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Abstract

Moderate-to-severe traumatic brain injury (TBI) remains a major global challenge, with rising incidence, unchanging
mortality and lifelong impairments. State-of-the-science reviews are important for research planning and clinical decision
support. This review aimed to identify randomized controlled trials (RCTs) evaluating interventions for acute management
of moderate/severe TBI, synthesize key RCT characteristics and findings, and determine their implications on clinical
practice and future research. RCTs were identified through comprehensive database and other searches. Key character-
istics, outcomes, risk of bias, and analysis approach were extracted. Data were narratively synthesized, with a focus on
robust (multi-center, low risk of bias, n>100) RCTs, and three-dimensional graphical figures also were used to explore
relationships between RCT characteristics and findings. A total of 207 RCTs were identified. The 191 completed RCTs
enrolled 35,340 participants (median, 66). Most (72%) were single center and enrolled less than 100 participants (69%).
There were 26 robust RCTs across 18 different interventions. For 74% of 392 comparisons across all included RCTs, there
was no significant difference between groups. Positive findings were broadly distributed with respect to RCT charac-
teristics. Less than one-third of RCTs demonstrated low risk of bias for random sequence generation or allocation
concealment, less than one-quarter used covariate adjustment, and only 7% employed an ordinal analysis approach.
Considerable investment of resources in producing 191 completed RCTs for acute TBI management has resulted in very
little translatable evidence. This may result from broad distribution of research effort, small samples, preponderance of
single-center RCTs, and methodological shortcomings. More sophisticated RCT design, large multi-center RCTs in
priority areas, increased focus on pre-clinical research, and alternatives to RCTs, such as comparative effectiveness
research and precision medicine, are needed to fully realize the potential of acute TBI research to benefit patients.
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Introduction population due to variability in TBI definition and incomplete
collection of incidence and outcome data.'™ Despite these limita-

MODERATE TO SEVERE TRAUMATIC BRAIN INJURY (TBI) re- tions, there are sufficient data to demonstrate a rise in TBI inci-
mains a significant global heath challenge. Estimates of TBI ~ dence, driven by increased use of motor vehicles in developing

incidence vary from under 100 to over 700 per 100,000 head of  countries and falls in aging global population.>*¢
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Outcomes following TBI have not changed substantially over
the last 25 years, as reflected by meta-analyses demonstrating
weighted mortality rates of 36-42% and unfavorable outcome rates
of 52-60% for severe TBI (Glasgow Coma Scale (GCS) score <8).”
Various reasons for this lack of progress have been postulated. A
rise in the elderly population, who are at greater risk of mortality
due to comorbidities, may be offsetting improved outcomes ex-
pected from implementation of evidence-based TBI guidelines.”
The complexity and heterogeneity of the disease and limitations of
conventional statistical analysis may also explain why TBI trials
have not shown beneficial effect of treatments.®

Survivors of moderate-to-severe TBI (GCS <12) face reduced
life expectancy”™'® and long-term deficits in physical, cognitive,
behavioral, and social function,>''~"* which carry substantial costs
to quality of life’ and society.® Given these substantial personal,
financial, and societal impacts, a comprehensive ‘‘state-of-the-
science’” overview of TBI research is warranted. Unlike systematic
reviews focusing on one intervention, overviews can facilitate
identification of the nature and findings of research across an entire
field of enquiry.">'® Such overviews also are critical for research
synthesis, planning, translation, and clinical decision support.'’
Existing TBI research overviews are limited in use of systematic
search'®!'? and/or scope.'g’23 Therefore, this overview aimed to:

e Systematically identify RCTs evaluating interventions for
acute management of moderate to severe TBI;

e Describe their key characteristics, findings, and risk of bias; and

e Discuss the implications of overview findings for clinical
practice and research.

This overview updates and expands upon previous large-scale
overviews published by the author team.”**

Methods

A full description of study methods is provided in Appendix 1.
The comprehensive systematic search for primary studies from our
previously published review’ was updated to November 2013, and
our search of the World Health Organization International Clinical
RCTs Registry Platform®® updated to March 2015. We examined
reference lists of all systematic reviews within a comprehensive
TBI systematic review database, updated to March 2015, for further
RCTs.?” Included full text publications from the previous review
(n=143),” as well as titles, abstracts, and full-text publications
from the update search outlined above, were screened to identify
RCTs of acute interventions for adults or children with moderate
to severe TBI.

RCTs were categorized in Microsoft® Excel® for Mac 201178
under 11 intervention categories:

. Airway, ventilation, and oxygenation strategies

. Fluid management

. Hypothermia/normothermia

. Intracranial pressure (ICP), cerebral perfusion pressure (CPP),
and blood pressure (BP) management (including hyperos-
molar therapies)

. Nutrition and glucose management

. Pharmacological therapies (not elsewhere defined)

. Pre-hospital care

. Sedation, pain management, anesthesia, and arousal

. Seizure prophylaxis

. Steroids

. Surgery
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For all eligible RCTs, key characteristics (year of publication,
country, number of participants/centers, GCS score of participants,
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intervention, and comparison) were extracted. For completed
RCTs:

e Study findings were extracted for:

o Clinical outcomes of interest: mortality, Glasgow Outcome
Score (GOS), Glasgow Outcome Score extended (GOSE)

o Early surrogate end-points: intracranial pressure (ICP),
hospital and/or intensive care unit (ICU) length of stay (LOS)

e For two clinical outcomes of interest (early mortality, 6-
month GOS), three-dimensional graphical analysis was un-
dertaken to explore associations between RCT characteristics
and outcomes;

e Risk of bias was evaluated based upon two key domains of
the Cochrane Risk of Bias Tool: random sequence generation
and allocation concealment®; and

e The use of two advanced statistical approaches for dealing
with the heterogeneity inherent to TBI populations were
recorded: covariate adjustment and (for studies measuring
GOS/GOSE) ordinal analysis.

