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Abstract: Introduction: The prevalence and incidence of sport-related concussion have continued to
increase over the past decade, and researchers from various backgrounds strive for evidenced-based
clinical assessment and management. When diagnosing and managing a concussion, a battery
of tests from several domains (e.g., symptom reporting, neurocognitive, physiology) must be
used. In this study, we propose and develop an objective, evidence-based protocol to assess
the pathophysiology of the brain by using non-invasive methods. Methods: Contact sport
athletes (n = 300) will be assessed at the beginning of the season in a healthy state to establish
baseline values, and then prospectively followed if a mild traumatic brain injury (mTBI) occurs on
approximately days 1–2, 3–5, 7–10, 21, 30, and subsequently thereafter, depending on the severity
of injury. The protocol includes spontaneous measurements at rest, during head postural change,
controlled breathing maneuvers for cerebrovascular reactivity, a neurovascular coupling stimuli,
and a baroreflex/autoregulation maneuver. Physiological data collection will include cerebral blood
flow velocity, cerebral oxygenation, respiratory gases for end-tidal oxygen and carbon dioxide,
finger photoplethysmography for blood pressure, seismocardiography for cardiac mechanics, and
electrocardiography. Conclusion, Limitations, and Ethics: The protocol will provide an objective,
physiological evidence-based approach in an attempt to better diagnose concussion to aid in
return-to-play or -learn. Ethics approval has been granted by the University Research Ethics Board.
Keywords: concussion; physiological; heart rate variability; cerebral blood flow; oxygenation

