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56.1 NeuroprotectioninTBI

Recommendations

Level |

There is no Level 1 evidence suggesting that any
pharmacological treatment option can improve
the outcome of TBI patients. Corticosteroids,
magnesium sulfate, erythropoietin, cannabinoids,
and progesterone are without demonstrated effi-
cacy for TBI patients and should not be routinely
used. Hypothermia decreases ICP although an
improved outcome of patients with severe TBI
has not been demonstrated.

Level Il

There are studies at a Level II evidence with sug-
gested benefits. None of these pharmacological
treatments have as of yet been supported at a
Level I and cannot be recommended.

Level Il

Numerous studies at a Level III evidence exist.
These studies are currently not sufficient to rec-
ommend or suggest a pharmacological com-
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pound to be administered to TBI patients. Thus a
Level III recommendation for this topic cannot
be provided.

56.2 Overview

A major problem in the management of severe
traumatic brain injury (TBI) is that clinical out-
come has not been markedly improved over the
last decades (Rosenfeld et al. 2012). To date,
>1000 studies with a huge variety of exploratory
targets for the treatment of TBI are registered at
www.clinicaltrials.gov, and important pharmaco-
logical treatment targets are also continuously
being explored in the experimental TBI setting. A
key concept in the management of TBI is that not
all cell death occurs at the time of primary injury;
instead a cascade of molecular and neurochemi-
cal secondary events occur during the initial
hours and days with a complex temporal profile.
Ultimately, this secondary injury cascade mark-
edly exacerbates the primary injury as outlined in
Chap. 6 of this book. As shown in numerous
experimental TBI studies, there should be a pos-
sibility to attenuate the secondary injury cascades
by pharmacological means. This possibility for
improving TBI outcome has been explored over
several decades, and many drugs with promising
preclinical documentation have reached the clini-
cal trial stage (see Maas et al. (2010)), most of
which are regarded as neuroprotective.
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Neuroprotection in TBI can be defined as “inter-
ventions aimed at improving the patient’s outcome,
and preserving and restoring the integrity, function,
and connectivity of the brain cells not irremediably
damaged by the initial injury” (Zoerle et al. 2017).
With few exceptions, most TBI trials to date have
been rather small, only rarely enrolling more than
1000 patients. In their comprehensive overview
published in 2016, Bragge and co-workers evalu-
ated multicenter randomized control trials (RCTSs)
and found 47 completed pharmacological RCTs
and 8 ongoing. None of these pharmacological
treatments showed a robust clinical benefit, and the
vast majority targeted early neuroprotective mech-
anisms (Bragge et al. 2016). The use of fluid man-
agement, hypertonic saline, mannitol, and various
sedative compounds is covered in other chapters of
this book, and in the following paragraphs, outlin-
ing key pharmacological compounds as well as
hypothermia, evaluated in several clinical trials for
severe TBI.

56.2.1 Early Mechanisms

Rapid intracellular influx of calcium is an imme-
diate event in severe TBI (see Chap. 6). Based on
the notion that excess calcium influx is detrimen-
tal, the calcium antagonist nimodipine was evalu-
ated in the Head Injury Trials (HITs) (see
Vergouwen et al. (2006)). A potential benefit in
patients with traumatic subarachnoid hemor-
rhage was suggested and was explored in the
HIT3 and HIT4 studies. In the larger HIT4 trial, a
significantly impaired outcome in nimodipine-
treated patients was observed, and nimodipine
cannot be recommended for any subtype of
severe TBI. Other immediate events of key patho-
physiological importance are glutamate release
leading to excitotoxicity and increased formation
of reactive oxygen species (ROS), factors consis-
tently identified as important targets in animal
models of TBI (Marklund 2016; Marklund and
Hillered 2011). Based on the observations that
extracellular concentrations of glutamate and
aspartate increase early after TBI, their N-methyl-
D-Aspartate (NMDA) receptors were targeted in

several large placebo-controlled trials evaluating
compounds such as aptiganel, SNX-111, D-CPP-
ene, selfotel, and eliprodil. Invariably, they all
failed or even impaired outcome despite success-
ful evaluation in preclinical models. To date,
NMDA receptor antagonists should not be used
for neuroprotection in severe TBI. A positive role
for NMDA receptor agonists was suggested in
animal models of TBI, finding that they could
influence outcome by modifying post-injury
plasticity (Shohami and Biegon 2014).

