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ABSTRACT

EXAMINING THE INFLUENCE OF SKELETAL MUSCLE OXYGEN METABOLISM ON MICROVASCULAR

REPERFUSION IN RESPONSE TO ACUTE ISCHEMIA

Ryan Phillip Rosenberry, Ph.D.

The University of Texas at Arlington, 2019

Supervising Professor: Michael D. Nelson

Cardiovascular disease (CVD) is the single leading cause of morbidity and mortality in the
United States (and the world), with a death rate greater than cancer and chronic lower respiratory disease
(emphysema, bronchitis, asthma) combined. Therefore, it is critically important to continue developing
techniques for assessing cardiovascular disease. Reactive hyperemia (RH), the magnitude of tissue
reperfusion following a period of transient ischemia, is a common technique that is conventionally
interpreted as an index of microvascular function and has been shown to be a sensitive and powerful
predictor of cardiovascular risk factors and future cardiac events. In Chapter 2, we provide historical and
clinical context for the measurement of reactive hyperemia, discuss the tools that have been used
measure this phenomenon, summarize the mechanisms purportedly driving this response, and discuss
emerging analytical approaches. In Chapter 3 we used near-infrared spectroscopy to evaluate the effect
of age on reactive hyperemia. In Chapter 4 we further pursued this line of inquiry and incorporated
Doppler ultrasound to evaluate the relationship brachial artery reactive hyperemia. In these studies we
found that tissue ischemia is an important determinant of the hyperemic response. In Chapter 5 and
Appendix A, we manipulated the balance between the ischemic stimulus and microvascular reactivity. In

Appendix A, we attempted to acutely impair microvascular by exposing healthy young participants to an



ischemia-reperfusion model, but failed to induce any impairment in reactive hyperemia. In Chapter 5 we
employed limb immobilization to induce reductions in skeletal muscle mitochondrial, but again were
unable to induce shifts in either mitochondrial function or reactive hyperemia. Overall, these
investigations have provided novel insight into the complex, and previously overlooked, relationship
between skeletal muscle metabolic rate and reactive hyperemia. However, more work is needed to

further explore this complex interrelationship and how it is affected by aging and disease.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt sttt e s et et ere ere e st et s s s s s et ese sh see e ea seaen s b e s et e Rt e Rt R SR et e a e n e n e r e e e et ene i

CHAPTER 1: INTRODUCTION ...oviiiiiiititiici ittt s st st ss bt s b sa b bbb sm s s bbb s 1

CHAPTER 2: REACTIVE HYPEREMIA: A REVIEW OF THE METHODOLOGIES, MECHANISMS,
AND DEVLEOPING APPROACHES FOR ASSESSING MICROVASCULAR FUNCTION .....ccccovvuiiiviieinns 8

CHAPTER 3: AGE-RELATED MICROVASCULAR DYSFUNCTION: NOVEL INSIGHT FROM NEAR-INFRARED
SPECTROSCOPY ..ottt st s s b sa s b s s s s b s b sa e e b e sa s 40

CHAPTER 4: INTER-INDIVIDUAL DIFFERENCES IN THE ISCHEMIC STIMULUS AND OTHER TECHNICAL
CONSIDERATIONS WHEN ASSESSING REACTIVE HYPEREMIA.......cooiiiierireeereee e e 62

CHAPTER 5: LIMB IMMOBILIZATION DOES NOT DECOUPLE SKELETAL MUSCLE OXIDATIVE FUNCTION

FROM REACTIVE HYPEREMIA ..ottt ettt e e et s s s et 83
CHAPTER 6: CONCLUSION ....oiuiiiiiiiriieniirin ettt ettt ere e s st e et r e sttt ene e st st benbenasnens 101
APPENDIX

A. ISCHEMIA REPERFUSION INJURY DOES NOT IMPAIR REACTIVE HYPEREMIA..........cccveveneee. 105

B. CONCURRENT MEASUREMENT OF SKELETAL MUSCLE BLOOD FLOW DURING EXERCISE
WITH DIFFUSE CORRELATION SPECTROSCOPY AND DOPPLER ULTRASOUND.......cccovererenens 112

C. DETERMINANTS OF SKELETAL MUSCLE OXYGEN CONSUMPTION ASSESSED BY NEAR-
INFRARED DIFFUSE CORRELATION SPECTROSCOPY DURING INCREMENTAL HANDGRIP
EXERCISE ..ottt s et bbb b b bt 132

D. SKELETAL MUSCLE NEUROVASCULAR COUPLING, OXIDATIVE CAPACITY, AND
MICROVASCULAR FUNCTION WITH ‘ONE STOP SHOP’ NEAR-INFRARED SPECTROSCOPY....160



CHAPTER 1

INTRODUCTION



Cardiovascular disease (CVD) is the single leading cause of morbidity and mortality in the United
States (and the world), with a death rate greater than cancer and chronic lower respiratory disease
(emphysema, bronchitis, asthma) combined (Benjamin et al., 2017). Although other risk factors, such as
smoking, obesity, and hypertension increase risk (O'Donnell & Elosua, 2008), age remains the greatest
predictor, with nearly 70% of the population over 60 years of age, and 85% of the population over 80 yrs,
affected by CVD (Benjamin et al., 2017). Even more troublesome, this burden is only expected to rise, as
estimates project 40.5% of the US population to have some form for CVD by the year 2030, costing an
estimated $818 billion in direct costs (Benjamin et al., 2017).

In light of this public health threat, it is critically important to continue developing clinical
techniques for assessing the progression of cardiovascular disease. One such approach, termed reactive
hyperemia (RH), involves measuring the magnitude of tissue reperfusion following a period of transient
ischemia, most commonly induced through arterial cuff occlusion. The conventional interpretation has
been that the healthier the microvascular system, the greater the microvascular vasodilation in response
to the ischemic period, and thus the greater the magnitude of tissue reperfusion upon cuff deflation.
Numerous investigations have indeed shown reactive hyperemia to be reduced with age (Dakak et al.,
1998; Higashi et al., 2001; Mitchell et al., 2005), and in patients with hypercholesterolemia (Hayoz et al.,
1995), renal disease (London et al., 2004), and heart failure (de Berrazueta et al., 2010). Moreover,
multiple studies have shown that reactive hyperemia is a sensitive and powerful predictor of
cardiovascular risk factors and future cardiac events (Criqui, Coughlin, & Fronek, 1985; Gokce et al., 2003;
Huang et al., 2007).

In Chapter 2, we provide historical and clinical context for the measurement of reactive hyperemia
and discuss the investigative tools that have been used over the past two decades to measure this
phenomenon. We also discuss the proposed mechanisms driving this response, and technical

considerations for analysis and reporting of reactive hyperemia.



In Chapter 3, we examine the effect of age on reactive hyperemia using a relatively novel near-
infrared spectroscopy (NIRS) approach. This technique has been used to detect impairments in post-
occlusive tissue resaturation in patients with peripheral vascular disease (Cheatle et al., 1991; Kooijman,
Hopman, Colier, van der Vliet, & Oeseburg, 1997) and sepsis (Creteur et al., 2007). However, this approach
had not yet been used to investigate age-dependent differences in microvascular function. To address this
gap in the literature, we recruited young and independently living elderly individuals and measured the
tissue resaturation rate using NIRS in response to a standardized 5-minute cuff occlusion. Consistent with
our hypothesis, we observed an age-dependent reduction in the rate of tissue resaturation. The seminal
finding of this investigation however, was that both groups also differed with respect to the desaturation
slope (i.e. skeletal muscle metabolic rate), which led to a markedly different magnitude of tissue ischemia
(i.e. the stimulus to vasodilate). While the exact mechanism for this finding is beyond the scope of this
investigation, it is likely related to age-dependent skeletal muscle atrophy and reductions in oxidative
capacity (Conley, Jubrias, & Esselman, 2000; Luhrmann, Bender, Edelmann-Schafer, & Neuhauser-
Berthold, 2009; Miljkovic, Lim, Miljkovic, & Frontera, 2015; Volpi, Nazemi, & Fujita, 2004). In light of these
findings, we then matched the absolute tissue desaturation in young participants with that of the elderly
by reducing the time of cuff occlusion from 5 minutes to 3 minutes. Remarkably, matching the ischemic
stimulus between groups completely abrogated group differences in the resaturation rate (i.e. reactive
hyperemia).

Recognizing that this study was not without limitation, particularly its reliance on an “indirect”
measure of reactive hyperemia (i.e. NIRS), and the lack of dose responsiveness in the elderly group,
Chapter 4 describes the results of a follow-up experiment aimed to further explore the relationship
between the ischemic stimulus and reactive hyperemia, while paying close attention to the
aforementioned limitations. We recruited a new cohort of young and elderly participants and performed

simultaneous Doppler ultrasound and NIRS measurements to directly assess reactive hyperemia and the



ischemic stimulus. First, to confirm and extend our initial observations, all participants performed a
standardized 5-minute cuff occlusion. Then, to test the dose responsiveness, all participants underwent a
4-, 6-, and 8-minute cuff occlusions in random order. As expected, we observed the same group
differences in the post-occlusion hyperemic response between young and elderly following each cuff
occlusion (4-, 5-, 6-, 8-min). Moreover, the elderly individuals became far less ischemic during each
respective cuff occlusion, regardless of duration. However, after adjusting each respective hyperemic
response to its corresponding degree of tissue desaturation, group differences were once again
completely abrogated. This is not to suggest that aging is not associated with microvascular dysfunction;
rather, our data simply emphasize that reactive hyperemia is highly dependent upon the preceding

ischemic stimulus.

In a final attempt to explore the relationship between inter-individual differences in the ischemic
stimulus and reactive hyperemia, we performed two intervention trials in an effort to manipulate the
balance between the ischemic stimulus and microvascular reactivity. In the first experiment, we
attempted to acutely impair microvascular function (independent of changes in the ischemic stimulus) by
exposing healthy young participants to an ischemia-reperfusion model. Briefly, subjects were exposed to
20 minutes of arterial cuff inflation, followed by 20 minutes of tissue reperfusion. Indeed, this same model
has been shown to impair endothelium-dependent vasodilation (Kharbanda et al., 2002; Kharbanda et al.,
2001; Loukogeorgakis et al., 2005; Loukogeorgakis et al., 2007). Unfortunately, in contrast to our
hypothesis, and a wealth of previous data used to form the rationale for this investigation, ischemia-
reperfusion did not cause any impairment in reactive hyperemia (Appendix A). In light of these
disappointing results, we then turned our attention to the other side of the equation; namely, skeletal
muscle metabolic rate and the ischemic stimulus. Previous studies have indeed shown that even relatively
short periods of limb immobilization produce significant reductions in skeletal muscle mitochondrial

function (Homma et al., 2009; Kitahara et al., 2003; Motobe et al., 2004), while others have found



reductions in reactive hyperemia and other measures of endothelium-dependent vasodilation (Birk,
Dawson, Timothy Cable, Green, & Thijssen, 2013; de Groot, Bleeker, & Hopman, 2006; Kroese, 1977; Silber
& Sinoway, 1990). Based upon these studies we hypothesized that limb immobilization would reduce
skeletal muscle metabolic rate, and therefore reduce the ischemic stimulus, and therefore
proportionately lower the magnitude of reactive hyperemia. The results are summarized in Chapter 5.
Individuals underwent forearm immobilization for an average of 28+2 days, using a wrist brace. Despite
thorough compliance with the immobilization protocol, and a large body of supporting evidence for which
we based our rationale, we found no measurable change in skeletal muscle metabolic rate or reactive
hyperemia following limb immobilization. The most likely explanations for why these two intervention
studies were unsuccessful are discussed in their respective sub-sections (i.e. Chapter 5, discussion; and
Appendix A).

Overall, these investigations have provided novel insight into the complex, and previously
overlooked, relationship between skeletal muscle metabolic rate and reactive hyperemia. The main
findings, along with our interpretation of the strengths, limitations, and alternative interpretations to our
approach are summarized in Chapter 6. More work is indeed needed to further explore the relationship
between skeletal muscle function and microvascular reactivity, with particular attention devoted to

challenging the balance between these two interrelated endpoints.
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CHAPTER 2

REACTIVE HYPEREMIA: A REVIEW OF THE METHODOLOGIES, MECHANISMS, AND DEVLEOPING APPROACHES

FOR ASSESSING MICROVASCULAR FUNCTION



Introduction

Reactive hyperemia is a well-established technique for non-invasively assessing peripheral microvascular
function, and is a powerful predictor of all-cause and cardiovascular morbidity and mortality (Anderson et al.,
2011; Huang et al., 2007; Ishibashi et al., 2006; London et al., 2004; Paine et al., 2016). In its simplest form, reactive
hyperemia represents the magnitude of limb reperfusion following a brief period of ischemia induced by arterial
occlusion. Over the past two decades, investigators have employed a variety of methods to measure reactive
hyperemia, including brachial artery velocity by Doppler ultrasound (Huang et al., 2007), tissue reperfusion by
near infrared spectroscopy (NIRS) (Kragelj, Jarm, & Miklavcic, 2000; Mayeur, Campard, Richard, & Teboul, 2011;
MclLay, Nederveen, Pogliaghi, Paterson, & Murias, 2016), limb distension by venous occlusion plethysmography
(Crecelius, Richards, Luckasen, Larson, & Dinenno, 2013; de Berrazueta et al.,, 2010), and peripheral artery
tonometry (Bonetti et al., 2004; Matsuzawa, Kwon, Lennon, Lerman, & Lerman, 2015). Regardless of the tools
used to measure reactive hyperemia, the fundamental interpretation common to these studies has been that
blunted reactive hyperemia signifies (micro)vascular dysfunction.

With reactive hyperemia becoming increasingly more common, and widely used across multiple
disciplines, further consideration is needed regarding several aspects of this approach. For example, does each
measurement technique provide the same inherent insight? What is the appropriate time course for measuring
reactive hyperemia? What impact does skeletal muscle mass and basal metabolic rate have on between-group
and/or inter-individual differences? This review aims to address each of these questions, with the hope of bringing
the community closer to a standardized approach for both the measurement and analysis of reactive hyperemia
in the peripheral circulation. Emphasis is also placed on the physiological mechanism(s) driving reactive

hyperemia.

Measurement Approaches: Past, Present, Future

Venous Occlusion Plethysmography



The majority of early studies measuring reactive hyperemia used venous occlusion plethysmography to measure
forearm blood flow (FBF) (Figure 1), with continued interest in this approach (Crecelius et al., 2013; Dinenno,
Masuki, & Joyner, 2005; Farouque & Meredith, 2003). Using this methodology, reactive hyperemia has primarily
been reported in two ways: peak forearm blood flow (Banitt, Smits, Williams, Ganz, & Creager, 1996; Crecelius et
al., 2013; Engelke, Halliwill, Proctor, Dietz, & Joyner, 1996; Hayoz et al., 1995; Nugent et al., 1999; Tagawa et al.,
1994), measured as the highest forearm blood flow measure detected during the hyperemic response, and total
forearm blood flow, measured as the area under the forearm blood flow curve throughout the hyperemic
response and recovery towards baseline blood flow (Banitt et al., 1996; Crecelius et al., 2013; Engelke et al., 1996;

Farouque & Meredith, 2003; Nugent et al., 1999; Tagawa et al., 1994).

Positive aspects of this methodology include its accuracy and high reproducibility owing to the low technical skill
required to place the strain gauge. However, like all techniques, venous occlusion plethysmography suffers from
several limitations. Most critically, the inflation/deflation approach required to induce changes in limb volume
leads to very low temporal resolution, recording only one measurement ever 5-10 seconds. This is suboptimal as
it provides only 1-2 data points during the peak response (< 30 sec after cuff deflation, therational for this time
frame discussed in more detail in later sections). Second, venous occlusion plethysmography is limited to indirect
measurements of limb distension, with hemodynamics inferred. Inter-individual and/or between groups
differences in tissue vascularization, vascular stiffness (particularly on the venous side), and perfusion pressure
may therefore influence the rate and degree to which limb volume changes during a brief period of reperfusion.
While steps can be taken to normalize or control for changes in blood pressure and vascular compliance, these

extra measures are not universally practiced.

Doppler Ultrasound

With the development of simultaneous velocity measurement and B-mode imaging, as well as advanced analysis

tools, duplex ultrasound has become the clinical standard for measuring reactive hyperemia. Using this technique,
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investigators have found reductions in peak hyperemic blood flow in subjects with hypercholesterolemia (Hayoz
et al., 1995), mean hyperemic blood flow in subjects with elevated systemic inflammation (Vita 2004), and mean
hyperemic velocity in subjects exposed to high levels of air pollution (Wilker et al., 2014). Moreover, Philpott et al
and Anderson et al found peak velocity-time integral to be predictive of cardiovascular disease and future cardiac
events (Anderson et al., 2011; Philpott et al., 2009), while Huang et al found peak blood velocity to be predictive

of future cardiac events and mortality (Huang et al., 2007).

While Doppler ultrasound natively outputs blood velocity, blood flow can be calculated using measurements of
arterial diameter. To do this, investigators have relied on two main approaches. First, operators have used on-
board calipers to take intermittent measurements of the vessel diameter, allowing for the offline calculation of
blood flow using the continuously recorded velocity signal. Emerging more recently, the second approach involves
continuous video recording of the B-mode image. The video is then analyzed using complex edge-detection
software to acquire continuous measures of brachial artery diameter. Interestingly, peak blood flow appears to
be less discriminatory than peak velocity (Huang et al., 2007; Rosenberry, Trojacek, Chung, Cipher, & Nelson,
2019); although this result is not universal (Hayoz et al., 1995; Paine et al., 2016; Wilker et al., 2014). Possible

reasons for this discrepancy are discussed in subsequent sections.

As evidenced by the above summary, there is currently no universally agreed upon analytical approach for
quantifying reactive hyperemia by Doppler ultrasound (Figure 2). Investigators have reported peak velocity
(Huang et al., 2007; Philpott et al., 2009; Rosenberry, Trojacek, et al., 2019; Woo et al., 2014), peak blood flow
(Amar et al., 2003; Harris, Padilla, Rink, & Wallace, 2006; Rosenberry, Trojacek, et al., 2019; Takase, Akima, Uehata,
Ohsuzu, & Kurita, 2004), velocity time integral (Anderson et al., 2011; C. R. Lee et al., 2012; Lee, Martin, Fung, &
Anderson, 2012), average hyperemic velocity (Mitchell et al., 2004; Rosenberry, Trojacek, et al., 2019; Wilker et
al.,, 2014), and average hyperemic flow (Rosenberry, Trojacek, et al., 2019; Wilker et al., 2014). For reactive
hyperemia to be more widely accepted and adapted for clinical evaluation, this variability will need to be

addressed.
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Among its greatest many strengths, Doppler ultrasound provides excellent temporal and spatial resolution
(conduit vessel imaging), and yields data that may be comprehensively analyzed using a multitude of approaches.
Doppler imaging is however highly operator dependent, requiring extensive technical training to acquire and
continuously image the conduit artery (most commonly the brachial artery). In addition, this technique is sensitive
to motion artifact, and even minor disruptions in the probe position can impair both image and velocity signal
quality. Finally, even the most economical ultrasound devices are relatively expensive, with analytic software only

adding to this cost.

Near-Infrared Spectroscopy

Recently, near-infrared spectroscopy (NIRS) has emerged as an alternative, non-invasive approach to measuring
reactive hyperemia. These devices operate by emitting near-infrared light at wavelengths that are differentially
absorbed by oxygenated hemoglobin/myoglobin (HbO,) and deoxygenated hemoglobin/myoglobin (HHb). By
measuring the absorbance of light at each wavelength, near-infrared spectrometers can quantify the

concentration of both HbO, and HHb present in the tissue (Barstow, 2019), and calculate tissue oxygen saturation.

The rate of tissue oxygen re-saturation (i.e. the reperfusion slope) is most commonly used as an index of tissue
reperfusion, sharing a strong relationship with post-occlusive brachial artery blood flow (Bopp, Townsend,
Warren, & Barstow, 2014). Indeed, studies examining patients with peripheral vascular disease show blunted rates
of tissue reperfusion (Cheatle et al., 1991; Cheng et al.,, 2004; Kooijman, Hopman, Colier, van der Vliet, &
Oeseburg, 1997) and prolonged time to achieve maximum tissue saturation (StO;) (Kooijman et al., 1997). In
patients with sepsis, Creteur et al found that reperfusion rate was significantly blunted compared to controls, and
that a lack of improvements in reperfusion rate over a 48 hour period were predictive of mortality (Creteur et al.,
2007). Although these investigations provide evidence for the utility of NIRS in a clinical/diagnostic role, this
approach has not yet been employed in large clinical trials, and thus the utility of NIRS as a predictive of prognostic

tool for cardiovascular events or mortality has yet to be determined.
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As illustrated in Figure 3, there are multiple analytical endpoints that have been reported from NIRS-derived
reactive hyperemia. Among these common endpoints are: the reperfusion rate (Cheatle et al., 1991; Cheng et al.,
2004; Creteur et al., 2007; Hammer et al., 2019; Kooijman et al., 1997; Lacroix et al., 2012; Mayeur et al., 2011;
MclLay, Fontana, et al., 2016; McLay, Nederveen, et al., 2016; Rosenberry et al., 2018), maximum tissue saturations
(Cheng et al., 2004; Chung et al., 2018; Creteur et al., 2007; Hammer et al., 2019; Kragelj, Jarm, Erjavec, Presern-
Strukelj, & Miklavcic, 2001; Mclay, Fontana, et al., 2016; McLay, Nederveen, et al., 2016; Rosenberry et al., 2018),
and the area under the curve during recovery (Lacroix et al., 2012; Mayeur et al., 2011; Rosenberry et al., 2018;
Siafaka et al., 2007). While these studies have established reperfusion rate as the most common investigative
endpoint, no such consensus appears to have been reached regarding the other analytical endpoints. Further
studies are needed to determine whether maximal tissue saturation and/or the hyperemic recovery area provide

additional clinical or predictive value.

From a more technical stand-point, there are multiple forms of near-infrared spectrometers— time domain,
continuous wave, and frequency domain— each of which functions differently and provides different assessments
of tissue oxygenation (Barstow, 2019). Recent work comparing continuous wave and frequency domain devices
has shown that continuous wave devices significantly overestimate important NIRS-derived parameters, including
reperfusion slopes (Hammer et al.,, 2019). This error arises from their assumption of constant tissue optical
properties. Conversely, frequency domain devices are capable of measuring tissue absorbance and scatter in real
time and thus are not vulnerable to this overestimation (Hammer et al., 2019). This is a critical point of
consideration because the rate of tissue reperfusion is arguably the most commonly reported endpoint and
appears to provide the most clinical insight. In light of these limitations, caution is warranted when directly
comparing results from continuous wave versus frequency domain NIRS devices as differences may be attributable

to this overestimation.

This approach holds multiple advantages over the previously described venous occlusion plethysmography and

Doppler ultrasound. In addition to measuring reactive hyperemia at the level of the microvasculature, NIRS also
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provides insight into skeletal muscle oxygen metabolism in the tissue, a factor we recently identified as a critical
determinant of the hyperemic response (Rosenberry, Trojacek, et al., 2019); described in detail in subsequent
sections. Although some training is necessary in order to reliably place the NIRS probe and operate the device,
studies have shown that it is possible to achieve low inter-operator variability (Lacroix et al., 2012), making this a
potentially powerful tool for deployment in large clinical trials or multicenter investigations. Despite these positive
attributes, NIRS suffers from several limitations. In order to quantify HbO, and HHb, the light must pass through
the skin, underlying adipose tissue, and muscle. Consequently, excessive adipose tissue thickness prevents
adequate light penetration of the muscle and causes light to scatter prior to reaching the muscle. This poses a
confounding limitation when undertaking to study patient populations in whom obesity is common, such as Type

2 diabetes and heart failure.

Peripheral Artery Tonometry

Much like NIRS, peripheral artery tonometry has gained widespread popularity given its ease of use and
portability, coupled with the simplicity of the analysis. Unlike the aforementioned techniques, this method
assesses reactive hyperemia, not as a velocity or volume, but through changes in the amplitude of pulsations in
finger pressure. The primary outcome measure, termed the reactive hyperemia index (RHI) (Figure 4) (Bonetti et
al., 2004; Celermajer, 2008; Hamburg & Benjamin, 2009), has been employed in numerous investigations and has
proven useful for predicting endothelial dysfunction (Kuvin et al., 2003), coronary atherosclerosis (Bonetti et al.,
2004), coronary artery disease (Matsue et al., 2014), microvascular dysfunction secondary to sepsis (Darcy et al.,
2011), and coronary plaque formation (Schoenenberger et al., 2012). Blunted reactive hyperemia index has been
shown to be correlated with risk factors for developing cardiovascular disease (Hamburg et al., 2008), as well

increased risk of future adverse cardiac events (Rubinshtein et al., 2010).

It should be noted that RH-PAT is often described as a measure of endothelial function, which naturally breeds

comparison with flow-mediated dilation, by far the most ubiquitous clinical tool used to measure endothelium
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dependent, shear-mediated dilation of conduit arteries. This comparison is understandable, considering that
these two measures offer similar clinical insights and have been shown to be correlated (Matsuzawa et al., 2015;
Woo et al., 2014). However, it is likely that RH-PAT is driven by both endothelium dependent and endothelium
independent mechanisms. Moreover, RH-PAT does not directly measure vasodilation, but rather augmentations
in finger pressure, which are thought to be reflective of microvascular dilation (Darcy et al., 2011; Davis et al.,
2009; Dhindsa et al., 2008; Lian & Keaney, 2010; Matsuzawa et al., 2010; Rubinshtein et al., 2010; Woo et al.,
2014). In this way, dilation of the microvasculature decreases resistance downstream allowing for the hyperemic
surge of blood to reperfuse the limb— greater magnitudes of reperfusion are assumed to arise from more
extensively dilated microvessels. Indeed, RH-PAT is correlated with conduit artery hyperemic flow (Dhindsa et al.,

2008).

As mentioned, one of the benefits of this technique is that instrumentation and operation are relatively simple;
these devices are portable and require minimal operator training in order to operate them effectively. This allows
many users to be trained and deployed rapidly, facilitating the use of RH-PAT large clinical settings while ensuring
robust inter-operator reproducibility. In addition to being simple to operate, the results are often processed
automatically and the reactive hyperemia index supplied to the technician without any further analysis. This may
be viewed as a benefit, as it minimizes training and skill requirements for data analysis. However, it also forces
users of this device to rely on the “black box” of proprietary software and data analysis methods. In the case of
aberrant physiological responses or other artifacts that would necessitate critical analysis of the data, users may

find themselves limited by the closed system nature of the device.

Other Techniques

Thus far we have highlighted the most common techniques used for measuring reactive hyperemia, however this

is by no means an exhaustive list. For example, reactive hyperemia has also been measured invasively, using
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Doppler flow wires inserted into a conduit artery (Dakak et al., 1998; Olivecrona, Gotberg, Harnek, Van der Pals,
& Erlinge, 2007). While this approach indeed provides direct, quantitative, assessment of reactive hyperemia, it is
not scalable to the clinic or large clinical trials due to its invasiveness and limited accessibility. Arterial spin
labeling— a magnetic resonance based approach— has also been used to measure reactive hyperemia, frequently
in the lower limb (Englund et al., 2013; Lopez et al., 2015; Raynaud et al., 2001). While this approach avoids many
of the limitations associated with invasive Doppler guidewire, does not require contrast injections, does not
expose participants to ionizing radiation, and directly measures tissue perfusion (both regionally, as well as across
the entire muscle cross-section), it is of course limited in temporal resolution (typically ~4 s), and accessibility;

with much higher operating costs than the aforementioned techniques.

Proposed Mechanisms of Reactive Hyperemia

By way of the experimental approach used to study reactive hyperemia (i.e. cuff occlusion of a limb), the
fundamental stimulus driving reactive hyperemia is tissue hypoxia; a potent stimulus for vasodilation, with
numerous mechanisms proposed (Figure 5).

Nitric Oxide

The potent vasoactive effects of nitric oxide (NO) have been studied for decades. Thus it is not surprising that it is
among the earliest substances investigated for its role in mediating RH. Central to our discussion is one form of
nitric oxide synthesizing enzyme, endothelial nitric oxide synthase (eNOS). When activated, this enzyme oxidizes
L-arginine, producing NO and L-citrulline (Stuehr, 2004). Nitric oxide is a highly reactive gas, and diffuses rapidly
from the endothelial cell to the underlying vascular smooth muscle where it activates soluble guanylate cyclase.
The subsequent production of cyclic guanosine monophosphate and activation of protein kinase G induces
vasorelaxation by reducing intracellular calcium concentration. This is achieved through its inhibition of calcium
influx through voltage gated calcium channels and through enhanced uptake of calcium by the sarcoplasmic
reticulum (Jackson, 2000; Sandoo, van Zanten, Metsios, Carroll, & Kitas, 2010; Zhao, Vanhoutte, & Leung, 2015).

Reduced intracellular calcium causes inactivation of myosin light chain kinase and activation of myosin light chain

16



phosphatase, which reduces actin-myosin cross-bridge formation and vasorelaxation. Protein kinase G also
activates potassium channels, hyperpolarizing the myocyte and further contributing to vasorelaxation (Jackson,
2000; Zhao et al., 2015).

