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Abstract

Clinical management of concussion has evolved over the last 20 years, and complete cognitive and physical rest remains a
common clinical recommendation. The duration of rest may vary widely, from 24—48 h to several weeks or until the patient’s
symptoms have resolved or returned to near baseline levels. Following a period of rest, a stepwise progression of exercise is
used for gradual return to play or to work. Previous research in healthy people suggested that prolonged periods of physical
inactivity consistently induced deleterious physiological and psychological effects. A growing body of evidence indicates
that initiating exercise earlier in the recovery process following a concussion may reduce symptom burden and lower the
incidence of post-concussion syndrome. Preliminary findings appear promising, but data on the appropriate exercise pre-
scription for patients who recently sustained a concussion are limited. We reviewed the literature in healthy individuals and
patients with concussion and post-concussion syndrome to develop a physiologically based exercise prescription for the days
following a concussion. Using this, practitioners may shorten the rest period and initiate controlled exercise earlier during
the recovery process following a concussion.

1 Introduction

It is estimated that upwards of 3.8 million concussions occur

Prolonged periods of strict rest are likely detrimental to annually in the USA from sports participation or recrea-

concussion recovery.

Therapeutic aerobic exercise can elicit positive physi-
ological responses across multiple organ systems that
may enhance recovery following a concussion.

Low-intensity, controlled aerobic exercise is likely well-
tolerated in acutely concussed patients when appropri-
ately prescribed.
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tional activities, and nearly 30% of all concussions treated
in emergency departments are due to a sport or recreational
activity [1, 2]. A concussion can cause neuropathologic and
neurometabolic changes in the brain that may reflect a func-
tional impairment rather than a structural injury [3]. These
changes may result in the immediate or delayed onset of
symptoms, clinical signs, balance impairment, behavioral
alterations, cognitive dysfunction, sleep irregularities, car-
diac autonomic dysfunction, or visual disturbances [4—6].
After a concussion occurs, and following a brief period of
rest, patients can initiate a stepwise progression of exercise
that is used for gradual return to play (RTP) or return to
activity and guided by symptom provocation and clinical
judgement.

The scientific community’s understanding of concus-
sion has vastly improved over the last 20 years, but clini-
cal management of the subacute phase (72 h to 7 days) of
recovery still lacks consistent data to support specific strate-
gies in regards to physical activity [7]. Studies that used a
“rest” treatment for concussions have reported prolonged
symptoms over the observation period [8, 9] but demon-
strated improvements in neurocognitive performance [10,
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11]. However, prolonged periods of physical rest in healthy,
trained populations induce depression, anxiety, and insom-
nia and negatively impact the cardiovascular system, all of
which may impede concussion recovery [12—14]. Nonethe-
less, recent work suggests that the clinical presentation of
concussed patients may influence the efficacy of rest as a
treatment [15]. Interestingly, prescribed rest is commonly
described as the ideal intervention because rest could lower
energy demands, reduce patient discomfort, and limit the
risk of subsequent head trauma [16]. Rest is the most widely
used treatment for concussion, but a recent systematic
review stated that evidence is insufficient that prescribed
rest facilitates recovery following a sport-related concussion
(SRC) [16-18].

Unfortunately, prescribed rest inhibits the beneficial
effects of controlled aerobic exercise, including improved
depression and anxiety [19-23], reduced persistent post-con-
cussion symptoms [20, 24-26], improved exercise tolerance
[20-22, 24, 26], and enhanced brain function [20, 24, 25,
27]. Several reviews suggested that the early initiation of
exercise following a concussion was advantageous. How-
ever, only one paper offered recommendations for a specific
exercise prescription [28]. Therefore, the purpose of this
manuscript was to review and evaluate the available empiri-
cal evidence to provide appropriate recommendations for
prescribed therapeutic exercise following concussion.

2 Methodological Considerations
2.1 Study Selection

We searched PubMed and Google Scholar for published full
manuscripts in English that included the terms low-inten-
sity, light, moderate-intensity, vigorous, or high-intensity,
or maximal and physical activity, aerobic exercise, endur-
ance exercise, aerobic training, resistance training, resist-
ance exercise, or strength training. Studies that used healthy
human subjects and measured cerebral blood flow (CBF),
blood pressure (BP), cerebral glucose, brain-derived neu-
rotrophic factor (BDNF), cortisol, oxidative stress, or heart
rate variability (HRV) during a single bout of exercise were
included. Protocols that used graded intensities needed exer-
tional stages lasting at least 5 min to be included so that a
near steady state may have been achieved, more accurately
reflecting the conditions of the proposed therapeutic exer-
cise. The search terms concussion and post-concussion syn-
drome were used for studies that involved clinical popula-
tions. Inclusion required an intervention, such as prescribed
rest, bed rest, exercise, or physical activity. Both prospective
and retrospective studies were included. References from the
originally collected articles were also examined.
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2.2 Determination of Benefit or Detriment

Individuals who recently (<7 days post-injury) experienced
a concussion display impaired CBF, cerebral oxygena-
tion, or cerebrovascular reactivity [29-34], abnormal BP
responses [4, 35], or dysautonomia [4, 35-42]. It was sug-
gested that cerebral hypoperfusion might be responsible for
the provocation or worsening of concussion symptoms or
reported exercise intolerance [43]. An acute bout of exercise
was determined to be potentially beneficial or potentially
detrimental based on a statistically significant increase in
favorable biomarkers or a reduction in or maintenance of
detrimental biomarkers listed in Sect. 2.1. Increases in CBF,
cerebral glucose, BDNF, and HRV were considered favora-
ble. Increases in systolic BP (SBP), mean arterial pressure
(MAP), cortisol, and oxidative stress and reductions in dias-
tolic BP (DBP) were considered detrimental. Furthermore,
the authors considered how biomarker changes may affect
impaired physiological systems following a concussion.
For example, a significant increase in SBP during exercise
may elicit a myogenic response in the cerebral arteries, thus
stimulating reflexive cerebral vasoconstriction, resulting in
reduced CBF in an already impaired state.

