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Management of the athlete with postconcussion syndrome
(PCS) is challenging because of the nonspecificity of PCS
symptoms. Ongoing symptoms reflect prolonged concussion
pathophysiology or conditions such as migraine headaches,
depression or anxiety, chronic pain, cervical injury, visual
dysfunction, vestibular dysfunction, or some combination of
these. In this paper, we focus on the physiological signs of
concussion to help narrow the differential diagnosis of PCS in
athletes. The physiological effects of exercise on concussion are

especially important for athletes. Some athletes with PCS have
exercise intolerance that may result from altered control of
cerebral blood flow. Systematic evaluation of exercise tolerance
combined with a physical examination of the neurologic, visual,
cervical, and vestibular systems can in many cases identify one
or more treatable postconcussion disorders.

N

that persistent symptoms (.10 days) are reported in 10%
to 15% of patients with SRC. Thus, although athletes who
are symptomatic for more than 10 days may be considered
atypical with respect to the expected recovery time, recent
investigators,3 using an approach accounting for concussion heterogeneity that incorporates symptoms and
neurocognitive and vestibular-oculomotor outcomes, suggested that recovery time for adolescents with SRC may
be as long as 3 to 4 weeks. Therefore, for the purposes of
this paper, concussion refers to the condition that
clinically resolves within 30 days of injury, whereas
PCS is present when symptoms persist for 30 days or
longer.
Postconcussion syndrome describes patients who do not
recover after concussion within the expected time frame,4
which depends on the patient and the circumstances of the
injury. As deﬁned by the Diagnostic and Statistical Manual
of Mental Disorders, fourth edition,5 PCS refers to (1)
cognitive deﬁcits in attention or memory and (2) at least 3
or more of the following symptoms: fatigue, sleep
disturbance, headache, dizziness, irritability, affective
disturbance, or apathy or personality change that persists
for 3 months or longer.6 Use of a broader deﬁnition of PCS
(eg, the World Health Organization’s International Classiﬁcation of Disease-107 clinical criteria are the persistence
of 3 or more of the following symptoms: fatigue, headache,
dizziness, irritability, insomnia, concentration difﬁculty, or
memory difﬁculty) is much more sensitive for identifying
PCS patients but does not specify a time frame.6 After 3
weeks, patients (and especially athletes) begin to worry
about when they will recover, and if symptoms persist for 6
weeks, PCS can alter how individuals live their lives.8 The
various deﬁnitions of PCS reﬂect a syndrome characterized

ew research is challenging the traditional approach
of ‘‘rest until symptoms resolve’’ and suggests, in
fact, that prolonged rest adversely affects the
pathophysiology of concussion, delays the institution of
effective therapies, and may be detrimental to recovery.
Identifying the symptom generator(s) in the athlete with a
prolonged recovery is essential to prescribing appropriate
active therapy. This paper presents emerging thought about
assessing exercise tolerance as a potential physiological
biomarker to establish or conﬁrm the diagnosis of
concussion and, perhaps more importantly, to help
practitioners decide when the physiological dysfunction
of concussion has resolved. We discuss the current best
available evidence for the pathophysiology of postconcussion syndrome (PCS) and for the efﬁcacy of subthreshold
aerobic exercise and of cervical, ocular, and vestibular
rehabilitation for treating the athlete with prolonged
recovery after concussion. A case report highlights how
athletic trainers can be key members of the medical team in
assessing and treating the athlete with prolonged recovery
after concussion.
The most recent international consensus statement on
concussion in sport, the Zurich guidelines,1 and the 2014
National Athletic Trainers’ Association (NATA) position
statement on the management of sport-related concussion
(SRC)2 deﬁne concussion as a brain injury resulting from
biomechanical forces producing a complex pathophysiological process that typically results in the rapid onset of
short-lived impairment of neurologic function that resolves spontaneously. Concussion is a functional disturbance rather than a macrostructural brain injury, the
resolution of which requires 7 to 10 days in the typical
athlete (80%–90% of cases). The Zurich guidelines1 state
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by nonspeciﬁc cognitive and symptom criteria rather than
by a speciﬁc diagnosis based on pathophysiological
evidence.4
The NATA position statement2 notes that adult males
typically recover within 14 days, whereas females and
younger patients may require more time to recover.
Precisely when athletes are considered to have moved
from a typical concussion recovery to PCS is not
speciﬁcally deﬁned, but athletes who are symptomatic for
more than 4 weeks are considered to be beyond the typical
recovery period, particularly if they are older adolescents or
collegiate or professional athletes.2,9,10 Although some1
have reported that children recover more slowly than
adolescents, recent evidence3,11,12 suggested that adolescents take longer to recover than children or adults.
Predictors of PCS are not known with certainty because
PCS is not a speciﬁc diagnosis. The following clinical
variables have been associated with increased PCS risk: a
history of 3 or more concussions,13,14 female sex,15 younger
age,16 history of cognitive dysfunction,17 and affective
disorders such as depression and anxiety.18,19
The Zurich guidelines1 and the NATA position statement2 noted that persistent symptoms are not speciﬁc to
concussion, so it is important to consider other conditions
such as migraine headaches, mental health concerns, or
concurrent injuries (eg, to the cervical spine).20 Practitioners must determine whether prolonged symptoms reﬂect
ongoing concussion pathophysiology or a different process.4,21 Therefore, the assessment of PCS requires a careful
history and physical examination (including assessment of
any history of affective disorders18 and examination of the
cervical spine, vestibular function, and vision4,20). It is
becoming evident that vision problems are common after
concussion, that vision should be assessed acutely,22 and
that treatment is indicated for patients with persistent
oculomotor problems.23 The purpose of this paper is not to
present a comprehensive overview of all of the physical and
psychological consequences of concussion but to review
the emerging evidence on the physiology of concussion,
introduce the concept of exercise tolerance as a potential
physiological biomarker of concussion and of concussion
recovery, describe a physiological approach to the differential diagnosis of PCS, and discuss the management and
physiological treatment of the atypical athlete with
persistent symptoms after concussion.
LITERATURE REVIEW METHODS