Although NO has been well-established as the driving metabolite behind flow-mediated dilation of larger arteries,
its role in reactive hyperemia is less clear. One approach that investigators have taken is to measure RH before
and after infusion of L-N-monomethyl arginine (L-NMMA), which inhibits the synthesis of nitric oxide. Their
hypothesis has been that if RH is significantly reduced following infusion, then NO must be a significant contributor
driving the phenomenon. While testing this hypothesis, separate studies by Tagawa et al and Bank et al found
that L-NMMA infusion did not reduce peak FBF, but did result in blunted FBF during the minutes following cuff
release, as measured using venous occlusion plethysmography (Bank, Sih, Mullen, Osayamwen, & Lee, 2000;
Tagawa et al., 1994). Also employing strain gauge plethysmography and L-NMMA, independent studies by Engelke
et al and Nugent et al found that neither peak nor total FBF measured in the minutes following cuff deflation were
affected by L-NMMA infusion (Engelke et al., 1996; Nugent et al., 1999). Given that NO is a primary driver of flow-
mediated dilation (Green, Dawson, Groenewoud, Jones, & Thijssen, 2014; Thijssen et al., 2011), which peaks
within approximately 45-90 seconds after cuff deflation (Black, Cable, Thijssen, & Green, 2008; Corretti et al.,
2002; Evanoff, Kelly, Steinberger, & Dengel, 2016; Thijssen et al., 2011), it is likely that the role of NO in the
sustained hyperemic response is dependent upon shear-stimulated activation of eNOS following cuff deflation,
and not synthesis of NO during the ischemic period.

Prostaglandins

Unlike NO, which is a highly soluble and rapidly degraded gaseous messenger, prostaglandins are lipid hormones
that elicit a range of effects, including vasodilation. Of specific interest is one form of prostaglandin, prostacyclin
(PGI2). Under hypoxic conditions, intracellular calcium concentration rises, leading to the stimulation of
phospholipase A, which catalyzes the production of arachidonic acid, the substrate for PGI, synthesis by

cyclooxygenase (COX) (Figure 5) (Michiels, Arnould, Knott, Dieu, & Remacle, 1993). Once produced, PGI; can then
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bind to receptors on the luminal surface of the endothelium, stimulating the production of cyclic adenosine
monophosphate, and subsequent activation of protein kinase A. This enzyme then activates potassium channels,
inducing hyperpolarization and smooth muscle relaxation (Figure 5) (Edwards, Feletou, & Weston, 2010; Quayle,
Nelson, & Standen, 1997).

As with NO, investigators have taken a similar approach to determine the role of prostaglandins in mediating
reactive hyperemia, first measuring RH at baseline and then administering a cyclooxygenase inhibitor to quantify
the drug-induced decrement. In a study by Engelke et al, RH was measured with strain gauge plethysmography
before and after inhibition of COX by orally administered ibuprofen. In this study, the authors found that COX
blockade significantly reduced peak FBF, but had no effect on total FBF in the subsequent minutes (Engelke et al.,
1996). Conversely, studies by Addor et al, who used lysine acetylsalicylate to block COX, and Kilbom et al, who
utilized indomethacin, found that both peak and total FBF were blunted following inhibition of prostaglandin
synthesis (Addor et al., 2008; Kilbom & Wennmalm, 1976). These disparate findings may be attributable to
differences in both the tools used to measure FBF as well as differences in the drugs used to inhibit COX. To
measure FBF, Kilbom et al employed an air-filled rubber cuff which measured pressure changes associated with
fluctuations in limb volume. The bladder was calibrated by using known volumes of air and measuring the
associated changes in pressure. However, Addor et al. used mercury strain gauge venous occlusion
plethysmography, similar to Engelke et al. Another potential explanation for these disparate responses is that
each group utilized different drugs, which may lead to variances in COX inhibition. Overall, without further studies
employing more uniform methods and achieving more unanimous results, it is not possible to definitively identify
prostaglandins as the primary mediator of reactive hyperemia.

Adenosine

Similar to prostaglandins, adenosine elicits its vasoactive effects by binding to membrane-bound receptors,
activating an internal G-protein-mediated cascade (Figure 5). Binding of adenosine activates adenyl cyclase,

stimulating the production of cyclic adenosine monophosphate. This second messenger then activates protein
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kinase A, opening potassium channels, resulting in hyperpolarization of the smooth muscle myocyte (Quayle et

al., 1997).

In order to assess whether adenosine mediates RH, Carlsson et al (Carlsson, Sollevi, & Wennmalm, 1987)
measured FBF during reactive hyperemia using venous occlusion plethysmography. After establishing baseline
responses, they assessed RH after administration of theophylline, an adenosine receptor blocker, and
dipyridamole which inhibits the re-uptake of adenosine, thus prolonging and enhancing its effects. They found
that blocking adenosine blunted the total FBF response, but had no effect on peak forearm blood flow. After
administration of dipyridamole, they found that total FBF was elevated, but again there was no augmentation of
peak blood flow. These findings suggest that adenosine does not mediate the peak response, but does play a role
in the prolonged flow response following ischemia. These findings are at odds with those of Meijer et al (Meijer
et al., 2008) who found that dipyridamole significantly enhanced peak hyperemia. Thus, while adenosine would
seem to be the ideal mediator of RH, given its direct relationship with tissue ischemia (ATP - ADP > AMP >
adenosine) the exact role of adenosine in RH therefore remains equivocal.

Potassium (K*)

In contrast to adenosine, prostaglandins, and NO, which are all metabolic vasodilators that function by activating
an enzymatic signaling cascade, K* contributes to the regulation of vascular tone through alterations in the
polarization state of both endothelial and vascular smooth muscle cells. In endothelial cells, ATP-sensitive K*
channels are inhibited by even very low concentrations of ATP (Ko, Han, Jung, & Park, 2008). However, under
conditions that lower ATP concentration, such as hypoxia, these channels begin to open (Jackson, 2000, 2017;
Nilius & Droogmans, 2001; Quayle et al.,, 1997; Shimoda & Polak, 2011). The subsequent efflux of K*
hyperpolarizes the endothelial cell and raises the driving force for Ca®* to enter the cell, leading to the activation
of endothelial nitric oxide synthase and phospholipase A, and the subsequent production of NO and PGl;

respectively (Figure 5) (Edwards et al., 2010; Feletou, 2009). These channels can also be opened by protein kinase
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A, which is activated following adenosine and prostacyclin binding their respective receptors (Feletou, 2009;
Jackson, 2000, 2017; Quayle et al., 1997).

ATP-sensitive K* channels are also located on vascular smooth muscle cells and function in the same manner as
described above to induce hyperpolarization during hypoxia. Similar to protein kinase A, K* channels are also
opened by protein kinase G, which is activated as part of the NO signaling cascade (Jackson, 2017) (Jackson 2017).
In addition to these mechanisms, studies have shown that Ca?* sensitive K* channels are opened in response to
low partial pressures of oxygen (Gebremedhin et al., 1994; Shimoda & Polak, 2011). The sum of these activities is
increased K* efflux, leading to myocyte hyperpolarization and closure of voltage gated Ca?* channels. This results
in decreased intracellular calcium concentration, leading to vasorelaxation (Figure 5) (Feletou, 2009; Jackson,
2000, 2017; Quayle et al., 1997).

Despite the well-established role of K* channels in regulating vascular tone, as we have seen in studies centered
on NO and prostaglandins, there are conflicting results surrounding its role in mediating reactive hyperemia.
Farouque et al (Farouque & Meredith, 2003) employed venous occlusion plethysmography, and infused
glibenclamide to inhibit ATP-sensitive K* channels. In this investigation they found that glibenclamide had no effect
on the peak FBF response, nor did it attenuate the sustained hyperemia throughout the recovery period. Banitt
et al also employed strain gauge venous occlusion plethysmography to measure FBF before and after
administering tolbutamide, another ATP-sensitive K* channel blocker (Banitt et al., 1996). Similarly, they observed
no effect on the peak response following arterial cuff occlusion, but did note that tolbutamide reduced the total
hyperemic blood flow during the minutes following deflation of the occlusive cuff. In a third investigation,
Crecelius et al infused barium chloride (BaCl,), another K* channel blocker. Unlike either of the previously
mentioned investigations, there was a significant attenuation in both the peak and total FBF following BaCl,
infusion (Crecelius et al., 2013).

These findings provide interesting points of discussion, as they each observed different contributions of K*

channels to reactive hyperemia. Despite each using the same technique (i.e. arterial cuff occlusion), and analytical
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approaches, these three studies yielded three conflicting interpretations. One potential, if not probable,
explanation for these conflicting results is the different pharmacological agent used in each of the studies.
Glibenclamide and tolbutamide are members of the sulfonylurea class of drugs, which specifically inhibits ATP-
sensitive K* channels. Conversely, BaCl; inhibits inwardly rectifying K* channels, but has also been shown to inhibit
ATP-sensitive K* channels (Tykocki, Boerman, & Jackson, 2017) albeit at much higher concentrations than those
utilized by Creclius et al (Crecelius et al., 2013). Nevertheless, it is possible that differences in specificity, potency,
and dosage between these agents may underlie the disparity in these findings.

Methodological Considerations

Temporal Considerations

Reactive hyperemia is the rapid and exaggerated reperfusion following a period of ischemia. Vasodilation in
response to ischemia markedly reduces resistance in the microvasculature, allowing the hyperemic surge to
reperfuse the oxygen-starved tissue, thus correcting the ischemic error signal before recovering to a basal state.
Under this assumption, the rate or magnitude of reperfusion is proportional to the microvasculature’s ability to

dilate during ischemia.

When measurements are taken immediately following the release of the occlusive cuff (< 30 sec), they provide
insight into the truly reactive phase of reperfusion, i.e. the blood flow response arising entirely from the ischemic
stimulus and the resulting microvascular dilation. As measurements are continued beyond this initial phase, the
hyperemic response, and associated shear along the blood vessels in the experimental limb, confound the
assessment by stimulating vessel dilation and increasing overall flow (Evanoff et al., 2016; Pyke & Tschakovsky,

2005).

Strictly speaking, reactive hyperemia is meant to reflect the microvasculature’s ability to dilate in response to a
period of acute ischemia. Therefore, one may draw the distinction between “reactive” hyperemia, and
“responsive” hyperemia, which we view as being mediated or sustained by factors arising after or because of the

initial hyperemic surge of blood. Reactive hyperemia is inherently a negative feedback loop, the purpose of which
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is to correct the ischemic error signal and restore the tissue to a homeostatic state. Therefore, it is also important
to consider potential differences in skeletal muscle oxidative ability. Individuals who exhibit impaired diffusive
oxygen conductance and/or mitochondrial dysfunction may require a prolonged period of sustained hyperemia
before returning to homeostasis. Correction of the “error signal” is therefore equally confounding to the

interpretation of blood flow beyond the initial reactive period.

Taken together, careful consideration is warranted when interpreting data collected beyond the reactive period,

which we estimate to be < 30 seconds after tissue reperfusion.

Ischemic Stimulus

As previously discussed, reactive hyperemia is a well-established clinical tool and has a demonstrated record of
predictive and prognostic power. Under the conventional view, reactive hyperemia predicts cardiovascular events
and mortality because of its ability to detect impaired vasodilatory function. This interpretation assumes that the
stimulus to dilate (e.g. standardized 5 minute arterial cuff occlusion) is either effectively equal across all subjects
or that it is not an important contributor to the hyperemic response, and thus any reductions in the magnitude of
reperfusion reflect impairments in microvascular dilatory function. Given that inter-individual differences exist in
basal skeletal metabolic rate (Conley, Jubrias, & Esselman, 2000; Luhrmann, Bender, Edelmann-Schafer, &
Neuhauser-Berthold, 2009), it is reasonable to assume that the degree of ischemia, to the same period of arterial
cuff occlusion, is not equal across individuals or groups of individuals (e.g. patients vs. controls).

In a recent publication from our laboratory, we sought to investigate age-dependent differences in reactive
hyperemia following a 5-minute cuff occlusion using NIRS. We hypothesized that the reperfusion rate, defined as
the tissue saturation slope immediately following deflation of the occlusive cuff, would be blunted; evidence of
microvascular dysfunction (Rosenberry et al., 2018). While we observed a marked reduction in the reperfusion
slope between groups, in response to the same 5 minute arterial cuff occlusion, we also noted significant
differences in the rate at which tissue saturation declined (Figure 6C), leading to significant differences in the

minimum tissue saturation achieved during the fixed occlusive period (Figure 6D). This led us to hypothesize that
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perhaps the group differences in minimum tissue saturation contributed significantly to the difference in
reperfusion rate. To test this hypothesis, we also performed a 3-minute cuff occlusion in a group of young
individuals. Because the young individuals desaturated at a greater rate relative to the elderly individuals, they
were able to achieve the same minimum tissue saturation in 3 minutes as the elderly individuals achieved in 5
minutes. After standardizing the minimum tissue saturation between groups by altering the occlusion time, group
differences in tissue reperfusion rate were eliminated (Figure 6G). We have since extended these findings by
integrating Doppler-derived measures of brachial artery blood velocity with measures of tissue saturation to
characterize the relationship between the ischemic stimulus and reactive hyperemia (Rosenberry, Trojacek, et al.,
2019) (Figure 7).

Although future studies are necessary to further probe this relationship, these data demonstrate the utility of
ischemic stimulus quantification in characterizing the balance between microvascular and skeletal muscle
oxidative function as determinants of the hyperemic response. This approach may assist investigators and
clinicians in identifying underlying phenotypic differences within patient populations, e.g. impaired vascular
function versus impaired skeletal muscle oxidative function. By differentiating these phenotypes, one can then
provide more individualized treatment by targeting the vascular or metabolic deficit specifically.

Emerging Future Direction

More recently, our lab has explored the utility of near-infrared diffuse correlation spectroscopy (Rosenberry,
Tucker, et al., 2019; Tucker et al., 2019), a validated optical imaging approach regarded as a direct measure of
skeletal muscle microvascular perfusion. This approach has indeed been validated against laser Doppler (Shang,
Chen, Toborek, & Yu, 2011), Xenon-CT (Kim et al., 2010), microsphere flow measurements (Zhou et al., 2009),
arterial spin labeling (Yu et al., 2007), and Doppler ultrasound (Bangalore-Yogananda et al., 2018), and has been
used most recently for measuring skeletal muscle (Baker et al., 2017; Carp, Farzam, Redes, Hueber, & Franceschini,
2017; Gurley, Shang, & Yu, 2012; Hammer et al., 2018; Henry et al., 2015) and cerebral perfusion (Shang, Li, & Yu,

2017).
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Here we show a representative record collected in our laboratory from a young healthy individual (Figure 8).
Doppler ultrasound blood velocity is overlaid on the same time scale as DCS-derived blood flow index, showing a
remarkably different temporal pattern. Indeed, peak brachial artery reactive hyperemia is evident immediately
following deflation of the cuff, peaking within =15 seconds before returning towards baseline. Conversely, DCS-
derived blood flow index exhibits a more gradual rise before plateauing and then recovering towards baseline.
While we find these data intriguing, before this novel approach can be incorporated into the “main stream”,
several important questions will need to first be addressed. For example, which analytical end-point best reflects
“microvascular function”: peak BFI, time to peak BFI, or area under the curve? How do we explain the apparent
dissociation between the conduit velocity and microvascular perfusion? Do these measures simply reflect differing

transit times, or are they measuring actual differences along the arterial-to-capillary cascade?

Summary

In summary, there are a variety of techniques that have been employed to measure reactive hyperemia. The ideal
technique with which to measure reactive hyperemia is one that is reproducible, reasonably accessible, has
excellent temporal resolution, and provides comprehensive data output enabling investigators to analyze and
report all relevant endpoints (Table 1). Consensus is needed regarding several fundamental aspects, including the
time course for which measurements can/should be made. Moreover, investigators need to consider the role of
skeletal muscle metabolic rate on the ischemic stimulus, and move towards controlling for this important variable
in future investigations. With many recent methodological advancements, more comprehensive reporting of
outcome measures, and improved assessment of the ischemic stimulus, reactive hyperemia has the potential to

provide even greater clinical utility for investigating microvascular function across the health span.
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Figures and Tables
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Figure 1. Measuring Reactive Hyperemia with Venous Occlusion Plethysmography

A) A cuff placed around the upper arm is inflated to induce ischemia, and subsequently, reactive hyperemia. The strain
gauge is placed around the largest part of the forearm to detect changes in limb volume. Just prior to the end of the
ischemic period, a cuff placed around the wrist is inflated to suprasystolic pressures, preventing blood from flowing
into the hand and confounding measures of forearm blood flow. B) At the prescribed time, the upper arm cuff is
deflated and then quickly re-inflated at a lower pressure sufficient to arrest the venous circulation while allowing the
higher-pressure arterial circulation to perfuse the forearm. This low-pressure cuff is then rapidly inflated and deflated
at short, regular intervals over the following minutes. During each low-pressure inflation, arterial blood floods into
the limb while venous blood is prevented from exiting. The engorged vasculature causes the limb to swell sufficiently
toincrease limb volume. By measuring the rate of change in forearm volume, arterial blood flow can be inferred. Panel
A adapted from Riksen et al 2008; Panel B adapted from Crecelius et al 2013
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Figure 2. Measurement of Reactive Hyperemia by Doppler Ultrasound

XX year old, healthy male; Bottom: Following establishment of a stable, baseline brachial artery velocity,
the occlusive cuff is inflated (arrow), preventing blood from flowing through the brachial artery. The cuff
remains inflated for 5 minutes causing the tissue distal to the cuff to become ischemic. After the 5
minutes of arterial occlusion have elapsed, the cuff is rapidly deflated (minute 6) whereupon reactive
hyperemia occurs. Top: The initial 15 seconds of the hyperemic response have been expanded to
highlight common analytical endpoints. The asterisk indicates peak brachial artery velocity from a single
cardiac cycle; the red trace represents a 5-second selection of the peak response. 5-second average
hyperemic velocity and hyperemic flow may be calculated from this selection; the shaded region
represents the area under curve (velocity time integral) of the highest velocity cardiac cycle.
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Figure 3. Near-infrared-derived tissue saturation profile during and after a 5-minute cuff occlusion

Tissue saturation profile from a healthy, 20 year old male. Beginning from a stable tissue saturation, the occlusive cuff is
inflated on the arm (arrow). During the following 5-minutes, continued oxygen consumption in the absence of arterial
oxygen delivery causes the muscle to desaturate. After 5 minutes of occlusion, the cuff is released and the tissue is rapidly
reperfused. The reperfusion slope, maximum StOz, and hyperemic recovery area have been previously evaluated as

representative measures of tissue reactive hyperemia.
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Figure 4. Measuring Reactive Hyperemia with Pulse Wave Tonometry

A) An occlusive cuff is placed around one of the subject’s upper arms. Their arms are rested in a slightly elevated position
to facilitate venous draining of the finger. B) Pressure-sensitive, thimble-like cuffs are placed on the middle finger of each
hand. C) After establishing a stable baseline, the cuff is inflated on the measurement arm for a predetermined period of
time eliminating the pressure pulsations in the finger. After the occlusive period has elapsed, the arm cuff is deflated. The
hyperemic surge of blood causes the amplitude of finger blood pressure to increase in the measurement limb. D) Reactive
hyperemia index (RHI) is determined by calculating the ratio between the hyperemic pressure (RHm) and baseline pressure
(BLm) in the measurement and control arms (RHc, BLc respectively). The ratio between these two quotients is then
calculated yielding the RHI. Further transformations or adjustment factors may be applied to this ratio to account for
baseline fluctuations or non-linearity of the response. Adapted from Hamburg et al 2009 (A), Celermajer et al 2008 (B),
and Bonetti et al 2004 (C)
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Figure 5. Mechanisms of Vasorelaxation Mediating Reactive Hyperemia

Hypoxia stimulates vasodilation through redundant mechanisms involving prostacyclin (PGI2), adenosine, nitric
oxide (NO), and K*-channel mediated hyperpolarization. Adenosine and PGl binding their receptors leads to the
activation of adneyl cyclase (AC). This enzyme catalyzes the production of cyclic adenosine monophosphate
(cAMP) from adenosine triphosphate (ATP). This second messenger then activates protein kinase A (PKA), which
goes on to directly activate endothelial nitric oxide synthase (eNOS), increasing the production of nitric oxide (NO).
Adenosine receptor binding also activates ATP-sensitive potassium channels (Kartp), while PKA activates calcium
sensitive potassium channels (Kca). K*-channel activation causes the efflux of K* from the cell, resulting in
hyperpolarization. Endothelial cell hyperpolarization raises the driving force for Ca®* to enter the cell. Increased
intracellular calcium concentration promotes Ca%* binding to calmodulin, which also activates eNOS, and increases
NO production. Increased intracellular Ca%* also activates phospholipase A (PLA) which catalyzes the production
of arachidonic acid (AA), which is converted by cyclooxygenase (COX) into PGl.. When released by the endothelial
cell, PGI2 can bind in an autocrine or paracrine fashion to further stimulate this cascade. Once produced, NO
rapidly diffuses out of the endothelial cell and into the underlying vascular smooth muscle where it activates
guanylyl cyclase (GC). This enzyme converts guanosine triphosphate (GTP) into cyclic guanosine monophosphate
(cGMP). This messenger then activates protein kinase G (PKG). PKG mediates vasorelaxation by activating
potassium channels (Kca), causing them to efflux K*. The resulting hyperpolarization causes voltage sensitive Ca?*
channels to close, preventing CaZ*influx. PKG also activates Ca?*-ATPase pumps, increasing expulsion of Ca®* from
the myocyte and sequestration of Ca?* into the sarcoplasmic reticulum (SR). The net result of these actions is
decreased intracellular Ca?* concentration, shifting the balance in activity between myosin light chain kinase
(MLCK) and myosin light chain phosphatase (MLCP) to favor phosphatase activity. This decreases the
phosphorylation of myosin, thus reducing smooth muscle contraction.
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Figure 6. Age-dependent differences in tissue saturation profiles during and after a 5-minute cuff occlusion

A) Representative tissue saturation tracings from one young (black) and one elderly individual (red) during a 5-minute
arterial cuff occlusion. B) Reperfusion rates following release of the occlusive cuff. C) Desaturation rates during the 5-
minute arterial occlusion. D) Minimum tissue saturations measured in the final moments before deflating the cuff.

E) Representative tissue saturation tracings from one young individual during 3-minutes of occlusion (blue) and one
elderly individual during a 5-minute arterial cuff occlusion (red). F) Minimum tissue saturations, controlled for by adjusting
the duration of cuff occlusion. G) Reperfusion rates after controlling for occlusion time are not different between young
and elderly individuals. (Adapted from Rosenberry et al 2018)
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Figure 7. Age-dependent differences in brachial artery velocity and tissue saturation during and after 5-minutes of

arterial occlusion

A) Representative brachial artery velocity tracings from one young (left) and one elderly (right) individual following 5 minutes
of occlusion. Arrow indicates peak velocity. B) Group data from 12 young and 11 elderly individuals showing significant
differences in peak brachial artery velocity. C) Tissue saturation tracings from the same young and elderly individuals
shown in A. The shaded region represents the oxygen deficit incurred during arterial occlusion, referred to as the ischemic
stimulus. D) Group data from 12 young and 11 elderly individuals showing significantly lower oxygen deficit in the elderly
group. (Adapted from Rosenberry et al, Am J Physiol Regul Integr Comp Physiol 2019)
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Figure 8. Brachial artery velocity, blood flow index, and tissue saturation during reactive hyperemia
Representative tracings from a young, healthy male individual. Data displays the final 10-seconds of a 5-minute
cuff occlusion and the first 60 seconds following release of the occlusive cuff. Visual inspection of A) Doppler-
derived brachial artery velocity B) DCS-derived blood flow index and C) NIRS-derived tissue saturation reveal
dissociated hyperemic kinetics.



Table 1. Benefits and Limitations of Reactive Hyperemia Techniques

Venous Occlusion
Plethysmography

Doppler Ultrasound

RH-PAT

NIRS

Benefits

Limitations

Low requirement for technical training,
simple operation and analysis

High temporal resolution,
comprehensive evaluation of hyperemic
response, direct measure of conduit
artery hemodynamics

High temporal resolution, low technical
training, simple instrumentation, easily
graspable, indexed data output

High temporal resolution, measures
reactive hyperemia at the level of the
tissue, provides important quantification
of the ischemic stimulus

Poor temporal resolution, only
indirectly measures blood flow by
tracking changes in limb volume

High degree of technical training
required and cost-prohibitive unit price
may prevent deployment in large,
multi-center studies

Limited exportation of raw data
precluding more critical, in-depth
analysis

Less accessible, requires moderate
degree of technical training to operate
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Introduction

Advancing age is the single most powerful predictor of cardiovascular disease which has been
attributed—at least in part— to vascular dysfunction (Castelli, 1984; Jousilahti, Vartiainen, Tuomilehto, &
Puska, 1999). Indeed, aging is associated with reduced bioavailability of endothelial-derived nitric oxide
(NO) secondary to increased vascular oxidative stress (van der Loo et al., 2000). Aging is also associated
with increased bioactivity of the potent endothelial-derived constricting factor endothelin-1 (ET-1)
(Donato et al., 2009), reduced endothelial production of dilatory prostaglandins (Singh, Prasad, Singer, &
MacAllister, 2002), development of vascular inflammation (Tousoulis, Charakida, & Stefanadis, 2006), and
formation of advanced glycation end-products (Asif et al., 2000; Bruel & Oxlund, 1996; Tousoulis et al.,
2006).

Post-occlusive reactive hyperemia is a well-established technique used to evaluate both macro-
and microvascular function in a variety of clinical populations (Inoue et al., 2008; Korkmaz & Onalan, 2008;
Matsuzawa, Kwon, Lennon, Lerman, & Lerman, 2015; Poredos & Jezovnik, 2013; Tomiyama & Yamashina,
2010), including aging (Creager et al., 1990). During occlusion of a conduit artery, downstream arterioles
dilate in an effort to offset the ischemic insult. Upon release of the cuff, the decreased vascular resistance
results in hyperemia and, in turn, shear stress along the conduit artery. Together, this coordinated
response results in flow mediated dilation (FMD), which is currently one of the most widely used methods
for non-invasive assessment of vascular endothelial function (i.e. macrovascular function). With the
advent of duplex ultrasound and our increased understanding of the basic mechanisms governing post-
occlusive reactive hyperemia, investigators also routinely measure the peak hyperemic blood flow
response. As described above, the peak hyperemic blood flow response is dictated by one’s ability to
dilate the downstream microvasculature, and is thus is an indirect measure of microvascular function.
Both FMD and reactive hyperemia are impaired with aging (Celermajer et al., 1994; Creager et al., 1990);

however, each of these measures remains highly operator dependent— requiring extensive skill and
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training—and requires sophisticated, high-cost, data acquisition hardware and post-processing software.
Moreover, these ultrasound approaches focus entirely on upstream conduit vessel flow/dilation, which
may reduce overall specificity. While direct measures of microvascular perfusion by contrast-enhanced
ultrasound (Krix et al., 2005; Wei et al., 1998), Xenon clearance (Grimby, Haggendal, & Saltin, 1967),
arterial spin labelled MRI (Raynaud et al., 2001; Yu et al., 2007), and positron emission tomography
(Heinonen et al., 2011) are indeed possible, application of these approaches also remains limited due to
the overall sophistication, expense, invasiveness and exposure to radiation (Xenon imaging and PET)
involved in these techniques.

Near-infrared spectroscopy (NIRS) is a well-established method for measuring oxygen saturation
and oxidative capacity in skeletal muscle and cerebral tissue (Khan et al., 2010; Ryan, Southern, Reynolds,
& McCully, 2013; Southern, Ryan, Reynolds, & McCully, 2014; Tian et al., 2010). Compared to Doppler
ultrasound, NIRS is relatively low cost and easy to use. Moreover, it can be used to directly interrogate
specific regions of interest (i.e. skeletal muscle), increasing its overall specificity. To-date, several studies
have evaluated tissue oxygen saturation (StO;) kinetics following circulatory occlusion in healthy young
subjects (Christopher M. Bopp, Dana K. Townsend, & Thomas J. Barstow, 2011; Bopp, Townsend, Warren,
& Barstow, 2014; Fellahi et al., 2014), patients with peripheral artery disease (Kragelj, Jarm, Erjavec,
Presern-Strukelj, & Miklavcic, 2001), tobacco-users (Zamparini et al., 2015), and patients with sepsis
(Kevin C. Doerschug, Angela S. Delsing, Gregory A. Schmidt, & William G. Haynes, 2007; Mayeur, Campard,
Richard, & Teboul, 2011). The results suggest that NIRS-derived post-occlusion tissue oxygen saturation
kinetics is a robust and easy to use approach to evaluate vascular function in vivo. Whether NIRS can be
used to assess age-related impairments in microvascular function has not been tested. Addressing this
fundamental question is critical to advance current clinical assessment practices and/or the design of large

clinical trials focused on age-related diseases (for which current techniques may not be suitable).

42



The purpose of this study was therefore to compare NIRS-derived post-occlusion tissue oxygen
saturation recovery kinetics between two distinct age groups (<35 vs. >65 years) using the
aforementioned NIRS approach. We hypothesized that aging would prolong the recovery rate of muscle
oxygen saturation, compared to young individuals, demonstrating the clinical utility of this novel

approach.

