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Abstract

Objective—To examine cognitive function in individuals with traumatic brain injury (TBI), prior 

to and following participation in an aerobic exercise training program.

Design—Pre-post intervention study.

Setting—Medical research center.

Participants—Volunteer sample of individuals (n = 7; Age: 33.3 ± 7.9 years; mean ± SD) with 

chronic non-penetrating TBI (Injury Severity: 3 Mild, 4 Moderate; Time since most current injury: 

4.0 ± 5.5 years) that were ambulatory.

Intervention—12-weeks of supervised vigorous aerobic exercise training performed 3 times a 

week for 30 minutes on a treadmill.

Main Outcome Measures—Cognitive function was assessed using Trail Making Test (TMT-A 

and B) and the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS). 

Sleep quality and depression were measured with the Pittsburg Sleep Quality Index (PSQI) and 

Beck’s Depression Inventory (BDI-II). Indices of cardiorespiratory fitness were used to examine 

the relationship between improvements in cognitive function and cardiorespiratory fitness.

Results—After training, improvements in cognitive function were observed with greater scores 

on the TMT-A (+10.3 ± 6.8; P=.007), TMT-B (+9.6 ± 7.0; P=.011), and total scale RBANS (+13.3 

± 9.3; P =.009). No changes were observed in measures of PSQI and BDI-II. The magnitude of 

cognitive improvements was also strongly related to the gains in cardiorespiratory fitness.
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Conclusion—These findings suggest that vigorous aerobic exercise training may improve 

specific aspects of cognitive function in individuals with TBI, and cardiorespiratory fitness gains 

may be a determinant of these improvements.
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INTRODUCTION

Cognitive impairments among individuals who have sustained a traumatic brain injury (TBI) 

and can have profound effects on quality of life,1 psychosocial outcomes,2 family 

functioning3 and employment status.4,5 More than 50% of patients report cognitive 

problems several years after a major head injury6 and long-term cognitive dysfunction may 

persist even in patients with mild TBI.7

In recent years, aerobic exercise has gained attention for its neuroprotective effects and has 

been studied as an intervention in healthy older adults,8,9 and in those with cognitive 

impairments10–12 and other neurological disorders.13 Aerobic exercise is associated with 

various physiological adaptations that have positive effects on cortical function, including 

angiogenesis and neurogenesis.14 Evidence from animal studies suggests that cognitive 

deficits associated with TBI can be improved following exercise.15–19 In rodents with 

experimentally-induced TBI, better performance on the Morris water maze15–18 and step-

down avoidance task19 was observed when exercised compared to being sedentary. This 

suggested that both learning and memory had improved with exercise. The expression of the 

brain-derived neurotrophic factor was also found to be increased in the hippocampus,15 

which is an area associated with memory and learning.20

Despite encouraging findings in animal models, exercise has not been widely studied in 

individuals with TBI. To our knowledge, only a few prior studies have examined cognitive 

changes in patients with TBI following exercise training. These studies have found cognitive 

performance to either improve21,22 or remain unchanged.23 However, exercise per se was 

not the primary focus of intervention, and vastly different components of exercise were used 

in these studies. This included exercise in a virtual environment,21 at home with an 

audiotape,23 or captured by self-reported exercise habits.22 The varied exercise interventions 

used by previous studies make comparison and interpretation of the findings problematic.

We have previously demonstrated that individuals with chronic non-penetrating TBI were 

able to perform vigorous aerobic exercise training and obtain cardiorespiratory fitness 

benefits with attenuated self-reported fatigue.24 In the current study, a consecutive subset of 

these subjects performed neuropsychological testing prior to and following a vigorous 12 

week aerobic exercise program. It was hypothesized that cognitive function would be 

improved in individuals with TBI following aerobic exercise training.
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METHODS

Written consent was obtained from all subjects prior to study participation. This study was 

approved by the institutional review boards of all participating institutions and registered on 

clinicaltrials.gov (NCT01294332).

Subjects

The inclusion/exclusion criteria for subject enrollment have been reported previously.24 

Briefly, subjects had a non-penetrating head injury of 6 months or greater, were ambulatory 

and had no present contraindications to exercise. Subjects were also sedentary prior to 

enrollment and had not participated in regular moderate to vigorous exercise. A physician 

specializing in TBI performed the history and physical to determine subject eligibility and 

classification of TBI severity using VA/DoD guidelines.25

Study Design

Subjects completed neuropsychological assessments and self-report questionnaires prior to 

performing a treadmill cardiopulmonary exercise test (CPET) to volitional exhaustion. The 

CPET was performed on a treadmill as described previously.24 Following baseline 

assessments, subjects participated in a supervised aerobic exercise training program for 12 

weeks.24 Sessions were conducted on a treadmill 3 times a week, with subjects exercising at 

their target training heart rate range (70 – 80% heart rate reserve) for 30 minutes. All 

baseline assessments were repeated following completion of the training program.

