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Abstract 

Title: Development of NIRS Based Noninvasive Cerebrovascular Regulation 

Assessment 

 

Author: Stephanie Marie Miller 

Advisor: Kunal Mitra, Ph.D. 

 

Alterations to cerebral blood flow (CBF) have been implicated in diverse neurological 

conditions, including mild traumatic brain injury, microgravity induced intracranial pressure (ICP) 

and intraocular pressure (IOP) increases, and mild cognitive impairment. Near infrared 

spectroscopy (NIRS)-measured regional cerebral tissue oxygen saturation (rSO2) provides an 

estimate of oxygenation of the interrogated cerebral volume that is useful in identifying trends and 

changes in oxygen supply to cerebral tissue and has been used to monitor cerebrovascular function 

during surgery and ventilation. In this study, CO2-inhalation-based hypercapnic breathing 

challenges were used as a tool to simulate CBF dysregulation, and NIRS was used to monitor the 

CBF autoregulatory response. A breathing circuit for the selective administration of CO2-

compressed air mixtures was designed and used to assess CBF regulatory responses to hypercapnia 

in 26 healthy young adults using non-invasive methods and real-time sensors. After a 5 or 10 

minute baseline period, 1 to 3 hypercapnic challenges of 5 or 10 minutes duration were delivered to 

each subject while rSO2, partial pressure of end tidal CO2 (PETCO2), and vital signs were 

continuously monitored. Change in rSO2 measurements from pre- to intra-challenge (ΔrSO2) 

detected periods of hypercapnic challenges. Subjects were grouped into three exercise factor levels 

(hr/wk), 1: 0, 2:>0 and <10, and 3:>10. Exercise factor level 3 subjects showed significantly greater 
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ΔrSO2 responses to CO2 challenges than level 2 and 1 subjects. No significant difference in 

ΔPETCO2 existed between these factor levels. Establishing baseline values of rSO2 and 

cerebrovascular reactivity (CVR) to CO2 in clinical practice may be useful in early detection of 

CBF changes. This is the first reported use of a COTS device to monitor changes in rSO2 in 

response to hypercapnia and correlate these responses with frequency of routine exercise in healthy 

young adults at rest. 

Keywords: Near infrared spectroscopy, cerebrovascular regulation, cerebral blood 

flow, hypercapnia, exercise. 
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Chapter 1: Introduction  

1.1  Background 

Cerebrovascular regulatory control mechanisms, such as cerebrovascular 

reactivity (CVR) and cerebral autoregulation (CAR), respond to systemic and local 

triggers to control cerebral blood flow (CBF). CVR is the vasoactive response to 

changes in the partial pressure of arterial carbon dioxide (PaCO2, mmHg), whereas 

CAR mechanisms counteract blood pressure changes in order to maintain constant 

CBF to the capillary beds of the brain. CBF dysregulation may be a biomarker of a 

wide variety of conditions, including mild traumatic brain injury (mTBI) and 

TBI
1,2

. Consequences of CBF dysregulation include compromised CAR, altered 

glucose and oxygen metabolism, and changes to cerebral perfusion pressure 

(CPP). Changes in PaCO2 affect CBF regulatory mechanisms. CVR responds to 

changes in PaCO2 to maintain pH homeostasis in the brain, which is critical to 

maintaining enzyme and ion channels and brain function
3
. Since CO2 is a powerful 

vasodilator, increased PaCO2 increases CBF through cerebral vasodilation in 

healthy adults. 

Near-infrared spectroscopy (NIRS) provides a safe (non-ionizing), non-

invasive method of subsurface imaging and monitoring in humans and animals. 
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Light source-detector pairs are spaced such that the path of the NIR light through 

the interrogated tissue volume will reach a specific depth range, providing 

information about the target area (Figure 1). Data collected by each source-

detector pair include the time required for the light to travel from the source to the 

detector and the fraction of light emitted from the source that arrives at the 

detector.  

 

Figure 1: Example of spacing and layout of NIRS source-detector pairs.  

Example of one specific implementation of NIRS for cerebrovascular monitoring.  The closer 

source-detector spacing, typically between 20 mm to 30 mm, interrogates the extracranial 

component of the underlying tissue. The wider source-detector spacing, around 40 mm to 60 mm, 

interrogates both the extracranial and intracranial components of the underlying tissue. The 

intracranial component is isolated by subtracting the extracranial absorption. Spatial variance in the 

interrogated tissue volume is compensated by the mirrored source-detector pairs.  

 

NIRS provides information about photon transport within tissues at specific 

wavelengths of light. While NIRS may include measurements within the entire 

NIR window, applications for vascular monitoring generally use wavelengths 
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between 700 nm and 900 nm. Use of NIR wavelengths targeting specific 

properties of the absorption spectra of molecules of interest enables NIRS to 

provide information about the relative concentration of different species, such as 

oxygenated (HbO) and deoxygenated hemoglobin (Hb), in the interrogated tissue 

volume.  

 

Figure 2. Absorption spectra of HbO and Hb. 

Reproduced from Popescu, G., Principles in Biophotonics, Volume 2: Light emission, detection 

and statistics, Bristol: IOP (2020)
4
. 

Hb dominates hemoglobin absorption in NIR wavelengths below 800 nm, 

while HbO absorbs more NIR energy at wavelengths greater than 800 nm (Figure 

1Figure 2). Around 800 nm, Hb and HbO have equivalent absorption. This is 
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known as the isosbestic point. While some NIRS implementations only utilize two 

wavelengths, one below 800 nm for Hb and one above 800 nm for HbO, others 

include a wavelength near the isosbestic point for a minimum of three channels. 

Regional cerebral oxygen saturation (rSO2, %) is a noninvasive NIRS 

measurement that may serve as an early warning of decreased oxygen delivery to 

the brain and other organs. This measurement is based on changes in oxygenated 

and deoxygenated hemoglobin content in the interrogated tissue volume, which 

may reflect changes in blood flow in the region. When CBF regulatory functions 

are intact, periods of hypercapnia are expected to increase PaCO2 levels, resulting 

in cerebrovascular vasodilation, and increasing rSO2. At the same time, increases 

in PaCO2 can be anticipated to increase the partial pressure of end tidal CO2 

(PETCO2, mmHg). PaCO2, PETCO2, and rSO2 levels are expected to return to 

baseline values when the hypercapnic stimulus is removed. In the case of CBF 

dysregulation, the rSO2 response to hypercapnia may be altered, and it is possible 

that PaCO2, PETCO2, and rSO2 levels may not return to baseline values upon 

stimulus removal.  

There is a critical need to understand the underlying neurological, 

neurocognitive, and neurophysical parameters of spaceflight before the first human 



 

 

 

 

5 

 

mission to Mars is undertaken. Conditions inherent to spaceflight include the loss 

of the head-foot gravity vector, exposure to ionizing radiation that may 

compromise the blood-brain barrier
5
, and exposure to at least 0.5% to 3% 

increases in CO2, with greater concentrations in pockets of stagnant air. Exposure 

to microgravity during spaceflight induces intracranial hypertension (IHT) through 

increased ICP, partially due to cephalad fluid shifts
6,7

. During the early phases of 

flight, there is a cephalad shift of fluids and blood volume (Figure 3A). The central 

blood volume increases, while perfusion pressure in the lower half of the body 

decreases, and the heart becomes temporarily enlarged
8
 (Figure 3B). The body 

subsequently reacts to this increased blood volume by eliminating fluids, allowing 

the heart to return to a normal size
8
 (Figure 3C). Over the course of weeks and 

months, plasma volume and the efficacy of orthostatic reflexes regulating blood 

pressure decrease
8
. This low blood volume is insufficient to maintain CBF in an 

orthostatic position upon return to Earth
8
 (Figure 3D).  



 

 

 

 

6 

 

 

Figure 3: Impact of spaceflight on human cerebrovascular system. 

Reproduced from Figure 3 of De la Torre, G. G., “Cognitive Neuroscience in Space,” Life 4, 281-

294 (2014)
8
, MDPI Open Access. 

