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Abstract

for their potential in treating concussion symptoms.

One of the hallmarks of concussion is a disturbance, typically a reduction, in cerebral blood flow. Studies have
shown a rapid increase in nitric oxide within minutes following head injury, followed by a decline to below baseline
within hours. This reduction in nitrite levels is closely linked to a reduction in cerebral blood flow. Inorganic nitrite has
recently been shown to be a source of nitric oxide under conditions of ischemia or hypoxia, and has been shown to
increase cerebral blood flow and to improve neurovascular coupling. Dietary nitrate has been shown to be converted
to nitrite in the bloodstream. This review suggests that inorganic nitrite, and/or dietary nitrate, should be investigated
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Background

Currently, there are as many as 3.8 million concussions per year [1].
Concussion (or mild traumatic brain injury, mTBI) has recently
become an area of significant interest. Until recently, many coaches,
athletes and parents had considered a concussion to be on roughly the
same level as a bruise, which would heal itself within a few weeks and
be without any serious long-term consequences. However, some
individuals suffer from post-concussion syndrome (PCS) symptoms
for months or longer, with as many as 15% of people with a history of
mTBI still suffering from deficits a full one year after injury [2]. Post-
concussion syndrome presents with symptoms such as headaches,
dizziness, disturbances of senses, light and noise sensitivity, and
various psychiatric symptoms, including depression, anxiety, and
coping issues following mTBI or other head injury. In addition, it has
been observed that repeated concussions or possibly even sub-
concussive head impacts may cause long term brain injury termed
“chronic traumatic encephalopathy” (CTE) [3]. CTE is currently a
post-mortem diagnosis which slows progress in the field.

Concussion Diagnosis

Not all researchers are currently using the same definition of
concussion, but there are efforts underway to provide an evidence-
based definition [4]. Currently, the diagnosis of acute concussion is
subjective and usually involves the assessment of clinical symptoms,
physical signs (e.g., loss of consciousness (LOC), amnesia), cognitive
impairment (e.g., feeling like in a fog, slowed reaction times),
neurobehavioral features (e.g., irritability) and sleep disturbance [5].
Football players and other athletes are good at playing through
injuries, and doctors are under time pressure to make rapid decisions
about return-to-play. Therefore it would be desirable to have objective
diagnostics for concussion.

Although a multifaceted approach to sport-related concussion
management is recommended (i.e., neuropsychological testing, balance
or motor-ability assessment, and monitoring self-reported symptoms),

clinicians may rely heavily on computerized neuropsychological testing
(such as ImPACT) to determine the state of a concussed athlete and
use these data in making return-to-play decisions. Variable test-retest
reliability on computerized cognitive tests enhances the importance of
the clinical examination and clinical judgment in the management of
sport-related concussion. One review found that InPACT had varying
test-retest reliability on several metrics using different time frames for
reassessment [6]. Another recent review of the InPACT computerized
neurocognitive assessment test found that although the convergent
validity of ImPACT was supported, evidence of discriminant and
predictive validity, diagnostic accuracy and responsiveness was
inconclusive. The utility of the ImPACT test after acute symptom
resolution was sparse. Many factors were found to influence the
validity and utility of InPACT scores [7].

The SCAT3 was developed for the sideline evaluation of potentially
concussed athletes. Normative data and concussion cut off scores are
not yet available for the SCAT3 [1]. However, one study found that 50
percent of a sample of collegiate athletes who sustained a diagnosed
concussion (with athletic trainers present for all games and practices)
did not experience an “immediate or near immediate” onset of
symptoms [8].

When used on the day of injury, a retrospective study found that the
Military Acute Concussion Evaluation (MACE) is a reliable and valid
measure of cognitive dysfunction after mTBI (AUC = 0.71) [9].
However, when administered more than 12 hours after the concussive
injury, MACE lacked sufficient sensitivity and specificity to be
clinically useful [10].

Biomechanics measurements such as force and acceleration have
not been shown to correlate with concussion [11]. In spite of this, the
use of helmet and mouthguard sensors to measure impact forces has
increased dramatically in the past few years, demonstrating the need
for a product to accurately detect concussions.

