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Purpose: To investigate whether combining multiple magnetic reso-
nance (MR) imaging modalities such as T1-weighted and 
diffusion-weighted MR imaging could reveal imaging bio-
markers associated with cognition in active professional 
fighters.

Materials and 
Methods:

Active professional fighters (n = 297; 24 women and 273 
men) were recruited at one center. Sixty-two fighters (six 
women and 56 men) returned for a follow-up examina-
tion. Only men were included in the main analysis of the 
study. On the basis of computerized testing, fighters were 
separated into the cognitively impaired and nonimpaired 
groups on the basis of computerized testing. T1-weighted 
and diffusion-weighted imaging were performed, and vol-
ume and cortical thickness, along with diffusion-derived 
metrics of 20 major white matter tracts were extracted 
for every subject. A classifier was designed to identify im-
aging biomarkers related to cognitive impairment and was 
tested in the follow-up dataset.

Results: The classifier allowed identification of seven imaging bio-
markers related to cognitive impairment in the cohort of 
active professional fighters. Areas under the curve of 0.76 
and 0.69 were obtained at baseline and at follow-up, re-
spectively, with the optimized classifier. The number of 
years of fighting had a significant (P = 8.8 3 1027) nega-
tive association with fractional anisotropy of the forceps 
major (effect size [d] = 0.34) and the inferior longitudinal 
fasciculus (P = .03; d = 0.17). A significant difference was 
observed between the impaired and nonimpaired groups 
in the association of fractional anisotropy in the forceps 
major with number of fights (P = .03, d = 0.38) and years 
of fighting (P = 6 3 1028, d = 0.63). Fractional anisotropy 
of the inferior longitudinal fasciculus was positively as-
sociated with psychomotor speed (P = .04, d = 0.16) in 
nonimpaired fighters but no association was observed in 
impaired fighters.

Conclusion: Without enforcement of any a priori assumptions on the 
MR imaging–derived measurements and with a multivar-
iate approach, the study revealed a set of seven imaging 
biomarkers that were associated with cognition in active 
male professional fighters.
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cognitive performance may eventually 
lead to techniques that can help identify 
and track accumulating brain injury in 
active fighters.

The data used for this study were 
collected as a part of the Professional 
Fighters Brain Health Study (14). We 
hypothesized that combining multiple 
MR imaging modalities such as T1-
weighted and diffusion-weighted MR 
imaging could reveal a set of imaging 
biomarkers that may provide additional 
information about cognition in the active 
professional fighters as opposed to that 
provided with unimodal MR imaging.

Materials and Methods

The Professional Fighters Brain Health 
Study was approved by the institutional 
review board of the Cleveland Clinic 
and was Health Insurance Portability 
and Accountability Act–compliant, with 
written informed consent. The study 
was funded by the Lincy foundation and 
the Institutional Development Award 
from the National Institute of General 
Medical Sciences of the National In-
stitutes of Health under grant number 
5P20GM109025.

Subjects
Professional fighters (n = 297; 24 
women) and 21 age-matched healthy 

imaging studies in patients with mild 
traumatic brain injury have shown in-
creased mean diffusivity and decreased 
fractional anisotropy (FA) in the tempo-
ral-occipital white matter (WM) tracts 
and forceps major (7,9,10). Increased 
FA also has been reported in the corpus 
callosum in the subacute phase (after 
injury) (10). Authors of structural MR 
imaging studies of boxers have reported 
that years of professional fighting can 
induce changes in ventricular size and 
perivascular spaces (11). Results of 
diffusion-tensor imaging studies have 
shown group differences in axonal and 
radial diffusivity of the corpus callosum 
and the internal capsule between box-
ers and nonfighting groups (12,13).

However, it is still unclear if there 
is an imaging biomarker that (a) can 
allow prediction of cognitive impair-
ment in active fighters, (b) can be re-
lated to neuropyschologic test scores, 
and (c) can be used objectively to 
study the progression of brain damage 
relative to the exposure to fighting in 
subjects with repetitive head trauma. 
MR imaging has been proven to be the 
choice of neuroimaging modality for 
detection of subtle structural changes 
emanating from traumatic brain injury. 
Exploring the information from multi-
ple MR imaging modalities in a multi-
variate rather than a univariate sense 
and combining them (eg, structural T1-
weighted and diffusion-tensor imaging) 
to search for imaging biomarkers that 
can allow differentiation of cognitively 
impaired from nonimpaired fighters 
will advance scientific understanding 
of brain injuries due to repetitive head 
trauma. A comprehensive longitudinal 
analysis of the imaging biomarkers, if 
any, identified by combining structural 
and diffusion MR imaging and investiga-
tion of how these biomarkers relate to 
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Advances in Knowledge

 n Multivariate analysis with struc-
tural and diffusion MR imaging 
allowed seven imaging bio-
markers associated with cogni-
tive performance in active male 
professional fighters to be identi-
fied: fractional anisotropy of the 
forceps major, fractional anisot-
ropy of the inferior longitudinal 
fasciculus, left cerebellum white 
matter volume, right hemispheric 
cortical volume, left thalamic 
volume, right pallidum volume, 
and right rostral anterior cingu-
late thickness.

 n Fractional anisotropy of the infe-
rior longitudinal fasciculus had a 
significant positive relationship 
(P = .04, d = 0.16) with psycho-
motor speed in nonimpaired 
fighters, but no association was 
observed in impaired fighters.

 n Fractional anisotropy of the for-
ceps major (P = 8.8 3 1027, d = 
0.34) and fractional anisotropy of 
the inferior longitudinal fascic-
ulus (P = .03, d = 0.17) had a 
significant negative relationship 
with years of fighting in impaired 
fighters.

 n A significant difference was 
observed between the impaired 
and nonimpaired groups in the 
association of fractional aniso-
tropy in the forceps major with 
number of fights (P = .03, d = 
0.38) and years of fighting (P = 6 
3 1028, d = 0.63).

