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Abstract: Background/Objective: Assessing Orthostatic Intolerance (OI, symptoms upon standing
from supine) is recommended in athletes with sport-related concussions (SRCs), as this is caused by
impairments in the cardiovascular autonomic nervous system (cANS). Early Exercise Intolerance
(Early EI, symptoms on light physical exertion) is also due to impairments in the cANS but is difficult
to incorporate into outpatient clinical practice (cost of personnel, time, equipment). The purpose
of this study was to determine if we could use OI to screen for Early EI, as well as understand
differences between adolescents who do and do not report OI. Methods: Retrospective chart review.
Adolescents with physician-diagnosed SRC performed the 2 min supine to 1 min standing OI test
and the Buffalo Concussion Treadmill Test (BCTT) during their first post-SRC visit. Early EI was
defined as more-than-mild symptom exacerbation at a heart rate (HR) below 135 bpm on the BCTT;
OI was defined as new or increased symptoms of dizziness or lightheadedness on postural change.
The sensitivity, specificity and diagnostic accuracy were calculated. Participants with and without OI
were compared. Results: In total, 166 adolescents (mean 15.4 years, 58.8% male) were seen a mean of
5.5 days after injury; 48.2% had OI and 52.4% had Early EI, but there was no association between the
two measures (Phi = 0.122, p = 0.115). The sensitivity and specificity (with 95% confidence intervals)
for OI to screen for Early EI were 54.0% (43.5, 64.3) and 58.2% (47.2, 68.7), respectively. Adolescents
with OI had a higher incidence of delayed recovery (24% vs. 9%, p = 0.012). Conclusions: Although
both measures seem to be related to impaired autonomic function after SRC, OI has limited accuracy
in screening for Early EI, which suggests that their etiologies may be different. Nevertheless, the
assessment of OI has clinical utility in the management of SRC.

Keywords: sport related concussion; adolescent; exercise intolerance; orthostatic intolerance;
orthostatic hypotension

1. Introduction

Sport-related concussion (SRC), a form of mild traumatic brain injury, is challenging
to diagnose due to its non-specific symptomatology and the lack of imaging findings or
blood biomarkers specific to the disease [1]. It is therefore recommended that clinicians
assess several domains that can be affected by concussion [2]. One of these assessments
is a screening for Orthostatic Intolerance (OI), which presents as increased symptoms
of dizziness or lightheadedness on postural change [3,4] and is a predictor of delayed
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recovery [5]. The primary cause of OI is impairment of the cardiovascular Autonomic
Nervous System (ANS), and reduced baroreceptor sensitivity and attenuated blood pressure
(BP) control have been identified in patients with acute concussion [6,7]. However, postural
change can also illicit other concussion-like symptoms, which are discussed further in the
manuscript. Post-concussion OI can be assessed easily in the clinic using a 2 min supine to
1 min standing OI screening [8], which is part of the Sport Concussion Office Assessment
Tool (SCOAT) developed by the 2022 Amsterdam Consensus Conference Statement on
Concussion in Sport [2].

Another recommended, but not mandatory, component is an assessment of the pa-
tient’s ability to exercise. Exercise tolerance is commonly assessed using graded exertion
testing [9]. Concussion-related exercise intolerance, defined as a more-than-mild worsen-
ing of symptoms such as headaches, dizziness or excessive fatigue during exertion, is a
characteristic finding in adolescent athletes after SRC [9] and is also suspected to be due
to impairments in the cardiovascular ANS. However, there are other causes of exercise-
induced symptoms shown during exertion testing, and these are discussed later in the
manuscript. A systematic review and meta-analysis showed that approximately 95% [10]
of athletes exhibit some degree of exercise intolerance on exertion testing within 2 weeks
of SRC. The degree of exercise intolerance early after SRC is also prognostic of recovery
duration [11]. One study [12] found that Early Exercise Intolerance (Early EI), defined as
experiencing more-than-mild symptom exacerbation below a heart rate (HR) threshold
(HRt) of 135 bpm on the Buffalo Concussion Treadmill Test (BCTT), was associated with a
significant risk of delayed recovery. Two randomized controlled trials (RCTs) [13,14] of pre-
scribed targeted heart rate aerobic exercise based on the results of the BCTT reported faster
recovery from SRC, and one reported a significant reduction in the incidence of delayed
recovery (i.e., of Persisting Post-Concussive Symptoms [1], PPCS). It has also been reported
that those with the greatest degree of exercise intolerance early after SRC benefit the most
from individualized aerobic exercise treatment [15]. While systematic exertion testing is
useful for the diagnosis, treatment, and determination of physiological recovery from SRC,
it is not without limitations. Exertion testing requires dedicated space, a trained clinician
(e.g., athletic trainer, physical therapist, exercise physiologist, or equivalent), equipment
(a treadmill or cycle ergometer), and the patient’s time (30 min or more) [16].