Measures of cardiorespiratory fitness such as peak O2 consumption (VO2), peak work rate 

(WR) and VO2 at the anaerobic threshold (AT-VO2) were collected during the CPET as 

described elsewhere.24 The neuropsychological assessments performed included the Trail 

Making Test (TMT)26 and the Repeatable Battery for the Assessment of 

Neuropsychological Status (RBANS).27 The TMT Part A (TMT-A) measures speed of 

information processing and Part B (TMT-B) measures select aspects of executive 

functioning.28 Demographically corrected T-scores were obtained and adjusted based on 

age, gender and education level.29 The RBANS is a brief screening test that evaluates 

abilities across 5-specific cognitive domains. A total scale index score is derived from the 

domain-specific index scores and higher scores are indicative of better performance. The 

Pittsburg Sleep Quality Index (PSQI)30 was used to measure sleep quality and a score 

greater than 5 was used as a cut-off to indicate significant sleep disturbance.30 The Beck 

Depression Inventory, version 2 (BDI-II)31 was used to measure the severity of symptoms 

related to depression. The presence of depression was indicated by cut-off scores of 19 for 

those with mild TBI, and 35 for moderate to severe TBI.32

Statistical Analysis

Data were analyzed using SPSS version 21a. The neuropsychological assessments, 

cardiorespiratory fitness measures and questionnaires were compared using a paired sample 

t-test. A Pearson correlation was also performed between the main outcomes of the CPET 

and neuropsychological assessments. Significance was set at P < .05. Data are presented as 

mean ± one standard deviation (SD).
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RESULTS

Nine subjects enrolled in the study and performed baseline neuropsychological testing prior 

to beginning the exercise program. As previously reported,24 two of the subjects were 

administratively withdrawn from the study due to pregnancy (n=1) and for non-compliance 

(n=1). Complete data was available and analyzed for the 7 remaining subjects.

Characteristics of the subjects that completed participation are shown in Table 1. Subjects 

demonstrated high adherence to the 12 week training program (93% ± 5% attendance) and 

were able to average between 74% and 80% of their target training heart rate (78% ± 3%). 

Exercise was performed at or above their target heart rate range for 99% ± 2% of the aerobic 

exercise time. Due to personal schedules and highly flexible session availabilities, subjects 

rarely exercised together with other subjects in this study. The supervised nature of the 

program resulted in significant interaction with research personnel. There were no serious 

adverse events reported during this study, however minor lower limb musculoskeletal 

injuries were observed, which was expected in sedentary individuals participating in an 

exercise program.33 Cardiorespiratory fitness was improved following the aerobic exercise 

training program, indicated by greater peak VO2 (+2.2 ± 2.3 ml/min/kg; P = .044), peak 

work rate (+72 ± 47 W; P = .007) and VO2 at AT (+2.8 ± 1.8 ml/min/kg; P = .006).

Table 2 displays results of the neuropsychological assessments and self-report 

questionnaires, with correlations for changes in cognitive outcomes and indices of 

cardiorespiratory fitness shown in Figure 1. The standardized t-scores for the TMT was 

significantly higher after exercise training, with improvements of 25% ± 18% (P = .007) and 

26% ± 24% (P=.001) observed in TMT-A and TMT-B, respectively. Compared to baseline, 

an increase of 15% ± 10% (P =.009) in the total RBANS scale was observed after training 

indicating significant improvement in overall cognitive function. A significant improvement 

in 3 of the 5 specific domains related to visuospatial/constructional, language and delayed 

memory were also observed after exercise training. There were no changes in the PSQI and 

BDI-II total scores following exercise training. Significant correlations were observed for 

the change in peak VO2 and RBANS total scale (r = .831, P = .020), change in peak WR and 

TMT-A (r = −.786, P = .036), and change in AT-VO2 and TMT-B (r = −.867, P = 0.011).

