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Abstract 

Critical power/force (CP/CF) demarcates the boundary between the heavy- and severe-

intensity exercise domains and is established as an important threshold for skeletal muscle 

metabolism, oxygen delivery, neuromuscular fatigue, and therefore exercise tolerance. Despite 

extensive study, the underlying mechanisms which precipitate the stark differences in 

physiological responses to exercise at intensities surrounding CP/CF remain unclear. The overall 

aim of this dissertation was to determine potential contraction-intensity dependent alterations in 

limb blood flow and microvascular oxygen delivery and investigate the effect of oxygen delivery 

limitations on neuromuscular function at the heavy-to-severe intensity exercise threshold (i.e., 

CP/CF). In our first investigation (Chapter 2), we demonstrated that limb blood flow and 

microvascular oxygen delivery responses during isometric handgrip exercise reached a 

physiological ceiling above, but not below, CF. Additionally, we determined that CF was the 

highest contraction-intensity at which this level of microvascular oxygen delivery could acutely 

sustain maximal-effort exercise. The second investigation (Chapter 3) demonstrated that limb 

vascular conductance is limited above CP and we provide evidence that limb blood flow 

limitations during severe-intensity exercise result, at least in part, from muscular contraction-

induced vascular impedance. Importantly, this study utilized a dynamic large-muscle mass 

exercise model (supine leg cycling) to improve generalizability of our findings to activities of daily 

living. Utilizing complete blood flow occlusion and vascular reperfusion, the final investigation 

(Chapter 4) identified fatigue-induced restriction to central motor drive during maximal-effort 

handgrip exercise and established that CF represents an oxygen delivery-dependent balance 

between motor-unit activation and peripheral fatigue development. Collectively, contraction-

intensity dependent limitations in oxygen delivery appear to exist during severe-intensity exercise 



  

such that progressive development of peripheral fatigue may result in restrictions to motor-unit 

activation. This dissertation presents novel findings that significantly contribute to our overall 

understanding of the physiological determinants of oxygen delivery, fatigue development, and 

exercise tolerance, which may be particularly relevant in patient populations that experience 

pathological limitations to oxygen delivery during exercise (e.g., heart failure and peripheral artery 

disease). 
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Chapter 1 - Introduction 

It has been demonstrated repeatedly that maximal exercise performance is delimited by the 

physiological parameters of critical power (CP) and the finite work capacity that exists above it 

(W’) (Jones et al., 2010; Poole et al., 2016). CP demarcates the boundary between heavy- and 

severe-intensity exercise domains (Poole et al., 1988). Above CP (severe-intensity) exercise 

tolerance is described, and the time to task failure (Tlim) can be accurately predicted, by the 

hyperbolic power-duration relationship defined by the equation (Whipp et al., 1982): 

Tlim =
𝑊𝑊′

𝑃𝑃 − 𝐶𝐶𝐶𝐶 

Following on A.V. Hill’s observations of elite athletic performances (Hill, 1925), Monod 

and Scherrer originally described the CP threshold as a local phenomenon confined to 

intramuscular factors (Monod & Scherrer, 1965). However, a contraction-time dependency for 

local circulation was observed and it was speculated that any work performed under arrested blood 

flow conditions is above CP (Monod & Scherrer, 1965). These observations alluded to the 

currently accepted conclusion that oxygen delivery plays a significant role in the determination of 

CP (Jones et al., 2010; Vanhatalo et al., 2010; Broxterman et al., 2014; Broxterman et al., 2015a; 

Poole et al., 2016).   

CP is a well-established physiological threshold (Poole et al., 2016) that differentiates 

between steady-state and progressive metabolic (Poole et al., 1988; Jones et al., 2008) and 

neuromuscular (Burnley et al., 2012) responses to exercise. However, it remains unknown if any 

differences exist in the limb blood flow (LBF) response to heavy- versus severe-intensity exercise 

in humans. During rhythmic exercise, LBF is highest during the relaxation phase of the 

contraction-relaxation cycle when intramuscular pressure is low (Barcroft & Dornhorst, 1949; 
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Walloe & Wesche, 1988; Robergs et al., 1997; Radegran & Saltin, 1998; Lutjemeier et al., 2005). 

Thus, altering relaxation time between contractions (i.e., duty-cycle or contraction-frequency) has 

a profound effect on both LBF and CP (Hoelting et al., 2001; Broxterman et al., 2014; Bentley et 

al., 2017; Caldwell et al., 2018). Additionally, muscular contractions have been shown to impede 

LBF at high intensities (Lutjemeier et al., 2005). These findings are consistent with reports of 

submaximal plateaus in microvascular blood flow during incremental exercise (Boushel et al., 

2002; Habazettl et al., 2010; Hammer et al., 2018) suggesting high-intensity contractions may 

exert an impeding effect. While the oxygen delivery dependency of CP is well documented 

(Moritani et al., 1981; Vanhatalo et al., 2010; Dekerle et al., 2012), the influence of muscular 

contraction on limb vascular conductance (LVC) (i.e., evidence for LBF impedance) during 

exercise at intensities surrounding CP remains unknown. LBF limitations can have profound 

effects on metabolite-induced fatigue development (Broxterman et al., 2015b). Thus, identifying 

CP as a threshold for LBF impedance would have large implications regarding our understanding 

of exercise tolerance. 

