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Understanding that neural injuries could have long-term detrimental consequences, there is
increased pressure on athletic directors, athletic trainers, and coaches to determine the appro-
priate window of recovery for proper concussion management (May, Marshall, Burns, Popoli, &
Polikandriotis, 2014). Recent proton (1H) magnetic resonance spectroscopy (MRS) studies argue
that even the recommended two-week window of rest is insufficient for full metabolic recovery
after concussion (Signoretti, Tavazzi, Lazzarino, & Vagnozzi, 2014). Those returning to play
prior to full recovery could incur a second concussion with symptoms and metabolic changes
more lasting than the first (Vagnozzi et al., 2008). These findings strongly suggest an additive
effect of injury during a time of vulnerability. An additive effect of injury may also affect non-
diagnosed players remaining in play, as supported by a recent 1H MRS study (Poole et al.,
2014).

This study seeks to determine whether head collision histories (e.g., number, magnitude,
helmet location) can serve as meaningful predictors of sub-concussive changes in brain meta-
bolism for athletes in play, and whether the accumulation of these hits can lead to more chronic
injuries.

METHODS

Subjects

Twenty-five male athletes (M = 16.6 years; SD = 0.93) from the football teams at two high
schools (Team 1: 14; Team 2: 11) participated over two years of study. No subjects were
diagnosed by their athletic trainer or team physician as having been concussed during the
study period.

Subject Monitoring

In each season, athletes participated in one assessment session before the beginning of contact
practices (Pre-season) and at least once during the competition season with In-season sessions
repeating 4–6 weeks apart (M = 36.2 days, SD = 11.95). All athletes were also monitored for
head collision events using the Head Impact Telemetry System (HITS; Simbex; Lebanon, NH), a
sideline data collection system that reports the time, location, and magnitude of head impacts
experienced by athletes. The HIT System has been employed in a number of studies of football-
related neurotrauma (Broglio et al., 2010; Crisco et al., 2011; Talavage et al., 2014).

The current study reports the cumulative number, average-to-date, and previous week’s
events for the Facemask, Top-Front, Side, and Back helmet locations and aggregate
(Global). Helmet hits above 60 G (60+G hits) were considered high magnitude as this
level represents the 90th percentile of all hits on athletes observed during the period of
study (Breedlove et al., 2012).

MR Spectroscopy

MRS was conducted on a 3T Signa HDx (General Electric; Waukesha, WI) using a 16-channel
brain array (Nova Medical; Wilmington, MA). Single voxel spectra were collected in the left
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dorsolateral prefrontal cortex (DLPFC) and dominant primary motor cortex (M1) of the athletes
(PRESS sequence; 8-mL volume; TR/TE = 1500/30 msec; 128 averages). LCModel
(Provencher, 1993), AFNI, and FSL were used to calculate water- and relaxation-adjusted
metabolite concentrations. Data with poor quality spectra or where voxel placement was incon-
sistent with the pre-season scans were discarded, leaving 39 in-season observations for DLPFC
and 44 for M1. Additional details on ROI selection, data collection, and procedures may be
found in Poole et al. (2014).

Head Collision History

HITS telemetry data along with month of play were incorporated in a stepwise regression
model—per Breedlove et al. (2012)—to identify relationships to deviations from baseline in
MRS-measured metabolic concentrations (calculated as In-season – Preseason). Significant
predictors for each model were forwarded to a mixed model, adjusted for team and year of
data collection, with subject treated as a repeated variable with compound symmetric
variance. Statistical Analysis System (Version 9.3) was used to do all statistical analyses
and p-values < .05 were considered significant.

RESULTS

Within DLPFC, the mixed model revealed negative correlations between changes in total
creatine (tCr) and inositol (Ins) metabolic concentrations and the number of 60+G hits experi-
enced in the preceding week. Hit metrics were also predictive for both negative and positive
changes in N-acetyl aspartate (NAA) and total choline (tCho).

