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S
portS-related concussion is defined as a complex 
pathophysiological process affecting the brain in-

duced by traumatic biomechanical forces.22 This 
injury represents a major public health concern, as the 
annual prevalence of concussion is estimated to be be-

tween 1.6 and 3.8 million individuals in the US alone.18 
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Object. Despite negative neuroimaging findings using traditional neuroimaging methods such as MRI and CT, 
sports-related concussions have been shown to cause neurometabolic changes in both the acute and subacute phases 
of head injury. However, no prospective clinical study has used an independent physician-observer design in the 
monitoring of these changes. The objective of this study was to evaluate the effects of repetitive concussive and sub-

concussive head impacts on neurometabolic concentrations in a prospective study of two Canadian Interuniversity 
Sports (CIS) ice hockey teams using MR spectroscopy (MRS).

Methods. Forty-five ice hockey players (25 men and 20 women) participated in this study. All participants un-

derwent pre- and postseason MRI, including spectroscopy imaging, using a 3-T MRI machine. The linear combina-

tion model was used to quantify the following ratios: glutamate/creatine-phosphocreatine (Cr), myoinositol/Cr, and 
N-acetylaspartate (NAA)/Cr. Individuals sustaining a medically diagnosed concussion were sent for MRI at 72 hours, 
2 weeks, and 2 months after injury.

Results. No statistically significant differences were observed between athletes who were diagnosed with a 
concussion and athletes who were not clinically diagnosed as sustaining a concussion. Although no statistically 
significant longitudinal metabolic changes were observed among athletes who were diagnosed with a concussion, 
the results demonstrated a predictable pattern of initial impairment, followed by a gradual return to ratios that were 
similar to, but lower than, baseline ratios. No significant pre- to postseason changes were demonstrated among men 
who were not observed to sustain a concussion. However, a substantively significant decrease in the NAA/Cr ratio 
was noted among the female hockey players (t(13) = 2.58, p = 0.02, h2 = 0.34).

Conclusions. A key finding in this study, from the standpoint of future research design, is the demonstration 
of substantively significant metabolic changes among the players who were not diagnosed with a concussion. In 
addition, it may explain why there are few statistically significant differences demonstrated between players who 
were diagnosed with a concussion and players who were not diagnosed with a concussion (that is, the potency of the 
independent variable was diminished by the fact that the group of players not diagnosed with a concussion might be 
better described as a subgroup of the players who may have sustained a concussion but were not observed and diag-

nosed with a concussion). This result suggests that definitions of concussion may need to be revisited within sports 
with high levels of repetitive subconcussive head impacts. Future analysis of these data will examine the relationships 
between the modes of MRI (diffusion tensor imaging, MRS, and susceptibility-weighted MR imaging) used in this 
study, along with other more sensitive evaluative techniques. This type of intermodal comparison may improve the 
identification of concussions that were previously dependent on the unreliable self-reporting of recognized concus-

sion symptomatology by the athlete or on poorly validated neuropsychological tests.
(http://thejns.org/doi/abs/10.3171/2012.10.FOCUS12305)
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Abbreviations used in this paper: CIS = Canadian Interuniver-
isty Sports; Cr = creatine/phosphocreatine; DTI = diffusion tensor 
imaging; Glu = glutamate; HCEP = Hockey Concussion Education 
Project; mI = myoinositol; MRS = magnetic resonance spectros-

copy; NAA = N-acetylaspartate; SWI = susceptibility-weighted MR 
imaging.
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However, concussion incidence appears to vary depend-

ing on the sport, patient sex, patient age, level of play, 
and type of exposure (such as time played per athlete, or 
number of games played per athlete).19

Ice hockey is a contact sport that has several inher-
ent features that predispose players to brain injury. Typi-
cally, a greater proportion of concussions in ice hockey 
are reported in men than in women,19 with incidence rates 
reported to be as high as 21.5 concussions per 1000 ath-

lete exposures.10 The results of the Injury Surveillance 
Study reported by the NCAA demonstrate that women’s 
ice hockey has the second highest rate of concussions of 
all sports surveyed and the highest rate of concussions 
among the sports played by both sexes.1,15

