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1. Introduction

Brain concussion is unquestionably the most common form of traumatic brain injury (TBI)
worldwide (Bruns & Hauser, 2003; Tagliaferri et al., 2006). In European countries,
approximately 235 individual/100,000 people are admitted annually to the hospital
following TBI, 80% of which receive a diagnosis of mild TBI (mTBI). (van der Naalt, 2001;
Vos et al., 2002). It has been calculated that the ratio in the occurrence of mTBI to severe TBI
(sTBI) is approximately 22 to 1, with mTBI accounting for at least 75% of patients who
survive after TBI each year (Tagliaferri et al., 2006). These percentages are very similar to
those recorded in the United States where it is estimated that approximately 1.5 - 8 million
people per year suffer from TBI and, among those requiring hospitalization, a proportion
ranging from 75% to 90% are classified as “mildly” injured or “concussed” (Bruns & Hauser,
2003). These wide ranges of annual incidence are probably due to the fact that an unknown
proportion of mTBI victims do not seek any medical attention (McCrea et al., 2004) (HEADS
UP) but it might also be due to the fact that there is still confusion and inconsistency among
researchers and organizations in defining and understanding this type of trauma. (Cantu &
Voy, 1995; Cantu, 1998, 2007).

The above reported numbers give the evidence that albeit the incidence of mTBI is
tremendously high, the mortality caused by this type of trauma appears to be rather low (6-
10 per 100,000/ year). To reinforce this concept it has been reported that only 0.2% of all
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502 Brain Injury — Pathogenesis, Monitoring, Recovery and Management

patients attending the Emergency Departments (EDs) will die as a direct result of this head
injury (Vos et al., 2002).

With this in mind, it is evident that this situation represents a really serious public health
concern of our time: in fact, the EDs are required to see a massive number of patients, with
the most challenging task of identifying the small number of them that will progress to have
serious acute intracranial complications. Statistics demonstrate that only 1-3% of all mTBI
patients admitted to the hospital with a Glasgow Coma Scale (GCS) score of 14-15 will
subsequently develop life-threatening intracranial pathology (the remaining 97-99% of them
will be discharged home within 48 hours) (Livingston et al., 2000; Lloyd et al., 1997;
Shackford et al., 1992; Swann et al., 1981; Taheri et al., 1993). Furthermore, when a mTBI
patient is presenting with a GCS score of 15 and no additional associated risk factors the
probability that he may suffer from intracranial hemorrhage, requiring neurosurgical
intervention, is below 0.1% (Fabbri et al., 2010).

As a consequence of this very low mortality rate, it is generally and widely accepted that
mTBI represents a nosological entity with high frequency but that it does not represent a real
serious injury. The common feeling that consequences of mTBI are only transient
disturbances has slowly grown, mainly supported by the absence of structural lesions on
traditional neuroimaging. Therefore, the general idea is that mTBI-affected patients need no
intervention other than observation, with no additional clinical examinations nor specific
recommendations for the post-injury period. However, a recent report revealed that the
diagnosis of an intracranial hematoma in such patients was made with a median delay of 18
hours (Yates et al., 2007), strongly suggesting that the quality of the “observation” that
mildly-injured patients receive while in hospital is of utmost concern. If in the USA it has
been established that only 50% of mildly head injured patients admitted to the hospital had
documentation of neurological observations (Yates et al., 2007) in Europe the situation is
even much worse, with mTBI patients who have historically been observed by non-specialist
wards by nurses and doctors not experienced in neurological observations. The
fundamental issues of whether to image, observe and discharge, each one of these endless
patients, focused essentially on identifying those at risk for a hemorrhagic complications has
completely obscured the real dilemma of the concussive injury, whose early and late
symptoms and sequelae are continuously underreported, underinvestigated,
underdiagnosed, and mainly underestimated by the majority of physicians.

1.1 Background: Sports-related concussion

If mTBI were as “mild” as we might think, it would be difficult to explain the actual
complex management of these patients that may involve various health care professionals
including family practice physicians, behavioral psychologists, clinical psychologists,
neuropsychologists, neurologists, psychiatrists, neuro-ophthalmologists, neurosurgeons,
physiatrists, nurses, occupational therapists, and physical therapists. Furthermore, long
beyond the typical recovery interval of one week to three months, at least 15% of persons
with a history of mTBI continue to see their primary care physician because of persistent
problems (Alexander, 1995; Bigler, 2003; Gouvier et al., 1992; Kay et al., 1992; Ingebrigtsen et
al., 2000). From the aforementioned picture and reminding that the majority of mTBIs are
unreported, it is clearly evident how much difficult would be to select a homogeneous
population for a study on mTBI, just on the basis of those who refer to the hospital.
Although certainly blended in to the vast world of mTBI, by definition, brain concussion
should be considered a discrete and distinct entity, since not all mTBI are truly
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“concussive”; thus the two terms refer to different constructs and should not be used
interchangeably (McCrory et al., 2009). Despite recent efforts, a unanimous definition of
concussion has not yet been widely accepted (Cantu, 2007). It is possible to define
concussion as a traumatic insult capable of provoking an acceleration-deceleration
phenomenon within the skull (Barth et al., 2001). From a clinical point of view, concussion is
not necessarily accompanied by loss of consciousness and is associated with various
physical (headache, equilibrium, vision disturbances, etc.), cognitive (memory,
concentration, etc.), emotional (behaviour) and sleep alterations (Gosselin et al., 2009; Hunt
& Asplund, 2010; Randolph et al., 2009). These symptoms are included in the well known
post-concussive syndrome and can affect, to various degrees, everyday life, resolving
spontaneously within 7-10 days post-injury, in the majority of cases. In concussed subjects,
the pathobiology of mTBI can not be defined by classical imaging techniques such as CT
scan and MR (Kurca et al., 2006), as it occurs in all mTBI patients. This fact, coupled to the
faintness and variability of symptoms, mainly assessed by the patient’s self-evaluation, is
not certainly of help in diagnosing and monitoring concussed patients.

