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ABSTRACT 

Julianna H. Prim: Heart Rate Variability and Exertional Task Analysis in the Recovery of Mild 

Traumatic Brain Injury in Servicemembers (HEARTS) 

(under the direction of Karen McCulloch) 

 

Context: The Defense and Veterans Brain Injury Center (DVBIC) guideline for Healthcare 

Providers treating mild traumatic brain injury (mTBI) recommends an exertional test before 

return to duty (RTD), yet no standardized test currently exists. Autonomic nervous system 

(ANS) impairments after concussion may be measured by heart rate variability (HRV). 

Objective: To develop clinically feasible exertional tasks to assess ANS balance with HRV 

measurements that can identify deficits and aid clinicians in RTD decisions for service members 

(SMs) with acute mTBI. Methods: 44 participants (40 Heathy Controls-HC, 4 mTBI) completed 

our exertional testing protocol while wearing heart rate (HR) monitors. After baseline rest, 

participants completed two short exertional tasks: a stepping and push-up task with a recovery 

period after each. The stepping task was 6 minutes with speed increases every 2 minutes utilizing 

a metronome for pacing and a 12’ step. The push-up task was a maximum of two minutes, self-

paced, with total number recorded. Main Outcomes: (1) HR and HRV measures for two sensors, 

observational measures of time, space, equipment, physiological response in HC; (2) mTBI and 

HC HRV measures during resting, exertion, and recovery. Case series of task performance for 

mTBI participants, (3) successful task completion, exertion level, symptoms, HR. Results: (1) 

High reliability between the PolarH10 monitor and Faros180 ECG in HR and HRV component 

analyses during resting and exertional conditions was found. Both tasks met standards of clinical 
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feasibility and physiological response. (2) mTBI SMs had lower baseline and recovery values of 

cardiac vagal control compared to HC. mTBI SMs also had lower rate of cardiac vagal recovery 

and heart period recovery compared to HC. Both tasks provoked symptoms in a majority of 

mTBI SMs, even with reported readiness to RTD. (3) Both tasks had similar completion, 

symptom and exertion levels. Conclusions: Completion of exertional tasks provided insight on 

recovery. An objective physiological measure could be used alongside symptom report and 

clinical opinion in prescribing activity and managing recovery after acute mTBI. Future research 

should prioritize clinical implementation of exertional tasks and how the physiological measure 

of HRV can be used clinically. 
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CHAPTER 1: INTRODUCTION 

BACKGROUND  

Concussion or mild traumatic brain injury (mTBI) is a prevalent injury in civilians, 

athletic and military populations alike. Over 380,000 service-members (SMs) have sustained a 

mTBI since 2000.1 The rate of concussion continues to be significant in the garrison environment 

as a result of training exercises and non-duty activities of a young active population. According 

to the Department of Defense (DOD), mTBI is defined as “an injury to the brain resulting from 

an external force and/or acceleration/deceleration mechanism from an event such as a blast, fall, 

direct impact, or motor vehicle accident which causes an alteration in mental status typically 

resulting in the temporally related onset of symptoms such as headache, nausea, vomiting, 

dizziness/balance problems, fatigue, insomnia/sleep disturbances, drowsiness, sensitivity to 

light/noise, blurred vision, difficulty remembering, and/or difficulty concentrating”. 2 Along with 

common cognitive, vestibular, and visual symptoms, concussions are also associated with 

exertional and physiological changes in other organ systems, including the autonomic nervous 

system (ANS). 3,4 

The ANS, made up of two branches the excitatory sympathetic nervous system (SNS) 

and inhibitory parasympathetic nervous systems (PNS), controls a range of vital involuntary 

physiological functions, including regulating blood pressure, temperature, respiratory systems, 

gastrointestinal systems, and heart rate during rest and in response to stressors.5 Individuals after 
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concussion demonstrate reduced parasympathetic activity and less efficient response to 

autonomic challenges,6,7 as compared to healthy controls. This ANS impairment has been 

demonstrated acutely (from 48 hrs. to report of asymptomatic at rest),8 but may also persist years 

post injury.9,10 

Regulatory ANS function can be assessed by the analysis of heart rate variability (HRV), 

which is the variation in time between successive heartbeats and reflects the balance of PNS and 

SNS activation.11,12 HRV serves as a proxy for ‘top–down’ integration of the brain mechanisms 

that guide flexible control of behavior with peripheral physiology and can provide insight on 

stress level and overall health.11 Generally, greater HRV suggests that the parasympathetic 

nervous system (PNC, specifically vagal nerve) is appropriately responding to the requirements 

of the environment, while lower HRV suggests that PNS  is not modulating the heart rate as 

efficiently.13 This interactive communication between the cardiac and the regulatory neural 

systems (i.e., the body and the brain) may be disrupted after mTBI.14 In more severe TBI, an 

“uncoupling” of pacemakers in heart tissue and ANS input to heart has been observed.15 

Evidence suggests that concussion temporarily disrupts autonomic control of cardiovascular 

function16 with abnormalities in HRV present in mTBI.6,17–19 Some HRV responses after mTBI 

have been variable, especially at rest,8 suggesting it may be necessary to induce physical stress to 

observe subtle ANS and cardiovascular dysfunction.20 

The use of exertional testing to identify possible ANS dysfunction is a reasonable 

approach in clinical practice.21 Currently the only validated exertional task investigating the ANS 

in acute and prolonged recovery after mild traumatic brain injury is the Buffalo Concussion 

Treadmill Task (BCTT).22 While this approach offers an advantage with standardized test 

procedures, it is not always clinically feasible. In the military context, individuals with 
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concussion are typically seen by primary care providers, who are encouraged to use exertional 

testing to guide return to activity.23 These practitioners are limited by time, space, and 

equipment,24,25 preventing use of the BCTT. A more field expedient test of exertion would be 

beneficial to aid primary care manager examination and inform the progressive return to activity 

process.  

STATEMENT OF THE PROBLEM  

MTBI results in a variety of symptoms that limit activity. Returning to normal activity 

too soon, as well as prolonged rest, have been shown to increase symptom duration.26–28 

Currently patient self-report of symptoms is a primary measure that clinicians use in return-to-

activity decisions,29 but evidence shows that physiological deficits may persist beyond self-report 

symptom resolution.30, 31 A physiological biomarker, such as HRV, could provide insight into the 

recovery process and provide an objective measure to guide clinical decision-making. When to 

begin activity may be aided by examining such objective physiologic measures. Current Defense 

and Veterans Brain Injury Center (DVBIC) guidelines recommend use of an exertional test 

before return to duty decisions, yet implementation of a physical test varies and there is currently 

no standardized exertional assessment that is clinically feasible and validated.   

PURPOSE 

Our long-term research goal is to improve the assessment and management of acute 

concussion within the military health system (MHS). The purpose for this project was to 

develop clinically feasible exertional tasks to assess ANS balance with HRV measurements. 

These tasks identify deficits and may be used to aid clinicians in return to activity (RTA) and 

return to duty (RTD) decisions that can be implemented in a primary care environment. We 
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proposed the use of a modified 6 minute Chester Step Test, a graded step test developed for use 

in quantifying occupational aerobic capacity that has been tested in emergency service 

populations.32,33 This step task progressively increases speed every two minutes, similar to the 

BCTT.34 A second exertional task was performance of push-ups for two minutes. The pushup 

task is a component of the current Army Physical Fitness Test (APFT), with clear military and 

functional health relevance,35,36 but has not been researched after concussion. The rationale was 

to investigate proposed ANS dysfunction in patients with mTBI and its relationship to exertion.21 

Our central hypothesis was that the exertional conditions of both tasks will provoke ANS and 

exertional impairments within the concussed population that may not been seen in a resting state. 

This research is innovative in that we investigated the ability of time-efficient clinically feasible 

tasks, requiring minimal equipment, ecologically valid tasks to capture meaningful physiological 

responses in a military population. 

SPECIFIC AIMS AND HYPOTHESES 

 We tested our central hypothesis with the following aims: 

Specific Aim 1: To test the feasibility of two exertional task protocols for use in 

military population 

1 A: Determine whether a stepping task, (modified from the Chester Step Test-CST) and 

Push-up task (from the Army Physical Fitness Test-APFT) are clinically feasible. 

Hypothesis: We hypothesized that both the stepping test and push-up test would be 

clinically feasible. Rationale for this hypothesis is based on standards25,37,38 that the duration, 

equipment, and space requirements are consistent with the resources available for a routine 

concussion appointment with a military primary care manager.  
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1 B: Determine whether physiologic responses to a stepping task, (modified from CST) 

and Push-up test (from APFT) are consistent with expected physiological responses to exertional 

conditions. 

Hypothesis: We hypothesized that both the stepping test and push-up test would 

demonstrate expected physiological responses that were measurable using clinically available 

equipment. Based on the CST and APFT, a similar stepping and push-up task have been utilized 

to assess aerobic and strength capacity.33,35 HRV has been successfully collected during a 

stepping task.39 

1.C: Determine the accuracy and reliability of beat-to-beat heart rate data for the 

exertional protocol collected by the Polar H10 HR monitor through Bluetooth capabilities 

compared to the gold standard ECG recordings.  

Hypothesis: We hypothesized that the Polar H10 would be accurate and reliable 

compared to ECG from Faros180 based on previous studies comparing the suitability of the 

selected sensor and system for collecting HRV data.40  

Table 1.1: Summary of Specific Aim 1  

Research Question  Independent 

Variable 

Dependent Variable Analysis 

1.A Clinical 

Feasibility  

Stepping Task  Equipment, space, time, 

costs, difficulty in 

assessing standards  

Observational measures 

Discussions with PCM 

at Ft. Bragg and 

individuals associated 

with DVBIC 
Push-Up Task  Equipment, space, time, 

costs, difficulty in 

assessing standards 

1.B Physiological 

Response 

Stepping Task RPE, HR, HRV 

measures 

Observational measures 

to confirm exertional 

state reached Push-Up Task RPE, HR, HRV 

measures 

1.C Reliability of the 

POLAR10 for 

exertional protocol 

Polar H10 HR monitor 

vs. Faros 180 

HRV measures 

RSA, LF, HP 

Bland Altman plots 
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Specific Aim 2: To examine ANS balance at baseline, during exertional tasks, and 

throughout heart rate recovery (Figure 1.1) in both mTBI and healthy service-members. 

2.A Characterize the extent of  HRV difference between service-members with acute 

mTBI to age-matched healthy controls at rest, in reaction to exertion, and recovery after 

exertion.41 

 

Hypothesis: We hypothesized that participants with mTBI would have impaired vagal 

tone during initiation of exertional tasks42  and heart rate recovery based on evidence of PNS 

hypoactivation.3,16,43  We expected Total HRV (also described as Heart Period), a proxy for ANS 

flexibility, to be lower in participants with mTBI during initiation and recovery of exertional 

conditions.42  One HRV component, Respiratory Sinus Arrhythmia (RSA), a validated measure 

of vagal tone, 44  was our primary candidate for investigating ANS issues after concussion. We 

expected that RSA would be impaired in exertional conditions. We also hypothesized that the 

low frequency (LF) component of HRV, which captures baroreceptor activity,45  may be 

impaired with position change9, such as the push-up task.  

 

 

 

Baseline

•5 min

Step Task 

•~6 min

Rest

•5 min

Push-up 
Task

•~2 min

Rest

•5 min

Figure 1.1: Layout of Testing Session  
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Table 1.2: Summary of Specific Aim 2  

Research Question  Independent Variable/ 

Predictor Variable  

Dependent Variable/ 

Outcome Variable 

Analysis 

2.A: HRV measures mTBI or Healthy 

Control 

HRV measure (e.g. 

RSA, LF, Total HRV) 

-Group differences for 

all outcome variables 

-Linear Regression- at 

resting, initiation of 

exertion, and heart rate 

recovery 

 

Exploratory Aim 3:  To compare two short clinically feasible exertional tasks that 

are relevant for military populations in terms of tolerability and self-reported symptoms 

during exertion. 

Hypothesis:  Based on the previous literature,46 a stepping exertional task will likely be 

tolerable for acutely concussed individuals. A push-up task, incorporating baroreceptor activity 

through position change, may be more symptom provoking.  

Table 1.3: Summary of Exploratory Aim 3 

Research Question  Independent 

Variables 

Dependent Variable Analysis 

Comparison of 

exertional task 

conditions 

Stepping task vs. push-

up task 

Step: Completion of 

Exertional Task (0,1) 

Push-up: score of 60 on 

APFT (0,1) 

Logistic Regression  

Stepping task vs. push-

up task 

HRV, RPE, and 

symptom scores 

Linear Regression  

 

 

SIGNIFICANCE 

This project was translational in nature as it filled known gaps in current acute 

concussion care in the military context.  First, a standardized exertional assessment that is 

ecologically valid for military populations can be utilized by primary care managers to guide 

return to activity or return to duty decisions. Performance on such an exertional task can also 
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help clinicians prescribe appropriate levels of activities, during progressive return to activity, and 

may have utility as a predictor of duration of symptoms. Second, physiological measures may be 

used alongside symptom report and clinician opinion in return to activity or duty decisions. As a 

simple, noninvasive measure of ANS balance, HRV could act as a marker of recovery and would 

be a valuable addition in clinical care. Currently patient symptom report is the primary way 

clinicians gauge recovery, but self-report of symptoms is known to be somewhat unreliable due 

to under- or over-reporting. In the military population reporting is further influenced by 

operational needs, command pressure, or other demands and aspects of warrior culture.47 The 

identification of possible ANS impairment also serves to inform rehabilitation interventions to 

improve the ability to tolerate and recover from exertion, which is inherent in training and 

combat activities in the military. 

OPERATIONAL DEFINITIONS 

1. Mild traumatic brain injury: an injury to the brain resulting from an external force and/or 

acceleration/deceleration mechanism from an event such as a blast, fall, direct impact, or 

motor vehicle accident which causes an alteration in mental status typically resulting in 

the temporally related onset of symptoms such as headache, nausea, vomiting, 

dizziness/balance problems, fatigue, insomnia/sleep disturbances, drowsiness, sensitivity 

to light/noise, blurred vision, difficulty remembering, and/or difficulty concentrating 

2. Recovery from mTBI: was defined as symptom resolution to normal, confirmed by a 

normal physical examination (i.e., a normal neurological examination including normal 

vestibular and oculomotor systems) 

3. Heart rate recovery is the period when physical capacity is regained and defined as the 

change from peak heart rate to the HR at a specific time point post exertion48  
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4. Exertional conditions are defined by physical tasks where HR reaches 65-85% of HRmax 

and rate of perceived exertion (RPE) is between 11-16 on the Borg RPE Scale. 

5. Return to activity refers to the timepoint when an individual who had sustained a mTBI 

can begin the five-stage graded exertion progression, usually guided by PCM.  

6. Return to play is defined by the timepoint when an athlete who had sustained a mTBI has 

been released by a clinician to participate in unrestricted activity like a competition (stage 

6 of progression)  

7. Return to Duty is defined by the timepoint when a servicemember who had sustained a 

mTBI, has been released by a clinician to participate in all duty-related activities with no 

limitations. 

8. Cardiac Vagal Control: efficiency of the parasympathetic nervous system, specifically 

related to vagal nerve function and its contribution to cardiac function, captured by RSA 

measures.  

9. Rate of Cardiac Vagal Reactivity: the slope of the line of best fit of all the RSA measures 

with a given time (one minute and two minutes) after the start of the exertional task  

10. Rate of Cardiac Vagal Recovery: the slope of the line of best fit of all the RSA measures 

with a given time (one minute and two minutes) after the beginning of a rest period  
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CHAPTER 2: REVIEW OF LITERATURE 

MILITARY CONCUSSION 

In the past 20 years, over 383,000 Department of Defense (DoD) service members (SM) 

have sustained traumatic brain injury (TBI) with 82.4% of these cases classified as mild (mTBI) 

or concussion.1 The DOD defines MTBI or concussion49 as “an injury to the brain resulting from 

an external force and/or acceleration/deceleration mechanism from an event such as a blast, fall, 

direct impact, or motor vehicle accident which causes an alteration in mental status typically 

resulting in the temporally related onset of symptoms such as headache, nausea, vomiting, 

dizziness/balance problems, fatigue, insomnia/sleep disturbances, drowsiness, sensitivity to 

light/noise, blurred vision, difficulty remembering, and/or difficulty concentrating”.2 MTBI 

remains a prevalent injury during military deployment, with increased reporting beginning in 

2000 coinciding with heightened awareness of the risks of mTBI during the military conflicts in 

Iraq and Afghanistan.50 While combat operations in Afghanistan and Iraq are significantly 

reduced, concussions remain prevalent within military populations with predictions of 20,000 or 

more cases per year. The majority of mTBI injuries occur in the non-deployed environment as a 

result of motor vehicle crashes, falls, sports, and recreational activities, and military training.1 

The Army, as the largest service branch, has the highest incidence for TBI out of all the military 

branches accounting for 64% of injuries between 2010-2014.51 

The Defense and Veterans Brain Injury Center (DVBIC), created by the DoD in 1992 

as a research organization and enlarged in the early 2000’s to include clinical and educational 



11 

programs, enhances and coordinates TBI care provided in the military health system (MHS).50 

DVBIC has developed clinical recommendations for military primary care managers and 

rehabilitation providers for treatment and management of mTBI that have incorporated current 

evidence, but on times rely on expert consensus for specific recommendations for practice.52–55 

The DoD has made great progress through prioritizing TBI clinical care, education, and research, 

but there remains gaps in research based evidence for the management of servicemembers post-

concussion.50 

This review will focus on three primary areas related to the topic of military concussion 

to support the current study hypotheses: (1) pathophysiology and recovery of mTBI, (2) 

influence of the Autonomic Nervous System and Heart Rate Variability, and (3) exertional tasks 

and Return to Duty Assessments. In summary, return to duty decisions after an mTBI are an 

important military health concern, yet there has been a paucity of research investigating 

assessments to gauge recovery with objective measures after an acute concussion. Therefore, the 

aims of this study seek to increase our understanding of physiological deficits that are 

associated with mTBI and their relationship with exertion. Use of a simple physiological 

measures and feasible exertional tasks during a primary care appointment, along with patient 

self-report of symptoms, will improve a clinician’s ability to make the best decisions on return-

to–activity, ultimately contributing to return to duty. 

Pathophysiology of Concussion 

TBI has been called “the most complicated disease of the most complex organ of the 

body” 56,57 and is an increasingly high-profile public health issue. Indeed, the pathophysiology of 

mTBI is complex, although great progress has been made in the last ten years.30 A mTBI is 

caused by an injury event,  “resulting from an external force and/or acceleration/ deceleration 
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mechanism from an event such as a blast, fall, direct impact, or motor vehicle accident which 

causes an alteration in mental status typically resulting in the temporally related onset of 

symptoms such as headache, nausea, vomiting, dizziness/balance problems, fatigue, 

insomnia/sleep disturbances, drowsiness, sensitivity to light/noise, blurred vision, difficulty 

remembering, and/or difficulty concentrating”.2 After mTBI, the lack of macroscopic neural 

damage after biomechanical injury that results in neurological signs and symptoms54 has led to 

general hypothesis that dysfunction is the result of predominantly functional or microstructural 

injury to neural tissue.58 The neurometabolic cascade that occurs post-injury, is a well-supported 

hypothesis for the pathophysiology in acute concussion and involves bioenergetic challenges, 

cytoskeletal and axonal alterations, impairments in neurotransmission, vulnerability to delayed 

cell death and in some cases leads to chronic dysfunction.58,59 

After mTBI, the initial ionic flux and glutamate release result in significant energy 

demands and a period of metabolic crisis for the injured brain.30,59 This energy crisis leads to 

changes to cell membrane permeability, ion transport regulation, neurotransmitter release, 

cellular metabolism, and changes to cerebral blood flow.60  Biomechanical forces imparted onto 

neurons and glia can damage delicate and complex dendritic arbors, axons, and astrocytic 

processes.61,62 Axons prove to be particularly vulnerable to biomechanical stretch.63 Ligand-

gated excitatory and inhibitory neurotransmission changes, as well increased inflammatory 

response and the activation of microglia, have been reported after TBI.64,65 While the 

pathophysiology and mTBI-related perturbations likely disturb many components within the 

nervous system and contribute to various symptom, identification of dysfunction and 

neurological signs can help characterize impairments and targets for intervention.60 
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Symptom Presentation and Diagnosis 

The acute symptoms of mTBI are often unique to each individual, as no impairment is 

common across all cases. Instead, concussion can cause patients to have a multitude of 

complaints including headache, disorientation, language impairments, loss of consciousness, 

dizziness, mood disruptions, cognitive deficits, sleep disorders, sensitivity to light and sound, 

and problems with balance or gait.66 MTBI is diagnosed based on clinical assessment after an 

injury event with temporal links to acute physical signs and symptoms67 often incorporating 

cognitive impairment, neurobehavioral features and sleep/wake disturbance.54 

Most concussion symptoms resolve in weeks to months,54 but as many as 20-48%  of 

those with military mTBI have persistent or prolonged symptoms including oculomotor, 

vestibular, cognitive, emotional, sleep, or exertional complaints.68–70 This prolonged 

symptomatology once referred to as a “blanket” post-concussion syndrome (PCS) 71 is 

sometimes classified as one of three kinds of physical post-concussion disorders (PCD): 

physiologic PCD, vestibulo-ocular PCD, and cervicogenic PCD. 60 Physiological PCD may 

represent impairments to global brain metabolism, the energy crisis of the neurometabolic 

cascade,30 and is often exacerbated by cognitive and physical activity.72 One manifestation of 

acute and chronic physiological dysfunction after mTBI may be exertional intolerance, the 

worsening of symptoms after physical effort. While targeting specific impairments is important 

for focused rehabilitation,4,73,74 there are often overlap of symptoms and other biopsychosocial 

factors associated with mTBI recovery.75 Within the military, there is also a high prevalence of 

comorbid post-traumatic stress, depression, and sleep problems accompanying PCD at 3-12 

months post-injury.76,77                                                                    
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The “poly-trauma clinical triad” illustrates overlap in symptoms across three conditions: 

mTBI, posttraumatic stress (PTS), and chronic pain, and is prevalent in the military 

population.78,79 Common self-report measures used in the MHS to assess symptoms of each are 

listed in Table 2.1. Cifu 79 reported that most veterans with mTBI report comorbid pain or PTS 

complaints with more than half of the veterans having all three. Within the MHS,  health care 

costs for a SM with mTBI were three times the amount of a healthy SM.80  When a SM has the  