1. Introduction
With sports being such a popular activity for health, social, and psychological reasons,
sport-related concussion and its potential long-term effects remain a major health problem [1].
Sport-related concussion and mild traumatic brain injury (mTBI) have been used synonymously
and previous research has documented physiological changes post-injury [2–5]. Concussion has
been defined as a “complex pathophysiological process affecting the brain, induced by traumatic
biomechanical forces . . . ” [6]. Concussion can occur as a result of the rapid acceleration, deceleration,
or rotational forces of the head, which cause the brain to elongate and deform, leading to the stretching
of individual neurons, glial cells, and small cerebral blood vessels. These affects can in turn distort
neuronal membrane permeability [7]. The exact pathophysiology of mTBI is not fully understood,
but it has been suggested that autonomic dysfunction [2,5] and changes in total blood volume and
cerebral blood flow do occur [3,8]. Although mTBI is generally associated with autonomic-like
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symptoms [9], no single objective diagnostic test can determine concussion severity. Additionally,
there is no strong evidence for a single specific protocol to be followed to optimize return-to-learn or
return-to-play outcomes [9]. Hence, because there is no single objective test or protocol, symptom-based
questionnaires and neuropsychological tests have been relied on historically [10]. However, these
tests have not been designed as a tool to diagnose or to return players to school or sport safely [11].
Moreover, using different diagnostic tools and/or integrating new ones may not improve the sensitivity
or specificity for clinical diagnosis or management. This notion is in line with the most recent consensus
statement [12], which indicates that there is no minimum or maximum number of tests used in
diagnosis, so long as several different measures are employed. Furthermore, most of the current
clinical tools measure performance, which is more removed from the direct observation of a healing
tissue. Ideally, reflexive physiologic measures (e.g., chemodetection and blood pressure measurements)
and/or processes should be used for diagnosis and recovery, but even this approach requires relatively
expensive equipment, standardized protocols, and documentation about what condition the body was
in during the measurement (e.g., the status of hydration, sleep, medications, etc.) [2].
Methods including imaging [13], symptom reporting [6], neuropsychological [6,11],
biomechanical [14], neurophysiological (electroencephalography) [15], blood biomarkers [16], postural
control, and gait analysis [17,18] have been used in an attempt characterize concussion, but few studies
have directly assessed the pathophysiological changes prospectively before and after brain injury.
Considering the physiological changes that have been shown to occur following mTBI [2,3,19],
it follows that measuring these changes can provide an indication as to how the injury is recovering
from insult. It seems as though physiological measures, including heart rate variability (HRV) [2,4,20],
blood pressure [2,5,16], cerebral metabolism [3,8,21], cerebral blood volume [3,8], cerebral blood flow
velocity [3,22], and blood biomarkers [23], all tend to change as a result of mTBI, and thus all these
parameters have to be analyzed, or at least a majority of them, to get the most information in order to
understand what changes have occurred. To the author’s knowledge, no study has found or reported a
single determining variable which can predict the status of severity of, or recovery from, sport-related
concussion. Thus, it follows that any possible impairment that has occurred should be followed
prospectively to ensure the best treatment.
Due to the increase in the number of concussions in the adolescent population [24], it is important
to keep track of these individuals and their progression, especially should they compete in athletics
at all levels of competitive contact sport. In trying to monitor a patient post-injury, it is noted that
symptoms can vary dramatically from day-to-day, and thus an objective measure(s) to show exactly
how the body is responding physiologically can help to remove some of the doubt and subjectivity.
mTBI symptoms are generally resolved within seven to 10 days, with persisting residual problems
clearing within the first months. However, in some cases, post-concussive syndrome can manifest
chronically and be detrimental to an individual’s quality of life [25–28]. It has been suggested
that treating these mTBIs can result in a decrease in the post-concussion syndrome severity [25],
and therefore, it makes it increasingly important and arguably critical to have a control data set of
physiological variables for comparison pre- and post-injury. Currently, there is limited normative data
for direct comparison, but some previous and emerging physiological research supports the use of
baseline assessment for managing mTBI [22,29].
Simple objective measures can be utilized to assess many of the mentioned physiological changes.
General cerebral metabolism can be monitored using non-invasive equipment, such as near-infrared
spectroscopy (NIRS) [21], to measure cerebral oxygenation, while beat-to-beat blood pressure can be
measured using photoplethysmography [2,5,30], cerebral blood flow velocity can be determined with
a transcranial Doppler [22,31], and heart rate can be measured with an electrocardiogram (ECG) to
record electrical and temporal cardiac dynamics. HRV analysis is best done using software programs
that can deconstruct and measure each component of the raw ECG waveform [32]. Furthermore, there
are several simple tasks that can evoke a response specific to a certain subsection of physiology, such
as “Where’s Waldo” [33], which can allow for neurovascular coupling measurements, head postural
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changes and breath holds, providing insight to cerebrovascular autoregulation [22,31], controlled
breathing protocols which can show HRV changes [34], and squat-stand holds which can provide a
baroreflex measure and autoregulatory control [2,35].
2. Objectives
The main objective of this protocol is to understand the integrative physiological responses
during rest and during experimental maneuvers used to induce a ‘stress’ response to assess changes
in cerebrovascular and cardiovascular physiology before and after concussion. The maneuvers in
our protocol are used to challenge the different physiological mechanisms, including static and
dynamic cerebral autoregulation (sCA; dCA), cerebrovascular reactivity to carbon dioxide (CVR),
and neurovascular coupling (NVC), all within the same protocol in a manageable timeframe for the
athlete. In our view, this physiological approach is missing from the current published guidelines. It is
hoped that this research will drive forward the pursuit of an objective measure to assess the state of
concussion to provide future treatment for return-to-play and return-to-learn guidelines for concussed
athletes in sport. Both clinical and scientific objectives are presented.
2.1. Clinical Objectives
The main clinical goal is to provide clinicians with information on the physiologic changes that
occur as a result of concussion using an objective evidence-based protocol. For example, changes in
blood pressure during the squat-stand maneuver can easily be monitored in a clinical setting, and
provide a reference for the clinician for subsequent follow-up assessment during recovery. As part of
this goal, it is hoped that there will be an increase in objective, reproducible physiologic techniques
and protocols, which will aid in diagnosing and then be used to make recommendations for potential
treatment regimes. It is expected that autonomic nervous system balance will have dysfunction [2],
meaning that a symptom-based approach may not always reveal enough information about the
athlete’s current state of function.
2.2. Scientific Objectives
The second objective of this protocol is to better understand the pathophysiology of concussion.
While a neurometabolic cascade model has been presented [3], changes that occur based on different
stressors and methods to measure these changes are still not clear. The following statements are to be
tested from this protocol:
(1)

(2)