It is generally accepted that at least 20% of all mTBI are sports-related injuries (concussions),
of which 30-45% receives no medical care (McCrea et al., 2004). Athletes, therefore, represent
a population at great risk of occurrence of concussive episodes and are, for several reasons,
the population of choice with which to undertake trials to study the pathobiology of mTBI
(Meehan & Bachur, 2009). It is well established that after the first traumatic episode the
probability of recurrence of concussion in athletes increases by 3 times (Cantu, 2003), that
currently, there is no agreement as to how many concussions are too many (Guskiewicz et
al., 2003; Pellman et al., 2004), nor is there an unanimously approved diagnostic approach to
monitor concussed athletes (Delaney et al., 2005; Kissick & Johnstone, 2005; Ponsford, 2005),
consequently the criteria to assess a safe return of concussed athletes to play remain unclear
(Guskiewicz et al., 2006; McClincy et al., 2006; Lovell et al., 2004).

1.2 Background: Metabolic changes characterizing brain vulnerability following
concussion

An increasing number of studies on mTBI have focused attention on concussion-induced
changes in brain metabolism (Bergsneider et al., 2000; Pratico et al., 2002) including those
related to cerebral energy state (Vagnozzi et al., 1999). Hovda and colleagues first suggested
the concept of metabolic vulnerability occurring in brain tissue after any concussive episode
(Giza & Hovda, 2001; Hovda et al., 1993). During this transient period of altered brain
metabolism and function, a second concussive episode of even modest entity may cause
significantly addition and/or dramatic brain damage (Longhi et al., 2005), thereby
underlying the so called second impact syndrome (SIS), encountered occasionally in sports
medicine (Saunders & Harbaugh, 1984). In fact, the possibility of having a second
concussive injury within a not yet defined period of time from the first (i.e., days or weeks)
has been reported to be even fatal in some instances (Bowen, 2003; Cantu, 1998; Cobb &
Battin, 2004; Logan et al., 2001; Mori et al., 2006; Saunders & Harbaugh, 1984). SIS is
clinically characterized by untreatable malignant edema with devastating consequences for
the patient up to death. Notwithstanding these reported cases, concerns still exist about the
real occurrence of this peculiar pathological condition (McCrory, 2001; McCrory & Berkovic,
2001; Nugent, 2006).