Implication for Patient Care

 n Structural and diffusion-weighted 
MR imaging in conjunction with 
multivariate analysis may yield 
imaging biomarkers of early 
brain damage related to cognitive 
decline in subjects with repeated 
head trauma.

Active professional fighters are ex-
posed to repetitive head trauma, 
which has been shown to be a 

risk factor for neurodegenerative dis-
orders such as depression and chronic 
traumatic encephalopathy (1,2). Mag-
netic resonance (MR) imaging studies 
in patients with mild traumatic brain 
injury (eg, veterans, fighters, and foot-
ball players) have shown both an in-
crease and a decrease in gray matter 
volume in the right fusiform gyrus, ven-
tromedial prefrontal cortex, and thala-
mus (3–8). Similarly, diffusion-tensor 
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Appendix E1 (online) has data on the 
female fighters. Hence, only 20 con-
trol subjects, 91 impaired fighters, 
and 182 nonimpaired fighters were in-
cluded for our main baseline analysis 
and six control subjects, 17 impaired 
fighters, and 39 nonimpaired fighters 
were included for follow-up analysis. 
The breakdown of fighters into box-
ers, mixed martial artists, and others 
at baseline and follow-up is shown in 
Figure E1 (online). The neuropsy-
chological scores throughout various 
groups at baseline and follow-up are 
tabulated in Tables 1 and 2. Figure 1  
shows a flowchart of the subjects in-
cluded and distribution of the subjects 
at baseline and follow-up.

MR Imaging Data Acquisition and 
Processing
A 3-T MR imaging unit (Verio; Sie-
mens) with a 32-channel head coil was 
used to acquire structural three-di-
mensional T1-weighted magnetization-
prepared rapid acquisition gradient-
echo images (repetition time msec/
echo time msec, 2300/2.98; resolu-
tion, 1 3 1 3 1.2 mm3) and 71 direc-
tions diffusion-weighted MR imaging 
data (7000/91; resolution, 2.5 3 2.5 3 
2.5 mm3; diffusion weighted b value, 
1000 sec/mm2; number of non–dif-
fusion weighted images [b0] for each 

fighters was segregated into impaired 
and nonimpaired groups by using neu-
ropsychological tests that measured 
cognitive performance with a comput-
erized battery of tests (16) including 
processing speed and psychomotor 
speed. Processing speed was measured 
by counting total correct symbols on a 
Digit Symbol Coding task, and psycho-
motor speed was measured by combin-
ing Digit Symbol Coding result and aver-
age Finger-Tapping test result for each 
hand. The subject-level clinical scores 
were standardized by converting to z-
score values. By using the information 
from standardized processing speed 
and standardized psychomotor speed 
tests, fighters with scores for both tests 
that were at least 2 standard deviations 
below the mean (17) were classified 
as impaired fighters. The remaining 
fighters formed the nonimpaired group. 
This criterion yielded 95 impaired 
fighters (four women) and 202 nonim-
paired fighters (20 women) at baseline 
and 17 impaired fighters (all men) and 
45 nonimpaired fighters (six women) 
at follow-up. All female subjects (both 
control subjects and fighters) were ex-
cluded from the main analysis because 
there are known regional differences 
in male and female brain morphology 
(18) and because there were no female 
impaired fighters at follow-up; however, 

control subjects (one woman) with no 
fighting experience were recruited at 
our center through advertisements be-
tween 2011 and 2015. Sixty-two pro-
fessional fighters (six women) and six 
control subjects (all men) returned for 
follow-up imaging. The median differ-
ence between baseline and follow-up 
imaging was 1.12 years. All subjects li-
censed for professional boxing or mixed 
martial arts who were fluent in English 
and willing to consent to apolipoprotein 
E genotyping and other DNA analysis 
were included as professional fighters. 
Fighters with a sanctioned competition 
within 45 days of the visit were excluded 
(14). Control subjects were required 
to not have participated in contact 
sports such as rugby, football, hockey, 
soccer, or rodeo at the high school 
level or higher. Comprehensive infor-
mation about sex, age, race, years of 
education, family and medical history, 
and amateur and professional fighting 
records such as number of fights and 
years of fighting were recorded for each 
subject at both baseline (Table 1) and 
follow-up (Table 2).