Findings of completed adult RCTs were narratively summa-
rized, with an emphasis on robust RCTs. For the purpose of this
overview, ‘‘robust’” was defined as:

e Multi-center, due to the importance of multi-center design on
generalizability of RCT findings.>*?!' Further, it has been dem-
onstrated in critical care literature that interventions found to be
effective in single-center trials have subsequently been found in
multi-center studies to be ineffective or harmful.>’ This phe-
nomenon is also evidenced by a meta-epidemiological analysis
showing that clinical trials with continuous outcomes showed
slightly larger intervention effects than did multi-center trials*%;

e Low risk of bias in random sequence generation and / or
allocation concealment, as there is empirical evidence of the
influence of these types of bias on RCT outcomes>>; and

e Over 100 participants, as it has been demonstrated that TBI
RCTs above this size have a significantly different effect size
to TBI RCTs below this size.**

Role of the funding source

The sponsors of this study had no role in study design; collection,
analysis, and interpretation of data; writing of this manuscript, or
the decision to submit this manuscript for publication. The corre-
sponding author (PB) had full access to all the data in the study and
had final responsibility for the decision to submit for publication.

Results

Search and study selection yielded 207 RCTs, of which 191 were
complete (180 adult, 11 pediatric) and 169 made statistical com-
parisons between groups for at least one outcome of interest (Fig. 1).
Supplementary Table 1 (see online supplementary material at
www liebertpub.com) contains all data extracted from all 207 RCTs.
Of all 173 single-country RCTs, 71 (41%) were from the United
States, 23 (13%) from China, nine (5%) from the United Kingdom,
and eight (5%) each from France and Japan. Thirty-five RCTs (17%)
were the sole study of an intervention, including 14 of pharmaco-
logical agents and seven of nutritional agents.

Characteristics of completed RCTs (Table 1)

Most completed RCT's (67%) were published from 2000 onwards.
The most frequently studied intervention categories were ‘‘pharma-
cological therapies” (39 RCTs), “hypothermia” (35 RCTs), and
“nutrition/glucose management™ (26 RCTs).
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Search
& ——
Selection

Analysis _

Previous search (2011)’
7293 citations screened

Update search (2011 — 2015)
8725 Citations

462 reviewed in full text
143 included

v v

8868 Citations Screened
(143 + 8725)

Y

411 Full-text articles
assessed for eligibility

A 4

207 Randomised Controlled Trial (RCTs) of interventions
for Acute Management of Moderate-Severe TBI

191 Completed RCTs
Characteristics:
Year of publication
Country / countries
N participants / centres
GCS of participants
Comparison
Risk of Bias (Random sequence, Allocation concealment)
Use of covariate adjusted analysis

.

169 Completed RCTs measuring Mortality, Intracranial
Pressure, Length of Stay and / or Glasgow Outcome Scale
(GOS) / GOS (Extended)

Description of RCT findings

v

113 Completed RCTs measuring GOS / GOSE
Use of an ordinal approach to analysis

;

50 Completed RCTs measuring Early Mortality
63 Completed RCTs measuring 6-month GOS
Relationship between RCT characteristics and findings

(Figures 2 and 3)

FIG. 1. Search, selection, and analysis process.
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The 191 completed RCTs collectively enrolled 35,340 partici-
pants, with a median of 66 participants (range, 4-10,008). Most
RCTs recruited participants with severe TBI (range or mean/me-
dian GCS score <8). Over two-thirds (132; 69%) of RCTs had
fewer than 100 participants and almost three-quarters (138; 72%)
were single center. The rate of RCTs published almost tripled since
1980, from 2.4 per year in the 1980s to more than seven per year

from 2000 onwards. This does not include the 16 ongoing trials,
which contribute to a total RCT rate (published + ongoing) of 12 per
year from 2010-2015. Risk of bias for random sequence generation
was “‘unclear” for 132 RCTs (69%) and “‘low”” for 59 (31%). Risk
of bias for allocation concealment was “‘high” for five RCTs (3%),
“unclear” for 124 (65%), and “low’’‘ for 62 (32%). Covariate
adjustment was performed in 44 (24%) of 185 RCTs when this data
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were available; an ordinal approach to analysis was employed in
eight (7%) of 111 applicable RCTs.

RCT findings overall (Table 2)

The most frequently measured outcomes were ICP (76 RCTs;
45% of total completed RCTs), late mortality (74; 44%), 6-month
GOS (63; 37%), and early mortality (49; 29%). For the 392 sta-
tistical comparisons between groups on all outcomes of interest
across all included RCTs, 74% (291 comparisons) found no sig-
nificant difference between groups; 23% (91) found the interven-
tion to be superior to control and 3% (10) found the intervention to
be inferior to control. The outcomes with the highest proportion of
superior findings were GOSE at time-points other than 6 months
(two RCTs; 40% of all RCTs measuring this outcome), ICP (30;
39%), GOS at time-points other than 6 months (13; 31%), and ICU
LOS (7; 29%). Conversely, all 20 of the RCTs measuring hospital
LOS detected no difference between groups. Other outcomes with a
high percentage of equivocal findings were the three mortality
outcomes (76%-95%) and 6-month GOS/GOSE (81%, 82%). The
rate of superior findings was lower for clinical outcomes (mortality,
GOS/GOSE; 20%) than for surrogate end-points (ICP, LOS; 30%);
conversely, the rate of equivocal findings was higher for clinical
outcomes, compared with surrogate end-points (78% vs. 66%).