By using a rodent model of closed diffuse mild head injury (Foda & Marmarou, 1994;
Marmarou et al., 1994), data from our laboratories confirmed the concept of metabolic
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vulnerability (Tavazzi et al.,, 2007; Vagnozzi et al., 2007) and have also produced solid
experimental evidence linking the severity of brain injury and recovery with the extent of
ATP and N-acetylaspartate (NAA) decrease and recovery (Tavazzi et al., 2007; Vagnozzi et
al., 2005, 2007). NAA is the most prominent compound detectable with proton Magnetic
Resonance Spectroscopy (!H-MRS) in human brain, making it one of the most reliable
molecular markers for brain 'H-MRS studies. Although an exact role of this compound
remains to be established, brain NAA was found present in concentrations a hundred fold
higher than in non-nervous system tissue and therefore considered a brain-specific
metabolite (Miyake et al., 1981; Truckenmiller et al., 1985) and as an in vivo marker of
neuronal density. NAA metabolism involves different brain compartments, with neuronal
mitochondria taking care of its biosynthesis via the activity of aspartate N-acetyltransferase
(ANAT) and oligodendrocytes contributing to its degradation via the activity of N-
acetylaspartate acylase (ASPA). NAA homeostasis is finely regulated by three different
velocities: 1) rate of neuronal biosynthesis, 2) rate of neuronal outflow in the extracellular
space, and 3) rate of oligodendrocyte uptake and degradation (Baslow, 2003a, 2003b).
Furthermore, NAA biosynthesis is also strictly dependent on the neuronal energy state and
therefore on the correct mitochondrial functioning. In fact, NAA synthesis necessarily
requires the availability and the energy of hydrolysis of acetyl-CoA (AG = -31.2 k]J/mol),
working as the acetyl group and energy donor in the acetylation reaction of aspartate
catalyzed by ANAT. It is fundamental to understand that when acetyl-CoA is used for NAA
synthesis there is an indirect high energy cost to the cell. In fact, since in this case acetyl -
CoA will not enter the citric acid cycle (Krebs’ cycle) there will be a decrease in the
production of reducing equivalents (3 NADH and 1 FADH)) as the fuel for the electron
transport chain. Since the oxidative phosphorylation is stoichiometrically coupled to the
amount of electron transferred to molecular oxygen by the electron transport chain, the final
result will be a net loss of 11 ATP molecules for each NAA molecule newly synthesized.
NAA concentration within neurons is comparable to that of glutamate (~10 mmol/1 brain
water) but, notwithstanding such a relevant amount and in spite of NAA is known since late
‘50s, there is no unanimity on the biochemical functions of this still enigmatic molecule.
According to different studies, NAA may act as storage form for aspartate, protein synthesis
regulator, shuttle of acetate and “amino-nitrogen” from the mitochondria to the cytoplasm,
breakdown product or precursor of the neurotransmitter N-acetylaspartylglutamate
(NAAG), metabolically inert pool regulating the anion deficit balance, metabolically active
pool involved in the production of glutamate. Although NAA might play a marginal role in
any of the aforementioned processes, recent studies have suggested that the potentially
main roles of NAA might be to participates an acetyl group donor in brain lipid biosynthesis
(production of myelin) (Moffett et al., 1991) and to act as a neuronal osmoregulator against
cytotoxic swelling (molecular water pump) (Baslow, 2003a). Physiologically, NAA
concentration is kept within a strict oscillation range even though NAA is regenerated 1.8
times/24 hours (with a calculated turnover rate of approximately 0.75 mmol /1 water/hour).
It is therefore evident that a perfect balance of the different velocities involved in NAA
homeostasis, should exist. NAA decrease has been observed in association with many
neurological diseases causing neuronal and axonal degeneration such as tumors, epilepsy,
dementia, stroke, hypoxia, multiple sclerosis, and many leukoencephalopathies. Vice versa,
the only known pathologic state characterized by a dramatic increase in cerebral NAA is the
autosomic genetic leukodystrophy caused by the synthesis of a defective form of the
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enzyme responsible for the NAA degradation (N-acetyl-asparto-acylase, ASPA), known as
Canavan disease. Due to the enzymatic defect in the NAA degradation, Canavan-affected
patients are also characterized by large urinary excretion of intact NAA, up to 2000-fold the
normal physiologic excretion (Tavazzi et al., 2005). The morphological alterations in
Canavan-affected patients, characterized at MRI by spongi degeneration and structurally
defective myelin, can well account for the most accredited roles of NAA: the incapacity to
degrade NAA would generate dramatic changes in water extrusion from the brain
compartment with consequent spongi degeneration, as well as a drastic decrease in the
availability of acetate groups for olygodendrocytes thereby causing deficits in lipid myelin
biosynthesis.

1.3 Background: NAA and 'H-MRS as a diagnostic tool to study in vivo brain
vulnerability

As already mentioned, the relevance of NAA as a biochemical marker of the metabolic
neuronal “wealth” is related to the possibility to measure NAA concentration non-
invasively “in vivo” by TH-MRS. When subtracting the spectral signal of 1H from water (the
most abundant molecule containing an atom with an unpaired proton, which is a
prerequisite to allow to detect a molecule by MRS), the 1H-NAA resonance returns one the
best defined peaks at approximately 2 ppm. Using the clinically safe magnetic fields of the
MRS apparatuses (1.5 or 3.0 Tesla) in the range 1.8 to 3.4 ppm to additional, well-resolved,
resonance peaks are obtained, one at approximately 3.2 ppm referring to choline (Cho) and
the other at approximately 2.9 ppm referring to creatine (Cr). It is worth recalling that the
relatively low magnetic fields with no side effects (1.5-3.0 T) do not allow to discriminate in
the multitude of compounds that are physiologically present within the brain tissue (acetyl-
choline, cytidinediphospho-choline, phospho-choline, glycerophospho-choline,
phosphatidyl-choline, free-choline, etc.) having this quaternary ammonium derivative as a
characterizing chemical group. The same can be applied either in the case of the creatine-
containing compounds (creatine and creatinephosphate) or in the case of the NAA-
containing compounds (NAA and NAAG). Actually, in a tH-MRS the Cho peak represents
the choline-containing compounds (with phosphatidyl-choline representing the 90% of the
signal intensity), the Cr peak represents creatine-containing compounds (with creatine
accounting for the 90% of the intensity signal) and the NAA peak the NAA-containing
compounds (with NAA being 12 to 15 fold more concentrated than NAAG). Unless
determining the water content within the voxel(s) for a calculation of the absolute
concentrations of the different metabolites, it is necessary to quantify at the same time the
peak areas of the spectroscopic intensity signals of both Cr and Cho-containing compounds
and to then refer to the NAA/Cr and NAA/Cho ratios for the semi-quantitative NAA
evaluation in physiopathological conditions (Barker et al., 1993; Brooks et al.,, 2001;
Friedman et al., 1999; Garnett et al., 2000; Mitsumoto et al., 2007). This type of approach
assumes Cr and Cho as two unvarying parameters to which relate the NAA changes. The
results of a multicenter clinical trial (Vagnozzi et al., 2010) involving 40 concussed athletes
and 30 healthy volunteers have been recently published, revealing that, despite different
combinations of field strengths (1.5 or 3.0 T) and modes of spectrum acquisition (single- or
multi-voxel) among the scanners currently in use in most neuroradiology centers, NAA
determination represents a quick (15-minute), easy-to-perform, noninvasive tool to
accurately measure changes in cerebral biochemical damage occurring after a concussion.
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Patients exhibited the most significant alteration of metabolite ratios at day 3 post-injury,
showing a gradual recovering, initially in a slow fashion and, following day 15, more
rapidly. At 30 days post-injury, all subjects showed complete recovery, having metabolite
ratios similar to values detected in controls. Interestingly, all these 40 patients self-declared
symptom clearance between 3 and 15 days after concussion strongly demonstrating
differential times of disappearance of clinical gross signs and of normalization of brain
energy metabolism. In a previous pilot study carried out in a cohort of singly and doubly-
concussed athletes, examined by 'H-MRS for their NAA cerebral content at different time
points after concussive events, we demonstrated that the recovery of brain metabolism is
not linearly related to time. In this study, two athletes experienced a second concussion
between the 10th and the 13th day after the first insult. Although they were not affected by
SIS nor showed signs of sTBI, they however had a significant delay in both symptom
resolution and NAA normalization (Vagnozzi et al., 2008).