DISCUSSION

Following participation in a supervised vigorous aerobic exercise training program, 

individuals with TBI showed significant improvements in cognitive function. These 

improvements were observed in the domains of processing speed, aspects of executive 

functioning, as well as overall cognitive function. The lack of change in self-reported 

measures of sleep quality and symptoms of depression suggest that improvements in 

cognition were primarily related to aerobic exercise training. Indicators of cardiorespiratory 

fitness were strongly related to aspects of cognitive function. Overall, the results of this 

study suggest that in these individuals with TBI, exercise-induced improvements in 

cognitive function could be gained from participation in vigorous aerobic exercise training. 

The magnitude of these improvements may also be influenced by the degree to which the 

cardiorespiratory system adapts to training.
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The effect of aerobic exercise training on cognitive function in individuals with TBI has not 

been sufficiently studied, with only 3 previous studies on this topic identified.21–23 

Unfortunately, all three studies used different methods of exercise for the training 

intervention, thus precluding an accurate comparison of their results. Nevertheless, two21,22 

of the three studies reported improved cognitive function following participation in light to 

moderate intensity exercise, thus supporting the concept that cognition was modifiable with 

exercise in individuals with TBI. The current study utilized vigorous exercise intensity with 

a longer program length than previous studies, finding not only improvements in cognitive 

function but also a strong association between these improvements and increases in 

cardiorespiratory fitness. Thus, these results support the existence of physiologically 

adaptable mediators or moderators of cognitive improvement in individuals who have TBI.

In individuals with TBI, sleep disturbance and depression can negatively affect cognitive 

performance.34,35 Pharmacological treatment of depression appears to improve cognitive 

performance.36 The subjects in this study did not report significant sleep abnormalities or 

symptoms of depression at baseline, and changes in sleep quality or depression scores were 

not observed following exercise training. This supports the contention that improvements in 

cognitive function in this study were not related to changes in sleep quality or depressive 

symptoms.

The strong association between the improvements in cardiorespiratory fitness and cognitive 

function was similar to previous observations in older adults37 and patients with stroke.38 

Since gains in cardiorespiratory fitness are directly related to training intensity and 

frequency,39 more vigorous exercise training may offer greater improvements in cognition. 

There are currently no specific exercise prescription criteria for eliciting optimal cognitive 

improvements. The exercise regimen used in this study followed recommendations for the 

general population for improving cardiorespiratory fitness40 and was targeted at the middle 

to upper limit of the recommended range. The exercise-training regimen was well tolerated 

by the participants, with no serious adverse events.24

Study Limitations

First, the absence of a control arm and lack of randomization makes it unclear as to the 

extent spontaneous recovery may have contributed to improvements in cognition. The rate 

of cognitive recovery in individuals with TBI is largely dependent on the severity of their 

injury. For example, recovery generally occurs within 3 to 6 months in those with mild TBI, 

but may take up to 5 years for more severe injuries.7 The subjects in this study had mild to 

moderate TBI but the window of time since injury was between 4 months and 13 years. Of 

note, the two subjects that were several years past their injuries appeared to gain as much 

cognitive improvement as those who were less than one year.

Secondly, the number of subjects enrolled was small and this limits our ability to generalize 

our results. Our subjects had generally fewer depressive symptoms and sleep disturbance 

than might ordinarily be observed in a typical cohort of individuals with TBI. This may have 

prevented measurable changes from being further observed (i.e., floor effects). Given that 

depression and sleep dysfunction adversely affects cognitive performance,34,35 more 

symptomatic subjects might respond even more favorably to exercise training.
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Thirdly, the social interaction that occurs with participation in an exercise program was not 

controlled or accounted for in this study. This may also have contributed towards the 

observed cognitive improvements. Previous studies have shown that greater social 

engagement in the form of support and relationships are associated with better cognitive 

function in older adults and may be protective against cognitive decline.41 However, the 

strong correlation between cognitive performance and cardiorespiratory fitness suggest that 

the role of cardiorespiratory fitness gains were a major contributor to cognitive 

improvements, explaining for as much as 75% of the variance.

Lastly, it is hard to speculate how more cognitively impaired subjects might respond to 

exercise intervention. Subjects in the present study were highly educated (average education 

level of 17 years), with 4 of the 7 subjects scoring average or better on cognitive 

assessments at baseline. Therefore, the ceiling effect of the cognitive testing instruments,42 

together with the subject’s relatively high level of baseline functioning may have limited the 

ability to fully detect the magnitude of change as a result of the training regimen, and 

subsequent impact on the individual’s functional performance.