 

CBF dysregulation has been implicated in physiological changes experienced 

by astronauts during spaceflight, including increased ICP, increased intra-ocular 

pressure (IOP)
9
, headaches, dizziness, nausea, and mental health concerns. The 

diminished head-foot gravity vector in spaceflight has been reported to have 

persistent effects in humans and mice following return to Earth gravity. Increased 

intraocular pressure (IOP) and visual disturbances have been observed in 76% of 

astronauts both in-flight and post-flight
9
. Mice flown in microgravity for 30 days 

exhibited decreased vasoconstrictive and vasodilatory response sensitivity 

following microgravity exposure
10

.  Additionally, decreased CVR
11

 and increased 

cerebrospinal fluid (CSF)
12

 production have been reported in astronauts post-
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flight. It is unknown whether CAR mechanisms remain intact
13

 or whether CVR is 

altered during long duration spaceflight. 

Mental health implications of long term elevated CO2 exposure arise from the 

fact that CO2 crosses the blood brain barrier and cell membranes. Upon CO2 

inhalation, PaCO2 increases, shifting the CO2/HCO3 buffer system to H
+
 + HCO3

-
 

production and lowering brain pH. Neural responses to changes in PaCO2 maintain 

brain pH homeostasis
14,15

.  These responses modulate respiration, release 

neurotransmitters, including serotonin, glutamate and noradrenaline, and activate 

ion channels
14,15

. Multiple parallel neural pathways have been suggested and 

remain under investigation. One possible consequence of CO2 induced changes in 

blood pH is an excess of serotonin synthesis, which in turn may trigger a negative 

feedback mechanism
16

. Consequently, brain structures that require serotonin to 

maintain mood regulation are undersupplied, and depression and mood disorders 

may manifest
16

. It has also been suggested that brain pH is abnormally regulated in 

panic disorder
17

. Instances of irritability, nausea, dizziness, derealization, and 

anxiety on the International Space Station (ISS) have been attributed, at least in 

part, to the CO2-enriched environment
18,19

. Discomfort resulting from 

physiological symptoms of exposure to elevated CO2 may impair high order 

functions and decision making
19

. In the case of a mission to Mars, compromised 
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performance and cognition may lead to errors and interpersonal conflicts that 

could threaten mission success.  

Various electroencephalography (EEG) alpha frequency (8 Hz to 13 Hz) 

measured parameters, such as alpha power time series (APTS)
20

 and peak alpha 

frequency (PAF)
21

 have been correlated with cerebral blood oxygenation, cortical 

activity and serotonin activity. However, further research is needed to correlate 

shifts in blood volume with neural activity. Schumann resonances (SR) of 

background electromagnetic noise extend from the Earth’s surface up to 45 to 50 

km, and the first four SR modes correspond to the first four 

electroencephalography (EEG) bands
22

. Since low earth orbit is between 160 km 

and 2000 km, the lack of SR in prolonged spaceflight may affect EEG activity.  

Much mental health evaluation relies heavily on neurocognitive testing and 

self-reported symptoms. Mental health evaluation aboard ISS has relied on the 

Spaceflight Cognitive Assessment Tool for Windows (WinSCAT), which is a 

computerized self-administered neurocognitive battery
23

. Quantification of CVR 

and brain pH changes could aid in early intervention and objective diagnosis.  
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1.2  Research Rationale 

The most accurate existing technologies for detection of CBF dysregulation 

are magnetic resonance imaging (MRI), functional MRI (fMRI), and positron 

emission tomography (PET). These technologies are cost prohibitive for many 

communities and developing countries and instrumentation and trained medical 

personnel are limited. As of 2013, there were 17.2 MRI machines in hospitals per 

1,000,000 inhabitants in the United States 
24

. In France and the United Kingdom, 

these numbers were fewer than 10,
24

 and in developing nations, access to state of 

the art brain imaging technologies is scarce. Additionally, access to MRI machines 

is often limited by pre-approval by health insurance providers, which prevents 

individuals who may have sustained mTBI from receiving diagnostic tests during 

the peak of the injury. Similar challenges exist with regard to fMRI and PET 

access. Insufficient resources exist to screen all individuals with CBF 

dysregulation risk factors. Additionally, MRI, fMRI, and PET are non-portable 

and footprint prohibitive for space missions and monitoring of active duty military 

personnel.  

There is some question about the ability of transcranial Doppler (TCD) 

sonography measurements to correlate well with CBF (volume/time) and CPP 

(pressure)
25

. TCD is primarily used to measure cerebral blood velocity (CBV) in 
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the form of middle cerebral artery velocity (MCAV) (distance/time). TCD is often 

used to calculate a “CVR index,” however, this index may not be the best measure 

of CVR due to the fact that TCD measures velocity, not flow. No portable, 

inexpensive, noninvasive methods of measuring ICP, CPP, or CBF have been 

accepted as benchmarks. It is critical that early shifts in ICP, CPP, CBF, and CVR 

be detected in order to implement timely countermeasures to prevent direct and 

persistent damage.  

Many factors have been correlated with CVR changes. During mild exercise, 

CVR increases, reaching a peak during moderate exercise, and then decreases 

during heavy exercise
26

. CVR demonstrates circadian rhythms and is lower in the 

morning than in the late afternoon and also decreases during sleep
27

. An 

individual’s CVR may change with lifetime CO2 exposure
28

 and may therefore be 

affected by age, routine exercise intensity, and long-term exposure to CO2-

enriched environments. A history of brain traumas, mTBI or TBI may alter CVR. 

CVR abnormalities are implicated in sleep apnea and stroke
27

. It is unknown how 

long-duration loss of circadian rhythms, as would be experienced by human 

missions to and settlement of Mars, impact CVR. Criteria defining compromised 

autoregulation are also lacking. 
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CAR responds to abrupt changes in blood pressure, but its ability to function 

during sustained changes in blood pressure and blood volume has yet to be fully 

characterized. The cerebrovascular consequences of spaceflight and the significant 

risks to personal health and mission success of altered CVR and CAR necessitate 

that astronauts be monitored for these changes using a benchmarked, portable, low 

footprint, noninvasive device.  

1.3  Research Objectives 

The objectives of the Ph.D. research were twofold: (1) to design and test a 

breathing circuit for the selective administration of CO2-compressed air mixtures 

in order to assess CBF regulatory responses to hypercapnic challenges in healthy 

young adults using a combination of non-invasive methods and real-time sensors, 

and (2) to employ relatively inexpensive, portable devices readily available in 

emergency rooms and triage facilities.  
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Chapter 2: Literature Review 

2.1  CBF Monitoring Modalities 

Researchers have worked to develop non- or minimally invasive methods of 

CBF monitoring and imaging since the late 1960s
29, 30, 31, 32, 33, 34, 35

. Early 

minimally invasive modalities included gamma cameras coupled with intravenous 

radioactive tracer injections
29

 and inert gas washout with Anger scintillation 

cameras
30

, and early noninvasive modalities included TCD
31

, 

rheoencephalography (REG)
32

 and EEG
33,34,35

. By the late 1980s, NIRS and MRI 

implementations for noninvasive CBF monitoring
36,37

 were pioneered. Current 

modalities include NIRS, TCD, REG, EEG, MRI, and PET. Each modality of CBF 

monitoring targets a different aspect or correlate of CBF and presents unique 

challenges. Since 2000, CBF monitoring and imaging research has increasingly 

focused on multimodal applications combining two or more modalities (e.g. fNIRS 

+ fMRI, fMRI + PET, fNIRS + EEG) and non-invasive, portable, wearable 

technology to support measurements outside of the clinical or research setting.  
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Figure 4: Timeline of the development of non- or minimally invasive methods of CBF monitoring. 

All modalities continue to be used at present.  

Arterial spin labeling (ASL) is a noninvasive MRI technique developed in the 

early 1990s used to measure cerebral blood perfusion and calculate CBF
38,39,40

 that 

remains popular
41

. In ASL, water proton nuclear spins in arterial blood are labeled 

through spin inversion in the neck
38

. Cerebral perfusion is measured by studying 

subsequent changes in brain tissue magnetization in images with inversion,   
   , 

from that of control images,   
     , visualized as MRI intensity

38
. As initially 

conceived, the MRI intensity is then converted to pixel CBF,  ,  by relating the 

inversion intensity to the control intensity during the recovery time period,   , 

scaled by the brain/blood partition coefficient for water,  , and spin-lattice 

relaxation time,   , of brain water in the absence of flow,       as
38

: 

     
 

     

  
             

       

  
         

    Eq. 3-1 



 

 

 

 

14 

 

ASL CBF measurements are susceptible to errors due to arterial transit time 

(ATT)
42

. While the ASL theory remains the same, multiple methodologies may be 

used for processing CBF and for calibrating images
41

. Data sharing and processing 

initiatives have been implemented to standardize methods of ASL data acquisition 

and processing and maintain a database of ASL measured CBF for comparative 

analysis
41

. ASL used in combination with hypercapnic breathing challenges can 

provide measures of both CBF and CVR
43

.  