According to the aforementioned data it is clear that concussion causes a reversible change
of brain metabolism that can be monitored by 'H-MRS in terms of NAA variations.
Furthermore, data recorded in the two doubly concussed athletes suggest that a second
concussion might compromise rescue of cerebral metabolism and delaying its
normalization. This would in turn cause delaying in return of athletes to play. In the present
study, we report data referring to six concussed athletes who received a second concussion
at different times during the period of alteration of brain metabolism. The time course
changes in their cerebral NAA, evaluated by 'H-MRS up to complete normalization, are
presented.

2. Materials and methods

Six non-professional male athletes from different sport disciplines who had suffered from a
sport-related concussion, defined as a traumatically induced transient alteration in mental
status, not necessarily accompanied with loss of consciousness, were considered in this
study. At the clinical examinations they had a GCS greater or equal to 14, normal
neurological objective signs and an age ranging between 20 and 33 years (mean age = 26 + 5
years). According to our previous observations (Vagnozzi et al., 2008, 2010), they were
required to restrain from further physical activity during the entire observational period,
which lasted until cerebral metabolic normalization. None of the patients had positive MRI
for post-traumatic anatomical lesions (the presence of blood, etc.), or suffered from
polytrauma, or presented with risk factors for subsequent complications (coagoulopathy,
epilepsy, former neurosurgical interventions, alcohol or drug abuse, disabilities). The first
clinical evaluation, MRI and MRS were carried out at 3 days post injury; follow-up MRI and
MRS analyses, as well as clinical evaluation of concussion-associated symptoms, were
performed at different times up to metabolic normalization (15, 22, 30, 45, 60, 90, 120 days
post-injury). A group of 10 healthy male subjects matched for age (mean age = 25 + 6 years)
was subjected to MRS and used as the control group.

In controls and athletes, semi-quantitative analysis of NAA relative to creatine (Cr) and
choline containing compounds (Cho) was performed in the single voxel (SV) mode, after
obtaining proton spectra using a 3.0 T system (Philips, Intera Achieva). For conventional
MRI studies, T1 and T2 weighted TSE images were acquired in axial coronal and sagittal
planes and, in order to rule out even the smallest amount of intra-cerebral blood, Fast Field
Echo (FFE) T2* sequences were used. A multi channel coil (8 ch.) Sense-Head with 4 mm
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slice thickness, 1 mm gap and a FOV of 230 mm, was used for all MRI sequences. Following
localized shimming and water suppression, the spectroscopic examination was carried out
using a PRESS (Point Resolved Spectroscopy Sequence) pulse sequence, with the following
settings: TE = 144 msec; TR = 2,000 msec; Spectral Bandwidth = 2,000 Hz; acquisition
cycles = 128. The optimal positioning of the voxel was determined using the MR images
acquired on axial, coronal and sagittal planes to facilitate its three-dimensional placement,
adjacent to the cortical-subcortical junction in order to include only the white matter of the
frontal lobes, bilaterally and the choice of this location as the region of interest, was made to
obtain the most homogeneous data as possible. To this end, a spectrum from a single voxel
(SV) customized to sample a volume of interest (VOI) of 3.375 cm? (1.5 x 1.5 x 1.5 cm), was
obtained (acquisition time about 5 min for each voxel). In follow-up studies, the exact
repositioning of the voxel on the same acquisition plane obtained in the previous MRI study
was achieved by using dedicated software (SameScan, Philips Medical Systems). Metabolite
intensity ratios (NAA-to-Cr and Cho-to-Cr) were automatically calculated at the end of each
acquisition using dedicated software (SpectroView; Philips Medical Systems), by which
gaussian-fitted peak areas relative to a baseline computed from a moving average of the
noise regions of each spectrum were determined. Post-processing of spectral data, using a
homemade computed program, allowed us to render uniform calculations of the area under
the peaks of NAA, Cho and Cr, using common criteria for peak integration. In the case of a
single, well-defined peak (typically the NAA peak), a valley-to-valley integration was
performed to obtain the area under the peak. In the case of not fully resolved peaks
(frequently the Cho and Cr peaks), a horizontal baseline between the start of the first peak to
the end of the second peak was selected; the grouped peaks were then split by a vertical
line, drawn from the median point of the common valley between peaks to the horizontal
baseline and the area under the peaks calculated. These values were used to determine the
metabolite ratios NAA/Cho, NAA/Cr and Cho/Cr.