Neuropsychological Data Assessment
Neuropsychological measurements have 
shown impairment in memory and ex-
ecutive function due to boxing (15). 
Hence, the cohort of the professional 

Table 1

Detailed Information of Subjects at Baseline

Baseline Variable Control Subjects 

Fighters P Values

Impaired Fighters Nonimpaired Fighters
Control Subjects vs  
Impaired Fighters

Control Subjects vs  
Nonimpaired Fighters

Impaired vs  
Nonimpaired Fighters 

No. of subjects 20 91 182
Age at imaging (y) 29.95 6 8.47 29.38 6 5.99 28.99 6 5.61 .91 .66 .9
Education (y) 14.45 6 2.67 13.17 6 2.29 13.92 6 2.49 .03 (0.2) .32 .03 (0.14)
No. of fights NA 13.16 6 11.25 13.85 6 13.93 NA NA .61
Years of fighting NA 5.96 6 4.36 5.29 6 4.15 NA NA .15
Processing speed  

subject score* 
64.05 6 18.12 41.33 6 8.31 57.42 6 7.13 3.4 3 1028 (0.52) .01 (0.23) 7.5 3 10233 (0.72)

Psychomotor speed  
subject score† 

195.7 6 27.66 153.79 6 16.79 180.41 6 16.21 1.4 3 1028 (0.54) .003 (0.21) 6 3 10224 (0.61)

Note.—Unless otherwise indicated, data are means 6 standard deviation. Data in parentheses are effect sizes. Effect size is only shown for significant (P , .05) differences. NA = not applicable.

* Total correct minus number of errors on symbol digit coding test.

† Total correct on symbol digit coding test plus average finger tapping test result on each hand.
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Classifier Design and Predictive Analysis

Figure 2a shows the distribution of 
fighters who were included for classi-
fication at baseline, and Figure 2b 
shows a brief schematic of the post-
processing pipeline. Postprocessing of 
T1-weighted MR imaging and diffusion-
weighted imaging data yielded 309 fea-
tures for each subject. Demographic 
features such as years of education, 
number of fights, years of fighting, race, 
age, and ethnicity were added as pre-
dictors of interest, resulting in a total 
of 315 features for each subject. Sam-
ples from each group (impaired and 
nonimpaired fighters) were divided into 
training (60%; 110 of 182 nonimpaired 
and 55 of 91 impaired fighters), valida-
tion (20%; 36 of 182 nonimpaired and 
18 of 91 impaired fighters), and testing 
(20%; 36 of 182 nonimpaired and 18 of 
91 impaired fighters) datasets. Of note, 

diffusivity from the probabilistic WM 
tract atlas from Johns Hopkins Univer-
sity (21), the following procedure was 
used: First, an FA map of all subjects 
was registered to an FA map in Mon-
treal Neurological Institute 152 space. 
Second, axonal, radial, and mean dif-
fusivity maps of each subject were also 
transformed to the Montreal Neuro-
logical Institute 152 space by using the 
registration parameters obtained in the 
previous step. Finally, the four diffu-
sion-derived metrics were extracted for 
unitary volumes of forceps major and 
minor along with nine major bilateral 
WM tracts for each subject in the Mon-
treal Neurological Institute 152 space. 
Mean diffusivity values were also ex-
tracted from 116 gray matter regions 
by using the Anatomical Atlas Labeling 
template (22) in the Montreal Neuro-
logical Institute 152 template space for 
each subject (Appendix E1 [online]).

subject at both baseline and follow-up, 
eight; total imaging time, 15 minutes).

T1-weighted magnetization-prepar- 
ed rapid acquisition gradient-echo im-
aging sequences were preprocessed 
(Appendix E1 [online]) for surface- and 
volume-based analyses by using a semi-
automated “pipeline” in FreeSurfer soft-
ware (version 5.3.0; http://surfer.nmr.
mgh.harvard.edu) (19). By following 
protocols for baseline and follow-up (20) 
measurements in FreeSurfer, we derived 
68 thickness measures and 45 volume 
measures for each subject, yielding 113 
structural features (Table E1 [online]).

Diffusion-weighted images at both 
baseline and follow-up were processed 
with similar steps (Appendix E1 [on-
line]) that yielded 196 diffusion-derived 
features for each subject (Table E2 
[online]). To extract the four diffusion-
derived metrics namely FA, axonal 
diffusivity, radial diffusivity, and mean 

Table 2

Detailed Descriptive Statistics of Subjects Who Underwent a Follow-up Examination

Follow-up Variable Control Subjects 

Fighters P Value

Impaired Fighters Nonimpaired Fighters
Control Subjects vs  
Impaired Fighters

Control Subjects vs  
Nonimpaired Fighters

Impaired vs  
Nonimpaired Fighters

No. of subjects 6 17 39 NA
Age at imaging (y)
 Baseline 30.33 6 8.59 29.88 6 4.14 29.28 6 7.13 .69 .56 .57
 Follow-up 31.33 6 8.59 31.24 6 4.29 30.62 6 7.14 .81 .65 .52
Education (y)
 Baseline 15.67 6 1.86 13.65 6 2 14.18 6 2.33 .04 (0.43) .1 .53
 Follow-up 16.17 6 1.83 14.24 6 1.71 14.46 6 2.4 .04 (0.45) .06 .94
No. of fights
 Baseline NA 11.65 6 9.46 11.89 6 15.39 NA NA .44
 Follow-up NA 12.24 6 9.22 13.77 6 13.94 NA NA .99
Fighting experience (y)
 Baseline NA 5.29 6 3.48 4.7 6 4 NA NA .18
 Follow-up NA 6.29 6 4 4.97 6 3.7 NA NA .61
Processing speed subject 

score*
 Baseline 79 6 15.27 41 6 7.34 57.74 6 7.64 4 3 1024 (0.74) .002 (0.47) 2.5 3 1028 (0.75)
 Follow-up 74.5 6 14.15 41.41 6 5.48 58.69 6 7.87 4 3 1024 (0.74) .01 (0.39) 1.8 3 1028 (0.75)
Psychomotor speed  

subject score† 
 Baseline 214.33 6 28.05 154.29 6 15.04 182.21 6 18.44 4 3 1024 (0.74) .009 (0.39) 3.6 3 1026 (0.62)
 Follow-up 205.33 6 28.05 155.82 6 15.24 184.31 6 18.81 .002 (0.65) .08 6.5 3 1026 (0.6) 

