. Baseline characteristics were comparable
between regions. The median age was relatively high at 68 years (interquartile range
[IQR], 54-76). Primary evacuation was performed in 84% of patients in region
A and in 65% of patients in region B (p < o.01). The strategy favoring surgical
evacuation was associated with significantly lower odds of unfavorable outcome
(OR 0.53; 95% CI: 0.27-1.02) 3—9 months post-injury. Thus, we concluded that an
aggressive surgical management strategy might be associated with better outcome in
an elderly population with traumatic ASDHs. However, the important limitation is
that other regional differences might account for this finding. The higher incidence
of clinical deterioration in one of these regions, for example, may be consequent to
the larger number of secondary referrals. Primary presentation to a neurosurgical
center has a close relationship with time to surgery and could even improve patient
outcome.’ And although the primary referral and other imbalances are counteracted
by other (measured) confounders — after all, the cohorts of both regions have a
similar prognosis according to a validated prognostic model - residual confounding
is possible. We proposed larger comparative studies with more hospitals to examine
this effect of surgery and to explore generalizability (Chapter 8).

In Chapter 10 we analyzed data on 1407 patients with an ASDH and found that the
proportion of patients undergoing acute surgery ranged from 6 to 52% (interquartile
range [IQR] = 13-35%) between centers. The resulting median odds ratio (MOR) of
1.8 (p < 0-001) can be interpreted as a twofold higher probability that an identical
patient will receive acute surgery in one versus another random center. These
large between-center variations enabled exploration of effectiveness of surgery
in comparative effectiveness analyses. For acute surgery in ASDH, we found that
center preference for an acute surgical strategy over that of an (initial) conservative
treatment was not significantly associated with better outcome (odds ratio 0.92[95%
CI 0.77 to 1.09)]). Delayed surgery within the conservative group (n=982) occurred in
107 patients (11%) after a median of 19.1 hours (IQR 8.1-84.6). These results should
be interpreted in light of the comparative effectiveness design and do not imply no
effect of surgery. Because an identical patient may be operated in one center but not
in another, it naturally follows that there is more than one valid treatment option. The
results apply to those patients for whom the neurosurgeon sees no clear superiority
of either treatment. Therefore, the data suggest that acute surgical evacuation of an
ASDH in patients for whom equipoise exists on surgical indication may not lead to
a better outcome compared to (initial) conservative treatment.

In Chapter 11 we respond to a letter to the editor in which some aspects of our study
in Chapter 10 are questioned.”

Chapter 13 253



In Chapter 12, we explored the effectiveness of a primary DC as compared to a
craniotomy in patients with ASDH, by exploiting the aforementioned practice
variation. The type of primary acute surgery for ASDH highly varied between centers:
the proportion of patients undergoing primary DC of all acute surgeries, as opposed
to craniotomy ranged from 6 to 67 % (IQR = 12-26%) with an adjusted MOR for
primary DC of 2.7 (p < 0-0o1). Centre preference for primary DC over craniotomy to
evacuate the hematoma was not associated with a better outcome (odds ratio per 13%
(IQR) more primary DC in a center 1.09 [95% CI 0.53 to 1.53]). Again, these findings
apply to those patients for which there is uncertainty in the first place. We conclude
that the initial decision for primary DC should be restricted to those salvageable
patients for which craniotomy is not a reasonable alternative. The decision for
primary craniotomy leads to similar outcome, has less complications and does not
need a cranioplasty to achieve this outcome.

The decision whether to operate or not in patients with a traumatic ASDH can, in
many cases, be a neurosurgical dilemma. In the current thesis the surgical treatment
of TBI was studied and discussed. Current treatment strategies were described,
clinical characteristics of the patient domain were studied and the optimal study
methodology to answer the effectiveness questions was examined. This thesis
contributes to the assessment of surgical interventions in TBI and will influence
future research.
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DISCUSSION

The overall aim of this thesis was to evaluate the effectiveness of surgical treatment
approaches for patients with traumatic acute subdural hematoma (ASDH). The
main research questions were:

I.  What is the current evidence on the effectiveness of surgical treatment of
ASDH?

II. What is the current practice in treatment of patients with ASDH in Europe?

IT1I. Which study designs and analyses are suited to determine the effectiveness of
surgical treatment of ASDH?

IV. Whatis the effectiveness of different treatment approaches (surgery versus initial
conservative treatment and decompressive craniectomy versus craniotomy) for
ASDH?

In this chapter I first discuss the key findings of the thesis. Thereafter, I reflect on the

key findings, critically appraise surgical intervention research using observational

data, and discuss limitations. Finally, I propose recommendations for clinical practice
and future research.

KEY FINDINGS

I first studied the current evidence (Part I) of surgery for ASDH in a systematic
review. Available literature was limited to observational cohorts or case series, with
selected populations, mostly performed more than two decades ago. There were no
comparative studies. In a meta-analysis comparing contemporary surgical prognosis
with historical conservative prognosis I concluded a strong effect of surgery in
comatose patients.

Surveys of current practice (Part II) showed large practice variation with regard to
whether to operate ornotin ASDH. In addition, the willingness among neurosurgeons
to randomize to surgery or conservative treatment was low.

In Part I1I we studied the methodological challenges of studying acute neurosurgical
interventions using observational data. I evaluated which analysis strategy would
be best suited to minimize the confounding in studies on acute neurosurgical
interventions. Instrumental variable (IV) analysis might provide a more valid
estimate of the treatment effect compared to conventional analytical methods. The
methodological justification of this design and the data collection and the analysis
were documented in a protocol for the actual effectiveness study.

In Part IV I determined the effectiveness of neurosurgical interventions in acute
subdural hematoma. In a retrospective comparative effectiveness study comparing
treatment preferences of two centers, I concluded that a treatment strategy favoring
emergency hematoma evacuation might be associated with better outcome.
However, residual confounding might explain the results and, therefore, larger,
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prospective, comparative studies with more hospitals were needed. I then performed
a prospective comparative effectiveness study that showed that similar patients
with ASDH were indeed treated differently due to varying treatment preferences.
A treatment strategy preferring an aggressive approach of acute surgical evacuation
over initial conservative treatment was not associated with better outcome. Finally,
I showed that a primary decompressive craniectomy (DC) does not seem to lead
to a better outcome than ASDH evacuation by craniotomy although the results are
uncertain due to a small sample.

REFLECTION ON KEY FINDINGS

The thesis is the result of a stepwise, tinkering process in trying to find ways to
determine the effectiveness of a longstanding surgical intervention, acute surgery
for ASDH, that is considered well-established among the expert community. I have
critically appraised the proof of concept (IDEAL framework stage 1) by developing
and exploring methods (IDEAL stage 2) to asses and falsify the supposed benefit of
acute surgery (IDEAL stage 3).

Especially as neurosurgeons, we know that acute surgery in ASDH can be highly
effective in specific cases. My first study came about in my wish to integrate this
neurosurgical common sense with evidence-based medicine. I presented the first
published systematic review of ASDH surgery. Despite the lack of comparative
studies, I could reliably demonstrate that surgical evacuation of ASDH greatly
reduces mortality risk in comatose patients (Chapter 3). The methodology stems
from a paper using meta-analysis with ‘dramatic effect’ methodology to deduce
the effectiveness of a parachute.” This methodology resonated with us because the
comparison of research in ASDH surgery to a parachute in skydiving had often been
made.”

This study also highlights the improved care for patients with severe TBI and ASDH
over the past century in modern well-resourced hospitals.’ Targeted and efficient
neurosurgery, advances in neurocritical care and the widespread introduction of
CT-scanners and ICP monitors have decreased mortality in severe TBI dramatically.*
Most cases of ASDH, however, do not present in comatose state and most cases are
not treated surgically (Table 1).