Blood oxygen level dependent functional MRI (BOLD fMRI) is a different, 

widely accepted MRI-based method of measuring cerebral oxygenation and CBF 

that was also developed in the early 1990s
44,45,46

. BOLD refers to the difference in 

MRI contrast due to changes in deoxyhemoglobin concentrations
44,45,46

. fMRI 

measures changes in MRI signals between resting and activation states that are 

correlated to brain function
46

. BOLD signals have numerous sources and are the 

dominant source of signal changes in fMRI
46

.  

BOLD fMRI and ASL cerebral perfusion signals have different spatial 

resolution
47

. While the    of ASL perfusion signals has been correlated to brain 

tissue perfusion and localized neuronal activity, the    of BOLD signals has been 

correlated to changes in blood and cerebrospinal fluid
47

. BOLD fMRI measures 
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changes in blood oxygenation due to brain activity, and changes in cerebral blood 

oxygenation correlate to changes in CBF
44

. In this sense, both ASL and BOLD 

fMRI measure CBF correlates rather than CBF.  

BOLD fMRI signals can be impacted by CVR
48

. BOLD-CVR measures the 

change in BOLD signals per change in CO2 mmHg
48

. A 2019 finger-tapping study 

of BOLD-CVR and BOLD fMRI during hypercapnia in healthy subjects identified 

that artificial impairment of BOLD-CVR can result in BOLD fMRI false 

negatives
48

.  The significance of this finding is that CVR impairment can dampen 

BOLD fMRI signals such that a brain area is activated but the activation is not 

detected by BOLD fMRI
48

.   

PET is capable of absolute measures of CBF as opposed to CBF correlates, 

making it the most accurate CBF imaging modality, but is not truly noninvasive as 

absolute PET measurements of CBF require that a 
15

O-labeled water (H2
15

O) 

radioactive tracer be injected into the subject’s bloodstream 
49,50

 and arterial blood 

be sampled to monitor input H2
15

O concentrations 
49,50

. Pioneered in the mid-

1980s, PET with arterial sampling is still considered the reference standard for 

absolute minimally invasive measures of CBF
41,49

, however, PET is not capable of 

continuous monitoring
51

. Noninvasive measures of CBF calculated through pulsed 
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continuous ASL (pCASL) with delay compensation for ATT have been found to 

correlate well with absolute PET measures of CBF
41

. Relative CBF changes can be 

measured by PET without arterial blood sampling but still require H2
15

O tracer 

injection
50,52

. Phase contrast PET (PC-PET) is an emerging technique that couples 

PC-MRI measured total blood inflow with 2-minute static PET images of relative 

CBF distribution to quantify absolute CBF without blood sampling
53

.  

While PET and MRI are the most accurate measures of CBF and CBF 

correlates, both are expensive, non-portable modalities with limited accessibility. 

Similar to fMRI, fNIRS refers to the study of changes in cerebral blood 

oxygenation due to brain activity as measured by NIRS and was first proposed in 

the 1990s
54,55

. Unlike MRI and PET, fNIRS is a relatively inexpensive, portable, 

small footprint modality capable of continuous monitoring
51

 and as such, presents 

fewer barriers to access.  

fNIRS is viewed as a complementary measure to BOLD fMRI, as fNIRS 

provides higher temporal resolution while BOLD fMRI offers better spatial 

resolution
56

. fNIRS has been found to be equally as effective as BOLD fMRI in 

measuring CVR in both TBI and healthy control subjects
56

, with both 

methodologies detecting significantly lower CVR in TBI subjects than the healthy 
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control group
56

. However, spatial resolution limitations of fNIRS have been found 

to result in decreased oxyhemoglobin and increased deoxyhemoglobin during 

motor tasks, known as inverse oxygenation
57

. Comparative analysis of fNIRS and 

BOLD fMRI data during a motor imagery study suggested that inverse 

oxygenation in fNIRS may be due to artifacts of head and eye motion and 

incorrect optode placement
57

.  At the same time, inverse oxygenation in fNIRS 

may also be related to apparent decoupling of neuronal activation and CBF
54

, 

which, in turn, may be related to CVR
48

. The recently identified fNIRS-measured 

oxygenation phenomenon of frontal cerebral oxygen asymmetry (FCOA), in which 

the right prefrontal cortex (PFC) presents significantly higher oxygenation than the 

left in healthy human subjects at rest, highlights the importance of considering 

optode placement when comparing fNIRS studies
58

. Emerging techniques for 

quantitative NIRS-based dynamic CBF measurements use coherent hemodynamics 

spectroscopy (NIRS-CHS) to correct for cerebral blood volume changes and 

capillary blood transit time
51

.  

TCD MCAV was found to correlate well with invasively measured CBF 

during hypercapnic breathing challenges in the mid-1980s
59

. The correlation was 

weaker but still significant during normocapnic breathing
59

. Like NIRS, TCD 

supports continuous, noninvasive measurements. TCD studies are impacted by 
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excessive signal attenuation in the temporal bone, termed temporal window failure 

(TWF) at a rate of 8% to 20%
60

. Many factors have been associated with TWF, 

including age, sex, temporal bone thickness and density, and soft tissue 

thickness
60

, and overcoming TWF is an active area of research
60

. The relationship 

of MCAV = CBF/vessel diameter does not hold in patients with TBI
25

, and TCD 

measures of CVR in CVR-compromised TBI patients have not been found to be 

interchangeable with CVR obtained through invasively measured CBF
25

.  

REG has been in use since the 1950s and measures transcranial electrical 

impedance during the application of high frequency alternating currents to the 

scalp to study changes in cerebral circulation based on the operating principle that 

blood is more electrically conductive than any surrounding tissue
61

. While REG 

can be used for continuous, noninvasive monitoring of cerebral circulation 

changes
61,62

, it does not provide a direct measure of cerebral blood flow, velocity 

or oxygenation and is highly susceptible to contamination by artifacts of 

movement and respiration
62

.  A comparative study of REG, NIRS and TCD found 

that all three modalities were capable of detecting some aspect of CVR, but REG 

was found to be the most sensitive to artifacts
62

. REG devices can range from 

under $200 for low resolution devices to >$15,000 for high resolution models
63

. At 

the low end of its cost spectrum, REG is the lowest cost modality of currently 
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employed noninvasive CBF monitoring techniques. Due to the simplicity of setup 

and low cost, REG use for CBF monitoring remains an active area of research, 

particularly in the military and space communities 
61,62

.  

EEG has been explored as a noninvasive correlate of cerebral blood flow 

since the 1960s, frequently in conjunction with anesthesia studies
33,64

. Early EEG 

studies identified inconsistent correlations of EEG with CBF, specifically, the 

slowing of EEG signals during temporary blood vessel occlusion
34,35

 or 

anesthesia
64

 in some, but not all, cases. Reduced EEG frequencies were thought to 

be associated with reduced CBF, and increased EEG frequencies were considered 

indicative of increased CBF and increased EEG-CBF coupling
65

. Advancement of 

EEG techniques shifted the focus to correlating activity in specific EEG bands to 

CBF and brain function
20,66,67

. Slow and fast fluctuations in alpha rhythm (8 to 13 

Hz) power time series (APTS) have been correlated with BOLD MRI signals in 

different areas of the brain. Slowing of brain activity during stroke has been 

correlated with increased delta/alpha ratios (DAR) and delta-theta/alpha-beta ratios 

(DTABR)
66

. EEG is susceptible to artifacts due to eye and head motion
68

. 
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2.2 Use of Hypercapnic Breathing Challenges as a Tool 

to Study CBF 

Hypercapnic challenges have continued to remain popular for use in studying 

CVR and cerebrovascular dysregulation in conjunction with brain imaging 

techniques, and have recently been employed in NIRS
69,70

, TCD
3,69,71,72,73,74

, 

MRI/fMRI
43,48,73,74,75,76

, and PET
77,78

 studies of cerebrovascular responses and 

dynamics.  