Interestingly, a critical level of metabolite-induced fatigue development appears to define 

severe-intensity exercise tolerance (Amann et al., 2006; Amann & Dempsey, 2008; Hureau et al., 

2014; Hureau et al., 2016). Accordingly, it has been postulated that ensemble sensory input from 

skeletal muscle group III/IV afferents contributes toward volitional termination of exhaustive 

exercise (Gandevia, 2001; Hureau et al., 2018). Specifically, a centrally-originating critical 

tolerance level to sensory feedback is thought to exist that, once attained, reduces skeletal muscle 

activation to prevent detrimental levels of metabolic perturbation within skeletal muscle (Amann 

et al., 2009; Blain et al., 2016). Interestingly, peripheral fatigue development at task failure during 

constant work rate exercise is nearly identical to levels reached, and sustained, during continuous 
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maximal-effort exercise (Burnley, 2009). Progressive deactivation of motor-units during both 

whole-body (Vanhatalo et al., 2011) and single-joint exercise (Burnley, 2009) has been 

demonstrated during continuous maximal effort exercise, during which Tlim is not defined by the 

inability to meet force- or power-output requirements, but rather exercise continues until a nadir 

in maximal-effort force- (i.e., critical force; CF) (Burnley, 2009; Broxterman et al., 2017) or 

power-output (i.e., CP) (Vanhatalo et al., 2007) is reached. Considering the effects of LBF 

occlusion on metabolite accumulation and group III/IV sensory afferent nerve firing rates (Rowell 

& O'Leary, 1990; Adreani & Kaufman, 1998), manipulations in blood flow may elucidate if a 

relationship exists between restriction to motor-unit activation via a ‘sensory tolerance limit’ 

(Gandevia, 2001; Hureau et al., 2018) and CP/CF determination during maximal-effort exercise. 

The overall aim of this dissertation was to determine potential contraction-intensity 

dependent alterations in LBF and microvascular oxygen delivery and investigate the effect of 

oxygen delivery limitations on neuromuscular function at the heavy-to-severe intensity exercise 

threshold (i.e., CP/CF). Specifically, we aimed to determine if any differences exist in the LBF 

and microvascular oxygen delivery responses between heavy- and severe-intensity exercise. 

Further, utilizing a dynamic large-muscle mass exercise model to improve generalizability, we 

sought to determine if limitations in LBF above CP were, at least in part, the result of muscular 

contraction-induced vascular impedance. Finally, this dissertation aimed to identify relationships 

between fatigue development and restriction to CMD during maximal-effort handgrip exercise and 

determine if the heavy-to-severe intensity threshold represents an oxygen delivery-dependent 

balance between motor-unit activation and peripheral fatigue development.   
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Chapter 2 - Limb blood flow and muscle oxygenation responses 

during handgrip exercise above vs. below critical force 

  

 Summary 

This study compared the brachial artery blood flow (Q̇BA) and microvascular oxygen 

delivery responses during handgrip exercise above vs. below critical force (CF; the isometric 

analog of critical power). Q̇BA and microvascular oxygen delivery are important determinants of 

oxygen utilization and metabolite accumulation during exercise, both of which increase 

progressively during exercise above CF. However, the Q̇BA and microvascular oxygen delivery 

responses above vs. below CF remain unknown. We hypothesized that Q̇BA, deoxygenated-heme 

(deoxy-[heme]; an estimate of microvascular fractional oxygen extraction), and total-heme 

concentrations (total-[heme]; an estimate of changes in microvascular hematocrit) would 

demonstrate physiological maximums above CF despite increases in exercise intensity. Seven men 

and six women performed 1) a 5-min rhythmic isometric-handgrip maximal-effort test (MET) to 

determine CF and 2) two constant target-force tests above (severe-intensity; S1 and S2) and two 

constant target-force tests below (heavy-intensity; H1 and H2) CF. CF was 189.3±16.7 N 

(29.7±1.6 %MVC). At end-exercise, Q̇BA was greater for tests above CF (S1: 418±147 mL/min; 

S2: 403±137 mL/min) compared to tests below CF (H1: 287±97 mL/min; H2: 340±116 mL/min; 

all p<0.05) but was not different between S1 and S2. Further, end-test Q̇BA during both tests above 

