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Abstract: Traumatic brain injury (TBI) affects a growing portion of the population and continues to take national spotlight with
advances in imaging technology and understanding of long-term effects. However, there is large variance in TBI treatment protocols due
to injury variability and lack of both mechanistic understanding and strong treatment recommendations. Recent practice suggests three
disparate treatment approaches, all which aim at promoting neuroprotection after TBI, show promise: immediate hypothermia, hyper-
baric oxygen, and progesterone supplementation. The research is controversial at times, yet there are abundant opportunities to develop
the technology behind hypothermia and hyperbaric oxygen treatments which would surely aid in aligning the current data. Additionally,
while progesterone has already been packaged in nanoparticle form it may benefit from continued formulation and administration
research. The treatments and the avenues for improvement are reviewed in the present paper.
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Introduction

Traumatic brain injury (TBI) afflicts approximately
1.7 million individuals annually in the United States
and a third of all injury-related deaths in the US list
TBI as a contributing cause.! Despite such a resound-
ing influence in health, TBI treatments are lacking.
Currently, more than ever, national spotlight has
been placed on TBI whether in sport, combat, or
everyday living. The current guidelines for severe
TBI management, as detailed by the Brain Trauma
Foundation, contain few level I recommendations
and most level II suggestions are prophylactic mea-
sures aimed at reducing the risk of secondary com-
plications, including intracranial pressure (ICP) and
cerebral perfusion pressure (CPP) monitoring as well
as antibiotic treatment.”? One strong level I measure
is to avoid administration of high dose steroids, such
as methylprednisolone, which are linked to increased
mortality among TBI patients.’ In fact, ICU treat-
ment protocols for TBI are frequently deviated
from and may produce extra-cranial complications,
as described in a prospective study by Schirmer-
Mikalsen et al,* further displaying the disagreement
upon treatment options.

One difficulty for treatment efforts is the lack of
effective pharmacotherapy in the acute injury phase.
A comprehensive review of randomized controlled
trials (RCTs) showed that the majority of acute phar-
macological treatments had no beneficial or adverse
effects on TBI outcomes, suggesting other acute
interventions may be more advantageous.’ A likely
explanation for the lack of effective pharmaco-
therapy is the absence of an accurate and complete
mechanism for TBI. TBI encompasses a heteroge-
neous collection of injuries which vary in severity
and localization, often either focal or diffuse, thus
justifying many treatment options. These novel
treatments provide research avenues for the bio-
medical engineering community aimed at enhanc-
ing the current technology and techniques to better
personalize treatment protocols to both the patient
and injury type.

The goal of the present review will be to describe
immediate hypothermia, hyperbaric oxygen, and
progesterone treatment for TBI of all severities
and in all ages as well as the areas which may be
improved upon. The treatments selected do not rep-
resent the full breadth of therapeutic options but do

represent areas where potential improvements may
be introduced.

Immediate Hypothermia Treatment
Induction of hypothermia after TBI as a treatment has
been used for decades. Yet data has both supported and
undermined its establishment as routine treatment; the
current POLAR-RCT in Australia and New Zealand
aims to confirm its prophylactic benefit. Immediately
after brain injury, many biological reactions take place
leading to cell death including pathological neuroex-
citation, inflammation, free radical generation, and
opening of the blood-brain barrier (BBB). Earlier
work using an in vitro serum deprivation model has
displayed a reduction in such apoptotic pathways
when hypothermia is induced.® Hypothermia’s ben-
efit may stem from diminishing cerebral metabolic
rates and thus slowing the damage which occurs after
TBI. Quantitatively, for every degree Celsius drop in
temperature, brain oxygen consumption is capable of
dropping 5%—7% which reduces energy expenditure in
the brain while maintaining blood oxygenation levels.’
Hypothermia serves to slow an ischemic cascade,
reduce BBB breach, slow reactive oxygen species
(ROS) generation, and lessen inflammation. Recent
work found that children treated with hypothermia
after TBI had reduced CSF levels of dimethylarginine.®
Dimethylarginine is a nitric oxide synthase inhibitor,
blocking production of the potent vasodilator nitric
oxide. Thus, hypothermia acutely permits vasodi-
lation and increased perfusion to cerebral tissues
which may mitigate secondary damage of TBI. Mild
hypothermia after severe TBI also lowers the critical
brain tissue oxygenation threshold, reduces anaerobic
metabolism, and decreases release of excitatory amino
acids; however, in that same study, patients admitted
with spontaneous hypothermia had worse outcomes
with contradictory findings.’ Thus, the clinical data is
still controversial, partly due to the variation in cool-
ing protocols techniques, and equipment in addition
to the breadth of physiologic processes affected by
hypothermia.