“poly-trauma clinical triad”, health care costs are almost seven times the amount of a healthy 

SM. 80 PTS, chronic pain, and sleep disruption include concussion-like symptoms81–84 making it 

hard to tease apart whether these symptoms are a result of mTBI, a comorbidity stemming from 

the injury, or a problem that preceded the injury because of military service.85 

 

An individual’s recovery trajectory is influenced by dynamic interactions between  

preinjury function (e.g., cognitive, behavioral, and psychosocial function, genotype), injury 

specifics and context (e.g., severity, frequency, mechanism), immediate post injury events (e.g., 

acute characteristics, diagnosis, treatment), and intervening life events (e.g., life stressors).86 

While predictors of clinical recovery vary between studies, in general, hypotheses exist that age 

and prior concussion history influence recovery, with younger age and greater lifetime 

concussions correlating with longer recovery.87 While evidence supports pre-injury mental health 

Table 2.1 Common Military Self-Report Measures 

Variable Measure of  Description 

Neurobehavioral Symptom 

Inventory (NSI)185,186 

Post-concussion 

symptoms 

symptom severity, extent of disturbance by 

mTBI symptoms over last month  

Defense and Veterans Pain 

Rating Scale (DVPRS) 187 

Pain severity and 

limitations 

graphic tool to facilitate self-reported pain 

and how it affects mood, sleep, and stress in 

the last 24 hours 

Posttraumatic Stress 

Disorder Checklist (PCL-

5)218,219 

Post-Traumatic 

Stress symptoms 

Presence and severity of symptoms related to 

PTSD over last month 
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factors such as depression or post-traumatic stress are associated with persistent symptoms,69,85,88 

more research is needed on migraines, headache history, and neurodevelopmental disorders like 

ADHD to understand how these factors influence outcome.87,89 The acute symptom burden of 

mTBI may contribute substantially to prolonged symptom recovery,90–93 moreso than traditional 

measures of injury severity like loss of consciousness or amnesia.86,94 A greater acute symptom 

burden likely reflects the combined effect of neurobiology, adverse acute psychological reactions 

and greater preinjury propensity towards experiencing symptoms.87 For military 

servicemembers, the prevalence of the “poly-trauma clinical triad”, repeat exposures to mTBI, 

and various mechanisms of injury may contribute to increased risk of prolonged 

symptoms.69,78,79,95,96 Although complete recovery is expected in most mTBI cases, this 

timeframe may take weeks to months, and the long-term consequences are still unknown.97–99 

Since symptoms often affect multiple domains encompassing cognitive, balance, 

vestibular, visual, mood, and sleep/wake disturbances,100 the currently recommended and widely 

utilized clinical assessment of concussion involves a multifaceted test battery, including balance, 

cognition, and self-reported symptoms after a potential injury event using baseline test scores 

and reference values.16,32,54 While underreporting of concussions remains highly problematic, 

this multifaceted assessment approach is highly sensitive to the diagnosis of concussion (0.89–

0.96) once a concussion is suspected, with neurocognitive tests having the lowest sensitivity.101 

The Sports Concussion Assessment Tool version 5 (SCAT5) is a sideline evaluation tool for 

sports concussion and is often the first assessment a clinician completes after an athlete sustains 

a suspected concussion.54,102 The SCAT5 includes the Standardized Assessment of Concussion 

(SAC),  a valid and reliable cognitive battery in assessing acute effects,103 symptom ratings, and 

orientation questions.54 
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Baseline (premorbid) measures are typically not available for deployed servicemembers 

in contrast to athletes. The Automated Neuropsychological Assessment Metrics (ANAM) is 

completed pre and post deployment, but reliability is inconsistent and use of ANAM data for 

clinical management is not widespread.104,105  DVBIC released the Military Acute Concussion 

Evaluation (MACE) in 2006 specifically for assessing the mechanism of injury, acute 

characteristics, and cognitive deficits in military personnel.106,107 Building on the SCAT5, but 

targeted for a military population, the MACE provides a quick, initial assessment of acute injury. 

The MACE includes a historical portion that documents injury, loss of consciousness, and acute 

symptoms and an objective testing that replicates the SAC. In 2018, DVBIC released the 

MACE2,108 which added the Vestibular/Ocular-Motor Screening (VOMS).109 Like many 

neurocognitive assessments, the MACE lacks sensitivity and specificity and is not used beyond 

12 hours after injury, but may provide one component of a multidimensional approach to mTBI 

assessment.106 While much research has focused on a diagnostic biomarker including advanced 

neuroimaging, fluid (blood, saliva, cerebralspinal fluid) biomarkers, and genetic testing,54 

currently there is no single measure used to diagnose mTBI.  

Acute Recovery Progression after Concussion 

Current recommendations for sports concussion rehabilitation include a brief 24-48 hour 

period of physical and cognitive rest followed by an exertional "return to activity" progression 

once stable and administered by monitoring symptom response.54 Clinicians may instruct a 

patient to wait until they are “asymptomatic at rest” before beginning activity, based on the 

increased risk of re-injury during the acute period of metabolic dysfunction that may result in 

exacerbated symptoms and prolonged recovery.110,111 Animal models of TBI also exhibit 

worsened pathologies following unrestricted physical activity.112 However, studies found that 
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after mTBI, animals who were allowed to exercise voluntarily had better recovery outcomes 

especially if the rats were active preinjury.113–115 Recent evidence in humans suggests that 

prolonged rest may not be beneficial in recovery and strict rest in some cases was associated with 

adverse sequelae. Rather, physical deconditioning, reactive depression and anxiety are suggested 

as a result of prolonged physical and cognitive rest.28,116 Therefore, research into active 

rehabilitation is shifting the concussion management paradigm as studies show earlier cognitive 

and physical activity may be beneficial and may decrease recovery time.4,117 Most 

recommendations include the use of 24-48 hours of rest since "asymptomatic at rest" is difficult 

to define.118 Low level monitored activity may be beneficial in symptomatic individuals. It 

remains a challenge to know how much rest is necessary for an individual, the timing of 

initiation of physical activity or whether to prescribe exercise after a concussion.4,31,72,119 

Current return to play (RTP) protocols for sports concussion follow a step wise 

progression beginning with rest or no activity as the first step, followed by light aerobic exercise, 

sport-specific exercises, non-contact training drills, full-contact practice, and concluding with 

full return to play in a game situation.54 Each stage of the progression assesses symptom 

exacerbation as a checkpoint to move to the next level and only one stage can be completed 

within a 24-hour period. The level and extent of exercise in each stage often relies on clinical 

judgment, therefore the use of a standardized exercise test could help guide decisions around 

activity progression.120 While this gradual increase in activity (return to play progression) was 

not developed for rehabilitation, treatment reviews mounting evidence suggests that 

interventions including cervical and vestibular rehabilitation, cognitive behavioral therapy, 

multifaceted collaborative care, and closely monitored sub-symptom threshold exercise may be 

of benefit.121–123 
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Return to Duty after Military Concussions 

Military medical treatment clinicians, especially in deployed settings, are currently 

challenged to objectively assess spectrum of vulnerabilities associated with mTBI. Currently 

clinicians facilitate recovery and decrease risk of cumulative injury by focusing on early rest and 

graded return to activity based on sports concussion guidance. Clinicians commonly determine 

duty readiness based on the absence of symptoms and return to “normal” performance on clinical 

assessments that may have ceiling effects in the military.37 The tendency of military personal to 

downplay or underreport symptoms increases the risk of premature RTD. This “military culture” 

of pushing through discomfort following concussion can lead to an elevated risk of PCS, 

increase likelihood of repeat exposure, and creates greater risk to self and unit due to diminished 

situational awareness.47 It is especially critical to have adequate diagnostic tools to accurately 

determine the recovery of mTBI.116 

DVBIC worked with a group of clinicians and researchers to develop clinical 

recommendations for military primary care managers (PCM)23 and rehabilitation providers in 

mTBI treatment focusing on a progressive return to activity.52 Based on RTP guidelines  

 

 

 

 

 

 

 

Figure 2.1 Stages of Progressive Activity Following Acute Concussion/mTBI23 
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developed in sports concussion research, the six-stage progression (Figure 2.1) is outlined in the 

recommendations with a focus on patient education. Primary care managers treat the majority of 

acute concussions, with only a subset being referred to specialist or rehabilitation clinicians.124  

Patients education remains a priority as it can increase adherence to rest acutely, improve 

understanding of recovery process and risk of re-injury, support gradual return to activity, and 

enhance compliance for follow-up.125 While the PCM recommendations were released in 2014, 

recent efforts are focused on educating providers on the clinical implementation of the 

recommendations.126 Clinicians who learn more about DVBIC recommendations demonstrate 

better recovery outcomes for patients with concussion.127 The use of an exertional task is 

recommended as a tool to inform readiness to begin gradual return to activity (Figure 2.2), yet 

most clinicians do not report performing an exertional task during their exam. Possible obstacles 

for clinicians include the lack of a standardized exertional task, short appointment duration, 

limited space during appointments, and lack of follow-up appointments.24,25,126 

 

 

 

 

 

 

 

 

  

Figure 2.2 Defense and Veterans Brain Injury Center Clinical Support Tool for Concussion/mTBI23 
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The nature of individual concussive injury and recovery remains complex. The 

neurometabolic cascade to describe the basic neurobiology of mTBI has been well studied in 

animal models and increasingly corroborated in human studies of mTBI.30 The prevalence of 

exertional intolerance as a symptom shows that after concussion physiological impairments 

influence the ability of an individual to respond to physical stress.3 Not all individuals report 

exertional intolerance after mTBI, since each injury is accompanied by its own diverse physical, 

cognitive and emotional symptoms acutely and sub-acutely. However, evidence supports that 

autonomic nervous system dysfunction may be contributing to a proportion of patients’ 

symptoms.13 Continuing to further understand the links between the pathophysiology of 

concussion and the early clinical signs and symptoms may lead to prevention of repeated injury 

and appropriate use of domain focused therapies.30,119  

AUTONOMIC NERVOUS SYSTEM CHANGES POST CONCUSSION 

The Autonomic Nervous System is a vital contributor of vascular and cardiac regulation 

and functions without conscious voluntary control.13 The sympathetic branch of the ANS is 

responsible for the “fight or flight” response which involves the whole body and includes a 

release of epinephrine and norepinephrine from the adrenal medulla, as well as a widespread 

vasoconstriction in the body.128 The parasympathetic branch helps to conserve energy under 

resting conditions (“rest and digest”) by decreasing the heart rate (HR), and is more active at 

night.3 The ANS also innervates cardiac muscle, smooth muscle, and various endocrine and 

exocrine glands throughout the body, helping to regulate organ systems to respond optimally to 

changes in the internal or external environment. If ANS fibers to an organ are cut, the organ may 

continue to function, but capacity to respond to changing conditions are compromised.129 The 

ANS plays a critical role in regulating blood pressure, HR, gastrointestinal responses, 



21 

thermoregulation and metabolism involving multiple feedback loops in the body, including the 

hypothalamic–pituitary–adrenal axis and immune systems.130 

The ANS contributes to the regulation of blood vessel diameter throughout the body. 

After mTBI, the role the ANS has in cerebral perfusion, the flow of blood in the brain, has been a 

research focus.3 The two main ways the ANS affects cerebral perfusion regulation are 1) to 

regulate baroreceptors, a system to maintain tolerances of overall blood pressure entering the 

brain based on ANS modulation of cardiac functioning, and 2) to provide extrinsic innervation of 

surface cerebral blood vessels by the ANS.3 Baroreceptors at the carotid sinus have a sensitivity 

and tolerance to respond to changes in arterial blood pressure,131 part of a reflexive ANS 

feedback loop to maintain stable blood flow to brain tissue.131  Upon standing the baroreflex 

increases blood pressure and pulse to avoid fainting. Cerebral arteries and arterioles respond to 

sympathetic nerve stimulation with constriction, while parasympathetic activation causes 

dilation. Alterations in cerebral blood flow (CBF) are one of the most lingering metabolic 

changes associated with concussion in animal models30 and observations in patients with 

concussion show anomalies in cerebral perfusion may persist for months, and correlate with 

post-concussive symptoms.132–135 

It is hypothesized that mTBI leads to subtle impairments of the central autonomic 

network that may induce cardiovascular autonomic changes.136,137
 The central autonomic 

network is a complex network in the central nervous system involving the cerebral cortex 

amygdala, hypothalamus, and brainstem centers that assure autonomic regulation.13 A lack of 

connection between the ANS and cardiovascular system may impair the normal response to 

change.129 For instance, observations after concussion suggest an overactive SNS,  reduced PNS 

activity, and less efficient responses to autonomic challenges.6,7 
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Although the cause of concussive symptoms is likely multifactorial, one possible 

contributor to impairments is ANS dysfunction.3,4 Various methods of ANS measurements have 

been studied after mTBI including heart rate variability (HRV), exertional conditions, pupillary 

dynamics, eye pressure, transcranial doppler, and arterial pulse wave in those with mild TBI. 

3,138,139 Most studies have shown ANS dysfunction in concussion post-injury that is characterized 

as reduced parasympathetic involvement and suboptimal response to autonomic challenge of 

position change or isometric hand grip.9,137,140 Autonomic dysregulation, specifically cerebral 

perfusion anomalies and baroreflex inefficiency, has also been found in disorders with similar 

symptom profiles to concussion including depression, chronic pain, and insomnia.82,141–144 

Heart Rate Variability  

Heart Rate Variability (HRV) is an ideal non-invasive physiological measure to monitor 

concussion recovery, but few well-controlled studies have specifically examined the contribution 

of ANS branches to HRV during concussion recovery.97 HRV quantifies how the period of time 

between two successive heart beats (inter-beat intervals) is not exactly the same,3 largely driven 

by PNS and SNS regulation.  The variability of these inter-beat intervals (IBIs) is considered a 

marker of ANS balance, as both branches work together to optimize heart output to situational 

demands.3,12 Higher HRV is associated with better emotion regulation and stress adaptability to 

physical demands of the day.11,145 HRV also influences circadian rhythm so that it fluctuates, 

typically being higher at night during sleep, and lower during the day.146 

HRV is also influenced by baroreceptor reflex activity, breathing rate, hormones and 

many external factors97 and is often used to describe the control of autonomic cardiovascular 

function.13 The current “gold standard” for HRV analysis includes electrocardiogram (ECG) data 

collected for at least five minutes.147 ECG modalities such as the Faros180 are optimal, since the 
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sequence of times between R-peaks can provide a non-invasive (but not non-contact) measure of 

the neural regulation of the heart,148 but this type of measurement is not always feasible. Multiple 

studies utilize other recording methods that are less expensive,149 including the use of high 

quality of HR monitors like the Polar H10. Polar HR IBIs are reliable compared to ECG in a 

resting state and under exertional conditions.40,150,151 Hernado et al. found HR monitor and ECG 

methods to be interchangeable when analyzing HRV at rest.40 During high intensity exercise, the 

two methods still had high correlation (p>0.8) and excellent reliability and agreement indices 

(above 0.9).40  Since some studies found lower reliability under higher exertion conditions,152 we 

will test our study sequence with both the Polar H10 HR monitor  and Faros180 ECG. 

HRV Analysis 

The two standard metrics for measuring HRV include a time domain analysis (changes 

over time) and a frequency domain analysis (measurement of a spectrum of oscillatory 

components of the heart).13 HRV analysis helps with identification of neurophysiological 

mechanisms of behavioral, psychological, and health parameters by determining sensitivity of 

specific HRV components.149  

HRV analysis uses principal components analysis to determine rhythmic frequency 

elements that are theorized to reflect specific pathways of ANS neural regulation.153–155 Heart 

Table 2.2 Heart Rate Variability Components Description 

HRV 

component  

Characteristics Translation to ANS 

RSA or 

HF44,45 

high-frequency band 

(0.15–0.4 Hz) 

Parasympathetic input 

LF157  low-frequency band 

(0.04–0.15 Hz) 

PNS, SNS, baroreceptor & peripheral 

vasomotor activity that regulates blood pressure 

Total HRV or 

HP149  

average IBI over a 

period of time 

Flexibility/balance of ANS  
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Period (HP) represents the average IBI over a period of time. One salient variable associated 

with respiratory oscillation, is Respiratory Sinus Arrhythmia (RSA) also described as high 

frequency (HF) HRV.44 RSA has been validated as a representative measure of parasympathetic 

input.45 A slower frequency rhythm (low frequency LF) is theorized to capture baroreceptor and 

peripheral vasomotor activity that regulates blood pressure.156,157 Some authors describe the LF 

component as representing sympathetic input, but evidence points to more heterogeneous 

contributions from parasympathetic, sympathetic, and baroreceptor input all contributing to LF 

HRV.157,158 Likewise, some researchers have used LF:HF ratio as a marker of sympathovagal 

balance159 based on autonomic reciprocity (increased activation of either parasympathetic or 

sympathetic system is accompanied by inhibition of the other). However, this simplistic model is 

not supported by current research. The interaction between parasympathetic and sympathetic 

input is likely more dynamic and complicated.157,160 Many variables are described in the HRV 

literature, with a lack of consensus on those that are most important to track during exercise and 

following concussion. This study focused on the HRV variables described in Table 2.2.  

ANS and HRV during Exercise 

At the initiation of exercise, it is expected that HRV decreases due to withdrawal of PNS 

input to allow the heart rate to rise while CO2 increases, leading to increased blood pressure.161 

As the intensity and/or duration of physiological work continues, SNS outflow increases, causing 

greater stroke volume. Then arterial chemoreceptors signal to the brainstem to increase 

respiratory and heart rate to enhance CO2 off-loading and buffer blood.137 The metabolic reflex 

then drives the system and the transition between ANS control and metabolic drive can vary 

between individuals and over time due to training adaptations or a transient neurological 

impairment such as mTBI.21  
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Healthy athletes demonstrate vagal tone that is characterized by the predominance of 

parasympathetic activity at rest with higher RSA levels during exertion and followed by a faster 

recovery than untrained individuals.162,163 In moderate exercise (rest to 70% VO2max), Perini 

found the decrease in HRV was largely due to LF decrease as the HF power may slightly 

increase above resting.164  RSA is detectable during both exercise and recovery. Early studies 

found RSA decreased during absolute exercise and progressively increased during recovery.163  

HRV After Concussion 

Although previous studies have found abnormalities in HRV in concussed individuals 

under different conditions (e.g. rest, isometric handgrip exercise, aerobic exercise), others have 

failed to find these changes.16 Hiltz et al9 found differences in HRV components (decreased HP, 

LF, HF) at rest,  whereas Abaji et al43 found that only during an exertional isometric handgrip 

task were HRV impairments exposed including lower RSA and total HP. Both of these studies 

included subjects with wide ranges of time since injury, therefore some of the participants in 

these studies may have recovered. (Table 2.3) HRV disturbances post-concussion can persist past 

symptom resolution and return to play protocols in athletes.8 

A recent systematic review suggests cardiac autonomic function (HRV) is altered during 

physical activity after a concussion.21
 Table 2.3 summarizes HRV-mTBI study designs and 

results. Studies with large ranges of time since injury may limit interpretations to acute mTBI 

The majority of HRV-mTBI studies have methodological limitations including lack of reporting 

of confounding variables, small sample size, varied duration of recordings, lack of within-subject 

and between-subject comparisons, and unexplained analysis strategies.41,97,147 Variables that 

could affect HRV include demographics such as age, sleep, physical fitness, alcohol and caffeine 
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intake.11,97 These limitations make comparisons between studies difficult and the implications of 

the findings unclear.97
 

Few studies have investigated military populations specifically but Mirow et al. 10 

reported long-term evidence of hyperactivation of the sympathetic nervous system (measured by 

LF/HF), while Tan et al.165 reported impaired HRV in veterans with concomitant diagnoses of 

mTBI, PTS, and chronic pain. Very few studies have examined HRV acutely or subacutely in a 

military population.165 A study of acute mTBI (72 hrs. post-injury) in an active duty cohort found 

that HRV measures during postural changes (sit to stand, supine to stand, etc.) had a high 

sensitivity in classifying individuals with mTBI. (Gotshall et al, unpublished) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.3 Summary of HRV-mTBI Studies 
Author N 

(mTBI) 
Time Post 
Injury 

Measurement Time HRV Measures Results/Conclusions 

Mirow  201610 61 
(only 

mTBI) 

3 mo. – 5 yrs. 24 hr. LF/HF as 
sympathetic 

activation 

SNS Hyperactivation 

Tan 20096 28 

(only 
mTBI) 

Not stated 15 min resting Total HRV 

(SDNN) 

Lower HRV compared to 

pop norms 

Abaji 201617 24 (12) 95 days (65) At rest 

Isometric hand grip 

Freq. domain 

 

Exertion 

Reduced HF 

Higher LF/HF 

Gail 20046,17,43,165 28 (14) ~5 days At rest 
During 10 min cycle 

HP, HF, LF, 
HF/LF 

Exertion 
Reduced HP. HF 

Hutchinson 

20177 

42 (21) First week, and 

week after RTP 

2 -5 min seated, standing Freq./time 

domain 

Seated 

Increased LF 
Decreased HF 

Transition to Standing 

decreased reactions to 
change 

Senthinathan 

20178 

22 (11) 1 week, 

asymptomatic, 1 
wk. RTP 

2 - 5min seated 

1 5min standing 

Freq./time 

domain 

Seated 

Reduced HF 
Transition to Standing 

decreased reactions to 

change 

Hilz 20119 40 (20) 20 mo.  (5-43) Supine then 1 min standing Freq/time domain Reduced HP both 

conditions 

Reduced HF 

Lino 2016136 247 
(165) 

2 weeks, 6 
weeks, 12 weeks 

5 min resting HRV Freq domain Reduced HP at all 
timepoints 

Sung 2016159 164 

(181) 

First week, f/u 

3,6 mo. 

