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Abstract

This study is to examine the effects of a 12-session moderate intensity-interval-training program with blood flow restriction
(BFR) and body cooling (BC) on people who have had persistent post-concussive symptoms (PPCS) for <1 year. A single-
blind randomized controlled trial of interval-training exercise with BFR and BC was conducted. Twenty-five adults with PPCS
were assigned to the experimental group (n=14) or the control group (n=11). Both groups rode a recumbent elliptical
machine for 21 min at moderate intensity (65% predicted maximum heart rate) twice a week for 6 weeks, but only the
experimental group received BFR and BC while riding. The variances of overall PPCS scale scores and their sub-domain
scores for individuals during the 6-week intervention and 6-week follow-up period were calculated. During the intervention,
the fluctuation of overall symptom severity, severity in the cognitive domain and severity in the mood domain were
significantly less in the experimental group (p=0.03; p=0.02; p=0.02). During the follow-up period, the number of
symptoms remained more stable in the experimental group (p=0.02), and a trend toward less fluctuation of symptom severity
(p=0.05) was also observed. The reduced number of symptoms in the cognitive and sleep domains remained more stable in
the experimental group following the intervention (p=0.007; p=0.02). The severity of mood and sleep symptoms also
remained more stable during the follow-up period in the experimental group (p=0.04). More stable recovery was found in
individuals who exercised using BFR and BC than in those who underwent exercise without BFR and BC. Moderate intensity-
interval-training exercise with BFR and BC alleviated post-concussive symptoms in people who have had PPCS <1 year.
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Introduction activity could produce lower symptom scores and that a program
implementing progressive physical activities could be beneficial for
CONCUSSION or a mild traumatic brain injury presents a large  those with PPCS.%®
risk to public health with 1,600,000-3,800,000 occurrences There is extensive evidence demonstrating that exercise pos-
per year in the United States.! Most concussions are resolved within ~ sesses many health benefits. The protective and therapeutic ef-
7-10 days; however, 10-30% of patients remain symptomatic for fects of exercise are related to the impact of exercise on the
weeks to years. These symptoms are known as persistent post- autonomic nervous system (ANS), which leads to improved au-
concussive symptoms (PPCS).>® Trauma to the brain during a  tonomic functions and cardiovascular functions.” Studies also
single or multiple concussive events can cause damage to neurons, showed the rapid beneficial effect of exercise on neuroplasticity,
with cell death initiated from stretching of the cell membranes and  neuronal functions, attenuating cognitive impairments, and reduced
axons,® resulting in complex symptoms affecting physical, emo-  dementia risk in humans. These results are potentially caused by
tional, cognitive, and/or social functioning.” Conventional concus-  increased brain-derived neurotrophic factor (BDNF) concentration
sion management recommends rest directly after injury until the level induced by exercise, which has been reported as early as 5-6
patient is asymptomatic without medicine, and the concussion is  weeks after initiation of aerobic exercise.' The beneficial effects of
resolved.>®7 Although abstaining from physical and cognitive ac-  exercise on the ANS through ANS adaptations and neuronal func-
tivities has been the traditional treatment strategy, the American tions through neuroplasticity might be germane to concussion or
Academy of Neurology has acknowledged that a return to moderate ~ PPCS intervention.'%"!
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Although exercise can be beneficial for brain health, it might
pose a challenge to people with concussions. PPCS manifest in a
variety of ways in patients, and the symptoms can be triggered or
worsened by certain events for those individuals. Patients fre-
quently describe that they have good days and bad days, or that
symptoms come and go but rarely disappear forever. The worsen-
ing symptoms can be the result of the suboptimal way that the brain
uses its resources and available oxygen,'? as well as the altered
functional pathways to relay information.'* Symptom fluctuations
can also be caused by brain disturbances after physical activities. It
has been suggested that delayed symptom exacerbation in patients
with PPCS over time, after participation in a graded exercise test,
may occur, and that subjective symptom reporting, the most com-
monly used clinical measure, should be used for follow-up.'#~'®
Therefore, a modality that allows people with PPCS to exercise
with no symptom exacerbations before experiencing benefits, in the
other words, that allows a stable recovery, will have a significant
impact on PPCS recovery.