It would improve clinical efficiency if clinicians had a way to conveniently identify
which patients would likely have Early EI after SRC and would benefit most from perform-
ing graded exertion testing and from receiving individualized aerobic exercise treatment.
We have shown that 37% of adolescents demonstrate OI [17] while 30–52% have Early EI
within 10 days of SRC [11,12], and that both impairments are predictors of delayed recov-
ery [5,11]. Since both Early EI and OI are suspected to reflect cardiovascular autonomic
impairment, it may be possible to use the convenient OI test to screen for Early EI. Hence,
the purpose of this study was to see if we could use the OI test to screen for Early EI, as
well as explore differences between adolescents with and without OI. We hypothesized that
the OI test would have excellent (>90%) sensitivity and specificity in screening for Early EI.

2. Methods

The current study is a reanalysis of data extracted from our practice’s retrospective
concussion patient registry [5] and excludes participants whose orthostatic data have
been published previously [17]. Data were extracted from one university-affiliated sports
medical practice that has a dedicated concussion management clinic. Participants were
seen by physicians who diagnosed SRC using a relevant history, a concussion-focused
physical examination, and any adjunct tests as needed (i.e., a graded exertion test) [2].
High school student athletes (i.e., those requiring clearance for return-to-play scholas-
tic sport) and athletic adolescents with recreation-related SRC performed the BCTT at
their initial visit as part of our standardized clinical management protocol. Participants
were seen weekly by their treating physician for the first four weeks and then once or
twice a month as needed until clinical recovery. The dates of injury and recovery were ob-
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tained from clinic notes. The definition of recovery was standardized among all physicians:
the resolution of concussion-like symptoms to baseline, a physical examination within
normal limits, and the ability to exercise to ≥80% of the age-appropriate HR maximum
without the exacerbation of concussion-like symptoms [18].

2.1. Participants

The inclusion criteria were as follows: (1) adolescents (aged 13–18 years) (2) presenting
within 10 days of injury and (3) diagnosed with SRC (ICD 10 code: S06.0X0A and S06.0X1),
according to international criteria [1]. Patients at our practice were not diagnosed with
an SRC if their current injury was more severe than mild, as indicated by a score < 13
on the Glasgow Coma Scale, lesion on CT/MRI, a focal neurologic sign consistent with
an intracerebral lesion (S06.1-6XXA), and/or injury involving the loss of consciousness
for 30+ min or post-traumatic amnesia for 24+ h (S06.0X3-6A). Participants were not
included in the analyses if they had missing orthostatic or exertion testing information.

2.2. Main Outcome Measure

An automated cuff (Welch Allyn Connex ProBP 3400, Skaneateles Falls, NY, USA) was
used to measure the participants’ HR and BP during a 2 min supine to 1 min standing OI
test [17]. The first measurement was taken after the patient was resting supine for 2 min
and the second measurement was taken after the patient was standing for 1 min. Physicians
recorded if the patient reported lightheadedness (a sensation of fainting) or dizziness
(a motion sensation) while supine and immediately and one minute after standing. HR
and BP were measured again after one minute of standing. Changes in the participants’
systolic and diastolic BP and HR were calculated by subtracting the supine values from the
standing values. Exercise tolerance was measured using the BCTT [11]. Before beginning
the BCTT, participants rated their symptoms on a Visual Analogue Scale (VAS, 0–10) [9]
to determine the initial symptom severity, and their resting HR was measured in a seated
position after a 2 min rest using a Polar HR monitor (OH1 and Verity Sense, Kempele,
Finland). The participant then walked on a level treadmill (Landice L8, Randolph, NJ, USA)
at 3.2 mph (3.6 mph in participants 5′10′′ and above) at 0◦ incline. The incline was increased
by 1◦ each minute for the first 15 min unless the participant was unable to continue due to
symptoms or excessive fatigue [9] The participants’ HR at exercise cessation was recorded
as the HRt.

Early Exercise Intolerance: Early EI was defined as having a more-than-mild
(≥3 points on a 0–10 pain visual analog scale) exacerbation of concussion symptoms
at a HR of ≤ 135 bpm [12].