CF was not different from Q̇BA estimated at CF (392±37 mL/min). At end-exercise, deoxy-[heme] 

was not different between tests above CF (S1: 150±50 µM; S2: 155±57 µM), but was greater 

during tests above CF compared to tests below CF (H1: 101±24 µM; H2: 111±21 µM; all p<0.05). 
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At end-exercise, total-[heme] was not different between tests above CF (S1: 404±58 µM; S2: 

397±73 µM), but was greater during tests above CF compared to H1 (352±58 µM; p<0.01) but not 

H2 (371±57 µM). These data suggest limb blood flow limitations exist and maximal levels of 

muscle microvascular oxygen delivery and extraction occur during exercise above, but not below, 

CF.    
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 Introduction 

It has been demonstrated repeatedly that maximal exercise performance is delimited by the 

physiological parameters of critical power (CP) and the finite work capacity that exists above it 

(W’) (Jones et al., 2010; Poole et al., 2016). CP demarcates the boundary between heavy- and 

severe-intensity exercise domains (Poole et al., 1988). Severe-intensity exercise is characterized 

by metabolic profiles distinct from those of exercise performed at lower work rates. During 

exercise performed above CP, decreases in intramuscular pH and phosphocreatine concentration 

and escalations in concentrations of blood lactate and intramuscular inorganic phosphate, and 

oxygen uptake (V̇O2) continue until task failure (Poole et al., 1988; Poole et al., 1991; Jones et al., 

2008). The continuous rise in V̇O2 (i.e., the V̇O2 slow component) despite a fixed work rate is 

evidence of an increasingly inefficient muscular metabolic system during exercise at higher 

intensities (Poole et al., 1991; Barstow et al., 1996; Rossiter et al., 2002).  

Contributing factors to the continuous rise in V̇O2 observed during severe-intensity 

exercise include the progressive recruitment of less efficient motor units subsequent to fatigue 

development in muscle fibers that were initially recruited (Krustrup et al., 2004; Endo et al., 2007) 

and progressive metabolic inefficiency in already contracting muscle fibers (Zoladz et al., 2008; 

Hepple et al., 2010). Many studies have determined that differences exist in gas exchange (Poole 

et al., 1988), metabolic (Jones et al., 2008), and neuromuscular responses (Burnley et al., 2012) to 

exercise at intensities surrounding this critical threshold. However, it remains unknown if any 

differences exist in the blood flow response to heavy- vs. severe-intensity exercise in humans.  

In the rat hindlimb, Copp et al. (Copp et al., 2010b) measured blood flow responses of 

active skeletal muscles during exercise performed above and below critical speed (CS; the running 



11 

analog of CP). It was established that, while muscle blood flow was greater in all muscles 

irrespective of fiber-type composition, blood flow was distributed proportionately more so to 

muscles and muscle regions comprised of less efficient fast glycolytic fibers (Type-IIb/d/x) 

compared to regions made-up of primarily oxidative fibers (Type I and IIa) during exercise above, 

relative to below, CS (Copp et al., 2010b). Importantly, type-II fibers demonstrate a lower oxygen 

delivery-to-oxygen utilization (Q̇O2/V̇O2) ratio (Behnke et al., 2003; McDonough et al., 2005; 

Koga et al., 2014) and, therefore, require a greater level of oxygen extraction during exercise. 

Unlike whole limb blood flow responses during incremental exercise (Andersen & Saltin, 1985; 

Richardson et al., 1993), blood flows of individual muscles demonstrate sub-maximal plateaus 

(Boushel et al., 2002; Habazettl et al., 2010; Vogiatzis et al., 2015; Hammer et al., 2018). Recent 

work during small muscle mass (Hammer et al., 2018) and whole-body exercise (Chin et al., 2011) 

has demonstrated an association between submaximal plateaus in muscle microvascular oxygen 

delivery and recruitment of previously inactive muscles . Taken together, these findings suggest 

that less metabolically efficient motor units (i.e., having greater oxygen cost associated with force 

production) are recruited in order to meet the increased force requirements of severe-intensity 

exercise and that further increases in limb blood flow are distributed to these newly recruited 

muscle regions.   

To date, we are unaware of any experimental evidence that compares the integrative 

responses of blood flow and muscle oxygen extraction during exercise at intensities surrounding 

CP. During exercise, increases in muscle V̇O2 must be supported by increases in convective 

oxygen delivery (Q̇O2) and/or diffusive oxygen extraction (i.e., the arterial-venous oxygen content 

difference; CaO2-CvO2). Interestingly, when combined with measurements from other studies 

(Armstrong & Laughlin, 1985; Copp et al., 2010a; Copp et al., 2010c), the total hindlimb blood 
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flow responses measured by Copp et al. revealed a possible maximum for whole limb blood flow 

during severe-intensity exercise (Copp et al., 2010b). According to the Fick principle (V̇O2 = Q̇ × 

(CaO2-CvO2)), a maximal blood flow response, and therefore no further increase in Q̇O2, 

combined with attainment of maximal V̇O2 (V̇O2max; (Poole et al., 1988)) suggests a physiological 

upper limit in muscle oxygen extraction within the severe-intensity exercise domain. 

