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Abstract

Objective—The objective of this study was to review the literature to identify and summarize
strategies for evaluating responses to physical exertion after mild traumatic brain injury (mTBI)
for clinical and research purposes.

Data sources—PubMed and EBSCOHost through December 31, 2016.

Study Selection—Two independent reviewers selected studies based on the following criteria:
1) inclusion of participants with mTBI/concussion, 2) use of a measurement of physiological or
psychosomatic response to exertion, 3) a repeatable description of the exertion protocol was
provided, 4) a sample of at least 10 participants with a mean age between 8-65 years, and 5) the
article was in English. The search process yielded 2,685 articles, of which 14 studies met the
eligibility requirements.

Data Extraction—A quality assessment using a checklist was conducted for each study by two
independent study team members and verified by a third team member. Data were extracted by a
one team member and verified by a second team member.

Data Synthesis—A qualitative synthesis of the studies revealed that most protocols employed a
treadmill or cycle ergometer as the exercise modality. Protocol methods varied across studies
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including differences in initial intensity determination, progression parameters, and exertion
duration. Common outcome measures were self-reported symptoms, heart rate, and blood

pressure.

Summary/conclusions—The strongest evidence indicates that exertional assessments can
provide important insight about mTBI recovery and should be administered using symptoms as a
guide. Additional studies are needed to verify an optimal modes and protocols for post-mTBI
exertional assessments.
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exertion testing; concussion; mild traumatic brain injury

Introduction

Mild traumatic brain injuries (mTBISs), including concussions, affect an estimated 1.6 to 3.8
million individuals annually in the United States.l: 2 Evidence increasingly indicates that
mTBIs may alter the central nervous system’s functioning leading to a variety of symptoms?
and leaving the brain vulnerable to further injury for an unknown period of time.* Due to
concerns that too much exertion in the acute recovery stages could impede recovery and
potentially cause more damage, 6 the standard of care for mTBI management has
historically been rest from physical and cognitive activities.5 However, recent studies and
consensus statements increasingly emphasize that rest may be associated with prolonged
symptoms and delayed recovery in at least some cases.’~ Thus, clinicians face a clinical
conundrum when treating patients with mTBIs: how to determine when a patient is
physiologically ready to return to higher levels of physical exertion. Exertional tolerance
assessments could provide a mechanism to evaluate tolerance to increased physical exertion
in a controlled and safe environment.

According to the latest American College of Sports Medicine’s Guidelines for Exercise
Testing and Prescription, clinical exercise testing can be useful for assessing a variety of
medical conditions.19 However, most of the research and protocols have been designed to
assess patients with ischemic heart disease.1% Treadmills and cycle ergometers (or stationary
bicycles) are the two most common modes for clinical exercise testing, both of which offer
advantages and disadvantages.1%: 11 Treadmill assessments may allow for testing higher
levels of exercise capacity because evidence suggests peak exercise capacity during cycling
can be 5%-20% lower due to regional muscle fatigue.1? However, cycling may be the
preferred mode of exercise testing for individuals who have orthopedic, neurologic, or other
safety-related considerations (e.g., impaired standing balance or gait).19-13 Additionally,
cycling often entails less movement of arms and thorax, which can make it easier to obtain
better quality physiologic measures and may be critical for the objective of the test in some
cases.13

Regardless of the medical condition being assessed, clinical exercise testing protocols
typically employ either a continuous approach (i.e., workload is consistent throughout test)
or an incremental approach (i.e., workload is progressively increased as the test proceeds).
10.13 some incremental protocols increase workload in relatively large adjustments every

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quatman-Yates et al.

Methods

Page 3

few minutes (Bruce protocol), while others use what is known as a ramping method whereby
workload increases occur in a more constant, steady, and continuous manner (e.g., Ball State
University/Bruce ramp).10: 13 Protocols with larger increases in workload increments such as
the Bruce or Ellestad may be better suited for screening individuals who are younger and
more physically active, to allow for optimally challenging exercise capacity within a more
manageable total testing time.13 In contrast, ramp protocols or protocols with smaller
incremental increases (e.g., Balke-Ware or Naughton protocols) may be preferable for older
individuals, deconditioned patients, or patients for whom large, quick increases in exertion
levels may be a safety risk.13

Published exercise testing standards convey that it is important to select an exercise testing
mode and protocol for each patient relative to purpose of the evaluation, the specific
information desired, and the individual characteristics of the patient being tested (e.g., age,
symptomatology, safety concerns).19-12 Although there are a variety of consensus
statements and general calls for the assessment of post-mTBI exertional tolerance to help
determine physiological readiness to return to sport or identify physiologic impairment,

4.5, 14 there is currently no gold standard protocol for activity assessments in these regards.
Due to the potential multi-system effects and co-morbidities associated with mTBIs (e.g.,
vestibular dysfunction, autonomic dysfunction, musculoskeletal/cervicogenic dysfunction),
an optimal exertional testing method for this patient population may differ from the graded
exercise and cardiovascular exertion testing commonly performed in other patient
populations. Likewise, unique outcome measures or interpretation of outcome measures may
be necessary to adequately identify mTBI-related impairments as part of the individual’s
physiological responses to exertion. Therefore, the purpose of this study was to complete a
systematic review of the literature in order to identify current clinical and research strategies
and rationales for evaluating post-mTBI responses to physical exertion.

Data Sources

A literature search was conducted on July 15, 2016 using the following search terms: ((post
concussion syndrome) OR (concussion) OR (mild traumatic brain injury) OR (closed head
injury)) AND ((exercise test) OR (exercise assessment) OR (exercise) OR (exertion test) OR
(exertion assessment) OR (exertion) OR (progressive exercise training) OR (autonomic
assessment) OR (aerobic training) OR (aerobic rehabilitation) OR (active rehabilitation)).
The search was performed using PubMed as well as an EBSCOHost package that included:
CINAHL Plus with Full Text, MEDLINE with Full Text, Alt HealthWatch, Health Source-
Consumer Edition, MEDLINE, SPORTDiscus with Full Text, Consumer Health Complete-
EBSCOhost, and Academic Search Premier. The search was repeated on December 315t,
2016, and on July 20, 2017 to identify additional relevant studies that had been published
since the initial search. The key word searches were also supplemented with manual
searches of the bibliographies of the articles that were ultimately determined to meet the a
prioriinclusion and exclusion criteria and of any review articles that turned up in the initial
search but were screened out during the abstract review stage. The search process was
inclusive of grey literature (research disseminated outside of traditional commercial/
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academic channels) in order to minimize publication bias. New articles that were published
or available as an electronic version ahead of print and fit the final search criteria were added
to the search pool. All duplicates were removed to yield a final initial pool of articles for
review.

Study Selection

Study selection was completed using two phases (a title/abstract screening phase, followed
by full text review) and managed using a web-based systematic review management
software (Distiller SR). The initial screening for relevancy based on the titles and abstracts
was performed by two independent reviewers according to a pre-determined set of inclusion/
exclusion criteria. Any disagreements were resolved by a third independent reviewer. An
article was deemed qualified for the systematic review if it met the following criteria: 1)
included human participants who had sustained an mTBI, 2) measured a physiological or
psychosomatic response to exertion, 3) provided a detailed description of the exercise
protocol, 4) included a sample of at least 10 participants with a mean age between 8-65
years, and 5) had a full-text available in English. A full-text review of the article was
completed if qualification could not be determined by title and abstract alone. Any
disparities were resolved by a third reviewer. Case studies, non-empirical research articles,
review papers, animal tests, and experiments done only in moderate or severe TBI
populations were excluded.

Data Extraction and Quality Appraisals

Data extraction was completed by a single reviewer and verified by a second reviewer.
Extracted characteristics included purpose, sample, exercise modality, protocol details,
relevant outcome measures, results, and limitations. Because the studies were not the same
study design and no existing quality assessment tools directly met our needs for our
descriptive-oriented research question, we created a unique set of items modified from other
critical appraisal tools (i.e., The Cochrane Risk of Bias Tool® and the Joanna Briggs
Institute Critical Appraisal Tools Checklist for Cohort Studies’) to assess bias and
relevance to our review purpose (see Table 1). The highest possible score was 10. It is
important to note, that the ratings provided for each item on the appraisal tool were directly
related to the purposes of the current systematic review. Therefore, a lower rating on an
individual item or a lower overall score would not necessarily reflect a poorer quality study
for the study’s original purpose. Rather, a lower rating on the checklist here, simply reflects
less direct relevancy or lower quality of study relative to the purposes of this systematic
review. The methodological quality checklist was completed for each study individually by
two reviewers. Any discrepancies were resolved and verified using a consensus generation
process with a third reviewer.

Synthesis of Post-mTBI Exertional Testing for Research and Clinical Purposes

The authorship team identified key themes relative to the current post-mTBI exertional
testing clinical and research strategies and rationales through a comprehensive review and
comparison of the studies that met the inclusion and exclusion criteria for the systematic
review. The themes were initially derived and drafted by the first author after considering the
direct relevancy of each study for the systematic review purposes and evaluating the study
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design strengths and weaknesses, investigators’ rationales for selecting exertional testing
protocols and parameters, and investigators’ discussions regarding post-mTBI exertional
assessments and interventions. The other authors of this manuscript then discussed these
themes both in-person and via written interactions as part of the development of the
manuscript to generate a consensus on the themes, the presentation and discussion of the
themes, and the analysis of the current state of the evidence. Additionally, the themes further
evolved over the course of the peer review process through thoughtful critiques and feedback
provided by the reviewers and editors.

A total of 2,406 potential records were identified through the initial key word search (Figure
1). The second search yielded an additional 79 potential records and the third search
identified 189 potential records. Eleven additional sources were found through a review of
bibliographies for a total of 2,685 potential records. After the full text review relative to the
eligibility criteria, 14 studies were identified as appropriate for the intended purposes of this
review. Quality appraisals for each included study are provided in Table 1 and detailed study
descriptions as they relate to the systematic review study question are provided in Table 2.