Interestingly, although female ice hockey players re-

port higher incidence rates of concussion than male play-

ers,1 the impact exposures in women are less frequent 
and of a lower magnitude.3 Note that although incidence 
rate may be useful for the description of player risk, its 
utility is heavily dependent on factors such as diagnosis 
criteria for concussion, observation method (whether the 
games are directly observed or whether the concussions 
are self-reported), and even observer type (physician vs 
nonphysician, or independent observer vs team-affiliated 
observer).8 Improved concussion screening—ideally in 
the form of an objectively scored, easily administered 
physiological measure—would provide a critical source 
of diagnostic evidence to the first responder that would be 
useful for medical specialists who are involved in the di-
agnosis and treatment of sport concussion. Such a screen-

ing test would also be useful for determining the most 
appropriate timeline for return to play, if it were sensitive 
to important individual differences in sensitivity to brain 
injury. However, such a test has not yet been validated for 
this purpose.

The physical, emotional, and cognitive symptoms fol-
lowing a concussion typically resolve after a period of 7–10 
days in adults,20–22 a time window that closely coincides 
with the resolution of the neurometabolic cascade follow-

ing a concussion.11 These symptoms are transient in the 
majority of observed cases, but appear in conjunction with 
the absence of the tissue damage that is visible using stan-

dard neuroimaging techniques such as CT and MRI. Stud-

ies of individuals who have sustained multiple sport con-

cussions in their past have demonstrated objective evidence 
of chronic cognitive deficits and disorders.6,12,24,29 These 
data emphasize the importance of using the full spectrum 
of neuroimaging techniques to assess the potential brain 
alterations following a sport-related concussion.

Magnetic resonance spectroscopy is a neuroimaging 
technique that could be helpful in the investigation of brain 
alterations following a concussion, providing insight into 
the subtle neurophysiological alterations that accompany 
injury among concussed athletes.5 Magnetic resonance 
spectroscopy is a noninvasive technique that allows the de-

tection and quantification of brain metabolites in the brain. 
Thus, it is a useful tool for detecting neuronal damage and 
diffuse axonal injury because damage-related changes to 
neurons are manifest not only in their physical structure, 
but also in their composition.28 The principal metabolites 
are NAA, a marker of neuronal and axonal integrity; Cr, a 

fairly stable energy marker commonly used as an internal 
standard; mI, an osmolyte and astrolyte marker; and Glu, a 
marker of excitatory neurotransmission.

An increasing number of studies of sports-related con-

cussions have focused on brain metabolism changes in the 
acute phase following a concussion. Studies that assess the 
acute phase are particularly important13,14 because the ath-

letes remain symptomatic during this time and experience 
a period of metabolic vulnerability within the brain tissue 
known as the “neurometabolic cascade” following a con-

cussion.11 In the sports trauma literature, decreased levels 
of NAA have been found in the acute and subacute phases 
of concussion.13,14,16,17,30,31 However, the rate of recovery for 
this metabolite is still equivocal, with some studies find-

ings NAA recovery to baseline levels within a period of 
30–45 days after a concussion,31 and others demonstrat-
ing persistent decreases for at least 6 months after concus-

sion.14 Moreover, the corpus callosum appears particularly 
vulnerable to neurometabolic disruptions and is a major 
predictor of predilection to concussion,26,27 being highly 
susceptible to the biomechanical forces induced by mild 
traumatic brain injury.25 A recent study has demonstrated 
lower NAA ratios in the genu and splenium of the corpus 
callosum in the subacute postinjury phase of concussed 
athletes.17 However, another recent study16 found a signifi-

cant NAA decrease in the genu of the corpus callosum, 
but not in the splenium, in combination with a surprisingly 
greater alteration of the NAA ratio among patients recover-
ing from their first concussion, as compared with athletes 
sustaining multiple concussions.