3. Results

Table 1 summarizes the clinical features of the 6 doubly concussed athletes, including the
time interval between concussion and the type and duration of the post-concussive self-
reported clinical symptoms after both the first and the second head injury.

Table 1. Demographic data, sport activity and clinical features of 6 non professional athletes
suffering from double concussion.

None of these concussions was characterized by loss of consciousness. All athletes declared
to suffer from headache following the first concussive episode and each of them suffered
from at least one additional post-concussive disturbance. Disappearance of self-reported
clinical symptoms after the first concussion ranged between 3 to 8 days (mean duration = 5.8
+ 2.1 days). In two athletes the second concussive event occurred between the first and
second 'H-MRS (mean interval between the two concussions = 9.5 + 0.7 days), whilst in the
remaining 4 athletes the second concussion took place between the second and the third
second H-MRS (mean interval between the two concussions = 18.5 + 2.1 days). In athletes 1
and 2, the second concussions were characterized by loss of consciousness (< 2 min).
Following the second concussive episode, all athletes again declared to suffer from headache
and each of them suffered from at least four additional post-concussive disturbances. Self-
reported clinical symptoms following the second concussion disappeared with a mean
duration = 41.2 £ 13.0 days (p < 0.001 when compared to duration of symptoms observed

www.intechopen.com



508 Brain Injury — Pathogenesis, Monitoring, Recovery and Management

after the first concussion). Figures 1 and 2 illustrate the time course changes of NAA
(reported in the Figures as the NAA/Cr ratio) in the two doubly concussed athletes
(Patients 1 and 2) receiving the second head injury between the 1st and the 2nd 1H-MRS, both
showing loss of consciousness < 2 min on field.

PERSEBTENCE OF TIME INTERVAL FERSISTENCE OF
CASE | AGE | 5EX SPORT SYMPTOMS AFTER SYMFTOMS AFTER BETWEEN SYMFTOMS AFTER SYMFTOMS AFTER
FRACTICED Jer IMPACT 1w IMPACT (DAYS) | CONCUSSIONS {(DAYS) > IMPACT Zro IMPACT (DAYS)
Lass of consciomsness,
1 0 M Bowe; ) Head ach & 3 10 headache, difficolty in 52
conceniraling,
Less of conscionsness,
2 4 M Rughy Headache, nansen, 41 9 headache, naera, 59
retroprade amnesia rroprade amnesia,
seep disorbances,
irritability
Headache, irritakility,
dififionlty i
5 a2 M Saccer Headache, Glipne, 8 18 conceniraling, “fopgy “
Emess vision”, IeaEEa
4 7 M Sorcer Headache, rontling: 7 16 Headache, nasea, skep 35
flling adeep disinrhances,
imitalility, dizziness
Headache, retrograde
5 0 M FEickboxing: Headache, deep 8 n amnesi, tooHing: b |
(lipghkconkact) dishorbances falling: adeep, diffcully
nconcendraling:
Headache, Gilipne,
6 a3 M Bowe (ammabenr) Headache, anleroprade 5 19 imitability, dzzines:, 53
ammesia Engling;

Table 1. Clinical features of doubly concussed athletes. The mean duration of symptom
persistence lasted 5.8 + 2.1 days after the 1st injury and 41.2 + 13.0 days after the 2nd
concussion (p < 0.001 when compared to duration of symptoms observed after the first
concussion). In both cases, symptoms disappeared much earlier than the time needed for
complete NAA restoration.

At the time of the 1st resonance spectrum acquisition (3 days post-injury) both subjects
showed a consistent decrease in the NAA/Cr ratio. When effecting the 2nd MRS,
notwithstanding athletes were both initially advised to restrain from physical activity, they
both declared to have started again their respective sport discipline because of symptom
disappearance and to have received a second concussion few days later (mean value
between repeat concussions = 9.5 + 0.7). At this 2nd MRS analysis, the NAA/Cr ratio fell
slightly below 1.6 (-23.6% with respect to value in controls), a value very close to that
observed in patients suffering from sTBI (Signoretti et al., 2010). In both these athletes, the
second concussive episode produced a prolonged loss of consciousness (< 2 min). Both
subjects admitted to have experienced, from the beginning up to clinical healing, much more
severe and prolonged post concussive symptoms (mean value of symptom persistence =
55.5 days) than those lived following the first impact.

Figures 3, 4, 5 and 6 illustrate the NAA/Cr ratio recorded in four athletes receiving the
second concussion between the 2nd and the 3rd MRS.
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Fig. 1. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA /Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 1 restarted physical
training immediately after symptom clearance (3 days after the 1st concussion), when
NAA/Cr was about 16% below the value recorded in controls.
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Fig. 2. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA/Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 2 restarted physical
training immediately after symptom clearance (4 days after the 1st concussion), when
NAA/Cr was about 17% below the value recorded in controls.
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Fig. 3. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA /Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 3 restarted physical
training immediately after symptom clearance (8 days after the 1st concussion), when
NAA/Cr was about 13% below the value recorded in controls.