A blood test would be an ideal diagnostic for concussion, because it
would minimize the possibility that an athlete would intentionally try
to get a low baseline score so that they would not be removed from
competition in the event of an actual concussion.
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There are several potential blood biomarkers for concussion
including glial fibrillary acidic protein (GFAP), ubiquitin carboxy-
terminal hydrolase L1 (UCHL1), S100B, N-acetylaspartate (NAA), and
others. These have been discussed in several excellent reviews [12-14]
and will only be described briefly here. Break-down products of GFAP
(GFAP-BDP) were found to be elevated in the serum within 1 h of
mild or moderate TBI (AUC = 0.90). Serum UCHLI1 has also been
detected in patients with mTBI within 1 h of injury (AUC = 0.87).
S100B has a very high sensitivity (>95%) but low specificity (~30%).
Neuron-specific enolase (NSE) can be detected within 6 h of injury but
has relatively low sensitivity (55% in regard to neuropsychological
outcome). N-acetylaspartic acid (NAA) may be indicative of neuronal
damage in diseases in addition to concussion such as amyotrophic
lateral sclerosis (ALS), multiple sclerosis, vascular dementia, as well as
traumatic brain injury (TBI). Other potential biomarkers include
myelin basic protein (MBP) (sensitivity 44%, specificity 96%),
microRNA, and the calpain-derived all-spectrin N-terminal fragment
(SNTF) [15]. Certain biomarkers are obtained from cerebrospinal fluid
(CSF) rather than blood, such as neurofilament light polypeptide
(NFL), limiting its potential utility at the sideline of a sports event.

Concussion treatment

The current standard of care for treating concussions is rest,
followed by a gradual program of “return-to-activity” [5]. Hyperbaric
oxygen therapy (HBOT) has been investigated, but failed clinical
studies [16]. Critics of these studies argue that the control arm was
inappropriate [17,18], and that both groups received enhanced oxygen
delivery, although at different doses, and the fact that results were
equivalent in both groups merely demonstrates that we don’t currently
understand the proper dose. However, the cost of HBOT is not
inconsequential, at roughly $5,000 to $10,000 for 40 treatment
sessions.

Physical activity is restricted after concussion to improve recovery
and to reduce risk for a second injury, and has broad support as the
sole means to eliminate Second Impact Syndrome [19]. Athletes
reporting concussion related symptoms well beyond the acute stage of
injury may benefit from a progressively intensive exercise protocol
[20]. Vestibular physical therapy for treatment of both balance and
visual deficits following concussion has been shown to be beneficial. A
Cochrane review concluded that there is moderate to strong evidence
for efficacy of vestibular rehabilitation [21]. Following the acute
recovery period, pharmacological interventions are often used off-
label, including neurostimulants such as Adderal for cognitive-fatigue,
antidepressants for anxiety or mood disorders, and melatonin for sleep
disturbances. One potential therapy that has been proposed for
treatment of brain injury is nitrite delivery [22].

CBF alteration following concussion

Cerebral blood flow (CBF) decreases immediately following both
moderate to severe TBIs and mTBIs, and it can remain depressed for
extended durations [1]. A study of CBF in concussed youths (ages
11-15 years) found a statistically significant reduction in CBF in the
concussion group as compared with controls (38 vs 48 mL/100 g per
minute; p=0.027). Improvement toward control values occurred in
only 27% of the participants at 14 days and 64% at 30 days after
concussion [23]. Thus cerebral blood flow can be reduced for over 30
days in sports-related concussions among youths. However, some
reports show blood flow increasing in the acute phase after mTBI [24].

Biochemical cascade and nitrite changes

Immediately following a concussive injury, studies in rodents show
the occurrence of an indiscriminate efflux of potassium and glutamate
and an influx of calcium [1]. The release of excitatory amino acids
following severe brain injury in humans has been observed using
microdialysis probes [1]. In an effort to restore ionic and cellular
homeostasis, ATP-requiring membrane ionic pumps begin to perform
rapid glycolysis, resulting in a relative depletion of intracellular energy
reserves, and an increase in ADP [25]. In very early phases, this
increased demand for energy occurs in a setting of reduced cerebral
blood flow, resulting in a mismatch between energy supply and
demand. Excellent reviews of the post-concussion biochemical cascade
and clinical sequelae such as the reduction in CBF have been reported
elsewhere [13].