5 min resting Freq domain Reduced HP 

Reduced HF 
Reduced LF 

Su 2005194, 35 (18) Admission to 

ED 

5 min Freq domain No dif in LF, HF, or LF/HF 

Bishop 

20178,9,138,161,220,221 

32 (12) First week Resting then squat-stands Freq/Time 

domain 

Reduced HP 

Gilchrist 2018 32(31) 72 hours 3 posture changes with3 min 

standing 

Only total HRV Mean RR lower during 

transition 
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Most HRV studies with mTBI that have included exertion have used very short tasks, 

such as isometric hand grip or 10 second squat-stands.43,161 During the initiation of longer 

aerobic exercise, mTBI participants have a slower increase in HR and may have lower HR at 

corresponding RPE conditions than HC reflecting a lack of ANS flexibility.42 No mTBI study to 

date has analyzed HRV during the heart rate recovery time period after exertion. Heart rate 

recovery describes the period after exercise when physical capacity is regained and sustained.48 

During heart rate recovery, the parasympathetic (vagal) activation begins to dominate the ANS 

over sympathetic activity and is predicted to take longer due to ANS impairments after mTBI.42 

HRV may be useful to assess and monitor the recovery status of concussed SMs. The 

diverse and sometimes conflicting HRV results in the current literature are likely influenced by 

both the complex nature of concussive injury and control of cardiovascular function along with 

individual physiological differences.16 Continued HRV-concussion research that addresses and 

minimizes limitations is warranted.41 As a simple, non-invasive and cost-effective approach, 

HRV can be applied in a number of easily administrable clinical protocols that challenge both 

the cardiovascular and autonomic nervous systems.97 Implementing HRV measurement during 

exercise for the military population is important because of the physical demands and high stress 

of military culture, and the evidence that neurobiological recovery might extend beyond clinical 

recovery.31,166  

EXERTIONAL TASKS 

Current standard of care recommends physical and cognitive rest following an mTBI, 

followed by gradual return-to-activity.54 Clinicians must judge when a patient is physiologically 

ready to return to higher levels of exertion. The use of a clinical exertional assessment could 
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provide a way to evaluate exertional tolerance in a controlled and safe environment.167 Currently, 

there is no criterion standard protocol for activity assessment after mTBI and outcome measures 

vary between studies. Heart rate, symptom checklist, rate of perceived exertion (RPE), and blood 

pressure are the most commonly assessed measures.167 Individuals with mTBI report a higher 

RPE during aerobic exercise at the same heart rate.42 

Exertional tasks have high utility of provoking ANS anomalies after concussion. The 

degree of autonomic dysregulation can be elucidated by examining HR control upon initiating 

and engaging in an exercise task.42 A lack of control over parasympathetic withdrawal on cardiac 

rhythm, resulting in a dampened sympathetic response with initiation of exercise has been 

observed after concussion.114 After exercise during heart rate recovery, this response shifts to one 

of sympathetic hyperactivity as the appropriate parasympathetic-sympathetic balance is 

restored.42 The first 30 seconds of heart rate recovery after exertion is mediated primarily by 

vagal reactivation, independent of sympathetic withdrawal (exercise intensity) while at two 

minutes post exertion,  heart rate recovery is affected by sympathetic nerve activity and exercise 

work load.168 A heart rate recovery of less than 12 beats per minute (bpm) in the first minute is 

considered a low value and associated with health concerns.169 

Exertional tasks also play an important role in the management of concussion. Graded 

exercise testing has been studied as a method to safely and reliably diagnose physiologic/ 

autonomic dysfunction in concussion from other subtypes as well as promising results as a 

component of rehabilitation.60,72,170 Moderate physical activity does not hinder recovery after 

concussion.171 Asymptomatic individuals may benefit from exercise as prolonged rest can lead to 

physical deconditioning which may further impair autonomic control of CBF. 172 Exercise 

training improves CBF regulation, ANS balance, and CO2 sensitivity, and can have other 
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positive benefits.72,173,174 Exercise also upregulates BDNF genes, enhancing neuroplasticity, and 

may improve mood and sleep quality.170,175 

Buffalo Concussion Treadmill Test 

The Buffalo Concussion Treadmill Test (BCTT) is a safe34 and reliable120 standardized 

assessment designed to aid in diagnosis of physiological dysfunction in mTBI.22 The BCTT was 

developed by Leddy and Willer and is based upon the Balke cardiac treadmill test, a safe and 

standardized test used for cardiac and orthopedic patients.34 It can last up to twenty minutes with 

an incremental ramp protocol, where first the incline and then the speed increases progressively. 

Blood pressure, HR, RPE, and symptom scores are assessed throughout the protocol and 

monitored for safety considerations.  The outcome is the submaximal symptom-limited 

threshold, which is determined by the HR when symptom exacerbation occurs. This HR 

threshold from the exercise test to prescribe subthreshold aerobic activity to begin graded return 

to exercise.22,42 The BCTT can be a valid measure of readiness to begin the return to activity 

process.22  

While the BCTT was originally tested in a chronic PCS population, studies have found 

that an acute mTBI population can safely complete the BCTT.46 Individuals completing the 

BCTT within the first 48 hours had no difference in time to recovery from concussion.46 Lower 

HR threshold on the BCTT also predicted longer recovery times,46 which demonstrates possible 

ANS dysfunction. The BCTT was designed for a rehabilitation environment, and therefore is not 

always feasible in primary care due to time, equipment, and personnel. Return to activity 

readiness is established after successful performance of provocative exercise without symptom 

exacerbation.176 An alternative exertional task is needed for the primary care environment.  
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Return to Duty Assessments 

Previous military research has focused on the development of RTD assessments for 

service-members experiencing long-term effects of mTBI.37,177–179 These tasks were created for a 

rehabilitation setting with dual and multi-task paradigms to detect subtle deficits that may persist 

in servicemembers with chronic symptoms.37 The Assessment of Military Multitasking 

Performance (AMMP), which consisted of six ecologically valid tasks, included a Patrol task 

with a physical component of a stepping task at a constant level of exertion (70% HR max).180 

Continued research on developing similar RTD test batteries that can be implemented in the 

clinic is a priority for the field, yet little research has been done in RTD assessments with an 

acute mTBI population.  

Exertional tasks are safe and feasible in an acute population. The BCTT has also been 

tested in an acute mTBI population within 48 hours post injury and had no effect in symptom 

severity or duration of recovery.174 Squat-to-stand sequences and step protocols have been tested 

in an mTBI population to collect HRV data.161 While DVBIC recommends the use of an 

exertional task to determine readiness for progressive return to activity, there is currently no 

validated or standardized task recommended for this test, which is likely contributes to a lack of 

exertion test implementation. DVBIC suggests at least two minutes at 65-85% of target heart rate 

(THR=220-age) using push-ups, sit-ups, running in place, step aerobics, stationary bike, 

treadmill and/or hand crank.181 We developed two short exertional tasks from the DVBIC 

example list (step testing, push-ups) where heart rate is monitored throughout. Standards for a 

clinically feasible task include brief duration, easy administration, minimum space and 

equipment requirements so it could be implemented during PCM appointments.24,25,37 
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Exertional Task Development  

Clinical exercise testing protocols typically utilize either an incremental approach 

(workload progressively increased over test protocol) or continuous approach (workload 

consistent throughout).182 Reflecting the gradual progression of the BCTT and other mTBI-tested  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.4 Overview of Step Tasks 

Test Step height/ cm Steps/ min Duration/min Pacing 

Master 2-step 

Test222 

23 .0 30.0 3.0 Self-paced 

Harvard Step 

Test223,224 

50.8 30.0 5.0 Externally-paced 

(verbal cues, “up-2-3-

4”) 

Harvard Pack 

Test225 

40.0 30.0 5.0 Externally-paced 

Astrand-

Ryhming step 

test 226 

40.0 men 

33.0  women 

22.5 5.0 Externally-paced 

4 box step test227 

Original 

Modified 

 

10, 20, 30, 40 

2.0-50.0 

 

30.0 

30.0 

 

3.0 

20.0 

 

Externally-paced 

(metronome) 

Kurucz Test228 38, 38, 50.8 24, 30, 30; 5 in each phase Externally-paced 

(metronome) 

Queen’s College 

Step Test229 

41.3 24.0 men                     

22.0 women 

3.0 Externally-paced 

(metronome) 

YMCA Step 

Test230 

30 24 3.0 Externally-paced 

(metronome) 

Chester Step 

Test33 

15, 20, 25, OR 30 15, 20, 25, 30, 

and 35 

2 min each phase Externally-paced 

(metronome) 
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protocols, 120 an incremental approach was optimal for our step task. The majority of the step 

tasks tested in both healthy and clinical populations follow a continuous approach (Table 2.4), 

but the Chester Step Test 32,33,183 follows an incremental Bruce protocol (increased workload 

increments in relatively large adjustments every few minutes).182 Unlike the ramping method of 

the BCTT, a Bruce protocol may be desirable for our military population since it is better suited 

for screening individuals who are young and physically active to allow for optimally challenging 

exercise capacity within a brief total testing time.182 Therefore, a modified CST was designed 

including a maximum six minute protocol on a 10 in step. The key components of the CST of 

metronome paced stepping, increasing speed every two minutes, and monitoring heart rate all 

remained.33 

As part of the Army Physical Fitness Test, a two-minute push-up task has clear external 

validity to servicemembers.35 Whereas stationary cycle or handgrip assessments may not be 

transferable to everyday skills for individuals engaging in high levels of fitness, push-ups are 

both familiar and functional.182 Push-up capacity has been previously used as an objective 

measure of functional status in healthy individuals where increased maximum push-ups 

correlated with better longitudinal health outcomes.36  

A significant gap remains in our understanding of measures of readiness for duty after 

mTBI in an acute population. In the acute population, an exertional task is recommended before 

RTA and the establishment of an objective, clinically feasible exertional task could aid clinicians 

in RTA decisions. The use of physiological measures like HRV could clarify the extent of ANS 

impairments post injury that are currently missed in a clinical setting. The early prediction of 

those at risk for prolonged symptoms can allow for quicker referral and may influence the need 

for rehabilitation to optimize return to activity. Investigating the acute time period post mTBI is 
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critical because that is when servicemembers are at increased risk of re-injury. Identifying any 

exertional or parasympathetic dysfunction is important for recovery and can decrease premature 

RTD.  
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CHAPTER 3: EXPERIMENTAL DESIGN AND METHODS  

PARTICIPANTS 

Aim 1 

Participants were healthy individuals between the ages of 18-45 that exercise regularly 

(three or more times a week). Participants consisted of active duty servicemembers and healthy 

college students. Exclusion criteria were (1) any medical condition or injury that limits ability to 

perform a Physical Training (PT) session or moderate exertion for ten minutes, stepping, or 

push-ups, (2) history of moderate to severe TBI.  Participants were recruited from the University 

of North Carolina and North Carolina State University as well as the Raleigh-Durham area. 

Recruitment is limited by level of participation in physical activity and an age range because it is 

more representative of the active-duty military population. 

Aim 2, 3  

Participants in this study were active duty service-members (men or women) from Fort 

Bragg Army Base.  There were two groups (1) SMs who had sustained an acute mTBI and (2) 

age and gender matched Healthy Controls (HC). MTBI participants were ADSM that satisfied 

the following criteria: (1) diagnosed with acute mTBI in the previous 72 hours, (2) 18-45 years 

of age, (3) first mTBI in last 12 months, (4) no clinical evidence indicating greater than mild 

TBI. HC participants were ADSM that satisfied the following criteria: (1) eligible for 

deployment, (2) gender and age (+/- 2 years) matched to mTBI participants, (3) any prior 

concussions greater than one-year post-injury with no ongoing symptoms. In both groups, 
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individuals with symptoms of mild or moderate behavioral health conditions or chronic pain 

could be included, but they could not be on activity restrictions or physical profile that would 

limit their ability to perform protocol physical exertion tasks. Full inclusion and exclusion are 

listed in Table 3.1 and 3.2.    

Table 3.1 Aim 2,3 Inclusion Criteria for Study Participants 

Individuals with mTBI:  Healthy Controls:  

-Service men or women (active duty) 

diagnosed with acute mTBI in the previous 72 

hours 

-18 to 45 years of age. 

- Individuals with symptoms of mild or 

moderate behavioral health conditions will be 

included, as will those who have complaints of 

chronic pain. 

-Functional vision and hearing 

-Service men or women (active duty who remain 

with their unit and are eligible for deployment)  

-18 to 45 years of age.  

- Prior history of concussion is allowable if > 1 year 

prior and without ongoing symptoms as a result of 

that injury 

- Individuals with symptoms of mild or moderate 

behavioral health conditions will be included, as will 

those who have complaints of chronic pain. 

-Functional vision and hearing 

 

 

Table 3.2 Aim 2,3 Exclusion Criteria for Study Participants 

mTBI only  

-Any initial medical assessment of current injury indicating greater than mTBI/ concussion (e.g.: loss 

of consciousness of more than 30 min., post-traumatic amnesia of more than 24 hours, Glasgow Coma 

Scale score less than 13, alteration of consciousness (AOC) for longer than 24 hours) 

-Abnormal results on structural imaging studies (CT or MRI) related to current injury 

-Prior concussion within the past 12 months (greater than 12 months is allowable) 

Both groups: 

- SM diagnosed with severe brain injury or who have sustained a penetrating head injury.  

- SM has documented activity restrictions incompatible with safe performance of test protocol.  

- SM is at any stage of confirmed or suspected pregnancy.  

- Any type of heart pacemaker or other implanted electronic medical device 

-Cardiac conditions associated with blood pressure dysregulation including valvular heart disease, 

chronic bericarditis, vascular reconstruction 

- SM presents with any medical or behavioral health condition that render him/her unable to perform 

moderate exertion for up to 10 minutes and quick change of positions including getting up from the 

floor, rolling, running, jumping, and performing activity for up to 30 minutes.  

- SM has hearing deficits that render him/her unable to communicate effectively in a clinical or 

community setting, as the metronome-paced stepping-task requires functional hearing.  

Relative Exclusion Criteria 

- Following informed consent, as part of screening, the RA will describe the test protocol and then ask 

the SM if he/she would like to continue. Given the activities of the test battery, we anticipate an 

individual with significant pain complaints might choose not to continue study participation. If the SM 

agrees to participate and has difficulty, the task can be discontinued. We will honor SM concerns about 

their abilities, as they are most in tune to what they can and can’t do physically. 
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RESEARCH DESIGN 

This quasi-experimental, known-group, single site study included one testing session. 

While Aim 1, used a different group of study participants to test feasibility and reliability, it 

provided support for the testing of Aim 2 and 3.  All aims included the same testing sequence 

(Figure 3.1).  We aimed to minimize study limitations associated with HRV by (Aim 1) testing 

reliability of data recordings of our full protocol with the “gold standard” ECG, and (Aim 2) age-

and-gender matching, recruiting from a semi-homogenous population (e.g. activity levels, 

lifestyle), collecting data on specific factors known to affect HRV (caffeine, alcohol, sleep, 

depression), and following Task Force guidelines on other parameters (e.g. duration, editing, 

analysis).147 We also planned to target a specific duration since mTBI, which is lacking in many 

mTBI-HRV studies.97  A LabVIEW™ platform was designed for Polar H10 data collection to 

ensure correct time point for our task sequence (Figure 3.2).   

Figure 3.1: Layout of Testing Session

  
 

Note: exertional tasks were counterbalanced, Aim 1 had 3 min Baseline and Rest Periods. 
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Aim 1 

The experimental design included 1 testing session lasting approximately 45-60 minutes 

with the order of exertional tasks counterbalanced. Consent was obtained before any data was 

collected. All testing took place at the University of North Carolina at Chapel Hill in a laboratory 

space or office space in Raleigh. We recorded heart rate (HR) and inter-beat intervals (IBIs) 

continuously with two HR monitors: Polar H10 HR monitor (Polar Electro Oy, Kempele, 

Finland) and Faros180 device (Mega Electronics Ltd., Pioneerinkatu, Finland) for the entire 

session, starting with a 3 minute baseline in a seated position. After baseline, one exertional task 

was completed followed by a 3 minute recovery in a seated position, then the other exertional 

task, followed by another 3 minute seated recovery period. Participants wore the Polar H10 

around their chest and the Faros180 was connected by three lead electrodes to the right and left 

Figure 3.2 LabVIEW™ Platform designed for study protocol  
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collarbone and left ribcage. All testing procedures were approved by University of North 

Carolina at Chapel Hill Institutional Review Board (IRB), #17-0429. 

Aim 2, 3  

The experimental design included 1 testing session lasting approximately 45-60 minutes. 

Consent was obtained at the beginning if it was not obtained at the initial appointment. All 

testing took place at the Intrepid Spirit Center at Fort Bragg. Demographics and self-report 

surveys were collected prior to the testing sequence shown in Figure 3.1. We recorded heart rate 

(HR) and inter-beat intervals (IBIs) continuously via the Polar H10 HR monitor (Polar Electro 

Oy, Kempele, Finland) throughout the session, starting with a 5 minute baseline in a seated 

position. Participants wore the Polar H10 monitor around their chest.  After baseline, one 

exertional task was completed followed by a 5 minute recovery in a seated position, then the 

other exertional task, followed by another seated 5 minute recovery period. The exertional tasks 

were counterbalanced and mTBI participants completed the same sequence as the matched HC. 

HC of variable ages were tested and mTBI participants were matched as they were recruited to 

avoid further limiting enrollment. All testing procedures were approved by Womack Army 

Medical Center (WAMC) and The US Army Regional Health Command- Atlantic (RHC-A) 

IRB, #2019-001. 

PROCEDURES 

Recruitment and Consent 

Aim 1 

Healthy volunteers were recruited from flyers, email, and recruitment briefings. 

Individuals interested in participating provided contact information to the study coordinator, who 
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followed-up for scheduling. Screening occurred via a “self-screening” procedure with 

inclusion/exclusion explained in person or research team conducted follow-up. Volunteers were 

free to opt out based on age, physical limitations, activity tolerance, or medical history at any 

time during any phase of the testing procedures. 

Aim 2, 3 

Healthy control participants were recruited from those who had expressed interest in 

participating in the study and had filled out a contact index card at briefings arranged by the 

DVBIC Regional Education Coordinator (REC).  The REC conducts several monthly large 

group informational briefings at different locations on Ft. Bragg covering topics including 

concussion education and awareness, services available at the Intrepid Spirit Clinic, and research 

initiatives conducted through DVBIC and/or the Intrepid Spirit Clinic. Potential volunteers could 

also contact study staff and express interest using study contact information obtained from these 

materials. Control participants recruited for this study were of variable ages which could allow 

for age (+/-2 years) and gender matching to mTBI participants as they were enrolled. Pre-

screening procedures for healthy control participants occurred via a 'self-screening' method 

whereby potential volunteers were given basic inclusion criteria of age and being concussion free 

for at least one year then were asked to consider volunteering only if they meet those basic 

criteria. 

Recruitment of mTBI participants was done in collaboration with primary care providers 

at the Department of Brain Injury Medicine at Intrepid Spirit Clinic or at Robinson Health Clinic 

and at the new “PEACE” program, an acute mTBI education program, at the ISC. Providers 

identified individuals who had sustained a mTBI within 24-72 hours and a member of the study 

provided information about the study. Consent procedures, screening and enrollment could occur 
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at this initial appointment, however testing did not occur until the individual reported absent or 

mild symptoms (scores of < 2 on our global symptom scale question; Appendix 1) at rest and the 

participant was within 2 weeks of the injury. Testing could occur at a follow up appointment 

when the service member was being considered for release from medical care and return to 

activity. Pre-screening procedures for mTBI participants included referral from the individual's 

primary care provider at their initial post injury visit indicating they had a qualifying injury for 

inclusion consideration. 

Consenting procedures occurred in a private office space within the Intrepid Spirit 

Center, in the same office where other test procedures will be conducted. The consent process 

was followed by the formal screening that described all inclusion and exclusion criteria and 

testing procedures. SMs were free to opt out based on age, physical limitations or medical 

history at any time during any phase of the testing procedures. Consent and screening will take 

approximately 15 minutes. 

Self-Report Measures 

Aim 1 

Participants completed a demographic questionnaire including questions on concussion 

and military history. Specific questions on sleep, pain, and caffeine drinks were also included, to 

address factors that influence HRV.  