A large phase III clinical trial aimed at studying
hypothermia’s benefit provided early insight into pro-
tocols for hypothermia. 392 patients who suffered
TBI-induced coma were admitted to a hospital where
half underwent a surface cooling treatment technique.
On average, gradual cooling occurred between 4.1
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and 8.3 hours post-admission, was maintained for
48 hours, and then the re-warming phase was slower.
Patients who were cooled did not fare better than
the normothermic group.'” The authors attributed
the result to inherent individual variation concern-
ing treatment strategies. However, re-analysis of
data demonstrated that patients who arrived at the
hospital already hypothermic had significantly better
outcomes.'? Together, the results suggested the expe-
diency of hypothermia induction was vital. Curiously
however, recent work by Rubiano et al'' in the
Pennsylvania Trauma Outcome Study (PTOS) found
that TBI patients admitted with spontaneous hypo-
thermia were 1.7 times more likely to die compared
to those admitted with hypothermia. Additionally, the
National Acute Brain Injury Study: Hypothermia II
(NABIS: H II) was terminated due to futility and could
not confirm the utility of early hypothermia (within
2.5 hours) in patients with severe TBI.'? Furthermore,
pediatrics patients with severe TBI that were treated
with hypothermia within eight hours post-injury were
at an elevated risk for adverse outcomes (RR = 1.41)
and death (RR = 1.40)." Overall, these works sug-
gest the presence of many confounding variables in
the clinical setting such as the degree of initial hypo-
thermia, the rate of cooling, the severity of TBI, and
even age.

Plenty of recent literature suggests benefits to
controlled hypothermia and stresses the importance
of time-course of treatment. Mild-induced hypo-
thermia (MIH) (32 °C-35 °C) in the acute and sub-
acute phases is used as a prophylactic treatment to
prevent brain edema.'* Additionally, late phase MIH
has proven effective in maintaining a reduced ICP,
reduced mortality, and better Glasgow Outcome Scale
(GOS) outcomes.>'® Yet, as is seen in a number of
studies, technologies and protocols must become
more consistent. The incredible variation inherent in
cooling protocols makes it difficult to assess whether
hypothermia is indeed beneficial. What has become
clear is the need for rapid, controlled-induction of
cooling followed by a gradual re-warming phase.

Harris et al'"” and Urbano and Oddo' advocate the
generation of algorithms to manage cooling while
limiting potential side effects such as shivering, infec-
tion, electrolyte disturbance, arrhythmia, and reduced
cardiac output. Traditionally, two general cooling
technologies have been utilized: surface (either whole

body or head-localized cooling) and vascular. Such a
comparison exemplifies the variation in hypothermia
treatment as they each pose unique risks and benefits
which hinder comparison of hypothermia studies. For
instance, surface cooling technologies run the risk of
skin lesions,'* whereas intravascular cooling devices
are associated with risk of venous thrombosis.?
A systematic review by Harris et al' found nasal cool-
ants and liquid cooling helmets to be more effective
cooling techniques, capable of reducing temperature
by >1 °C/hr. The rate of cooling is especially impor-
tant because work suggests the optimal window for
initiating cooling is 90 minutes post-injury and that
hypothermia should last 48 hours.?"*> Nevertheless,
quantitative thermal modeling may benefit the future
research in the field. Implementation of the Pennes
Bioheat equation and the study of bioheat transfer
have gleamed insight into routes for improvement. In
their review, Diller and Zhu’ suggest that the develop-
ment of technologies aimed at reducing body temper-
ature by 2 °C within 90 minutes may be an effective
treatment advancement.

