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Abstract 

Introduction: Sport-related concussions affect between 1.6 and 3.8 million people in the United 

States per year (Langlois et al., 2006). Approximately 5% to 10% of children and adolescents 

will experience a sport-related concussion in their lives (Conder & Conder, 2015). Concussions 

can lead to alterations in cerebral blood flow in the brain; it has been noted that CBF decreases 

immediately after a concussion (Maugans, Farley, Altaye, Leach, & Cecil, 2011). A decrease in 

CBF has been linked to cognitive dysfunction and a longer recovery time (Churchill, Hutchison, 

Graham, & Schweizer, 2017). Cerebral autoregulation is the ability to maintain a stable cerebral 

blood flow in the face of fluctuating cerebral perfusion pressure, which has been shown to be 

impaired in concussed individuals. This study hypothesizes that there will be an increase in 

cerebral blood flow velocity immediately after a head down tilt test. This increase will be 

brought back down to baseline in healthy controls due to an intact cerebral autoregulation. 

However, in concussed individuals there is a predicted delay in the return to baseline due to 

impaired cerebral autoregulation. 

Methods: 5 healthy controls and 5 concussed adolescents were recruited for this study. The 

concussed group all suffered a sport-related concussion within ten days of testing. The healthy 

controls did not have a concussion within the year before testing. Each participant had a 

Transcranial Doppler, Nexfin, and Nonin placed on them before the start of the test. The 

participant then laid flat for 10 minutes on the tilt table. After the 10 minutes of supine, the head 

down tilt test began by having the end of the table at the participant’s feet lifted, so that the head 

was tilted downward at a 6-degree angle. Approximately 4 to 6 weeks later the participants 

return for their recovery visit where the same procedures are performed.  

 

Results: No significant differences were found in cerebral blood flow velocity at Visit 1 between 

concussed and healthy controls; resting MCA (p = .403), immediately on tilt (p = .345), and five 

minutes into tilt (p = .693). At visit 2, it is shown that concussed individuals displayed much 

higher velocities.  

 

Discussion: General trends were observed from the data. Cerebral blood flow velocity in a cutely 

concussed participants at visit 1 showed a decrease in their velocity when compared to healthy 

controls during supine.  Additionally, healthy controls during the tilt test behaved as suspected. 

During the first 30 seconds of the tilt test healthy controls have an increase in their velocity, that 

immediately drops back down to the baseline response by the end of the first minute of tilt. 

However, the acutely concussed at visit 1 shows a blunted response during the tilt test. An 

increase is shown during the first 30 seconds of tilt, but the velocity does not drop back down to 

baseline.  
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Introduction 

Concussions are considered the most common form of mild traumatic brain injury (mTBI). 

Sport-related concussions affect between 1.6 and 3.8 million people in the United States per year 

(Langlois et al., 2006). Moreover, approximately 5% to 10% of children and adolescents will 

experience a sport-related concussion in their lives (Conder & Conder, 2015). According to the 

Centers for Disease Control and Prevention, concussions are a complex process induced by blunt 

trauma to the head or neck which causes sudden acceleration, deceleration, or rotational injury to 

the brain, which may or may not involve loss of consciousness.  In these instances, the brain 

shakes rapidly in the skull causing damage to the brain tissue.   

The pathophysiology of concussion is not fully understood. However, current research suggests 

that head trauma induces a series of neurochemical alterations in the brain (Mullally, 2017). At 

the onset of the trauma, excitatory neurotransmitters are released. To restore homeostasis, 

membrane pumps become activated that results in a brief hypermetabolic state. Lactate is 

produced, which impairs neuronal function, and there is a reduction of blood flow and 

diminished glucose utilization. Axonal injury may occur if calcium remains in the mitochondria, 

which may cause apoptosis (cell death) (Duchen, 2000). Additionally, there can be shearing, 

stretching, or traction on small nerves that leads to impaired axonal transport, focal axonal 

swelling, and possible axonal disconnection (Fife & Kalra, 2015).  

Although the average recovery time is 7-10 days in adults (80% to 90% of cases), the altered 

metabolic state and diminished blood flow may last for weeks, and during this period the neural 

tissue is more susceptible to further injury (Mullally, 2017).  If symptoms persist beyond the 
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expected time of recovery, this is called persistent post-concussive symptoms (PPCS). Prolonged 

recovery for sport-related concussions in adolescents is defined as symptoms persisting more 

than 30 days (Leddy, Baker, Haider, Hinds, & Willer, 2017). 

Concussions have also been shown to cause disruptions outside the brain. They can disrupt 

normal autonomic nervous system (ANS) function. The ANS is part of both the central and the 

peripheral nervous system and is the involuntary part of the nervous system that controls and 

regulates internal organs (Wehrwein, Orer, & Barman, 2016). It is composed of two divisions: 

the parasympathetic nervous system and the sympathetic nervous system (Mockus, 2006). The 

parasympathetic nervous system’s role is ‘rest and digest’, while the sympathetic nervous system 

stimulates the ‘flight or fight’ response.  The sympathetic nervous system stimulates the stress 

response, causing an increase in heart rate, increase in blood flow to the muscles, and a decrease 

in blood flow to the skin. On the other hand, the parasympathetic nervous system decreases heart 

rate and increases digestive secretions (Wehrwein, Orer, & Barman, 2016). 

ANS disruption from a concussion may be due to damage of the control center of the ANS, 

located in the brainstem, or it may be due to an uncoupling of connections from the ANS to the 

arterial baroreceptors and the heart (Geets & Zegher, 1985; Goldstein, Toweill, Lai, & 

Sonnenthal, 1985). Uncoupling of the arterial baroreceptors can result in dysfunction in the 

baroreflex, which maintains constant blood pressure in the body.  Previous research has 

demonstrated that concussed patients have a decrease in baroreceptor sensitivity that leads to a 

compromised ability to maintain a constant arterial blood pressure in the body (La Fountaine, 

Hohn, Testa, & Weir, 2018).  
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Additionally, it has been shown that concussions lead to an imbalance in parasympathetic and 

sympathetic responses, with some studies showing an increase in the sympathetic response 

(Esterov & Greenwald, 2017). These imbalances result in an alteration in function of the 

cardiovascular system. At rest, individuals who have sustained a concussion have been shown to 

have an increased heart rate and a reduced ability to modulate heart rate when compared to their 

healthy counterparts (Leddy, Kozlowski, Fung, Pendergast & Willer, 2007). ANS dysfunction 

severity is directly linked to the severity of the concussion (Leddy et al., 2017). 