Aim 2, 3 

Participants completed a series of clinical assessments at baseline to characterize personal 

and health history, concussive symptoms, and pain limitations including:  
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1. Demographic questionnaire includes specific self-report questions addressing current 

military occupational specialty (MOS), duty status, concussive history, PTS, sleep, 

readiness for combat, deployment history. The PHQ-2 surveys depressive symptoms with  

two questions that are valid and reliable to detect depression..184  

2. Neurobehavioral Symptom Inventory (NSI) is a valid and reliable measure of post-

concussive symptoms. The NST consists of 22-item self-report symptom questions where 

individuals rate the severity of each symptom within the past 2-weeks on a 5-point Likert 

scale ranging from 0 (none) to 4 (very severe).185,186 

3. Defense and Veterans Pain Rating Scale (DVPRS) is a valid and reliable pain measure 

that was developed specifically for the military population.  The DVPRS consists of an 

11 point numeric pain rating scale (0-10) that includes word and facial descriptions, and 

domain specific questions about pain interference in activity, mood, sleep, and stress in 

the last 24 hours. 187 

All baseline self-report measures are outlined in Table 3.3. 

Table 3.3 Aim 2,3 Baseline Self-report Measures 

Variable Data Source Description 

Demographics  

 

Survey Current MOS, duty status, 

concussive history (#), PTS 

(Y/N), sleep 

Neurobehavioral Symptom 

Inventory (NSI)185,186 

 

Survey symptom severity, patient self-

report to indicate the extent to 

which each mTBI symptom 

has disturbed them 

Defense and Veterans Pain 

Rating Scale (DVPRS) 187 

Survey graphic tool to facilitate self-

reported pain 

Exertional Tasks 

Both of the exertional tasks require minimum equipment, space, and time. The exertional 

range for heart rate (65-85% of predicted HRmax) was monitored using HRmax estimations 
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from the Fox and Haskell’s188 (HRmax = 220 − age) equation. This equation was chosen because 

it is simple, commonly used, part of the BCTT protocol34, and one of two HRmax equations 

recommended for use in military populations for graded exercise tests.189  Clinicians commonly 

monitor symptoms (headache, vertigo, photophobia, balance, dizziness, nausea, visual changes, 

etc.) and HR before, during, and after an exertional task to assess physiological recovery and 

prescribe activity.167 Similar safety measures from the BCTT were applied.120 During both 

exertional tasks, heart-rate was monitored real time via Bluetooth, and rate of perceived exertion- 

RPE (Borg scale) and symptoms on a 0-10 Likert scale were assessed every minute (Table 3.4). 

Rate of perceived exertion (RPE), a subjective measure of workload, allowed us to investigate its 

relationship to actual HR during exercise.167 Evidence supports that concussed patients may  

report a higher RPE at a lower heart rate during the BCTT.42  

The examiner stopped testing if participant HR is greater than 85% of predicted HR max, 

the RPE on the Borg scale is >16, the participant reports an increase >2 on the symptom scale, or 

the examiner perceived that testing was unsafe. The participant was also instructed that they 

Table 3.4 Data collected during testing protocol 

Variable Data Source Description 

Heart rate (HR) Polar H10 monitor 

Faros180* 

Target range for exertion, 

measure recovery 

Inter-beat Intervals (IBIs) Polar H10 monitor 

Faros180* 

Used in HRV analysis 

Symptom scores Self-report during exertional 

tasks each minute 

0-10 Likert scale with faces and 

description, modified from 

BCTT symptom scale 

Safety measures to assess 

symptoms  

Borg RPE Self-report during exertional 

tasks each minute 

6-20 numerical rating scale with 

colors and descriptions to 

measure exertion, used in BCTT 

Safety measures to assess rate of 

perceived exertion  

Exertional task completion Performance assessment Yes/no if participant could 

complete full task at expected 

standards 

*only collected during Aim 1 part of the study 
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could discontinue testing at any time if needed. If a participant could not complete the first task 

due to concussive symptom exacerbation that does not resolve in the 5 minutes of rest between 

tasks, the second task was completed. 

Step Task 

The stepping exertional task was adapted from the Chester Step Test protocol.33 The 

Chester Step Test was shown to be a valid test for the estimation of aerobic capacity in a healthy 

population. The error of measurement is sufficiently small and suggests that this method is well 

suited to monitoring changes in aerobic capacity in rehab settings.190 Our step task was a 

maximum of six minutes in duration, as a participant will step on and off a 12-inch step at the 

pace of a metronome- starting at 80 beats per minute (bpm) (equaling 20 steps per minute) and 

increasing by 20 bpm at each of 3 levels that last 2 minutes. The test was discontinued for the 

safety reasons mentioned above and also if the participant cannot keep up with the pace. 

 

Push-up Task  

The push-up task was two-minutes in length where participants were instructed to 

complete as many push-ups as they can for a maximum of two minutes. This is especially relevant 

for military populations since it is part of the Army Physical Fitness Test. The test was discontinued for 

Table 3.5 Instructions for Step Task 

Condition  Instructions 

Step Task “You will begin to step at the rate of the metronome and the pace will increase every 

two minutes, at my instruction. This task will have three different speed levels and 

will last for a maximum of six minutes. You can switch your lead leg if you wish.  

At the beginning of each minute I will ask your rate of perceived exertion (Borg 

RPE) and symptom level (Likert scale). At my prompting, state the number on both 

scales that best represents how you are feeling. If at any time you feel overtired, 

breathless or dizzy then please stop and recover. Do you have any questions? Listen 

to tone of metronome prior to stepping and begin when ready” 
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safety reasons mentioned above or if the participant relaxed from plank position to rest at any 

point.  

 

Data Processing and Reduction  

HRV Measures 

Aim 1 

Data collected from the Polar H10 were reduced from the heart rate electrical signal to an 

IBI value by the devices. The Faros180 recorded a complete ECG waveform at 1 kHz. Inter-beat 

intervals (IBI), the time between consecutive heartbeats expressed in milliseconds, were derived 

from detected R peaks in ECG using the Cardio Peak-Valley Detector (CPVD) 191 to derive the 

IBI event series. The CPVD is a LabVIEW™ based algorithm that extracts peaks or valleys of 

different physiological waves, such as the ECG, photoplethysmography (PPG), and respiration. 

Prior to analysis, each sequence of IBIs was first synchronized automatically to timelog, 

then manually inspected to ensure proper alignment of the IBI series (e.g., the IBIs from the 

Polar H10 and the ECG derived IBIs).  Each aligned sequence was then transformed into a 2 Hz 

equally sampled time-series by linear interpolation.  This step is involved in the extraction of 

HRV parameters, and also prevents the two series from becoming de-coupled.   

Table 3.6   Instruction for Push-Up Task 

Condition  Instructions 

Push Up Task “During this push-up task you will complete the maximum push-ups that you can at 

one time or complete push-ups for two-minutes, whichever comes first. Push-ups 

can be self-paced. If you release from plank position or rest on ground during the 

testing, we will stop the test. At one-minute, I will ask your rate of perceived 

exertion (Borg RPE) and symptom score (Likert scale). At my prompting, provide 

the number on both scales that best represents how you are feeling. If at any time 

you feel you cannot continue for whatever reason, then you may stop. Do you have 

any questions? Begin when you are ready.” 
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The unedited IBI file was visually inspected and edited offline with CardioEdit software 

(developed in the Porges laboratory and implemented by researchers trained in the Porges 

laboratory).  Editing consisted of integer arithmetic including dividing intervals between heart 

beats when detections of R-wave from the ECG were missed or adding intervals when spuriously 

invalid detections occurred. The resulting normal RR intervals were used in analysis when 

abnormal beats, like ectopic beats (heartbeats that originate outside the right atrium’s sinoatrial 

node) were removed12 

HRV frequency components were calculated with CardioBatch software (Brain-Body 

Center, University of Illinois at Chicago), which implements the Porges-Bohrer metric.154 This 

metric is neither moderated by respiration, nor influenced by nonstationarity, and reliably 

generates stronger effect sizes than other commonly used metrics of RSA. Analysis steps are 

described in depth by Porges et al.192 and validated in Lewis et al.154 To determine RSA, a third-

order, 21 point moving polynomial filter (MPF) was applied to the 2 Hz IBI time series to 

remove low frequency oscillations and slow trend. The residual detrended output of the MPF 

was filtered with a Kaiser FIR (finite impulse response) windowed filter with cut-off frequencies 

that removes variance not related to spontaneous breathing in adults (0.12 to 0.40 Hz). The 

filtered detrended output was divided into sequential 30-second epochs and the variance within 

each epoch was transformed by a natural logarithm (ln(ms2)). The mean of these epoch values 

was used as the estimate of RSA for the specific segment. To determine LF values, a third-order, 

51 point moving polynomial filter (MPF) was applied to the 2 Hz IBI trend to remove extremely 

low frequency oscillations and slow trend. The residual detrended output of the MPF was filtered 

with a Kaiser FIR windowed filter with cut-off frequencies (0.04 to 0.10 Hz). The filtered 

detrended output was divided in 30 second epochs and the variance within each epoch is 
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transformed with a natural logarithm (ln(ms2)). The mean of the epoch values was used as an 

estimate of LF for the segment.193 Heart Period was derived from the mean IBI for each epoch 

used in frequency component analysis. Data variables include: 1) Average Heart Rate 2) 

Respiratory Sinus Arrhythmia (i.e., RSA or high frequency HRV defined by the frequencies of 

spontaneous breathing (.12-.4 Hz), 3) Low Frequency HRV (i.e., i.e., occurring within the 

frequencies of spontaneous vasomotor and blood pressure oscillations; .06-.10 Hz), and 4) Heart 

Period. 

Aim 2 

Bluetooth allowed for direct transfer of the Polar H10 data to the laptop with time logs.  

HRV components were extracted from Polar IBI data 45,154 to evaluate changes in neural 

regulation of the ANS before, during, and after exertional tasks. HRV analysis used principal 

components analysis to determine rhythmic frequency elements that are theorized to reflect 

specific pathways of ANS neural regulation.153,154 The same processing procedures used for Aim 

1 were applied in Aim 2. 

DATA ANALYSIS 

Means, standard deviations, medians, interquartile ranges, and 95% confidence intervals 

were calculated for all demographic and questionnaire data where appropriate. Alpha was set a 

priori at a < 0.05 for all statistical analyses. Only participants with complete data were analyzed 

for each specific aim. Normality was assessed for all dependent variables using the Shapiro-Wilk 

test. For any outliers information on caffeine or sleep questions were used for exploratory 

analysis.  
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Data Analysis for Aim 1 

To test the feasibility of two exertional task protocols for use in military population 

1.A, 1.B. To test clinical feasibility and physiological response observational measures 

will be the primary means of analysis.  

1.C. To compare the Polar H10 generated IBI values with the IBI values generated by the 

Faros180 ECG signals. 

Independent measurements were examined by visualizing the distribution between the 

mean measurement and the difference.194 Bland–Altman (B-A) plots enabled the determination 

of agreement between two sensors, by plotting the mean between pair of measurements against 

its difference. Visual inspection of the B–A plots was used to identify systematic biases and 

possible outliers. Paired t-tests evaluated whether the differences between the signals were 

biased (i.e., one signal source generating longer or shorter values). B–A plots and the t-test were 

performed on IBIs collected from all participants during all tasks. Scatter plot and linear 

regression analyses were used to visualize and calculate the level of convergence between the 

Polar H10 and Faros180. A strong correlation of threshold of R2=0.9 or higher of IBI time series 

represented strong agreement. Value of the partial eta-squared for the TIME effect, obtained by 

repeated measures ANOVA of the HP, RSA, and LF for each sensor across the five tasks was 

used to evaluate if the effect size of the experimental manipulations observed by the two sensors 

were in the same magnitude and of the same level of significance. 

Data Analysis for Aim 2 

To examine HRV measures at baseline, during exertional tasks, and throughout 

recovery in both mTBI and healthy service-members. 
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For Aim 2, the variables of primary interest were the heart rate variability (HRV) 

measures including RSA, LF, HR, and HP. For Aim 2, task completion, ratings of perceived 

exertion (RPE), and symptom scores were additionally of interest.  Following best practices, all 

statistical estimates were reported along with their 95% confidence intervals (C.I.s). For each 

HRV measure we used linear regression models with generalized estimating equations (GEE) to 

estimate differences (and 95% CIs) for tasks throughout the session (e.g., baseline, step, rest 1, 

push-up, rest 2). GEE takes into account within-person and between-person variance in the 

differences. To compare group differences, we used independent t-tests at specific timepoints: 

baseline, exertional (push-up and step task), and recovery (rest 1 and rest 2). 

Data Analysis for Exploratory Aim 3 

To compare two short clinically feasible exertional tasks that are relevant for military 

populations in terms of tolerability and self-report exertion. 

For Aim 3, to compare task completion we will use logistic regression models with 

generalized estimating equations (GEE) to compare the odds of task success (completion of step 

task, 60 pts on APFT for push-ups) among the two exertional tasks; we will present odds ratios 

and 95% CIs of task completion. In addition, we will use linear regression models with GEE to 

estimate mean differences (and 95% CIs) on RPE and symptom scales between tasks. 

Table 3.7 Aims 2,3 Statistical Tests  

 Independent/ Predictor Variable Dependent/ Outcome Variable 

Descriptive Statistics 

(Aim 2,3) 

mTBI or Healthy Control  Baseline demographic data (e.g. 

years in service, physical 

readiness to deploy in 72 hours;) 

clinical measures (e.g. NSI) 

Independent T-tests 

(Aim 2) – during each  task 

mTBI or Healthy Control HRV measure (e.g. RSA, LF, 

Total HRV) 

Logistic Regression  

(Aim 3)  

Stepping task or Push-up task   Step: Ability to complete full task 

without stopping (Yes/No) 

Push-up: Passing APFT score 

(Yes/No) 

Linear Regression  

(Aim 3) 

Stepping task or Push-up task  HRV, RPE, and symptom scores 
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CHAPTER 4: SUMMARY OF RESULTS 

Aim 1 

To test the feasibility of two exertional task protocols for use in military population and 

reliability of a commercially available HR monitor  

Results 

Participants  

A total of fifteen healthy adults completed our testing protocol. Thirteen of the 

participants were active reservists for the United States Marine Corps. Four of the Marine 

participants had a history of concussion and nine have been deployed serving an average of 2.8 

deployments (SD=0.8).  Full demographics are presented in Table 4.1 and 4.2.  

 

 

Characteristic  N=15 
Age in years 29.33 (6.36) 

Sex 

   Women 

    Men 

 

2 (13.3%) 

13 (86.7%) 

Race/Ethnicity 

   Caucasian 

   Hispanic/Latino 

   African American  

   Native American  

 

7 (46.7%) 

4 (26.7%) 

2(13.3%) 

2(13.3%) 

Education 

   High School 

   Trade School 

   Some college/ Associate’s Degree 

   Bachelor’s Degree 

   Advanced Degree 

 

1 (6.7%) 

1 (6.7%) 

8 (53.3%) 

4 (26.7%) 

1 (6.7%) 

Military Affiliation  

   USMC 

   None 

 

13 (86.7%) 

2 (13.3%) 

Table 4.1. Demographic characteristics of Aim 1 Participants. Values are n (%) or M (SD), 

mean (SD). 
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Ten participants had complete data for both the PolarH10 and the Faros 180 devices after 

a Bluetooth issue was identified and resolved. The Faros180 did not consistently detect HR 

peaks during push-ups and required more than 5% editing of total IBIs (beyond the 

recommended editing standard from HRV Task Force guidelines),147 therefore the reliability 

analysis focused on the stepping task alone.  Visual inspection of the B–A plot located in the A 

panel of Figure 2 demonstrate excellent agreement and minimal bias between the sequential IBIs 

measured with PolarH10 and Faros180 (color coded by participant). The B–A plots suggest that 

error magnitude was driven by a few participants and the IBI differences were closer to zero on 

the left side with shorter IBIs (higher exertion). A scatterplot with regression analyses 

contrasting the sensor pair is illustrated in the B panel of Figure 4.1. The linear regression of 

RSA between PolarH10 and Faros180 (ECG) provide excellent fit to the IBI data with R2 of 

0.984 for the model of y= 0.99x+5.23. 

 

Characteristic  N=13 
Time Serving  10.0(5.5) 

Military Rank/ Pay Grade 

   E1-E5 

   E6-E9 

   O1-O3 

 

4 (30.8%) 

6 (46.1%)  

3 (23.1%) 

Deployment History 

   Yes 

   No 

 

9 (69.2%) 

4 (30.8%) 

Concussion History 

   Yes 

   No 

 

4 (30.8%) 

9 (69.2%) 

Behavioral Health History  

  Combat Stress 

  Post-Traumatic Stress 

  Anxiety  

  Depression 

 

1(7.7%) 

2 (15.3%) 

2 (15.3%) 

1(7.7%) 

Caffeine (drinks/ supplements in last 24 hrs.)   1.9 (2.0) 

Sleep (hrs. in last 24 hrs.) 5.7 (1.2) 

Table 4.2. Military and Health History of Aim 1 Servicemembers. Values are n (%) or M(SD). 
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After HRV analyses were completed for the IBIs from both sensors, a scatterplot with 

regression analysis (Figure 4.2) contrasted the derived HRV components from the sensor pair 

and confirmed excellent fit with R2 above 0.90. GEE was used to demonstrate the sensitivity of 

both sensors regarding the change across timepoints in each HRV parameter. For RSA, sensor 

type was not a significant predictor (Z = 1.81, p-value = 0.07) showing that for our protocol both 

methods of HR recordings yielded RSA component results that were not significantly different 

from each other. The exertion Step task compared to resting time points (BL, R1, R2) was a 

significant predictor of lower RSA (BL:  Z = 1.99, p-value = 0.046 R1: Z = 4.78, p-value = 

<0.001, R2: Z = 3.07, p-value = 0.002) with estimates of 0.98, 2.05, and 1.23 greater than the 

Step value respectively. Similarly, for LF, sensor type was not a significant predictor (Z = 0.03, 

p-value = 0.29) of LF value supporting the reliability of the Polar10. Yet, the Step task was a 

significant predictor of lower LF compared resting points (BL, R1, R2) (BL:  Z = 7.61, p-value = 

<0.001 R1: Z = 6.59, p-value = <0.001, R2: Z = 5.18, <0.001) with estimates of 2.36, 2.35, and 

1.76 respectively.  For HP, sensor type was not a significant predictor (Z = 1.91, p-value = 0.06) 

but Step task was a significant predictor compared to resting time points (BL, R1, R2) (BL:  Z = 

Figure 4.1: Bland–Altman and scatter plot for inter-beat interval (IBI) from the Faros180 (ECG) 

and PolarH10, a) Plot of the IBI differences vs the means for the Faros180 and PolarH10. Outer 

black lines indicate the 95% confidence interval. b) Scatter plot of the Faros vs PolarH10 IBIs 

 

 

a

)) 

a) b) 

b

)) 

c
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7.77, p-value = <0.001 R1: Z = 4.33, p-value = <0.001, R2: Z = 3.67, p-value= 0.002) with 

estimate of 284.07, 123.92, and 103.12 respectively with the Step task causing a decrease in HP. 

Figure 4.3 shows how  BL, Step, and 

“Rest directly after step” compare 

between the sensors in RSA, LF, and HP.   

Clinical and Physiological Feasibility 

All fifteen participants were able 

to complete both tasks as instructed 

without the examiner having to stop based 

on safety criteria. None of the participants 

reported symptom exacerbation during 

either task. HRV analysis was feasible for 

all of the phases (BL, ST, R1, PU, R2) 

based on IBI recordings from the 

commonly available PolarH10.   

Both the stepping and push-up 

task evoked appropriate exertional 

physiological responses. All participants 

reached 60-85% of age predicted HRmax 

during the six-minute step test and the two 

minute push-ups. During the stepping task 

participants reported RPEs between 12 

Figure 4.2: Scatterplots between Sensors for 

HRV components, color coded by timepoint a) 

respiratory sinus arrhythmia (RSA), b) Low-

frequency (LF), c) Heart-Period (HP) 

 

 

a) 

b) 

c) 
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and 16 at least once during the task. Fourteen of fifteen participants reported RPE ratings in the 

exertional range (12 to 16) for the push-up task.  

Figure 4.3: Mean of HRV measures at Baseline, Exertion, and Rest after Exertion for Faros180 

(ECG) and PolarH10. a) Respiratory sinus arrhythmia (RSA), b) Low Frequency (LF). c) Heart 

Period (HP). Exertional task is stepping task and rest is recovery period right after step task.  

 

 

 

 

 

 

Summary 

We found the PolarH10 recordings of beat-to-beat heart rate data for the exertional 

protocol collected through Bluetooth capabilities to be accurate and reliable compared to the 

gold standard ECG recordings. We also found excellent reliability and agreement indices of the 

HRV components between sensors based on analysis of the step task and rest periods.  

The step task and push-up task were clinically feasible requiring minimal time, space, 

and equipment for administration. Both exertional tasks evoked an appropriate physiological 

response in terms of heartrate (60-85% of Age-predicted VO2 max) and perceived exertion (>12 

on Borg RPE) in healthy controls. Both tasks are of greater difficulty than current commonly 

used concussion balance assessments with the goal of minimizing ceiling effects. 37 Testing our 

exertional task protocols in healthy participants allowed us to ensure feasibility, assess adequate 

physiological response, characterize HR recovery, make protocol improvements, and confirm 

reliability of a more affordable and clinically available HR monitor. 
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Aim 2 

To examine ANS balance at baseline, during exertional tasks, and throughout heart rate 

recovery in both mTBI and healthy service-members. 

Results 

A total of 29 participants completed the testing protocol including 4 SMs with acute 

concussion and 25 healthy controls. Six of the HC participants reported a concussion history and 

one was excluded from healthy control analysis due to exhibiting increased symptoms during 

both exertion tasks. Full demographics are presented in Table 4.3.   