Patient 4
2.3 -

2.2 1

2.1

NAA/Cr
O

1.9 1

1.7 1 e O

] u6 L) L) L) L) L) L]
0 15 30 45 60 75 90
Time post concussion (days)

Fig. 4. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA/Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 4 restarted physical
training immediately after symptom clearance (7 days after the 1st concussion), when
NAA/Cr was about 14% below the value recorded in controls.
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Fig. 5. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA /Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 5 restarted physical
training immediately after symptom clearance (8 days after the 1st concussion), when
NAA/Cr was about 14% below the value recorded in controls.
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Fig. 6. Change of NAA in doubly concussed athlete. NAA relative to Cr (NAA/Cr ratio) was
measured by 'H-MRS in voxels properly positioned in the frontal lobes. The arrow indicates
the approximate time of occurrence of the 2nd concussive episode (see Table 1). Dotted lines
represent the range interval of the NAA /Cr ratio recorded in control healthy subjects.
Notwithstanding prohibition to sustain physical activity, patient 6 restarted physical
training immediately after symptom clearance (5 days after the 1st concussion), when
NAA/Cr was about 16% below the value recorded in controls.
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At the time of the 2nd MRS, the four patients showed a recovery of NAA and affirmed to be
symptomless. Both these phenomena allowed athletes to violate the ban on sports so that
they started practicing their respective disciplines before completion of brain metabolic
recovery. At 22 days post-impact, we found in these subjects a significant further decline in
the NAA/Cr ratio, the value of which was even lower than that recorded 3 days post-injury
(Figures 3, 4, 5, 6 and 8). During the clinical consult, the four patients declared to have
suffered from a second concussion (mean interval between the two concussions = 18.5 + 2.1
days), interpreted on the field of minor relevance but being of surprisingly remarkable
clinical severity and duration (mean value of symptom persistence = 34.0 days). It is worth
underlining that in patient 5 completion of brain metabolic recovery was observed at the
time of the 6th MRS, ie. 39 days after the 2nd insult and 15 days after symptom
disappearance.

4. Discussion

According to our opinion, data reported in the present study strongly demonstrate that the
occurrence of repeat concussion produced a significant increase in the time of recovery of
brain metabolism (as evaluated in terms of NAA/Cr variations determined by 'H-MRS),
coupled to the appearance of clinical symptoms with increased severity and duration with
those reported after a single concussive event (Vagnozzi et al.,, 2008, 2010). In sports
medicine, this finding implies that it should be mandatory for concussed athletes to observe
a period of restriction from physical activity until the process of normalization of brain
metabolism is completed. Since also in these subjects the clearance of post-concussive
clinical symptoms took place much before than the return of NAA to physiological values
(Vagnozzi et al., 2008, 2010) it is our advise that monitoring alterations in the biochemistry
of post-concussed neurons (NAA changes) by 1H-MRS should be considered a fundamental
tool to evaluate recovery of post concussed athletes for their safe return to play.