 

Concussions can also lead to alterations in cerebral blood flow in the brain. Cerebral blood flow 

(CBF) refers to the blood supply of the brain. If there is too much blood flow in the brain, it 

results in an increase in intracranial pressure, which in the extreme causes compression and 

damage to brain tissue. If there is too little blood flow, it results in tissue death. CBF is a 

physiological biomarker of a concussion; it has been noted that CBF decreases immediately after 

a concussion (Maugans, Farley, Altaye, Leach, & Cecil, 2011). A decrease in CBF has been 

linked to cognitive dysfunction and a longer recovery time (Churchill, Hutchison, Graham, & 

Schweizer, 2017).  CBF can take up to four weeks to return to normal levels in some concussed 

individuals (Maugans, et al., 2011). Normally, CBF velocity (CBFV) decreases as people age 

and females generally have a higher velocity than their male counterparts (Brouwers, Vriens, 

Musbach, Wieneke, & Huffelen, 1989).  

 

Cerebral autoregulation is the ability to maintain a stable cerebral blood flow in the face of 

fluctuating cerebral perfusion pressure.  This autoregulation works through vasomotor effectors 

that control cerebrovascular resistors (Moir et al., 2018). This protects the brain from changes in 

sympathetic nerve activity, mean arterial blood pressure fluctuations, and changing arterial CO2 
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levels (Clausen, Pendergast, Willer, & Leddy, 2016). Research has shown that in an adolescent 

population, there is a reduction in cerebral autoregulation in concussed patients when compared 

to healthy patients, which leads to CBF becoming more blood pressure dependent (Kostoglou et 

al., 2016). Due to cerebral autoregulation not being intact in concussed patients, an increase in 

mean arterial blood pressure could alter CBF (Aaslid, Lindegaard, Sorteberg, & Nornes, 1989).  

The Pulsatility Index is an indirect measure of cerebral autoregulation. In general, pulsatility 

index is a measurement of the pulsatility of a Transcranial Doppler waveform that signifies 

cerebrovascular resistance. However, it takes into account multiple factors such as cerebral 

perfusion pressure, arterial bed compliance, heart rate, and pulse amplitude (Thibeault et al., 

2018). Research has shown that pulsatility index is inversely related to CBFV during steady state 

(van Beek, Claassen, Rikkert, & Jansen, 2008). This means that as CBFV increases, pulsatility 

index will decrease.  

A head down tilt test (HDT) is utilized in this current study in order to stimulate an ANS 

response. The HDT, at a 6-degree angle, increases cardiac output and systolic blood pressure to 

the values observed during low to moderate exercise levels (Peterson, Peterson, Andresen, & 

Juhler, 2015).  Going from the horizontal position to the HDT position causes an auto-infusion of 

blood into the vascular compartment and then a translocation of blood volume to the chest and 

heart. This translocation increases stroke volume, cardiac output, and systolic blood pressure, 

which in turn increases mean arterial blood pressure. HDT has been shown to increase CBF due 

to the increase in mean arterial pressure. However, it is quickly brought back to normal due to 

cerebral autoregulation (Skytioti, Sovik, & Elstad, 2018).  
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This current study attempts to look at CBFV during rest (supine) and during ANS stress by 

utilizing a HDT test. It is hypothesized that there will be an increase in CBFV immediately after 

the HDT. This increase will be brought back down to baseline in healthy controls due to an intact 

cerebral autoregulation. However, in concussed individuals there is a predicted delay in the 

return to baseline due to impaired cerebral autoregulation. Cerebral autoregulation impairment is 

predicted to be shown through a reduced pulsatility index.  

 

Method   

Study Design 

This prospective cohort study was approved by the University at Buffalo’s Institutional Review 

Board. This is a preliminary study, focusing on a small section of a larger study that is looking at 

exercise intolerance in concussed individuals. This section of the study utilizes a HDT test to 

compare two groups of adolescents. The first group consisted of adolescents who sustained a 

sport-related concussion. The second group was healthy controls, which consisted of adolescent 

athletes who have not had a concussion within one year of the study. Control subjects were 

recruited from local schools and sports teams within the community. The concussed adolescent 

athletes came from the University at Buffalo Concussion Clinic and were tested within 10 days 

of their concussion. They all were evaluated by an experienced sports medicine clinician, and if 

eligible for the study, a research assistant explained the study and written informed consent was 

obtained the same day. Parental consent was obtained for all minors. Both groups came in for 

two visits, the acute visit and the recovery visit. Both groups performed the same tests during the 

two visits. 
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Participants       

 Five adolescent athletes with acute concussions were recruited for this study (aged 14 – 16). 

Additionally, a control group of five adolescent athletes was recruited from the University 

community (ages 15 – 18). Both groups consisted of males and females. 

Concussion participants were evaluated by a study physician who diagnosed the concussion 

according to the International Concussion in Sport criteria. Participants were included in the 

concussed group  using the following criteria:  aged 13-18 years; any race, ethnicity or sex; head 

injury during sport (recreational or competitive) within 2-10 days and referred for concussion 

evaluation; currently experiencing exercise intolerance;  symptom score >5 on the Post-

Concussion Symptom Scale (PCSS); low risk for cardiac disease; willing to exercise; negative 

urine pregnancy test; and able to perform physiological tests and MRI within 10 days since 

injury 

Healthy controls followed the same inclusion criteria, except they could not have had a 

concussion within one year of participating in this research and they had to score <5 on the 

symptom severity scale. 

Exclusion criteria for both groups was as follows: non-sport mechanism of injury; focal 

neurologic deficit; inability to exercise because of orthopedic injury, significant balance deficit, 

or increased cardiac risk; current use of medication that would affect the ANS (Beta-blockers, 

anti-depressants, ADHD medication); pre-existing autonomic, cardiovascular, pulmonary, 

neurological, or endocrine disorders; unwilling to exercise; cannot understand English; history of 

more than 3 concussions 
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Concussed participant’s recovery time was around 4 to 6 weeks. Concussed participants were 

considered recovered when their symptoms returned to baseline, they had a normal physical 

exam, and returned to normal exercise tolerance.  

Instruments 

Cerebral blood flow velocity (CBFV) was measured continuously during both rest and the HDT 

test. CBFV was measured bilaterally from the middle cerebral artery (MCA) and continually 

recorded using a Transcranial Doppler (Model Lucid M1 System) (TCD). The MCA was 

observed through the transtemporal window. Measurements were taken at a depth of 35 to 55 

mm. Normal levels of blood flow in the medial cerebral artery are 55 +/- 12 cm/s. The TCD 

power was set between 80% and 100%, always using the lowest possible power. The Doppler 

was held in place using a fixated head set. The MCA velocity data was mainly taken from the 

right side; however, two healthy controls did not have right side data so the left side was used.  