Exercise intolerance with exacerbation of PPCS may prevent
people with unresolved concussions from staying physically active or
performing sufficient exercise to receive the exercise-induced health
benefits.'®!” Several recent approaches, such as interval-training
exercise and blood flow restriction (BFR), have attracted attention
from researchers and clinicians because of their efficiency in gener-
ating beneficial health outcomes when compared with conventional
exercise protocols.'® ' Interval training consists of several short
bouts of exercise with passive or active rests between each bout at
various ratios of exercise bouts to rest intervals.?* Studies have shown
that interval training, but not energy-matched continuous training,
increased the nuclear peroxisome proliferator-activated receptor
gamma co-activator 1-alpha (PGC-1a) level and total PGC-1o con-
tent in muscles.”*** PGC-1 is linked to many health benefits in-
cluding cardiac functions and endurance.? Fluctuations in adenosine
triphosphate (ATP) turnover during interval training activating sig-
naling pathways might account for this increase in PGC-1« following
interval training.® BFR is another popular form of exercise, which is
applied often with resistance training. BFR works by restricting blood
flow to working muscles during exercise, producing hypoxic condi-
tions and forcing the body to utilize anaerobic metabolism of glucose,
causing increased lactate levels in the blood.>’° With elevated
plasma lactate concentrations, lactate becomes a significant fuel
source for the brain, providing up to 33% of the brain’s energy re-
quirements.*** Lactate metabolism also provides neuroprotection
for brain health.***> Further, the hypoxia environment created by
BFR might also induce upregulation of BDNF, which promotes brain
health and PPCS recovery, as blood BDNF levels and BDNF gene
expression are enhanced not only by physical activity but also in
response to hypoxia.>**' An oxygen deficit caused by intermittent
hypoxia induces an increase in hypoxia-inducible factor (HIF-10))*
that modulates BDNF gene expressions.> All those potential mech-
anisms suggest that BFR and interval training might be helpful for
PPCS recovery. The safety of using BFR has been tested, and it has
been shown to present no risk to the participants,?>® as is also the
case with interval training.?!

Cerebral blood flow is one essential mediator for dissipating heat in
the brain in addition to the heat capacity of the blood and the arte-
riovenous blood temperature difference. Studies using an arterial spin
labeling perfusion functional magnetic resonance imaging technique
have shown that people with mild traumatic brain injury demonstrated
reduced cerebral blood flow compared with controls.*** Even in
controls, reduced global cerebral blood flow during higher intensity
exercise was observed.*> Therefore, exercise potentially imposes a
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challenge for people with PPCS because of unmet blood (oxygen)
demand for cerebral metabolism, and may increase the temperature in
the brain (lacking heat dissipation through blood circulation). With the
body cooling (BC) modality, we might be able to minimize the im-
pacts of exercise-induced heat production on brain functions. In ad-
dition, BC is also thought to create an environment favorable for
lactate production.*® In other words, exercise under BFR and BC
triggers physiological responses at a relatively low intensity.

Because of the aforementioned benefits of BFR and interval
training, and considering strategies to alleviate hyperthermia in the
brain, the combination of interval training exercise with BFR and
BC, in theory, enables people with PPCS to better tolerate the
exercise and receive its benefits because desired changes can be
accomplished at lower intensities. We believe that this concept
requires further investigation. Therefore, in this study, we aimed to
first demonstrate the safety of exercise intervention in the PPCS
population. We then compared the outcomes of interval-training
exercise using the conventional recumbent elliptical machine to the
outcomes of the same exercise but with BFR and BC. We hy-
pothesized that using BFR and BC could alleviate PPCS in par-
ticipants in a more favorable way (fewer symptom fluctuations)
than the same exercises without using BFR and BC.