In Chapter 3 I conclude that the current evidence base has not improved since the
publication of the widely known Brain Trauma Foundation (BTF) guideline in 2000.
“To operate or not’ therefore remains a decision surrounded with uncertainty. In
Chapter 2 I, therefore, have tried to move the needle among the scientific community
and policy makers from the focus on descriptive small studies, reporting on prognosis
of either treatment arm, to well-designed comparative effectiveness studies that aim
to answer the actual relevant intervention question.
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Subgroup Number who had
surgery/total number

Age

<65 years 202/725
=65 years 90/435
TBI severity

Mild TBI 62/542
Moderate TBI 58/193
Severe TBI 172/425
Haematoma size

Large 221/309
Small 71/851
Total 292/1160

Table 1. Proportion patients surgically treated of the CENTER-TBI cohort of patients with acute
subdural hematoma, stratified for specific subgroups

The surveys (Chapter 4 and s5) showed large variation for treatment strategies in
TBI, specifically for everyday ASDH cases (Figure 1). Although the regional variation
in surgical treatment of ASDH has not been shown in the literature, other studies
have shown that variability in treatment of TBI exists.>® Moreover, in only 17% of
a random sample of (brain) trauma patients care delivered according to the BTF
guidelines, suggesting a variable approach.” In addition, there exists a difference in
point of view among neurosurgeons with respect to combining the evacuation of an
ASDH with a DC.*

The existing variation might be a sign of unwarranted care differences, but also
a reflection of real-life neurosurgical practice in TBI. Decisions are made under
large uncertainty, constrained not only by limited evidence, but also by time, in
an emotionally charged environment, at moments when regular consultation with
colleagues is difficult. Furthermore, clinicians need to make accurate prognostic
estimates to inform surgical decision-making but this process is at best unequivocal.”
What makes matters worse is that there seems to be a seemingly reasonable quality
of life after severe TBI, which might be attributed to the disability paradox.’
Subsequently, I explored whether an RCT, the superior methodological approach
for causal inference in clinical epidemiology,” would be possible. Unfortunately, the
survey showed not enough willingness among neurosurgeons to randomize patients
with an ASDH. Thus, I concluded that there is at present not sufficient clinical
equipoise while, at the same time, opposite treatment strategies for similar patients
are employed. An explanation for this contradiction might be that neurosurgeons
extent the clear role of surgery in specific cases of ASDH to other - more uncertain
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Figure 1. Regional variation with respect to operate or not in ASDH

Bar graph with percentages ‘yes’-answers to the question whether surgery is indicated for these hypothetical
clinical cases, stratified in three regions. Adapted from published paper in Chapter 4 and presented at the
‘11th Symposium of the International Neurotrauma Society’ in Budapest, Hungary, march 2014.

- cases. Another explanation might be that this absence of clinical equipoise
among the neurosurgical community implies a practice sometimes justified by the
unique nature of surgery, an idea referred to as (neuro)surgical exceptionalism,
which renders commonly used research methods from other medical disciplines
unsuitable.” Anyway, starting an RCT would clearly not have been worthwhile, at
least at the time in 2016.

Instead, I explored study designs that could reach the same level of validity. The idea
was to setup a study that was specifically designed to exploit the existing variation.
The resulting natural experiment mimics the counterfactual ideal of an RCT.”™
The methodological framework is called an IV analysis. This method originates
from econometrics. An IV is a variable that is correlated to the treatment, but not to
outcome. My hypothesis was that regional treatment preference is a valid IV.

In Chapter 6, we estimated, that, given the non-randomized data, an IV analysis is
the superior approach because of its ability to account for unmeasured confounding
but needs relatively large sample sizes to obtain reliable estimates. In addition, I
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concluded that alternative methods should be used simultaneously to strengthen the
credibility of effect estimation. Both conclusions are in line with an abundance of
literature in other fields.*>"

In Chapter 7 I suggested this approach in a letter to the authors of an observational
study investigating the effect of surgical evacuation for another — but related —
condition, the spontaneous intracerebellar hematoma.” Intracerebellar hematoma
is pathophysiologically and anatomically different but the decision whether to
operate or not represents a similar decision leading to similar considerations
regarding potential study designs. I felt that the findings, based on propensity score
matching, might be spurious due to (unmeasured) confounding. Instead I proposed
a center-preference based IV because the cohort stemmed from 64 centers, with
likely differing practice culture among institutions. In their response the authors
indicated that they performed this analysis and that it led to similar results as with
their original method.” They showed a considerable increase of the point estimate,
albeit with a large confidence interval (including 1; no effect). Therefore, I contest
their conclusion that the new IV analysis supports the robustness of the analysis.
Instead, I suggest that it might point to an overall beneficial effect for early surgery.

After this intermezzo on intracerebellar hematoma I shift the focus back to traumatic
ASDH. I collected data in the centers with the most divergent treatment preference
from our national survey (region 1 and 3 in Figure 1) to compare patient characteristics,
treatments and outcomes between them (Chapter 9). I show that indeed the strategy
of regional data collection and analyses resulted in a comparable baseline prognosis.
Despite this comparability, patients were more likely to be operated in the center
a-priori preferring acute surgery. It appeared that the region preferring surgery
actually had a better outcome. However, the small sample, residual confounding on
center level with differences in referral patterns, and the inability to sufficiently take
immortal time bias into account were major limitations.*® Further, generalization to
clinic should take into account the relatively high age of 68 (median). So, we would
need larger cohorts with more detailed data collection that allowed for more rigorous
adjustment and extrapolation.

The preceding studies shaped the methodology of my studies performed in the
international Collaborative European NeuroTrauma Effectiveness Research in
Traumatic Brain Injury (CENTER-TBI) study, and the Dutch Neurotraumatology
Quality Registry (Net-QuRe) initiative.*** In the protocol I described the
methodological choices (Chapter 8). Specifically, immortal time bias has been
addressed through the design, in which I defined treatment groups after the first
CT scan (showing the acute subdural hematoma), thereby aligning the start of the
follow-up with treatment assignment. As a primary analysis an IV analysis was
chosen to account for the confounding by indication.
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The thesis culminates in the comparative effectiveness study (Chapter 10). The
widely differing surgical practices coming from centers that on average treat
similar patients enabled exploration of effectiveness of the immediate treatment
strategies in IV analysis. I showed that for most patients with an ASDH conservative
treatment is preferable. This conclusion has gone through ample evaluation to
verify the assumptions but challenged the neurosurgical status quo.*># In Chapter
11, an ‘author’s reply’ to a letter to the editor, I respond to some of these opposing
arguments, discuss concerns that might have arisen among neurosurgeons globally
and emphasize the results of our effectiveness study of acute surgery in ASDH. I will
further discuss the validity and generalizability in the next section of this discussion.
Uncertainty also exists on the benefits of a DC, a procedure that aims to mitigate
effects of raised intracranial pressure by removing part of the skull. DC is frequently
performed in combination with the evacuation of focal lesions, but is associated with
severe complications and its additional benefits are only mechanistically clear. DC can
be performed as primary procedure (combined with evacuation of a hematoma) or
as secondary procedure (to decompress the brain). In Europe and Australia, inferred
from the CENTER-TBI and the harmonized Australian OzENTER cohort studies,
DC was performed in 320 patients, and in most conducted as primary procedure
(258/320; 81%). In other parts of the world, DC is performed even more frequently:
In the China CENTER-TBI registry, DC was performed in 48% of patients with severe
TBI (1354/2804), mostly as a primary procedure.* Previous trials have investigated
the effectiveness of DC as secondary procedure, but until recently no evidence was
available to support the use of DC as primary procedure. The advantage of a DC is
that it more effectively controls ICP elevation, which could lead to secondary brain
injury and poor clinical outcome. However, DC necessitates an additional operation
(cranioplasty) to reconstruct the cranium and the associated risk of complications
such as infection, cerebral edema and bone-flap reabsorption.” Literature on the
effect of primary DC versus craniotomy to treat ASDH is inconsistent, with mostly
worse outcomes for primary DC."**7*' In a similar analysis as our preceding study
on acute surgery vs conservative treatment in ASDH, I showed that there is no
difference in outcome between a primary DC vs craniotomy. Hence, a craniotomy,
a less invasive procedure, is preferred (Chapter 12). An important limitation is the
small sample size of the study (although still the largest to date), resulting in a wide
confidence interval possibly obscuring a clinically relevant effect.

CHALLENGES AROUND ANALYSIS AND INTERPRETATION OF OBSERVATIONAL STUDIES ON
ACUTE NEUROSURGERY

In the process of interpreting, reporting and publishing the results of our main
effectiveness study (Chapter 10), extensive discussions took place regarding
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the (causal) interpretation. I have adhered to several guidelines for the conduct
and reporting of IV analysis (Table 2),%"**” but these discussions highlight the
challenges in disseminating results from non-randomized interventions studies

Confounding

An 1V analysis is preferable in a setting were strong confounding is expected because
of its ability to control for unmeasured confounding. I performed preparatory
methodological studies and showed the same holds true for our case study of acute
neurosurgical decisions in TBI.?**° However, IV also relies on strong assumptions
itself, which are not always met. Our IV, surgery treatment rate as a proxy for
surgeon’s preference, fulfils these assumptions; the centers’ treatment preference
predicts the likelihood to get acute surgery and the preference does not have an
effect on outcome other than through surgery (Chapter 7 and 10).5** Furthermore,
I found similar effects in propensity score matching and multivariable regression
adjustment. The consensus is when multiple methods give similar results, like in
our study, it tends to strengthen the credibility of the findings. It may be argued that
confounding is fully controlled.”"”

An instrumental variable is a variable in nonexperimental data that can be
thought to mimic the coin toss in a randomized trial.

If an appropriate and valid instrument is found, then the effects of
measured and unmeasured confounding can be mitigated.

An IV analysis always has an experimental analog, however absurd the
experiment sounds. The IV analysis is therefore based on “a natural
experiment.”

Assumption (1): The IV must predict treatment but that prediction does not
have to be perfect. An IV that does a poor job of prediction is said to be
weak.