3 Findings

When determining the subacute prescription of exercise for
patients who experienced an SRC, clinicians must consider
exercise type, intensity, and duration, as each variable can
drastically affect exercise tolerance, physiological responses,
and patient safety. The goal of the exercise prescription rec-
ommendation is to provide an adequate stimulus to facilitate
a positive physiological response that may improve cognitive
function or patient mood and enhance immune and endo-
crine signaling while also restoring cardiac autonomic func-
tion and CBF. Previous research has suggested that long-
duration aerobic exercise, high-intensity aerobic exercise,
and resistance exercise may be detrimental for recently con-
cussed patients when considering the physiological impair-
ments associated with the injury. Therefore, an emphasis
was placed on the physiological effects of short-duration,
low-intensity, and moderate-intensity aerobic exercise [28,
44-46].

3.1 Low-Intensity Aerobic Exercise

Low-intensity aerobic exercise was defined as 30-40% of
heart rate reserve (HRR), 37-45% of maximal oxygen con-
sumption (VO,,,,,), 57-63% of maximal heart rate (HR,.,),
28-69 watts (W), 1.6-3.9 metabolic equivalents (METs),
or 9-11 on Borg’s rating of perceived exertion (RPE) scale
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[47, 48]. A short duration of exercise was defined as an exer-
cise bout of <45 min. These measures provided guidelines
for classifying the exercise intensities in this paper. When
recreationally active adults participated in a steady-state
exercise session at low intensity for 15-30 min, significant
increases in HR were reported, but SBP, DBP, MAP, and
CBF did not differ [49, 50]. The absence of pressure and
CBF changes during low-intensity exercise suggested that
CBF was not compromised. Concussed individuals dis-
played reduced CBF, which was present within 24 h post-
injury and continued for more than 30 days [30-32, 34, 51].
Ide et al. [52] reported unchanged cerebral glucose uptake
but increased CBF and cerebral oxygen (O,) during cycling
exercise at 30% of VO,,,, in healthy adults, reflecting a posi-
tive physiological response [52]. Another study reported that
MAP and CBF increased during low-intensity exercise. The
mixed results may have been due to differences in ultrasound
devices, participant positioning during exercise, or fitness
status of participants since fitness ranged from fair to excel-
lent and some studies were performed in a semi-recumbent
or upright position [49, 50, 52-54].

BDNF assists with energy metabolism within the neu-
ron, which is vital for differentiation and maintenance of
neuronal ion concentrations, suggesting it could play an
important role in recovery following a concussion [55].
However, during low-intensity aerobic exercise, the authors
reported unchanged BDNF levels in healthy subjects [56,
57]. Similarly, no changes in BDNF concentrations were
reported during a submaximal cycling session, although
there was a significant reduction from pre-exercise to the
10-min recovery period [56]. Schmidt-Kassow et al. [58]
reported similar findings during exercise, but there were no
significant differences in BDNF levels between baseline and
the 30-min of recovery concentrations. A subgroup analysis
in two studies showed that males had significantly higher
serum BDNF levels than females, and individuals with the
Val/Val BDNF polymorphism had significantly higher serum
BDNF levels than the Val/Met or Met/Met polymorphism
groups [56, 58]. Sex or genetic factors may have influenced
BDNF levels in studies when the samples were not sex or
polymorphism matched. Furthermore, spikes in BDNF may
have also been transient, and infrequent collection intervals
(i-e., >20 min) possibly masked acute fluctuations because
BDNF changes were identified at shorter intervals during
exercise [59]. While there is a lack of human clinical data
supporting low-intensity exercise having a positive effect on
BDNF concentrations, there are sparse data demonstrating
a negative impact. BDNF is commonly reported in animal
models of traumatic brain injury, but peripheral levels typi-
cally reported in human studies may not represent levels pre-
sent in the brain [60, 61]. Furthermore, BDNF is secreted by
and acts on peripheral tissue such as skeletal muscle, making
interpreting sources of change and targets of BDNF action

difficult. Therefore, BDNF may not be an appropriate bio-
marker to determine the success of therapeutic interventions
in human participants [62].

During exercise, some endocrine responses may be
detrimental rather than beneficial. Cortisol, for example,
has previously shown the ability to attenuate neuroplasti-
city and is an inhibitor of the neuronal glucose transporter
(GLUT3), which impairs the metabolic action of BDNF
[63]. Thus, if BDNF is a targeted biomarker, concurrently
measuring cortisol may provide greater physiological
insight into exercise efficacy [64-66]. Young, healthy,
active adults showed significant reductions in cortisol
levels following low-intensity exercise [56]; however,
one study reported no significant changes between pre-
and post-exercise cortisol levels [67]. These differences
in findings may have been due to variations in methods of
collecting cortisol (saliva vs. serum) or the frequency of
collections post-exercise (5- or 10- vs. 20-min) [56, 68].
The findings, while inconsistent, do not suggest that low-
intensity exercise would result in elevated levels of cortisol
or have a detrimental effect on neuronal metabolism and
function.

Oxidative stress can also have negative effects on neu-
ron function, such as initiating apoptosis [69, 70] and
reducing DNA binding and cell viability [71]. Interest-
ingly, increased oxidative stress can occur following a
brain injury [72, 73]. Only one study has examined oxida-
tive stress during low-intensity exercise, and the authors
reported no significant changes from rest to exercise or
exercise to recovery, which suggested low-intensity exer-
cise may be safe for patients with concussion [50]. It is
generally accepted that HR increases at lower exercise
intensities predominantly because of parasympathetic
(vagal) withdrawal [74]. However, parasympathetic influ-
ence, as measured by high-frequency (HF) power, was
relatively unchanged up to 70% of VO, [75-78]. In one
other study examining low-intensity exercise, the authors
reported a reduction in HF power and an increase in sym-
pathetic activity, as measured by low-frequency (LF)
power, suggesting some sympathetic influence may be pre-
sent, even at lower intensities [79]. It should be mentioned
that, unless LF power is transformed to normalized units
(nu), LF power is influenced by both sympathetic and par-
asympathetic control [80]. Without appreciable changes in
BP, CBF, or hormone levels, clinicians may not need to
worry about detrimental changes in autonomic function. In
young, healthy, active populations, low-intensity aerobic
exercise displayed no adverse effects on exercising BP,
CBF, cortisol, or BDNF levels [49, 52, 56, 58, 67, 68].
Additional work is needed to examine cardiac autonomic
modulation in concussed individuals participating in low-
intensity aerobic exercise to determine whether the physi-
ological responses are consistent with previous studies of
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healthy individuals [75, 77, 79]. Research on oxidative
stress at lower levels of exercise intensity also requires
further investigation as data are limited. Table 1 summa-
rizes the low-intensity exercise results.