Following brain impact injury, NO levels show a rapid increase
almost immediately in animal models. This increase in NO levels is the
result of an immediate, massive depolarization of brain cells after
concussion. The depolarization opens ionic channels, allowing calcium
and other ions to flow down their concentration gradients and disrupt
cell membrane potential [1]. This influx of calcium ions can upregulate
constitutive nitric oxide synthases (eNOS and nNOS) [26-28]. Using
NO-specific electrodes placed directly in brain parenchyma, Cherian
[29] found an immediate increase in NO levels of approximately 75
nM after traumatic brain injury in rats, which dropped to below
baseline within less than 15 minutes. Wang [30] found the same rapid
increase in NO in less than 5 min, dropping to baseline within 30
minutes using continuous microdialysis measurements coupled with
online chemiluminescence. Wada also found that following fluid
percussion injury in rats, cNOS activity was upregulated to more than
200% of contralateral values within 5 minutes, with nitrite and nitrate
showing a parallel response [31,32]. Sakamoto [33] and Rao [34]
demonstrated a nearly 2.5-fold increase in the concentration of nitrite
and nitrate after weight-drop injury within 5-10 minutes.

Methods

The purpose of this animal study was to provide preliminary proof-
of-concept that changes in nitrite following blast injury could be
measured in the physiological regime in real time, thus laying the
groundwork for future real-time studies on nitrite changes in
concussion. This method could ultimately lead to an easy-to-use,
clinically useful tool, something that was not achieved by previous
investigators who placed electrodes in brain tissue, or used laboratory
methods that are too slow to be of value in return-to-play decisions in
a sports setting. As such, it was too small (n=1) to meet the RIGOR
criteria [35,36], and does not include blinding of the study,
randomization of treatment groups, power analysis, control groups, or
statistical analysis.

This study was performed at PMI Preclinical (San Carlos, CA) and
approved by their IACUC committee. All animal care was performed
according to PMI standard operating procedures. A 60 kg swine was
anesthetized with 2.5 % isoflurane to achieve a deep plane of
anesthesia using standard anesthesiology apparatus to deliver
inhalation anesthetics. The animal was placed in lateral recumbency
and immobilized firmly on a table. The head of the animal was capable
of movement. The animal was monitored for blood oxygen saturation
and electrocardiogram (ECG). Venous access was established
percutaneously via the jugular vein for plasma nitrite monitoring, and
the animal was heparinized. Plasma nitrite monitoring was performed
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continuously as previously described [37]. Monitoring began after the
animal was deeply anesthetized for approximately 10 minutes prior to
firing of an air gun, and for approximately 30 minutes afterward. The
air gun (Model MBTB-25 Heavy Duty Tennis Ball Cannon, American
Air Cannons, San Diego, CA) had a 2.5 inch diameter barrel and was
pressurized to 100 psi. The air gun was positioned with the barrel
perpendicular to and centered between the ears and eyes of the swine
with the barrel opening 5 cm from the top of the skull, and the gun was
fired. After the blast, the animal was monitored for an additional 30
minutes, and was then euthanized according to PMI standard
operating procedures.

Results

Figure 1 shows the change in plasma nitrite for approximately 28
minutes following blast injury. The nitrite monitoring instrument had a
5 minute lag time under the conditions used in this study. At
approximately 11 minutes after the blast injury (resulting in the
measurement of a biological event that occurred 6 minutes after the
blast) there was a large, steady increase in nitrite to approximately 340
nM above baseline within an additional 8 minutes (19 minutes total).
In comparison, plasma nitrite levels in humans typically range from
approximately 100 to 400 nM [38]. After the first 19 minutes, nitrite
levels began to decline for the remainder of the monitoring period.
This change is consistent with that previously reported by others as
described above, and is approximately ten times faster than that
observed following consumption of beet juice or high nitrate fluids
[39].
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Figure 1: Trace showing nitrite changes following blast injury in a
porcine model. Scale (horizontal=200 sec/division, vertical=65 nM
nitrite/division)