We searched PubMED and MEDLINE for articles using
the key words activity, athlete, autonomic, cervical,
concussion, exercise, mild traumatic brain injury (mTBI),
mTBI, ocular, physical, physiology, postconcussion syndrome, PCS, sport, therapy, treatment, vestibular, and
vision. Only original and review articles that focused on
concussion or mTBI effects and treatment in both the
acute and chronic phases after concussion were included.
The bibliographies of relevant articles also provided
citations.
Exclusion criteria were non–English-language articles,
case series, and articles that did not focus on concussion or
mTBI (eg, those that addressed seizures or moderate to
severe traumatic brain injury [TBI]).
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THE PHYSIOLOGY OF CONCUSSION

The Zurich guidelines1 did not deﬁne what speciﬁcally
constitutes the ‘‘complex pathophysiological process’’ of
concussion, but it is considered to include some combination of metabolic,24 physiological,25 and microstructural26
injuries to the brain. Concussion affects the autonomic
nervous system (ANS)27,28 and the control of both cerebral
blood ﬂow (CBF)29–32 and cardiac rhythm.33,34 The primary
ANS control center may be damaged in concussion,
particularly if a rotational force was applied to the upper
cervical spine,35 as supported by results from a diffusion
tensor imaging study36 that showed changes to brainstem
white matter neurons after concussion. The metabolic and
physiological dysfunction typically but not always resolves
within days to weeks after injury.24,37 For example, reduced
resting CBF has been evident for up to a month
postconcussion in some adolescents31 and collegiate
football players.32 The resolution of this vulnerable period
of brain metabolic imbalance after concussion does not
necessarily coincide with the resolution of symptoms.
Using proton magnetic resonance spectroscopy, Vagnozzi
et al38 showed that metabolic dysfunction can last up to 30
days after SRC and up to 45 days if a second injury occurs
before the ﬁrst has resolved. Thus, a second injury before
metabolic homeostasis is restored can signiﬁcantly delay
the metabolic and clinical recovery from concussion.
The ANS consists of the sympathetic and parasympathetic branches, which act antagonistically to regulate
homeostasis. The sympathetic nervous system (SNS)
branch mobilizes the body for action and defense behaviors
during times of stress, whereas the parasympathetic nervous
system (PNS) branch works to conserve energy.39 The
primary ANS control center is in the brainstem, near the
cardiorespiratory control center, and sends its nerve ﬁbers
out through the spinal cord. Evidence from functional
magnetic resonance imaging40 suggests that the ANS is
distributed beyond the brainstem to include higher cortical
(eg, dorsolateral prefrontal, posterior insular, and middle
temporal cortices) and limbic-related regions (eg, amygdala, hippocampus, and thalamus). The major parasympathetic output from the brain, the vagus nerve, innervates the
visceral organs and is essential for the regulation of cardiac
rhythm. Heart-rate variability (HRV) is the physiological
phenomenon of variations in the time interval between
heartbeats. It is measured in the time domain by the
variation in the beat-to-beat interval (the R-R interval on an
electrocardiogram) or in the frequency domain by methods
that assign bands of frequency and then count the number
of R-R intervals that match each band. The bands are
typically high frequency (HF), from 0.15 to 0.4 Hz, and low
frequency (LF), from 0.04 to 0.15 Hz. The HF component
is thought to primarily represent the PNS, whereas the LF
component is considered a marker of both SNS and PNS
activity. The contribution of each to LF power is
controversial and related to the experimental conditions.41
Under stress, however, an increase in LF power reﬂects
sympathetic activation.41 The LF : HF ratio is used to
represent the sympatho-vagal balance.41 Low HRV (reﬂecting a preponderance of SNS activity) is associated with
mortality in clinical populations at risk for heart disease,42
whereas high HRV is a beneﬁcial adaptation to endurance
training (reﬂecting increased PNS and reduced SNS
activity).43