3.2 Moderate-Intensity Aerobic Exercise

Moderate-intensity aerobic exercise was defined as 40-59%
of HRR, 46-63% of VO,,,., 64-76% of HR ., 70-104 W,
4.0-5.9 METSs, or 12-13 on Borg’s RPE scale [47, 48]. During
continuous, moderate-intensity aerobic exercise, participants
displayed significantly increased HR, increased SBP, and
decreased DBP when compared with rest, but CBF remained
unchanged [49], whereas Goto et al. [50] reported increased
MAP. In contrast, two other studies reported increased CBF
during moderate-intensity aerobic exercise [52, 54] and
increased oxygenated hemoglobin, glucose uptake, and
cerebral perfusion [52], suggesting positive physiological
responses during exercise. Bernardi et al. [75] reported a
significant increase in HR but no changes in LFnu or HFnu
power when the 90 W stage of a graded cycling protocol was
compared with baseline. When different graded exercise
protocols were used, the authors reported increases in LFnu,
which suggests that sympathetic activity increases during
moderate-intensity exercise [77, 79]. Interestingly, Raczak
et al. [81] reported increased parasympathetic activity and
decreased SBP 60 min after exercise, indicating that moder-
ate-intensity exercise may be beneficial to autonomic and car-
diovascular function. It is expected that, as exercise participa-
tion stops, sympathetic activity reduces and parasympathetic
activity returns as the predominant tone at rest, which is called
parasympathetic reactivation [82]. When compared with rest,
moderate-intensity exercise appeared to increase or maintain
CBF and consistently increase MAP; findings regarding auto-
nomic function varied, but it may be minimally affected.

Endocrine responses during moderate-intensity aerobic
exercise were inconsistent in terms of BDNF concentrations,
as four studies reported significant increases [58, 83—-85]
and two reported no change [56, 86]. Given the transient
nature of BDNF, collection intervals of 10-15 min were
preferred as concentrations dropped dramatically after
20 min [84], peaked between 15 and 20 min [58], and may
appear unchanged when only collected immediately before
and after exercise [83]. Cortisol responses after moderate-
intensity aerobic exercise were also inconsistent, with two
studies reporting no change and one reporting an increase
in concentrations [56, 67, 68]. Discrepancies may have been
due to variable sample collection frequencies or the use of
saliva versus blood [56, 67, 68]. When considering endo-
crine responses of both BDNF and cortisol, it appears that
cortisol may attenuate some of the neurotrophic effects of
BDNF, but it was difficult to say for sure as the studies pre-
sented with mixed results [65, 66].
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In addition to cortisol, oxidative stress as exercise
intensity increases is a concern because of the possibility
of inducing neuronal apoptosis [69, 70]. Goto et al. [50]
reported no change in markers of oxidative stress, and Tozzi-
Ciancarelli et al. [87] reported no change in oxidative stress
or antioxidant concentrations. Conversely, a significant
increase in oxidative stress was found when immediately
before and after exercise was compared [83]. Without con-
currently measuring levels of antioxidants, which could
attenuate the negative effects, increases in oxidative stress
concentrations are difficult to interpret. Therefore, even
though the evidence is somewhat conflicting, it is unlikely
that moderate-intensity exercise increases oxidative stress to
a level that overpowers the buffering capacity of antioxidants
and endangers neuron health.

In young, healthy, active populations, moderate-intensity
aerobic exercise had generally positive effects on CBF [49,
52, 54], cortisol [56, 67, 68], oxidative stress [50, 83, 87],
and BDNF levels [57, 85, 86, 88] and induced variable
changes in BP [49, 50, 52, 54, 81] and autonomic function
[75, 77,79, 81]. This combination of physiological effects
may provide therapeutic benefits for recently concussed
patients. Moderate-intensity exercise may also induce nega-
tive physiological consequences, although the evidence is
inconclusive. It should be noted that SBP increases during
moderate-intensity aerobic exercise, which is most likely
due to vagal withdrawal and increases in sympathetic tone;
however, when MAP was reported, it did not exceed the cer-
ebral pressure threshold of > 150 mmHg that could reduce
CBF [89]. In healthy populations, it appears that moderate-
intensity aerobic exercise would provide sufficient stimuli to
elicit changes in cardiovascular and endocrine function. The
determination of whether or not moderate-intensity aero-
bic exercise is too great a physiological stress for recently
concussed patients is less certain and warrants exploration.
Table 2 provides a summary of moderate-intensity exercise
results.

3.3 High-Intensity Aerobic Exercise

High-intensity aerobic exercise was defined as 60-89% of
HRR, 64-90% of VO,,,..» 77-95% of HR,,,, 105-174 W,
6.0-9.9 METs, or 14-17 on Borg’s RPE [47, 48]. The effects
of high-intensity aerobic exercise included researchers pri-
marily reporting increased BP [50, 54, 75, 90, 91], variable
findings for CBF [54, 90, 91], increased free radical pro-
duction [50, 83, 87] and cortisol synthesis [67, 68], danger-
ous increases in MAP [50, 92], and reductions in cerebral
glucose [93]. It should be mentioned that Goto et al. [50]
reported upper limits of MAP exceeding the threshold of
150 mmHg, which could impair CBF [89]. Additionally,
a recent review stated that CBF begins to plateau after
exercise intensity surpasses 60% of VO, .. and ultimately
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decreases as intensity increases, depending on the severity
of hyperventilation-induced hypocapnia [94]. These find-
ings in young, healthy individuals suggest that high-intensity
aerobic exercise would likely be detrimental for physiologi-
cally compromised concussed patients. Furthermore, it is
unlikely that patients with SRC could tolerate this level of
intensity, thus making high-intensity aerobic exercise a poor
candidate for therapeutic prescription during the subacute
phase of recovery. Table 3 summarizes the high-intensity
exercise results.