Sample Characteristics

Seven studies included samples with a mean age or age range of less than 18 years,17-22
while the other seven utilized samples with a mean age of 18 years or older.23-29 Four
studies used a sample consisting of only athletes,23-25: 30 three studies reported using a
combination of athletes and non-athletes,2”: 28: 30 and seven studies were unclear in their
reporting of athletes versus non-athletes within their samples.17-20. 22, 26,29

Five studies performed exertional assessments with participants who were in the relatively
acute post-concussion phases (1-3 weeks post injury).18 22-25 Seven studies used a sample
of participants who were in a more sub-acute to chronic phase of recovery (3 weeks or more
post injury).17: 26-31 One study was a retrospective chart review that included exertion
testing examples in both acute and more chronic patients.2? The remaining study appeared to
have an initial test that was performed in the acute phase and a second test when the
participants were asymptomatic, but the timing of the second test was unclear.1®

Exertion Protocols

Five of the 10 studies utilized a modified Balke progressive treadmill test referred to as the
Buffalo Concussion Treadmill Test.19: 20. 26-28 Seven of the studies used various forms of a
cycle ergometer, or stationary bicycling test.17- 22-25. 29,31 One study utilized either a
treadmill or cycle, depending on patient presentation and preference.3? One study evaluated
Nintendo Wii games.18 All 14 of the studies entailed some form of intensity progression in
the protocol. See Tables 1 and 2 for further details about study design and exertion testing
protocols relative to the purposes of this review.
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Outcome Measures

As the nature of the study questions varied among studies, a variety of outcome measures
were used for the overall body of included studies. Multiple physiological and
psychosomatic measures were used to assess response to exertion. All of the studies assessed
and evaluated heart rate in some capacity, however one study also specifically considered
heart rate variability metrics.23 Eight of the studies included a post-concussion symptom
checklist or assessment,17: 24-26. 28-31 fjye studies evaluated blood pressure,20: 26-29 and six
evaluated rate of perceived exertion.17. 19. 22, 26, 28,29 Additional outcome measures (e.g.,
blood lactate levels, exercise duration, oxygen saturation and V02 estimates) were also
measured in several studies.17: 23,24, 28,291

Quality Appraisal Results

All but two of the studies used a prospective study design.29: 30 Only three of the studies
provided specific rationales for the mode used for exertion testing.18 29 30 Five studies
provided a rationale for exertional testing protocol type,19: 20. 24, 29, 30 however, most of the
rationales simply described that prior research on mTBI had used similar protocols. Seven of
the studies investigated specific aspects of the body’s response to an exertional test,

17,19, 20, 23, 24, 3226-28 \while this was an indirect purpose for the other studies.

Only the Buffalo Concussion Treadmill Test had available data associated with reliability
relative to mTBI,19: 20, 26-28, 30 \yhjle the studies that used the cycle ergometer and Nintendo
Wii had no established data on the reliability or validity relative to samples with mTBI. One
study specifically evaluated the retest reliability and interrater reliability of the Buffalo
Concussion Treadmill Test.2” Specifically, the study found that the Buffalo Concussion
Treadmill Test had good test retest reliability for assessment of maximum heart rate in
participants with a concussion and healthy controls and that raters achieved relatively high
sensitivity (99%) and specificity (89%) for identifying participants with and without mTBI
symptom exacerbation. It is important to note, however, that the study only had 11
participants with mTBI who were an average of 33.2 weeks post-injury.

Synthesis of Key Findings from Included Studies

Collectively, the body of evidence identified through the systematic search process was
relatively limited with a variety of study designs, most of which were case series or case-
control comparison studies. Given the wide variability in study designs, sample
characteristics, and exertion testing protocols, a quantitative synthesis of the results of the
studies was deemed inappropriate. Instead, a qualitative synthesis was used to identify key
themes relative to the current clinical and research strategies found in the body of evidence
for clinical evaluation and studying post-mTBI responses to physical exertion.

In general, the studies identified for this review provided foundational evidence that post-
mTBI exertional testing can be safe and useful for identifying residual impairments
including impaired physiologic responses to exertion (e.g., symptom emergence/
exacerbation, altered heart rate variability with exertion, and blunted heart rate response to
exertion). Cordingley et al. specifically found that the Buffalo Concussion Treadmill Test
can be well-tolerated and safe for many youth ages 11-19 years even in the relatively acute
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stages of recovery.20 A general expectation should be that exertional testing may exacerbate
symptoms in many patients, however, this should be temporary. As DeMatteo et al’s findings
suggest, many patients may initially experience a worsening of symptoms with exertion, but
within 24 hours many report an improvement in symptoms that exceeds the level of baseline
symptoms reported prior to the exertional test.1” Moreover, if certain metrics are utilized
(e.g., heart rate variability), physiologic impairment may be discernable during exertion in
ways that are unable to be captured through clinical assessments performed at rest.19: 23, 24

Overall, optimal testing mode and protocols for assessing and studying post-mTBI
exertional responses remains unclear based on the current body of evidence. The studies
identified for this systematic review primarily utilized either treadmill testing or cycle
ergometer testing, with a modified Balke (Buffalo Concussion Treadmill Test) being the
most frequently used in the literature. The rationales investigators used for selecting these
modes and protocols were limited and lacking specific empirical and theoretical
justifications. Additional, very little reliability and validity testing has been performed with
the protocols. These are critical areas to clarify in order to improve the utility of exertional
testing for clinical and research purposes.

Discussion

The purpose of this study was to review the literature to identify and summarize strategies
for evaluating responses to physical exertion after mild traumatic brain injury (mTBI) for
clinical and research purposes. Protocol characteristics for mode, workload, intensity,
progression procedures, and test cessation determinants varied greatly across studies. The
outcome measures used were inconsistent and often unique to each study’s specific
questions and design. The sample characteristics also varied widely across studies in terms
of sex, age, time since injury, and pre-injury physical activity levels. Collectively, the large
differences in protocols, sample compositions, and application of outcome measures greatly
constrain the ability to draw strong conclusions about the best strategies to use for post-
mTBI exertional tests. Further research is needed to provide more clarity around specific
protocols and measures that can best identify post-mTBI exertion-related impairments. The
benefits and limitations for the protocols and metrics identified through the systematic
search process are discussed below to provide suggestions for refinement and optimization
of post-mTBI exertional testing in future studies.

Exertional Testing Mode

A concern that may be particularly unique to exertional testing with patients with mTBI as
compared to other patient populations who are frequently assessed with graded exercise tests
(e.g., patients with cardiovascular disease) is the potential for a protocol to trigger symptoms
that may confound the ability to specifically identify exertional intolerances.33 For example,
walking or running may trigger vestibular or oculomotor symptoms due to the visual and
movement cues the body must process while on the treadmill. They may also trigger
musculoskeletal or cervicogenic-related symptoms because of the forces that may go
through the cervical spine or added stress on the neck and scapular postural muscles. This
suggests that it may be important to perform impairment specific assessments (e.g.,
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oculomotor, vestibular, and cervicogenic/musculoskeletal) in conjunction with exertional
tolerance assessments.

Several investigators in the current review postulated that treadmill testing may be difficult
or inappropriate for some patients.2? 30 Additionally, since the symptoms associated with
vestibular, oculomotor, and cervical spine related impairments are very similar to exertional
intolerance impairments (e.g., headache, dizziness, nausea) and are also common after
concussion, assessments with a high probability of producing vestibular, oculomotor, and
cervical spine impairments may make it challenging to distinguish exertional-related
impairments from these other impairments after concussion. There is potential that
stationary biking may provide specific insight into physiological exertional tolerance by
reducing the risk for confounding symptoms, however, no studies specific to post-
concussion assessments have directly evaluated this contention. Additionally, stationary
biking assessments may be less functional and transferable to everyday skills, particularly
for those who engage in activities that require higher fitness levels.33 This logically calls into
question whether a single, gold-standard exertional testing mode can be identified for this
patient population or if there is a need to demarcate certain types of testing modes relative to
specific clinical and/or research questions.34 3%

Another important future research question to investigate is whether certain patient attributes
lead to distinctive responses to different modes of testing. For example, patients who have
previously used treadmills or stationary bicycles may tolerate these testing modes better than
those who have not.3¢ Other types of questions along these lines include: 1) do older patients
respond differently to different modes of exertion testing compared to younger patients, 2)
do post-mTBI athletes respond differently than non-athletes to different modes of exertion
testing, and 3) does time since injury influence feasibility and effectiveness of different
modes of exertion testing? All of these questions speak directly to the validity of post-mTBI
exertional assessments and underlie justifications for why a clinician or researcher may
choose to use one mode of exertion testing over another. Therefore, future studies
investigating post-mTBI exertional testing modes in these regards would be beneficial.

Exertional Testing Protocols

All of the identified studies followed various levels of workload intensity. However,
determinants for starting workloads, progressions of the workload, and the duration of the
testing varied significantly across the studies. Additional studies comparing these parameters
may help inform the determination of optimal testing protocols for use post-mTBI. In
addition, all of the studies utilized staged progressions, whereby intensity was increased
incrementally instead of continuously. Consequently, it may be hard to determine uniformity
of responses and expected responses. For researchers interested in characterizing the
mechanistic impairments that may be present post-mTBI, a ramped protocol, which
increases work rate in a constant and continuous manner (as compared to staged
progressions which introduce larger jumps in workload) may allow for more accurate
estimates of exercise capacity, ventilatory threshold, and autonomic responsiveness to
exertion.13: 38 Regardless, it is clear that future studies that more comprehensively consider
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the theoretical foundations for protocol selection and empirically compare protocols for
patients with mTBI would be beneficial.