Methods
Participants

A convenience sample of 25 adults with PPCS, recruited from
aregional medical center, were assigned randomly to the exercise
(control) group or the exercise with BFR and BC (experimental)
group. Consecutive assignment through random permutation
was used to allocate the recruited participants to the groups.
Table 1 depicts the characteristics of participants in both groups
who completed the study. Inclusion criteria for this study were (1)
being diagnosed with PPCS because of having had a concussive
event within the past year, (2) with modified Somatic Perceptions
Questionnaire score <10, (3) able to follow instructions, and (4)
self-reporting ability to ride a stationary bike for ~30min at a
self-selected speed. Exclusion criteria were (1) being diagnosed
with other neurological disorders, (2) pregnancy confirmed via
participants’ medical history, and (3) receiving other research
pharmacotherapy for concussion. All participants were required
to maintain or reduce the treatments for PPCS during the dura-
tion of the study. Participants who were unable to fulfill this
requirement would be excluded from the study. The study pro-
tocol was approved by Advarra IRB (Protocol no: Pro00027235).
All participants gave written informed consent prior to partici-
pating in the study. No adverse events were reported. There were
five participants who dropped out of the study: one dropout in the
experimental group and four dropouts in the control group.

Instrument

A Vasper system (Vasper, Mountain View, CA, USA) consisting
of NuStep, a recumbent elliptical machine, and a cooling system
were used in this study to provide BFR and BC for the experimental
group (Fig. 1). The water was cooled down to 42°F and pumped to
the cooling pad and the cuffs by the cooling system. By controlling
the amount of chilled water filling the cuffs, the pressure of upper
arm cuffs was set between 40 and 50 mm Hg and the pressure of
thigh cuffs was set between 65 and 75 mm Hg, according to each
participant’s tolerance to the pressure. The cooling pad contacted
the backs of thighs, buttocks, lower back, and most of the upper
back of participants. Two copper plates mounted on each foot pedal
cooled the bottom of the participant’s feet. For the control group,
the cuffs and the cooling pad were removed during the intervention.
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TABLE 1. CHARACTERISTICS OF PARTICIPANTS

Age PPCS Cervical (C) Progressed to higher
Group Sex (vears) length (days)  Sport-related  and vestibular (V) Comorbidities intensity
C1 F 49 212 C, Vv
Cc2 F 22 180 C Anxiety, depression,

migraines

C3 F 53 301 cVv
C4 F 36 218 CV 7th visit
C5 M 49 144 C
C6 F 28 215 (OAY Anxiety, migraines
Cc7 M 39 186 Yes, hockey (OAY
C8 F 39 184 (OAY Anxiety, depression
c9 F 23 141 cVv
C10 F 49 153 CV 3rd visit
Cl11 F 31 43 (OAY Depression

n=11 O9F 2M 38z%11 180+ 64

El F 31 42 Cc,vV 11th visit
E2 F 37 101 C\V

E3 F 37 211 [6AY Depression, migraines
E4 M 32 209 Cc\vV

E5 M 44 297 C\V Migraines

E6 F 30 184 C,V Migraines, anxiety

E7 M 21 198 C\V

E8 M 40 313 Cc,vV

E9 M 20 91 Yes, skiing [6AY

E10 F 18 183 C\V

Ell F 18 243 C\V

El12 M 49 240 C

El13 F 42 44 C,V

El4 F 37 127 C

n=14 8F,6M 33%10 178 £ 86

PPCS, persistent post-concussive symptoms.

Upper arm cuff Upper arm cuff

Cooling system

FIG. 1. A Vasper system was used to deliver the exercise. Blood flow restriction (BFR) and body cooling (BC) were on for the
experimental group and were off for the control group.
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Experimental timeline and protocol

Participants visited the clinics twice a week for 6 consecutive
weeks. During each visit, participants in both groups rode the re-
cumbent elliptical machine for 21 min following the interval training
protocol (Fig. 2B). Participants were encouraged to reach ~65% of
the predicted maximal heart rate during the sprint intervals. The
21-min protocol was chosen according to the instructional guideline
of the Vasper system. The guideline is based on studies that dem-
onstrated safety of using the Vasper system on healthy participants
and people with Parkinson’s disease.>**’ Further, the total duration
of most high-intensity interval training is ~ =20 min in the clinical
populations, which is comparable to the duration recommended for
continuous training.>' Figure 2B illustrates the interval training
profile used in both groups. Each participant started with the in-
troductory protocol (solid lines in Fig. 2B) and only progressed
to the next level, a higher intensity (dotted lines in Fig. 2B), based on
the participant’s perception of difficulty. Three participants (two
in the control group and one in the experimental group) progressed
to the next level, while the rest of the participants stayed at the same
level throughout the 12 sessions. In addition to the interval training,
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each participant received standardized physical therapy based on
their impairments, which may have included stretching and
strengthening of neck muscles and vestibular exercises, as part of
the 6-week intervention. Table 1 also shows participants who ex-
perienced neck and vestibular impairments. The standardized
physical therapy was provided by two concussion specialists to
control the potential effects of the therapy provided. The partici-
pants were asked to maintain their routine and not to change their
exercise regimen during both the intervention and the follow-up
periods. After the 6-week intervention, participants were asked to
receive no additional intervention for 6 weeks while we observed
the lasting effects of exercise (6-week follow-up). In addition to
training sessions, participants attended evaluation sessions.