Assumption (2): A valid IV will not be directly related to outcome, except
through the effect of the treatment.

Assumption (3): A valid IV will also not be related to outcome through
either measured or unmeasured paths.

In a randomized trial, the assumptions are met by design in the act of
randomization. In an IV analysis, these assumptions must be empirically
checked to the extent possible or assumed based on context and subject
matter knowledge.

In cases of treatment-effect homogeneity, IV studies estimate the effect on
the marginal subject, the average treatment effect for patients whose
treatment was determined by the instrument

Abbreviation: IV, instrumental variable.

Table 2. Key points about instrumental variable analysis
Adapted from ®
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However, the analysis through center-specific surgery rates might have induced
new confounding on center level. The question is whether the effect of specific
neurosurgical treatment choices/policies on outcome can be based on between-
center variation without being residually confounded by other associated center
characteristics. Unfortunately, I cannot exclude that other (unmeasured) regional
differences might have distorted the findings,” but I tried to make reasonable that
this confounding is minimal. I have accounted for these center differences through
various ways. The primary analysis, with the IV as treatment variable and GOSE
as dependent outcome variable in regression modelling, also included a random
effects term for center, thereby adjusting for center clustering of other care processes
or hospital structures. These random-effects accounts for other between-center
differences than the factors included in the model. I calculated the post-hoc intraclass
correlation coefficient (ICC) to be 0.018, so around 2% of the variance in outcome is
explained by center. This confirms the small contribution of other center differences
than acute surgery to outcome. Furthermore, another CENTER-TBI study showed
that specific treatment choices did not correlate with other treatment choices
within the centers.” This is in line with what would be expected, because treatment
decisions are made by different medical specialties.

Monotonicity

Center preference relates to the policy in a specific center, e.g. a more aggressive
or a more conservative approach to surgical indications. The decision in individual
patients is primarily based on patient symptomatology, but is of course influenced
by the centers’ treatment preference. As mentioned, an IV analysis relies on strong
assumptions. One of these is whether the center preference is actually employed in
the cohort in which we estimate the treatment effect. There can be a discrepancy
between the center preference and what treatment is actually initiated. In RCT
terms, what is the compliance to the center policy?

This is a relevant methodological assumption in IV analysis, commonly referred to
as the monotonicity assumption.* Monotonicity in our case refers to consequent
decision-making of the neurosurgeon: a patient treated by a neurosurgeon that prefers
acute surgery, ‘should’ predominantly treat with acute surgery. When patients do not
‘comply’ to the surgeon’s preference or the preference is not consequently employed,
the monotonicity assumption does not hold. In other words, true monotonicity
requires an absence of defiers. To determine the possible discrepancy of the center
preference versus the actual individual patient decision we need to know whether a
patient has been treated according to the preference of the surgeon (or the center).
However, surgeon’s preference is not measured per patient, and, even more elusive,
preference in itself might not be measurable. In an RCT it is clear when a study
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patient did not receive the treatment that was determined by the randomization.
Thus, the monotonicity assumption in an IV analysis cannot be tested and is
normally not empirically verified.*®

However, I tried to examine this assumption in our study. We compared predefined
preferences towards immediate ASDH treatment (measured with a questionnaire) to
actual surgery rates and found these to correspond well. Thus, the stated preferences
directly mapped to patient treatment, i.e. we are comparing consistent preferences.
We also have some other indirect measures from which we can deduce consistency.
For example, the majority of neurosurgeons (at least in our study) confirmed the
statement that structural practice variation for our research question exists (Chapter
4 and 5).

Generalizability and treatment effect heterogeneity

Generalizability boils down to the question to whom the effect estimate applies. In
epidemiological terms: what is the “marginal patient” in this IV analysis (Table 2)?
Similar to other study designs (including randomized clinical trials), in an IV analysis
with a proxy for physician’s preference as IV, the effect estimate also arises from the
full study population, with individuals contributing with unknown weights.>**" In
IV this means that the treatment effect stems from those patients in whom practice
variation is present. We found that practice variation is present even in patients with
an extreme prognosis. So, the effect estimate may well apply to the full population.
An important nuance is that the effect estimate pertains less to the patients with an
extreme prognosis - because they might either never be treated or always be treated —
but the precise cutoffs as to what entails an extreme prognosis cannot be well defined.
I repeated the main analysis in a group of patients excluding the extreme patients at
either end of the treatment spectrum (patients with one or more unreactive pupil, or
who are GCS 15), and found a similar effect estimate. We, therefore, conclude that
the treatment effect does apply to the total study population. And importantly, the
treatment effect is robust for a middle group, which, although ill-defined, probably
contributes the most to the effect estimate.

Another related aspect is that the treatment effect may differ across patients. Whether
we can apply the estimate to the full study population, also depends on whether
we can expect homogeneity of treatment effects, in which case, like in an RCT, the
estimate effect is valid among the full study population, i.e. the estimand is the
average treatment effect (ATE). We do have circumstantial evidence of heterogeneity
of acute surgery. Comatose patients with a large ASDH greatly benefit because their
risk of dying is greatly reduced (Chapter 3). Our retrospective study (Chapter 9) gives
a suggestion of benefit in patients older than 65 years. And subgroup analyses of the
main study (Chapter 10) suggest some treatment effect heterogeneity: older patients
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and patients with large hematoma might benefit (Chapter 10). Nevertheless, without
a convincing suggestion of treatment effect heterogeneity, the overall treatment
effect is interpreted as being applicable to all patients in the study, as in other study
designs.

On the other hand, when we do assume treatment effect heterogeneity, the
generalizability becomes more abstract. We have to rely more on whether the
application of the surgical preference is consistent across all (types of) patients; i.e.
on monotonicity. In that case the estimand becomes the local average treatment
effect (LATE); the treatment effect is applicable to those patients of which the
treatment has been determined by the IV.*> Monotonicity complicates matters
because it is unclear whether a patient is treated under the preference that is similar
to that of the instrumental variable. This inability to define who is a complier or a
defier makes inferring to whom the effect estimate applies indeterminate. Thus, the
inherent difficulty to define the patient population in IV effect estimation precludes
recognizing the exact average treatment effect.

Importantly, patient characteristics always play a role when deciding on surgical
treatment and knowledge of clinical practice suggests that for some patients even
a (valid) IV plays no role in determining treatment assignment; they always or
never will be treated. And just as clinicians use caution in generalizing findings
from randomized trials, clinicians interpreting our study should use caution in
determining whether the IV estimate applies to their patient. Treatments can have
different effects in different patients. Positive and negative effects might even cancel
each other.** IV analysis is even more complicated to interpret. A valid request might
be a more extensive evaluation of the treatment heterogeneity than provided until
now. These studies have not been performed yet and will be challenging since they
require very large sample sizes.

We conclude that the effect estimate applies to those patients for which the
neurosurgeon may hypothetically be in clinical equipoise, or in other words for
which there seems to be more than one valid treatment option.

LIMITATIONS

Terminology

The presented studies are observational and inherently prone for bias. Reviewers
have often argued that it would be more appropriate to use an associative denotation
to describe our results (‘association’ instead ‘does not lead to’ for example). On most
occasions we accepted and resigned ourselves.

We faced a considerable challenge in formulating the conclusions, finding the
appropriate balance between describing the findings and causally inferring our
association estimates. However, though the observational nature of our studies
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certainly imposes difficult methodological challenges to infer causality, that does has
not influence the initial aim of our research: to study causal effects. The use of the
word ‘association’ in intervention research has no benefits and only confuses.” Or as
causal inference researcher Miguel Hernan put it: “If your thinking clearly separates

association from causation, make sure your writing does too.”*®

Power

For the power calculation of the IV analysis we assumed an odds ratio of 0.6, which
is a fairly large treatment effect. We based this treatment effect on the available
evidence and on a pilot study (Chapter 8).*3* We actually employed a smaller effect
size than our pilot study showed (Chapter 9) to account for the uncertainty due to
its small sample and the possibility residual confounding. The assumptions for the
power calculation may, nevertheless, raise the question whether the absence of an
effect of acute surgery or DC may be explained by an insufficient sample size to
exclude small but clinically meaningful effects.

I consider that unlikely for acute surgery versus conservative treatment. All the
analyses show robust odds ratios close to 1. We reported the uncertainty in these
estimates through confidence intervals; not by claiming non-significance in the
p-values. For DC versus craniotomy it might be the case that a smaller effect might
have gone unnoticed since the confidence interval is wide (i.e. 0.5-1.5 for the original
primary analysis excluding centers < 15 patients). Nevertheless, I analyzed the data
since it might benefit future meta-analysis. Whereas sample size calculations are
worthwhile in deciding whether a prospective study (e.g. RCT) can realistically be
achieved in terms of ethics and logistics, not analyzing already collected data is not
a rational strategy.”

Obviously, larger sample sizes are preferable to reduce statistical uncertainty.
However, the current results are highly relevant for clinical practice. Practically
speaking, CENTER-TBI is one of the largest studies in TBI performed so far and it is
unlikely that in the near future larger studies will address these research questions.

