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Abstract
Traumatic brain injury (TBI) is a common source of functional impairment among athletes, military personnel, and
the general population. Professional fighters in both boxing and mixed martial arts (MMA) are at particular risk
for repetitive TBI and may provide valuable insight into both the pathophysiology of TBI and its consequences.
Currently, effects of fighter weight class on brain volumetrics (regional and total) and functional outcomes are
unknown. Fifty-three boxers and 103 MMA fighters participating in the Professional Fighters Brain Health Study
(PRBHS) underwent volumetric magnetic resonance imaging (MRI) and neuropsychological testing. Fighters
were divided into lightweight (£139.9 lb), middleweight (140.0–178.5 lb), and heavyweight (>178.5 lb). Compared
with lightweight fighters, heavyweights displayed greater yearly reductions in regional brain volume (boxers: bi-
lateral thalami; MMA: left thalamus, right putamen) and functional performance (boxers: processing speed, simple
and choice reaction; MMA: Trails A and B tests). Lightweights suffered greater reductions in regional brain volume
on a per-fight basis (boxers: left thalamus; MMA: right putamen). Heavyweight fighters bore greater yearly burden
of regional brain volume and functional decrements, possibly related to differing fight dynamics and force of
strikes in this division. Lightweights demonstrated greater volumetric decrements on a per-fight basis. Although
more research is needed, greater per-fight decrements in lightweights may be related to practices of weight-
cutting, which may increase vulnerability to neurodegeneration post-TBI. Observed decrements associated
with weight class may result in progressive impairments in fighter performance, suggesting interventions mitigat-
ing the burden of TBI in professional fighters may both improve brain health and increase professional longevity.

Keywords: chronic traumatic encephalopathy; fighting; martial arts; neurodegeneration; neuropsychiatry;
traumatic brain injury; weight class

Introduction
Traumatic brain injury (TBI) is increasingly recognized
as not only an acute injury event but, in some, also as a
progressive neurodegenerative process.1–3 As such, it is
unsurprising that TBI has been observed to influence

neuropsychiatric functioning in the context of neuro-
degeneration, affecting both symptomatic presentation
and clinician evaluation of patients.4,5 In the context
of contact sports, multiple authors have noted neuro-
degenerative changes due to TBI with accompanying
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neuropsychiatric deficits, such as those observed in
chronic traumatic encephalopathy (CTE).6–8 Although
some of the earliest evidence of this was observed in com-
bat sports such as boxing,9,10 similar neurological effects
of repetitive head impacts (RHIs) have been observed in
military personnel and athletes playing football, soccer,
and hockey.11,12 Boxers and mixed martial arts (MMA)
fighters, who regularly receive strikes to the head during
practice and competitions, represent important popula-
tions at risk for developing neuropsychiatric complica-
tions from RHI.6,8,13

Boxing and MMA matches have traditionally utilized
weight classes to separate competitors into different
divisions, such that neither competitor has an unfair
physical advantage during a fight. Although fighters
need not fight at the exact same weight class in each
professional bout, it is uncommon for their fighting
weight to deviate substantially throughout their career.
Previous findings on association between weight class
and injury have been mixed. Higher rates of injury
have been documented in heavyweight Muay Thai14

and MMA15 fighters, whereas other studies showed
no difference in risk of injury by weight in boxing16

and MMA.17 Prior analyses have found differences in
fight dynamics by weight division, such as fewer but
stronger strikes in heavyweight fighters18,19 and more
time spent in high-intensity combat situations in light-
weight fighters.20 However, few studies have examined
the effect of weight class on longitudinal changes subse-
quent to RHI, such as regional brain atrophy, cognitive
decline, and behavioral changes.

The purpose of this study was to investigate the rela-
tionship between weight class and longitudinal neu-
roimaging, cognitive testing, and neuropsychiatric
outcomes among boxers and MMA fighters participat-
ing in the Professional Fighters Brain Health Study
(PFBHS).13 Under the research-guided assumption
that heavier-weight-class fighters sustain a more sub-
stantial burden of RHI, we hypothesized that heavier-
weight-class fighters would have greater reductions in
regional brain volume and worse performance on cog-
nitive and neuropsychiatric measures compared with
lighter-weight-class fighters. Specifically, volumetric de-
cline was predicted to be associated with heavier weight
class in regions previously identified as vulnerable to
volumetric change in TBI and RHI, including the
thalamus, putamen, caudate, amygdala, hippocampus,
lateral ventricles, and anterior/middle/posterior corpus
callosum.21–23 Likewise, functional declines were pre-
dicted to be associated with heavier weight class in

outcomes previously found to be affected by TBI and
RHI, including verbal memory, psychomotor speed,
processing speed, reaction time, daytime sleepiness,
depressive symptoms, and impulse control.24–28