Outcome Measures

Collectively, the studies indicated that mTBI may lead to changes in physiologic responses
to exertion. However, the metrics used to capture altered physiologic responses may differ in
their capacity to capture mTBI impairments as well as their clinical and research utilities.
For example, many of the studies evaluated symptom responses to exertion, with mTBI-
related symptom onset or exacerbation serving as test termination criteria. Symptom
monitoring is a clear and useful way to help screen for readiness to return to higher levels of
exertional activities as well as help identify patients who may benefit from progressive,
active rehabilitation protocols.3: 5 26-28, 31, 34, 37 Nonetheless, symptom assessments are
subjective and highly variable within and across patients. Additionally, there is insufficient
evidence to clearly determine that physiologic impairments are not present even though a
patient may be asymptomatic. For these reasons, there is a great need for further studies to
identify more objective means to evaluate atypical physiologic responses to exertion as well
as clarify implications for impaired physiologic responses to exertion relative to function and
further injury risk.

The studies identified in this review highlighted some potential options for more
comprehensive studies into metrics that may and may not be as useful for evaluating post-
mTBI physiologic impairments. It has been theorized that mTBI can lead to a disruption of
the autonomic nervous system and autoregulatory functions of the body3. Patients with
persistent post-mTBI symptoms may have autonomic systems that are in a state of
disequilibrium,3 which could help explain the variety of impairments that emerge when they
are confronted with physical and cognitive challenges.#0: 41. 43 Effectively capturing this
phenomenon, however, may not be as simple as measuring heart rate and blood pressure as
is done with conventional clinical screening techniques and exercise testing metrics used for
other patient populations (e.g., cardiovascular exercise testing) because heart rate and blood
pressure may not appear outside of what is expected as a normal response. However,
protocols and metrics that specifically seek to consider autonomic responsiveness may reveal
important differences between healthy and impaired post-mTBI states (e.g., heart rate
variability).23 Systematic studies specifically evaluating typical and atypical responses to
exertion with a robust set of physiologic metrics are needed to provide a more
comprehensive understanding of which metrics are most useful, relative to different
protocols, and for which specific purposes.

Overall Considerations

As specified in the American College of Sports Medicine’s Guidelines for Exercise Testing
and Prescription, the exercise modality, protocol, and outcome measures employed should
be based on the purpose of the testing, the specific information desired, and the
characteristics of the individual being tested.33 There is a robust literature on exercise testing
for cardiologic and respiratory-related diagnoses.33: 38 However, the transferability and
utility of the specific modalities, protocols, and outcome measures relative to patients with
mTBI are currently unclear. Early work in this patient population suggests that exertional
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testing may be a useful clinical screening tool and a valuable line of inquiry to pursue to
further understanding of the mechanisms and recovery trajectories associated with mTBI.
Additional studies are needed to refine exertional testing protocols for this patient population
and optimize recommendations and guidelines for specific clinical and research purposes.

Limitations

This systematic review has several notable limitations. First, although a comprehensive and
thorough search strategy was used, there remains a potential for publication bias because the
search was limited to peer-reviewed journal outlets in the English language. Therefore, it is
possible that relevant studies may have been missed. Likewise, mTBI research is a rapidly
evolving field of study. Consequently, the potential for relevant grey literature and new
published works in the window of time that has passed since the search ended is relatively
high. In addition, as with all systematic searches and critical appraisal processes, there is a
certain degree of subjectivity involved. In particular, the quality appraisal process was
completed through a self-generated form specifically targeting the purposes for this
systematic review. We attempted to minimize the risk for this by using multiple screening
rounds and multiple independent reviewers during all stages of the process. Nonetheless, it is
possible that a different set of reviewers may have interpreted the studies differently. Finally,
the small amount of available studies and the variable study purposes and study designs
included in this review limit the conclusions that can be drawn from this research. It is clear
that future research is needed to refine, extend, and validate the points discussed in this
manuscript.

Conclusion

The current body of evidence provides a variety of post-mTBI exertional assessment options
and protocols. The strongest evidence indicates that exertional assessments can provide
important insight into recovery status after mTBI and should be administered using
symptom presence and exacerbations as a guide. The synthesis and critical appraisal of the
protocols identified through the systematic search process suggest that there is a great need
for further research to evaluate optimal testing modes and protocols that can meet the unique
and specific needs for clinically assessing and studying this patient population.

Acknowledgments

The authors would also like to acknowledge the Cincinnati Children's Hospital and University of Cincinnati
Summer Undergraduate Research Fellowship Program. Resources were made available in part through Cincinnati
Children’s Hospital Research Foundation Trustees Award, Cincinnati Children’s Hospital Research in Patient
Services PS2 Award, and the National Institutes of Health KL2TR001426-01 and 1K23HD074683-01A1.

Abbreviations

mTBI Mild Traumatic Brain Injury
References

1. Langlois JA, Rutland-Brown W, Wald MM. The epidemiology and impact of traumatic brain injury:
a brief overview. J Head Trauma Rehabil. 2006; 21(5):375-8. [PubMed: 16983222]

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quatman-Yates et al.

12.

13.

15.

16.

17.

Page 11

. Centers for Disease C, Prevention. Nonfatal traumatic brain injuries related to sports and recreation

activities among persons aged</=19 years--United States, 2001-2009. MMWR Morbidity and
mortality weekly report. 2011; 60(39):1337-42. [PubMed: 21976115]

. Leddy JJ, Kozlowski K, Fung M, Pendergast DR, Willer B. Regulatory and autoregulatory

physiological dysfunction as a primary characteristic of post concussion syndrome: Implications for
treatment. NeuroRehabilitation. 2007; 22(3):199-205. [PubMed: 17917170]

. McCrory P, Meeuwisse W, Aubry M, Cantu B, Dvorak J, Echemendia R, et al. Consensus statement

on Concussion in Sport - The 4th International Conference on Concussion in Sport held in Zurich,
November 2012. Physical Therapy in Sport. 2013; 14(2):e1-e13. [PubMed: 23664041]

. Leddy JJ, Sandhu H, Sodhi V, Baker JG, Willer B. Rehabilitation of Concussion and Post-

concussion Syndrome. Sports health. 2012; 4(2):147-54. [PubMed: 23016082]

. McCrory P, Meeuwisse W, Aubry M, Cantu B, Dvorak J, Echemendia RJ, et al. Consensus

Statement on Concussion in Sport-the 4th International Conference on Concussion in Sport Held in
Zurich, November 2012. Clin J Sport Med. 2013; 23(2):89-117. [PubMed: 23478784]

. McCrory P, Meeuwisse W, Dvorak J, Aubry M, Bailes J, Broglio S, et al. Consensus statement on

concussion in sport-the 5th international conference on concussion in sport held in Berlin, October
2016. Br J Sports Med. 2017

. Buckley TA, Munkasy BA, Clouse BP. Acute Cognitive and Physical Rest May Not Improve

Concussion Recovery Time. J Head Trauma Rehabil. 2016; 31(4):233-41. [PubMed: 26394292]

. Thomas DG, Apps JN, Hoffmann RG, McCrea M, Hammeke T. Benefits of strict rest after acute

concussion: a randomized controlled trial. Pediatrics. 2015; 135(2):213-23. [PubMed: 25560444]

10. Medicine ACoS. , editor. ACSM's Guidelines for Exercise Testing and Prescription. Tenth.

Philadelphia, PA: Wolters Kluwer; 2018. Tenth ed
. Fletcher GF, Ades PA, Kligfield P, Arena R, Balady GJ, Bittner VA, et al. Exercise standards for
testing and training: a scientific statement from the American Heart Association. Circulation.
2013; 128(8):873-934. [PubMed: 23877260]
Guazzi M, Adams V, Conraads V, Halle M, Mezzani A, Vanhees L, et al. EACPR/AHA Scientific
Statement. Clinical recommendations for cardiopulmonary exercise testing data assessment in
specific patient populations. Circulation. 2012; 126(18):2261-74. [PubMed: 22952317]
Medicine ACoS. ACSM'S guidelines for exercise testing and prescription. Ninth. Philadelphia, PA:
Lippencott Williams & Wilkins; 2014. 9th ed

14. Leddy JJ, Willer B. Use of graded exercise testing in concussion and return-to-activity

management. Current sports medicine reports. 2013; 12(6):370-6. [PubMed: 24225521]
Higgins JP, Altman DG, Gotzsche PC, Juni P, Moher D, Oxman AD, et al. The Cochrane
Collaboration's tool for assessing risk of bias in randomised trials. BMJ (Clinical research ed).
2011; 343:d5928.