Heart-rate variability has been used to quantify autonomic dysfunction across a broad spectrum of TBI severity,
including concussion.33,44,45 Autonomic dysfunction after
TBI is believed to represent some degree of uncoupling
between the brain autonomic centers and the cardiovascular
system,44 can be precipitated by different types of exercise
in patients after concussion,28,33 and improves as patients
recover from severe TBI46 or from concussion.28 One
group, for example, showed that concussed athletes who
reported recent symptom resolution had abnormal HRV33
and elevated heart rates (HRs)34 during steady-state
exercise (but not at rest) versus healthy controls, which is
consistent with increased SNS activation during exercise
after concussion. More recent evidence, however, suggests
that concussed patients are unable to switch from
parasympathetic to sympathetic control of cardiac function
at the appropriate time. Symptomatic concussed individuals
had lower HRs at exercise initiation and during equivalent
exercise intensities on a progressive treadmill test when
compared with their HRs once they had recovered; in other
words, their HRs were not appropriate for the level of
physical work being performed.47 Hilz et al48 identiﬁed
orthostatic intolerance in concussed participants when
moving from supine to standing. Blood pressure (BP) did
not rise appropriately on standing, consistent with lack of
withdrawal of parasympathetic inﬂuence or augmentation
of sympathetic modulation. Clinically, this manifests as
symptoms of lightheadedness and dizziness upon sitting or
standing, as reported by some concussed patients. These
symptoms can reach extreme levels with syncope, as from
postural orthostatic tachycardia syndrome, which is
deﬁned as symptoms or syncope (or both) in association
with a tachycardic HR response without a drop in BP.49
Autonomic tests may be effective in identifying concussion or PCS. La Fountaine et al27,28 showed that 2 measures
of cardiac vagal modulation, the QT interval variability
index at rest and HR complexity during isometric hand-grip
exercise, were altered within 48 hours of head injury,
resolved within 1 week, and remained at control levels 2
weeks later, consistent with vagal dysfunction early after
concussion. In a controlled study of HRV in university
athletes who were judged to be clinically recovered from
concussion (a mean of 95 days postinjury), Abaji et al50
found that during the isometric hand-grip exercise, but not
at rest, athletes with a history of concussion had less HF
power and a greater LF : HF ratio than age- and teammatched controls with no history of concussion. Thus,
asymptomatic athletes exhibited modiﬁcations in cardiac
autonomic modulation weeks to months after concussion
that became apparent only during physical exertion. A
recent prospective study51 of adolescents 13 to 18 years of
age with PCS provides an idea of the prevalence of
autonomic dysfunction after concussion: 70% of these
patients had abnormal cardiac tilt-table results. Thus,
symptomatic orthostatic intolerance may be a clinical
physiological biomarker of concussion, one that can be
assessed in the examination room or on the sideline. A
reduction of 20 mm Hg in systolic BP or a reduction of 10
mm Hg in diastolic BP (measured supine and within 3
minutes of standing) is diagnostic of orthostatic hypotension.52 Symptoms include lightheadedness, dizziness,
blurred vision, and nausea. Because some healthy adolescents meet the diagnostic criteria for orthostatic hypoten-

sion but experience no symptoms, it is not clear whether
this reﬂects physiological dysfunction from concussion or a
preinjury physiological state. A rise in HR of 20 beats or
more (with or without a drop in BP) can also indicate
orthostatic intolerance but is considered more likely to be a
hypovolemic response, whereas the absence of an HR
response more often indicates a neurogenic cause.52 Vital
signs need only be obtained in supine and standing
positions (not sitting).52 These data show evidence of
abnormal autonomic function with concussion and PCS;
unfortunately, no information is available on the sensitivity
or speciﬁcity of these tests in concussed patients. Finally,
the reactive depression experienced by some athletes after
concussion may inﬂuence vagal tone and autonomic
regulation. Cardiac autonomic regulation is impaired in
girls with major depression53 as well as in those with
reactive depression (eg, bereavement).54 Therefore, exercise treatment (discussed later) may be beneﬁcial from a
psychosocial perspective to improve the negative mood
driving the autonomic dysregulation in some patients after
concussion.
The physiological effects of concussion during exercise
are especially important for athletes. Athletes with PCS
have exercise intolerance55 that may result from altered
control of CBF during exercise.29 The CBF response during
progressive exercise is opposite to the reduced CBF at rest.
In female athletes with persistent symptoms (such as
headache and difﬁculty with concentration) more than 6
weeks after concussion, CBF increased out of proportion to
exercise intensity when compared with CBF in those
athletes once they recovered and when compared with
nonconcussed athletes exercising at the same intensities.29
Elevated CBF was associated with the development of
headache and dizziness, which signiﬁcantly limited exercise tolerance in the PCS patients.55 We hypothesize that
cerebral autoregulation, which allows the brain to maintain
an almost constant perfusion pressure in the face of varying
systemic BPs,56,57 is abnormal after concussion.58 If so,
then changes in systemic BP will induce excessive changes
in cerebral perfusion pressure in concussed patients and
produce symptoms such as headache.59 This hypothesis is
supported by evidence that PCS patients exercising on a
treadmill had abnormally increased BPs at low exercise
intensities associated with the appearance or exacerbation
of headache.55,60 Authors61 of a recent study also reported
that elevated cerebral perfusion pressure caused headache
during exercise shortly after SRC.
EXERCISE TOLERANCE