Orthostatic Intolerance: OI was defined by the patients’ report of new onset or in-
creased symptoms of lightheadedness or dizziness upon standing, regardless of changes in
vital signs [17]. Additionally, Orthostatic Hypotension (OH) was defined as a 20 mmHg or
greater reduction in systolic BP, or a 10 mmHg or greater reduction in diastolic BP after
1 min of standing from supine [7].

2.3. Additional Clinical Measures

Self-reported nausea, balance problems, and dizziness rated on a 0–6 Likert scale
were obtained from concussion symptom checklists (Post Concussion Symptom Inventory,
PCSI) [19]. The results of the Vestibular Ocular Reflex (VOR) and Complex Tandem
Gait (CTG) tests were obtained from the physician’s notes [20]. For VOR, any abnormal
saccadic eye movements, a very slow performance, an inability to maintain visual fixation
(i.e., beating back to the center), or the provocation of dizziness or headache were considered
abnormal [20]. For CTG, an inability to walk in a straight line, extreme truncal sway,
stumbling, or stepping out of line with eyes open were considered abnormal, but one
misstep or minimal sway during the eyes-closed portion of the test was considered within
normal limits.
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2.4. Statistical Analysis

Univariate statistics were used to describe the sample. Sensitivity, specificity, the
positive predictive value (PPV) and the negative predictive value (NPV) were estimated,
along with 95% confidence intervals (CIs) [21]. The Yule’s Phi Coefficient was calculated
to assess the association between OI and Early EI, and interpreted using guidance from
Njuka et al. [22]. The sample was then stratified by the presence of OI and the clinical
characteristics were compared. Continuous variables were compared using independent
two sample t-tests and categorical variables were compared using a chi-squared test.
A p-value of <0.05 was considered statistically significant. All analyses were performed
using SPSS Version 29 (IBM Corp., Armonk, NY, USA).

3. Results

From January 2018 to December 2019, 952 patients with concussion were seen; out
of these, 166 adolescents are included in the analysis. Figure 1 provides the sample
inclusion flowchart.

Figure 1. Sample inclusion flowchart.

The demographics and clinical characteristics are provided in Table 1. Participants
were seen approximately 5.5 days after injury, included a slightly higher proportion of
males, and 16% had symptoms that lasted for more than 4 weeks (i.e., developed PPCS).

Table 2 provides a 2 × 2 table presenting the results of OI and Early EI. The sensitivity
of OI for Early EI was 54.0% (43.5, 64.3) and the specificity was 58.2% (47.2, 68.7). The PPV
was 58.8% (47.8, 69.1) and the NPV was 53.5% (43.0, 63.8). OI and Early EI did not have a
significant association, and the strength of this coefficient was negligible (Phi = 0.122, no or
negligible range = 0.00–0.19) [22].

Table 3 presents the comparison of adolescents with and without OI. Adolescents with
OI did not differ in their demographics, vital signs or exertion testing results, but took
longer to recover and had a higher incidence of delayed recovery. Adolescents with OI also
reported greater symptoms and had more abnormal VOR tests.
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Table 1. Sample demographics and clinical characteristics.

Demographics and Recovery Outcomes

n 166
Age in years, mean (95% CI) 15.42 (15.19, 15.64)

Sex, n (%)
Female 69 (41.6%)
Male 97 (58.4%)

History of Previous
Concussion, n (%)

0 82 (49.4%)
1 53 (31.9%)
2 27 (16.3%)
3+ 4 (2.4%)

Injury to visit time in days, mean (95% CI) 5.55 (5.21, 5.89)
Total symptom severity 1 (max = 132) 32.43 (29.50, 35.36)
Recovery time in days, mean (95% CI) 19.93 (17.69, 22.18)
Delayed recovery (>28 days to recover), n (%) 27 (16.3%)

Clinical Exam Signs and Symptoms, mean (95% CI) or n (%)

Nausea (max = 6) 0.98 (0.76, 1.21)
Balance (max = 6) 1.33 (1.13, 1.53)
Dizziness (max = 6) 1.65 (1.41, 1.89)
Total symptom severity 1 (max = 132) 32.43 (29.50, 35.36)
Abnormal VOR 89 (58.2%)
Abnormal CTG 89 (58.2%)
OH 14 (8.5%)

Orthostatics and Graded Exertion Testing, mean (95% CI)

Supine Systolic BP in mmHg 119.35 (117.37, 121.32)
Supine Diastolic BP in mmHg 70.49 (69.44, 71.54)
Supine HR in bpm 66.23 (64.40, 68.06)
Standing Systolic BP in mmHg 117.92 (116.12, 119.72)
Standing Diastolic BP in mmHg 75.64 (74.47, 76.82)
Standing HR in bpm 77.82 (75.78, 79.86)
Mean Systolic Change in mmHg −1.43 (−2.96, 0.10)
Mean Diastolic Change in mmHg 5.17 (4.02, 6.32)
Mean HR Change in bpm 11.59 (9.59, 13.59)
HRt on BCTT in bpm 134.67 (131.10, 138.24)
Exercise time on BCTT in minutes 8.09 (7.47, 8.71)
Exercise Tolerant, n (%) 24 (14.5%)