The fact that arterial CO2 produces a vasoactive response that, in turn, can 

influence cerebrovascular dynamics has been reported since the mid-twentieth 

century
79

, and hypercapnic breathing challenges were accepted as a method to 

study hemodynamic responses by the 1960s
80

. Although hypercapnic breathing 

challenges have been used as a tool to study cerebrovascular dynamics for over 50 

years, neither the method of hypercapnic challenge delivery nor challenge duration 

have been standardized.  Within the past 20 years, several approaches to delivering 

hypercapnic breathing challenges have been reported, including breath hold
73,81

, 

alternating hypo- and hyperventilation
71

 and breathing circuits
3,72,82,83

. 

Implementations of breathing circuits have included either pre-mixed CO2-air gas 

cylinders
69,72,84

, pre-mixed CO2-air gas bags
3,56,75

 or separate CO2 and air gas 
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reservoirs that are mixed within the breathing circuit
82,83

 as the source of CO2-

enriched air. Commercial implementations include the Altitrainer
72

 and EucapSys 

from SMTEC
84

 and RespirAct from Thornhill Medical
85

. Reported methods of gas 

delivery to subjects in studies employing breathing circuits include masks
3,11,69,70

, 

and mouthpieces with noseclips
73,74,75,86

.  

Durations of hypercapnic and room air breathing periods reported in the 

literature vary widely due to a combination of challenge methodology limitations 

and experimental design choices. Breath hold challenges may be limited by the 

shortest duration breath hold by any subject in a cohort. Pre-mixed air-CO2 bags 

that are not replenished during a study are volume limited, and the time to deplete 

the gas volume is also dependent on study duration and subject tidal volume and 

respiration rate. Published studies report hypercapnic breathing challenge 

durations of 30 seconds in breath hold studies
81

 and 1 minute each in pre-mixed 

air-CO2 bags
56,75

. Longer duration hypercapnic breathing challenges made possible 

by the use of gas cylinders include: 2 to 3 minutes
70

, 5 minutes
70

, 10 minutes
69,70

, 

and 12 minutes
3
.   
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Chapter 3: Research Methodology 

3.1  Basis for Research Methodology 

In addition to the limitations on the duration of hypercapnic breathing 

challenges, the method of challenge delivery may also introduce variance in the 

degree of hypercapnic challenge delivered. For example, breath hold does not 

provide a controlled method of delivering a hypercapnic challenge, as individual 

subjects will have different latency periods before and after receiving a signal to 

initiate and terminate breath hold period and may have different interpretations of 

how to execute a breath hold. PaCO2 , rSO2, and other physiological responses 

may respond differently depending upon completeness of breath hold, depth of 

inspiration during breath hold
87

, breathing patterns immediately before and after 

breath hold
88

, whether the breath is held at the end of inspiration or the end of 

expiration
87,88

, and subject breath hold ability and comfort
89

. Hypo- and 

hyperventilation present similar challenges. 

Subject comfort with the subject-breathing circuit interface may also 

influence the degree of hypercapnic challenge delivered as well as the severity of 

artifacts in the measured physiological response datasets. Breathing circuit 

interfaces must fit the subject well while minimizing subject discomfort. Poor 
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seals in masks, for example, result in lower than intended degrees of hypercapnic 

challenges, as the experimental gas may escape the mask while the subject also 

accesses room air through gaps in the mask. This phenomenon was observed 

during pre-study planning phase of the subject research. In response, three sizes of 

adjustable masks were employed in the final study.  

Since cerebrovascular dynamics respond to environmental stimuli
90

, subject-

researcher interactions during the study period have the potential to introduce 

artifacts into all measured physiological response datasets. Physiological 

parameters used to study cerebral blood flow correlates, such as rSO2
90,91

, PaCO2, 

heart rate
91

, respiration rate
91

, and blood pressure are all susceptible to changes due 

to external environmental stimuli. Interaction between researchers and subjects 

during a physiological study risks introducing artifacts into the datasets of interest. 

Providing real-time instructions to a subject and requiring that they perform an 

action, such as asking that they breathe from a different air source in order to 

administer a hypercapnic breathing challenge, during the course of a study could 

introduce artifacts into all physiological study parameters. Furthermore, the degree 

to which artifacts are introduced could vary between subjects and obscure the 

changes due to the hypercapnic breathing challenges. 
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The method developed to deliver hypercapnic breathing challenges in the 

subject study sought to effectively and consistently deliver both room air and a 

CO2-air mixture, minimize subject’s awareness of the hypercapnic challenge 

period and minimize subject-researcher interaction during the study, while 

employing readily available materials to construct the breathing circuit.  The first 

challenge addressed with the subject research methodology was to develop and 

implement a method to deliver a series of hypercapnic breathing challenges and 

subsequent ambient air recovery periods to subjects in a manner that was 

standardized across all subjects and that required no interaction with the subjects 

during the period of the study. Pre-mixed air-CO2 gas cylinders were selected in 

order to maximize study throughput and standardize the hypercapnic challenges 

across subjects. 

Scuba noseclips and mouthpieces have been used in combination with 

compressed air tanks in order to deliver breathing challenges
86

. Concerns 

regarding possible subject discomfort with scuba mouthpieces and noseclips and 

the potential for such discomfort to encourage altered respiration patterns in 

subjects with no scuba experience motivated the choice to use modified half-mask 

respirators as the subject-breathing circuit interface. The custom breathing circuit 

developed provided a passive method of compressed air delivery.  
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Of the regional cerebral oxygenation monitoring devices available at the time 

that the subject study was conducted, the Nonin Equanox was considered to be the 

most closely correlated to invasive measures of cerebral oxygen saturation
92

. The 

researchers worked directly with Nonin to obtain higher than standard sample rates 

(18.75 Hz high resolution data vs 0.25 Hz standard sample rate) in order to 

facilitate the research objectives. 

3.2  Materials and Methods 

3.2.1  Protocol and Cohort Summary 

This study had Florida Institute of Technology (FIT) Institutional Research 

Board (IRB) approval
70,93,94

. FIT undergraduate and graduate student subjects were 

randomly selected from an open solicitation for study participants. No screening 

for general physical or cardiovascular fitness was used, however all subjects 

selected were healthy and had no recent concussive injuries. Subjects were 

provided with a visual summary protocol presentation and a verbal orientation and 

introduction to all instrumentation used in the study and fully understood the 

protocol before beginning the study.  

Subjects completed a basic health questionnaire, signed informed consent 

documents, and were weighed and their heights measured by the supervising 
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medical professional. Subjects were asked to sit upright in an adjustable-height 

padded chair with armrests in a well-lit lab room, offered a blanket, and connected 

to the breathing circuit and instrumentation described in the following sections by 

the supervising medical professional. 

Each study consisted of a 5 or 10 minute baseline period followed by 1 to 3 

hypercapnic challenges of 5 or 10 minutes duration. A 5 or 10 minute recovery 

period followed each hypercapnic challenge. A total of 83 challenges in 31 studies 

on 26 healthy, non-concussed, FIT student subjects were delivered. Mean age 

(average ± standard deviation) was 22 yr ± 2.9 yr. The cohort was composed of 10 

females with a height of 161.8 cm ± 5.84 cm, weight of 66.59 kg ± 7.71 kg, and 

BMI of 25.5 ± 3.14 and 16 males with a height of 176.5 cm ± 7.70 cm, weight of 

74.25 kg ± 18.86 kg, and BMI of 23.7 ± 5.22. 

 

3.2.2  Breathing Circuit 

A breathing circuit was designed using North 5500 series half-mask 

respirators (Honeywell Safety Products, Smithfield, RI) connected to two 18 in. 

lengths of continuous positive airway pressure (CPAP) tubing (HC140C, AG 

Industries, St. Louis, MO) by in-house 3D printed connectors as its base (Figure 

1). One length of CPAP tubing was connected to a SUBGEAR SG 100 first and 
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second stage regulator (SUBGEAR, Johnson Outdoors, Wendelstein, Germany). 

The other length of CPAP tubing was alternately plugged to close the breathing 

circuit and switch the inhalation source to the CO2-compressed air mixture and 

unplugged to open the circuit to room air. The CO2-compressed air mixture was 

housed in a Catalina S80 (77.4 ft
3
 capacity, 3000 psi) SCUBA cylinder, which was 

connected to the first stage regulator to complete the breathing circuit. The 

regulator demand valve was loosened to free-float conditions to minimize the 

negative pressure required to draw air from the tank into the breathing circuit.  