Methods
Ethical Approval

The study was approved by the Institutional Review Board for research involving Human Subjects
at the University of Texas at Arlington (PRO2016-0586), and conformed to the Declaration of Helsinki. All

subjects gave written informed consent. The study was not registered in a database.

Participants

Atotal of twenty-four healthy young and ten elderly adults volunteered to participate in the study.
All subjects were recruited from the local community. Participants were divided into two groups based on
age (young >18 and < 35 yrs; aging >65 and < 80 yrs). Exclusion criteria included: morbid obesity (BMI >
35 kg/m?); heart failure and/or history of myocardial infarction, uncontrolled hypertension, history of
stroke or neurological disease, and diabetes.

Activity level was self-reported. Subjects were asked if they performed regular exercise, as well
as frequency, duration and type. Activity level was then quantified by multiplying the frequency by
duration and reported as minutes per week. Walking was defined as mild-to-moderate, whereas cycling
or running was defined as moderate-to-vigorous.

Experimental Protocol
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All tests were performed in a quiet, temperature-controlled room (21-232C). Participants were
studied in a fasted state, having abstained from alcohol and vigorous exercise for at least 24 hr and
caffeine for 12 hr.

Prior to placement of the NIRS probe, each subject’s maximum voluntary contraction was
measured. With the arm resting on a bedside table in a supinated and slightly adducted position, the
subject was instructed to squeeze a hand grip dynamometer as forcefully as possible using only their hand
and forearm muscles. After a brief recovery period, the subject was asked to repeat their maximum effort
two more times. The highest value achieved was recorded as maximal voluntary contraction (MVC).

Skeletal muscle oxygenation was monitored continuously using a Dual-channel OxiplexTS (ISS,
Inc., Champaign, IL, USA) near-infrared spectroscopy device. The NIRS device was calibrated at the
beginning of each session, after the instrument warmed up for at least 30 minutes. The calibration was
performed with the probe placed on a calibration block with known absorption and scattering coefficients.
A lightweight plastic NIRS probe consisted of two parallel rows of light-emitting fibers and one detector
fiber bundle. The probe was placed over the flexor digitorum profundus, secured in place with an elastic
strap tightened to prevent movement, and covered with an optically dense black vinyl sheet to minimize
intrusion of extraneous light. By measuring changes in light absorption at different wavelengths, changes
in oxygenated hemoglobin (HbO,) and deoxygenated hemoglobin (Hb) can be measured, and tissue
oxygen saturation (StO,) can be calculated ([HbO2/([HbO,]+[Hb]). Data were stored online, and also
captured using an auxiliary output system which integrated directly into our data acquisition system
(PowerlLab, ADInstruments, Colorado Springs, CO).

The NIRS parameters calculated are depicted in Figure 1. Baseline StO, was calculated as the
average StO; prior to the onset of arterial cuff occlusion. The desaturation rate during cuff occlusion was
defined as slope 1. Because oxygen rich blood is prevented from flowing into the forearm during arterial

cuff occlusion, any reduction in forearm tissue oxygenation is directly related to oxygen consumption.
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Thus, slope 1 can be considered an indirect measure of skeletal muscle metabolic rate (K. C. Doerschug,
A. S. Delsing, G. A. Schmidt, & W. G. Haynes, 2007). The lowest StO, value obtained during ischemia
(StO2min) was taken as a measure of the magnitude of ischemic insult (the stimulus to vasodilate). The
StO, reperfusion rate was quantified as the average upslope following cuff release and defined as slope
2. Maximum StO; was calculated as the highest StO; value reached after cuff release (denoted as StO2max),
and the reactive hyperemia area under the curve was calculated from the time of cuff release to 1-, 2-
and 3-min post cuff-occlusion (AUC 1-min, AUC 2-min, and AUC 3-min, respectively). Lastly, hyperemic
reserve was calculated as the change in StO, above baseline and reported as a percent change.
Protocol 1 — Effect of age on post cuff occlusion recovery kinetics. To assess the effects of age on NIRS-
derived post-occlusion tissue oxygen saturation kinetics, we compared two distinct age groups: young (n
= 14, age = 25 £ 3 years) vs. elderly (n = 10, age = 73 £+ 5 years). NIRS measurements were collected
continuously for at least 3 minutes at baseline, during 5 min of brachial artery occlusion, and for at least
three minutes of reactive hyperemia.

To assess reproducibility, a subset of participants (9 young and 5 elderly) underwent repeat
measurements within 30-90 min of the original cuff occlusion protocol.
Protocol 2 — Effect of oxygen desaturation level of reactive hyperemia. To assess the influence of absolute
desaturation level (i.e. vasodilatory stimulus) on NIRS-derived post-occlusion tissue oxygen saturation
recovery kinetics, we recruited an additional 12 young volunteers. All 12 subjects repeated the above cuff
occlusion protocol with 3, 4, and 5 min occlusions separated by 20 min.
Statistics

All data are expressed as mean + SEM (unless otherwise specified) and significance was set a priori
at P < 0.05. All data were evaluated for normality with Shapiro-Wilk test. If distribution was not normal,
variables were log-transformed and Shapiro-Wilk repeated to ensure normality prior to analysis. Data

from protocol 1 were analyzed using an unpaired t-test, comparing young vs. elderly participants. To
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compare the effect of cuff occlusion time (3-, 4-, 5 min cuff occlusion) on NIRS parameters in protocol 2,
a one-way repeated measures ANOVA was used. When a significant time difference was present, pairwise
comparisons were made using the Tukey post-hoc method. To determine the impact of matching tissue
ischemia with NIRS-derived post-occlusion recovery kinetics, an unpaired t-test was then used to compare
the 3 minute cuff occlusion data in the young participants with the 5 minute cuff occlusion data in the
elderly participants. Test-retest reproducibility was assessed using both paired sample t-tests and
reported as a coefficient of variation (expressed both as a percentage and in absolute terms). Power
calculations were performed using G*Power (3.1.9.2) to assess the practical significance of the data
reported.

Results

There were no adverse events or contraindications to testing.

Protocol 1

Individual characteristics for both groups (young vs. elderly) are shown in Table 1. By design, the elderly
participants were significantly older, had more cardiovascular risk factors, and were taking more
medications than young participants.

In accordance with our hypothesis, NIRS-derived indices of microvascular function, were impaired
in the elderly compared to young participants using a conventional 5 min cuff-occlusion protocol (Figure
2). Both groups shared similar baseline tissue saturation (74.1 + 1.0% vs 75.3 + 3.6%, young vs. elderly,
respectively, P =0.874). After 5 minutes of arterial cuff occlusion however, the rate of StO, recovery (Slope
2) was much slower, and StO.max, the reactive hyperemia time integral (AUC), and the hyperemic reserve
were all significantly lower in the elderly compared to the young participants (Figure 2). Cohen’s effect
size values for each of our primary outcome variables ranged between 0.93 and 1.84, suggesting a high

level of practical significance.
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Figure 2 also clearly illustrates the markedly different skeletal muscle metabolic rate between the
two groups (slower in the elderly), which resulted in significantly higher StO,min in the elderly compared
to the young participants, and a markedly different vasodilatory stimulus between the two groups.
Protocol 2

To evaluate the dependency of absolute hemoglobin desaturation level on NIRS-derived post-
occlusion oxygen saturation recovery kinetics, twelve young participants (7 male/5 female, age: 25 + 3
yrs; BMI 22.3 + 2.3 kg/m?) repeated the cuff occlusion protocol described in Protocol 1, with varying
occlusion times (3-, 4-, and 5 min cuff occlusion, respectively). As illustrated in Figure 3, baseline tissue
saturation remained constant across all three occlusion protocols. Moreover, the metabolic rate (Slope 1)
did not differ across all three occlusion protocols, and as a result, the level of desaturation was time
dependent. Importantly, we found that the oxygen recovery kinetics (Slope 2), StOamax, the reactive
hyperemia time integral at 1-, 2-, and 3-min post recovery, and the hyperemic reserve, were all
significantly dependent on the level of desaturation achieved (Figure 3).

In light of these new observations, we then compared the 3 minute cuff occlusion data in the
young group with the 5 minute cuff occlusion data in the elderly (Figure 4). The baseline saturation level
remained similar between the two groups, as was the minimal saturation level achieved (by design).
Remarkably, when we controlled for the vasodilatory stimulus (i.e. the level of desaturation), we observed
no major differences in the oxygen recovery kinetics (Slope 2), the maximal saturation achieved, the
reactive hyperemia time integral (AUC) at 1-, 2-, or 3-min post recovery, or the hyperemic reserve (Figure
4).

Reproducibility of Measures
The reproducibility of measurements was studied by repeating the same 5 minute protocol in 14

participants, at least 30 minutes apart. Repeated measurements showed no significant difference among

47



trials, indicating that the measurements were reproducible. The mean values of the coefficient of
variation varied between 3.9% and 15.4% (Table 2).
Discussion

The main goal of this study was to determine whether NIRS-derived post-occlusion tissue oxygen
saturation recovery kinetics could detect age-related impairments in microvascular function. The major
novel findings of this investigation were two-fold: First, using a previously established 5-minute cuff
occlusion protocol, we found that NIRS-derived indices of microvascular function were markedly reduced
in elderly compared to young participants. In contrast, when we controlled for the absolute level of
vasodilatory stimulus, and matched the tissue desaturation level between groups, we found similar
responses in young and elderly participants. Taken together, we believe that NIRS-derived post-occlusive
tissue oxygen saturation kinetics holds great promise in clinical vascular biology, given its low-cost,
reproducibility, and operator independence. Moreover, the additive information regarding vasodilatory
stimulus this approach gives over other more traditional measures, shines new light on an old problem
and opens new possibilities for cardiovascular research across the health continuum.

NIRS-derived post-occlusion tissue oxygen saturation recovery kinetics has previously been used
to assess peripheral microvascular function across the disease continuum, including healthy young
subjects (Christopher M. Bopp et al., 2011; Bopp et al., 2014; Fellahi et al., 2014), patients with peripheral
artery disease (Kragelj et al., 2001), tobacco-users (Zamparini et al., 2015), and patients with sepsis (Kevin
C. Doerschug et al., 2007; Mayeur et al., 2011). To our knowledge, this is the first study to use this
approach to assess age-related microvascular dysfunction. Using the same conventional 5 minute cuff
occlusion protocol utilized in the above referenced studies, we found marked age-related impairments in
microvascular function. This result is consistent with a growing body of work using ultrasound, showing
age-related impairments in both reactive hyperemia (Celermajer, Sorensen, Spiegelhalter,

Georgakopoulos, & Deanfield, 1993) and flow mediated dilation (i.e. endothelial function) (Yeboah,
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Crouse, Hsu, Burke, & Herrington, 2007). Unlike these prior investigations however, the data herein were
obtained without the need for a skilled sonographer, or sophisticated, high-cost, data acquisition
hardware and post-processing software. In addition, NIRS-derived post-occlusion tissue oxygen
saturation kinetics has previously been shown to be highly reproducible (Gomez et al., 2008; Lacroix et
al.,, 2012; Mclay, Nederveen, Pogliaghi, Paterson, & Murias, 2016), and valid compared to Doppler
ultrasound derived reactive hyperemia (Bopp et al., 2014) and flow mediated dilation (McLay, Fontana,
et al., 2016), further highlighting the clinical utility of this robust and easy to use technique. Indeed, our
own results support the reproducibility of this technique, showing low test-retest variability (average CV
9.2+ 4.3 %).

That NIRS provides information about tissue saturation throughout the entire cuff occlusion
protocol, is a major advantage over other more traditional approaches (e.g. Doppler ultrasound or venous
occlusion plethysmography). With NIRS we are able to observe both metabolic activity (i.e. Slope 1, the
oxygen extraction rate), the extent of tissue ischemia (i.e. StO2min) and thus the vasodilatory stimulus, and
the reactive hyperemia (i.e. Slope 2, StOzmax and the post-cuff occlusion StO; time integral). With this
added information, we found marked differences in the metabolic rate (slope 1) and vasodilatory stimulus
(StO2min) between our elderly and young participants when the cuff occlusion protocol was standardized
to 5 minutes. We believe this is an important observation, as it greatly influences the interpretation of our
aging results. Indeed, when we standardized the level of tissue ischemia across our two age groups
(protocol 2), the differences in reactive hyperemia previously observed were now entirely abrogated. In
light of these new findings, we believe controlling for the level of tissue ischemia is critically important,
and that NIRS provides a convenient platform to address this.

We recognize that 5 minutes of arterial cuff occlusion is not only the conventional approach most
commonly used for this type of experiment, but that it is also predictive of hard cardiovascular endpoints

(Anderson et al., 2011; Gokce et al., 2003; Huang et al., 2007; Suryapranata et al., 1994); which in many
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ways contradicts the above findings. However, if we accept that metabolic rate will invariably change
across patients and disease cohorts, and if we accept that the level of tissue ischemia is proportional to
the time of cuff occlusion and the metabolic rate of a particular individual, than it is interesting to
speculate that the predictive power of these prior observations has less to do with microvascular function
and more to do with muscle oxidative capacity. That is, someone with normal muscle metabolic rate will
produce more vasodilatory substances during a fixed ischemic time period compared to someone with
poor muscle function and a lower metabolic rate. This rationale is further supported by the fact that grip
strength remains one of the strongest predictors of cardiovascular morbidity and mortality (Rantanen et
al., 2003; Sasaki, Kasagi, Yamada, & Fujita, 2007), independent of vascular reactivity. We therefore believe
that caution is warranted when interpreting reactive hyperemia results which do not standardize the level
of tissue ischemia; especially given the potential for between group differences in metabolic rate. Indeed,
normalizing tissue ischemia with post-occlusion hyperemia is the basis for controlling for shear rate when
measuring FMD (Thijssen et al., 2011). Moreover, the conventional 5 minute cuff occlusion protocol
emerged from early observations showing no additional change in vasodilation of an upstream conduit
vessel beyond 5 minutes, using data analysis methods (i.e. calipers) which have since evolved (Corretti et
al., 2002; Uehata et al., 1997).

While the present study did not directly compare NIRS-derived post-occlusion tissue saturation
recovery kinetics with either Doppler-derived reactive hyperemia or endothelial function measurements,
these comparisons have previously been made with good agreement (C. M. Bopp, D. K. Townsend, & T. J.
Barstow, 2011; Mclay, Fontana, et al., 2016). Our reproducibility measures and the repeat cuff occlusion
experiments in protocol 2 were all performed on the same day to avoid day-to-day vascular function
variability and allow consistent placement of the NIRS optodes. It is therefore possible that repeat
episodes of ischemia-induced hyperemia may have influenced our results; however, serial ischemia-

reperfusion trials do not appear to affect subsequent vascular reactivity (Harris, Padilla, Rink, & Wallace,
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2006). The consistency of our probe placement, and resultant low test-retest variability, also highlights
the need for standardizing procedures, especially if this technique is used to assess disease progression
or intervention effectiveness. It is also important to acknowledge that NIRS is inherently limited by
adipose tissue thickness (Ferrari, Mottola, & Quaresima, 2004). While we did not specifically screen
participants by adipose tissue thickness, all of the participants included in this study were relatively lean.
This will need to be accounted for if this methodology is going to be widely adopted, especially in clinical
populations. Though we did not specifically control for menstrual cycle in our young female participants—
which can affect vascular reactivity (Webb, Rusch, & Vanhoutte, 1981)— we do not believe this effected
our interpretation of the present results given the fact that all age-related differences disappeared when
we controlled for tissue ischemia. Finally, our elderly group consisted of only ten relatively healthy seniors
in the seventh decade of life. Our findings are therefore, in no way, representative of the entire aging
population. Instead, this cross-sectional study represents a unique opportunity to explore a relatively
novel imaging approach to assess microvascular reactivity in an at-risk population and sheds new light on
an old problem.

In conclusion, we believe NIRS-derived post-occlusive tissue oxygen saturation kinetics can serve
an important role in clinical vascular biology and assessment. The data herein highlight the need for
assessing tissue ischemia during cuff occlusion protocols, particularly in group comparisons where skeletal

muscle metabolic rate is expected to differ.
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Figure 1. Representative near-infrared spectroscopy profile of percentage tissue oxygen saturation
(St02 ), during a typical arterial cuff occlusion test. Baseline defines the period of time before arterial
cuff occlusion.

Slope 1 defines the desaturation rate during cuff occlusion and is regarded as a measure of skeletal muscle
metabolic rate. The lowest StO2 value obtained during ischaemia is defined as StO2 min and is regarded
as a measure of the ischaemic stimulus to vasodilate. The tissue saturation reperfusion rate is denoted as
slope 2 and is an index of reactive hyperaemia; as are StO2 max and the reactive hyperaemia area under
the curve (AUC). To gain insight into the hyperaemic reserve, the StO2 maxis expressed as a percentage
change from baseline.
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Table 1. Subject characteristics for protocol 1

Characteristics Young Elderly P Value
n 14 10 -
Male/Female 6-Aug 8-Feb —
Age (years) 25+3 735 <0.001
Height (cm) 171.8+7.9 164.9+7.4 0.04
Weight (kg) 72.6+11.7 71.2+10.3 0.76
BMI (kg-m) 245+3.1 26.2+3.4 0.24
MVC (kg) 39.6+13.3 209%5.3 <0.001
Arterial blood pressure (mmHg)
Systolic blood pressure 114+9 126 £ 12 0.01
Diastolic blood pressure 72+5 744 0.23
Physical activity level [min week™] (n)
Mild to moderate 120+ 60 (2) 194 + 71 (8) —
Moderate to vigorous 168 + 1403 (9) — —
Cadiovascular risk factors (n)
Hypertension — 5 —
Hypercholesterolemia — 4 —
Smoking history — 3 —
Medications (n)
Beta blockers - 0 -
ACE inhibitors — 1 —
ARB - 1 -
Thyroid Hormones — 1 —
Statins — 1 —
NSAIDs/blood thinners — 2 —
Immunosuppressants — 1 —
a2-Agonists — 0 —
Biguanides — 1 —

Data are reported as means + SD. Abbreviations: ACE, angiotensin-converting enzyme; ARB,
angiotensin receptor blocker; BMI, body mass index; MVC, maximal voluntary handgrip
contraction; and NSAID, non-steroidal anti-inflammatory.
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Figure 2. Effect of age on reactive hyperemia following a standardized 5 minute cuff occlusion.

A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (St02 ) for two
representative subjects (young versus elderly) during a typical arterial cuff occlusion test. Summary data
(young n = 14; elderly n = 10) are also displayed, showing group differences in the minimal tissue oxygen
saturation (St0O2 min; B), maximal tissue oxygen saturation (StO2 max; C), slope 1 (D), slope 2 (E),
hyperaemic reserve (F) and the hyperaemic area under the curve (AUC; G). *Significant (P < 0.05)
difference between groups.

54



p S
W
3
O

- 100 * -
=== J min N 60
100 - ) E_ N Eﬁ
== 4min Se 5 . o€ w
90| wemmm 5 min r\ @ . ®
20 80
~ 804 \
=
9; V 'D 0 E 3
S 704 o
g — — 005 a2
5 8 v g 2
60 - S 2 -01 28 A
% 0N — w
@
= -0.15 0
Fo G
b 20 « 6000 4
&= *
40 o oo -
og X oE
E S S E 3000
30 ' ' . 1 , gﬂ 10 <o
0 2 4 6 8 10 g
Time (min) E-V 0 0

Figure 3. Effect of cuff occlusion duration on reactive hyperemia.

A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (StO2 ) for a representative
young subject during repeat arterial cuff occlusion tests for 3, 4 and 5 min. Summary data (young, n = 12)
show a significant effect of cuff occlusion time on the minimal tissue oxygen saturation (St02 min; B),
maximal tissue oxygen saturation (5t02 max; C), reactive hyperaemia (slope 2; E), hyperaemic reserve (F)
and the hyperaemic area under the curve (AUC; G). The only parameter that did not change with time was
slope 1 (the skeletal metabolic rate; D). #Significant (P < 0.05) difference from 3 min. 7Significant (P <0.05)
difference from 4 min.

55



C
A B 70 100

s Young 3 min. )
100 1~ ] c 80 3 80
mm=m Elderly 5 min. CFJE z O‘% oy
9 - ® 50 ® 60
40 40
80 f
2 D 0 E 3
[ =
S 70 _
g - —~-0.05 NT 2
= kn @ .
& 8 2 * S
® 60 1 w = 01 [ 1
8
= -0.15
50 4 0
Fg 30 G o000
40 A 2 3
g 20 - o T 4000
E 8 2 E _
W o
30 T r T T 1 S a 10 = 2000
0 2 - 6 8 10 g 2
. . ==
Time (min) T 0 0

Figure 4. Controlling for tissue desaturation abrogates age-dependent differences in reactive hyperemia
A, near-infrared spectroscopy profile of percentage tissue oxygen saturation (StO2 ) for a representative
young subject during a 3 min cuff occlusion test and a representative elderly subject during a 5 min cuff
occlusion test. Summary data (young, n = 12; elderly, n = 10) show that when the level of tissue ischaemia
is matched between groups (5t02 min; B), the differences in maximal tissue oxygen saturation (St02 max;
C), reactive hyperaemia (slope 2; E), hyperaemic reserve (F) and the hyperaemic area under the curve
(AUC; G) are completely abrogated. As expected, the rate of tissue desaturation remained different
between groups (the skeletal metabolic rate; D). #Significant (P < 0.05) difference between groups.
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Table 2. Repeatability of measures

Testl Test2 CV (%) CV(abs) P Value

Tissue Saturation (%)

Baseline  75.7 76 4.9 3.7 0.94
StOamax  91.3 91.6 3.9 3.5 0.91
StOamin  48.7 47.4 11 53 0.75
Slopel -0.088 -0.089 15.4 0.01 0.91
Slope2 2.34 2.33 13.2 0.3 0.97

2min AUC 3724.4 3882.0 8.5 322.6 0.80

Abbreviations: CV, coefficient of variation; CV (abs), variability expressed
in absolute terms; St02 max, highest tissue saturation achieved post-cuff
occlusion; and St02 min, lowest tissue saturation achieved during cuff
occlusion.
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CHAPTER 4
INTER-INDIVIDUAL DIFFERENCES IN THE ISCHEMIC STIMULUS AND OTHER TECHNICAL CONSIDERATIONS

WHEN ASSESSING REACTIVE HYPEREMIA*

Ryan Rosenberry, Darian Trojacek, Daisha Cipher, Michael D. Nelson. (2019). Inter-individual differences
in the ischemic stimulus and other technical considerations when assessing reactive hyperemia. Am J
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Introduction

Reactive hyperemia is an established, non-invasive technique to assess peripheral microvascular
function, and is a powerful predictor of all-cause and cardiovascular morbidity and mortality (Anderson
et al., 2011; Huang et al., 2007; Ishibashi et al., 2006; London et al., 2004; Paine et al., 2016). In its most
simplistic form, reactive hyperemia represents the magnitude of limb reperfusion in response to a period
of arterial occlusion. Many different approaches have been adopted over the past decade to assess
reactive hyperemia, including brachial artery velocity by Doppler ultrasound (Huang et al., 2007), tissue
reperfusion by near infrared spectroscopy (NIRS) (Kragelj, Jarm, & Miklavcic, 2000; Mayeur, Campard,
Richard, & Teboul, 2011; MclLay, Nederveen, Pogliaghi, Paterson, & Murias, 2016), limb distension by
venous occlusion plethysmography (Crecelius, Richards, Luckasen, Larson, & Dinenno, 2013; de
Berrazueta et al., 2010), and peripheral artery tonometry (Bonetti et al., 2004; Matsuzawa, Kwon, Lennon,
Lerman, & Lerman, 2015). Regardless of measurement technique, the fundamental interpretation across
these studies has been that impaired reactive hyperemia signifies (micro)vascular dysfunction. Emerging
data from our laboratory, however, challenge this interpretation.

In our hands, reactive hyperemia is closely linked to the metabolic rate of the ischemic limb
(Rosenberry et al., 2018). Indeed, we have shown marked differences in skeletal muscle tissue
desaturation (i.e. the stimulus to vasodilate), both within and between groups, in response to the same
5-minute arterial cuff occlusion; a response likely related to the quantity/quality of skeletal muscle
(Rosenberry et al., 2018). Moreover, we have shown that when the magnitude of tissue desaturation is
controlled for — by varying the duration of arterial cuff occlusion between groups — differences in tissue
reperfusion disappear (Rosenberry et al., 2018). We believe this is an important area for future research,
given the prognostic significance, and popularity, of this measure.

Accordingly, in the present study, we sought to more comprehensively evaluate the relationship

between the magnitude of tissue ischemia and the level of reactive hyperemia, by combining gold-
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standard Doppler ultrasound with near infrared spectroscopy in a group of young, healthy individuals, and
a group of independently living, seniors (a group believed to have impairments in microvascular function).
Based on our previous work in this area, as well as similar prior investigations examining the role of cuff
occlusion time on flow mediated dilation (Leeson et al., 1997), we hypothesized that the degree of tissue
desaturation would be closely associated with the magnitude of reactive hyperemia (measured as the
peak velocity immediately post arterial occlusion). In addition to this primary objective, we also sought to
explore the impact of measuring a five-second post-occlusion average velocity, versus the more
conventional single-beat peak velocity approach, with the hypothesis that the five-second velocity would
be less variable, and therefore more representative, than the single-beat approach. Along this same
rationale, we also sought to evaluate the within group, and possible between group, influence of vessel
diameter on measures of reactive hyperemia. Indeed, velocity is inversely related to radius squared. We
therefore reasoned that body habitus, independent of microvascular function, could significantly impact
measures of reactive hyperemia. To accomplish this later objective, post-occlusion brachial artery flow
was also calculated using the five-second average velocity taken immediately post cuff occlusion.

Methods

Ethical Approval and Subjects

This study was approved by the Institutional Review Board for research involving Human Subjects
at the University of Texas at Arlington. All subjects gave written informed consent.

Twelve young and elven elderly individuals participated in this investigation. Subjects with overt
cardiovascular or metabolic diseases (e.g. heart failure, diabetes) were excluded to minimize the
magnitude of confounding variables that may affect responses to arterial cuff occlusion. Premenopausal
women were asked to participate during the early follicular phase of their menstrual cycle (Days 1-7) to
reduce potential variability in vascular responsiveness. Individuals with significant peripheral adiposity

were also excluded to ensure optimal near infrared spectroscopy signal quality. Subjects arrived to the
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laboratory fasted and having abstained from alcohol, caffeine, and vigorous exercise for at least 24 hours
prior to the visit. Subjects on medication were not asked to deviate from their typical regimen. All tests
were performed in a temperature (=22°C) and ambient light controlled laboratory.

Instrumentation

Upon arriving to the laboratory, subject height and weight were measured with dual-function
weight scale and stadiometer (Professional 500KL, Health-O-Meter, McCook, IL, USA). To ensure adequate
near-infrared light penetration of the muscle, forearm adipose tissue thickness was measured over the
flexor digitorum profundus using skinfold calipers. Subjects were then asked to lie supine on a bed with
their non-dominant arm resting on a bedside table at heart level in an extended and slightly abducted
position.

Brachial artery blood pressure was measured intermittently in the dominant arm using an
automated blood pressure cuff (Connex Spot Monitor, Model 71WX-B, Welch Allyn, Skaneateles Falls, NY,
USA). Continuous finger blood pressure, measured via finger plethysmography in the dominant hand, was
calibrated from the brachial artery pressures (Finometer PRO, Finapres Medical Systems, Arnhem, The
Netherlands). Heart rate was measured via three-lead electrocardiography (ECG) using CMs configuration
(MLA 0313; ADInstruments Inc., Colorado Springs, CO, USA). The aforementioned signals were captured
by the ADInstruments Powerlab, physiologic data acquisition system (Powerlab 16/35, ADInstruments Inc,
Colorado Springs, CO, USA).

A cuff was placed on the upper arm of the non-dominant limb and attached to a rapid cuff inflation
device (Hokanson SC5, D. E. Hokanson Inc, Bellevue, WA). After careful palpation, a near-infrared probe
(OxiplexTs, ISS Inc., Champaign, IL) was placed over the belly of the flexor digitorum profundus of the non-
dominant arm and secured with a Velcro elastic strap. To prevent ambient light interference, the probe

and forearm were draped with an optically dense, black vinyl cloth.

65



Brachial artery velocity and diameter were measured using duplex ultrasound (Vivid-i, GE
Healthcare, Little Chalfont, United Kingdom) on the medial aspect of the upper arm distal to the occlusive
cuff. Brachial artery diameters were measured by a single experienced technician using ultrasound
calipers. Images were acquired in the final 30 seconds of the resting period, and immediately after cuff
deflation. A 12 Mhz linear array probe was used with a 60 degree angle of insonation. The Doppler audio
signal was transmitted to the data acquisition system via a Doppler Audio Translator (Herr et al., 2010),
which transformed the audio signal into a velocity waveform which could be recorded via PowerLab.

Experimental Protocol

Protocol A, Conventional Protocol

To evaluate the contribution of tissue ischemia on reactive hyperemia, subjects rested quietly for at least
5 minutes before baseline measurements were obtained. After baseline data acquisition, the arterial cuff
was inflated to 220 mmHg and remained inflated for 5 minutes. Post-occlusion recovery was monitored

for at least three minutes.

