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GENERAL INTRODUCTION

Traumatic Brain Injury

Incidence, age distribution and cause

Traumatic Brain Injury (TBI) is a serious public health problem (1, 2). It is a leading cause of
death and disability among young adults in developed countries. The overall incidence of
hospitalized TBI in Europe is estimated at 235 per 100,000 per year, although substantial
variation exists between the different European countries (3). The TBI related mortality rate
is 15.4 per 100,000 per year in Europe. Since standardized epidemiological monitoring of
TBI is only seldom performed and most studies are based on retrospective analyses, these
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numbers probably underestimate the “real” incidence of TBI.

The age distribution in TBI populations is changing over time. Formerly, the majority of
TBI patients were young male adults who were injured by traffic accidents or violence. In the
past years the proportion of elderly patients is increasing (4). This shift toward older patients
has resulted in falls now to be the leading cause of TBI (Figure 1.1) (5). The predominant
type of pathology is changed as well: falls lead to more hemorrhagic contusions. Especially
among the elderly, with more pre-existing co-morbidities and higher incidence of the use
of anticoagulant medication and platelet aggregation inhibitors, this type of pathology may

result in serious morbidity and mortality.

Figure 1.1. Estimated average annual rates of TBI by age and external cause in the United States (2002-
2006). From: U.S. Centers for Disease Control and Prevention. From: Faul et al, 2010 (5).
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Definition and classification

TBIl is defined as an alteration in brain function, or other evidence of brain pathology, caused
by an external force (6). The diagnosis is established on the basis of clinical symptoms: for
example, the presence of any documented loss of consciousness, amnesia (retrograde or
post-traumatic) or focal neurologic deficits.

TBI can be classified by mechanism, by clinical severity, by abnormalities on neuro-
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imaging and by baseline prognostic risk. A mechanism-based classification divides TBI into
closed (or non-penetrating, blunt), penetrating or blast injury (2). These types of TBI all
require a different therapeutic approach and have a different prognosis. In this thesis, we
will focus on closed TBI.

TBI can also be graded by clinical severity. The Glasgow Coma Scale (GCS) is the
worldwide standard scale for scoring the clinical severity of TBI and it comprises three tests:
eye, motor and verbal responses (7); Table 1.1). The three values separately as well as their
sum are considered. The sum score can vary between 3 and 15 and can be used to classify
TBI as mild (> 13), moderate (12-9) or severe (< 8). It is important to recognize that the GCS
score can be confounded by intoxication, sedation or pharmacologically induced paralysis.
In most patients with mild traumatic brain injury (‘concussion’) full neurological recovery
occurs, although persisting complaints of problems with concentration and memory do
remain in a proportion of these patients. Patients with moderate and severe TBI as well as
any patient with structural abnormalities on the CT scan need to be admitted to a hospital
and monitored closely, since they have a high risk of developing neurological complications
leading to permanent neurologic deficits or even death.

To classify TBI based on neuro-imaging, the gold standard that is used in the acute phase
is computed tomography (CT) scanning. The most frequently used classification to score
structural abnormalities on the head CT scan is the “Marshall CT Classification” (8; Table
1.2).

Finally, a more novel method of classifying TBI is based on the individual patient’s
prognostic risk. Prognostic models combining different patient characteristics scored
on admission to the hospital can be used to determine each patient’s risk of developing
a particular functional outcome. This risk can be used for risk-adjustment in clinical trials
and to compare datasets in quality of care research. Two sets of well-designed models are
currently available for prediction of outcome after TBI (9, 10). Both will be discussed more
extensively later in this thesis.

Table 1.1. The Glasgow Coma Scale

Eye opening Motor response Verbal response
1=none 1=none 1= none

2=to pain 2= extension 2=incomprehensible
3= to speech 3= abnormal flexion 3= inappropriate

4= spontaneous

10

4= withdrawal to pain
5= |ocalizes pain

6= obeys commands

4= confused

5= oriented
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Table 1.2. The Marshall CT Classification

Category Definition

Diffuse injury I (no visible pathology) No visible intracranial pathology seen on CT scan

Cisterns are present with midline shift of 0-5 mm and/or lesions
Diffuse injury Il densities present; no high or mixed density lesion >25 cm?® may include
bone fragments and foreign bodies

Cisterns compressed or absent with midline shift of 0-5mm; no high or

AR 03 ) (Bl mixed density lesion >25 mm

Diffuse injury IV (shift) Midline shift >5 mm; no high or mixed density lesion >25 cm?
Evacuated mass lesion Any lesion surgically evacuated

Non-evacuated mass lesion High or mixed density lesion >25 cm?; not surgically evacuated
Pathophysiology

Primary injury

The primary brain injury is caused at the moment of trauma, by direct impact to the brain
or by an acceleration—deceleration mechanism. It results in brain tissue and blood vessels
being stretched, compressed or ruptured. Primary brain injuries can be focal or diffuse.
Focal injuries include intra-axial cerebral contusions and extra-axial intracranial hematomas.
A contusion is a bruise of the brain parenchyma, frequently associated with multiple
microhemorrhages. Contusions especially occur in regions near sharp edges of the inner
skull (e.g. in the basal frontal and temporal lobes), most frequently as a “coup — contrecoup”
injury. The coup injury occurs in the region of the direct impact, while the contrecoup injury
is located on the side opposite to the impact. Major controversies exist in the management
of contusions, particularly with regard to the indications and timing of surgical treatment.

The main discussion is whether early surgery should be preferred with the intent of
preventing deterioration (but at a certain risk) or of delaying intervention until deterioration
has occurred (when it may be uncertain that the patient can still recover). The different
approaches are currently being compared in a multicenter randomized controlled trial
(“Surgical Trial in Traumatic Intracerebral Hemorrhage” (STITCH)).

The extra-axial intracranial hematomas include the epidural hematomas and the subdural
hematomas.

An epidural hematoma (EDH) occurs between the skull and the dura mater. It mostly
results from a high-pressure arterial bleeding and has a convex or lens shape on CT scan,
because its expansion stops at the sutures of the skull bones. An EDH is an absolute
neurosurgical emergency and has to be immediately evacuated by a craniotomy.

Subdural hematomas (SDH) are located between the dura mater and the arachnoid
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membrane around the brain. It often originates from ruptured bridging veins and occurs
more often in older patients using anticoagulant medication. A SDH can also result in
intracranial hypertension, with symptoms as a coma and/or focal neurologic deficits. These
symptoms can show up immediately or in minutes or hours, but may also be delayed as in
weeks. In the latter case, the patient has a chronic subdural hematoma (as opposed to an
acute subdural hematoma). On CT scan, subdural hematomas have a concave aspect. The
density of the hematoma is indicative for its age: hyperdens hematomas are acute and iso-
or hypodens hematomas are subacute or chronic (11). Acute SDHs need to be evacuated by
a craniotomy (12), while making burrholes in the skull can drain chronic SDHs.

In contrast to the focal injuries, TBI can be diffuse as well. As a result of rotational forces
or severe deceleration trauma, the axons in the brain may be injured. This traumatic injury
of the brain’s white matter is called diffuse axonal injury (DAI) or traumatic axonal injury
(TAI).

Although classic theories suggest mechanical disruption of the axons at the time of the
injury, research in the last decades found out that this is not the case for the majority of the
injured axons. Rather, TAl is now considered to be a continuous process that is initiated by
tensile forces induced by the injury. This results in focal axonal permeability, which leads to
calcium influx inducing a pathway of pathological processes ultimately resulting in axonal
failure and disconnection (13). TAl must be suspected in patients whose brain CT scan
appears to be normal, but who have severe clinical symptoms such as coma. TAl cannot
be visualized well by CT scanning, but modern MRI techniques make it possible to visualize
these white matter injuries. Susceptibility weighted images (SWI) or T2*-weighted images
show the micro-hemorrhages resulting from disruption of the axons, and diffusion tensor
images (DTI) can depict white matter fiber tract injuries in the brain (11).

Secondary injury
In contrast to most other trauma patient populations, a substantial proportion of patients
with TBI clinically deteriorate after being hospitalized. This deterioration may be caused by
complex processes that result in so-called secondary brain injury. Secondary brain injury
is induced by a cascade of different pathophysiologic response mechanisms, triggered by
the initial injury. These mechanisms include brain edema, raised intracranial pressure and
subsequent decreased cerebral perfusion leading to cerebral ischemia. The secondary
brain injury can be even worsened further by systemic second insults, such as hypoxia and
hypotension. The principal concept is that secondary brain injury can be prevented.

This prevention of further injury to the brain is the basis of all TBI treatments. Many
pharmacological agents aiming at protection of the brain against secondary injury have been
proposed in the past decades, such as corticosteroids, free radical scavengers, N-methyl-D-

12
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aspartate antagonists and calcium channel blockers. Regrettably, none of these agents has
proven to be effective (14, 15).

Heterogeneity in TBI populations: a methodological challenge
for randomized controlled trials

As outlined previously, TBI is not one single disease entity but it includes a heterogeneous
and complex spectrum of pathology, ranging from diffuse axonal injury and focal contusions
to epidural hematoma. The population of TBI patients is also extremely heterogeneous in
terms of clinical severity and baseline prognostic risk. Furthermore, many TBI patients also
suffer from extracranial injuries and second insults, both affecting prognosis. It is widely
recognized that this complex heterogeneity is one of the main problems related to the failure
of clinical Phase lll trials to convincingly demonstrate an overall benefit of any therapeutic
intervention in TBI in the past (14- 16). These problems relate for example to the potential
imbalances that are induced between trial arms despite proper randomization. Further, this
heterogeneity makes that the spectrum of outcomes after TBl is very wide, i.e. ranging from
full recovery to death. In clinical trials, functional outcome is commonly measured with
the Glasgow Outcome Scale (17, Table 1.3), but the dichotomized way in which the GOS is
analyzed seems inefficient. Different concepts for dealing with heterogeneity in TBI trials
have been proposed in the past (18, 19, 20), but these approaches were never combined
nor were their separate effects compared.

Table 1.3. The Glasgow Outcome Scale.

Category Label and definition Dichotomization
Dead

Mortality from any cause

Vegetative State
2 Unfavorable outcome
Unable to interact with environment, unresponsive

Severe Disability

3

Conscious but dependent

Moderate Disability
4

Independent but disabled

Good Recovery Favorable outcome
5

Return to normal occupation and social activities,
may have minor residual deficits

13
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The IMPACT Study

The IMPACT Study Group was initiated in 2003 as a collaborative venture supported by the
US National Institutes of Health (21). The study group includes clinical, epidemiological and
statistical investigators from the Antwerp University Hospital, Belgium; the Erasmus MC,
University Medical Center Rotterdam, the Netherlands; the University of Edinburgh, Scotland
and the Medical College of Virginia Commonwealth University in Richmond, Virginia,
US. The IMPACT investigators were granted access to individual patient data of initially
eight randomized control trials and three observational studies including a total of 9205
patients (22). During the continuation funding period (2007-2011) the number of studies
was expanded providing access to data of over 40,000 patients. Relevant variables from
the individual studies were extracted and merged to form a culture medium for exploring
concepts to improve the design of clinical trials in TBI. The focus was on methodological
approaches for dealing with the heterogeneity inherent to the TBI population. Identification
of robust covariates and the development of prognostic models formed the cornerstone for
explorations on how best to deal with the heterogeneity inherent to TBI populations (9, 23,
24, 25, 26, 27, 28, 29, 30). The analyses described in this thesis were performed as part of
the IMPACT Study.

Aim of this thesis

The aim of this thesis is to investigate which adaptations in design and analysis of randomized
controlled TBI trials may be best implemented to deal with the heterogeneity of TBI study
populations in order to increase chances for detecting clinically relevant treatment effects
in future trials for therapeutic interventions for TBI.

The following specific questions will be answered:

I.  Which problems related to trial design and analysis have contributed to the failure of
most randomized controlled TBI trials in the past?

Il. What is the most efficient approach to selection of patients for randomized controlled
TBI trials?

IIl. What is the influence of covariate adjustment on statistical power in randomized
controlled TBI trials?

IV. What is the influence of ordinal rather than dichotomous analysis of the Glasgow
Outcome Scale as primary outcome measure in randomized controlled TBI trials?

V. Are the currently available prognostic models for prediction of outcome after TBI
externally valid and can they be used to make design and analysis of randomized
controlled TBI trials more efficient?

14
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Abstract

In this manuscript we review past and current experience in clinical trials of traumatic brain

injury (TBI), discuss limitations and challenges, and summarize current directions. The focus

is on severe and moderate TBI. A systematic literature search over the years 1980-2009

revealed 27 large Phase Il trials in TBI; we were aware of a further 6 unpublished trials.

Analysis of these 33 trials yielded interesting observations:

- There was a peak incidence of trial initiations occurred in the mid 1990s with a sharp
decline over the period 2000-2004

- Most trials reporting a significant treatment effect were studies on a therapeutic strategy
(e.g. decompressive craniectomy, hypothermia), and concerned single center studies.

- Increasingly, studies have been shifting toward the Far East.

The currently existing trial registries permit insight into ongoing or recently conducted
trials. Compared to the past decade, the number of studies on neuroprotective agents
taken forward into efficacy oriented studies is low. In contrast, the number of studies on
therapeutic strategies appears to be increasing again.

The disappointing results in trials on neuroprotective agents in TBI have led to a critical
reappraisal of clinical trial methodology. This has resulted in recommendations for
preclinical workup and triggered extensive analysis on approaches to improve the design
and analysis of clinical trials in TBI. An interagency initiative towards standardization on
selection and coding of data elements across the broad spectrum of TBI is ongoing, will
facilitate comparison of research findings across studies, and encourage high quality meta-
analysis of individual patient data in the future.

18
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Introduction

Randomized controlled trials (RCT) are considered the gold standard for proving the
efficacy of new treatments. In the field of Traumatic Brain Injury (TBI), however, not a
single multicenter phase Il RCT on neuroprotective agents has convincingly shown benefit
(1,2,3). As a consequence, a sense of disappointment prevails: basic science researchers
are increasingly frustrated that their hard and promising work performed under clean
experimental conditions does not seem to transfer into the ‘dirty’ clinical situation and
there is some reluctance by pharmaceutical companies to embark on a new high cost
venture in TBI. Trials conducted so far have however not definitively established the lack
of possible benefit. To the contrary, various trials have shown a trend towards efficacy and
this offers hope. Basic research has greatly advanced our knowledge of what happens in
the brain after TBI, offering opportunities to limit processes involved in the development of
secondary brain damage. Many experimental studies on a multitude of agents have shown
encouraging results, demonstrating efficacy of different agents on histologic endpoints,
intracranial pressure, brain edema, cerebral blood flow, metabolism and on functional
outcome. Translating advances from basic research into clinical benefit has proven complex.

In the experimental situation, studies are performed under tightly controlled conditions.
TBI in the clinical situation, however, includes a complex spectrum of pathologies, often
superimposed with systemic second insults (e.g. hypoxia and/or hypotension). Approaches
to treatment may vary and uncertainty exists as to whether pathophysiologic processes
targeted are indeed active in individual patients and if so, at what time after injury. It is here
that more basic and clinical research is needed before targeting therapy to the individual
needs of a patient can become a clinical reality. TBI populations are also heterogeneous in
terms of clinical severity and baseline prognostic risk. This heterogeneity poses complex
methodological challenges. It is here that methodological approaches may be optimized
to increase statistical power. The challenge to demonstrate benefit of a novel agent, or
treatment strategy in TBI is great, but rewards will be correspondingly high.

TBI is a field with one of the greatest unmet needs in medicine and public health (4). Not
only is it a major cause of death and disability, incurring great personal suffering to victims
and relatives, but it also leads to huge direct and indirect costs to society. In the US, the
annual burden of TBI has been estimated at over $ 60 billion (5). Globally, the incidence is
increasing, and TBI resulting from blast injuries is being increasingly recognized in military
personnel returning from Middle East conflicts. In the Western world the epidemiology of
TBl is slowly changing with a relative increase in middle aged and elderly patients injured by
falls, resulting typically in contusional brain damage (4). Contusional brain injury is different
from diffuse axonal injury, with a much larger component of inflammatory response and is
often characterized by lesion progression. Approximately 25 to 45% of cerebral contusions
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will enlarge significantly (6,7) and even higher occurrences are reported if the initial CT is
performed within 2 hours of injury (8). The more frequent use of anticoagulant medication
and platelet aggregation inhibitors in older patients may further increase the risk of
lesion progression. The frequent progression of contusive brain injury indicates that this
may well constitute a subpopulation of TBI more likely to benefit from neuroprotective
agents by limiting processes involved in secondary brain damage. Other mechanisms, and
consequently different approaches may be more relevant in patients with diffuse axonal
injury, and we emphasize that neuroprotection in a more broad sense also includes strategies
and therapies, aimed at promoting regeneration or replacement of lost neuronal and glial
cells, neuronal circuits and stimulation of neuroplasticity.

The aim of this manuscript is to review past and current experience in clinical trials in
TBI, to discuss limitations and challenges which have been recognized, and to summarize
current directions. The focus is on studies on patients with severe and moderate TBI.

Clinical trials in TBI: past experience

The history of multicenter randomized controlled trials in TBI really started in the mid 1980s.
Major pillars of clinical research, such as the Glasgow Coma Scale, the Glasgow Outcome
Scale and CT scanning had only been introduced in the 1970s. A further boost towards trials
resulted from advances in basic research with the identification of various neuroprotective
agents. Prior to 1980, the majority of trials reported consisted of single center studies,
evaluating treatment results often in respect to historical controls. In this period, a
particular interest focused on the efficacy of steroids. These trials were primarily initiated
by investigators from scientific interest; in contrast, multicenter trials on neuroprotective
agents as from the mid 1980s on, were largely initiated by pharmaceutical companies. The
collaboration between investigators and pharmaceutical companies proved beneficial to
both sides: Investigators contributed disease-specific expertise, and the participation in
trials greatly facilitated international contact and collaboration. Indirectly, this has probably
led to improved quality of care.

We conducted a systematic literature search on clinical trials in TBI over the period 1980-
2009. We included studies meeting the following criteria:

- prospective, parallel groups, phase Ill RCT with random assignment to either a new
medication/intervention or placebo/best intervention available

- targeting patients with closed, moderate to severe TBI (e.g. GCS < 12)

- with acute presentation (< 24 hours between injury and treatment)

- primary outcome expressed as the Glasgow Outcome Score (GOS > 3 months)

- with a report in English language.
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We excluded:

- Phase I RCTs

- studies focusing on mild TBI or on chronic TBI treatments (e.g. rehabilitation)
- studies on pediatric TBI

- studies using a different primary outcome measure than the GOS.

We selected studies focusing on adults (> 15 years) and studies including at least 100 patients
(minimum 50 per arm). In total, 27 met these criteria. Collectively, we were aware of another
six unpublished large Phase Il trials in TBI, but of which we had sufficient knowledge to
present details. These studies were therefore added to the selection, resulting in a total of
33 studies. A complete overview of the studies is presented in table 2.1.
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This overview permits a number of interesting observations:

First, there is a peak incidence of trial initiations in the mid 1990s, with a sharp decline in
the period 2000-2004. This holds both for studies with neuroprotective agents as for studies
employing therapeutic strategies, such as for example hypothermia or decompressive
craniectomy. We recognize that studies initiated in the latter years may not all have been
published yet, and are aware of four Phase Ill studies on therapeutic strategies (two on
decompressive craniectomy, one on hypothermia, and one on the antifibrinolytic agent
Tranxamenic Acid (CRASH 2), but only of one trial with a neuroprotective agent (recombinant
human erythropoietin, rhEPO) that are currently enrolling or were recently completed
(table 2.2). Figure 2.1 summarizes the number of Phase Il RCTs initiated per 5-year period in
moderate and severe TBI since 1980. The decline in studies on neuroprotective agents does
not seem to be caused by a lack of new agents with great potential, but is more likely due to
the difficulties experienced in previous trials combined with the high costs.

Second, most studies reporting a significant treatment effect concern those using a
therapeutic strategy as investigational modality. Six out of the ten studies on therapeutic
strategies demonstrated statistical significance versus only three of the 23 on neuroprotective
agents (table 2.3). The three studies on neuroprotective agents showing a significant
treatment effect concern the HIT Il Nimodipine study (19), the study reported by Xiao et
al (35) on progesterone, both showing beneficial effects and the CRASH study (28) which
demonstrated higher mortality in the steroid treated patients. These three trials had features
which distinguished them from the traditional design of TBI trials: the HIT Il study targeted
a subgroup of the overall population, only including patients with traumatic subarachnoid
hemorrhage; the progesterone study reported by Xiao et al concerned a single center study
and the CRASH trials represents the only megatrial conducted in the field of TBI.

Third, we note that six out of the nine single center studies showed a significant treatment
effect versus four of the 24 multicenter studies (table 2.4).

Fourth, a certain shift can be noted over the past 5 to 10 years of studies from the
Western hemisphere towards the Far East. These primarily concern investigator-initiated
studies which we find extremely encouraging, but we also note an increasing interest of
pharmaceutical companies for moving trials to include centers in the Far East. This shift is
motivated both by higher patient recruitment as also by lower costs. Further collaboration
is highly recommended, but at the same time we wish to introduce a word of caution that
it is as yet uncertain how results obtained in a different setting may translate into a more
global perspective. This is important, as for example various trials conducted in mainland
China have shown beneficial effects of decompressive craniectomy, hypothermia and
progesterone (31, 32, 33, 34, 35). These studies were all well designed, and of high quality. It
is conceivable however, that differences may exist in referral policies, potential for selection
bias, access to health care, acute and post-acute treatments and outcome. We consider it a
priority to investigate these issues in a comparative, observational study.
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CHAPTER 2

Two other issues deserve special consideration: the number of unpublished studies and
the reasons why some studies were ended prematurely. In total, six studies included in
the overview have not been published (Tirilazad-domestic, Eliprodil, Saphir, Cerestat, Parke-
Davis and HIT IV). These were all large, pivotal trials which we could include in the overview
due to our knowledge of the field. There may however be more ‘negative’ trials which we
are not aware of, particularly single center studies. It is regrettable that these studies have
not been published, as we consider it a moral obligation to patients and relatives who
consented for participation and to the community in general to publish results, even if a
trial does not yield a positive result.

In total, seven trials were terminated prematurely. The NABIS Hypothermia trial was
originally initiated with the goal of enrolling 500 patients but was halted prematurely after
enrolment of 392 patients, following an unscheduled futility analysis showing that the
likelihood for demonstrating benefit on continuation was low. The Tirilazad-Domestic trial
was halted prematurely after enrolment of 1,191 of the planned 1,212 patients (98,3%) on
recommendation of the data safety monitoring committee having demonstrated a significant
difference in mortality between the treatment groups. On more detailed subsequent analysis,
it was found that this difference in mortality could be explained by differences in baseline
characteristics, but because the target enrolment had nearly been reached the decision was
made to terminate the study. The Selfotel trials (US and international) were stopped after
enrolment of 693 patients, because of concerns of the safety and monitoring committee
about an increased number of deaths and severe brain related adverse events that had
occurred in two contemporary trials in stroke. Such adverse events were not noted in the
TBI trials, but as analysis indicated a low likelihood of demonstrating benefit on pursuing the
trial to completion, the decision was made to definitively stop enrolment.

The Cerestat trial originally aimed to enrol 700 patients, but was halted after enrolment
of 532 patients, following a planned interim-analysis conducted on the first 340 patients. This
decision was also made against the background of concern about the effects of the agent in
patients with stroke. The Parke Davis study on SNX-111 was halted prematurely when the
data safety monitoring board observed a 10% increase of mortality in treated patients; the
occurrence of hypotension as complication of the use of calcium channel blockers was also
noted in the study. The Bradycor trial was designed to enrol 160 evaluable patients, but was
stopped after enrolment of 139 patients, following the results of animal toxicology studies
conducted during the course of the trial. These results were largely inconclusive after
repeat studies, and the decision to terminate the trial is perhaps all the more regrettable
as a strong trend towards benefit was noted on the GOS at 6 months (12% improvement)
and supported by positive trends seen in ICP, therapy intensity level and neuropsychological
tests. The CRASH megatrial was originally aimed to include a total of approximately 20,000
patients, but was stopped in May 2004 following enrolment of 10,008 patients, because of
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an excess in early mortality (day 14). These observations demonstrate that there are many
in- and external factors influencing the conduct of TBI trials. In three cases, the reasons
were safety concerns within the trial, in three cases external factors including experience
in simultaneously conducted stroke trials, the results in preclinical studies, and in only one
instance (NABIS Hypothermia) resulted from futility analysis. Indirectly however, aspects of
futility also probably influenced the decision making in Tirilazad, Selfotel and Cerestat.

Table 2.3. Trial results: differentiated for type of investigational therapy

_ Significant effect No significant effect
= - Neuroprotective agent 3 20

s &

2o

£ £ Therapeutic strategy 6 4

Table 2.4. Trial results: single versus multicenter trials

- Significant effect No significant effect
3

i .

5 Single center 7 3

V]

3

- Multicenter 2 21

The observation that the majority of studies showing efficacy of the interventional therapy
concerns single center studies whilst the overwhelming majority of multicenter studies
failed to demonstrate effect is of interest and raises the question whether this may simply
reflect publication bias, or that center effects may be a factor confounding chances of
demonstrating efficacy. Considerable between-center differences in 6-month unfavourable
outcome have been reported in the NABIS Hypothermia trial (22). Significant differences
in mortality were also found between high and low enrolling centers in one of the more
recent trials in TBI, investigating the efficacy of dexanabinol (27). The IMPACT studies have
further shown a 3.3 fold difference after correction for random variation in the odds of
having an unfavourable outcome between centers (p<0.001), which were not explained
by patient characteristics (40). These data illustrate some of the complexities involved in
multicenter trials. The advantage of multicenter trials over single center studies is enhanced
generalizability. Two different approaches may be pursued to minimize variability in choice
and sequence of basic therapeutic approaches: one is rigorous standardization of treatment,
and the other is to recruit so many patients in a ‘megatrial’, that variability will be of less
concern. An example of the latter approach is the CRASH study. The relative merits of these
two contrasting approaches however needs to be further determined.
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Number of studies initiated

w

1980-1984 1985-1989 1990-1994 1995-1999 2000-2004 >= 2005

B Studies on neuroprotective agents B Studies on therapeutic strategies

Figure 2.1. Numbers of initiated randomized controlled trials on moderate to severe traumatic brain
injury per 5-year time periods. Trials were grouped by studies on neuroprotective agents and studies
on therapeutic strategies.

Recently completed, ongoing and expected studies

General information on ‘new’ and recently completed trials can be found on the websites
www.clinicaltrials.gov (NIH trial registry) and www.controlled-trials.com (non-governmental
registry initiated by journal editors in collaboration with Springer). Central registration of
clinical trials via these registries or the Eudra clinical trials database in the EU has served to
promote quality in the design and reporting of clinical trials. Data from the EMEA registry
(EudraCT) are not yet publically available, but this is anticipated for 2010. Regulatory agencies
consider formal registration of the trial mandatory when considering drug approval and
journal editors may refuse publication of trial results if the trial has not been registered prior
to initiation. An overview of recently completed, ongoing and expected studies is presented
in table 2.2. Much of this knowledge is now in the public domain by virtue of the central
trial registries.

This overview indicates that many of the studies concern early stage clinical development.
Currently, to our knowledge, there are five Phase Il trials ongoing (four on therapeutic
strategies and one on the neuroprotective agent rhEPO). A Phase Il trial on hypothermia
is expected to start soon, supported by the European Society for Intensive Care Medicine.
Preparations for a further two trials on progesterone are ongoing, and it is expected that
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these studies will be open for enrolment early in 2010.

Compared to the past decade, the number of studies on neuroprotective agents being
taken forward into efficacy-oriented studies is dismal. We do not consider this due to lack
of potential agents, but rather due to reluctance to embark on a high-risk venture, which
is moreover extremely costly. In times of ‘trial crisis’, a clear need is felt for improved trial
methodology in order to decrease the risks and our strong feeling is that if we wish to
continue developing the field of neuroprotection in the clinical situation, attempts should
be made to reduce costs. In particular, the substantial overhead often imposed in academic
institutes is of concern.

Reappraisal of clinical trial methodology in TBI

Overall, the results of the Phase lll trials on neuroprotective agents have been disappointing.
The disappointing results have stimulated a critical reappraisal of conditional requirements
before starting clinical trials with new interventional therapies and of the methodology
of trial design and analysis. The reasons that previous trials have not shown convincing
benefit reflect a number of factors ranging from preclinical investigations, through problems
in translating results from experimental studies to clinical practice to the clinical situation
where it is generally uncertain if the pathophysiologic mechanisms that are targeted are
indeed active in the patients studied and if so, at what time after injury. Experimental
studies should be robust, preferably showing benefit in more than one model, in more
than one species with effects on both mechanistic and behavioural endpoints. To what
extent time windows determined in the experimental situation may be translated to clinical
practice, remains a point of concern. Requirements postulated for successful phase Il TBI
trials include:

- mechanism demonstrated in animal models

- drug/agent reverses damage in animal models
- mechanism shown to be active in human TBI

- neuroprotective agent passes the brain barrier
- safety/tolerability in humans with TBI

- drug sensitive endpoints.

Phase Il trails are aimed at safety, may include dose escalation studies and at best, may fulfil
requirements for proof of concept by demonstrating efficacy on a mechanistic endpoint. In
general however, clinical efficacy, even indications thereof, may not be expected from Phase
Il TBI trials.

In most efficacy oriented TBI trials (Phase llb or Phase Il studies), the hypothesis was
to increase the absolute proportion of patients with a favourable outcome by at least 10%.
Such an effect may not have been proven at this predetermined level, but conversely neither
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has inefficacy been proven. In fact, many trials demonstrate some increase in favourable
outcome, albeit non-significant in treated patients. For example, the HIT | trial on nimodipine
showed an 8% relative improvement (12) and the HIT Il trial a 4% absolute improvement in
favourable outcome in treated patients (13). In the Triamcinolone trial, a 5% increase in
good recovery was observed in patients on active treatment (11). In the PEGSOD trial a
9% improvement in favourable outcome was noted (18) and in the Bradycor trial a 12%
improvement (23), and in the Pfizer study (24) a decrease of mortality of 7% and an increase
in favourable outcome in the treated group. It would hence appear that at least some trials
show an indication of efficacy, and this may be interpreted as further evidence in support
of the concept that TBI trials have been underpowered. Other factors, such as confounding
effects of heterogeneity of TBI populations, overly optimistic expectations and insensitive
methodology have also contributed to the difficulties experienced in demonstrating benefit
of investigational treatments. In comparison to other fields of medicine, efficacy-oriented
clinical trials in TBI pose complicated methodological challenges. These methodological
challenges are in particular related to three important factors: 1) the great heterogeneity
of TBI populations, 2) the lack of relevant mechanistic early endpoints and 3) insensitivity
of more global outcome measures. The consequences of heterogeneity in TBI populations
from the perspective of trial design and analysis and approaches for dealing with this
heterogeneity, are the main focus of studies conducted by the IMPACT investigators. Results
from these studies have shown that the statistical power in TBI trials may be increased by up
to 50% by utilizing more efficient approaches to the analysis. Recommendations and results
originating from the IMPACT work are summarized in a dedicated manuscript in this issue
(37).

The IMPACT studies were conducted on individual patient data from eight RCTs and three
observational studies (38). Relevant parameters from the individual studies were merged into
a large dataset, forming a ‘culture medium’ for exploring concepts for improving the design
of clinical trials in TBl. Merging the individual patient data into a common format proved
an even more formidable task than initially anticipated, and involved over 10 person years
of work. TBI datasets demonstrated almost as much heterogeneity as patient populations
concerning coding of variables, data storage and most data sets were characterized by general
lack of detailed documentation. This experience highlighted the need for standardisation
of coding and data storage formats in TBI studies, and helped stimulate an international
and interagency initiative to develop recommendations for ‘common data elements’ for TBI
studies.