Examining treatment preference

Center as a surrogate marker for treatment preference is an assumption of our
IV analysis. Comparing the international survey to the case-mix adjusted surgery
rates did allow falsifying the consistency of the treatment preferences. However,
the treatment preference could have been explored more in detail. A solution could
have been to present the hypothetical cases of the Dutch/Belgian survey also to
neurosurgeons in Europe. Another alternative for defining the instrument would
have been to determine how centers and neurosurgeons within each center treated
patients with ASDH the year before patient inclusion. Such external instruments are
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different from the center’s case-mix adjusted surgery rate, which is an instrument
defined internally, i.e. through the same data in which we estimate the effect.
Nevertheless, we estimated that both validation strategies of treatment preference,
hypothetical cases to every neurosurgeon of all 65 participating centers and collection
of prior treatment decisions, would not work for pragmatic reasons. Specifically, the
number of questions already required a lot from the respondents. Increasing the
survey would have risked noncompliance leading to missing data. The quantification
of prior treatment strategies was also considered to be too time intensive.

Exploration of monotonicity

An 1V study fulfilling all assumptions with homogeneous treatment effects results in
an ATE estimand. However, when there is treatment effect heterogeneity, the estimand
due to the monotonicity assumption becomes the LATE. External instruments as the
primary IV have an advantage over defining the instrument internally; it is easier to
determine the deviation from monotonicity by allowing to quantify the proportion of
compliers and defiers and the impact on the effect estimate.”?*

Of note, the degree to which results apply to a specific patient depends not only on
the proportion of the study population that consisted of these specific patients, but
also on the strength of the instrument in this group. The stronger the instrument,
the higher the relative contribution to the estimate. When interpreting heterogenous
treatment effects in the setting of IV analysis we assume so-called stochastic
monotonicity with the estimand being the strength-of-1V weighted treatment effect.®

Data quality and information bias

The granularity of the datasets allowed for our specific study design and analysis
but also resulted in an overwhelming amount of data. Harmonization and data
curation took a considerable amount of time and resources.”® In this process
arguably arbitrary decisions were made on many specific variables and data points.
To check the robustness of the results for these decisions many sensitivity analyses
had to be performed. Finally, the radiological data were also analyzed centrally
by a dedicated radiological team, based on the National Institute of Neurological
Disorders and Stroke TBI Common Data Elements,*® which led to an enriched
dataset but also to discrepancies between local and central data. Fortunately, there
was good agreement for both diagnoses ‘ASDH’ and ‘contusion/ICH’ between the
local (treating physicians) and central readings respectively, making misclassification
bias unlikely.* In general, all aforementioned points in this paragraph should have
been accommodated (more) in the protocol, although some could not have been
anticipated.
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IMPLICATIONS

The responses of the neurosurgical community to the comparative effectiveness
study of surgery versus conservative treatment have varied (Chapter 11).4>* Some
contest the absence of effect; after all, ever since the beginning of the previous
century acute surgical evacuation for ASDH was considered common sense. Others
said that it merely confirms what we already know from daily practice. The following
points can be learned from our studies.

First, it will directly impact clinical practice. Our findings in part support the
continued use of interventions already routinely applied in daily practice; surgical
evacuation of acute subdural hematoma remains the cornerstone of treatment in
life-threatening neurological deterioration. The clear effect from the meta-analysis
with dramatic effect might also imply that we should operate comatose patients
with a poor prognosis more often. However, this decision requires objectifying
salvageability, and thus prognostication which is not easy.*** On the other hand, the
comparative effectiveness study in Chapter 1o shows that in certain surgical cases
conservative treatment could have been employed. The ‘aggressive’ centers could
safely treat their patients more often conservatively

Second, the inferences of the effects rely on strong evidence, derived from the largest
cohorts of ASDH. This thesis is an important addition to the current low-quality
literature in ASDH. The absence of a positive or negative association with outcome
overall is important knowledge for all clinicians treating patients with ASDH. The
findings regarding type of surgery (DC versus craniotomy) for ASDH are compatible
with the current best evidence.” It is the largest study to date, and provides robust
guidance for neurosurgeons.

Third, the wide treatment variation, from all across Europe, and an absence of benefit
of either treatment preference is important knowledge for neurosurgeons treating
patients with ASDH. Neurosurgeons are often ‘traditional’ physicians who, mostly
due to the lack of appropriate evidence, understandably use clinical experience and
mechanistic reasoning.*® This mindset of ‘eminence-based medicine’ trained over
the years and consequently passed on to the next generation, leads to a culture of
having no doubts about the ‘best’ treatment for a specific patient, despite the lack
of evidence. This intuitive decision-making under uncertainty and in an emergency
setting, leads to biases that might not be recognized by the decision maker.** We
hope to contribute to the neurosurgeon to become aware of these cognitive fallacies.
Fourth, this thesis presents an illustration of medical specialists taking the initiative
to judiciously reflect on their practice. We live in a time of ‘do-not-do lists’** The lack
of evidence might be interpreted unjustly as a lack of effectiveness, not in the least
by stakeholders such as health care insurance companies and policy makers. With
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studies like those presented in this thesis we take matters in our own hands and
contribute to evidence-based decision-making on policy level.

Thus, this thesis reflects a systematic approach to evaluate common neurosurgical
interventions, using high quality data and analytical approaches, and delivered
results that can directly impact clinical practice.

RECOMMENDATIONS FOR CLINICAL PRACTICE

Our studies assess effectiveness of common interventions in everyday practice in
relatively unselected populations and under flexible conditions, in order to inform
decisions about practice in a “real-world” setting. The inherent consequence of the
IV analysis is that it is not immediately clear to what patient population the results
pertain. I acknowledge this difficult interpretation and, therefore, propose specific
recommendations for clinical practice. I will describe how neurosurgical practice
could be affected with several cases of ASDH and propose an update of the Brain
Trauma Foundation (BTF) guideline.

Applicable patient populations

The practice variation mostly affects the patients who are at neither of the extremes
in terms of clinical presentation. Because an identical patient may be operated upon
in one center but not in another, it naturally follows that there is more than one valid
treatment option. The varying center policies thus lead to a group of patients for
whom we infer clinical equipoise. The middle group is our study population (Figure
2). Because center policies are not measured per patient, it is not immediately clear
what patient population the equipoise actually pertains to. However, practically,
the physician in charge of the decision should make an estimation whether he/she
thinks the other treatment could be a valid alternative. If not, it could be argued that
the effect estimate does not apply.

There is something inherently contradictory in this line of reasoning; the lack of
critical appraisal required to employ our study’ conclusion is exactly what led to led
to the practice variation in the first place. I expect, however, that the confrontation
with this strong and consistent practice variation offers physicians the confidence to
apply this kind of scrutinous, abstract thinking. I adhere hereby to the definition of
clinical equipoise as the ‘genuine uncertainty within the expert medical community-
not necessarily on the part of the individual investigator — about the preferred

» 50

treatment’.

Evidence-based guideline
The BTF guideline is the most widely applied guideline in TBI."** The last version,
published in 2016 was focused on severe TBI. In contrary to the previous version
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Figure 2. Acute subdural hematoma cases depicted on a scale representing the clinical spec-
trum with varying preference for acute surgery or (initial) conservative treatment

The right - red - end, represents patients with poor clinical characteristics for whom clinicians may perform
acute (rescue) surgery to avoid death or choose for comfort measures in a treatment-limiting setting. At
the left — green — end, all patients will not be operated upon due to an anticipated good prognosis without
need for acute evacuation. The window between these extremes represents our study population. The exact
cut-offs cannot be objectively characterized because the window is applicable to those patients for whom
the neurosurgeon may hypothetically be in clinical equipoise.

of 2000, this latest version did not cover the surgical management for intracranial
hematomas, probably due to the fact that no higher quality evidence has been
generated since 2006.” We propose an extension of the latest guideline (i.e. of 20006)
based on the studies of this thesis.

The underlying evidence base needs to be responsibly translated into clinically
applicable, accurately graded recommendations in order to help clinicians properly
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treat patients with TBI. We adhere to the methodology of the BTF on how to
formulate treatment recommendations (Panel)’* The BTF has formulated an
hierarchy in evidence quality, summarized in three classes. These classes translate
to recommendations while considering the methodological principles consistency,
directness and precision (Panel; legend Table). The BTF guideline for the indication
for surgery in ASDH can both be extended with Level IIA recommendations based
on level 2 evidence. Some of the 2006 recommendations have been retained and
now labeled Level IIT recommendations.