Despite recent studies assessing the neurometabolic 
profile of concussed athletes, few studies have examined 
the recovery pattern of metabolites following a concus-

sion. Vagnozzi and colleagues30,31 evaluated athletes at a 
few time points after injury (3, 15, 22, and 30 days) and 
determined that concussions open a temporal window of 
metabolic imbalance. However, the control group was 
not composed of athletes, and the study population of the 
2008 study contained both men and women with a size-

able age range, with no statistical treatment of sex differ-
ences. Moreover, this study31 focused exclusively on NAA 
recovery.

The current literature suggests that there is a need to 
assess the neurometabolic recovery of multiple metabo-

lites in regions particularly vulnerable to brain injury, 
notably the corpus callosum, and to take into account 
possible sex differences for this recovery. Furthermore, 
it may be important to assess the extent to which there 
are metabolic changes among individuals with subclini-
cal concussions or those who may have sustained multiple 
subconcussive blows to the head.

In this study, we sought to investigate the neurometa-

bolic profiles of male and female ice hockey players fol-
lowing a sport-related concussion. To assess changes on 
the chemical structure of the corpus callosum over time, 
this study evaluated the concentration of NAA, mI, and 
Glu relative to Cr during the acute (72 hours) and sub-

acute (2 weeks and 2 months) phases following a concus-

sion. While no differences between groups are suspected 
at baseline, a significant decrease in NAA/Cr and Glu/
Cr, as well as a significant increase in mI/Cr, was hypoth-
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esized to occur when athletes sustained clinically diag-

nosed concussions. Furthermore, a sequential recovery 
of the 3 metabolites was expected for group of individu-

als diagnosed with a concussion for each postinjury time 
point, with ratios approaching (but not reaching) baseline 
levels. Finally, it was expected that athletes who had not 
been diagnosed as sustaining a clinical concussion would 
demonstrate changes in their metabolite ratios over the 
course of the season due to multiple nonobserved injuries 
to the brain occurring as a result of regular play.

Methods
Participants and Study Protocol

Forty-five ice hockey players (25 men and 20 wom-

en) were included in this study. The male players were 
between 20 and 26 years of age (mean 22.24 years) and 
the female players were between 18.5 and 37.2 years of 
age (mean 20.21 years). All participants were part of the 
HCEP, a cohort study performed during a CIS ice hockey 
season (2011–2012). The clinical data for this study are 
described in detail by Echlin et al.9

Individuals were excluded from participation in this 
study if they had a history of central neurological condi-
tions other than head injury, severe cognitive impairment 
(and/or an inability to consent), a history of pacemaker 
usage, previous eye surgery, or if they had worked in an 
environment that exposed them to a risk of having metal 
fragments embedded in their eyes. Each participant pro-

vided written informed consent and a release of medical 
information at the outset of the study. This study was ap-

proved by a university research ethics board.
This study focuses on the MRS analyses, whereas 

the detailed description and interpretation of concussion 
incidence and neuropsychological testing, as well as DTI 
results are presented in other papers within this issue of 
Neurosurgical Focus. Susceptibility-weighted MR imag-

ing results from this study will be published in the near 
future.
Magnetic Resonance Imaging Protocol and Data  
Acquisition

Data acquisition was performed using a 3-T MRI 
machine (Achieva, Phillips) equipped with an 8-channel 
SENSE head coil array. Each player involved in this study 
received a baseline MRI evaluation. Athletes sustaining 
a concussion underwent further imaging at 72 hours, 2 
weeks, and 2 months postinjury.
Magnetic Resonance Spectroscopy

The corpus callosum was chosen as the MRS region 
of interest because it forms the largest and highest-densi-
ty commissural white matter bundle in the brain. It also 
provides interhemispheric connections that project to all 
cerebral lobes. The corpus callosum is suspected to be 
highly vulnerable to the biomechanical forces involved 
with concussion.7,16,17,26,27,32 The placement of the voxel 
within the corpus callosum attempted to ensure an ad-

equate distance from the ventricles, fatty tissue, and bone 
for all patients.