A BMEYE Nexfin™ Hemodynamic Monitoring Device is placed on each participant at the 

beginning of the test. A Nexfin is a noninvasive measurement of arterial pressure by an inflatable 

finger cuff that is placed around the middle finger of the left hand.  The artery in the finger is 

clamped to a constant volume by applying a counter pressure that is equivalent to the arterial 

pressure. It does this by using a built-in photoelectric plethysmograph and an automatic 

algorithm called Physiocal (Martina et al., 2012). The continuous blood pressure recording is 

displayed as an arterial waveform similar to that seen when using invasive arterial monitoring. 

These waveforms are measured beat-to-beat and are the average of the last 5 cardiac contractions 

(Truijen, van Lieshout, Wesselink, & Westerhof, 2012). The Nexfin gathers data on participants 

mean arterial pressure, systolic blood pressure, diastolic blood pressure, stroke volume, cardiac 

output, and heart rate. 
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A Nonin capnography monitor (model LS1R-9R) is a non-invasive monitor that measures end 

tidal CO2 (EtCO2) and respiration rate (RR). EtCO2 is the partial pressure of CO2 at the end of 

an exhaled breath, which normally falls into the range of 35 to 45 mmHg (Sullivan, 2015). While 

RR is the number of breathes taken per minute. In order to do this, a clip is placed over the 

participant’s nose and a breathing tube is placed into their mouth. The breathing tube has a line 

that is connected to the Nonin where it converts the information into waveforms.   

 

Procedure 

All measurements were done in a comfortable room that is temperature controlled. There were 

minimal distractions in the room, lights were off and there was no talking. Participants lie at rest 

on the tilt table while the Nexfin, TCD, and Nonin are placed. The tilt table is made out of an 

exam table with a plank of wood that was able to move upward at the feet and has a memory 

foam topper for comfort. The participant is instructed to lay flat for 10 minutes on the tilt table. 

During supine, the TCD is reading the participants CBFV, while the Nexfin is reading the 

participants blood pressure, cardiac output, heart rate, and stroke volume.  Additionally, the 

Nonin is reading the participant’s EtCO2 and RR.  

 

After the ten minutes of supine, the HDT test began. One research assistant lifted the end of the 

table at the participant’s feet so that the head was tilted downward at a 6-degree angle, while the 

other research assistant secured it in place. The same measurements were taken during the tilt 

phase. Participants were asked to signal with their hand if they were experiencing any distress 

during this time.  
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Data Analysis 

All data compiled onto Acqknowledge 5.0 from BIOPAC (model M150). All CBFV data was 

collected using a TCD (model Lucid M1 System), which uses a third party software from Neuro 

Analytics to convert the signal to an analog waveform which is picked up from BIOPAC and is 

collected into Acqknowledge for analysis. Once on Acqknowledge, supine wave forms were 

separated into groups for every sixty seconds. The HDT group was separated into every thirty 

seconds for analysis. The wave forms were filtered using a digital Infinite Impulse Response 

(IIR) filter set at 10 Hz. This helped to smooth out the jagged edges of the waveforms. 

A hemodynamic arterial blood pressure analysis was used to calculate the average systolic and 

diastolic velocity of each wave form. The average systolic and diastolic velocities were then 

calculated for each section.  

These averages were used in order to calculate the pulsatility index (PI) for each section. The 

equation used to calculate pulsatility index is: 

PI = (Mean systolic velocity – Mean diastolic velocity)/mean MCA velocity 

Additionally, resistance and conductance were measured for each section of supine and HDT. 

Resistance was calculated from the equation: 

Resistance = Mean arterial pressure/mean MCA velocity 

Conductance was calculated from the equation: 

Conductance = Mean MCA velocity/mean arterial pressure 
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Statistical Analysis  

All statistics were calculated using SPSS version 24. All descriptive data were expressed as 

means +/- the standard deviation. A statistically significant result was defined as a p ≤ .05. A two 

sided t-test was used for age, height, and weight. A Chi square test was used for sex and race. 

Any missing data was filled in by taking the average of the time point before and after, unless it 

was the last minute of supine then the time point before was used. The rate of missing data is 

6.5%. Resting MCA velocity was calculated by taking the average between the fourth, fifth, and 

sixth minute of supine. Only the first five minutes of supine and the first five minutes a HDT 

were used for analysis. A one way between subject’s ANOVA was utilized in order to determine 

if there were any statistical differences between groups. 

Results 

Eight acutely concussed and seven healthy controls were consented for this study. However, one 

acute and one healthy control did not return for Visit 2 and one acute and one healthy control had 

missing data due to equipment malfunction. Additionally, one acute had significantly abnormal 

physiological values (resting MAP of 183/145 mmHg) and was removed from the study. The 

abnormal findings were reported to the study physician for further evaluation.  Therefore, five 

concussed participants and five healthy controls completed all of the testing: concussed, 15.2±.8 

years old, 8.6±1.5 days since injury, 32.6±14.7 days to recovery, 2 males; and healthy controls, 

16.4±1.1 years old, 47±25.8 days between visits, 4 males. 

There were no significant differences found between the group’s demographics: age (p = .094), 

sex (p = .524), race (p = .444), height (p = .127), weight (p = .862), and recovery time (p = .310). 
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 No significant differences were found in MCA velocity at Visit 1 (figure 1) between concussed 

and healthy controls; resting MCA (p = .403), immediately on tilt (p = .345), and five minutes 

into tilt (p = .693). General trends were observed from the data. As shown in figure 1, when 

looking at the MCA velocity, a  cutely concussed (M = 61.8) participants at visit 1 showed a 

decrease in their velocity when compared to healthy controls (M = 66.4) during supine.  

Additionally, healthy controls during the tilt test behaved as suspected. During the first 30 

seconds of the tilt test healthy controls have an increase in their velocity (M = 71.1), that 

immediately drops back down to the baseline response by the end of the first minute of tilt (M = 

68.1). However, the acutely concussed at visit 1 shows a blunted response during the tilt test. An 

increase is shown during the first 30 seconds of tilt (M = 65.3), but the velocity does not drop 

back down to baseline (M = 65.1). At visit 2, it is shown that concussed individuals displayed 

much higher velocities.  

Significance was found when comparing resting MCA velocity between concussed visit 2 (M = 

80.6) and healthy controls (M = 65.7) visit 2 (p = .049).  Additionally, there was a significant 

difference at the one-minute mark of tilt (p = .045) and at the five-minute mark of tilt (p = .015). 