Three-dimensional graphical analysis of findings
against RCT characteristics for early mortality
and 6-month GOS (Fig. 2 and Fig. 3, respectively)

The five positive early mortality RCTs were broadly distributed
with respect to publication year, risk of bias and RCT size. The 13
positive 6-month GOS RCTs showed some clustering for year of
publication (11 were published between 2000 and 2009) and in-
tervention (four investigated hypothermia), but were otherwise
also broadly distributed with respect to RCT characteristics.

TABLE 2. OUTCOMES FOR
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RCT findings and clinical commentary by intervention
category (Table 3)

There were 26 RCTs classified as robust (multi-center, low risk
of bias; n>100) across 18 different interventions and eight inter-
vention areas.*> %! Table 3 presents a summary of trial charac-
teristics, findings, risk of bias, and analysis approaches for these
RCTs. The following commentary by intervention category draws
upon all completed adult RCTs with a focus on those classified as
robust. The intention of this commentary is primarily to reflect
upon the findings of the identified trials, not to provide detailed
clinical guidance, for which readers should refer to clinical practice
guidelines, such as those of the Brain Trauma Foundation (www
.braintrauma.org).

Airway, ventilation, and oxygenation strategies
(12 RCTs, including one pediatric, two ongoing)

Although the use of hyperbaric oxygen has been investigated in
seven RCTs, these were all single-center and most (five) had a
sample size under 100. Hence, none were classified as robust. De-
monstrated associations between the occurrence of hypoxia and
poorer outcome, combined with pathophysiologic insight provide a
strong basis for avoidance of hypoxia, and there is a consensus
(admittedly based on less rigorous evidence) that extreme hypocarbia
and hypercarbia are undesirable in early TBI, although thresholds for
harm are debated.®® However, supranormal oxygen levels (induced
by normobaric hyperoxia or hyperbaric oxygen administration) have
some potential for harm and a careful balance should be sought
between benefit and risk.®' It is unknown if hyperbaric hyperoxia has
any advantage over normobaric hyperoxia and further, hyperbaric
chambers that can accommodate critically ill patients are unavailable
in most settings.” An area that may emerge as a key research focus is
the use of lung protective ventilation strategies in critically ill TBI
patients. A further two completed adult RCTs investigating airway,
ventilation, and oxygenation strategies were identified, of which

CoMPLETED RCTs (N=169)

N RCTs reporting

RCT findings (% of RCTs measuring outcome)**

Outcome outcome (% of RCTs)* Superior No difference Inferior
Mortality: early (£ 1 month) 49 (29%) 5 (10%) 44 (90%) 0 (0)
Mortality: late (> 1 month) 74 (44%) 17 (23%)" 56 (76%)" 3 (4%)
Mortality: time not stated 19 (11%) 2 (11%) 18 (95%)™ 0 (0)
ICP 76 (45%) 30 (39%)" 45 (59%)" 3 (4%)
Length of stay: hospital 20 (12%) 0 (0) 20 (100%) 0 (0)
Length of stay: ICU 24 (14%) 7 (29%) 16 (67%) 1 (4%)
GOS: 6-month 63 (37%) 13 21%) 51 (81%)" 2 B3%)"
GOS: all other time-points 42 (25%) 13 (31%) 29 (69%) 0 (0)
GOSE: 6-month 11 (7%) 2 (18%) 9 (82%)" 1 (9%)
GOSE: all other time-points 5 (3%) 2 (40%) 3 (60%) 0 (0)
TOTAL (% of all 392 outcomes measured) 91 (23%) 291 (74%) 10 (3%)
TOTAL: CLINICAL OUTCOMES (Mortality, GOS, GOSE: 54 (20%) 210 (78%) 6 2%)
270 outcomes measured)
TOTAL: SURROGATE ENDPOINTS (ICP, Length of Stay: 37 (30%) 81 (66%) 4 (3%)

122 outcomes measured)

*Will not total 100, as many RCTs measured =1 outcome of interest.
**May not total 100 due to rounding.

AMultiple measures of outcome with split findings; therefore, total n > total RCTs measuring outcome and total % > 100.
RCT, randomized controlled trial; ICU, intensive care unit; GOS, Glasgow Outcome Score; GOSE, Glasgow Outcome Score-Extended; ICP,

intracranial pressure.
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FIG. 2. Three-dimensional graphical analysis of early mortality findings against randomized controlled trial (RCT) characteristics (49

RCTs, 49 outcome measurements).
oNo difference between groups
A Intervention superior

one® found hyperventilation to be inferior to hyperventilation +
tromethamine and normoventilation on 6-month GOS.

Fluid management (three RCTs)

One fluid management RCT was classified as robust.>® The use
of albumin sharply declined following publication of this post hoc
analysis of patients with TBI included in the saline versus albumin
fluid evaluation (SAFE) study, which demonstrated that fluid re-
suscitation with albumin was associated with higher mortality rates
than resuscitation with saline.> However, it is less clear whether
albumin should/can be used when TBI co-exists with an extracra-
nial diagnosis (such as sepsis) where albumin may be indicated. A
further two completed adult RCTs of fluid management were
identified, of which one® reported lower mortality in patients re-
ceiving fresh frozen plasma, compared with placebo.

Hypothermia/normothermia (37 RCTs, including four
pediatric, two ongoing)

Despite the large number of RCTs for hypothermia, only one
was classified as robust—the recently published Eurotherm3235
study.>® This RCT showed worse outcomes in patients treated with
hypothermia titrated to ICP control (both in terms of intensity and
duration). A very large proportion of hypothermia RCTs (24/29;
83%) were either small (n < 100), or had uncertain risk of bias in
both domains; 23 RCTs were single-center. There is currently some
interest in the use of local brain cooling, but evidence to support this
is limited to a single-center study from China.®* One safety and
feasibility RCT investigating advanced fever control also was

identified® but this did not report significant results. Interpretation
of the Eurotherm3235 findings in the context of related hypother-
mia trials requires a nuanced understanding of approaches to hy-
pothermia and their rationale. In Eurotherm3235, hypothermia was
used as an early intervention, rather than a rescue therapy for re-
fractory intracranial hypertension (which is how it has been used by
many centers). As a consequence, while results of ongoing studies
are awaited, therapeutic hypothermia may still be used ahead of
barbiturates by some centers in patients where ICP control is dif-
ficult. Guidance regarding hypothermia use in this clinical context
is still not addressed by the available evidence base.