The BTF guideline working group in 20006 already recognized the special conditions
thatapply to the efficacy of acute surgical evacuation in extra-axial lesions. Specifically,
a neurological deteriorating patient with a large epidural hematoma should always
be surgically treated immediately based on common clinical sense while there is
very little evidence to support this recommendation. In an effort to integrate obvious
effects with evidence based medicine, Glasziou et al. coined the term ‘dramatic
effect’ and explored methods to infer causality of several interventions.” Inspired
by this approach, I evaluated the effect of surgery in ASDH for comatose patients
in a meta-analysis using a historical control group (Chapter 3). The Oxford Centre
for Evidence Based Medicine has proposed to upgrade observational studies with a
dramatic effect to a higher evidence level *°

Our comparative studies (Chapter 3, 9, 10 and 12) are higher quality studies whose
findings supersede those of the lesser quality investigations on which the previous
recommendations for ASDH were based.

With regard to Chapter 9 and 10: though both studied acute surgery for the treatment
of ASDH, a key difference is the median age difference of 68 in our Dutch study and 54
years in our European study. Indeed, both studies enrolled TBI patients consecutively
but apparently in The Netherlands the average age is considerably higher. We adhere
to these difference patient domains in constructing the recommendations.

Thus, the BTF guideline for the indication for surgery can be extended with level 2
recommendations. The Level ITA recommendation is based on our meta-analysis
(Chapter 3) and the observational comparative effectiveness study (Chapter 10). We
feel that the comparative observational study on the effectiveness of primary DC
(Chapter 12) does not allow for Level IIA conclusions given the limited sample size.
Therefore, we distill a Level II B recommendation.

Furthermore, our research does not support evidence-based recommendations
for other surgical techniques or perioperative interventions. As the studies were
observational, we recommend neurosurgeons to perform the surgical procedure
according to their regular practice.

The Level III recommendations were retained from the previous guideline in 2006
and supplemented with the observational comparative effectiveness study in Chapter
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9.”7 These recommendations are based on consistent effects shown in subgroups
and class 3 cohort studies.
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Panel: Guidelines for the Surgical management of Traumatic Brain Injury: Proposal for an Up-
date of the Acute Subdural Hematoma Recommendations

A guideline is typically reached through consensus among a group of clinicians that are experts on the subject
matter. The following paragraph should be read as a first draft for such a process. | like to emphasize therefore
that this is a proposal.

RECOMMENDATIONS

Level |

- There was insufficient evidence to support a Level | recommendation for this topic.

Level Il A

- Acute surgical evacuation is recommended to greatly reduce mortality among salvageable comatose
patients (severe TBI).

« Acute surgical evacuation is not recommended to improve outcomes as measured by the Glasgow
Outcome Scale-Extended (GOS-E) score at 6 months post-injury when considering patients with all TBI
severities for which the neurosurgeon sees no clear superiority of either treatment

Level I1 B

« Primary DC over craniotomy in acute surgery is hot recommended to improve GOS-E at 6-months.
Level 111

« Acute surgical evacuation is recommended for large ASDHs, regardless of the patient’s Glasgow Coma
Scale score

- Acute surgical evacuation is recommended for salvageable patients older than 65

EVALUATION OF THE EVIDENCE

Quiality of the Body of Evidence

With regard to whether to operate or not, three studies (Chapter 3, g and 10) are qualified as Class 2 evi-
dence. The meta-analysis (Chapter 3) used a dramatic effect design. The effect was dramatic enough that
confounding and immortal time bias could be sufficiently ruled out. Therefore, it was considered a Class 2
study with moderate quality of the evidence. The observational study in Chapter g addressing acute surgery
versus conservative treatment was a retrospective comparative study comparing two centers, one with a
preference for surgery and the other with a preference for conservative treatment. Residual confounding
could not be sufficiently ruled out. It is considered a low-quality study with low precision and replication (in
the older patient population) is advised.

For the study of Chapter 10, the quality of the evidence was moderate, because it was a multicenter, non-
randomized prospective study with a very large sample size (n=1407) with multiple analyses to address
confounding.

The observational study that compared primary DC to craniotomy (Chapter 12) was rated Class 2 but this
study was low quality; it was a single study, with low precision, and replication is needed for higher confi-
dence (Table).
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Table. Quality of the body of evidence (acute surgery for ASDH)

Components of Overall Quality — Class 2
lity of
. Direct- Precision Qlfa fty o
Class of Consisten- ness (High Evidence
. Number of |Meta- |Number of cy (High, . &%, (High,
Topic . . . Stud- (Direct or |Moder-
Studies Analysis |Subjects L Moderate, |, .. Moderate,
ies* o indirect) |ate, Low)
Low) ## s s Low, or In-
sufficient)
Acute 3 observa- |1 -12,287 2 Moderate |Direct High Moderate
surgery vs. |tional (meta-
initial con- analysis)
servative -195
treatment - 1,407
Primary DC|1 observa- |NA 336 2 NA Direct Low Low
vs. crani-  |tional
otomy

* Class 1 Evidence is derived from randomized controlled trials. However, some may be poorly designed, lack suf-
ficient patient numbers, or suffer from other methodological inadequacies that render them Class 2 or 3.

Class 2 Evidence is derived from cohort studies including prospective, retrospective, and case- control. Comparison
of two or more groups must be clearly distinguished. Class 2 evidence may also be derived from flawed RCTs.
Class 3 Evidence is derived from case series, databases or registries, case reports, and expert opinion. Class 3 evi-
dence may also be derived from flawed RCTs, cohort, or case-control studies.

** Consistency: Consistency is the extent to which the results and conclusions are similar across studies. It is rated
High (all are similar), Moderate (most are similar), Low (no one conclusion is more frequent). It is NA (not ap-
plicable) when the body of evidence consists of a single study.

Directness: Directness can have different definitions. We define it as whether the study population is the same
as the population of interest and whether the study includes clinical rather than intermediate outcomes. Indirect
is noted if the population differs; for example if the study includes both moderate and severe TBI or patients with
stroke or TBI and does not separate the results by these population characteristics, or if the outcomes are not mor-
tality or neurological function. As outlined in Methods, indirect evidence was only included if no direct evidence
was found.

3% Precision: Precision is the degree of certainty surrounding the effect estimate for a given outcome. Precision is
rated as High, Moderate, and Low. How this is determined depends on the type of analysis used in a specific study
but may include consideration of the range of confidence intervals or the significance level of p-values.

Applicability

The large comparative observational study comparing acute surgery to conservative treatment took place
in 65 European centers over a 3-year period, and included 1407 patients across all TBI severities. The study
comparing primary DC to initial conservative management was conducted in 65 countries over a 3-year
period, and included 336 patients. Both studies are considered applicable to current practice.

The second, smaller, study comparing acute surgery to conservative treatment was performed in three cen-
ters in The Netherlands. Although including all consecutive patients, the average age was 68 years which
is older than expected in current practice. The conclusion of benefit of surgery in this elderly population,
is in line with the subgroup analysis of the other, larger, observational study. Furthermore, in the previ-
ous version of the guideline, surgery was recommended in ASDH with thickness > 1 ¢cm or midline shift
> 0.5 cm regardless of GCS, based on Class 3 evidence. This is also in line with the suggestion of benefit
in these subgroups in the larger observational study. Treatment effect heterogeneity could not formally be
determined through subgroup analyses, but large hematomas showed to be associated with a strong, albeit
nonsignificant, effect estimate (OR 2.7 95% Cl 0.9 - 8.3). Therefore, this recommendation is retained as a
Level 11l recommendation.
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FUTURE RESEARCH

Bryan Jennett (1926-2008) knew that it was a privilege when he was asked by his
chief if he would like to pursue a research project next to his residency neurosurgery.
Talented residents were offered scientific research, at the time mostly fundamental
research in the neurophysiology laboratory. His chief asked whether he would want
to investigate how the physiological change of the reflexes in patients with a slow
acting thyroid comes about. Although appreciating the honor, he answered decisively
that he could not care less about the reflexes in thyroid disease. The chief reacted
surprised: “Don’t you want to invest in research?”. “Yes” answered Jennett “but
merely into clinical dilemma’s I run into daily.” His chief had no clue what Jennett
was suggesting. Research on clinical problems? Is that scientific research at all?
Jennett explained that he noticed major variability among his supervisors on which
patient after a head injury to admit to the hospital. That kind of questions he would
like to research.”®

We have come a long way since then. All neurosurgical departments heavily invest
in clinical research. However, still, neurosurgery has a weak evidence base.s*52°°
Clinical decisions in neurosurgery have a history of strongly relying on personal
or departmental dogma, often deduced from fundamental and basic science, and
continue to do s0.” The first RCTs addressing common surgical procedures in
TBI have been conducted only the last decennium.***® Since the famous 1996
editorial in the British Medical Journal on evidence-based medicine by Sackett et
al.,% another editorial in 2008 addressed this issue for neurosurgery: “Twenty-two
years later, the impact of evidence-based medicine in British neurosurgical practice
has been variable and the management of some common neurosurgical conditions
has not been subjected to the same scrutiny as some less common conditions. The
National Health Service has tended to look more critically at expensive procedures
and technology, while ignoring conditions that are dealt with in everyday practice.” ®
Naturally this does not only pertain to the United Kingdom.