Main Outcome Measures, n (%)

OI 80 (48.2%)
Early EI 87 (52.4%)

CI: confidence interval; BP: blood pressure; HR: heart rate; BCTT: buffalo concussion treadmill test; VOR: vestibulo-
ocular reflex; CTG: complex tandem gait; OH: orthostatic hypotension; OI: orthostatic intolerance; EI: exercise
intolerance; 1: symptom severity from Post-Concussion Symptom Inventory.

Table 2. Proportion of adolescents with and without OI and Early EI.

OI Screen
Early EI (HRt < 135 bpm) on BCTT

Positive Negative Total

Positive 47 (28.3%) 33 (19.9%) 80
Negative 40 (24.1%) 46 (27.7%) 86
Total 87 79 166

Data is presented as sample size (percent of total sample).



Diagnostics 2024, 14, 2743 6 of 10

Table 3. Comparison of participants with and without OI.

With OI Without OI p-Value

n 80 86 -
Age in years, mean (95% CI) 15.39 (15.08, 15.70) 15.44 (15.11, 15.77) 0.835

Sex, n (%)
Female 29 (37.2%) 34 (45.3%)

0.306Male 49 (62.8%) 41 (54.7%)

History of Previous
Concussion, n (%)

0 40 (50.0%) 42 (48.8%)

0.326
1 24 (30.0%) 29 (33.7%)
2 12 (15.0%) 15 (17.4%)
3+ 4 (5.0%) 0 (0.0%)

Injury to visit time in days, mean (95% CI) 5.43 (4.94, 5.91) 5.67 (5.19, 6.16) 0.472
Recovery time in days, mean (95% CI) 23.59 (19.46, 27.73) 16.53 (14.73, 18.33) 0.002
Delayed recovery (took >28 days to recover), n (%) 19 (23.8%) 8 (9.3%) 0.012

Clinical Exam Signs and Symptoms, mean (95% CI) or n (%)

Nausea (max = 6) 1.41 (1.04, 1.77) 0.59 (0.34, 0.83) <0.001
Balance (max = 6) 1.57 (1.26, 1.88) 1.11 (0.86, 1.35) 0.020
Dizziness (max = 6) 2.04 (1.66, 2.41) 1.28 (0.99, 1.57) 0.002
Total symptom severity (max = 132) 37.53 (33.14, 41.92) 27.74 (24.01, 31.48) <0.001
Abnormal VOR 54 (69.2%) 35 (46.7%) 0.005
Abnormal CTG 49 (62.8%) 40 (53.3%) 0.234

Orthostatics, mean (95% CI)

Supine Systolic BP in mmHg 120.20 (117.08, 123.33) 118.56 (116.04, 121.08) 0.413
Supine Diastolic BP in mmHg 70.49 (69.08, 71.91) 70.49 (68.93, 72.05) 0.996
Supine HR in bpm 64.45 (61.84, 67.04) 67.88 (65.31, 70.45) 0.064
Standing Systolic BP in mmHg 117.73 (114.94, 120.51) 118.10 (115.74, 120.47) 0.836
Standing Diastolic BP in mmHg 75.45 (74.61, 80.82) 75.83 (74.28, 77.37) 0.753
Standing HR in bpm 77.71 (74.61, 80.82) 77.92 (75.17, 80.67) 0.921
Mean Systolic Change in mmHg −2.49 (−4.58, −0.41) −0.45 (−2.69, 1.79) 0.189
Mean Diastolic Change in mmHg 4.99 (3.07, 6.91) 5.34 (3.97, 6.70) 0.765
Mean HR Change in bpm 13.26 (10.82, 15.71) 10.03 (6.90, 13.17) 0.112

Graded Exertion Testing, mean (95% CI)

HRt on BCTT in bpm 131.86 (126.56, 137.17) 137.30 (132.46, 142.15) 0.133
Exercise time on BCTT in minutes 8.01 (7.09, 8.94) 8.16 (7.33, 9.00) 0.811

Bolded values indicate a statistically significant difference at p < 0.05.