Methods
Study population
Participants were drawn from the PFBHS, a longitudinal
prospective cohort study of professionally licensed boxers
and MMA fighters followed at the Cleveland Clinic Luo
Ruvo Center for Brain Health, Las Vegas, Nevada starting
from 2011, as described previously.13 The study was
approved by the Cleveland Clinic Institutional Review
Board, and participants provided written informed con-
sent. Licensed professional boxers and MMA fighters
were recruited through advertisement on the Nevada
Athletic Commission website and direct correspon-
dence with managers, promoters, trainers, and fighters.

Inclusion criteria included current license in profes-
sional fighting at time of data collection, age ‡18 years,
fourth-grade reading proficiency or greater, fluency in
English or Spanish, and ability to undergo 3-T brain
magnetic resonance imaging (MRI). Exclusion criteria
included history of sanctioned professional or amateur
fight within 45 days of baseline visit; the rationale for
this was to allow time for participants to re-equilibrate
from any acute injuries from matches, such as concus-
sion and contusion, to better characterize chronic
trends in neuroimaging, cognition, and neuropsychiat-
ric symptoms.13 After an initial baseline visit, partici-
pants were re-evaluated annually for at least 4 years,
with each visit occurring at least 45 days after their
most recent sanctioned fight. Demographic informa-
tion and professional fighting history were obtained
from published online records (using online records from
the Boxing Records Archive [BoxRec] official website
for boxing and from SherDog and MixedMartialArts
LLC for MMA). Structural neuroimaging, cognitive,
and other neuropsychiatric outcomes were obtained at
each visit as follows.

Neuroimaging
Brain imaging was performed on all fighters at each
study visit with a MAGNETOM Verio 3-T scanner
(Siemens, Erlangen, Germany) with a 32-channel head
coil. Structural, three-dimensional (3D), T1-weighted,
magnetization-prepared rapid acquisition gradient
echo images were acquired using the following sequence:
repetition time 2300 msec/echo time 2.98 msec; resolu-
tion 1 mm · 1 mm · 1.2 mm. T1-weighted images were
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analyzed with the open-source brain image processing
program FreeSurfer (version 6.0).29 Total brain volume
and volumes of specific brain regions including the thal-
amus, putamen, caudate, amygdala, hippocampus, lat-
eral ventricles, and anterior/middle/posterior corpus
callosum were segmented using FreeSurfer’s automated
full-brain segmentation process following image acquisi-
tion. Only images with a signal-to-noise ratio ‡16 and
identified as having high-quality cortical reconstruction
by FreeSurfer’s quality analysis tools were included for
analysis. This signal-to-noise ratio of 16 was selected
based on pilot observations from randomly selected par-
ticipants demonstrating that no manual corrections
were required with a signal-to-noise ratio ‡16, as previ-
ously reported in this population.30

Cognitive function
Cognitive function was assessed using the CNS Vital
Signs neurocognitive assessment program.31 Results
from verbal memory, finger tapping, symbol digit cod-
ing, and Stroop tests were used to calculate scores in
four neurocognitive domains: verbal memory, psycho-
motor speed, processing speed, and reaction time; the
scores are standardized with a mean of 100 and standard
deviation of 15, with higher scores indicative of better
performance. Additionally, iComet C3 Logix, a tablet-
based application,32 was used to measure processing
speed, simple reaction time, choice reaction time, visual
attention/task switching/neuromotor function (using
Trails A and B tests), and balance (Balance Error Scor-
ing System, BESS). Trails A and B were measured in sec-
onds needed to complete the modules, whereas simple
reaction time and choice reaction time were measured
in milliseconds; greater time is indicative of worse per-
formance. Processing speed was measured as number
of correct responses. BESS score represents the number
of errors committed during balancing tasks, with higher
values indicative of worse performance.