Outcome measures

Primary outcome measure. To track the fluctuations of the
PPCS, a PPCS scale*®>° was used daily throughout the period of
the 12-week study as the primary outcome measure (Table 2). There
are 26 symptom items with self-reported score 0—6, with 6 indicating

A Experimental Timeline
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FIG. 2. (A) Experimental timeline. Twelve sessions (S1~ S12) over the 6-week intervention period followed by no intervention for 6
weeks (6-week follow-up). Three clinical evaluations occurred before (Pre-Evaluation), after (Post-Evaluation) and 6 weeks after
(Follow Up-Evaluation) the 6-week intervention. (B) Sprint interval training profile; 21-min interval training included a 6-min warmup
at 30-75 W, seven sprint intervals (four 30-sec sprints at 100-300 W and three 15-sec sprints at 75-225 W), six 90-sec rest intervals at
10-30 W between each sprint, and a cool-down period at the end (solid lines). Each participant started with the aforementioned protocol
and only progressed to the next level, a higher intensity (dotted lines), based on the participants’ perception of difficulty.
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EFFECT OF INTERVAL-TRAINING EXERCISE ON PPCS

TABLE 2. PERSISTENT POST-CONCUSSIVE SYMPTOMS SCALE USED TO TRACK DAILY SYMPTOMS

Cognitive Emotional Physical Sleep Vestibulo-ocular

Confusion Feeling more Headache/Head Drowsy Balance issues
emotional pressure

Difficulty concentrating Irritability Nausea/Vomiting Fatigue/Low energy Dizziness

Difficulty remembering Nervous/Anxious  Neck pain Feeling slowed down Ringing in the ears

“Not feeling right’/Bell rung  Sadness Numbness/Tingling  Sleeping less than usual Visual problems/Blurred

vision
Feeling in a fog Sensitivity to light Sleeping more than usual
Loss of consciousness Sensitivity to noise Trouble falling asleep

the greatest severity. The scores were analyzed as a whole and as
clusters (cognitive, mood, somatic, sleep and vestibulo-ocular do-
mains).”! The number and severity of overall symptoms and symp-
toms in each domain were then calculated and compared between the
two groups. To examine the fluctuations of symptoms, the variance
of number and severity scores of post-concussive symptoms of each
participant at the 6-week intervention and 6-week follow-up were
calculated. The slope of a fitting line through data points (daily
persistent post-concussive symptoms scale score over the 6-week
intervention) was derived as the recovery rate for each participant.

Secondary outcome measure. Commonly used clinical
measures were included as the secondary outcome measures in-
cluding the Balance Error Scoring System (BESS), the King-Devick
test, the Standardized Assessment of Concussion (SAC), and the
Quality of Life after Brain Injury (QOLIBRI) scale. These clinical
measures were administered by the blind evaluator at three time
points: before the intervention (Pre-Evaluation) as a baseline, right
after the intervention period (Post-Evaluation) to examine any im-
mediate effects after training, and 6 weeks after the intervention

ended (Follow Up-Evaluation) to examine any lasting effects that
might reflect on the changes of commonly used clinical measures.

Statistical analysis

Non-parametric statistics, the Mann-Whitney U test, were used
because of the non-normal distribution of our sample data examined
by the Shapiro—Wilk test. A statistical significance was set at p <0.05
to examine the differences of changes of the abovementioned vari-
ables between the two groups. Statistical analyses were performed
using SPSS V26. We also used the box plot to display data distri-
butions. The box represents the interquartile range with the median
bar within the box. The whiskers extend to the most extreme data
points. The outliers are indicated by the ‘+” symbols.