Note.—Unless otherwise indicated, data are means 6 standard deviation. Data in parentheses are effect sizes. Effect size is only shown for significant (P , .05) differences. NA = not applicable.

* Total correct minus number of errors on symbol digit coding test.
† Total correct on symbol digit coding test plus average finger tapping test result on each hand.
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compared with our classifier (compar-
ison results can be found in Appendix 
E1 [online]).

Statistical Analysis
The MR imaging-derived values of the 
imaging biomarkers associated with 
cognitive impairment in the fighters 
were obtained for each subject in the 
three groups at baseline and follow-up. 
Multiple linear regression analysis was 
performed between the features asso-
ciated with cognitive impairment and 
the neuropsychological measures, with 
age, years of education, intracranial 
volume, and race as covariates of no 
interest. A mixed-effects linear model 
of a different slope for every subject 
over time was used to perform statis-
tical analysis of follow-up subjects. Of 
note, the linear regression analysis and 
between-group comparisons at both 
baseline and follow-up were corrected 
for multiple comparisons by using Per-
mutation Analysis of Linear Models, 
or PALM (28). The x2 test was used to 
evaluate for significant differences in 
categorical demographic variables, and 
the Wilcoxon rank sum test was used 
to evaluate for significant differences in 
continuous demographic variables and 
neuropsychological scores. A P value of 
less than .05 was considered to indicate 
a significant difference, and the values 
were reported in the form of means 6 
standard deviations along with the as-
sociated effect size.

Results

Demographics
At baseline, years of education differed 
between control subjects and impaired 
fighters (P = .03, effect size, d = 0.2 for 
all subjects [Table 1]; and P = .04, d = 
0.43 only for a subset of follow-up sub-
jects [Table 2]) and between impaired 
and nonimpaired fighters (P = .03, d 
= 0.14 [Table 1]). Years of education 
was also significantly different between 
control subjects and impaired fighters 
at follow-up (P = .03, d = 0.45 [Table 
2]). Age, number of fights, and years 
of fighting were not significantly differ-
ent among any of the groups at base-
line or follow-up.

separation of impaired and nonim-
paired groups. The classifier obtained 
was further tested on the follow-up 
dataset.

Since there was an uncertainty in 
the classification of fighters into the im-
paired and nonimpaired groups, a val-
idation was performed to address mis-
classification. The group membership 
in the testing dataset was randomly as-
signed and classified by using our classi-
fier. This procedure was repeated 5000 
times to generate a null distribution 
of classification accuracy. Any value 
greater than the 95th percentile of this 
null distribution can be considered un-
biased to group membership (27) with 
a type I error rate (a) of .05. Various 
established state-of-the-art algorithms 
such as random forest, LASSO, support 
vector machines with an RBFN kernel, 
and gradient-boosting classifiers were 

the testing dataset was always indepen-
dent of the training (validation) data-
set. To offset the population imbalance 
among the two groups, sampling from 
a multivariate Gaussian distribution 
(23) was performed to generate 1000 
samples in each group that best explain 
the variance in the original dataset. 
Inverse probability weighting (24) was 
applied to offset class imbalances in 
both groups. A classifier in which we 
combined the least absolute shrinkage 
and selection operator, or LASSO (25), 
and radial basis functional networks, 
or RBFN (26), was developed in-house 
with software (Matlab; Mathworks, 
Natick, Mass) to find the features asso-
ciated with cognitive impairment in our 
cohort of active fighters. This classifier 
with the associated feature set was then 
applied to the baseline test dataset to 
investigate whether the features allow 

Figure 1

Figure 1: (a) Flowchart shows total number of subjects who participated in study and breakdown of these 
subjects into impaired fighters, nonimpaired fighters, and control subject groups. Breakdown of the subjects 
according to sex at baseline and follow-up for each group is also shown. Of note, only male fighters were 
included to design the classifier for separation of impaired and nonimpaired fighters. (b) Bar graph shows 
distribution of male cohort at baseline and follow-up and classification into impaired and nonimpaired fighter 
groups based on standardized clinical scores is shown. Numbers in bar graph represent total number of 
subjects in each group at baseline and follow-up.
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Figure 2

Figure 2: (a) Bar graph shows total impaired and nonimpaired fighters who were included for classification. Subjects in each fighter population were divided 
into training (60%; 110 of 182 nonimpaired and 55 of 91 impaired fighters), validation (20%; 36 of 182 nonimpaired and 18 of 91 impaired fighters), and testing 
(20%; 36 of 182 nonimpaired and 18 of 91 impaired fighters) sets. Training and validation sample set were shuffled 10 times to estimate best training parameters. 
Numbers represent actual number of subjects in each set. (b) Pipeline used to generate features from diffusion-weighted and T1-weighted MR imaging is shown. 
Brief description of classifier for which least absolute shrinkage and selection operator (LASSO) and radial basis functional networks (RBFNs) were used, and imaging 
features associated with cognition in our cohort of active professional fighters, overlaid on Montreal Neurological Institute 152 template, is also shown. AAL = ana-
tomical atlas labeling, MD = mean diffusivity, DTI = diffusion-tensor imaging.
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major (P = 6 3 1028; d = 0.63). No sig-
nificant association (P . .05, Table 5) 
between changes in any of the features 
with either clinical scores or exposure 
was observed in our follow-up cohort of 
control subjects and impaired and non-
impaired fighters.