Neuropsychiatric outcomes
The Patient Health Questionnaire-9 (PHQ-9),33 a
nine-question self-report tool, was used to screen for
symptoms of depression, whereas the Barratt Impul-
siveness Scale (BIS-11),34 a 30-item questionnaire, was
used to characterize first order (attention, cognitive
instability, motor, perseverance, self-control, cognitive
complexity) and second order (attentional, motor, non-
planning) components of impulsiveness. The Epworth
Sleepiness Scale (ESS),35 an eight-item questionnaire,
was used to check for problematic somnolence in ev-
eryday situations that may occur in patients with TBI.36

Statistical analysis
Weight class was divided into three categories: light
(£139.9 lb), middle (140.0–178.5 lb), and heavy
(>178.5 lb), whereas fight exposure was operationalized
as total number of professional fights. Comparison of
participant characteristics between boxers and MMA
fighters were performed with chi-squared tests for cat-
egorical variables (weight class, sex, race) and one-way
analysis of variance for continuous variables (number
of fights, years of professional fighting, age, years of ed-
ucation). Multiple linear regression models were used
to evaluate the role of weight class and fight exposure
on changes in regional brain volume, cognition, and
neuropsychiatric outcomes with boxers and MMA
fighters being analyzed separately. The key predictor
variables of interest included in multiple linear regres-
sion modeling included weight class, number of fights,
and their interaction. Age, sex, race, years of educa-
tion, and years of professional fighting were selected
as covariates a priori to control for potential differen-
ces in demographics and fighting experience between
fighters of different weight classes. All multiple linear
regression models were constructed with the light-
weight class (£139.9 lb) as the reference group. In ana-
lyses where regional brain volume was the primary
outcome variable, multiple regression models also
included estimated total intracranial volume as a cova-
riate. All outcome variables of multiple linear regres-
sion models, including regional brain volumes and
cognitive/neuropsychiatric measures, were expressed
in terms of yearly rate of change, calculated by taking
the slope across all visits and accounting for time
elapsed between visits.

Baseline neuroimaging, cognitive, and neuropsychi-
atric measurements were included as covariates in their
respective models of yearly change. All analyses were
performed with the SAS statistical software (version
9.4; SAS Institute Inc., Cary, NC, USA), with the thresh-
old for significance set a priori as a = 0.05. Regarding
demographic differences or where specific directional
hypotheses were present a priori, no statistical correc-
tions for multiple comparisons were performed, consis-
tent with current recommendations in the statistical
literature.37

Results
Participant demographics and characteristics
The study cohort included 53 boxers and 103 MMA
fighters (Table 1). Representation of participants among
weight classes were similar in boxers and MMA fighters,
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with most participants in the middleweight class, fol-
lowed by heavyweight and lightweight classes. There
were no statistical differences between boxers and MMA
fighters regarding number of fights, years of profes-
sional fighting, or age. Male participants constituted
the vast majority (around 90%) of both boxers and
MMA fighters. On average, MMA fighters had a higher
level of education than boxers (median, 14 vs. 12 years,
p < 0.001). There was significant difference in racial
breakdown between boxers and MMA fighters ( p =
0.0094), with greater representation of African-American
participants (32.08% vs. 9.71%) and smaller repre-
sentation of White (30.19% vs. 49.51%) and Pacific
Islander (0.00% vs. 3.88%) participants among boxers
compared with MMA fighters.

Association between weight class
and neuroimaging findings
Multiple linear regression revealed significant associa-
tions between weight class and change in regional
brain volume that differed between boxers and MMA
fighters (Table 2).

� Boxers: Relative to lightweight boxers, heavy-
weight boxers showed greater yearly decrease in
thalamic volume (left thalamus b =�243.10 mm3/
year, p = 0.012; right thalamus b =�253.70 mm3/
year, p = 0.004). A similar effect was seen in
middleweight boxers, although only in the left
thalamus (b =�172.40 mm3/year, p = 0.025).
Middleweight boxers also demonstrated a trend
toward yearly decline in right hippocampus vol-

ume that approached statistical significance (b =
�69.30 mm3/year, p = 0.052). Significant interac-
tion effects were found between weight class
and number of fights regarding left thalamic vol-
ume in heavyweight boxers (b = 9.08 mm3/year/
fight, p = 0.023). This positive effect estimate
reflects greater decrements among lightweight
fighters relative to heavyweights on a per fight
basis.
� MMA fighters: Relative to lightweight MMA

fighters, heavyweight MMA fighters showed
greater yearly decrease in right putamen volume
(b =�141.95 mm3/year, p = 0.005). Middleweight
MMA fighters also demonstrated significant
yearly decrease in right putamen volume (b =
�137.93 mm3/year, p = 0.003) but additionally
showed significant yearly decrease in right hippo-
campus volume (b =�75.60 mm3/year, p = 0.026),
not seen in heavyweight MMA fighters. Like
heavyweight boxers, heavyweight MMA fighters
also demonstrated significant yearly decrease in
left thalamic volume (b =�194.64 mm3/year, p =
0.0369). Significant interaction effects were found
between weight class and number of fights regard-
ing right putamen volume in heavyweight and
middleweight MMA fighters (heavyweight, b =
12.12 mm3/year/fight, p = 0.020; middleweight,
b = 11.92 mm3/year/fight, p = 0.020).