The Zurich guidelines1 recommended that athletes
recovering from a recent concussion return to play (RTP)
only after they are asymptomatic both at rest and with
provocative exercise. Stages 1 and 2 of the Zurich RTP
program consist of low-level aerobic exercise; not until
completion of the protocol is maximum exertion required.
The inference is that exercise precipitates physiological and
metabolic dysfunction that is not apparent while at rest after
concussion. This can be reformulated as a question of
exercise tolerance. For typical patients recovering from
concussion (that is, not a patient with PCS), those who
report a normal level of symptoms and who can exercise to
exhaustion without symptom exacerbation (ie, normal
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exercise tolerance) may, in conjunction with a normal
physical examination and normal cognitive function, be
sufﬁciently recovered physiologically to begin the Zurich
graduated RTP protocol.1 Conversely, the concussion
patient who demonstrates exercise intolerance during
systematic testing is not yet physiologically recovered or
ready to begin the RTP protocol. Exercise intolerance
manifests as a symptom-limited cessation of exercise at a
submaximal exercise intensity, before reaching physical
exhaustion or the maximum age-predicted HR (or both).62
The clinician assessing a concussed patient during an
exercise test relies on 2 observations to determine exercise
intolerance: the subjective report from the patient of
increased or new symptoms plus the presence of signs
such as obvious facial expressions of distress, sharply
reduced communication with the clinician, or a signiﬁcant
jump in HR, BP, or both from one stage to the next. The
patient with physiological intolerance to exercise typically
stops well short of the age-predicted maximum HR because
he or she simply cannot continue to exercise for reasons
other than physical exhaustion. We hypothesize that the
exercise intolerance provoked by systematic exercise
testing is a proxy for the underlying abnormal physiology
of CBF control as a result of concussion.29 The principle of
exercise intolerance may therefore be conceptualized as a
physiological biomarker to establish or conﬁrm the
diagnosis of concussion and, perhaps more importantly, to
help practitioners decide when the physiological dysfunction of concussion has resolved (ie, return of normal
exercise tolerance).
We developed a systematic approach to assess exercise
tolerance in PCS patients and those with acute concussion.60 The Buffalo Concussion Treadmill Test (BCTT) is
based on the Balke cardiac treadmill stress test and imparts
a very gradual increase in workload. The BCTT is safe for
use in patients with PCS60 to develop a subthreshold
exercise treatment prescription and has good test-retest
reliability.63 We also modiﬁed the BCTT to suit the needs
of different populations, including the military.64
With respect to the use of the BCTT in patients with
acute concussion, we completed a prospective randomized
controlled trial of 54 adolescents (66% males, mean age ¼
15.5 years) within 9 days of SRC (mean ¼ 4.5 days).65 On
visit day 1, half performed the BCTT and half did not
perform any exercise testing. The day 1 symptom severity
score on the Sport Concussion Assessment Tool-2 was 35
6 22 for the exercise-test group and 26 6 22 for the no–
exercise-test group, but the results were not signiﬁcantly
different. All those randomly assigned to the BCTT (n ¼
27) stopped exercise at their symptom-exacerbation
threshold,62 which was well below their predicted maximum exercise tolerance (mean exercise HR at threshold
was 70% of age-predicted maximum). All participants were
diagnosed with a concussion as assessed by independent
blinded physicians. Thus, acutely concussed adolescents
displayed exercise intolerance on the treadmill. It is
important to note that those who completed the treadmill
test did not report a short-term increase in symptoms (ie,
within 24 hours) or experience delayed recovery from SRC
when compared with the control group.
The BCTT has also been used to establish physiological
recovery from acute concussion. In the study referenced
earlier,65 all participants (N ¼ 54) performed the BCTT 2
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weeks after visit day 1. A total of 80% had return of normal
exercise tolerance; that is, they achieved a mean exercise
HR of 85% of age-predicted maximum. They stopped
exercise because of exhaustion, not because of symptoms,
and they were independently judged by blinded physicians
to be recovered (based upon a normal level of symptoms
and a normal physical examination). However, the 20% of
participants with persistent exercise intolerance were
judged by independent blinded physicians as still being
concussed. Thus, the return of exercise tolerance was
consistent with physician evaluation and with clinical
practice. The beneﬁt of the BCTT is that it may serve as a
more objective physiological biomarker of concussion
recovery if the clinician has concerns because some
athletes intentionally minimize symptoms in order to
RTP.66 We also evaluated the value of exercise-tolerance
assessment versus computerized cognitive testing to
establish readiness to RTP acutely after SRC. In a
retrospective study conducted to validate the Zurich RTP
guidelines,67 117 adolescent athletes with SRC (mean age ¼
15.4 years) underwent computerized neuropsychological
testing before performing the BCTT on the day they
reported a baseline level of symptoms (a mean of 24 days
after SRC). On passing the BCTT, all athletes began the
Zurich RTP protocol. All participants with normal exercise
tolerance on the BCTT completed the Zurich RTP protocol
without symptom exacerbation and all returned to sport
successfully. Computerized neuropsychological test performance did not predict RTP.67
THE ATHLETE WITH PROLONGED RECOVERY