Discussion

By using both structural and diffusion 
MR imaging in our study, we found a 
set of seven imaging biomarkers that 
correlated with cognition and/or fight-
ing exposure. Unlike authors of previ-
ous studies, we identified structures 
associated with cognition without any 
regional a priori bias (29,30). Post hoc 
analysis of these features at baseline 
not only showed significant group dif-
ferences but also showed a differential 
association with clinical scores and 
exposure to fighting at an individual 
level, suggesting that these features are 
characteristic of an imaging biomarker. 
Moreover, the imaging biomarkers al-
lowed successful differentiation of cog-
nitively impaired fighters from non-
impaired fighters at follow-up, which 
suggests that the combination of these 
imaging biomarkers may provide quan-
tifiable and objective information about 
the progression of cognitive decline due 
to repeated head trauma.

Repeated head injuries have been 
shown to induce both structural and 
functional deficits that include contu-
sion, hemorrhage, and axonal shearing 
that ultimately lead to tissue damage 
and atrophy (31,32). Several animal 
models of head injuries such as weight 
drop (33) and cortical impact injury 
(34) in mice and fluid percussion injury 
(35) in rats have been developed to help 
understand the clinical effects of re-
peated mild traumatic brain injury. Both 
cortical impact injury and weight-drop 
models of repeated mild traumatic brain 
injury have shown widespread cortical, 
cerebellar, and thalamic degeneration, 
along with diffuse axonal injuries of the 
corpus callosum and cerebellar pedun-
cles (31,33,34). These results suggest 
that mild traumatic brain injury is a 
complex disease process rather than a 
single pathophysiologic event (31). Our 

the curve of 0.75. The area under the 
curve is a combined marker of sensitiv-
ity and specificity. Comparative analysis 
with established state-of-the-art classi-
fiers is reported in Table E3 (online) and 
Figure E2 (online). The 95th percentile 
of misclassification accuracy on random 
group assignments from 5000 iterations 
was 64.81% (35 of 54; area under the 
curve, 0.63, which implies that the clas-
sifier is unbiased to group assignments) 
(Fig E3 [online]). At follow-up, the clas-
sifier with the seven imaging biomarkers 
had an area under the curve of 0.72 and 
classification accuracy of 73.21% (41 of 
56) (Table E3 [online]).

Assessment of the Imaging Biomarkers 
with the Clinical Scores
No features were found to have a sig-
nificant mean difference (P . .05) 
between control subjects and nonim-
paired fighters (Table 3). Except for the 
pallidum volume and rostral anterior 
cingulate thickness, all other features 
had a significantly (P , .05, d . 0.2) 
lower value in impaired fighters than 
that in control subjects. The rostral 
anterior cingulate thickness was found 
to be significantly higher (P = .04, d = 
0.34) and all other features were signif-
icantly lower in impaired fighters than 
those in nonimpaired fighters. (P , .05, 
d . 0.2) (Fig 3; Tables 3, 4).

Figure 4 and Table 5 show the re-
lationship of the imaging biomarkers 
with the clinical scores in all groups. 
Control subjects showed a significant 
positive relationship between process-
ing speed and FA of the ILF (P = .01; d 
= 0.18). Nonimpaired fighters showed a 
significant positive relationship of psy-
chomotor speed with FA of the ILF (P 
= .04; d = 0.16). A negative association 
between years of fighting and the FA of 
the forceps major (P = 8.8 3 1027; d 
= 0.34) and FA of the ILF (P = .03; d 
= 0.17) was observed in our cohort of 
impaired fighters. Number of fights and 
FA of the forceps major showed a sig-
nificantly different relationship between 
impaired and nonimpaired fighters (P 
= .03; d = 0.38). Impaired and non-
impaired fighters also showed a signif-
icantly different relationship between 
years of fighting and FA of the forceps 

As expected, there were several dif-
ferences in cognitive scores among the 
groups. For all subjects at baseline, con-
trol subjects had significantly better pro-
cessing speed and psychomotor speed 
than did impaired fighters (P = 3.4 3 
1028, d = 0.52; P = 1.4 3 1028, d = 0.54 
[Table 1]) and nonimpaired fighters (P = 
.01, d = 0.23; P = .003, d = 0.21 [Table 
1]). Impaired fighters had significantly 
worse processing speed (P = 7.5 3 
10233, d = 0.72 [Table 1]) and psycho-
motor speed (P = 6 3 10–24, d = 0.61 
[Table 1]) than did nonimpaired fighters. 
For follow-up subjects at baseline, con-
trol subjects had significantly better pro-
cessing speed and psychomotor speed 
than did impaired fighters (P = 4 3 1024, 
d = 0.74; P = 4 3 1024, d = 0.74 [Table 
2]) and nonimpaired fighters (P = .002, 
d = 0.47; P = .009, d = 0.39 [Table 2]). 
Impaired fighters had significantly worse 
processing speed (P = 2.5 3 1028, d = 
0.75 [Table 2]) and worse psychomotor 
speed (P = 3.6 3 1026, d = 0.62 [Table 
2]) than did nonimpaired fighters.