Hyperbaric Oxygen Therapy

Hyperbaric oxygen therapy (HBOT) entails the inha-
lation of 100% oxygen at environmental pressures
greater than one atmosphere. The central tenet of
HBOT is to increase the partial pressure of oxygen in
the blood, independently of red blood cells (RBCs),
so it reaches the brain to reduce tissue loss to isch-
emia and hypoxia.*® Thus, HBOT is theoretically
similar to hypothermia, rather than decreasing energy
requirements of the brain HBOT increases energy
content reaching the tissues. Controversy concern-
ing HBOT’s benefits still persists; however, there
is data supporting its use. In severe TBI, patients
HBOT has increased P ,, decreased lactate/pyruvate,
increased cerebral blood flow and cerebral metabolic
rate of oxygen, and decreased ICP post-treatment.*
A meta-analysis involving seven HBOT studies and
over 500 patients found HBOT to be associated with
a decrease in unfavorable outcomes one month after
treatment using the Glasgow Coma Scale (GCS). The
same study revealed the relative risk of death with
HBOT was 0.69 (NNT = 7) compared to normal
treated controls.?® Still, the authors concede there was
a high risk of bias in some of the analyzed studies;
for instance, patient drop-out, lack of blinding, and
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selection bias introduces a level of skepticism. One
concern of HBOT are the side effects of dwelling in
a pressurized room. Yet, in military service members
with combat-related mild TBI there was no increase
in major adverse side effects with HBOT compared
to standard treatment; however, there were increased
mild side effects, albeit at a very low absolute prob-
ability of occurrence.?

Monitoring brain tissue oxygenation plays an
instrumental role in proper HBOT, or even normo-
baric, therapy for TBI. Maintaining the balance
between hyperoxia and hypoxia is critical in effective
HBOT management. It is possible that more consis-
tent, accurate measurement methods would align the
HBOT literature and support the case for its use.

Monitoring technologies involve the placement of
a catheter into the brain parenchyma in one of two
manners. The first are Clark-based catheters which
contain two metallic electrodes surrounded by electro-
lytes and a permeable membrane that allows oxygen
to pass, become reduced, and detected by a gold pola-
rographic cathode.”” An electrical current is produced,
which is proportional to the oxygen concentration in
the parenchyma. An example of such a device is the
Licox probe (Integra Neurosciences-Plainsboro, NJ),
which also boasts minimal procedural complications
including hematoma, infection, and dislodgement.?
The alternative utilizes optical sensors and wave-
length analysis to quantify oxygen concentrations
via a photochemical reaction visualized by indicator
compounds.?’ In contrast to the Clark-based devices,
these optical sensors do not utilize oxygen in the mea-
surement process.

Other methods aimed at intracranial monitoring
should be noted as well, particularly of ICP. The cur-
rent gold standard for ICP measurement is the external
ventricular drain (EVD). However, other options are
used when the EVD is contraindicated due to limiting
ventricular anatomy, for instance intraparenchymal (or
‘Bolt”) monitors, subdural, and extradural monitors.*
ICP spectral waveform analysis, which measures heart
rate, slow vasogenic waves, and respiratory waves,
has also been utilized. Farahvar et al® provided a call
to bioengineers to improve the computational analy-
sis involved to allow more sophisticated use of the
spectral software. An added benefit would be that
the improved waveform analysis may subsequently
provide insight into the pathophysiology of TBI.

Technologies capable of identifying ICP and brain
oxygenation with high resolution would offer the
clinician the ability to prevent an elevated ICP and
carefully monitor the balance between hypoxia and
detrimental hyperoxia in patients. Thus both imme-
diate hypothermia and HBOT display promise, yet,
varied treatment and measurement technologies
introduce difficulty in comparing studies; more uni-
form, accurate techniques would hopefully abolish
this issue.