Persistent symptoms (.10 days) have been reported in
10% to 15% of collegiate and professional American
football players and in Australian footballers with concussions. Greater rates (up to 30% or more) have been reported
in ice hockey and high school athletes.20 The Zurich
statement1 recommends an initial period (24–48 hours) of
physical and cognitive rest immediately after the concussion and RTP only when the athlete is asymptomatic at rest.
The practical consequence of the recommendation to rest
until asymptomatic has been that many clinicians advise
restricting all physical and cognitive activity because of a
theoretical risk that symptoms indicate brain damage and
will delay recovery, even in those with PCS who remain
symptomatic well beyond the metabolic recovery time
frame.68 It is true that some animal69 and retrospective
human70 data have shown that uncontrolled exercise or
activity delays recovery if instituted too early after
concussion. Humans, however, can identify their symptom-limited threshold and stop activity, whereas rats forced
to continue to exercise cannot. The ﬁndings of recent
studies have begun to challenge the use of rest as treatment
for patients with concussion and PCS. For example,
patients who were advised immediately after concussion
to rest for 2 days and then return to normal activities
according to their symptoms recovered faster than those
who were advised to maintain strict bed rest for 5 days.71 In
another investigation,72 concussed patients in a rest group
were withheld from activities, including classes, for the
remainder of the injury day and the following day, whereas
patients in a no-rest group were not provided any postinjury
accommodations. The prescribed day of cognitive and

physical rest did not reduce postconcussion recovery time,
suggesting that light activity after concussion may not be
deleterious to the recovery process. Our group60 has shown
that in PCS patients, a single bout of controlled exercise
using the predetermined cessation criterion of the individual symptom-limited threshold was safe and did not
increase symptoms or delay recovery. Moreover, a
subthreshold aerobic exercise program using HR data from
the initial exercise test safely resolved symptoms in the
PCS patients when compared with a period of no
intervention.60
It is important to acknowledge that self-report of
symptoms is problematic because symptoms can be
nonspeciﬁc and may be reported by healthy athletes at
baseline and by patients with other injuries, illnesses, or
neuropsychiatric conditions such as anxiety or depression.20
Patients with cervical injury, for example, report cognitive
and headache symptoms as frequently as do patients after
concussion.73 Postconcussion syndrome is not a diagnosis
but a description of patients who report prolonged
symptoms.4 A focus of our work has been to evaluate
PCS more systematically to deﬁne a series of speciﬁc
postconcussion disorders (PCDs). For example, those with
physiological concussion are identiﬁed by signiﬁcant
exercise intolerance, whereas those with symptoms and
signs from cervical, vestibular, or visual dysfunction (or a
combination of these) typically do not have early,
signiﬁcant exercise intolerance on the BCTT. We believe
that objective physiological measures are required to
conﬁrm recovery because self-report of symptoms is
confounded by athletes who minimize or hide symptoms
in order to expedite RTP66 or who lack appropriate
knowledge of the symptoms and consequences of concussions.74 Conversely, some PCS patients may continue to
report symptoms because of either psychological or sociolegal considerations.20
We have found that some PCS patients, particularly
athletes, have persistent physiological dysfunction that is
revealed by their level of tolerance to exercise and their HR
response during systematic exercise testing. Clausen et al29
recently reported persistent exercise intolerance in female
collegiate athletes with PCS who had abnormally low
sensitivity to arterial carbon dioxide when compared with
healthy participants. This resulted in a relative hypoventilation during progressive exercise despite increasing carbon
dioxide levels that caused CBF to rise disproportionately to
the level of exercise they were performing. The PCS
participants stopped exercise at submaximal levels because
of symptoms of headache and dizziness. A program of
subthreshold aerobic exercise restored their carbon dioxide
sensitivity, ventilation, exercise CBF, and exercise tolerance to normal in association with symptom resolution.
Others have identiﬁed abnormal autonomic regulation of
BP48 and HR33,34 in patients with concussion.
MANAGEMENT OF PERSISTENT POSTCONCUSSIVE
SYMPTOMS