Standardization of data collection: common data elements
The initial steps towards development of standardization of data collection in TBI, were
integrated into a much larger interagency initiative towards ‘an integrated approach to
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research in Psychological Health and Traumatic Brain Injury’. This initiative, involving the
National Institute of Neurological Disorders and Stroke (NINDS), the National Institute
on Disability and Rehabilitation Research (NIDRR), the department of Veterans Affairs
(VA), the Defense and Veterans Brain Injury Center (DVBIC) and the Defense Centers of
Excellence (DCoE), included four working groups in the field of TBI, addressing four domains:
demographics and clinical assessment, biomarkers, neuroimaging and outcome. Full results
and recommendations of these working groups will be published early 2010. The working
group ‘Demographics and Clinical Assessment’ focused on developing common data
elements on all clinical and demographic variables in TBI studies. Specific aspects relating
to biomarkers, neuroimaging and outcome assessment, including recommendations for
further development required to advance the field, were addressed by the other working
groups. The global aim was to develop recommendations on selection and coding of data
elements for studies across the broad spectrum of TBI. The elements should be applicable
to the entire spectrum on injury, both to milder and more severe injuries, to acute and long
term studies and to studies including patients early after injury, but also to those enrolling
patients at later time periods; elements should further be applicable to both civilian and
military settings. Consistency was sought with the common data elements (CDE) initiative
of NIH-NINDS (www.nindscommondataelements.org) initiated by John Marler, at the time
vice director of NIH-NINDS with the aim to develop a core set of variables for use across the
different fields of clinical neuroresearch.

The process for developing recommendations for common data elements was consensus
driven, with multidisciplinary input from experts over a broad range of disciplines, covering
the entire trauma chain from emergency medicine to rehabilitation and late outpatient
care. Thus, a broad input was ensured. General consensus on selection and coding of data
elements was achieved and templates produced summarizing coding formats, motivation
of choices and recommendations for procedures. The data elements are contained in
modules, which are grouped together in categories. For example, the data elements ‘age,
gender and race’ are contained in the module ‘demographics’ under the category ‘subject
characteristics’. It was further realised that the level of detail required in data collection
may vary greatly with the design and aim of a specific study. We therefore developed three
versions for coding data elements: a basic, an advanced and an extended format with the
greatest level of detail in the extended version. The coding of these versions is such that in
every case the more detailed coding can be collapsed into the basic version, thus facilitating
comparison and meta-analysis of individual patient data between studies. The data elements
and modules are intended as ‘building blocks’ for designing a case report form. They can
be used as ‘plug in’ elements and used multiple times in various sections of the CRF. For
example, the module on Glasgow Coma Scale (GCS and pupils) may be recorded only on
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admission, or also prehospital as well as daily during the acute care phase. Researchers
can select and mix basic, advanced and extended versions of the different data elements,
according to the requirement of the study. We note that the data elements proposed
are not all inclusive, and the option always remains open to include other elements. The
complete package of common data elements, including the templates, may be posted on
the website www.commondataelements.org in early 2010. The data elements are currently
presented in a ‘paper based format’. Work is ongoing to include the elements and modules
in a web-based data entry format with pull down menus and automated data checks. We
emphasize that the current recommendations represent a beta version; we are in the
process of incorporating feedback from a more international forum with the intent to make
this a global initiative.

We further note that some of the recommendations include innovative approaches,
which require field-testing and validation in clinical practice. Evaluating the applicability of
the recommendations across various settings can best be accomplished by an observational
study. The initiative to develop standard data elements in the field of TBI will facilitate
comparison of research findings across studies, and encourage high quality meta-analysis
of individual patient data in the future. This may well constitute one of the most important
steps forward in the field of clinical trials in TBI, paving the road for harvesting successful
results in the near future.
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Abstract

Traumatic Brain Injury (TBI) constitutes a heterogeneous disease, encompassing a broad
spectrum of pathologies. Outcome can be highly variable, particularly in more severely
injured patients. Despite the association of many variables with outcome, predictions are
notoriously difficult. Multivariable analysis has identified age, clinical severity, Computerized
Tomography abnormalities, systemic insults (hypoxia and hypotension) and laboratory
parameters as relevant building blocks for combining variables into models to predict
outcome in individual patients. A systematic literature search identified 16 studies reporting
on prognostic models based upon admission characteristics; many of these showed
shortcomings, which may partly explain the limited use of these models in clinical practice.

Advances in statistical modelling and the availability of large datasets has facilitated
the development of prognostic models with greater performance and generalizibility. Two
prediction models are currently available, that have been developed on large datasets with
state of the art methods, offering new opportunities. We see a great potential for use in
clinical practice, in research, towards policy making and assessment of the quality of health
care delivery. Continued development, refinement and validation is advocated together with
assessment of the clinical impact of prediction models. Future directions should include the
development of models to predict treatment response.
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Introduction

Prognosis is the cornerstone of clinical medicine, because all diagnostic and therapeutic
actions aim to improve a patient’s prognosis and outcome. Advances in statistical modelling
and the availability of large databases have made it possible to consider diagnosis and
prognosis in terms of probabilities rather than vague prophecies. Probability estimates can
be applied to clinical decision-making, research, and assessment of the quality of health
care. Such quantitative estimates are of particular relevance to heterogeneous conditions
such as traumatic brain injury (TBI).

TBI poses a major public-health problem, with an estimated annual incidence of up to
500 per 100 000 population and more than 200 hospital admissions per 100000 admissions
in Europe each year (1,2). TBI is heterogeneous in terms of cause, pathology, severity, and
prognosis, which poses diagnostic challenges. Furthermore, comparison of results between
studies is difficult because case mix and treatments may vary substantially.

Various outcomes can be considered in prediction research. A diagnostic perspective is
taken in TBI studies, and involves assessment of the probability of structural brain damage
or developing an intracranial haematoma, or is used to underpin recommendations for CT
scanning (3-5). For example, a recent study used a prediction rule to identify a subset of
children who had such low risk for intracranial damage that CT scans were unnecessary
(6). These types of diagnostic outcomes are particularly relevant for patients with mild TBI.
The ability to predict response to treatment would be highly relevant to patients in the
intensive-care setting, in whom intracranial pressure is monitored, but such prognostic rules
have not yet been developed.

For patients with moderate and severe TBI, prediction of clinical outcome is also highly
relevant. Typically, most studies have defined clinical outcome as mortality or functional
outcome assessed with the Glasgow outcome scale (GOS) as their endpoint (7).

In this Review, we focus on the prediction of outcome in terms of mortality and
functional outcome in patients with moderate and severe TBI. We aim to describe the
basics of prognostic analysis and review the current knowledge about traditional and newly
recognised predictors for outcome in TBI. We also discuss prognostic modelling as a novel
instrument in medicine, critically review prediction models in TBI, describe the applications
for prognostic models in TBI, and provide suggestions for the further development and
improvement of prediction research in TBl. We will use the term “outcome” to refer to all
endpoints from different studies that use mortality and GOS.
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Predictors of outcome

Much research has been done to identify early predictors of mortality and functional
outcome, as assessed by the GOS on admission, after moderate or severe TBIl. The GOS
is usually dichotomised into good recovery and mild disability versus severe disability,
vegetative state, and mortality. This is a limitation because we cannot assume that predictors
differentiate death from survival as well as they can differentiate good recovery from worse
outcomes.

A large body of evidence supports the relation between some predictors and outcome,
but for other predictors the relation is less well established. Information obtained during
the subsequent clinical course may further contribute to outcome prediction. An overview
of the various components of prognostic analysis is shown in figure 3.1, which illustrates the
complex relations between potential predictors and highlights gaps in our knowledge (e.g.,
genomics, biomarkers).

Biological constitution Injury details
Genotype Type (eg, closed, penetrating),
cause

Biological response to injury Mortality
Metabolomics

Glasgow outcome scale

Demographic factors
Age, ethnic origin

Socioeconomic status and
education

Medical history

Clinical severity
Intracranial (GCS/pupils),
extracranial (AIS/ISS)

Secondary insults

Systemic (hypoxia, hypotension,

hypothermia), intracranial
(neuroworsening, seizures)

Change in admission variables
Clinical severity, change in CT,
biomarkers, laboratory values

Other predictors

Secondary insults, clinical
monitoring (ICP, brain tissue
PO,, evoked potentials)

(extended)

Health-related quality of life

Neuroimaging

Neuropsychological
assessment

CT characteristics

Figure 3.1. Overview of building blocks of prognosis in Traumatic Brain Injury.

Basics of prediction research

Several steps in prediction research have been identified (table 3.1) (8). First, the association
between a single predictor and outcome can be studied by univariate analysis, relating a
single predictor to the outcome of interest. Such an analysis is of limited value because
it does not take into account the role of other confounding factors that may explain (part
of) the observed association. Statistical analyses, such as logistic regression, are therefore
needed to adjust for confounders in the assessment of relative risks. Odds ratios (ORs) are
commonly used to express the strength of prognostic effects. The relation is significant if the
95% Cl for the OR does not include the value 1.0. However, the OR does not account for the
prevalence of a predictor. A predictor with a high OR but a very low prevalence is thus of
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limited predictive value. Predictive value is better reflected in measures such as explained
variation (R?) (9). Other statistical approaches to prognostic analysis include recursive

partitioning (prediction trees) and neural network analysis.

Table 3.1. Steps in prognostic analysis in traumatic brain injury

Univariate analysis

To estimate the relationship

Multivariable analysis

To determine the prognostic
value of a predictor, adjusting

Prediction models

To combine predictors
into a model with the aim

Aim between a single predictor . to estimate the risk of an
for confounding effects of other L
and outcome X outcome for individual
predictors. .
patients
In individual patients predictors
Does not take the role of . P P X . .
. . may influence outcome in External validation essential
confounding factors into o .
BT . opposite directions; does not take to prove generalisibility
Limitations account that may explain X X Rk . .
interactions or differential effects outside of the development
(part of) the observed o X K X
. for specific subpopulations into setting.
association
account.
Discrimination: area under
the receiver operating
Sensitivity, specificit . .
. u p . y Odds ratio characteristic (AUC)
Performance Positive predictive value, . K . . .
X e Relative Risk Calibration: graphical
measures negative predictive value . .
. R representation
Odds ratio
Hosmer-Lemeshow
goodness of fit test
. Tabular Tabular Web-based calculator
Presentation

Graphical representation

Graphical representation

Score chart

Sensitivity: proportion of patients with the outcome that have the predictor (true positive)
Specificity: proportion of patients without the outcome that do not have the predictor (true negative)
Positive predictive value (PPV): proportion of patients with the predictor that have the outcome

Negative predictive value (NPV): proportion of patients without the predictor that do not have the outcome

0Odds ratio (OR): ratio of the odds for better versus poorer outcome in the presence of the parameter, compared to
the odds in the absence of the parameter.
Relative risk (RR): risk of outcome in group with the predictor versus group without the predictor

R2: percentage of variability in outcome that is explained by the predictor. R? reflects predictive value better than
OR, since also prevalence is taken into account.

Admission characteristics

The prognostic strength of the main predictors of outcome in TBI is summarised in table

3.2. The prognostic value of the different characteristics was quantified in the International
Mission for Prognosis and Clinical Trial design in TBI (IMPACT) study data (figure 3.2) (10).
Clinical severity had the highest prognostic value (R?), followed by CT characteristics.

Both measures were significant if included in the model separately and when they were

added in the order of availability in clinical practice.
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Table 3.2. Strength of the association between predictors and outcome (full ordinal GOS) in TBI in the
IMPACT database (n=8686) (10)

Predictor Reference category Univariate OR* Multivariate OR*
(adjusted for Age/
Motor score/
Pupils)

Demographics

- Age 25-75% IQR 2.14 (2.00-2.28) -

- Gender Male 1.01 (0.92-1.11) 0.94 (0.85-1.04)

-Race -Black Caucasian 1.30 (1.09-1.56) 1.44 (1.08-1.93)

- Asian 1.09 (0.78-1.51) 1.22 (0.84-1.78)

Clinical Severity
Motor score

- Absent

- Abnormal extension
- Abnormal Flexion

- Flexion

Pupillary reactivity
- 1 reacting
- Both non-reacting

Localising/
Obey commands

Both reacting

5.30 (3.49-8.04)
7.48 (5.6-9.98)

3.58 (2.71-4.73)
1.74 (1.44-2.41)

2.70 (2.07-3.53)
4.77 (3.46-6.57)

Extracranial injuries - -
Secondary insults
- Hypotension Absent 2.67 (2.09-3.41) 2.06 (1.64-2.59)
- Hypoxia Absent 2.08 (1.69-2.56) 1.65 (1.37-2.00)
- Hypothermia Absent 2.21 (1.56-3.15) 1.63 (1.11-2.40)
Structural abnormalities
CT Classification
-CT Class | CT Class Il 0.45 (0.35-.067) 0.47 (0.32-0.70)
- CT Class lll/IV 2.62(2.13-3.21) 2.23 (1.83-2.72)
- Mass lesion 2.18 (1.83-2.61) 1.48 (1.27-1.71)
tSAH present Absent 2.64 (2.42-2.89) 2.01(1.83-2.21)
Type of intracranial lesion
- Epidural No epidural 0.64 (0.56-0.72) 0.63 (0.55-072)
Laboratory parameters
Glucose 25-75% IQR 1.68 (1.54-1.83) 1.45 (1.36-1.55)
pH 0.80 (0.74-0.88) 0.84 (0.67-0.92)
Prothrombine time 1.41 (0.99-1.99) 1.63 (1.40-1.89)
Hb 0.69 (0.60-0.78) 0.76 (0.66-0.88)
Sodium < 137mmol/L > 137 mmol/L 1.40 (1.22-1.60) 1.14 (0.91-1.43)

IQR = interquartile range, tSAH = Traumatic Subarachnoid Hemorrhage, * Odds ratios (OR) from proportional odds
analysis
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Figure 3.2. Prognostic value of different building blocks of prognosis, expressed in R?, in the IMPACT
dataset (n=8686) (10)

Demographic factors

Age is one of the strongest predictors of mortality and functional outcome in TBI; many
studies have shown that older age is associated with poorer outcome (11-21). Most studies
analysed the association between age and outcome by use of threshold values, varying from
30to 60 years of age (11-16). Only a few studies have analysed the association between age
and outcome in a continuous way; these studies report both a change around age 30-40
years, above which outcome becomes increasingly poorer, and a fairly continuous relation
across all ages, which may be approximated by a linear function (17-21).

Other demographic factors, such as sex and ethnic origin, are also associated with
outcome after TBI. Men are more likely to have TBI owing to their higher risk for road traffic
accidents and assaults. Although many studies did not find a relation between sex and
outcome after adjustment for confounding features (17, 20, 22, 23), a meta- analysis by
Farace and Alves (24) found poorer quality of life and worse functional outcomes in women
who survived severe TBI compared with men.

The association between ethnic origin and outcome after TBI was controversial until
a meta-analysis combining evidence from 5320 patients showed that black patients have
a poorer outcome than white or Asian patients. This association has been confirmed by
recent studies (20, 25—-27). The underlying reasons for this association are speculative, but
may include differences in genetic constitution, leading to a different response to injury, and
differences in access to acute and post-acute care. Identification of such factors is a priority
for further research.
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Clinical severity

Clinical severity relates to extracranial and intracranial injuries. The overall severity of
extracranial injuries is often assessed with the abbreviated injury score (28) or the injury
severity score (28, 29). Most studies on TBI and extracranial injury have included patients
with traumatic extracranial injury with or without TBI, and concluded that the coexistence
of moderate TBI and extracranial injury is associated with high mortality and morbidity (30—
32). By contrast, there is no consensus on the prognostic value of major extracranial injury
in patients with TBI. Some studies showed that outcome mainly depends on the severity of
the primary cerebral damage and is not worsened by the presence of extracranial injuries
(33), but in others, the presence of major extracranial injuries was associated with poorer
outcome (34, 35).

We recently did a meta-analysis of individual patient data (129), and found that the
conflicting results on the prognostic value of extracranial injuries in previous studies may be
explained by an interaction with the severity of brain injury. For patients with more severe
brain injuries, the effect of extracranial injury on functional outcome was small, whereas in
those with milder brain injuries, extracranial injuries had a more pronounced effect. This
suggests that testing for clinically plausible interaction effects is relevant. We also found
that extracranial injuries mainly increased the risk of early mortality. Thus, the effect of
extracranial injury found in registries that include patients who die early will be larger than
the effect found in trials that exclude these patients.

The clinical severity of intracranial injuries is indicated by the level of consciousness, as
assessed by the Glasgow coma scale (GCS) (7). Many studies have shown an association
between a low score on the GCS and poorer outcome. In patients with more severe injuries,
the motor component of the GCS has the greatest predictive value, because eye and verbal
response in these patients is often absent (36). The prognostic value of the eye and verbal
components of the GCS become more relevant in patients with less severe injuries who
can obey commands. Of note, GCS may fluctuate early after injury, and some patients
deteriorate whereas others improve (37). From a prognostic perspective, assessment of the
GCS should therefore be done at a fixed time period, usually on admission after primary
respiratory and haemodynamic stabilisation. However, reliable assessment of the GCS may
be obscured in the acute setting by medical sedation, paralysis, or intoxication (36, 38).

Abnormalities in pupillary reactivity indicate brainstem damage or compression and are
strongly associated with poorer outcome (39). Pupillary reactivity is a more stable variable
in the early phase after injury than is the GCS, because it is less prone to influences of
sedation and paralysis.
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Secondary insults

An injured brain is more vulnerable to systemic secondary insults (i.e., hypoxia and
hypotension) than is a normal, healthy brain. Secondary insults are common after TBI,
particularly in the prehospital setting, and can increase the degree of damage (40-42). The
association of secondary insults with poorer outcome is well established in the prehospital
setting or during acute care, and various studies have shown that the combination of hypoxia
and hypotension has a greater adverse effect on outcome than can be explained by either
insult alone (42—-46).

Most studies have used a cut-off value for early hypotensive and hypoxic events (e.g.,
any episode with a systolic blood pressure <90 mmHg). However, detailed analysis of the
association between the blood pressure measured on admission and outcome showed
that this relation is continuous: low and high blood pressure are both associated with
poorer outcome (U-shaped relation). After adjustment for age, motor score, and pupillary
reactivity, the effects of higher blood pressure on outcome largely disappear, which suggests
that higher blood pressure values are merely indicative of more severe injuries and could
possibly be caused by raised intracranial pressure (Cushing response) (45).

Structural abnormalities

The prognostic value of CT characteristics has been well documented, including the status
of basal cisterns, midline shift, the presence and type of intracranial lesions, and traumatic
subarachnoid haemorrhage (47). Obliteration of the basal cisterns and the presence
of subarachnoid haemorrhage are the strongest CT predictors of outcome (47). In 1991,
Marshall and colleagues (48) introduced a descriptive classification of head injury based
on CT characteristics, which focuses on the presence or absence of a mass lesion and
differentiates diffuse injuries by signs of increased intracranial pressure (compression of
basal cisterns, midline shift). Although the Marshall CT classification has prognostic value,
combination of individual CT characteristics in a model, such as in the Rotterdam CT score,
provides better discrimination between patients with good versus poor outcomes (tables
3.3 and 3.4) (46, 48, 49).

Prognostic studies have mainly focused on CT abnormalities and used relatively broad
categorisations. For example, in traumatic subarachnoid haemorrhage (one of the strongest
CT predictors of outcome), most studies have concentrated on the presence or absence of
this abnormality without differentiating the location (basal cisterns vs. cortical) or extent.

More detailed analysis and the use of advanced MRI imaging may yield additional
prognostic information.
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Table 3.3. Marshall CT Classification

Category Definition
Diffuse injury I (no visible pathology) No visible intracranial pathology seen on CT scan
Diffuse injury Il Cisterns are present with midline shift of 0-5 mm and/or

lesions densities present; no high or mixed density lesion >25
cm?® may include bone fragments and foreign bodies*

Diffuse injury Ill (swelling) Cisterns compressed or absent with midline shift of 0-5mm);
no high or mixed density lesion >25 mm

Diffuse injury IV (shift) Midline shift >5 mm; no high or mixed density lesion >25 cm?
Evacuated mass lesion Any lesion surgically evacuated
Non-evacuated mass lesion High or mixed density lesion >25 cm?; not surgically evacuated

* As may be the case in depressed skull fractures. Reproduced form Marshall et al. (48).

Table 3.4. Rotterdam prognostic CT score

Predictor value Score

Basal Cisterns

Normal 0

Compressed 1

Absent 2
Midline shift

No shift or shift <5 mm 0

Shift >5 mm 1

Epidural mass lesion
Present 0
Absent 1

Intraventricular blood or tSAH*

Absent
Present 1
Sum score +1

Reproduced from Maas et al (49).

Biomarkers and laboratory variables

Interest in the use of biomarkers, including laboratory variables, has been increasing in
recent years. Biomarkers may be used to detect and track pathophysiological phenomena as
markers of injury severity, and to help assess prognosis. In mild TBI, a biomarker that could
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be used to establish the diagnosis or predict the likelihood of secondary damage would have
great clinical use. In more severe injuries, use of a biomarker to assess injury severity could
help to avoid problems with unreliable GCS assessments in patients who are intoxicated or
intubated. Several putative serum, CSF, and microdialysate biomarkers have been evaluated
in clinical studies of TBI: S100 protein and neuron-specific enolase are among the most widely
investigated (50-55). Although an association between several biomarkers and outcome has
been established, the prognostic value of biomarkers is unclear owing to relatively small
numbers analysed in univariate analyses (56). Biomarker concentrations may correlate with
other clinical indicators such as GCS (57), but they offer limited additional prognostic value
over other predictors and need to be assessed in multivariable analysis (58).

The prognostic value of routinely measured laboratory variables has been more
widely investigated. High glucose concentrations, low haemoglobin, low platelets, and
coagulation disturbances are the strongest predictors of outcome, and are independently
related to poorer outcome (59—62). The advantage of laboratory variables is that they are
potentially modifiable. The question of causality is relevant when attempts are made to
correct abnormal values in the expectation that this will improve outcome. On the basis
of the observed association between higher glucose concentration and poorer outcome,
two randomised trials were recently done to assess the effect of intensive insulin therapy
to reduce glucose concentrations. However, both studies were small (<150 patients) and
results conflicted (63,64). The risks of tight glucose control in TBI have been illustrated
in microdialysis studies in the brain and show that normalisation of blood glucose could
lead to a depletion of glucose in the extracellular fluid of the brain, thus compromising
cerebral metabolism (65-67). Although an association between abnormal concentrations
of laboratory variables and poorer outcome might exist, this does not mean that correcting
these abnormal values will improve outcome. The observed abnormality may simply be an
expression or surrogate marker of the severity of injury. Randomised controlled trials are
thus required to establish whether the correction of abnormal concentrations is beneficial.

Clinical course

Changes in admission variables

Deterioration in neurological function is a dire prognostic sign that generally indicates
progressive brain damage. Early prognosis studies showed that the worst GCS recorded over
a given time period is especially predictive of poorer outcome. Deterioration in neurological
function has been defined more objectively as neuroworsening (panel 3.1), and is highly
predictive for poor outcome (68). In addition to the initial CT scan, follow-up scans also
provide prognostic information. A survey among patients with moderate and severe TBI by
the European Brain Injury Consortium showed that a substantial proportion of patients with
diffuse injury (no mass lesions) on their first CT scan had progressive intracranial damage
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on subsequent CT examinations (69). The worst CT scan was more strongly correlated with
outcome. Many other studies have confirmed the frequent occurrence of CT progression,
but relatively few have addressed the issue of prognostic significance. This is a complex area
to study, because CT progression can often lead to therapeutic intervention.

Secondary insults can occur in the clinical setting, despite clinicians’ best attempts to avoid
them. Patients are particularly at risk for secondary insults during transport within and
between hospitals (70). The severity, duration, and number of secondary insults contribute
to a poorer outcome (45, 46, 71).

The same laboratory variables that have high prognostic value at admission (i.e.,
glucose, platelets, and coagulation disturbances) also have value during the clinical course.
Persistently high glucose concentrations are associated with poorer outcomes, even after
adjustment for other important predictors (59, 72, 73). The lowest platelet count during
the first 24 h after admission is an independent predictor of outcome after 6 months (59).
A recent meta-analysis showed that the prevalence of coagulopathy after TBI was 33% and
that coagulopathy was related both to mortality and an unfavourable outcome (74).

Panel 3.1. Criteria for neuroworsening

O Spontaneous decrease GCS motor score >=2 points
(compared with previous examination)

O New loss of pupillary reactivity
O Development of pupillary asymmetry of >=2 mm

0 Other deterioration in neurological status sufficient to warrant immediate medical or surgical intervention

Clinical monitoring

In more severely injured patients, invasive and non-invasive monitoring in the intensive-
care unit can provide much information. However, approaches to analysis have remained
relatively crude. It is difficult to draw clear conclusions on the predictive value of monitored
variables because the time of initiation and duration of monitoring vary greatly between
and within studies. Summary measures, such as for intracranial pressure monitoring,
include the highest, lowest, and mean values overall or per day, and the number of episodes
or percentage of time that values are above a predefined threshold. This variability in
analysis and reporting confounds comparisons between studies. Furthermore, predictive
information on repeated measurements might be better captured in patterns than in single
values. Modern statistical approaches are available to analyse repeated measurements per
patient, but have seldom been used in TBI studies and hence pose a challenge for future
research.
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Many studies have confirmed an association of high intracranial pressure, low cerebral
perfusion pressure, and decreased brain oxygen tension with poorer outcome (59, 75—
80). These associations, in combination with our understanding of pathophysiological
consequences, form the rationale for guideline recommendations to avoid high intracranial
pressure and low cerebral perfusion pressure (47). Additionally, outcome might be more
dependent on intracranial pressure variability and on response to treatment of raised
intracranial pressure than on absolute mean values (79, 81).

Electroencephalography and evoked potentials

Over past decades, there has been interest in electroencephalography (EEG) and evoked
potentials or event-related potentials as predictors of outcome (82, 83). However, some
have suggested that the predictive ability of EEG is limited because TBI has a greater effect
on subcortical axonal fibres than on cortical grey matter, which generates most of the EEG
signal (84). In the post-acute phase, the bispectral index, a measure of level of consciousness
by algorithmic analysis of the EEG, has a higher correlation with behavioural scales than
does the EEG and may help in differentiating between a vegetative and minimally conscious
state after TBI (85). Many studies have shown that somatosensory evoked potentials (SSEPs)
are useful predictors of outcome after TBI (86—88). Lew and colleagues (88) reported that
bilateral absence of cortically recorded median nerve SSEPs within 8 days of severe TBI
was strongly predictive of death or persistent vegetative state. A meta-analysis showed
that bilaterally negative SSEPs had a 98.5% positive likelihood ratio for an unfavourable
outcome (89). However, the false-positive percentage for bilaterally negative SSEPs may
be high in patients with focal lesions, subdural effusions, and after recent decompressive
craniectomies. Although results are promising, the evidence on the prognostic effects of
these clinical neurophysiological modalities is limited, and the added value over other
clinical predictors is uncertain.

Prognostic models

Estimation of prognosis is by definition a multivariable challenge. Predictors should
be considered jointly rather than on their own, and can be combined in a multivariable
prognostic model to quantify the risk for a particular outcome in individual patients.

Combining individual predictors into a model will increase performance and
generalisability, and is important because patients could have characteristics that affect the
outcome in opposite directions. For example, for a 24-year-old patient with fixed pupils, we
would expect a favourable outcome based on age, but an unfavourable outcome based on
pupil reactivity.
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In our literature search for this Review, we identified 27 prognostic models in 16 studies that
met the following criteria: prognostic model for mortality more than 2 weeks after discharge
or at 6-month GOS (in English); predictors measured within 24 h after injury; inclusion of
more than 200 patients aged older than 14 years; GCS of less than 14 or motor score less
than 6; and non- penetrating injury. Many of these models had shortcomings, in particular
a high risk of overfitting (e.g., predictive performance is much poorer in new patients than
expected from the development phase) in ten studies, and lack of external validation
(table 3.5) (11, 17, 90-104). The number of predictors considered was usually higher than
the number actually included in the final model, and was often too high in relation to
the available sample size. As a guide, the maximum number of candidate predictors can
be approximated by dividing the number of events (e.g., number of patients with poor
outcome) by 10 (e.g., at most 10 predictors for 100 events) (105). Overfitting is caused by
use of statistical techniques for the selection of predictors that are too data-driven, such
as backward selection in a small dataset. Overfitting can be assessed by internal validation
techniques, such as bootstrap resampling (106). More important is external validation, such
as testing the model’s performance in another setting that differs in time or place (107,
108). Only five studies reported external validation (11, 17, 102-104). These findings are
consistent with reviews published by Perel and Mushkudiani and their colleagues (34, 109).

The models reported by the Corticosteroid Randomisation After Significant Head injury
(CRASH) trial investigators and by the IMPACT study group are the most recent, and were
developed on the largest numbers of patients (10008 and 8509, respectively) (17, 104).

Different sets of prediction models were developed by use of logistic regression analysis
and cross-validated on each other. The models are available in score-chart format and
in a web-based application. Both studies showed that the largest amount of prognostic
information is contained in a core set of three predictors (age, GCS or motor score, and
pupillary reactivity; table 3.6). Development of the CRASH models also included patients
with milder injuries, and these models can thus be used to assess such patients. The
IMPACT models focused on moderate and severe TBI. Both sets of models can therefore
be recommended for prognostic modelling in TBI because they were developed on large
numbers of patients and conform to accepted quality criteria for model development,
including external validation.
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Table 3.6. Comparison of the CRASH and IMPACT prognostic models

IMPACT CRASH
Predicted outcome 6 month mortality 14 day mortality

6 month unfavourable outcome 6 month unfavourable outcome
Core model Age Age

Motor score GCS

Pupil reactivity Pupil reactivity

Major extracranial injury

CT model Core model + Core model +
Hypoxia petechial haemorrhages
Hypotension Obliteration of the third ventricle or basal
CT Classification cisterns
tSAH on CT Subarachnoid bleeding
Epidural mass on CT Midline shift
Non-evacuated haematoma
Lab model CT model +
Glucose
Hb

Applications of prognostic models in TBI

Clinical practice

Some estimation of prognosis is consciously or subconsciously used by physicians when
informing relatives, making treatment decisions, or allocating resources. Estimates derived
from large datasets are preferable to the subjective opinion of a physician, whose experience,
no matter how vast, can never match the information contained in data from thousands of
patients. The Canadian CT rule and the CHIP (CT in head injury patients) prediction rule
for CT scanning in mild TBI are examples of how prediction models can provide evidence
to better inform clinical decisions (3, 5). Caution is advocated when outcome prediction
models are applied in individual patients. Prognostic estimates are only probabilities and
cannot provide certainty on an actual outcome.

Research

The main research applications of prognostic models for outcome in TBl include classification
and clinical trials. Prognostic risk estimation on hospital admission enables populations to be
classified according to their prognostic risk distribution (figure 3.3) (112). We can therefore
use such models to gain insight into differences in the case-mix of different studies. In the
design and analysis of randomised controlled trials, prognostic models offer opportunities
both in the enrolment and analysis phases. Traditionally, clinical trials use relatively strict
enrolment criteria. Some of these criteria are motivated by safety and ethical considerations,
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but most (e.g., age and disease severity) aim to exclude patients with a very good or a
very poor prognosis. Patients at these extremes are not likely to benefit from the treatment
under investigation. It is statistically more efficient to combine these criteria in a prognostic
model (113-116). The prognostic estimate can first be used to determine eligibility and then
be used for the analysis.

In the analysis phase, prognostic models can adjust for baseline characteristics. This
substantially increases statistical power, allows the required sample size to be reduced
(by more than 25%) (117). Prognostic analysis can also make use of the sliding dichotomy,
whereby the point of dichotomy of the GOS is differentiated according to the baseline
prognostic risk (118). For a patient with a very severe injury, survival may be more relevant,
whereas for patients with less severe injuries, any outcome worse than good recovery
might be considered unfavourable. The sliding dichotomy approach has been adopted for
the primary analysis of several phase 3 trials in TBI, stroke, and intracerebral haemorrhage
(119-121).