 

 

Figure 5: Subject fully connected to breathing and monitoring circuit.  

a. Nonin Equanox Advance 7600, b. Data acquisition computer, c. Bionet BM3, d. Smiths Medical 

Capnocheck II 8400, e. Arduino Uno, f. Nonin Equanox Advance 8004CA under cotton headband, 
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g. Nonin Equanox Advance 7600PA, h. Modified North 5500 half-mask respirator, i. Smiths 

Medical airway adaptor/sample line, j. ECG leads and electrodes, k. Blood pressure cuff, l. Room 

air end of circuit: CPAP tubing and rubber plug, m. CO2- compressed air mixed gas delivery end of 

circuit: SUBGEAR SG 100 and CPAP tubing, n. Pulse oximeter (SpO2). 

 

3.2.3  Vital Signs 

Vital signs including heart rate and blood pressure were monitored using a 

Bionet BM3 (Bionet America, Inc., Tustin, CA). The BM3 was connected to 3 

electrocardiograph (ECG) leads connected to RedDot Ag/AgCl Monitoring 

Electrodes with clear tape and solid gel (9642, 3M, St. Paul, MN) in a standard 

Einthoven’s triangle configuration, a Y-clip SpO2 sensor on the right index finger, 

and a blood pressure cuff on the left arm. Data for heart rate and SpO2 were 

acquired at a rate of 1 Hz using the companion B-Link automated record keeping 

software (Bionet America, Inc., Tustin, CA).  

 

3.2.4  Partial Pressure of End-Tidal CO2 (PETCO2) and 

Respiration Rate 

PETCO2 (mmHg) and respiration rate (breaths per minute, bpm) were 

monitored with a Smiths Medical Capnocheck II 8400 Hand-Held 

Capnograph/Oximeter (Smiths Medical, St. Paul, MN). The Capnocheck II 

provided 4-breath averages for both PETCO2 and respiration rate, with an accuracy 
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of ±2 mmHg or 4% of the reading, whichever was greater, for PETCO2 and ±1 bpm 

for respiration rate. Precision was 1 mmHg or 1 bpm.  

 

3.2.5  Regional Cerebral Oxygen Saturation (rSO2) 

A Nonin Equanox Advance 7600 system and 8004CA NIRS (Nonin Medical, 

Inc., Plymouth, MN) sensor containing differentially spaced light emitters and 

detectors embedded in a forehead patch was used to monitor rSO2 throughout the 

duration of each study. The patented layout of the 76 mm wide 8004CA sensor 

contained two near infrared (NIR) light emitting diodes with wavelengths and 

maximum average powers of 730 nm @ 3.0 mW, 760 nm @ 4.5 mW, 810 nm @ 

3.2 mW, and 880 nm @ 4.5 mW and spaced 60 mm apart, bookending two 

detection sensors spaced 20 mm apart
91,95

. Data were obtained for the standard 1 

update per 4 seconds rate via the Equanox direct link (low resolution dataset) and 

were also processed by Nonin Medical, Inc. for a high resolution dataset of 18.75 

updates per second. The high resolution dataset is reported in this paper. The 

manufacturer-published accuracy of the device for rSO2 values in the range of 

50% to 100% was ± 5.1 Arms (root mean square accuracy) absolute and ±3.4 Arms 

trending during hypercapnia with a sensor repeatability (precision) of ±2 digits of 

Arms
95

. The reference values used by the manufacturer for the root mean square 
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accuracy were average oxygen saturation of arterial blood (SavO2, %) calculated 

from the average of oxygen saturation of arterial blood samples (SaO2, %) and 

oxygen saturation of jugular venous blood samples (SjvO2, %) as SavO2= (0.7 x 

SjvO2) + (0.3 x SaO2)
91,95

. 

 

3.2.6  Rheoencephalography 

An impedance pneumograph (UFI Model RESP1, Morro Bay, CA) was 

connected to the subjects by two 1-5/8 inch diameter Ultratrace adult ECG 

electrodes (1690-030, ConMed, Utica, NY) placed on the right forehead and to a 

DATAQ Instruments Model DI-155 Data Acquisition Starter Kit (DATAQ 

Instruments, Akron, OH) for data acquisition. A small (~1 mA) high-frequency 

(30 kHz) current was induced between the electrodes and the impedance (Z) was 

calculated as the ratio of the voltage difference (V) to the current (I) between the 

electrodes and returned as an analog signal, which was digitized and sampled and 

recorded at 25 Hz using WinDAQ Data Acquisition and Playback Software 

(DATAQ Instruments, Akron, OH). 
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3.2.7  Plethysmograph 

A custom-made plethysmograph was used to measure cuff pressure changes 

in the right arm at a rate of 40 samples per second. 

 

3.3  Mathematical Methods 

Relationships between measured variables were explored using linear 

regression, analysis of variance (ANOVA) and Tukey’s Honestly Significant 

Difference Test (Tukey HSD) using the R Software
96

.  

3.3.1  Linear Regression 

The R programming language
96

 was used to construct simple linear models of 

the form:            , with    corresponding to the estimated dependent variable 

and   corresponding to the measured independent variable. Each measured 

parameter described in Section 3.2.3, 3.2.4 and 3.2.5 was considered as a function 

(  ) of one or more of the other measured parameters (  ) to determine whether the 

independent variables provided any significant information in predicting the 

dependent variable in a linear regression model. The model F-statistic and 
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associated degrees of freedom (d.o.f), p-values for the significance of the intercept, 

   , and slope,    , as well as the adjusted    and overall model p-value were 

considered. Reduced regression models combining the data for the    values with 

the highest R
2
 values for both              and              were also 

constructed, and the analysis of variance (ANOVA) tables were used to identify 

the sum of squares of each model to determine the optimal order for adding the 

two variables to the full model                     Hypothesis testing for 

significant overall regression for these models was based upon the F test, with
97

 

  
             

           
 

                 

           
 [Kleinbaum, eq. 9.1]. 

 

3.3.2  Tukey HSD 

The R programming language
96

 was used to analyze changes in measured 

variables from intra- to pre-hypercapnic breathing challenge and post- to pre-

challenge for significant difference of means based on several factor groupings 

with the Tukey-Kramer Honest Significant Difference function. This function 

implements the Tukey-Kramer method to perform a multiple comparison 

procedure for fixed-effects one-way analysis of variance (ANOVA), computing 

the 1-α confidence interval for the difference of means as
97

: 
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where: 

           is the           point of the studentized range distribution 

with k and (n – k) degrees of freedom. 

k is the number of groups 

n is the total number of observations 

and  

    
     

   
   

 
        

     
 
   

   
   

For each of the kC2 possible pair-wise comparisons, if the (1 - α) confidence 

interval (in this discussion, significance level = α = 0.05, and (1 - 0.05) = 95% 

confidence interval) of the difference between the sample means of the two groups 

does not contain 0, then the means of the two groups can be considered 

significantly different at the given α-level, the null hypothesis,          , can be 

rejected, and the alternative hypothesis,          , can be accepted. If the 

confidence interval does contain zero, the converse is true. 

  



 

 

 

 

34 

 

Chapter 4: Research Outcomes 

4.1  Results 

Figure 6 shows sample raw PETCO2 and rSO2 data during a pre-challenge 

baseline period (BL), hypercapnic breathing challenges (C1, C2, C3) and post-

challenge recovery periods (R1, R2, R3). 

 

Figure 6: Sample time history raw PETCO2 and rSO2 data. 

The data show the relationship between rSO2 and PETCO2 during a pre-challenge baseline period 

(BL), three hypercapnic breathing challenges (C1, C2, C3) and three post-challenge recovery 

periods (R1, R2, R3). 
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The lag between the start of a hypercapnic breathing challenge period and the 

peak responses was approximately 2 minutes for PETCO2 and 3 minutes for rSO2. 

Peak responses then plateaued for the remainder of the challenge period. This time 

lag of approximately 2 to 3 minutes to reach the peak plateau was consistent across 

all subjects. Changes in PETCO2 and rSO2 as compared to pre-challenge periods 

were calculated using the average of minutes 2 through 3 for PETCO2 and minutes 

2 through 5 for rSO2. 