Yearly changes in all other brain regions (caudate,
amygdala, lateral ventricles, anterior/middle/posterior
corpus callosum) were not associated with weight class.

Table 1. Participant Demographics and Characteristics

Demographic characteristic Boxers, n = 53 (33.97%) MMA fighters, n = 103 (66.03%) df Statistic (F/X2) P-value

Weight class, n (%) 2 3.5366 0.171
Light 7 (13.21) 8 (7.77)
Middle 31 (58.49) 51 (49.51)
Heavy 15 (28.30) 44 (42.72)

Number of fights, median (IQR) 15.00 (20.00) 13.00 (16.00) 1 0.00 0.981
Years of professional fighting, Mean (SD) 8.63 (5.02) 8.37 (4.32) 1 0.10 0.750
Age, mean (SD) 34.34 (7.15) 32.87 (4.62) 1 2.39 0.124
Education years, median (IQR) 12.00 (2.00) 14.00 (4.00) 1 15.64 <0.001
Sex, n (%) 1 0.64 0.424

Male 49 (92.45) 91 (88.35)

Female 4 (7.55) 12 (11.65)
Race, n (%) 5 15.23 0.009

African American 17 (32.08) 10 (9.71)
White 16 (30.19) 51 (49.51)
American Indian/Alaskan Native 1 (1.89) 2 (1.94)
Asian 2 (3.77) 4 (3.88)
Pacific Islander 0 (0.00) 4 (3.88)
Other 17 (32.08) 32 (31.07)

df, degrees of freedom; IQR, interquartile range; SD, standard deviation.
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Table 2. Selected Results of Multiple Linear Regression Examining Yearly Change in Neuroimaging, Cognitive,
and Neuropsychiatric Findings

Left thalamus proper Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -172.43 73.92 39 -2.33 0.025 -141.60 86.76 87 -1.63 0.106
Weight[Heavy] -243.10 91.99 39 -2.64 0.012 -194.64 92.66 87 -2.10 0.039
Professional Fights -4.23 2.55 39 -1.66 0.105 -12.07 6.98 87 -1.73 0.087
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 5.09 3.41 39 1.49 0.144 9.91 7.08 87 1.40 0.165
Professional Fights*Weight[Heavy] 9.08 3.84 39 2.36 0.023 9.13 7.16 87 1.27 0.206

Right thalamus proper Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -123.85 66.09 39 -1.87 0.069 88.70 73.94 87 1.20 0.234
Weight[Heavy] -253.71 82.69 39 -3.07 0.004 83.29 79.05 87 1.05 0.295
Professional Fights -3.83 2.31 39 -1.66 0.105 5.68 5.97 87 0.95 0.344
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] -0.75 3.11 39 -0.24 0.812 -6.33 6.06 87 -1.05 0.299
Professional Fights*Weight[Heavy] 6.36 3.52 39 1.81 0.078 -6.11 6.13 87 -1.00 0.322

Right putamen Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] 121.06 99.95 39 1.21 0.233 -137.93 45.69 87 -3.02 0.003
Weight[Heavy] 141.04 125.62 39 1.12 0.268 -141.95 49.00 87 -2.90 0.005
Professional Fights -0.25 3.19 39 -0.08 0.937 -11.98 3.70 87 -3.24 0.002
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 3.18 4.25 39 0.75 0.458 11.92 3.75 87 3.18 0.002
Professional Fights*Weight[Heavy] 1.19 4.88 39 0.24 0.808 12.12 3.80 87 3.19 0.002

Right hippocampus Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -69.30 34.50 39 -2.01 0.052 -75.60 33.41 87 -2.26 0.026
Weight[Heavy] -62.80 42.60 39 -1.47 0.148 -45.10 35.91 87 -1.26 0.213
Professional Fights -1.28 1.22 39 -1.05 0.301 -1.93 2.69 87 -0.72 0.474
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 1.17 1.62 39 0.72 0.473 1.76 2.73 87 0.64 0.522
Professional Fights*Weight[Heavy] 3.28 1.77 39 1.85 0.071 0.49 2.77 87 0.18 0.860