    The aim of this study was to compare the brachial artery blood flow (Q̇BA) and 

microvascular oxygen delivery responses to rhythmic handgrip exercise in humans at intensities 

above vs. below critical force (CF; the isometric analog of CP). We hypothesized that Q̇BA, 

deoxygenated-heme concentration (deoxy-[heme]; an index of microvascular convective oxygen 

conductance and estimation of fractional oxygen extraction (DeLorey et al., 2003; Grassi et al., 

2003; Ferreira et al., 2007; Broxterman et al., 2014; Broxterman et al., 2015; Hammer et al., 

2018)), and total-heme concentration (total-[heme]; an index of microvascular diffusive oxygen 

conductance via changes in microvascular hematocrit (Davis & Barstow, 2013; Okushima et al., 

2016; Hammer et al., 2018)) would demonstrate physiological maximums within the severe-

intensity exercise domain (above CF).    
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 Methods 

Ethical approval 

All experimental procedures were approved by the Institutional Review Board for Research 

Involving Human Subjects at Kansas State University and conformed to the standards set forth by 

the Declaration of Helsinki with the exception of database registration. Subjects were informed of 

all testing procedures and potential risks of participation before providing written, informed 

consent.  

 

Subjects 

 Seven men and six women (mean ± SD; 22 ± 2 yr, 171 ± 7 cm, 70.2 ± 8.8 kg) volunteered 

to participate in this study. While overall sex differences may exist, it has been demonstrated that 

muscle blood flow during exercise is not modulated by phases of the menstrual cycle (Limberg et 

al., 2010; Smith et al., 2017). Therefore, no attempt was made to control for menstrual cycle phase 

in the women. Each subject completed a medical health history evaluation to confirm the absence 

of any known cardiovascular, pulmonary, or metabolic disease. Subjects were instructed to abstain 

from vigorous activity 12 hrs. prior and caffeine and food consumption 2 hrs. prior to the scheduled 

testing times.  

 

Experimental Design 

 All subjects were familiarized with the testing protocols prior to data collection. All 

exercise tests were performed on a custom-built single-arm isometric handgrip system. A handle 

was fixed 5.5 cm from a palmar support rail via a cable system instrumented with an in-line tension 

load cell. Force-output from the load cell was digitized and displayed on a nearby monitor. The 
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system was calibrated prior to the study. All tests were performed in the supine position with the 

arm outstretched 90 degrees at heart level. Handgrip exercise was performed at 20 contractions 

per min with a 50% duty-cycle (i.e., 1.5 s contraction and 1.5 s relaxation). Contraction and 

relaxation cues were provided to each subject via a prerecorded audio file. On separate days 

subjects performed a 5-min rhythmic isometric-handgrip maximal-effort test (MET) to determine 

CF followed by two heavy-intensity constant target-force tests (below CF) and two severe-

intensity constant target-force tests (above CF). The 5-min MET was followed by a 24 hour 

recovery period before any additional tests were performed.   

Maximal-effort tests. The rhythmic isometric MET used to determine CF has been 

previously validated in the forearm (Kellawan & Tschakovsky, 2014) and during knee extension 

exercise (Burnley, 2009). In short, subjects performed a maximal voluntary contraction (MVC) 

for 1.5 s followed by 1.5 s of relaxation before performing another MVC. This cycle was repeated 

for the duration of the test (5-min). The mechanistic basis of the MET is a gradual utilization of 

W’ during the early phase of the test followed by a plateau in force production (or power output 

during cycling) at CF (Vanhatalo et al., 2007, 2008). Pilot testing determined a 5-min exercise 

protocol was sufficient to elicit an approximate 60 s plateau in maximal force production at the 

contraction frequency and duty-cycle used in this study (20 contractions per min; 50% duty-cycle). 

Unlike the familiarization trial, subjects were blinded to force production during the MET to avoid 

voluntary force targeting and instill confidence in the end-test force plateau. Additionally, subjects 

remained unaware of the time or number of contractions remaining in the test. Subjects were 

strongly encouraged to produce maximal voluntary force during each contraction and to relax fully 

between contractions.  
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Constant target-force tests. Target forces of the severe-intensity exercise tests (above CF) 

were selected to elicit a time to task failure (Tlim) of 8-12 min (S1) and 3-6 min (S2). A target force 

equal to CF + 20% was used during the first constant target-force test for each subject and labeled 

S1 or S2 depending on Tlim. Remaining target-forces were selected such that heavy-intensity tests 

(below CF; H1 and H2) were in proportion to S1 and S2 relative to CF. All remaining constant 

target-force tests were performed in random order. A line was generated on the force-output 

display to indicate the target-force for each test. Subjects were instructed to produce force rapidly 

and continuously at the required target-force throughout the contraction audio cue. Tlim was 

determined when the subject failed to reach and maintain target-force during three consecutive 

contractions despite strong verbal encouragement. All tests were terminated after 15-min of 

exercise if task failure had yet to occur.   