The cognitive demands of playing ice hockey include 

rapid and effective information transmission in the brain 
to allow adequate decision-making and execution of 
complex motor sequences. The examination of metabo-

lite profiles within the corpus callosum may provide evi-
dence of the effects of microstructural alterations within 
this structure and on transmission processes between the 
cerebral lobes.

Each patient was placed in the MRI machine and un-

derwent a standard localizer and SENSE calibration scan. 
Voxels were then applied for the corpus callosum (10 × 

20 × 30 mm). Spectroscopic examination was carried out 
using a PRESS (Point RESolved Spectroscopy) sequence 
pulse with the following settings: TE 35 msec, TR 2000 
msec, 128 acquisitions, and 1024 points, on an 8-channel 
head coil.

The linear combination model23 was used for me-

tabolite quantification (see Fig. 1 for a reference figure of 
metabolic analysis). This operator-independent spectral 
analysis software estimates metabolite concentrations 
and their ratios relative to Cr using a set of basis refer-
ence spectra acquired from individual metabolites on the 
MR instrument. Concentrations are derived from the ar-
eas under the corresponding peaks. N-acetylaspartate/Cr, 
Glu/Cr, and mI/Cr were only analyzed if the estimated 
uncertainty calculated as Cramer Ratio lower bounds (% 
SD) was less than 20%. The linear combination model 
operator was blind to group membership.
Statistical Analysis

Statistical analyses of metabolite ratios (Glu/Cr, mI/Cr, 
and NAA/Cr) were conducted using SPSS version 20. Due 
to the small number of concussed individuals in whom we 
had complete data across the postconcussion time periods, 
data analysis was performed graphically rather than sta-

tistically. Accordingly, the average metabolite ratios were 

Fig. 1. An example of a metabolite spectrum produced by the linear 
combination model that was used for metabolite quantification. This 
operator-independent spectral analysis software estimates metabo-
lite concentrations and their ratios relative to Cr, using a set of basis 
reference spectra acquired from individual metabolites on the MR in-
strument. Concentrations are derived from the areas under the corre-
sponding peaks. NAA/Cr, Glu/Cr, and mI/Cr were only analyzed if the 
estimated uncertainty calculated as Cramer Ratio lower bounds (% SD) 
was less than 20%. The linear combination model operator was blind to 
group membership.
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plotted at each time point (baseline, 72 hours, 2 weeks, and 
2 months), with error bars representing ± 1 standard error. 
Individuals who were not diagnosed as having sustained a 
concussion were evaluated separately for each sex using a 
series of paired t-tests. Adjustments to the comparison a 

were performed within each sex using a Bonferroni adjust-
ment; to maintain an overall experiment-wise a of 0.05, 
each of the 3 comparisons conducted within each sex was 
made against an a of 0.017 (0.05/3). Finally, a split-plot 
ANOVA was used to determine the extent to which group 
membership (individuals diagnosed with a concussion vs 
those not diagnosed with a concussion) interacted with 
time course (preseason vs postseason) in predicting each 
of the 3 metabolite ratios.

Results
Descriptive statistics for each metabolite ratio at 

baseline assessment and at each of the 3 postinjury evalu-

ations are presented in Table 1 and depicted graphically 
in Fig. 2.

Descriptive statistics for the individuals within the 
sample who were not clinically identified as sustaining 
a concussion are presented in Table 2 along with the re-

sults of the paired t-test calculations. Although none of 
the t-tests were statistically significant after adjusting for 
potential inflation of a Type I error due to multiple com-

parison bias, women appeared to demonstrate a substan-

tively significant decrease in their NAA/Cr ratios over the 
course of the season (t(13) = 2.58, p = 0.02, h2 = 0.34) that 
suggests that 34% of the postseason variability on this 
metabolite was due to subconcussive impacts sustained 
over the course of the season.

No statistically significant effects were demonstrat-
ed for the interaction between group and time for Glu/
Cr (F(1,31) = 2.945, p = 0.096), mI/Cr (F(1,31) = 0.820, p = 
0.372), or NAA/Cr (F(1,31) = 0.214, p = 0.646), suggesting 
that seasonal changes did not differ significantly between 
individuals who were diagnosed with a concussion and 
individuals who were not diagnosed with a concussion.