CONCLUSION

Aerobic exercise training was found to improve cognitive function in this small group of 

individuals with non-penetrating TBI. Exercise-induced improvements were observed in 

aspects of executive functioning, processing speed and overall cognition. Improvements in 

cognitive function were related to increases in cardiorespiratory fitness. These findings are 

encouraging and demonstrate the need for larger randomized trials aimed at further 

characterizing the relationship between cardiorespiratory fitness and cognitive function in 

individuals who have TBI, and the degree to which cognitive deficits are modifiable through 

an exercise intervention.
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BDI-II Beck’s Depression Inventory Version 2

CPET Cardiopulmonary Exercise Test
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TMT-A Trail Making Test Part A
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VO2 O2 consumption
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Highlights

• Cognitive function was examined in persons with TBI before and after exercise 

training

• Supervised aerobic exercise training was performed for 12 weeks on a treadmill

• Improved cognitive function was observed following exercise training

• Improvements in cognition were related to changes in physical performance 

measures
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Figure 1. 
The relationship between changes in cognitive function (TMT-A, TMT-B, RBANS) and 

cardiorespiratory fitness (peak VO2, peak WR, AT-VO2) following aerobic exercise training 

are shown for all subjects. TMT Part A and B are shown in seconds, where better 

performance is indicated by less time taken to complete the task. Bold values indicate 

significant correlations (P <.05).

Chin et al. Page 11

Arch Phys Med Rehabil. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chin et al. Page 12

T
ab

le
 1

Su
bj

ec
t C

ha
ra

ct
er

is
tic

s

Su
bj

ec
t

G
en

de
r

A
ge

 (
ye

ar
s)

B
M

I 
(k

g/
m

2 )
T

B
I 

Se
ve

ri
ty

*
T

im
e 

Si
nc

e 
M

os
t 

C
ur

re
nt

 I
nj

ur
y 

(y
ea

rs
)

E
du

ca
ti

on
 (

ye
ar

s)

1
M

35
23

M
od

er
at

e
1.

0
14

2
F

42
25

M
od

er
at

e
1.

1
16

3
F

29
31

M
od

er
at

e
13

.8
18

4
F

34
24

M
ild

9.
9

16

5
M

23
22

M
ild

0.
3

18

6
F

44
19

M
ild

1.
1

20

7
F

26
21

M
ild

0.
6

16

M
ea

n
(±

SD
)

33
.3

(7
.9

)
23

.6
(3

.8
)

4.
0

(5
.5

)
16

.9
(2

.0
)

M
, m

al
e;

 F
, F

em
al

e;
 B

M
I,

 B
od

y 
M

as
s 

In
de

x;

* T
B

I 
se

ve
ri

ty
 a

s 
de

fi
ne

d 
by

 V
A

/D
oD

 (
D

ep
ar

tm
en

t o
f 

V
et

er
an

s 
A

ff
ai

rs
/D

ep
ar

tm
en

t o
f 

D
ef

en
se

) 
C

lin
ic

al
 P

ra
ct

ic
e 

G
ui

de
lin

es
.2

5

Arch Phys Med Rehabil. Author manuscript; available in PMC 2016 April 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Chin et al. Page 13

Table 2

Results of the Neuropsychological Assessments and Self-Reported Questionnaires at Pre- and Post-Aerobic 

Exercise Training

Pre Post Δ p-value

Neuropsychological Assessments

TMT t-score

 Part A 46.9 (15.9) 57.1 (14.4) +10.3 (6.8) 0.007

 Part B 49.6 (16.7) 59.1 (11.4) +9.6 (7.0) 0.011

RBANS Index Score

 Immediate Memory 94.9 (18.7) 103.6 (13.9) +8.7 (20.2) 0.298

 Visuospatial/Constructional 85.0 (16.6) 97.0 (16.8) +12.0 (7.2) 0.004

 Language 95.3 (17.3) 107.7 (15.6) +12.4 (12.9) 0.043

 Attention 101.0 (17.5) 104.3 (21.1) +3.3 (12.1) 0.499

 Delayed Memory 93.0 (10.6) 103.4 (11.8) +10.4 (5.7) 0.003

 Total Scale 92.0 (17.3) 105.3 (19.7) +13.3 (9.3) 0.009

Self-report Questionnaires

PSQI total score 4.6 (1.4) 3.7 (2.5) −0.9 (1.7) 0.225

BDI-II total score 7.7 (7.3) 4.6 (4.3) −3.1 (4.9) 0.139
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