 

Measurements 

Force production. Average force production was calculated from 0.25 s to 1.25 s of each 

1.5 s contraction to minimize the effect of delayed force commencement or premature relaxation. 

MVC of each subject was determined as the highest average contraction force among the first three 

contractions during the MET. CF of each subject was determined as the average force production 

during the final 10 contractions (30 s) of the MET.  

Doppler ultrasound. Brachial artery mean blood velocity (Vmean) and vessel diameter were 

measured simultaneously using a two-dimensional Doppler ultrasound system (LOGIQ e; GE 

Healthcare; Milwaukee, WI). The ultrasound system was operated in duplex mode with a phased 

linear array transducer probe operated at an imaging frequency of 10.0 MHz. To avoid the 

bifurcation of the brachial artery, all measurements were made 2–5 cm proximal to the antecubital 
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fossa (Ade et al., 2012; Limberg et al., 2020). Doppler velocity measurements were executed at a 

Doppler frequency of 4.0 MHz and corrected for an angle of insonation < 60° (Limberg et al., 

2020). Data from the LOGIQ e system were stored on a local hard drive for post hoc analysis via 

software provided by GE Healthcare. Vmean was defined as the time-averaged mean velocity across 

each complete cardiac cycle at rest and contraction-relaxation cycle during exercise. Brachial 

artery vessel diameter was analyzed at a perpendicular angle along the central axis of the vessel 

during the R-wave of the cardiac cycle. Cross-sectional area (CSA) of the vessel was calculated as 

CSA = πr2. Q̇BA was calculated as the product of CSA and Vmean. Q̇BA was determined at rest during 

a minimum of 5 consecutive cardiac cycles. During the exercise tests, average Q̇BA was calculated 

from 3 consecutive contraction-relaxation cycles (9 s) during the final 30 s of each min.   

Frequency-domain near-infrared spectroscopy. A multi-distance frequency-domain near-

infrared spectroscopy (FD-NIRS) system (OxiplexTS; ISS; Champaign, IL) was used to measure 

absolute oxygenated- and deoxygenated-heme concentrations (oxy-[heme] and deoxy-[heme], 

respectively) of the flexor digitorum superficialis (FDS) of the right forearm at rest and during 

each exercise test. The belly of the FDS was located using electromyography and tissue palpations 

as previously described (Broxterman et al., 2014). The principles and algorithms of the FD-NIRS 

technology have been reviewed by Gratton et al. (Gratton et al., 1997) and have been previously 

described (Ferreira et al., 2006; Hammer et al., 2019). The applications of NIRS to skeletal muscle 

research have been reviewed in depth (Barstow, 2019). The OxiplexTS consists of one detector 

fiber bundle and eight light-emitting diodes (LED) operating at wavelengths of 690 and 830 nm 

(four LEDs per wavelength). The LED-detector fiber bundle separation distances are 2.5, 3.0, 3.5, 

and 4.0 cm. This system was originally designed for cerebral oxygenation applications where 

hemoglobin is the predominant chromophore. To provide units equivalent to hemoglobin 
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concentrations, the raw FD-NIRS signals were divided by a factor of 4 in the system’s software. 

However, in skeletal muscle intracellular myoglobin becomes a significant source of the FD-NIRS 

oxygenation signals (Davis & Barstow, 2008). Therefore, the output variable signals from this 

study were multiplied by a factor of 4 to return the data into raw units of [heme] (Craig et al., 

2014; Hammer et al., 2018). FD-NIRS data were collected continuously at 50 Hz. Total-[heme] 

was calculated as deoxy-[heme] + oxy-[heme]. Tissue oxygen saturation (StO2) was calculated as 

(oxy-[heme]/total-[heme]) × 100. All FD-NIRS signals were analyzed using 20 s time-binned 

averages.  

 

Statistical Analysis  

 SigmaStat (Systat Software; Point Richmond, CA) was used to perform statistical analysis. 