Institute JB. [cited 2016 4/13/2017] The Joanna Briggs Institute. 2016. Available from: URL:
http://joannabriggs.org/research/critical-appraisal-tools.html

Dematteo C, Volterman KA, Breithaupt PG, Claridge EA, Adamich J, Timmons BW. Exertion
Testing in Youth with Mild Traumatic Brain Injury/Concussion. Medicine and science in sports
and exercise. 2015; 47(11):2283-90. [PubMed: 25871465]

18. DeMatteo C, Greenspoon D, Levac D, Harper JA, Rubinoff M. Evaluating the Nintendo Wii for

assessing return to activity readiness in youth with mild traumatic brain injury. Phys Occup Ther
Pediatr. 2014; 34(3):229-44. [PubMed: 24547689]

19. Hinds A, Leddy J, Freitas M, Czuczman N, Willer B. The Effect of Exertion on Heart Rate and

Rating of Perceived Exertion in Acutely Concussed Individuals. J Neurol Neurophysiol. 2016; 7(4)

20. Cordingley D, Girardin R, Reimer K, Ritchie L, Leiter J, Russell K, et al. Graded aerobic treadmill

testing in pediatric sports-related concussion: safety, clinical use, and patient outcomes. Journal of
neurosurgery Pediatrics. 2016; 25(6):693-702. [PubMed: 27620871]

21. Bassani R, Rosazza C, Ghirardin L, Caldiera V, Banco E, Casati C, et al. Crying spells triggered by

thumb-index rubbing after thalamic stroke: a case report. BMC research notes. 2017; 10(1):109.
[PubMed: 28235422]

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.


http://joannabriggs.org/research/critical-appraisal-tools.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Quatman-Yates et al.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Page 12

Manikas V, Babl FE, Hearps S, Dooley J, Anderson V. Impact of Exercise on Clinical Symptom
Report and Neurocognition after Concussion in Children and Adolescents. Journal of neurotrauma.
2017; 34(11):1932-8. [PubMed: 28228043]

Gall B, Parkhouse W, Goodman D. Heart rate variability of recently concussed athletes at rest and
exercise. Medicine and science in sports and exercise. 2004; 36(8):1269-74. [PubMed: 15292731]

Gall B, Parkhouse WS, Goodman D. Exercise following a sport induced concussion. Br J Sports
Med. 2004; 38(6):773-7. [PubMed: 15562179]

Slobounov SM, Gay M, Zhang K, Johnson B, Pennell D, Sebastianelli W, et al. Alteration of brain
functional network at rest and in response to YMCA physical stress test in concussed athletes:
RsFMRI study. Neurolmage. 2011; 55(4):1716-27. [PubMed: 21255654]

Kozlowski KF, Graham J, Leddy JJ, Devinney-Boymel L, Willer BS. Exercise intolerance in
individuals with postconcussion syndrome. Journal Of Athletic Training. 2013; 48(5):627-35.
[PubMed: 23952041]

Leddy JJ, Baker JG, Kozlowski K, Bisson L, Willer B. Reliability of a graded exercise test for
assessing recovery from concussion. Clinical Journal Of Sport Medicine: Official Journal Of The
Canadian Academy Of Sport Medicine. 2011; 21(2):89-94. [PubMed: 21358497]

Leddy JJ, Kozlowski K, Donnelly JP, Pendergast DR, Epstein LH, Willer B. A preliminary study of
subsymptom threshold exercise training for refractory post-concussion syndrome. Clinical Journal
Of Sport Medicine: Official Journal Of The Canadian Academy Of Sport Medicine. 2010; 20(1):
21-7. [PubMed: 20051730]

Moore BM, Adams JT, Barakatt E. Outcomes Following a Vestibular Rehabilitation and Aerobic
Training Program to Address Persistent Post-Concussion Symptoms. Journal Of Allied Health.
2016; 45(4):e59-e68. [PubMed: 27915363]

Grabowski P, Wilson J, Walker A, Enz D, Wang S. Multimodal impairment-based physical therapy
for the treatment of patients with post-concussion syndrome: A retrospective analysis on safety
and feasibility. Physical therapy in sport : official journal of the Association of Chartered
Physiotherapists in Sports Medicine. 2017; 23:22-30. [PubMed: 27665247]

Kurowski BG, Hugentobler J, Quatman-Yates C, Taylor J, Gubanich PJ, Altaye M, et al. Aerobic
Exercise for Adolescents With Prolonged Symptoms After Mild Traumatic Brain Injury: An
Exploratory Randomized Clinical Trial. J Head Trauma Rehabil. 2017; 32(2):79-89. [PubMed:
27120294]

Galli A, Lombardi F. Heart rate variability regression and risk of sudden unexpected death in
epilepsy. Medical hypotheses. 2017; 99:49-52. [PubMed: 28110698]

Medicine ACoS. , editor. ACSM'S Guidelines for Exercise Testing and Prescription. 10.
Philadelphia, PA: Wolters Kluwer; 2017.

Ellis MLJWB. Physiological, vestibulo-ocular and cervicogenic postu-concussion disorders: an
evidence-based classification system with directions for treatment. Brain Injury. 2015; 29(2)
Leddy J, Baker JG, Haider MN, Hinds A, Willer B. A Physiological Approach to Prolonged
Recovery From Sport-Related Concussion. Journal of athletic training. 2017; 52(3):299-308.
[PubMed: 28387557]

Guazzi M, Arena R, Halle M, Piepoli MF, Myers J, Lavie CJ. 2016 Focused Update: Clinical
Recommendations for Cardiopulmonary Exercise Testing Data Assessment in Specific Patient
Populations. Circulation. 2016; 133(24):e694-711. [PubMed: 27143685]

Leddy JJ, Cox JL, Baker JG, Wack DS, Pendergast DR, Zivadinov R, et al. Exercise treatment for
postconcussion syndrome: a pilot study of changes in functional magnetic resonance imaging
activation, physiology, and symptoms. The Journal Of Head Trauma Rehabilitation. 2013; 28(4):
241-9. [PubMed: 23249769]

Robertson, DBI.Burnstock, G.Low, P., Paton, J., editors. Primer on the Autonomic Nervous
System. Third. 2012.

Goldberger AL. Non-linear dynamics for clinicians: chaos theory, fractals, and complexity at the
bedside. Lancet. 1996; 347(9011):1312—-4. [PubMed: 8622511]

Goldberger AL. Fractal variability versus pathologic periodicity: complexity loss and stereotypy in
disease. Perspect Biol Med. 1997; 40(4):543-61. [PubMed: 9269744]

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Quatman-Yates et al. Page 13

41. Goldberger AL, Amaral LA, Hausdorff JM, Ivanov P, Peng CK, Stanley HE. Fractal dynamics in
physiology: alterations with disease and aging. Proc Natl Acad Sci U S A. 2002; 99(Suppl 1):
2466-72. [PubMed: 11875196]

42. Goldberger JJ, Ahmed MW, Parker MA, Kadish AH. Dissociation of heart rate variability from
parasympathetic tone. Am J Physiol. 1994; 266(5 Pt 2):H2152-7. [PubMed: 8203614]

43. Goldberger JJ, Challapalli S, Tung R, Parker MA, Kadish AH. Relationship of heart rate variability
to parasympathetic effect. Circulation. 2001; 103(15):1977-83. [PubMed: 11306527]

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Quatman-Yates et al.

1% search n = 2,406
2" search n =79
3" search n = 189
4" search n = 55

Records identified through keyword searches:

Page 14

Figure 1.

PRISMA Diagram of Search and Record Selection Process

Records identified through bibliographies and

other sources:
n=11

Titles and abstracts screened:

n=2,740

Records excluded from title and abstract

Full text articles assessed for
eligibility:
n =357

\ 4

screen:
n=2,383

Studies excluded during full-text review:
n =343
Not available in English (17)
Narrative review/Non-study (199)

Studies included in results:
n=14

A\ 4

Animal study (2)
Participants did not have mTBI (38)
Insufficient protocol description (78)
Fewer than 10 participants (5)
Non-physiologic data (4)

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



Page 15

Quatman-Yates et al.

(s9A=T) ¢(1uensjal
Apoasipui sa
MBIA3I D17eWBISAS
ay} Jo asodind
3y} Joj Juens|al
Aubry -a'1) Apms
a1 Joy asodind
Arewnd e uonJaxa
0] asuodsal
o16ojo1sAyd
Bunenjens sepy

(sah=T)
¢papinoad Joassyy
28] 10 S}SaIaIul
401011Ju09 J0
awbpajmouae
SeM\

(seh=T)
£Pag1I9sap Joalay}
98] J0 S324N0S
Buipuny aispn

(s8A=T) ¢Yoteasal
snoinaid ybnoayx
10 Aj30a41p J18yna
‘pIfeA J0 3|qeljal
3 0] UMOYS Udaq
1020304d 8} SeH

(saA=T) ¢sloyine
ay1 Aq papinoid
adA1 j000304d
Bunisa) jeuoruaxa
Buiptebal
a[euollel & Sepn

(sah=T)

¢sloyine ayy

Aq papinoid apow
Bunise) jeuoruaxa
Buipaebas
a[euollel e Sepn

T

T

T

T

T

T

T

T

0

T

T

T

T

0

(saA=T) ¢ubisap
annoadsoud

© MOJ [0}

Apmis ayp p1Q

TT0¢ Aounoqols

910¢ 3100\

910¢ SexlueN

1102 AppeT

0T0Z Appan

LTOZ ISMoINy|

€10¢ PSMO|Z0A

9T0¢ SPUIH

LT0¢ Psmoqedo

av00¢ 11e9

Bpy00¢ 118D

G10¢ 03neNBd

¥T0¢ 08neNed

970z A8lbuipio

Author Manuscript

Author Manuscript

T alqeL

Author Manuscript

synsay 1s1)98yD [estelddy Anfend

Author Manuscript

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



Page 16

available in PMC 2019 May 01.

‘MBIA3J D11eWRISAS S1U1 Jo sasodind ayy 4oy ubisap Apnis 1o AdoueAajal 10a41p Jamoy Jayres Ing ‘[esauab ur Apnis Alifenb Jasood e ajeaipul
AJ1/BSS323U 10U SA0P 8103S JAMO] B ‘810J313Y | ‘MIIASI J11BWAISAS JUa1Ind 8y} Jo sasodind d1419ads ayy Joy pajelauab sem suonsanb o 1as 1Y) Jeys ‘palou ag pinoys 1| “H10"auelyd02-yooqpuey//:dny woiy /T0Z ‘0T [Mdy paAsiial [001 Seig JO YSIY auelyd0)) ayl Uo paseq euall)
*

"MBIABJ D17eWBISAS SIY) 40 sasodind ay) 1oy Apnis Jo Ajjenb [aAs] Jamo] 1o AdueAs|al 198.1p Jamo) Jayyes Ing ‘[esaush ul Apnis Alijenb Ja100d e 8yedipul Aj11eSSad8u 10U S0P 9103 J8MO| B
‘910J813Y 1 "M3IABJ D17RWAISAS JUa.IND 3y} Jo sasodind o1419ads a3 4oy parelauah sem suonsanb Jo 18 1Y} Jey} ‘Palou aq PINOYS 3| ‘MaIABI J1FBWAISAS SIU} JO SIoyIne ay) Ag paleald wioy [esteidde Alifenb ayy 03 aAe|as Apnis papnjoul yaea Joj sBulles [enpiApul ay sapinoad ajqel syl

aviOoL

(s9A=T) ¢pasn
sasAleue [eansiels
aeridoidde atapn

(s9h =T)
¢passnasIp s1o3oe}
Burpunojuod
lenuajod aJopn

Quatman-Yates et al.