At follow-up, control subjects 
showed significantly better processing 
and psychomotor speed than did im-
paired fighters (P = 4 3 1024, d = 0.74; 
P = .002, d = 0.65 [Table 2]) and better 
processing speed than did nonimpaired 
fighters (P = .01, d = 0.39 [Table 2]). Im-
paired fighters had significantly worse 
processing speed (P = 1.8 3 1028, d = 
0.75 [Table 2]) and psychomotor speed 
(P = 6.5 3 1026, d = 0.6 [Table 2]) than 
did nonimpaired fighters.

Imaging Biomarkers Associated with 
Cognitive Decline in Professional Fighters
By using the classifier with LASSO and 
RBFN, we found seven imaging bio-
markers related to cognitive impair-
ment in our cohort of active professional 
fighters (bottom panel of Fig 2b). These 
seven features were FA of the forceps 
major, FA of left inferior longitudinal 
fasciculus (ILF), left cerebellum WM vol-
ume, right cortical volume, left thalamus 
volume, right pallidum volume, and right 
rostral anterior cingulate thickness. At 
baseline, the classifier in which LASSO 
and RBFN were used had a classification 
accuracy of 75.93% (41 of 54) (Appendix 
E1, Table E3 [online]) and area under 
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Table 3

Pairwise Comparisons Were Performed for Each Imaging Biomarker between the Groups

Feature

Control Subjects vs Impaired Fighters
Control Subjects vs  

Nonimpaired Fighters Impaired vs Nonimpaired Fighters

P Value Effect Size P Value Effect Size P Value Effect Size

Forceps major FA 8.74 3 1026 0.66 .23 NA 2.53 3 1026 0.62
Left ILF FA 1.2 3 1025 0.66 .14 NA .0001 0.55
Left cerebellum WM volume (mm3) .01 0.47 .43 NA .01 0.41
Right cortical volume (mm3) .001 0.55 .23 NA .004 0.46
Left thalamus volume (mm3) .003 0.52 .21 NA .014 0.4
Right pallidum volume (mm3) .05 NA .91 NA .001 0.49
Right rostral anterior cingulate thickness (mm) .47 NA .95 NA .04 0.34

Note.—Effect size is only shown for significant (P , .05) differences. NA = not applicable.

Figure 3

Figure 3: Boxplots of features identified by using our classifier is shown for every group. Black central dot represents mean, and radius of red circle represents 
standard deviation of each feature. All standard deviations were scaled to same number throughout groups to reflect between-group differences. ∗∗ = Between-
group statistical differences for each feature over respective groups. Imaging biomarkers were overlaid on Montreal Neurological Institute 152 template brain and 
shown at bottom. Name of biomarker is color coordinated with overlaid colors on Montreal Neurological Institute 152 template. Data in boxplots for feature 3 are 3 
104, and data in the feature 4 boxplot are 3 105. ∗∗ 5 corrected P , .05 indicates a significant difference. 
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thickness can indicate both poor and 
better working performance (47). In our 
study, we found that cognitively impaired 
fighters had significantly lower gray mat-
ter thalamic volume, pallidum volume, 
and cortical volume along with lower 
cerebellum WM volume when compared 
with both control subjects and nonim-
paired fighters. We also found a para-
doxically thicker right rostral anterior 
cingulate in impaired fighters compared 
with that in nonimpaired fighters. Al-
though lower thalamic volume has been 
shown to be associated with number of 
fights in both active and retired profes-
sional fighters (4,8), and the lower pal-
lidum volume has been shown to be pos-
itively associated with lower topographic 
memory in healthy adults (48), we did 
not find any of the structural MR imag-
ing biomarkers (volume or thickness) 
associated with any fighting exposure or 
any of the clinical scores in either group. 
This may suggest that the structural im-
aging biomarkers may not be sensitive to 
cognitive impairment due to repetitive 
head trauma when studied in isolation. 
Overall, our findings suggest that the 
imaging biomarkers separating the im-
paired and nonimpaired fighters may be 
responsible for cognitive decline due to 
repetitive head trauma. But the exact role 
of these biomarkers in the development 
of cognitive impairment in subjects with 
repeated head trauma warrants further 
research. Our findings suggest that the 
imaging biomarkers found to be associ-
ated with cognition due to repetitive head 
trauma interact in a multivariate manner, 
and hence, the entire set of imaging bio-
markers must be investigated simulta-
neously by using a multivariate analysis 
to track progression of brain injury due 
to repetitive head trauma.