Every practitioner caring for the athlete with prolonged
recovery from concussion should consider whether persistent symptoms reﬂect prolonged concussion pathophysiology or a different process.4 We have attempted to
systematize the approach to PCS by using the response to

exercise and physical assessment of the ANS, the cervical
spine, and the visual and vestibular systems that are
commonly affected by the injury that produces concussion.4,22,23,73,75
In athletes with prolonged symptoms (.3–4 weeks), it is
safe to assess exercise tolerance using the BCTT.30,60,62,63
Athletes with a symptom-limited submaximal threshold
(those who stop because of symptom exacerbation at a
rating of perceived exertion ,18 and who do not achieve
near-maximum predicted HR) are considered to have a
persistently abnormal concussion physiology (which we
believe is a dysautonomia that produces abnormally
elevated exercise CBF). These patients are candidates for
subthreshold progressive aerobic exercise treatment.62
Physical examination ﬁndings in patients with other PCDs
include abnormal visual tracking (saccadic eye motion with
symptoms during smooth pursuit testing) or abnormal near
point of convergence (normal is 6–10 cm from the nose) or
both, cervical tenderness, spasm, reduced proprioception,
and abnormal balance (abnormal Balance Error Scoring
System or tandem-gait testing).76,77 A brief vestibularocular motor-screening examination has demonstrated good
sensitivity for identifying patients with concussion.78 A
physical sign-based approach to PCS reveals that the
majority (approximately two-thirds) of patients do not have
physiological concussion; rather, symptoms most often
result from one of several PCDs, such as isolated or
combined cervical, vestibular, or visual system injuries.79
Identifying the source of symptoms allows the provider to
prescribe speciﬁc active forms of therapy such as cervical
physical therapy,80 vision therapy,23 or vestibular rehabilitation.81
MANAGEMENT OF PATIENTS WITH PCDS

The Zurich guidelines1 acknowledge that more research
is needed to evaluate the optimal amount and type of rest
after SRC. Practitioners in the ﬁeld must determine how
much rest after concussion is enough to enhance recovery
and when it is safe for concussed patients to be active again.
The prescription of rest early after concussion has a
theoretical basis, given the acute metabolic crisis of high
energy demand,24 the vulnerability of the brain to more
serious injury and delayed recovery after a subsequent
injury,80,82 and animal studies showing that premature
exercise hinders recovery. Griesbach et al83 found that
exercise immediately after a ﬂuid-percussion brain injury in
rodents compromised brain-derived neurotrophic factor
(BDNF), which is involved in neuron repair after injury
as well as in cognitive performance. When exercise was
delayed by 2 weeks, BDNF increased in association with
improved behavior,83,84 suggesting a therapeutic window
for the implementation of exercise after concussion. They
subsequently analyzed the effects of voluntary versus
forced exercise after concussion. Rats forced to exercise
after concussion markedly stimulated the corticotrophic
axis and did not increase BDNF, whereas BDNF levels
increased after voluntary exercise.69,85 Thus, the motivation
for exercise appears to be important after concussion, and
exercise regimens with strong stress responses (ie, forced
exercise) are not beneﬁcial shortly after concussion.
Two uncontrolled studies86,87 showed that rest improved
symptoms in adolescents slow to recover after concussion.
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However, no evidence indicates that strict rest for more
than 3 days is beneﬁcial to adult recovery from concussion.68 Adolescents advised to rest in bed for 5 days after
concussion showed increased neurobehavioral symptoms
versus those advised to resume normal activity after 2 days
of rest. This may reﬂect a situational depression caused by
missing social interactions and falling behind academically,
thereby increasing emotional symptoms.71 Some evidence
suggests that reassurance, discussing the expected recovery
time, and education about compensatory strategies early in
the process can reduce later symptoms.88 Two controlled
studies of adults showed that brief, early education (an
information booklet)89 and psychological intervention90
reduced PCS symptoms at 3 to 6 months after injury.
There is little evidence of efﬁcacy for medications such as
antidepressants for treating PCS,4 and compensatory
strategies for students returning to class have not been
explored in prospective trials but certainly merit further
study.91
ACTIVE TREATMENT FOR THE ATHLETE WITH
PROLONGED RECOVERY
Subthreshold Exercise