Aocus* ¢MBINBL
211eWaISAS

S1U} 1o} 1sa1aul
0 SBW02IN0

ay} 0} anIe|al
SUJBIUOD Selq Jo
sysid Jueayyiubis

0 0 0 0 0 0 0 0 0 0 0 T 0 0 Aue 213y a19M

TT0Z AoUnoqo|S | 9T0Z 3400 | 9TOZ SeMIUeN | TT0Z Appa | 0TOZ APPaT | LTOZ BisMoInd| | €T0Z SMOIZOM | 9TOZ SPUIH | LTOZ BismogedD | dy00z I1eD | Br00Z IeD | STOZ 0dNeINeQ | ¥T0Z 0sneNad | 910z As|Bulpiod

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Arch Phys Med Rehabil. Author manuscript


http://handbook.cochrane.org

Page 17

Quatman-Yates et al.

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript

S101ABYaq BURIWIL-}jas 1581 SOINUIW € pue Anjigow
10 sasuodsal JuaJayIp Unm sanisusiul [euofjouny
pey (spuawuredun Buiseaioul ssasse
Jojowo|nao ul chwmma 0} Aeme
10 Jengnsan alel SOWeb M 9 - Se paqiosap
ynm mmoruo_,..w.s uonesidsa. 1sod sem Syuow
sdnoiBgns 41 sesjoun - uesu ysaybly swawalnbal JusLussesse 89€400S
’ ayy pey Buruuni uonexa loj sawef | PUESyuowW §'g
Umtoaw‘_ 2dN UM - pue aduejeq 1M oy JO ueaw e yum
10U 9J9M UOILISXD pue ‘sjuswisnow afeuonel v syjuow ¢1-1 ssaulpeal
0} sesuodsal WodwAs - ainipuadxa 1o Ainuenb :ajeuonjey | 40 8bues Ainful AUAne 0}
alio[es ‘Anoigp 30UIS AW} uinyal Buissasse
Apnis s1y1 jo ubisap ueaw pue uo paseq Hoya Ansuayul ‘sieak 816 J1o} sawebh
a1 Uo paseq Jeajoun HH aweb-1sod pue Auxajdwod anissalbo.d 10 abuel ‘sieak 11\ OPUBUIN
sI A|[eanrewsaisAs ueaw 1saybiy 1S9MO| J0 sawes) 6't7T abe ues\ ay1 Bunenfens
s1y) op 01 Aujiqe ay} pey uny 10} palos|as 1M 9 :adAL (40T ‘W ¥T) | Apms sauas ased
pue peopiom ayl - aiseg 14 M\ - sainseaw 2160]0IsAUd - aweb 1AL IS - pue apoN sjuedioiued g Jeuonoass-sso1d | 10z ‘osneNAQ
saipnys Jod
uo paseq
SEIRETEN
se pajou
Sem ad10yd
j0o0304d
ng ‘spow
J1o} papinoid
afeuonel
ai419ads oN
paurejurew :9[euoley
$1S9] AU} 4O UOIjRUILLIB) 8( Jou
Jasea 01 Buipes) PINoJ peop3iom (1saL
sJo1neyaq Buniwi|-yjes 10 swoldwiAs [11wpeas L
10 sasuodsal Juatapp 30 UOIEQI3IEXD uoIssnduoy
pey (syuawureduw |1un Jayeaiay) oleyng (shep
1010WO|N20 anui Alana /103030.d 22-5 ¥0I)
10 Je|nNgISaA Yim dnoy Jad saji aMleg sAep g Bunsa)
asoy) “f9) sdnoiBgns ajel uonesidsal ¢’ pasealoul payIpow) [eniurnun
J1 Jeajoun osfe sty - 10 ‘ainssaid uay} ‘sanuiw apesb Ainfur wouy
poo|q ‘sles ueay ST Isiy 8y} J11wpea; ui sAep uelpaiN
Jesjoun Ul SUOIIBAR|D Joj anuiw Jad suoissaiBo.d ‘sieak §'T as S8WO0IIN0
SI UOIISNEYXd SA wasisiad oN - %T Aq pasealoul Jejuawalaul sieak 6T-TT juaned pue ‘asn
uolreqJadexs woydwAs ’ ape.o ‘||1wpeas] ym 10 abuel ‘sieak 1eaiul|o ‘A1ayes
01 8NP SeM UOIRUILLIBY SJUBAD slanpe SJUBA BSIOADY - uo apesb 950 Jlwpeal] 1°GT abe uea|N Bunenjens
159} Woym Joy syuaired 10 suonesrdwod ‘inoy Jad sajiw :adA L ‘(409 ‘N 9p) S9149S 9sed
jo uonuodoud ayy - SNOLIBS ON - sainseaw o16ojo1sAyd - Z'€Jopaads - pue apoN syuaned 90T annodadsonay | 910z ‘A8)buipiod
afeuolrey
pue
saanses|n siglaweded | ‘adAl ‘spoiN
panIasqO uoissaiboad uonJax3 ubisag Apms
suoleMwWI Apnis 1usuIlIad S)NsayY 1ueAs|aY ey pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny
$]020]0.d JUBWISSasSSy/ uolueaxy
¢ d|qeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript



Page 18

Quatman-Yates et al.

pue [ews AjaAreal ybiy Jo Jaquinu 06-08 18 9s121axa aels | 8]9AD :adAL yum siaferd 10y09 aInseaw
sem azis ajdwes ay| - U1 30UBJaYIp ON - swoldwAs - -Apeals a1elapow-mo] pue apoN Aaxooy $T paleaday BY00Z ‘118D
sjuedionued
10 %899
10y sinoy g
1an0 panosdwi uinal
Apueaiubis swoydwAs uonoa|es
swoydwAs 91]-U0ISSNIU0D j02030.d
10 AJLIaA3S puR 1o ‘anuiw 1o apow
Jsquinu ayi tpog - Jad suonejol 104 papinoad
05> buiddoup ajeuonel
Jamod ‘uonsneyxa oi19ads oN
[ealueydaW 11un :ajeuoney
sead Jo saInuIw z A1ana
940G e UOIBXa 1.l SIoM Ul (asaL syjuow
10 uondaosad asealoul paxiq - Buipho T'v 40 UBIpaW
dnoib PaIoS® SSaUlLY O |and wﬂ_ohmww%w E_msmmmﬁcocm
R Apueayiubis Ul JO [313] | gL 4
uosteduI0 19311p ON _MEo.HﬂE\A.w pue ‘ssew Apoq no-Iv abues Ainfur uorJexa
Bunok Ajanzejal 30 AJ11an9s ‘yb1ay ‘abe 191SRINIIN) U281 J1S0W woly A1anodal
(e aJom sedionred - puE JaquINN - Uo paseq siem a7el YI0M Ul woly aw] pue UoIEXd
G8—Gg Usamiag suoissalbo.d '€'240ds 0} asuodsai
UOILIBXa Jaye Bunsay Buifokd ‘ainuiw |ejuawaloul ‘siealk g'vT JO 10 sainseawl
pue aul]aseq Je $a109S uolaxe buuinp saanseaw lbojorshud - Jad suonejol yum | ebe uesiy (4 2z pajeadal
woldwAs uo 198y swoldwAs UOIEIND UOILSXT - paxIy Ylm arel J1a18wWobis ‘INZE) 19.Lw | yumInog Bunssy
jueoiubis pey abe pey siuedionsed : : iom Buiers 31940 :adAL JU3%3J YIM as101axa a|buIs
pue Ainfur wouy swiy - 10 %9 - swoldwAs - pazifenpinlpu] - pue apoA syuedionued g e Jo salds ased | GTOZ ‘osneNed
Ainlui 89
awn ul abues apim
e yum ajdwres [jews
pue BunoA Ajpanejal v -
ubisap Apnis ybnosyy
pa]101u02 Jou papodal
jou sem Ainful
0} Joud syuedionied
3y} JO |aN9] SSaUNY BYL -
dn-mojjoy Jnoy Alreon
-pz 2y ye Buipuodsal [0v0j04d
syuedionued 4G 4o /€ 10 pa3ds|9s
Ajuo yum dn-mojjos 01 sauwref ay}
SSO| SWOS SeM aJayl - 10} papinoad
SeM ajeuonel
syuawredwi aweh a1y109ads
asay} 0} anp oea Usamiaq ON "UOILIaXd
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 19

Quatman-Yates et al.