However, results of our study must 
be interpreted while taking into account 
the following limitations. The number of 
female fighters limited the assessment of 
the imaging biomarkers between sexes. 
Appendix E1 (online) shows the results 
of the evaluation of the imaging bio-
markers in female fighters at baseline. In 
future studies, investigators may sample 
both sexes proportionally in both groups 
and further explore a new set of imaging 
biomarkers that are free from sex bias 

Similar to findings of previous studies 
(42), we also found a significant positive 
association of the FA of the right ILF 
with psychomotor speed in nonimpaired 
fighters and with processing speed in 
healthy control subjects. These find-
ings suggest that the ILF has a strong 
association with higher level executive 
functions. Because this association was 
missing in impaired fighters, this finding 
may reflect fighting-related modifications 
in FA of the ILF. FA of the ILF was found 
to be negatively associated with years of 
fighting in impaired fighters, and a differ-
ential association of years of fighting and 
FA of the ILF was observed between im-
paired and nonimpaired fighters, which 
suggests exposure-related modifications 
among active professional fighters.

Global and regional brain atrophy 
has been reported in neuroimaging stud-
ies of subjects exposed to repetitive head 
trauma, with particular involvement of 
the thalamus, caudate, basal ganglia, pal-
lidum, and putamen (5,6). Postmortem 
studies of boxers have also shown de-
generative foci scattered throughout the 
cerebral and cerebellar gray matter and 
WM accompanied by enlarged ventricles 
(43). Although the underlying mecha-
nism of volume loss is still unknown, it 
has been suggested that reduced volume 
might reflect the loss of neurons (44,45). 
Repetitive head trauma also has been 
shown to be associated with reduced 
cortical thickness (46). However, the 
precise relationship of cortical thickness 
with higher level executive functions is 
still unclear, because greater cortical 

results are consistent with these previ-
ous laboratory findings.

The rotation of the head due to re-
petitive head trauma is suspected to in-
duce shearing of the WM tracts (9,36), 
thereby damaging the WM. FA is the 
normalized measure of the ratio of the 
axonal and radial diffusivity, reflecting 
the degree of anisotropic diffusion. Gen-
erally, higher FA of WM tracts suggests 
preserved integrity of the WM tract. Re-
sults of previous studies in human sub-
jects exposed to repetitive head trauma 
have shown reduced WM diffusivity in 
major WM tracts (7,9,10) accompanied 
by lower FA in the forceps major (37) 
and temporal-occipital WM (38). FA of 
the forceps major, mean diffusivity, and 
radial diffusivity have also been shown 
to be associated with global cognition 
(39,40). Significantly reduced FA of the 
forceps major and left ILF fibers was 
observed in impaired fighters compared 
with that in both control subjects and 
nonimpaired fighters. Furthermore, im-
paired fighters showed a negative asso-
ciation between FA in the forceps major 
and years of fighting and a differential 
association with number of fights com-
pared with nonimpaired fighters. These 
findings may reflect loss of WM tract in-
tegrity in the posterior corpus callosum 
(forceps major) that is consistent with 
results of earlier studies (9,36). The ILF 
(temporal-occipital tract) is involved in 
a plethora of executive functions (41), 
and hence, damage to the WM tracts of 
the ILF may have been responsible for 
cognitive impairment in fighter groups. 

Table 4

Imaging Biomarkers Identified by Our Classifier Related to Cognitive Impairment in 
Our Cohort of Male Professional Fighters

Feature Control Subjects Impaired Fighters
Nonimpaired  
Fighters

Forceps major FA 0.43 6 0.02 0.41 6 0.03 0.42 6 0.02
Left ILF FA 0.38 6 0.01 0.36 6 0.02 0.37 6 0.01
Left cerebellum WM volume (3 104 mm3) 1.57 6 0.21 1.42 6 0.17 1.53 6 0.17
Right cortical volume (3 105 mm3) 2.5 6 0.25 2.33 6 0.21 2.49 6 0.19
Left thalamus volume (3 103 mm3) 8.13 6 0.87 7.45 6 0.88 7.95 6 0.7
Right pallidum volume (3 103 mm3) 1.59 6 0.19 1.49 6 0.19 1.62 6 0.18
Right rostral anterior cingulate thickness (mm) 2.65 6 0.2 2.71 6 0.19 2.65 6 0.18

Note.—Data are means 6 standard deviation.
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we showed that our classifier was unbi-
ased to these group assignments. How-
ever, future studies with sophisticated 
evaluations of cognitive performance 
may be performed to further confirm 
the accuracy of our findings. Follow-up 
evaluations of the imaging biomarkers 
did not reveal similar relationships with 
the clinical scores as those observed 

control subjects and how they differ from 
biomarkers associated with repetitive 
head trauma is beyond the scope of this 
study. Neuropsychological scores associ-
ated with cognition due to repetitive head 
trauma were used to identify impaired 
and nonimpaired fighters. Despite this 
uncertainty in the classification of fighters 
into impaired and nonimpaired groups, 

and are associated with cognitive decline 
due to repetitive head trauma. The con-
trol subjects were not included in the 
training set, because they were only in-
cluded to explore the group differences in 
imaging biomarkers between the fighter 
population and control subjects. Inves-
tigating those imaging biomarkers that 
are associated with cognition in healthy 

Figure 4

Figure 4: Scatterplots show average values for each feature that were extracted for every subject and plotted against processing speed, psychomotor 
speed, and number of professional fights. Impaired fighters are represented by green circles, nonimpaired fighters are represented by blue cross, and 
control subjects are represented by red squares. Regression lines are shown in the same colors as those in the scatterplot for the group. Statistically 
significant regression lines (correlation P , .05) are shown as solid line for every feature. Dashed regression lines were nonsignificant but are shown 
for those features that have a significant differential association among groups.
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Table 5