4. Discussion

Easy, cost-effective and accurate screening tests are useful for clinical practice; hence,
we examined the diagnostic accuracy of using a brief OI test to screen for Early EI
on graded exertion testing in adolescents within 10 days of SRC. Although roughly
half of our sample had OI and half had Early EI, there was no association between the
two measures. Our PPV was 58.8%, which means that the clinician would need to test
10 patients to identify ~6 abnormal results. This PPV may be an acceptable screening tool
for cancers [23], for example, but not for predicting Early EI after SRC; this is because almost
all adolescents would need to be tested to find the half that will likely have Early EI. In our
sample, adolescents with and without OI did not differ in their pre-injury demographics,
exertion testing results or HR/BP assessments, which is similar to our prior report [17].
Adolescents with OI, however, reported more balance-related symptoms, had more VOR
abnormalities, and took significantly longer to recover. Since symptoms persisting beyond
28 days after concussion significantly adversely affect adolescents’ quality of life and school
performance [24,25], it is important for clinicians at the initial visit to try to identify those
at a greater risk of delayed recovery so that they may implement evidence-based treatment
recommendations for SRC as soon as possible (e.g., avoiding strict rest, early light physical
activity, prescribed aerobic exercise, sleep hygiene) [26]. The OI test can identify those at
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risk of delayed recovery and is easy to integrate into a comprehensive clinical evaluation;
therefore, our study supports that it should be part of the SCOAT for the best-practice
management of SRC [2].

The cardiovascular ANS regulates HR and BP in response to orthostatic and exercise
challenges [27]. Orthostatic and exercise intolerance may, however, reflect different aspects
of ANS impairment after SRC. During progressive exercise, HR and BP are mediated by
both sympathetic (SNS) and parasympathetic (PNS) nervous system activation, albeit in
opposing directions [28]. At lower intensities, the PNS dominates; however, at higher
intensities, PNS withdrawal occurs and the SNS takes over. The exact etiology of EI
in adolescent athletes early after SRC is not known. It has been suggested that aerobic
deconditioning due to restriction from sport [1] produces EI, but this does not explain
its occurrence within 10 days of injury since athletes do not show physiological signs of
deconditioning until at least 2 to 3 weeks after they have stopped training [29]. The more
likely explanation is the improper activation of the cardiovascular ANS to meet increased
cardiovascular demands from the periphery during exercise, and several studies have
shown abnormal HR and heart rate variability (HRV, a marker for ANS tone) responses
during exercise early after SRC [30,31]. Autonomic dysfunction appears to impair cerebral
blood flow regulation as well, which also may contribute to concussion-related EI [32,33].

Unlike Early EI, the etiology of physiological OI is well understood [3]. OI is due
to the hypoperfusion of the brain during postural change, leading to symptoms faint-
ness, lightheadedness or dizziness [7]. Baroreceptor sensitivity reflects the capacity of the
cardiovascular ANS to accommodate dynamic metabolic demands in the periphery, and
experimental studies have identified alterations in BP variability [34] and the attenuation of
baroreceptor sensitivity [6] in concussed athletes within 5 days of injury. OI is primarily due
to delayed SNS activation, not PNS withdrawal [35,36], which may help explain the lack of
association between OI and Early EI. Additional research is warranted to understand why
OI is not associated with Early EI.

Another reason for the lack of agreement between these two autonomic measures
is that there are other, non-cardiovascular causes for symptom exacerbation in these
tests, and OI and EI can be presented in non-concussed adolescents. Concussed ado-
lescents who report OI may experience dizziness due to post-concussion vestibular dys-
function that is exacerbated on postural change, rather than hypoperfusion of the brain [37].
This is supported by our results, since adolescents with OI also had more abnormal balance
findings. Similarly, symptom worsening during treadmill testing can also be due to balance
problems [9]. Other causes of symptoms during OI or EI testing include cervical strains
and migraine-type headaches that worsen with motion and physical activity.

Alternate Screening Tests for Exercise Intolerance

It could be argued that the best way to screen for Early EI would be to exercise
test only those patients who report that physical activity or exercise exacerbate their
concussion symptoms. However, this may not be accurate for several reasons. Athletes
with concussion are told not to participate in sport, so they may not have tried to exert
themselves and do not know if their symptoms get worse with moderate or higher levels
of exertion, leading to false negatives. On the other hand, patients may report exercise
intolerance if they cannot exercise for other reasons, such as musculoskeletal injury or a
self-perceived inability to exercise, leading to false positives. Since Early EI is suspected to
be due to ANS dysfunction, additional screening tests for ANS function could be relevant.
Resting HRV over a 5 min recording is a reliable marker for ANS that can be measured
conveniently using commercially available HR monitors [38]. An abnormal HRV has been
reported in some studies of SRC [39–42], yet others have found no association or report
contradictory findings [6,31,34,43–45]. Resting HRV is highly variable and is confounded
by several factors, including emotional state, alertness/fatigue, time since last food or
drink, medications, and circadian rhythm [46]. Controlling these factors in a clinical setting
is difficult. Another option is assessing the HRV response to known stimuli, such as
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face cooling [43] or the cold pressor test [47]. These tests reduce variability but require
sophisticated equipment. The same caveats apply to other validated tests of ANS function,
such as tilt testing, microneurography, and sweat testing [48,49].