Supported by abundant literature, it is nowadays worldwide accepted that concussion
triggers a cascade of molecular events that transiently alter the biochemistry of the post-
concussed neurons, with particular involvement for mitochondrial-dependent energy
metabolism. This condition prompted Hovda and coll. to hypothesize the insurgence of a
period of brain vulnerability during which a second concussive event may have fatal
consequences for the neuronal vitality (Giza & Hovda, 2001; Hovda et al., 1993). Our
previous researches in rats undergoing repeat mTBI, using the closed-head weight-drop
model of diffuse injury set up by Marmarou and coll. (Foda & Marmarou 1994; Marmarou et
al., 1994), clearly demonstrated that, depending on the time interval between injuries, two
repeat concussions may cause metabolic cerebral irreversible alterations typical of single
sTBI (3 days between concussions) (Tavazzi et al., 2007; Vagnozzi et al., 2007), i.e.
cumulative effect of the two concussions. If the two repeat injuries were viceversa spaced by
5 days the changes of brain metabolism are fully reversible and comparable to those
recorded in single mTBI, i.e. the two concussions acted as separate events (Tavazzi et al.,
2007; Vagnozzi et al., 2007). This strongly indicates the existence of a window of metabolic
brain vulnerability during which neurons, when receiving a second insult of even very
modest entity, can suffer from dramatic impairment of cell functions. This phenomenon, can
be explained by hypothesizing that neurons, after the first mTBI, are deeply involved in the
energy-consuming processes to restore cell homeostasis, therefore rendering cells more
susceptible to injuries of even very modest entity. The duration for the completion of these
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“repairing processes” corresponds to the window of brain vulnerability. In a pilot study in a
restricted group of concussed athletes, we first monitored the time course of NAA decrease
and recovery following concussion, thereby demonstrating the occurrence of the metabolic
brain vulnerability status after an mTBI also in human beings (Vagnozzi et al., 2008). In the
same study, we also described 2 cases of doubly concussed athletes who received a second
impact during the period of energy metabolism recovery and who therefore underwent to a
15 days delay in complete NAA restoration (Vagnozzi et al., 2008). Recently, we provided
unquestionable evidences indicating that the determination of NAA by 'H-MRS is a reliable
tool with which monitoring post-concussive periods in athletes. In this last study we
demonstrated that results of the MRS analyses were independent on the MR apparatus
(different MR suppliers), the field strength adopted (1.5 or 3.0 T) and the mode of spectra
acquisition (Vagnozzi et al., 2010). Furthermore, the number of athletes enrolled (n = 40)
and serially analyzed allowed to demonstrate that it is possible to determine the period of
metabolic brain vulnerability for a safe return of athletes to play. Recently, different research
groups confirmed our findings and successfully applied NAA evaluation by MRS to
monitor the metabolic recovery of mildly-injured patients (Henry, 2010; Gasparovic et al.,
2009; Sarmento et al., 2009; Yeo et al., 2011), thereby strongly corroborating the concept that
methods capable of investigating at the molecular level are of great clinical relevance in the
surveillance of post-concussed patients. On the other hand, the vast data in literature
obtained in different models of mTBI (Barkhoudarian et al, 2011; Signoretti et al., 2010)
clearly showed that post-concussive brain modifications are caused by a cascade of
molecular events involving cerebral metabolism and, more in general, cerebral
biochemistry. At present, in addition to the subjective indication of the patient, cognitive
neuropsychological tests are widely used to assess the condition of mildly injured athletes.
This type of monitoring has been considered one of the cornerstones for return to play after
a concussion (Maroon et al, 2000; McClincy et al., 2006; McCrea et al., 2003; Schatz et al.,
2006), even though concerns have been raised, including the question of when they should
be used in the management and assessment of concussion (Collie et al., 2006; Gosselin et al.,
2006; Randolph et al., 2005). Furthermore, none of the currently available diagnostic tests
(Broglio et al., 2007; McCrea et al., 2003; Schatz et al., 2006; Register-Mihalik et al., 2008) are
capable of measuring the unique, transient and potentially dangerous state of metabolic
vulnerability experienced by the post-concussed brain tissue. Therefore, the need to find
objective parameters to evaluate the extent of and recovery from concussion-induced
cerebral damage has been stressed recently (Cantu, 2000). Our previous studies (Tavazzi et
al., 2005; Vagnozzi et al., 2005, 2008, 2010) and the present research demonstrate that 'H-
MRS is capable of detecting significant neurochemical changes present in the injured brain
despite the normal appearance of neuroimaging, absence of symptoms and normal
neurological examination, i.e. we validated the use of a rapid, objective and sensitive
diagnostic tool with which evaluating normalization of cerebral metabolism for a safe return
of concussed athletes to play outside the window of metabolic brain vulnerability.
Therefore, restraint from physical activity following concussion should be mandatory to
avoid the risk of insurgence of SIS, with SIS being interpreted as an acute, fatal disease
caused by uncontrolled brain swelling (Bowen, 2003; Cantu, 1998; Cobb & Battin, 2004;
Logan et al., 2001; Mori et al., 2006; Saunders & Harbaugh, 2006). Results of the present
study suggest that the concept of SIS might certainly be revised and could be broaden to any
case of repeat concussion in which, after the second injury, a clear disproportion among the
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entity of the concussive event, the post-concussive clinical symptoms and the cerebral
metabolic recovery indeed exists. This restricted cohort of doubly concussed athletes could
be included within the aforementioned definition of SIS. In fact, notwithstanding all athletes
received two repeat concussions (for each athlete, both events were characterized by the
same acute symptoms with no change in GCS and negative MRI), clinical symptoms after
the 2nd impact lasted much longer than the 1st one, satisfying our first proposed criterium to
diagnose SIS. Moreover, in our previous studies we showed that the time to return the
NAA/Cr to normal cerebral levels in singly concussed athletes is within 30 days post-
impact. In the present cohort of doubly concussed athletes, the time required to measure
values of the NAA /Cr ratio similar to those recorded in controls after the second concussion
was of 81.2 + 24.4 days. This much longer time for NAA recovery satisfy the second
criterium we proposed to diagnose SIS. Independently on the inclusion in the SIS category,
these athletes definitely showed a prolonged time of clearance of clinical symptoms and
brain metabolism normalization. In our opinion, monitoring of brain metabolism in singly
concussed athletes should drive the timetable of return to physical activity, especially for
those practicing sports at risk of recurrent concussions (American football, boxe, ice hockey,
rugby, alpine skiing, martial arts, soccer, etc.), according to this possible steps: 1) if upon
first examination, NAA is below the value of healthy controls, i.e. altered energy
metabolism, the athlete should rest with no physical activity (approximate post-concussion
time interval of 1-15 days); 2) if, at the second examination, MRS suggests an initiation of
the process of NAA recovery (i.e. quasi-normal energy metabolism), it is advisable that the
athlete begin physical activity of increasing intensity (approximate post-concussion time
interval of 16-22 days); 3) if, at the third MRS, progressive NAA replenishment is observed
(i.e. normalized energy metabolism), then physical activity might be intensified to a ‘return
to play’ level of conditions (approximate post-concussion time interval of 23-30 days); 4) if,
at the fourth MRS, normal NAA, i.e. normal energy metabolism, has been determined, it is
suitable that athletes be permitted to return to play (approximate post-concussion time
interval 30 days). Such a timetable could be adapted to any post-concussed, non-athlete
patient and translated into recommendations differing on personal lifestyle during the
recovery of NAA post-concussion: 1) NAA below control values (prolonged altered energy
metabolism) would recommend rest, with no physical activity and sedentary lifestyle
(approximate post-concussion time interval of 1-15 days); 2) signs of initiation of NAA
recovery (i.e. quasi-normal energy metabolism) would suggest normal working activity and
moderate physical activity (approximate post-concussion time interval of 16-22 days); 3)
normal NAA at MRS (i.e. normal energy metabolism re-established) would implicate return
to full normal lifestyle (approximate post-concussion time interval of 23-30 days). Results of
this and of previous studies (Vagnozzi et al., 2008, 2010) indicated that the kinetic of NAA
recovery, following a single concussion, is non-linear, with a very slow phase of about 15-20
days and a second faster period of 10-15 days. We have recently demonstrated that this non-
linear time-course of post-traumatic NAA recovery may be due to the cerebral energy
imbalance, assessed by high-energy phosphate quantification (ATP, ADP, AMP, etc.),
caused mainly by mitochondrial malfunctioning, as indicated by altered mitochondrial
phosphorylating capacity (measured by the ATP/ADP ratio) (Signoretti et al., 2010; Tavazzi
et al., 2005). Under these conditions, the remarkable decrease in cerebral NAA, which
mirrors the changes in brain ATP, may possibly be attributed to the general energy
depression consequent to impaired mitochondrial functions (Lifshitz et al., 2003; Robertson
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et al., 2006). Incorporating the data obtained in preclinical studies on mTBI, demonstrating
decreased ATP concentration for a given period of time post-injury (Tavazzi et al. 2007;
Vagnozzi et al., 2005, 2007), it is conceivable that the process of NAA normalization is
markedly hindered by an imbalance of neuronal energy metabolism induced by concussion.
In fact, NAA synthesis necessarily requires the availability and the energy of hydrolysis of
acetyl-CoA (AG = -31.2 kJ/mol), working as the acetyl group and energy donor in the
acetylation reaction of aspartate catalyzed by ANAT. It is fundamental to understand that
when acetyl-CoA is used for NAA synthesis there is an indirect high energy cost to the cell.
In fact, since in this case acetyl -CoA will not enter the citric acid cycle (Krebs’ cycle) there
will be a decrease in the production of reducing equivalents (3 NADH and 1 FADH)) as the
fuel for the electron transport chain. Since the oxidative phosphorylation is
stoichiometrically coupled to the amount of electron transferred to molecular oxygen by the
electron transport chain, the final result will be a net loss of 11 ATP molecules for each NAA
molecule newly synthesized. Experimental studies (Signoretti et al., 2010) have shown that
spontaneous re-synthesis of NAA occurs only after recovery of mitochondrial dysfunction
with consequential return to normal ATP levels; therefore, it appears possible that
normalization of NAA concentrations may occur only after the cerebral energy state has
fully recovered. The slow normalization of the cell energetic could also be attributed to the
drastic decrement of the nicotinic coenzyme pool that was observed in rat models of graded
injury. In fact, previous studies (Tavazzi et al., 2005; Vagnozzi et al., 2007) showed the net
diminution of the nicotinic coenzyme pool (NAD* + NADH and NADP* + NADPH) that
certainly plays a pivotal role in the final result of general depression of cell energy
metabolism. This depletion jeopardizes either the reducing equivalent supply to
mitochondrial oxidative metabolism, or the catalytic activity of dehydrogenase-mediated
oxidoreductive reactions. To date, possible mechanisms for this phenomenon are the
hydroxyl radical-induced hydrolysis of the N-glycosidic bond of the reduced forms of the
nicotinic coenzymes NADH and NADPH and the activation of the enzyme NAD-
glycohydrolase (Lautier et al.,, 1994). Both mechanisms cause the hydrolysis of these
coenzymes and give rise to the same end products, i.e., ADP-ribose(P) and nicotinamide.
Independently of the predominant mechanism, the final result is certainly deleterious for
the correct functioning of cell metabolism. Finally, the augmentation of poly-ADP
ribosylation reactions through the activation of the enzyme poly-ADP ribose polymerase
(Du et al., 2003; Nanavaty et al., 2002; Pacher et al., 2002), has been demonstrated to trigger
the mechanisms of apoptotic induction (Yu et al., 2002). The overall result should be to
significantly contribute to the decrease in the rate of NAA recovery during the time period
close to the head insult, when cells are more “metabolically vulnerable” and physical
restriction is mandatory to avoid catastrophic consequences.