 

4.1.1  Summary of Relationship between ΔrSO2 and ΔPETCO2 

Change in PETCO2 (ΔPETCO2) during CO2 inhalation was used as a correlate 

of the degree of hypercapnic challenge delivered. Change in rSO2 (ΔrSO2) during 

CO2 inhalation positively correlated to ΔPETCO2 (R
2
 = 0.40). The mean response 

± standard error in ΔPETCO2 was 6.39 ± 0.52 mmHg, and the mean response ± 

standard error in ΔrSO2 was 2.22 ± 0.30%.  
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Figure 7: Relationship between ∆rSO2 and ∆PETCO2.  

The change in rSO2 correlated positively with the change in PETCO2 during hypercapnia 

challenges as compared to pre-challenge values. 

 

4.1.2  Influence of Self-Reported Exercise (hr/wk) on ΔrSO2 

and ΔPETCO2 

Exercise in hours per week (hr/wk) was self-reported on the intake 

questionnaire. Subjects were   grouped into 3 exercise factor levels as follows: 1: 0 

hr/wk, 2: > 0 hr/wk and <10 hr/wk, and 3:  ≥ 10 hr/wk. Subjects grouped in 

exercise factor level 3 had a significantly greater mean ΔrSO2 response to CO2 

inhalation than those in exercise factor level 2 (2.82% greater mean ΔrSO2 
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response, 95% confidence interval (CI): 1.00% to 4.65% greater mean ΔrSO2 

response, p = 0.001) and level 1 (3.39% greater mean ΔrSO2 response,  95% CI: 

1.67 % to 5.12% greater mean ΔrSO2 response, p = 0.00003). No significant 

difference in subject mean ΔrSO2 responses were observed between exercise factor 

levels 2 and 1.  

 

Figure 8: Box plot of ΔrSO2 response during CO2 challenges for exercise factor levels.  

Subjects grouped in exercise factor level 3 had a significantly higher ΔrSO2 response than those in 

exercise factor levels 2 (p = 0.001) and 1 (p = 0.00003). Diamonds denote mean values, whiskers 

show 5th/95th percentiles, small circles show outliers. 

 

No significant differences in mean ΔPETCO2 were observed between the 

subjects in the three factor levels. This indicates that while subject ΔPETCO2 
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response to CO2 inhalation did not vary with exercise factor level, ΔrSO2 response 

did, and subjects exercising for greater than 10 hr/wk showed a different ΔrSO2 

response for the same average ΔPETCO2 response to CO2 inhalation than subjects 

exercising less than 10 hr/wk. 

 

4.1.3  Influence of Gender on ΔrSO2 and ΔPETCO2  

Subjects were grouped by gender (self-reported, male/female). No significant 

differences in ΔPETCO2 were observed between males and females (p = 0.57), 

although the range of ΔPETCO2 was smaller for females than for males.    

 

Figure 9: Box plot of ΔPETCO2 response during CO2 challenges by gender.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. No 

significant differences in ΔPETCO2 were observed between males and females.  
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No significant differences in ΔrSO2 were observed between males and 

females (p = 0.92), although the interquartile range was smaller for females than 

for males.  

 

Figure 10: Box plot of ΔrSO2 response during CO2 challenges by gender.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. No 

significant differences in ΔrSO2 were observed between males and females. 

 

4.1.4  Heart Rate 

Continuous heart rate measurements were recorded for all 83 hypercapnic 

breathing challenges. Heart rate measurements in beats per minute (bpm) were 
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averaged for the final 5 minutes of each pre-challenge room air breathing period, 

the first 5 minutes of each hypercapnic breathing challenge (intra-challenge) and 

for the first 5 minutes of room air breathing during the recovery period (post-

challenge) for each hypercapnic breathing challenge. The mean response ± 

standard error in average heart rate from intra- to pre-challenge, ∆HRhyp, was -0.4 

bpm ± 2.7 bpm, and ∆HRhyp identified a significant difference in 14 of the 83 

challenges. The mean response ± standard error in average heart rate from post- to 

pre-challenge, ∆HRrec, was 0.3 bpm ± 2.9 bpm, and ∆HRrec identified a significant 

difference in 13 of the 83 challenges. Neither ∆HRhyp nor ∆HRrec showed 

consistent responses to hypercapnic breathing challenges, with ∆HRhyp decreasing 

in 43 challenges, increasing in 39 challenges and showing no change in 1 

challenge and ∆HRrec decreasing in 33 challenges, increasing in 49 challenges and 

showing no change in 1 challenge. Large heart rate variability was observed.  

Neither ∆HRhyp nor ∆HRrec correlated with ∆PETCO2. (∆HRhyp R
2
 = -0.012, p 

= 0.95; ∆HRrec R
2 

= -0.0053, p =  0.45), while ∆HRhyp correlated positively with 

∆rSO2 (R
2 

= 0.066, p = 0.011) and ∆HRrec did not correlate with ∆rSO2 (R
2 

= -

0.012, p = 0.95). High heart rate variability resulted in high unexplained variance, 

or low R
2
, in the regression model for ∆HRhyp as a function of ∆rSO2 despite the 

existence of a relationship between the two variables evidenced by p < 0.05. 
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Figure 11: Relationship between ∆HRhyp and ∆PETCO2.  

ΔHRhyp did not correlate with ΔPETCO2. 

 

Figure 12: Relationship between ∆HRhyp and ∆rSO2.  

ΔHRhyp correlated positively with ΔrSO2. 
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Figure 13: Relationship between ∆HRrec and ∆PETCO2.  

No correlation between ΔHRrec and ΔPETCO2 was observed. 

 
Figure 14: Relationship between ∆HRrec and ∆rSO2.  

No correlation between ΔHRrec and ΔrSO2 was observed. 
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4.1.4.1 Influence of Exercise Factor on Heart Rate 

Subjects that exercised > 10 hr/wk (exercise factor 3) showed a 2.5 bpm 

higher mean ∆HRhyp than subjects that exercised 0 hr/wk (exercise factor 1, p = 

0.0039) and a 2.0 bpm higher mean ∆HRhyp than those that exercised 1 to 10 hr/wk 

(exercise factor 2, p = 0.031). No significant difference in mean ∆HRhyp was 

observed between subjects grouped in exercise factor 1 and 2 (p = 0.76). Although 

mean ∆HRhyp response to hypercapnic breathing challenges was inconsistent, 

subjects grouped in exercise factors 1 and 2 trended toward a decrease in average 

heart rate, with those grouped in exercise factor 1 trending toward a larger 

decrease than those in exercise factor 2. In contrast, subjects grouped in exercise 

factor 3 trended toward an increase in average heart rate in response to 

hypercapnic breathing challenges. The average change in heart rate in from intra- 

to pre-challenge increased with increasing self-reported hours of exercise per 

week. 
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Figure 15: Box plot of ΔHRhyp response during CO2 challenges for exercise factor levels.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. 

Subjects grouped in exercise factor level 3 had a significantly higher ΔHRhyp response than those in 

exercise factor levels 2 (p = 0.031) and 1 (p = 0.0039).  

 

No significant difference was observed between any exercise groupings for 

∆HRrec. (p2-1 = 0.63, p3-1 = 0.61, p3-2 = 0.98). 
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Figure 16: Box plot of ΔHRrec response after CO2 challenges for exercise factor levels.  

Diamonds denote mean values, whiskers show 5th/95th percentiles, small circles show outliers. No 

significant difference in ∆HRrec was observed between any exercise factor levels.  

 

4.1.4.2 Influence of Gender on Heart Rate 

Females showed a 1.3 bpm higher ∆HRhyp than males (p = 0.026) and a 

smaller range in ∆HRhyp. Although the range of ∆HRhyp values in both females and 

males straddled 0 bpm, the mean ∆HRhyp showed an increase in females and a 

decrease in males.  
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Figure 17: Box plot of ΔHRhyp response to CO2 challenges by gender.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. 

Females showed a higher ∆HRhyp than males (p = 0.026).  

 

No significant difference in ∆HRrec response between females and males was 

observed (p = 0.73).  
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Figure 18: Box plot of ΔHRrec response to CO2 challenges by gender.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. No 

significant difference in ΔHRrec response between females and males was observed.  