15
|

Percentage of patients
10
Il

T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Predicted probability on unfavourable outcome

Figure 3.3. Distribution of predicted probabilities on 6-month unfavourable outcome from the
IMPACT core model Comparison of an observational study (UK4; open points, dashed line) (110) to
a randomised controlled trial (Tirilizad International; solid points, solid line) (111) among patients
with TBI. The proportion of patients with a relatively poor prognosis was smaller in the randomised
controlled trial than in the observational study. IMPACT=International Mission for Prognosis and
Clinical Trial design in TBI. TBI=traumatic brain injury. Adapted from Lingsma et al. (112).
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Quality assessment of health-care delivery
Comparison of observed and expected outcomes may give an indication of the quality of
care delivered in a specific hospital or in a specific country. An example is the standardised
mortality ratio (observed deaths/expected deaths, adjusted for baseline characteristics),
which is used as a quality score in intensive-care medicine. Expected mortality is commonly
derived from severity-of-disease classification systems used in intensive-care units.
However, these systems were developed for a general intensive-care population, and
their applicability to TBI is uncertain. Prognostic models that are specific to TBI are more
useful for setting baselines for clinical audits and benchmarking. These models are of great
potential relevance for assessing the quality of health-care delivery, because they have been
developed not only for mortality, but also for functional outcome, as assessed by the GOS.
Of note, however, the cumulative R2 of the IMPACT model was 0.35, which indicates that
65% of the variation is unexplained, so case-mix adjustment is incomplete.

Conclusions and future directions

Prognosticanalysisand modelling have great potentialin TBI, both for diagnosisand prognosis.
Although some of the gaps in our knowledge have been identified, some issues require
further investigation. Validated prognostic models have been based mainly on admission
characteristics. Although substantial insight has been gained into the prognostic value of
variables obtained during the subsequent clinical course, such variables have not yet been
widely included in prognostic models. Further research should focus on the quantification of
the additional benefit that might be obtained for outcome prediction. The epidemiology of
TBI is changing, and approaches to prehospital care, diagnostic capabilities, and intensive-
care monitoring and treatment are continually improving. Consequently, prognostic analysis
should be seen as a continuous process that needs updating and validation in contemporary
series (123).

In the analyses of continuous variables such as age, blood pressure, or laboratory
variables, many studies used threshold values, creating a dichotomy or categorisation of
continuous predictors (e.g., age <50 years vs >50 years). Threshold values are increasingly
used in clinical medicine in the practice of goal-directed therapy. However, such values
are not natural to biological systems, and the collapsing of continuous variables has
many disadvantages (124). We recommend that future prediction studies should analyse
continuous predictors in a continuous way, possibly even as non-linear variables (56).

A major gap in our knowledge concerns different responses to similar injuries by
different individuals. Such differences could in part be genetically determined, and much
research will be needed in the areas of genomics and metabolomics to elucidate variability
in response. The relevance of genetics may be shown by the observation that recovery is
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poorer in patients with stroke or TBI who have the APOE €4 allele than in those who do not
have this allele (125). Other genes for which evidence exists for an association with poorer
outcome are TP53, COMT, DRD2, and CACNA1A (126). Additionally, response to treatment
varies between individuals. Research on factors that predict response to treatment in TBI is
underway, including various biomarkers and imaging modalities. Predictive factors may lead
to targeted therapies, and take into account individual mechanisms of disease (127). Further
research is also needed into more sensitive outcome measures, particularly in milder TBI.

Directly relevant to prognostic research in TBI is better standardisation of data collection
and coding to facilitate sharing of results and to allow meta-analysis of individual patient
data across studies (128). This will provide the opportunity to improve, validate, and update
prognostic models on larger numbers of patients.

The challenge for the immediate future is the implementation of prediction models in
clinical practice. The tools are now available in the form of reliable and externally validated
models. Clinicians and researchers now need to adopt these models in general clinical
and research applications, either to improve quality of care, or to improve the prognostic
estimate.
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CHAPTER 4

Abstract

Objective: The International Mission on Prognosis and Analysis of Clinical Trials (IMPACT)
and Corticoid Randomisation After Significant Head injury (CRASH) prognostic models
predict outcome after traumatic brain injury (TBI) but have not been compared in large
datasets. The objective of this is study is to validate externally and compare the IMPACT and
CRASH prognostic models for prediction of outcome after moderate or severe TBI.

Design: External validation study.

Patients: We considered 5 new datasets with a total of 9036 patients, comprising three
randomized trials and two observational series, containing prospectively collected
individual TBI patient data. Measurements: Outcomes were mortality and unfavourable
outcome, based on the Glasgow Outcome Score (GOS) at six months after injury. To assess
performance, we studied the discrimination of the models (by AUCs), and calibration (by
comparison of the mean observed to predicted outcomes and calibration slopes).

Main Results: The highest discrimination was found in the TARN trauma registry (AUCs
between 0.83 and 0.87), and the lowest discrimination in the Pharmos trial (AUCs between
0.65and0.71). Although differencesin predictor effects between development and validation
populations were found (calibration slopes varying between 0.58 and 1.53), the differences
in discrimination were largely explained by differences in case-mix in the validation studies.
Calibration was good, the fraction of observed outcomes generally agreed well with the
mean predicted outcome. No meaningful differences were noted in performance between
the IMPACT and CRASH models. More complex models discriminated slightly better than
simpler variants.

Conclusions: Since both the IMPACT and the CRASH prognostic models show good
generalizability to more recent data, they are valid instruments to quantify prognosis in TBI.
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Introduction

Traumatic brain injury (TBI) remains the main cause of death and disability in young adults
worldwide (1, 2). It is a heterogeneous disease with respect to cause, pathology, severity
and prognosis. This causes considerable uncertainty in the expected outcome of individual
patients. Prognostic models can be used to combine different characteristics of an individual
patient to predict outcome. Reliable outcome predictions can be used to provide realistic
information to relatives, for more efficient design and analysis of clinical trials in TBl and can
provide a reference for assessing the quality of health care delivery (3).

Many prognostic models for TBI have been developed in the past decades, with varying
methodological quality (4, 5). Only two sets of prognostic models were developed on large
datasets and according to the latest methodological insights. These are the models developed
on the International Mission on Prognosis and Analysis of Clinical trials in Traumatic brain
injury database (IMPACT models) and the Corticosteroid Randomisation After Significant
Head Injury trial data (CRASH models) (6, 7).

Prognostic models are mathematical models developed from specific populations.
External validation is necessary to determine the ability of a model to reliably predict
outcome in populations, different from the development setting. Both the IMPACT models
and the CRASH models have been externally validated previously, using each other’s
development datasets, indicating satisfactory generalizability. Nevertheless, a broader
validation and comparison of these models has not yet been performed (8).

In this study we aimed to validate externally the IMPACT and CRASH prognostic models
in five relatively recent datasets and to compare these different models to predict mortality
and unfavourable outcome.

Materials and methods
Models

Details of the development of the prognostic models were reported previously (6, 7). In
summary, the IMPACT models were developed on a dataset with 8509 patients from eleven
studies (i.e., three surveys and eight randomized controlled trials) on moderate and severe TBI
(9). Three different models were developed for the prediction of mortality and unfavourable
outcome (Death, Vegetative State, Severe Disability), based on the dichotomized Glasgow
Outcome Score (GOS) at six months after injury. These included the Core Model, the Extended
Model and the Lab Model (Table 4.1). External validation was performed in patients with
moderate to severe TBI enrolled in the CRASH trial dataset (n=6681).

The CRASH models were developed on the CRASH trial dataset (n=10008) with patients
who sustained mild, moderate and severe TBI, mostly from low and middle-income countries
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(n=7526, 75%) (10, 11). Two different models were developed for both the prediction of
mortality at two weeks after injury and unfavourable outcome at six months, using the
dichotomized GOS. The models included the Basic Model and the more extensive CT Model
(Table 4.1). The IMPACT dataset (n=8509) was used for external validation.

Because the original CRASH models were developed for prediction of outcome in all
TBI severity groups (including mild: GCS scores 13-15) and not all variables of the CRASH
models were available in the validation datasets (see below), we refitted an adapted version
of the CRASH models in a selection of 6681 patients with moderate to severe TBI (GCS <
12), > 14 years of age and with available outcome data. In the refitted models, the total
GCS score was replaced by the GCS motor score. Further, the Marshall CT classification and
the presence of traumatic subarachnoid hemorrhage were included in the refitted CRASH
CT model, instead of the original CT variables (Table 1). New regression coefficients and
intercepts were obtained for both the CRASH Basic and the CRASH CT models for prediction
of mortality at two weeks and unfavourable outcome at six months (Appendix 4.1 and 4.2).

Table 4.1. Variables included in the IMPACT models and adapted CRASH models

IMPACT Models: predicting unfavourable outcome and mortality at six months

Core Model Extended Model Lab Model
Age Core Model variables + Extended Model variables +
GCS motor score CT Classification Glucose
Pupillary reactivity EDH Hemoglobin
tSAH
Hypoxia

Hypotension

CRASH Models: predicting unfavourable outcome at six months and mortality at 14 days

Basic Model CT Model

Age Basic Model variables +
GCS motor score CT Classification
Pupillary reactivity tSAH

Major extracranial injury

IMPACT= International Mission on Prognosis and Analysis of Clinical Trials in TBI; GCS= Glasgow Coma Scale;
CT= computed tomography; EDH= epidural hematoma; tSAH= traumatic subarachnoid hemorrhage; CRASH=
Corticosteroid Randomisation After Significant Head Injury

Datasets for external validation

National Acute Brain Injury Study (NABIS): Hypothermia

The NABIS Hypothermia study (1994-1998) was a multicenter randomized trial performed
in the United States investigating the effect of hypothermia in severe TBI (12). The primary
outcome was the GOS at six months after injury. The trial was terminated after inclusion of
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392 of the planned 500 patients, because an interim analysis showed that the probability
of detecting a treatment effect after expansion to 500 included patients was smaller than
1%. For the validation, we excluded patients younger than 14 years of age or with missing
outcome (n=3), resulting in a dataset of 385 patients.

Cerestat

Cerestat is an unpublished multicenter randomized controlled trial in a combined group
of North American and European centers investigating the effect of Aptiganel HCl, a non-
competitive NMDA (N-methyl-D-aspartate) receptor antagonist, in severe TBI (GCS < 8). In
1996 and 1997, 547 patients were enrolled in the trial. An interim analysis performed at the
end of 1997 resulted in the decision that continuation of the trial was unjustified (13). No
benefit of the study drug was found in TBI patients. As outcome was missing in 30 patients,
a total of 517 were available for validation.

Apolipoprotein E (APOE)

This single-center observational cohort study (1996-1999, Glasgow, Scotland) investigated
the hypothesis that the possession of the APOE e4 allele is associated with a poor outcome
after TBI (14). In total, 1094 patients were enrolled, of whom 513 (54%) had a mild TBI (GCS
13-15). The outcome was the GOS at six months after injury. No overall association between
the APOE genotype and outcome was found. To be consistent, we excluded patients with
GCS > 12 and age < 14, resulting in a dataset with 404 patients.

Pharmos

The Pharmos Dexanabinol study (2001-2004) was a randomized multicenter, placebo-
controlled, phase lll trial investigating the safety and efficacy of dexanabinol in patients with
severe TBI carried out in Europe, Australia and the United States (15). The study enrolled
861 subjects. The study publication reported dexanabinol to be safe but not efficacious in
the treatment of TBI. Because of missing 6-month outcome, five patients were excluded
from our analyses, resulting in a dataset of 856 patients.

Trauma Audit and Research Network (TARN)

The Trauma Audit and Registry Network (TARN) is a hospital-based trauma registry in
England and Wales including all patients with trauma resulting in immediate admission to
hospital for three days or longer or death. The outcome measure is in-hospital mortality. For
the validation, we selected patients > 14 years of age enrolled between 2001 and 2009 with
moderate or severe TBI (GCS < 12), defined as having an Abbreviated Injury Scale Head of 3
or higher, which was not resulting from scalp laceration, avulsion or penetrating brain injury,
with outcome data available, resulting in a dataset of 6874 patients.
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Data analysis

The IMPACT and CRASH models (table 4.1) were validated in these five validation datasets,
all originated from high income countries (Europe, North-America and Australia). Some
models could not be applied to all datasets, because not all required predictor or outcome
variables were available. Coding of the different predictors in the validation datasets was
according to the IMPACT predictor coding as described previously (9). Data on age and GCS
motor score, pupillary reactivity, hypoxia and hypotension were available for all validation
datasets.

However, in TARN data on pupils were only collected in the latter years of inclusion,
resulting in a large number of missing values with only 693 pupils available for 6874 patients,
10%. Missing values occurred for several other predictors, mainly because some predictors
were not collected in all studies. Table 4.2 includes information on the total number of patients
included in the dataset and on the availability of the parameters of interest in these datasets.
In TARN, some CT data were available (EDH and tSAH), but the Marshall CT Classification was
not scored directly, and therefore derived with an algorithm using the AIS as a basis (16).
Missing values were assumed to be missing at random and were statistically imputed. For the
imputation procedure, the aregimpute function in R software was used (17).

To quantify differences in the distribution of patient characteristics between the different
studies, we calculated a summary measure of heterogeneity. This measure is defined as the
standard deviation (SD) of the linear predictor (LP) values of a logistic regression model,
with mortality as the outcome variable and age, GCS motor score and pupillary reactivity as
predictor variables. The LP value is directly related to the predicted probability of mortality.

In a relatively homogeneous population the predicted probabilities - and thus LP values
- for all patients will be relatively close together, with a small SD. In a more heterogeneous
population, the LPs will be more dispersed and the SD is larger.

Model performance

We assessed the performance of the models in the new datasets in terms of discrimination
and calibration. Discrimination describes how well a model distinguishes between patients
with and without the outcome of interest. Calibration indicates how closely predicted
outcomes match observed outcomes.

To assess discrimination, we calculated the area under the receiver operating
characteristic curve (AUC). An AUC of 1 implies perfect discrimination, whereas an AUC
of 0.5 implies that a model’s discrimination is no better than chance. Discrimination in an
external validation setting can be influenced in several ways. The predictor effects in the
model can be different, resulting in an invalid model. But differences in the distribution
of patient characteristics (“case-mix”) between the development and validation data may
also influence discriminative power of the model. In a population with a prognostically
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homogeneous case-mix, it will be more difficult to distinguish between patients with a good
or poor outcome with, than in a heterogeneous population. For example, in an observational
study with broad inclusion criteria, discrimination of a model will be better than in a strictly
selected trial population.

To take these effects into account, we calculated two recently proposed benchmark values
for the AUC: the case-mix-corrected and the refitted AUC (18). The case-mix-corrected AUC
indicates the discriminative power of a model, under the assumption that the predictor
effects are fully correct for the validation population. It was calculated by simulating new
outcome values for all patients in the validation dataset, based on the predicted risks for
each patient calculated by the prognostic model. We performed 1000 repetitions to obtain
stable estimates. The refitted AUC indicates the discriminative power that can be obtained by
refitting the model in the validation dataset, resulting in new, optimal predictor effects. This
resulted in an upper bound for the discriminative power, which would be found if the predictor
effects in the validation dataset were exactly the same as in the development population.

To assess calibration, we plotted observed versus predicted outcome. We assessed
calibration-in-the-large by fitting a logistic regression model with the model predictions as
an offset variable. The intercept indicates whether predictions are systematically too low or
too high, and should ideally be zero. The calibration slope reflects the average effects of the
predictors in the model and was estimated in a logistic regression model with the logit of the
model predictions as the only predictor. For a perfect model, the slope is equal to 1.

The current study is part of the IMPACT project that was exempt from institutional
review board approval. The analyses were performed using SPSS Statistics (Version 17.0.2,
IBM Corporation, Somers, NY, USA) and the R software environment (Version 2.7.1, The R
Foundation for Statistical Computing, Vienna, Austria) with the Design and Hmisc packages.

Results

Datasets

The observational series included a more heterogeneous case-mix than the trial populations
(table 4.2). This was illustrated by the summary measure for heterogeneity: the strictly
selected trial populations had a lower value (e.g., Pharmos: 0.58) than the observational
series (e.g., TARN: 1.75).

The distributions of the Glasgow Outcome Scale score for both the IMPACT and CRASH
development datasets were U-shaped (figure 4.1). In NABIS, APOE and Pharmos, the U-shaped
outcome distribution had largely disappeared because a higher proportion of patients had
severe disability: 26% in both NABIS and APOE and 29% in Pharmos, compared to 16% in
IMPACT and 15% in CRASH. This resulted in a greater proportion of patients with unfavourable
outcome. In IMPACT and CRASH the proportions of unfavourable outcome were 48% and 47%
respectively, while in NABIS this was 56%, in APOE 53% and in Pharmos 51%.
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Figure 4.1. A: Six-month Glasgow Outcome Scale in development (IMPACT and CRASH) and validation
datasets (NABIS Hypothermia, Cerestat, APOE and Pharmos). B: In-hospital mortality in the TARN

traumatic brain injury registry.
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Model performance

Discrimination

Discrimination of the different models varied between the datasets (table 4.3). For
prediction of mortality, AUCs varied between 0.65 and 0.83 for the IMPACT Core model and
between 0.66 and 0.85 for the CRASH Basic model. For prediction of unfavourable outcome,
AUCs between 0.66 and 0.76 were found for the IMPACT Core model and between 0.68
and 0.76 for the CRASH Basic model. Discrimination improved for both the IMPACT and
CRASH models with increasing complexity of the models. Discrimination was better in the
observational datasets (TARN and APOE) than in the trials, which was largely explained by a
more heterogeneous case-mix, compared to the development population (small difference
between development AUC and case-mix-corrected AUC, table 4.3). When the model was
refitted in the validation data, the performance was similar to the performance of the
externally validated original model (small difference between external validation AUC and
refitted AUC).

Calibration
The calibration slope and intercept values of the validation datasets and models are
summarized in table 4.3.

In Pharmos, the calibration plots indicated some degree of miscalibration (figure 4.2A and
4.2B). This was also expressed in the calibration slopes, indicating differences in predictor
effects between the development and validation populations. For the IMPACT Core model
the slopes were 0.733 for mortality and 0.634 for unfavourable outcome. The CRASH Basic
model showed calibration slopes of 0.641 (mortality) and 0.645 (unfavourable outcome).
In TARN (figure 4.3), miscalibration was less apparent in the calibration plots. Calibration
slopes were 1.318 (IMPACT Core model) and 1.375 (CRASH Basic model).

With regard to calibration-in-the-large, in Pharmos, an intercept of -0.774 was found for
mortality prediction with the IMPACT Core model, indicating that the model’s predictions
were moderately higher than the observed mortality. However, prediction of unfavourable
outcome with the IMPACT Core model showed an intercept of 0.286, indicating mild
underestimation of the outcome by the model. A similar pattern was observed for the
CRASH Basic model. In TARN, the IMPACT Core model gave an intercept of 0.124 and the
CRASH Basic model of 0.110 for prediction of mortality.
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Table 4.3. Performance of the IMPACT Core and CRASH Basic models for prediction of mortality and
unfavourable outcome after traumatic brain injury in five new datasets.

Mortality Unfavourable outcome
studies IMPACT CRASH IMPACT CRASH
Core Basic Core Basic
Development AUC 0.766 0.776 0.779 0.784
AUC (external validation) 0.702 0.693 0.728 0.736
Slope 0.838 0.670 0.890 0.804
:\:S;ISSS) Intercept -0.403 -0.652 0.424 0.040
AUC (case-mix-corrected) 0.740 0.771 0.754 0.781
AUC (refitted) 0.724 0.709 0.751 0.749
AUC (external validation) 0.746 0.736 0.712 0.755
Slope 1.047 0.889 0.815 0.947
(c::git;)t Intercept 0222 -0.651 0357 -0.725
AUC (case-mix-corrected) 0.723 0.738 0.751 0.758
AUC (refitted) 0.776 0.768 0.773 0.769
AUC (external validation) 0.806 NA 0.758 NA
Slope 1.534 NA 1.154 NA
::’:(254) Intercept -0.006 NA 0.144 NA
AUC (case-mix-corrected) 0.728 NA 0.736 NA
AUC (refitted) 0.810 NA 0.769 NA
AUC (external validation) 0.650 0.655 0.656 0.677
Slope 0.733 0.641 0.634 0.645
:’::;2;‘)’5 Intercept 0774  -1.005 0.286 -0.014
AUC (case-mix-corrected) 0.702 0.721 0.728 0.741
AUC (refitted) 0.658 0.664 0.663 0.682
AUC (external validation) 0.832 0.848 NA NA
Slope 1.318 1.375 NA NA
{:::;;;I Intercept 0.124 0.110 NA NA
AUC (case-mix-corrected) 0.781 0.784 NA NA
AUC (refitted) 0.842 0.857 NA NA
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Figure 4.2. A: Calibration plots for external
validation of the IMPACT and CRASH models for
prediction of 6-month unfavorable outcome in
the Pharmos trial data. Predicted probabilities
are on the x-axis and observed outcomes on
the y-axis. The triangles indicate the observed
frequencies by quantiles of predicted probability
with 95% confidence intervals (vertical lines).
The distribution of the predicted probabilities is
shown at the bottom of the graphs, separate for
those with and without the outcome of interest.
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Sensitivity analysis

Because of the high proportion of patients with missing data on pupillary reactivity in the
TARN data, we also performed the validation in TARN patients with available data on pupillary
reactivity (n=693). Compared to the validation with the imputed dataset, the results were
very similar for both the IMPACT Models (Core: AUC=0.836, Slope=1.398, Intercept=1081;
Extended: AUC=0.864, Slope=1.458, Intercept=0.621) and the CRASH Models (Basic:
AUC=0.850, Slope=1.333, Intercept=-0.006; CT: AUC=0.863, Slope=1.330, Intercept=-0.031).
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Discussion

We confirmed the external validity of the IMPACT and CRASH prognostic models for
prediction of outcome after moderate and severe TBI in five new datasets. Importantly,
these datasets included both observational studies and clinical trials, thus permitting
conclusions on generalizability. The predictive performance of the IMPACT and CRASH
models was largely similar. Discrimination of the models varied between the different
validation populations (clinical trials vs. observational studies). Overall, the more complex
models performed better than the more simple models.

On average, performance measures did not substantially differ from those obtained in
the development populations. Although developed on 6-month mortality or unfavourable
outcome, the models also demonstrated good performance when predicting in-hospital
mortality in the TARN registry.

These conclusions support the validity of these instruments to quantify prognostic risk in
moderate and severe TBI.

Performance and generalizability of models

The CRASH and IMPACT prognostic models have been developed using state of the art
approaches on large datasets, and were externally validated reciprocally. They therefore
meet methodological quality standards (17). The IMPACT models have however been
criticized for having in part been developed on older datasets, and the CRASH models for
having been developed exclusively on data from a clinical trial — albeit one with broad
enrollment criteria. Establishing their validity for current practice and their generalizability to
other settings is therefore important. Panczykowski et al reported good performance of the
IMPACT models (AUC: 0.76-0.83) at validation on an unselected series of 587 patients with
severe TBIl admitted to a single level | trauma center (19). Honeybul et al applied the CRASH
model to a selection 147 of 1786 TBI patients who underwent a decompressive craniectomy,
to predict outcome at 18 months after injury (20). The authors noted an overestimation of
the predicted risk of unfavourable outcome, predominantly when the predicted risk was <
80%. To our knowledge, no other validation studies on the IMPACT and CRASH models have
been performed.

Assessing performance — and its interpretation — is a complex procedure, involving
multiple levels. Many factors other than those directly related to the model itself may
influence the performance of a model. These include changing epidemiology, trauma
organization, different treatment policies, but also changes in approaches to outcome
assessment. Such external factors could influence the validity of the predictor effects
(regression coefficients) and the distribution of the predictor values in the new population
(case-mix).
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We observed clear effects of the case-mix on discrimination: higher AUCs were found in the
observational series (TARN and APOE) compared to the RCTs. These higher AUCs reflect the
less restrictive enrollment criteria: the greater the heterogeneity, the better the models can
distinguish patients with very low or very high predictions. We therefore strongly discourage
the indiscriminate comparisons of reported AUCs between different studies without taking
the case-mix of the development and validation population into consideration. Use of the
case-mix corrected AUC as proposed by Vergouwe et al would appear more appropriate, as
illustrated by the decrease in AUC observed in the observational series versus the increase
observed in the RCTs when calculating the case-mix-corrected AUC (table 4.3) (18).

With regard to calibration, we did observe some indication for differences in predictor
effects between the development and validation datasets. Particularly noteworthy is
the discrepancy in the calibration slopes for the Pharmos and NABIS trials: the observed
mortality is lower than predicted, whilst the number of patients with an unfavorable
outcome is substantially higher than predicted. This discrepancy could be explained by a
greater number of patients with Severe Disability than expected. Although some difference
in predictor effects may be present, we consider the different outcome distribution (figure
4.1) a more likely explanation. The main question then becomes what may have caused
this change. It may be that approaches to outcome assessment, and in particular to the
assignment of outcome categories, have changed. Pharmos and NABIS used the structured
interview as a means to better standardize outcome assignment and in the Pharmos trial
a central review of outcome assignments was performed (21). Wilson et al reported that
central assignments were generally worse, causing a shift towards more severe disability
(22). Our findings indicate that changes in the approach to assessment of the GOS, may
influence both outcome distribution and predictor effects. Clarification of this issue is
considered essential and requires a dedicated prospective study. The need for such a study
is becoming more pertinent following the recent proposals by Lu et al for yet another new
approach to assessing the extended GOS (23).

IMPACT or CRASH models?

We have often been asked the question which model should be preferred: CRASH or IMPACT?
The current validation studies do not indicate any clear preference. Both models
demonstrated comparable performance on external validation. A difference between the
IMPACT and CRASH models is the inclusion of major extracranial injury (MEI) as a predictor
in the CRASH models. We, however, found that the added prognostic effect of MEI in our
validation series was negligible (results not shown), which may have resulted from the case-
mix of the validation datasets. In a recent meta-analysis of IMPACT, CRASH and TARN data,
we found an interaction between MEI and the clinical severity: only small effects of MEI
were noted in patients with severe TBI, whilst in mild TBI, the presence of extracranial injury
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had a strong prognostic effect (24). Perhaps the most appropriate answer to the question
which model should be preferred is to consider the setting and case-mix of the population
under study. The IMPACT models were developed on patients with moderate and severe
TBI, mostly from high-income countries. The development population for the CRASH models
included also patients with mild TBI and a substantial number of patients from low and
middle-income countries. Consequently, a preference may be expressed for the CRASH
models when the population under study includes patients with mild TBI or patients from
low and middle-income countries.

Limitations

Our study has some limitations. First, due to differences in recorded predictor and outcome
variables, it was not possible to validate the original CRASH models. As described above,
we refitted the CRASH models in a selection of the CRASH trial data (GCS < 12) with a
different definition of the CT variables and the GCS motor score instead of the full GCS
score. This resulted in an adapted version of the CRASH models, making them more similar
to the IMPACT models. Nevertheless, some aspects of the adapted CRASH models were still
substantially different from the IMPACT models. These differences included the inclusion
of the presence of major extracranial injury as a predictor in the CRASH models and the
inclusion of second insults (hypoxia and hypotension) as predictors to the IMPACT Extended
and Lab models. Further, the adapted CRASH models were developed to predict early (14-
day) mortality and the IMPACT models late (6-month) mortality.

It was not possible to validate all models to all new datasets, since not all required
predictor and outcome variables were recorded for each dataset. In TARN, the 6-month GOS
was not recorded as an outcome measure and only the models predicting mortality were
validated on these data. Although the outcome measure was in-hospital mortality, instead
of 14-day or 6-month mortality, both IMPACT and CRASH models performed well.

In TARN, actual CT data were not available, but derived from extensive coding of the
Abbreviated Injury Score (AlS) according to an algorithm proposed by Lesko et al. (16). The
AIS codes were, however, not only based on data of imaging studies on admission, but also
upon information of later imaging studies (CT and MRI), as well as findings during surgery.
Servadei et al have previously demonstrated that the “worst” CT may demonstrate more
abnormalities than the admission CT (25).

A further limitation was the high proportion of missing values on pupillary reactivity in
the TARN dataset (90%). Since it would be a waste of information to exclude all patients with
missing pupils (6181 patients with a total of 49496 data points), we decided to include these
patients for the validation and to statistically impute the missing values with an imputation
model. Both theoretical and empirical support is growing for the use of such imputation
methods, instead of traditional complete case analyses (17). As a sensitivity analysis, we also
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performed the validation in a complete case dataset of TARN, which showed very similar
results, supporting the validity of the approaches taken. The lack of availability of some
important predictors in some datasets and missing data in others illustrates the paramount
importance of standardization of data collection and coding of variables as proposed in the
common data elements initiative (26).

Conclusions

This external validation study confirms the validity of both the IMPACT and CRASH models
in more recent datasets, with best performance in more heterogeneous observational
series. Model performance improved slightly with increasing complexity of the models,
but most information is captured in three key predictors: age, GCS motor score, and
pupillary reactivity. No relevant difference in performance was found between the IMPACT
and the CRASH models. These findings confirm generalizability of the models in new data
and support the use of the models for a wide a range of applications. These include the
classification of future TBI patient populations (especially exploiting the discriminative
ability of the models) and calculation of the baseline prognostic risk of individual patients
(requiring good calibration of the models).

It may be expected that the effects of treatment and health care organization on outcome
of individual patients change over time. This underlines the necessity of re-validation
of these prognostic models in the future, to re-confirm generalizability or to update the
models on more recent patient populations. This should become a continuing process, and
highlights the need for a prospective high quality observational study.
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Appendices

Appendix 4.1. Logistic regression coefficients and intercepts of the validated IMPACT models.

Intercept

Age

GCS motor=1
GCS motor=2
GCS motor=3
GCS motor=4
GCS motor=5/6
GCS motor=NA
Pupils=1
Pupils=2
Pupils=3

CT Class=1

CT Class=2

CT Class=3/4
CT Class=5/6
tSAH

EDH

Hypoxia
Hypotension
Glucose (mmol/L)

Hemoglobin (g/dL)

80

Core
-3.109
0.0342
1.447
1.397
0.797
0.390
Ref
0.522
Ref
0.514
1.239

6-month Mortality

Extended
-3.787
0.0321
1.205
1.207
0.746
0.313
Ref
0.425
Ref
0.334
0.970
Ref
-0.298
0.774
0.651
0.606
0.379
0.237
0.667

Lab
-3.184
0.0204
0.965
1.109
0.778
0.310
Ref
0.462
Ref
0.090
0.533
Ref
-0.150
0.715
0.807
0.740
-0.510
0.360
0.366
-0.086
0.097

6-month Unfavourable Outcome

Core
-2.644
0.0376
1.393
2.078
1.266
0.632
Ref
0.885
Ref
0.592
1.216

Extended

-3.023
0.0332
1.218
1.852
1.185
0.575
Ref
0.837
Ref
0.442
1.003
Ref
-0.530
0.543
0.497
0.567
-0.572
0.316
0.614

Lab
-2.470
0.0288
1.105
1.801
1.186
0.548
Ref
0.059
Ref
0.201
0.712
Ref
-0.567
0.508
0.571
0.666
-0.687
0.396
0.440
-0.092
0.085
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Appendix 4.2. Logistic regression coefficients and intercepts of the validated CRASH models. These
values resulted from refitting the models in a selection of the original CRASH trial data (GCS < 12, age
> 14, non-missing 6-mo outcome, n=6681). Missing values for the variables pupils, MEI, CT class and

tSAH were imputed.