salv|yre EETNEESINEN] Apoq Jo B3/MG'T 40 peo) 0T yum | noyum siafeld Z 10 Apnis
uo AJajos pasnaoy Aljigerrea JueISUOI ® Jsulebe wdl Jajewobis T pue |g1w uosLiedwod
pue |rews AjaAne|al ayeJ Jeay Jo ¥H 06—08 1e 8s10Jaxa ajels | 8]9AD :adAL yum siahed 110409 aInseaw
sem azis ajdwes ayy - U1 30UBJaYIP ON - sainseaw 2100]0IsAyd -- -Apeals ayelapow-mo] pue apoN Aoy $T paleaday qv00z ‘11e9
UOILIaXa Jaye
10 1581 18 S[aAd)
9)e19€| POO|q
Ul PanJIasgo
8Jam sdnoib
3y} usamiaq
S9oUBIAYIP
jueoiiubis oN -
awn sy}
J1ano ajes Ueay
u1 asu Jayealb
B PalqIYxs pue
pouad as1o1axa
arelapouwl
-MOJ 8y} ul
ayes Leay Jaybiy
B pPaAqIyxs
(uoissnauod
ays Jo
1|Nsal e se awn
BuiAe|d passiw
oym asouyy)
uoISSNIU0I
YHM HOYo9 8y}
jodnoibgns v -
sdnoib
3y} usamiaq
sionduts propjiom
ay} ureurew Jabuoj
mﬁmwrw”_m:ow ww>> ) ou p|nod juedioned
HIP ON 3yl |lun panunuod uon23s SUoyod
sdnoub ayy 1sa] - potiad 3sal 1020301d Aq papodai
UBBMIAQ S|aNa| pu0daSs O UsL) pue ‘(M 10 3pow sjuedioned
ale1oe] poojq 0¢€) epad 8313 puodss | oy papinoid Jo afe uesw
Soxas Ul 99UBISJHP ON - 02 & Ag pamoj|o} ‘widi 3euoel ‘a]duwes ut 13je| shep
$S0108 3|qezI[elausb 00T—06 J0 Aouanbauy o14193ds oN sjuedion.ed Jo g urefe pue 1sal
SI 1Y} J1 Jeajaun si S]0JJu0d Buirepad e yum :a]euoIe x8s Jo podasou | e onewoldwAse
11 0s ‘pariodal 10U sem payorew pue sainseaw o160[o1sAyd - S[eA19) 6y AususpueEpPEsHIMO] |0} ‘BuljaAd ‘siojefnsanul Burag Jo sinoy
siuedioiued jo xos - UOISSNIU0I UM 0O :s1noq Ausuaul ybiH are1s-Apeals AQTT 2/ ulynm sinoq
o 10y09d usamiag pals|dwoa sinoq ‘sanuiw QT J04 Jybram josainuiw | paydrew |glw Bunsay as1o1axa
salv|yre pale|dwod as191axa Alisuajul Apoq J0 B3/MG'T 40 peo) 0T yum | noyum sisAeid Z 30 Apnis
uo AJajos pasnaoy sinoq Aisuajul yby Jo JsquinN - ueISUOI ® Jsulebe wdl l1ajowobie T pue |g1w uosLiedwod
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 20

Quatman-Yates et al.

yum Jajowoblia

3y} ur Jojpue

159 319K0-paxelq aouaJayaid
auraseq [emul Al[eaiuonos|s ue jusiyed
ay} 0} paredwod uo paulejurew 0} Buipiodge
158) 951019XA 1SE| SEM 30U3pED pasn
auy} e Jayealb :Jejawobus J1a18wobis
SeM 8S1949X3 JO 8Pk - mEmﬁ_m_\M,w,
uolednp uesy UONSNEYX® qnesep oLy
JUETT T 1o swoydwiAs sem 1020304d
10 pus Aq 18] J0 uoneqIaIexs |11wpean
110448 [ewixew nun ayL
da.4-wordwAs anuiw yoes :9leuoney
© pansiyoe Inoy Jad sejiw (Buiuren
UOISSaS [enul 1" Aq pasealoul aouelSIsal 21q0J3e pue
12 UOIRQU3IEX3 sem paads ‘uiod g ‘aulds o1oeioy)
a1el Jeay sl “wordwAs Tey) puofag ul seseaioul pue [edIAId) 10}
-woydwAs wnuwixew 0] 8NP 8s1918Xd psnunuod [EjuswaIdul Adelau as1aloxe
pue 8109s woldwAs paleuILLIa) Oym 1581 §| "payoeal 1a18wobIs USIA pue Adesayy
ul Juswianodw suaned 4o %G5 - SeM 06GT mm_u\G ﬁ «\M\E oyoud | enuew ‘Adesayy
9MOYS BUIOS ‘JBASMO lun Jsyesisyy SA (ISeL SAep 8¢¢—T¢ Jengnsan
U|Awwmcmr_o 20uR \_:mc;_ JuaWIIeal] By} sAep aAnNIasU0d anuIw JIlwpeal ) abues) Ainful Buipnjour)
‘aoueljdwoo-uou JO pua Je ajels 0M] LD 851218 K1ana 10} 94T Aq uoIssnauoy -1s0d sAep Ti Adelayy
“Bra) Aoeolye Jo Aoges 9a.)-woydwAs LlIm uoneqisoexs pasealoul pue ojeyng | Jo uesw e yum [ea1sAyd paseq
0} pajejalun suosea) Bunodal woidwiAs Jo ssouelsul - alnuIW puodas /1000304d uoISSNoU0d -Juawiredwi
10} panuRUOISIP %YZ uum a1e) 1ieaY 381y J0uBIS 1B 9%%60°C Med pajejai-Hods lepownjnw
suaned ayp JO %8z - ‘UonuaAIBUI -wojdwAS WNWIXER - 0} paseaJoul payipow) Buimojjoy 10 Aj1qiseay
Jaye : Sem apeio |11wpeasy (steak pue ‘A1ayes
aA1199dS0118] SEM $9109s woldwAs UOIRIND 3SII3XD ‘apelb 940 oiy19ads 0z—2T 9bues) | ‘uoneiuswaldwi
Apnis ayp Jo ainjeu ayx u1 Juawanoldwi a01)-WoldwAs - yum ydw €' Jualed | SlesA gt jo abe ay1 Bunrenjens
pue [Jews AjaAireal ue payodal 10 paads [eniul :adAL ueaw (4 ¥T/IN Sa1Ias ased
sem azis ajdwes ay - sjuaied JO %88 - swoydwAs - Inwpeal) - pue spoN 1T) swuaned Gz annoadsonsy | 2102 ‘Pismogeio
‘Aoxooy
891 BuiAeld
aym
1N290 UaYo
PEOPIOM | 1eU) S[eAlBiuL
UOISSNU0I au) urejurew ssbuoy Ansuayun
UMM 10U0D ou pnod uediored ybiy
U} 104 BSI913XD 3y} [1UN PanUUod 199]43. 0} suoyod
Burinp Jamod 1s3L - poiad 1sal | paubisep sem Aq papiodai
4H pue 47 '¥y puodss 0z usyy pue ‘(M |  joa0j04d sl syuedioned
19MO] Pa[eanal 0¢) [epad 831y puodas 184} pajou Jo abe uesw
SOUIBW AYH - 0z & Aq pamojjoy ‘wdi sIoyne ay L ‘a1dwres ul J1ae| skep
SaXas : 00T—06 40 Aduanbauy :aeuoney syuedionued Jo G urebe pue 1sal
$S040€ 3|qezijelausb $]0JJU02 siefuayepAnisugiunyPiy Aq pamojjos | xas jo uodalou | e onewoldwAse
SI SIY} 41 Je3joun s payorew BY/M L' e spuodas ‘Burjoko ‘s1orebrsanul Buiaq jo sinoy
1 0s ‘papiodal Jou sem pue uoISSNOU0 0Ot :s1noq Ansusaul ybiH areIs-Apeals AQTT 2/ Ulynm sinoq
sjuediorued Jo XaS - Y1IM 10Y09 8y} - 'salnuIw QT 40} yBram josainuiw | paydrew |g1w Bunsay astoloxa
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 21

Quatman-Yates et al.

yinoA Joy
uonesIuIWpe
payeadal

PIMm 34

10 ¥H u1 abueyd
ANIe|aI 10 YH Ul
S9IUBIBYIP ON

Pa18A02al UBYM
01 patedwod
anewoydwAs

3IYM Siom
9|qesedwod

10} Jaybiy pares

Ajualsisuod

saipnis Joud

sem 3dy -
uo paseq
Palan0dal usym BEIREIEN
0] paJedwod se pajou
onewoldwAs Sem 8210y2
3[IyM J3JIp j02030.d
1ou pip Aususyul ng ‘apowl
pasealoul 10} papinoid
01 dAIe[3 YH Ul a[euones
asea.Ioul dAIR[al paurejurew o13193ds oN
3y} Inq as1949%a 9q jou :ajeuoney
4O 1ElS Ay} pINod peopIom
18 o17ewwo)dWAS 10 swoldwiAs (1saL
BunoA Ajaanerai EYEIN 30 UOIEQI3IEXD I['wpeaiL
(e aJom suedionred - suedion.ed |1uN Ja)yealay) uoISSNIU0YD HzT'N palanodal
UBUM JaMO] anuIw A1ana oleyng | 8T) uoissnauod pawaap Jaye
A1anodau-3sod aseyd Apueaiiubis Inoy Jad sajiw g /10%0304d Wwadas | pue onjewoldwAs
a1noe auy ui aoed SeM YH - * PaseaJoul uayy »leg 10 Aloisiy alym
Bupyer Bunsal ays Jo ‘saInuIw GT IS4y payipow) B Inoyum JUBLISSASSE
1S0W 01 apnj|e s}nsal palanodal 3y} Joy anuiw apeih sald|yIe 0 ENRIENG]
ay] ‘1anamoy ‘Ieajoun uaym nog pue Jad 94T Aq J11wpeal; ui 10 uosiredwod Burebnsanul
aJam Aunfur asuis anewoydwAs pasealoul sem suoissalbo.d pue (sreak ubisep ainseaw
awi ay} 01 aAle|al ajlym apel9 ||1wpeas) [eluaWwalou| G'GT ueaw) paleadal e Buisn
suolIssas Bunsay 1N0Q UdaMIaq 34y - uo apelb 940 JJlwpeal ] sIeak gT-2T suostiedwod
puU023s pue IsJiy 3y} Jagip 1ou ‘inoy Jad sajiw :adA L sabe (4 /T ‘N ]0J]U02-3S8D
usamiaq Bulwn ayy - pIp ¥H Bunsay - sainseaw 2100]0IsAUd - €'¢ Jo paads - pue apoN €2) sad|Yie OF pue SalIas ase) 9102 ‘SpuIH
awoy Je asIoJaxa uonsneyxa JuBWIAAOW
Je|NIseAoIpIed 10 swoldwAs peay
Burwioped 10 UOIegJaIeXd aziwuiw
a|lym un anuiw 0} Japio
paniodal a1am K1ana 19n9) T Aq ur swoydwAs
SuoIeqJadexsd pasealoul pue Jejngnsan
woldwAs Jouiw T 19A9] 18 188 Jueaiiubis
10 SaouRISUI OM | - 90Ue)SISal [eIMUI 10 douasaid
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 22

Quatman-Yates et al.