Discussion
The present study is unique in that it is a part of a 

multidimensional prospective effort (the HCEP) to inde-

pendently and directly evaluate sport concussion incidence 
as well as the neuropsychological and multimodal MRI 
changes in the participant group over 1 season of CIS var-
sity hockey. The aim of the present study was to investigate 

the neurometabolic alterations in the corpus callosum of 
male and female ice hockey players following a concus-

sion. A second aim of this study was to investigate the me-

tabolite changes of athletes who had not been diagnosed 
with a concussion over the pre- to postseason time interval. 
Using MRS, no statistically significant differences were 
found for any metabolite ratios when comparing athletes 
diagnosed with a concussion to control athletes.

The most interesting findings within this study were 
found in female athletes within the group of individuals 
who were not diagnosed with a concussion. This group 
demonstrated a decrease in their NAA/Cr ratio over the 
course of the season. The ratio of each metabolite re-

mained stable in the sample of male athletes who were 
not diagnosed with a concussion.

The results of the present study do not corroborate 
the findings of previous researchers, who demonstrated 
a decrease in the NAA ratio within the acute phase of a 
concussion.13,14,31 Several factors could explain the differ-
ent metabolic profiles found in this study. First, previous 
studies investigated different regions of interest, notably 
the frontal regions, the primary motor cortices, and dif-
ferent regions within the corpus callosum where neuro-

metabolic changes were different depending on the re-

gions observed.13,14 The different metabolites in any given 
voxel are, in principle, unrelated and uncorrelated.4 Based 
on this assumption, it is possible that the neurometabolic 
alterations observed in previous studies were specific to 
the cerebral regions examined in those studies and the 
corpus callosum may not be affected in the acute phase 
of a concussion, as demonstrated in the current study. It 
is possible that there were no effects of concussions on 
metabolite concentration in the present sample because of 
the anatomical variation of voxel location. Future studies 
should examine cortical and subcortical regions follow-

ing a brain injury to determine the pattern of changes in 
neurochemistry specific to each region.

Second, the sample in the present study differed from 
samples used in previous studies. The sample in the study 
of Vagnozzi et al.31 was composed of a large age range of 
men and women from different sports (kickboxing, box-

ing, soccer, alpine skiing, and rugby), while the studies 
of Henry et al.13,14 included only male football players. 
The heterogeneity of the group who was diagnosed with 
a concussion combined with a control group composed 
of nonathletes in the study of Vagnozzi et al.31 makes it 
difficult to compare their findings with the results of the 
present study. Furthermore, the present study found that 

TABLE 1: Descriptive statistics for individuals sustaining a clinically diagnosed concussion at baseline and at 3 time 

points after injury

Glu/Cr mI/Cr NAA/Cr

Evaluation Period Mean SD

No. of 
Patients Mean SD

No. of 
Patients Mean SD

No. of 
Patients

baseline 1.75 0.23 11 0.97 0.28 11 1.66 0.30 11

72 hrs postinjury 1.71 0.10 7 0.93 0.18 8 1.64 0.19 8
2 wks postinjury 1.79 0.20 10 0.91 0.13 10 1.65 0.36 10

2 mos postinjury 1.69 0.26 9 0.99 0.11 9 1.63 0.14 9
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there were substantively significant differences between 
preseason and postseason NAA/Cr ratios among the fe-

male players. These data suggest that the primary inde-

pendent variable—the group who was diagnosed with a 
concussion versus the group who was not diagnosed with 
a concussion—was of reduced potency.