Other ongoing trials also address similar important issues in
understanding and application of hypothermia, namely optimized
prophylactic hypothermia using pre-hospital initiation; extended
usage beyond 72h and slow rewarming adjusted to clinical toler-
ance. The results of these trials may provide additional guidance on
hypothermia use in TBI. In the meantime, the use of mild hypo-
thermia remains a treatment option for refractory intracranial
hypertension. However, maintaining hypothermia in TBI patients
is complex, and when considering use of hypothermia, a careful
assessment of risks and benefits is necessary.

Intracranial pressure (ICP), cerebral perfusion
pressure (CPP), and blood pressure (BP)
management including hyperosmolar therapies
(18 RCTs, including two pediatric, one ongoing)

The only RCT classified as robust was the Benchmark Evidence
from South American Trials: Treatment of Intracranial Pressure
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FIG. 3. Three-dimensional graphical analysis of Glasgow Outcome Score findings against randomized controlled trial (RCT) char-
acteristics (63 RCTs, 66 outcome measurements; only 64 are represented, as there were two RCTs in which these were two separate

comparisons resulting in no difference between groups).
oNo difference between groups

A Intervention superior

V Intervention inferior

(BEST-TRIP) Trial,*® which showed no difference in outcome
within patients with TBI treated according to ICP monitoring
versus those in whom ‘“ICP targeted” therapy was based on
clinical observation. This finding, combined with increased
availability and use of CT scanning, has caused some doubts about
the benefits of ICP monitoring. However, concerns about gener-
alizability of this RCT have been acknowledged by its au-
thors.®®%” Many clinicians also have emphasized the contribution
of ICP monitoring to a better characterization of the pathophysi-
ology, thus facilitating precision medicine approaches. The five
hypertonic saline RCTs were all small. The three mannitol RCTs
by Cruz and colleagues are all single-center and further, the va-
lidity of the data reported has been questioned.®®*® Due to these
characteristics, combined with the absence of clear outcome
benefit from hyperosmotic agent or dose, choice of hypertonic
saline or mannitol continues to be guided by local clinical pref-
erence. Two small completed adult RCTs in ICP/CPP/BP man-
agement also were identified, one of which reported 3ml of CSF
drainage to be superior to 1 mL or 2mL of cerebrospinal fluid
(CSF) drainage on intracranial pressure (Icp).”®

Nutrition and glucose management (26 RCTs,
including one pediatric)

None of the nutrition RCTs was classified as robust; all were
single-center and only two had a sample size of over 100. There-
fore, the benefits of any particular nutritional approach in TBI are

unproven, and most centers base management decisions on evi-
dence from general critical care.

Pharmacological therapies not elsewhere defined
(47 RCTs, including eight ongoing)

Thirteen RCTs investigating pharmacological therapies were
classified as robust. These were split across nine different phar-
macological agents, and none reported positive results for any of
the outcomes of interest. Positive findings were sporadic across the
remaining RCTs. Hence, despite a large number of RCTs, no
pharmacologic treatment has been shown to be consistently ef-
fective in RCTs. While some smaller phase 11 trials showed efficacy
of various agents, this efficacy was not confirmed in large scale
phase III studies. This observation raises the question of whether
targeting a single mechanism is appropriate given the heterogeneity
of TBI populations.

Pre-hospital care (seven RCTs)

One robust RCT was identified, reporting that pre-hospital in-
tubation was superior to non-invasive ventilation on 6-month GOS.
Pre-hospital intubation is therefore recommended, provided that
paramedics are well trained, maintain skills, and end-tidal CO, is
monitored. The six pre-hospital RCTs on hypertonic solutions have
not shown benefit. Future RCTs of hypertonic solutions should
consider if late outcomes such as GOS are appropriate given this is
a very early intervention.
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Sedation, pain management, anesthesia,
and arousal (22 RCTs, including one pediatric)

No robust RCTs were identified in this category and the majority
(18) of the 21 RCTs on sedation, pain management, anesthesia, and
arousal have compared effectiveness between agents and found no
differences. This implies that the choice of agent cannot be deter-
mined based on evidence but should be targeted toward patient
needs and determined by physician preference.

Seizure prophylaxis (four RCTs)

One of the three RCTs was identified as robust, but none of the
three RCTs reported differences between groups on any of the
outcomes of interest. There are increasing trends to move away
from phenytoin to newer agents, such as levetiracetam, for seizure
prophylaxis in TBI, based on tolerability, drug interactions, and
impact on long-term outcome with the latter. There is an urgent
need for robust evidence to support or refute the benefit of such
change in practice.

Steroids (19 RCTs, including one pediatric)

Of the three robust RCTs in this category, one—the Clinical
Randomization of an Antifibrinolytic in Significant Hemorrhage
(CRASH) trial>>—reported methylprednisolone to be inferior to
placebo on late mortality. The very large sample size (10,008) of this
trial provides strong evidence that using steroids in all-comers with
TBI is harmful. However, steroids may be indicated where anterior
pituitary insufficiency is suspected or known in the setting of TBI.”