Another early event in severe TBI is calcium-
and glutamate-induced mitochondrial dysfunction
that may be prolonged. An important event is the
opening of the mitochondrial permeability transi-
tion pore (mPTP), resulting in a reduced capacity
for ATP production as well as the release of apop-
tosis-inducing factors and generation of ROS
(Karlsson et al. 2019). Mitochondrial dysfunction
may lead to ongoing tissue atrophy (Xu et al.
2010) and is suggested by microdialysis monitor-
ing (Stovell et al. 2018; Lakshmanan et al. 2010).
Ciclosporin (CsA) is a commonly used drug for
immunosuppression and was also found neuropro-
tective due to, e.g., inhibition of the calcium-medi-
ated mPTP activation and attenuation of ROS
formation. Across numerous TBI models and time
windows, CsA treatment has consistently resulted
in neuroprotection with improved histological
and/or behavioral outcome. In the clinical trial
stage, it was found safe with promising, although
not significant treatment results (Mazzeo et al.
2009; Brophy et al. 2013). Microdialysis has also
been used in combination with whole blood and
CSF sampling to determine the optimal dosing of
CsA (Brophy et al. 2013). To date, the available
human data is insufficient to recommend its use in
severe TBI. The open-label phase II Copenhagen
Head Injury Ciclosporin study, evaluating two
dosing regimens, is currently ongoing for severe
TBI. In a first feasibility study, ciclosporin was
found safe, it passed the blood-brain barrier and
showed signs of favorable changes in the levels of
the biomarkers GFAP, NF-L, Tau, and UCH-L1
(Karlsson et al. 2019).

Thus, mitochondrial dysfunction and glutamate
excitotoxicity pave the way for increased oxidative
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2013). Following the formation of highly reactive,
oxygen-based radicals, ROS-induced lipid peroxi-
dation that includes oxidative damage to cellular
and organelle membranes ensues. Although the
extremely short-acting and reactive radical
hydroxyl ion (OH-) is highly toxic to virtually
every structure in the cell, others such as the super-
oxide anion (0O2") and the nitrogen-based radicals
(reactive nitrogen species (RNS)), nitric oxide
(NO), and peroxynitrite (ONOO") have been eval-
uated as pharmacological targets in TBI (Frati
et al. 2017). However, both the superoxide radical
scavenger polyethylene glycol-conjugated super-
oxide dismutase (PEG-SOD) and the
21-aminosteroid lipid peroxidation inhibitor
tirilazad failed to improve survival or functional
outcome in large phase III trials for TBI. Since
increased formation of 02, NO, and ONOO-
influences cerebral blood flow, they remain inter-
esting targets for TBI, although at this point there
is no evidence for, or sufficiently tested, a ROS
scavening drug being ready for clinical use.
Finally, both the endocannabinoid dexanabi-
nol and magnesium sulfate had unusually solid
preclinical documentation showing efficacy in
numerous animal models using prolonged time

failed to demonstrate clinical efficacy, and there
were clear suggestions, at least in the high-dose
group, that magnesium sulfate impaired the out-
come of severe TBI patients (Temkin et al. 2007,
Maas et al. 2006). Some of the pharmacological
targets are outlined in Fig. 56.1.

56.2.2 Steroids

Clinical trials initiated in the late 1970s and early
1980s began evaluating the corticosteroid dexa-
methasone, and it was found to be ineffective in
improving outcome in cohorts of severely brain-
injured patients. The multicenter randomized
MRC CRASH trial, enrolling more than 10,000
patients, was by far the largest TBI trial (until the
recently published CRASH-3 trial), and it evalu-
ated methylprednisolone for patients with severe
TBI. The results showed a significant increase in
death and severe disability (Roberts et al. 2004). It
should be remembered that in this trial excessive
doses of corticosteroids were administered. In an
early study evaluating 396 severe TBI patients, the
synthetic corticosteroid triamcinolone was admin-
istered within 4 h after trauma and the outcome
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was improved by treatment in patients with a focal
lesion and a GCS score of <8 (Grumme et al.
1995). Currently, there is some renewed interest in
a lower-dose corticosteroid approach for selected
TBI patients such as those with cortical contu-
sions. There are significant adverse effects, how-
ever, emphasizing that corticosteroids should not
routinely be administered to TBI patients.