High-quality research begins with recognizing relevant clinical questions. Research
within neurosurgery should be done by neurosurgeons because they have the unique
position to appreciate the management decisions and recognize clinical relevance.
There is otherwise nobody else who will investigate the clinical practice important
for patients with neurosurgical diseases. Obvious constraints that explain the lagging
behind is the limit in dedicated time of neurosurgeons due to the drain of clinical
work and the operating theatre. Furthermore, neurosurgeons by training - and
possible also by character - are highly trained decision makers that are not uncertain
about their treatment preference. They might be less amenable for critical appraisal
on their own actions, which is of course pivotal to clinical research. For example,
the basic premise for RCTs, clinical equipoise is still often misinterpreted as doubt

278 Part V



or uncertainty, which are terms neurosurgeons tend to avoid in their decisions for
TBI patients.**®® Acknowledging clinical equipoise, especially in acute settings,
might be unconsciously be mistaken for uncertain or even insecure decision
making. However, clinical equipoise is not at odds with treatment preferences of
the individual investigators but rather reflects the collective will of a body of expert
clinicians.>® Naturally, this perceived absence of equipoise might be an important
barrier for conducting RCTs. In fact, the STITCH-trauma trial that formalized the
required equipoise in a inclusion criterium might attest to this problem because it
was prematurely halted due to insufficient patient recruitment.””

There are other challenges in surgical TBI research. Case series and single treatment
group cohorts are generally not suited to infer causality and there are plenty enough
for common neurosurgical interventions.” Comparative studies especially RCTS,
however, are difficult to conduct. The challenges mainly are the heterogeneity of
the populations, the traditionally eminence-based neurosurgical culture, inadequate
research budgets, and difficulties related to obtaining patient informed consent in an
emergency situation.”**%

I propose several characteristics of future research. RCTs are preferred and should
be as pragmatic as possible, directed by proper guidelines.”” Most neurosurgical
inventions have clear efficacy (they can work) but are yet to be clearly examined in
terms of effectiveness (do they actually work in clinical reality?). When RCTs are
difficult to conduct, observational studies with an IV analysis, when possible, should
be considered to circumvent the substantial confounding by indication of acute
neurosurgical interventions. Part of the solution for better neurosurgical research
may be the increase of methodological knowledge among neurosurgeons. While
RCTs are relatively straightforward methodologically with the major challenge being
logistics and infrastructure, causal inference in observational (big) data is much
harder.”*”* Observational studies should not be considered inferior to RCTSs per se.”>”
Neurosurgeons mightbenefit froma strong, durable cooperation with epidemiologists
and statisticians that are dedicated to the specificities of neurosurgical research.
Moreover, TBI researchers should be aware of the available informed consent
alternatives to optimize patient recruitment.®® Furthermore, I support the early
assessment of new neurosurgical interventions, so that their effectiveness can be
established before wide adoption. Preferably, the IDEAL framework should guide
evaluation of new interventions.” Finally, embedding TBI research into standard
clinical practice could reduce expenses and lower the threshold for study participation.
Concerted efforts should be undertaken by stakeholders to develop research agendas
that prioritize clinical research and allocates the scarce grants accordingly. The
limited public attention through policy and targeted grants sharply contrasts the
major impact TBI has on society.”*”
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Specific research questions

When it comes to acute neurosurgical evacuation in traumatic intracranial lesions,
there are several research questions I consider sufficiently pressing to make a
claim on further resources. First, it is clear these large-scale studies show that the
studied interventions are not uniformly beneficial. An explanation could be the
inherent heterogeneity of TBI with different responses to surgery and, therefore,
a neutral effect due to the mixing of systematic positive and negative effects.** The
subgroup analyses presented in this thesis were mostly exploratory. Therefore,
targeted subgroup analysis should be performed to more closely determine who
benefits from surgical treatment strategies. To reduce chance findings there should
be a predefined consensus on logical subgroups. I advise individual participant data
meta-analysis of CENTER-TBI/Net-QuRe data and other large multicenter cohorts
such as the Transforming Research and Clinical Knowledge in TBI (TRACK-TBI)
project”® Advanced risk-stratification tools, that stratifies treatment outcome on
baseline risk instead of the “one-variable-at-a-time” subgroup analysis, should be
used to estimate the heterogeneous treatment effects, which allows personalize
management.”” Naturally, pragmatic trials in specific, more homogenous subgroups
serves the same goal of personalize neurosurgical care.

Second, primary DC warrants further investigation in a larger study. Our own analysis
(Chapter 11) was imprecise. More definite evidence will come from the RESCUE-
ASDH trial, a multi-center randomized trial comparing craniotomy against DC for
patients undergoing evacuation of a traumatic ASDH. Last, the effects are being
considered on a limited time-frame and outcome set. I would like to have performed
a costing analysis alongside our comparative studies. An hypothesis is that - costly
- aggressive acute or early surgical treatment strategy might induce earlier recovery
and less burden on ICU care and post-acute care rehabilitation. Although we did
collect indirect measures (such as the hospital length of stay) and we described
costs in our own centers,”® we did not collect data to conduct a formal economical
evaluation. Thus, the effectiveness studies on ASDH should be followed by cost-
effectiveness, safety and long-term outcome analyses.

Thus, pragmatic trials targeting specific subgroups should be an important focus
for future surgical TBI research. We have, therefore, grasped the nettle and have
proposed an RCT, namely the Randomized Evaluation of Surgery in Elderly with
Traumatic Acute SubDural Hematoma (RESET-ASDH trial), a study protocol for a
pragmatic RCT. The Randomized Evaluation of Surgery in Elderly with Traumatic
Acute SubDural Hematoma (RESET-ASDH) trial is an international multicenter
RCT on the (cost-)effectiveness of acute neurosurgical hematoma evacuation versus
initial conservative treatment in elderly with an ASDH. The study is in line with
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current epidemiological developments of the rising incidence of elderly with TBI.*>*
The studies presented in this thesis have paved the way for this trial.

CoNCLUSION

The uncertainty about the benefits of surgery inspired the research presented in this
thesis, in which I aimed to assess the effectiveness of treatment strategies for ASDH.
First, I showed that good quality evidence of acute surgery versus conservative
treatment to underpin guidelines is lacking, although among comatose patients,
acute surgery has a clear benefit, because it leads to a large mortality reduction.
Second, I demonstrated strong and consistent practice variation with regard to the
fundamental question to operate or not in ASDH. Third, I argue that the value of
observational studies on neurosurgical intervention for acute hematomas for practice
is limited as causal inference is precluded by strong confounding by indication.
One of the few analytical approaches that might allow causal interpretation is IV
analysis, which requires assumptions that are not easily met. Fourth, I showed that
patients treated in centers that prefer acute surgery (over conservative treatment)
have an equal outcome to patients treated in centers that prefer (initial) conservative
treatment. Therefore, I conclude that acute surgical evacuation of an ASDH in
patients for whom equipoise exists on surgical indication may not lead to a better
functional outcome compared to a strategy favoring (initial) conservative treatment.
Finally, with regard to surgical technique, primary DC might not lead to better
outcomes as compared to craniotomy in acute surgery in ASDH.

In light of the absence of uniform benefit, the restrictions certain neurosurgeons
place on surgery for ASDH and primary DC appear justified. In light of my
findings, I propose guideline recommendations for patients with ASDH. Finally,
targeted subgroup analysis, risk-based prediction of heterogeneous effects and
pragmatic trials should further disentangle heterogeneous treatment effects. Such
future studies should be performed by neurosurgeons in collaboration with clinical
epidemiologists and should have well-defined and realistic objectives to directly
inform clinical practice.
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SAMENVATTING

In het Hoofdstuk 1 wordt de huidige literatuur over de chirurgische behandeling
van het acuut subduraal hematoom (ASDH) in traumatisch hersenletsel (THL)
samengevat. Het ASDH is de meest voorkomende traumatische hersenbloeding
en operatieve verwijdering van deze bloeding is een van de meest voorkomende
acute neurochirurgische operaties." Het ASDH kan met een spoedoperatie, een
craniotomie of een decompressieve craniectomie (DC), behandeld worden of
conservatief met nauwkeurige monitoring. Neurochirurgen die een voorkeur hebben
voor een spoedoperatie schatten in dat er bij een groot hematoom neurologische
verslechtering optreedt die niet meer teruggedraaid kan worden. Zij worden hierin
ondersteund door ‘The Brain Trauma Foundation’ (BTF) richtlijn, ontwikkeld in
2005 door een internationaal panel van experts, die voorschrijft dat elk ASDH met
een dikte >1omm en een middellijn verschuiving van meer dan 5 mm operatief
geévacueerd moet worden, ongeacht de neurologisch conditie.*?Aan de andere kant,
neurochirurgen die in soortgelijke gevallen een voorkeur hebben voor conservatieve
behandeling met monitoring, willen de patiént niet blootstellen aan een risicovolle
hersenoperatie zonder een meer precieze inschatting van de kans op neurologische
achteruitgang als er geen spoedoperatie gebeurt. Het kan beargumenteerd worden
dat de richtlijn en het beschikbare bewijs niet afdoende zijn om de behandeling te
sturen, omdat kwalitatief goede studies ontbreken.
Het gebrek aan degelijk bewijs was de motivatie voor dit proefschrift. Vervolgens
hebben we de onderzoeksvragen geformuleerd:
I. Wat is het huidige bewijs van de effectiviteit van chirurgische behandeling van
het ASDH?
I1. Wat is de huidige praktijk van chirurgie voor ASDH in Europa?
I11.Welke studie opzet en analyse zijn geschikt om het effect van neurochirurgie bij
ASDH te bepalen?
IV. Wat is de effectiviteit van verschillende behandelstrategieén (acute chirurgie
versus conservatieve behandeling, en DC versus craniotomie) bij ASDH?
Om deze onderzoeksvragen te beantwoorden hebben we daarna de cohorten van
‘Collaborative European NeuroTrauma Effectiveness Research in Traumatic Brain Injury’
(CENTER-TBI) en ‘Neurotraumatology Quality Registry’ (Net-QuRe) opgezet.