Choice reaction time (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] 23.28 10.72 28 2.17 0.038 19.15 13.43 63 1.43 0.159
Weight[Heavy] 44.88 13.65 28 3.29 0.003 22.99 13.77 63 1.67 0.100
Professional Fights 0.23 0.35 28 0.67 0.509 0.86 1.05 63 0.82 0.415
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] -0.13 0.43 28 -0.30 0.768 -1.07 1.09 63 -0.98 0.330
Professional Fights*Weight[Heavy] -0.57 0.56 28 -1.02 0.318 -1.07 1.07 63 -0.99 0.325

Simple reaction time (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] 8.54 5.72 28 1.49 0.146 -4.53 11.24 63 -0.40 0.688
Weight[Heavy] 19.50 7.53 28 2.59 0.015 -4.36 11.64 63 -0.37 0.710
Professional Fights 0.22 0.20 28 1.10 0.280 0.33 0.89 63 0.37 0.715

(continued)
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Table 2. (Continued)

Simple reaction time (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 0.14 0.24 28 0.59 0.560 -0.26 0.92 63 -0.29 0.776
Professional Fights*Weight[Heavy] -0.27 0.32 28 -0.83 0.412 -0.27 0.91 63 -0.29 0.770

Processing speed (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -5.18 1.81 28 -2.86 0.008 -2.69 1.92 63 -1.40 0.166
Weight[Heavy] -7.16 2.42 28 -2.96 0.006 -2.51 1.98 63 -1.27 0.209
Professional Fights -0.03 0.06 28 -0.46 0.652 -0.10 0.15 63 -0.67 0.503
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 0.01 0.07 28 0.14 0.892 0.11 0.16 63 0.73 0.470
Professional Fights*Weight[Heavy] 0.06 0.10 28 0.57 0.573 0.09 0.16 63 0.55 0.581

Trails A (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -3.04 3.20 28 -0.95 0.349 5.36 1.97 62 2.72 0.009
Weight[Heavy] -6.11 4.25 28 -1.44 0.162 5.11 2.03 62 2.51 0.015
Professional Fights 0.04 0.10 28 0.38 0.707 0.08 0.16 62 0.49 0.623
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 0.09 0.13 28 0.68 0.500 -0.08 0.16 62 -0.51 0.611
Professional Fights*Weight[Heavy] 0.09 0.18 28 0.53 0.600 -0.07 0.16 62 -0.46 0.649

Trails B (iComet C3) Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] 12.09 8.34 26 1.45 0.159 15.85 5.26 59 3.01 0.004
Weight[Heavy] 18.01 10.75 26 1.67 0.106 17.55 5.45 59 3.22 0.002
Professional Fights 0.11 0.28 26 0.40 0.695 0.69 0.41 59 1.67 0.100
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 0.05 0.34 26 0.14 0.891 -0.61 0.43 59 -1.42 0.161
Professional Fights*Weight[Heavy] -0.33 0.47 26 -0.70 0.488 -0.70 0.42 59 -1.64 0.106

PHQ-9 Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -0.16 0.50 42 -0.31 0.755 -1.84 0.80 89 -2.29 0.024
Weight[Heavy] 0.11 0.58 42 0.18 0.857 -1.94 0.83 89 -2.32 0.023
Professional Fights 0.01 0.02 42 0.44 0.665 -0.16 0.07 89 -2.41 0.018
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] -0.01 0.02 42 -0.29 0.770 0.17 0.07 89 2.48 0.015
Professional Fights*Weight[Heavy] -0.01 0.02 42 -0.52 0.608 0.18 0.07 89 2.74 0.007

BIS-11 Boxers MMA fighters

Predictors Estimates SE df t p Estimates SE df t P

Weight[Light] 0 (Ref.)
Weight[Middle] -4.25 1.40 41 -3.03 0.004 1.34 1.86 90 0.72 0.473
Weight[Heavy] -3.86 1.62 41 -2.39 0.022 1.68 1.92 90 0.88 0.383
Professional Fights -0.05 0.05 41 -0.93 0.356 0.16 0.15 90 1.04 0.302
Professional Fights*Weight[Light] 0 (Ref.)
Professional Fights*Weight[Middle] 0.01 0.06 41 0.13 0.900 -0.13 0.15 90 -0.87 0.388
Professional Fights*Weight[Heavy] -0.01 0.07 41 -0.13 0.899 -0.15 0.15 90 -1.00 0.318

Effects of weight class and number of professional fights are presented. Interaction effects between predictor variables are denoted by asterisks (*). Sig-
nificant effects at the p < 0.05 level are bolded. All models presented are corrected for age, sex, race, years of education, and years of professional fighting.

df, degrees of freedom; MMA, mixed martial arts; SE, standard error of the mean.
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Association between weight class
and cognitive function
Distinct patterns of change in cognition attributable to
weight class were also observed among boxers and
MMA fighters (Table 2).