56.2.3 Hormone Treatment

The most widely studied sex hormone progesterone
repeatedly showed neuroprotective effects in sev-
eral animal TBI models, attenuating cerebral edema
and neuronal death and improving behavioral out-
come. Many, but not all preclinical studies were
performed on the bifrontal contusion model. An
early clinical study found an improved 3- and
6-month outcome when progesterone was adminis-
tered to patients within 8 h following severe TBI
(Xiao et al. 2008; Skolnick et al. 2014). Thus, two
phase III randomized trials were initiated (the
ProTECT and SYNAPSE trials), of which the
ProTECT trial used a very early <4-hour adminis-
tration time window. Both the ProTECT and
SYNAPSE trials were negative on the primary out-
come measures, and even though a recent meta-
analysis, evaluating eight RCTs, found an improved
outcome at 3 although not at 6 months post-injury
(Pan et al. 2019), to date, progesterone cannot be
recommended as a routine treatment for severe TBIL.

Pituitary deficiency is a common finding in
survivors of severe TBI (Tritos et al. 2015;
Marina et al. 2015) and may influence clinical
outcome. Thus, this is an important factor in the
clinical management of severe TBI. This does not
imply, however, that early routine supplementa-
tion of hormones early post-injury for neuropro-
tection is warranted.

56.2.4 Hypothermia

Increased body and brain temperature is a well-
known secondary injury insult in TBI since it
increases brain metabolism and exacerbates neu-
ronal injury. Hypothermia may effectively atten-

uvate the inflammatory response, glutamate
release, and ROS production and positively influ-
ence neuronal metabolism. In animal models of
TBI, it consistently improved histological out-
come (Dietrich and Bramlett 2017). This arche-
typical neuroprotectant has been applied in
several clinical trials aiming at a temperature of
32-36.5 °C using various methods of cooling
(cooling blankets, gastric lavage, selective head
cooling, intravascular methods, etc.). A recent
Cochrane assessment (Lewis et al. 2017), updated
from an earlier 2009 review, evaluated 37 eligible
trials including a total of 3110 randomized par-
ticipants in both the adult and pediatric age
groups. It was concluded that there are no high-
quality evidence showing that hypothermia is
beneficial in the treatment of severe TBI. The
recent POLAR study (Cooper et al. 2018) evalu-
ated early hypothermia (33-35 °C) for a mini-
mum of 72 h up to 7 days post-injury compared
to normothermia. A total of 500 patients were
included. Even though hypothermia was initiated
rapidly (at a median of 1.8 h post-injury) and
rewarming was slow, neurological outcomes
were not improved by 6 months. However, there
were no changes in the rates of pneumonia and
intracerebral hemorrhages. The Eurotherm study
(Andrews et al. 2018) enrolled 387 patients from
47 centers in 18 countries. This trial used hypo-
thermia titrated to ICP control, where core tem-
perature was initially reduced to 35 °C followed
by incremental decreases to a lower limit of
32 °C if needed to maintain ICP at <20 mmHg.
Here, the titrated hypothermia approach success-
fully reduces ICP although mortality was higher
and functional outcome worse than in patients
treated with normothermia. This study builds on
many other findings that hypothermia reduced
ICP and it is currently used in many stepwise ICP
management protocols.

The reasons for the limited success by hypo-
thermia treatment are likely multifactorial.
However, the treatment is risky and should be
used with caution and only by experienced physi-
cians since adverse effects include arrhythmias,
coagulopathies, sepsis, and, in particular, pneu-
monia. To avoid the risks associated with sys-
temic hypothermia, selective brain cooling was



56 Pharmacological Neuroprotection

413

attempted in a small single-center trial in China,
showing reduced ICP and beneficial outcomes at
1 and 2 years post-injury (Qiu et al. 2006), results
that await additional, multicenter studies.