3.4 Long-Duration Aerobic Exercise

For this review, long-duration aerobic exercise was classi-
fied as an exercise session lasting longer than 45 min, as
the proposed therapeutic exercise session would not exceed
this length of time. The detrimental effects of long-duration
aerobic exercise include increased oxidative stress [45],
increased cortisol secretion [68, 95, 96], impaired CBF [97,
98], decreased cerebral glucose [97, 98], and altered cardio-
vascular [99] and autonomic function [100]. The combined
effects of long-duration aerobic exercise have the potential
to increase neuronal apoptosis via free radical production,
attenuate the effect of BDNF by increasing cortisol, and
reduce cerebral substrate availability, which may already
be impaired [99, 101-103]. Although the intensity of long-
duration aerobic exercise is likely a contributing factor,
extended periods of sustained physiological stress in recently
concussed patients do not appear to be beneficial for recov-
ery and may not be well-tolerated.

3.5 Resistance Exercise

The detrimental effects of resistance exercise include cer-
ebral vasoconstriction via the myogenic mechanism in
response to substantial increases in BP [44, 104-106],
increased oxidative stress [107, 108], delayed vagal reacti-
vation [82, 109], increased sympathetic activity [82, 109],
and increased cortisol [110]. Intensity [percentage of one
repetition maximum (1RM)] of resistance exercise may be
the primary factor in eliciting changes in BP and autonomic
modulation, as low-intensity resistance exercise (30% 1RM)
did not significantly increase SBP or HR or decrease CBF,
whereas resistance exercise at 40% and 80% of 1RM resulted
in impaired cardioautonomic function [106, 111, 112]. Fur-
ther, cortisol appeared unchanged at 30% of 1RM but sig-
nificantly increased at 75% of 1RM [110]. It should be noted
that 50% of 1RM with normal and slow movement signifi-
cantly increased SBP, but MAP and CBF were not reported
[113]. Considering the possible balance and coordination
problems exhibited by patients with concussion, resistance
training may not be appropriate for patients with subacute

concussion [6]. When combined, the adverse effects may
result in decreased cerebral perfusion and substrate delivery,
increased neuronal apoptosis, and attenuated BDNF action,
all of which may negatively impact recovery from a sport-
related concussion.

3.6 Exercise in Concussed Populations

An active treatment model for brain injuries dates back over
40 years when Relander et al. [114] used biweekly physi-
cal therapy and patient engagement and reported a signifi-
cant improvement in the time by which patients returned to
school or work compared with routine care. Several studies
provided evidence that exercise (aerobic or aerobic + coor-
dination) was an effective treatment for patients with persis-
tent post-concussion symptoms, and the treatment was well-
tolerated [20, 24-26, 115-120] (Table 4). Neurocognitive
scores were better in patients who participated in light activ-
ity following their concussion [121]. Retrospective reviews
found lower risks of prolonged symptoms in patients who
participated in low to full activity following a concussion
[122]. In fact, two studies reported 100% RTP when using a
provocative, graded exercise test [Buffalo Concussion Tread-
mill Test (BCTT)] to aid in concussion management [123,
124]. The BCTT identifies a symptom provocation threshold
during treadmill testing. Following the initial test, a progres-
sive aerobic training program is created based on 80% of the
patient’s HR at the time of symptom provocation. This exer-
cise programming reduced symptom reporting for patients
who exercised 5-6 days per week, and it appears that athletes
experienced quicker symptom resolution than nonathletes
[26]. Results from the BCTT may also provide prognostic
value, as patients with a symptom threshold < 135 beats per
minute were 45 times more likely to have a recovery that
lasted longer than 21 days [125]. While the evidence is quite
clear on the efficacy of therapeutic exercise for patients with
prolonged symptoms, less is known about patients exercising
during the subacute phase of their injury.

When patients exercised after recently sustaining a con-
cussion, they displayed higher HRs [39], lower RR intervals
[40], and lower heart rate complexity [38] during exertion
than healthy controls at similar workloads (Table 5). Addi-
tionally, symptomatic patients reported a higher RPE than
their asymptomatic self at similar workloads [41]. Studies
that used symptom monitoring reported an acute decrease or
no change in symptom severity following exertion in most
cohorts [39, 126-128]. Overall, for recent concussions or
prolonged recoveries, it appears that controlled exercise
would be advantageous to improve autonomic function,
symptom reporting, and perceived exercise tolerance and
would possibly reduce the risk of a prolonged recovery.

A\ Adis



P.R.Worts et al.

690

ANag | A
-AOJJI pue g "SA 9SIOIIXI % ()9

[0snI0d
JSTOIAXA UTW () ‘UTW ()7
‘a0 ="1d %SL ‘%09 %Sy

dos OvdL ‘Suvdl
:K1970001 pue 21d =3s0d 9,09

¢O(A-) :9S1OI0XD %,()9 =1S9Y

9s0on[n
(A-B) | :9SI1019%3 94()9 "SA 1S9Y
“0qH """ AVOI ‘dVIN

“IH | :9S1019%0 9509 "SA 1S9y
nugy ‘nugT - 1g =14 °8e1s
nu 1g=¢ 9881s
dHAT!
‘nugy T :71g "SA ¢ pue g a8e1s
nug7 | 119 'SA g 98v1S
[eAIS)UL
WY T 19 sA ¢ g ‘T 93
nug7 |
1JSQI "SA ISIOIOXd M 0ST ‘A 001
NUJH :1891="9S10
-19%3 M OST ‘M 001 ‘M 0S
AH:AT :A10A0001 pue
1SAI="9S1013Xd M 00T ‘M 0S
nujH ‘nuj :AI9A0031
Urul § pue urll =g 9ANOY
nuJH ‘nud|
I =9S1019%3 M 0ST ‘M 0TI
‘M 06 ‘M 09 ‘M 0E 2A10Y
MH | 19 s es1oroxe
M OTT ‘M 08T ‘M 0ST “M 0TI
‘M 06 ‘M 09 ‘M 0E 2A10Y
nugH T ‘nugT | A1
-AOJQI UTW § "SA T AIe1uopas
NUAH ‘NugT
:K19A0021 UutWl  ="T¢g AIRIUOpOg
NuJH ‘DU ST "SA 9SIOIOX
M 06 ‘M 09 ‘M 0¢ Areyuapeg
UH | 719 'sA 9s1019x0 M OT]
‘M 06 ‘M 09 ‘M 0€ ATejuapag

KI2A0091 UTW ()¢ °T

ANadg MO %09 ® U Og T
KISAOD9I UTW ()7 '