Results
Symptom recovery during the intervention period

Figure 3 shows an example of daily PPCS scale data of one
participant from each group. The slope of the dotted line of each

A Control

60 M~ .

¥ * e

== ~
=t ~x
< 40 - :
(] #* e
= * g
C% Fpl™ 5 *

20+ *-)dﬁ ‘)-t“' &F ww

¥ * T

A *
* My ""1_)!_3‘” o o

T % Lo 1)"%&&-**

0! 1 1 1 1 L . c. 2
0] 10 20 30 40 50 60 70 80
B Experimental
60 [* «
~ ¥
_é" W %*m -
5 40 . T
> e &
20+ -y x’& ~ ¥
e *
0 10 20 30 40 50 60 70 80
Days

FIG. 3. Examples of individual’s daily persistent post-concussive symptoms scale data over the 6-week intervention (shaded area) and
6-week follow-up periods from the control group (A) and the experimental group (B). The slope of the severity changes over the

intervention period (dotted line) was derived as the recovery rate.
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individual was derived as the recovery rate and compared be-
tween groups. There was no significant difference between the
recovery rates of the experimental group and of the control group
(-0.32£0.38 vs. -0.31£0.43, p=0.9). Figure 4A shows the variances
of the total number and severity changes, as well as changes in each
domain during the intervention period. The fluctuation of overall
symptom severity during the 6-week intervention was significantly
less in the experimental group ( p=0.03). Fewer variations of severity
in cognitive and mood domains were observed in the experimental
group (p=0.02 respectively).

Fluctuations of symptoms during the follow-up period

Figure 4B shows fluctuations of symptoms during the follow-up
period. During the 6-week follow-up period, the number of symptoms
remained more stable in the experimental group (p=0.02). There is a
trend that after the intervention ended, less symptom severity fluc-
tuation was observed in the experimental group (p=0.05). The
number of symptoms in the cognitive and sleep domains reduced
after the 6-week intervention ended and remained stable during
the 6-week follow-up period (p=0.007 and p=0.02). Further,
the severity of mood and sleep symptoms remained more stable
in the experimental group ( p=0.04 for both domains).
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Secondary outcome measures

Both groups demonstrated improvement in secondary outcome
measurements after the 6-week intervention, but there was no sig-
nificant difference between two groups (Fig. 5).

Discussion

Our study has demonstrated the feasibility and safety of im-
plementing moderate intensity-interval-training through the re-
cumbent elliptical machine with BFR and BC on people who have
had PPCS for <1 year. The people who exercised with BFR and BC
stayed more stable in terms of symptom severity after the inter-
vention ended than did those who underwent training without BFR
and BC. We also observed a higher dropout rate in the control
group: four dropouts in the control group compared with only one
in the experimental group. Those findings and observations suggest
that BFR and BC might be a favorable combination to enhance the
comfort during interval training intervention for people with PPCS.

The stable recovery pattern we observed in the experimental
group might be attributed to the cooling effect. People with PPCS
often have poor ANS regulation, including thermoregulation.
Physical exercise accelerates the rate of heat production and
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FIG. 4. Number and severity of persistent post-concussive symptoms during the 6-week intervention period and during the 6-week
follow-up period. Asterisk indicates statistical significance. C, control group; E, experimental group; VO, vestibulo-ocular.
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EFFECT OF INTERVAL-TRAINING EXERCISE ON PPCS
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FIG. 5. Group comparisons of the clinical outcomes. Pre, before 6-week intervention; Post, post 6-week intervention; Follow-Up: 6

weeks after the intervention ended.

increases the body temperature, which can lead to increased
perceived exertion and decreased cerebral function.’>* The re-
duced cerebral blood flow in people with PPCS impedes the heat
dissipation that might exacerbate symptoms temporarily after
exercise. In our study, we noticed the statistically significant
differences of recovery in the cognitive domain between the two
groups. In people with PPCS, emotional symptoms tended to
develop later in the recovery period, whereas cognitive symp-
toms might be present and dominate throughout and even 1 year
after the injury.>>* According to our results, BC during exercise
stabilized cognitive function recovery. This evidence indicates
that interval training with BFR and BC can alleviate the most
dominant symptoms that people with PPCS face.