In the pediatric population, similar findings of
unaltered or even impaired outcome have been
found (Bragge et al. 2016; Hutchison et al. 2008).
Together, these reports suggest that hypothermia
cannot currently be recommended for routine use
for TBI, although coming studies may help defin-
ing if subsets of TBI patients may benefit from
hypothermia, and the most effective hypothermia
protocol.

56.2.5 Neuroinflammation

There is robust clinical and experimental evidence
showing a rapid and complex inflammatory
response post-TBI. A very rapid upregulation at
1 h post-injury of cytokine and chemokine mRNA,
followed by their corresponding proteins, has been
found in the experimental TBI setting. Immune
cells are also found invading the injured brain tis-
sue, initially neutrophils at ca 24 h post-injury and
later T cells and macrophages at 3-5 days post-
injury (Clausen et al. 2019). Locally, there is also
a very early activation of resident microglial cells
that may then persist for years post-injury. Cellular
membrane disruption caused by the mechanical
impact as well as secondary injury factors may
result in the release of damage-associated molecu-
lar patterns (DAMPs) that can trigger and amplify
neuroinflammation (Simon et al. 2017).
Neuroinflammation should be recognized as
an interaction between central and peripheral
components that are influenced by age, gender,
type of TBI and its severity, and other factors.
Inflammation is often referred to as a double-
edged sword possessing both beneficial and detri-
mental functions. The removal of injury debris
may be one such positive action of the inflamma-
tory mediators. However, chronic neuroinflam-
mation is associated with an ongoing white matter
atrophy (Johnson et al. 2013; Ramlackhansingh
et al. 2011) and may be associated with impaired
regeneration, posing a logical pharmacological
treatment target. Although there are many poten-

tial treatment targets in this complex system, ever-
increasing interest is generated for the action of
interleukin (IL)-1f and its receptor. IL-1p is a key
pro-inflammatory mediator, and when neutralized
in experimental TBI, improved histological and
behavioral outcome is consistently found.

Using a novel microdialysis approach in a
single-center, phase II randomized control study
of recombinant human IL1ra (rhIL1ra, anakinra)
in severe TBI, the drug was found safe, to pene-
trate the extracellular fluid of the brain and to
modify the inflammatory response as evident by
comparison of the concentrations of 41 cytokines
and chemokines. This proof-of-concept study
provided evidence that an anti-inflammatory
drug may alter the local inflammatory response
and suggest an important role for microdialysis
in pharmacological studies on TBI (Helmy et al.
2014). In a follow-up study, the IL1ra compound
shifted the chemokine profile from an M2
microglia phenotype to an M1, highlighting that
the microglial response may be modified by a
study drug (Helmy et al. 2016).

Glucocorticoids may be considered anti-
inflammatory compounds, and did not improve
outcome in severe TBI, although the excessive
doses used do not provide arguments either for or
against inflammation as a treatment target in
TBI. The optimal neuroinflammatory targets
have not yet been defined, nor in what TBI sub-
type neuroinflammation may be most efficacious.
Furthermore, the complex temporal response of
neuroinflammation makes timing of treatment a
challenge. However, neuroinflammation remains
a promising target for pharmacological treatment
and neuroprotection in severe TBI. To date, there
are no specific drugs that can be recommended
for administration to severe TBI patients.

56.2.6 Others

56.2.6.1 Erythropoietin (EPO)

EPO is a glycoprotein first used to treat patients
with anemia. It has numerous other functions and
is considered a neuroprotective drug with roles in
apoptosis, radical oxygen species defense, inflam-
mation, and angiogenesis. In experimental TBI, it
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is neuroprotective and improves functional out-
come in animal models (Peng et al. 2014). The
large interest in EPO for the treatment of clinical
TBI was mainly based on robust preclinical evi-
dence (Liu et al. 2017). In general trauma patients,
thromboembolic events were increased by the
treatment although early mortality was reduced.
More recently, the Erythropoietin in Traumatic
Brain Injury (EPO-TBI) was published (Nichol
et al. 2015). It was a double-blind, placebo-con-
trolled trial in >600 patients with moderate or
severe TBI. EPO did neither improve neurological
outcome nor result in an increased number of
patients with deep venous thrombosis. In a follow-
up post hoc analysis, it was suggested that a reduc-
tion in mortality did occur with EPO although only
in those patients receiving one to two doses of the
compound, not three (Gantner et al. 2018). At
present, EPO cannot be recommended to severe
TBI patients outside of clinical trials.