150110 04 946/
[osnio) 10 ‘%09 ‘%Sy @ Ul (09 '
sjuepIxonuy KI9A0221 Y-+ T

SSAIIS QAIIBPIXQ MTOA %09 ® Ut Og |

9509N[3 [BIq2IDD

%0 [81qRIRD

490 0 Jo %09 ® unu O ‘¢
dAVIN  ™0A Jo %0€ ® uw O] T
¥H sarurw O |
KI9A009Y '€

(s93®)s U G 0 PAPUAX?)
[090301d 2onIg PAYIPON ‘T
AdH 141
KISA0DQI UTW G *¢

M 0ST
10 ‘M 00T ‘M 0S ® UIW G T
>N=|H 1831 UuﬁwOm EME m ~
%.H®>Oo®.u EME W~ m

urw ¢ A10A9 M 0€
,HO mOmNQHOCM Tejuauialduy ¢
A¥H g U Oz °1

TFESOY

y+9°¢C

8C—0¢

80FL¢C

I'TF8LI
oneTYIe L0 F ['€T ATejuopag

payiodar joN
urwy/3y
MW 9'9F G pp 0/ o8eiony

utwy/3y
MU O TF S 6€ 0A dBerony

Syy/ut
/W TF ¢ QA dFeIony

srowrwims uordurey)

utwy/3y
W 9T F v 0N oBerory

SISI[OAD pautel} pue A1ejuopasg

0C

01

Sl

4!

4!

Sl

[88] T8 10 P10

[89] 'Te 10 s¥joRf

[£8] ‘Te 30 [eIBoURL)-12Z0],

[zs] Te 19 9p1

[6L] 'Te 1o prowry

[LL] 'Te 10 TULI

[SL] Te 19 1prRUISg

SInsoy

QINSeIW AWOIINQO [090301d 9sTOIOXH

a3y

3

smyels ssowr]  ozis ojdwes

Apmgs

9s1019%9 AyIsuajur-areropow ul Sunedronred suewny Ayipesy ur sesuodsar [ed130[01sAYd ¢ 3jqel

A\ Adis



691

Exercise Therapy for Concussion

TosnIoo | :1sod 2,09 "SA %08
[osn10d | 3sod

1S1 pue %0% "SA %08 ‘%09

OA 30 %08

[0s13109 10 ‘%09 ‘%0F ® Ul O¢ °g uTu/3Y
1 1s0d sa a1d %08 %09 [osn0)  *¢0A Jo %0701 ® uru G ' €F9T /W ['0F SS9 QA oBereay A [L9] Te 10 [ITH
OSIOIOXD J)BIS-APEa)S UM GT °G
(¥H Jo %05
I0 &OMV paurelqo Y¥H HDMHNH
[mun dn-urem urw G—¢ 4
paureIqo dVIA pue ¥H T1d
[mun AI9A0931 JO UTW ()¢ ~ "¢
“0Dp g WAL 00pq  0s1010X0 9IBIS-KPBA)S U G 7
‘dd ‘ddd :9S10I9X3 %06 =159y 449D (9H Jo %05
YH dVIN dd 10 %0g) paureIqo JYH 1051e)
‘ddS | :0s1010%0 %G "sA JSY MH mun dn-wrem urw ¢—¢ °| SFHT 9ATIOR A[[BUOTIBOIONY 6 [6+] ‘T8 10 19ysIL
SoNISuUdIUI
[[e 1o} payeadoar ss9001] *G
199
pouImaI JVIA Pue ¥YH [Bun
KISA0031 JO UIW (p—(0¢ ~ ¥
‘0o g KISA0Da1 UTW ()T *€
. 49D Ul §—9 10} M Ti1 10 ‘M €6
02¢ :1801=0510 dg ‘A 6€ 01 dn passaiSoid 7
-19%d M THT ‘M €6 ‘M 6€ IH Jsarur 01 [ CFST pantodarjoN L [16] Te 1 yosQ
queysordost-§
1JS9I=9SI0IAXA %()G PUB %GCT
dVIN
:KI9A0021 &Om pue NW&WN ‘SA o&ﬂh
dvin |
MH | :9S1019Xd 940G "SA %G/
dVIN ﬁ ANH: KI9A0D31 urma O ¢
| :9S1019X0 %GT "SA %G “%0S SIS ANEPIXO 0N %SL
¥H | :A10A0001 pue dd 10 ‘%06 ‘%ST ® i O¢ ‘T
1891 "SA 9SIOIOX %G/ “%0S ‘%ST AH qqguu gy €TFET pajtodarjoN 8 [06] Te 10 010D
(%01 +114) urwy/sy
ANag 1sod=a1d %0t - H1A ANad 10 (%0 ") @ uw g ' [FH6T /IWgTFS6E 0N oBeIony S [98] '[e 10 stLIog
KI9A0D91 UTW ()9 *¢
OSNNJ ‘assNd UNH %S9 ® u og "¢
‘[RAIIUL WY T = AI0A00Y UNH
NNAS | 19 sA A10A009y AMH %69 01 dn so3e)s urwi ¢ g
dgS T 19 "sA K10A000y dg dn-wrem urw ¢ *p 7F 07 parrodar jJoN 8T [18] ‘Te 10 JYezoey
SJNSIY  QINSBAW AWOIINQ) [090301d asTOI9X J=r v snje)s ssomr] 9zis ojdweg Apmgs

(ponunuoo) zsjqey

A\ Adis



P.R.Worts et al.