Family-wise Corrected P Values for Comparison of Imaging Biomarkers and Clinical Scores within and between Groups

Biomarker Forceps Major FA Left ILF FA
Left Cerebellum  
WM Volume

Right Cortical  
Volume

Left Thalamus  
Volume

Right Pallidum  
Volume

Right Rostral  
Anterior Cingulate  
Thickness

Baseline
 Processing speed
  Control subjects .12 .01 (0.18) .56 .52 .95 .98 .83
  Impaired fighters .67 .63 .26 .64 .9 .9 .89
  Nonimpaired fighters .29 .38 .06 .96 .95 .94 .85
   Control subjects vs  

 impaired fighters
.44 .15 .89 .07 .95 .89 .93

   Control subjects vs  
 nonimpaired fighters

.52 .08 .84 .31 .96 .95 .93

   Impaired vs nonimpaired  
 fighters

.9 .96 .97 .34 .88 .65 .98

 Psychomotor speed
  Control subjects .94 .87 .24 .71 .98 .74 .95
  Impaired fighters .24 .32 .97 .97 .42 .96 .95
  Nonimpaired fighters .39 .04 (0.16) .76 .91 .23 .8 .88
   Control subjects vs  

 impaired fighters
.3 .26 .29 .79 .55 .84 92

   Control subjects vs  
 nonimpaired fighters

.5 .11 .51 .54 .52 .9 .95

   Impaired vs nonimpaired  
 fighters

.68 .93 .74 .86 .95 .9 .77

 Number of professional fights
  Impaired fighters .16 .6 .91 .64 .89 .9 .64
  Nonimpaired fighters .12 .67 .71 .96 .88 .29 .15
   Impaired vs nonimpaired  

 fighters
.03 (0.38) .4 .78 .68 .84 .56 .96

 Years of professional fighting
  Impaired fighters 8.8 3 1027 (0.34) .03 (0.17) .97 .8 .43 .79 .72
  Nonimpaired fighters .95 .88 .74 .88 .71 .68 .15
   Impaired vs nonimpaired  

 fighters
6 3 1028 (0.63) .18 .85 .94 .23 .51 .84

Follow-up
 Change in processing speed
  Control subjects .5 .47 .55 .96 .63 .88 .94
  Impaired fighters .35 .32 .92 .63 .41 .65 .95
  Nonimpaired fighters .8 .99 .97 .96 .97 .94 .97
   Control subjects vs  

 impaired fighters
.95 .95 .62 .74 .94 .93 .98

   Control subjectsvs  
 nonimpaired fighters

.41 .65 .74 .97 .71 .97 .98

   Impaired vs nonimpaired  
 fighters

.25 .46 .93 .8 .5 .86 .98

  Change in psychomotor  
 speed

  Control subjects .58 .47 .13 .27 .9 .92 .73
  Impaired fighters .18 .96 .75 .9 .4 .58 .99
  Nonimpaired fighters .98 .79 .7 .98 .9 .96 .56
   Control subjects vs  

 impaired fighters
.13 .63 .69 .35 .76 .85 .84

Table 5 (continues)
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Biomarker Forceps Major FA Left ILF FA
Left Cerebellum  
WM Volume

Right Cortical  
Volume

Left Thalamus  
Volume

Right Pallidum  
Volume

Right Rostral  
Anterior Cingulate  
Thickness

   Control subjects vs  
 nonimpaired fighters

.69 .78 .09 .42 .84 .97 .44

   Impaired vs nonimpaired  
 fighters

.26 .89 .53 .9 .37 .72 .86

  Change in no. of  
 professional fights

  Impaired fighters .27 .41 .75 .97 .67 .97 .96
  Nonimpaired fighters .98 .87 .84 .9 .52 .99 .23
   Impaired vs nonimpaired  

 fighters
.27 .35 .67 .98 .48 .98 .83

  Change in years of  
 professional fighting

  Impaired fighters .75 .75 .92 .93 .17 .98 .97
  Nonimpaired fighters .27 .31 .44 .86 .05 .86 .75
   Impaired vs nonimpaired  

 fighters
.14 .17 .73 .96 .71 .89 .75

Note.—Data are P values and data in parentheses are the effect sizes. Effect size is only shown for significant (P , .05) associations.

Table 5 (continued)

Family-wise Corrected P Values for Comparison of Imaging Biomarkers and Clinical Scores within and between Groups

at baseline. This may have been so be-
cause the sensitivity of neuropsychologic 
scores was significantly poorer than that 
of the imaging-derived measures (49). 
Future studies will be directed toward 
longer term monitoring of the fighters 
and achieving a reduced rate of subject 
drop-out. Future studies also could be 
directed toward investigating the depen-
dence of laterality of the seven imaging 
biomarkers found in our study.

In conclusion, in our study we found 
seven imaging biomarkers to be associ-
ated with cognitive impairment due to 
repetitive head trauma without any a 
priori assumptions. Our results suggest 
that the imaging biomarkers identified by 
using a multivariate analysis can be used 
to detect and track the progression of 
brain damage related to cognitive decline 
in subjects with repeated head trauma. 
However, the imaging correlates of re-
petitive head trauma primarily have been 
investigated in a univariate manner.
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