Surgery (eight RCTs)

Three robust RCTs were identified. Conflicting findings between
these trials have contributed to continuing debate on the indications
and benefits of early contusion surgery or decompressive craniectomy
(DC). The Decompressive Craniectomy in Patients With Severe
Traumatic Brain Injury (DECRA) trial’’ found positive effects for
ICP and ICU LOS, but worse 6-month GOS in the DC group. This
might imply that more aggressive medical ICP control with barbi-
turates may now the preferred third tier therapy for refractory intra-
cranial hypertension, since complications from craniectomy appear to
outweigh potential benefits and also in light of the recently published
Eurotherm3235 findings.”® However, while DECRA provides valu-
able evidence on the use of decompressive craniectomy as an early
intervention, the trial provides no guidance on its use as rescue
therapy for refractory intracranial hypertension. As a consequence,
while results of ongoing studies are awaited, decompressive cra-
niectomy may still be used by some centers in this latter context.

Further, the DECRA trial involved bifrontotemporoparietal
craniectomy for patients with diffuse cerebral swelling. The results
are not generalizable to patients with acute subdural hematoma or
other pathology for which unilateral decompressive craniectomy is
frequently performed. The recent Surgical Trial in Traumatic In-
tracerebral Haemorrhage (ST ITCH(TRAUMA))*® was prema-
turely halted by the funding agency because of slow recruitment.
On analysis, a strong trend to benefit of early surgery of contusions
in patients with a GCS of 9-12 was noted. Given the variation in
findings in surgical trials and the dearth of robust trials, the out-
comes of the three ongoing RCTs are keenly anticipated, and fur-
ther large trials are needed. A challenge towards the future will be
to confidently identify patients with subtypes of TBI that may
benefit from surgical interventions. In the meantime, decom-
pressive craniectomy remains a management option:

BRAGGE ET AL.

e As an early means of ICP control, especially when performed
in conjunction with the removal of an intracranial hematoma;
e As a late salvage procedure in situations of intractable ICP.

The challenge of expanding the surgical research evidence base
is exacerbated by the relative expense and less lucrative financial
returns of surgical, compared with pharmacological trials. This
may explain the differences in volume of evidence between these
two intervention categories.

Pediatric RCTs

There were 11 completed pediatric RCTs among the 207 RCTs
eligible for this review, comprising:

e One small (n=9) RCT investigating temperature-corrected
versus uncorrected ventilatory management, reporting no dif-
ference on ICP"?;

e Four hypothermia vs. normothermia RCTs, including
the recent “Cool Kids” RCT’ that was ceased for futility,
reporting no difference between groups on mortality, GOS,
ICP (three RCTs) and LOS (one RCT);

e One RCT of immune-enhancing formula, reporting no dif-
ference between groups on early mortality or hospital LOS””;

e Two small (n<33), single center RCTs of hypertonic saline
vs. normal saline’®/lactated Ringer’s solution,”® which found
mixed results on ICP (one positive, one with no statistically
significant difference between groups), positive results on
ICU LOS (one RCT) and no difference between groups on
mortality and hospital LOS (one RCT);

e One RCT of phenobarbitone, which reported no difference
on mortality or ICP®,

e One RCT of dexamethasone, which reported no difference
on ICP or 6-month GOS®';

e One RCT of decompressive craniectomy (DC) versus stan-
dard care, which did not report any difference between
groups on ICP, ICU, or hospital LOS or GOS.*?

73-76

Ongoing RCTs

There were 16 ongoing RCTs among the 207 RCTs eligible for
this review, comprising:

o Two multi-center RCTs investigating 80% versus 50% FiO,
(planned n=68, n centers not reported)®® and management
guided by partial pressure of oxygen in brain tissue (PbrO,;
planned n=182, four centers)84;

e Two medium-to-large RCTs of hypothermia versus normo-
thermia,®>**¢ including the Prophylactic Hypothermia Trial to
Lessen Traumatic Brain Injury (POLAR) RCT®>%7;

e One multi-center RCT of vasopressin versus catecholamines
for ICP control (planned n =200, number of centers not re-
ported)®®;

e Eight pharmacological RCTs:

o Two ongoing, multi-center RCTs of tranexamic acid fol-
lowing TBL®¥*° including the CRASH-3 trial (planned
n=10,000, number of centers/countries not reported).91 (A
further RCT of pre-hospital tranexamic acid following
trauma is also underway—planned n=1184)"";

o Two multi-center erythropoetin RCTs,°*** one with plan-
ned recruitment of 606 participants across nine centers’”;

o Individual RCTs of glyburide (planned n=100),”> NNZ-
2566 (planned n=260),% estrogen (planned n=50),"" and
propanolol and clonidine (planned n=40)"%; and
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e Three RCTs of surgery: decompressive craniectomy (DC)
versus standard care (Randomised Evaluation of Surgery with
Craniectomy for Uncontrollable Elevation of Intra-Cranial
Pressure [RESCUEicp]; planned n =400, 40 centers),”*w] DC
versus craniotomy (Randomised Evaluation of Surgery with
Craniectomy for patients Undergoing Evacuation of Acute
Subdural Haematoma [RESCUE-ASDH]; planned n=990, 12
centers),'>'%* and bypass to specialist neurosurgical center
versus control (Head Injury Transportation Straight to Neuro-
surgery [HITS-NS];planned n =700, three centers).'**'0°

Discussion

This is the most comprehensive known overview of RCTs in-
vestigating acute interventions for moderate-to-severe TBIL
Strengths of this review include use of comprehensive database and
other platform searching to identify, evaluate, and synthesize 207
RCTs across 11 intervention areas; inclusion of pediatric and on-
going RCTs; and evaluation of risk of bias, use of covariate adjust-
ment, and use of an ordinal approach to analysis. The outputs of this
review can be of considerable value to the acute TBI research and
clinical community, for example, to inform future systematic re-
views and clinical practice guidelines or aid in strategic research
planning to optimize RCT focus, quality and impact, especially if the
searches are re-run to create a “‘living”’ acute TBI RCT repository.