692

UONRIASP pIepue)s F Uedw ‘Ieak se pajuasaid s1 o3y,

AJoAnyoadsal ‘asearour pue

9SBAIOIP 21LIIPUL | pue T ‘(S)yoom yMm ‘spem A4 ‘proysaryy Krojernuaa 44 oyeidn uaSLxo yead w22 4 +axerdn ueSAxo rewrxew A ‘Kroedes jueprxonue JudTeAmba X0O[0IL DYFL ‘SedurISqns
9AT}ORAI PIOR JLINIQIRQOIY) SY VL “OSeInwsIp aprxo1adns (O ‘S[EAINUL WY [BWIOU-0)-[EULIOU JO UONBIAID pIepuels NNJS ‘dnssaid poojq o1[0ISAS Jg§ ‘So10ads ua3AXo aA1noRaI §OY ‘S[eAloul
QAISSI00NS UIIMIAQ SIOUIRYIP parenbs jo ueaw oy jo joo1 axenbs gesuy ‘@inssaid asind g4 ‘sw G uey) 210w SULIJIP S[BAINUI Y Iuadelpe Jo a3ejuadiad OgANd ‘OPIXOIp UOGIED JO INnS
-saxd [ened [eLonre “02ng ‘UaSAxo @ ‘souru uiu ‘S)ua[eAbo JIjoqrIAW [ ANMD0[eA AIO)IE [BIQAI0D A[PPIL UBAW A9y ‘aInssald [eLIONIE ULdW JY/jy “IUn pazifeuwiou Aouanbary moj
nu,y7 ‘onel Kouonbaiy ySty 03 Kouonboiy mof JH 47 ANTIqELIEA )BT 1180 AY ‘OATOSAI 91el JIeaY Yy ‘Orel 1Iedy [ewIxew Yz oje1 1189y Y ‘syun pazijewtou Kousnboiy ySry nu g ‘uiqors
-oway pareuadAixo gy ‘moy y ‘@mssaid poo[q JI[0ISBIP JJ(J ‘MOY POO[q [8IQRIdD Jg)) “dinssaid poo[q Jg ‘ourfeseq 7g ‘10Joej o1qdonoinau paALISp-urelq JNJg ‘@OUIJJIP SNOUSAOLIdNIE A—D

ANd4g
:K19n0001="21d %G8 ‘%G9 ‘%05
ANAg
1 1s0d %06 "sA %68 %89
SOY :A10n0921=21d %G9 ‘%08

so¥ !
11910001 pue 3sod 9,06 *SA %G8
so¥ | KI9A0091 UIW ()9 7
wo1d 'sa 150d 9568 ‘%E9 ‘%0S  SSONS AANEPIXQ O %S8 ® Ut 8T
SOV | :%0S "SA %S9 ANAE 10 0A %69 ® ww G¢ urw/8y
AH | :%06 ‘%S9 'SA %58 dH 10 "C0A %0S @ uw g | IIF80C /IWOyF 1SS "0A aBetory S1 [£8] ‘T8 12 Yoy
UMOP-[00D UTW ¢ *¢ urw/3y/[W /9 F ()'8S ssoumy
ANQ4 | :01d "sA as1o10x0 O %09 ® ww Og T TTFTCL ssowy STy ‘uruy/3Y/[W 9°¢ F 0°9¢
13sod ssomy Y3y pue mof %09 ANAg dn-urem urw ¢ 'y Y31y ‘g7 F €T SSowmy MO ssomy Mo oA oSeroay oy [cg] ‘Te 1o 1BS],
[0s1nI09 |
:KIOA00Q1 UIW ()] %8€ "SA %G/
[0S1110D
1 :9s1010%2 Js0d sA a1d )59y
10S1I00 K19A0001 UTW ()] *7
:981010%9 3s0od = 01d 9,6/ 1591 pAjeas urw (¢ 10 X*UH M
ANAg T :A1080001 UTW O payrpaid-a5e 10 %3¢ @ MU-LHN T LI FTET PlR[e
"sA o1d o102 %8¢ ‘%GL [osnI0)  um (g 10 MY parorpard Y8FI'9T W MM/U-LHN I'€1 F 1€
ANAE T 719 [BA/IPA “SA LHIN ANA4 -08E JO %GL @ UIW G[ [ :O[A[[e W 16", F §'LT [EA/IEA [BA/TBA “"“OA 98e10Ay T [96] '[e 30 [[PUUOgoN
1521 PJEas UMl G °C IS/ W ¢ F ¢°ch
ANAE :A10A0021="1¢ %09 RaeY 0CEFYIT  PANOE UIW/SY/[W 0'pF L'hE
ANad | 719 "sa1sod %09 ANAE  JO %09 10 %0F @ UM O ']  dAIOE i6'] F 87T AIejuopas Arejuapag "0 oBeIony 91 [LS] Te 30 ThnjoN
490 TCOA J0 %08 Uy
"UAVOIN ‘dVIN ¥H | dg PUE ‘%09 ‘%0 ® Ul G °g uruy/3y
11591 "SA 9SIDIOXD %9 PUE %0t 9H T4 v g | SFYT MW TLFTIY "0A 9Serony 01 [¥6] T2 10 o1
SIMNSAY  AINSLIW dWOodINQ [090301d asTOI9X J=r v snje)s ssomr] 9zis ojdweg Apmgs

(ponunuoo) zsjqey

A\ Adis



693

Exercise Therapy for Concussion

[0SIIOD JSIOIOXD UIW (), PUE
‘0T ‘0T ="19 %SL ‘%09 ‘%S
NU{H ‘MU 19 =1 258l
nuy g = ¢ 98eIS

JHAT
| MuIH T Id "sA ¢ 7 95wIg
nuJ | :1g sa g o5e1s

[eAlo)ul

WY T 19 sA ¢ g T oBelg
JH:AT

| 11040031 *sA 3591 A\ ST
nuj7 | 3sa1

*SA 9SIOIOXd M\ OST PUB A 00T
NUJH 1591 = 9SI0JOX9

M OST PUB ‘M 001 ‘M 0S

ddd T 19 'SA M 01T PAIDY

ddS | 714 "SA M 01T ADOY

d4d “19=M 0TT A1eiuopag
dds

1719 sA M 0TT Arejuopag
nuJH ‘nu7 :A10A0091

Ul § pue Uil ="1g 9ANOY
nugy ‘nugT | 1g

"SA ASIOTIXI A\ (0T ATejuopas
nug T | Tg "SA 9SIOIOXQ

M OIT Pue M 081 2ADDY
nuJH ‘NUJT TG =981
-19Xd M 0ST ‘M 0TI

‘M 06 ‘M 09 ‘M 0€ 2A1OY
AdH
1 719 "SA 9S10I9X9 M 01T
‘M 08T ‘M OST ‘M 0TI

‘M 06 ‘M 09 ‘M 0€ 2A10Y
nugHy 1T ‘nugg | K19

-AOJ3I UTW § "SA T ATeIUapas
nuy ‘nugT A1

-A0JQI UTW {="T¢ AIe)uoposg
nugy ‘w1 | g

‘SA 9SIOIOXO M 071 AIeIuapag
NuJH ‘MU I Tg SA 9SIOIOXD

M 06 ‘M 09 ‘M 0f Areudpag
AdH
1 71g "SA 9S1019Xd M\ 0T

‘M 06 ‘M 09 ‘M 0¢ Krejuspag

KIQA0DQ1 UTW ()7 °C
10110 ML 96/
[osnIoy 10 ‘%09 ‘%St JO U 09

KI3A009Y "¢

(soSe)s utw G 0) PApuUAXa)
[090301d 9on1g PIYIPOIA T
AdH 1471

KIDA03I UTW G *¢

ury/3Y/[W 99 F Spp
yF96T XU A oFer0Ay
7F9] srowruims uordwey)