Protocol B, Multiple Cuff Occlusions of Varying Duration

To evaluate the relationship between the magnitude of tissue ischemia and the level of reactive
hyperemia, each subject completed a series of three arterial cuff occlusions (4, 6, and 8 minutes),
randomized to avoid an ordering effect. Each vascular occlusion test was separated by a minimum of 20
minutes of recovery to prevent carry-over effects from the preceding occlusion test (Crecelius et al., 2013;

Dakak et al., 1998).

Data and Statistical Analysis

By convention, reactive hyperemia was first assessed as the highest brachial artery velocity
observed immediately after arterial cuff deflation, defined as “peak velocity” and measured using

ADInstruments labchart peak analysis function. Reactive hyperemia was also assessed as the 5-second
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average velocity immediately post cuff occlusion, defined as the “5-sec hyperemic velocity”, and
measured using the ADInstruments Labchart mean signal-averaging tool. To account for differences in
brachial artery diameter, and its associated influence on velocity, reactive hyperemia was also reported
as the peak hyperemic flow, calculated using the 5-sec average velocity immediately following cuff
occlusion, multiplied by r-r-60; where r is the radius of the diameter immediately post cuff occlusion.
Finally, reactive hyperemia was also expressed as the slope of tissue reperfusion during the first 10
seconds after cuff deflation, as previously reported (MclLay, Fontana, et al., 2016; McLay, Nederveen, et

al., 2016).

The ischemic stimulus was quantified using the near-infrared tissue saturation profile during
arterial cuff occlusion. In order to account for individual differences in both the rate of tissue desaturation,
and the time spent at “maximal” tissue desaturation, we measured the total oxygen deficit; calculated as
the area enclosed within the tissue desaturation signal, using commercially available software (OriginPro,
OriginLab Corporation, Northhampton, MA). This area was selected from the moment of cuff inflation to
the moment of cuff deflation; the lower border was formed by the tissue saturation profile, while the
upper bound was defined as a horizontal line equal to the average of the baseline tissue saturation.
Pearson correlations were computed to evaluate the relationship between the ischemic stimulus (i.e.
oxygen deficit), and the level of reactive hyperemia (defined as peak brachial artery velocity, 5-sec
hyperemic velocity, and peak hyperemic flow). In addition, to assess an ischemia normalized, or “stimulus-
adjusted”, assessment of reactive hyperemia, we divided each of our three reactive hyperemia metrics
(peak velocity, 5-sec hyperemic velocity, and peak hyperemic flow) by the area enclosed within the above

described region, referred to as oxygen deficit.

Data are expressed as mean * standard error unless otherwise stated. Group differences in
reactive hyperemia (peak velocity, 5-sec average post-occlusion velocity, hyperemic flow, and tissue

reperfusion rate) and tissue saturation during the 5-minute cuff occlusion protocol were compared using
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independent samples t-tests. To compare the results from the cuff occlusion series (4-, 6-, and 8-minute
protocols), we performed a mixed factorial MANOVA. Duration of cuff occlusion was the within subjects
factor, and age (young or elderly) was the between subjects factor. The dependent variables were peak
brachial artery velocity, the ischemic stimulus, and the stimulus-adjusted peak velocity. The study alpha

was set to 0.05 and statistical analyses were performed with SPSS 25 for Windows.

Results

Subject demographics are shown in Table 1. By design, the elderly group was older, and as
expected, had greater history of cardiovascular risk factors and medication use. We observed no
significant group differences in resting heart rate or systolic blood pressure; however, diastolic blood

pressure was higher in the elderly group, which contributed to a higher mean arterial pressure.

Protocol A — Conventional 5-minute cuff occlusion

Baseline brachial artery velocity and tissue saturation, prior to the 5-minute cuff occlusion, were
not significantly different between groups (9.2 + 1.4 cm/s vs. 6.1 + 0.9 cm/s; 73.6 + 1.1 vs. 69.8 + 1.5 %,
young vs. old, respectively p = 0.085 and p = 0.053, respectively). As illustrated in Figure 1, peak brachial
artery velocity, immediately after the conventional 5-minute arterial cuff occlusion, was significantly
higher in the young group compared to the elderly group (p < 0.01). Likewise, 5-second average
hyperemic velocity was also significantly higher in the young group compared to the elderly group (p <
0.001). In contrast, tissue reperfusion rate (young vs. elderly: 1.63 + 0.15 vs. 1.38 + 0.13, respectively; p
=0.24) and peak hyperemic flow (Figure 1, p = 0.18) were not significantly different between groups. The
latter finding is likely explained by large inter-individual differences in brachial artery diameter, leading to
the absence of statistically meaningful differences in brachial artery diameter between groups (0.38 +

0.02 cm vs. 0.40 £ 0.02 cm, young vs. old, p = 0.35).
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To evaluate our primary hypothesis, we then assessed the near-infrared spectroscopy derived
tissue saturation profiles in the young and elderly subjects throughout the 5-min cuff occlusion protocol
(Figure 1E). Consistent with our prior observations, tissue desaturation was much more pronounced in
young individuals compared to the elderly (Figure 1F, p < 0.05). In an effort to account for this group
difference, we adjusted each of our reactive hyperemia measures for oxygen deficit (i.e. the ischemic
vasodilatory stimulus). Remarkably, once adjusted, group differences in both peak velocity and 5-sec

hyperemic velocity disappeared (Table 2).

Protocol B — Multiple cuff occlusions of varying durations

To further explore the determinants of reactive hyperemia, and the influence of age and ischemic
stimulus, we assessed reactive hyperemia in the young and elderly individuals following a series of cuff
occlusions of varying durations (i.e. 4, 6, and 8 minutes). As illustrated in Figure 2, peak brachial artery
velocity (p = 0.066), 5-sec hyperemic velocity (p < 0.001), hyperemic flow (p < 0.01), and tissue reperfusion
rate (Young 4-min 1.71 + 0.15, 6-min 1.90 + 0.2,1 8-min 1.89 + 0.19; Elderly 4-min 1.25 + 0.18, 6-min 1.49
+ 0.23, 8-min 1.49 + 0.18; p < 0.01) increased in a cuff duration-dependent manner in both groups.
However, as in Protocol A, only peak velocity and 5-sec hyperemic velocity were higher in the young group
compared to the elderly (both p < 0.01), while tissue reperfusion rate and hyperemic flow showed no
difference between groups. We observed no between-group differences in brachial artery diameter at
baseline (p = 0.278) or peak (p = 0.094), nor were there any within group differences between baseline

and peak.

Mean arterial pressure was different between groups at baseline (Young 4-min 85 + 2, 6-min 86 +
2, 8-min 86 + 3; Elderly 4-min 94 + 2, 6-min 94 + 2, 8-min 96 + 3; p < 0.01) and during peak reactive

hyperemia (Young 4-min 85 + 2, 6-min 86 = 2, 8-min 87 * 2; Elderly 4-min 94 £ 1, 6-min 95 £+ 2, 8-min 95
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3; p < 0.01). However, mean arterial pressure did not change from baseline to reactive hyperemia within

either group.

Consistent with Protocol A, skeletal muscle tissue desaturation was significantly more
pronounced in the young group compared to the elderly group, across all three cuff occlusion times
(Figure 2C and 2D, p < 0.01). To account for this group difference, we once again adjusted reactive
hyperemia for oxygen deficit (Table 2), confirming our above observations that when reactive hyperemia
was adjusted for the ischemic vasodilatory stimulus, group differences in reactive hyperemia were
abrogated. To extend this observation, and take advantage of the repeat cuff occlusion protocol employed
herein, we also evaluated the intra-individual relationship between reactive hyperemia (peak velocity, 5-
sec hyperemic velocity, and flow) and the NIRS-derived oxygen deficit (Table 3), revealing three important
findings: First, we observed strong intra-individual relationships between the ischemic stimulus and
reactive hyperemia in many of the subjects (regardless of age or sex), but not all. Second, in some
individuals, reporting the 5-sec average hyperemic velocity and/or hyperemic flow helped to strengthen
the relationship with the ischemic stimulus, when a relationship with conventional peak velocity was weak
or absent. Third, we identify two groups of “non-responders”: (1) individuals who do not respond to
increasing levels of tissue ischemia because they seemingly respond “maximally” to low levels of ischemia,
and (2) individuals who do not respond to increasing levels of tissue ischemia because they fail to respond

appropriately to even the highest levels of tissue ischemia.

Discussion

The major new findings of this study are two-fold: First, we show that the ischemic vasodilatory
stimulus varies across individuals, and that the magnitude of reactive hyperemia is often related to the
magnitude of tissue desaturation. Second, we highlight important differences between hyperemic

velocity and flow, which greatly influence the interpretation and subsequent conclusions made when
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assessing within group and between group differences in reactive hyperemia. Together, these data are
hypothesis generating and raise several important questions regarding a decades-old approach of

assessing “microvascular function”, which indeed warrants further investigation.

Reactive hyperemia is a complex, homeostatic response to replenish the oxygen deficit that
occurs after a period of tissue ischemia. The response depends on the local production of multiple
vasodilating factors, including adenosine (Carlsson, Sollevi, & Wennmalm, 1987; Meijer et al., 2008), nitric
oxide (Dakak et al., 1998; Nugent et al., 1999; Tagawa et al., 1994), prostaglandins (Addor et al., 2008;
Kilbom & Wennmalm, 1976), potassium (acting through inwardly rectifying channels and Na*/K* ATPase)
(Banitt, Smits, Williams, Ganz, & Creager, 1996; Bank, Sih, Mullen, Osayamwen, & Lee, 2000; Crecelius et
al., 2013), pH, and hydrogen peroxide (Sparks & Belloni, 1978; Wolin, Rodenburg, Messina, & Kaley, 1990).
Importantly, production of these vasodilatory factors is directly dependent on the level of tissue ischemia.
The conventional standard employed across the community for several decades, has been to occlude the
distal limb for 5 minutes, regardless of age, sex or disease phenotype, and assess the reactive hyperemia
in response to this standardized occlusion period. However, our near-infrared spectroscopy data raise
important questions about this approach, and shows marked differences in the magnitude of tissue
desaturation both within a group of individuals of similar age, and between age groups. Indeed, when we
adjusted peak velocity and 5-sec hyperemic velocity by the level of tissue desaturation (i.e. the ischemic
stimulus), group differences were completely abrogated. Likewise, we observed moderate to high intra-
individual relationships between reactive hyperemia (defined here as peak velocity or 5-sec hyperemic
velocity) and oxygen deficit, in many of our subjects. Together, we believe these data support the
hypothesis that inter-individual differences in tissue ischemia play an important role in determining the

level of reactive hyperemia.

In no way are we disputing that reactive hyperemia — as measured previously by conventional

approaches — is predictive of cardiovascular risk (Anderson et al., 2011; Huang et al., 2007), nor are we
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suggesting that microvascular function is not impaired with age, or with cardiovascular disease. Our data,
however, raise two important questions. First, to what extent is microvascular dysfunction the primary
mechanism driving cardiovascular risk in patients with impaired reactive hyperemia? In light of the
present results, it would appear that impaired skeletal muscle function, in addition to microvascular
dysfunction, plays an important role in “reducing” overall reactive hyperemia. This is not completely
inconceivable, given that grip strength is a powerful independent predictor of cardiovascular risk and all-
cause mortality (Gale, Martyn, Cooper, & Sayer, 2007; Metter, Talbot, Schrager, & Conwit, 2002; Wu,
Wang, Liu, & Zhang, 2017). Indeed, low grip strength would reflect reduced muscle quality/quantity,
which would negatively influence tissue desaturation rate during a vascular occlusion test. Aging is indeed
associated with sarcopenia and impaired skeletal muscle oxidative capacity, two phenomenon that are
reciprocally linked to oxygen metabolism(Johnson, Robinson, & Nair, 2013). Thus, while it was not directly
measured in this investigation, we reason that reduced skeletal muscle oxidative function and lower

muscle mass likely contributed to the attenuated tissue desaturation in the elderly group studied herein.

The second major question raised is, what do we do with this new information? If the normalized
reactive hyperemia is found to be preserved, what treatment/intervention can be implemented to avoid
future cardiovascular events? While the answer to this later question is beyond the scope of the present
proof-of-concept study, our data point to improving skeletal muscle metabolism, rather than treating the
microvasculature per se. To that end, an attenuated rate of tissue desaturation is likely caused by either
mitochondrial dysfunction, and/or limitation in diffusive oxygen conductance. Therapies or interventions
aimed at improving these endpoints would therefore seem far more warranted than treatments targeting

the micro-vessels.

We acknowledge that reactive hyperemia was not always related to the ischemic stimulus. We
find this particularly interesting, as it raises important fundamental questions. While we cannot be sure,

based on this single investigation, we speculate that the non-responders fall into two potential categories,
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and may be providing important pathophysiologic insight. For example, subjects 13, 21 and 18 show very
little hyperemic reserve; however, they also exhibit velocities on par with or even exceeding the group
means. We reason that this may actually reflect “good microvascular function” (i.e. maximal vasodilation
for the smallest stimulus). In contrast, subjects 14 and 20 also have limited hyperemic reserve, but have
some of the lowest hyperemic velocities and flow values (below the mean for each respective group),
possibly indicating “microvascular dysfunction”? We believe this is an important observation that

warrants further investigation.

In addition to the above considerations regarding the ischemic stimulus, our data also raise
important questions about the end-point measure of reactive hyperemia itself. Indeed, vessel diameter
varies considerably between individuals, the result of which can have a profound independent effect on
velocity. With all things being equal, an individual with a large diameter will have a lower absolute
velocity— independent of microvascular function— while someone with a small brachial artery diameter
will have a high velocity. We therefore explored the value of reporting hyperemic flow, because (a) the
mathematical derivation of flow intrinsically accounts for differences in vessel diameter; and (b) the mean
velocity included in the calculation of flow was sampled over a five-second period, thus accounting for
some of the variability associated with single peak velocity analysis. To our surprise, differences between
the young and elderly groups were eliminated when reactive hyperemia was assessed as hyperemic flow,
which we interpret to reflect the inter-individual variability of vessel diameter in our cohorts. This is
consistent with at least one prior observation (Huang et al., 2007), which found the predictive value of
reactive hyperemia to be eliminated when expressed as flow compared to velocity. It interesting however,
that hyperemic flow did share a similar relationship with oxygen deficit as peak velocity, once again
reinforcing the potential importance of this key determinant. Moreover, we observed several cases
(subjects 13, 23, and 18) where evaluating velocity alone, failed to provide a clear understanding of the

microvascular responsiveness to a given ischemic stimulus. In these three cases, velocity was greatly
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influenced by changes in brachial artery diameter; which, when accounted for, showed a strong
relationship between reactive hyperemia and the ischemic stimulus. Finally, flow measurements were
restricted to the first 10 seconds after cuff deflation, to avoid potential influence from shear-mediated
vasodilation, and metabolic stimulus. Indeed, shear-mediated dilation of the brachial artery introduces a
new confounding factor, i.e. macrovascular endothelial function. Likewise, it remains unclear what role
skeletal muscle metabolism plays beyond the initial reactive hyperemia period. One could imagine, in the
setting of impaired diffusive oxygen conductance, that a prolonged error signal (i.e. delayed ischemia
recovery) could influence post-occlusion hyperemia independent of microvascular function per se. This is

therefore an important area, which requires further consideration.

In addition to considering measures of velocity and flow, it may be equally important to consider
the potential influence of blood pressure on reactive hyperemia . In the present investigation, mean
arterial pressure was consistent across all measurements, both within and between groups. As a
result,peak vascular conductance was no more informative than flow. However, this may prove more
important for other investigations, depending on the patient/study population, and thus should be
considered moving forward. That mean arterial pressure was higher in the elderly group however,
suggests that we may have underestimated the group differences, making the normalization data even

more interesting.

Experimental Considerations

While we believe our findings hold great promise, this was admittedly a proof-of-concept study
conducted in a relatively small group of individuals. By design, these subjects were chosen because they
represent an average elderly individual living independently in the community. Although free from severe
cardiovascular disease, many of our patients had a history of cardiovascular risk factors, and many were

taking concomitant cardiovascular medications. It is therefore possible that both the risk factors
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themselves, and/or the medications taken to treat them, may have influenced the present results.. Thus,
further investigations involving much larger cohorts and clinical populations with known co-morbidities
and underlying cardiovascular dysfunction are therefore needed to fully test the implications of this
relationship. Likewise, studies designed to evaluate the influence of common cardiovascular medications
on resting metabolic rate and reactive hyperemia are warranted. Only then can the “true” contribution of

microvascular dysfunction to cardiovascular risk be predicted.

Moreover, we chose to evaluate reactive hyperemia using Doppler ultrasound given its
widespread use in the seminal papers in this area of research. However, other modalities, including
peripheral artery tonometry and strain gauge plethysmography, have also been used. Indeed, given its
simplicity, peripheral artery tonometry has arguably become the preferred choice for vascular occlusion
tests. Accordingly, future studies are also needed to test the relationship between tissue desaturation

against these other measures of reactive hyperemia.
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Figures and Tables

Table 1. Subject Characteristics

Young Elderly
n 12 11
Male/Female 6/6 6/5
Age (years) 23+3 74 + 6*
Height (m) 1.7+0.12 1.7+£0.10
Weight (kg) 70.4+11.5 83.7+20.7
BMI (kg/m?) 242+1.8 29.5+5.6*
Baseline Hemodynamics
Systolic Blood Pressure (mmHg) 117 £13 124 +10
Diastolic Blood Pressure (mmHg) 66 +9 75 + 6*
Mean Arterial Pressure (mmHg) 83+9 91 +6*
Heart Rate (bpm) 61+5 6710
Health History n n
Cardiac Arrhythmia 0 3
Hypertension 0 4
Hypercholesterolemia 0 6
Thyroid Disorder 0 2
Arthritis 0 7
Cancer 0 3
Cardiovascular Medications n n
Beta Blocker 0 2
Angiotensin Receptor Blocker 0 2
Diuretic 0 1
Statin 0 4
Calcium Channel Blocker 0 2
Diuretic 0 1
NSAIDs/blood thinners 0 4

* P<0.05
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Figure 1. Influence of age on reactive hyperemia, and its determinants, following a standardized 5-min
vascular occlusion. (A) Representative brachial artery velocity from a young (left) and elderly (right)
subject, immediately following cuff deflation. Arrow signifies the peak velocity. Summary group data
showing the average peak brachial artery velocity (B), average 5 second hyperemic velocity (C), and
average hyperemic flow (D) following a 5-minute arterial cuff occlusion in twelve young subjects (6 male/6
female) and eleven elderly subjects (6 male/5 female). (E) Representative tissue saturation profile,
measured by near-infrared spectroscopy, during a 5-minute vascular occlusion test from the same young
(left) and elderly (right) individuals illustrated in panel A. Shaded area represents the oxygen deficit (i.e.
the ischemic stimulus to vasodilate). (F) Summary data showing the average change in tissue desaturation,
expressed as the area enclosed within the desaturation curve, during the 5 minutes of arterial occlusion
in the twelve young and eleven elderly subjects. Data analyzed using independent samples t-tests.
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Table 2. Stimulus-Adjusted Measures of Reactive Hyperemia

Group Peak Velocity 5-s Hyperemic Velocity Hyperemic Flow
Protocol A
Iy Elderly 1.97+0.32 0.93+0.20 7.25+1.89
-Min
Young 1.70+£0.23 0.94+0.12 5.78 +0.53
Protocol B
oM Elderly 3.72+0.381 1.66 £0.39 12.76 £3.13
-Min
Young 2.72+0.34 1.69+0.22 10.84+1.42
M Elderly 1.60+0.22 0.79+0.12 6.03+0.81
-Min
Young 1.34+£0.18 0.81+0.11 6.00+1.20
S Elderly 0.96+0.15 0.49+£0.08 4.15+0.62
-Min
Young 0.91+0.10 0.54 +0.07 3.59+0.39
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Figure 2. Influence of arterial cuff occlusion time on reactive hyperemia in young and

elderly individuals. (A) Representative brachial artery velocities from a young (left) and elderly (right)
subject, immediately following cuff deflation, after 4, 6 and 8 minutes of cuff occlusion. Group mean data
for peak brachial artery velocity (B), average 5 second hyperemic velocity (C), and average hyperemic flow
(D), following each cuff occlusion period in 12 young (6 male/6 female), and 11 elderly (6 male/5 female)
subjects. The young group is represented by the hatched boxes, the elderly group is represented by open
boxes. (E) Representative tissue saturation profile, measured by near-infrared spectroscopy, during the
4-, 6- and 8-minute vascular occlusion tests from the same young (left) and elderly (right) individuals
illustrated in panel A. (F) Group mean data showing the average change in tissue desaturation, expressed
as the area enclosed within the desaturation curve, across each of the occlusion periods in the 2 same
young and elderly subjects described above. The young group is represented by the hatched boxes circles,
the elderly group represented by open boxes. Data were analyzed using a mixed factorial MANOVA.
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Table 3. Intra-individual Correlations Between Oxygen Deficit and Measures of Reactive Hyperemia

Subject No. Age Sex 0, Deficit Peak Velocity (cm/sec) 5-sec Avg. Velocity (cm/sec) 5-sec Avg. Flow (ml/min)
4min 6min 8 min 4min 6min 8min Correlation 4 min 6 min 8 min Correlation 4min  6min 8min Correlation

1 28 M 65 142 240 118 131 146 1.000 64 86 78 0.592 581 855 779 0.650
2 24 M 70 157 240 137 143 150 0.999 87 100 97 0.758 693 827 731 0.291
3 27 F 56 89 159 139 143 175 0.978 89 81 107 0.824 375 321 369 0.097
4 22 M 45 92 151 101 167 169 0.842 55 101 122 0.961 414 762 968 0.977
5 24 F 24 58 93 115 99 148 0.670 69 52 87 0.542 273 222 323 0.510
6 22 M 56 131 218 111 105 120 0.660 64 57 63 -0.139 534 478 548 0.234
7 76 M 36 105 161 92 103 110 0.998 21 29 28 0.807 305 402 441 0.985
8 76 M 46 101 165 85 94 107 0.998 27 31 48 0.958 320 326 524 0.899

80 M 41 111 218 114 120 121 0.898 67 70 73 0.976 527 558 761 0.960
10 66 F 28 65 92 118 120 134 0.883 59 62 76 0.909 468 518 600 0.974
11 74 F 44 96 142 73 98 93 0.766 30 56 52 0.790 173 306 351 0.969
12 69 F 34 65 112 82 97 96 0.756 40 54 51 0.650 233 279 330 0.996
13 25 M 104 188 282 142 134 147 0.391 76 77 100 0.892 858 901 1134 0.940
14 23 F 52 116 173 96 74 102 0.185 47 32 37 -0.663 274 183 215 -0.663
15 23 F 31 72 112 137 156 128 -0.312 77 90 69 -0.384 305 356 353 0.842
16 28 M 48 143 221 137 138 136 -0.593 99 86 96 -0.278 1163 933 1127 -0.196
17 22 F 32 58 90 136 139 112 -0.841 93 88 66 -0.954 504 1038 378 -0.245
18 19 F 37 78 110 143 133 133 -0.864 82 77 81 -0.180 420 421 470 0.840
19 77 M 36 58 138 92 140 106 -0.015 36 65 54 0.347 231 490 408 0.405
20 78 F 30 42 75 68 73 68 -0.288 30 35 31 -0.029 205 251 236 0.436
21 61 M 19 60 103 132 103 123 -0.295 78 59 80 0.099 743 612 831 0.413
22 82 F 12 35 56 128 117 123 -0.461 50 58 59 0.911 286 356 400 0.996
23 72 M 40 102 175 128 114 113 -0.856 54 56 61 0.980 348 422 507 1.000

Young Mean + SE
Elderly Mean + SE

All Mean + SE

52+6 110+12 174+19
33+3 76+8
43+4 94+8

13115
153+13

126+5 130+7 139+6
101+7 107+5 1096
114+5 119+5 124+5

75+5 77+6 84+7
45+5 52+4 565
615 65+4 7015

533+76 608 +89 616+ 94
349£51 411+36 49055
445 +50 514 £53 556 + 56
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CHAPTER 5

LIMB IMMOBILIZATION DOES NOT DECOUPLE SKELETAL MUSCLE OXIDATIVE FUNCTION FROM REACTIVE

HYPEREMIA
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Methods

Subjects

Healthy young men were recruited from the Dallas-Fort Worth Community. Exclusion criteria included
females (to avoid hormonal variation between limb immobilization visits), or male subjects who were <
18 years old or > 35 years old, had a history of cardiovascular disease, known diabetes, arthritis, peripheral
artery disease, hypertension, orthopedic or physical limitations that would prevent full participation,
currently use tobacco, or have a body mass index > 35 kg/m?2. All participants signed written informed

consent and the study was approved by the University of Texas at Arlington Institutional Review Board.

Experimental Protocol

All subjects were instructed to arrive to the laboratory having fasted for a minimum of 4 hours,
and having abstained from caffeine, alcohol, and strenuous exercise for 24 hours prior to each visit. All
experiments were performed in a quiet, temperature controlled laboratory maintained at 24 + 1°C,

humidity 41 £ 3%.

Upon arrival to the laboratory, subjects’ seated blood pressure and heart rate were measured
using an automated blood pressure cuff (Connex Spot Monitor, model 71WX-B, Welch Allyn, Skaneateles
Falls, NY). Height and weight were then measured using a dual-function scale and stadiometer
(Professional 500KL, Health-O-Meter, McCook, IL). Subjects were then asked to lie supine on a bed with
their non-dominant limb resting on a bedside table in an extended and comfortably adducted position.
Blood pressure was monitored continuously in the dominant arm via beat-to-beat finger blood pressure
(Finometer PRO, Finapres Medical Systems, Arnhem, The Netherlands) and intermittently using the
previously mentioned automated blood pressure cuff. Heart rate was measured by three-lead
electrocardiography using the CMs configuration (MLA 0313 lead wires, ADInstruments, Colorado Springs,

CO). Beat-to-beat blood pressure and electrocardiogram signals were then captured by a physiological
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data acquisition system (ADInstruments PowerLab 16/35). An occlusive cuff was placed on the upper arm
and connected to a rapid inflation device (SC5, Hokanson, Bellevue, WA). Tissue saturation (StO,) was
measured continuously in the flexor digitorum profundus using near-infrared spectroscopy (MetaOx and
OxiplexTs, ISS, Champaign, IL). The probe was placed over the belly of the flexor digitorum profundus and
secured using an elastic strap. A soft foam wrap was also placed around the forearm and NIRS probe to

prevent interference by ambient light.

Handgrip Strength

Hand grip strength was measured using a Jamar hand grip dynamometer with the handle set in Position
2 as recommended by Trampisch et al (Trampisch, Franke, Jedamzik, Hinrichs, & Platen, 2012). All subjects
were seated in the same chair, with the elbow flexed at approximately 90° and with the wrist in a neutral
or slightly flexed position (Roberts et al., 2011; Trampisch et al., 2012). Subjects were instructed to
squeeze and given standardized verbal encouragement by the same technician in order to obtain maximal

effort. The highest of three attempts was recorded as the maximal hand grip strength.

Forearm Measurements

Forearm volume was assessed using a water displacement method using a custom-built vessel
similar to those used by Chromy et al (Chromy, Zalud, Dobsak, Suskevic, & Mrkvicova, 2015). The vessel
was filled until the water level began to exit the drainage spout. Once water had ceased to drain from the
spout, subjects were instructed to slowly lower their hand into the water up to the crease of the wrist.
Water displaced by the hand was captured in a plastic receptacle and a scientific scale (Amput Electronics,
Model 457) was tared. The subject was then instructed to lower their arm into the water up to the crease
of the elbow. Water displaced by the forearm was once again captured and weighed. This process was
repeated a minimum of two times and the mass of water averaged to yield cubic centimeters of forearm

volume.
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Forearm circumference was measured in three locations: =2cm distal to the crease of the elbow,
at the widest region of the forearm midway between the elbow and the wrist, and at the crease of the
wrist. Measurements were performed twice at each location and averaged. Adipose tissue thickness was
measured at each of these locations. All measurements were performed by the same technician to reduce

intra-observer variability.

Reactive Hyperemia

Brachial artery velocity and diameter were measured using duplex ultrasound (Vivid-i, GE
Healthcare, Little Chalfont, UK). Images of the brachial artery were obtained using a 12 MHz linear array
probe at the medial aspect of the upper arm distal to the occlusive cuff. The video signal from the
ultrasound device was recorded using a screen-capturing software (Vascular Imager, Medical Imaging
Applications LLC., Coralville, lowa). Using edge detection software (FMD Studio, Quipu, Florence, Italy),
offline analysis of these video files was performed to assess brachial artery diameter at rest and within
the first 15 seconds following deflation of the occlusive cuff. The audio signal from the ultrasound was

transmitted to the data acquisition system via a Doppler audio translator (Herr et al., 2010).

After establishing a stable, resting baseline the occlusive cuff was inflated on the upper arm for 5-minutes
at a pressure of 220 mmHg. At the 5-minute mark the cuff was rapidly deflated; post-occlusive reactive
hyperemia and recovery were measured for the following 3 minutes. Tissue saturation was measured

continuously by NIRS throughout this period.