Comparisons of MCA velocities were also made between the concussed group at visit 1 and the 

concussed group at visit 2. Significance was found between the resting MCA velocities (p = 

.029) and the five-minute mark of tilt (p = .034).  Additional details on MCA velocity are 

presented in Table 1a and 1b.  

 

Figure 2 shows the conductance within the MCA. No significant results were found between 

groups at Visit 1 during rest (p = .813), immediately after tilt (p = .656), and five minutes into tilt 

(p = .514).  This figure shows that conductance remained the same in healthy controls and 
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acutely concussed participants. However, there was an increase in conductance in concussed 

participants during visit 2. This increase at Visit 2 was not found to be significantly different 

when comparing it to healthy controls. However, many points were approaching significance. 

This includes, MCA conductance at rest (p = .063), MCA conductance at one minute of tilt (p = 

.074), and MCA conductance at five minutes of tilt (p = .071). Comparisons between concussed 

visit 1 and concussed visit 2 were also made. It was found that the MCA conductance was 

significantly different at rest (p = .043) and approached significance at the one-minute mark of 

tilt (p = .062) and the five-minute mark of tilt (p = .065). All values of MCA conductance are 

shown in Table 2a and 2b.  

Systolic CBF velocity in the brain was measured continuously and the averages were taken for 

each section (Figure 3). Comparisons were made between concussed participant’s visit 1 and 

healthy controls visit 1. The only significance found was at the one-minute mark of tilt (p = 

.043). No significance was found at rest (p = .074), 30 seconds of tilt (p = .067), or five-minutes 

of tilt (p = .322). However, many of those variables were approaching significance. No 

significant differences were found when comparing healthy controls at Visit 2 to concussed at 

Visit 2. When comparing concussed visit 1 to concussed visit 2, it was found that there was 

significance between resting MCA systolic velocity (p = .013), systolic velocity at the 30 second 

mark of tilt (p = .024), systolic velocity at the one-minute mark of tilt (p = .015), and systolic 

velocity at the five-minute mark of tilt (p = .048). The values at each time point are shown in 

Table 3a and 3b.  

Furthermore, diastolic velocity was measured continuously and the averages were taken for each 

section (Figure 4). The averages at each time point are shown in Table 4a and 4b. There were no 
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significant differences found between concussed participant’s visit 1 and healthy controls visit 1. 

However, when comparing concussed visit 2 and controls visit 2 it was found that resting 

diastolic velocity (p = .016), diastolic velocity at the 30 second mark of tilt (p = .042), the one-

minute mark of tilt (p = .023), and the five-minute mark of tilt (p = .003) were all significantly 

different.  Differences were also found between concussed visit 1 and concussed visit 2 

participants. Resting diastolic velocity was significant (p = .048) and diastolic velocity at the 

five-minute mark of tilt was significant (p = .038).  

Pulsatility index was calculated using systolic velocity, diastolic velocity, and the MCA velocity 

(figure 5). For concussed visit 1 and control visit 1, it was found that there was a significant 

difference between pulsatility index at the five-minute mark of tilt (p = .015). It can also be noted 

that at rest differences approached significance (p = .083). Looking for comparisons between the 

visit 2 groups, it was found that there was a significant difference between pulsatility index at the 

one-minute mark of tilt (p = .050). No significant differences were found between the concussed 

visit 1 and concussed visit 2 groups. All measurements of pulsatility index are shown in Table 5a 

and 5b. 

 

Heart rate did not differ significantly between any of the groups. Figure 6 demonstrates that heart 

rate is increased in participants with a concussion when compared to healthy controls. 

Additionally, it was shown that there is a spike in heart rate 30 seconds into the tilt, which 

normalizes within a minute. However, this response was not seen in acutely concussed 

individuals at visit 1.  All heart rate values are shown in Table 6a and 6b. 



CEREBRAL BLOOD FLOW                                                                                                        14 
 

No significant differences were seen for systolic blood pressure and diastolic blood pressure 

(Figure 7 and figure 8). Systolic blood pressure (figure 7) remained the same between healthy 

and concussed individuals. The same can be seen for diastolic blood pressure (figure 8). Systolic 

blood pressure and diastolic blood pressure values are shown in Table 7a, 7b and Table 8a, 8b. 

Stroke volume was not significantly different between groups (figure 9). However, stroke 

volume generally is shown to be lower in concussed patients than their healthy counterparts 

(Table 9a and 9b).  Mean arterial pressure was not significantly different between groups (figure 

10). Mean arterial pressure values are shown in Table 10a and 10b. 

 

EtCO2 was not significantly different between groups. However, it did show a slight decrease in 

acutely concussed participants at visit 1 (figure 11). However, all values are within normal range. 

All EtCO2 values are shown in Table 11a and 11b. Respiration rate was not significantly 

different between groups (figure 12). RR had the opposite response versus EtCO2 in concussed 

patients, i.e., an increase. Additionally, during the first 30 seconds of the tilt test there is an 

increase in respiration rate seen across each visit. All respiration values are shown in Table 12a 

and 12b. 

 

 

Discussion 

This study assumed that CBFV would increase immediately following the start of the HDT test. 

In healthy controls it was expected that CBFV would return to baseline shortly after the start of 

tilt. However, it was hypothesized that the concussed group would experience a delay to return to 

baseline due to impairment in cerebral autoregulation adaption.   
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The results show that in healthy controls CBFV remained stable during rest. During the onset of 

the HDT test there is an increase in CBFV. This increase returned to baseline approximately one-

minute into tilt due to intact cerebral autoregulation. However, when looking at the concussed 

soon after injury (Visit 1), it is shown that during rest their CBFV was stable, yet lower, than the 

healthy controls. During the onset of the HDT test there is an increase in the CBFV in the 

concussed participants. However, the CBFV remains elevated, suggesting that cerebral 

autoregulation is impaired or delayed.  This is evident in the graph; however, it is not statistically 

significant. 

Interestingly, when looking at the concussed after recovery (Visit 2), at rest the CBFV remains 

stable. However, there is a significant increase in CBFV at rest in the recovered group when 

compared to the healthy controls and to the acutely concussed. At the onset of the HDT, there is 

a slight increase in velocity that goes back down approximately one to two minutes into the test. 

This suggests that cerebral autoregulation is relatively normal after recovery.  

The hypothesis of this study is not supported by statistically significant data. However, the 

general trends are seen, which suggests that the hypothesis may have been confirmed with a 

larger sample. Healthy controls and acutely concussed CBFV’s behaved as expected at rest. 

Additionally, the cerebral autoregulation impairment was seen when looking at the concussed 

group at Visit 1. This was confirmed by the significant decrease in pulsatility index when 

comparing the acutely concussed group to healthy controls.  