It is hypothesized that changes at rest, in head orientation, at controlled respiration
rates, during neurovascular coupling stimuli, and at mild exercise (i.e., squat-stand) will
be different [2,33,34,36] when comparing the normally healthy baseline and injured state.
Correlations between changes in cardiovascular and cerebrovascular activity will show a
relationship that results in a decreased cerebral blood flow velocity (CBFV) and alterations
in HRV [2,4,22,37,38], allowing these measurements to guide return-to-play and return-to-learn,
and will assist in objectively confirming a concussion diagnosis;
Physiological responses are expected to increase in variability as the individual gradually begins
a general return-to-play or learn protocol, followed by light aerobic exercise training. Their
responses are hypothesized to return to levels similar to their initial baseline visit when they are
ready to return-to-play or -learn. However, we acknowledge that some research suggests that
there is a disconnect between the clinical impression and physiological outcomes, suggesting
that some athletes can be cleared to return-to-play and -learn, when in fact, they may still be
experiencing abnormal physiology [39]. Furthermore, neuropsychological testing has shown
normal cognitive function despite dysfunctional motor learning tasks after athletes have been
clinically cleared to return-to-play [40]. This illustrates that a multi-dimensional approach is
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required, including the physiological piece which has been missing and that we advocate in
this protocol.
3. Methods and Analysis
The testing protocol will include a methodology to examine cerebrovascular reactivity,
neurovascular coupling, and static and dynamic autoregulation. We will conduct both within- and
between-subject comparisons by using healthy control participants in which healthy, baseline data
will be pooled, and a longitudinal second mTBI group with data separated at approximately days 1–2,
days 3–5, days 7–10, day 21, day 30, and subsequent days, if needed, depending on the severity of the
injury. For clinical purposes, participants with baseline data will be compared within-subject to their
own data and those without baseline data will be compared to the grouped data.
3.1. Statistical Analysis
The same physiological data will be analyzed across both healthy and injured groups with
repeated measures. All the data collected will be measured utilizing non-invasive techniques and data
collection itself will also require minimal preparation beforehand (for further information on data to
be measured and equipment, see Measures and Physiological Assessment Equipment below). Data
analysis will include checking for normality by the Shapiro-Wilks test [41]. It is important to note the
limitations for this test should the data sample exceed 50, in which case kurtosis and skewness can
be measured to assess for normality (±1.96). For comparisons of parameters at day 1–2 vs. baseline,
a paired t-test will be used if normally distributed, or a Wilcoxon test if not. For any following visits
or comparing more than two sets of data, a one-way analysis of variance (ANOVA) will be used if
normally distributed and a Kruskal-Wallis test if not. The injured group will be analyzed against the
control group using an analysis of co-variance (ANCOVA) to adjust for any influence which may be
caused by the condition, such as the menstrual cycle in females.
3.2. Recruitment Strategies
Participants from the university athletics department will include all collision and contact sports,
including ice hockey, football, rugby, soccer, basketball, wrestling, and volleyball. Both men’s and
women’s teams will be included. Hospital recruitment will also take place to recruit individuals who
may have had an emergency room visit following an mTBI.
3.3. Overview of Protocol
Prior to testing, participants will be asked to refrain from alcohol for 24 h, exercise for 12 h, and
caffeinated drinks for 6 h. The participants will be encouraged to eat a small meal at least 2 h before
testing and asked to void their bladder within 30 min of arrival to the laboratory. Upon arrival for
baseline testing, participants will complete necessary paperwork (informed consent, medical history,
demographics, height, and body mass measurements).
Following baseline assessment, participants will be asked to return for follow-up testing should
they sustain a concussion. If suspected of having a concussion, the Certified Athletic Therapist will
document and refer for a mandatory consultation with the team physician. The medical team will
use the Sport Concussion Assessment Tool (SCAT5) to assist in the diagnosis [42]. Re-testing will
be repeated prospectively at approximately days 1–2, days 3–5, days 7–10, day 21, and day 30, and
thereafter if required (see Figure 1). This will include an assessment of symptoms using the SCAT5
upon each return visit.
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5. Measures and Physiological Assessment Equipment
All equipment used to assess cerebrovascular and cardiovascular physiology is non-invasive
and thus will not pose any health risks to the participants; the following equipment is used for the
Neary Protocol:
(1)

Transcranial Doppler (TCD)

TCD ultrasound using 2 MHz (or 1.6 MHz) probes will be used to monitor CBFV of the posterior
(PCA) and middle cerebral artery (MCA) [22,31,33]. Built-in TCD software calculates cerebrovascular
indices, including dCA, the pressure-reactivity index, the pulsatility index, and the non-invasive
intracranial pressure status on a beat-to-beat basis.
(2)