The Zurich guidelines1 acknowledge that low-level
exercise for those who are slow to recover may be of
beneﬁt, although the optimal timing to initiate this
treatment after injury is currently unknown. This perspective is also supported by the NATA position statement.2 In
our center, we have demonstrated that the BCTT can reveal
physiological dysfunction in patients with concussion,29,30,55,60 differentiate concussion from other diagnoses
(eg, cervical injury, depression, migraines),79,92 and quantify the clinical severity and exercise capacity of concussed
patients.62 Based on the Balke cardiac protocol, the test
begins at a speed of 3.2 to 3.6 mph (5.2–5.8 kph, depending
on the patient’s age and height) at 0% incline. The speed
remains the same, while the incline is increased by 1% each
minute thereafter until the patient cannot continue. Our
safety protocol dictates that exercise is stopped according to
the predetermined criterion of symptom exacerbation.62
The HR at threshold forms the basis for an individualized
aerobic exercise prescription that we have shown treats the
underlying physiological dysfunction of concussion (see
following paragraphs).29 Testing requires some experience
because neurologic symptoms have been reported by
healthy individuals after intense exercise93 and cervical
symptoms and migraine headaches occasionally become
exacerbated during the ﬁnal stages of the test. However, the
onset of symptom exacerbation in patients with physiological concussion occurs much earlier in the test protocol and
well short of predicted maximum exercise capacity.62
Once the diagnosis of physiological concussion is
established by treadmill testing, each patient is prescribed
exercise at 80% to 90% of the achieved HR, which
becomes his or her individual target HR. Patients are asked
to exercise for 20 min/d (with a 5-minute warm-up to the
target HR and a 5-minute cool-down for a total exercise
duration of 30 min/d), 6 or 7 days per week. The use of an
HR monitor is important to prevent athletes from
overexerting (which will precipitate symptoms). Patients
are advised to stop exercise at symptom exacerbation or at
304
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20 minutes, whichever comes ﬁrst. We advise them to
exercise ﬁrst on a bicycle (to minimize any provocation of
vestibular symptoms) and then attempt treadmill running.
The target HR is increased by 5 to 10 beats/min every 1 to 2
weeks, depending on how fast the patient is responding.
Once the athlete can exercise at 85% of the age-predicted
maximum HR for 20 minutes without symptoms for 2 to 3
days in a row, he or she is declared physiologically
recovered. Yet this does not necessarily mean the athlete is
ready for RTP. Advice on RTP is based on history (eg,
depending on the number of prior concussions, it may be
wise for the athlete to forgo contact sport because of the
risk of further injury) and the presence of other signs and
symptoms (ocular or vestibular dysfunction, for example,
which must resolve before full RTP is advised). Even if the
athlete cannot yet RTP, he or she can begin training to
restore aerobic ﬁtness. Our nonrandomized studies showed
that in PCS patients, individualized subthreshold aerobic
exercise treatment improved symptoms, ﬁtness, and
autonomic function during exercise,60 and when compared
with no intervention, the rate of safe recovery and restoring
function (sport and work) improved.60,92 Investigators94 in a
recent study used a standard cycle-ergometer protocol (the
McMaster All-Out Progressive Continuous Cycling Test) in
54 youths (age range ¼ 8.5–18.3 years) with PCS (mean
symptom duration ¼ 6.3 months). A total of 63% of
participants had symptoms during exertion; however, the
number and severity of symptoms improved signiﬁcantly
over the ensuing 24 hours in most patients. The authors
concluded that exertion testing has an important role in the
evaluation of symptoms and readiness to RTP, particularly
in youths who are slow to recover, and that a cycle
ergometer can be used safely by these patients. Although
we demonstrated a beneﬁt of subthreshold exercise
treatment on the physiology of female athletes with
PCS,29 others have shown that sex may affect the response
to exercise treatment. In a study of sedentary, healthy
young adults, aerobic conditioning improved autonomic
control of the heart only in males.95
Treatment of Other PCDs

A proactive approach to treating cervical, vestibular, and
ocular PCDs includes cervical physical therapy, vestibular
rehabilitation, and vision therapy. The beneﬁts of a
combined approach of orthopaedic and vestibular physical
therapy after concussion were shown in a randomized
clinical trial and a case series.80 If persistent headache after
concussion suggests a cervicogenic cause, cervical spine
manual therapy is effective.96 Some patients are diagnosed
with a combination of both physiological and cervical or
vestibular disorders, based on early exercise intolerance on
the BCTT plus cervical and vestibular abnormalities on
physical examination.73 By combining cervical and vestibular therapy with sub–symptom threshold aerobic exercise,
64% of these patients returned to full function within 1
year.92
CASE STUDY

For the student-athlete with PCS, a gradual return to full
school participation and a graded exercise program have
been recommended before return to sport.97,98 As noted in
the Reduce, Educate, Accommodate, Pace (REAP) pro-

Table 1. Patient’s ImPACT Test Results
Weekly Visits: Percentile (Classification)
Test
Memory composite—verbal
Memory composite—visual
Visual motor speed composite
Reaction time composite

1
1
6
86
60

2

(Impaired)
(Borderline)
(High average)
(Average)