An interesting finding in the present study is the dif-
ference between male and female athletes over the course 
of the season, and a key variable appears to be NAA/
Cr. While relative quantification of metabolite ratios re-

mained stable over the course of 1 season in male ath-

letes, female athletes showed a decrease in NAA ratios. 
A recent study demonstrated that female hockey players 
sustain fewer impacts and suggested that the impacts in 
which they are involved result in lower head acceleration 
compared with male athletes.3 However, female athletes 
have a higher incidence of concussion than their male 
counterparts,1 possibly reflecting a higher sensitivity to 
head impacts and subconcussive blows sustained during 
practices and games over the course of 1 season. This 
provisional hypothesis is corroborated by a recent DTI 
study examining multiple subconcussive blows.2 The sex 
differences shown in the present research emphasize the 
importance of assessing the cerebral alterations specific 
to each sex following a brain injury, as this will allow 

us to better understand the pathological mechanisms in-

volved in this injury, and ultimately, to ensure a safe re-

turn to play for these athletes.
An important limitation of this study, common to 

most neuroimaging studies, is the small sample size. The 
small number of participants of both sexes in each group 
limits the extent to which the current findings can be gen-

eralized to all sports practiced by both sexes. The study 
also lacks a control group of matched participant athletes 
from a collegiate varsity sport with a low probability of 
head contact (such as swimming). The latter change is 
likely to result in an independent variable (group differ-
ence) of higher potency and would increase the power of 
the study.

Conclusions
Physician observation and diagnosis using current 

international diagnostic criteria offers a unique design to 
assess neurochemical changes in the acute and subacute 
phases of concussion in both men and women ice hockey 
players.

The nonsignificant differences in metabolic ratios be-

tween those players who were clinically diagnosed with 
a concussion and those individuals who were not identi-

Fig. 2. The temporal concentration of Glu relative to Cr (A), mI rela-
tive to Cr (B), and NAA relative to Cr (C) during the acute (72 hours) 
and subacute (2 weeks and 2 months) phases following a concussion.
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fied as sustaining a concussion may be interpreted as evi-
dence of nondiagnosed (and nonobserved) subconcussive 
neural injuries sustained over a regular season of play. 
Future analysis of these data will examine the relation-

ships between the modes of MRI (DTI, MRS, and SWI) 
used in this study, along with other more sensitive evalua-

tive techniques. This type of intermodal comparison may 
improve the identification of concussions that were previ-
ously dependent upon unreliable self-reported concussion 
symptoms by the athlete, supplemented by poorly vali-
dated neuropsychological tests.

This unique and multidimensional prospective study 
demonstrates a pressing need for follow-up studies using 
a similar design, involving independent physician and 
nonphysican observers, within simultaneous multimodal 
objective investigation.

The potential consequences of sustaining both clini-
cally diagnosed concussions and nondiagnosed recurrent 
subconcussive blows should be explored temporally. Fol-
low-up studies should also consider further investigation of 

sex differences in neurochemistry. In future publications a 
comparison of the neurochemical changes among subjects 
should be made to the other objective investigations (such 
as DTI and SWI) that were simultaneously used. The in-

volvement of larger and more diverse sample groups will 
allow for a greater generalizability of the findings.
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TABLE 2: Descriptive statistics for individuals not clinically identified as sustaining a concussion over the course of 
the ice hockey season*

t-Test
Variable Baseline End of Season t(df) Value p Value η2†

men

 Glu/Cr t(10) = 0.56 0.59 0.03
  mean 1.81 1.76
  SD 0.30 0.24
  no. of patients 11 11

 mI/Cr t(13) = 0.027 0.98 0.00
  mean 0.98 0.97
  SD 0.23 0.21
  no. of patients 14 14
 NAA/Cr t(15) = 0.44 0.97 0.01
  mean 1.62 1.63
  SD 0.23 0.26
  no. of patients 16 16
women

 Glu/Cr t(13) = 0.46 0.66 0.02
  mean 1.93 1.90
  SD 0.20 0.26
  no. of patients 14 14
 mI/Cr t(12) = 0.28 0.79 0.01
  mean 0.97 0.98
  SD 0.13 0.17
  no. of patients 13 13
 NAA/Cr t(13) = 2.58 0.02 0.34
  mean 1.90 1.69
  SD 0.32 0.27
  no. of patients 14 14

* df = degrees of freedom.
† Measure of effect size, interpreted as the percentage of variance within the dependent variable that is accounted for by the 
independent variable.
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