Discussion

While clearly limited in sample size, this example study, taken
together with previously published research on changes in nitric oxide
following head injury, suggests that nitrite could be a potential
biomarker for concussion, if multiple measurements could be taken
between approximately 5 and 15 minutes following injury. Nitrite
would have the most potential utility in a sports setting where time is
critical to return-to-play decision making, and the need for rapid
diagnostics is greatest, but would be less useful in delayed care settings.
A diagnostic that would take more than about 15 minutes would not
be useful in a typical sports setting. Such rapid changes in plasma
nitrite might be useful for sporting events where the timing could be
easily established, and measurements could be performed by an
athletic trainer. In addition, the decline in nitrite levels between 15
minutes and one hour might be useful in the emergency room. Also,
while athletes may consume nitrates in order to improve sports
performance, the rate of change of nitrite following concussion was
found to be 10 times faster in this animal study than following
consumption of beet juice [39]. A key advantage of nitrite as a
biomarker is that it is extremely rapid, while other protein biomarkers
are generally slower. In the current study, a continuous blood draw was
obtained, but this approach could be easily adapted to a finger-stick
monitor, similar to many blood glucose meters. Nitrite levels could be
tested using a hand-held version of this instrument, both before and
after standard assessments such as SCAT3 [40] thus allowing
appropriate timing for a change in nitrite to occur. However, there are
no published data available to indicate of whether or not a change in
nitrite levels might be observable following sub-concussive impacts.

Nitric oxide (NO) plays an important role in control of cerebral
blood flow. After the initial peak in NO following brain injury, there
can be a period of relative deficiency in NO. This period of low NO
levels is associated with a low cerebral blood flow (CBF) [41]. NO
levels correlate with cerebral blood flow in fMRI [42]. Reduced NO
levels occur following TBI, and are correlated with ischemia [43]. In
normal subjects studies show that whole-blood nitrite levels are
constant with a coefficient of variation of <8% [24,44].

Nitrite in Ischemia

While concussion itself is not an ischemic event, concussion is a
subset of traumatic brain injury (TBI). Secondary ischemia is a major
concern following TBI, and the fact that cerebral blood flow is
frequently reduced for prolonged periods suggests that nitrite could be
an effective therapy for treating concussion.

Nitrite has been shown to be a source of nitric oxide under ischemic
conditions. Recently, an alternative pathway for generation of NO has
been discovered [45]. The anion nitrite was previously considered
physiologically inert, a stable end product of nitric oxide (NO)
metabolism, and a biomarker for NO activity. Nitrite has been shown
to be a circulating storage pool for NO [46] that the body can rapidly
activate when needed. Rapid conversion of nitrite to NO can occur
under ischemic conditions (low pH, low partial pressure of oxygen
(pO2)) [47]. There are several enzymes which may act to reduce nitrite
to NO, including deoxyhemoglobin, deoxymyoglobin, xanthine
oxoreductase (XOR), neuroglobin, eNOS, and components of the
mitochondrial electron transport chain [48]. The deoxygenated state of
hemoglobin has been characterized as an allosterically regulated nitrite
reductase. The different nitrite reductase “enzyme” systems operate
along a range of physiological and pathological hypoxia, with
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hemoglobin reducing nitrite at an oxygen tension from 60 mm Hg
down to 20 mm Hg, myoglobin active below 4 mm Hg, and xanthine
oxoreductase and acidic reduction reducing nitrite at zero oxygen and
low pH [38,49]. This allows for graded nitrite reduction to NO along
the circulating and metabolic oxygen gradient [50]. In addition, as pH
decreases, the rate of the reaction increases [51]. Maximal
physiological dilatation via this mechanism is proposed to occur at
around 50% hemoglobin oxygen saturation [52]. Conversion of nitrite
to NO by deoxyhemoglobin can occur in as little as 30 seconds to
several minutes [53].

NO generated by nitric oxide synthases (NOS) during normoxia
may be chemically stored in a nitrite reservoir and re-generated during
hypoxia and ischemia when oxygen-dependent NOS function is
limited, and in areas in which increased blood flow would be desirable
[54,55]. Nitrite represents the largest known source of bioavailable NO
in the circulation, and can be considered an ischemic NO reservoir.
There is an oxygen-dependent balance between NO and nitrite
centered on hemoglobin in red blood cells. There may also be
alternative oxidative signaling pathways for nitrite under normoxic
conditions [56].