� Boxers: Relative to lightweight boxers, heavyweight
boxers had greater yearly increases in choice reac-
tion time (b = 44.88 msec/year, p = 0.003) and sim-
ple reaction time (b = 19.50 msec/year, p = 0.015)
measured by iComet C3, as well as greater yearly
decrease in processing speed (b =�7.16 correct
responses/year, p = 0.006) measured by iComet
C3; middleweight boxers showed similar trends
in simple reaction time (b = 23.28 msec/year,
p = 0.038) and processing speed (b =�5.18 correct
responses/year, p = 0.008) only.
� MMA fighters: Relative to lightweight MMA

fighters, both heavyweight and middleweight
MMA fighters had greater yearly decrease in
performance on the Trails A and B tests, which
evaluate visual attention, task switching, and neu-
romotor function (heavyweight, Trails A b = 5.11
sec/year, p = 0.015, Trails B b = 17.55 sec/year,
p = 0.002; middleweight, Trails A b = 5.36 sec/year,
p = 0.009, Trails B b = 15.85 sec/year, p = 0.004).

Cognitive findings associated with weight class in
boxers were not seen in MMA fighters, and vice versa.
Yearly changes in other cognitive measures (verbal mem-
ory, psychomotor speed, balance) were not associated
with weight class.

Association between weight class
and neuropsychiatric outcomes
Weight class was also associated with different trajecto-
ries in neuropsychiatric symptoms among boxers and
MMA fighters (Table 2).

� Boxers: Relative to lightweight boxers, both heavy-
weight and middleweight boxers showed yearly
decrease in total impulsivity score on the BIS-11
(heavyweight b =�3.86 points/year, p = 0.022;
middleweight b =�4.25points/year, p = 0.004).
� MMA fighters: Relative to lightweight MMA

fighters, both heavyweight and middleweight
MMA fighters showed yearly decrease of total
score on the PHQ-9 depression screening tool
(heavyweight b =�1.94 points/year, p = 0.023;
middleweight b =�1.84 points/year, p = 0.024).
However, a significant interaction effect was

found between weight class and number of profes-
sional fights, with heavyweight and middleweight
MMA fighters demonstrating exacerbated PHQ-9
score increases with increasing number of fights
relative to lightweight fighters (heavyweight
b = 0.18 points/year/fight, p = 0.007; middleweight
b = 0.17 points/year, p = 0.015).

Neuropsychiatric findings associated with weight
class in boxers were not seen in MMA fighters, and
vice versa. Yearly changes in sleepiness measured
with the ESS were not associated with weight class.

Discussion
This prospective cohort study examined the relation-
ship between weight class and neuroimaging, cognitive,
and neuropsychiatric outcomes among professional
fighters. Of note, an earlier, cross-sectional analysis of
a smaller sample within the PFBHS found no associa-
tion between weight of fighters and baseline regional
brain volume.25 Building on this, the current longitudi-
nal study found temporal trends in structural, cogni-
tive, and neuropsychiatric outcomes that differed by
weight class and type of combat sport. These findings
may suggest that, although weight class was not previ-
ously found to be a determinant of baseline brain
health among professional fighters, it alters the course
of neurodegenerative changes over time as RHIs are
accumulated. Previously reported null findings from
the PFBHS regarding baseline neuroimaging and neu-
ropsychiatric outcomes should be interpreted conser-
vatively given the smaller sample size.

Heavyweight boxers had the greatest yearly decline
in thalamic volume and processing speed, followed by
middleweight boxers, who similarly showed decline
in these measures but to a lesser extent. We previously
found that increased fight exposure is associated with
decreased thalamic volume and processing speed,38

and the presence of the same findings in boxers after
controlling for years of professional fighting and
number of fights may suggest a weight-dependent
mechanism of brain injury. However, in boxers, a sig-
nificant interaction effect between weight class and
number of fights was observed, whereby lightweight
fighters experienced greater decreases in thalamic vol-
umes on a per-fight basis, suggesting additional com-
plexity. This is demonstrated by the positive effect
estimate found for this interaction effect, which indi-
cates these per-fight decrements were observed in light-
weight fighters (the reference group for the present
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analyses) as compared with heavyweights. The finding
of worsening reaction time among heavyweight and
middleweight boxers is consistent with the literature
surrounding these decrements and head injury26,39

and, concerningly, may increase the risk of sustaining
greater burden of TBI in future professional bouts.40

