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eAppendix. Additional Methods and Results 
 

Methods 
Participant compensation and field positions 

All healthy controls were monetarily compensated for their participation.  All collegiate athlete participants 
in 2012 and 2013 were compensated monetarily for their participation (NCAA Bylaws 16.11.1.11.1 & 
16.11.1.11.12). Athletes participating in 2011 could not be monetarily compensated due to NCAA Bylaw 16.02.3 
“Extra Benefit”.  The lack of athlete compensation in 2011 was due to the principal investigator (PI: PSFB) lack of a 
faculty appointment at a NCAA designated institution.  Without the PI having a NCAA faculty position, the 
University’s Athletic Compliance Officer and governing Institutional Review Board ruled that compensation may be 
considered “Extra Benefit” under NCAA rules. For this reason no compensation was given to athlete participants in 
2011. PSFB’s faculty appointment was awarded in January 2012 at which time athletes were compensated for their 
participation. 

eTable1 presents the number of each football field position that participated in each group. 
Anatomical Magnetic Resonance Imaging (MRI) parameters 

MRI was performed using a GE Discover MR750 3-Tesla whole body MRI scanner (General Electric 
Healthcare) and brain-optimized 32-channel arrayed head coil (Nova Medical, Inc.). T1-weighted anatomical images 
were collected using a parallelized magnetization-prepared rapid gradient-echo sequence (MPRAGE). MPRAGE 
acquisition parameters were all 256x256 acquisition matrix with a field of view of 240x192 with the exception of 
two HC participants whose FOV was 240 x 216.  All MPRAGE images were whole brain coverage with slices 120 
(7 participants), 130 (54), 176 (2), 186 (12), TR ranging from 5 (73) to 6 (2) seconds, TE of 1.932 (7), 1.948 (54), 
2.008 (2), 2.012 (12) all with a bandwidth of 31.25, flip angle of 8, and inversion time 725 ms. Quantitative 
measurement of the hippocampus and supratentorial brain volumes was performed using FreeSurfer version 5.1, 
which resamples all MPRAGE images to 1mm3 voxels for analysis1. In addition, trained researchers blinded to 
group assignment (PSFB or RS) manually edited every hippocampal mask obtained from Freesurfer following 
anatomical markers outlined by Franco et al to ensure accurate hippocampal volume estimation.2 
 

Results 
 Differences in hippocampal volumes between football athletes with (Ath-mTBI) and without (Ath) 
concussion history and healthy controls (HC) were observed in manually edited hippocampal masks (main text) and 
in unedited hippocampal masks. However, no group differences were observed in unedited amygdala volumes (see 
below).  
Comparison of Unedited Hippocampal Volumes 

To test for differences among groups in unedited hippocampal volumes a mixed-design analysis of 
covariance (ANCOVA) was performed on the unedited FreeSurfer volumes with hemisphere (left, right) as the 
within subjects factor and group (3 levels; HC, Ath, Ath-mTBI) as between groups factor. Age and supratentorial 
brain volume were used as covariates in this analysis.  Similar to results in the edited hippocampal volumes that are 
presented in the accompanying publication.  Summary of means, standard deviations, and 95% confidence intervals 
are presented in eTable2.  Results show a significant main effect of group (F(2,67) = 8.10, p < 0.01)  and but not 
hemisphere (F(1,67) < 1.0; MD=66.53, 95% CI, 5.47-127.58) or group by hemisphere interaction (F(2,67)=1.08, 
p>0.05;).  As depicted in eFigure 1, planned comparison contrasts of means among groups, within each hemisphere, 
demonstrated significant differences in left hippocampal volume among all athlete groups compared to HC (HC vs. 
Ath-mTBI, t(48)= 3.18, p<0.01; MD=-335.08, 95% CI, 83.74-586.43: HC vs. Ath, t(48)= 2.45, p<0.05; MD=-
258.37, 95% CI, 9.50-507.25: Ath vs. Ath-mTBI, t(48)= 0.72, p<0.01; MD=-76.71, 95% CI 169.45-322.87) .  
Similarly, right hippocampal volume was also different between athlete groups and HC (HC vs. Ath-mTBI, t(48)= 
4.04, p<0.01; MD=441.60, 95% CI, 180.70-702.49: HC vs.  Ath, t(48)=3.01, p<0.01; MD=329.84, 95% CI, 71.51-
588.17; Ath vs. Ath-mTBI, t(48)=1.02, p>0.05; MD=111.76, 95% CI, -143.75-367.27).   

 Linear regression was performed on both left and right hippocampus using cognitive measures 
from the ImPACT test as factors.  None of the relationships between baseline cognitive test performance and 
hippocampal volume were significant.  eTable3 presents the coefficient, standard deviations, 95% confidence 
intervals, and statistical test for significance for each factor in each linear regression.   

   
Comparison of Unedited Amygdala Volumes 

Mixed–design ANCOVA was also conducted on the unedited Amygdala FreeSurfer volume results with 
hemisphere (left, right) as the within subjects factor and group (HC, Ath, Ath-mTBI) as between subjects factor to 
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test for differences among groups in amygdala volume.  Age and supratentorial brain volume were used as 
covariates in this analysis.  Results show nonsignificant main effects of group (F(2,70) = 0.06, p > 0.94)  and 
hemisphere (F(1,70)  = 0.321, p>0.57), and group by hemisphere interaction (F(2,70)=1.742, p>0.18). Mean 
differences and 95% confidence intervals for the amygdala volume by group and hemisphere are presented in 
eTable2.  These data suggest that the hippocampal volumetric difference between groups is not indicative of a 
medial temporal lobe-wide volumetric difference. 
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eTable 1. Field Position of Athletes Within the Two Athlete Groups 
 