The symptoms in each domain often do not exist exclusively
and it can be difficult to draw a causality among the symptoms or
treat each symptom individually. For example, any intolerance to
exercise leads to a reduced physical activity level, which possi-
bly further causes fatigue.”> Fatigue then impedes the motivation
to exercise and starts a vicious circle. Similarly, emotional dis-
tress reduces physical activity level such that patients with
emotional distress receive less of the benefit of exercise-induced
hormone production that could improve their mood. Therefore,
implementing an exercise program within the patients’ tolerance,
and providing an environment where they can exercise safely
and efficiently, greatly expands the treatment regimen for PPCS
management. We observed the improvement in both groups in

our study, which contributes to the current emerging litera-
ture®'>27? that shows that proper exercise alleviates PPCS.

The comparable improvement, except for the more stable re-
covery in the BFR/BC group, otherwise seen in both groups might
be a result of the intensity prescribed for each participant. The
current protocol used the predicted heart rate as the intensity in-
dicator; we did not individualize the training parameters according
to each participant’s capacity to reach the highest sub-symptomatic
intensity as suggested by Leddy and coworkers.'® This limitation
might be a reason that we cannot differentiate the outcome between
the two groups.

Relatively higher efforts have been put into investigating exer-
cise as a treatment option to manage concussion in youth athletes,
and with less focus on the general population or adults. Our study
provides evidence of the positive interval training effect on adults
with PPCS. Our study did not restrict the cause of the concussion to
sport-related injury; in fact, most of our participants (23 among 25)
sustained a non-sport-related concussion. The only two sport-
related concussions were caused by hockey and skiing. People with
a sport-related concussion might have experienced sub-concussive
events that can complicate the recovery. Therefore, our results
might need to be further investigated before we can generalize the
findings to PPCS caused by sport-related concussions.

Another challenge our study encountered was keeping partici-
pants blind to the interventions. Unlike pharmaceutical studies,
exercise intervention studies require participants to actively engage
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in the exercise. Future studies investigating the modalities of BFR
and BC should have strategies for a double-blind design to enhance
the internal validity of the study. Instead of the sole use of the
Vasper system for providing interventions (with BFR and BC or
BFR/BC removed) to both groups, we should only use the Vasper
system for the experimental group and use a conventional recum-
bent elliptical machine for the control group in two separate but
identical rooms. To mimic the appearance of BFR and BC mo-
dalities, we could use arm floaties, which do not compress the
limbs, to avoid the BFR effects, and a gel padded seat that is cool
but not chilled enough to cool the body during exercise.
Nonetheless, our preliminary finding that utilizing the modalities
of BFR and BC can promote PPCS recovery is encouraging. To
expand from our findings and to address the limitations of the
current study, in the future, studies should include larger samples
and consider factors that might affect patients’ responses to inter-
ventions, such as whether PPCS was sport- related or non-sport-
related, gender, age, physical activity level prior to concussive
event(s), and a thorough review of participants’ medical history,
both physical and behavioral. This will allow researchers to in-
vestigate (1) the mechanism of PPCS recovery caused by the ex-
ercise intervention, (2) the efficacy of the proposed strategy, (3)
phenotypes of the responders to the exercise intervention, (4) the
optimal prescription/dosage of intervention, and (5) guidelines to
individualize the progressive programs with proposed modalities
for people with PPCS. Moreover, physiological measurements,
such as serum lactates, core body temperature, brain activation and
cognitive load, and oxygen utilization, should be included, when
permitted, in addition to the self-report post-concussion symptom
scales, to help differentiate the human responses to the proposed
exercise intervention to which PPCS recovery is attributed.

Conclusion

Our study demonstrates that it is safe and feasible to implement
moderate intensity-interval-training exercise as part of PPCS inter-
vention. In our study, exercise alleviated PPCS of people who have
had unresolved concussions lasting >1 month but <1 year. A more
stable recovery, meaning less fluctuation of symptom severity, was
observed in people receiving BFR and BC during exercise.
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