A recent study examined aerobic exercise intolerance in post-concussion participants and found 

similar results to this current study (Clausen, Pendergast, Willer, & Leddy, 2016). It showed that 

during exercise there was an increase in CBFV brought upon by an increase in CO2 levels and 
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impairment in cerebral autoregulation. This increase in CBFV led to an increase in symptom 

exacerbation. Increases in CBFV have been linked to increases in cerebral vulnerability, which 

in turn can lead to more symptoms (Churchill et al., 2017). 

The immediate decrease in MCA velocity after a concussion is commonly seen following a 

concussion; however, this was not statistically significant when compared to healthy controls. 

Previous research has shown that there is a decrease in CBF in patients who have suffered from a 

concussion (Churchill et al., 2017; Meier et al., 2015). Reduced CBF does not manifest within 24 

hours of the concussion, but has been shown to decline within eight days of the injury (Wang et 

al., 2016). This time point mimics the one in our study; acutely concussed patients were 

examined on average 8.6 ± 1.5 days after their initial injury. 

Interestingly, the results show that after recovery there was an increase in concussed participants’ 

CBFV when compared to healthy controls. This conflicts with previous reports of CBF after one 

month of recovery that showed that CBF normalized or remained decreased once concussed 

individuals recovered and stop experiencing symptoms (Burlow et al., 2016; Churchill et al., 

2017). Higher CBFV levels have been linked to continued symptoms following a concussion and 

an increase in cognitive difficulties (Burlow et al., 2016).  Therefore, it is possible that these 

participants may physically feel recovered; however, neurologically and physiologically they 

may not be recovered. Recent research has shown that blood flow in the brain goes through 

phases during a concussion:  a period of decreased blood flow, then increased blood flow, and 

finally vasospasm (Thibeault et al., 2018). 

Additionally, the higher CBFV seen at the recovery visit could potentially be due to narrowing of 

the cerebral arteries caused by concussion. Previous research has revealed that concussions cause 



CEREBRAL BLOOD FLOW                                                                                                        17 
 

damage and impairment to the cerebrovascular system in the brain (Giza et al., 2001). This 

impairment is due to a decrease in cerebrovasculature reactivity brought upon by the uncoupling 

of the neurovasculature (Albalawi, Hamner, Lapointe, Meehan, & Tan, 2017). This uncoupling 

of the neurovasculature leads to disruption in how the cerebral vascular system responds to the 

demands of the brain. In particular, it has been shown, through murmur assessment, that 

concussed individuals have a narrowing of their vessels when compared to healthy controls 

(Clark, Caudell-Stamper, Dailey, & Divine, 2016). The narrowing of the blood vessels is thought 

to be a protective factor against the increase in autonomic responses (Clark et al., 2016). 

However, it results in an increase in CBFV in order to keep up with the metabolic needs of the 

brain (Albalawi et al., 2017). This leads to prolonged recovery and symptom exacerbation.  

Significant data supported a decreased pulsatility index (PI) in acutely concussed participants. It 

was shown that at the five-minute mark of the HDT test, there was a significant decrease in 

acutely concussed participants’ PI when compared to healthy controls. Additionally, resting 

pulsatilty index of concussed at Visit 1 was approaching significance when compared to healthy 

controls at Visit 1. This finding further demonstrates that there is impairment in cerebral 

autoregulation in concussed individuals. Pulsatility index as a measurement for cerebral 

autoregulation is highly debated (Riva et al., 2012). However, recent research has shown that 

there was a reduced pulsatility index in concussed individuals (Thibeault et al., 2018). 

ANS dysfunction was not shown throughout the study. There were no significant differences 

seen in systolic blood pressure, diastolic blood pressure, cardiac output, or stroke volume. Heart 

rate was the only indicator that there was any ANS dysfunction. There was an increase at rest in 

concussed individuals. Additionally, MAP remained the same throughout the study and had no 
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significant differences. This is thought to be due to the fact that the Nexfin is placed on the finger 

below the chest cavity. Therefore, it is not picking up the changes occurring upstream (van Beek, 

Claassen, Rikkert, & Jansen, 2008). However, if MAP actually remained the same during the 

study, it could be a factor as to why a robust response in MCA velocity was not found due to the 

fact that MAP is the driving force for CBFV.  

There were limitations in this study that could have led to a lack of significant results. For 

starters, a small sample size was used for this study. There was large variability between subjects 

that did not allow for any significant findings. It is believed that with more subjects the 

variability will normalize and significance may be found.  

Another limitation is that CO2 levels were not controlled in this study. CO2 levels play a role in 

cerebral autoregulation (Kostoglou et al., 2016). A reduction in CO2 levels has been shown to 

aid cerebral autoregulation’s rapid response, while increased CO2 levels have been shown to 

impair its response (Moir et al., 2018; Aaslid et al., 1989). In the present investigation, the 

acutely concussed group had lower EtCO2 when compared to healthy controls, which may have 

aided cerebral autoregulation. Therefore, the difference in EtCO2 between the two groups may 

have minimized the between-group differences in CBFV. However, it should be noted that 

respiration rates in the concussed group was also increased, which can explain the decrease in 

EtCO2 levels.  

Overall, cerebral blood flow mechanisms are not well understood. This study presented begins to 

shed some light into the complex relationship between CBF and concussions. Furthermore, it 

demonstrates that concussed participants may be clinically recovered, but not physiologically 

recovered. This could change the definition of recovery in the future for concussed people. 
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Figure 1: Middle Cerebral Artery Velocity Visit 1   MCA not significantly different at rest (p = .403), 

immediately on tilt (p = .345), and 5 min into tilt (p = .693). Visit 2 significant at rest (p = .049), 1 min 

into tilt (p = .045), and 5min into tilt (p = .015). 
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Figure 2: MCA conductance Visit 1, no significant findings at rest (p =.813), immediately 

after tilt (p = .656), and 5min of tilt (p = .514). Visit 2 no significant differences. Comparing 

concussion groups has significance at rest (p = .043). 