Table 4.3. Demographic Characteristics of Servicemembers that Performed Testing Protocol 

Characteristic Healthy Controls 

N=25 

mTBI 

N=4 

 

p-value 

Age in years 25.7 (5.9) 31.5 (8.7) 0.101 

Sex (Male) 25 (100%) 4 (100%) 1.002 

Race/Ethnicity 

Caucasian 

African American 

Hispanic 

Asian/Pacific Islander 

Other 

 

14 (56%) 

5 (20%) 

3 (12.0%) 

2 (8.0%) 

1 (2.0%) 

 

2 (50%) 

0 (0%) 

2 (50%) 

0 (0%) 

0 (0%) 

 

 

0.3812 

Education 

High School 

Associate’s Degree/ Some college 

Bachelor’s Degree 

Advanced Degree 

 

9 (36%) 

11 (44%) 

1 (4%) 

4 (16%) 

 

1 (25%) 

2 (50%) 

1 (25%) 

0 (0%) 

 

0.0082 

Years in military 5.1 (5.5) 9.0 (5.4) 0.201 

Been Deployed (Y) 8 (32%) 3 (75%) 0.102 

Neurobehavioral Symptom Inventory 

(NSI) Total 

5.5 (8.6) 

 

24.3 (13.3) 

 

<0.0011 

 

Defense and Veterans Pain Rating Scale 

(DVPRS) Total Functional Score 

2.4 (4.1) 8.5 (7.0) 0.021 

0-10 Numeric Pain Rating Scale (#1 on 

DVPRS) 

0.56 (1.0) 1.5 (1.3) 0.111 

Table 4.3. NOTE. Values are n (%), mean (SD). 1t-Test, 2Chi-Square, * p-value=<.05 

Heart Rate Variability  

For each HRV measure, we used linear regression models with generalized estimating 

equations (GEE) to estimate task and group differences (and 95% CIs) throughout the session 

(e.g., baseline, step, rest 1, push-up, rest 2).  Due to the small n of the mTBI group, we could not 



55 

complete our planned analysis but do report preliminary analyses. For RSA, group (HC or 

mTBI) was a significant predictor (Z=-1.98, p-value=0.048) showing that throughout our 

protocol mTBI participants had a lower mean RSA of 0.90 compared to healthy controls. Also, 

the exertional task conditions (Step and Push-up) were both significant predictors of lower RSA 

with estimates of -4.14 and -3.15 lower than baseline respectively (Z=-19.74, p-value=<0.001, 

Z=-11.54, p-value=<0.001). In addition, there was no significant difference in HCs between 

baseline RSA and RSA during the last minute of Rest 1 or Rest 2 confirming that RSA recovered 

to near baseline levels during the five minute rest after each task (mTBI excluded). For the HRV 

components there was no significant difference between groups when including all timepoints, 

but we examined HRV measures at specific timepoints (baseline, exertional conditions, rest).   

 

Tonic Measures 

At baseline, there was a significant difference in mean RSA between our mTBI (M=5.62, 

SD=0.79) and HC (M=6.67, SD= 1.19) group; t(26) =2.311, p-value=0.02. There were no 

significant differences in HP between mTBI and HC groups at baseline (Table 2). Under 

exertional conditions, there were no significant differences on any of our HRV measures 

between groups. During the recovery periods, there was a significant difference in RSA between  

 

Variable   Time point  Group  M(SD) Mean difference (95% CI)# 

Respiratory Sinus 

Arrhythmia (RSA) 

or High Frequency 

(HF) HRV 

Baseline HC  6.64 (0.79) 1.03 (.078-1.97)* 

mTBI  5.61 (1.19) 

Exertional Tasks HC  2.95 (1.27) 0.49(-.51-1.50) 

mTBI  2.45 (0.86) 

Rest Periods  HC  4.89(1.29) 1.11(0.10-2.11)* 

mTBI  3.79(1.39) 

Heart Period (HP)  

  

Baseline HC  861.09 (93.5) 50.2(-58.13-158.53) 

mTBI  810.88 (93.64) 

Exertional Tasks HC  500.69 (53.22) -14.58(-69.04-39.89) 

mTBI  552.01 (51.28) 

Rest Periods  HC  612.79(75.55) 31.31(-28.28-90.90) 

mTBI  581.49(89.14) * 

Table 4.4: Group Differences in Tonic Heart Rate Variability Measures at Different Timepoints   
#=Independent T-tests, * p-value=<0.05 
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mTBI (M=3.78, SD= 1.39) and HC (M=5.03, SD=1.28) groups; t(54) =2.521, p-value=0.015. 

There were no differences on mean HP measures between groups during the recovery periods.  

Reactivity 

There were no significant differences on the rate of cardiac vagal reactivity to exertional 

task measured by the slope of RSA nor rate of heart period reactivity measured by slope of HP 

during first minute of exertion between groups (Table 3). When looking at only second task 

reactivity (slope of RSA first minute during exertion), the mTBI group (M=-0.017, SD=0.049) 

and HC group (M=-0.058, SD=0.036) exhibited trend-level differences (t(25)=-1.98, p-

value=0.058). Two HC did not complete the push-up task for a duration long enough to calculate 

a slope (1:00 allowed for 3 epochs). 

 

 

 

 

 

 

 

 

 

Recovery  

There were significant differences in rate of heart period recovery after exertional tasks 

measured by the slope of HP during first minute after exertional task between groups (HP 

t(52)=3.41, p-value=0.001;  RSA t(52)=1.95, p-value=0.056) with HC SMs having a steeper HP 

 

 

  

Figure 4.4: Mean HRV Measures at Testing Timepoints for mTBI and Healthy Controls.                      

A) Respiratory Sinus Arrhythmia (RSA), B) Heart Period (HP). 1-BL: Baseline, 2-E1: first exertional 

task, 3-R1: first rest period, 4-E2: second exertional task, 5-R2: second rest period ) ) 

B) A) 
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slope indicating faster recovery than mTBI SMs (Table 3). This difference was found in cardiac 

vagal recovery (slope of RSA) when examining a longer recovery duration of two minutes and 

still present in rate of HP recovery.  (RSA t(52)=2.18, p-value=0.03; HP t(52)=3.32, p-

value=0.002). 

Exertional Symptoms 

Fisher’s exact test was used to compare task success and symptom exacerbation between 

groups.  For task success (step task completion, 60 on push-up AFPT score), the Fisher’s Exact 

test was significant (p=<0.001) between mTBI and HC with an odds ratio of 18.43 (3.08- 

110.23). For symptom exacerbation, Fisher’s Exact test was significant (p=<.001) and all mTBI 

participants reported onset or worsening of symptoms during exertional tasks, despite reporting a 

level of symptoms that suggested readiness to return to activity. In addition, there was no 

difference in maximum RPE between mTBI (M=13.76, SD=2.4) and HC (M=14.1, SD=2.5) 

groups, t(54) =-0.39, p-value=0.69. 

 

 

 

 

 

 

 

 

 

 

 

Variable   Time point  Group  M(SD) Mean dif(95% CI) 

Respiratory Sinus 

Arrhythmia  (RSA) 

or High Frequency 

(HF)  

Rate of 

Reactivity (slope 

of 1 min) 

HC  -0.054(0.04) -.024 (-0.06—0.01) 

mTBI  -0.030(0.05) 

Rate of Recovery 

(slope of 1 min)  
HC  0.037(0.04) 0.031(-0.001-0.062) 

mTBI  0.006(0.03) 

Rate of Recovery 

(slope of 2 min) 
HC  0.027(0.02) 0.016(0.002-0.03)* 

mTBI  0.011(0.02) 

Heart Period (HP)  

  

Rate of 

Reactivity (slope 

of 1 min) 

HC  -3.336(1.53) -.592(-1.82-0.619) 

mTBI  -2.744(1.28) 

Rate of Recovery 

(slope of 1 min)  
HC  2.18(1.15) 2.10(0.86-3.32)* 

mTBI  0.084(3.25) 

Rate of Recovery 

(slope of 2 min) 
HC  1.98(0.78) 1.79(0.71-2.87)* 

mTBI  0.73(3.3) 

Table 4.5: Group Differences in Phasic Heart Rate Variability Measures during Reactivity and 

Recovery (#=Independent T-tests, * p-value=<0.05) 
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Case Description 

A total of 4 participants with mTBI completed the testing protocol. Since the number of 

subjects was limited, we have included observational descriptions of each case. The order of 

exertional tasks was age and gender matched to a HC. In addition, a healthy control who had 

concussion related exertional issues is also described as a case. All 5 participants sustained their 

mTBI while completing airborne operations training duties. Descriptions of the cases are presented 

in Table 4.  

In addition to the observational measures the tests provided, one SM reported his surprise 

on how “symptomatic” he still was and inquired if we could share this information with his 

command. The second case had previously reported being asymptomatic for three consecutive days 

prior to testing, but described a headache upon arrival to testing session since he had just stopped 

taking his headache medication. The third case, reported a “pounding” headache after stopping 

during the push-up task but when asked to re-score symptom on the symptom scale he scored it at 

2/10 because it was tolerable.    

Overall the healthy SM population was able to successfully complete both tasks consistent 

with our performance standards (88% push-ups, 84% step). Three SMs did not complete enough 

push-ups to get an age-adjusted score of 60 on the AFPT, but continued performing push-ups for 

the entire 2 minutes. Four SMs did not complete the Step task, one SM was stopped during testing 

because of a reported RPE of 17 at 5:00, 2 had a HR greater than 85% of the age-predicted HR 

max (one SM at 4:00 and another SM at 5:00), and one SM was unable to maintain with the 

required step cadence (age 41, with significant knee pain). At the end of the rest periods 76% of the 

HC reported a RPE of 6 and the remaining SMs reported either 7 or 8. In addition, the push-up task 

provoked symptoms in three SMs (N,H,F- all scores of 1), while the stepping task provoked 

symptoms in two (H, D-scores of 1-2). 
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Summary 

Implementing HRV measurement during exercise for the military population is important 

because of the physical demands and high stress of military culture and evidence that cardiac 

autonomic function (HRV) is altered during physical activity after a concussion. 21 The stepping 

and push-up exertional tasks were designed to challenge SM performance to reveal impairments 

after acute mTBI safely while being clinically feasible. Preliminary findings revealed that RSA 

impairments are seen in our small concussed population and are more pronounced in the 

recovery periods after exertion, but not during the exertional tasks. Previous studies using tonic 

HRV measurements have found that RSA is lower under exertional conditions and at rest,43,161  

but tonic measurements alone may not be sufficient to determine the adaptation of a system 

when demand is placed upon it.11 Our implementation of phasic measures allows for a more in-

depth picture including reactivity and recovery. 

The tonic differences in RSA at baseline observed in SMs with mTBI may result from 

lower self-regulatory resources necessary to foster adaptability during exertion.195 While we did 

not find differences between mTBI and HC during exertion or in the rate of reactivity (slope 

during first minute of exertion) for RSA or HP components, there was a trend-level difference in 

the rate of reactivity for RSA in the second exertion task where mTBI SMs did not react as 

quickly. This is likely influenced by the differences in CVC recovery. 

Recovery after exercise plays a crucial role in the adaptability necessary to face an event 

and then return to resting levels. 196 The lower tonic RSA found during recovery likely represent 

impairments to parasympathetic re-activation in CVC after exertion. In healthy individuals 

during heart rate recovery, the parasympathetic (vagal) activation begins to dominate the ANS 

over sympathetic activity as the cardiac autonomic network removes “central command”, which 
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is especially critical to drive rapid decrease in HR.42,197,198 During passive recovery, 

parasympathetic reactivation is aided by reduced feedback from muscle mechanoreceptors and 

resetting baroreflexes to a lower level.197,199 If mTBI causes CVC impairments, we would expect 

that PNS reactivation would take longer for SMs with mTBI, which is reflected in the lower 

RSA during the recovery periods in our findings.  

In addition, we found differences in the rate of recovery of vagal control (RSA slope 

during recovery) at 2 minutes after the start of the recovery period. The slope of HP was also 

significantly different at 1 and 2 minutes during recovery, demonstrating that SMs with mTBI 

took longer to recover. Previous studies have used one minute of heart rate recovery to measure 

immediate effects cardiac parasympathetic outflow 200,201 and 2-3 minutes as a longer measure.201  

This response soon after exercise is described as vagal recovery or “vagal rebound” and reflects 

the ability of an individual after facing a “stressor” to self-regulate and be prepared to face 

another stressor,195 a vital component for ADSM with the high demands of the military.  

We described the performance of specific individuals with mTBI on 2 exertional tasks 

and recovery after exertion. Participants with mTBI were more likely to have symptom 

exacerbation and with one exception were not able to successfully complete tasks compared to 

healthy controls as expected. While we expected the push-up task may be more symptom 

provoking due to the position changes required, both tasks provoked symptoms in all of our 

mTBI cases. Only two out of eight tasks completed by mTBI participants were successfully 

finished. The exertional tasks elicited symptoms that were absent at rest even in a SM with more 

chronic symptoms. Monitoring symptoms (headache, vertigo, photophobia, balance, dizziness, 

nausea, visual changes, etc.) and HRV before, during, and after an exertional task is a way 

clinicians can assess physiological recovery and prescribe activity.167 CVC recovery has been 
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positively correlated to performance outcomes (cognitive, prone rifle shooting) indicating a clear 

relevance for the military,195,202 but future research is needed in how this can be implemented 

feasibly in the clinic.  

These findings highlight the need for continued data collection and research in the 

recovery periods of individuals with acute mTBI so we can age match with healthy SMs. 

Physiological measures may be used alongside symptom report and clinician opinion in return to 

activity decisions. As a simple, noninvasive measure of ANS balance, HRV could act as an 

objective marker of recovery and may be a valuable addition in clinical care. Furthermore, 

standardized exertional assessments that are ecologically valid for military populations can be 

utilized by primary care managers to guide return to activity or return to duty decisions. 

Performance on such an exertional task can also help clinicians prescribe appropriate levels of 

activities, guide progressive return to activity, and may have utility as a predictor of duration of 

symptoms.  
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Aim 3 

To compare two short clinically feasible exertional tasks that are relevant for military 

populations in terms of tolerability and self-reported symptoms during exertion. 

Results 

Due to the small N in our mTBI group, for this analysis we included our total study 

population (N=29) to compare tasks in terms of successful completion and symptom report. 

The results from the logistic regression models with GEE showed no significant 

difference between the two exertional tasks (Step or push-up task) on predicting a participant’s 

success of task (completion of step task, 60 pts on APFT for push-ups, p=0.78). The odds ratio 

for task success was 0.79 (95% CI, 0.214-2.98) and in our mTBI group there was no 

observational difference between task success (1 mTBI case successfully completed both tasks). 

In addition, linear regression showed task type was a not a predictor of symptom severity (95% 

CI, [-.94-.67], p= 0.73). Task type may influence RPE as linear regression showed that the push-

up task may lead to a higher self-report RPE (95% CI,  [-.24-.12], p= 0.07) and when looking at 

only the healthy participants there was a significant effect (p=.03, 95% CI, [-2.8-.11]). There was 

no difference in maxHR between tasks (95% CI, [-4.0 -12.6], p= 0.30) 

Summary 

In summary, our total study population had similar “successful” completion rates and 

symptom reports in both the step task and push-up. Both tasks provoked symptoms in a similar 

number of SMs (8 for push-up, 7 for step).  However, the push-up task was more symptom 

provoking in our small cohort of mTBI cases, leading to discontinuation in three of our five 

cases (safety measure of >2 symptom increase), a “pounding” headache in the fourth, and the 

addition of new symptoms in the fifth. Healthy participants reported a higher RPE level in the 
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push-up task when compared to the step task, but within the mTBI group there was no RPE 

difference between tasks. In addition, to these self-report and observational measures, there were 

no HR max differences between tasks.  

The clinical relevance of these findings is that both tasks evoke a similar exertional 

response and could be performed safely by our participants with acute mTBI. While symptoms 

were exacerbated in both tasks, they mostly resolved during the recovery periods. The 

differences in duration of each task with the push-up task being much shorter likely influence 

why the higher RPE is not correlated with a higher recorded HR. The push-up task was not as 

standardized as the metronome pacing stepping task was that likely led to the differences in RPE. 

Yet, the brevity of the push-up task is advantageous in a clinical environment. 
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STUDY LIMITATIONS  

As with any scientific study, the work has limitations. First, this study is not designed to 

follow individuals longitudinally; therefore we cannot draw conclusions about how task 

performance predicts recovery time. We could, however, examine any ANS and CVC 

dysfunction in resting, reactivity to exertion, and recovery after exertion within individuals with 

mTBI.  Second, due to the limited number of mTBI participants enrolled to date, our statistical 

analysis could not control for confounds like age, sleep, physical fitness, and caffeine intake that 

could affect HRV11,97 or other group differences. We are continuing to collect data and can 

control for these variables as numbers increase. During testing, we controlled for order effects by 

counter-balancing the sequence of exertional tasks with the matched mTBI performing the same 

order as the corresponding HC participant, which will be an advantage when we can sex and age 

match in our analysis. In addition, large between-subject variation is seen in many HRV 

components.203 Our study design included within-subject analysis of HRV component changes 

through exertion before the between-subject comparisons of total change. In line with the HRV 

Task Force guidelines,147 we minimized HRV limitations by implementing an editing standard of 

no more than 5% of total IBIs. With the many kinds of HRV analysis completed in the literature, 

time-domain analysis could be done in the future as an exploratory analysis and allow for 

comparisons between studies focusing on time-domain.   

FUTURE STUDIES 

Currently, an ongoing study in collaboration with the Intrepid Spirit Center at Fort Bragg 

is continuing data collection of SMs with acute mTBI with our testing protocol to investigate 

group differences with increased statistical power and ability to control for confounding 
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variables like age, sleep, and caffeine. Also, in collaboration with University of Buffalo and Fort 

Bragg another study will build on this preliminary data and utilize the same HRV platform to 

investigate response to a six minute step task compared to the BCTT. Collaboration with DVBIC 

and military clinicians will improve the utility of our clinically feasible, exertional tasks by 

examining ways to implement objective physiological measures. In addition, the standardized, 

simple exertional task protocols we developed may be included as examples in updated DVBIC 

guidelines for military PCP treating acute mTBI.  Further research, on the relationship of CVC 

dysfunction with different kinds of mTBI symptoms (and comorbidity of PTS and/or chronic 

pain) will provide insight on if and CVC plays a role in cognitive or emotional symptoms as 

proposed by the “Vagal Tank Theory”.195 Longitudinal studies where individuals with mTBI are 

tested at multiple time points will elucidate if or how HRV measures act as a marker of recovery 

after an acute mTBI.  
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CHAPTER 5: MANUSCRIPT 1 - THE DEVELOPMENT OF EXERTIONAL TASKS 

WITH PHYSOLOGICAL MEASURES AND UTLITY WITHIN MILITARY 

CONCUSSION 

INTRODUCTION 

Concussion or mild traumatic brain injury (mTBI) is a prevalent injury in civilians, 

athletic, & military populations alike. Over 380,000 service-members (SMs) have sustained a 

mTBI since 2000.1 The rate of concussion continues to be significant in the garrison environment 

as a result of training exercises & non-duty activities of a young active population. MTBI results 

in a variety of symptoms that limit activity. Returning to normal activity too soon as well as 

prolonged rest have both been shown to increase symptom duration.26–28 Clinicians commonly 

determine duty readiness based on the absence of symptoms and return to “normal” performance 

on clinical assessments that may have ceiling effects for military service members.37 

The Defense and Veterans Brain Injury Center (DVBIC) has developed clinical 

recommendations for military primary care managers and rehabilitation providers for treatment 

and management of mTBI that incorporate current evidence, but at times rely on expert 

consensus for specific practice recommendations.52–55 The Progressive Return to Activity 

Clinical Recommendation for Primary Care Providers outlines a five-stage activity progression, 

similar to sports concussion consensus return-to-play recommendations. The PRA recommends 

the use of an exertional test before return to activity and return to duty decisions. However, 

actual implementation of exertion testing is difficult, and there are no standardized exertional 

assessments that are clinically feasible or validated for primary care providers (PCP).   
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Patient self-report of symptoms serve as the primary measure that clinicians use to 

recommend return-to-activity,29 but evidence shows that physiological deficits may persist 

beyond self-report symptom resolution.30,31 The cause of concussive symptoms is likely 

multifactorial, but one possible contributor to impairments is autonomic nervous system (ANS) 

dysfunction.3,4 The ANS drives interactive communication between the cardiac and the 

regulatory neural systems (i.e., the body and the brain) that  may be disrupted after mTBI.14,97 

Regulatory ANS function can be assessed by the analysis of heart rate variability (HRV), which 

is the variation in time between successive heartbeats. HRV can serve as a proxy for ‘top–down’ 

integration of the brain mechanisms that guide flexible control of behavior with peripheral 

physiology and can provide insight on stress and overall health.11,156 Higher HRV is associated 

with better emotion regulation and stress adaptability.11,145,204 Therefore impaired HRV after 

concussion may be an indicator of deficits in how effectively resources underlying self-

regulation are mobilized,195 which may be correlated to symptom severity. HRV has the potential 

to be a target for intervention in mTBI through biofeedback.14,205 

HRV incorporates input from the both the sympathetic and parasympathetic nervous 

systems, but also baroreceptors chemoreceptors. One critical component- Respiratory Sinus 

Arrhythmia (RSA, also known as high frequency, HF HRV), has been validated as a 

representative measure of parasympathetic input or vagal tone.44,156 The current “gold standard” 

for HRV measurement requires electrocardiogram (ECG),147 as the sequence of times between 

R-peaks can provide a non-invasive measure of the neural regulation of the heart,148 but ECG  is 

not always feasible. Multiple studies use other recording methods that are less expensive,149 

including the use of high quality of HR monitors like the Polar H10. Polar HR IBIs are reliable 

compared to ECG in a resting state and under exertional conditions,40,150,151 yet some studies 
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found lower reliability under higher exertion conditions.152  While evidence suggests that 

concussion temporarily disrupts autonomic control of cardiovascular function16 with 

abnormalities in HRV present in mTBI,6,17–19 HRV responses after mTBI have been variable, 

especially at rest.8 It may be necessary to induce physical stress to observe subtle ANS and 

cardiovascular dysfunction. 20 In addition, many studies have used wide ranges of time since 

mTBI, which may influence HRV findings. 9,10,43 

The use of exertional testing to identify possible ANS dysfunction after concussion is a 

reasonable approach in clinical practice.21 Currently the only validated exertional task 

investigating the cardiovascular function in acute and prolonged recovery after mild traumatic 

brain injury is the Buffalo Concussion Treadmill Task (BCTT).22 While this approach offers an 

advantage with standardized test procedures, it is not always clinically feasible given the time 

and equipment required, so that it is best implemented by rehabilitation providers. In the military 

context, individuals with concussion are typically seen by primary care providers for the first 

month post-injury. PCPs  are encouraged to use exertional testing23 to guide return to activity and 

duty, but are limited by time, space, and equipment,24,25 necessary for use of the BCTT. A more 

field expedient test of exertion would be beneficial to aid primary care provider examination and 

inform the progressive return to activity process. The use of a reliable and commercially 

available HR monitor could improve clinical feasibility and implementation.  