5. Limitations

As a retrospective chart review, we were able only to identify associations between
these clinical measures and not causation. Forty-two adolescents did not perform the
BCTT at the initial assessment, which may have affected our results. The reason for not
performing the BCTT was not recorded, but common reasons include patient refusal due
to improper attire or a lack of time, and a lack of available staff to perform the BCTT.
Additionally, since this study was performed in an out-patient clinical setting, we did not
control for a variety of factors that can affect HR and BP, such as current pain, emotional
state, time since food or drink intake, and sleep/fatigue. We assumed that these would
randomly affect our sample, but future prospective studies should attempt to control for
them. Our sample of athletic adolescents within 10 days of injury may not generalize
well to older or younger patients, those experiencing persisting symptoms, or the non-
athletic population. Lastly, there is variability in cardiovascular fitness between athletes.
We did not collect details about the participants’ level of athleticism, such as sport, position,
competition level, or individual-specific factors. All of these can affect how responsive an
athlete’s cardiovascular ANS is and should be accounted for in future research.

6. Conclusions

In this retrospective chart review, we found that half of adolescents after SRC reported
symptoms during postural change (OI) and that half reported the more-than-mild wors-
ening of symptoms during low-intensity exercise (Early EI), yet there was no association
between the two measures. Although both impairments are suspected to be due to post-
concussion autonomic impairment, they may affect different aspects of cardiovascular
autonomic regulation or illicit symptoms from non-ANS-related impairments, which war-
rants additional research. Nevertheless, OI identified on physical examination within the
first week after SRC was significantly associated with delayed recovery, even without being
associated with Early EI (another risk factor for delayed recovery). We believe this justifies
the clinical utility of performing both tests at the initial assessment. The OI test is easy to
integrate into a standard physical examination and has become a recommended part of the
SCOAT for the best-practice management of SRC.
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21. Šimundić, A.-M. Measures of diagnostic accuracy: Basic definitions. Ejifcc 2009, 19, 203. [PubMed]
22. Njuka, D.A.; Phiri, J. Factors Influencing Social Media in Managing Corporate Reputation for a Christian Organisation in

Developing Countries Based on the VT4 Model. Technol. Invest. 2021, 12. [CrossRef]
23. Shapley, M.; Mansell, G.; Jordan, J.L.; Jordan, K.P. Positive predictive values of ≥5% in primary care for cancer: Systematic review.

Br. J. Gen. Pract. 2010, 60, e366–e377. [CrossRef] [PubMed]
24. Ellis, M.J.; Leddy, J.; Willer, B. Multi-disciplinary management of athletes with post-concussion syndrome: An evolving

pathophysiological approach. Front. Neurol. 2016, 7, 136. [CrossRef]

https://doi.org/10.1136/bjsports-2023-106898
https://www.ncbi.nlm.nih.gov/pubmed/37316210
https://doi.org/10.1136/bjsports-2023-106860
https://www.ncbi.nlm.nih.gov/pubmed/37316211
https://doi.org/10.1093/ageing/28.6.522
https://www.ncbi.nlm.nih.gov/pubmed/10604503
https://doi.org/10.1177/0009922819885656
https://doi.org/10.1136/bjsports-2020-103690
https://doi.org/10.1542/peds.2017-1673
https://doi.org/10.1042/CS20060091
https://doi.org/10.3171/2016.5.PEDS16139
https://doi.org/10.1089/neu.2022.0331
https://doi.org/10.3389/fneur.2019.00395
https://www.ncbi.nlm.nih.gov/pubmed/31105634
https://doi.org/10.1097/JSM.0000000000000431
https://www.ncbi.nlm.nih.gov/pubmed/29257777
https://doi.org/10.1001/jamapediatrics.2018.4397
https://www.ncbi.nlm.nih.gov/pubmed/30715132
https://doi.org/10.1016/S2352-4642(21)00267-4
https://www.ncbi.nlm.nih.gov/pubmed/34600629
https://doi.org/10.1249/MSS.0000000000002952
https://doi.org/10.1097/JSM.0000000000000809
https://doi.org/10.1080/02699052.2021.1871951
https://doi.org/10.1136/bjsports-2016-097464
https://doi.org/10.1136/bjsports-2017-097699
https://doi.org/10.1016/j.ajem.2020.06.020
https://www.ncbi.nlm.nih.gov/pubmed/27683318
https://doi.org/10.4236/ti.2021.122005
https://doi.org/10.3399/bjgp10X515412
https://www.ncbi.nlm.nih.gov/pubmed/20849687
https://doi.org/10.3389/fneur.2016.00136