 

4.1.5  Respiration Rate 

Relationships between respiration rate, measured in breaths per minute 

(brpm) and other variables may have been complicated by subjects’ attempts to 

pace their breathing during all or part of a given study. Some subjects appeared to 

breathe spontaneously throughout the study, some appeared to pace their breathing 

during CO2 challenge periods and breathe spontaneously during pre-challenge and 

recovery periods, and others appeared to pace their breathing throughout the 

duration of the study.  
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The average change in respiration rate from intra- challenge to pre-challenge, 

∆RR, was -1.1 brpm ± 3.02 brpm. Similar to ∆HR, the distribution of ∆RR 

straddled 0, with RR increasing during 27 hypercapnic breathing challenges and 

decreasing during 53 challenges. RR was not recorded for 2 challenges. 

Although ∆RR and ∆PETCO2 were negatively correlated (p = 0.029), a linear 

model did not explain variance in ∆RR as a function of ∆PETCO2 (R
2
 = 0.047). 

Removing challenge with the highest ∆RR (outlier of 12.8 brpm) increased the 

significance of the negative correlation between ∆RR and ∆PETCO2 (p = 0.0025, 

R
2
 = 0.10).  

 

Figure 19: Relationship between ∆RR and ∆PETCO2.  

ΔRR correlated negatively with ΔPETCO2 (p = 0.029). One significant ΔRR outlier of 12.8 brpm 

was observed.  
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Figure 20: Relationship between ∆RR and ∆PETCO2 with one outlier (12.8 brpm) removed.  

The negative correlation of ΔRR with ΔPETCO2 strengthened with the outlier removed (p = 

0.0025). 

 

No correlation between ∆RR and ∆rSO2 was identified (p = 0.2, R
2
 = 

0.0063). 
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Figure 21: Relationship between ∆RR and ∆rSO2.  

ΔRR did not correlate with ΔrSO2.  

 

∆RR did not correlate with either ∆HRhyp (p = 0.90, R
2
 = -0.12) or ∆HRrec (p 

= 0.75, R
2
 = -0.011). 
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Figure 22: Relationship between ∆RR and ∆HRhyp.  

ΔRR did not correlate with ΔHRhyp.  

 

 

Figure 23: Relationship between ∆RR and ∆HRrec.  

ΔRR did not correlate with ΔHRrec. 
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4.1.5.1 Influence of Exercise Factor on Respiration Rate 

No difference in ∆RR response to hypercapnic breathing challenges was 

observed between the different exercise factor groupings. 

 

Figure 24: Box plot of ΔRR response to CO2 challenges by exercise factor.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. No 

significant difference in ΔRR was observed between the exercise factor groupings. 

 

4.1.5.2 Influence of Gender on Respiration Rate 

Females had a less negative ∆RR response to hypercapnic breathing 

challenges than males (p = 0.056) and a smaller range of ∆RR response than 

males.  
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Figure 25: Box plot of ΔRR response to CO2 challenges by gender.  

Diamonds denote mean values, whiskers show 5
th

/95
th

 percentiles, small circles show outliers. 

Females showed a less negative average ΔRR and smaller interquartile range than males.  

 

4.2  Completed Improvements to Test Methodology 

Improvements to the test set up described in Chapter 4 have already been 

made based on insight gained during the dissertation research, including a unified 

LabVIEW VI for recording PETCO2 and vital sign data and controlling the gas 

delivery circuit. A new gas delivery system has been developed so that subjects 

will breathe from SCUBA cylinders throughout the duration of the study, with no 

noticeable change in the negative pressure required to breathe during challenge 

and recovery periods. Rather than breathing room air during baseline and recovery 
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periods, subjects will now breathe compressed air from a SCUBA cylinder. A gas 

delivery system was developed using SCUBA tubing and connectors such that 

both a compressed air cylinder and mixed CO2-compressed air cylinder are fed 

into the same second stage regulator as shown in Figure 26. Both first stage 

regulator valves are opened to free float conditions and the gas source is switched 

using two solenoid valves (PS8262D93, ASCO, Florham Park, NJ) connected to a 

solid state relay (SSRL240DC10, Omega Engineering, Inc., Stamford, CT) and 

power supply and controlled by an Arduino. This eliminates the need to interact 

with the subjects in order to administer the study. Additionally, a new PETCO2 

monitor with RS232 output was purchased (RespSense, Nonin Medical, Inc., 

Plymouth, MN) to record PETCO2 and respiration rate data. The new VI 

eliminates the need for any study administrator action other than clicking one 

button to advance through the preset study periods. Time-stamped data from 

multiple sources will be logged in a single file and tagged with study period labels 

by the VI. This will significantly reduce the time required for data preprocessing.  

An infrared CO2 transducer (5SIII, Analox Ltd., North Yorkshire, UK) was 

purchased for use in filling the mixed air-CO2 cylinders to a precision of 0.001% 

CO2. The transducer is connected to a display unit (PD210-01P, Precision 

Instrument Company, Tucson, AZ) to create a portable CO2 meter that can be 
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taken on-site to the compressed gas vendor when the cylinders are filled. Data 

from the transducer is also read into a LabVIEW VI for in-lab monitoring of 

SCUBA cylinder contents.  

Body temperature may affect CVR and vital signs,
98,99,100

 and a FLIR thermal 

camera is available to monitor changes in subject surface temperature during 

challenges. 

A new fNIR (functional NIR) system was purchased to monitor rSO2 with 

greater control over the raw data signals than the Nonin system used in this 

dissertation work (fNIR, fNIRSoft, COBI Modern, fNIR Devices LLC, Potomac, 

MD). The reusable fNIR sensor strip is housed in a soft, flexible, adjustable 

headband. The COBI Modern application acquires and captures the raw light 

transmission signals at each of 6 source-detector pairs in the sensor strip along 

with study metadata and event markers. The raw data recorded can be imported to 

the fNIRSoft software suite and manipulated with scripts to compute oxygenated 

and deoxygenated hemoglobin concentration and rSO2 at each source detector pair. 

Upgrades to the initial 6 pair sensor are available to refine the data mapping 

resolution.  
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Figure 26: Improved breathing circuit for NIRS-based noninvasive cerebrovascular regulation 

assessment. 

This breathing circuit includes integrated LabVIEW data acquisition and control VI. Study 

baseline, challenge and recovery period durations can be preset for automated valve switching. 

 

 
Figure 27: Valve control detail.  

(1) The LabVIEW VI interfaces with an Arduino, (2) the Arduino +5V output is connected to a 5V 

2-relay module (SSR), (3) two AC to DC power modules are connected the SSR module and to (4) 

the two solenoid valves, which are in line with the first and second stage regulators. 
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Chapter 5: Discussion, Conclusions and Suggestions 

for Further Research 

5.1  Discussion 

5.1.1 Exercise and Cerebrovascular Reactivity 

The response of PaCO2 to exercise intensity is known to be parabolic. PaCO2 

typically increases from low intensity through moderate intensity exercise and then 

decreases during heavy exercise due to hyperventilation
26,71,101

.  

 

Figure 28: Both CVR and CBF are known to have a parabolic relationship with exercise intensity. 

Reproduced from Figure of Tan, C.O., Meehan III, W.P., Iverson, W.P., Taylor, J.A., 

“Cerebrovascular regulation, exercise, and mild traumatic brain injury,” Neurology 83, 1665-1672 

(2014)
26

. 
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Rasmussen et al. proposed that CBF is dominantly controlled by PaCO2 and CVR 

during exercise based on the results of a 2006 study in which PETCO2, tidal 

volume (VT), respiration rate, and middle cerebral artery mean velocity (MCA 

Vmean) were monitored using an online gas analyzer and transcranial Doppler 

sonography (TCD) before, during, 30 minutes after, and 24 hours after exercise on 

a cycle ergometer
71

. The study identified a significant CVR increase above resting 

levels during exercise in normothermic conditions, and a greater increase during 

exercise under hyperthermic condtions
71

. The subject cohort (n = 6) was 

comprised of men ages 26 to 30 yr, and PaCO2 was calculated from PETCO2 and 

VT
71

. A 2007 review article identified that MCA Vmean has been found to increase 

during exercise and subsequently decrease to resting levels upon exercise 

cessation, while MAP has been found to increase during exercise and then remain 

elevated above resting levels post-exercise, leading to the conclusion that MAP 

may not be the dominant influence on increased CBF during exercise
101

. Thomas 

et al. found that Masters athletes (mean age = 74 yr) had a higher resting CBF but 

a lower CVR than sedentary subjects of the same age, and suggested that there 

may be a dampening of CVR in older athletes due to a higher lifetime exposure to 

CO2 during moderate aerobic exercise
28

. CVR may be dependent on numerous 

interacting factors, including age, exercise intensity, lifetime CO2 exposure, and 

other health conditions. Additionally, populations with the highest frequency of 
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mTBI occurrences such as contact-sports athletes and military personnel 

frequently perform moderate to heavy exercise that may alter their CVR during 

their lifetime. Since CBF dysfunction in the form of altered CVR may be a marker 

of mTBI, it may be beneficial for all individuals likely to experience repeated or 

prolonged CO2 exposure or to engage in activities that may result in head trauma 

or that have conditions known to affect CBF or CVR to be monitored for baseline 

CVR and regularly monitored for CVR changes.  