Nitrite and neurovascular coupling

Neurovascular coupling links neuronal oxygen demand to cerebral
blood flow. Nitric oxide is a potent vasodilator, and NO production
plays an important role in neurovascular coupling. Nitrite has also
been shown to play a role in neurovascular coupling, and can be
efficiently converted into NO and utilized to support normal
cerebrovascular physiology. Following the initial uncoupling of
neuronal and hemodynamic responses to somatosensory stimulation,
Piknova et al. found that nitrite at its physiological concentration fully
recovered neurovascular coupling to its original magnitude [57]. In
subjects with elevated dietary nitrate, a faster and smaller MRI-BOLD
response, with less variation across local cortex, was observed which is
consistent with an enhanced hemodynamic coupling [58]. Wightman
et al. found that single doses of dietary nitrate could modulate the CBF
response to cognitive task performance and potentially improve
performance [59]. These studies suggest that dietary nitrate may be a
potential way to affect key properties of neurovascular coupling.

Nitrite and oxidative injury

In addition to the mTBI-induced metabolic crisis, various pathways
result in oxidative damage following mTBI [1]. Direct measurement of
reactive oxygen species in closed-head mouse model of traumatic
brain injury has been reported [60]. Reactive oxygen species (ROS)
and reactive nitrogen species can generate hydroxyl radicals (¢OH) and
peroxynitrite (ONOO-), which can cause damage to proteins, lipids,
and DNA [1]. Nitrite administration has been shown to reduce damage
from ROS [61].

Nitrite as a potential therapeutic agent

Nitrite is currently only approved as an antidote to cyanide
poisoning [62], but is being investigated as a therapy for several
conditions where ischemia or hypoxia is of concern. Potential concerns
with nitrite therapy are that it can affect blood pressure or cause
methemoglobinemia [63], so it requires close monitoring. For example,
nitrite is under investigation for prevention of reperfusion injury
associated with myocardial infarction. Comparing outcomes in heart
attack (STEMI) patients receiving nitrite therapy in addition to

standard therapy (angioplasty with stenting) vs. standard therapy
alone, Jones et al. [64] have recently shown a statistically significant
improvement in adverse event rates (death, heart attack, stroke) at one-
year follow-up.

Nitrate based agents such as nitroglycerin, sodium nitroprusside
and isosorbide dinitrate, are generally avoided in patients with acute
head injury because of the potential to increase intracranial pressure
(ICP) [65]. However, these agents release NO systemically, while
plasma nitrite is preferentially reduced to NO locally at sites of hypoxia
or ischemia, which permits the use of nitrite as an inert delivery
vehicle while avoiding issues associated with systemic delivery of NO-
donating agents. Sodium nitrite infusions in healthy humans did not
produce any clinical signs of increased intracranial pressure, such as
headache or nausea, consistent with the lack of dilation in normal
cerebral vasculature [55].

This potential has stimulated substantial research into the use of
nitrite as a therapeutic agent for the prevention and reversal of cerebral
vasospasm after subarachnoid hemorrhage (SAH) among other
conditions. Statins, which have been shown to elevate NO via an eNOS
pathway [66], and NO donors such as sodium nitroprusside (SNP) and
nitroglycerin (NTG) have been studied clinically and have shown
limited success in treating SAH [67]. The normal eNOS pathway for
NO production is not effective under conditions of ischemia and
hypoxia such as vasospasm. Major drawbacks with SNP and NTG in
treating SAH were nonselective vasodilation, short-lasting effects with
rebound phenomenon, drug tolerance, and side effects including
systemic hypotension, nausea, vomiting, and increased intracranial
pressure [68]. Continuous infusions of nitrite have been shown to
prevent vasospasm in a primate model of SAH [69]. Based on these
results, a Phase II clinical trial studying the effect of nitrite on SAH was
performed [70] and did not report any adverse effects on ICP. While
the underlying pathology of SAH reduces endogenous nitrite resulting
in vasospasm, the pathology may be effectively reversed by exogenous
nitrite administration. Clinical trials are currently underway to
investigate the use of nitrite therapy for reversal of vasospasm in the
treatment of SAH [71].

Nitrite infusions have been shown to increase cerebral blood flow,
and reduce cerebrovascular resistance [72]. A safety study investigating
the administration of nitrite in normal volunteers [41] has
demonstrated the maximum safe levels of nitrite administration. The
optimal delivery route and dosage of nitrates and nitrites, as well as
pharmacokinetics remain to be determined in mTBI patients.