Neuroimaging and cognitive trends disproportion-
ately affecting heavyweights were also seen in MMA
fighters. Like heavyweight boxers, heavyweight MMA
fighters showed greater yearly decline in left thalamic
volume. Heavyweight and middleweight MMA fighters
also demonstrated greater yearly decline in right puta-
men volume, Trails A score, and Trails B score com-
pared with lightweight MMA fighters. Regarding the
right putamen, a significant interaction effect was
also observed whereby lightweights demonstrated vol-
umetric reductions on a per-fight basis. Reduction in
putamen volume has been associated with bimanual
motor impairment,41 which may explain our study’s
concurrent findings of reduced putamen volume and
worsening performance on the Trails A and B tests in
heavyweight and middleweight MMA fighters. These
impairments may produce progressive decrements in
fighter performance in competition, suggesting that in-
terventions aimed at maintaining the brain health of
professional fighters may increase professional lon-
gevity. Mitigation of these decrements may improve
fighters’ ability to defend against future strikes, subse-
quently reducing further functional decrements through
decreased burden of neurological insult.

The association of heavier weight class with greater
decline in regional brain volume and cognitive function
among boxers and MMA fighters, even after control-
ling for number of fights and years of professional
fighting, necessitates consideration of factors such as
fight dynamics and strike force, which may differ by
weight class. Although heavyweight fighters have been
observed to attempt fewer strikes during bouts com-
pared with lightweights,18 individual strikes from heav-
ier fighters bear greater force.19 Both male and female
MMA fighters in heavier weight classes have been
found to have elevated risk for sustaining knock-outs
and technical knock-outs from strikes to the head.42

The finding of yearly decline in regional brain volume
and cognition among heavyweight and middleweight
fighters suggests that the force of individual strikes
may influence post-TBI functional outcomes indepen-
dently from the total number of strikes sustained during
professional bouts. However, as the interaction effects
suggest, this relationship is complex.

In certain regions (left thalamus in boxers, right puta-
men in MMA fighters), lightweight fighters demon-
strated greater yearly reductions in volume on a per-
fight basis. The widespread practice of rapid weight
loss through dehydration and caloric restriction among
professional fighters to meet weight class requirements43

may be more common in lighter-weight-class fighters
and underlie their increased susceptibility to brain injury
with increasing number of official fights. Although
fighters may begin re-feeding and re-hydration imme-
diately after weigh-in, previous studies have found dehy-
dration to be highly prevalent among fighters at the time
of competition.44–46 Dehydration secondary to rapid
cutting of weight may worsen TBI-induced neuro-
trauma,47,48 potentially contributing to the observed
association of lighter weight class with worse outcomes
on a per-fight basis. This effect would likely only persist
during the acute period following dehydration, and
as such would only alter the impact of TBIs sustained
during professional bouts. It has been proposed that
dehydration-induced changes in brain morphology49,50

may alter mechanical cushioning and strain mitigation
provided in part by cerebrospinal fluid within the sub-
arachnoid space and lateral ventricles.47,51,52

Although the exact mechanisms are unclear, the
present findings are consistent with this hypothesis
and highlight the need for future research into the in-
fluence of weight-cutting on the long-term brain health
of professional fighters. It should also be considered
that heavyweights may have more comorbidities (i.e.
diabetes, metabolic syndrome, etc.),53,54 potentially
exacerbating neurodegenerative processes through
pro-inflammatory pathways.55,56 This might contribute
to greater yearly decrements in heavyweights despite
the greater volume of strikes absorbed by lightweights
on a per-fight basis and the possible exacerbations
from effects of weight-cutting. Future work is required
to elucidate these complex relationships.

The finding of greater yearly volumetric decline in the
right hippocampi of middleweight MMA fighters may
reflect propensities for brain injury inherent to middle-
weight fights, such as its combination of quality and
quantity of strikes. Future studies may examine whether
a threshold effect exists for force of strikes in professional
fighting, such that significantly greater risk of brain in-
jury is seen after crossing a certain threshold of force.