Intercept
Age*

GCS motor=1
GCS motor=2
GCS motor=3
GCS motor=4
GCS motor=5/6
Pupils=1
Pupils=2
Pupils=3

MEI

CT Class=1
CT Class=2
CT Class=3/4
CT Class=5/6
tSAH

14-day Mortality

Basic
-2.19
0.0399
0.940
1.678
1.112
0.560
Ref
Ref
0.872
1.737
0.210

cT
-3.595
0.0392
0.937
1.472
1.028
0.500
Ref
Ref
0.695
1.576
0.209
Ref
0.996
1.849
1.661
0.362

6-month Unfavourable Outcome

Basic
-1.356
0.0614
1.103
2.051
1.230
0.681
Ref
Ref
0.971
1.717
0.459

cT
-2.33
0.0604
1.123
1.872
1.180
0.645
Ref
Ref
0.794
1.550
0.467
Ref
0.724
1.221
1.264
0.324

GCS=Glasgow Coma Scale; MEI=major extracranial injury; CT Class=Marshall CT Classification; tSAH=traumatic

subarachnoid hemorrhage

pupils=1: both pupils reactive; pupils=2: one pupil reactive; pupils=3: no pupil reactive

* The effect of age was modelled in the same way as in the original CRASH models: no association < 40 years, a

linear association > 40 years
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CHAPTER 5

Abstract

Prognostic models for outcome prediction in patients with traumatic brain injury (TBI) are
important instruments in both clinical practice and research. To remain current a continuous
process of model validation is necessary. We aimed to investigate the performance of the
International Mission on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) prognostic
models in predicting mortality in a contemporary New York State TBI registry developed and
maintained by the Brain Trauma Foundation. The Brain Trauma Foundation (BTF) TBI-trac®
database contains data on 3125 patients who sustained severe TBI (GCS <8) in New York
State between 2000 and 2009. Outcome measure was 14-day mortality. To predict 14-day
mortality with admission data, we adapted the IMPACT Core and Extended models.
Performance of the models was assessed by determining calibration (agreement between
observed and predicted outcomes) and discrimination (separation of those patients who
die from those who survive). Calibration was explored graphically with calibration plots.
Discrimination was expressed by the area under the Receiver Operating Characteristic (ROC)
curve (AUC). A total of 2513 out of 3125 patients in the BTF database met the inclusion
criteria. The 14-day mortality rate was 23%. The models showed excellent calibration. Mean
predicted probabilities were 20% for the Core model and 24% for the Extended model.
Both models showed good discrimination with AUCs of 0.79 (Core) and 0.83 (Extended).
We conclude that the IMPACT models validly predict 14-day mortality in the BTF database,
confirming generalizability of these models for outcome prediction in TBI patients.
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Introduction

Traumatic brain injury (TBI) is a heterogeneous disease in terms of injury mechanism,
pathology, severity and prognosis (1, 2). Outcome prediction is relevant for both clinical
practice and research (3). In clinical practice, evidence-based prediction of individual
patients’ outcome is important for realistic counseling of patients and relatives. In research,
predictions may be used to compare actual outcome to predicted outcome for benchmarking
quality of care, for classification, to identify best practices in comparative effectiveness
research or as instruments to adjust for heterogeneity in prognostic risk in clinical trials.

In 2000, the Brain Trauma Foundation (BTF) initiated a quality improvement program
in New York State to track the treatment of severe TBI patients (Glasgow Coma Scale [GCS]
score < 9) which expanded to involve 22 of the 46 state designated level 1, 2 and 3 trauma
centers. The program was funded through the New York State Department of Health Bureau
of Emergency Medical Services and has a database (TBI-trac®) containing prospective data
on currently more than 3000 patients. The project was designed to assess and implement
adoption of the evidence-based Guidelines for the Management of Severe TBI (4-6), but the
data also offer opportunities for further quality of care research, outcomes research and
comparative effectiveness research. Each of these requires valid predictions of outcome for
individual patients.

Outcome predictions require a good prognostic model. Methodological requirements to
develop a valid prognostic model include sufficiently large patient samples, and internal and
external validation (7). In TBI, many prognostic models have been published, but only few
fulfill these requirements (8, 9), resulting in limited generalizability beyond the development
sample.

The aim of this study was to establish the validity of an existing model to predict 14-
day mortality in the TBI-trac® database. The model we used was the International Mission
on Prognosis and Analysis of Clinical Trials in TBI (IMPACT) model, which was developed
to predict 6-month mortality and unfavorable outcome, and already showed good
performance in an external validation set (10). For the present study, the IMPACT model
was modified to predict 14-day mortality and applied to the TBI-trac® database.

Materials and methods

Study population

The BTF TBI-trac® database contains prospectively collected data of patients who sustained
asevere TBI (GCS < 8). Patients were included between 2000 and 2009 in 22 trauma centers
(twentylevel 1and twolevel 2 designations) enrolledin a New York State qualityimprovement
program. The database includes information on mechanism of injury, demographics (age,
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sex, race), injury severity (GCS, pupillary reactivity) and brain CT characteristics. Data were
also collected from the patient)s stay in the intensive care unit on physiologic variables,
the presence of secondary insults (hypotension and hypoxia and cerebral hypoperfusion)
and any therapies to reduce elevated intracranial pressure (ICP). Outcome is assessed at
two weeks after injury. For our analyses, we used data recorded after resuscitation on the
first day of admission to the hospital. Patients were considered hypoxic when the arterial
oxygen pressure on day 1 was less than 60 mmHg or when the lowest oxygen saturation
before admission to the hospital was less than 90%. If the patient was sedated during GCS
assessment, the variable GCS was recoded into ‘untestable’. We excluded patients who died
in the emergency department, who had a GCS motor score of 1 or 2 with bilateral fixed and
dilated pupils on admission, with GCS > 9 on day 1, GCS motor score of 6 on day 1, age < 14
years, penetrating TBI and missing 14-day outcome.

Models

The IMPACT models were developed in the IMPACT database, which included prospectively
collected data of moderate and severe TBI patients from eight randomized controlled trials
and three observational series (total n=8509). Details on the development and validation of
the IMPACT prognostic models have been described previously (10). The IMPACT Core Model
includes the predictors age, GCS motor score and pupillary reactivity. The Extended Model
added variables on secondary insults (hypoxia and hypotension) and CT scan characteristics
(Marshall CT classification, traumatic subarachnoid hemorrhage and epidural hematoma).

Both models were developed for prediction of mortality and unfavorable outcome at 6
months, according to the dichotomized Glasgow Outcome Scale (Dead, Vegetative State and
Severe Disability).

The IMPACT predictors present in the TBI-trac® data were age, GCS motor score,
pupillary reactivity, hypoxia, hypotension and traumatic subarachnoid hemorrhage. The
Marshall CT classification and epidural hematoma were not recorded in the TBI-trac® data
and were replaced by the status of basal cisterns and the presence of midline shift as CT
parameters. We therefore refitted the IMPACT models in the IMPACT database to obtain
new coefficients and intercepts for prediction of 14-day mortality:

Core model: logodds(14-day mortality)= BO+B1*age+B2*GCS motor
score + B3*pupillary reactivity

Extended model: logodds(14-day mortality)= BO+B1*age + B2*GCS motor
score + B3*pupillary reactivity + B4*hypoxia + B5*hypotension +
B6*midline shift + B7*cisterns + B8*subarachnoid hemorrhage
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Calibration and discrimination

The external validity of the models was assessed by studying calibration and discrimination.
Calibration refers to the agreement between observed and predicted outcomes. The extent
of over- or underestimation relative to the observed and predicted rate was explored
graphically using validation plots. We assessed calibration-in-the-large by fitting a logistic
regression model with the model predictions as an offset variable. The intercept indicates
whether predictions are systematically too low or too high, and should ideally be zero.

The calibration slope reflects the average effects of the predictors in the model and was
estimated in a logistic regression model with the logit of the model predictions as the only
predictor. For a perfect model, the slope is equal to 1.

The Area Under the receiver operating characteristic Curve (AUC) and 95% confidence
interval (Cl) was used to assess the ability of the model to discriminate between death and
survival. The 95% Cl of AUC was calculated by a bootstrap resampling method.

Statistical analysis

Missing values in the BTF dataset were statistically imputed using single imputation with the
Areglmpute function in R statistical software (R Foundation, Vienna, Austria). In the dataset
with eight independent variables and one outcome variable per patient, 832 of the 20,104
data points (4%) were missing and imputed. The highest percentage of missings was in the
variables hypoxia and status of basal cisterns. All the analyses were done in both IMPACT
and BTF TBI-trac® databases. Patients’ baseline characteristics were described as standard
summary statistics: median (range) for continuous variables and frequency (percentage)
for categorical variables. Univariate and multivariable logistic regressions were performed
in both the imputed data and the complete cases and associations were expressed as odds
ratios and 95% Cls. Since the means and standard deviations as well as the prognostic effects
and the results of the validation were very similar, we report only odds ratios and 95% ClI
from the imputed data. The calibration plots were created with an adapted version of the
val.prob function from the Design library in the R package.

Results

Study population

The BTF TBI-trac® dataset contained data on 3125 severe TBI patients. Patients were
excluded if they had a GCS score greater than or equal to nine on day one (152 patients),
or a GCS motor score of six on day one (23 patients), since they did not meet the definition
of severe TBI. Patients younger than 14 years of age (215 patients), with penetrating or
gunshot TBI (132 patients) were excluded, since these were exclusion criteria of the IMPACT
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study. Finally, patients who had a GCS motor score of 1 or 2 and bilateral fixed and dilated
pupils on admission or died in the emergency department (43 patients), without daily record
(7 patients) or 14-day outcome assessment (40 patients) were excluded. After exclusion
criteria were applied, a total of 2513 patients were eligible for the validation.

In both the IMPACT database as the TBI-trac® database (over a 10 year period), 23% of
the patients had died 14 days after injury. The patients in the TBI-trac® dataset were older
(median 35 vs. 30 years), more often had an untestable GCS motor score (15% vs. 5%) and
less often had two unreactive pupils (9% vs. 25%). Only 6.7% of the patients in the TBI-trac®
data had hypoxia, while this was 20% in the IMPACT data. The percentage of patients with
hypotension and the various CT characteristics were similar (table 5.1).

Table 5.1. Baseline characteristics of patients in the IMPACT database and in the BTF TBI-trac® database

Characteristics Measure or Category IMPACT Database BTF Database
n=8428 n=2513
Age, years Median (25-75 percentile) 30 (21-45) 35 (22-52)
Motor score of GCS Total 8428 (100%) 2513 (100%)
None (1) 1381 (16%) 709 (28%)
Extension (2) 1028 (12%) 147 (6%)
Abnormal flexion (3) 1078 (13%) 191 (8%)
Normal flexion (4) 1926 (23%) 537 (21%)
Localizes/obeys (5/6) 2567 (30%) 540 (21%)
Untestable / missing (9) 448 (5%) 389 (15%)
Pupillary reactivity Total 7051 (84%) 2492 (99%)
Both pupils reactive 4442 (63%) 1789 (72%)
One pupil reactive 876 (12%) 479 (19%)
No pupil reactive 1733 (25%) 224 (9%)
n=6918 n=2513
Hypoxia Total 5375 (78%) 2255 (90%)
Yes or suspected 1087 (20%) 151 (7%)
Hypotension Total 6342 (92%) 2513 (100%)
Yes or suspected 1152 (19%) 505 (20%)
Basal cisterns Total 3833 (55%) 2266 (90%)
Partially compressed or absent 1653 (53%) 985 (43%)
Midline shift Total 4676 (68%) 2365 (94%)
Yes 1866 (40%) 797 (34%)
Traumatic subarachnoid ~ Total 5813 (84%) 2355 (94%)
hemorrhage Yes 2652 (46%) 1096 (47%)
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Prognostic effects

Overall, the prognostic effects were very similar in the IMPACT and the TBI-trac® data (table
5.2). The largest difference was in the odds ratios (OR) for no reactive pupils (univariate
OR=6.5 (95% ClI: 5.8-7.4) in IMPACT and 18.4 (95% Cl: 13.2-25.6) in TBI trac®). In the Core
Model from both datasets, older age, poor GCS motor score and unreactive pupils were
highly predictive for 14-day mortality. In addition, hypoxia, hypotension, compressed or
absent basal cisterns, midline shift and traumatic subarachnoid hemorrhage were significant
predictors of 14-day mortality from Extended Model in both datasets.

Model performance

The AUCs of the refitted models in the IMPACT data were 0.763 for the Core model and
0.806 for the Extended model (table 5.3). In the validation sample the models discriminated
even better between patients who had died within 14 days and those who were alive. AUCs
were 0.787 (95% Cl: 0.765 - 0.809) for the Core model and 0.827 (95% Cl: 0.805 - 0.845)
for the Extended model. Also the calibration of the models was good (figure 5.1). The Core
Model predicted 20% 14-day mortality and the Extended Model 24%, while observed 14-
day mortality was 23%. The calibration slopes were 1.239 for the Core Model and 1.121
for the Extended Model, indicating the prognostic effects were stronger in the validation
sample.

The models were also tested in the non-imputed dataset, which showed similar values for
the performance measures. The Core Model (n=2492) had an AUC of 0.787 and calibration
slope of 1.24. For the Extended Model (n=1976) the AUC was 0.833 and the calibration slope
1.17.

Table 5.3. Discrimination (Area Under the Curve (95% Confidence Interval)) in the development
(IMPACT; n=8428 (Core) and n=6918 (Extended)) and validation (BTF TBI-trac®; n=2513) data

Core model Extended model
Development 0.763 (0.750-0.775) 0.806 (0.794-0.817)
External validation 0.787 (0.765-0.809) 0.827 (0.805-0.845)

Core model:
logodds (14-day mortality) = -3.342 + 0.027*(age) + 1.154*(GCS motor=1) + 1.089*(GCS motor=2) + 0.642*(GCS
motor=3) + 0.225*(GCS motor=4) + 0.707*(GCS motor=9) + 0.780*(pupils=2) + 1.567*(pupils=3)

Extended model:

logodds (14-day mortality) = -3.957 + 0.022*(age) + 0.990*(GCS motor=1) + 0.861*(GCS motor=2) + 0.522*(GCS
motor=3) + 0.166*(GCS motor=4) + 0.424*(GCS motor=9) + 0.625*(pupils=2) + 1.488*(pupils=3) + 0.282*(hypoxia)
+0.752*(hypotension) + 0.618*(obliterated cisterns) + 0.226*(midline shift) + 0.749*(TSAH)
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Figure 5.1. Calibration plots of the Core and Extended IMPACT models in BTF TBI-trac® data

Discussion

The relevance of prognostic modelling in TBI is being increasingly recognised (3). This has
resulted in the development of various prognostic models. Many of these however have
shown methodological shortcomings, in particular overfitting due to incorrect approaches
to predictor selection and lack of internal and external validation (8, 9). The IMPACT models
were developed on large data sets with state-of-the-art methodology, including external
validation (10). The development phase thus meets quality standards for model development
(7). The need for validation however does not end with the development phase: in general,
prognostic models should be submitted to a continuing process of validation and, where
appropriate, updating in order to remain current. In this study, we validated the IMPACT
prognostic models in the contemporary data set of the BTF TBI-trac® New York State TBI
registry. On this validation the models showed high discrimination and good calibration.

These results confirm generalizability, and further demonstrate the validity of their use
for current data.

In this validation study the IMPACT models were refitted, as CT parameters were scored
differently in the BTF TBI-trac® database and the outcome in this observational study was
14-day mortality rather than 6-month outcome. In this case, refitting was essential due
to the different coding of CT parameters. In general however, the concept of refitting a
prognostic model is a highly relevant issue, in particular for the application of prognostic
models in the design and analysis of clinical trials. The IMPACT studies have shown that
the statistical power of clinical trials can be increased by up to 50% with the combined use
of covariate adjustment and ordinal analysis (11, 12). Both covariate adjustment and the
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use of the sliding dichotomy as an approach to ordinal analysis require robust prognostic
models. Debate exists as to whether these models should be completely pre-specified or
whether the weighting of the variables included in the model may be refitted to the data set
under study. In the latter case a better discrimination and performance of the model on the
new data set may be anticipated. We suggest that such refitting is admissible and perhaps
even preferable. A minimum requirement however is the pre-specification of the variables
included in the model. We note that this approach to refitting is different from what we
did in this study. In the current study the existing IMPACT models were refitted within the
development data set rather than on the new data set under study. As a sensitivity analysis
we additionally tested the existing IMPACT Core model on the BTF TBI trac® database.

Discrimination was very similar: the AUC for the existing Core model was 0.773, compared
to 0.786 for the refitted model. Calibration was less optimal: the intercept was -0.605 for
the existing Core model, compared to 0.037 for the refitted variant. The calibration slopes
were again quite similar: 1.059 for the existing model versus 1.132 for the refitted.

We found greater discriminative ability of the IMPACT models in the validation data set
than previously described in the development data set. This can be explained by the greater
heterogeneity of the validation data set (observational series without restrictive enrolment
criteria) and illustrates that the AUC as measure for discrimination is also influenced by the
case-mix of the validation set (13).

The calibration plots (figure 5.1) for the IMPACT Core model show a small but systematic
underestimation of observed mortality. It is tempting to attribute this to improvements in
treatment over time. However, differences in coding or distribution of variable between
the data sets may offer alternative explanations. We note e.g. a larger number of patients
in the TBI-trac® dataset with an absent motor score (most likely including “false absent”
due to sedation) and a lower number with unreactive pupils? It would seem possible that
this lack of information is compensated for in the extended model by adding details on
CT characteristics, as the fit of the extended IMPACT model is excellent. This excellent fit
is remarkable as the data sets, underpinning the development of the prognostic models,
included series collected between 1984 and 1997 (14). The excellent fit emphasizes the
broad generalizability of the IMPACT models both across time and settings.

Several limitations of our study should be acknowledged. First, the BTF TBI-trac® database
did not contain all variables in a similar coding format as used in the IMPACT prognostic
model. In particular, CT parameters were scored differently. We therefore had to modify
and refit the IMPACT extended models to include these parameters; we consider it however
unlikely that this will have influenced performance. The discrepancy in coding essential
variables emphasizes the necessity for standardization of data collection in TBI studies, as
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recommended in the Common Data Elements initiative (15-19).

Second, 14-day mortality was the outcome measure recorded in the BTF TBI-trac®
database, whilst the IMPACT models were developed versus 6-month mortality and
unfavourable outcome. We therefore refitted the IMPACT models for 14-day mortality in
the development population. As a sensitivity analysis we also applied the original IMPACT
Core model to the BTF TBI-trac® dataset and found no major differences in performance.

This agreement is possibly explained by the fact that the highest proportion of mortality
occurs in the first weeks after the injury. In the CRASH trial investigating the effect of
corticosteroid therapy after TBI for example, 85% of deaths occurred in the first two
weeks (20, 21). The difference in outcome measures between the IMPACT and BTF TBI-
trac® datasets may however be considered more an asset than a limitation, as the good
performance of the models on external validation versus 14-day mortality demonstrates
the broad generalizability of these models across different settings.

Several other studies have also validated the IMPACT models. Panczykowski et al. reported
good performance of the IMPACT models (AUC: 0.76-0.83) at validation on an unselected
series of 587 patients with severe TBI admitted to a single level 1 trauma centre (22).

Roozenbeek et al. externally validated the IMPACT models on 5 new datasets (2
observational studies and 3 clinical trials) also finding good performance with regard to both
discrimination and calibration (23). Poorer performance was however found in validating
the models on one of the most recent phase Ill clinical trials in TBI (dexanabinol study) (24).

In combination with the results of these other validation studies, the current study has
now shown good performance and broad generalizability for the IMPACT models across
broad and widely different settings.

Conclusions

The current validation study on the contemporary BTF TBI-trac® database from New York
State demonstrates that the IMPACT prognostic models for TBI accurately predict 14-day
mortality. In combination with the results of other validation studies, the current study has
proven the generalizability of the IMPACT prognostic models across different settings and
outcome measures.
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CHAPTER 6

Abstract

Substantial heterogeneity exists among patients who suffer from traumatic brain injury
(TBI). Strict enrollment criteria may diminish heterogeneity in randomized controlled trials
(RCTs), but will also decrease recruitment and may affect the outcome distribution. The
aim of this study was to investigate the influences of commonly used enrollment criteria
for RCTs in TBI on potential recruitment and on outcome distribution. We used individual
patient data from the International Mission on Prognosis and Analysis of Clinical Trials in
TBI (IMPACT) database, including six therapeutic phase Ill RCTs (n=5816) and three surveys
(n=2217) in TBI.

The primary outcome was the Glasgow Outcome Scale (GOS) at 6 months after injury,
which we dichotomized as favorable vs. unfavorable. We investigated the influences of
commonly used enrollment criteria on recruitment and outcome distribution: time window
between injury and admission to study hospital < 8h; age at injury < 65 years; > 1 reactive
pupil; motor score > 1; Glasgow Coma Scale < 8. Application of all enrollment criteria resulted
in a large reduction of recruitment in both the surveys (up to 65%) and the RCTs (up to 41%).

Among the remaining patients, fewer had an unfavorable outcome in both the surveys
(original, 60%; remaining, 44%) and the RCTs (original, 43%; remaining, 38%). Applying
these enrollment criteria to patients from the surveys resulted in an outcome distribution
that approximated the outcome observed in the RCTs. The use of strict enrollment criteria
leads to substantial reductions in the recruitment of RCTs in TBI. The outcome in TBI studies
depends strongly on the enrollment criteria.
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Introduction

Traumatic brain injury (TBI) represents a serious health problem worldwide, posing high
costs to society. Much research is undertaken to improve outcome after TBI. Comparing
outcome between different series of TBI patients and demonstrating efficacy of new
approaches in randomized clinical trials (RCTs) is notoriously difficult due to the inherent
heterogeneity of TBI populations (1). Heterogeneity in terms of type and severity of injury,
as well as in terms of prognostic risk, may cause imbalances between treatment groups and
dilute treatment effects.

Imbalances in baseline characteristics between treatment groups have been reported in
some RCTs (2). Such imbalances may be prevented by block randomization (3), stratified
randomization (1, 3, 4), and minimization. We may achieve similar numbers of patients
in each arm of the trial by random allocation in blocks (“block randomization”). Stratified
randomization may be used to ensure that equal numbers will be allocated to each arm
with a characteristic thought to affect prognosis. Furthermore, minimization may be used
to ensure balance between trial arms for several patient factors. The first patient is truly
randomly allocated; for each subsequent patient, the treatment allocation is identified,
which minimizes the imbalance between groups at that time. Approaches for dealing
with the heterogeneity in the analysis phase (e.g., covariate adjustment) have also been
employed in TBI trials (5).

Heterogeneity amongst the population under study may also be reduced by using strict
enrollment criteria. Enrollment criteria aim to select patients that are most likely to benefit
from the studied treatment, both from a mechanistic and prognostic perspective (1, 6,
7). Three main goals are aimed for: (a) exclusion of patients with a very good or very bad
prognosis, because one may expect that these patients will do well without any treatment
or will do poorly no matter what treatment is given; (b) inclusion of patients who are likely
to benefit from the treatment, because of the pathophysiologic background of the injury
and the studied treatment; (c) reaching a distribution of approximately 50% of patients
with a favorable outcome and 50% of patients with an unfavorable outcome in the study
population, to increase statistical power for the detection of a true treatment effect.

Machado et al. (6) have demonstrated that targeting a clinical trial to patients with
an intermediate prognostic risk would permit a potential reduction in sample size of
approximately 30%. The disadvantage of this approach, however, is that it may substantially
reduce recruitment.

The objective of this study is to investigate the influences of common enrollment criteria
on the potential recruitment and on the outcome distribution of RCTs in TBI.
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Methods
Study population

We used individual patient data from the International Mission on Prognosis and Analysis
of Clinical Trials in TBI (IMPACT) database. This database contains data of patients with
moderate (Glasgow Coma Scale [GCS], 9-12) and severe (GCS < 8) TBI from eight RCTs and
three surveys conducted between 1984 and 1996. IMPACT links researchers in Belgium,
the Netherlands, the United Kingdom, and the United States in a project addressing
methodological problems in design and analysis of RCTs in TBI. Details of the different
studies and data management of the IMPACT database have been described previously (8).

The primary outcome measurement was the Glasgow Outcome Scale (GOS) at 6 months
after injury. For our analyses, we dichotomized the GOS into unfavorable (GOS 1-3) versus
favorable outcome (GOS 4-5). We selected patients over 14 years of age at the time of
injury.

The data from two RCTs (HIT-1and SKB) were not used in our analysis, because the numbers
of patients in these studies were too small for the purpose of our study. This resulted in a
cohort of 8033 adults: 2217 patients from surveys and 5816 patients from RCTs.

Selection by enrollment criteria

We investigated the influences of five commonly used enrollment criteria for TBI studies:
time window between injury and admission to study hospital <8h; age at injury <65 years;
<1 reactive pupil; motor score>1; and GCS <8. We further explored the influence of other
cut-off values for time window (< 4, < 6, and < 12 h) and for age (< 55, < 60, and < 70 years).

The enrollment criteria were applied separately and simultaneously. The influence on the
recruitment was studied by comparing the original sample sizes to the new sample sizes
with the investigated enrollment criteria applied. The change in outcome distribution was
studied by comparing unfavorable outcome fractions at 6 months after the injury.

Statistical analysis

Descriptive statistics included medians and percentages. The software used was SPSS,
version 11.0.1 (SPSS Inc., Chicago, IL). Figure 1 was produced with R software version 2.6.0
(The R Foundation, 2007).

Results

The baseline characteristics of the original study population are summarized in table 6.1.
These reflect the effects of the different initial enrollment criteria per study.
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Effects of enrollment criteria on recruitment

Effects of enrollment criteria on recruitment were more pronounced in the surveys than in
the RCTs, since these had less stringent initial enrollment criteria (table 6.1). When each of
the studied criteria was applied separately in the surveys, “‘at least one reactive pupil”’ led to
the largest reduction in recruitment (32%), followed by “time window < 8 h” (20%), ““motor
score >1" (18%), “GCS < 8" (15%), and “age at injury < 65" (12%; table 6.2). In the RCTs, the
reductions were less (table 6.2).

As expected, using shorter time windows led to a greater reduction of recruitment in both
the surveys and the RCTs (table 6.3). In the surveys, the recruitment reduction decreased
gradually with the use of higher maximum ages: 22% (< 55 years); 17% (< 60 years); 12% (<
65 years); and 9% (< 70 years; table 6.4). The RCTs showed less reduction: 10% (< 55 years);
5% (< 60 years); 2% (< 65 years); and 0% (< 70 years; table 6.4).

Application of all five studied enrollment criteria simultaneously led to a mean recruitment
reduction of 65% in the surveys (table 6.2, figure 6.1). In the RCTs, the mean reduction of the
recruitment was 41%.

Table 6.1. Distribution of patient characteristics across three surveys and six RCTs from the IMPACT study

Time window  Age

o) ) Pupillary reactivity Motor score GCS
(1,2) none/extension
median median (1) both pupils pos (3) abnormal flexion median
(interquartile (interquartile (2) one pupil pos (4) normal flexion (interquartile
range) range) (3) both pupils neg (5,6) localizes/obeys range)
(9) untestable/missing
243 (40%)
TCDB 300 (50%) 74 (12%)
(=604) 1.2(.8-3.1) 26 (21 - 40) 55 (9%) 122 (20%) 6(4-8)
249 (41%) 134 (22%)
31 (5%)
198 (25%)
UKa 429 (54%) 37 (5%)
(n=791) 3.5(2.0-8.9) 36 (22 - 55) 115 (15%) 141 (18%) 6(4-8)
247 (31%) 221 (28%)
194 (25%)
230 (28%)
EBIC 527 (64%) 55 (7%)
I 3.7(1.5-8.0) 38 (24-59) 87 (11%) 113 (14%) 7(4-11)
208 (25%) 281 (34%)
143 (17%)
671 (30%)
Total 1256 (57%) 166 (8%)
surveys  2.8(1.2-6.1) 32(22-53) 257 (12%) 376 (17%) 7(4-9)
(n=2217) 704 (32%) 636 (29%)

368 (16%)
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Table 6.1. (Continued)

HIT Il
(n=819)

TIUS
(n=1041)

TINT
(n=1118)

PEGSOD
(n=1510)

SLIN
(n=409)

SAPHIR
(n=919)

Total
RCTs
(n=5816)

102

Time window
(hours)

median

(interquartile

range)

2.0(1.0-4.0)

7(.5-1.2)

1.2(.8-2.1)

1.1(.6-2.2)

No data

2.3(1.0-4.2)

1.2 (0.7 - 2.6)

Age
(vears)

median

(interquartile

range)

33 (22-49)

30(23-41)

30 (21 - 45)

27 (20 - 38)

28 (21-43)

32 (20-38)

30 (21 - 43)

Pupillary reactivity

(1) both pupils pos
(2) one pupil pos
(3) both pupils neg

583 (71%)
101 (12%)
135 (16%)

709 (68%)
122 (12%)
210 (20%)

813 (73%)
170 (15%)
135 (12%)

779 (52%)
160 (11%)
571 (38%)

316 (78%)
79 (19%)
14 (3%)

612 (67%)
307 (33%)
0 (0%)

3812 (66%)
939 (16%)
1065 (18%)

Motor score

(1,2) none/extension
(3) abnormal flexion
(4) normal flexion
(5,6) localizes/obeys
(9) untestable/missing
280 (34%)

92 (11%)

181 (22%)

207 (25%)

59 (7%)

152 (15%)

132 (13%)

300 (29%)

457 (44%)

0 (0%)

141 (13%)

237 (21%)

327 (29%)

413 (37%)

0 (0%)

655 (43%)

165 (11%)

334 (22%)

356 (24%)

0 (0%)

55 (13%)

91 (22%)

127 (31%)

136 (33%)

0 (0%)

264 (29%)

143 (16%)

223 (24%)

286 (31%)

3 (0%)

1547 (27%)

860 (15%)

1492 (26%)

1855 (32%)

62 (1%)

GCS

median

(interquartile

range)

8(6-10)

7 (6-10)

6(5-7)

5(3-7)

6(5-7)

6(5-8)

7(5-10)
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Effects of enrollment criteria on outcome distribution

The application of more stringent enrollment criteria had profound effects on the outcome
distribution (table 6.2). Effects were greatest for age, pupils, motor score, and GCS. In
contrast to all other selection criteria, the GCS criterion mainly excluded patients with a
favorable outcome. Patients excluded for a high age, bilaterally unresponsive pupils or an
absent motor score had more unfavorable outcomes. Only modest effects of different time
windows were seen on the outcome distribution (table 6.3).

Combining all enrollment criteria had a pronounced effect in the outcome distribution,
which was most evident in the surveys, reflecting the greater initial heterogeneity. In the
surveys the percentage of unfavorable outcome prior to applying the enrollment criteria
was 60%, and decreased to 44% after applying the enrollment criteria, approximating the
outcome distribution observed in the RCTs.

Effects of the application of all enrollment criteria on the recruitment and outcome
distribution are illustrated in figure 6.1. For example, the first gray bar of figure 6.1 shows
that application of all investigated enrollment criteria on the population of the Traumatic
Coma Data Bank (TCDB) survey, resulted in selection of 253 patients, from whom 43% had
an unfavorable outcome. The first black bar depicts 351 excluded patients from the TCDB
population with an unfavorable proportion of 81%.
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Figure 6.1. The influence of the application of the investigated enrollment criteria (time window < 8
hours; age at injury < 65 years; > 1 reactive pupil; motor score > 1; GCS < 8) on recruitment and outcome
distribution in three surveys and six RCTs of the IMPACT database. For each study the selected (grey
bars) and the excluded patients (black bars) are depicted. The width of the bars indicates the numbers
of selected and excluded patients.
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Discussion

Our evaluations show substantial effects of enrollment criteria both on potential recruitment
and on outcome. The five studied enrollment criteria led to a joint reduction of recruitment
of 65% in the surveys and 41% in the RCTs, and substantially narrowed the differences in
outcome between surveys and RCTs that were initially present. Clearly, effects in individual
studies varied with the stringency of original criteria.

As a limitation of our study, it must be noticed that we only focused on the influences
of five enrollment criteria applied separately and simultaneously. We did not investigate
any interactions between the different enrollment criteria. Structural abnormalities as
visualized by computed tomography (CT) examination are currently commonly used as
selection criterion for enrollment in RCTs, but we did not include these in our analyses, as
the available information was not detailed enough in all IMPACT studies.