gram,99 the athletic trainer can play a pivotal role in
informing school academic personnel that a student-athlete
has had a concussion and in working with other school
personnel to return the student-athlete to the classroom and
to play.
Erik is a 16-year-old football player who suffered a
concussion from helmet-to-helmet contact during practice
12 days before the school year began. Erik’s athletic trainer
recognized his concussion, removed him from play, and
referred him to a concussion clinic. Erik reported a
persistent headache, dizziness, sensitivity to light, and
fatigue. Both Erik and his mother noted he had difﬁculty
concentrating, even on simple tasks such as reading,
watching television, or having a conversation. This was
Erik’s second concussion, and he and his mother described
a prolonged recovery after the ﬁrst injury.
On physical examination, Erik’s supine and standing BPs
were 119/75 and 127/81, with pulses of 76 and 96 beats/
min, respectively. He was a little lightheaded on standing.
Ocular convergence was abnormal at 12 cm from his nose,
and he became symptomatic with visual tracking. Tandem
gait was abnormal. Cervical examination was normal. His
cranial nerves were intact, and his funduscopic examination
was normal. Thus, Erik showed signs of vestibular and
oculomotor dysfunction and mild orthostasis on his
physical examination.
Erik underwent a BCTT at his initial clinic visit, 3 days
after injury. He demonstrated exercise intolerance at an HR
of 105 beats/min. A second treadmill test 17 days after his
injury revealed that his threshold was still 105 beats/min.
Eventually, when his HR threshold reached 130 beats/min,
he was prescribed subthreshold aerobic exercise at an HR
no greater than 110 beats/min. His target HR was increased
as his threshold HR increased on subsequent BCTTs. When
Erik’s balance and visual problems did not improve in the
usual time frame, he was referred for vestibular rehabilitation. Erik’s prolonged recovery was secondary to
combined physiological, vestibular, and oculomotor dysfunction.
Erik was both a very good athlete and a very good
student. Although he was still quite symptomatic, he
wanted to attend school. Erik’s athletic trainer had
informed the school nurse, who informed other school
academic personnel about his injury. Even though a gradual
return to school was recommended, Erik returned to full
days and reported that his symptoms worsened signiﬁcantly. He was instructed to limit the number of hours he spent
at school by attending half days, alternating mornings and
afternoons. As part of a team approach to returning to
school, a brief meeting was held with Erik, his parents,
clinic personnel, the school nurse, his athletic trainer, his
coach, and his teachers. Recognizing Erik’s symptom
threshold in class and providing accommodations were
discussed. Course objectives and grading were adjusted so

6
20
90
69

3

(Borderline)
(Low average)
(High average)
(Average)

10
25
94
72

(Low average)
(Average)
(Superior)
(Average)

that Erik’s prolonged recovery did not affect his overall
high school record.
Erik was seen in the concussion clinic for 15 visits over 6
months. After 5 months, he was able to exercise to his
maximum HR, and then he began the Zurich RTP protocol.
He completed ImPACT testing early in his recovery, as
well as brief paper-and-pencil neuropsychological tests of
concentration, processing speed, and visual tracking at his
third clinic visit. As shown in Table 1, his computerized
test results improved over time. It is interesting to note that
although Erik was able to perform adequately on most
testing (except for 2 relatively lower computerized
composite scores; Table 2), he had difﬁculty sustaining
concentration in school and maintaining the cognitive
endurance required to process the amount of stimulation
involved in a full school day. Pacing himself to take regular
breaks before he reached his symptom threshold helped his
cognitive recovery.
Erik’s athletic trainer played a critical role in his removal
from play and prompt referral for evaluation and treatment.
As noted, successful completion of return to learn has been
recommended before an RTP protocol is initiated.97,98
Thus, athletic trainers can contribute to student-athletes’
integrated return to full daily functioning during a
prolonged course of recovery after SRC.
CONCLUSIONS

The athlete with prolonged recovery after concussion is
challenging to manage because of the nonspeciﬁcity of
symptoms. Symptom reporting can be inﬂuenced by other
medical conditions, such as migraine headaches, and by
psychological factors, such as coexisting anxiety and
depression. Practitioners should focus on the physiological
signs of concussion to help narrow the differential
diagnosis of PCS. In many cases, systematic evaluation of
exercise tolerance combined with a physical examination of
the neurologic, visual, cervical, and vestibular systems can
identify 1 or more treatable PCDs. Identifying the symptom
Table 2. Patient’s Additional Cognitive Testing at Week 3
Test

Raw
Score

T-Score

Percentile

Classification

Wechsler Intelligence Scales for Children-IV
Digit Span
Letter Number
Sequencing
Coding

35

65

94

Superior

24
72

66
55

95
70

Superior
Average

16’’
43’’

60
55

84
68

High average
Average

Trail Making Testa
Part A
Part B
a

Trail Making Test part A and B T-scores based on normative data
from the age group 18–24 years.
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generator(s) in the athlete with prolonged recovery is
essential to prescribing appropriate active therapy. We have
presented the current best available evidence for the
pathophysiology of PCS and for the efﬁcacy of subthreshold aerobic exercise and of cervical, ocular, and vestibular
rehabilitation for the treatment of the athlete suffering from
prolonged symptoms after concussion. Emerging research
is challenging the traditional approach of rest until
symptoms resolve and suggests, in fact, that prolonged rest
adversely affects the pathophysiology of concussion, delays
the institution of effective therapies, and may be detrimental to recovery. Future randomized multicenter trials of
exercise treatment that include clinical phenotyping should
determine the appropriate mode, duration, intensity, and
frequency of exercise during the acute recovery phase of a
concussion and establish the efﬁcacy of subthreshold
aerobic exercise and other forms of active treatment in
those with PCS. The athlete experiencing prolonged
symptoms should be encouraged to become active within
his or her symptom limitations. Furthermore, the athlete
with PCS may beneﬁt substantially from a sub–symptom
threshold exercise program that can safely improve activity
tolerance, restore aerobic capacity, and prepare the athlete
for a safe return to sport.
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