Reactive hyperemia analysis

Reactive hyperemia was first assessed as the peak velocity, or the highest brachial artery velocity
observed within the first 15 seconds following cuff deflation. A 5-second average of the brachial artery

velocity was also calculated during this 15-second period. Using this average velocity and the diameters
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obtained through the edge detection software, hyperemic flow was then calculated using the following

equation:

Flow = nr? X 5secavg velocity X 60

Using the NIRS-derived StO, we calculated the ischemic stimulus achieved during arterial cuff occlusion—
the area bounded on the Y-axis by the average baseline tissue saturation and the tissue saturation tracing,
and bounded on the X-axis by the time of cuff occlusion— using the same approach as previously

described (Rosenberry et al., 2019).

Skeletal Muscle Oxidative Function

Skeletal muscle oxidative function was assessed using a NIRS-based protocol that has been validated
against PCR recovery, measured by magnetic resonance spectroscopy (Ryan, Brophy, Lin, Hickner, &
Neufer, 2014; Ryan, Erickson, et al., 2014; Ryan, Southern, Reynolds, & McCully, 2013). Subjects remained
supine and instrumented as described above, with the exception of brachial artery ultrasound. After
establishing a stable, resting baseline, subjects were instructed to isometrically squeeze the hand grip
dynamometer (Smedley Hand Grip Dynamometer, Stoelting Co. Wood Dale, Il) at 50% of their maximal
voluntary contraction until the difference between oxyhemoglobin/myoglobin (HbO;) and
deoxyhemoglobin/myoglobin (HHb), referred to as Hbai, reached =50% of the difference between their
resting baseline and the minimum value observed during the final seconds of the arterial cuff occlusion.
Following cessation of the isometric exercise, a series of eighteen cuff occlusions was performed. The
timing for this series was performed as follows: 5s on/5s off for occlusions #1-5; 7s on/7s off for occlusions
#7-10; 10s on/15s off for occlusions #11-14; and 10s on/20s off for occlusions #15-18 (Figure 1A). After

the occlusion series was complete, subjects remained at rest until they returned to a stable baseline state.
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Mitochondrial oxidative function analysis

Skeletal muscle VO, was assessed by calculating the rate of change of Hbgi during each of the 18 cuff
occlusions. Each slope was then plotted against the post-hand grip exercise time to produce a curve, which
was then fit with the following monoexponential curve using commercially available software (OriginPro,
OriginLab, Corp., Northampton, MA) as previously described (Rosenberry, Chung, & Nelson, 2018; Ryan,

Brophy, et al., 2014; Ryan, Erickson, et al., 2014; Ryan et al., 2013):

y=END —A x et

i

y” is the relative mVO2 during cuff inflation, “End” was defined as the mV0O2 measured immediately
following exercise; delta “A” is the change in mVO2 from rest to the end of exercise; “k” is the fitting rate
constant; “t” is time. The initial rate of oxygen consumption was defined as the first slope measured after
cessation of exercise. The recovery time constant (tVO;) is representative of mitochondrial oxidative

function, with faster times representing greater function.
Limb Immobilization

Following completion of all study measures, subjects were then provided with a commercially available
forearm brace (Supplemental Figure 1). This rigid brace was fixed in place using hook-and-loop straps, and
when worn properly prevents flexion and extension about the wrist joint, as well as finger flexion and
extension. Subjects were instructed to wear the brace firmly strapped to the forearm at all times, except
for when bathing. Subjects were instructed to continue wearing the brace until it was removed just prior

to the commencement of study measures at Visit 2 (= 30 days).
Statistical Analysis

Data are expressed as mean * standard deviation unless otherwise specified. Data were assessed for

statistical difference using a Student’s paired-sample t-test. G*Power was used to calculate Cohen’s d;
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and achieved statistical power. Based upon previous data (refs), we expected limb immobilization to
recapitulate the difference in reactive hyperemia previously observed between young and elderly
participants (= 20 = 20 cm/s). This level of change produced a large effect size (Cohen’s d; = 1.06). Based
upon these historical data, and a statistical power of 0.85 we anticipate needing 11 subjects to complete

this study. To account for subject attrition, our a priori sample size was estimated to be 15.

Results

Fifteen young, healthy men volunteered for the study. Three subjects were excluded from the study due
to poor data quality; 2 related to NIRS and 1 related to brachial artery velocity. The remaining twelve
subjects (age 19 * 1 yrs; height 172 + 6 cm; weight 64 + 12 kg; BMI 22 + 3 kg/m?) completed both laboratory
visits, separated by 28 + 2 days of limb immobilization. No adverse events were reported, and all subjects

claimed to tolerate the limb immobilization well.

Effect of limb immobilization on forearm morphology and function

Despite subjects adhering to the immobilization protocol, we observed no differences in handgrip

strength, adipose tissue thickness, forearm volume, or forearm circumference (Table 1).

Skeletal Muscle Oxidative Function

To assess the efficacy of limb immobilization as a means of inducing impairments in skeletal muscle
oxidative function, we evaluated the recovery time constant of skeletal muscle VO, (tVO;) following a
brief period of handgrip exercise. Contrary to previous findings, limb immobilization had no measurable
effect on VO, (Figure 1), suggesting that skeletal muscle oxidative function was not impaired by forearm

immobilization.
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Reactive Hyperemia

Baseline brachial artery velocity did not change with limb immobilization (pre: 9.4 + 3.2 cm/sec vs. post
12.1 £ 6.8 cm/sec; P = 0.23), nor did baseline tissue saturation change (Pre: 73.1 + 3.4 % vs. post: 75.2 £
5.3 %; P =0.27). Consistent with the lack of change in TVO;, the slope of tissue desaturation during arterial
cuff occlusion— an index of resting skeletal muscle metabolic rate— did not change with limb
immobilization (Figure 2, P = 0.80). As a result, for the same fixed period of arterial occlusion before and

after limb immobilization, the ischemic stimulus did not differ (Figure 3, P = 0.44).

Reactive hyperemia was also unchanged, as evidenced by the lack of differences observed in peak brachial
artery velocity (Figure 3, P = 0.13), 5-second average hyperemic velocity (Figure 3) and 5-second average
hyperemic flow (P = 0.81, P = 0.20 respectively) (Figure 3). Of note, when measured during reactive
hyperemia (i.e. £ 15 seconds after the cuff was released), pre- and post-immobilization, there were no
differences in brachial artery diameter (pre: 0.318 + 0.01 cm vs. post: 0.319 £ 0.06 cm), nor heart rate

(pre: 67 £ 8 bpm vs. post: 73 £ 9 bpm), nor mean arterial pressure (pre: 82 + 2 mmHg vs. post: 83 £ 5).

Discussion

The aim of the present study was to further define the relationship between the degree of tissue
desaturation and the magnitude of reactive hyperemia in young healthy males. We hypothesized that by
transiently reducing skeletal muscle oxidative function with limb immobilization, the ischemic stimulus
during a fixed period of arterial occlusion would also be reduced, and in turn would lead to an attenuated
hyperemic response. In contrast to this hypothesis, limb immobilization failed to reduced forearm

strength, volume or oxidative function, and in turn did not change reactive hyperemia.

The rationale of this study was based on a relatively large body of evidence showing isolated
reductions in either skeletal muscle oxidative function or reactive hyperemia following a period of limb

immobilization. For example, 21 days of experimental arm casting has been repeatedly shown to reduce
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skeletal muscle oxidative function (Homma et al., 2009; Kitahara et al., 2003; Matsumura et al., 2008;
Motobe et al., 2004). Limb immobilization also appears to impair reactive hyperemia. For example, Silber
and Sinoway studied individuals following clinical cast removal, showing a marked improvement in
reactive hyperemia following return to normal daily activity for = 29 days (Silber & Sinoway, 1990).
Likewise, using experimental limb immobilization with an arm sling, Birk et al found that only 8 days of
disuse was sufficient to reduce reactive hyperemia (Birk, Dawson, Timothy Cable, Green, & Thijssen,

2013), with similar results reported following 14 days of bed rest (Shoemaker et al., 1998).

In contrast to these prior reports, we failed to reduce oxidative function or reactive hyperemia

with = 28 days of limb immobilization.

There are many plausible explanations for why no significant effect was achieved. First, because
we used removable wrist braces and not fixed plaster casts, it is possible that adherence to the
immobilization protocol was not sufficient to produce physiological effects. Indeed, for the purpose of
sanitation and subject comfort, participants were allowed to remove the brace during daily hygiene
activities. This may have allowed sufficient activity to preserve handgrip strength and muscle function.
For example, Homma et al found that = 50 seconds of rhythmic handgrip exercise, performed twice weekly
at 30% of maximal handgrip strength, was sufficient to prevent declines in PCr recovery time (Homma et
al., 2009). Additionally, all subjects were enrolled in and actively attending college courses at the time of
this study, and thus routinely walked about the campus. It is possible that even this low level of whole-
body physical activity was sufficient to maintain vascular function in the forearm (Birk et al., 2012; Thijssen

et al., 2009).

It is also possible that subjects were already in a moderately deconditioned state prior to
undergoing limb immobilization. This is evidenced by the relatively low maximal grip strength measured

prior to immobilization in our participants (34 * 6 kg), which was nearly 20% lower than the reported grip
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strength of previous limb immobilization studies (Matsumura et al., 2008; Motobe et al., 2004).
Remarkably, our average pre-immobilization grip strength matched the post-immobilization grip strength
reported by Motobe et al., which started at 40.6 + 2.1 kg and fell to 34.3 + 2.3kg (Motobe et al., 2004). It
is therefore possible that our subject had very little reserve for the muscle to decondition.

Finally, environmental conditions may have also played a significant role in our null findings. A
recent study by Hafen et al. found that 10 minutes of daily heat therapy prevented impairments in skeletal
muscle mitochondrial function after 10 days of immobilization (Hafen et al., 2019). This is relevant because
our study was performed primarily in the month of September in North Texas, and during this time the
daily high temperature was 35.4 £ 2.1°C on average. As stated, subjects routinely walk about the university
campus and presumably spent time outdoors aside from the walking commute about the campus. It is
possible that this physical activity, combined with the environmental heat exposure may have contributed

to the maintenance of forearm muscle oxidative function.

On a positive note, while limb immobilization failed to produce the desired response, the data
herein show a high degree of test-retest reproducibility; adding some confidence in our interpretation of
these results. The close agreement between measures of tVO,, tissue saturation, and brachial artery
hemodynamics before and = 28 days after limb immobilization lend confidence in our ability to detect

group differences, had any been present.

In summary, the extent to which the ischemic stimulus determines the magnitude of the
hyperemic response remains unclear, yet no less important. Future studies are needed to further
characterize this relationship and determine the clinical utility of quantifying and adjusting for the
ischemic stimulus in studies of reactive hyperemia. It may be that the resiliency and addictiveness of
young, healthy males prevented any deleterious effects. Future studies are therefore needed in order to

partition the independent contribution of the ischemic stimulus to reactive hyperemia.
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Figures and Tables

Table 1. Forearm Morphology and Function

Hand Grip Strength (kg)

Forearm Volume (cm?)

Proximal Forearm Circumference (cm)
Mid Forearm Circumference (cm)
Distal Circumference (cm)

Proximal Adipose Tissue Thickness
(mm)

Mid Adipose Tissue Thickness (mm)
Distal Adipose Tissue Thickness (mm)

Visit 1
34+6
832 £166
24 +2
22+2
15+1

Visit 2
32+5
821 +183
23+2
22+2
15+1

Data expressed mean + SD
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Figure 1. NIRS-derived measurements of skeletal muscle oxidative function

A) A representative tracing of Hbgi from one individual. Immediately following the rapid
decline in Hbgi induced by isometric hand grip exercise, the cuff occlusion series is
initiated. (Pop-out) Cuff occlusions 1-4 exhibiting distinct declines in Hbgi (bold bars) used
to calculate the slope. B) Slopes derived from A plotted against post-exercise time and
fit to monoexponential curve to derive T™VO,. C) Group data from a subset of participants
(n=7) showing no difference in TVO, between pre and post immobilization.
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Figure 2. NIRS-derived measurements of tissue saturation during cuff occlusion

A) Representative tissue saturation tracings from one individual pre- and post-
immobilization. Traces show 1 minute prior to cuff inflation and 5 minutes of occlusion,
followed by 3 minutes of post-occlusion recovery. Shaded area was calculated to yield
the ischemic stimulus. B) Group data (n=12) showing the ischemic stimulus during cuff
occlusion was not different pre- and post-immobilization.
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Figure 3. Brachial artery velocity during reactive hyperemia

A) Representative tissue brachial artery velocity tracings from one individual pre- (left)
and post-immobilization (right). Traces show 5 seconds prior to cuff deflation and the first
15 seconds of reactive hyperemia. Group data (n=12) showing B) peak brachial artery
velocity C) 5-s average hyperemic velocity and D) 5-s average hyperemic flow show no
difference pre- and post-immobilization.
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Supplemental Figure 1. Resting Wrist Orthosis
Wrist brace worn by subjects preventing flexion and extension about the wrist as well as
finger flexion and extension.
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CHAPTER 6

CONCLUSION
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This body of work has yielded novel insights into both the technical process of measuring reactive
hyperemia and the interpretation of reactive hyperemia as an index of peripheral microvascular function.
Overall, there remains a general lack of consensus regarding the “best” laboratory technique to use when
assessing reactive hyperemia (venous occlusion plethysmography, Doppler ultrasound, peripheral artery
tonometry, NIRS), and which analytical endpoint best represents reactive hyperemia (e.g. velocity time
integral, peak velocity, peak blood flow, total hyperemic blood flow etc.). This lack of consensus between
investigations makes comparison and meta-analysis more challenging. To bring greater consistency to the
literature, future investigations ought to incorporate comprehensive reporting of multiple endpoints,
allowing readers to form a more holistic interpretation of the data. In addition, the complex and
redundant signaling pathways underlying this phenomenon make it difficult to identify at risk populations

and therapeutic targets.

In Chapters 3 and 4 we identified age-dependent impairments in reactive hyperemia using near-
infrared spectroscopy and Doppler ultrasound of the brachial artery. More interestingly, however, was
our characterization of the relationship between the degree of tissue ischemia and the magnitude of the
hyperemic response. We found that after adjusting for the strength of the ischemic stimulus, age-
dependent differences in reactive hyperemia were completely abrogated. Importantly, these findings do
not suggest that aging is not a risk factor for microvascular dysfunction. Rather, they indicate that brachial
artery reactive hyperemia may not reflect microvascular function as precisely as previous literature
asserts. Furthermore, these results emphasize the relationship between skeletal muscle oxidative
function and microvascular blood flow regulation, thus underscoring the importance of incorporating

ischemic stimulus quantification during studies utilizing arterial cuff occlusion.

In Chapters 5 and Appendix A we attempted to manipulate the balance between reactive
hyperemia and the ischemic stimulus. In our first experiment, we sought to acutely impair microvascular

vasodilation while leaving skeletal muscle oxidative function intact by employing an ischemia reperfusion
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model. Despite multiple studies demonstrating ischemia reperfusion’s deleterious effects on flow
mediated vasodilation, we were unable to alter any measures of reactive hyperemia or tissue oxygen
consumption. In our second experiment, we sought to impair skeletal muscle oxidative function, thus
minimizing the ischemic stimulus and proportionately blunting the hyperemic response. To impair skeletal
muscle oxidative function, our subjects underwent ~30 days of limb immobilization. Despite excellent
adherence, limb immobilization failed to reduce skeletal muscle metabolic rate, forearm anthropometrics,
or grip strength. Not surprisingly, because we were not successful in altering skeletal muscle metabolic
rate, the ischemic stimulus was also preserved across the limb immobilization period, as was reactive

hyperemia.

While these “failed” experiments did not allow us to directly test our a priori hypotheses, they did
help to advance my training in several important ways. Through these experiments, | became familiar with
the literature surrounding ischemia-reperfusion injury and the metabolic/vascular effects of
immobilization. | also acquired the technical training necessary to reproducibly measure flow-mediated
dilation. Moreover, these studies have helped form the foundation of future investigations in our lab. For
example, based on the present results, an obvious next step for the Applied Physiology and Advanced
Imaging Laboratory is to turn towards mitochondrial uncoupling drugs (e.g. 2-4 dinitrophenol) to augment
skeletal muscle metabolic rate and the degree of tissue ischemia during a fixed occlusion period. Indeed,
these drugs function by uncoupling the electron transport chain, allowing protons to bypass ATP-synthase
and cross the inner mitochondrial membrane more freely. This allows for a greater rate of oxygen
consumption without affecting the true metabolic demands of the tissue, thus producing a greater
hypoxic condition during a fixed period of occlusion. By measuring reactive hyperemia under native
conditions and following augmentation of the ischemic stimulus via mitochondrial uncoupling, it should
be possible to determine how changes in tissue ischemia affects reactive hyperemia. Most importantly,

this approach avoids confounding influences that may arise with alternative approaches to increasing
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skeletal muscle metabolic rate (i.e. exercise). For example, while performing handgrip either before or
during the arterial cuff occlusion may speed skeletal muscle metabolism, it may also increase circulating
myokines or other metabolic vasodilators, not present under the resting metabolic rate condition.
Another major advantage of this approach over our limb immobilization approach is that it would be far
less likely to cause additional confounding influences that may accompany extended periods of disuse,

like capillary rarefaction.

The greatest challenge of the work contained within this dissertation is that the “clinical impact”
remains unclear. Indeed, as the demand for individualized healthcare continues to grow, so does the
demand for improved tools for the detection and diagnosis of pathologies. In order to assess the clinical
impact of adjusting reactive hyperemia for the ischemic stimulus, long-term patient studies are needed.
This would require leveraging large clinical trials with patient follow-up for major adverse cardiovascular
events built into the trial design. Based on our interpretation of the data contained within this
dissertation, we would expect that adjusting reactive hyperemia for the ischemic stimulus would lower
the total number of individuals with “impaired reactive hyperemia”. However, we would also expect that
individuals identified as having impaired reactive hyperemia after adjusting for the ischemic stimulus,
would have “true” microvascular dysfunction and would be a significantly higher risk of future events. If
true, adjusting reactive hyperemia for the ischemic stimulus would provide clinicians and investigators
with a relatively simple, non-invasive method for better stratifying patients; with better defined

therapeutic targets.
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APPENDIX A

ISCHEMIA REPERFUSION INJURY DOES NOT IMPAIR REACTIVE HYPEREMIA
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Introduction

Recent work from our laboratory, (Chapters 3 and 4) (Rosenberry et al., 2018; Rosenberry, Trojacek,
Chung, Cipher, & Nelson, 2019) has raised several fundamental questions regarding reactive hyperemia —
the hyperemic response following a period of arterial cuff occlusion. In its most basic form, reactive
hyperemia is regarded as an index of the microvascular responsiveness to a period of tissue ischemia. A
fundamental assumption being that the level of tissue ischemia achieved during a fixed period of arterial
occlusion is consistent across individuals. Our data challenges this assumption, showing marked inter-
individual differences in skeletal muscle metabolism, with associated differences in the magnitude of
tissue ischemia, following a fixed period of arterial cuff occlusion. We therefore reason that inter-
individual differences in skeletal muscle metabolic rate need to be accounted for before microvascular

responsiveness can be assessed.

To explore this question further, we sought a model which would allow us to perturb the balance between
reactive hyperemia (i.e. microvascular function) and skeletal muscle metabolic rate. Here we aimed to
reduce microvascular function using a well-established ischemia-reperfusion model, while maintaining
skeletal muscle metabolic rate. To acutely impair vasodilatory function, we employed an ischemia-
reperfusion model (i.e. 20 minutes of arterial cuff occlusion) in the non-dominant arm (Gute, Ishida,
Yarimizu, & Korthuis, 1998; Loukogeorgakis et al., 2005; Loukogeorgakis et al., 2007; Seal & Gewertz,
2005). This model has reproducibly been shown to cause marked, transient, reductions in vascular
function through cellular adhesion pathways, inflammatory infiltration, and increased reactive oxygen
species (Collard & Gelman, 2001; Granger, 1999; Gute et al.,, 1998; Welbourn et al.,, 1991). Further
evidence has shown that prolonged ischemia produces acute inflammation, lymphocyte extravasation,
and cellular adhesion (Collard & Gelman, 2001; Granger, 1999; Prasad, Stone, Holmes, & Gersh, 2009;
Welbourn et al., 1991; Zamboni et al., 1993). While in vivo measurements of these phenomena have, to

our knowledge, not been performed in humans following a 20-minute occlusion period, this approach is
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well-established for measuring the effects of ischemia-reperfusion on flow mediated dilation (Andreas et
al.,, 2011; Kharbanda et al.,, 2002; Loukogeorgakis et al., 2005; Loukogeorgakis, Panagiotidou, Yellon,

Deanfield, & MacAllister, 2006; Loukogeorgakis et al., 2007).

Methods

Young, healthy men were recruited for this investigations. All subjects participated in a single laboratory
visit having fasted for a minimum of 6 hours, and having abstained from caffeine, alcohol, and vigorous
exercise for 24 hours prior to the visit. All tests were performed in a temperature controlled laboratory at
24°C. Subjects were asked to lie supine on a bed with their non-dominant arm resting on a bedside table
at heart level. Brachial artery velocity was measured using Doppler ultrasound (Vivid-i, GE Healthcare,
Little Chalfont, UK), while tissue oxygen saturation was measured using near-infrared spectroscopy
(OxiplexTs, ISS, Champaign, IL ); as previously described in detail by our group {Rosenberry, 2019 #1633}.
Heart rate and beat-to-beat blood pressure were measured continuously throughout the visit by
electrocardiography, using the CMs configuration (MLA 0313 lead wires, ADInstruments, Colorado
Springs, CO) and finger plethysmography (Finometer PRO, Finapres Medical Systems, Arnhem, The

Netherlands) respectively.

Experimental Protocol

Reactive hyperemia was assessed using a dose-response protocol, consisting of 4- and 8-minute arterial
cuff occlusions, performed in a random order to prevent an ordering effect. In this way, both the individual
hyperemic responses to each period of cuff occlusion, as well as the slope of the hyperemic dose response,
could be used to assess reactive hyperemia. After completing baseline reactive hyperemia measurements,
which were each separated by a 20-minute “wash-out” period, an arterial cuff was then inflated over the
upper arm for 20 minutes, followed by 20 minutes of reperfusion; a model previously shown to impair

flow mediated dilation of the brachial artery (Andreas et al., 2011; Loukogeorgakis et al., 2005;
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Loukogeorgakis et al., 2006; Loukogeorgakis et al., 2007). After this period had elapsed, we repeated the

4- and 8-minute occlusions in the same order as at baseline.

In order to test whether the repeat 4- and 8-minute cuff occlusions, prior to the 20 minute ischemia-
reperfusion period, “preconditioned” the ischemic limb, a subset of individuals (n = 2) only a single 5-
minute arterial occlusion before and after the ischemia-reperfusion protocol. All other aspects of the

instrumentation and positioning were identical to those described above.

Reactive Hyperemia

Reactive hyperemia was defined as the peak brachial artery velocity measured within the first 15 seconds
following deflation of the occlusive cuff placed on the upper arm. The ischemic stimulus was determined
by calculating the area enclosed within the tissue saturation tracing during the ischemic period as

described in Ch. 4.

Statistical Analysis

Data are reported as mean + SD. Only descriptive statistics are reported.

Results

Data were collected in four young healthy men (age 26 + 3, height 179.9 + 1.9, weight 80.3 £ 8.7). As
expected, ischemia-reperfusion had no discernible effect on skeletal muscle metabolic rate, as evidenced
by similar rates of tissue saturation (4-min pre 0.14 + 0.04 %/sec vs. 4-min post 0.15 * 0.04 %/sec; 8-min
pre 0.10 + 0.03 %/sec vs. 8-min post 0.09 + 0.02 %/sec). As a result, the ischemic stimulus achieved during
the 4 minute (Pre: 68 + 20 %'min vs. Post: 70 + 18 %-min), and 8 minute arterial (Pre 233 + 69 %-min vs.
Post: 234 + 62 %-min) cuff occlusions was well preserved. In contrast to our hypothesis, and multiple
investigations showing deleterious effects of ischemia-reperfusion on flow mediated dilation, ischemia-
reperfusion did not have any effect on reactive hyperemia. Peak brachial artery velocity in response to 4-

minutes of arterial occlusion was not impaired by ischemia reperfusion (Pre 11826 cm/s vs. Post 131+20
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cm/s), nor was it in response to 8 minutes of arterial occlusion (Pre 115+30 cm/s vs. Post 13122 cm/s).
Moreover, we consistently observed increases in FMD following ischemia-reperfusion (4-min pre 10.66 +
10.85% vs. post 12.53 + 7.54%; 8-min pre 12.88 + 4.3% vs. post 19.66 + 7.6%). Of note, the large standard
deviations in FMD are likely attributable to the relatively wide range in resting brachial artery diameter
between individuals (3.51-5.05mm). As a result, some individuals possessed a much greater reserve for
dilation (subject 04: 8-min pre ischemia-reperfusion, baseline 3.67mm to peak 4.35mm, FMD 18.50%)
compared to others with larger resting diameters (subject 01: 8-min pre-ischemia reperfusion, baseline

4.38mm to peak 4.74mm, FMD 8.22%).

In light of these unexpected findings, and the potential that our experimental design, that
included multiple arterial cuff occlusions prior to ischemia-reperfusion, was “preconditioning” the
ischemic limb, we repeated the protocol in 2 additional subjects, using only a single 5-minute cuff
occlusion protocol to assess reactive hyperemia. Consistent with the original protocol, ischemia-
reperfusion did not affect peak velocity (Pre 136 + 2 cm/s, Post 136 + 14 cm/s), or the ischemic stimulus
(Pre 98 £ 5 %'min, Post 137 + 13 %-min), when only a single 5-minute cuff occlusion was used. In these
two individuals, it would appear that there is an equal hyperemic response, despite a greater ischemic
stimulus, following ischemia-reperfusion. However, the magnitude of reactive hyperemia observed in
response to this ischemia stimulus is quite similar to some that we have previously reported (Rosenberry
et al., 2019). Moreover, in that investigation, we also observed multiple young healthy males who exhibit
maximal hyperemic responses, regardless of the degree of tissue ischemia. In a sample of only two
individuals, and without performing a dose-response protocol, it is impossible to determine whether this
represents a blunting of the hyperemic response following ischemia-reperfusion or whether these
individuals are simply maximal responders for a broad range of ischemic stimuli. Consistent with our
measurements of FMD after 4- and 8-minutes of cuff occlusion, we also observed increases in FMD

following the 5-minute protocol (pre 6.74 £ 3.01% vs. post 9.05 + 1.32).
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Discussion

Although previous investigations have demonstrated that ischemia-reperfusion impairs flow

mediated dilation, we found no evidence that ischemia-reperfusion impairs reactive hyperemia.

The most likely explanation for our negative results is key differences in both the cuff occlusion
location, and the primary end-point being studied. All prior studies that have successfully used this
experimental model to induce “vascular dysfunction”, inflated the blood pressure cuff over the distal limb
(forearm) and assessed brachial artery flow mediated dilation as the primary endpoint (Andreas et al.,
2011; Kharbanda et al., 2002; Loukogeorgakis et al., 2005; Loukogeorgakis et al., 2006; Loukogeorgakis et
al., 2007). We inflated the arterial cuff over the upper arm because: (a) upper arm occlusion has been
shown to be more prognostically significant (Green, Jones, Thijssen, Cable, & Atkinson, 2011), and (b)
space limitations prevent us from placing both the near-infrared spectroscopy probe, and the arterial cuff,
over the forearm. Moreover, our primary end-point was peak brachial artery velocity. That peak velocity
was unchanged suggests that ischemia-reperfusion may negatively affect nitric oxide bioavailability, and
that reactive hyperemia is not controlled by nitric oxide (see Chapter 2 for details regarding specific

mechanisms of action).

That we found similar results between the 4- and 8-minute cuff occlusion, dose-response
protocol, and the single 5-minute cuff occlusion protocol, suggests that our negative results are unlikely
the product of ischemia preconditioning. Indeed, Loukogeorgakis et al. found that two bouts of ischemic
preconditioning in the forearm (5 minutes on, 5-minutes off) were not sufficient to protect the limb from
ischemia-reperfusion-induced reductions in flow-mediated dilation (Loukogeorgakis et al., 2007).
Although our sample size is extremely limited, based on the consistency of the negative results, we
abandoned this approach as a model for impairing microvascular function, and turned our attention to

the other side of the equation (skeletal muscle metabolic rate, Chapter 5).
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1. Introduction

Skeletal muscle blood flow is a key determinant of aerobic capacity, which is an independent predictor of
quality of life and cardiovascular disease morbidity and mortality (American College of Sports et al., 2009;
Aspenes et al., 2011; Blair et al., 1995; Blair et al., 1989; Paterson, Govindasamy, Vidmar, Cunningham, &
Koval, 2004; Venturelli, Schena, & Richardson, 2012). Monitoring skeletal muscle blood flow regulation is
therefore essential to provide pathophysiological insight, clinical diagnosis, and evaluate treatment
efficacy. Numerous non-invasive methods exist to quantify skeletal muscle blood flow, such as venous
occlusion plethysmography. However, these techniques measure changes in bulk conduit flow and do not
provide regional (microvascular) or temporal information. In contrast, arterial-spin-labeled magnetic
resonance imaging (ASL-MRI) and positron emission tomography (PET) can measure skeletal muscle
microvascular perfusion, but are expensive and technically challenging and therefore not available to all

clinics or laboratories. Exposure to radiation, as with PET, also limits application to certain populations.