In TBI, Phase Il RCTs traditionally aim to target the population that is most likely to benefit
from the therapy under investigation, both from a mechanistic and prognostic perspective.
Mechanistic targeting is based upon our—often very poor—potential for identifying
patients in whom specific pathophysiologic mechanisms are active. In prognostic targeting,
enrollment criteria aim to obtain a homogeneous population with respect to expected
outcome, excluding those with either a very poor or very good prognosis. For this reason,
most trials have excluded patients over the age of 65, and patients with an absent motor
response or unreactive pupils. Indeed, our results show a very high rate of unfavorable
outcome in patients excluded for these reasons, indicating that this approach is appropriate.

Nevertheless, interpretation should be with caution: TBI is being seen more frequently in
elderly patients and, with the ageing population, the average age of TBI patients is increasing
(9). Elderly patients with TBI therefore represent an important subpopulation. The poor
outcome in elderly patients observed in our series is primarily caused by severe TBI (GCS <
8), and no inference may be made as to patients with moderate TBI.

With the current frequent use of early sedation, intubation and neuromuscular blockade,
accurate assessment of the motor scale may be confounded, leading to erroneously re-
cording the motor score as being absent. Likewise, small unreactive pupils may be caused
by effects of deep sedation. Consequently, the use of these criteria in isolation may be
hazardous. Taken in combination, however, reliability will be increased and for this reason
we prefer to classify by prognosis. A limited number of admission characteristics can be
used to establish the baseline prognostic risk in individual patients (10, 11).

Machado et al. (6) have shown that targeting a trial towards patients with an intermediate
prognosis may reduce the required sample size by 30%. These conclusions were reached
from analyses performed on the European Brain Injury Consortium (EBIC) survey. Our results,
including also analysis of the EBIC survey, however, show that the reduction in recruitment
due to more stringent enrollment criteria may be even higher, thus obviating the potential
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benefit. This touches on the debate whether focused, targeted Phase Ill trials, or large mega
trials (with inherent heterogeneity) should be preferred in the field of TBI. To date, only one
mega-trial has been reported in TBI (12).

We found that time window is a crucial factor in determining recruitment, but that little
effect exists on the outcome distribution. Recruitment reductions by time window selection
varied from 38% (< 4 h) to 15% (< 12 h) in the surveys. In the RCTs, there was a variation of
11% (<4 h) to <1% (< 12 h) in reduction of recruitment.

Determination of the appropriate time window for a study should preferably be based
on knowledge of the pathophysiologic mechanism targeted, and the time at which this
mechanism may be active. Extrapolating results from experimental studies to the clinical
situation may, however, be difficult. In practice, time windows are frequently determined
based on “best guess” and the clinical perception as to the time frame within which a
reasonable number of subjects may be recruited. Our studies show a substantial decline in
recruitment when time windows are shortened from 6 to 4 hours, but less so on comparing
a 6-hour time window to 8 hours. However, these effects of time window on recruitment
were based on the available data in the IMPACT database about the time of injury and the
time of admission to study hospital. In practice, the actual time windows to study drug
administration are longer, due to organizational and logistical reasons such as informed
consent procedures (13). Therefore, our observations are likely to be an underestimation of
the actual decrease in recruitment by time window selection.

We also probably underestimate the actual recruitment reduction by application of
selection criteria because we investigated the effect of selection criteria on pre-selected
study populations. In the SAPHIR trial, for example, we have learned from the screening logs
that only 19% of the number of patients initially screened was enrolled in the trial; 81% was
excluded because of not meeting enrollment criteria, inability to obtain informed consent,
or logistic reasons (e.g., unavailability of study personnel or medication) (14).

The profound effect of enrollment criteria on outcome is perhaps not surprising, but has
hitherto been insufficiently recognized. Enrollment criteria may be deliberately applied
(as in RCTs), but may also inadvertently result from selective hospital admission policies in
different institutions, or be caused by effects of local trauma organization, outside the control
of investigators. A detailed understanding of such factors is, in our opinion, a prerequisite
for comparing outcome results between series, originating from different settings or times.

It is remarkable that the application of common enrollment criteria to surveys resulted in
an approximation of outcome distribution observed in RCTs.

Conclusions

Strict selection with common enrollment criteria leads to substantial recruitment reductions
in TBI studies. The outcome distribution strongly depends on the enrollment criteria.
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CHAPTER 7

Abstract

Objective: Heterogeneity of patients is a common problem in randomized controlled trials
(RCTs) in various fields of clinical research. We aimed to investigate the potential benefits
of different approaches for dealing with heterogeneity in a case study on traumatic brain
injury (TBI).

Design and Setting: Statistical modeling studies in three surveys and six randomized
controlled trials.

Patients: Individual patient data (n=8033) from the IMPACT database.

Interventions: We investigated the statistical power and efficiency of randomized controlled
trials (RCTs) in relation to (1) selection according to baseline characteristics, (2) prognostic
targeting (i.e., excluding those with a relatively extreme prognosis), and (3) covariate-
adjusted analysis. Statistical power was expressed as the required sample size for obtaining
80% power and efficiency as the relative change in study duration, reflecting both gains in
power and adverse effects on recruitment. Uniform and targeted treatment effects were
simulated for 6-month unfavorable outcome.

Results: For a uniform treatment effect, selection resulted in a sample size reduction of 33%
in the surveys and 5% in the RCTs, but decreased recruitment by 65% and 41%, respectively.
Hence, the relative study duration was prolonged (surveys: +95%; RCTs: +60%). Prognostic
targeting resulted in sample size reductions of 28% and 17%, and increased relative study
duration by +5% in surveys and +11% in the RCTs. Covariate adjustment reduced sample
sizes by 30% and 16%, respectively, and did not affect recruitment. For a targeted treatment
effect, the sample size reductions by selection (surveys: 47%; RCTs: 20%) and prognostic
targeting (surveys: 49%; RCTs: 41%) were larger and adverse effects on recruitment smaller.

Conclusions: The benefits of selection and prognostic targeting in terms of statistical power
are reversed by adverse effects on recruitment. Covariate adjusted analysis in a broadly
selected group of patients is advisable if a uniform treatment effect is assumed, since there
is no decrease in recruitment.
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Introduction

Randomized controlled trials (RCTs) have become the principal research tool to investigate
medical treatments (1, 2). The way to properly design and analyze RCTs is still under
discussion (3). A major methodologic challenge is how we should deal with the inherent
heterogeneity of RCT study populations, e.g., patients with sepsis, stroke, or traumatic brain
injury (TBI).

TBI populations, for example, are heterogeneous in terms of clinical severity and the

pathophysiologic background of the injury. Consequently, a wide variation in baseline
prognostic risk may exist among patients. Sample size calculations are generally based on a
50:50 chance of developing a favorable or unfavorable outcome, but statistical power (i.e.,
the ability to identify a treatment effect when it really exists) will be affected when study
populations contain many patients with a more extreme prognosis (e.g., very good or very
bad). Previous re- search showed that approximately 40% of the patients enrolled in a Phase
Il TBI trial are in relatively extreme risk groups (4).
Different solutions for dealing with heterogeneity by using baseline characteristics in both
the design and analysis of RCTs in TBI have been described. These include the use of strict
enrollment criteria (5), targeting recruitment to patients with an intermediate prognosis
(prognostic targeting) (6), and the use of advanced statistical analyses such as covariate
adjustment (7, 8).

In practice, clinical trials employ enrollment criteria to select patients most likely to
benefit from the treatment under investigation, both from a mechanistic (pathophysiologic
mechanism) and prognostic perspective. From a prognostic point of view, prerandomization
selection by strict enrollment criteria (e.g., age, sex, disease severity) aims to exclude
patients with a more extreme prognosis. This approach is more simple, but similar in
nature to prognostic targeting which excludes patients with a relatively extreme prognosis
by combining different baseline characteristics in a prognostic model. Prognostic targeting
can reduce the required sample size by approximately 30% (6). The effects of selection of
patients on the statistical power of TBI trials have, however, not been examined in detail.
Furthermore, any expected benefits in terms of statistical power must be viewed in relation
to adverse effects in terms of recruitment. The overall efficiencies, reflecting net effects of
gains in statistical power and adverse effects on recruitment, have not been established.
An alternative approach of dealing with heterogeneity without adverse effects on recruitment
is the use of covariate adjustment. Covariate adjustment provides more individualized
effect estimates and improves the statistical power of an RCT. Previous studies on TBI trials
demonstrated that covariate adjustment for seven strong predictors yields a reduction in
sample size requirements of up to 25% (8). We aimed to investigate the potential benefit of
the use of baseline characteristics by selection of patients, by prognostic targeting, and by
covariate-adjusted analysis on the statistical power and efficiency of RCTs in TBI.
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Methods

Study population

We used individual patient data from the IMPACT | database on TBI. This database contains
data of patients with moderate (Glasgow Coma Scale 9-12) and severe (Glasgow Coma
Scale < 8) TBI from eight RCTs and three surveys conducted between 1984 and 1996 (table
7.1). IMPACT links researchers in Europe and the United States in a project addressing
methodologic problems in the design and analysis of RCTs in TBI (9). Details of the studies
and the data management in the IMPACT database have been reported in detail before
(10). The primary outcome measurement was the Glasgow Outcome Scale at 6 months after
injury. For our analysis, we selected patients more than 14 yrs old at the time of injury. The
data from two small RCTs (HIT-I [n=351] and SKB [n=139]) were not used in our analysis. This
manuscript was exempt from institutional review board approval.

Table 7.1. Overview of datasets of three surveys and six randomized controlled trials included in
IMPACT |

*
Study Code Study Year of study =
Surveys:
TCDB (14) Traumatic Coma Data Bank 1984-1987 604
UK 4 (15) UK 4 Center Study 1986-1988 791
EBIC (16) EBIC Core Data Study 1995 822
Study Code Agent Mechanism Year of study N*
Randomized Controlled Trials:
HIT 11 (17) Nimodipine Calcium Mediated Damage 1989-1991 819
TIUS Tirilazad Domestic Trial Lipid peroxidation 1991-1994 1041
TINT (18) Tirilazad International Trial Lipid peroxidation 1991-1994 1118
PEGSOD (19) PEG-Super Oxyde Dismutase International Glutamate excitotoxicity 1994-1996 409
SLIN Selfotel Glutamate excitotoxicity 1995-1997 919
Saphir (20) D-CPP-ene Free radical damage 1993-1995 1510

* Numbers may differ from those presented in the original studies due to selection of adult patients only.

Selection

We usedthe original populations of the IMPACT database, with their study-specificenroliment
criteria as a reference, to compare other approaches to prerandomization selection (10).
These were labeled “original selections”. We extended the existing enrollment criteria with
five additional criteria. These criteria were: time window between injury and admission to
study hospital < 8 hrs; age at injury < 65 yrs; > 1 reactive pupil; motor score > 1; Glasgow
Coma Scale < 8. We called these “selections by strict enrollment criteria”.
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Prognostic targeting

Another approach to selection is the targeting of patients based on their prognostic risk.
To define the prognostic risk of the patients in our study population, we used a prognostic
model with the predictor’s age (continuous variable), the motor component of the Glasgow
Coma Scale (five categories, in which the categories “localizing” and “obeying commands”
were combined), and pupillary reactivity (three categories: unreactive, one reactive,
both reactive) (11). Subsequently, we selected patients based on the calculated risk for
unfavorable outcome. We included patients with a risk for unfavorable outcome between
20% and 80%, and thereby excluded patients with an extreme (good or poor) prognosis.
These selections were called “selections by prognostic targeting.”

Covariate adjustment

Covariate adjustment is an established approach to deal with heterogeneity in clinical Phase
Il trials. In RCTs, covariate adjustment leads to adjusted estimates of treatment effects, in
contrast to unadjusted estimates, for example, adjusting for age results in an estimated
treatment effect for a patient of a given age, while unadjusted analysis results in an estimated
treatment effect for a patient of average age in the same sample.

Unadjusted analysis may be expressed by the following equation, in which a indicates the
intercept and P represents the regression coefficient for the treatment.

log odds (unfavorable) = a + B x treatment

The covariate-adjusted model included three predictors, i.e., age, motor score, and the
pupillary reactivity, as well as the treatment variable, as shown in the following equation.

log odds (unfavorable) = a + 3, x treatment + 3, x age + 3, x motor + 8, x pupil

Simulations

Because none of the studies in the IMPACT database demonstrated a significant treatment
effect, we simulated a positive treatment effect as in previous work (8). The regression
coefficient for treatment was -0.557, corresponding to an average absolute risk reduction
of 10% in unfavorable outcome at 6 months. This was equal to an unadjusted odds ratio of
0.57 (6). The hypothetical treatment was randomly assigned to 50% of the patients. A new
outcome variable was generated per study and per simulation, based on the comparison of
a random uniform distribution (0 to 1) and the probability of unfavorable outcome.

We simulated two scenarios for the treatment effect. We first simulated a uniform
treatment effect in which all included patients had a chance for beneficial effect of the as-
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signed treatment. Next, we simulated a targeted treatment effect, based on the prognostic
risk per patient for unfavorable outcome. In these simulations, only patients with a
prognostic risk between 20% and 80% had a chance for beneficial effect of the hypothetical
treatment. One thousand simulations were run using the original sample size of each study
for both the uniform and the targeted simulated treatment effect. The software used for the
simulations and the sample size calculations was S-Plus 6 (Insightful Inc., Seattle, WA, 2001)
and Microsoft Excel 2000 (Microsoft Corporation, Redmond, WA, 1999).

Influence on statistical power and required sample size

To determine the influence on statistical power, we ran the simulations described above
using both the unadjusted and the covariate adjusted model. We used three different
data- sets for each model, that is, the original selections, the selections by strict enroliment
criteria, and the selections by prognostic targeting. The influence on the statistical power
was calculated using the mean of the Wald statistic of the treatment effect coefficient
derived from the simulations. We expressed the gain in statistical power as the required
sample size to obtain 80% power (8). The formula used is shown in the following equation.

required sample size = original sample size x [ (mean of Wald statistic for reference model) /
(mean of Wald statistic for adjusted model) ]?

Efficiency

The efficiency of different approaches was expressed in the relative study duration, reflecting
the net result of benefits in terms of statistical power and adverse effects in terms of lower
recruitment rates. The relative study duration was calculated by dividing the ratio of the
required/N
recruitment rate. For example, when strict selection of a certain study population (n=800)

required vs. original sample size by the relative recruitment rate: (N ) / relative

original
resulted in a 50% recruitment rate (i.e., 400/800 patients), but the required sample size with
strict selection was 600 (25% reduction in required sample size), the relative study duration
would be (600/800)/0.5 = 1.50, or +50%.

Results

We analyzed nine studies with 8033 patients: three surveys with 2217 patients, and six RCTs
with 5816 patients. The distribution of baseline predictors varied considerably within and
between the studies (table 7.2). For example, the median age varied from 26 yrs in the TCDB
survey to 38 yrs in the EBIC survey, and the number of patients with unresponsive pupils
varied from 32% in the surveys to 18% in the RCTs. We also observed variation with respect
to unfavorable outcome at 6 months: 60% in the surveys, compared to 43% in the RCTs.
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Table 7.2. Distribution of three baseline predictors and the outcome distribution across three RCTs and
six surveys of the IMPACT database

Unf: bl
Age Pupillary reactivity Motor score niavorable

outcome
median both responsive none / extension
(25"-75 percentile) one responsive abnormal flexion
both unresponsive normal flexion
localizes / obeys
untestable / missing
TCDB 26 (21 -40) 300 (50%) 243 (40%) 393 (65%)
(n=604) 55 (9%) 74 (12%)
249 (41%) 122 (20%)
134 (22%)
31 (5%)
UK4 36 (22 - 55) 429 (54%) 198 (25%) 518 (66%)
(n=791) 115 (15%) 37 (5%)
247 (31%) 141 (18%)
221 (28%)
194 (25%)
EBIC 38 (24 -59) 527 (64%) 230 (28%) 422 (51%)
(n=822) 87 (11%) 55 (7%)
208 (25%) 113 (14%)
281 (34%)
143 (17%)
Total 32 (22-53) 1256 (57%) 671 (30%) 1333 (60%)
surveys 257 (12%) 166 (8%)
(n=2217) 704 (32%) 376 (17%)
636 (29%)
368 (16%)
HIT I 33 (22-49) 583 (71%) 280 (34%) 328 (40%)
(n=819) 101 (12%) 92 (11%)
135 (16%) 181 (22%)
207 (25%)
59 (7%)
TIUS 30(23-41) 709 (68%) 152 (15%) 395 (43%)
(n=1041) 122 (12%) 132 (13%)
210 (20%) 300 (29%)
457 (44%)
0 (0%)
TINT 30 (21 - 45) 813 (73%) 141 (13%) 456 (41%)
(n=1118) 170 (15%) 237 (21%)
135 (12%) 327 (29%)
413 (37%)
0 (0%)
PEGSOD 27 (20 - 38) 779 (52%) 655 (43%) 774 (51%)
(n=1510) 160 (11%) 165 (11%)
571 (38%) 334 (22%)
356 (24%)
0 (0%)
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Table 7.2. (Continued)

Age Pupillary reactivity Motor score Unfavorable

outcome
SLIN 28 (21 - 43) 316 (78%) 55 (13%) 177 (43%)
(n=409) 79 (19%) 91 (22%)
14 (3%) 127 (31%)
136 (33%)
0 (0%)
Saphir 32(20- 38) 612 (67%) 264 (29%) 378 (41%)
(n=919) 307 (33%) 143 (16%)
0 (0%) 223 (24%)
286 (31%)
3 (0%)
Total 30 (21 - 43) 3812 (66%) 1547 (27%) 2508 (43%)
RCTs 939 (16%) 860 (15%)
(n=5816) 1065 (18%) 1492 (26%)
1855 (32%)
62 (1%)

These differencesrelated to the variation in the original enroliment criteria of the investigated
studies, with less strict enrollment criteria for the surveys. The maximum time window
varied from 4 hrs (SLIN, TIUS) to 72 hrs (UK4). In the RCTs, the minimum age for inclusion
was defined as 14 (TINT, TIUS), 15 (PEGSOD, SAPHIR) or 16 (HIT II, SLIN) and maximum age
as 65 (SLIN, TINT, TIUS) or 70 (HIT Il, PEG- SOD en SAPHIR). Most studies did not use any
enrollment criterion on pupillary reactivity, except SLIN (“not both fixed and dilated”) and
SAPHIR (“at least one reactive pupil”). A minimum motor score of 2 was used in SLIN, TINT,
and TIUS. A maximum motor score of 5 was defined in HIT Il and SAPHIR. Restrictions to the
Glasgow Coma Scale on admission were set as 8 (TCDB, UK4, PEGSOD, and SAPHIR), 4 to 8
(SLIN), 4 to 12 (TINT, TIUS), or < 12 (EBIC).

Selection

Following application of strict enrollment criteria, the simulation studies showed a reduction
in required sample size of 33% in the surveys and 5% in the RCTs (table 7.3) under the
assumption of a uniform treatment effect. Benefits were greater in the more heterogeneous
studies. Detailed results are presented in figures 7.1 and 7.2. The application of strict
enrollment criteria, however, also induced a substantial reduction in potential recruitment
(65% in surveys, 41% in RCTs, table 7.3). Therefore, strict selection would prolong the study
duration in both the surveys and the RCTs (95% and 60%, respectively, table 7.3). If the
treatment were to be effective only in those with risks between 20% and 80% (“targeted
treatment”), the reductions in required sample sizes would be larger (surveys: 47%; RCTs:
20%), and the prolongation of the relative study duration less pro- nounced, but still
substantial (surveys: +54%; RCTs: +34%).
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Figure 7.1. Required sample sizes for 80% statistical power in three surveys (TCDB, UK4 and EBIC)
and six RCTs (others) of the IMPACT database. Required sample size was calculated using both the
unadjusted and the covariate adjusted model. For both models, the required sample size was depicted
for the original study population, the strictly selected population (time window < 8 hours; age at injury
<65 years; > 1 reactive pupil; motor score > 1; GCS < 8) and the prognostic targeted population (20%-
80% risk for unfavorable outcome). Estimates based on 1000 simulations using a uniform treatment
effect.

Prognostic targeting

The exclusion of patients with a relatively extreme prognosis (“prognostic targeting”)
reduced the required sample sizes by 28% in the surveys and by 17% in the RCTs, with a minor
increase in relative study duration (+5% and +11% for surveys and RCTs, respectively, table
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7.3; figures 7.1 and 7.2). With a targeted treatment effect, prognostic targeting excludes
patients who cause only noise in the analysis, since they do not benefit from treatment. The
reductions in required sample sizes were larger than for a uniform treatment effect (49% vs.
28% for surveys; 41% vs. 17% for RCTs). Study duration would be diminished by 26% in the
surveys and 22% in the RCTs (table 7.3).
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Figure 7.2. Required sample sizes for 80% statistical power in three surveys (TCDB, UK4 and EBIC)
and six RCTs (others) of the IMPACT database. Required sample size was calculated using both the
unadjusted and the covariate adjusted model. For both models, the required sample size was depicted
for the original study population, the strictly selected population (time window < 8 hours; age at injury
< 65 years; 2 1 reactive pupil; motor score > 1; GCS 8) and the prognostic targeted population (20%-
80% risk for unfavorable outcome). Estimates based on 1000 simulations using a targeted treatment
effect.
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Covariate adjustment

Covariate adjustment was beneficial for the statistical powerin all selections (table 7.3). Inthe
original selections, reductions were 30% in the surveys and 16% in the RCTs. Since covariate
adjustment had no adverse effects in terms of recruitment, the reduction of required sample
size equaled the reduction in the relative study duration. The combination of covariate
adjustment and prognostic targeting resulted in a large reduction of required sample size
(41% in surveys; 24% in RCTs), but had substantial negative effects on recruitment. In terms
of efficiency, this combination of strategies diminished the relative study duration less than
when covariate adjustment was applied exclusively, i.e., by 14% in the surveys and by 0% in
the RCTs. For a targeted treatment effect, maximum reductions in required sample size were
found by combining prognostic targeted selection with covariate adjusted analysis: 59% in
the surveys and 47% in the RCTs. The relative study duration would be reduced by 39% in
the surveys and by 29% in the RCTs.

Discussion

We compared the statistical power and efficiency of three strategies to deal with
heterogeneity in clinical trial populations: strict selection based on enrollment criteria;
prognostic targeting (exclusion based on extreme risk); and covariate-adjusted analysis
(include all patients, adjust for baseline characteristics in logistic regression analysis). Both
use of selection strategies and covariate adjusted analysis led to potential reductions in
required sample size or, equivalently, to increases in statistical power. The largest increase in
power was found when prognostic targeting was combined with covariate-adjusted analysis,
with a reduction of required sample size of up to 41% in surveys and 24% in RCTs. The
benefits of prognostic targeting relate to the fact that patients with relatively extreme risks
contribute little to the statistical analysis. In terms of efficiency, selection was less efficient
than covariate adjustment since study duration would be prolonged.

However, these observations were based on the assumption that the investigated
treatment has an effect in every single patient, regardless of the possible risk profile (a
uniform treatment effect). It may be questionable if one can expect a treatment effect in
patients with extreme risk profiles. Some may anticipate that patients with a very good
prognosis will survive well anyway, whereas patients with a very poor prognoses cannot be
saved. We therefore also performed simulation studies with a targeted treatment effect,
i.e., a beneficial effect in patients with an intermediate prognosis (20% to 80%). These
simulations showed that beneficial effects of all three approaches were even larger than
with the simulation of a uniform treatment effect. Under this assumption, it is obviously the
best strategy to perform prognostic targeting, since patients with an extreme prognosis only
contribute noise, combined with covariate adjusted analysis for further power increase.
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However, this is the best option only when there is strong suspicion that the studied
treatment truly does not work at all in patients with an extreme prognosis. This, however, is
perhaps unrealistic from a clinical perspective and decreases generalizability. Similarly, we
could exclude patients who are not likely to benefit from treatment based on other criteria,
for example, selection on age if we think a treatment will work only in young patients.
The simulations with a targeted treatment should hence be seen as proof of principle: if
treatment works in a specific selection of patients, the ideal analysis includes only these
patients.

The effect of selection in our study population was larger in surveys than in RCTs. This
was expected since the RCTs already had more selected study populations. The same pattern
was observed when we adjusted for covariates: using the unselected population, the effect
in the surveys was larger than in the RCTs. After selection, the effect of covariate adjustment
became smaller and more similar for surveys and RCTs. Equivalently, after covariate
adjustment, the incremental benefit of selection also became smaller. In our approach to
selection, we purposefully mimicked current trends to decrease heterogeneity by selection
on time window and baseline predictors. We realize that these are two different aspects,
the first being related to mechanistic aspects presuming that treatment may be more
effective if given early, and the second related to prognostic aspects and aimed to decrease
heterogeneity. The selection criteria we applied are those commonly used in focused Phase
[Il RCTs in TBI.

Strict selection has substantial adverse effects on potential recruitment. This effect is
such that beneficial effects in terms of statistical power are counteracted. The additional
benefit of combining covariate adjustment with selection is small, while the adverse effects in
terms of recruitment remain. In terms of efficiency, it is therefore more effective to perform
covariate adjustment instead of using strict selection criteria. This can be motivated both
from a scientific and from an economic perspective. Excluding fewer patients will permit
enrollment of a broader range of the patient population, thus increasing generalizability of
results. Clinical trials are, however, costly, certainly when conducted as Phase lll trials with
source data verification. Trial costs are determined both by the per-patient costs and the
logistic costs of general trial coordination and data management. Thus, in many situations, it
is to be expected that the longer a trial lasts, the more expensive it becomes. Furthermore,
any delay in obtaining final results would have severe financial consequences if these results
were positive, as the process of registration is postponed accordingly. Companies will,
hence, wish to reduce the trial duration as much as possible, which supports the argument
for a broad rather than a restricted population. An exception would be, however, if targeting
a more restrictive population can be motivated from a mechanistic point of view, under the
condition that occurrence of this mechanism can indeed be identified or at least considered
highly probable.
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An important issue with RCTs in general, and in TBI in particular, is that sample sizes are
typically too small to detect modest but clinically relevant treatment effects. Sample sizes
have commonly been motivated by statistical calculations based on overly optimistic
assumptions, such as a 10% absolute improvement in outcome. In the present study, the
gain in statistical power resulting from alternative strategies with respect to design and
analysis was expressed as the corresponding reduction in sample size. This is intended simply
as an easy to understand summary measure or relative efficiency. It is not intended that
trialists actually reduce their planned sample size, although the reduction is theoretically
well motivated. A further consideration is that the strength of covariate effects would need
to be considered in the sample size calculation, which is adding another assumption to the
sample size estimation procedure.

In this investigation, we studied only TBI populations. We did not explicitly consider
other fields struggling with heterogeneity inpatient characteristics and underlying
pathophysiology, but anticipate that results are applicable to other fields characterized by
heterogeneity, such as stroke, sepsis, and acute respiratory distress syndrome. In previous
work, benefits of covariate adjustment were shown in cardiovascular trials such as GUSTO-I
(12). The use of covariate adjustment to increase the statistical power depends strongly on
the strength of the association between the covariate and the outcome (3). In TBI research,
prior investigations resulted in adequate determination of strong predictors of the outcome
(4, 11, 13). These considerations make a strong case for increasing the focus on prognostic
analyses.

We conclude that strict selection, prognostic targeting, and covariate adjustment all
increase the statistical power in clinical trials in TBI. Covariate-adjusted analysis in a relatively
unselected population results in less reduction of required sample size, but is more efficient
than strict selection since it has no adverse effects on the study duration. Prognostic
targeting, combined with covariate-adjusted analysis, results in a maximal decrease of
required sample size, but is inefficient because of substantial reductions of potential
recruitment, unless there is truly no treatment effect in the excluded patients. We therefore
advise a relatively broad patient selection combined with prespecified covariate-adjusted
analysis, unless we anticipate a targeted subgroup specific treatment effect without effect
in excluded patients.
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CHAPTER 8

Abstract

Introduction: In clinical trials, ordinal outcome measures are often dichotomized into
two categories. In traumatic brain injury (TBI) the 5-point Glasgow outcome scale (GOS)
is collapsed into unfavourable versus favourable outcome. Simulation studies have shown
that exploiting the ordinal nature of the GOS increases chances of detecting treatment
effects. The objective of this study is to quantify the benefits of ordinal analysis in the real-
life situation of a large TBI trial.

Methods: We used data from the CRASH trial that investigated the efficacy of corticosteroids
in TBI patients (n = 9,554). We applied two techniques for ordinal analysis: proportional
odds analysis and the sliding dichotomy approach, where the GOS is dichotomized at
different cut-offs according to baseline prognostic risk. These approaches were compared
to dichotomous analysis. The information density in each analysis was indicated by a Wald
statistic. All analyses were adjusted for baseline characteristics.

Results: Dichotomous analysis of the six-month GOS showed a non-significant treatment
effect (OR = 1.09, 95% Cl 0.98 to 1.21, P = 0.096). Ordinal analysis with proportional odds
regression or sliding dichotomy showed highly statistically significant treatment effects
(OR 1.15, 95% Cl 1.06 to 1.25, P = 0.0007 and 1.19, 95% Cl 1.08 to 1.30, P = 0.0002), with
2.05-fold and 2.56-fold higher information density compared to the dichotomous approach
respectively.

Conclusions: Analysis of the CRASH trial data confirmed that ordinal analysis of outcome
substantially increases statistical power. We expect these results to hold for other fields of
critical care medicine that use ordinal outcome measures and recommend that future trials
adopt ordinal analyses. This will permit detection of smaller treatment effects.
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Introduction

Traumatic brain injury (TBI) is a major health and socio-economic problem throughout
the world. Basic research has elucidated many of the pathophysiological mechanisms
underpinning secondary damage and many neuroprotective agents have been developed to
counteract these mechanisms. Since the 1980s, at least 33 randomized controlled phase IlI
trials have been performed to investigate the effectiveness of new therapeutic interventions
in TBI, but none has convincingly demonstrated benefit in the overall population (1).
Heterogeneity of the population and limitations of the conventional statistical analysis of TBI
trials contribute to this lack of success (2, 3). We recently published a set of recommendations
for improving the design and analysis of future TBI trials [4]. These recommendations were
mainly derived from simulation studies and include the use of relatively broad enrolment
criteria, covariate adjustment and ordinal rather than dichotomous outcome analysis.

In most phase Il TBI trials, the 5-point Glasgow Outcome Scale is used as the primary outcome
measure, usually measured at six months after injury, and dichotomized as unfavourable
(Dead, Vegetative or Severe Disability) versus favourable outcome (Moderate Disability
or Good Recovery) (table 8.1). Similar approaches are often used in the analysis of trials
conducted for other indications. For example, in stroke the modified Rankin scale, which is
also an ordinal scale, consisting of six categories, is commonly collapsed into a binary scale.
This dichotomous outcome is then analysed with a chi-squared test or with binary logistic
regression. Simulation studies have demonstrated that ordinal outcome analysis in TBI trials
can increase statistical power (5). These results have not yet been validated in empirical
data. The aim of this study is to investigate whether the benefits of an ordinal analysis would
be upheld on analysis of the largest trial in TBI ever, which did demonstrate a true (but
negative) treatment effect.

Table 8.1. The Glasgow Outcome Scale and its traditional dichotomy in favourable versus
unfavourable outcome.

Dead

Vegetative State Unfavourable
Severe Disability

Moderate Disability

Favourable
Good Recovery
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Materials and methods

Data

We used the individual patient data of the MRC CRASH trial into which 10,008 patients were
enrolled.

The CRASH trial (Corticosteroid Randomisation After Significant Head Injury) was an
international, randomised, placebo-controlled trial designed to investigate the effect of
early administration of methylprednisolone on the risk of death and disability after head
injury. Full results have been reported (6, 7). Enrolment was stopped in May 2004, following
demonstration of a higher 14-day mortality rate in the active treatment arm (21.1% versus
17.9% deaths; P = 0.0001). Outcome at six months was available for 9,554 patients. The
current study was exempt from institutional review board approval.