In M1, changes in tCr and combined glutamate and glutamine (Glx) were predicted by hit
metrics. Though M1 Glx had month of assessment (i.e., current duration of exposure) as the
strongest predictor, it was also negatively correlated with the percentage of 60+G hits to date.
M1 tCr changes were positively correlated to the total number of hits experienced in the
previous week.

The hit versus metabolites results, including all regressors from the step-wise regression
models, are listed in the Supplemental Materials. An example scatter plot with line of best fit
depicting the significant relationship between changes in M1 Glx and percent 60+ G hits to date
may be found in Figure 1.

DISCUSSION

This analysis of metabolism and head collision event history in football athletes expands on the
findings of Poole et al. (2014), which suggested damaged glial cells, membrane turnover, and
disrupted energy metabolism and neurotransmission in an undiagnosed injured population. Two
key findings are drawn from the present work: (1) some metabolites deviant at the group-level
for this population were, in fact, correlated with the hits experienced, and (2) other metabolites
of interest, not necessarily found to be deviant at the group level, had trends related to the
magnitude, number, and location of helmet impacts sustained.
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First, DLPFC Ins, DLPFC tCr, and M1 Glx—all concentrations that decreased over the
competition season in Poole et al. (2014)—were reported only to correlate negatively with high
magnitude hit metrics. Changes in the two DLPFC metabolites correlated with the number of
high magnitude hits experienced during the previous week. This suggests that large hits lead to
impaired energetics and glial cell damage in a region central to the working memory and
executive network. Changes in M1 Glx were correlated with the percent of high magnitude
hits on a to-date basis. These three negative relationships with high magnitude hits suggest that
large hits induce acute state of hypermetabolism in these areas (Schuhmann et al., 2003).

Second, other metabolites found to have no apparent or variable change at the group-level,
had both uni-directional and competing bi-directional relationships with hit metrics. DLPFC
NAA, for example, typically reported in clinical studies to decrease following head injury, was
found to decrease with increasing to-date and recent high magnitude hits. Although these
decreases mirrored other metabolites, NAA increases were also observed with the percentage
of high magnitude and overall increasing numbers of global helmet hits. Although increases in
NAA are not typically associated with pathology, they have previously been reported in football
players who experienced multiple traumatic brain injuries (Johnson et al., 2012) and warrant
further investigation. DLPFC tCho also had conflicting relationships with the type of hits
received. While increases were correlated with high numbers of proximal hits—likely indicative
of membrane synthesis and turnover following brain injury (Zeisel et al., 1991)—transient
reductions related to recent high magnitude and global hits during the time other metabolites
were in low concentration is suggestive of demyelination associated with exposure to direct
mechanical stress. It should also be noted that hit relationships with tCr differed by region:

FIGURE 1 Example of a statistically significant (p < 0.044) regression
plot, illustrating changes in M1 Glx as a function of percentage of high
magnitude (60+G) hits to-date, as assessed using the Head Impact
Telemetry System (HITS; Simbex, LLC).
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although a negative correlation was found in DLPFC and is presumably reflective of an energy
crisis following injury (Signoretti, Vagnozzi, Tavazzi, & Lazzarino, 2010), a positive correlation
with the number of hits experienced globally was found with M1 tCr, which perhaps reflecting a
separate response, also common to injury, for this region (Yeo et al., 2011).

CONCLUSIONS

By monitoring the head insults accrued over time, two mechanisms were revealed in executive
and motor neural network brain regions: initial hypermetabolic responses and successive,
sometimes opposite, hypometabolic responses, all dependent on the timing, number, magni-
tude, and location of blows to the helmet. With diverse metabolic consequences to accumulat-
ing sub-concussive blows, such competing mechanisms could (1) lead to no noticeable
differences in overall metabolic levels and (2) ultimately mask symptoms in injured athletes.
These findings provide evidence for a cumulative effect of head blows on neural health, even
though past efforts have failed to pinpoint injuries to a single event.

Future work will aim to address the limitations of a limited sample size, helmet impact
characteristics, as well as the possibility that there exist additional nonlinear relationships with
the metabolites.
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