CEREBRAL BLOOD FLOW                                                                                                        24 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: MCA Systolic Velocity at Visit 1 significance at 1min of tilt (p = .043). Visit 2 had 

no significant differences. Concussed visit 1andt 2 had significance between resting (p = .013), 

30 second mark of tilt (p = .024), 1min mark of tilt (p = .015), and 5-min mark of tilt (p = .048). 
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Figure 4: MCA Diastolic velocity had no significance when comparing concussed Visit 1 to healthy 

controls Visit 1. There was significance at rest (p = .016), at the 30sec mark of tilt (p = .042), and the 

5min of tilt (p = .003) when comparing concussed Visit 2 to healthy controls Visit 2. There was also 

significance when comparing concussed Visit 1 to concussed Visit 2 at rest (p = .048) and at the 5min 

mark (p = .038). 
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Figure 5: Pulsatility Index had significance at the 5min mark of tilt (p = .015)  when comparing concussed Visit 1 to 

healthy  controls Visit 1. There was also significance at the 1min mark of tilt (p = .050) between concussed Visit 2 

and healthy controls Visit 2. No significance was found when comparing concussed Visit 1 to concussed Visit 2. 
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Figure 6: Heart rate had no significant differences between groups. However, there is an observed increase in heart 

rate in the concussed group 
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Figure 7: Systolic blood pressure had no significant differences between groups. There is a slight decrease at the 

start of tilt. 
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Figure 8: Diastolic blood pressure had no significant differences between groups. 
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Figure 9: Stroke Volume had no significant differences between groups. There is a slight decrease in stroke volume 

in the concussed groups.  
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Figure 10: Mean arterial pressure had no significant differences between groups. 
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Figure 11: End Tidal CO2 had no significant differences between groups. Concussed at Visit 1 had a slight decrease 

in their EtCO2 levels. 
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Figure 12: Respiration Rate had no significant differences between groups. There was a trend for higher rates in the 

concussed and there was an increase seen 30sec into the tilt. 
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MCA Velocity 

 AC HC P-value 

Visit 1  Resting 
M = 61.76 

SD = ± 61.76 
M = 66.45 

SD = ± 66.45 
.403 

Visit 1  HDT 
M = 65.37 

SD = ± 65.38 
M = 71.10 

SD = ± 71.10 
.345 

Visit 1  5 min HDT 
M = 65.13 

SD = ± 11.17 
M = 62.87 
SD = 5.28 

.693 

Visit 2  Resting 
M = 80.57 

SD = ± 10.94 
M = 65.72 

SD = ± 9.28 
.049 

Visit 2  HDT 
M = 79.83 

SD = ± 8.64 
M = 69.82 

SD = ± 9.28 
.052 

Visit 2  5 min HDT 
M = 81.82 

SD = ± 9.46 
M = 68.14 

SD = ± 7.39 
.015 

Table 1a: MCA Velocity average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

 

MCA Velocity 

 AC Visit 1 AC Visit 2 P-value  

Resting M = 61.76 
SD = ± 11.42 

M = 80.57 
SD = ± 10.94 

.029 

HDT M = 65.38 
SD = ± 11.91 

M = 79.83 
SD = ± 8.64 

.059 

5 min HDT M = 65.13 
SD = ± 11.17 

M = 81.82 
SD = ± 9.46 

.034 

Table 1b: MCA velocity comparisons between concussed Visit 1 and concussed Visit 2. 

 

 

MCA Conductance 

 AC HC P-value 

Visit 1 Resting 
M = .72 

SD = ± .14 
M = .74 

SD = ± .07 
.813 

Visit 1 HDT 
M = .73 

SD = ± .15 
M = .77 

SD = ± .06 
.656 

Visit 1 5 min HDT 
M = .73 

SD = ± .13 
M = .68 

SD = ± .09 
.514 

Visit 2 Resting 
M = .96 

SD = ± .17 
M = .76 

SD = ± .12 
.063 

Visit 2 HDT 
M = .92 

SD = ± .14 
M = .81 

SD = ± .07 
.150 

Visit 2 5 min HDT 
M = .94 

SD = ± .18 
M = .75 

SD = ± .10 
.071 
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Table 2a: MCA conductance average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 

MCA Conductance 

 AC Visit 1 AC Visit 2 P-value 

Resting M = .72 
SD = ± .14 

M = .96 
SD = ± .17 

.043 

HDT M = .74 
SD = ± .15 

M = .92 
SD = ± .14 

.077 

5 min HDT M = .73 
SD = ± .13 

M = .94 
SD = ± .18 

.065 

Table 2b: MCA conductance comparisons between concussed Visit 1 and concussed Visit 2. 

 

MCA Systolic Blood Velocity 

 AC HC P-value 

Visit 1 Resting 
M =88.36 

SD = ± 13.88 
M =104.74 

SD = ± 11.17 
.074 

Visit 1 HDT 
M = 92.39 

SD = ± 14.40 
M = 109.18 
SD = ± 10.33 

.067 

Visit 1 5 min HDT 
M = 92.47 

SD = ± 14.71 
M = 101.38 
SD = ± 11.86 

.322 

Visit 2 Resting 
M = 118.77 
SD = ± 16.04 

M = 104. 37 
SD = ± 14.85 

.179 

Visit 2 HDT 
M = 116.59 
SD = ± 13.14 

M = 112.92 
SD = ± 9.35 

.624 

Visit 2 5 min HDT 
M = 119.15 
SD = ± 14.89 

M = 102.96 
SD = ± 13.29 

.107 

Table 3a: MCA systolic velocity average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 

MCA Systolic Blood Velocity 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 88.36 
SD = ± 13.88 

M = 118.77 
SD = ± 16.04 

.013 

HDT M = 92.39 
SD = ± 14.40 

M = 116.59 
SD = ± 13.14 

.024 

5 min HDT M = 92.47 
SD = ± 14.71 

M = 119.15 
SD = ± 14.89 

.021 

Table 3b: MCA systolic blood velocity comparisons between concussed Visit 1 and concussed 

Visit 2. 
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MCA Diastolic Blood Velocity 

 AC HC P-value 

Visit 1 Resting 
M = 45.83 

SD = ± 8.98 
M = 45.69 

SD = ± 4.75 
.976 

Visit 1 HDT 
M = 49.13 

SD = ± 8.44 
M = 50.45 

SD = ± 8.52 
.811 

Visit 1 5 min HDT 
M = 49.23 

SD = ± 7.88 
M = 43.27 

SD = ± 2.30 
.143 

Visit 2 Resting 
M = 59.04 

SD = ± 8.98 
M = 45.35 

SD = ± 4.78 
.016 

Visit 2 HDT 
M = 59.55 

SD = ± 9.69 
M = 48.77 

SD = ± 2.37 
.042 

Visit 2 5 min HDT 
M = 60.64 

SD = ± 6.65 
M = 46.13 

SD = ± 3.78 
.003 

Table 4a: MCA diastolic velocity average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 

 

MCA Diastolic Blood Velocity 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 45.83 
SD = ± 8.98 

M = 59.04 
SD = ± 8.98 

.048 

HDT M = 49.13 
SD = ± 8.44 

M = 59.55 
SD = ± 9.69 

.107 

5 min HDT M = 49.23 
SD = ± 7.88 

M = 60.64 
SD = ± 6.65 

.038 

Table 4b: MCA diastolic velocity comparisons between concussed Visit 1 and concussed Visit 

2. 