56.2.6.2 Beta-Blockers

Severe TBI elicits a severe stress reduction with
increased pulse rate and, often, increased blood
pressure. Stress reduction using, e.g., clonidine
and beta-blockers, is part of the Lund concept for
the treatment of severe TBI covered elsewhere in
this book. Whether beta-blockers such as propran-
olol and others have neuroprotective mechanisms
of action remains a topic of debate. Emerging
observational studies find improved outcome and
reduced mortality in those patients provided beta-
blockers during neurocritical care. For instance,
in an observational study of >2200 patients in 15
North American trauma centers, 50% of TBI
patients received beta-blockers, most on day 1
post-injury. Administration of beta-blockers
resulted in lower mortality, and propranolol was
superior to the other compounds (Ley et al. 2018).
In a smaller observational study, the use of beta-
blockers shortened hospital stay and markedly
improved clinical outcome in severe TBI patients
(Ahl et al. 2017). Although these trials showed
much promise in the treatment of severe TBI,
beta-blockers have not been carefully evaluated in
a randomized, systematic fashion, and their use
for the purpose of neuroprotection cannot be rec-
ommended. Furthermore, there are studies finding
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increased infection rates and prolonged stay in
intensive care unit with their use (Chen et al.
2017), suggesting caution and that better evidence
is needed prior to beta-blockers being generally
recommended to severe TBI patients.

56.2.6.3 Tranexamic Acid

Coagulation disorders are covered elsewhere in
this book. However, rapid correction of coagu-
lation abnormalities may be the best option to
achieve neuroprotection. In this chapter, only
tranexamic acid (TXA) is discussed. In >20,000
adult trauma patients enrolled in the CRASH-2
study, early <3 h post-injury administration of
THX reduced the mortality due to bleeding
(Roberts et al. 2013). Early intracranial bleed-
ing is common in severe TBI and associated
with increased risk of death and disability, and
increased fibrinolysis may worsen the injury
progression. The rationale for using TXA is
that it inhibits the enzymatic breakdown of
fibrinogen and fibrin and may thus prevent
hemorrhage, albeit at the price of an increased
risk of thromboembolic complications. In the
CRASH-3 study, 12,737 TBI patients (9,202
patients treated within 3 hours post-injury)
were administered THX or placebo where the
primary outcome was death due to TBI within
28 days of injury for patients treated within 3 h
of injury. Secondary outcome measures
included, e.g., vascular occlusive events, neuro-
surgical blood loss, days in intensive care, and
adverse events (Roberts et al. 2018). The results
of the CRASH-3 study showed that there was a
small but significant reduction in head-injury
related deaths (mortality was 12.5% in the
TXA group versus 14.0% in the placebo group),
implying and important role for fibrinolysis
inhibitors in severe TBI (CRASH-3 trial
collaborators 2019).

Tips, Tricks, and Pitfalls

e If you see edema surrounding a trau-
matic hematoma and consider using
corticosteroids, evaluate the available
evidence—which will make you refrain
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from using it. To date, these drugs have
not been shown to benefit TBI patients;
instead high-dose treatment was shown
to impair the outcome of TBI patients in
large clinical trials. Still, the interest for
using a lower and more refined cortico-
steroid dose remains in selected centers,
particularly in patients with intracere-
bral contusions.

Hypothermia reduces ICP when applied
to patients with severe TBI and is used as
a late step in several ICP-lowering proto-
cols worldwide. The value of hypother-
mia for neuroprotection in severe TBI is
at best limited, and the reader should be
aware of the studies finding impaired
clinical outcome. Thus, routine use of
systematic hypothermia for severe TBI
cannot be recommended which is sup-
ported by the two recent Eurotherm and
POLAR RCTs. In pediatric cases, hypo-
thermia has not resulted in improved
outcome, and several studies show
impaired outcome by the treatment sug-
gesting caution to induce hypothermia in
children. The optimal cooling and
rewarming strategies, as well as the time
window of efficacy, have not been
defined.