Near-infrared diffuse correlation spectroscopy (DCS) is an emerging technique for measurement of
regional blood flow at the microvascular level. In addition to being completely non-invasive and portable,
DCS has a relatively high temporal resolution and a relatively large penetration depth (Bi, Dong, Poh, &
Lee, 2015). Moreover, DCS has been validated in a variety of organs and tissues, against several different
standards, including laser Doppler (Shang, Chen, Toborek, & Yu, 2011), Xenon-CT (Kim et al., 2014),
fluorescent microsphere flow measurements (Zhou et al., 2009), and ASL-MRI (Yu et al.,, 2007).
Unfortunately, the vast majority of these validation experiments were performed on the brain, which is
inherently less susceptible to motion artifact (especially during exercise). In fact, the only prior
investigation to validate DCS in skeletal muscle was done using a cuff inflation and deflation protocol in

which the muscle remains virtually motionless (Yu et al., 2007).
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The purpose of the present study was therefore to validate DCS-derived skeletal muscle blood flow
measurements against an established flow imaging modality (Doppler ultrasound) during rhythmic
exercise. Indeed, Doppler ultrasound is currently the most commonly used flow imaging modality to
assess skeletal muscle blood flow regulation and kinetics during exercise (Casey, Curry, & Joyner, 2008).
Its high temporal resolution provides a perfect opportunity for flow synchronization between the two
modalities, providing comprehensive and comparative evaluation of muscle blood flow kinetics to

improve our understanding of DCS.

2. Materials and Methods

2.1 Subjects

Healthy subjects between 20—35 years of age were recruited from the local community of the University
of Texas at Arlington (UTA). The experimental protocol was approved by the UTA Institutional Review

Board (IRB). Written informed consent was obtained from each subject prior to the experiment.

2.2 Instruments

A single-wavelength DCS system was used to measure the relative changes in muscle blood flow. The
system was built in-house and validated through phantom and human arm cuff occlusion experiments. It
consists of a continuous-wave, long-coherence-length laser diode (785 nm & 100 mW, Crystalaser Inc.,
Reno, NV) as light source and a single-photon-counting avalanche photodiode (APD) as detector (SPCM-
AQRH-14-FC, Pacer USA LLC., Palm Beach Gardens, FL). The output of the APD is connected to a computer
with a 32-bit, 8-channel data acquisition card (PCI-6602, National Instruments Corp., Austin, TX). A
LabVIEW (National Instruments Corp., Austin, TX) program was developed for photon counting. Similar to
Dong et al. (Dong et al., 2012), a software autocorrelator calculates the autocorrelation function and
absolute intensity (sum of photon counts) of diffused light, which reduced overall cost and complexity of

the system as compared with a hardware autocorrelator. A 3D-printed probe was used to hold a multi-
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mode fiber from the source laser and a single-mode fiber to the APD detector. In this study, the probe
was affixed to the left forearm (the exercising side) over the belly of the flexor digitorum profundus — the
main muscle used during handgrip exercise (Fig. 1). The source-to-detector distance was 1.5 cm. The data

sampling rate was 1 Hz.

Brachial artery blood flow velocity and diameter were measured with a duplex ultrasound system (Vivid-
i, GE Healthcare, Little Chalfont, United Kingdom) on the left upper arm (the exercising side). This system
had a 12 MHz linear array probe with 60 degree of insonation. The ultrasound gate was optimized to
ensure complete insonation of the entire vessel cross-section with constant intensity. The continuous
Doppler audio signal was converted to real-time blood flow velocity waveforms using a validated Doppler
audio converter (Herr et al., 2010) and recorded using a PowerLab data acquisition system (ADInstruments
Inc., Boulder, CO). Brachial artery diameter was measured with B-mode ultrasound imaging, which was

conducted once in each of the four experimental stages (to be described in section 2.3).

Noninvasive arterial blood pressure was measured using a servo-controlled finger photoplethysmography
(Human NIBP Controller, ADInstruments Inc., Boulder, CO) that was placed on the middle or index finger
of the right hand (the non-exercising side) and supported on a bedside table positioned at heart level. In
addition, an automated sphygmomanometer (Welch Allyn, Skaneateles Fall, NY) recorded resting blood
pressure periodically, and was used to verify and calibrate the finger photoplethysmography

measurements.

The analog outputs from Doppler ultrasound and arterial blood pressure module along with the amplified
signal from a Smedley handgrip dynamometer (Stoelting, Wood Dale, IL), were connected to a high-
performance, physiological data acquisition system (PowerLab 16/35, ADInstruments Inc., Boulder, CO)

for simultaneous data recording. Since the DCS system does not have an analog output, a TTL gating signal
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to the PowerlLab was used to time align the DCS data (to be described in section 2.4.2) with all the other

physiological signals.

2.3 Experimental protocols

All experiments were performed in a dimly-lit, temperature controlled room. Upon arrival to the
laboratory, body weight and height were measured using a standard stadiometer and weight scale, and
body mass index (BMI) (Keys, Fidanza, Karvonen, Kimura, & Taylor, 1972) was derived. Subjects were then
positioned supine on a bed and instrumented for finger photoplethysmography, ultrasound, and DCS. The
handgrip dynamometer was positioned on the subject’s left side, so that the arm could comfortably be
extended and supported at heart level. Prior to any data collection, each subject was instructed to grip
the handgrip dynamometer as hard as possible to establish individual maximal voluntary contraction
(MVC). Subjects were then given a short break prior to data collection. After hemodynamic data stabilized,
baseline data were recorded, followed by rhythmic handgrip exercise at 20% and then 50% of MVC
respectively, and post-exercise recovery. Each stage lasted two minutes (Fig. 2). During the exercise
period, the subject repeatedly griped the dynamometer for two seconds and then relaxed for two
seconds, guided by a recorded voice prompt. To minimize muscle-fiber motion artifact during exercise,
data were recorded only during the relaxation portion of the handgrip duty cycle (i.e., two DCS data points
per cycle, which were then averaged to derive a single reading per cycle.), using the previously described

gating algorithm (Gurley, Shang, & Yu, 2012).

2.4 Data analysis

2.4.1 Finger blood pressure and Doppler ultrasound

Arterial blood pressure and Doppler ultrasound data were analyzed offline by a single observer (RR) using
the LabChart Pro software environment (ADInstruments Inc., Boulder, CO). For the real-time arterial blood

pressure waveforms, a peak-detection algorithm was applied to identify the systolic and diastolic
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components as the peak and valley of each arterial pulse. Then mean arterial pressure (MAP, mmHg) was

calculated on a beat-to-beat basis.

Similarly, mean blood flow velocity (MBFV, cm/s) was calculated as the beat-to-beat average from the
real-time Doppler ultrasound waveforms. Then brachial artery blood flow (ml/min) was estimated as:
MBFV - iir? - 60; where r is the radius of brachial artery (cm) measured with B-mode ultrasound imaging.
It is noted that the radius of brachial artery was measure once in each experimental stage (baseline, 20%
and 50% MVC, and recovery). Hence brachial artery blood flow was also estimated as stage-wise average,

not in real time.
2.4.2 DCS

The intensity autocorrelation function measured with the DCS system was analyzed to quantify the
relative changes in muscle blood flow. Specially, the analytical solution of the correlation diffusion

equation from a point source in a semi-infinite medium is given as:

34 -Kp(Or -Kp(Or
Gi(r ) =2 [—— - ——] (1)

4T 71 [

where Kj (1) =\/3uay;+y;2k§a(A r2(1)) , o is the absorption coefficient, s is the reduced

scattering coefficient, a is the fraction of photon scattering events in the medium; r; = {/r? + Zg, =

. . 1 2(1+R
\/rz + (29 + 223)?, ris the source—detector separation, z, = 7 andz, = ﬁ, where Res represents
s “Reff

the effective reflection coefficient. (A r?(t)) represents the mean square displacement of the moving
scatterers after a delay time t. Based on the Brownian motion model, (A r%(t)) = 6Dy, where D is the

effective diffusion coefficient of the scatterers.

To fit the analytical solution into the measured intensity autocorrelation function, the analytical solution

needs to be normalized to get g2(z) function:

116



|Gl (F'T)lz

g.(x)=1+p G0

(2)

where I(7, t) is the detected diffusing light intensity at position r and time t, and 8 is a numerical factor

related to the detector geometry, number of detected speckles and other experimental parameters.

By minimizing the difference between the analytical solution and measured data of g»(z), we can yield a
blood flow index given as: BFI = aDs. Then, relative muscle blood flow for the baseline, rMBF, can be

calculated as:

BFI(t)

rMBF = BFI(ty)

x100% (3)

The absorption coefficient () and reduced scattering coefficient (u;) are required inputs in the fitting.
In this study, each subject’s y, and y; values were measured prior to the experiment with a frequency-

domain near-infrared tissue oximeter (OxiplexTS™, ISS, Inc.) and then kept constant.

Further, the absolute light intensity measured with the DCS system over time, I(t), was also analyzed to

derive the changes in optical density, AOD, which is given as:

1(t)
AOD = loglo[m] (4)

The wavelength used in this study was 785 nm, which was very close to the isosbestic point of oxygenated

hemoglobin (HbO;) and deoxygenated hemoglobin (Hb). Therefore AOD primarily reflects absorption

changes of total hemoglobin (HbT = HbO, + Hb).
3. Results

Fourteen subjects volunteered to participate. Five were not included in data analysis due to poor quality
of Doppler ultrasound data (n = 4) or DCS data (n = 1). The results are reported on the remaining nine

subjects (all males; age = 27.4 + 2.9 years; BMI = 27.2 + 3.8).
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Figure 3 shows raw data of handgrip force, arterial blood pressure and brachial artery blood flow velocity
from one representative subject. The subject was able to maintain relatively constant gripping force
during both 20%-MVC and 50%-MVC exercise. Blood pressure increased gradually in these two stages.
Brachial artery blood flow velocity increased moderately during 20%-MVC handgrip and exhibited large
increase during 50%-MVC handgrip. As expected, reversal blood flow was observed during each

contraction period, increasing with increased grip force.

3.1 Changes in arterial blood pressure

Fig. 4 shows changes in mean arterial pressure at the group level. Significant changes (corrected p < 0.001,
paired t-test) were seen in each stage, i.e., an increase from baseline to 20%-MVC exercise then to 50%-

MVC exercise, followed by a decrease during post-exercise recovery.

3.2 Changes in blood flow

Brachial artery diameter measured with B-mode ultrasound did not change from baseline (mean + SE =
0.35+0.01 cm) to 20%-MVC exercise (0.36 + 0.01 cm), but increased significantly (p < 0.001, paired t-test)
during 50%-MVC exercise (0.38 £ 0.01 cm). This increase persisted into recovery stage (0.39 + 0.01 cm).
Figs. 5(a) to 5(c) show changes in brachial artery blood flow velocity measured with Doppler ultrasound,
local muscle blood flow and optical density measured with DCS at the group level (mean = SE, n = 9). As
illustrated, brachial artery blood flow velocity and local muscle blood flow had steady changes from
baseline to 20%-MVC exercise and then to 50%-MVC exercise. In contrast, changes in optical density,

which primarily reflect absorption of total hemoglobin, were slow and did not reach a plateau in any stage.

The main difference between Doppler ultrasound and DCS-derived readings was in the recovery from
exercise. Fig. 5(d) shows a close comparison among the normalized decay curves of brachial artery blood
flow velocity, local muscle blood flow and optical density in the recovery stage: brachial artery blood flow

velocity measured with Doppler ultrasound had a gradual decay throughout the recovery stage that was
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well fitted with an exponential process (time constant 7= 130 seconds) (Ryan, Southern, Reynolds, &
McCully, 2013). However, local muscle blood flow measured with DCS exhibited a biphasic feature: a
sharp decay in the first phase (71 = 29 seconds) followed by a much slower decay in the second phase (72
= 607 seconds). The much slower decay in the second phase was very close to the gradual decay in optical

density (=553 seconds).

3.3 Correlations of DCS-derived muscle blood flow with arterial blood pressure and Doppler ultrasound

To better understand how global cardiovascular factors affected local muscle blood flow during exercise,
and to evaluate the relationship between Doppler-derived and DCS-derived flow measures, linear
correlation analyses were conducted. Because these changes were relatively stable during baseline, 20%-
MVC and 50%-MVC exercise (not including recovery), 2-minute averaged data of each stage were used.
Further, brachial artery blood flow velocity was integrated with brachial artery diameter (measured once
in each stage with B-mode ultrasound imaging) to estimate the real brachial artery blood flow. As shown
in Fig. 6, the brachial artery blood flow measured with Doppler ultrasound showed excellent correlation

with DCS-derived muscle blood flow, as did mean arterial pressure.

4. Discussion

To our knowledge, this is the first study to validate DCS-derived measurements of skeletal muscle blood
flow during exercise. To accomplish our goal, we compared DCS with Doppler ultrasound, which is an
established flow imaging modality commonly used to assess skeletal muscle blood flow during exercise.
The major findings were two-fold: First, we demonstrate close agreement between DCS and Doppler
ultrasound, both in terms of the magnitude of change and the temporal relationship. Second, we found
that DCS was more reliable than traditional Doppler ultrasound, highlighting the clinical application of this

new technology.

DCS is a relatively novel form of near-infrared technology to examine relative blood flow changes within

deep tissues, especially for skeletal muscle (Table 1). While DCS has previously been validated against
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several different standards, as reviewed in the beginning of this paper, its validation in skeletal muscle
during rhythmic exercise has not — to our knowledge — previously been performed. To address this
limitation, we performed simultaneous recordings of skeletal muscle blood flow at rest and during
rhythmic handgrip exercise using DCS and Doppler ultrasound. We chose Doppler ultrasound because it
is by far the most widely used technique to assess skeletal muscle blood flow during exercise, providing
strong external validity (Casey et al., 2008). We show excellent agreement between these two modalities,

supporting DCS is a valid measure of skeletal muscle blood flow.

Like other investigators before us (Gurley et al., 2012; Munk, Symons, Shang, Cheng, & Yu, 2012),
our initial DCS experiments revealed significant motion artifact during muscle contraction (data not
shown). To overcome this issue, some investigators have co-registered their dynamometer recordings and
DCS measurements for offline correction of the blood flow data (Munk et al., 2012). In contrast, we, and
others (Gurley et al., 2012), developed an online gating algorithm to synchronize data acquisition with the
relaxation phase of each handgrip cycle. With this advancement, we were able to capture local muscle
blood flow data in good quality at two distinct exercise intensities (20% and 50% MVC) in all subjects
except one. In contrast, we were forced to exclude four of the original 14 subjects in this study due to
data quality concerns with Doppler ultrasound, which is susceptible to motion artifact (particularly during
higher intensity exercise). The DCS data quality was preserved in each of these cases, which highlights an
important advantage of DCS over Doppler ultrasound. Indeed, the measurement of exercise skeletal
muscle blood flow by Doppler ultrasound requires advanced training and practice for proficient and
reliable data acquisition. DCS requires very little technical training, and is almost entirely operator

independent.

While we observed good agreement between DCS and Doppler ultrasound during the plateau portion of
each exercise intensity, we consistently observed transient differences in both the on-kinetics and off-

kinetics for skeletal muscle blood flow between the two modalities. For example, during the recovery
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stage, note the gradual and consistent decay in Doppler ultrasound readings compared with the bi-phasic
decay in DCS-derived muscle blood flow (Fig. 5d). These transient differences reflect key technical
differences between the two modalities: while Doppler ultrasound measures the velocity of blood flow in
a major artery based on the Doppler effect, DCS blood flow measurement is more complex. A recent study
based on Monte Carlo simulations (Boas et al., 2016) showed that the DCS-derived blood flow index
provides a direct measure of tissue blood flow, but is also sensitive to changes in hematocrit and average
vessel diameter. For the DCS-derived muscle blood flow shown in Fig. 5d, we interpret the first phase (71
= 29 seconds) as the blood flow changes in local microcirculation; whereas the second phase (7 = 607
seconds) reflects the heightened rate of oxygen delivery needed to support the increase in skeletal muscle
oxygen demand post-exercise; which slow to return to baseline. Indeed, the second phase has a very
similar time constant to the gradual decay in optical density (7= 553 seconds) that reflects absorption of

total hemoglobin.

In conclusion, this study demonstrates an overall agreement and transient difference between DCS and
Doppler ultrasound in measuring exercise skeletal muscle blood flow. Because skeletal muscle blood flow
is a key determinant of aerobic capacity, which is an independent predictor of quality of life and
cardiovascular disease morbidity and mortality, the finding from this study are highly relevant to the study

of muscle physiology and pathology.
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Figures and Tables

Duplex
ultrasound

Arterial blood pressure
(non-exercising hand)

1 bcs

Figure 1. Schematic of experimental setup. Blood pressure was measured using a servo-controlled finger
photoplethysmography on the middle or index finger of the right hand (the non-exercising side). Brachial
artery blood flow velocity and diameter were measured on the right upper arm with a duplex ultrasound
system. The DCS probe was affixed to the left forearm over the belly of the flexor digitorum profundus —

the main muscle involved in handgrip exercise.
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Figure 2. Paradigm of the handgrip exercise experiment. The experiment consisted of four stages:
baseline, rhythmic handgrip exercise at 20% and then 50% of maximal voluntary contraction
(MVC), and post-exercise recovery. Each stage lasted two minutes. During the exercise period, the
subject repeatedly griped the dynamometer for two seconds and then released for two seconds.

8 Time (minute)

123



(a) © (b) <
50
8 8
‘ua_ 40 E. _ 4o
238 g2
o] [
ERP =
5 5
T T
10
0 0 ] ! —
Baseline  20% MVC  50% MVC  Recovery Baseline 20% MVC 50% MVC Recovery
160 160
e g
2 2
@ a 120
) )
mE oE
5 % 40
£ £
i ic
0 0
50 150
2 2
8 ]
s 30 s
:3 2
e £5
K] K] 04 b ——
5 -0 S
£ }d
o @
-30 -75

Figure 3. Raw data of handgrip force (top), arterial blood pressure (middle) and brachial artery blood flow
velocity (bottom) from one subject: (a) Real-time data throughout baseline, handgrip exercise at 20% and
then 50% of maximal voluntary contraction (MVC), and post-exercise recovery. (b) Enlarged 4-second data
segments in each stage: baseline, 20%-MVC and 50%-MVC exercise, and recovery.
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Figure 4. Changes in mean arterial pressure (mean + SE, n = 9) through the four experimental
stages: baseline, handgrip exercise at 20% and then 50% of maximal voluntary contraction
(MVC), and post-exercise recovery. Difference between every two successive states was
examined with paired t-test, and the resultant p-value was corrected with the Bonferroni
method for multiple comparisons.
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Figure 5. Doppler ultrasound and DCS results at the group level: (a) to (c) Brachial artery blood flow
velocity measured with Doppler ultrasound, regional muscle blood flow and optical density measured
with DCS (mean £ SE, n = 9). (d) Normalized decay of brachial artery blood flow velocity, regional
muscle blood flow and optical density in recovery stage.
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Table 1. Summary of DCS studies on skeletal muscle blood flow

Reference

Sample size and
study population

Muscle Studied and Protocol

Main Findings

Yu et al., 2005 10 healthy, Gastrocnemius; 30 plantar flexion  In healthy subjects, plantar
1 patient with exercises (toe up-down) within flexion increased relative
PAD one minute blood flow 4.7 fold; 2.5-
fold increase in the PAD
patient.
Henry et al., 2015 10 healthy Gastrocnemius; 0.5Hz, 30% MVC ~2.2 fold increase in
relative blood flow
Gurley et al., 2012 9 healthy Forearm flexor muscle; handgrip ~5 fold increase in

exercise 25% MVC

absolute blood flow

Shang et al., 2012

14 women with

fibromyalgia; 23

matched healthy
controls

Vastus lateralus; 6 set of 12
isometric contractions of knee
extensor exercise increasing from
20 to 70% MVC. Blood flow
measured immediately post
fatiguing exercise

~200% increase in relative
blood flow in patients and
controls.

Present Data

9 healthy men

Flexor digitorum profundus; 20%
and 50% MVC handgrip exercise

250% and 450% increase in
relative blood flow with
20% and 50% HG,
respectively

Table 1. Previous studies utilizing diffuse correlation spectroscopy to measure blood flow in skeletal muscle.
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Figure 6. Correlations of DCS-derived muscle blood flow with (a) mean arterial blood pressure and (d)
brachial artery blood flow during baseline, 20%-MVC and then 50%-MVC exercise.
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Introduction

Prior research, using invasive hemodynamic measures, have assessed the determinants of muscle
oxygen consumption (mVO,) during large (cycling) and small (single leg knee-extension) muscle mass
exercise, in healthy individuals and clinical populations (Esposito, Mathieu-Costello, Shabetai, Wagner, &
Richardson, 2010; Hogan, Roca, West, & Wagner, 1989; Richardson, Noyszewski, Kendrick, Leigh, &
Wagner, 1995; Roca et al., 1989). Near-infrared diffuse correlation spectroscopy (DCS) is an emerging,
non-invasive, technique for the simultaneous assessment of O, delivery and utilization at the
microvascular level (Baker et al., 2017; Carp, Farzam, Redes, Hueber, & Franceschini, 2017; Hammer et
al., 2018; Henry et al., 2015); with recent application in exercising skeletal muscle (Bangalore-Yogananda
et al., 2018; Hammer et al., 2018; Tucker et al., 2019). Our group has reported that DCS-derived skeletal
muscle blood flow index (i.e. muscle perfusion) and conventional measures of convective O, delivery
(measured by Doppler ultrasound) are highly related in terms of the magnitude and rate of change during
exercise (Bangalore-Yogananda et al., 2018; Tucker et al., 2019). Moreover, we have shown good
agreement between DCS-derived measures of mVO, compared to conventional measurements made at

the macrovascular level (Tucker et al., 2019)—at least during a single workload exercise challenge.

Despite the above-mentioned similarities between DCS and conventional approaches however;
we and others, have also observed several key differences, which highlight the added utility of this
technology. For example, when perfusion pressure was experimentally reduced (by raising the exercising
limb above the heart), steady-state Doppler-derived bulk conduit blood flow decreased significantly,
whereas DCS-derived steady-state microvascular perfusion was maintained across conditions; which we
interpreted as evidence of microvascular autoregulation (Tucker et al., 2019). A similar observation was
also made by Hammer et al. (Hammer et al., 2018), who found DCS-derived microvascular perfusion to be

uncoupled from convective oxygen delivery during heavy incremental exercise.
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Given that our prior observation was limited to a single, moderate-intensity exercise workload
(Tucker et al., 2019), and because Hammer et al. (Hammer et al., 2018) did not directly measure skeletal
mVO,, we hypothesized that changes in skeletal muscle O, delivery (related to macro- vs. microvascular
uncoupling, or otherwise) would be compensated for by greater oxygen extraction, and that DCS would
closely track changes measured directly from the venous effluent. To test this hypothesis, we compared
direct macrovascular (Doppler-derived flow and oxygen extraction) and indirect microvascular (DCS-
derived blood flow index and tissue saturation) measures, across a wide range of exercise intensities,
using an incremental handgrip exercise test. The data highlight key limitations associated with relying
solely on the arterial-venous O, difference to reflect changes in O, extraction, and highlight why DCS-
derived tissue measures, provide important, complementary, insight into the determinants of muscle

oxygen consumption.

Methods

Ethical approval and subjects

The study was approved by the Institutional Review Board for research involving Human Subjects at the
University of Texas at Arlington. All subjects provided signed consent after receiving a verbal and written

description of the experimental protocol and potential risks.

Ten healthy, recreationally active, young (18-35 years old) men, all of whom volunteered for our
previous study (Tucker et al., 2019), participated in the present investigation. Aside from the participant
characteristics, none of the data reported previously are included herein. Moreover, unlike the single
workload data presented previously, the data herein evaluate the determinants of muscle O;
consumption across a range of exercise intensities (i.e. incremental exercise test). Exclusion criteria
included: body mass index (BMI) <18.5 or >35 kg/m?, handgrip maximal voluntary contraction (MVC) <40

kg or >65 kg (to limit subject heterogeneity), female sex (to avoid large inter-individual differences in the
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relative exercise intensities across the incremental exercise test), history of cardiovascular, pulmonary, or
metabolic disease, anemia, current medication or tobacco use, orthopedic limitations, poor venous

access, and poor acoustic window for brachial artery imaging by ultrasound.

Experimental Design

Screening and familiarization

All subjects participated in a separate familiarization visit, and underwent dual-energy X-ray

absorptiometry to quantify fat/lean mass.

Experimental testing visit

Experimental testing visits were performed on a separate day, after the initial
screening/familiarization visit. All studies were performed in a quiet, temperature- (~22°C) and ambient-
light controlled room. Subjects were studied in a fasted state, having abstained from alcohol and vigorous
exercise for >24 h and caffeine for >12 h. Upon arrival at the laboratory, subjects were positioned supine
on a bed and asked to rest quietly while a retrograde IV catheter was inserted into a deep vein in the
forearm of the exercising (non-dominant) arm. Subjects were then instrumented for measurement of
continuous blood pressure, heart rate, arterial O, saturation, brachial blood flow (described in detail
below). A Smedly handgrip dynamometer was positioned next to the subject’s exercising arm, so that the
arm could comfortably be extended and supported. Once fully instrumented, subjects performed an
incremental rhythmic handgrip exercise test, using a 50% contraction duty cycle (2-s contraction, 2-s
relaxation) at a rate of 15 contractions per min. The first workload started at 10 kg and progressed 3 kg
every 3 minutes thereafter. Simultaneous measurements of oxygen delivery and utilization by both
approaches (conventional and DCS-derived) were performed throughout. Exercise was guided by a
monitor that displayed the handgrip force output to give the subject visual feedback on force production,

and a recorded voice prompt to guide contraction/relaxation. The exercise test was terminated
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volitionally by the subject, or by the investigator when brachial artery image quality was compromised, or

the subject was unable to achieve the prescribed force target despite verbal encouragement to do so.
Instrumentation and Measurements
Anthropometrics

Dual-Energy X-ray Absorptiometry (DXA) was used to determine whole-body body fat percent, fat mass,
and fat-free mass (DXA, Lunar Prodigy, GE Healthcare, Little Chalfont, UK). A DXA-certified radiology
technician also constructed a region-of-interest from the left arm antecubital fossa through the fingertips
on the left hand to quantify forearm lean mass. Height and weight were measured with a dual-function
stadiometer and weighing scale (Professional 500KL, Health-O-Meter, McCook, IL, USA). Forearm adipose
tissue thickness was measured with skinfold calipers (Slim Guide®, Creative Health Systems, Plymouth,

MI, USA) on the left arm at the location of the flexor digitorum profundus.
Central hemodynamic responses

Beat-by-beat arterial blood pressure was measured from a small finger cuff placed around the middle
finger of the subject’s non-exercising hand using photoplethysmography (Finometer PRO, Finapres
Medical Systems, Arnhem, The Netherlands) that was calibrated to an automated brachial artery blood
pressure cuff (Connex Spot Monitor, Model 71WX-B, Welch Allyn, Skaneateles Falls, NY, USA). MAP was
calculated as the mean pressure across a continuous average of arterial waveforms. Heart rate was
measured via three-lead electrocardiography (ECG) using standard CMs placement of ECG electrodes

(MLA 0313; ADInstruments, Colorado Springs, CO, USA). Arterial oxygen saturation (Sao,) was

noninvasively obtained by placing a pulse oximeter (ML 320; ADInstruments, Colorado Springs, CO, USA)
over the index finger of the subject’s non-exercising hand. The analog outputs for arterial blood pressure,

heart rate, and Sao, modules were connected to a high-performance, physiological data acquisition
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system (PowerlLab 16/35, ADInstruments Inc., Colorado Springs, CO, USA) for simultaneous data

recording.
Forearm blood flow

Brachial artery blood flow velocity and diameter were measured with a duplex ultrasound system (Vivid-
i, GE Healthcare, Little Chalfont, United Kingdom) on the upper left portion of the exercising arm (proximal
to the antecubital fossa). This ultrasound system had a 12-MHz linear array probe with 60 degrees of
insonation. The ultrasound gate was optimized to ensure complete insonation of the entire vessel cross-
section with constant intensity. The continuous Doppler audio signal was converted to real-time blood
flow velocity waveforms using a validated Doppler audio converter (Herr et al., 2010) and recorded using
a Powerlab data acquisition system (ADInstruments Inc., Colorado Springs, CO, USA). Brachial artery
diameter was measured with B-mode ultrasound imaging, with measurements made during the resting
baseline and during the final 30 seconds of each 3-minute exercise stage. The analog outputs from the
Doppler ultrasound module along with the amplified signal from the handgrip dynamometer were

connected to the data acquisition system detailed above for simultaneous data recording.
Forearm deep venous blood sampling

An 18-gauge IV catheter was inserted retrograde to venous blood flow into a deep forearm vein.
Confirmation that the selected vein drained from the active muscle group of interest (flexor digitorum
profundus) was obtained using ultrasound and/or a portable vein illuminator imaging device (VeinViewer®
Flex, Christie Medical Holdings Inc., Memphis, TN, USA) prior to insertion of the catheter. The catheter
was placed in this manner to improve the likelihood of sampling venous effluent draining from the
exercising muscle, while also decreasing the potential contribution from non-exercising muscle and/or
the skin. Blood samples were taken during the resting baseline and during the final 30 s of each 3-min

exercise stage of the incremental handgrip exercise test to measure venous oxygen content (Cvo,). A 3-
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ml discard was drawn prior to the 2-ml blood sample. A 2-ml saline flush followed each sample to prevent

the catheter from clotting.