The purpose of this study was to develop clinically feasible exertional tasks and assess if 

an objective physiological measure like HRV could be implemented during the testing protocol.  

We tested healthy adults including servicemembers (SMs) in two different exertional conditions: 

a stepping and a push-up task. Clinical feasibility was determined by meeting standards of 

duration, space and equipment consistent with the time and resources available for a routine 



 
 

70 

concussion appointment with a military primary care manager.25,37,38  We used a modified 6 

minute Chester Step Test, a graded step test developed for use in quantifying occupational 

aerobic capacity that has been tested with emergency service providers.32,33 This step task is 

progressively increases speed every two minutes, similar to the BCTT34 and HRV has been 

successfully collected during a stepping task.39 The second exertional task was performance of 

push-ups for two minutes. The pushup task is a component of the current Army Physical Fitness 

Test (APFT), with clear military and functional health relevance,35,36 but has not been researched 

after concussion. We hypothesized that HRV would be measurable using clinically available 

equipment (PolarH10) and reliable compared to ECG “gold standard” before, during after 

exertional tasks.  We also hypothesized that both exertional tasks would be feasible based on 

participant completion and the exertional levels and physiological responses expected.  

METHODS 

Participants 

All participants were healthy adults between the ages of 18-45 who were active, 

exercising at least three times a week and a subset were affiliated with the United States Marine 

Corps, currently serving in Eastern North Carolina at a recruiting station. Exclusion criteria were 

(1) any medical condition or injury that limits ability to perform a Physical Training (PT) session 

or moderate exertion of stepping or push-ups for 10 minutes, (2) history of moderate to severe 

TBI.  They could have a concussion history if it had been a minimum of one year since most 

recent injury. Recruitment was limited by level of participation in physical activity and an age 

range because it is more representative of the active-duty military population. Screening 

occurred via a “self-screening” procedure where inclusion/exclusion and study procedures were 

explained in person through briefings and interested individuals could contact research team. All 
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testing procedures were approved by University of North Carolina at Chapel Hill Institutional 

Review Board (IRB), #17-0429. All participants provided written consent prior to any data 

collection. Volunteers were free to opt out based on age, physical limitations, activity tolerance, 

or medical history at any time during any phase of the testing procedures. 

Testing Procedures  

The experimental design included 1 testing session lasting approximately 45-60 minutes. 

We continuously recorded heart rate (HR) and inter-beat intervals (IBIs) with two heart-rate 

monitors for the entire session (Figure 1), starting with a 3 minute baseline in a seated position. 

After baseline, one exertional task was completed followed by a 3 minute rest in a seated 

position, then the other exertional task, followed by another 3 minute seated recovery period. 

The order of the exertional tasks was counterbalanced. During baseline and recovery periods, 

participants were instructed to relax and could read a selection of magazines.  During baseline 

and recovery periods, participants were instructed to relax and could read a selection of 

magazines.  During both exertional tasks we monitored heart-rate real time via Bluetooth, and 

assessed rate of perceived exertion (RPE) and concussion related symptoms every minute. 

 

 Figure 1: Layout of Testing Session 

  

 

 

Figure 1. Layout of Testing Session  
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Self-Report Measures  

Participants completed a demographic questionnaire including questions on concussion 

history and military experience. Factors that may influence HRV were documented including 

sleep, pain, and caffeine drinks.  Rate of perceived exertion (RPE) using the Borg Scale, a 6-20 

scale reflecting subjective measure of workload, was used to document self –reported exertion in 

relation to actual HR during exercise(60-200).167 Symptoms were assessed using a 0-10 Likert 

scale focusing on headache, dizziness, nausea, light/sound sensitivity, and fogginess. Throughout 

the session we recorded verbal RPE and symptom scores at the end of Baseline, Recovery 1, and 

Recovery 2 and also every minute during each exertional task. Since we only tested healthy 

adults, we did not expect our exertional tasks to cause much symptom exacerbation.  

Heart Rate Recording  

In order to examine the reliability of HRV measurement we employed the “gold 

standard” Faros180 ECG monitor and the more clinically feasible Polar H10 monitor during 

testing. The Polar H10 HR monitor (Polar Electro Oy, Kempele, Finland) and Faros180 device 

(Mega Electronics Ltd., Pioneerinkatu, Finland) were used to record HR and IBIs.  Participants 

wore the Polar H10 around their chest and the Faros180 connected by three lead electrodes to the 

right and left collarbone and left ribcage. The exertional range for heart rate (60-85% of 

predicted HRmax) was monitored using HRmax estimations from the Fox and Haskell’s188 

(HRmax = 220 − age) equation. This equation is simple, commonly used, part of the BCTT 

protocol,34 and one of two HRmax equations recommended for use in military populations for 

graded exercise tests.189   
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Stopping Criteria 

Similar safety measures from the BCTT were applied in our protocol to halt either test 

based on signs of excessive participant stress.120  The examiner would stop testing if the HR was 

greater than 85% of predicted HR max, the RPE on the Borg scale was >16, the participant 

reported an increase >2 on the symptom scale over baseline reported values, or the examiner 

perceived that testing was unsafe. The participant was also instructed that they could discontinue 

testing at any time if they deemed it necessary. 

Step Task 

The step task was a maximum of six minutes in duration and only required a 12-inch step 

and a metronome (via smartphone app). Every two minutes the stepping pace (metronome bpm) 

increased as a participant would step up and down a 12-inch step with their preferred leg up first, 

the other leg up, followed by preferred leg down, then the other one. At the start of the task the 

metronome was set at 80 beats per minute (bpm) (equaling 20 steps per minute). At two minutes 

the metronome was increased to 100 bpm (25 steps per minute) and at four minutes the pace 

increased to 120 bpm (30 steps per minute). The test was discontinued for the general stopping 

criteria and also if the participant could not keep up with the pace. This exertional step task was 

adapted from the Chester Step Test protocol,33 which has been validated to estimate aerobic 

capacity in a healthy population. The error of measurement is sufficiently small and suggests that 

this method is well suited to monitoring changes in aerobic capacity in rehab settings.190  

Push-up Task  

The push-up task was a maximum of two-minutes in length where participants were 

instructed to complete as many push-ups as possible or as many as they can for two minutes 
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without releasing from plank. This is especially relevant for military populations since it is part 

of the Army Physical Fitness Test.35 The test was discontinued for the stopping criteria and also 

if the participant released from plank position to rest at any point. The total number of push-ups 

was counted on a hand-held lap counter by the examiner. 

Data Processing and Reduction  

Data collected from the Polar H10 were reduced from the heart rate electrical signal to an 

IBI value by the devices.  The Faros180 recorded a complete ECG waveform at 1 kHz. Inter-beat 

intervals (IBI), which is the time between consecutive heartbeats expressed in milliseconds, were 

derived from detected R peaks in ECG using the Cardio Peak-Valley Detector (CPVD)191 to 

derive the IBI event series. The CPVD is a LabVIEW™ based algorithm that extracts peaks or 

valleys of different physiological waves, such as the ECG, PPG, and respiration. 

Prior to analysis, each sequence of IBIs was first synchronized automatically, then 

manually inspected to ensure proper alignment of the IBI series (e.g., the IBIs from the Polar 

H10 and the Faros180 derived IBIs).  Each aligned sequence was then transformed into a 2 Hz 

equally sampled time-series by linear interpolation.  This step was involved in the extraction of 

HRV parameters, and also prevents the two series from becoming de-coupled.   

The unedited IBI file was visually inspected and edited offline with CardioEdit software 

(developed in the Porges laboratory and implemented by researchers trained in the Porges 

laboratory).  Editing consisted of integer arithmetic (i.e., dividing intervals between heart beats 

when detections of R-wave from the ECG were missed or adding intervals when spuriously 

invalid detections occurred). The resulting normal RR intervals were used in analysis when 

abnormal beats, like ectopic beats (heartbeats that originate outside the right atrium’s sinoatrial 

node) had been removed.12 
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HRV frequency components were calculated with CardioBatch software (Brain-Body 

Center, University of Illinois at Chicago), which implemented the Porges-Bohrer metric 154. This 

metric was neither moderated by respiration, nor influenced by nonstationarity, and reliably 

generated stronger effect sizes than other commonly used metrics of RSA (steps are described in 

depth by Porges et al. 192 and validated in Lewis et al.154 RSA uses a third-order, 21 point moving 

polynomial filter (MPF) applied to the 2 Hz IBI time series to remove low frequency oscillations 

and slow trend. The residual detrended output of the MPF was filtered with a bandpass filter with 

cut-off frequencies that removes variance not related to spontaneous breathing in adults (0.12 to 

0.40 Hz), but takes into account increased breathing rate with exercise (0.12-1.0 Hz). The filtered 

detrended output was divided into sequential 30-second epochs and the variance within each 

epoch was transformed by a natural logarithm (ln(ms2)) to decrease skewness. The mean of 

these epoch values was used as the estimate of RSA for the specific segment. LF uses a third-

order, 51 point moving polynomial filter (MPF) applied to the 2 Hz IBI trend to remove 

extremely low frequency oscillations and slow trend. The residual detrended output of the MPF 

was filtered with a Kaiser FIR windowed filter with cut-off frequencies (0.06 to 0.10 Hz). The 

filtered detrended output is divided in 30 second epochs and the variance within each epoch is 

transformed with a natural logarithm (ln(ms2)), the mean of the epochs values is used as an 

estimate of LF for the segment193. Heart Period was derived from the mean IBI for each epoch 

used in frequency component analysis. Data variables include: 1) Average Heart Rate 2) 

Respiratory Sinus Arrhythmia (i.e., RSA or high frequency HRV defined by the frequencies of 

spontaneous breathing (.12-.4 Hz), 3) Low Frequency HRV (i.e., i.e., occurring within the 

frequencies of spontaneous vasomotor and blood pressure oscillations; .06-.10 Hz), and 4) Heart 

Period (total HRV). 
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Data Analysis 

Means, standard deviations, medians, interquartile ranges, and 95% confidence intervals 

were calculated for all demographic and questionnaire data where appropriate. Alpha will be set 

a priori at a < 0.05 for all statistical analyses. Only participants with complete data will be 

analyzed for each specific aim. Normality was assessed for all dependent variables using the 

Shapiro-Wilk test.  

Reliability and accuracy of the Polar H10 generated IBI values compared to with the IBI 

values generated by the Faros180 ECG signals was analyzed using Bland–Altman (B-A) plots 

and Generalized Estimating Equations (GEE). Comparison of independent measurements was 

facilitated by visualizing the distribution between the mean measurement and the difference.194 

B-A plots enable the determination of agreement between two sensors, by plotting the mean 

between pair of measurements against its difference. Visual inspection of the B–A plots is used 

to identify systematic biases and possible outliers. Paired t-tests evaluated whether the 

differences between the signals were biased (i.e., one signal source generating longer or shorter 

values). B–A plots and the t-test were performed on IBIs collected from all participants during 

all tasks. Scatter plot and linear regression analyses were used to visualize and calculate the level 

of convergence between the Polar H10 and Faros180. A strong correlation of threshold of R2=0.9 

or higher of IBI time series was determined as a target representing strong agreement. 

Parameters from Mukaka’s (40) paper were used to interpret the size of the correlation 

coefficients. For each HRV component measure we used linear regression models with GEE to 

estimate group mean differences (and 95% CIs) for HR monitor methods (Polar H10 vs Faros) 

and session component (e.g., BL, R1, R2, ST). This allowed us to evaluate if the method of HR 

measurement had any effect on the analysis of HRV components.  

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5702637/#B40
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Clinical and physiological feasibility included observational measures as the primary 

means of analysis. Clinical feasibility was assessed by participant completion (based on safety 

stopping criteria) of the tasks meeting the primary care manager appointment standards and if 

HRV could be recorded by a HR monitor and components analyzed at baseline, during exertion, 

and throughout recovery. Physiological responses were assessed using HR and RPE 

measurements. HR was measured during both tasks with the exertional range as the primary 

target for a successful exertional task.  Self-reported RPE (Borg Scale) between 12 and 16 

(moderate exertion range) during the tasks was a secondary measure of physiological response.  

RESULTS 

Participants  

A total of fifteen healthy adults completed our testing protocol. Thirteen of the 

participants were active reservists for the United States Marine Corps. Four of the Marine 

participants had a history of concussion and nine had been deployed serving an average of 2.8 

deployments (SD=0.8).  Full demographics are presented in Table 1 and 2.  

 

 

 

 

 

Table 1. Demographic characteristics of Aim 1 Participants. Values are n (%) or mean (SD). 

Characteristic  N=15 

Age in years 29.33 (6.36) 

Sex 

   Women 

    Men 

 

2 (13.3%) 

13 (86.7%) 

Race/Ethnicity 

   Caucasian 

   Hispanic/Latino 

   African American  

   Native American  

 

7 (46.7%) 

4 (26.7%) 

2(13.3%) 

2(13.3%) 

Education 

   High  School 

   Trade School 

   Some college/ Associate’s Degree 

   Bachelor’s Degree 

   Advanced  Degree 

 

1 (6.7%) 

1 (6.7%) 

8 (53.3%) 

4 (26.7%) 

1 (6.7%) 

Military Affiliation  

   USMC 

   None 

 

13 (86.7%) 

2 (13.3%) 
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Reliability and Accuracy of PolarH10 

Ten participants had complete data for both the PolarH10 and the Faros 180 devices after 

a Bluetooth issue was identified and resolved. The Faros180 had difficulty in detecting HR peaks 

during push-ups and required more than 5% editing of total IBIs (beyond the recommended 

editing standard from HRV Task Force guidelines,147) and therefore were excluded from the 

reliability analysis.  Visual inspection of the B–A plot located in the a) panel of Figure 2 

indicated excellent agreement and minimal bias between the sequential IBIs measured with 

PolarH10 and Faros180 (color coded by participant). The B–A plots suggested that error 

magnitude was driven by a few participants and the IBI differences were closer to zero on the 

left side with shorter IBIs (higher exertion). A scatterplot with regression analyses contrasting 

the sensor pair is illustrated in the b) panel of Figure 2. The linear regression of RSA between 

PolarH10 and Faros180 (ECG) provide excellent fit to the IBI data with R2 of 0.984 for the 

model of y= 0.99x+5.23. 

 

Characteristic  N=13 

Time Serving  10.0(5.5) 

Military Rank/ Pay Grade 

   E1-E5 

   E6-E9 

   O1-O3 

 

4 (30.8%) 

6 (46.1%)  

3 (23.1%) 

Deployment History 

   Yes 

   No 

 

9 (69.2%) 

4 (30.8%) 

Concussion History 

   Yes 

   No 

 

4 (30.8%) 

9 (69.2%) 

Behavioral Health History  

  Combat Stress 

  Post-Traumatic Stress 

  Anxiety  

  Depression 

 

1(7.7%) 

2 (15.3%) 

2 (15.3%) 

1(7.7%) 

Caffeine (drinks/ supplements in last 24 hrs.)   1.9 (2.0) 

Sleep (hrs. in last 24 hrs.) 5.7 (1.2) 

Table 2. Military and Health History of Aim 1 Servicemembers. Values are n (%) or mean (SD),   
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Figure 2: Bland–Altman and scatter plot for inter-beat interval (IBI) from the Faros180 (ECG) and 

PolarH10, a) Plot of the IBI differences vs the means for the Faros180 and PolarH10. lines indicate 

the 95% confidence interval. b) Scatter plot of the Faros vs PolarH10 IBIs 

 

 

 

 

 

After HRV analyses was completed for the IBIs from both sensors, a scatterplot with 

regression analysis (Figure 3) contrasting the derived HRV components from the sensor pair 

confirmed excellent fit with R2 above 0.90. GEE was used to demonstrate the sensitivity of both 

sensors regarding the change across timepoints in each HRV parameter. For RSA, sensor type 

was not a significant predictor (Z = 1.81, p-value = 0.07) showing that for our protocol both 

methods of HR recordings yielded RSA component results that were not significantly different 

from each other. The exertion Step task compared to other time points (BL, R1, R2, Step) was a 

significant predictor of lower RSA (BL:  Z = 1.99, p-value = 0.046 R1: Z = 4.78, p-value = 

<0.001, R2: Z = 3.07, p-value = 0.002) with estimates of 0.98, 2.05, and 1.23 greater than the 

Step value respectively. Similarly, for LF, sensor type was not a significant predictor (Z = 0.03, 

p-value = 0.29) of LF value supporting the reliability of the Polar10. Yet, the Step task was a 

significant predictor of lower LF compared to other time points (BL, R1, R2) was a significant 

predictor (BL:  Z = 7.61, p-value = <0.001 R1: Z = 6.59, p-value = <0.001, R2: Z = 5.18, 

<0.001) with estimates of 2.36, 2.35, and 1.76 respectively.  For HP, sensor type was not a 

significant predictor (Z = 1.91, p-value = 0.06) but Step task was a significant predictor 

compared to other time points (BL, R1, R2) was a significant predictor (BL:  Z = 7.77, p-value = 

 

a) 

b) 
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<0.001 R1: Z = 4.33, p-value = <0.001, R2: 

Z = 3.67, p-value= 0.002) with estimate of 

284.07, 123.92, and 103.12 respectively with 

the Step task causing a decrease in HP. 

Figure 4 shows how  BL, Step, and Rest 

directly after step compare between the 

sensors in RSA, LF, and HP.   

Clinical and Physiological Feasibility 

All fifteen participants were able to 

complete both tasks as instructed without the 

examiner having to stop based on safety 

criteria. None of the participants reported 

symptom exacerbation during either task. 

HRV analysis was feasible for all of the 

phases (BL, ST, R1, PU, R2) based on IBI 

recordings from the commonly available 

PolarH10.   

Both the stepping and push-up task 

evoked an appropriate exertional 

physiological response. All participants 

reached the exertional range (60-85% of age predicted HRmax.) during the six minute step test 

and the two minute push-ups. During the stepping task all participants reported a RPE between 

c

)) 

b

)) 

c

)) 

Figure 3: Scatterplots between Sensors for 

HRV components, color coded by timepoint a) 

respiratory sinus arrhythmia (RSA), b) Low-

frequency (LF), c) Heart-Period (HP) 

 

a) 

b) 

c) 



 
 

81 

12 and 16 at least once during the task. Fourteen of fifteen participants reported a RPE in the 

exertional range (12 to 16) for the push-up task.  

Figure 4: Mean of HRV measures at Baseline, Exertion, and Rest after Exertion for Faros180 

(ECG) and PolarH10. a) Respiratory sinus arrhythmia (RSA), b) Low Frequency (LF). c) Heart 

Period (HP). Exertional task is stepping task and rest is recovery period right after step task.  

 

 

 

 

DISCUSSION 

The development of a clinically feasible, standardized exertional task for PCMs to 

administer to SMs after an acute mTBI is an important step in the treatment and management of 

mTBI within the military in line with current DVBIC guidelines. Our two exertional tasks were 

ecologically valid for SMs as they build on familiar tasks of patrolling and push-ups and a 

similar stepping (CST) and push-up (AFPT) task has been utilized to assess aerobic and strength 

capacity.33,35 While we tested a majority of Marines, who do not complete the APFT, push-ups 

are a core training component and can be performed during their USMC Physical Fitness Test.206 

Testing our exertional task protocols in healthy participants allowed us to ensure feasibility, 

assess adequate physiological response, characterize HR recovery, make protocol improvements, 

and confirm reliability of a more affordable and clinically available HR monitor.  

We found the PolarH10 recordings of beat-to-beat heart rate data for the exertional 

protocol collected through Bluetooth capabilities to be accurate and reliable compared to the 

gold standard ECG recordings. Hernado et al. found HR monitor and ECG methods to be 
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interchangeable when analyzing HRV at rest,40 yet we found a higher correlation under exertion. 

We also found excellent reliability and agreement indices of the HRV components between 

sensors. 