Diagnostics 2024, 14, 2743 10 of 10

25. Legarreta, A.D.; Brett, B.L.; Solomon, G.S.; Zuckerman, S.L. The role of family and personal psychiatric history in postconcussion
syndrome following sport-related concussion: A story of compounding risk. J. Neurosurg. Pediatr. 2018, 22, 238–243. [CrossRef]

26. Meehan, W.P., III; d’Hemecourt, P.; Collins, C.L.; Comstock, R.D. Assessment and management of sport-related concussions in
United States high schools. Am. J. Sports Med. 2011, 39, 2304–2310. [CrossRef]

27. Dart, A.M.; Du, X.-J.; Kingwell, B.A. Gender, sex hormones and autonomic nervous control of the cardiovascular system.
Cardiovasc. Res. 2002, 53, 678–687. [CrossRef]

28. Fu, Q.; Levine, B.D. Autonomic Nervous System: Chapter 13. Exercise and the Autonomic Nervous System; Elsevier Inc.: Amsterdam,
The Netherlands, 2013; Volume 117.

29. Hart, D.A. Learning From Human Responses to Deconditioning Environments: Improved Understanding of the “Use It or Lose
It” Principle. Front. Sports Act. Living 2021, 3, 685845. [CrossRef]

30. Flores, G.; Monteiro, D.; Silva, F.; Duarte-Mendes, P. Heart rate variability behavior in athletes after a sports concussion:
A systematic review. Scand. J. Med. Sci. Sports 2023, 33, 1598–1606. [CrossRef]

31. Gall, B.; Parkhouse, W.; Goodman, D. Heart rate variability of recently concussed athletes at rest and exercise. Med. Sci. Sports
Exerc. 2004, 36, 1269–1274. [CrossRef]

32. Worley, M.L.; O’Leary, M.C.; Sackett, J.R.; Schlader, Z.J.; Willer, B.; Leddy, J.J.; Johnson, B.D. Preliminary evidence of orthostatic
intolerance and altered cerebral vascular control following sport-related concussion. Front. Neurol. 2021, 12, 620757. [CrossRef]
[PubMed]

33. Tan, C.O.; Meehan, W.P., III; Iverson, G.L.; Taylor, J.A. Cerebrovascular regulation, exercise, and mild traumatic brain injury.
Neurology 2014, 83, 1665–1672. [CrossRef] [PubMed]

34. Ellingson, C.J.; Singh, J.; Ellingson, C.A.; Sirant, L.W.; Kratzig, G.P.; Dorsch, K.D.; Piskorski, J.; Neary, J.P. Alterations in Baroreflex
Sensitivity and Blood Pressure Variability Following Sport-Related Concussion. Life 2022, 12, 1400. [CrossRef]

35. Sheikh, N.A.; Phillips, A.A.; Ranada, S.; Lloyd, M.; Kogut, K.; Bourne, K.M.; Jorge, J.G.; Lei, L.Y.; Sheldon, R.S.; Exner, D.V.
Mitigating initial orthostatic hypotension: Mechanistic roles of muscle contraction versus sympathetic activation. Hypertension
2022, 79, 638–647. [CrossRef]

36. Kim, J.-S.; Park, H.-E.; Oh, Y.-S.; Lee, S.-H.; Park, J.-W.; Son, B.-c.; Lee, K.-S. Orthostatic hypotension and cardiac sympathetic
denervation in Parkinson disease patients with REM sleep behavioral disorder. J. Neurol. Sci. 2016, 362, 59–63. [CrossRef]

37. McPherson, J.I.; Marsh, A.C.; Cunningham, A.; Leddy, J.J.; Corrado, C.; Cheema, Z.D.; Nazir, M.S.; Nowak, A.S.; Farooq, O.;
Willer, B.S. An Exploratory Analysis of Physical Examination Subtypes in Pediatric Athletes With Concussion. Clin. J. Sport Med.
2022, 34, 417–424. [CrossRef]

38. Pertab, J.L.; Merkley, T.L.; Cramond, A.J.; Cramond, K.; Paxton, H.; Wu, T. Concussion and the autonomic nervous system:
An introduction to the field and the results of a systematic review. NeuroRehabilitation 2018, 42, 397–427. [CrossRef]

39. Stauss, H.M. Heart rate variability. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2003, 285, R927–R931. [CrossRef]
40. Malik, M.; Camm, A.J. Components of heart rate variability—What they really mean and what we really measure. Am. J. Cardiol.