Near-infrared diffuse correlation spectroscopy

Detailed methodology of our in-house DCS system has previously been published (Bangalore-
Yogananda et al., 2018; Tucker et al., 2019). Briefly, the system consists of two continuous-wave, long-
coherence-length laser diodes (785 nm & 852 nm, Crystalaser Inc., Reno, NV) that are alternatively
switched (MEMS 2x2 Blocking Switch, Dicon Fiberoptics Inc., Richmond, CA), and a single-photon-counting
avalanche photodiode (APD) as the photon detector (SPCM-AQRH-14-FC, Pacer USA LLC., Palm Beach
Gardens, FL). The output of the APD is connected to a computer with a 32-bit, 8-channel data acquisition
card (PCI-6602, National Instruments Corp., Austin, TX). A LabVIEW (National Instruments Corp., Austin,
TX) program was developed for photon counting. A software autocorrelator calculates the autocorrelation
function and absolute intensity (sum of photon counts) of diffused light (Dong et al., 2012). A 3D-printed
probe was used to hold a multi-mode fiber (125 um in core diameter) from the optical switch and a single-
mode fiber (5 um in core diameter) to the APD detector. The probe was affixed to the forearm of the
exercise arm, directly over the belly of the flexor digitorum profundus, using Velcro strips. The source-to-

detector distance was 2.5 cm. The data sampling rate was 0.25 Hz.

DCS determines a blood flow index (BFI) based on the autocorrelation function of light
reflectance, measured at each of the two near-infrared wavelengths (785 nm and 852 nm), and averaged.

Then, relative muscle blood flow from the initial baseline at to, rMBF, was calculated:

BFI(t)

rMBF = BFI(E.)

x100% (1)

137



Based on conventional NIRS methods, the absolute intensity of light reflectance was also used to
determine the hemoglobin concentrations. First, the absolute light intensity measured at each

wavelength over time, I(t), was converted to the changes in optical density, AOD:

AOD = log1o[l(to)/(t)] (2)

Then two AOD outputs measured respectively at 785 nm and 852 nm were used to quantify the
relative changes in oxygenated hemoglobin/myoglobin (HbO,) and deoxygenated hemoglobin/myoglobin
(Hb) concentrations, AHbO;(t) and AHb(t), based on the modified Beer-Lambert Law (Cope et al., 1988).

Finally, the change in total hemoglobin concentration was derived as:

AHbT(t) = AHbO (t) + AHb(t) (3)

Since conventional NIRS only quantifies the relative changes in hemoglobin concentrations from
an initial baseline, the hemoglobin baseline values [HbO:(to), Hb(to) and HbT(to)], were measured prior
to the experiment with a frequency-domain near-infrared tissue oximeter (OxiplexTs, ISS Inc., Champaign,

IL), and then the real-time absolute hemoglobin concentrations were derived as:

HbO:(t) = HbO,(to) + AHbO,(t)

Hb(t) = Hb(to) + AHb(t)

HbT(t) = HbT(to) + AHbT(t) (4)

Further, the real-time tissue O, saturation was derived as:

HbO2(t)

$102() = oz +mo®

x100% (5)

By combining the A[HbO:] and A[Hb] changes from NIRS, and the rMBF change from DCS, the
relative change of skeletal muscle metabolic rate of oxygen, MRO,, was then calculated as (Boas et al.,

2003):
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_ AHb(t) AHbT(D] ™1
MRO, = rMBF [1 + 500 [1 + 12200 (6)

Data Analysis

Doppler ultrasound, arterial blood pressure, heart rate, and DCS-derived variables were measured
throughout rest, exercise, and post-exercise recovery. To minimize muscle-fiber motion artifact during
exercise, DCS data were recorded only during the relaxation phase of the handgrip duty cycle, as
previously described (Bangalore-Yogananda et al., 2018; Gurley, Shang, & Yu, 2012). Accordingly, brachial
artery blood flow measurements were also only made during the relaxation phase of the handgrip duty
cycle, to match DCS. Venous blood sampling was limited to a single resting baseline, and a single sample
taken during the final 30 seconds of each incremental workload. With the exception of data presented
continuously in figures, resting baseline values represent a 1-min average of the final minute of a 2-min

baseline and exercise values represent the final 30 sec of each 3-min exercise stage.
Venous blood constituents
An |-STAT analyzer (I-STAT 1, Abbott Point of Care, Princeton, NJ, USA) was used to analyze the whole

blood sample for hemoglobin and forearm venous O, saturation (SvO,) using CG8+ test cartridges (Abbott

Point of Care, Princeton, NJ, USA). All blood samples were analyzed in duplicate, and averaged.
Calculated physiological variables

Doppler ultrasound, arterial blood pressure, heart rate, and Sao, data were analyzed offline by a single

observer (R.R.) using the LabChart Pro software environment (ADInstruments Inc., Colorado Springs, CO,
USA). For real-time arterial blood pressure waveforms, a peak-detection algorithm was applied to identify
the systolic and diastolic components as the peak and valley of each arterial wave. Then mean arterial
pressure (MAP, mmHg) was calculated on a beat-to-beat basis. Similarly, mean blood flow velocity (MBV,

cm/s) was calculated as the beat-to-beat average from the real-time Doppler ultrasound waveforms.
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Forearm brachial artery blood flow (FBF) was calculated as [MBV x ri(brachial artery diameter/2)?] x 60,
where brachial artery diameter (cm) was measured with B-mode ultrasound imaging. FBF was indexed to
lean forearm mass and reported as ml/min per 100g lean forearm tissue. Forearm vascular conductance

was calculated as FBF/MAP x 100 mmHg. Arterial oxygen concentration (C,0,) was calculated as [(Sao, x
Hb x 1.36) + 0.003 x Pao,l. Pao, is the partial pressure of Oz in arterial blood and was assumed to be 100
mmHg (Bentley et al., 2014). Venous blood samples were used to calculate C,O, using formula [(SvO, x
Hb x 1.36) + 0.003 x PvO,]. Skeletal muscle oxygen uptake (mVO;) was calculated using the Fick equation:

FBF x (C,0; — C,0;). Arterial and venous O; transport were calculated as FBF multiplied by C,0; and C,0,,

respectively (Epstein, Beiser, Stampfer, Robinson, & Braunwald, 1967).

NIRS and DCS. All raw DCS and NIRS data were analyzed in MATLAB (Version R2016A, MathWorks Inc.,
Natick, MA, USA) and exported to Microsoft Excel (Microsoft Corporation, Redmond, WA, USA) for

subsequent analyses.
Statistics

All statistical analyses were performed with SPSS Software (SPSS 24.0, IBM Corp., Armonk, NY,
USA) and Prism version 8 (GraphPad Software, La Jolla, CA, USA). For all statistical tests, significance was

accepted at p < 0.05. All data are presented as mean * SE, unless otherwise noted.

To examine exercise intensity dependent changes in physiological variables, we used a one-way
repeated measure analysis of variance (ANOVA). As described above, baseline was defined as the 1-
minute average prior to exercise, whereas the the final 30 sec average of each exercise workload was used
for comparative purposes. For all repeated measures ANOVA testing, if the sphericity assumption was

violated (Greenhouse-Geisser € < 0.75), degrees of freedom (df values) were adjusted using the
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Greenhouse-Geisser correction. When significant overall effects were observed, a Bonferroni correction

post-hoc analysis was performed to determine where significant differences existed.

To examine the overall relationship between Doppler-derived brachial artery blood flow and DCS-
derived blood flow index, we modelled the kinetic responses illustrated in Figure 1A and Figure 1D, using
an exponential growth model with the time constant representing the amount of time required to change
63% of the amplitude or range of the response. In addition, to assess the intra-individual relationship
between Doppler-derived brachial artery blood flow and DCS-derived blood flow index across exercise
intensity, we performed intra-individual linear regression analysis. Similarlly, inter-individual relationships
between Doppler-dervied blood flow and DCS-derived blood flow index, deoxyhemaglobin/myoglobin
and DCS-derived blood Ifow index, and DCS-derived relative muscle oxygen consumption and

conventionally measured mVO2, Pearson correlations were performed.

Results

Ten subjects volunteered to participate in the study; however, two of these subjects were
excluded from the final analysis due to technical difficulties with our DCS device. Subject characteristics

for the eight subjects included are presented in Table 1.

All subjects completed the 19 kg workload; however, only three subjects progressed beyond this
workload, with one subject reaching 25 kg and two subjects reaching 22 kg. For comparative purposes,

we chose to report data only on the workloads completed by all subjects.

Conventional Determinants of mVO;

Brachial artery blood flow increased 2-fold from rest to 10 kg of rhythmic handgrip exercise (P < 0.01),
followed by a linear increase with each subsequent workload (Figure 1A). Likewise, the arterial-venous

0, difference also increased nearly 2-fold with the onset of exercise (from rest to 10 kg; P < 0.001);
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however, in contrast to brachial artery blood flow, remained unchanged thereafter (Figure 1B). Of note,
the change in the arterial-venous O, difference was entirely driven by a decrease in venous O, saturation
(which changed from 65.3 + 2.5% at rest to 39.9 + 3.0% with 10 kg rhythmic handgrip), as we observed no
major differences in hemoglobin or arterial saturation. Accordingly, mVO; increased 4-fold with the onset
of exercise (P <0.001), with subsequent linear increases seemingly driven entirely by brachial artery blood

flow (Figure 1A).

DCS-Derived Determinants of mVO;

Similar to Doppler-derived brachial artery blood flow, DCS-derived blood flow index shared a steep rise
with the onset of exercise, followed by a linear increase thereafter (Figure 1D). Likewise, similar to the
directly measured venous O, saturation, DCS-derived tissue saturation significantly decreased with the
onset of exercise; however, in contrast to the directly measured venous O, saturation, tissue saturation
continued to decline with each subsequent workload (Figure 1E). These changes in tissue O, saturation
were driven almost entirely by deoxyhemoglobin/myoglobin (a surrogate measure of O, extraction),
which increased rapidly during the onset of exercise, followed by a progressive linear increase thereafter
(Figure 2B). Oxyhemoglobin/myoglobin remained unchanged throughout exercise (Figure 2A); as a result,
total hemoglobin/myoglobin increased throughout the exercise challenge (Figure 2C, P < 0.01). Once
integrated, relative mVO, shared a similar increase across the incremental challenge, as conventionally

measured mVO; (Figure 1E).

Fick Principle and Fick’s Law of Diffusion

To help interpret the apparent discrepancy between the determinants of mVO; when assessed by the
conventional approach, versus DCS-derived MRO;, we plotted the mean convective and diffusive
components of O, transport between two distinct phases in the incremental exercise test: (1) rest to 10

kg of force (Figure 3A), and (2) 10 kg to 19 kg of force (Figure 3B). The Fick principle curve depicts mVO;
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as a function of convective O, delivery (curved line) vs. venous PO,. Fick’s law of diffusion depicts VO, as
a function of venous PO, with the slope (straight line) representative of muscle O, diffusive conductance
(Houstis et al., 2018; Poole, Richardson, Haykowsky, Hirai, & Musch, 2018a). The intersection of these
lines determines the VO, achieved. As illustrated, the transition from rest to 10 kg of rhythmic handgrip
exercise was achieved by a greater increase in diffusive O, conductance (10-fold increase) compared to
convective O; delivery (4-fold increase) that resulted in increased O, extraction. The increase in mVO;
from 10 kg to 19kg was achieved by a 1.8-fold increase in both convective O, delivery and diffusive O,
conductance that resulted in minimal change in the arterial-venous O, difference. These models are
supported by expressing the proportionate changes in both arterial and venous O, transport across each
exercise workload, and calculating their respective difference (i.e. oxygen utilization, Figure 3C). Indeed,
the greatest increase in O, utilization occurs during the transition from rest to 10 kg of rhythmic handgrip.
During this transition, because diffusive O, conductance increases to a greater extent than convective O,
delivery, an appreciable increase in oxygen extraction (i.e. arterial-venous O, difference) is observed.
However, after this first 10 kg workload, when diffusive and convective O, conductance are matched, no
further changes in O, extraction (i.e. arterial-venous O, difference) are observed. This is supported at the
microvascular level using DCS. Indeed, during the transition from 10kg to 19kg, absolute oxygen extraction
increases with each transition (defined by the rise in deoxyhemoglobin/myoglobin, Figure 2B), but does
so at a similar rate as oxygen delivery (i.e. DCS-derived BFI, Figure 1D); thus preserving the arterial-venous

oxygen difference.

Relationships between conventional and DCS-derived determinants of muscle oxygen consumption

As mentioned, brachial artery blood flow and DCS-derived blood flow index shared a similar response,
increasing sharply with the onset of exercise, followed by a linear increase thereafter (Figure 1A and 1D).
To assess the agreement between these two variables, we performed nonlinear regression modeling.

Consistent with our prior reports (Bangalore-Yogananda et al., 2018; Tucker et al., 2019), Doppler-derived
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brachial blood flow and DCS-derived blood flow index were very closely related, sharing very similar time
constants (264 vs. 270 s, respectively), along with large overlap between their respective 95% confidence
intervals (216-324 vs. 192-414 s, Doppler vs. DCS, respectively). In addition to evaluating the goodness of
fit, we also evaluated the within-subject agreement between the two approaches. As illustrated in Figure
4A, we observed excellent within-subject agreement between Doppler-derived brachial blood flow and
DCS-derived blood flow index (correlation coefficients ranging from 0.79 to 0.99, median = 0.97). We also
observed good between-subject agreement between Doppler-derived brachial blood flow and DCS-

derived blood flow index (r>=0.57) (Figure 4A).

Similar to the comparisons made between Doppler-derived and DCS-derived blood flow, we also
assessed relationships between DCS-derived blood flow index and deoxyhemoglobin/myoglobin (a
measure of tissue O, extraction (DelLorey, Kowalchuk, & Paterson, 2003; Ferreira, Koga, & Barstow, 2007);
Figure 4B). The tight relationship observed supports the conventionally-derived data described
immediately above. Together, the data show that when diffusive O, conductance is greater than
convective O, delivery (i.e. rest to 10 kg) the change in mVO, is driven largely by O, extraction (i.e.
increased deoxyhemoglobin/myoglobin); whereas, when diffusive and convective O, conductance are
similar (i.e. 10 kg through 19 kg) the change in mVO; is driven by seemingly proportional changes in

oxygen delivery (DCS-derived blood flow index) and oxygen extraction.

Consistent with the close linear relationships already mentioned, we also observed good
agreement between conventionally-derived mVO, and DCS-derived MRO,. Indeed, within-subject

correlation coefficients ranged from 0.54 and 0.98, with a between-subject agreement of 0.68 (Figure 4C).

Discussion

Diffuse correlation spectroscopy is emerging as a non-invasive optical imaging technique for

guantifying skeletal muscle oxygen delivery and utilization at the microvascular level. By comparing DCS
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with conventional measures of convective O, delivery and utilization, we show that the two approaches
are far more similar than they are different. The data also highlight a common misconception of the Fick
principle (Padilla, Musch, & Poole, 2005; Poole & Musch, 2008), namely that increases in skeletal mVO,
are almost entirely dependent on convective O, delivery, and show instead an equal contribution from
diffusive O, conductance. Taken together, these data highlight the potential role DCS can play, both
clinically and as a research tool, for extending our pathophysiologic understanding of exercise

(in)tolerance across the spectrum of health and disease non-invasively.

The observed plateau in venous O; saturation, and the arterial-venous O, difference, is in line
with several recent reports involving handgrip exercise (Berg, Nyberg, Windedal, & Wang, 2018; Nyberg,
Berg, Helgerud, & Wang, 2017, 2018). Yet, this observed plateau is in direct contrast with the DCS-derived
tissue saturation measurement, which showed a linear decline throughout the incremental exercise
challenge. Each technique therefore provided—at least at first glance— seemingly different
interpretations of the determinants of mVO,. That the arterial-venous O, difference was unchanged
during exercise performed at workloads greater than 10 kg, suggested that the increase in mVO, was
entirely driven by proportional increases in convective O, delivery. However, after more detailed analysis
incorporating Fick’s law of diffusion, one can appreciate that the increase in mVO; is also driven by an
increase in muscle O, diffusive conductance (Figures 3A and 3B). While the exact mechanism driving these
changes is beyond the scope of the present investigation, the initial increase in diffusive O, conductance
is likely attributable to a rapid decrease in intramuscular pO; at the onset of exercise; which has been
shown to reach its nadir even at submaximal workloads (Mole et al., 1999; Richardson et al., 1995;
Richardson, Noyszewski, Leigh, & Wagner, 1998). Increases in the diffusive O, conductance are also likely
to be attributable to longitudinal capillary recruitment and increased capillary hematocrit (Poole, Copp,

Ferguson, & Musch, 2013; Poole, Copp, Hirai, & Musch, 2011). Given the observed increase in NIRS-
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derived total hemoglobin in our participants, it is interesting to speculate that capillary hematocrit

concentration likely played an important role (Barstow, 2019a).

Importantly, if diffusive O, conductance was not matched with the marked linear increase in O,
delivery observed, the arterial-venous O, difference would have declined during the transitions from 10
kg to 19 kg (i.e. an effective shunt). Alternatively, had diffuse O, conductance increased beyond the rate
of O, delivery (as was the case during the transition from rest to 10 kg), arterial-venous O, difference
would have continued to increase throughout exercise. That the arterial-venous O difference did not
increase with each subsequent workload suggests that muscle O, extraction was matched with muscle O,
delivery. Indeed, the close linear relationship between DCS-derived blood flow index and NIRS-derived
deoxyhemoglobin/myoglobin (an indirect measure of muscle O, extraction (Delorey et al., 2003; Ferreira
et al., 2007)) supports this interpretation. Because the arterial-venous O, difference is simply a fractional
representation of oxygen extraction, it does not provide insight into the absolute amount of oxygen being
extracted. To determine this, one needs to account for absolute oxygen delivery (as illustrated in Figure
3C). As such, when both convective oxygen delivery and diffusive oxygen conductance increase
proportionately (as was the case in our study between 10 to 19 kg), the arterial-venous oxygen difference
remains constant. Accordingly, both approaches (conventional vs. DCS) seem to provide complementary

insight into the determinants of oxygen utilization.

That we observed a close relationship, and excellent within-subject agreement, between DCS-
derived muscle blood flow index and Doppler-derived forearm blood flow is entirely consistent with a
growing number of publications (Bangalore-Yogananda et al., 2018; Tucker et al., 2019). While these data
support DCS-derived blood flow index as a viable approach for measuring microvascular skeletal muscle
O, delivery, we recognize that others have not found the same tight relationship. For example, Hammer
et al. (2018) found a clear dissociation between DCS-derived skeletal muscle perfusion and Doppler-

derived forearm blood flow during incremental handgrip exercise. However, in the present investigation,
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the highest workload achieved by all of the subjects was 19 kg, which was ~40% of their maximal voluntary
contraction. In contrast, Hammer et al. (2018) consistently achieved intensities above 50% of maximal
voluntary contraction. In addition, in the present investigation, data were collected continuously at 0.25
Hz, throughout rhythmic handgrip exercise. In contrast, Hammer et al. (2018) employed a unique post-
exercise data collection approach, which may have contributed to the differences between these two
studies. Caution is therefore warranted when interpreting the tight relationship, between Doppler-
derived blood flow and DCS-derived blood flow index presented herein, as differences may exist between
conduit artery and microcirculatory blood flow kinetics, and may differ depending on muscle mass and
exercise intensity. It is also interesting to note that differences observed in the magnitude of change
between DCS-derived blood flow index (~2.5-3 fold change at 19 kg) compared to Doppler-derived
brachial artery blood flow (~7-10 fold change at 19 kg). We interpret this difference to reflect the
indiscriminant nature of conduit blood vessels, which supply blood to the entire limb, compared to the

muscle-specific increases reflected by DCS.

Experimental Considerations

This study is not without limitation. We cannot completely rule out the contribution of oxy- and
deoxymyoglobin to the changes in the NIRS signal observed throughout exercise. Indeed, NIRS is incapable
of differentiating between hemoglobin and myoglobin, and myoglobin has indeed previously been shown
to deoxygenate during heavy intensity rhythmic exercise (Richardson et al., 1993). However, because
oxymyoglobin decreases rapidly during the onset of exercise, before reaching a steady plateau (despite
greater intensity exercise) (Richardson et al., 1993), we contend that the NIRS changes reported herein
were likely driven by deoxy- and oxyhemoglobin; however, since we cannot be sure, we have reported

our NIRS measurements as a grouped variable (i.e. Hb + Mb).
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Additionally, we only report data for the workloads for which we had a complete dataset. In the
majority of cases, the primary reason for terminating the test was poor Doppler data quality secondary to
excessive upper arm movement (alternative muscle recruitment). It is possible that we have omitted
important micro- versus macrovascular differences in oxygen delivery, as previously highlighted by

Hammer et al. (2018).

Despite making efforts to optimize our venous sampling—selecting a deep vein draining from the
most active region of the forearm during exercise, and inserting the catheter in a retrograde fashion—we
cannot rule out that a portion of the venous sample originated from muscles other than the flexor
digitorum profundus. Consequently, the venous blood samples may partly reflect forearm muscle oxygen
consumption from non-exercising tissue. This is in contrast to the DCS-derived measures, which reflects a
volume-weighted measure of perfusion and extraction. Consideration is also warranted when considering
the sample time between our DCS measures and the venous sampling. As stated, DCS data were only
taken during the 2-second relaxation period, while venous sampling was not limited to a specific phase of
the handgrip duty cycle. Indeed, the rhythmic nature of handgrip exercise inevitably imposes a pulsatile
pattern on both the blood flow and oxygen extraction characteristics, which cannot be accounted for by
the approach used herein. Despite this potential consideration however, the strong relationships between
DCS-derived blood flow index and NIRS-derived demoxyhemoglobin/myoglobin illustrated in Figure 4B,
and its close approximation of the arterial-venous O, difference measure by conventional approaches,

suggest that this confounding factor likely had a minimal impact.

Previous work by McDonough et al (McDonough, Behnke, Padilla, Musch, & Poole, 2005) showed
that in order to meet exercise-dependent increases in O, demand, fast-twitch muscle fibers rely more
heavily on increases in fractional O, extraction while slow-twitch fibers exhibit greater proportional

increases in convective O; delivery. It is important to consider these findings when comparing the forearm
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model used herein with future DCS-based investigations targeting lower limb muscles, as the proportional

differences in fiber type may influence the results and subsequent interpretation.

NIRS measures changes in tissue oxygenation in small arterioles, capillaries and venules within a
specific region of interest. Therefore, the relative contributions of each of these compartments to the
optical signal during handgrip exercise is unclear. However, it has been shown that the majority (~84%) of
the skeletal muscle microvascular volume is comprised of capillaries, with the remainder split between
the arterioles and venules (Barstow, 2019b; Poole, Wagner, & Wilson, 1995). As such, changes in BFlI
and/or oxygenated and deoxygenated hemoglobin/myoglobin likely represent changes predominantly in
the microcirculation (Lutjemeier, Ferreira, Poole, Townsend, & Barstow, 2008). Moreover, DCS reflects
only a small fraction of the limb being interrogated (in this case, forearm), and thus may not be
representative of changes across the entire limb. In contrast, brachial artery flow measurements and

venous sampling yields a much more global view.

We plotted the mean convective and diffusive components of O, transport between two distinct
phases of our incremental exercise test to help explain apparent differences between the conventional
and DCS approaches; particularly as it relates to tissue vs. venous oxygen saturation. While this approach
helped our overall interpretation of the data, it requires that mitochondrial PO, be negligible. Because we

cannot be sure of that this was the case, caution is warranted when interpreting these results.

Finally, in addition to our relatively small sample size, we only included male subjects, with a
relatively narrow range in grip strength. Both exclusion criteria were designed to limit inter-individual
variability with respect to the relative exercise intensity performed throughout the incremental test.
Future investigations are indeed warranted to assess potential sex differences, as well as explore unique

individual differences across a broader population.

Clinical Implications
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Exercise intolerance is a hallmark feature in many diseases, and is associated with decreased quality of
life and functional performance. Understanding the mechanisms contributing to exercise intolerance is
therefore therapeutically important (Houstis et al., 2018; Poole et al., 2018a). Indeed, prior work has
shown that exercise intolerance may by be due to convective or diffusive O; transport limitations or both
(Esposito et al., 2010; Hirai, Musch, & Poole, 2015; Poole, Richardson, Haykowsky, Hirai, & Musch, 2018b;
Roca et al., 1992). Importantly, these works also bring attention to how pharmacological treatment or
exercise prescription may or may not be effective in addressing the pathophysiologic basis for the limited

ability to exercise.

Exercise intolerance can be objectively measured by O, consumption, either at the whole-body level
or at the level of an individual muscle. The latter case is both technically challenging, and requires multiple
venous measurements from an indwelling catheter. Moreover, as evidenced by the present data, it may
not provide a readily apparent understanding of the determinants of mVO,. DCS offers a non-invasive
alternative, with the added benefit of evaluating the microvascular environment in question. This
approach could assist clinicians in identifying patients who are more convectively or diffusively limited,
which will better inform their treatment plan. Application of this technology could therefore have a major

impact in the era of precision medicine, and help to drive therapeutic discovery.

In conclusion, the data herein provide novel insight into the potential utility of DCS for
simultaneous, non-invasive evaluation of the microvascular determinants of mVO,. Moreover, DCS
appears to provide a more holistic representation of the determinants of mVO;, particularly with regards
to O, extraction, highlighting its added value over traditional approaches measured at the macrovascular

level.
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Figures and Tables

Table 1. Subject Charactenistics.

Variable Mean = SD
Age (years) 2714
Height (cm) 181.0+6.3
Weight (kg) 8861164
BMI (kg/m?) 269143
Total body fat (%) 232194
Left forearm total mass (g) 1689 £ 195
Left forearm lean mass (g) 1551 + 185
Left forearm adipose tissue thickness (mm) 511
Maximal voluntary contraction (MVC) (kg) 5348

n=48
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Figure 1. Top three panels illustrate conventional measures of muscle oxygen consumption: (A) Doppler-
derived brachial artery blood flow; (B) arterial-venous oxygen difference; and (C) skeletal muscle oxygen
consumption (mV0O2). Bottom three panels illustrate DCS-derived determinants of relative muscle oxygen
consumption: (D) DCS-derived blood flow index; (E) near-infrared spectroscopy derived skeletal muscle
tissue saturation; and (F) relative muscle oxygen consumption (MRO2). Rhythmic handgrip began with a
fixed workload of 10 kg, and progressed by 3 kg every 3 minutes thereafter. Data are reported as mean +

SE.n=8.
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Figure 2. Near-infrared derived oxygenated (Panel A), deoxygenated (Panel B), and total (Panel C)
hemoglobin/myoglobin at rest and throughout the incremental handgrip exercise protocol. Rhythmic
handgrip began with a fixed workload of 10 kg, and progressed by 3 kg every 3 minutes thereafter. Data
are reported as mean + SE. n = 8. Oxygenated hemoglobin/myoglobin remained unchanged from rest
throughout exercise; whereas, deoxygenated and total hemoglobin/myoglobin increased with graded
exercise (P < 0.01 for both).
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Figure 3. The Fick principle curve depicts muscle oxygen consumption (mV02) as a function of convective
02 delivery (curved line) vs. venous partial pressure of oxygen (PO2). Fick’s law of diffusion depicts mV0O2
as a function of venous PO2 with the slope (straight line) representative of muscle 02 diffusive
conductance. The intersection of these lines determines the mVO2 achieved. Panel A illustrates the
transition from rest to 10 kg of rhythmic handgrip exercise was achieved by a greater increase in diffusive
oxygen conductance compared to convective oxygen delivery. Panel B illustrates that the increase in
mVO02 from 10 kg to 19kg was achieved by an increase in both convective oxygen delivery and diffuse
oxygen conductance that resulted in a minimal change in venous PO2. Panel C illustrates the arterial
(white bars) and venous (black bars) oxygen transport at rest, and at the end of each respective exercise
workload. Oxygen utilization (02 Util.) was calculated as the differences between arterial and venous
oxygen transport, expressed in mL O2 per minute. Data reported as mean + SE. n = 8.
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Figure 4. (A) Relationship between Doppler-derived brachial artery blood flow and DCS-derived blood flow
index across the incremental exercise test. (B) Relationship between DCS-derived blood flow index and
NIRS-derived deoxy Hb+Mb (an indicator fractional O2 extraction). (C) Relationship between conventional
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relationships, which ranged between 0.62 and 0.99 for panel A, 0.76 and 0.98 for panel B, and 0.54 and
0.98 for panel C.
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Introduction

The hyperemic response to a brief period of tissue ischemia has emerged as a key non-invasive
measure of (micro)vascular function. During occlusion of a conduit artery, downstream arterioles dilate
in an effort to offset the ischemic insult. Upon release of the occlusion, the decreased vascular resistance
results in hyperemia, the magnitude of which is dictated by one’s ability to dilate the downstream
microvasculature. While reactive hyperemia is a strong independent predictor of cardiovascular events
(Huang et al., 2007; Suryapranata et al., 1994) and therefore a clinically significant endpoint, its functional

significance to exercise tolerance and quality of life is less clear.