State-of-the-science overviews across multiple intervention ar-
eas are necessarily less in-depth than single-intervention systematic
reviews, and a number of factors should therefore be borne in mind
when interpreting overview findings. Although risk of bias was
evaluated, only two of seven Cochrane domains were assessed. A
more rigorous quality analysis may have categorized more RCTs as
being high risk of bias. However, this was beyond the resources
available due to the volume of literature included in this overview.
Scoping studies such as this overview are in part defined by an
emphasis on covering large volumes of literature without under-
taking any quality appraisal.'>'” Quality appraisal is usually con-
fined to systematic reviews, which have much smaller yields
focusing on a narrow topic area. This is reflected in previously
published multi-topic TBI overviews, none of which have under-
taken any risk of bias or quality evaluation.”'® In this context,
the decision to review two of the seven Cochrane risk of bias do-
mains represents a substantial advance on comparable overviews.

Further, the domains evaluated (random sequence generation and
allocation concealment) have been empirically shown to influence
RCT outcomes.>® While the RCTs were broadly grouped into inter-
vention areas, there are many variations in intervention protocols (for
example, cooling and rewarming rates in hypothermia), type and
severity of injury (diffuse vs. focal) and control condition within
these groupings. Broad intervention categorization was necessary to
enable meaningful interpretation of such a large body of literature.
The intervention categories were arbitrary; however, category de-
velopment was iterative and drew upon an international research
team with considerable clinical and research experience and exper-
tise. Formal evaluation of heterogeneity should be undertaken prior
to any meta-analysis and both of these were beyond the scope of this
review. Meta-analysis can effectively increase the statistical power of
several small trials, and this pooling can detect otherwise unseen
statistically significant treatment effects.'®®

The approach taken to identify all RCTs measuring an outcome
of interest, whether or not this was the primary outcome, is con-
sistent with Cochrane systematic review methodology.'®”” How-
ever, combined with the small sample sizes observed, this means
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that not all of the identified RCTs were adequately powered to
measure the outcomes of interest to this overview. Due to the
volume of literature screened for this overview, it was not feasible
to employ two researchers to independently screen citations and
full text publications. However, this limitation was offset by use of
explicit inclusion criteria developed by two authors (PB, AS) and
independent screening by a second reviewer in all cases where there
was uncertainty regarding inclusion. Finally, because it was not
feasible to catalogue all primary outcomes across all included
RCTs, some conclusions are limited—for example, there are no
positive findings in the four RCTs of seizure prevention for the
outcomes of interest; however, the outcome of seizure control is
more relevant for guiding use of seizure prevention agents.

This overview found that no statistically significant difference
between groups was found for 74% of comparisons across all
outcomes of interest in the included RCTs. It should be emphasized
that a finding of no difference between groups does not equate to
statistical proof of absence of effect, and may be a function of small
sample size or methodological shortcomings. Notwithstanding this,
lack of successful translation from laboratory-based research to
effective TBI treatments also was noted in our previous re-
views.?*?> It appears from our graphical analysis that lack of
positive RCT findings is not a function of trial characteristics in-
cluding sample size and risk of bias. This finding is supported by
the recent publication of two large RCTs showing no difference
between progesterone and placebo on 6-month GOS or late mor-
tality.*”-*® As noted by Schwamm,'® both were high-quality RCTs
underpinned by phase II trials. However, Schwamm contends that
the progesterone findings reflect a raft of overarching TBI trial
design issues that collectively mitigate against positive findings in
phase III trials—slow enrolment, optimistic effect sizes, good
outcomes in placebo groups, and insufficient phase II data to sup-
port robust sample-size estimates.'®®

Despite the considerable investment of resources and effort in
producing 191 completed RCTs for early management of TBI,
very little translatable evidence has been generated. This is
highlighted by the high proportion of equivocal findings, the ex-
istence of only 26 robust (multi-center, low risk of bias, n>100)
RCTs spread across 18 different interventions, and the finding that
35 RCTs were the sole study of an intervention. For most inter-
vention areas, there is insufficient consistency in study charac-
teristics and/or findings to draw robust clinical implications from
the RCT findings. Even in hypothermia, with more than 30 RCTs
investigating systemic hypothermia versus normothermia, there is
only one completed multi-center, low risk of bias RCT. Therefore,
systematic hypothermia reviews recommended further, higher-
quality RCTs.'%

Covariate adjustment was performed in less than one-quarter of
RCTs, and only eight of 111 eligible RCTs employed an ordinal
approach to analysis. This reflects the common use of insensitive
methodology in the majority of trials in TBI. The importance of
dealing with the clinical heterogeneity of TBI populations was
recognized by the International Mission for Prognosis and Analysis
of Clinical Trials in TBI (IMPACT) study group.''® Extensive
methodological analysis performed by this study group showed that
applying covariate adjustment together with ordinal analysis could
reduce the sample size requirement by as much as 50%. These
findings, based upon simulation studies, were validated analysis of
the CRASH trial data.''! The IMPACT recommendations are pri-
marily targeted toward efficacy analysis of phase III studies, but the
importance of covariate adjustment in phase II trials should be
emphasized, as the risk of imbalances between treatment and
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placebo populations concerning baseline characteristics is higher in
these smaller studies.

Although it is clear that more high-quality evidence strategically
targeted at high-priority intervention areas must be generated, there
is a clinical imperative to draw upon evidence of at least reasonable
quality that might rationally guide practice in the interim. However,
an analysis by Ioannidis''> of 49 highly cited clinical research
studies (including 43 RCTs) found that following publication of
these top-citing RCTs of medical interventions, 16% of subsequent
trials of the same interventions contradicted the initial RCT findings,
and a further 16% reported weaker effects. Further, RCTs that were
not successfully replicated had significantly smaller sample sizes
than RCTs in which findings were replicated (p =0 - 009). He con-
cluded that “‘evidence from recent trials, no matter how impressive,
should be interpreted with caution, when only one trial is avail-
able.” "> This view is supported by leaders in the field of knowledge
translation—the science of implementing research into practice—
who note that, with the exception of very large RCTs, single RCTs
do not warrant changes in healthcare practice or policy.'"