Progesterone Treatment

Many of the present TBI pharmacotherapies have
utilized drugs which act on single pathways. In a
perspectives piece, Stein®® argues that a pleiotropic
hormone capable of acting on genomic, proteomic,
and metabolic mediators may confer increased
neuroprotection compared to single target drugs.
Stein names progesterone as a candidate and cur-
rent research lends credibility to this notion.*® The
membrane bound progesterone receptor (mPRa) is
expressed in neurons throughout the mouse brain, but
not in glia. However, upon induction of TBI, mPRo
drastically increases in oligodendrocytes, astrocytes,
and reactive microglia, suggesting a neuroprotective
role of progesterone signaling.’! Progesterone at low
doses even promotes cell proliferation, the innate
immune response, blood vessel remodeling, and is
anti-apoptotic.’? Furthermore, the union of data from
three studies examining progesterone for the treatment
of acute TBI revealed lower relative risks for mortal-
ity (RR = 0.61; 0.4-0.93 CI) and severe disability
(RR =0.77; CI 0.62-0.96) after follow-up compared
to controls.**~*¢ Interestingly, the effectiveness of pro-
gesterone treatment is enhanced with vitamin D sup-
plementation. Patients who suffered brain trauma and
were administered intramuscular progesterone within
8 hours of injury along with vitamin D displayed
higher recovery rates, more favorable GOS outcomes,
and lower mortality.’” Overall, progesterone treat-
ment appears to be well received, yet the hormone
has proven difficult to administer at both high dose
and low volume due to its lipophillicity and ability to
crystallize. Exploration into the use of nanoparticle
drug formulations in a preclinical study has shown
preliminarily success in combating these troubles. For
example, Figueroa et al’*® used Flash NanoPrecipita-
tion in the production of 300 nm progesterone-loaded
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nanoparticles with dissolved rather than crystallized
hormone. The authors suggest this formulation would
be beneficial in the emergency treatment of TBI where
progesterone may be rapidly administered. Currently
underway is the phase 3 SyNAPSe clinical trial
which aims at determining whether IV progesterone
given within 8 hours of severe TBI for 120 hours will
enhance patient recovery. The study is a randomized,
double-blind, placebo-controlled trial which may fur-
ther support progesterone administration.

Conclusion

This paper examined the current literature on induced-
hypothermia, hyperbaric oxygen, and progesterone for
the treatment of TBI. The brief description represents
a limited view of the entire breadth of therapies, and
since TBI entails a wide variety of damages it comes to
no surprise that treatments differ based on the patient’s
present situation. For instance, other treatment options
not presently discussed include osmotic therapy,
decompressive craniectomy, and pharmacotherapy; of
particular note is the ongoing clinical trial examining
the effects of erythropoietin post-TBI. Indeed the major-
ity of damage comes at the moment of injury, making
mitigation of secondary insults a primary treatment
goal. As has become evident, there are opportunities to
expand upon the treatments of TBI, including reducing
the cons of specific cooling techniques, standardizing
and optimizing brain oxygen monitoring, and improv-
ing formulations and routes of administration of pro-
gesterone. Additionally, the continued elucidation of
the pathophysiology of TBI will both supplement and
provide further prospects for development in the field.

Author Contributions

Researched and wrote review: HA. Made revisions
and approved of final manuscript: JH. All authors
reviewed and approved of the final manuscript.

Funding

Author(s) disclose no funding sources.

Competing Interests
Author(s) disclose no potential conflicts of interest.

Disclosures and Ethics
As arequirement of publication the authors have pro-
vided signed confirmation of their compliance with

ethical and legal obligations including but not lim-
ited to compliance with ICMJE authorship and com-
peting interests guidelines, that the article is neither
under consideration for publication nor published
elsewhere, of their compliance with legal and ethical
guidelines concerning human and animal research
participants (if applicable), and that permission has
been obtained for reproduction of any copyrighted
material. This article was subject to blind, indepen-
dent, expert peer review. The reviewers reported no
competing interests. Provenance: the authors were
invited to submit this paper.

References

1. Faul M, Xu L, Wald MM, Coronado VG. Traumatic brain injury in the
United States: emergency department visits, hospitalizations, and deaths.
Atlanta (GA): Centers for Disease Control and Prevention, National
Center for Injury Prevention and Control; 2010. http://www.cdc.gov/trau
maticbraininjury/statistics.html. Accessed March 27. Accessed Mar 27,
2013.

2. Brain Trauma Foundation. Guidelines for the Management of Severe
Traumatic Brain Injury. 3rd ed. New York, NY. Mary Ann Liebert, Inc.
Publishers. 2007.