Indeed, dynamic exercise represents a major cardiovascular stress that demands a highly
coordinated neurovascular response in order to match oxygen delivery to metabolic demand. For
example, skeletal muscle blood flow can increase nearly 100-fold during isolated muscle
contractions(Richardson et al., 1993), which would overwhelm the pumping capacity of the heart if such
a hemodynamic response were extrapolated to whole-body exercise. Accordingly, to avoid severe
hypotension, sympathetic (i.e. vasoconstrictor) nervous activity increases to redistribute cardiac output
away from inactive and visceral tissues and towards active skeletal muscle(Clifford & Hellsten, 2004).
Sympathetic outflow is also directed to the exercising skeletal muscle(Hansen, Thomas, Jacobsen, &
Victor, 1994); however, local metabolic signaling attenuates the vasoconstrictor response in order to
ensure adequate tissue oxygen delivery(Fadel, Keller, Watanabe, Raven, & Thomas, 2004; Hansen,
Thomas, Harris, Parsons, & Victor, 1996; Nelson et al., 2014; Nelson et al., 2015; Rosenmeier, Fritzlar,
Dinenno, & Joyner, 2003; Thomas & Victor, 1998). Collectively, this process is termed functional
sympatholysis(Remensnyder, Mitchell, & Sarnoff, 1962), and is imperative to the normal regulation of
skeletal muscle blood flow during exercise. Since skeletal muscle blood flow is a key determinant of

aerobic capacity — an independent predictor of quality of life and cardiovascular disease morbidity and
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mortality(Kodama et al., 2009) — understanding the control of skeletal muscle blood flow and tissue

oxygen delivery during exercise is of great clinical significance.

Oxygen delivery is only half of the Fick equation, however, with oxygen utilization satisfying the
other half of the equation. Among the major determinates of oxygen utilization, mitochondrial oxidative
phosphorylation plays an essential role in supplying adequate energy for cellular processes both at rest
and during exercise. Indeed, impairments in muscle oxidative capacity can limit functional capacity and
quality of life(Cabalzar et al., 2017; Tyni-Lenné, Gordon, Jansson, Bermann, & Sylvén, 1997; Westerblad,
Place, & Yamada, 2010). Various measures are commonly used to provide an index of muscle oxidative
capacity, including invasive muscle biopsies and expensive and time-consuming magnetic resonance

spectroscopy (MRS) techniques.

Here, we propose a novel, non-invasive approach, using near-infrared spectroscopy (NIRS), to
assess each of these three major clinical endpoints (reactive hyperemia, sympatholysis and muscle
oxidative capacity) in a single clinic or laboratory visit. The major advantages of this approach are three-
fold: first, this technique is easily portable, relatively low cost, and easy to perform. Current Doppler
ultrasound approaches for measuring reactive hyperemia are highly operator-dependent — requiring
extensive skill and training — and requires sophisticated, high-cost, data acquisition hardware and post-
processing software. Moreover, this could conceivably be introduced into the clinic and/or large clinical
trials for bedside monitoring or testing therapeutic efficacy. Second, by virtue of the methodology, this
technique focuses specifically on the skeletal muscle microvasculature, increasing the overall specificity
of the technique. Alternative approaches using Doppler ultrasound focus entirely on upstream conduit
vessels and infer changes downstream, which can dampen the signal. Third, this technique is completely
non-invasive. Skeletal muscle oxidative capacity is traditionally assessed with invasive and painful muscle
biopsies, and functional sympatholysis may be assessed with intra-arterial injection of sympathomimetics

and sympatholytics. This approach avoids these requirements all together.
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Protocol

This protocol follows the guidelines of the institutional review board at the University of Texas at Arlington
and conforms to the standards set by the latest version of the Declaration of Helsinki. Accordingly, written

informed consent was (and should be) obtained prior to commencement of research procedures.

1. Instrumentation

The following instrumentation description is based on the near-infrared (NIR) spectrometer and data
acquisition system used in our lab (see Table of Materials). Thus, the instructions include steps that are
necessary for the optimal function of these devices. These steps include the calibration of the NIR probe
using the accompanying software and calibration phantom, and the application of a dark cloth to exclude
ambient light. In the event that different data collection hardware and/or software are used, investigators
should consult their own specific user manuals for calibration and ambient light considerations.

Figure 1 illustrates the experimental set-up and instrumentation described immediately below.

1.1. Instruct the subject to lie supine with their legs inside a lower body negative pressure (LBNP)
chamber (Figure 1A), so that their belt line is approximately even with the opening to the LBNP box. For
instructions on how to build a LBNP chamber, see References (Esch, Scott, & Warburton, 2007).

1.2. Place three electrocardiogram electrodes on the subject: two in an inferior, mid-clavicular
location and one on the subject’s left side medial to the iliac crest. This configuration provides the best
results due to limited access to the lower limbs, instrumentation of the upper limbs, and arm movement
during hand grip exercise.

1.3. Place a non-invasive blood pressure monitor module on the subject’s dominant wrist. Place the
finger blood pressure cuffs on each finger and connect them to the module (Figure 1B). Ensure the finger

blood pressure cuffs are properly calibrated according to the user’s manual accompanying your device.
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1.4. Instruct the subject to grasp a hand grip dynamometer (HGD) with their non-dominant arm in a
slightly abducted position. The arm should be comfortably positioned on a bedside table. The distance
and angle of the HGD should be adjusted to allow for optimal grip strength with minimal arm movement
(Figure 1C).

1.5. Secure the HGD to a bedside table.

1.6. Measure the maximum voluntary contraction (MVC) of the participant. Tell the participant that,
when prompted, they must squeeze the HGD as hard as possible while only utilizing the muscles in the
hand and forearm. Instruct the subject that they must refrain from recruiting their upper arm, chest,
shoulder, or abdominal muscles when performing the maximum grip.

1.7. Repeat Step 1.6 three times, separated by at least 60 s. Record the maximum force achieved (best
of 3). This maximum force will be used to calculate the exercise intensity for skeletal muscle oxidative

capacity and neurovascular coupling (below).

1.8. Place a rapid-inflation cuff around the upper arm of the exercising hand. Connect the airline from
the rapid inflation controller to the cuff.

1.9. Identify the flexor digitorum profundus. Use a skin marker to demarcate the borders of the
palpable muscle.

1.10. Ensure that the NIR spectrometer is properly calibrated according to the user’s manual included
with your device. Clean the skin over which the NIR probe will be positioned with an alcohol prep wipe.
1.11. Place the NIR probe over the center of the belly of the muscle (flexor digitorum profundus) and
affix it securely to the forearm.

1.12. Wrap the probe and forearm with dark cloth, minimizing interference from ambient light (Figure

1C, Figure 1D).

163



1.13. When ready to perform the functional sympatholysis portion of the study, seal the subject into
the LBNP chamber.

2. Skeletal muscle oxidative capacity

A representative data tracing illustrating the experimental procedure for measuring skeletal muscle
oxidative capacity is depicted in Figure 2. This experimental approach has previously been validated
against in vivo phosphorus MRS(Ryan, Southern, Reynolds, & McCully, 2013) and in situ muscle
respirometry(Ryan, Brophy, Lin, Hickner, & Neufer, 2014), and is gaining wide spread acceptance(Adami
& Rossiter, 2017).

2.1. Instrument the subject as indicated above (Instrumentation).

2.2. Instruct the subject to lie still for 2 min while monitoring deoxyhemoglobin (HHb) and

oxyhemoglobin (HbO) via the NIR probe.

This rest period allows the subject to recover from any movement artifact associated with the
instrumentation process, and ensures stable baseline measurements. If after 2 min no significant

fluctuations have occurred, the subject may be considered at a steady state, or resting baseline.

2.3. Prior to cuff occlusion, notify your subject that you will be inflating the cuff. Inflate the upper arm
cuff at least 30 mmHg above systolic blood pressure for 5 min (i.e. suprasystolic). Instruct the subject to
keep their arm as still and relaxed as possible both during cuff inflation and following cuff deflation. This
5 min brachial artery cuff occlusion protocol closely reflects the currently accepted clinical standard for
vascular occlusion tests(Corretti et al., 2002; Green, Jones, Thijssen, Cable, & Atkinson, 2011; Ryan,
Erickson, Brizendine, Young, & McCully, 2012; Southern, Ryan, Reynolds, & McCully, 2014; Thijssen et al.,

2011).

164



2.4. Record the initial/baseline value (prior to cuff occlusion) and the nadir value of tissue saturation

(St03) during the cuff occlusion and determine the midpoint between these two values.

Sty (%) = __Hboa 100
02 Hbo, + HHb
2.5. Allow the subject to recover from the cuff occlusion and return to the resting baseline values.

Once the subject has maintained a resting baseline for at least 1 full min, continue to the next step.

2.6. Instruct subject to squeeze and maintain an isometric hand grip at 50% of their MVC. Encourage
the subject to maintain their isometric contraction until the tissue desaturates by 50%. Upon achieving
this value, tell the subject to relax their hand and inform them that no more exercise or movement is
needed.

2.7. Within 3-5 s following exercise cessation, administer the following rapid cuff occlusion series (one

series = 1 inflation + 1 deflation), as previously established (Ryan, Southern, Reynolds, et al., 2013):

Series #1-6: 5 s on/5 s off
Series #7-10: 7 s on/10 s off
Series #11-14: 10 s on/15 s off

Series #15-18: 10 s on/20 s off

2.8. After completing the 18™ inflation/deflation series, instruct the subject to rest, allowing tissue
saturation to return to initial baseline values. After these values have remained consistent for at least 2
min, repeat steps 2.4 and 2.5.

2.9. Calculating Skeletal Muscle Oxidative Capacity

2.9.1. Calculate the slope of change in the StO, for each of the individual 18 cuff occlusions, forming the

monoexponential recovery points illustrated in Figure 2C.
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2.9.2. Fit the calculated data from 2.7 to the following monoexponential curve(Ryan, Brophy, et al.,

2014; Ryan, Erickson, et al., 2014; Ryan, Southern, Reynolds, et al., 2013):

y=End-Axek

Note: ‘y’ is the relative muscle oxygen consumption rate (mVO,) during cuff inflation, ‘End’ represents the
mVO, immediately following the cessation of exercise; delta (‘A’) signifies the change in m VO, from rest

to the end of exercise; ‘K’ is the fitting rate constant; ‘t’ is time. Tau is calculated as 1/k.

3. Reactive Hyperemia

A representative data tracing illustrating the experimental procedure for measuring reactive hyperemia
is depicted in Figure 3.

3.1. With the subject lying supine and instrumented as described above (Instrumentation), instruct
the subject to lie as still as possible.

3.2. Once the subject has achieved a consistent resting state, continue to record at least 1 min of
baseline data and then rapidly inflate a blood pressure cuff on the upper arm to a suprasystolic pressure
(30 mmHg above systolic blood pressure).

3.3. At the 5 min mark, rapidly deflate the cuff while recording the hyperemic response.

3.4. Continue recording for at least 3 min to capture the subject’s recovery.

3.5. Calculating Reactive Hyperemia

3.5.1. The NIRS parameters calculated are depicted in Figure 3.
3.5.2. Baseline StO; is calculated as the average StO; over 1 full min prior to the onset of arterial cuff

occlusion.
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3.5.3. Resting skeletal muscle metabolic rate is indicated by the desaturation rate (i.e. average slope)
during cuff occlusion (defined as Slope 1)(Mayeur, Campard, Richard, & Teboul, 2011)(MclLay, Fontana,
et al., 2016).
3.5.4. Reactive hyperemia is calculated in the following ways:
a) the average upslope following cuff release (i.e. reperfusion rate, defined as slope 2), calculated
from the moment of cuff release through the linearly increasing phase of the rebound trace;
b) the highest StO; value reached after cuff release (denoted as StOmax);
c) the reactive hyperemia area under the curve (AUC); calculated from the time of cuff release to 1-
, 2- and 3-min post cuff-occlusion (AUC 1-min, AUC 2-min, and AUC 3-min, respectively); and
d) the hyperemicreserve, calculated as the change in StO, above baseline and reported as a percent
(%) change. This value is calculated as the highest saturation achieved during the post-occlusive
rebound minus the average saturation calculated in step 3.5 (see above). Note: Large differences

in baseline data will greatly affect the interpretation of the hyperemic reserve.

4. Functional Sympatholysis

A representative data tracing illustrating the experimental procedure for measuring functional
sympatholysis is depicted in Figure 4.

4.1. Instrument the subject as indicated above (Instrumentation).

4.2. Ensure an airtight seal in the LBNP chamber.

4.3. With the subject lying still and at rest, collect 3 min of baseline data.

4.4. At the 3 min mark, turn on the vacuum. Adjust the vacuum so that the pressure inside the LBNP

chamber is between -20 and -30 mmHg. Allow the vacuum to run for 2 min while monitoring the subject’s

response.
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4.5. At the 5 min mark, turn off the vacuum and allow the subject to rest for 3 min.

4.6. At the 8 min mark, initiate the voice prompt guiding the subject through the rhythmic hand grip
exercise (20% MVC).

4.7. Confirm that the subject is maintaining their squeeze throughout the entirety of each gripping
phase and relaxing completely during between each repetition. Monitor their force output and confirm
that they are achieving 20% MVC with each grip. Continue exercise until the 11 min mark.

4.8. At the 11 min mark, turn on the vacuum encouraging the subject to continue their rhythmic
exercise. Allow the vacuum to run from 11-13 min, then turn it off.

4.9. Have the subject continue performing rhythmic hand grip exercise at 20% of their MVC for an
additional 2 min. Upon exercise cessation, have the subject rest quietly and lie still.

4.10. Calculating Functional Sympatholysis

4.10.1. Normalize the change in oxyhemoglobin with LBNP to the total labile signal (TLS), determined

during 5 min cuff occlusion:

HbOZ (baseline) ™ AHbOZ (rest+LBNP)
AHbOZ (baseline) ™ AHbOZ (nadir)

A
AHb; (resty (% TLS) = x 100

HbOZ (exercise) ™ AHbOZ (exercise+LBNP) % 100

A
AHb isey (% TLS) =
02 (exercise) ( %o ) AHbOZ (baseline)~ AHboz (nadir)

4.8.2 Calculate each event as the final 20 min average of each event.

4.8.3 Calculate the exercise-induced attenuation of the oxyhemoglobin reduction:
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AHbOZ (rest) — AHbOZ (exercise)

x 100
AHbOZ (rest)

Representative Results

Skeletal muscle oxidative capacity

Figure 2 illustrates a representative participant response during a NIRS-derived skeletal muscle oxidative
capacity assessment. (A) Panel A shows the tissue saturation profile during a 5 min arterial cuff occlusion
protocol, handgrip exercise, and intermittent arterial occlusion during recovery from exercise. (B) Panel B
illustrates the expected tissue desaturation/re-saturation profile during the intermittent arterial
occlusions during the recovery period. The rate of desaturation is directly proportional to the rate of
muscle oxygen consumption, and is plotted in (C) for each of the intermittent cuff occlusion periods. The
calculated muscle oxygen consumption recovery data is then fit to a monoexponential curve and the
recovery time constant derived. Using the same approach, a growing number of studies have evaluated

skeletal muscle oxidative capacity in both health and disease, across a variety of muscle groups (Table 1).

Reactive Hyperemia

Figure 3 illustrates the NIRS-derived reactive hyperemia profile during a representative vascular occlusion
test. This same approach has been used across a wide range of study populations and muscle groups with
good success (Table 2). The data indicate that NIRS-derived reactive hyperemia not only provides valuable

insight into vascular reactivity, but that the test is easily adaptable and clinically meaningful.

Functional Sympatholysis

Table 3 summarizes the existing literature using the exact same neurovascular coupling approach
described herein to measure functional sympatholysis, showing both mechanistic and clinically relevant

outcomes. In healthy control subjects, when LBNP is superimposed on mild handgrip, the reflex decrease
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in muscle oxygenation is attenuated by ~50% (Figure 4). Failure to attenuate sympathetic
(vasoconstrictor) nerve activity during exercise, as with cardiovascular or neurological disease (Table 3),

disrupts the balance between oxygen delivery and utilization, and causes functional muscle ischemia.

Discussion

The methods described herein enable non-invasive, clinical evaluation of reactive hyperemia,

neurovascular coupling, and skeletal muscle oxidative capacity in a single clinic or laboratory visit.

Critical Considerations

Although NIRS is relatively robust and easy to use, collection of these data require careful
placement of the optodes directly over the muscle belly, secured tightly in place to avoid movement
artifact, and covered with a black vinyl sheet in a dimly lit room to avoid interference of the near infrared
from external light. In addition, obtaining good quality data relies heavily on clear communication
between the tester and the subject, and the testing team. We, and others, have found that when
performed with appropriate care and attention, NIRS is highly reproducible within a single study visit, and
across multiple visits(McLay, Nederveen, Pogliaghi, Paterson, & Murias, 2016; Nelson et al., 2014; Nelson
et al,, 2015; Southern et al., 2014). Moreover, the physiological outcome variables reported herein (i.e.
skeletal muscle oxidative capacity, reactive hyperemia, and neurovascular coupling) are sensitive to
experimental/clinical intervention, both within and between study visits(Ryan, Southern, Brizendine, &

McCully, 2013)(Southern et al., 2015)(Nelson et al., 2014)(Nelson et al., 2015).

There is currently limited consensus on the appropriate reporting of the NIRS outcome variables.
For example, when measuring skeletal muscle oxidative capacity, investigators have fit the recovery
kinetics of HbO,(Ryan, Brizendine, & McCully, 2013), HHb(Ryan, Brophy, et al., 2014), Hbgs(Ryan,
Southern, Brizendine, et al., 2013) and tissue O; saturation (present study and others(Adami, Cao,

Porszasz, Casaburi, & Rossiter, 2017)). Likewise, a similar spread in the outcome variables have also been
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reported for NIRS-based reactive hyperemia.(Bopp, Townsend, Warren, & Barstow, 2014; Kragelj, Jarm,
Erjavec, Presern-Strukelj, & Miklavcic, 2001; Lacroix et al., 2012; Willingham, Southern, & McCully, 2016)
Some of this discrepancy may relate to the type of NIRS device used. For example, frequency-domain
devices (as used here) provide absolute quantification of HbO, and HHb, and thus may not be affected by
acute changes in total Hb content (negating the need to correct the data). In contrast however,
continuous-wave devices are greatly affected by acute changes in total hemoglobin, requiring data

correction(Ryan et al., 2012).

Moadifications and troubleshooting

One important and currently unavoidable limitation of NIRS is its limited penetration depth (~2
cm). Therefore, limb adiposity can significantly reduce — and even completely eliminate — the NIRS signal
and should be considered when screening potential subjects. To control for this, investigators are
encouraged to measure forearm skinfold thickness, and exclude participants with significant peripheral

adiposity.

Any factor that can modulate vascular responsiveness, neurovascular coupling, and/or skeletal
muscle oxidative capacity (i.e. medication, genetic mutations, etc) will indeed affect the primary end-point
measurements described herein. Investigators are therefore encouraged to take these factors into

account when adapting this protocol and planning future experimentation.

For functional sympatholysis determination, investigators may wish to include a second resting
LBNP challenge to ensure the signal is still present and that the differences observed during exercise-LBNP
were not simply due to a loss of signal or measurement error. It is recommended to allow 3-5 min to allow

the oxyhemoglobin signal to full recovery to baseline values before repeating the resting LBNP challenge.

Future applications or directions after mastering this technique

171



NIR spectroscopy uses laser light to assess the concentration of oxygenated and deoxygenated
hemoglobin in tissue. During measurement of reactive hyperemia and functional sympatholysis, relative
changes in these parameters are believed to represent changes in microvascular flow. Diffuse correlation
spectroscopy (DCS) is an emerging near-infrared imaging approach which, in addition to evaluating the
concentration of oxy- and deoxyhemoglobin, can also quantify microvascular perfusion(Gurley, Shang, &
Yu, 2012). Given the obvious similarities between these two imaging approaches, incorporation of DCS
into the proposed techniques would be virtually seamless and may provide additional insight into the

quantification of microvascular function and perfusion.

Once this technique is mastered, application to clinical populations, such as those with heart
failure, will provide important mechanistic insight into exercise intolerance and cardiovascular

dysfunction.
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Figures and Tables

Figure 1. Experimental set-up and instrumentation. (A) Representative experimental set-up, with a
typical subject lying supine on a bed with their legs inside the LBNP chamber and fully instrumented. (B)
Dominant arm instrumented with a non-invasive beat-to-beat blood pressure device for beat-to-beat
arterial blood pressure measurement, and a brachial artery blood pressure cuff for calibration and
verification of the beat-to-beat system. (C) Instrumentation of the non-dominant arm. The hand is
comfortably gripping a handgrip dynamometer (connected to data acquisition system), the forearm
muscle is instrumented with the near-infrared spectroscopy probe. (D) Once instrumented, the NIRS
optodes are covered with a black vinyl cloth (to eliminate interference from ambient light). In addition, a
rapid cuff inflation system is placed over the brachial artery.
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Figure 2. Skeletal muscle oxidative capacity protocol. (A) Raw data tracing from a representative subject
measured via NIRS, showing tissue saturation (StO) over time. After establishing a stable baseline, the
brachial artery of the non-dominant arm is occluded for five min in order to establish the subject’s
desaturation reserve (difference between baseline StO; and the nadir). After recovery from the occlusion,
the subject is instructed to perform a 50% isometric handgrip, followed by 18 rapid cuff inflation series to
assess muscle oxygen consumption recovery kinetics. (B) Data analysis is then performed offline by
calculating the average slope of each cuff occlusion series following exercise; illustrated here using
hypothetical cuff occlusion series data. (C) In order to calculate the recovery time constant of muscle
oxygenation, the slope of each of the 18 rapid cuff occlusions (i.e. post-exercise muscle oxygen
consumption, mVO;) from Panel A is plotted against time and fit to a monoexponential curve.
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Figure 3. Reactive hyperemia experimental protocol. With the subject lying supine, record at least 1 min
of baseline data, followed by 5 min of total arterial cuff occlusion, and at least 3 min of recovery following
cuff release. Note the obvious overlap between the skeletal muscle oxidative capacity protocol (Figure 2)
and this protocol. 'Baseline’ defines the period of time prior to arterial cuff occlusion. 'Slope 1' defines the
desaturation rate during cuff occlusion, and is regarded as a measure of resting skeletal muscle metabolic
rate. The lowest StO; value obtained during ischemia is defined as 'StO, minimum’, and is regarded as
a measure of the ischemic stimulus to vasodilate. The tissue saturation reperfusion rate is denoted
as 'Slope 2', and is an index of reactive hyperemia; as are StO, maximum, and the reactive hyperemia
'area under the curve' (AUC). To gain insight into the hyperemic reserve, the StO, maximum is expressed
as a percent change from baseline.
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Figure 4. Functional sympatholysis experimental protocol. Left panel: Raw data tracing from a
representative subject. With the subject lying supine in the LBNP chamber, allow 3 min of steady-state
baseline data collection. Turn on LBNP to -20 mmHg for 2 min. Oxyhemoglobin/myoglobin should
decrease in response to the reflex sympathetic vasoconstriction (blue circle, shaded area). Allow 2 min for
the recovery. Ask the subject to perform rhythmic handgrip exercise at 20% MVC (measured prior to data
collection). After 3 min of rhythmic exercise, repeat -20 mmHg LBNP for 2 min while the subject continues
to exercise, followed by 2 min of exercise without LBNP. The reduction in oxyhemoglobin/myoglobin
should be significantly attenuated (red circle, shaded area). If not already performed, inflate a blood
pressure cuff over the brachial artery of the exercising arm for 5 min to establish the subject’s range of
desaturation. Right Panel: LBNP-induced change in oxyhemoglobin/myoglobin at rest and during handgrip
exercise calculated from the data on the left. Note: the shaded areas in the figure are only meant to
highlight the changes in oxyhemoglobin/myoglobin, see protocol for details on how to analyze the
outcome variables used to calculate sympatholysis.
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Sample Age of

Reference/Data Study Population size participants Tau (1) Muscle group NIRS Variable reported Device
Set (seconds)
(n) (years £ SD)
Brizendine et al. Endurance . Continuous wave
+ .
(2013) Athletes 8 25+3 19 Vastus lateralis Hbgirt/total blood volume (Oxymon MK Ill)
Ryan et al. . Continuous wave
+
(2014) Young, healthy 21 262 55 Vastus lateralis HHb (Oxymon MK 11l
Southern et al. Continuous wave
E 2 1+ i i
(2015) Iderly 3 615 63 Wrist flexor Hb gife (Oxymon MK Ill)
Southern et al. Elderly + Heart . Continuous wave
+ .
(2015) Failure 16 65+7 7 Wrist flexor Hbair (Oxymon MK IIl)
Adami et al Smokers with Continuous wave
' normal 23 63+7 80 Medial forearm  Tissue saturation index (TSI)
(2017) . (Portamon)
spirometry
Adamietal - coppGold24 16 649 100 Medial forearm  Tissue saturation index (Tsl) ~ ~O"LnuoUs wave
(2017) (Portamon)
Erickson et. Al Spinal cord . Continuous wave
+
(2013) Injury 9 43 +11 143 Vastus lateralis HbO, (Oxymon MK 111

Table 1: Summary of previously published reports across the health continuum using near-infrared spectroscopy to measure skeletal muscle

oxidative capacity.
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Reference

Study Population

Muscle Group

Reported Outcomes

Outcome Value

Lacroix, J Biomed Opt, 2012

Healthy Males

Forearm

Peak Oxyhemoglobin
Peak Total Hemoglobin
Increase Rate to Peak HbO,

Increase Rate to Peak Total Hb

28.05 + 3.15 uM
10.56 + 1.80 uM
0.75+0.22 uM/s
0.52 £ 0.16 uM/s

Kragelj, Ann Biomed Eng, 2001

Peripheral Vascular Disease

Forearm

Oxygen Consumption
Time to Peak

Maximal Absolute Change in HbO;

0.68 + 0.04 ml/min
153+ 16
2.93 £ 0.22 uM/100ml

Suffoletto, Resuscitation, 2012

Post-Cardiac Arrest ICU Admittants

Thenar Eminence

Desaturation Rate

Resaturation Rate

-5.6 =2 %/min
0.9+ 0.6 %/sec

Dimopoulos, Respir Care, 2013

Pulmonary Artery Hypertension

Thenar Eminence

Baseline Saturation with 21% O,
02 Consumption Rate with 21% O,
Reperfusion Rate with 21% O,

65.8+14.9%
35.3+9.1 %/min
535+ 179 %/min

Doerschug, Am J Physiol Heart Circ Physiol, 2007 Organ Failure & Sepsis Forearm Baseline Saturation 84%
Reoxygenation Rate 3.6 %/s
Mayeur, Crit Care Med, 2011 Septic Shock Thenar Eminence Baseline Saturation 80+1.0%

Desaturation Slope

Recovery Slope

-9.8 +3.7 %/min
2.3+1.4%/sec

Mclay, Exp Physiol, 2016

Healthy Males

Tibialis Anterior

Baseline Saturation
Minimum Saturation
Desaturation Slope

Recovery Slope

713+29%

44.8+8.6 %
-0.1+0.03 %/s
1.63 £ 0.5 %/s

Peak Saturation 826+23%
Mclay, Physiol Rep, 2016 Healthy Males Tibialis Anterior Baseline Saturation 71.1+24%
Minimum Saturation 46.2+75%
Peak Saturation 821+1.4%

Recovery Slope

1.32 £ 0.38 %/s

Table 2: Summary of previously published reports across the health continuum using near-infrared spectroscopy to measure reactive hyperemia.
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Reference Study Population % Attenuation

Nelson MD, J. Physiol, 2015 Healthy -57
Becker Muscular Dystrophy -13

Vongpatanasin, J. Physiol, 2011 Healthy -93
Hypertension -14

Fadel, J. Physiol, 2004 Pre-Menopause -84
Post-Menopause -19

Sander, PNAS, 2000 Healthy -74
Duchenne Muscular Dystrophy +7

Nelson MD, Neurology, 2014 Healthy -54
Duchenne Muscular Dystrophy -7

Price, Hypertension, 2013 Hypertension Pre-Treatment -52
Hypertension Post-Nebivolol Treatment -97

Hansen, J. Clin. Invest., 1996 Healthy Exercise at 20% MVC -92

Healthy Exercise at 30% MVC -125

Table 3: Summary of previously published reports across the health continuum using near-infrared spectroscopy, in combination with lower
body negative pressure and handgrip exercise, to assess functional sympatholysis.
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