Data are expressed as means ± standard deviation unless otherwise noted. Linear regression was 

used to describe changes in average contraction force at the end of the MET and predict Q̇BA of 

severe-intensity exercise tests. One-way ANOVAs with repeated measures were used to test for 

changes in FD-NIRS measurements during the MET and differences between actual and predicted 

end-exercise Q̇BA during S1 and S2. Two-way ANOVAs with repeated measures were used to test 

for differences in Doppler ultrasound and FD-NIRS measurements at rest and end-exercise among 

tests. When a significant overall effect was detected, a Tukey’s post hoc analysis was performed 

to determine where significant differences existed. Results were considered statistically significant 

when p < 0.05.    
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 Results 

Maximal-effort tests (METs). Average contraction force decreased progressively during the 

MET until the final ~ 60 s. The raw force profile of a representative subject is displayed in Figure 

1. Linear regression of the average contraction force during the CF-determination interval of each 

individual test (final 10 contractions) revealed a slope of 0.2 N/contraction (range: -1.9 - 1.6 

N/contraction) which was not statistically different from zero (p = 0.42). Additionally, the CV of 

average contraction force among the final 10 contractions was < 8% of CF for each subject. These 

findings indicate a plateau in force production and low inter-contraction variability during the CF-

determination timeframe. CF was 189.3 ± 16.7 N (29.7 ± 1.6 % MVC). The temporal profiles of 

FD-NIRS measurements during the MET are displayed in Figure 2. FD-NIRS variables reached 

values not different from end-exercise within 60-80 s. Oxy-[heme] and StO2 decreased 

significantly from rest (281 ± 75 µM; 77.7 ± 3.3 %) to end-exercise (253 ± 57 µM; 62.3 ± 6.7 %; 

both p < 0.001). Deoxy-[heme] and total-[heme] increased significantly from rest (77.3 ± 13.5 µM; 

358 ± 84 µM) to end-exercise (153 ± 48 µM; 406.5 ± 86.5 µM; both p < 0.001). Unfortunately, 

the maximal-effort nature of contractions during the MET precluded Doppler ultrasound 

measurements of sufficient quality for data analysis. 

Constant target-force tests. Characteristics of the constant target-force tests are listed in 

Table 1.  

Doppler ultrasound. The temporal profiles of Q̇BA during the constant target-force tests are 

displayed in Figure 3. No differences in resting Q̇BA were detected among tests. Q̇BA increased 

significantly from rest to end-exercise during all intensities (all p < 0.01). Q̇BA at end-exercise was 

greater during H2 (340 ± 116 mL/min) than during H1 (287 ± 97 mL/min; p = 0.019), greater 

during tests above CF (S1: 418 ± 147 mL/min; S2: 403 ± 137 mL/min) than during H2 (p = 0.004), 
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and was not different between S1 and S2 (p = 0.83) suggesting a maximum in limb blood flow 

during exercise above CF. Additionally, there were no significant differences in end-exercise Q̇BA 

among tests above CF and estimated Q̇BA at CF (392 ± 37 mL/min) predicted by linear regression 

of H1 and H2 end-exercise values (Figure 4).  

FD-NIRS. The temporal profiles of FD-NIRS measurements during the constant target-

force tests are displayed in Figure 5. No differences in resting FD-NIRS measurements were 

detected among tests. Oxy-[heme] did not significantly change during exercise at any intensity and 

was not statistically different at end-exercise (H1: 251 ± 45 µM; H2: 260 ± 43 µM; S1: 254 ± 29 

µM; S2: 244 ± 47 µM) from oxy-[heme] at the end of the MET. Deoxy-[heme] increased 

significantly from rest to end-exercise (H1: 101 ± 24 µM; H2: 111 ± 21 µM; S1: 150 ± 50 µM; 

S2: 155 ± 57 µM) at all intensities (all p < 0.01). Total-[heme] increased significantly from rest to 

end-exercise (H1: 352 ± 58 µM; H2: 371 ± 57 µM; S1: 404 ± 58 µM; S2: 397 ± 73 µM) at all 

intensities (all p < 0.01). StO2 decreased significantly from rest to end-exercise (H1: 70.2 ± 4.6 %; 

H2: 69.7 ± 3.2 %; S1: 63.4 ± 7.5 %; S2: 61.9 ± 8.1 %) at all intensities (all p < 0.01). At end-

exercise, there were no differences between H1 and H2, or between S1 and S2 in deoxy-[heme], 

total-[heme], or StO2. At end-exercise, deoxy-[heme] was greater during tests above CF compared 

to tests below CF (all p < 0.05) but was not statistically different from deoxy-[heme] at the end of 

the MET. Total-[heme] was greater during tests above CF compared to H1 (both p < 0.01) but not 

H2 and was not statistically different from total-[heme] at the end of the MET. Finally, StO2 was 

lower during tests above CF compared to tests below CF (all p < 0.05) and was not statistically 

different from StO2 at the end of the MET.   
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 Discussion 

Major Findings 

The principal novel finding of this study was that CF is an important threshold for limb 

blood flow and muscle microvascular oxygen delivery responses during small muscle mass 

exercise in humans. Consistent with our hypothesis, there were no differences in end-exercise Q̇BA, 

deoxy-[heme], or total-[heme] among handgrip intensities above CF, suggesting respective task-

specific physiological maximums within the severe-intensity domain (Figures 3 and 5). 