Field position Athletes with no 
history of 

concussion         
(Ath; N=25) 

Athletes with 
history of 

concussion           
(Ath-mTBI; N=25) 

Defensive positions  
Defensive End  2 2 
Defensive Tackle  4 0 
Line Backer  6 3 
Defensive Back  4 6 
Offensive positions 
Center  1 0 
Offensive tackle  1 1 
Tight End  1 0 
Offensive guard  1 0 
Running Back  2 2 
Wide Receiver  3 10 
Quarterback  0 1 
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eTable 2. FreeSurfer Generated Unedited Amygdala and Hippocampus 
Volumetrics 
 
Variable HC (N=25) Ath (N=25) Ath-mTBI 

(N=25) 
F-testa,b  p 

value      
Brain Region  
(μl), Mean ± SD (95% CI)  
Supratentorial  1169000±136145    

(1113000-
1225000) 

1167000±90053     
(1130000-
1204000) 

1151000±71051             
(1122000-
1180000) 

F(2,71)=2.24a > 
0.11 

Total 
Amygdala 

3323±308.6 
(3196-3450) 

3232±309.1 
(3104-3359) 

3191±298.2 
(3068-3314) 

F(2,70)=0.62b >0.93    

Left 
Amygdala 

1634±181.3 
(1559-1709) 

1604±207.0 
(1519-1689) 

1528±175.5 
(1456-1600) 

F(2,70)=0.49b >0.60   

Right 
Amygdala 

1689±162.3 
(1622-1756) 

1628±169.3 
(1558-1698) 

1663±184.3 
(1587-1739) 

F(2,70)=0.65b >0.52    

Total 
Hippocampus 

8475±1061 
(8037-8913) 

8134±491.4 
(7932-8337) 

7935±769.6 
(7617-8252) 

F(2,70)=5.24b <0.01 

Left 
Hippocampus  

4174±555.9 
(3945-4404) 

4043±278.0 
(3928-4158) 

3943±395.2 
(3780-4106) 

F(2,67)=5.57b  <0.01 

Right 
Hippocampus  

4301±577.8 
(4062-4539) 

4092±292.0 
(3971-4212) 

3992±399.1 
(3827-4156) 

F(2,70)=8.84b   <0.01 

 
Abbreviations: HC, Healthy control, no concussion; Ath, Football athletes, no concussion; Ath-mTBI Football athletes with 
concussion history; SD, standard deviation; CI, confidence interval; MD, difference between means; a, ANOVA F-statistics 
for overall differences among groups; b, ANCOVA F-statistics for overall differences among groups using age and STV as 
covariates.  
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eTable 3. Regression Coefficients for Relationship Between Hippocampus 
Volume and Cognitive Scores 
 
Variable Coefficient Std. 

Error 
95% Confidence 

Interval 
t-statistics p 

value 
Left Hippocampus  
Reaction time 
percentile 

3.89 2.43 -1.03 – 8.81 1.599 >0.11 

Verbal memory 
percentile 

-0.813 2.38 -5.62 – 3.99 -0.342 >0.73 

Visual memory 
percentile 

1.341 1.87 -2.44 – 5.12 0.718 >0.47 

Impulse control scores 8.861 14.23 -19.92 -37.64 0.623 >0.53 
Right Hippocampus 
Reaction time 
percentile 

4.11 2.45 -0.85 – 9.07 1.676 >0.10 

Verbal memory 
percentile 

0.335 2.40 -4.51 – 5.18 0.140 >0.89 

Visual memory 
percentile 

0.778 1.88 -3.03 – 4.59 0.413 >0.68 

Impulse control scores 10.447 14.34 -18.56 - 39.46 0.728 >0.47 
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eFigure 1. Comparison of Edited and Unedited Hippocampal Masks 
 

 
 
(A) The manually edited right hippocampal masks for participants with the median hippocampal 
volume from each group are displayed in magenta. The whole brain image is present for 
anatomical reference. (B)The Freesurfer generated mask (green), the manually edited mask 
(yellow), and their overlap (red) are displayed in a randomly selected participant from each group 
to demonstrate typical manual edits that were performed to hippocampal masks. 
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eFigure 2. Comparison of Unedited Hippocampal Volumes From FreeSurfer 
 

 
 
This figure depicts total, left, and right hemisphere hippocampal volumes from unedited 
Freesurfer masks for the Healthy Controls (HC), Athletes with no history of concussion (Ath), and 
athletes with a history of concussion (Ath-mTBI). Within each box plot are the 95th percentile 
(black dot), 90th percentile (whiskers), and 75th percentile (box top and bottom). The median (solid 
line) and mean (dotted line) are also depicted within each group’s box.  Individual volumes for 
each group are presented as separate symbols next to the each group’s box plot. 
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eFigure 3. No Group Differences in Unedited FreeSurfer Amygdala Volumes 
 

 
 
This figure depicts total, left, and right hemisphere amygdala volumes from unedited Freesurfer 
masks for the Healthy Controls (HC), Athletes with no history of concussion (Ath), and athletes 
with a history of concussion (Ath-mTBI). Within each box plot are the 95th percentile (black dot), 
90th percentile (whiskers), and 75th percentile (box top and bottom). The median (solid line) and 
mean (dotted line) are also depicted within each group’s box.  Individual volumes for each group 
are presented as separate symbols next to the each group’s box plot. 

 

Left Amygdala

1200

1400

1600

1800

2000

2200
Total Amygdala

U
ne

di
te

d 
Vo

lu
m

es
 ( µ

l)

2400

2800

3200

3600

4000

4400
Right Amygdala

Groups
Ath (N=25) Ath-mTBI (N=25)HC (N=25)

© 2014 American Medical Association. All rights reserved. 