M 0ST
10°001 ‘0§ @ U ¢ g urwy/SY/[W 9'[ F 't
AdH 7SI PAJBIS UTW G | 80FLET XPUZHA oSeroay
AIOAOORI UTW G °¢
urw G A19A9 M\ OF
dd  JO SOsBaIoul [BJUSWIAIOU] ‘7 T'TF8LI SISI[OAD
A¥H T4 Ut O7 T ONR[YIR L0 F ['€T ATRIuopag paurex pue A1ejuopag

01

Cl

SI

[89] T 10 s¥oRf

[6L] Te 10 pIowry

[LL] 'Te 10 1uLing

[SL] Te 19 1preUISg

SINSIY Inseaw JwodIN)

[090301d 9s1010XH

23y SNJe)s SSAWL]

az1s opdureg

Apmgs

9s1010%9 Aysuayur-ysiy ur Sunedionred suewny Ayjfeay ur sosuodsar [ed130[01sAyd € ajqel

A\ Adis



P.R.Worts et al.

694

ueauwr

AVOIN
11891 =3SIDIAX %08 490 9200 30 %08
dVIN dd Uyl ‘%09 ‘%0F ® Ul G g urwy/3y/[u
“dH | 3591 "sA BSI010X3 %08 9H g U ¢ | SFYT  TLFT9Y 0N dBeroay 01 [¥S] "Te 30 ores
[osn109 | :350d 9,09 SA %08
[osnIod | 3sod
131 pue 9%0% "SA %08 PUB %09 OA 30 %08
[0S1}100 10 ‘%09 ‘%0y ® Ul O¢ T
1 21s0d "sa axd 9508 pue %09 PUOA uruy/ Y/
[osn100 T :3sod sa dxd 350y [0S0 J0 %0701 ® W G | €F9T  T'0FS 69 oA Berony 4! [£9] Te w IH
PUAVOIN
T M SOT "SA 9SIOIX M 79[
dVIN Pue ‘d9d ‘d9S “9H sonIsusjuL
1 IA\ SOT "SA 9SIOI9X9 M 791 [1e 103 pajeadar ssad01g ¢
Noumm g 03 pauIN)ax
pue "UAVOI ‘dVIN ‘ddS JdVIN Pue JH [mun £10
“AH | 1591 "SA 9S1019%X9 M\ GOT -A0J31 JO UIW (J{—(O¢ ~ "¢
NOU.mm T =9SI0IXa M 791 E_E w\o HOm Jels %—umoww
TUAYOIN WH  PoUIBIUIRW pue M\ 79[ 10
‘dVIN ‘d9d ‘dgS “9H 490 M S01 03 dn passai3oid g
| 1501 *sA 9s1019%0 M\ 791 dg Jsarurw O] °[ 1¥F2C payiodar joN 8 [06] 'TB 32 yo30
oueysoxd
-0SI-Q | :1S2I "SA 9STOIOXD %G/
dVIN
:AIOA0DI &Ow S\omN ‘SA &mb
dvIN |
hmm ﬁ bmmo(_wx@ o&om ‘SA a&mh
dVIN | “9H Krono02r utw O *¢
| 19SIOIOXD 96T "SA %G ‘%0S  SSAMS GANEPIXQ MCOA %SL
MH | :A19A0031 pue 3591 dg 10 ‘%06 ‘%ST @ U (¢ T
"SA ISIOIIXR %G/ ‘%0S ‘%ST ¥H g U gy €TFE9T pajiodar joN 8 [0¢] 'Te 30 030D
ANadg (%01 +114) urwy/3Y/[W €7 F 66
1 asod 'sa axd 95071 +HIg ANAg 10 (%07 - A) @ uw g 1 [ F+'ST HTOA oFerony <1 [98] 'Te 30 sty
sanIsud)uI
[Te 10} pareadal $$9001d G
T4 0) pauInjax
dVIA pue JH [pun £12
UAVOIN -A0J0I JO UIW Op—0E ~ F
‘dVIN ‘d9d ‘dgS “9H A12A0001 UIW (O] *¢
| 11501 *sA as1019%0 M\ THI 44D uru 8—9 I0jy A Z¢1 1o
f00pq 1501 =02510 dd ‘€6 ‘6¢ 01 dn passaiSoid ‘g
-19X3 M THT ‘M €6 ‘M 6€ 9H sar U Of | TFST payiodar joN L [16] T8 32 4030
SINSIY  AINSeIW dWOINNQ [090301d as10I9XH 23y snje)s ssomg az1s opdureg Apmgs

(ponunuoo) ¢ 3jqey

A\ Adis



695

Exercise Therapy for Concussion

[0ST}100
:SNONUTIUOD = S[RAIIU]
ANAE | :3591 'sA snonunuo)
ANQE | 3591 "sA sfearau]
M ‘ANAg
| :snonunuoo "sA syearjuy
Z Juowradxyg
[0S1100 “YH
COA S[BAISIUI = SNONUNUOD)
ANQAEF A19A0931 9S10I0X
)51 :S[BAIQJUI = SNONUNUOD)
aNag | 11d
"SA 9SIOIXQ UIW () ‘UTW
‘UI [ ‘ur O ‘ur
1 yuowrrradxyg