In mTBI cases in which CBF is elevated in the acute phase [24],
nitrite would potentially be of less therapeutic utility, although elevated
nitrite may be indicative of inflammatory processes and thus
suggestive of other therapies. Therefore it could be important to
measure a patients nitrite level following a concussion, and to
periodically monitor nitrite levels following administration of nitrite
therapy.

Nitrate vs. nitrite therapies

As a possible alternative to nitrite therapy, nitrate therapy could be
considered. Nitrate has been shown to be converted to nitrite via
nitrate reductase enzymes which are found in commensal bacteria in
the mouth or intestines [73]. These bacterial nitrate reductases
contribute significantly to the endogenous nitrite pool. Thus, some
investigators have used nitrate-rich foods such as beet juice to deliver
nitrite therapies. Dietary nitrate has been shown to increase regional
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cerebral blood flow in adults using MRI [74]. Nitrate is a potentially
safer, albeit slower-acting therapeutic. The current standard of care for
treatment of brain injuries such as stroke is to treat the injury as soon
as possible, preferably within a 3-hour window [75]. This suggests that
direct administration of nitrite would be preferred method of
treatment. By contrast dietary nitrate takes approximately 2 hours to
be converted by bacteria in the mouth to nitrite [39] and thus may
allow brain injury to continue during this period.

Alternative Therapies

Administration of L-arginine, a nitric oxide synthase (NOS)
substrate, in rodent TBI models results in the restoration of CBF and
NO levels to near baseline and decreases neurologic injury [41].
Sildenafil (Viagra®) (an inhibitor of cGMP-specific phosphodiesterase
type 5) and nitrite in combination produce additive beneficial effects
during acute pulmonary embolism [76], and may also be useful for
concussion therapy. Since glycolysis is accelerated shortly after
concussion, administration of glucose could also be considered, along
with frequent blood glucose measurements during the acute period.
Nimodipine, a calcium channel blocker, was studied in 224 patients
with concussion, with half getting the drug and the other half serving
as controls. The nimodipine group showed reduced vasospasm and
improved symptom recovery [77]. This suggests that a method (such as
nitrite therapy) to improve cerebral blood flow post-injury may result
in improved patient outcomes in concussion.

Summary

In order to validate nitrite as a diagnostic, the next steps would
include using multiple single-point measurements in the 5-15 minute
post-injury time window using a handheld finger-stick meter to make
the measurements. Nitrite measurements could also be a useful tool to
track the response of concussion patients to nitrite therapy, ensuring
that the appropriate therapeutic level is being administered.

Administration of nitrite or nitrate may improve cerebral blood flow
and neurovascular coupling following concussion, but basic questions
remain such as the appropriate dosage, the timing and duration of
dosing, and the timing of patient return-to-activity. These answers will
no doubt vary from patient to patient, depending on the specifics of
their injury. One way to answer these questions would be to measure
cerebral blood flow by methods such as MRI, Transcranial Doppler, or
other flow measurement techniques. However, these methods are
costly and impractical to use on a frequent basis to determine if a
patient is recovering from a concussion. Today, most methods for
measuring nitrite in blood are either insufficiently accurate in the
physiological regime or inconveniently slow laboratory methods such
as ozone-chemiluminescence, although more rapid methods are under
development [78].

Increasing CBF by nitrite or nitrate therapy has the potential to
improve concussion symptoms and shorten recovery time, but it
remains to be seen whether such an approach could ultimately reduce
the risk of CTE. A reduction in cerebral blood flow is not the only
source of brain injury following concussion. Ultrastructural studies of
axons show mechanical breakage and buckling of microtubules at the
time of injury, which can be detected using diffusion tensor imaging
(DTI) [79]. Thus while nitrite therapy may relieve concussion
symptoms related to reduced CBE, it may not alleviate the mechanical
injury to axons, and thus may not prevent longer term brain injury
such as CTE. By increasing CBF with nimodipine, Xiao et al. [77]

showed that concussion symptoms were improved. By analogy with
ischemic stroke, which can only be successfully treated within a limited
time window, the more quickly CBF is restored to normal, the greater
the probability of a successful outcome.

Given the urgent need to address concussion, the lack of effective
treatment strategies, and the potential ease of use and cost-
effectiveness of nitrite or nitrate administration, further research in
this area is justified.
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