Pulsatility Index 

 AC HC P-value 

Visit 1 Resting 
M = .70 

SD = ± .06 
M = .89 

SD = ± .21 
.083 

Visit 1 HDT 
M = .67 

SD = ± .15 
M = .83 

SD = ± .23 
.218 

Visit 1 5 min HDT 
M = .67 

SD = ± .10 
M = .92 

SD = ± .16 
.015 

Visit 2 Resting 
M = .75 

SD = ± .16 
M = .90 

SD = ± .10 
.108 

Visit 2 HDT 
M = .72 

SD = ± .14 
M = .92 

SD = ± .13 
.050 

Visit 2 5 min HDT 
M = .72 

SD = ± .14 
M = .87 

SD = ± .10 
.088 
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Table 5a: Pulsatility Index average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

Pulsatility Index 

 AC Visit 1 AC Visit 2 P-value 

Resting M = .70 
SD = ± .06 

M = .75 
SD = ± .16 

.524 

HDT M = .67 
SD = ± .15 

M = .72 
SD = ± .14 

.606 

5 min HDT M = .67 
SD = ± .10 

M = .72 
SD = ± .14 

.532 

Table 5b: Pulsatility Index comparisons between concussed Visit 1 and concussed Visit 2. 

Heart Rate 

 AC HC P-value 

Visit 1 Resting 
M = 69.19 

SD = ± 7.80 
M = 63.61 

SD = ± 3.73 
.187 

Visit 1 HDT 
M = 69.92 

SD = ± 9.08 
M = 67.06 

SD = ± 5.65 
.566 

Visit 1 5 min HDT 
M = 71.29 

SD = ± 8.94 
M = 65.19 

SD = ± 6.81 
.260 

Visit 2 Resting 
M = 67.78 
SD = ±7.23 

M = 60.20 
SD = ± 5.75 

.104 

Visit 2 HDT 
M = 73.21 

SD = ± 6.63 
M = 65.53 

SD = ± 4.32 
.062 

Visit 2 5 min HDT 
M = 65.10 

SD = ± 4.73 
M = 57.90 

SD = ± 5.70 
.062 

Table 6a: Heart Rate average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

Heart Rate 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 69.19 
SD = ± 7.80 

M = 67.77 
SD = ±7.23 

.772 

HDT M = 69.92 
SD = ± 9.08 

M = 73.21 
SD = ± 6.63 

.532 

5 min HDT M = 71.29 
SD = ± 8.94 

M = 65.10 
SD = ± 4.73 

.208 

Table 6b: Heart rate comparisons between concussed Visit 1 and concussed Visit 2. 

 

 

 

Systolic Blood Pressure 
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 AC HC P-value 

Visit 1 Resting 
M = 120.96 
SD = ± 9.67 

M = 125.07 
SD = ± 13.54 

.596 

Visit 1 HDT 
M = 120.52 
SD = ± 10.70 

M = 123.12 
SD = ± 11.67 

.723 

Visit 1 5 min HDT 
M = 124.51 
SD = ± 9.51 

M = 127.27 
SD = ± 14.32 

.728 

Visit 2 Resting 
M = 121.18 
SD = ± 18.11 

M = 120.35 
SD = ± 5.51 

.924 

Visit 2 HDT 
M = 122.32 
SD = ± 14.45 

M = 122.98 
SD = ± 7.03 

.929 

Visit 2 5 min HDT 
M = 124.68 
SD = ± 15.14 

M = 122.34 
SD = ± 12.66 

.789 

Table 7a: Systolic Blood pressure average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 

 

Systolic Blood Pressure 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 120.96 
SD = ± 9.67 

M = 121.18 
SD = ± 18.11 

.981 

HDT M = 120.52 
SD = ± 10.70 

M = 122.32 
SD = ± 14.45 

.829 

5 min HDT M = 127.51 
SD = ± 9.51 

M = 124.68 
SD = ± 15.14 

.983 

Table 7b: Systolic blood pressure comparisons between concussed Visit 1 and concussed Visit 

2. 

Diastolic Blood Pressure 

 AC  HC P-value  

Visit 1 Resting 
M = 65.90 

SD = ± 4.58 
M = 68.69 

SD = ± 4.47 
.359 

Visit 1 HDT 
M = 66.61 

SD = ± 6.52 
M = 70.40 

SD = ± 5.64 
.354 

Visit 1 5 min HDT 
M = 68.88 

SD = ± 2.27 
M = 71.40 

SD = ± 4.76 
.316 

Visit 2 Resting 
M = 65.43 

SD = ± 11.21 
M = 65.94 

SD = ± 5.82 
.931 

Visit 2 HDT 
M = 64.70 

SD = ± 7.93 
M = 65.80 

SD = ± 4.64 
.796 

Visit 2 5 min HDT 
M = 66.22 

SD = ± 9.81 
M = 66.37 

SD = ± 6.22 
.977 

Table 8a: Diastolic Blood Pressure average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 
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Diastolic Blood Pressure 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 65.90 
SD = ± 4.58 

M = 65.43 
SD = ± 11.21 

.932 

HDT M = 66.61 
SD = ± 6.52 

M = 64.70 
SD = ± 7.93 

.689 

5 min HDT M = 68.88 
SD = ± 2.27 

M = 66.22 
SD = ± 9.81 

.570 

Table 8b: Diastolic blood pressure comparisons between concussed Visit 1 and concussed Visit 

2. 

Stroke Volume 

 AC HC P-value 

Visit 1 Resting 
M = 101.60 
SD = ± 21.50 

M = 116.51 
SD = ± 15.32 

.242 

Visit 1 HDT 
M = 100.44 
SD = ± 17.34 

M = 116.45 
SD = ± 15.16 

.159 

Visit 1 5 min HDT 
M = 103.13 
SD = ± 20.20 

M = 116.00 
SD = ± 14.91 

.285 

Visit 2 Resting 
M = 103.98 
SD = ± 10.76 

M = 115.63 
SD = ± 7.82 

.407 

Visit 2 HDT 
M = 106.40 
SD = ± 21.97 

M = 117.11 
SD = ± 8.37 

.430 

Visit 2 5 min HDT 
M = 105.93 
SD = ± 21.45 

M = 115.64 
SD = ± 21.25 

.493 

Table 9a: Stroke Volume average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

Stoke Volume 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 101.60 
SD = ± 21.50 

M = 103.98 
SD = ± 10.76 

.873 

HDT M = 100.44 
SD = ± 17.34 

M = 106.40 
SD = ± 21.97 

.647 

5 min HDT M = 103.13 
SD = ± 20.20 

M = 105.93 
SD = ± 21.45 

.837 

Table 9b: Stroke volume comparisons between concussed Visit 1 and concussed Visit 2. 