In DEEL I wordt het huidige bewijs verder uitgediept. De samenvatting in Hoofdstuk
2 geeft een overzicht van vergelijkende studies bij chirurgisch THL. Hoofdstuk 3
is een systematisch review over het effect van chirurgie bij ASDH. In het eerste
gepubliceerde systematische review over de mortaliteit bij ASDH hebben we 102
studies met 12.287 patiénten opgenomen. De totale mortaliteit bij ASDH was 48%
(95% betrouwbaarheidsinterval [BI] 44-53%). Bij een bepaalde subgroep ernstig
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aangedane patiénten, de comateuze patiénten, bleek chirurgie gepaard te gaan met
een mortaliteit 41% (95% BI 31-51%). Het mortaliteitsrisico geassocieerd met de
conservatieve behandeling van comateuze ASDH-patiénten was 81% (95% BI 56-
98%). Als we vervolgens aannemen dat een operatie een dramatisch effect heeft,
leidt chirurgische evacuatie tot een mortaliteitsreductie van 40%.

In DEEL II beschrijven we de huidige praktijk van neurochirurgische behandelingen
van THL. De eerste studie, Hoofdstuk 4, is een beschrijvend onderzoek in Nederland
en Belgié over hoe patiénten met ASDH worden behandeld.

De onderzoeksvraag is of de verschillen in behandeling van het ASDH het resultaat
zijn van verschillende voorkeuren onder neurochirurgen. Ze kregen typische casus
vanTHLen een ASDH online voorgelegd. Zestigneurochirurgen vulden de vragenlijst
in (respons 65%). Voor patiénten met ernstig THL en ASDH (drie gevallen) was er
een bescheiden variatie in de beslissing om het hematoom al dan niet operatief te
evacueren; respectievelijk 88%, 100% en 777% zou een spoedoperatie uitvoeren. De
variatie was meer uitgesproken voor patiénten met een matige-ernstig of licht THL.
Bijvoorbeeld, bij een casus van een 779-jarige man met een licht THL en een vrij
groot ASDH, koos 1 op de 7 (14%) neurochirurgen in één regio een chirurgische
strategie in vergelijking met 9 op de 10 (90%) in een andere regio. Ondanks deze
duidelijke praktijkvariatie, zou desalniettemin minder dan de helft van (dezelfde)
neurochirurgen (48%) deze beslissing open staan voor randomisatie in een
onderzoek. Deze praktijkvariatie en het feit dat deze groep, lichte of matig-ernstige
THL en ASDH, de meerderheid van de patiénten met een ASDH vertegenwoordigt,
waren de aanzet tot ons verder onderzoek. De praktijkvariatie ondersteunt de
methodologie van het Collaborative European NeuroTrauma Effectiveness Research in
Traumatic Brain Injury (CENTER-TBI)-initiatief, en gaf vorm aan het Nederlandse
NeuroTraumatology Quality Registry (Net-QuRe)-initiatief.**

Dit overzicht van de huidige neurochirurgische zorg in Nederland en Belgi¢ wordt
in Hoofdstuk 5 aangevuld met een enquéte over verschillen in neurochirurgische
behandelstrategieén voor THL in Europa. De enquéte werd ingevuld door 68 centra
(100%), voornamelijk door neurochirurgen (78%). Alle centra bieden 24/7 acute
neurochirurgische dekking, in ieder geval binnen 30 minuten. Het merendeel van
het aantal neurochirurgische THL-operaties is vanwege het ASDH, gemiddeld 2j5
gevallen per jaar (per centrum). Veertig procent van de respondenten vermeldden
een absolute dikte- of volumedrempel voor evacuatie van een ASDH. De meeste
respondenten (78%) maken de keuze voor het wel of niet uitvoeren van een primaire
DC bij een ASDH pas tfjdens de operatie afthankelijk van de mate van zwelling van de
hersenen. Voor ICH zou 3% direct, dat wil zeggen bij presentatie, een chirurgische
evacuatie uitvoeren om secundaire achteruitgang te voorkomen en 66% alleen in
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geval van Kklinische achteruitgang. Behandelingsstrategieén varieerden aanzienlijk
tussen regio’s, met name voor de drempel voor ASDH-chirurgie en DC voor refractair
verhoogde ICP. 31% van de centra meldden variatie binnen het eigen ziekenhuis voor
de indicatie van een ICP-monitor en 43% voor het evacueren van massalaesies. De
resultaten van de vragenlijst wijzen op mogelijke onderzoeksvragen voor vergelijkend
effectiviteitsonderzoek (comparative effectiveness research [CER]).

In DEEL III wordt ingegaan op de voorbereiding van het ontwerp van ons onderzoek,
de gemaakte methodologische keuzes om onze effectiviteitsdoelstellingen te
bereiken. Het beschrijft in het bijzonder twee casestudies en literatuuroverzicht over
het opzetten van een observationele studie om de effectiviteit van acute intracraniéle
interventies te bepalen.

Observationele studies vormen het alternatief voor de gouden standaard van
een gerandomiseerde gecontroleerde studie (RCT). Een belangrijke uitdaging
in observationeel onderzoek naar interventies is confounding by indication, een
uitdrukking die verwijst naar een situatie waarin patiéntkenmerken, in plaats van
de interventie, onafhankelijke voorspellers zijn van de uitkomst. Het doel van de
studie in Hoofdstuk 6 was om de validiteit van methoden om te corrigeren voor
confounding in observationele studies van interventies bij THL te onderzoeken.
Er zijn drie grote datasets gebruikt waarin de interventies intracraniéle druk (ICP)
monitoring, intracraniéle operatie en primaire verwijzing werden onderzocht.
Multivariabele regressie, propensity score matching en instrumentele variabele (IV)
analyse werden vergeleken. Bovendien werden deze methoden in een simulatiestudie
vergeleken in hoeverre zij ongemeten confounding kunnen corrigeren. Voor alle drie
de interventies resulteerden multivariabele regressie en propensity score matching
in negatieve schattingen van het behandeleffect (OR variérend van 0,80 tot 0,92),
terwijl de IV-analyse aangaf dat zowel ICP-monitoring als intracraniéle operatie
gunstig zou zijn (OR per 10% verandering 1,17; 95% Bl 1,01-1,42 en1,42; 95% Bl 0,95-
1,97). In onze simulatiestudie resulteerden multivariabele regressie en propensity
score matching in een ongeldige schatting van het behandeleffect in het geval van
ongemeten confounders (OR variérend van 0,90 tot 1,03). De IV-benadering gaf een
schatting in dezelfde richting als het gesimuleerde effect (OR per 10% verandering
1,04-1,05), maar was statistisch inefficiént. De conclusie is dat IV-analyse een meer
valide schatting van het behandelingseffect zou kunnen geven in vergelijking met
conventionele analytische methoden. De bevindingen suggereerden echter ook dat
alternatieve methoden gelijktijdig moeten worden gebruikt om de geloofwaardigheid
van effectschatting te versterken.®

Hoofdstuk 7 is een ingezonden brief waarin we de validiteit van de analyse in
een observationeel onderzoek naar het effect van chirurgische evacuatie van een
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vergelijkbare aandoening, het spontaan intracerebellair hematoom, betwijfelen.” We
stellen voor dat het onderzoek bij voorkeur ook een IV-effectschatting toevoegt om
betrouwbaar te corrigeren voor de ongemeten confounding. Geinspireerd door onze
studiein hetvorige hoofdstuk, suggereren we dat de gegevens een op centrumvoorkeur
gebaseerde [V-analyse mogelijk maken, omdat het cohort afkomstig is van 64 centra
met waarschijnlijk verschillende behandelvoorkeuren. In hun reactie vermelden de
auteurs deze analyse uitgevoerd te hebben en concluderen vergelijkbare resultaten
als met hun oorspronkelijke schattingen voor de onderzochte primaire en secundaire
uitkomsten.®