Both the stepping and push-up task were feasible to perform during a PCP appointment, 

based on our pre-defined standards with a duration of less than ten minutes, space requirement of 

a standard PCM exam room (~ 12’ x 12’), and minimal and easily accessible equipment. Besides 

the common PolarH10 HR monitor, the step task requires a 12” step and metronome app while 

the push-up task only requires a hand counter. Both tasks were easily administrated by one tester 

and could be completed in our healthy population without stopping for safety reasons. Previous 

studies have tested mTBI targeted assessments in healthy individuals prior to completing testing 

in a clinical cohort.177,207 The addition of a clinically available HR monitor to provide an 

objective physiological measure could increase utility for PCPs.  

 All of the participants demonstrated an appropriate HR exertion range during each task 

showing that these tasks were difficult enough to cause a physiological stress response. RPE 

ratings also showed that tasks were sufficiently challenging with the one participant rating below 

12 on the Borg RPE scale for push-ups only completing the task for 30 seconds before choosing 

to stop. Both of our exertional tasks are of greater difficulty than current commonly used 

concussion balance assessments with the goal of minimizing ceiling effects.37  

Exploratory analyses showed there was a HRV effect for the stepping task compared to 

the baseline and recovery time periods showing that HR monitors could sufficiently detect 

changes in all three HRV components induced by brief exertion. Similar to previous studies we 

found a decrease in RSA when under exertion, consistent with the parasympathetic withdrawal 

that occurs upon initiation of exercise.197,199 We also found a decrease in the LF HRV component 
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under exertion.  Since LF includes variable input, no conclusion on ANS input can be drawn, but 

there is evidence that it also decreases in moderate exertion influenced by parasympathetic 

withdraw. 208  HP, a measure of Total HRV, was also significantly lower during the exertional 

task, an expected result since this measure is the inverse of HR.209 

As with any scientific study, our study had limitations. First, this study focused on the 

development of exertional tasks within a healthy population, therefore, future studies need to 

investigate tolerance of these exertional tasks for individuals who have sustained a mTBI and if 

any HRV impairments can be detected comparing injured SMs to healthy controls. Second, 

comparisons between Polar H10 and Faros 180 did not include the push-up task due to concerns 

with over-editing.  While the reliability analysis between HR monitor methods for one exertional 

task could not be completed, exertional levels from out other task (step-task) showed that the 

PolarH10 was reliable compared to the ECG “gold standard”. Also, only 10 participants were 

used in reliability calculations due to technical difficulties and missing data for devices.   

Feasibility testing in a healthy population allowed improvements to be implemented into 

the protocol for future studies. For instance, the duration of the baseline and recovery time 

periods was increased from three to five minutes.  Previous studies have used 2-3 minute 

baseline recording consistent with our protocol, but the HRV Task Force recommends five 

minute HR recordings for HRV analyses.147 Although three minute recovery between tasks was 

sufficient for these healthy participants to return to RPE of 6, we expect that individuals with 

mTBI may need longer to recover as previous studies show that a higher RPE is reported with 

the same HR when comparing mTBI and healthy controls.42 While we are most interested in the 

first minute of recovery when parasympathetic input increases, the longer duration will allow us 

to investigate time differences in the duration recovery.200 
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Both of our exertional tasks are clinical feasible in terms of space, duration and 

equipment and evoke an appropriate HR response in healthy participants. The use of clinically 

available HR monitors utilizing Bluetooth technology with straightforward administration 

increases feasibility for PCP. The implementation of standardized exertional tasks that includes 

an objective physiological measure can improve the standard of care for military mTBI.  

Monitoring symptoms (headache, dizziness, nausea, light/sound sensitivity, fogginess, etc.), 

RPE,  and HR throughout an exertional task is a way clinicians can assess physiological recovery 

and prescribe activity.167 The treatment and management of mTBI remains a priority for DVBIC 

and the armed forces and further research needs to facilitate clinical implementation.  
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CHAPTER 6: MANUSCRIPT 2 - HEART RATE VARIABILITY AS A 

PHYSIOLOGICAL MEASURE OF AUTONOMIC NERVOUS SYSTEM 

IMPAIRMENTS IN SERVICEMEMBERS AFTER CONCUSSION: A PILOT STUDY 

INTRODUCTION 

Military medical clinicians are currently challenged to objectively assess the spectrum of 

vulnerabilities associated with mild traumatic brain injury (mTBI) in active duty service 

members (ADSM). The Department of Defense (DOD) defines mTBI as “an injury to the brain 

resulting from an external force and/or acceleration/deceleration mechanism from an event such 

as a blast, fall, direct impact, or motor vehicle accident which causes an alteration in mental 

status typically resulting in the temporally related onset of symptoms such as headache, nausea, 

vomiting, dizziness/balance problems, fatigue, insomnia/sleep disturbances, drowsiness, 

sensitivity to light/noise, blurred vision, difficulty remembering, and/or difficulty 

concentrating”.2 Along with common cognitive, vestibular, and visual symptoms, concussions 

are also associated with exertional and physiological changes in other organ systems including 

the autonomic nervous system (ANS). 3,4 

The Autonomic Nervous System is a vital contributor to vascular and cardiac regulation, 

functions without conscious voluntary control. The ANS  plays a role in regulating blood 

pressure, temperature, respiratory systems, gastrointestinal systems, and heart rate during rest 

and in response to stressors.5 The ANS includes the excitatory sympathetic (SNS) and inhibitory 

parasympathetic nervous systems (PNS).13  Parasympathetic activity is also known as cardiac 

vagal control and higher levels are associated with higher executive performance, better stress 

management and emotional regulation, better social functioning, and better overall 
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health.45,195,204 Cardiac vagal control (CVC) refers to the efficiency of the PNS or more 

specifically functioning of the vagus nerve and its contribution to cardiac functioning. 210,211 The 

Central Autonomic Network that includes the cerebral cortex, amygdala, hypothalamus, and 

brainstem centers regulates CVC.128,195 MTBI may cause disruptions to this brain-heart 

connection 14, which has been found in more severe TBI. 15,129,212 

Subtle impairments of the central autonomic network may induce cardiovascular 

autonomic changes after mTBI.136,137 Observations after concussion suggest the presence of 

reduced PNS activity, overactive SNS, and less efficient responses to autonomic challenges 

when compared to healthy controls.6,7 This lack of vagal efficiency may also last beyond 

symptom resolution. 9,10 Although the cause of concussive symptoms is likely multifactorial, one 

possible contributor to impairments is CVC dysfunction,3,4 which has been proposed to be a 

physiological summary indicator of self-regulation including executive function, and emotion 

and stress management. 195 This Vagal Tank Theory postulates that different levels and change 

patterns (i.e., direction and magnitude) of CVC can demonstrate adaptive or maladaptive self-

regulation according to the situation.195 With a physical stressor like exercise, a healthy 

individual would have rapid CVC reactivity or parasympathetic withdrawal at the initiation of 

exercise. With higher levels of activity a larger withdrawal is associated with better self-

regulation performance.155,210 The intensity and duration of exercise affects the response of CVC 

with an increase in time or intensity leading to increases SNS control of heart rate with the 

resetting of baroreflexes to a higher level and increased input from muscle mechanoreceptors and 

thermoregulation feedback loops.199 At the end of exercise, the CVC change from task to resting 

can be described cardiac vagal recovery. During the first minute of heart rate recovery, the rapid 

HR decline is due to increased vagal control and is not affected by exercise intensity or 
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sympathetic blockade200 and in athletics longer recovery (i.e. two minutes) is often a training 

target 213. The faster one’s ability to return to baseline levels or higher after exercise, the higher 

the CVC and the better suited an individual is to face and recover from a new demand.195  

CVC and regulatory ANS function can be assessed by the analysis of heart rate 

variability (HRV), which is the variation in time between successive heartbeats.11,12 The 

variability of these inter-beat intervals (IBIs) is considered a marker of ANS balance, as both 

branches work together to optimize heart output to situational demands,3,12 but the fast acting 

vagus nerve is the primary influencer. Heart Period (HP) represents the average IBI over a period 

of time and is a measure of “total HRV”. HP is sometimes considered the inverse of heartrate,201 

but is more precise while HR is an estimate that is normalized to time (i.e., 60 s).209 Frequency 

domain HRV analysis uses principal components analysis to determine the two primary rhythmic 

frequency elements while eliminating noise.153–155,209 The high frequency (HF) oscillation, also 

coined Respiratory Sinus Arrhythmia (RSA), is associated with respiratory oscillation.44 RSA 

has been validated as a representative measure of parasympathetic input.45 The slower frequency 

rhythm (low frequency LF) is theorized to capture baroreceptor and peripheral vasomotor 

activity that regulates blood pressure but includes input from both the PNS and SNS.156,157   

Previous studies have found abnormalities in HRV in concussed individuals under 

different conditions (e.g. rest, isometric handgrip exercise, aerobic exercise),9,43,137 but HRV 

responses after mTBI have been variable, especially at rest,8 suggesting it may be necessary to 

Table 1: Heart Rate Variability Components Description 

HRV component  Characteristics Translation to ANS 

Heart Period (HP)  average IBI over a period of 

time 

Flexibility/balance of ANS                              

Measure of total HRV 

Respiratory Sinus Arrhythmia  

(RSA) or High Frequency (HF)  

high-frequency band (0.15–

0.4 Hz) 

Parasympathetic input,                                 

Measure of cardiac vagal control  

Low Frequency (LF)  low-frequency 

band (0.04–0.15 Hz) 

PNS, SNS, baroreceptor & peripheral 

vasomotor activity that regulates blood pressure 
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induce physical stress to observe subtle ANS and cardiovascular dysfunction.20 Evidence 

supports that cardiac autonomic function (HRV) is altered during physical activity after a 

concussion.21 The majority of HRV studies after mTBI have analyzed HRV at specific 

timepoints (tonic measures) under different conditions, yet equally important is the rate of 

change of HRV components (phasic measures) which may determine how well individuals adapt 

to a situation.195  Based on the “reactivity hypothesis”, cardiovascular response to a stressor has 

been useful in predicting certain disease states and monitoring athletic performance.197 The use 

of exertional testing to identify possible CVC dysfunction is a reasonable approach in clinical 

practice21 and is commonly used in sports concussion. The current Defense and Veterans Brain 

Injury Center guidelines recommend the use of an exertional task prior to return to duty after 

concussion,214 however there are no validated measures of exertion for this purpose in the 

military population. 

As a simple, noninvasive measure of ANS balance, HRV could serve as a marker of 

recovery and may be a valuable biomarker in clinical care. Currently patient symptom report is 

the primary way clinicians gauge recovery, but self-report of symptoms is known to be 

somewhat unreliable due to under- or over-reporting. In the military population reporting is 

further influenced by operational needs, command pressure, or other aspects of warrior culture 

and demands.47 The purpose of this study was to investigate proposed CVC dysfunction in 

servicemembers with mTBI 21 during resting, reactivity, and recovery; which all represent 

different levels of adaptability. 195 Our quasi-experimental, known-group, single site study 

utilized two previously developed, clinically feasible exertional tasks to elicit ANS responses 

that have been tested in a healthy military population and include HRV measures (Prim, 

unpublished). Both tasks evoked a physiological (>60% age predicted HR max) and self-reported 
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(RPE >12 on Borg Scale) exertional response in healthy SMs. Respiratory Sinus Arrhythmia 

(RSA), a validated measure of parasympathetic tone,44 was our primary candidate for 

investigating CVC impairment after concussion during resting, reactivity, and recovery. We 

hypothesized that the exertional conditions of both tasks would provoke symptoms and CVC 

deficits within the concussed population (compared to healthy individuals) that would last into 

recovery period.  

METHODS 

Participants  

Participants in this study were active duty service-members (men or women) from Fort 

Bragg, North Carolina.  There were two groups (1) SMs who had sustained an acute mTBI and 

(2) Healthy Controls (HC). MTBI participants were ADSM that satisfied the following criteria: 

(1) diagnosed with acute mTBI within the last week, (2) 18-45 years of age, (3) first mTBI in last 

12 months, (4) no clinical evidence indicating greater than mild TBI, (5) minimal symptoms at 

rest reported prior to scheduling testing (<2 on a global symptom scale).  HC participants were 

ADSM that satisfied the following criteria: (1) eligible for deployment, (2) any prior concussions 

greater than one year post-injury with no ongoing symptoms.  

Identification and recruitment of mTBI participants occurred in collaboration with 

primary care providers at the Department of Brain Injury Medicine at the Intrepid Spirit Center 

or at Robinson Health Clinic.  Providers identified individuals who had sustained an acute 

concussion and a researcher provider information about the study. Consent, screening, and 

enrollment could occur at an initial appointment; however, testing was not scheduled until the 

individual reported absent or mild daily symptoms at rest. Symptoms were tracked daily using a 

global symptom scale (Appendix 1) that included headache, dizziness, nausea, light/sound 
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sensitivity, and fogginess and once symptoms subsided a testing session was schedule based on 

SM availability. This test was scheduled only if within two weeks of the initial injury. HC 

participants were recruited from SMs who had expressed interest in participating in the study 

after hearing inclusion criteria and filled out contact cards at briefings arranged by the DVBIC 

Regional Education Coordinator. All testing procedures were approved by Womack Army 

Medical Center (WAMC) and The US Army Regional Health Command- Atlantic (RHC-A) 

IRB, #2019-001. 

Testing Protocol  

The study protocol included one testing session of 45-60 minutes. All testing took place 

at the Intrepid Spirit Center at Fort Bragg. After providing written informed consent, participants 

would complete a demographic intake form, the Neurobehavioral Symptom Inventory (NSI), a 

widely used self-report mTBI assessment 185,186 and the Defense and Veterans Pain Rating Scale 

(DVPRS) to assess pain. Consent and survey completion were all done while seated (15-20 

minutes) to allow for HR to stabilize helping control for previous activities earlier in the day. 

Throughout the whole session, participants wore a Polar H10 HR monitor (Polar Electro Oy, 

Kempele, Finland) around their chest that recorded heart rate (HR) and inter-beat intervals (IBIs) 

continuously. The testing protocol included a baseline rest period, a stepping and push-up task 

with rest periods between each exertional task. Rest was always done in sitting. Starting with a 5 

minute baseline rest, one exertional task was completed, followed by a 5 minute rest, then the 

other exertional task, followed by another 5 minute rest. The order of the exertional tasks was 

counterbalanced. 
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Exertional Tasks  

The stepping and push-up tasks were designed to challenge SM performance 

physiologically after acute mTBI safely. Implemented safety standards similar to those used in 

the validated Buffalo Concussion Treadmill Task were applied.120  During exertional tasks heart-

rate was monitored in real time via Bluetooth. In addition, rate of perceived exertion- RPE (Borg 

Scale, 6-20 with 12-16 representing moderate exertion) and symptoms on a 0-10 Likert scale 

were assessed each minute. Rate of perceived exertion (RPE), a subjective measure of workload, 

allowed us to investigate its relation to actual HR during exercise.167  The symptom scale 

included headache (H), dizziness (D), Light/sound Sensitivity (S), Nausea (N), and Fogginess 

(F). The examiner stopped testing if exercise HR was greater than 85% of predicted HR max, the 

RPE on the Borg scale was >16, the participant reported an increase >2 on the symptom scale, or 

the examiner perceived that testing was unsafe. The participant was also instructed that they 

could discontinue testing at any time if needed. If a participant was unable to complete the first 

task due to concussive symptom exacerbation that did not improve in the 5 minutes of rest 

between tasks, the second task was not completed. 

The step task was a maximum of 6 minutes with 3 2-minute phases that gradually 

increased exertion requirements.  The participant stepped up and down a 12-inch step with the 

pace of a metronome, with their preferred leg up first, the other leg, then preferred leg down 

followed by the other leg. Participants were instructed they could change the leading leg as 

desired. With each beat of the metronome one leg movement was expected. The pace began at 80 

beats per minute (bpm) equating to 20 steps with each foot and increased to 100bpm for minutes 

3 and 4, and to 120 bpm for minutes 5 and 6. The test was discontinued in accordance with 
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established stopping rules or if the participant was not stepping consistently with the metronome. 

Successful completion of this task was measured by being able to complete the full six minutes.  

The push-up task was a maximum of 2-minutes in length. Participants were instructed to 

complete push-ups for up to 2 minutes at their own pace and the number of push-ups were 

counted by a researcher. This is especially relevant for military populations since it is part of the 

Army Physical Fitness Test (APFT) and push-ups remain a component for the new Army 

Combat Fitness Test (ACFT) 215. The test was discontinued based on stopping rules or if the 

participant relaxed from the plank position to rest at any point.  Successful completion of this 

task was measured by completion of a score of 60 on the APFT push-up age-adjusted scoring, 

the minimum for passing Advanced Individual Training (AIT) 216.  

Data Processing and HRV Analysis  

Data collected from the Polar H10 were reduced from the heart rate electrical signal to an 

IBI value by the devices. Bluetooth transmission allowed for direct transfer of the Polar H10 data 

to the laptop with time logs. Prior to analysis, each sequence of IBIs was first synchronized 

automatically, then manually inspected to ensure proper alignment of the IBI series with the 

timelog. The unedited IBI file was visually inspected and edited offline with CardioEdit software 

(developed in the Porges laboratory and implemented by researchers trained in the Porges 

laboratory).  Editing consisted of integer arithmetic (i.e., dividing intervals between heart beats 

when detections of R-wave from the ECG were missed or adding intervals when spuriously 

invalid detections occurred). The remaining normal RR intervals were used in analysis when 

abnormal beats, like ectopic beats (heartbeats that originate outside the right atrium’s sinoatrial 

node) were removed.12 All editing was completed by two researchers (JP, MD) independently 

and analyzed separately to ensure reliability.  
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HRV frequency components were calculated with CardioBatch software (Brain-Body 

Center, University of Illinois at Chicago), which implements the Porges-Bohrer metric 154. This 

metric is neither moderated by respiration, nor influenced by nonstationarity, and reliably 

generates stronger effect sizes than other commonly used metrics of RSA (steps are described in 

depth by Porges et al. 192 and validated in Lewis et al).154 To derive RSA, a third-order, 21 point 

moving polynomial filter (MPF) was applied to the 2 Hz IBI time series to remove low aperiodic 

baselines and slow oscillations. The residual detrended output of the MPF was bandpass filtered 

and the heart period variance in the frequency band associated with spontaneous breathing 

including an increase of breathing associated with exercise was quantified (0.12 to 1.0 Hz). This 

output was divided into sequential 20-second epochs and the variance within each epoch was 

transformed by a natural logarithm (ln(ms2)), the mean of these epoch values was used as the 

estimate of RSA for the specific segment.  

Data Analysis 

Quantitative: Means, standard deviations, medians, interquartile ranges, and 95% 

confidence intervals were calculated for all demographic and questionnaire data where 

appropriate. Alpha was set a priori at a < 0.05 for all statistical analyses. Only participants with 

complete data were analyzed for each specific aim. Normality was assessed for all dependent 

variables using the Shapiro-Wilk test.  

The variables of primary interest were the HRV measures including RSA, and HP during 

each of the timepoints of testing protocol and the slope of both measures during beginning of 

exertion (1 minute) and of recovery (1 and 2-minute). The slope was used to calculate the rate of 

cardiac vagal and heart period reactivity and recovery. Independent t-tests were used to measure 

differences between groups at the following timepoints: baseline, exertional (push-up and step 
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task), and recovery (rest 1 and rest 2) and differences in slope.  In addition, we completed 

exploratory analysis on differences between groups on task success and symptoms during tasks.  

Following best practices, all statistical estimates included 95% confidence intervals (C.I.s). 

Qualitative:  All mTBI cases are described as a case series with observational 

descriptions on task performance and clinical presentation. 

RESULTS 

Quantitative: Participants  

A total of 29 participants completed the testing protocol including 4 SMs with acute 

concussion and 25 healthy controls. Six of the HC participants reported a concussion history and 

one was excluded from healthy control analysis due to exhibiting mTBI symptoms during the 

exertion tasks. Full demographics are presented in Table 1.   

Table 2. Demographic Characteristics of Servicemembers that Performed Testing Protocol 

Characteristic Healthy Controls 

N=25 

mTBI 

N=4 

p-value 

Age in years 25.7 (5.9) 31.5 (8.7) 0.101 

Sex (Male) 25 (100%) 4 (100%) 1.002 

Race/Ethnicity 

Caucasian 

African American 

Hispanic 

Asian/Pacific Islander 

Other 

 

14 (56%) 

5 (20%) 

3 (12.0%) 

2 (8.0%) 

1 (2.0%) 

 

2 (50%) 

0 (0%) 

2 (50%) 

0 (0%) 

0 (0%) 

 

 

0.3812 

Education 

High School 

Associate’s Degree/ Some college 

Bachelor’s Degree 

Advanced  Degree 

 

9 (36%) 

11 (44%) 

1 (4%) 

4 (16%) 

 

1 (25%) 

2 (50%) 

1 (25%) 

0 (0%) 

 

0.0082 

Years in military 5.1 (5.5) 9.0 (5.4) 0.201 

Been Deployed (Y) 8 (32%) 3 (75%) 0.102 

Neurobehavioral Symptom Inventory 

(NS)) Total 

5.5 (8.6) 

 

24.3 (13.3) 

 

<0.0011 

 

Defense and Veterans Pain Rating Scale 

(DVPRS) Total Functional Score 

2.4 (4.1) 8.5 (7.0) 0.021 

0-10 Numeric Pain Rating Scale (#1 on 

DVPRS) 

0.56 (1.0) 1.5 (1.3) 0.111 

Table 1. NOTE. Values are n (%), mean(SD). 1t-Test, 2Chi-Square, * p-value=<.05 
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Heart Rate Variability  

Tonic Measures 

At baseline, there was a significant difference in mean RSA between our mTBI (M=5.62, 

SD=0.79) and HC (M=6.67, SD= 1.19) group; t(26) =2.311, p-value=0.02. There were no 

significant differences in HP between mTBI and HC groups at baseline (Table 2). Under 

exertional conditions, there were no significant differences on any of our HRV measures 

between groups. 