3. Roberts I, Yates D, Sandercock P, et al. Effect of intravenous corticosteroids
on death within 14 days in 10008 adults with clinically significant head
injury (MRC CRASH trial): randomised placebo-controlled trial. Lancet.
Oct 9-15, 2004;364(9442):1321-8.

4. Schirmer-Mikalsen K, Moen KG, Skandsen T, Vik A, Klepstad P. Intensive
care and traumatic brain injury after the introduction of a treatment proto-
col: a prospective study. Acta Anaesthesiol Scand. 2013;57(1):46-55.

5. Lu J, Gary KW, Neimeier JP, Ward J, Lapane KL. Randomized con-
trolled trials in adult traumatic brain injury. Brain Inj. 2012;26(13-14):
1523-48.

6. Xu L, Yenari MA, Steinberg GK, Giffard RG. Mild hypothermia reduces
apoptosis of mouse neurons in vitro early in the cascade. J Cereb Blood
Flow Metab. 2002;22(1):21-8.

7. Diller KR, Zhu L. Hypothermia therapy for brain injury. Annu Rev Biomed
Eng.2009;11:135-62.

8. Thampatty BP, Klamerus MM, Oberly PJ, et al. Hypothermia decreases
cerebrospinal fluid asymmetric dimethylarginine levels in children with
traumatic brain injury. Pediatr Crit Care Med. 2013;14(4):403—12.

9. Soukup J, Zauner A, Doppenberg EM, et al. Relationship between brain
temperature, brain chemistry and oxygen delivery after severe human head
injury: the effect of mild hypothermia. Neurol Res. 2002;24(2):161-8.

10. Clifton GL, Miller ER, Choi SC, et al. Lack of effect of induction of hypo-
thermia after acute brain injury. N Engl J Med. 2001;344(8):556—63.

11. Rubiano AM, Sanchez Al, Estebanez G, Peitzman A, Sperry J, Puyana JC.
The effect of admission spontaneous hypothermia on patients with severe
traumatic brain injury. Injury. Dec 27, 2012. pii: S0020-1383(12)00524-4.

12. Clifton GL, Valadka A, Zygun D, et al. Very early hypothermia induc-
tion in patients with severe brain injury (the National Acute Brain Injury
Study: Hypothermia II): a randomised trial. Lancet Neurol. 2011;10(2):
131-9.

13. Hutchison JS, Ward RE, Lacroix J, et al. Hypothermia Pediatric Head
Injury Trial Investigators and the Canadian Critical Care Trials Group.
Hypothermia therapy after traumatic brain injury in children. N Engl J Med.
Jun 5, 2008;358(23):2447-56.

14. Urbano LA, Oddo M. Therapeutic hypothermia for traumatic brain injury.
Curr Neurol Neurosci Rep. 2012;12(5):580-91.

15. Shiozaki T, Sugimoto H, Taneda M, et al. Effect of mild hypothermia
on uncontrollable intracranial hypertension after severe head injury.
J Neurosurg. 1993;79(3):363-8.

Biomedical Engineering and Computational Biology 2013:5

55


http://www.la-press.com
http://www.cdc.gov/traumaticbraininjury/statistics.html
http://www.cdc.gov/traumaticbraininjury/statistics.html

Algattas and Huang

20.

21.

22.

23.

24.

25.

26.

27.

. Marion DW, Penrod LE, Kelsey SF, et al. Treatment of traumatic brain

injury with moderate hypothermia. N Engl J Med. 1997;336(8):540—6.

. Jiang J, Yu M, Zhu C. Effect of long-term mild hypothermia therapy in

patients with severe traumatic brain injury: l-year follow-up review of
87 cases. J Neurosurg. 2000;93(4):546-9.

. Polderman KH, Tjong Tjin Joe R, Peerdeman SM, Vandertop WP,

Girbes AR. Effects of therapeutic hypothermia on intracranial pressure
and outcome in patients with severe head injury. Intensive Care Med.
2002;28(11):1563-73.

. Harris OA, Colford JM Jr, Good MC, Matz PG. The role of hypothermia

in the management of severe brain injury: a meta-analysis. Arch Neurol.
2002;59(7):1077-83.