While CVR was not measured directly in the subject study, the result that the 

subjects grouped into the highest exercise factor level (>10 hr/wk) had a 

significantly greater rSO2 but similar PETCO2 response to CO2 challenges 

indicates that these young adult subjects may have had a higher CVR at rest than 

those who exercises less frequently or were sedentary. This is particularly 

interesting when contrasted with the report that Master’s athletes showed lower 

CVR at rest than their sedentary peers
28

 and invites the question as to whether 

there may be a dampening of the CVR mechanism due to lifetime CO2 exposure.  

5.1.2  Relationship of PETCO2 to PaCO2 

Non-invasively measured PETCO2 is not interchangeable with invasively 

measured PaCO2
3,101,102

, and reports of the relationship between the two 
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measurements are conflicting. Peebles et al. identified that PETCO2 overestimates 

PaCO2 during normocapnia and hypercapnia
103

, while other studies have found 

PETCO2 to underestimate PaCO2 as a function of the ratio of physiologic dead 

space in the lungs (VD) to VT
104

 and by as much as 13 mmHg on average
105

. 

Regression relationships based on both PETCO2 and VT
3,71,98

 and on PETCO2 

only
103

 have also been published. Since the subject study only employed non-

invasive methods, and PaCO2, VT, and VD were not measured, no conclusions can 

be drawn as to the response of PaCO2 to the CO2 inhalation challenges in this 

study.  

5.1.3  Relationship of CBF to rSO2 

Similarly, non-invasively measured rSO2 is not interchangeable with CBF 

and is instead considered a CBF correlate. This study monitored changes in the 

relative oxygen saturation in the frontal cerebral cortex tissue interrogated by the 

Nonin Equanox sensor patch. While it has been reported that rSO2 as measured by 

the Nonin Equanox can be accurately correlated with invasively measured jugular 

bulb venous oxygen saturation, SjvO2
92

, both the noninvasive and invasive 

measurements are in units of % HbO, not volumetric flow. Units for CBF are 

typically milliliters blood/100 grams tissue/minute.   
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5.2  Conclusions 

A custom breathing circuit was designed and successfully used to supply 

CO2-compressed air mixtures in order to assess CBF regulatory responses to 

hypercapnic challenges in healthy young adults using a COTS regional cerebral 

oxygenation monitor. This is the first reported use of a COTS device to monitor 

changes in rSO2 in response to hypercapnia and correlate these responses with 

frequency of routine exercise in healthy young adults at rest. The result that the 

subjects grouped into the highest exercise factor level (>10 hr/wk) had a 

significantly greater rSO2 but similar PETCO2 response to CO2 challenges than 

those grouped into exercise factor levels 2 (>0 hr/wk and <10 hr/wk) or 1 (0 

hr/wk) indicates that these young adult subjects may have had a higher CVR at rest 

than those who exercised less frequently or were sedentary. This relationship 

between CVR and exercise frequency in healthy young adult subjects as measured 

by rSO2 was discovered in this study. 

Furthermore, the results of this study indicate that periods of CO2 inhalation 

may be detected by monitoring rSO2 and that cardiovascular fitness and routine 

exercise intensity may play a role in rSO2 response to CO2 inhalation. Establishing 

baseline values of rSO2 and CVR to CO2 may aid in early detection of CBF 

changes. These results demonstrate that it is possible to use a relatively 
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inexpensive, noninvasive, portable device that is readily available in emergency 

rooms and triage units and that can be operated by a technician to monitor 

cerebrovascular reactivity to CO2 in real time and in any environment. This work 

is significant because rSO2 monitoring is typically used in triage, emergency room 

or surgical settings in order to simply identify whether brain tissue is sufficiently 

blood perfused. Given the broad spectrum of significance of CVR in aging, stroke, 

vascular and neurological health and functioning, this study shows that it may be 

possible to monitor populations for CVR regularly without the use of expensive 

equipment with limited access. The minimum data sampling rate at which rSO2 

can be used to monitor CVR in adults has yet to be determined.  

The non-invasive method of cerebrovascular assessment developed can be 

used to detect rSO2 and PETCO2 responses to CO2 inhalation in various 

populations. The breathing circuit has been modified to reduce subject awareness 

of the inhalation source for future studies. A different, higher resolution fNIRS 

device has been purchased and implemented, enabling the analysis of total 

oxygenated and deoxygenated hemoglobin volume fractions in addition to rSO2. 

This work lays the framework for further research to identify whether differences 

in CVR exist between different populations and to develop algorithms describing 

the CVR response to CO2 inhalation challenges in these groups.   
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5.3  Proposed Objectives for Further Research 

5.3.1  Combine NIRS and EEG for Device Development 

Objective 1: A novel, portable, low footprint, autonomous, noninvasive 

system for monitoring cerebrovascular changes would be proposed for 

development and prototyped.  

In this dissertation research, NIRS sensors and hypercapnic challenges were 

used to assess cerebrovascular regulation; this study could be expanded to also 

include EEG sensors and treadmill challenges. Future work could be proposed 

using both NIRS and EEG sensors to assess CVR responses to hypercapnic 

challenges and treadmill challenges delivered in series. First, EEG and NIRS data 

could be recorded separately for both types of challenges. Data reduction and 

filtering methods could be developed and applied in order to extract key features 

of responses and increase the signal to noise ratio as necessary. Vital signs, 

including continuous blood pressure, heart rate, and respiration rate and PETCO2 

should also be monitored. Separate transfer functions could be developed to 

describe the change in subject state from each challenge to recovery period and 

from each recovery to challenge period for both the NIRS and the EEG datasets. 

Locations of electrodes and optodes that detect significant changes during the 
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study could be identified. These locations could inform a combined NIRS-EEG 

protocol that makes uses of the minimum number of electrodes and optodes 

needed to characterize CO2 inhalation and treadmill responses. The combined 

system could be tested, and a novel portable, low footprint, autonomous, 

noninvasive system for monitoring cerebrovascular changes could be proposed for 

development and prototyped. 

Several target populations are recommended for sampling. The healthy young 

adult population should include those who do not exercise at all, those who 

exercise moderately, and those who are competitive athletes. Athletes could be 

divided into subsets according to primary type of activity, e.g. endurance, stop-

and-go-action and weightlifting. The aging population should include healthy 

adults over the age of 55 who were not lifelong exercisers and those who were 

lifelong exercisers.  

5.3.2  Impact of Lifetime CO2 Exposure on CVR 

Objective 2: Future work could investigate whether CVR may be altered due 

to lifetime CO2 exposure. Specifically, alternating identical challenge and recovery 

periods should be delivered in series in order to: (1) identify whether the NIRS and 

EEG sensors used and algorithms developed detect any change in the 
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cerebrovascular response to identical challenges performed at different points in 

the series, (2) characterize how the cerebrovascular response to breathing CO2-

enriched air and experiencing increased arterial CO2 concentrations during 

exercise changes during subsequent challenges, and (3) identify whether the 

cerebrovascular response to CO2-exposure challenges delivered in series differs 

between different subsets of the target populations. If the hypothesis that CVR 

may be altered due to increased lifetime inhalation of CO2 or increased PaCO2 due 

to a lifetime of heavy exercises is found to be supported by the proposed research, 

countermeasures to prevent CVR dampening could be explored.  

5.4  Applications of Further Research 

Broad applications of NIRS and EEG based monitoring of cerebrovascular 

dynamics include mTBI/TBI detection and recovery, monitoring of athletes, 

military personnel and astronauts, and use in triage units and hospitals with no 

MRI/PET and in rural and impoverished areas lacking medical facilities. Product 

development could emphasize compatibility with active duty military personnel 

and astronauts.  
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