Conventional dichotomous analysis

We first estimated the effect of the treatment on the six-month GOS, dichotomized as
unfavourable versus favourable, with binary logistic regression. The treatment effect was
adjusted for four baseline covariates: age, Glasgow Coma Scale (GCS), pupillary reactivity
and presence of major extracranial injury. Age was handled as a continuous variable and
GCS as a categorical variable (range 3 to 15). Pupillary reactivity was grouped into three
categories: both pupils reactive, one reactive and none reactive to light. The presence of
major extracranial injury was included as a binary variable, having a positive value when
patients had an extracranial injury that required hospital admission on its own.
Subsequently, we used two approaches exploiting the ordinal nature of the GOS: a
proportional odds logistic regression model and the sliding dichotomy approach.

Proportional odds logistic regression

A proportional odds logistic regression model was fitted with the GOS collapsed to a
4-point ordinal scale (Severe Disability and Vegetative State were taken together) as the
outcome variable. The proportional odds model has the same structure as the binary
logistic regression model, but uses an ordinal outcome variable with more than two possible
categories. It estimates a common odds ratio over all possible cut-offs of the outcome scale.
The common odds ratio is formally valid if the odds ratios for each cut-off are the same
(the proportional odds assumption). We can, however, interpret the common odds ratio
as a summary measure of treatment effect, even if the odds ratios differ by cut-off (8).
The common odds ratio can also be interpreted as the average shift over the total ordinal
outcome scale caused by the treatment under study (5, 9, 10).
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Sliding dichotomy

The sliding dichotomy approach dichotomizes the GOS into a binary measure, but the point
of dichotomy is tailored to each individual patient’s baseline prognosis (11). For example, for
a patient with an excellent prognosis only good recovery may be considered as a favourable
outcome, whereas for a patient with a very poor prognosis, survival may be regarded as a
favourable outcome. First, the baseline prognostic risk of each patient was estimated by
calculating the probability of unfavourable outcome with a prediction model including the
following variables: age, GCS, pupillary reactivity, and presence of major extracranial injury
(12). Subsequently, patients were divided into three prognostic bands of equal size, that is,
for the best, intermediate and worst prognosis. For each band a separate cut-off on the GOS
was defined and a new outcome variable was generated. For example, in the best prognosis
band we only considered Good Recovery as a favourable outcome. The effect of treatment
on this newly constructed dichotomous outcome was then estimated with binary logistic
regression, with stratification by prognostic band and adjustment for the four covariates
mentioned above. The pooled sliding dichotomy odds ratio can be interpreted as the effect
of treatment on outcomes being worse than expected (11).

Comparison of the different approaches

We calculated Wald statistics, based on the coefficients of the treatment effect and the
corresponding standard error for each analysis. The ratio of the Wald statistics can be
interpreted as the gain in information density and is, therefore, a suitable measure for the
efficiency of the different approaches.

We adjusted the treatment effect for four baseline covariates in all analyses (age,
GCS, pupillary reactivity, major extracranial injury) (12, 13). Missing data occurred for 509
patients on pupillary reactivity and 196 on the presence of extracranial injury. These missing
covariates were imputed with a multiple imputation model. Statistical analyses were
performed in R Statistical Software version 2.7.2 using the Design library (R Foundation for
Statistical Computation, Vienna, Austria).

Results

The CRASH trial included 10,008 patients. We excluded 454 patients with missing six-month
GOS score, leaving 9,554 for the analyses. Median age was 33 years, and 81% of the patients
were male (table 8.2). At six months after injury, 2,323 (24%) patients had died and 3,557
(37%) had an unfavourable outcome (figure 8.1). Dichotomous analysis of the six-month
GOS showed a non-significant adjusted odds ratio (OR) of 1.09 (95% Cl 0.98 to 1.21, P =
0.096).
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Figure 8.1. Distribution of the Glasgow Outcome Score at six months after injury.
Data from the CRASH trial (n = 9,554). SD, severe disability (including vegetative state); MD, moderate disability;

GR, good recovery

Table 8.2. Baseline characteristics of patients enrolled in the CRASH trial with Glasgow Outcome Scale

score available.

Age (median, IQR)

Gender
Male

Glasgow Coma Scale
Severe (3 to 8)
Moderate (9 to 12)
Mild (13 to 14)

Pupillary reactivity
Both reactive to light
One reactive to light
Both not reactive to light
Missing

Major extracranial injury
Yes
No
Missing

IQR: interquartile range.
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Corticosteroid
(n = 4,800)
33,23to 47

3,892 (81.1%)

1,925 (40.1%)
1,477 (30.8%)
1,398 (29.1%)

3,860 (80.4%)
270 (5.6%)
412 (8.6%)
258 (5.4%)

1,106 (23.0%)
3,600 (75.0%)
94 (2.0%)

Placebo
(n=4,754)
32,23t048

3,824 (80.4%)

1,890 (39.8%)
1,405 (29.6%)
1,459 (30.7%)

3,822 (80.4%)
294 (6.2%)
387 (8.1%)
251 (5.3%)

1,039 (21.9%)
3,613 (76.0%)
102 (2.1%)
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The use of different splits than the conventional favourable vs. unfavourable outcome
resulted in rather different estimates of the treatment effect (table 8.3). Further, the
estimated treatment effect was non-significant when the conventional dichotomy was
used, while it was significant when the split was taken at less than Good Recovery vs. Good
Recovery (OR 1.12, 95% CI 1.01 to 1.23, P = 0.024) and death vs. survival (OR 1.27, 95% Cl
1.13 to 1.43, P <0.0001). Application of the proportional odds logistic regression model gave
an estimated common odds ratio of 1.15 (95% CI 1.06 to 1.25) with a P-value of 0.0007.

Table 8.3. Analysis of the treatment effect according to different dichotomizations and proportional
odds logistic regression.

Adjusted odds ratio® Wald statistic P-value
(95% Cl)
Dichotomous odds ratios
Less than good vs. good recovery 1.12 (1.01 to 1.23) 2.26 0.024
Unfavourable vs. favourable outcome 1.09 (0.98 to 1.21) 1.66 0.096
Death vs. survival 1.27 (1.13 to 1.43) 4.16 <0.0001
Common odds ratio (proportional odds model) 1.15 (1.06 to 1.25) 3.41 0.0007

Analyses are based on the six-month Glasgow Outcome Scale. Data from the CRASH trial (n=9,554).
An odds ratio >1 indicates an adverse effect of corticosteroids.
A Adjustment for age, GCS, pupillary reactivity and major extracranial injury

With the sliding dichotomy approach we divided the study population into three bands
of equal numbers, based on the individual prognostic risk for unfavourable outcome of
each patient (table 8.4). For each prognostic band a different split for the dichotomization
was used (better versus worse than expected). In the ‘best prognosis’ band the split was
taken at Good Recovery versus worse than Good Recovery, in the ‘intermediate prognosis’
band at Moderate Disability or better versus Severe Disability or worse, and in the ‘worst
prognosis’ band between death and survival. An unadjusted odds ratio was calculated for
each prognostic band. These odds ratios varied between 1.06 (95% C1 0.91 to 1.23, P = 0.45)
for the ‘intermediate prognosis’ band and 1.28 (95% Cl 1.11 to 1.47, P = 0.0006) for the
‘worst prognosis’ band. Unadjusted and adjusted pooled odds ratios were similar (1.17, 95%
Cl1.07 t0 1.27, P =0.0003 and 1.19, 95% CI 1.08 to 1.30, P = 0.0002).

The logistic regression analysis with dichotomized GOS resulted in a Wald statistic for
the treatment effect of 1.66 (P = 0.096). Ordinal analysis with a proportional odds model
gave a 2.05-fold higher Wald statistic (3.41, P = 0.0007). The sliding dichotomy approach
resulted in an even larger Wald statistic of 3.69 (P = 0.0002), indicating a 2.56-fold increase
in information density.
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Table 8.4. Analysis of the Glasgow Outcome Scale with the sliding dichotomy approach.

Worse Better Odds

Dead SD MD GR than than ratio sta\':-u\'l:t-li: P-value
expected expected (95% Cl)
Best Cortico- 67 86 274 1,162 427 1,162 1.22 0.017
prognosis steroid (1.03 to
1.43)
Placebo 59 84 228 1,227 371 1,227
Intermediate Cortico- 282 215 365 748 497 1,113 1.06 0.45
prognosis steroid (0.91 to
1.23)
Placebo 225 241 357 749 466 1106
Worst Cortico- 899 280 212 210 899 702 1.28 0.0006
prognosis steroid (1.11to
1.47)
Placebo 791 328 228 237 791 793
Pooled 1.17 (1.07 to 3.67 0.0003
odds ratio, 1.27)
unadjusted
Pooled 1.19 (1.08 to 3.69 0.0002
odds ratio, 1.30)
adjusted”

The prognosis bands were created with model containing the variables age, GCS, pupillary reactivity and major
extracranial injury. Odds ratios were given by prognosis band, for the unadjusted treatment effect. Pooled odds
ratios were given for the unadjusted and adjusted treatment effect. An odds ratio >1 indicates an adverse effect of
corticosteroids. Patients with better outcome than expected are underlined. Data from the CRASH trial (n = 9,554).

A Adjustment for age; GCS, pupillary reactivity and major extracranial injury.

GCS, Glasgow Coma Scale; SD, Severe Disability (including Vegetative State); MD, Moderate Disability; GR, Good
Recovery; OR, odds ratio.

Discussion

Analysis of the MRC CRASH trial data showed that ordinal analysis of the GOS resulted in
substantially greater statistical power to detect a treatment effect with equal sample size.
Whilst results obtained with the conventional analysis of the dichotomized GOS were
non-significant, those obtained with ordinal analysis were highly significant. With ordinal
analysis, a 2- to 2.5-fold gain in information density was demonstrated, compared to the
dichotomized analysis. Simulation studies had already suggested the potential for ordinal
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analysis to increase statistical power in TBI trials, but our current study has proven the value
of this approach in the empirical data of a large trial with a true treatment effect.

Earlier research has demonstrated that adjustment for strong predictors of outcome
(covariate adjustment) may result in a substantial increase in statistical power and trial
efficiency (13-15). In the IMPACT database, we found that the required sample size for a RCT
could potentially be reduced by around 25% when covariate adjustment would be applied
with seven strong predictors (13). We, therefore, incorporated covariate adjustment in all
analyses in the present study.

Why is the use of ordinal outcome analysis beneficial? The common practice of collapsing an
ordinal outcome measure to a binary scale results in a loss of information (16). Moreover,
dichotomization gives priority to one particular transition in the outcome scale: in the
case of the GOS this is the change from severe disability to moderate disability. Patients
with a relatively extreme prognosis have little potential to contribute to the detection of a
treatment effect on an ordinal functional outcome scale, when this scale is dichotomized for
the analysis (17). A patient with a very good prognosis will almost inevitably have a favourable
outcome, even without the benefits of a new effective therapy. In contrast, for patients with
a very poor prognosis it is extremely unlikely to have a favourable outcome at six months,
even with a very beneficial new treatment. This does not mean that these patients may not
benefit from the treatment, but simply that the fixed split for dichotomising the outcome
measure is not appropriate for these situations. When the outcome is analysed in an ordinal
way, all patients can contribute to the detection of a treatment effect.

The idea of exploiting the ordinal nature of ordered outcome scales is far from a new
concept in the statistical community (18). Nevertheless, this approach has not been applied
to the analysis of clinical trials on a regular basis. The sliding dichotomy approach was
recently applied for the primary efficacy in a number of trials: the PAIS trial in stroke (19),
the STICH trial in spontaneous intracerebral hemorrhage (20), and the Pharmos trial in TBI
(21). The proportional odds model was used in several neurological trials, for example, in
the GAIN International trial (22) and the SAINT I trial (23).

Inherent to the proportional odds model is the proportional odds assumption, that is, that
the treatment effect is constant across all cut-offs of the outcome scale. This assumption
may partly be violated in empirical data. We, therefore, recommend reporting the odds
ratios per cut-off if a common odds ratio is reported as the summary measure of the
treatment effect. Indeed, we found that the odds ratios were not identical across all cut-offs
for the GOS (table 8.2). Also, some variation was seen in the odds ratios across prognostic
bands for the sliding dichotomy (table 8.3). The proportional odds assumption was formally
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tested with the ‘PROC LOGISTIC’ test from the SAS software package (SAS Institute Inc.,
Cary, NC, USA) and was found to be violated. This was confirmed by a graphical test in
R software (the ‘residuals’ function from the Design library) to test for parallelism. In a
previous study we simulated a non-proportional treatment effect, that is, a treatment that
only affected mortality and did not cause a shift for the other categories of the GOS. We
found to our surprise that the statistical power of ordinal analyses (proportional odds or
sliding dichotomy) remained higher than a dichotomous analysis at the ‘correct’ cut-off
(mortality vs. survival) (11). This robust gain in statistical power is a clear advantage of
ordinal analysis, even if one were to object to interpretation of a summary odds ratio when
underlying assumptions are violated (8).

The choice between the two ordinal approaches involves primarily a value judgment. The
sliding dichotomy approach and its explanation (the effect of treatment on outcomes
being worse than expected) may be particularly appealing for clinicians, but it requires
a (validated) prognostic model to identify each patient’s baseline prognostic risk. The
proportional odds method does not necessarily require such a model, but may not have
a proper interpretation if effect estimates vary substantially by cut-off (a violation of the
proportional odds assumption). A pragmatic approach is to focus more on the underlying
concept of ‘shift analysis’, instead of emphasizing the formal assumptions of this model.

Both approaches to ordinal outcome analysis that were investigated in the present study
resulted in substantial power increase. Therefore, we strongly recommend incorporating
ordinal methods in the analysis of future trials when an ordered outcome measure is
considered. We do not advocate that this power increase should motivate reduced sample
sizes for future trials. Since most TBI trials that were published in the past decades have
been underpowered (24), the power increase that results from ordinal analysis can thus be
used to increase the chance of detecting smaller, but clinically relevant, treatment effects
with the same sample size.

The use of ordinal outcome scales is not unique to TBI, but is common to many fields of clinical
research. Equally common is the practice of dichotomising ordinal outcome measures. In
the field of stroke research, the modified Rankin Scale and the Barthel Index are often used
as primary efficacy endpoints — and are also dichotomized (25, 26). The Optimising Analysis
of Stroke Trials (OAST) Collaboration has shown the benefit of ordinal analysis in the field
of stroke (27). Other examples of ordinal outcome scales can be found in cardiology (for
example, NYHA Functional Classification for heart failure), vascular surgery (for example,
Rutherford Classification for peripheral artery disease) and pain management (for example,
Visual Analogue Scale). The widespread use of ordinal outcome measures and the persisting
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practice of collapsing these measures into a binary outcome indicate that our findings in
this case study on TBI have much broader implications than for TBI alone. We consider our
results directly relevant to clinical trials in other fields of medicine that use ordinal outcome
measures, especially if outcomes occur over the full range of the scale.
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CHAPTER 9

Abstract

Randomized controlled trials (RCTs) in traumatic brain injury (TBI) pose several complicated
methodological challenges, related to the heterogeneity of the population. Several strategies
to deal with these challenges have been proposed. Recommendations presented by the
International Mission on Prognosis and Clinical Trial design in TBI (IMPACT) study group
include the use of relatively broad enrollment criteria, combined with covariate adjustment
for strong predictors of outcome in the analysis phase, rather than the use of strict
enrollment criteria. Further, an ordinal rather than a dichotomized analysis of the Glasgow
Outcome Scale - the outcome measure in most TBI trials - will increase statistical power
significantly. This review discusses the issue of heterogeneity in TBI trials and summarizes
the value of the different innovative methods for the design and statistical analysis of RCTs
in TBI. Future directions highlight the opportunities offered by alternative strategies, such
as comparative effectiveness research, to investigate the clinical benefits of established and
novel therapies in TBI.
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NEW CONSIDERATIONS IN THE DESIGN OF TBI TRIALS

Introduction

Traumatic brain injury

Worldwide, many millions of people suffer from traumatic brain injury (TBI) each year (1).
Despite all efforts from researchers and clinicians to improve outcome after TBI, it remains
a major cause of both death and permanent disability (2).

Rather than a single event, TBI is considered to be a continuous process initiated by
the initial impact (primary injury) evolving over subsequent hours and days (secondary
injury). Different pathophysiological mechanisms are triggered by the initial injury, which
are responsible for further neuronal and glial cell death in the brain following the primary
impact of TBI and may result in clinical deterioration of TBI patients. These mechanisms
include excitotoxicity, ischemia, edema, oxidative damage, mitochondrial dysfunction,
apoptosis and many others (3, 4). These are considered to be possible targets for therapeutic
interventions, aiming to limit the disastrous consequences of secondary injury to the brain.

Randomized controlled trials (RCTs) are considered the gold standard for evaluating the
efficacy of new treatments. The acute TBI guidelines, covering many aspects of in hospital
treatment however, only contain three level 1 recommendations based on the results of
clinical trials. Nevertheless, many multicenter Phase Il clinical trials have been performed
to test different pharmacological agents and therapeutic strategies affecting different
pathophysiological mechanisms that are active in TBI. Neuroprotective agents investigated
have targeted in particular calcium mediated damage, lipid peroxidation, glutamate
excitotoxicity and edema. Mostly, these agents have targeted single mechanisms, but some
were thought to target a number of different pathophysiologic mechanisms. Despite very
promising results in strictly controlled in vitro and in vivo laboratory experiments, none of
these clinical trials have convincingly proven clinical efficacy in the treatment of TBI patients
(5, 6). Clearly, a major gap exists in translating experimental findings to the clinical situation
(7), for which explanations can be found on both sides of this gap.

Preclinical studies

The classical pathway of the development of a new drug starts in the laboratory by defining
molecular and cellular pathways that are active in TBI. The next step is to test efficacy
of candidate drugs in the many available animal models of TBI (8). However, none of
these models adequately represents the complex picture of TBI seen in patients. In the
experimental animal models, type and degree of injury can be standardized, moreover
pretreatment is possible, and study endpoints are often mechanistic.

In the clinical situation, wide variability exists in type of pathology and in the severity of
injury. Furthermore, pretreatment is impossible and interventions within short therapeutic
windows can be challenging. For optimal translation to the clinical situation experimental
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studies should preferably be performed in more than one model, in more than one species
and have effects on both mechanistic and behavioral endpoints. A workshop organized by
the National Institute of Neurological Disorders and Stroke (NINDS) in May 2000 concluded
that preclinical studies and early clinical (Phase Il) trials have not always been performed
with sufficient rigor. As e.g. stated by Dr. Hall in the proceedings of this workshop: “we
simply have not done adequate therapeutic window studies in our animal models in most
cases. Furthermore, when we do have such data, we tend to ignore it when we go to the
clinic”.

Differences may exist in onset and duration of pathophysiologic mechanism between
lissencephalic animals (rats/mice) and gyrencephalic species like humans. Uncertainty will
therefore remain when translating experimental time windows obtained in a rodent model
to human pathophysiology. General requirements for initiating Phase Il studies include:

e Mechanism demonstrated in animal models

e Drug/agent reverses damage in animal models

e Mechanism shown to be active in human TBIs

e Neuroprotective agent that passes the brain-barrier
e Safety/tolerability in humans with TBI

e Drug sensitive endpoints

Phase lll clinical trials

In the past thirty years, more than twenty large multicenter phase Il trials have been
performed to investigate efficacy of novel neuroprotective agents in TBI (5, 6). However,
almost none showed an overall significant treatment effect. Besides deficiencies in the
preclinical workup, substantial limitations in study design have been revealed that have
contributed to failures in clinical studies (3, 9, 10). The problems include inadequate sample
sizes, insensitive outcome measures, inappropriate selection of the study populations, over-
optimistic expectations of new therapies, and heterogeneity of TBI patient populations. To
investigate possible solutions for these problems, the International Mission on Prognosis and
Analysis of Clinical Trials in TBI (IMPACT) study group was initiated in 2003 as a collaborative
venture supported by the U.S. National Institutes of Health (11). The study group included
clinical, epidemiological and statistical investigators from Belgium, The Netherlands, the
U.K. and the U.S. The IMPACT investigators were granted access to individual patient data
of initially eight randomized control trials and three observational studies including a total
of 9205 patients (12). During the continuation-funding period (2007-2011) the number of
studies was expanded providing access to data of over 40,000 patients. Relevant variables
fromtheindividual studies were extracted and merged to form a culture medium for exploring
concepts to improve the design of clinical trials in TBI. The focus was on methodological
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approaches for dealing with the heterogeneity inherent to the TBI population. Identification
of robust covariates and the development of prognostic models formed the cornerstone
for explorations on how best to deal with the heterogeneity. These explorations involved
extensive simulation studies, addressing different approaches to patient selection on
enrollment, covariate adjustment and ordinal outcome analysis.

This review discusses the issue of heterogeneity, and summarizes the value of the different
innovative methods for the design and statistical analysis of Phase Il trials to investigate
safety and efficacy of new neuroprotective drugs or other therapeutic interventions
in patients with moderate to severe TBl. We will also address alternative strategies for
investigating the clinical benefit of established and novel therapies.

Challenges posed by heterogeneity of the population to the
design of trials in TBI

TBl is a heterogeneous disease with respect to cause, pathology, severity and prognosis (13).
This heterogeneity poses methodological challenges to the design and analysis of clinical
trials in TBI. The general perception of the problems related to heterogeneity of populations
in clinical trials focuses mainly on the increased risk for imbalances between treatment
groups. The problems incurred by heterogeneity, however, are much greater and relate to
the methodology for efficacy assessment and sample size calculations.

Imbalances

Imbalances in the distribution of baseline characteristics may influence the results of a
study. This is especially the case if the association between a baseline characteristic that
is imbalanced and the outcome is strong. It should be noted that even in the absence of
(severe) imbalances in individual parameters, their cumulative risk may result in a significant
imbalance. It is therefore recommended to report the prognostic risk estimate for treatment
and placebo groups separately. This risk can be calculated with existing prognostic models
(14, 15).

In TBI subpopulations, with smaller sample sizes, risks forimbalances are even higher. Indeed,
various TBI studies have reported imbalances in subgroups. For example in the international
Tirilazad study there were imbalances between treatment groups in male patients whose
computed tomography (CT) scan showed traumatic subarachnoid hemorrhage (16). These
imbalances were related to the CT lesion type, the occurrence of pretreatment hypoxia or
hypotension and the presence of subarachnoid hemorrhage on the pre-treatment CT scan
favoring outcome in patients treated with placebo. Similar imbalances had also been noted
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in the North American Tirilazad study with regard to the Glasgow Coma Scale (GCS), the
pattern of brain injury as demonstrated by the pretreatment CT scan and the frequency of
bilaterally unreactive pupils.

Heterogeneity and efficacy analysis

Ideally, efficacy analysis should include mechanistic endpoints to allow the detection of
drug specific effects. The use of early mechanistic endpoints has advanced the field of e.g.
oncology, HIV/aids research and cardiovascular medicine. Such measures are however
not yet available for TBI. In the absence of early mechanistic endpoints, TBI investigators
and regulatory authorities have both adopted the Glasgow Outcome Scale (GOS) or its
extended version (GOSE) as the standard for primary efficacy analysis (17, 18). The GOS
is an ordinal scale for functional outcome and consists of five categories. In the extended
GOS the categories of Severe Disability, Moderate Disability and Good Recovery are each
subdivided into a lower and upper category (table 9.1). In Phase lll clinical trials in TBI, the
GOS has traditionally been collapsed to a binary outcome of “unfavorable outcome” (Death,
Vegetative State, Severe Disability) versus “favorable outcome” (Moderate Disability,
Good Recovery), irrespective of the baseline prognostic risk. This prognostic risk can vary
greatly, and setting an arbitrary threshold which patients must cross to demonstrate clinical
improvement is not reflective of the clinical situation and in fact substantially reduces
chances of showing benefit. A patient’s prognosis can be so good that no matter how poor
the treatment, they may be expected to achieve a favorable outcome, whilst conversely
a patient’s prognosis may be so poor that it would become very unlikely for even a highly
effective intervention to improve that outcome to an extent that it would change from
unfavorable to favorable. Such patients will not contribute to the efficacy analysis. Although
intuitively perhaps attractive because it is so simple, the traditional approach to dichotomize
the GOS is counterproductive and disregards potentially valuable information contained in
the ordinal scale (19).

Heterogeneity and sample size calculation

Sample size calculations for TBI trials have commonly aimed to detect an improvement
in favorable outcome by an absolute value of 10%, presuming that there will be an
approximately 50/50 distribution of outcome in the patient population. These calculations
show that approximately 800 patients will be required to detect the postulated treatment
effect with a statistical power of 80%. These calculations however are potentially flawed:
the assumption of a 50/50 outcome distribution underpinning these calculations does not
pertain to the group level but rather to every individual patient. The required sample size
is strongly dependent on the outcome distribution, and as this deviates more from the
50/50 level, required sample sizes increase exponentially (figure 9.1). Consequently when
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patients are included with a more extreme prognosis sample size calculations need to be
adjusted. Even in trials with relatively strict enrolment criteria up to approximately 40%
of patients may have an extreme prognosis (low or high risk). The confounding effect of
prognostic heterogeneity will inevitably reduce statistical power to an extent, that chances
of demonstrating benefit are greatly reduced.

Table 9.1. Glasgow Outcome Scale and its extended version.

GOS GOSE

1 Death, mortality from any cause 1 Death

2 Vegetative State, unable to interact with 2 Vegetative State
environment, unresponsive

3 Severe Disability 3 Lower: dependant on others for activities of daily
Conscious but dependent live

Upper: dependant on others for some activities

4 Moderate Disability 5 Lower: unable to return to work or participate in
Independent but disabled social activities
6 Upper: return to work at reduced capacity,
reduced participation in social activities

5 Good Recovery 7 Lower: minor social or mental deficits which do
Return to normal occupation and social activities, not impair normal functioning
may have minor residual deficits 8 Upper: full recovery, no residual complaints or
deficits

GOS: Glasgow Outcome Scale; GOSE: Glasgow Outcome Scale Extended
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Figure 9.1. Required sample size in relation to outcome distribution. The X-axis displays the (expected)
proportion of patients with unfavourable outcome in the study population. The Y-axis displays the

required number of patients to detect an absolute difference in unfavourable outcome of 10%
between treatment groups with a power of 80%.
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Solutions to the challenges posed by heterogeneity of the TBI
population

Reducing the risk of imbalances

Three approaches to avoid imbalances can be considered: decrease heterogeneity, increase
sample size, or stratified randomization. Strict enrolment criteria have commonly been
employed in TBI trials with an aim to decrease heterogeneity. The disadvantage of this
approach however, is that the generalizability of findings is decreased and that it is inefficient
as it leads to longer study duration (discussed below). Conversely, increasing the sample
size and using less restrictive enrolment criteria (accepting the consequent heterogeneity)
will increase generalizability and reduce the risk of occurrence of imbalances. In so called
“mega trials”, these risks are considered very low. The Corticosteroid Randomisation After
Significant Head Injury (CRASH) trial was the first “mega trial” in the field of TBI [20; 21], and
investigated the efficacy of methylprednisolone in patients with mild to severe TBI (1999-
2004). The trial planned to enroll 20,000 patients, but after inclusion of 10,008 it was halted
because an interim analysis showed a higher 14-day mortality rate in the active treatment
arm (21.1% versus 17.9% deaths, p=0.0001). Liberal enrollment criteria were used to
stimulate recruitment, reduce the risk of imbalances and to increase generalizability of
results. The large heterogeneity was seen more as an asset than as a problem. Although the
approach of selection of the study cohort is substantially different from previous clinical trials
in the field of TBI, this trial was one of the first multicentre trials in TBI that demonstrated
an overall statistically significant (but negative) treatment effect. Imbalances between
treatment groups were not found. Stratifying the randomization on important prognostic
factors avoids imbalances in the treatment groups, but has some practical disadvantages,
like the need for more advanced (electronic) randomization schemes.

Dealing with prognostic heterogeneity

Conceptually, prognostic heterogeneity can be reduced by the use of stricter enrolment
criteria (also reducing the risk of imbalance) or by the application of covariate adjustment in
the analysis phase. Both approaches aim to increase statistical power of a trial.

Simulation studies within the IMPACT database have shown that stricter enrollment
criteria can indeed increase statistical power by 33% in observational surveys and 5% in RCTs
(22). However, a disadvantage of selection is reduction of a trial’s recruitment rate (number
of patients that can be recruited in a certain period of time) and therefore prolongation
of the trial duration. Stricter enrollment criteria lead to a reduction in recruitment of
approximately 65% in the observational studies and 41% in the trial populations included in
the IMPACT database (23). These studies showed that the benefits of selection in terms of
statistical power were outweighed by adverse effects on recruitment rate and trial duration
and therefore make this approach inefficient (22) (table 9.2).
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Table 9.2. Effects of selection and targeting on statistical power (required sample size) and recruitment.

Required sample size

.. Recruitment
(statistical power)

Surveys RCTs Surveys RCTs
Original selection ref ref ref ref
Strict enrollment -33% -5% | 65% | 41%
criteria
Prognostic targeting -28% -17% | 45% | 43%

Adapted from Roozenbeek et al., 2009 (22) and Roozenbeek et al., 2009 (23)

Alternatively, one may consider selecting patients not based on separate enrollment
criteria, but on their summarized prognostic risk (i.e. targeting patients with an intermediate
prognostic risk). This approach is now feasible following the development of validated
prognostic models for predicting outcome in TBI (14, 15). The concept of prognostic targeting
was previously proposed by Machado [24] and confirmed in the study by Roozenbeek et
al (22) (table 9.2). Although the use of a baseline prognostic risk score would seem more
efficient than the use of separate inclusion and exclusion criteria, and its benefit in terms of
statistical power proven, the exclusion of patients will reduce recruitment and consequently
lengthen study duration. The increase in relative study duration as summarized in table
9.3 with the use of both strict enrolment criteria and prognostic targeting render these
approaches inefficient. Rather than attempting to decrease heterogeneity on enrollment,
one may consider the application of covariate adjustment in the analysis phase. This will
not affect recruitment or study duration. Covariate adjustment is a procedure to control
for unbalanced prognostic factors in order to obtain less biased estimates of the treatment
effect. Stratified randomization is often combined with covariate adjustment, but covariate
adjustment does not require stratified randomization.

Simulation studies with TBI trial data showed that logistic regression analysis of the
treatment effect, with covariate adjustment for seven strong predictors of outcome
resulted in a 25% gain in statistical power, compared to the unadjusted analysis (25). These
results were confirmed across the individual patient populations of the IMPACT database,
demonstrating an increase in statistical power of up to 30% in more heterogeneous
populations of observational surveys and up to 16% in trial populations with stricter criteria
(22).
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Table 9.3. Net effect of selection, targeting and covariate adjustment on study efficiency.

Relative study duration

Surveys RCTs
Original selection Ref Ref
Strict enrollment criteria +95% +60%
Prognostic targeting +05% +11%
Covariate adjustment -30% -16%

Adapted from Roozenbeek et al., 2009 (22)

Different approaches can be used to decide which covariates should be used for
adjustment. One approach is the use of knowledge on predictive factors of outcome from
previous studies. The prognostic analysis performed by the IMPACT study group on long-
term mortality and functional outcome after TBI have confirmed the predictive value of
multiple covariates, including age, the GCS motor score, pupillary reactivity, brain CT scan
characteristics and second insults (hypoxia and hypotension) (23). The prognostic models
based on these variables have now been extensively externally validated (14, 15, 45). TBI
populations of many different settings and therefore can be recommended to be used for
covariate adjustment in trials in moderate and severe TBI. Also for mild TBI prognostic
models have been published, but not externally validated (26).

Another approach is to use the data of the trial to investigate which covariates may best
be used. However, the use of this approach has the risk of subjective selection of variables.
Simulation studies have shown that this approach indeed carries the risk for biased
estimates of the treatment effect, especially in trials with small sample sizes (27). The use
of a prespecified adjustment model, or as a minimum specification of the covariates in the
statistical analysis plan is strongly recommended.