 

 

 

During the recovery periods, there was a significant difference in RSA between mTBI 

(M=3.78, SD= 1.39) and HC (M=5.03, SD=1.28) groups; t(54) =2.521, p-value=0.015. There 

were no differences on mean HP measures between groups during the recovery periods.  Figure 1 

shows the mean HRV measures for each group at each testing timepoint.  

Variable   Time point  Group  M(SD) Mean difference (95% CI)# 

Respiratory Sinus 

Arrhythmia (RSA) 

or High 

Frequency 

(HF) HRV 

Baseline HC  6.64 (0.79) 1.03 (.078-1.97)* 

mTBI  5.61 (1.19) 

Exertional Tasks HC  2.95 (1.27) 0.49(-.51-1.50) 

mTBI  2.45 (0.86) 

Rest Periods  HC  4.89(1.29) 1.11(0.10-2.11)* 

mTBI  3.79(1.39) 

Heart Period 

(HP)  

  

Baseline HC  861.09 (93.5) 50.2(-58.13-158.53) 

mTBI  810.88 (93.64) 

Exertional Tasks HC  500.69 (53.22) -14.58(-69.04-39.89) 

mTBI  552.01 (51.28) 

Rest Periods  HC  612.79(75.55) 31.31(-28.28-90.90) 

mTBI  581.49(89.14) * 

Table 3: Group Differences in Tonic Heart Rate Variability Measures at Different Timepoints   
#=Independent T-tests, * p-value=<0.05 
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Reactivity 

There were no significant differences on the rate of cardiac vagal reactivity to exertional 

task measured by the slope of RSA nor rate of heart period reactivity measured by slope of HP 

during first minute of exertion between groups (Table 3). When looking at only second task 

reactivity (slope of RSA first minute during exertion), the mTBI group (M=-0.017, SD=0.049) 

and HC group (M=-0.058, SD=0.036) exhibited trend-level differences (t(25)=-1.98, p-

value=0.058). Two HC did not complete push-up task for a duration long enough to calculate 

slope (1:00 allowed for 3 epochs). 

Recovery  

There were significant differences on rate of heart period recovery after exertional task 

measured by the slope of HP during first minute after exertional task between groups (HP 

t(52)=3.41, p-value=0.001;  RSA t(52)=1.95, p-value=0.056) with HC SMs having a steeper HP  

 

 

  

Figure 1: Mean HRV Measures at Testing Timepoints for mTBI and Healthy Controls. A) 

Respiratory Sinus Arrhythmia (RSA), B) Heart Period (HP). 1-BL: Baseline, 2-E1: first 

exertional task, 3-R1: first rest period, 4-E2: second exertional task, 5-R2: second rest period ) ) 

B) A) 
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slope indicating faster recovery than mTBI SMs (Table 3). This difference was found in cardiac 

vagal recovery (slope of RSA) when examining a longer recovery duration of two minutes and 

still present in rate of HP recovery.  (RSA t(52)=2.18, p-value=0.03; HP t(52)=3.32, p-

value=0.002). 

 

 

 

 

 

 

 

 

 

Exertional Symptoms 

Fisher’s exact test was used to compare task success and symptom exacerbation between 

groups.  For task success (step task completion, 60 on push-up AFPT score), the Fisher’s Exact 

test was significant (p=<0.001) between mTBI and HC with an odds ratio of 18.43 (3.08- 

110.23). For symptom exacerbation. Fisher’s Exact test was significant (p=<.001) and all mTBI 

participants reported onset or worsening of symptoms during exertional tasks, despite reporting a 

level of symptoms that suggested ability to return to activity. In addition, there was no difference 

in maximum RPE between mTBI (M=13.76, SD=2.4) and HC (M=14.1, SD=2.5) groups, t(54) 

=-0.39, p-value=0.69. 

Case Description 

A total of 4 mTBI participants completed testing protocol. Since the number of subjects 

was limited, we have included observational descriptions of each case. The order of exertional 

Variable   Time point  Group  M(SD) Mean dif(95% CI) 

Respiratory 

Sinus 

Arrhythmia  

(RSA) or High 

Frequency 

(HF)  

Rate of Reactivity 

(slope of 1 min) 

HC  -0.054(0.04) -.024 (-0.06—0.01) 

mTBI  -0.030(0.05) 

Rate of Recovery 

(slope of 1 min)  

HC  0.037(0.04) 0.031(-0.001-0.062) 

mTBI  0.006(0.03) 

Rate of Recovery 

(slope of 2 min) 

HC  0.027(0.02) 0.016(0.002-0.03)* 

mTBI  0.011(0.02) 

Heart Period 

(HP)  

  

Rate of Reactivity 

(slope of 1 min) 

HC  -3.336(1.53) -.592(-1.82-0.619) 

mTBI  -2.744(1.28) 

Rate of Recovery 

(slope of 1 min)  

HC  2.18(1.15) 2.10(0.86-3.32)* 

mTBI  0.084(3.25) 

Rate of Recovery 

(slope of 2 min) 

HC  1.98(0.78) 1.79(0.71-2.87)* 

mTBI  0.73(3.3) 

Table 4: Group Differences in Phasic Heart Rate Variability Measures during Reactivity and Recovery  
#=Independent T-tests, * p-value=<0.05 
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tasks was age and gender matched to a HC. In addition, a healthy control who had concussion 

related exertional issues is also presented as a case. All 5 participants sustained their mTBI while 

completing training duties of airborne operations. Descriptions of the cases are presented in 

Table 4.  

In addition to the observational measures the tests provided, one SM reported his surprise 

on how “symptomatic” he still was and inquired if we could share this information with his 

command. The second case had previously reported being asymptomatic for three consecutive 

days prior to testing, but endorsed a headache upon arrival to testing session since he had just 

stopped taking his headache medication. The third case reported a “pounding” headache after 

stopping during the push-up task, but when asked to re-score symptom on the symptom scale he 

score it at 2/10 because it was tolerable.   

Overall the healthy SM population was able to successfully complete both tasks 

consistent with our criteria (88% push-ups, 84% step). Three SMs did not complete enough 

push-ups to get an age-adjusted score of 60 on the AFPT, but continued performing push-ups for 

the entire 2 minutes. Four SMs did not complete the Step task, one was stopped during testing 

because of a reported RPE of 17 at 5:00, 2 had a HR greater than 85% of the age-predicted HR 

max (at 4:00 and 5:00) and one was unable to keep up with the step cadence (age 41, with 

significant knee pain). At the end of the rest periods 76% of the HC reported a RPE of 6 and the 

remaining SMs reported either 7 or 8. In addition, the push-up task caused symptoms in three 

SMs (N,H,F- all scores of 1), while the stepping task provoked symptoms in two (H, D-scores of 

1-2). 
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DISCUSSION 

Implementing HRV measurement during exercise for the military population is important 

because of the physical demands and high stress of military culture and evidence that cardiac 

autonomic function (HRV) is altered during physical activity after a concussion.21 The stepping 

and push-up exertional tasks were designed to challenge SM performance to reveal impairments 

after acute mTBI safely while being clinically feasible. Preliminary findings revealed that RSA 

impairments are seen in our small concussed population and are more pronounced in the 

recovery periods after exertion, but not during the exertional tasks. While we hypothesized that a 

physical stressor may be needed to see CVC impairments in the response that is present after 

mTBI, we also found differences in baseline conditions. Previous studies using tonic HRV 

measurements have found that RSA is lower under exertional conditions and at resting,43,161 but 

tonic measurements alone may not be sufficient to determine the adaptation of a system when 

demand is placed upon it.11 Our implementation of phasic measures allows for a more in-depth 

picture including reactivity and recovery.  

The tonic differences in RSA at baseline may represent that mTBI SMs have less self-

regulatory resources that can be used in order to foster adaptability.195 While we did not find 

differences between mTBI and HC during exertion or in the rate of reactivity (slope during first 

minute of exertion) for RSA or HP components, there was a trend-level difference in the rate of 

reactivity for RSA in the second exertion task where mTBI SMs did not react as quickly. This is 

likely influenced by the differences in CVC recovery.  

Recovery after exercise plays a crucial role in the adaptability necessary to face an event 

and then return to resting levels.196 The lower tonic RSA found during recovery likely represent 

impairments to parasympathetic re-activation in CVC after exertion. In healthy individuals 



 
 
 

101 

during heart rate recovery, the parasympathetic (vagal) activation begins to dominate the ANS 

over sympathetic activity as the cardiac autonomic network removes “central command”, which 

is especially critical to drive rapid decrease in HR.42,197,198 During passive recovery, 

parasympathetic reactivation is aided by feedback from muscle mechanoreceptors being stopped 

and resetting baroreflexes to a lower level.197,199 If mTBI causes CVC impairments, we would 

expect that PNS reactivation would take longer for SMs with mTBI, which is reflected in the 

lower RSA during the recovery periods in our findings.  

In addition, we found differences in the rate of recovery of vagal control (RSA slope 

during recovery) at 2 minutes after the start of the recovery period. The slope of HP was also 

significantly different at 1 and 2 minutes during recovery, demonstrating that SMs with mTBI 

took longer to recover. Previous studies have used one minute of heart rate recovery to measure 

immediate effects cardiac parasympathetic outflow 200,201 and 2-3 minutes as a longer measure.201  

This response soon after exercise is described as vagal recovery or “vagal rebound” and reflects 

the ability of an individual after facing a “stressor” to self-regulate and be prepared to face 

another stressor, 195 a vital component for ADSM with the high demands of the military.  

Previous studies have found differences in RSA under exertional conditions after 

concussion43,161 with mTBI having lower RSA, but tasks have been short in duration and may not 

provoke a sufficiently large a physiological exertion response to trigger PNS withdrawal  and 

SNS activation as the cardiac autonomic network resets baroreflexes to a lower level.199 We did 

not find any difference in HP or RPE during our exertional tasks, contrary to previous findings 

that found mTBI participants have a slower increase in HR during aerobic exercise and have 

lower HR at corresponding RPE conditions.42  Our small sample of mTBI participants, the short 

duration of the tasks, and conservative safety standards that limited the RPE and HR likely 
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contributed to these null findings. In addition, our mTBI population consists of physically trained 

active duty servicemembers, not the average patient seen at a civilian clinic.  

We extensively described the performance of specific mTBI cases on 2 exertional tasks 

and recovery after exertion. Participants with mTBI were more likely to have symptom 

exacerbation and with one exception were not able to successfully complete tasks compared to 

healthy controls as expected. While we thought the push-up task may be more symptom 

provoking due to the position changes required, both tasks provoked symptoms in all of our 

mTBI cases. Only two out of eight tasks completed by mTBI participants were successfully 

finished. The exertional tasks elicited symptoms that were absent at rest even in a SM with more 

chronic symptoms. Monitoring symptoms (headache, vertigo, photophobia, balance, dizziness, 

nausea, visual changes, etc.) and HRV before, during, and after an exertional task is a way 

clinicians can assess physiological recovery and prescribe activity.167 CVC recovery has been 

positively correlated to performance outcomes (cognitive, prone rifle shooting) indicating a clear 

relevance for the military,195,202 but future research is needed in how this can be implemented 

feasibly in the clinic.  

As with any scientific study, the work presented here has limitations. First, all statistical 

results should be interpreted cautiously given the small sample size and wide age range that may 

influence the physiological response.217 In the future, we plan to age match mTBI and HC 

individuals to address this limitation. We condensed the stepping and pushup task and rest 1 and 

rest 2 into two timepoints (exertion and rest respectively) to increase our power due to small 

numbers in the mTBI group. Second, this study was not designed to follow individuals 

longitudinally; therefore, we cannot draw conclusions about how task performance may predict 

recovery over time. In line with the HRV Task Force guidelines,147 we minimized HRV 
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limitations by implementing an editing standard of no more than 5% of total IBIs to avoid over-

editing that reduces natural variability. With multiple approaches to HRV analysis in the 

literature, the frequency domain eliminates random non-rhythmic noise 209 The Porges-Bohrer 

method for analysis of RSA conforms to the assumptions for parametric analyses and is not 

moderated by respiration, so the change in breathing rate alone during exertion or recovery is not 

responsible for RSA changes seen.154   

Physiological measures may be used alongside symptom report and clinician opinion in 

return to activity decisions. As a simple, noninvasive measure of ANS balance, HRV could act as 

an objective marker of recovery and may be a valuable addition in clinical care. Furthermore, 

standardized exertional assessments that are ecologically valid for military populations can be 

utilized by primary care managers to guide return to activity or return to duty decisions. 

Performance on such an exertional task can also help clinicians prescribe appropriate levels of 

activities, guide progressive return to activity, and may have utility as a predictor of duration of 

symptoms.  
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APPENDIX I: SELF-REPORT SCALES DURING TESTING 

Symptom Scale 

 

 

 

 

 

 

 

 

 

 

 

 

 

Borg RPE 

 

\ 
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APPENDIX II: PRELIMINARY FEASIBILITY RESULTS 

Preliminary feasibility results for this study included the testing of active graduate 

students with military background during task development. These healthy volunteers provided 

practical and clinical input on task decisions such as step height, speed, and instruction. All five 

participants reached an exertional HR and RPE level in the final step and push-up protocols. 
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APPENDIX III: HEARTS INTAKE FORMS 

 

HEARTS Checklist 

Date & Time of Consent:  @  (Use 24-hour Time Clock format) 

Consented By (Staff Initials):     

If no for any of the below procedures, please explain in comments below. 

 

Inclusion & Exclusion Criteria Discussed & Eligibility Confirmed:         Yes        No  

Signed copy of consent given to participant:     Yes         No  

Initial Intake Form: Yes       No  

NSI:        Yes         No  

 

DVPRS: Yes         No 

 

 

 

Comments: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RedCap Data entry complete: Date:    Initials:  
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HEARTS Intake Form 

Age:     

 

Please answer the following questions that provide information about you & your health history. 

 

General Information 

 

1. Sex:   Male Female 

 

2. Which of the following best describes your ethnic background? 

Asian/Pacific Islander 

Black/African 

American Hispanic / 

Latino Native 

American White/ 

Caucasian 

Bi-racial 

Other: Please Describe: 
 

3. What is the highest level of education that you have completed?  

High school graduate or GED 

Trade school (Vocational, Technical, or Business School) 
Some college or Associate's degree (including Community College) 

Bachelor's degree 

Graduate or professional degree 

Other: Please Specify: 

 

 

Military History 

 

4. What is your branch of military service? 

Air Force  

Army  

Marines  

Navy 

Coast Guard 

 

5. How long have you been in military service? 

 

   | | Years      | | Months 

 

6. What is your current military pay-grade? 
E-1 to E-5  

E-6 to E-9 

WO-1 to WO-5  

O-1 to O-3 

O-4 to O-10 
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7. What is your primary MOS?] 

 

8. Do you currently have any physical training or duty restrictions?     NO  YES 

IF NO, go on to question 10. If YES go to question 9 

 

9. Check any that apply: 

 

Currently on light or limited duty because of     

Have a profile with the following restrictions    

 

Performing physical training on my own, not with my unit 

Currently serving in a modified role from original MOS 

 

10. Do you feel physically prepared to begin a combat tour 72 hours from now?  

  NO 

  YES 

 

11. Have you ever been deployed? 

 NO (If no skip to question 12)  

 YES 

 

11a. Total number of deployments:    

 

 

Medical History   

  

12. Total number of medically diagnosed concussions or TBIs in your lifetime? ___________ 

 

13. Total number of medically diagnosed concussions or TBIs in the past year? ___________ 

 

14. What was the date of your most recent concussion/mTBI? 

 

Month _______ Year__________ 

 

15. Did that injury happen while performing military duties?  

   NO       YES 

 

16. What caused the injury?  

  Airborne Operations 

  Motor Vehicle Accident 

  Assault/ Fight 

  Fall (not sports related) 

  Sports/ Recreation Activity 

  Blast/ Explosion 

  Other: ________________________________ 
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17. 17. Have you ever seen a health care provider for any of the following behavioral health issues? 

 

17a.  Combat Stress 

17b.  Post-traumatic stress 
 NO 

 NO 

 YES 

 YES 
17c. Anxiety  NO  YES 
17d. Depression  NO  YES 

 

 

18. Over the last 2 weeks, how often have you been bothered by the following problems? 

 

 Not at all Several days 

 

More than half 

the days 

Nearly every day 

Little interest or pleasure in 

doing things 
    

Feeling down, depressed or 

hopeless 
    

 

 

19. Over the past week, how many hours of sleep have you averaged per day/night? ______ 

 

 

20. Have you used sleep aids in the past 24 hours? 

  NO 

  YES 

 

21. How many caffeinated beverages / supplements have you had in the past 24 hours? _______ 
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Neurobehavioral Symptom Inventory (NSI) 

 

 

 

Symptom Report  

Please rate the following symptoms with regard to how much they have disturbed you IN THE PAST 

TWO WEEKS. 
 

The purpose of this inventory is to track symptoms over time. Please do not attempt to score.  

 

0 = None – Rarely if ever present; not a problem at all  

 

1 = Mild – Occasionally present, but it does not disrupt my activities; I can usually continue what I’m 

doing; doesn’t really concern me.  

 

2 = Moderate – Often present, occasionally disrupts my activities; I can usually continue what I’m 

doing with some effort; I feel somewhat concerned.  

 

3 = Severe – Frequently present and disrupts activities; I can only do things that are fairly simple or take 

little effort; I feel I need help.  

 

4 = Very Severe – Almost always present and I have been unable to perform at work, school or home 

due to this problem; I probably cannot function without help.  
 

Symptom  0    1    2    3    4 
a. Feeling dizzy                  
b. Loss of balance                  

c. Poor coordination, clumsy                  
d. Headaches                  

e. Nausea                  
f.  Vision problems, blurring, trouble seeing                  
g. Sensitivity to light                  

h. Hearing difficulty                  
i.  Sensitivity to noise                  

j.  Numbness or tingling on parts of my body                  
k. Change in taste and/or smell                  
l.  Loss of appetite or increased appetite                  
m. Poor concentration, can’t pay attention, easily distracted                  
n. Forgetfulness, can’t remember things                  

o. Difficulty making decisions                  
p. Slowed thinking, difficulty getting organized, can’t finish things                  

q. Fatigue, loss of energy, getting tired easily                  
r.  Difficulty falling or staying asleep                  

s. Feeling anxious or tense                  
t.  Feeling depressed or sad                  
u. Irritability, easily annoyed                  

v. Poor frustration tolerance, feeling easily overwhelmed by things                  
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1. Which number above best describes you pain during the past 24 hours?  

 
DOD/VA PAIN SUPPLEMENTAL QUESTIONS 
 

For clinicians to evaluate the biopsychosocial impact of pain 
 

1. Circle the one number that describes how, during the past 24 hours, pain has interfered with your usual ACTIVITY: 
 

0              1           2           3           4           5           6           7           8           9          10 
 

 
Does not interfere                                                                                                                                                           Completely interferes 

 

2. Circle the one number that describes how, during the past 24 hours, pain has interfered with your SLEEP: 

 

0              1           2           3           4           5           6           7           8           9          10 

 

Does not interfere                                                                                                                                                           Completely interferes 

 

3. Circle the one number that describes how, during the past 24 hours, pain has affected your MOOD: 

 

0              1           2           3           4           5           6           7           8           9          10 
 

 
Does not affect                                                                                                                                                                   Completely affects 

 

4. Circle the one number that describes how, during the past 24 hours, pain has contributed to your STRESS: 

 

0              1           2           3           4           5           6           7           8           9          10 
 

 
Does not contribute                                                                                                                                                   Contributes a great deal 
 

*Reference for pain interference:  Cleeland CS, Ryan KM. Pain assessment: global use of the Brief Pain Inventory. Ann Acad Med Singapore 23(2): 129-138, 1994.                         v 2. 
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APPENDIX IV: HEARTS SCORING FORMS 

Study ID:    Rater:     Date: 

Sequence:  A B     Age: 

HEARTS: Step Scoring 
 

Time RPE  Symp. Type Symp. Score HR (approx.) 

Prior to start     

 Start at 80 bpm  

1:00     

2:00     

 Change to 100 bpm 

3:00     

4:00     

 Change to 120 bpm  

5:00     

6:00     

 

 

Did SM complete the task?   Yes  

 

 No (subject stopped) 

 Comments: 

 

 No (examiner stopped)   

  

o heart rate exceeding 85% of predicted max.   

o Can’t keep up with step cadence 

o RPE >16 

o symptom exacerbation: an increase of >2 points on the Likert scale from resting  

 

 
Time RPE  Symp. Type Symp. Score HR (approx.) 

Post 

Testing 
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Study ID:    Rater:     Date: 

Sequence:  A B     Age: 

HEARTS: Push-Up Scoring 

 
 

Time RPE   Symptom HR (approx.) 

Prior to start     

1:00     

2:00     

 

Total Push-Up:    
 

 

Did SM complete the task?   Yes  

 

 No (subject stopped) 

 Comments: 

 

 No (examiner stopped)   

  

o heart rate exceeding (moderate vs vigorous exertion 70/85% 

o RPE > 16 

o symptom exacerbation: an increase of more than 2 points on the Likert scale from 

resting  

 

        Symptom Resource 

HR max. Resource 
Age  60% of max 85% of max. 

20 130 170 

22 128.7 168.3 

25 126.75 165.75 

28 124.8 163.2 

30 123.5 161.5 

35 120.25 157.25 

40 117 153 

45 113.75 148.75 

Symptom Abbrev. 

Headache H 

Dizziness D 

Nausea N 

Light/Sound 

Sensitivity 

S 

Fogginess F 
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