Recent RCTs evaluating erythropoietin
or progesterone did not show a clinical
benefit over control treatment.
Attenuation of coagulation disorders,
although not strictly neuroprotection,
may be a pharmacological way of atten-
uating lesion progression in TBI.

Large observational studies find that
administration of beta-blockers for
blood pressure reduction and/or stress
relief is associated with reduced mortal-
ity and improved outcome. However,
they have not as of yet been adminis-
tered in a randomized fashion, and their
role remains debatable.

Mitochondrial dysfunction may be a
key to the energy metabolic distur-
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bance observed post-TBI and be related
to the slow recovery experienced by
many patients.

* Neuroinflammation remains a promis-
ing target for neuroprotection in severe
TBI, although the precise treatment tar-
gets, timing, and compounds have not
been established.

e s pharmacological neuroprotection dead
for severe TBI? Well, not really but clearly
suffering. The limitation of providing a
drug in sufficient concentrations to the
injured brain early enough post-injury will
remain a challenge. Likely, to target
delayed and/or persistent mechanisms
such as mitochondrial dysfunction, axonal
injury and neuroinflammation, may have a
higher chance for success. Furthermore,
the attempt to improve outcome by using
a pharmacological compound targeting a
single disease mechanism—the “silver
bullet”—is likely futile.

e The strict avoidance, detection, and treat-
ment of avoidable factors (seizures, fever,
hypotension, hypoxemia, hyper- and
hypoglycemia, low CPP, high ICP, etc.)
probably remain the best available therapy
at the moment to provide neuroprotection
for patients suffering from severe TBIL.

56.3 Background

In severe TBI, it is well-established that neuronal
and glial cells as well as blood vessels may be dis-
rupted at time of impact and that the ensuing hem-
orrhage and tissue laceration result in exacerbated
injury to the brain tissue. One key component of
the injury cascade is a massive disturbance of the
cellular ion homeostasis initiated by the marked
release of the excitatory amino acid neurotrans-
mitters glutamate and aspartate, in turn resulting in
an activation of glutamate receptors leading to
excitotoxicity (for overview, see Marklund and
Hillered (2011) and Chap. 6 in this volume). As a
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consequence of the glutamate release, cellular
influx of Na* and Ca** and efflux of K* ensue and
lead to traumatic depolarization. The rapid influx
of calcium leads to mitochondrial damage, axonal
injury, an increase in free radical production, and
activation of calcium-dependent destructive prote-
ases such as caspases and calpains resulting in
cytoskeletal damage. The mitochondrial dysfunc-
tion post-TBI (Hiebert et al. 2015) occurs at the
time of increased energy demand due to activation
of energy-consuming ion transport systems and
cell repair enzymes. A high demand for glucose
also occurs at time of reduced regional cerebral
blood flow, and this uncoupling of blood flow and
cerebral metabolism negatively influences the
injured brain (Marklund et al. 2002; Chen et al.
2004). Injured mitochondria are also a potential
source for increased production of reactive oxy-
gen/nitrogen species (ROS/RNS), and in combina-
tion with a decreased anti-oxidant defense that
also occurs following TBI, induces damage to cel-
lular membranes and organelles by lipid
peroxidation, protein oxidation, and nucleotide
breakdown (Hall 2015).

For obvious reasons, neuronal cell death has
attracted the majority of attention in TBI research,
although the presence of delayed traumatic axo-
nal injury is increasingly recognized following
TBI (Tsitsopoulos et al. 2017).

Inflammation may be a double-edged sword
following TBI. Although some inflammatory
pathways may be important for regenerative
responses and repair, numerous experimental stud-
ies suggest that other parts of the immune response
is exacerbating the primary injury. The acute
inflammatory response following TBI includes
breakdown of the blood-brain barrier (BBB) with
edema formation, infiltration of peripheral immune
cells with production of ROS, activation of resi-
dent microglia and astrocytes, and intrathecal
release of cytokines (Corps et al. 2015).