Additionally, end-exercise Q̇BA in the severe-intensity domain demonstrated a physiological 

plateau that was not different than the Q̇BA estimated for CF (Figure 4). Thus, Q̇BA at end-exercise 

above CF was disproportionately lower than predicted from tests below CF in the majority of 

subjects. Combined, these findings suggest that CF represents a threshold in relative muscular 

force that limits skeletal muscle perfusion and oxygen extraction during exercise.  

 

Limb blood flow responses surrounding CF. Q̇BA responses to severe-intensity exercise 

(above CF) were distinct from those during heavy-intensity exercise (below CF; Figure 3). 

Increasing force production below CF resulted in concurrent increases in end-exercise Q̇BA. 

However, severe-intensity exercise (above CF) elicited an end-exercise Q̇BA which was not 

different from Q̇BA predicted for CF regardless of force requirements (Figure 4). These findings 

suggest that Q̇BA reaches a task-specific (i.e., exercise modality, duty cycle, etc.) physiological 

maximal above CF. Simply stated, exercise hyperemia is determined by the ratio of vascular 

driving pressure (i.e., blood pressure) to downstream vascular resistance. During exercise, a cohort 

of vasoactive intermediaries (e.g., nitric oxide, adenosine, and other metabolites) reduce vascular 

resistance and facilitate flow despite opposition from limiting factors such as sympathetically 
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mediated vasoconstriction and mechanical vascular compression (Tschakovsky et al., 2002; 

Caldwell et al., 2018). Rhythmic exercise is defined by oscillations in muscular force generation 

and therefore intramuscular pressures that, when substantially high, lead to mechanical vascular 

compression (Sadamoto et al., 1983; Robergs et al., 1997; Lutjemeier et al., 2005). End-exercise 

Q̇BA values from the present study are similar to previous measurements during severe-intensity 

dynamic handgrip exercise at the same duty-cycle and contraction frequency (50%; 20 contraction 

per min) (Broxterman et al., 2014). When relaxation-time was increased through duty-cycle 

alterations at the same power output, ~25% greater time-matched Q̇BA values were observed and 

exercise was significantly more tolerable (Broxterman et al., 2014). These observations lend 

credence to a significant contribution of intramuscular pressure-induced impedance to muscle 

blood flow in the severe-intensity-domain. Indeed, immediate increases in Q̇BA during early 

recovery suggest that Q̇BA was limited during handgrip exercise utilizing a 50%, but not 20%, 

duty-cycle (Broxterman et al., 2014). Likewise, immediate increases in limb vascular conductance 

following knee-extension exercise suggest muscular contraction-induced impedance to muscle 

perfusion at higher exercise intensities (Lutjemeier et al., 2005).Limitations in muscle perfusion 

must be compensated for by increases in fractional oxygen extraction in order to sustain a given 

metabolic rate (i.e., V̇O2).   

Data from this study support a task-specific (i.e., exercise modality, duty cycle, etc.) 

physiological maximum during severe-intensity exercise not only in limb blood flow (i.e., Q̇BA; 

Figures 3 and 4) but also fractional oxygen extraction (i.e., deoxy-[heme]; Figure 5B) and 

microvascular hematocrit (i.e., total-[heme]; Figure 5C). Combined with decreased RBC transit 

time (i.e., increased flow), the ~50 % greater fractional oxygen extraction during exercise above 

CF, compared to below, suggests enhanced longitudinal capillary recruitment (Poole et al., 2011). 
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Indeed, increases in limb blood flow can augment microvascular oxygen extraction (Richardson 

et al., 1993). Although in the present study Q̇BA and deoxy-[heme] were greater during severe- 

compared to heavy-intensity exercise, the tendency for disproportionately lower Q̇BA than 

predicted from heavy-intensity exercise tests among subjects (Figure 4) suggests a muscular 

perfusion limitation. Increasing relaxation time is likely to increase maximal Q̇BA (Broxterman et 

al., 2014; Bentley et al., 2017) and potentially augment the extraction of oxygen through additional 

longitudinal recruitment (Richardson et al., 1993; Poole et al., 2011). Additionally, the propensity 

for microvascular hematocrit, and therefore surface area for diffusion, to be elevated above CF, 

compared to below, corroborates an increased diffusive capacity (DO2) of the exercising muscles 

(Kindig et al., 2002; Poole et al., 2011) (Figure 5C).  