5. Conclusion

This and previous data (Vagnozzi et al., 2008, 2010) demonstrated that this process can be
non-invasively followed in vivo by !H-MRS giving clinically relevant information
concerning the duration of the window of metabolic brain vulnerability. This time interval
should be characterized by restriction of physical activity to avoid the occurrence of second
concussion with unpredictable consequences, from the delay in cerebral metabolic
normalization (such a delay being not yet defined in duration) to the onset of uncontrolled
brain edema (i.e., the current definition of SIS). In our opinion, we again provided the
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experimental evidence in the dramatic discrepancy between the time required for the
clearance of post-concussive clinical symptoms and the time needed to restore concussion-
perturbed brain metabolism. Since 1H-MRS is the analytical method of choice and NAA the
biochemical parameter indirectly representing the brain energy metabolism, it should be
strongly suggest ed to determine healing of post-concussed athletes and patients using this
potent diagnostic tool. In light of the consequences of a second concussive event during the
window of brain vulnerability, potentially catastrophic, it should be strongly recommended
that the restriction of physical activity is mandatory and that the removal of this restriction
is submitted to the full recovery of the NAA physiological level. Due to the potential
catastrophic consequences of repeat concussions and the need to have clear diagnostic tools
and protocols to study recovery of the post-concussed brain it is fundamental to undertake
further studies to better understand these topics.
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