SUONUaAIBIUI B} dnoib 1nun [aA8] T Jo Burel 1o apow uoleziwopuel
Jo}fe 10 LIBlS U} Je 158} Buturen oigosee Biog & Aq peopriom | oy papinoid *Mods
[euo[1Iaxa 0} sasuodsal ay} Ul Jamo| s ) Buiseasout syuedioned aleuonyel paziuebio ue
[eatBojoisAyd Sem 90UaJaLpY - W3NS BSIBADY ym saInuILL - giy9ads oy | Ut uoRedioned
.sjuedidned welBoud a1} AJaAs Palinddo ‘ajeuoney Jejnbal weiboud
o podal oN - weiboud 351919%8 0] 80UBIAPY - Ausuaui Jo suoissaifoud Bunuodal Moam 9 e
8519193 d100Jae : ‘Z [9A3] 1e 32UEISISAl Ausuayut ul %.8 Yyum | 1oy dnoib josjuod
s|ana] Alanoe 3yl pamo||oy swodwAs paxiy yum (aoed | suoissalboid Ainlur-isod Buiyolans
piguowsald ybiy 1ey1 dnoub ayy 30 uondaosad Wb Alrey) TT 19n9] ENTEYRIT]] S¥aM 9T —¢ | e snsian Buuren
Alarey yum syuedioned Ul PaAJI3SCO Sem papodal-juared - 10 UOILIaXa paniadlad Yum U2aMIaq steak |  as1oJaxa d1qoJae
BunoA Jo 198 $8102s woydwAs 10 ared Biog feuostad Jayowobis /T-2T sabe Burrebnsanul
B UYUM [[ews AJaAlre|al u1 Juawanosdwi swoldwAs J18Y1 YIM Jualsisuod | 819AD :adAL 4 /T ‘W ET) |eu} [ealund
sem az|s sjdwes ayy - J0 ajel Jaealb v - pauodai-jusied - paads pa12a|as-}|9S pue spoN S)UBISAOP. O paziwopuey | /T0Z ‘DiSmoiny
Bunsay
ay1 Inoybnoayy
ainssaid poojq
Jaybiy Buiney
safew Yim
110409 painful
3y} UIYNM 10819
X3S B MOUS
0} ainseaw Ajuo uonasjes
ay) sem aunssaid [0v0j0.d
poojq 21101SAS - 10 spowl
10} papinoid
peopIom afeuonel
pansIyde Jamo| e a4193ds oN
pue ‘uorleuIwLId) :ajeuoney
1591 18
ainssaid poojq (1saL
Xeuw Jamoy I['pealL
‘uoneUIW.E] uoISSNIU0D 1oyo?
1591 um.mI. Xew payoeal ojeygng 101302 Ayyjeay
13MO] ‘UOIIRINP SeM SaINuIW TZ JO Xew /1020304d © 0] paJedwod
159} JOLIOYS 1o ‘pauinyal swoldwAs aleg swoydwAs
pajesIsuoWwap 191 w-1sod ‘paurejurewl paijipow) (sreak uoissnouoalsod
dnoub painfuy - 3 Jou p|nod paads |run apesb z9daseee= wasisiad
’ aINUIW Yoea asealoul Nwpean ur | obe uesw ‘4 TT UM S[enpIAIpul
salnseawl apeib 05T paxyy ‘saanuiw | suoissaiboud | ‘N TT) S|osu0d 10} 92URIB|0}
Ainfur aouis sAep pue ainssaid 2 Jaye ‘asealoul [ejusWaIoU| 22 ‘(steak 60T ENRIENE]
sabe Jo peasdsapim poojq 40 ared sainseatu Jibojoishud - apeib 95z paxiy ‘@nuiw Bunjjepn as 6'Gg = abe Burredwod 1noq
© UJIM 19selep ueay Bunsal ui UOIRINp UOISXT - T JaV "auljoul 940 Je Jlwpeas] ueaw ‘4 /T ‘N | as1o1exa ajbuis e
1ea103Is1y 0} pasedwiod sdnoib usamiaq ’ ’ Burels ‘Inoy Jad sajiw :adA L /T) painful y¢ 10} suostredwod
a|dwes aoualuaAu0) - aouaJayIp ON - swoldwAs - €'¢ J0 paads eIsuo) pue apoN sjuedioiued 65 Jouod ased | £T0Z ‘IY{SMO|ZoM
uoISSNIU02
1U3231 © INOYIIM
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 23

Quatman-Yates et al.

J10J0WO[NJ0
10 1R|NQIISAA UIIM (A1annoadsas |1un anuIw /102010.d 1T ‘Aanfunsod INOYIM
asoys “B-9) sdnosBgns ‘¥9’ pue /" Jo Loea asealoul »leg STEEIN S10]0® JO 188
1USJBLIP 41 JB3JoUN - 292I) s|01u0d apesb 05T payipow) | z'€€ Jo abelane © pue seunseau
Auyyjeay pue UOIJRCIAIBXD paxiy ‘ainuiw apelh ue 31aM oym o16ojo1sAyd
Auigen|as uoISSNIU0I “wordwAs Z Jaye ‘asealoul |[lwpeas ul (steah 8'¥T AS pue Loya
159181 159} 8y} 198 e yum syuedionsed BuAuapl Joy apelb 9,z paxiy suoissalbo.d 'g'6g = UeawW) uo Aujigerjal
Kew abe 41 aulwislep ur yH xew Aupgenjas Jsjena) - [INUIW T JaNY [ejuswialou| #GGT Jo abuel 159181 Ssasse
01JnoIYIp U 10 JUBLUSSASSe T "dUIjdUl %0 Bupjem abe ‘(4 0T ‘W 0] UOISSNIU02
sayew Yydarym ‘ajdwes 1oy Aujigerjal JdY pue sainseaw 1e BurJels ‘noy lwpeas] | TT) uoissnouod U931 © pey
11ews yym abues 158184 poob pey a160jo1sAyd jo Jad sajiw €' Jo :adAL yum | oym syuedionted
abe abue| Ajannelay - j0o0j04d By - Aljigerjas 1salel-1sa] - paads jueisuo) - pue apoN syuedionued Tz YIIM S81Ias ase) TT0Z ‘Appa
SuoIegJaoeXd
woldwAs [eTIRETES
noyum j02030.d
$951049%3 Bulnp 1o apow
ainssaid poojq 10} papinoid
pue ¥H ead a[euones
J3yBiy anaiyoe payoeal sem J14193ds ON
0] 3|qe pue anulw T jo :9leuoiey
1abuo] 8s1019%3 Xew 1o ‘pauinial
0} 3| 13M swoydwAs (sl
sjuedionyed 19 L w-jsod 1wpeal L
JUsWyeal) JOYY - ‘paurejurew aq uoIssnau0)
10U p|NoJ paads oleyng
aseyd |1un anuIw /1020104d
JUBWIea) By} Ul Lyoea asealoul leg IETNEEIEN
Alrea swoydwAs apelb 05T palyipow) syuedionued
ul asea.oul paxiy ‘sainuIw apelb 2T 30 9 ((sieak
aInseaw A[oa.Ip 10U Krejodwa) Z Jaye ‘asealoul INwpeanur | £¥1AS ‘6L =
H%n _owEE:m%mm;uNw A - ‘pliw e sainseaw d16ojoisAyd - apelb 0z paxiy suoissaiboud | uesw)sieshgg | Bunse) jeuonusxs
’ pawuodal 1038[gns ‘saInuIW T Jayy [eluaWwalou| — 9T Jo abues UOnU3AIBIUI
pouad T lanamoy 3dd - "auljoul 950 Bunjrepy | abe yum ‘Aunfui -150d
AJanodai ande-gns ‘pariodal a1am uoneINp UoIexs - Te Buness ‘Inoy Jllwpeail -150d S)98M pue -aid yum
B Ul a19M Jey} a|dwes SJUBAD aSJanpe ’ ’ Jad sajiw €€ Jo :adAL | 26-9(dS ‘W2) | Bulures asioiexa
|lews AjpAneley - paoadxaun oN - swoldwAs - paads jueisuo) - pue apoN siuedionued €1 10 SalLIas aseD 0TOZ ‘Appa
sdnoib
OM] 8Y} UBaMIaq
a0UaJaype pue 1sai Je
swoydwAs 01 anne|[al
S)|Nsal UonUBAIBUI
uo Bunuodas uo Buiag
peaisul siseydwa SAINUIW OE 4O WNWIXew $90]q
ayy yum Apnis ayl Jo SIUANS © 10} Jo swoydwAs ui Japush pue abe
SNJ0J 193.1pUl U SeM asJanpe oy19ads aseaIoul Ue a9UalIadxa uondaIas | paiens ulyIm
Bunse) uoiaxa ay] -- -UONUBAIBIUI ON - 01 pauels Aoy} 102030.d pawJoyiad sem
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 24

Quatman-Yates et al.