This is further reinforced by the current review findings re-
garding sample size and number of centers. The 191 completed
RCTs collectively enrolled more than 35,000 participants; how-
ever, the majority of RCTs in this review were single center trials
with small (< 100) sample sizes; only 14 RCTs enrolled more than
500 participants, including the CRASH trial (n=10,008). This is
consistent with a previous review by Li and colleagues that found
that the majority of interventional studies in both TBI and stroke
were single-center, but that stroke had a much higher percentage of
international studies.”” A further multi-intervention TBI over-
view?* reported that six of nine single center studies found positive
treatment effects, compared with four of 24 multi-center studies.
The authors stated that greater treatment standardization and in-
creased recruitment may help counter the center effects in multi-
center trials. Although analysis of statistical power of RCTs was
beyond the scope of this review, the finding that most trials re-
cruited fewer than 100 participants indicates a high likelihood of
underpowered RCTs and risk of finding spurious treatment effects.
This is consistent with a previous TBI trials overview, which ar-
gued that this reduces clinical translatability of research findings
and negatively influences further trials due to overestimation of
effect size.”> Halpern and colleagues''* argue that underpowered
trials are only ethically justifiable in two situations—small trials in
rare diseases, where there is an explicit plan to meta-analyze results
alongside similar trials; and early-phase trials designed to guide an
adequately-powered phase III trial. Button and colleagues''® con-
ducted an analysis of 48 diverse neuroscience meta-analyses, which
showed that the average statistical power of neuroscience studies
was between approximately 8% and 31%. The authors mirrored the
ethical concerns of Halpern and colleagues.''*

An alternative view to producing more large RCTs is to alter the
overall research approach to reflect the complexity of the TBI
population. While high-quality RCTs remain the bedrock of
evidence-based medicine, they are best suited to providing guid-
ance regarding the use of unchanging interventions in patients with
homogenous diagnostic categories and well-understood patho-
physiological mechanisms. However, they provide imperfect
guidance in conditions that are mechanistically heterogeneous and
where therapies may require complex titration, such as in the ICU
management of severe TBI. The recognition that current ap-
proaches to classifying TBI are suboptimal''® has led to current
studies''” that seek to apply precision medicine approaches to
classifying TBI in an effort to identify subgroups of patients who
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have more homogenous pathophysiology and, potentially, re-
sponses to therapy.''® The challenge will be to provide robust ev-
idence that can be used to guide management in these smaller
patient subgroups, where currently specified sample sizes for RCTs
will be even more difficult to achieve. However, it is hoped that the
homogeneity of study populations in this setting may allow smaller
sample sizes. A recent overview of acute brain injury neuropro-
tection research also has highlighted methodological issues in the
translation of animal studies to clinical trials, including the flawed
assumption that disease mechanisms identified in animal models
translate to humans. Echoing the challenge of accurate TBI clas-
sification, the authors recommend use of comprehensive cerebral
and biochemical physiology monitoring to challenge such as-
sumptions prior to definitive human trials, as well as greater col-
laboration between preclinical and clinical researchers.''’

Conclusion

This state-of-the-science overview of 207 RCTs of acute TBI
interventions found that RCTs were spread across a broad range of
interventions and were predominantly small and single-center. For
almost three-quarters of all outcomes of interest measured, no dif-
ference was found between intervention and control groups, and this
appears not to be a function of trial size, risk of bias or intervention
category. Less than one -third of RCTs demonstrated low risk of bias
for two important domains (random sequence generation and allo-
cation concealment); less than one-quarter used covariate adjust-
ment; and only 7% used an ordinal approach to analysis.

These findings hamper translation of acute TBI research findings
into clinical practice and policy. Authors in the field have re-
commended a number of strategies to address these issues, in-
cluding more sophisticated approaches to trial design®**>'?°;
multi-center and multi-ethnicity recruitment to enhance general-
izability®>; greater research collaboration, co-ordination and stan-
dardization of pre-clinical research®*%° "08; and alternatives to
traditional RCTs, such as comparative effectiveness research and
precision medicine approaches.>>!'®121 Adaptive trials, which
enable planned modifications to trials based upon emerging data,
are another alternative approach, that could increase efficiency of
TBI trials. However, care should be taken with this approach as
such adaptations can cause bias if not properly implemented or
underpinned by appropriate statistical assumptions.'**

Li and colleagues emphasize the lessons that can be learned from
other fields including stroke and oncology, where major clinical ad-
vances have been underpinned by large, multi-center trials based upon
robust pre-clinical evidence and hypotheses.>> Enacting such rec-
ommendations is a complex task involving substantial challenges, for
example in obtaining funding for large trials,”> and prioritizing re-
search topics. Success in navigating these challenges—or completely
changing the approach to evidence generation in this field through
Comparative Effectiveness Research, precision medicine, or other
research designs—is critical to optimizing the lives of those af-
fected by moderate-to-severe TBI.
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OVERVIEW OF RCTS FOR ACUTE TBI MANAGEMENT

APPENDIX 1: SEARCH, SELECTION, AND DATA EXTRACTION
METHODS

Search strategy

To identify randomized controlled trials (RCTs), the compre-
hensive systematic search from our previously published review’
was updated:

e The Medline (OVID), All Evidence Based Medicine Reviews
(OVID) and EMBASE databases from 2011 to November
2013 using the core terms ‘‘brain injuries,” ‘‘craniocerebral
trauma,” and ‘‘traumatic brain injury” and keywords for
decompressive craniectomy and hematoma evacuation; ste-
roids; hemostatic drugs, including tranexamic acid; thera-
peutic hypothermia; hyperoxia and stem cells/regenerative
therapies. Reference lists of relevant primary studies and
reviews were used to identify further potentially relevant
citations.

e The World Health Organization International Clinical RCTs
Registry Platform®® was searched covering the period Janu-
ary 1, 2012, to March 2015, using search terms for tra-
nexamic acid/steroids; therapeutic hypothermia; hyperoxia;
stem cells/regenerative therapies and surgery.