In Hoofdstuk 8 werken we een onderzoeksprotocol uit. We ontwerpen een deel van
het CENTER-TBI cohort en zetten Net-QuRe op met als doel te beantwoorden wie
acuut chirurgisch moet behandelen bij ASDH, bij een en wanneer een primaire DC
verricht moet worden. De studie is een vergelijkend effectiviteitsonderzoek met een
zogenoemd comparative effectiveness research (CER) design, een multicenter prospectief
observationeel cohortonderzoek dat gebruik maakt van variatie in neurotraumazorg
om vergelijkbare studiegroepen te creéren. Het ontwerp met meerdere centra is
nodig om genoeg patiénten met verschillende behandelingsstrategieén voor ASDH
en ICH te krijgen. Patiénten met een ASDH en/of een ICH worden geincludeerd.
Inherent aan het observationele design van deze studie, worden de behandelingen
besloten door de neurochirurg, eventueel op basis van lokale chirurgie- en intensive
care-protocollen. De resulterende variatie in de behandeling wordt geaccepteerd en
geanalyseerd. Om inzicht te krijgen in deze variatie wordt gedetailleerde informatie
verzameld over de redenen voor specifieke interventies of behandelstrategieén. De
onderzochte interventies zijn ten eerste acute chirurgie, gedefinieerd als chirurgie
direct na de eerste CT bij presentatie, versus conservatieve behandeling zonder
chirurgie of chirurgie in tweede instantie, en ten tweede craniotomie versus DC.
De primaire uitkomstmaat is de Glasgow Outcome Score-Extended na 6 maanden.
Secundaire uitkomstmaten zijn onder meer ziekenhuissterfte, kwaliteit van leven en
neuropsychologische tests. In de primaire analyse zal het effect van behandelvoorkeur
(gedefinieerd als het percentage patiénten waarbij de onderzochte interventie de
voorkeur heeft) per ziekenhuis worden geanalyseerd met random effects, proportional
odds, ordinal regressiemodellen, gecorrigeerd voor patientkarakteristieken.
Gevoeligheidsanalyses zullen (conventionele) multivariabele regressiemodellering
en propensity score matching omvatten, waarbij de behandeling op patiéntniveau
wordt gedefinieerd. In CENTER-TBI en Net-QuRe samen werden ongeveer 1000
patiénten met ASDH en 7750 patiénten met ICH verwacht, afkomstig van ongeveer
70 centra. Deze steekproeven leiden tot een power van 80% om het verschil te
detecteren (uitgaande van een tweezijdige significantie o,05).

292 PartV



DEEL 1V is gericht op de effectiviteit van chirurgie bij ASDH. Tijdige evacuatie
van een zich uitbreidend traumatisch intracraniaal hematoom bij een patiént met
een verslechterend bewustzijnsniveau is levensreddend. De meeste patiénten met
een traumatisch intracraniaal hematoom presenteren zich echter met een beperkt
gedaald of hoog bewustzijnsniveau. Vooral bij patiénten met een ASDH of een ICH
bestaat er onzekerheid over de indicaties, het tijdstip van de operatie en het type
operatie, wat tot uiting komt in grote praktijkvariaties.

We beginnen met een observationeel comparative effectiveness onderzoek
in twee traumaregio’s in Nederland in Hoofdstuk 9. Hierin vergelijken we
behandelstrategieén op centrumniveau in plaats van op patiéntniveau om de
confounding te verminderen. De regio’s zijn geografisch niet overlappend en
vallen onder afzonderlijke neurochirurgische afdelingen. Deze regio’s zijn gekozen
vanwege hun — a priori gedefinieerde — uiteenlopende behandelvoorkeuren die zijn
afgeleid uit het onderzoek in hoofdstuk 7. De patiéntkenmerken waren vergelijkbaar
tussen regio’s. De mediane leeftijd was met 68 jaar relatief hoog (interkwartielafstand
[IKA], 54-76). Primaire evacuatie werd uitgevoerd bij 84% van de patiénten in regio
A en bij 65% van de patiénten in regio B (p < o,01). De strategie van chirurgische
evacuatie was geassocieerd met een significant lagere kans op een ongunstige
uitkomst (OR 0,53; 95% BI: 0,277-1,02) 3-9 maanden na het letsel. We concludeerden
dus dat een agressieve chirurgische managementstrategie geassocieerd zou kunnen
zijn met een betere uitkomst bij een oudere populatie met traumatische ASDH’s.
De belangrijke beperking is echter dat andere regionale verschillen deze bevinding
kunnen verklaren. De hogere incidentie van klinische verslechtering in een van
deze regio’s kan bijvoorbeeld het gevolg zijn van het grotere aantal secundaire
verwijzingen. Primaire presentatie aan een neurochirurgisch centrum heeft een
nauwe relatie met de tijd tot operatie en zou zelfs de uitkomst van de patiént kunnen
verbeteren.” En hoewel de primaire verwijzing en andere verschillen gebalanceerd
worden door andere (gemeten) confounders - de cohorten van beide regio’s hebben
immers een vergelijkbare voorspelde uitkomst volgens een gevalideerd prognostisch
model — is restverstoring mogelijk. We stelden grotere vergelijkende studies met
meer ziekenhuizen voor om dit effect van chirurgie en de generaliseerbaarheid
betrouwbaarder en nauwkeuriger te onderzoeken (Hoofdstuk 8).

In Hoofdstuk 10 analyseerden we gegevens van 1407 patiénten met een ASDH en
ontdekten dat het aandeel patiénten dat een spoedoperatie onderging varieerde van
6 tot 52% (IKA = 13-35%) tussen centra. De daaruit volgende gecorrigeerde mediane
odds ratio (MOR) van 1,8 (p < 0,001) kan worden geinterpreteerd als een twee keer
grotere kans dat een identieke patiént een spoedoperatie zal ondergaan in het ene
versus een ander willekeurig centrum. Voor acute chirurgie bij ASDH vonden we
dat de centrumvoorkeur voor een acute chirurgische strategie boven die van een
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(initiéle) conservatieve behandeling niet significant geassocieerd was met een betere
uitkomst (odds ratio [OR] 0,92 [95% BI 0,77 tot 1,09)]). Uitgestelde chirurgie binnen
de conservatieve groep (n=982) trad op bij 107 patiénten (11%) na een mediaan van
19,1 uur (IKA 8,1-84,6).

Deze resultaten moeten worden geinterpreteerd in het licht van de comparative
effectiveness opzet en impliceren geen algehele afwezigheid van effect van chirurgie.
De resultaten zijn van toepassing op die patiénten voor wie de neurochirurg geen
duidelijke superioriteit van beide behandelingen ziet. Daarom concluderen we dat
acute chirurgische evacuatie van een ASDH bij patiénten waarvoor clinical equipoise
bestaat, mogelijk niet leidt tot een beter resultaat in vergelijking met (initi€le)
conservatieve behandeling.

In Hoofdstuk 11 reageren we op een ingezonden brief waarin bepaalde aspecten van
onze studie in Hoofdstuk 10 worden besproken.'

In Hoofdstuk 12 onderzochten we de effectiviteit van een primaire DC in vergelijking
met een craniotomie bij patiénten met ASDH, door opnieuw gebruik te maken
van de praktijkvariatie. Van de 336 geincludeerde patiénten, ondergingen 91 (27%)
patiénten een DC en 245 (63%) een craniotomie voor ASDH evacuatie. Het type
primaire acute chirurgie voor ASDH varieerde sterk tussen centra: het aandeel
patiénten dat een primaire DC in plaats van een craniotomie onderging, varieerde
van 6 tot 67% (IKA = 12-26%) met een gecorrigeerde MOR voor primaire DC van
2,7 (p < o,001). Een voorkeur van een centrum voor primaire DC in plaats van
craniotomie om het hematoom te evacueren was niet geassocieerd met een betere
uitkomst (OR per 14% (IKA) meer primaire DC in een centrum 0.9 [95% BI 0,7
tot 1,1], n = 200). Deze bevindingen zijn wederom van toepassing op die patiénten
waarvoor clinical equipoise bestaat.

De beslissing om al dan niet te opereren bij patiénten met een traumatische ASDH
kan in veel gevallen een neurochirurgisch dilemma zijn. In dit proefschrift is een
verscheidenheid aan onderwerpen op het gebied van de chirurgische behandeling
van THL bestudeerd en besproken. Huidige behandelstrategieén werden beschreven,
klinische kenmerken van het patiéntendomein (chirurgische THL) werden
bestudeerd en de optimale onderzoeksmethodologie om de effectiviteitsvragen te
beantwoorden werd onderzocht. Dit proefschrift draagt bij aan de beoordeling van
chirurgische ingrepen bij THL en zal toekomstig onderzoek beinvloeden.
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