In this chapter, I reviewed the key clinical evi-
dence for neuroprotection in patients with severe
TBI. Promising preclinical trials have failed
when attempting to translate findings from ani-
mal models into the clinical setting. Importantly,
injury mechanisms, genetic background, gender,
age, type and severity of injury, metabolic state of
the brain, and other conditions (e.g., other dis-
eases, medication, and coagulation abnormali-

ties) associated with TBI may clearly influence
the brain injury and are insufficiently evaluated
in preclinical models. Also, much detailed patho-
physiological knowledge from experimental TBI
has not been confirmed in the injured human
brain, and the brain penetration of putative neuro-
protective compounds is frequently unknown.
Finally, careful selection of patients in terms of
injury type and severity based on detailed neuro-
radiology, age, and additional injuries combined
with improved secondary outcome measures is
likely crucial in the future development of neuro-
protective compounds for human TBI.

The pharmacological and hypothermia TBI
trials presented here have all frequently been crit-
icized in terms of study design, route of adminis-
tration, time window, and patient selection (e.g.,
see Bragge et al. (2016); Marklund and Hillered
(2011)). In particular, it should be emphasized
that TBI is not one disease; instead the different
subtypes of TBI may require markedly different
treatments. It is inevitable that the vast clinical
heterogeneity creates difficulties when aiming to
design a clinical trial (Saatman et al. 2008).
Presumably, many previous trials included
patients in too good or too severe condition to
enable detection of a treatment effect. Also, pre-
clinical studies use rodent TBI models reaching
at most a moderate level of injury, and time win-
dows for drug administration beyond the first
post-injury hours are rather scarce in the experi-
mental setting. Lack of early mechanistic end-
points and the insensitivity of the more global
outcome measures are specific problems in clini-
cal TBI research. Important lessons for future tri-
als include improved patient classifications,
knowledge of brain penetration of the study drug
and mechanism of its actions, and more carefully
defined and detailed clinical outcome measures.
The difficulty of achieving high enough concen-
trations of the drug early enough post-injury is
another important obstacle in the pharmacology
of TBI. Perhaps may other administration proto-
cols, using for instance intranasal administration
(Guennoun et al. 2019), be evaluated in future
RCTs. More sophisticated RCT design, large
multicenter RCTs in priority areas, increased
focus on preclinical research, and alternatives to
RCTs, such as comparative effectiveness research
and precision medicine, are needed to fully
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Fig.56.2 The future

pharmacological
treatment of TBI may
need to include a

combination of drugs
instead of attempting to
use the “silver bullet.”
Modified from Pitkinen
et al. 2005

“The silver bullet”

....or a cocktail of compounds...

|
Anti-inflammation?
Hypothermia?
Mitochondrial protectants?
Beta-blockers?
...... targeted to each specific TBI subtype?

implement acute TBI research for the benefit of
severe TBI patients.

56.4 Summary

Currently, despite a relatively large number of
phase III randomized clinical trials, there is no
neuroprotective compound with proven clinical
benefit available for TBI patients. Whether or not
these failures are caused by inadequate trial
design, poor brain penetration and/or efficacy of
the compound, patient heterogeneity, insufficient
preclinical documentation, or insensitive out-
come measures, among many other plausible rea-
sons, remains a matter of debate. Furthermore,
there is seldom consensus among centers on gen-
eral neurointensive care management protocols,
which further increase patient heterogeneity. It is
obvious that numerous mistakes have been made
in the past when attempting to translate preclini-
cal information into the complex human situa-
tion. The search for the “silver bullet”
(Fig. 56.2)—a compound targeting a single neu-
roprotective mechanism showing efficacy in all
subtypes of TBI and in all TBI severities—is not
likely to be succesful. The future pharmacologi-
cal management of TBI patients will probably

include both neuroprotective drugs and com-
pounds enhancing regeneration. Until such phar-
macological treatments are developed, clinicians
should aim for further improvement in the moni-
toring and neurointensive care management to
improve the outcome of severe TBI patients.
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