We expanded our search from that in the previous review by
examining reference lists of all systematic reviews within a com-
prehensive, up to date online traumatic brain injury systematic
review database.?” All searches were limited to English language
studies in human beings.

Study selection

Included full text publications from the previous review
(n=143), as well as titles, abstracts and full text publications from
the update search outlined above, were screened against the fol-
lowing inclusion criteria:

e Population: Moderate-to-severe traumatic brain injury, de-
fined as first Glasgow Coma Scale (GCS) score <13, loss of
consciousness (LOC) >30 mins and/or post-traumatic am-
nesia >24h.>'**'% Studies including subjects with mild
traumatic brain injury (TBI; GCS >13) were only included if
they comprised less than 50% of the total cohort. Adult and
pediatric studies (defined as >50% participants under 18
years) were included. Studies containing non-TBI patients
were excluded.

e Study type: Randomized controlled trials (RCTs), as de-
fined in the Cochrane Handbook for Systematic Reviews of
Interventions.'®® RCTs where the method of assignment to
groups was ambiguous or quasi-random were excluded;
protocols for ongoing RCTs were included; preliminary
RCT findings were included unless a subsequent publica-
tion of the entire RCT cohort was available; post hoc
analysis of an entire TBI RCT cohort was included; post
hoc analysis of a TBI RCT subset or examining a different
intervention to the RCT was excluded

e Intervention: Any intervention provided in the acute phase
of care (pre-hospital/acute hospital) as defined by Hirshon
and colleagues in the Bulletin of the World Health Orga-
nization:'>® .. the health system components, or care de-
livery platforms, used to treat sudden, often unexpected,
urgent or emergent episodes of injury and illness that can
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lead to death or disability without rapid intervention...in-
cluding emergency medicine, trauma care, pre-hospital
emergency care, acute care surgery, critical care, urgent
care and short-term inpatient stabilization” (p. 386).'%¢
RCTs in a rehabilitation (i.e., post-acute) setting were ex-
cluded.

e Publication status: English language; peer-reviewed journal,
conference abstract/presentation, book chapter. Websites
referring to RCT registration or protocols were included.

All titles, abstracts and full text publications were screened
by one investigator (PB) and the RCTs search and screening
was undertaken by a second person (Nathan Kuk). Where there
was uncertainty regarding the inclusion of a RCT following
full text review, an independent investigator (AS) screened the
full text publication, with differences resolved by consensus
discussion.

Data extraction
The following data were extracted from eligible RCTs:

e Study characteristics: Country, number of centers, number
randomized, comparison, GCS by group, age (adult, >50% of
participants =18 years; pediatric, >50% of participants <18
years)

e Study findings: Results of between-group analysis—superior
(S; statistically significant result favoring intervention)/no
difference (ND; no difference between groups detected);
Inferior (I; statistically significant result favoring control/
placebo). Where statistical significance was not reported, this
was calculated based upon the raw data information using
RevMan software'?’ for the following outcomes:

o Mortality: Early (in-hospital or < 1 month); late (> 1 month),
not specified.

o Mortality outcomes were generated from GOS score if not
reported.

o Intracranial pressure (ICP): ICP measures and time-points
were recorded. Where there were multiple measures of
ICP within the same RCT, statistical significance was
judged according to the results as reported.

o Length of stay: Intensive care unit, hospital

o Glasgow Outcome Score (GOS)/Glasgow Outcome Score-
Extended (GOSE). GOS was dichotomized into ‘“‘favor-
able” (GOS 4 and 5) and ‘“‘unfavorable’ (GOS 1-3)

e Risk of Bias: Evaluated using two key domains of the Co-
chrane Risk of Bias Tool—Random Sequence Generation
and Allocation Concealment.> The adjudging of risk of bias
for each domain (“‘low,” ‘“‘unclear,” or ‘‘high’’) was un-
dertaken based upon the guidelines in the Cochrane Hand-
book.*® Data extraction and risk of bias appraisal were
undertaken by two investigators (PB and AS). To ensure
consistency across studies, a data extraction protocol was
developed and piloted.

e Use of covariate adjustment (yes/no) and (if measuring
GOS/GOSE) ordinal outcome measures (yes/no). Ordinal
outcome measures are often collapsed into a binary scale.
The IMPACT recommendations'''"'?® for improving the
design and analysis of clinical trials in TBI state that
clinical trials should incorporate pre-specified covariate
adjustment to mitigate the effects of heterogeneity, and
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apply an ordinal approach by means of either sliding di-
chotomy or proportional odds methodology. These ap-
proaches have the potential to increase statistical power by
50%. One reviewer (FR) screened all included clinical
trials for application of either covariate adjustment and/or
ordinal approach in statistical analysis of outcome. Data
extracted on covariate adjustment included type and num-
ber of covariates and statistical method. Distinction was
made between covariate adjustment related to clinical

BRAGGE ET AL.

outcome measures at follow up (GOS, mortality, DRS) and
covariate adjustment applied for analysis of early end-
points (ICP, PbtO,, clinical events such as pneumonia).
Information on the ordinal approach was verified in trials in
which the GOS(E) was applied and data extracted included
the statistical method used (sliding dichotomy or propor-
tional odds methodology). Any indistinctness was dis-
cussed with a second reviewer (AM) and disagreements
were resolved by discussion within the author team.