Simosa HF, Petersen DJ, Agarwal SK, Burke PA, Hirsch EF. Increased risk
of deep venous thrombosis with endovascular cooling in patients with trau-
matic head injury. Am Surg. 2007;73(5):461-4.

Clifton GL. Is keeping cool still hot? An update on hypothermia in brain
injury. Curr Opin Crit Care. 2004;10(2):116-9.

Peterson K, Carson S, Carney N. Hypothermia treatment for traumatic
brain injury: a systematic review and meta-analysis. J Neurotrauma. 2008;
25(1):62-71.

Huang L, Obenaus A. Hyperbaric oxygen therapy for traumatic brain injury.
Med Gas Res. 2011;1(1):21.

Rockswold SB, Rockswold GL, Zaun DA, et al. A prospective, randomized
clinical trial to compare the effect of hyperbaric to normobaric hyperoxia
on cerebral metabolism, intracranial pressure, and oxygen toxicity in severe
traumatic brain injury. J Neurosurg. 2010;112(5):1080-94.

Bennett MH, Trytko B, Jonker B. Hyperbaric oxygen therapy for the
adjunctive treatment of traumatic brain injury. Cochrane Database Syst
Rev. 2012;12:CD004609.

Wolf EG, Prye J, Michaelson R, Brower G, Profenna L, Boneta O.
Hyperbaric side effects in a traumatic brain injury randomized clinical trial.
Undersea Hyperb Med. 2012;39(6):1075-82.

Beynon C, Kiening KL, Orakcioglu B, Unterberg AW, Sakowitz OW. Brain
tissue oxygen monitoring and hyperoxic treatment in patients with traumatic
brain injury. J Neurotrauma. 2012;29(12):2109-23.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Stewart C, Haitsma I, Zador Z, et al. The new Licox combined brain tis-
sue oxygen and brain temperature monitor: assessment of in vitro accuracy
and clinical experience in severe traumatic brain injury. Neurosurgery.
2008;63(6):1159—64.

Farahvar A, Huang JH, Papadakos PJ. Intracranial monitoring in traumatic
brain injury. Curr Opin Anaesthesiol. 2011;24(2):209-13.

Stein DG. A clinical/translational perspective: Can a developmental hor-
mone play a role in the treatment of traumatic brain injury? Horm Behav.
2013;63(2):291-300.

Meffre D, Labombarda F, Delespierre B, et al. Distribution of membrane
progesterone receptor alpha in the male mouse and rat brain and its regula-
tion after traumatic brain injury. Neuroscience. 2013;231:111-24.
Anderson GD, Farin FM, Bammler TK, et al. The effect of progester-
one dose on gene expression after traumatic brain injury. J Neurotrauma.
2011;28(9):1827-43.

Wright DW, Kellermann AL, Hertzberg VS, et al. ProTECT: a randomized
clinical trial of progesterone for acute traumatic brain injury. Ann Emerg
Med. Apr 2007;49(4):391-402, 402. e1-2.

Xiao G, Wei J, Yan W, Wang W, Lu Z. Improved outcomes from the admin-
istration of progesterone for patients with acute severe traumatic brain
injury: a randomized controlled trial. Crit Care. 2008;12(2):R61.

Xiao GM, Wei J, Wu ZH, Wang WM, et al. Clinical study on the therapeutic
effects and mechanism of progesterone in the treatment for acute severe
head injury. Zhonghua Wai Ke Za Zhi. Jan 15, 2007;45(2):106-8.

Ma J, Huang S, Qin S, You C. Progesterone for acute traumatic brain injury.
Cochrane Database Syst Rev. 2012;10:CD008409.

Aminmansour B, Nikbakht H, Ghorbani A, et al. Comparison of the admin-
istration of progesterone versus progesterone and vitamin D in improve-
ment of outcomes in patients with traumatic brain injury: A randomized
clinical trial with placebo group. Adv Biomed Res. 2012;1:58.

Figueroa CE, Reider P, Burckel P, Pinkerton AA, Prud’homme RK. Highly
loaded nanoparticulate formulation of progesterone for emergency traumatic
brain injury treatment. Ther Deliv. 2012;3(11):1269-79.

56

Biomedical Engineering and Computational Biology 2013:5


http://www.la-press.com