1993, 72, 821–822. [CrossRef]
41. Cowan, M.J. Measurement of heart rate variability. West. J. Nurs. Res. 1995, 17, 32–48, discussion 101–111. [CrossRef]
42. Joyner, M.J. Preclinical and clinical evaluation of autonomic function in humans. J. Physiol. 2016, 594, 4009–4013. [CrossRef]

[PubMed]
43. Johnson, B.D.; O’Leary, M.C.; McBryde, M.; Sackett, J.R.; Schlader, Z.J.; Leddy, J.J. Face cooling exposes cardiac parasympathetic

and sympathetic dysfunction in recently concussed college athletes. Physiol. Rep. 2018, 6, e13694. [CrossRef] [PubMed]
44. Bishop, S.; Dech, R.; Baker, T.; Butz, M.; Aravinthan, K.; Neary, J.P. Parasympathetic baroreflexes and heart rate variability during

acute stage of sport concussion recovery. Brain Inj. 2017, 31, 247–259. [CrossRef] [PubMed]
45. La Fountaine, M.F.; Heffernan, K.S.; Gossett, J.D.; Bauman, W.A.; De Meersman, R.E. Transient suppression of heart rate

complexity in concussed athletes. Auton. Neurosci. 2009, 148, 101–103. [CrossRef]
46. Tiwari, R.; Kumar, R.; Malik, S.; Raj, T.; Kumar, P. Analysis of heart rate variability and implication of different factors on heart

rate variability. Curr. Cardiol. Rev. 2021, 17, e160721189770. [CrossRef]
47. Johnson, B.D.; Sackett, J.R.; Schlader, Z.J.; Leddy, J.J. Attenuated cardiovascular responses to the cold pressor test in concussed

collegiate athletes. J. Athl. Train. 2020, 55, 124–131. [CrossRef]
48. Carter, J.R. Microneurography and sympathetic nerve activity: A decade-by-decade journey across 50 years. J. Neurophysiol. 2019,

121, 1183–1194. [CrossRef]
49. Metelka, R. Heart rate variability—Current diagnosis of the cardiac autonomic neuropathy. A review. Biomed. Pap. Med. Fac.

Univ. Palacky. Olomouc Czech Repub. 2014, 158, 327–338. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3171/2018.3.PEDS1850
https://doi.org/10.1177/0363546511423503
https://doi.org/10.1016/S0008-6363(01)00508-9
https://doi.org/10.3389/fspor.2021.685845
https://doi.org/10.1111/sms.14409
https://doi.org/10.1249/01.MSS.0000135787.73757.4D
https://doi.org/10.3389/fneur.2021.620757
https://www.ncbi.nlm.nih.gov/pubmed/33897587
https://doi.org/10.1212/WNL.0000000000000944
https://www.ncbi.nlm.nih.gov/pubmed/25274845
https://doi.org/10.3390/life12091400
https://doi.org/10.1161/HYPERTENSIONAHA.121.18580
https://doi.org/10.1016/j.jns.2016.01.020
https://doi.org/10.1097/JSM.0000000000001207
https://doi.org/10.3233/NRE-172298
https://doi.org/10.1152/ajpregu.00452.2003
https://doi.org/10.1016/0002-9149(93)91070-X
https://doi.org/10.1177/019394599501700104
https://doi.org/10.1113/JP271875
https://www.ncbi.nlm.nih.gov/pubmed/27098282
https://doi.org/10.14814/phy2.13694
https://www.ncbi.nlm.nih.gov/pubmed/29741235
https://doi.org/10.1080/02699052.2016.1226385
https://www.ncbi.nlm.nih.gov/pubmed/28045562
https://doi.org/10.1016/j.autneu.2009.03.001
https://doi.org/10.2174/1573403X16999201231203854
https://doi.org/10.4085/1062-6050-573-18
https://doi.org/10.1152/jn.00570.2018
https://doi.org/10.5507/bp.2014.025

	Introduction 
	Methods 
	Participants 
	Main Outcome Measure 
	Additional Clinical Measures 
	Statistical Analysis 

	Results 
	Discussion 
	Limitations 
	Conclusions 
	References