 

 

 

Mean Arterial Pressure 

 AC HC P-value 

Visit 1 Resting M = 85.81 M = 90.23 .294 
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SD = ± 6.00 SD = ± 6.43 

Visit 1 HDT 
M = 89.21 

SD = ± 6.45 
M = 92.71 
SD = ± 6.67 

.423 

Visit 1 5 min HDT 
M = 89.77 

SD = ± 3.32 
M = 93.30 

SD = ± 7.59 
.368 

Visit 2 Resting 
M = 85.23 

SD = ± 14.96 
M = 86.71 

SD = ± 6.69 
.845 

Visit 2 HDT 
M = 87.80 

SD = ± 13.71 
M = 86.68 

SD = ± 4.01 
.875 

Visit 2 5 min HDT 
M = 88.79 

SD = ± 14.76 
M = 87.91 

SD = ± 6.49 
.906 

Table 10a: Mean Arterial Pressure average values at each time point, showing the comparisons 

between concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy 

controls at Visit 2. 

Mean Arterial Pressure 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 85.81 
SD = ± 6.00 

M = 85.23 
SD = ± 14.96 

.938  

HDT M = 89.21 
SD = ± 6.45 

M = 87.80 
SD = ± 13.71 

.840 

5 min HDT M = 89.77 
SD = ± 3.32 

M = 88.79 
SD = ± 14.76 

.888 

Table 10b. Mean arterial pressure comparisons between concussed Visit 1 and concussed Visit 

2. 

 

EtCO2 

 AC HC P-value 

Visit 1 Resting 
M = 37.56 

SD = ± 3.76 
M = 39.55 

SD = ± 2.89 
.377 

Visit 1 HDT 
M = 38.18 

SD = ± 3.23 
M = 38.72 

SD = ± 2.24 
.762 

Visit 1 5 min HDT 
M = 37.96 

SD = ± 3.55 
M = 38.43 

SD = ± 3.80 
.846 

Visit 2 Resting 
M = 40.58 

SD = ± 2.40 
M = 41.65 

SD = ± 3.85 
.615 

Visit 2 HDT 
M = 39.75 

SD = ± 3.38 
M = 41.91 

SD = ± 3.56 
.355 

Visit 2 5 min HDT 
M = 41.45 

SD = ± 2.67 
M = 41.59 

SD = ± 4.06 
.950 

Table 11a: EtCO2 average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

EtCO2 
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 AC Visit 1 AC Visit 2 P-value 

Resting M = 37.56 
SD = ± 3.76 

M = 40.58 
SD = ± 2.40 

.168  

HDT M = 38.18 
SD = ± 3.23 

M = 39.75 
SD = ± 3.38 

.474 

5 min HDT M = 37.96 
SD = ± 3.55 

M = 41.45 
SD = ± 2.67 

.117 

Table 11b: EtCO2 comparisons between concussed Visit 1 and concussed Visit 2. 

 

Respiration Rate 

 AC HC P-value 

Visit 1 Resting 
M = 17.36 

SD = ± 4.27 
M = 15.75 

SD = ± 4.27 
.568 

Visit 1 HDT 
M = 20.64 
SD = ±2.41 

M = 17.89 
SD = ± 3.15 

.159 

Visit 1 5 min HDT 
M = 20.17 

SD = ± 2.12 
M = 16.47 

SD = ± 2.90 
.050 

Visit 2 Resting 
M = 17.71 

SD = ± 1.25 
M = 15.56 

SD = ± 3.58 
.239 

Visit 2 HDT 
M = 21.41 

SD = ± 2.28 
M = 18.65 

SD = ± 4.28 
.238 

Visit 2 5 min HDT 
M = 17.71 

SD = ± 1.73 
M = 15.59 

SD = ± 3.08 
.217 

Table 12a: Respiration rate average values at each time point, showing the comparisons between 

concussed at Visit 1 to healthy controls at Visit 1 and concussed at Visit 2 to healthy controls at 

Visit 2. 

EtCO2 

 AC Visit 1 AC Visit 2 P-value 

Resting M = 17.36 
SD = ± 4.27 

M = 17.71 
SD = ± 1.25 

.862 

HDT M = 20.64 
SD = ±2.41 

M = 21.41 
SD = ± 2.28 

.618 

5 min HDT M = 20.17 
SD = ± 2.12 

M = 17.71 
SD = ± 1.73 

.079 

Table 12b. Respiration rate comparisons between concussed Visit 1 to concussed Visit 2. 

 

 


	Untitled
	Dynamic Cerebral Blood Flow Velocity Assessment during Head Down Tilt in Sports-Related Concussions 
	Concussion participants were evaluated by a study physician who diagnosed the concussion according to the International Concussion in Sport criteria. Participants were included in the concussed group  using the following criteria:  aged 13-18 years; any race, ethnicity or sex; head injury during sport (recreational or competitive) within 2-10 days and referred for concussion evaluation; currently experiencing exercise intolerance;  symptom score >5 on the Post-Concussion Symptom Scale (PCSS); low risk for c
	Healthy controls followed the same inclusion criteria, except they could not have had a concussion within one year of participating in this research and they had to score <5 on the symptom severity scale. 
	Exclusion criteria for both groups was as follows: non-sport mechanism of injury; focal neurologic deficit; inability to exercise because of orthopedic injury, significant balance deficit, or increased cardiac risk; current use of medication that would affect the ANS (Beta-blockers, anti-depressants, ADHD medication); pre-existing autonomic, cardiovascular, pulmonary, neurological, or endocrine disorders; unwilling to exercise; cannot understand English; history of more than 3 concussions 
	Concussed participant’s recovery time was around 4 to 6 weeks. Concussed participants were considered recovered when their symptoms returned to baseline, they had a normal physical exam, and returned to normal exercise tolerance.  
	Instruments Cerebral blood flow velocity (CBFV) was measured continuously during both rest and the HDT test. CBFV was measured bilaterally from the middle cerebral artery (MCA) and continually recorded using a Transcranial Doppler (Model Lucid M1 System) (TCD). The MCA was observed through the transtemporal window. Measurements were taken at a depth of 35 to 55 mm. Normal levels of blood flow in the medial cerebral artery are 55 +/- 12 cm/s. The TCD power was set between 80% and 100%, always using the lowes