Covariate adjustment in the analysis phase does not carry the disadvantage of reducing
recruitment. Consequently the IMPACT study group recommends a relatively broad
inclusion criteria combined with covariate adjustment in the analysis phase. This approach
is expected to yield a reduction of sample size of 20 to 25%, which is much greater than has
previously been observed in for example cardiovascular trials (28). An additional advantage
of broad inclusion criteria is that it will increase generalizability of the findings in the study
to less selected TBI populations.

Ordinal approaches in the primary efficacy analysis

The traditional approach of dichotomizing the GOS has the disadvantages of discarding
potentially valuable information [19] and that the point of dichotomization is not related to
the initial prognostic risk. Approaches that would either take benefit of the full ordinal nature
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of the GOS and/or relate the individuals’ outcome to the initial baseline prognostic risk may
be expected to be more efficient. In addition, clinically very relevant shifts in outcome, e.g.
from moderate disability to good recovery, are taken into account in an ordinal approach.
Two possible approaches for this are proportional odds analysis and the application of the
sliding dichotomy. Superficially, the two approaches have much in common. They both
exploit the ordinal nature of the GOS, but conceptually there are major differences.

In the proportional odds model the pooled odds ratios are based on the treatment effect
calculated for each of the possible splits for collapsing an ordinal scale. In this way, the study
sample is not subdivided but rather every patient contributes to the estimate of a so-called
common odds ratio. Hence an overall estimate of the shift in outcome across the GOS
is obtained for better perception in a clinical audience. The use of the proportional odds
model has been referred to as a “shift analysis” (28). This approach was used in the efficacy
analysis of several stroke trials (30, 31) and in one recently published TBI trial (32).

In the sliding dichotomy approach, the point of dichotomy of the GOS is differentiated
according to the baseline prognostic risk. For patients with a poor prognosis, survival may
be relevant whilst in those with a good prognosis any outcome worse than good recovery
may be considered unfavorable. The concept of the sliding dichotomy approach is intuitively
attractive for clinicians and has been adopted for the primary analysis of some phase Il
trials in TBI, stroke and intracerebral hemorrhage (32-34). In contrast to the traditional
dichotomous analysis of the GOS, in which patients are required to cross a pre-specified,
fixed and artificially determined boundary, the sliding dichotomy approach takes other
transitions, for example that from Moderate Disability to Good Recovery into account. Use
of the sliding dichotomy approach (and covariate adjustment) requires identification of
robust prognostic models to reliably provide a baseline risk estimate in individual patients,
which are available for moderate and severe TBI (14,15).

Extensive simulation studies have been performed in the IMPACT database to explore
benefits of ordinal approaches to the outcome analysis (36). Both application of proportional
odds analysis and of the sliding dichotomy yielded considerable benefits increasing
statistical power by 23 to 30%. Applying covariate adjustment in addition to the ordinal
analysis further increased power to a total of up to 40 to 49% (table 9.4). The benefits of
this approach were further confirmed in new data sets and when applying both approaches
to the data of the MRC CRASH study, the expected benefits were confirmed in the “real
life” situation of a clinical trial (37). These findings strongly support adopting an ordinal
approach to outcome analysis in TBI trials.
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Table 9.4. Increasing trial efficiency by ordinal analysis and/or covariate adjustment.

Statistical Approach Reduction in sample size (%)

Median Interquartile range Range
Conventional dichotomy Reference Reference Reference
Conventional dichotomy + 26 20-29 14-29

Covariate adjustment

Proportional odds analysis 23 19-24 18-24
Proportional odds + covariate adjustment 49 45-53 41-57
Sliding dichotomy 30 29-37 16-45
Sliding dichotomy + covariate adjustment 40 34-44 25-51

Adapted from McHugh et al., 2010 (36)

The choice between proportional odds analysis versus the sliding dichotomy involves more
a value judgment than that any choice can be scientifically motivated. From a statistical
perspective the proportional odds model appears more efficient, but is perhaps less
appealing for a clinical audience. Thus, we consider both approaches appropriate for the
analysis of TBI trials. Whichever ordinal approach is chosen, evidence strongly indicates
that the conventional dichotomous analysis should be discarded from the trialists’ toolbox,
unless one is exclusively interested in one particular outcome.

Future perspective

The reappraisal of trial methodology in TBI and the recommendations proposed by the
IMPACT study group have provided us with tools to conduct trials more efficiently in the
field of TBI, providing better chances to detect treatment effects. We see three important
directions for further improvements: more comprehensive approaches to outcome
assessments, standardization of data collection/coding and alternative approaches to
exploring efficacy.

More comprehensive approaches to outcome assessments

More than three decades after Jennett and Bond described the GOS, it is still the most
commonly used outcome measure in TBI trials. However, by definition the GOS is as a global
assessment and insufficiently recognizes the complex aspects of outcome following TBI.
Furthermore, despite the use of the structured interview (38), misclassification of the GOS
assessment can occur with adverse effects upon statistical power (39). We see a clear need to
further develop a multidimensional approach to outcome assessment and classification (40),
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including neuropsychological measure, and to include the patient’s perspective on quality of
life. We should further consider adding in a time dimension. In the field of health economics
the use of quality adjusted life years (QALY) is common practice. A similar approach in which
outcome assessments are measured at multiple time points and integrated with mortality
may offer a new and more comprehensive way to approach outcome assessments in TBI.
This would offer opportunities to additionally capture the speed of recovery.

A major limitation in the conduct of clinical trials in TBl is the striking lack of early mechanistic
endpoints. Different surrogate, early mechanistic endpoints for TBI have been suggested
in the past, such as intracranial pressure, therapy intensity level, jugular venous oxygen
saturation, metabolic measurements and neuro-imaging characteristics [10]. However,
none of these measures have proven to be directly related to functional outcome [3].
Consequently, in TBI it is impossible to target existing or novel therapeutic approaches
appropriately. Mechanistic targeting - the ideal for clinical trials - would necessitate the
identification of occurrence and time course of pathophysiologic mechanisms in individual
patients. Advances in neuro-imaging and the emerging field of biomarkers offer hope for
the future. With these techniques, disease processes can be tracked and patients could
function as “their own controls”. Thus, we may determine if the therapy under investigation
might reduce incremental tissue injury — the first principle of neuroprotection.

Standardization of data collection

A high quality observational study combined with comparative effectiveness research as well
as meta- analysis of individual patient data across existing studies requires standardization
of data collection and coding. Initial steps towards development of proposals for
standardization have been integrated into an internationally oriented interagency initiative
towards: “an integrated approach to research in psychological health and traumatic brain
injury”. This initiative involving the National Institutes of Neurological Disorders and Stroke
(NINDS), the National Institute on Disability and Rehabilitation Research (NIDRR), the
Department of Veterans’ Affairs (VA), the Defense and Veterans Brain Injury Center (DVBIC)
and the Defense Centers of Excellence (DCoE) included four working groups in the field of TBI
addressing four domains: 1. Demographics and clinical assessment, 2. Biomarkers, 3. Neuro-
imaging and 4. Outcome. General recommendations have been published (34; 35; 36; 37;
41). The diversity and specific characteristics of the topics addressed by the working groups
resulted in a different emphasis in the recommendations. In the biomarkers and imaging
groups, emphasis was placed on standardization of techniques and procedures, whilst in the
outcomes group, the main emphasis was on the selection of instruments. For demographics
and clinical assessments the standardization of coding of the variables was most important.
The process for developing recommendations for clinical data elements was consensus
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driven with multidisciplinary and international input from experts across a broad range of
disciplines. A general consensus on selection and coding of data elements was achieved
and templates were produced that summarized coding formats, motivation of choices and
recommendations for procedures. Some recommendations concerned novel approaches,
for example towards assessing the intensity of therapy in severely injured patients. It was
recognized that the selection and the required level of detail in data collection would vary
greatly with the design and aim of a specific study. Three levels of detail for coding elements
were developed: 1. a basic version, 2. an advanced version and 3. an extended format with
the greatest level of detail in the extended version. The coding of these versions was such
that in every case the more detailed coding could be collapsed into the basic version, thus
facilitating comparisons across studies. The proposed data elements and their coding are
intended as “building blocks” for designing a case report form and can be used as “plug in”
elements and used multiple times in various sections of a case record form. The overall
structure of the CDE recommendations for coding and the templates can be viewed on the
IMPACT website and on the CDE website.

The process for standardization of data collection in TBI is considered crucial to advancing
the care for TBI patients and has been well received in the field. Endorsements have been
obtained from the AANS / CNS section on Neurotrauma and Critical care, the International
and National Neurotrauma Societies and the European Brain Injury Consortium. It should
be recognized however that the process of standardization is and will remain an ongoing
process, for which continuous feedback, refinement and updating is required. This could
best be overseen by a non-commercial, scientific authority such as the National Institutes
of Health in the U.S.

Alternative approaches to exploring efficacy analysis

Randomized controlled trials are considered the gold standard for proving efficacy of new
treatments. Classical clinical trials are characterized by a strong reductionist approach
and suffer from some limitations. RCTs address efficacy rather than effectiveness. Efficacy
reflects the extent to which an intervention provides benefit under carefully controlled
conditions chosen to maximize the likelihood of observing an effect, whilst effectiveness
relates more to benefits and harms of an intervention in ordinary settings and broader
populations. RCTs may therefore not always address the effect of different clinical practices
in “the real world”. Moreover they are costly and we should recognize that we will never
be able to execute adequately powered trials to address all the existing uncertainties in
clinical TBI management. Alternative approaches to exploring efficacy should therefore be
considered in addition to the gold standard of clinical trials. The existing heterogeneity in
TBI populations, management approaches and outcome offers opportunities for exploring
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causes for these differences and identifying underlying reasons for a given outcome,
or individual patient response to a selected intervention. This represents comparative
effectiveness research (CER). The concept of CER in TBI is not new. In 1983 Gelpke et al
(42) analyzed differences and outcome between two centers from the Netherlands and
in 1989 Colohan et al (43) performed comparative analysis of treatment results between
Charlottesville (U.S.) and New Delhi (India). TBI may be considered particularly suited
for application of CER for a number of reasons. First, the strong heterogeneity with large
differences in both management and outcome between centers and countries (44) provide
a major opportunity to compare alternative interventions and managements. Second, the
availability of robust and validated risk adjustment models for both mortality and functional
outcome permit approaches to adjust for prognostic heterogeneity. Third, sophisticated
statistical approaches such as random effect analysis are available to support CER.

A recent workshop “Promoting effective traumatic brain injury research” held during
the National Neurotrauma Symposium in 2010, organized by the EU and the NIH stated that
improved clinical care of TBI patients will likely depend on a range of research approaches
including CER and systems biology. An urgent need for standardization of treatments and
validation of effective clinical guidelines in TBI was identified. It was proposed that these
goals could best be achieved through a large observational study coupled to comparative
effectiveness research. Subsequent to this workshop an “international initiative for TBI
research” has been formalized by the EU and NIH/ NINDS.
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GENERAL DISCUSSION AND RECOMMENDATIONS

As described in Chapter 1, the aim of this thesis was to investigate which adaptations in
design and analysis of randomized controlled TBI trials may be best implemented to deal
with the heterogeneity of TBI study populations in order to increase chances for detecting
clinically relevant treatment effects in future trials for therapeutic interventions for TBI. In
this Chapter, the research questions will be answered, the results presented in this thesis
discussed, recommendations for future TBI trials provided, and remarks made about the
future of randomized controlled trials for TBI.

Summary answers to the specific questions

Five specific questions were posed in Chapter 1, which will be answered here:

I. Which problems related to trial design and analysis have contributed to the failure of
most randomized controlled TBI trials in the past?

Answer: Only 3 of the 23 large randomized controlled TBI trials on neuroprotective agents
that were performed between 1980 and 2009 showed an overall statistically significant
treatment effect. Reasons for the failure are the lack of mechanistic endpoints, the relative
insensitivity of outcome measures and the heterogeneity of the patient population.
>> Chapter 2 and Chapter 9

Il. What is the most efficient approach to selection of patients for randomized controlled
TBlI trials?

Answer: The traditional approach of using strict enrollment criteria to reduce heterogeneity
is inefficient, since it decreases recruitment. Rather, broad enrollment criteria are
preferred, combined with covariate adjustment in the analysis phase, unless only a
targeted subgroup specific treatment effect is expected (for mechanistic reasons)
without an effect in excluded patients.
>> Chapter 6 and Chapter 7

Ill. What is the influence of covariate adjustment on statistical power in randomized
controlled TBI trials?

Answer: Simulation studies with covariate adjustment for three important predictors across
the different studies in the IMPACT database demonstrated an increase in statistical
power of up to 30% in more heterogeneous populations of surveys and up to 16% in RCT
populations with stricter enrollment criteria. It had no adverse effect on recruitment.
Covariate adjustment is an advised approach for every TBI trial.
>> Chapter 7
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IV. What is the influence of ordinal rather than dichotomous analysis of the Glasgow
Outcome Scale as primary outcome measure in randomized controlled TBI trials?

Answer: Dichotomization of the Glasgow Outcome Scale is not recommended, since it is a
statistically inefficient and clinically unattractive approach. Instead, ordinal analysis is
advised, since it substantially increases statistical power. In the CRASH trial, application of
proportional odds regression and the sliding dichotomy approach increased information
density with a factor 2.05 and 2.56 respectively, which permits the detection of smaller
treatment effects.
>> Chapter 8

V. Are the currently available prognostic models for prediction of outcome after TBI
externally valid and can they be used to make design and analysis of randomized
controlled TBI trials more efficient?

Answer: Covariate adjustment, the sliding dichotomy approach and prognostic targeting
are techniques that all require validated prognostic models to determine the baseline
prognostic risk of individual patients. Both the IMPACT and the CRASH prognostic models
were proven to be externally valid in more recent databases. No substantial differences
in performance were found between the IMPACT and the CRASH models. The IMPACT
models can also predict early (14-day) mortality.
>> Chapter 3, Chapter 4 and Chapter 5

Randomized controlled trials for TBI have failed: the incentive
for the IMPACT Study

In the past decades, many multicenter Phase Il clinical trials have been performed to
test different pharmacological agents and therapeutic strategies, affecting different
pathophysiological mechanisms that are active in TBl. However, the majority of these
studies failed to show an overall significant treatment effect. Substantial limitations in
the design and analysis of clinical TBI trials have contributed to this failure. Many of these
limitations are related to the large heterogeneity of TBI patient populations. To address
these problems, the IMPACT (“International Mission on Prognosis and Analysis of Clinical
Trials in TBI”) database was created through merging individual TBI patient data, initially
from eight randomized controlled trials and three observational surveys (n=9205). Later,
during the continuation funding, the database was extended to a total of more than
40,000 patients. This database formed a culture medium in which innovative approaches
to improving trial design and analysis were explored. The U.S. National Institutes of Health
funded the project. Investigators with clinical, epidemiological and statistical backgrounds
from the Antwerp University Hospital, Belgium; the Erasmus MC, University Medical Center
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Rotterdam, the Netherlands; the University of Edinburgh, Scotland and the Medical College
of Virginia Commonwealth University in Richmond, Virginia, U.S, collaborated within the
project. It was hypothesized that the statistical power of TBI trials could be increased
by adjusting for prognostic heterogeneity with covariate adjustment and/or prognostic
targeting, by exploiting the ordinal nature of the Glasgow Outcome Scale and by relating
the outcome obtained in individual patients to their baseline prognostic risk. Extensive
prognostic analyses were required as a first step towards the aim of optimizing the chance
of demonstrating benefit of new therapies in future trials. These analyses identified a
number of strong predictors of mortality and poor functional outcome at six months post-
injury. These predictors include the patient’s age, the motor score of the Glasgow Coma
Scale, pupillary reactivity, abnormalities on the head CT scan and second insults (hypoxia,
hypotension). The prognostic studies were presented in a series of eight papers published in
one issue of the Journal of Neurotrauma (1-8). These analyses were used as a basis for the
development of the IMPACT prognostic models (9). The insight in prognosis that was gained
from the prognostic analyses and the development of the models, was used a starting point
for our research on design and analysis of RCTs for TBI that is (partly) presented in this thesis.

Although all publications that have resulted from the IMPACT project were product of
a team effort by all investigators from all participating centers, the individual centers all
had their specific focus. The author of this thesis had the honor to work together with the
members of both the “Rotterdam team” and the “Antwerp team”. His work within these
teams focused on performing simulation studies on various patient selection strategies and
covariate adjustment, the application of different forms of ordinal analysis to the data of the
CRASH trial and the external validation of the IMPACT and CRASH prognostic models in new
datasets. He also contributed to a number of review articles. This work is summarized in the
separate Chapters of this thesis.

Broad enrollment criteria, covariate adjustment and ordinal
outcome analysis: a paradigm shift in the design and analysis of
TBI trials

Selection criteria

The commonly applied and accepted approach to patient selection in randomized
controlled trials for TBI is the use of strict enrollment criteria. The aim of this approach is
to decrease heterogeneity by excluding patients with an “extreme” (either very good or
very bad) baseline prognostic risk. This should increase chances for detecting a treatment
effect (statistical power). In Chapter 7 of this thesis, we presented evidence that focusing
on the middle part of the prognostic risk spectrum — either by separate strict enrollment
criteria or by “prognostic targeting” using a multivariable prognostic model — indeed
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increased statistical power of a TBI trial. However, as a result of using strict enrollment
criteria a substantial proportion of the potential population is excluded from participation
in a randomized controlled trial. In the IMPACT database we found that more than 40% of
the patients in the three observational studies (with relatively broad enrollment criteria)
were in an extreme risk group (Table 10.1). When stricter enrollment criteria are applied,
the recruitment rate (number of recruited patients per time unit) will be reduced and study
duration prolonged. We found that the beneficial effect of strict selection is outweighed by
the adverse effect on recruitment (Chapters 6 and 7). Therefore, we advise to also include
patients with a more extreme prognosis to the trial. The use of broad enrollment criteria
has the benefit of stimulating recruitment and it increases the generalizability of the trial’s
results. From our point of view, enrollment criteria should not be limited by “prognostic
arguments”, but should be based mainly on “mechanistic arguments”. Patients should only
be excluded from enrollment in a trial, if the mechanistic/biological mechanism that is
targeted by the treatment under study is not expected to be active in these specific patients.

The vision that we should use broad instead of strict enrollment criteria is rather
revolutionary in the field of clinical TBI research. While almost all trials that were performed
in the past had relatively small sample sizes (around 600 subjects) and used strict enrollment
criteria, the Corticosteroid Randomisation After Significant Head Injury (CRASH) trial (10, 11)
was the first trial in TBI that used very broad enrollment criteria and planned to enroll 20,000

IH

patients. This “mega-trial” was an international, multicenter trial investigating the efficacy
of methylprednisolone in patients with mild to severe TBI (1999-2004). After inclusion of
10,008 patients it was halted because an interim analysis showed a higher 14-day mortality
rate in the active treatment arm (21.1% versus 17.9% deaths, OR 1.22, 95% confidence
interval 1.11-1.35, p=0.0001). Although the approach of selection of the study cohort is
substantially different from previous clinical trials in the field of TBI, it was one of the first
TBI trials that demonstrated an overall statistical significant (but negative) treatment effect.
In other fields of medicine, such as the management of acute myocardial infarction,
performing very large trials with liberal enrollment criteria is not new at all (12). However,
some authors argue that the “mega-trial” design —i.e. the inclusion of thousands of patients
combined with usually (very) limited data collection — is based on flawed methodology. For
example, Charlton said that “a measurement can not be made simultaneously more precise
and more valid by reducing the rigour of its protocol in order to allow increased recruitment
of patients” (13). In his opinion the reduction of the confidence interval of the treatment
effect by increasing the number of recruitment patients, does not result in a more valid
estimate of this treatment effect, and he is against the use of the “mega-trial” design (14).

We think that the optimal approach should combine the best of both worlds: we should use
relatively broad enrollment criteria to stimulate recruitment and increase generalizability,
and we should ascertain good quality data collection with recording of important covariates
in order to obtain a valid estimate of the treatment effect.
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Table 10.1. Classification of patients from three surveys and eight randomized controlled trials included
in the IMPACT database according to their baseline risk for unfavourable outcome. Reproduced from
Maas et al., Neurotherapeutics, 2010 (49).

Number of patients Number of patients per risk category (%)

Lilth elifsi:il:‘::;:sk Low risk Intermediate risk High risk
0-20% 41-80% 81-100%

Surveys

Core Model * 2217 202 (9%) 1269 (57%) 746 (34%)

Extended Model ? 2217 247 (11%) 1208 (54%) 762 (34%)

RCTs

Core Model* 6292 1040 (17%) 4733 (75%) 519 (8%)

Extended Model ? 4782 1168 (24%) 3160 (66%) 454 (10%)

Categories were defined according to the risk of unfavourable outcome, as estimated by the prognostic models as
designed by the IMPACT investigators.

*Core model: age, GCS motor score and pupillary reactivity.

2Extended model: Core model plus hypoxia, hypotension and CT characteristics (i.e., Marshall CT Classification, and
traumatic subarachnoid hemorrhage).

Percentages may not add up to 100% because of rounding. Numbers of patients may differ from numbers reported
elsewhere, because of differences in recorded variables per study and selection of non-missing outcome and age > 14.

Covariate adjustment

Heterogeneity of trial populations carries the risk of significant imbalances between the
study groups, despite the use of randomization, even when the population is relatively
large. Furthermore, even in the absence of significant imbalances both groups cannot
be considered comparable by definition, since this also depends on the strength of the
association between the covariates and the outcome. The relation between imbalances,
prognostic strength of the covariates, and the estimation of the treatment effect has been
illustrated previously (15). In order to deal with the problem of heterogeneity, we advise
to adjust the treatment effect for important predictors of outcome by a procedure called
covariate adjustment. Covariate adjustment substantially increases statistical power of a
trial. Earlier simulation studies with TBI trial data showed that logistic regression analysis
of the treatment effect, with covariate adjustment for seven strong predictors of outcome
resulted in a 25% gain in statistical power, compared to the unadjusted analysis (16). These
results were confirmed across the individual patient populations of the IMPACT database
(presented in Chapter 7 of this thesis), demonstrating an increase in statistical power of up
to 30% in more heterogeneous populations of observational surveys and up to 16% in trial
populations with stricter criteria.

Recently published explorations of the influence of covariate adjustment on the actual
(not simulated) results of the previously mentioned CRASH trial, showed that adjustment
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for age, GCS motor score and pupillary reactivity (IMPACT Core model) resulted in a relative
sample size of 0.79 to obtain the same statistical power as the unadjusted analysis (17).

Adjustment for the variables age, GCS, pupillary reactivity and the presence of major
extracranial injury (CRASH Basic model) led to a relative sample size of 0.73. This implies an
increase in power from 80% to 88% and 91% respectively. The authors recommend the use
of covariate adjustment in future TBI trials in order to increase statistical power, but warn
not to use this method to actually decrease sample sizes in the planning of new trials.

In other fields of medicine that are dealing with heterogeneous patient populations,
covariate adjustment is applied as well. Methodological research in the field of stroke trials
for example, by the “Optimising Analysis of Stroke Trials” (OAST) Collaboration, provided
the insight that covariate adjustment reduced the required sample size by at least 20-
30% in acute stroke trials (18). The magnitude of these reductions is comparable to those
observed in TBI trials, but is much greater than those previously observed in for example
cardiovascular trials (15). The size of the gain in statistical power depends on the strength of
the association between the covariates and the outcome.

Although the potential beneficial effect of covariate adjustment on statistical power is
becoming more and more accepted, only a minority of randomized controlled trials report
an adjusted treatment effect. In a systematic literature review on the use of covariate
adjustment in TBI trials Herndndez et al. found that only five out of the 18 selected RCTs
(28%) applied covariate adjustment (19). A systematic review by Austin and colleagues (20)
on the handling of baseline covariates in randomized controlled trials, published in the first
half of 2007 in four high-impact general medical journals, found that only approximately
one-third of the trials reported an adjusted treatment effect. In this review the disagreement
on which measure is most informative for physicians is discussed: the unadjusted or
the adjusted treatment effect? The unadjusted treatment effect can be interpreted as
the population-average estimate for the study. In contrast, an adjusted treatment effect
can be seen as a subject-specific estimate, or the estimate of the treatment effect for a
patient with a specific set of covariate values. Hauck et al. pose that the adjusted effect is
more relevant from a clinician-patient perspective and should therefore be the preferred
measure to present in reports of randomized clinical trials (21). Martens et al. suggest
that the population-averaged estimate (unadjusted treatment effect) is better defined and
appears to be of greater interest (22). Especially in non-linear regression (as for example
logistic regression analysis that is used in most TBI trials) this is a particularly relevant
discussion, since adjusted and unadjusted point estimates of the effect differ from each
other (23). More specifically, unadjusted treatment effects in logistic regression are closer
to the ‘null’ than adjusted treatment effects. In other words, unadjusted analysis attenuates
the estimation of the treatment effect in logistic regression. This is the result of an issue
called ‘non-collapsibility’. An estimator is collapsible when the population-average effect
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is identical to the adjusted effect. This is the case in linear regression. However, non-linear
regression techniques, such as logistic regression, result in non-collapsible estimators (e.g.,
the odds ratio). The phenomenon of non-collapsibility of the odds ratio is nicely illustrated
in a paper by Kent et al. published in Stroke in 2009, summarized in Table 10.2 (24). It shows
a hypothetical stroke trial enrolling patients who belong to 4 different risk/severity strata.
The treatment effect is uniform across the 4 strata, i.e. 50% improvement in the odds
of having a good outcome (OR=1.5). Surprisingly, if one calculates the OR for the overall
results, one would find that treatment increased the odds of a good outcome by only 38%.
This represents an underestimation of the within-stratum treatment effect of almost 25%.

This example supports our view that some TBI trials may have failed because of the way
these trials were analyzed.

Table 10.2. Unadjusted summary results underestimate stratum-specific odds ratios when the
treatment effect is uniform. Reproduced from Kent et al., Stroke, 2009 (24).

Good Functional Outcome

Risk/Severity Strata Control Rate Treatment Rate OR
Severe stroke 20.0% 27.3% 1.5
40.0% 50% 1.5
60.0% 69.2% 1.5
Mild stroke 80.0% 85.7% 1.5
Summary of trial result 50.0% 58.1% 1.38

In line with the previously mentioned argument that the adjusted treatment effect is less
well defined, a criticism of the advocacy of covariate adjustment in RCTs is that it only allows
adjustment for measured prognostic variables and not for unmeasured variables. For the
population-average or the unadjusted model only one ‘true’ model exists. In contrast, the
‘true’ patient-specific estimate of the treatment effect can only be estimated with an ‘ideal’
adjustment model containing all variables that together explain the full variance, which
in real life will not be the available. So, the (magnitude of the) adjusted treatment effect
depends on the decision about which covariates to include into the adjustment model.

In the systematic review by Austin et al. only 13 of the 39 (33%) trials that reported an
adjusted treatment effect clearly described which method was used to select covariates
for the adjustment model (20). Six of these 13 trials reported that the variables had been
selected ‘a priori’. Senn stated that the selection of covariates should be done ‘a priori’
based on an analysis of which variables are strong predictors of outcome (25). A post hoc
or inappropriate variable selection strategy may result in biased estimates of the treatment
effect. This underlines the importance of prognostic analysis.
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Ordinal analysis

The current practice of dichotomizing the Glasgow Outcome Scale (GOS) in unfavorable
(Death, Vegetative State and Severe Disability) versus favorable (Moderate Disability and
Good Recovery) is a statistically inefficient and a clinically unattractive approach. Because of
this dichotomization, patients with an extreme prognosis have little potential to contribute
toward the statistical power of a trial. The prognosis of patients in an extreme risk group can
be so good that they will almost inevitably achieve a favorable outcome, even without the
benefits of an effective new intervention, or so poor that it is extremely unlikely that even
an effective intervention would improve their outcome to such an extent that it would move
from being unfavorable to favorable. Moreover, it is not intuitively attractive from a clinical
perspective to only focus on one specific split of the outcome distribution and not to take
other clinically relevant splits into account. It was shown that approaches that exploit the
ordinal nature of the GOS will result in higher statistical power, compared to the traditional
dichotomized analysis (26). This will increase the chance of detecting smaller, but clinically
relevant treatment effects. We therefore advise to use an approach that exploits the ordinal
nature of the GOS. Two approaches that were investigated in this thesis are proportional
odds logistic regression and the sliding dichotomy approach (Figure 10.1).

In the sliding dichotomy approach, the point of dichotomy of the GOS is differentiated
according to the baseline prognostic risk. For patients with a poor prognosis, survival may
be relevant whilst in those with a good prognosis any outcome worse than good recovery
may be considered unfavorable. Practically, the concept is applied as follows. First, the trial
population in divided in a number of equally large not overlapping prognostic bands (e.g.
three bands: good, intermediate and poor prognosis). Patients are divided in these bands
based on their individual baseline prognostic risk, calculated by a prognostic model.
Secondly, the point of dichotomization for the GOS is determined for each of the prognostic
bands. For example, in the good prognosis band the split is placed between Moderate
Disability and Good Recovery, in the intermediate prognosis band between Severe Disability
and Moderate Disability, and in the poor prognosis band between Vegetative State/Death
and Severe Disability. According to these splits, it is determined whether each individual
patient has a favorable or an unfavorable outcome. Thirdly, three odds ratios are obtained
by fitting binary logistic regression models. Finally, a pooled odds ratio can be calculated
as a summary estimate of the treatment effect. This is the odds ratio for having a better
outcome than expected. The pooling over strata is only reasonable if the three odds ratios
are similar, i.e. no interaction between prognosis and treatment effect. The concept of the
sliding dichotomy approach has been adopted for the primary analysis of several phase
1l trials in TBI, stroke and intracerebral hemorrhage (27-30). Use of the sliding dichotomy
approach — with or without combination with covariate adjustment — requires identification
of valid prognostic models to reliably provide a baseline risk estimate in individual patients.
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Figure 10.1. Graphical illustration of three different approaches to the analysis of the Glasgow
Outcome Scale as outcome measure in randomized controlled TBI trials.
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In the proportional odds approach, the regression model considers every possible
way in which an ordinal scale can be dichotomized, assuming that the odds ratio for a
better outcome versus a worse outcome is identical wherever the scale is dichotomized
(proportional odds assumption). The proportional odds model combines the odds
ratios for all possible splits and estimates a common odds ratio. In this approach, the
study population is not subdivided, but every patient contributes to the estimation of
this common odds ratio. Hence, we obtain an overall estimate of the shift in outcome
across the full GOS. From this perspective it has been proposed to refer to the use of the
proportional odds model as a “shift analysis” (31). This approach was used in the efficacy
analysis of several stroke trials (32, 33) and in one recently published TBI trial (34).

Earlier simulation studies within the IMPACT database showed considerable benefits of
ordinal analysis on statistical power (26; Chapter 9). The application of proportional odds
analysis and of the sliding dichotomy increased statistical power by 23 to 30%. Applying
covariate adjustment in addition to the ordinal analysis further increased power to a total
of up to 40 to 49%. The benefits of this approach were further confirmed in new data sets
and when applying both approaches to the data of the MRC CRASH study, the expected

|u

benefits were confirmed in the real life situation of a clinical “mega trial” (Chapter 6). This
study showed that information density (i.e., the ratio of the Wald statistics of the treatment
effect of the different strategies) of the ordinal approaches was 2.05-fold (proportional
odds) and 2.56-fold (sliding dichotomy) higher compared to the traditional dichotomized
analysis of the GOS. Furthermore, the study showed that both ordinal approaches already
showed significant treatment effects after enrolling approximately half the number of
patients required with the dichotomized outcome (Figure 10.2). These findings strongly
support adopting an ordinal approach to outcome analysis in TBI trials. Importantly, other
fields using ordinal outcome measures may benefit from the proposed methodology. For
example, the OAST Collaboration found that the use of some form of ordinal analysis rather
than dichotomized analysis in acute stroke trials is probably more efficient and more likely

to yield reliable results (35).