Buiuonouny
aniuboooinau
pajoaye UuoIuaxa

Moy uo sem siseydwa
ay} se Apnis ayp Jo
SNJ0J 10811pUI UB SBM
Bunsay [euonuaxa ayL

0T Ae@
1€ JaMO| Sem

3dd wnwixey -

s)|nsal
Ul S3L02IN0 HH
uo yodal oN

ady -

sainseaw 2160j0IsAyd -

paseq ‘sabels ¢

13N0 STBAN 0S JO

Gz Aq pasealoul

Sem ay1q au}

U0 3UB)SISal

ay} ‘dn-wrem
NUIW Z & 1YY -

131SBINOIN
ay

10 UOISJaN
payipow
BEENTE]
319AD :adAL
pue apoN

OM] Pa]sa) aJom
syuedionued
‘abe Jo sieak /T
pue QT jo sabe
a1 UsamIag
ds'W

Gg) swuatred og

pue uoIeqJadexd
woydwAs

UO 3s19J9%3

10 10edwi

ayy Bunrebnsanul
Apnis
|euswiiadxy

9T0C ‘sexiueiN

94G6 J0 Aorindoe
UB SUOITeAIasqo
0ze o

¥0€ paalbe pue
UoIegJaoeXad
woldwAs
uoISSNIU0I

o Buini

10} AjaAnnoadsal
‘%68 PUe %66
10 A1oy10ads
pue AlARISUSS @
pansIyde siarey

(08" 30 201)
s10u09 Ayijeay
0} pasedwod
(zv* 30 001)
Mo AjaAne|al
SeMm 3dy

Joy Aungelpy -

(05" 40 221)
$]0J3u09 Ayieay
0} paJedwod
UOISSNIU0I UM
sjuedionued Joy

saipnis Joud

(02" 30 221) Moj uo paseq

sem Aujiger|al EIRETEN

ainssaid poojq se pajou

21j0ISeIp XBN| - Sem a210yd

Jjoo0304d

(06" 40 221) ng ‘spow

$1021u02 Ayyesy 104 papiAoid (saeak
0} pasedwod aJeuonel ¢8as's9C =

(28 10 payoeal sem a1y199ds ON ueauw) sieak Gy uolegIadexa
22I) Ajigerren aInuIw TZ JO :ajeuoney — 87 Jo abues woydwAs
Ja1eweled 3I0W pamoys Xeuw J0 ‘pauinial ’ abe (49 ‘N ETTNEIET)
uosLiedwod e 10U a1am uoISSNIU0I LYJIM swoldwAs (1saL ) syuedionred 01 Aljigeljal
SUOIIRIIHISSB|D 3UIS sjuedionued sy 191 w-1sod 1wpeal | AJejuapas Jareliaiul
Apuaiayip puodsal ‘ainssaid poojq ‘paulelurew aq uoISSNIU0D ‘Ayljeay 0T ajenfens
Aew (syuawuredw 21]01SAS Xew 104 - 10U p|nod paads oleyng ‘S919|Y1e 2Jom 0] UOISSNIU0I

afeuolrey

pue

sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis

suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



Page 25

Quatman-Yates et al.

pauo
9IaM SaIpNIS
191w Joud
ybnoyy paud
Alleonsi0ads
sem |0oo3o.d
jleg 10}
a[euoles ou
‘uonenwins
Kiosuss
Bunoiuod
aziwluiw 0}
pue [|1wpeal)
© U0 Buluuni
1o Burjem
3ym
$1N220 ey}
uoISINIXd
SsaniAnoe peay
-Ingbuiuesw pue [9A9] |EUOIISXD 10 pooytaI|
sabueyd a16ojo1sAyd pue cmu_wwmm“ ayy Burreaipul mﬂﬂu_%w%w&
951949X8 913199ds wordwAs ui 9[e2s 3dy posn sem Buiuren s1qoise
10 Burodal jewiuy - - PaAISSTO BIoM Mo LT © pauodal Jajowobis ( bues) pue JeinNqnsaA
) SjusLaAodw| - QU3 [1UN Jo del 319k 266-1T abuel 10 UOIRUIGUWIOD
abe u1 abuel afse] | 118y WnpXew ”m_mho_ﬁm skep 101 o
swoydwAs Jengnssa wesBoud 1184} JO %08 sem uoljenfens | weiboud asiosexe
oM suared UonUaAIBIUI —09 payoeal 1591 Jemmul pue | awoy pasinladns
0} 8z1[e13U3H pinom awoy Asyy nun uoissnouod | Ainfur usamiaq e Bunsjdwod
SIU3 MOY AOUS| O} PRy apInb o0} pasn 10 UOIBQIAJEXD oleyng aln uelpaw Jaye Aujiqesip
11 Bunjew syuawredwi 91aM S8|qeLIeA Annnov/Apmis paniodal /1000304d ‘uonel|iqeyal pue swoldwAs
" JeInqusan panuapl asayy g PHIOM 01 LInley - syuedionJed a[eg JTe[ngnsan 191w 1sod
ynm siuedioned ‘uoIaxa 01 34y 2y - |1uN saINUIW payipow 10} paliajal alsisiad yum
40 pajsisuoo ajdwes - 10 ‘sesuodsal 2 Kians syun e Buisn (z/-8T obues) | synpe ui sebueyd
’ uolyelnyes saunseaw 216ojoIsAud - OM] JO 1030’} Ja1owobie | sieak gy Jo abe Jeuoriouny
uostLiedwod uabAxo ‘YH ’ ’ e Aq sasealoul 319AD :adAL | ueipsw (4 8 ‘N Buiquiosap
Joy dnoJb jonuod oN - ‘dg jo uodal oN - swoldwAs - |ewuBwWaloU| - pue apoN 9) swaned yT S8113s ase) 910z ‘2l00N
swoldwAs
10 UoIIN|0Sal
10 uodas
Z fe@ ‘Ssanuiw 9 Jo} LUalppiyo -313s [1un skep
0} pasedwod OT Jue)su0d 12Ad1g 1oy ajqenns | (¥2-0 4o abues)
Keq uo payodal 9} Uo suolejol ag 0} Umoys,, t°G JO ueaw uonnjosal
swordwAs ay} dasy 0} ajeuoney ‘swoydwAs woydwAs
ur uononpay - pajonisul alem 159] BuIjoAD Jo uonnjosal | o uodauyas 1sod
T sjuedionsed snonunuo) pauodal 0T pue g sAeq)
3|qe|IeAR 319M S} NSal Z feq BULED anissalbold Aay1 Jayye sAep syuiod awin g e
o16ojoi1sAyd paywi - 01 patedwod juedionted uo MOV ua) pue skep uoniubosoinau
afeuolrey
pue
sednses|n siaypweded | ‘adAl ‘apolN
PanIasqo uoissaiboad uollIex3 ubisa@ Apnis
suoireNwWI ApNiS usulad SNSaY 1UeAd|aY BT TS| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

available in PMC 2019 May 01.

Arch Phys Med Rehabil. Author manuscript



Page 26

Quatman-Yates et al.

uolaxa panisosad Jo sbuney = Jdy ‘e1el Lesy = YH ‘8jewa) = 4 ‘afew =
*

SHoyod NIRETEN
3y Usamieq j02030.d
paynuspl 1o apow
919M UOII9Xd 1oy papiaoud
0) sasuodsal HH afeuones
a|qe|rene alem synsal Ul SaouaJsyip 213199ds ON 159} UOIMEXd
a16ojoisAyd pauwi - ou ybnoye ‘ajeuoney uoISsSnNaU0d JeaisAyd e 0)
‘UOIIBXa 0} a1eJ Weay Aq pauiwiaiep 10 Aloisiy asuodsai ul pue
159J9)U1 AIepuodas asuodsal ul pue SoInseal 2160I0ISAU - sem afie)s 1xau QouelsIsal | ou yum sala|yre 1591 Je susaned
10 Buiaq synsal 1531 Je suJained 1hojo1sAud 01 uoissalboid ‘abels Buisealoul abay109 /T A1AnosUL0D
asuodsai a160jo1sAyd A1A1dauu0d BuIIq Jaye pue Jad ulw ¢ ‘aourisisal J0 sabejs | pue uoissnouod urelq jo Apnis
ayl yum ‘Apnis ayl Jo U1 S3oUaJayIp 31040 Buibewr urelg - Buiseaiour jo sabeis | ¢ :191ewobig JUERE] uosiedwod
SNJ0J 108.1pUl Ue Sem paiuapl o ¥ 1591 $sa1S VOWA Aq | 81940 :adAL B UM Sala|yre 110y09
Bunsay uonuexa syl - Buibew| - swoydwAs - PaUIWLIBIBP AIUBISISDY pue apoA aba)j02 /T leuonensasqo | TTOZ ‘Aounogols
afeuolrey
pue
sednses|n siajpweded | ‘adAl ‘apolN
PanIasgqo uoissaiboad uollIex3 ubisa@ Apnis
suomreNwWI Apnis uaulad SNSaY 1UeAd|aY BTV ET S| pue Al1susiu| |020304d 10203044 a|dwes pue asodind Joyiny

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Arch Phys Med Rehabil. Author manuscript; available in PMC 2019 May 01.



	Abstract
	Introduction
	Methods
	Data Sources
	Study Selection
	Data Extraction and Quality Appraisals
	Synthesis of Post-mTBI Exertional Testing for Research and Clinical Purposes

	Results
	Sample Characteristics
	Exertion Protocols
	Outcome Measures
	Quality Appraisal Results
	Synthesis of Key Findings from Included Studies

	Discussion
	Exertional Testing Mode
	Exertional Testing Protocols
	Outcome Measures
	Overall Considerations
	Limitations

	Conclusion
	References
	Figure 1
	Table 1
	Table 2