ANAF :Jonuod

pue Tg=1s0d %09 ® U O
INd4g

714 'sa3s0d %09 @ urw (g
INdg
| :Jonuos pue ¢ 'sa 3sod

%08 @ Ul Of pue uru (g
aNad | 19

*SA 9S1019%9 AJISuuI-y3IH
ANAE A10A0031 ‘INA G

19 :Kysuour-mo[ = -y3iyg
dNag | s

-10X%0 Surmp o[ewdf SA AR
dNAg “¥H | o8

-IoX? AJISUSIUI-MO] "SA -USTH

10s1I0D)
ANad
dH

ANAdg

ANdd
dH

KI9A0291 UTW () °G
PEO[ YIOM XBW %0/ ®
SNONUIIUOD UTW ()7 IO Peo]
JIoM XeW %06 @ S[eAI)UI

U [utul 1 Jo utr 0g ¢

M 09 ® dn-wrem urw ¢ *¢

JseI U g g

JSoX UTW ()¢ °|

7 pue [ juowradxyg

[onuod
PJeas 10 YYH JO %08 10
%09 ® Ui Of 10 JIH
30 %08 10 %09 @ U O °1

KI9A00Y ¢

UMOp [000 UIW T °¢
(Aysuayur Y31y Jo moy)

9SI0I9X? JUBISUOD UTW G7 '
uoneIqIed

K)ISUSIUL ASIOIOXQ UTW G |

¥ F LT iz uowradxo
(G F 87 11 yuowrradxyg

SC—8I

TTFCC
UQWIOM {6'ZF €7 USIN

1T¢
Juowadxa (g
7 Juswiradxyg  [gG] [e 10 zenbiej opaones

Syy/urw
/lw 9°9¢ QA oerony

payiodar joN S [#8] 'Te 10 AYse[owyds

NM/Y-LHN S TCF9'TY
uouwIom
SIMU-THN T'6TF vb

U anNO> oSe1oay o [8¢] ‘Te 10 mossey-Ipruyos

SInNN|

2Inseawl awodNn)

[090301d 9s10I0XH

33y

SnJe)s SSaUIL] az1s o[dweg Apnig

(ponunuoo) ¢ 3jqey

A\ Adis



P.R.Worts et al.
696

D o . g § E 4 Recommended Exercise Prescription
- : | £2%

% ; .:‘;3 Q.‘i. 5 : g g § ; gﬁ When making a recommendation for exercise in patients

8% 5 & § :".‘ 5\?5 !‘-l’ g E 3 with subacute concussion, the patient’s fitness level should

§ ib\% é 2 3 ‘;f z §§ be considered. Ventilatory threshold (V.TH) occurs at

Ei\f § 2 52 EE; & % E = Z _§ % % roughly 55% +8 of VO, ., in .untralnec? Partlclpants and at

N D S § E & E & E 2 £ 8 70-90% of VO,,,., in well-trained partlclpanFs [129, 13'0].

E = :‘5 2 < B é S g Ei g—? To avoid hypercapnia-induced hyperventilation, resulting

2 [88RTRUER T8 T8 R § % % in cerebral vasoconstriction and reduced CBF, the pre-

g 9 § %‘% scribed exercise intensity shoulq be beloW the estlr.na.ted

3 g %E 2 Vg [24]. Therefore, a conservat1v§ exercise presc?lpt.lon

E § & E N for untrained or deconditioned patients would be initiat-

§ g -‘E Eﬁ g S’Q{ ing aerobic exercise at 40—59% of HR,,, and 60-70%

S % ;% S S e g > of HR,,, in w.ell—t.ramed patlel?ts [131]. Th.e preferred

= § 2 Qg’ method for estimating age-predicted HR,, is 208 - 0.7

8>< s ‘g‘g g g (age), as a meta-analy@s reported a stror.lg inverse cor-

g E E S22 g relation (r=—0.90) with age and HR,,,, independent of

s S8 oy :E ; % sex and physical activity status [132]. Exercise l?outs of

g ugi 35 % % E § § 15-20 min were well-tolerated in concussed athletic popu-

gle g g g &2 :‘f lé lations with at least 90% completion rates [127, 133]. The

.;; g g E g ? g& 5 inclusion of a brief warm up and cool d.own as part of

5 < c‘f’% K 8 % %-8 § the exercise session would allow the patient to becpme

@ |~ o ER: 5 § acclimated to exercise and would also smoothly transmo.n

'é ‘5 = 2 the patient to exercise termination. Untrained or decondr

= E 'é é tioned patients may prefer 10—15 min, depending on their

S i level of exercise tolerance and symptom provocation. An

E % ; E allowable symptom provocation threshold sf%ould. be estab-

'§ E» % = lished, as healthy individuals report concussion-like symp-

= s § E‘ﬁ toms during high-intensity exercise [134]. For exa}mple,

< i E E £ &;’ using a 10-point visual analog scale, the sympt'om-hmlted

;6)0 E % ) E* E threshold on the BCTT is reached when the patient reports

= f § é a > 3-point increase from the pre-test overall syrr'lptom

O &3 severity value; a point is allocated for any worsening of

£ % % § i symptoms or the appearance of a new symptom [26]. The

%D g ;';t ° clinician should closely monitor the bout of exercise.. Thp

9 é% %: 2 g use of heart rate monitoring or RPE during ex.ermse? is

g 9\-3 = f E E* recommended to accurately gauge the. exerqse.mtensny.

Z|gH il § In patients with concussion who exercised within the ﬁ.rst

é g 5 g 5 i ;5: = week of their injury, heart rate and RPE both tracked lin-

=1 E é‘ 8 % % early over the course of their exercise bout [41].

’E 'S § § é The initial session of exertion should likely be completed

g REF 22  inan unstimulating environment (e.g., quiet office space) to

: % % % B g avoid provocation of visual/vestibular symptoms, which may

é‘" “3 5 §‘ §0 f] make it difficult for the clinician or patient to discriminate

a | = @f E g § between exertion-related symptom Provocatlon o'r visual/

‘§ S E § E vestibular-related symptom provocatl'on. A treadmill would

§ g2 Qig § be the preferred mode of exercise, as it most closely reﬂe.cts

= B 224 g the patient’s daily activity. However, if a lovyer extremity

§ 5 E ii E injury or severe vestibular dysfunction restricts treadmill

E g z § &E S 2  exercise, a stationary bike or upper body ergf)n?eter may

g ; 5 g ‘T: ) :’; be more appropriate. The number of days post-injury when

v |z = S 5 ‘s, aerobic exercise should be initiated is of great interest. When
2|25 SE 55 <«
Ela l QT SO =
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