Functional near infrared spectroscopy (fNIRS)

Cerebral oxygenation will be monitored in the right and left pre-frontal cortex using a two-channel
NIRS system (OxyMon, Artinis Medical, Netherlands), with data collected at 250 Hz for a higher
temporal resolution [49]. This device allows for the measurements of cerebral oxygenation in relative
changes (µM) in oxyhemoglobin (HbO2 ), deoxyhemoglobin (HHb), total hemoglobin (tHb; HbO2 +
HHb), and hemoglobin difference (HbDiff; HbO2 -HHb). Tissue saturation index (%TSI; HbO2 /tHb) is
measured as an absolute change, and can thus be compared directly between individuals. tHb will
be divided by mean arterial pressure (MAP; MAP = 1/3(Systolic) + 2/3(Diastolic)) to give a total
hemoglobin reactivity index (THx) [8] measurement. Other multi-channel NIRS systems can also be
used to assess more regions of the brain (e.g., functional NIRS).
(3)

Finger photoplethysmography

Cardiovascular indices will be recorded by monitoring continuous blood pressure using finger
photoplethysmography [2]. The Finapres Nova comes complete with five-lead ECG to record ECG
indices and the heart rate. Software is included to examine autonomic nervous system indices
(HRV, baroreflex sensitivity) and hemodynamic variables (stroke volume, cardiac output, systolic
and diastolic volume index). HRV metrics will be analyzed to produce Poincare plot parameters and
further analyzed by producing Fast Fourier Transformation spectra, thus analyzing the frequency
domain results (low frequency, very low frequency, high frequency). It is important to note that
there are nuances and complexities when collecting and analyzing HRV data. For example, ECG
data is required as pulse and heart rate monitors are not able to determine if all beats are of a sinus
origin [2,20] and how ectopic beats are dealt with [32]. The reader is advised to review the literature
for a better understanding of HRV [43]. Simultaneous blood pressure recordings will be used to assess
the cerebrovascular resistance index (CVRi = MAP/CBFV) [35] and tissue cerebral saturation (TOxa =
%TSI/MAP) and THx. Other non-invasive blood pressure measurement systems can also be used for
recording purposes.
(4)

Gas Analysis

Breath-by-breath end-tidal carbon dioxide and oxygen will be monitored to assess CVR, as CVR
has been shown to be impaired following concussion [22,33]. Partial pressures of oxygen (PO2 ) and
carbon dioxide (PCO2 ), along with %O2 and %CO2 , will be measured for this assessment.
(5)

Seismocardiography (SCG)

Cardiac mechanical function will be monitored by using SCG. This will give cardiac cycle timing
and waveform amplitude changes [50,51] to determine the mechanical changes that occur to the
heart post-concussion.
All of the above equipment will be integrated with the PowerLab data acquisition system (AD
Instruments, Denver, CO) to simultaneously record raw data. This will allow the researchers to
examine the integrative physiological relationship(s) between dependent variables. The raw signal
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will be collected at 400 Hz and the data can be subsequently analysed off-line using LabChart software
provided with the PowerLab.
6. Potential Limitations
Limitations in the Neary Protocol have to do with the data collection tools themselves. All the
equipment is very sensitive to any type of movement, and exercise requiring large movements must
be managed accordingly to limit movement artifacts. When conducting the test, the athlete must
be reminded from time to time to follow the instructions precisely; for example, when doing the
squat-stand maneuver, the athlete is reminded to “keep the head up and looking straight forward”, as
tilting the head up and down will alter the blood pressure. The equipment requires enough space on
the head to accommodate the fNIRS and TCD. When using the fNIRS, placement of the probe must be
consistent each time (1cm above eyebrow) to ensure an accurate and reliable signal during subsequent
testing. It is also acknowledged that subject retention can be an issue post-concussion, and thus it is
important that the researchers stress the importance for the injured athlete to return for re-testing.
It is important to note that this protocol can be changed or modified to accommodate the research
laboratory and equipment available. For example, EEG measurements can be included along with
NIRS as a number of robust measurement systems are available commercially that include both
biological signals. However, what is most important, and highly recommended, is that at least two
biological markers be monitored to gain a greater understanding of the physiological consequences of
the injury.
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