Contrary to our hypothesis, we found association of
heavier weight class with yearly improvement in im-
pulsivity (boxers) and depression (MMA) relative to
lightweight fighters. A previous investigation of the
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PFBHS found that decrease in thalamic volume was as-
sociated with lower motor impulsiveness,57 which may
be related to our findings of yearly decline in thalamic
volume and decreased impulsiveness among heavy-
weight and middleweight boxers in this study. Alter-
natively, assuming greater brain injury in fighters of
heavier weight classes, lower self-reported impulsivity
among heavyweight and middleweight boxers may re-
sult from reduced insight and underestimation, which
has been observed not only in moderate to severe trau-
matic brain injury,58 but also in CTE.59

A similar finding was observed for heavyweight and
middleweight MMA fighters, who demonstrated yearly
improvement in depressive symptoms relative to light-
weight MMA fighters despite regional brain volume re-
ductions (left thalamus in heavyweight MMA fighters,
right hippocampus in middleweight MMA fighters)
that have been previously associated with development
of depression following TBI.28 Adding to this, significant
interaction effects suggested that heavyweight and mid-
dleweight fighters experienced greater improve-
ments in depressive symptoms on a per-fight basis.
Since multiple regression models were constructed
with lightweight status as a reference group, the pres-
ence of yearly improvement in impulsivity and depres-
sion among heavy/middleweight boxers and MMA
fighters, respectively, reflects higher risk of develop-
ing behavioral changes among lightweight fighters.
Considering that lightweight fighters may engage in
weight-cutting more often than their heavyweight
counterparts, these findings are consistent with pre-
vious studies demonstrating worsening of concentra-
tion and depressive symptoms among professional
fighters following rapid weight loss.60

However, it should be noted that participants in this
study had not participated in any professional bouts
within 45 days of evaluation, and observed changes
in impulsivity and depression likely do not represent
acute effects of rapid weight loss and dehydration.
Future work may investigate whether intermittent
weight-cutting prior to competitions throughout the
year is associated with long-term development and per-
sistence of these behavioral symptoms after TBI.

Interestingly, the effect of weight class was not consis-
tent between boxers and MMA fighters, with different
decrements in neuroimaging and functional outcomes.
These differences may be due to several distinctions be-
tween the two combat disciplines, such as use of heavier
gloves in boxing, the possible role of ischemic damage
from chokes in MMA, or different training and sparring

regimens. Boxing and MMA also differ significantly in
the range of possible strikes; boxing only allows punches,
whereas MMA may involve additional maneuvers such
as kicks, elbow strikes, takedowns, and grappling,
which introduce an additional layer of complexity
in the assessment of traumatic and ischemic brain in-
jury. Additionally, aerobic exercise is associated with
improvements in neuropsychiatric functioning and
therefore differences in aerobic activity between groups
may confound these relationships.61 Further research is
required to explain these differences and may have the
potential to inform understandings of TBI pathophysi-
ology in combat sports, perhaps with implications
extending to TBI in the general population as well.

A limitation of this study was the combination of
traditional professional fighting weight classes (i.e.,
flyweight, bantamweight, featherweight, lightweight,
welterweight, middleweight, light heavyweight, heavy-
weight) into three weight classes (light, £139.9 lb, mid-
dle 140.0–178.5 lb, and heavy, >178.5 lb) to ensure a
large enough sample size in each group. The current
study also lacked a non-fighting control group that un-
derwent the same tests. Although we controlled for
years of professional fighting and number of fights,
future investigations may also account for time spent
in training, during which fighters may experience re-
petitive head strikes and chokes contributing to CTE.
Although no participants had sanctioned fights within
45 days of study visits, our study did not account for
time since their most recent fight, which may be valu-
able to adjust for in future investigations.

We did not find significant associations between weight
class and performance in any of the four CNS Vital Signs
neurocognitive domains (Supplementary Table S1). Con-
sidering that both CNS Vital Signs and iComet C3 mea-
sured processing speed and reaction time but only results
from the latter were significantly associated with weight
class, future studies may incorporate additional validated
instruments for neurocognitive testing. Further, the lack
of a-priori calculations of sample size in this study may
represent a limitation of this investigation. As such, null
findings of the present study may indicate lack of ade-
quate statistical power as opposed to true null findings.
Lastly, although use of automatic image segmentation
has the advantages of reducing variability due to human
error or other operator factors and improving replicability
of the present study, it may be limited in its ability to con-
trol for intra-participant artifacts. Use of a signal-to-
noise ratio threshold, established using a pilot sample,
likely reduced segmentation error due to noise but it
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cannot be discounted that participants outside of that
pilot sample may represent outliers. Results should there-
fore be interpreted conservatively.

Conclusion
Weight class appears to be an important determinant of
brain health outcomes in professional fighters, although
the relationship is complex and warrants further investiga-
tion. The present results may indicate that heavier weight
class is associated with increased burden of TBI and its se-
quelae, although the practice of weight-cutting may in-
crease burden of TBI among lightweights on a per-fight
basis, during professional bouts. Understanding differen-
tial risks of brain injury among individual weight classes
may help organizing bodies, trainers, and professional
fighters optimize weight-class-specific regulations, training
regimens, and safety equipment.
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