For both approaches, there is the requirement to examine the degree of heterogeneity
amongst the three estimated odds ratios before going on to derive the corresponding pooled
estimate (pooled odds ratio or common odds ratio). There are standard methods with both
approaches to perform a formal statistical test of heterogeneity (36), but generally, the
power to detect heterogeneity will be low. Moreover, even when substantial heterogeneity
is observed, it might still be judged appropriate to present the pooled estimate as an overall
summary measure of the treatment effect.
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Figure 10.2. Three different approaches to analyze the treatment effect on the 6-month Glasgow
Outcome Scale. P values are given for increasing numbers of patients as consecutively enrolled in the
CRASH trial (range n=500 to n=9554).

The choice between proportional odds analysis versus the sliding dichotomy is partly a value
judgment. From a statistical perspective the proportional odds model is more efficient,
but is perhaps less appealing for a clinical audience. Thus, we consider both approaches
appropriate for the analysis of TBI trials. Whichever ordinal approach is chosen, evidence
strongly indicates that the conventional dichotomous analysis should be discarded from
the trialists’ toolbox, unless one is exclusively interested in one particular outcome (e.g.
mortality).

The use of baseline prognostic information in the analysis of
randomized controlled trials requires valid prognostic models

The advanced statistical methods described in this thesis all require validated prognostic
models to estimate the baseline prognostic risk for individual patients. Such models are now
available for TBI. The CRASH and the IMPACT models have been developed recently, using
state of the art methodology on large datasets (9, 37). For both models web calculators
are available online (http://www.tbi-impact.org/; http://www.crash2.Ishtm.ac.uk/
Riskcalculator/).

Both sets of models were externally validated reciprocally. Since the models were
never compared head-to-head (38) and external validation is a continuous process (36),
we presented two external validation studies in this thesis (Chapter 4 and 5). These
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studies resulted in a number of interesting observations. First, the studies confirmed the
validity of both sets of models to predict the outcome in new patients (from outside the
development datasets). Secondly, comparison of both sets of models (IMPACT vs. CRASH)
did not show any substantial differences in performance. Thirdly, we found out that the
IMPACT models also reliably predict early (14-day) instead of late (6-month) mortality. And
finally, substantial variation in predictive power was seen between the different validation
datasets. This was largely explained by the differences in case-mix between the datasets.
The best discriminative power was found in the heterogeneous observational studies, while
it was less good in the more homogeneous randomized controlled trials. We applied the
“case-mix-corrected AUC” as proposed by Vergouwe et al. (39) to adjust for this difference
and to make performance measures of the different datasets better comparable.

Model validation is a continuous process. An importantissue in the validation of prognostic
models is the decision on when updating of an existing model is preferred/necessary and
how updating should be performed. Although no specific cut-off values for performance
measures are available, it seems reasonable to update models if the incidence of events has
changed substantially over time. Different approaches to updating are possible (36). If the
mean predicted values no longer agree with the mean observed values (“calibration-in-the-
large”), the approach to updating is to re-estimate the intercept of the model. If it appears
more likely that the predictive effects of the predictors in the model may have changed or
if new predictors are discovered, than a more extensive approach to updating should be
followed. Examples of such more extensive approaches are re-estimation of the intercept
and the regression coefficients in new data (“re-calibration”) or considering new predictors
for inclusion in the model (“model revision”).

Future perspective

The explorations for improving the design and analysis of clinical trials in TBI illustrate how
crude our approaches over the past decades have really been and that we may not have
been giving new therapies a fair chance. The recommendations stated above constitute a
clear change of direction from current approaches to reduce heterogeneity in randomized
controlled TBI trials. It should be recognized however that although these recommendations
may partly solve the problem of heterogeneity in terms of injury severity and prognostic risk,
they do not address heterogeneity related to mechanism. Pathophysiologic mechanisms
are different in patients with for example contusions (large inflammatory component)
compared to patients with diffuse axonal injury (less inflammation, more calcium mediated
damage). The concept of mechanistic targeting — the ideal for clinical trials — will require
reliable identification of occurrence and time course of pathophysiologic mechanisms in
individual patients. This may also result in the identification of mechanistic (early) endpoints
that can be used in clinical trials. Here we see a great challenge for basic scientists and

172



GENERAL DISCUSSION AND RECOMMENDATIONS

clinical researchers (40). Another unsolved problem is the insensitivity of outcome measures
that are used in TBI trials. Outcome after TBI is by definition multidimensional, including
neurophysical disabilities, disturbances in mental functioning (e.g., cognitive and executive
functioning), and consequential problems in social reintegration. Moreover, the patient’s
perspective of outcome (Health related Quality of Life) should be taken into consideration.
We see a clear need to explore the feasibility of developing a multidimensional approach to
outcome assessment and classification.

Randomized controlled trials are considered to be the gold standard for investigating
efficacy of (new) medical treatments. Nevertheless, not all clinical problems can be
investigated with this study design. Randomized controlled trials commonly investigate
whether an intervention works compared to placebo in TBI (efficacy), but very few have
compared different alternative interventions or approaches to treatment of TBI patients
(effectiveness).

An approach to the investigation of especially the effectiveness of treatments is
“comparative effectiveness research” (CER). Common characteristics of CER are summarized
in Table 10.4. The existing heterogeneity in TBI populations, management approaches and
outcome offers opportunity for exploring causes for these differences and identifying
underlying reasons for a given outcome, or individual patient response to a selected
intervention. The concept of CER in TBI is not new. In 1983 Gelpke and colleagues (41)
analyzed differences and outcome between two centers from the Netherlands and in
1989 Colohan et al (42) performed comparative analysis of treatment results between
Charlottesville (U.S.) and New Delhi (India). There are a number of specific features of TBI
that may make a special argument for CER. First, large differences between centers and
between countries exist in both management and outcome. These differences provide a
major opportunity to compare alternative interventions and managements. Second, robust
and validated risk adjustment models both for mortality and for functional outcome are
available. Third, sophisticated statistical approaches, including random effect analysis are
available to support CER.

Table 10.4. Common characteristics of Comparative Effectiveness Research.

e The objective of directly informing a specific clinical decision from the patient perspective or a health policy
decision from the population perspective.

e Comparison of at least two alternative interventions, each with the potential to be “best practice.”

e Description of results at the population and subgroup levels.

e The use of outcomes —both benefits and harms— that are important to patients.

e Employment of methods and data sources appropriate for the decision of interest.

e Conducted in settings that are similar to those in which the intervention will be used in practice.
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Recommendations for future TBI trials

Based on the research that was described in this thesis and other IMPACT publications, the
IMPACT Study Group has published a set of recommendations for the analysis of TBI trials in
the future (49). These recommendations include:

« Details of the major baseline prognostic characteristics should be provided in every
report on a TBI study; in trials they should be differentiated per treatment group. We
also advocate the reporting of the baseline prognostic risk as determined by validated
prognostic models.

« Inclusion criteria should be as broad as is compatible with the current understanding
of the mechanisms of action of the intervention being evaluated. This will maximize
recruitment rates and enhance the generalizability of the results.

o The statistical analysis should incorporate (prespecified) covariate adjustment to
mitigate the effects of the heterogeneity.

o The statistical analysis should use an ordinal approach, based on either sliding
dichotomy or proportional odds methodology.

Generalizability of the recommendations

In order to become accepted by researchers, clinicians and regulatory authorities (FDA,
EMEA) as a new “standard approach” to clinical trial design in TBI, generalizability of the
recommendations needs to be confirmed. A first step to prove generalizability was taken
by applying the recommendations in a re-analysis of the MRC CRASH trial data, showing
convincing results (as described in Chapter 6). A next step would be to implement the
recommendations in new trials. The DECRA trial on decompressive craniectomy in patients
with diffuse traumatic brain injury was one of the first large RCTs in TBI that applied most of
the recommendations (33). Several of the ongoing TBI trials have also adopted (parts of the)
the methodology presented in this thesis. These studies include for example EuroTherm
(therapeutic hypothermia for TBI) and SyNAPSe® (progesterone for severe TBI).

As mentioned previously, prognostic heterogeneity of patient populations does not
only apply to traumatic brain injury, but also to other (acute) neurological diseases (e.g.,
ischemic stroke, subarachnoid hemorrhage, intracerebral hemorrhage) and to other fields
of medicine (43-45). The methodology and recommendations proposed in this thesis to deal
with heterogeneity in randomized controlled trials for TBI might also be of interest for such
other fields.

In the field of acute ischemic stroke, most large randomized controlled trials have been
neutral as well (46). Stroke populations have in common with those of TBI that there is
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substantial prognostic heterogeneity in the population and that an ordinal outcome measure
is generally used (modified Rankin Scale), which is often dichotomized for analysis. A recent
paper on the methodology of acute ischemic stroke trials advises to tailor the approach to
the analysis of the treatment effect to each individual trial, based on how the intervention
under study is most likely to modify the distribution of outcomes (35). The paper argues that
some form of ordinal analysis is likely to be preferred over the traditional dichotomy and it
supports the use of covariate adjustment in stroke trials as well. These findings are very much
in line with the recommendations presented in this thesis. As mentioned previously, several
acute stroke trials were published that have used different aspects of the methodology
described in this thesis (24, 25, 29, 47, 48). Other ongoing acute (ischemic/hemorrhagic)
stroke trials, such as STICH-2 (indications for surgery for intracerebral hemorrhage), STASH
(statins for subarachnoid hemorrhage), EuroHYP (hypothermia for acute ischemic stroke),
MR CLEAN (endovascular treatment for acute ischemic stroke) and others, have planned to
adopt (parts) of the recommendations. The application of the recommendations to trials in
other fields than TBI, will hopefully contribute to their general acceptance.

Conclusions

Randomized controlled trials in TBI are challenging due to the inherent heterogeneity of
the patient population, the lack of early mechanistic end points, and relative insensitivity
of outcome measures. Some approaches to deal with the heterogeneity of the patient
population were presented in this thesis. The use of strict enrollment criteria is not
recommended, as this is inefficient. Rather, broad enrollment criteria may often be preferred
combined with covariate adjustment in the analysis phase. Dichotomization of the GOS is not
recommended. Ordinal approaches to analysis of treatment effects offer greater statistical
power and better sensitivity. To this purpose the use of proportional odds methodology or
the sliding dichotomy may be considered. To practically apply these analysis techniques,
well-validated prognostic models are currently available. Combining an ordinal approach to
the analysis of treatment effects with covariate adjustment can increase statistical power by
40 - 50%. These recommendations are expected to enhance chances for detecting clinically
relevant treatment effects for the benefit of future TBI patients.
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SUMMARY

Summary

Chapter 1, the general introduction, provides the background, aim and research questions
that are addressed in this thesis. Randomized controlled trials in traumatic brain injury (TBI)
have a poor track record. Most trials that investigated potential interventions to improve
outcomein patients with TBI showed a non-significant result. Animportantfactor contributing
to this failure is the large heterogeneity that exists among TBI patient populations. The aim
of this thesis was to investigate which adaptations in design and analysis of randomized
controlled TBI trials may be best implemented to deal with the heterogeneity of TBI study
populations in order to increase chances for detecting clinically relevant treatment effects
in future trials for therapeutic interventions for TBI.

Chapter 2 describes a literature survey on publications of randomized controlled trials
(RCTs) that where performed in the last three decades among patients with TBI. 33 RCTs met
the search criteria (published between 1980 and 2009). Only thirteen of these trials detected
a significant treatment effect. The majority of these trials were ‘single-center studies’,
investigating a ‘therapeutic strategy’ (e.g. hypothermia, decompressive craniectomy) and
not a neuroprotective agent. The vast majority (22 of 33) of the studies were published in
the 90s of the last century. Since that time, a strong decline was observed, especially in the
number of trials that investigated neuroprotective agents. This decline might be explained
by the fact that pharmaceutical companies were less interested in conducting such new
(and expensive) trials, since previous neuroprotection trials almost all have failed to detect
a significant treatment effect. In contrast, the number of studies investigating ‘therapeutic
strategies’ is rising again.

Chapter 3 describes a literature survey on factors that predict mortality and functional
outcome after moderate and severe TBI. Important factors scored on admission that
predict the outcome are age, clinical severity of the injury (expressed by the ‘motor score’
of the Glasgow Coma Scale), structural abnormalities on CT imaging of the brain, hypoxia,
hypotension, and laboratory abnormalities such as anemia and dysglycemia. These separate
predictors were combined into two prognostic models for the prediction of outcome for
individual patients at 2 weeks and/or 6 months after injury (mortality or unfavorable
outcome (Glasgow Outcome Scale (GOS) < 3)). Both logistic regression models were
developed on datasets with prospectively collected individual patient data. For the first
model, data from the CRASH trial was used (Corticosteroid Randomisation After Significant
Head injury; n=10008). The other model was developed on the data from the IMPACT
Database (International Mission on Prognosis and Clinical Trial Design in Traumatic Brain
Injury; n=8509). Both models were externally validated reciprocally and are available online
(http://www.crash2.Ishtm.ac.uk/RiskCalculator/ and http://www.thi-impact.org/). The
models can be used in clinical practice, for clinical research and for policy making. Important
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applications of prognostic models are risk stratification and adjustment of the treatment
effect for prognostic factors in randomized controlled trials (covariate adjustment). To
ascertain reliable predictions, continued external validation and adaptation of the models is
crucial.

Chapter 4 describes the external validation of both the CRASH and the IMPACT models
in five different cohorts of TBI patients (total n=9036). Three of these cohorts are from
randomized controlled trials (NABIS Hypothermia, Cerestat and Pharmos) and two from
observational series (APOE and TARN). We studied both discrimination (“how well does the
model differentiate between patients with a favorable and an unfavorable outcome?”) and
calibration (“do the predicted outcomes agree with the observed outcomes?”). The best
discrimination for both models was found in TARN, the poorest in Pharmos. For a large
part, this can be explained by the fact that the study population of TARN is much more
heterogeneous than the strictly selected homogeneous population of the Pharmos trial.
In a heterogeneous population it is easier to predict which patients will do well and which
will do poorly than in a homogeneous population. Calibration was reasonably good for both
models in all validation cohorts. Comparing performance of the IMPACT models and the
CRASH models, no meaningful differences were found. We concluded that both the IMPACT
and the CRASH models are valid for use in both clinical research and daily clinical practice.

Chapter 5 describes an external validation study of the IMPACT Core and Extended
models in the database of the Brain Trauma Foundation TBI-trac® registry on severe TBI in
New York State (US). For this validation, 14-day mortality was used as the outcome measure
of interest. Therefore, the models were re-fitted in the original IMPACT data. Excellent
calibration and good discrimination were found for the models, proving that the IMPACT
models also accurately predict early mortality after TBI.

In Chapter 6 the influence of strict versus broad inclusion criteria for randomized
controlled trials for TBI was described. For this study the data from the IMPACT Database
(n=8033) was used, originating from three observational studies (n=2217) with broad
enrollment criteria and six randomized controlled trials (n=5816) with relatively strict
enrollment criteria. The outcome distribution (favorable versus unfavorable outcome based
on the 6-month Glasgow Outcome Scale (GOS)) differed substantially between the studies.
In the observational series the mean proportion of patients with an unfavorable outcome
was 60%, while in the strictly selected trial population this was 43%. Different ‘sets’ with
stricter inclusion criteria were applied to the original patient selections of these nine studies.
This resulted in a change of the outcome distribution: the distribution of the observational
series equaled the outcome distribution of the trial populations.
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Chapter 7 describes the results of a simulation study on the influence of strict versus
broad inclusion criteria with or without covariate adjustment on the chance of detecting a
treatment effect when it exists (statistical power) in randomized controlled trials for patients
with traumatic brain injury. In none of the eleven studies included in the IMPACT Database
a statistically significant treatment effect was found. This is why we simulated a treatment
effect (average absolute risk reduction of 10% in unfavorable outcome after 6 months). For
the different patient selection strategies (strict versus broad) the required sample size was
calculated for a statistical power of 80%. We found that the application of strict inclusion
criteria resulted in a decrease in required sample size and thus an increase in statistical
power. However, an important adverse effect of strict selection is the prolongation of the
study duration, because it will take more time to include enough patients since fewer
patients are eligible for inclusion. An alternative strategy is to use more liberal enrollment
criteria and to adjust the treatment effect for other relevant predictors of the outcome
(covariate adjustment). Our analysis showed that this latter approach is more efficient.

Chapter 8 describes a re-analysis of the CRASH (Corticosteroid Randomisation After
Significant Head Injury) trial data with ordinal rather than dichotomous outcome analysis
of the GOS. Almost all TBI trials use the GOS as the primary outcome measure, mostly at 6
months after the initial trauma. The 5-point, ordinal scale is dichotomized as unfavorable
(‘Dead’, ‘Vegetative State’, ‘Severe Disability’) versus favorable (‘Moderate Disability’ and
‘Good Recovery’) outcome. This dichotomization results in a loss of information. Previous
simulation studies within the IMPACT Database have shown that the use of ordinal analysis
techniques led to a gain in statistical power. Examples of such techniques are ‘proportional
odds logistic regression’ and the ‘sliding dichotomy approach’. In the CRASH trial more than
10,000 patients were enrolled to investigate the efficacy of corticosteroids in TBI patients. The
trial was stopped early because of a higher proportion of mortality in the active treatment
arm of the study. The analyses that are described in Chapter 6 have shown that with the
application of ordinal techniques this difference could already have been detected earlier,
i.e. after inclusion of approximately half the number of patient that was needed for the
unadjusted dichotomous analysis. Moreover, the application of ordinal analysis will make it
possible to detect smaller but clinically relevant treatment effects. This observation resulted
in the advice to discard dichotomization of the GOS and to adopt ordinal approaches to the
analysis of future clinical TBI trials.

Chapter 9 discusses the issue of heterogeneity in TBI trials and summarizes the value
of different innovative methods for the design and analysis of randomized controlled trials
in TBI, that were all separately discussed in the previous Chapters of this thesis. Further,
alternative strategies to investigate clinical benefits of established and novel therapies for
TBI are presented and discussed, such as comparative effectiveness research.
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In Chapter 10, the general discussion, the results that were presented in thesis are
discussed and the research questions that were posed in Chapter 1 are answered. A set of
recommendations for the design and analysis of future TBI trials is presented. The use of
these recommendations in ongoing/planned TBI trials, as well as their applicability in other
fields of clinical research are discussed. These recommendations include:

o Details of the major baseline prognostic characteristics should be provided in every
report on a TBI study; in trials they should be differentiated per treatment group. We
also advocate the reporting of the baseline prognostic risk as determined by validated
prognostic models.

e Inclusion criteria should be as broad as is compatible with the current understanding
of the mechanisms of action of the intervention being evaluated. This will maximize
recruitment rates and enhance the generalizability of the results.

o The statistical analysis should incorporate (prespecified) covariate adjustment to
mitigate the effects of the heterogeneity.

e The statistical analysis should use an ordinal approach, based on either sliding
dichotomy or proportional odds methodology.
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Samenvatting

InHoofdstuk 1, dealgemeneintroductie, wordtde achtergrondvan hetonderzoek beschreven
en worden het doel en de onderzoeksvragen uiteengezet. Gerandomiseerde klinische
studies bij patiénten met traumatisch hersenletsel hebben een slechte reputatie. Bijna geen
enkele van de trials die de werkzaamheid van potentiéle interventies ter verbetering van
de uitkomst van patiénten met traumatisch hersenletsel onderzochten, vond een statisch
significant behandelingseffect. Een belangrijke verklaring van dit falen zou kunnen liggen
in de heterogeniteit van de patiéntenpopulaties met traumatisch hersenletsel. Het was
het doel van dit proefschrift om te onderzoeken welke aanpassingen in het ontwerp en de
analyse van gerandomiseerde klinische studies bij patiénten met traumatisch hersenletsel
moeten worden gedaan, om om te gaan met deze heterogeniteit en om zo de kans op het
aantonen van klinisch relevante behandelingseffecten in toekomstige studies te vergroten.

In Hoofdstuk 2 wordt een literatuurstudie beschreven naar publicaties over klinische
studies die in de afgelopen decennia werden uitgevoerd bij patiénten met traumatisch
hersenletsel. Er werden 33 trials gevonden die voldeden aan de zoekcriteria (gepubliceerd
tussen 1980 en 2009). Slechts dertien trials detecteerden een significant behandelingseffect.
Het merendeel van de deze trials bleken ‘single-center studies’ te zijn, die een zogenaamde
behandelingsstrategie (hypothermie, decompressieve craniectomie, etc.) en dus niet
een neuroprotectief geneesmiddel onderzochten. Het overgrote deel (22 van de 33) van
de gevonden studies werd gepubliceerd in de jaren ‘90 van de vorige eeuw. Sindsdien
werd een sterke daling waargenomen, voornamelijk in het aantal gepubliceerde trials dat
neuroprotectieve geneesmiddelen onderzocht. Deze daling zou verklaard kunnen worden
door het feit dat farmaceutische bedrijven waarschijnlijk minder geinteresseerd zijn in
het opzetten van nieuwe (en dure) neuroprotectie-trials, omdat eerdere studies zulke
teleurstellende resultaten hebben opgeleverd. Overigens neemt het aantal studies dat een
behandelingsstrategie onderzoekt de laatste jaren weer gestaag toe.

Hoofdstuk 3 beschrijft een literatuurstudie naar factoren die van invloed zijn op de
sterfte en functionele uitkomst na middelernstig en ernstig traumatisch hersenletsel.

Belangrijke factoren die worden gescoord bij opname en de uitkomst kunnen voorspellen
zijn de leeftijd, de klinische ernst van het hersenletsel (uitgedrukt in de ‘motor score’ van
de Glasgow Coma Score), afwijkende bevindingen op de CT-scan van de hersenen, hypoxie,
hypotensie en afwijkende laboratoriumwaarden, zoals anemie en dysglycaemie. Deze
‘losse’ voorspellende factoren zijn samengevoegd tot twee prognostische modellen ter
voorspelling van de uitkomst 2 weken en/of 6 maanden na het trauma (sterfte of ongustige
uitkomst (Glasgow Outcome Scale (GOS) < 3)) van individuele patiénten. Beide logistische
regressiemodellen werden gebaseerd op individuele patiéntendata, afkomstig uit grote
prospectief verzamelde databases. Voor het eerste model werd gebruikgemaakt van de data
van de CRASH trial (‘Corticosteroid Randomisation After Significant Head injury’; n=10008).
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Het andere model werd gebaseerd op patiéntendata uit de IMPACT Database (‘International
Mission on Prognosis and Clinical Trial Design in Traumatic Brain Injury’; n=8509). Beide
modellen werden op elkaars datasets extern gevalideerd en zijn online beschikbaar in de
vorm van een webcalculator (http://www.crash2.Ishtm.ac.uk/RiskCalculator/ en http://
www.thi-impact.org/). De modellen zijn te gebruiken voor verschillende doeleinden, zowel
in de klinische praktijk, voor klinisch wetenschappelijk onderzoek en voor beleidsmakers in
de gezondheidszorg. Onder de belangrijkste toepassing van prognostische modellen vallen
stratificatie op basis van het prognostisch risico en correctie voor voorspellende factoren in
klinische studies (‘covariate adjustment’).

Hoofdstuk 4 beschrijft de externe validatie van zowel de CRASH als de IMPACT modellen
in vijf verschillende cohorten patiénten (n=9036). Drie van deze cohorten zijn afkomstig
van gerandomiseerde klinische trials (NABIS Hypothermia, Cerestat en Pharmos), de andere
twee van observationale studies (APOE en TARN). Er werd gekeken naar de discriminatie
(“hoe goed kan het model differentiéren tussen patiénten met een goede en een slechte
uitkomst?”) en naar de calibratie (“komen de voorspelde uitkomsten overeen met de
geobserveerde uitkomsten?”). De beste discriminatie voor beide modellen werd gevonden
in TARN, de slechtste in Pharmos. Dit is goed te verklaren door het feit dat TARN een veel
heterogenere studiepopulatie had, terwijl Pharmos een zeer strikt geselecteerde trial betrof.

In een heterogene populatie is het gemakkelijker te voorspellen welke patiénten een
goede of slechte uitkomst zullen hebben, dan in een homogene populatie. De calibratie
was voor de beide modellen redelijk tot goed in de verschillende validatie-cohorten.
Geconcludeerd kan worden dat zowel de IMPACT als de CRASH modellen naar behoren
voorspellen in de nieuwe cohorten en dat de modellen betrouwbaar zijn voor gebruik in
wetenschappelijk onderzoek en de klinische praktijk.

Hoofdstuk 5 beschrijft een externe validatie studie van de IMPACT ‘Core’ en
‘Extended’modellen in de database van het ‘Brain Trauma Foundation TBI-trac® register’voor
patiénten met ernstig traumatisch hersenletsel in de staat New York in de Verenigde Staten.
We gebruikten de sterfte binnen 14 dagen na het trauma als uitkomstmaat binnen deze
validatiestudie. Omdat de originele uitkomstmaat sterfte of ongustige uitkomst op de
GOS na 6 maanden was, zijn de modellen voor deze validatiestudie “ge-refit” op basis
van een nieuwe uitkomst in de originele data van de IMPACT database. Voor deze nieuwe
uitkomst vonden we een excellente calibratie en goede discriminatie voor de modellen. Dit
is bewijzend dat de IMPACT modellen ook betrouwbaar in staat zijn om vroege sterfte na
ernstig traumatisch hersenletsel te voorspellen.

In Hoofdstuk 6 wordt beschreven wat de invloed is van ruime of juist strikte
inclusiecriteria voor klinische trials bij patiénten met traumatisch hersenletsel. Hiervoor
werd gebruikgemaakt van patiéntendata uit de IMPACT Database (n=8033), oorspronkelijk
afkomstig uit drie observationele studies (n=2217) met ruime inclusiecriteria en zes klinische
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trials (n=5816) met striktere inclusiecriteria. De gemiddelde uitkomstverdeling (ongunstige
versus gunstige uitkomst op de GOS na 6 maanden) in de observationele studies en de
klinische trials verschilden substantieel van elkaar. Gemiddeld was de proportie patiénten
met een ongunstige uitkomst 60% in de observationele studies, terwijl dit binnen de strikt
geselecteerde trial 43% was. Verschillende ‘sets’ met striktere inclusiecriteria werden
toegepast op de oorspronkelijke patiéntenselectie van de 9 studies. De uitkomstverdeling
van de observationele studies veranderde na toepassing van de strikte inclusiecriteria
zodanig, dat deze gelijk werd aan de verdeling binnen de klinische trials.

In Hoofdstuk 7 worden de resultaten van een simulatiestudie gepresenteerd naar de
invloed van strikte of juist ruime inclusiecriteria met of zonder ‘covariate adjustment’ op de
kans op het vinden van een behandelingseffect (power) in klinische trials bij patiénten met
traumatisch hersenletsel. In geen van de 11 studies binnen de IMPACT database werd een
statisch significant behandelingseffect aangetoond. Daarom werd een behandelingseffect
gesimuleerd (gemiddelde absolute risicoreductie van 10% op ongunstige uitkomst na 6
maanden). Voor de verschillende selectiestrategieén (strikt en ruim) werd de benodigde
‘sample size’ berekend voor het behalen van een power van 80%. Dit leidde tot het inzicht
dat strikte selectie leidt tot een afname van de benodigde ‘sample size’ en dus tot een
verhoging van de power. Een belangrijk nadeel van deze strikte selectie is echter dat de
duur van de studie hierdoor toeneemt, omdat minder patiénten in aanmerking komen voor
inclusie en het dus langer duurt voordat het benodigde aantal patiénten is geincludeerd.

Een alternatief zou kunnen zijn om een liberaal inclusieregime te gebruiken, waarbij in de
analysefase van de studie gecorrigeerd wordt voor patiéntkarakteristieken die voorspellend
zijn voor de uitkomst (‘covariate adjustment’). Vergelijkende berekeningen resulteerden in
het inzicht dat deze laatste strategie efficiénter is vanuit het oogpunt van trial design.

Hoofdstuk 8 beschrijft een heranalyse van de CRASH trial data met ordinale in plaats van
dichotome uitkomstanalyse van de GOS. Bijna alle traumatisch-hersenletsel-trials gebruiken
de GOS als de primaire uitkomstmaat, meestal 6 maanden na het trauma. Deze 5-punts,
ordinale schaal wordt dan gedichotomiseerd als ongunstige (dood; vegetatieve toestand;
ernstige invaliditeit (ADL afhankelijk)) versus gunstige (matige invaliditeit (ADL-zelfstandig,
maar met beperkende restverschijnselen) of minimale of geen invaliditeit) uitkomst.

Door deze dichotomisatie gaat informatie verloren. Eerdere simulatiestudies binnen de
IMPACT database lieten zien dat het gebruik van technieken waarbij de GOS niet wordt
gedichotomiseerd, maar ordinaal wordt geanalyseerd leidden tot een winst in power.

Voorbeelden van deze technieken zijn ‘proportional odds logistische regressie’ en de
‘sliding dichotomy’ aanpak. In de CRASH trial werden ruim 10.000 patiénten met traumatisch
hersenletsel geincludeerd om te onderzoeken of toediening van corticosteroiden de
uitkomst zou verbeteren. De trial werd vroegtijdig gestaakt, in verband met oversterfte in de
corticosteroidgroep. De in Hoofdstuk 6 beschreven analyses laten zien dat bij gebruikmaking

187



SAMENVATTING

van ordinale analysetechnieken in de CRASH trial dit verschil al na inclusie van een kleinere
groep patiénten aangetoond had kunnen worden, namelijk na inclusie van ongeveer de
helft van het aantal patiénten dat nodig was voor de ongecorrigeerde dichotome analyse.

Daarnaast wordt het door gebruikmaking van ordinale analysetechnieken mogelijk om
kleinere, maar wellicht weldegelijk klinisch relevante behandelingseffecten te detecteren.
Er wordt dan ook geadviseerd om ordinale uitkomstschalen niet langer te dichotomiseren,
maar in toekomstige trials ordinale analysetechnieken toe te passen.

In Hoofdstuk 9 wordt het probleem van heterogeniteit binnen de populaties van
traumatisch-hersenletsel-trials besproken en wordt de waarde van de eerder beschreven
innovatieve methoden voor het ontwerp en de analyse van gerandomiseerde studies
samengevat. Daarnaast worden alternatieve studieopzetten besproken waarmee de
werkzaamheid en effectiviteit van bestaande en nieuwe behandeling voor traumatisch
hersenletsel kunnen worden onderzocht, zoals bijvoorbeeld ‘comparative effectiveness
research’.

In Hoofdstuk 10, de algemene discussie, worden de bevindingen die zijn beschreven in dit
proefschrift bediscussieerd en de onderzoeksvragen die staan geformuleerd in Hoofdstuk 1
beantwoord. Er wordt een serie aanbevelingen gedaan voor het ontwerp en de analyse van
toekomstige gerandomiseerde klinische studies bij traumatisch hersenletsel. Het gebruik
van deze aanbevelingen in lopende en geplande studies voor traumatisch hersenletsel
wordt besproken. Daarnaast wordt ook de toepasbaarheid binnen andere vakgebieden in
de geneeskunde toegelicht. De aanbevelingen luiden als volgt:

o ledere publicatie over een klinische studie naar traumatisch hersenletsel dient
gedetailleerde informatie over belangrijke voorspellende variabelen bij opname te
bevatten; bij RCT’s moet deze informatie worden gedifferentieerd naar behandelgroep.
Wij pleiten daarnaast voor rapportage van het prognostisch risico van de geincludeerde
patiénten bij opname, geschat met behulp van gevalideerde prognostische modellen.

e Inclusiecriteria dienen zo breed mogelijk te zijn, zo lang als deze verenigbaar zijn
met de te verwachte werkzaamheid op mechanistisch/pathofysiologisch niveau. Dit
zal de inclusiesnelheid maximaliseren en de generaliseerbaarheid van de resultaten
vergroten.

e Binnen de statistische analyse dient correctie voor (vooraf gespecificeerde)
voorspellende factoren (“covariate adjustment”) te worden toegepast, om de nadelige
effecten van een heterogene patiéntenpopulatie te verkleinen.

o Er dient gebruik te worden gemaakt van een ordinale methode voor de analyse
van het behandelingseffect, gebaseerd op de “sliding dichotomy” aanpak of op het
“proportional odds” model.
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