Muscle microvascular oxygen delivery. Interestingly, FD-NIRS indices of microvascular 

oxygen delivery within the FDS muscle reached end-exercise values within ~ 60-80 s of MET 

exercise onset (Figure 2). These responses are similar to V̇O2 (Burnley et al., 2006; Vanhatalo et 

al., 2011) and oxidative ATP synthesis rate (Broxterman et al., 2017) responses during all-out 

cycling and knee-extension exercise, respectively. During maximal-effort exercise, reduced 

maximal force production is likely consequential to progressive decruitment of motor units as a 

result of skeletal muscle fatigue development despite conservation of V̇O2max (Zoladz et al., 2008; 

Vanhatalo et al., 2011; Vanhatalo et al., 2016). Indeed, Vanhatalo et al. demonstrated a progressive 

decline in absolute integrated electromyography signal of the vastus lateralis muscle during 

maximal-effort cycling exercise indicating decruitment of initially active motor units (Vanhatalo 

et al., 2011). These no longer activated muscle fibers, although perhaps not contributing 

appreciably to force generation, have been speculated to maintain an oxygen requirement 

associated with recovery processes (Pringle et al., 2003). Burnley et al. demonstrated that 
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metabolic perturbations during maximal-effort exercise are not unique to those that, at least in part, 

determine exercise tolerance during exhaustive constant-force tests (Burnley et al., 2010). 

Additionally, a common tolerance level for intramuscular metabolic instability among severe-

exercise intensities has been linked with determinate peripheral fatigue development within 

individual muscles (Jones et al., 2008; Vanhatalo et al., 2010; Burnley et al., 2012). These findings 

support a strong mechanistic link between the force generating capability of skeletal muscle and 

the intramuscular metabolic milieu (Broxterman et al., 2017). The deoxy-[heme] signal is a 

reflection of the microvascular-to-myocyte oxygen driving pressure (i.e., microvascular PO2) 

(Grassi et al., 2003). Matching Q̇O2-to-V̇O2, thereby maintaining a substantially high 

microvascular PO2, is critical to minimize intramuscular metabolic disturbances and subsequent 

functional consequences (Wilson et al., 1977; McDonough et al., 2005). Therefore, the evident 

ceiling for microvascular oxygen delivery during the MET in this study (Figure 2) is likely 

concomitant with progressive intramuscular metabolic perturbations.  

Consistent with previous data (Broxterman et al., 2015), measurements of muscle 

microvascular oxygen delivery reached a common end-exercise value during severe-intensity 

exercise tests (Figure 5). Importantly, these values were not different from the end-test values of 

the MET. Under conditions where V̇O2 remains constant, such as at V̇O2max during maximal-effort 

exercise (Burnley et al., 2006; Vanhatalo et al., 2011), deoxy-[heme] indicates the level of 

microvascular fractional oxygen extraction (i.e., Q̇O2-to-V̇O2 matching) (DeLorey et al., 2003; 

Grassi et al., 2003; Ferreira et al., 2006). Figure 2 shows that deoxy-[heme] reached peak values 

rapidly and that these values were maintained while force production continued to fall until 

reaching a sustainable level (i.e., CF; Figure 1). Remarkably, during severe-intensity exercise, 

when force requirements are above CF, exercise was tolerable until the same level of fractional 
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oxygen extraction was reached (Figure 5). Task failure was subsequently manifest by reductions 

in maximal force production below the respective target-forces. These data suggest that CF, and 

exercise tolerance in the severe-intensity domain, are determined, at least in part, by factors 

governing Q̇O2-to-V̇O2 matching within exercising muscles. Consistent with this notion, 

Okushima et al. described the temporal and spatial heterogeneity of oxygen extraction among and 

within muscle of the leg (Okushima et al., 2015). It was concluded that, while whole limb oxygen 

extraction may not be limiting (Mortensen et al., 2005), regional limitations in oxygen extraction 

may exist (Okushima et al., 2015). Combined, these data suggest that discrete limitations in 

regional oxygen extraction capacities within skeletal muscles may precipitate exercise intolerance 

above CF.  

 

Experimental Considerations 

 This study utilized a forearm model of exercise to maximize Doppler ultrasound 

measurement quality and increase the relative proportion of muscle volume for FD-NIRS 

measurements. It is important to consider the implications of these findings during whole-body 

exercise when cardiovascular and pulmonary limits become more important and intramuscular 

limitations may play a lesser role in determining exercise tolerance compared to small muscle mass 

exercise. Additionally, similar to heterogeneity within and among muscles of the thigh (Chin et 

al., 2011; Okushima et al., 2015; Vogiatzis et al., 2015), variability in recruitment patterns 

(Hammer et al., 2018) and tissue oxygenation in muscles of the forearm must be considered. 

During incremental exercise, it becomes apparent that limitations to performance are indeed, at a 

minimum, muscle-region specific (Chin et al., 2011; Okushima et al., 2015; Hammer et al., 2018). 

A recent shift in the whole-limb oxygen delivery paradigm is supported by evidence of additional 
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muscle recruitment secondary to microvascular oxygen delivery plateaus in individual muscle 

regions during incremental exercise (Chin et al., 2011; Hammer et al., 2018). Unfortunately, 

measurements of muscle recruitment (i.e., electromyography) were not logistically able to be made 

in this study. Future studies should aim to characterize muscle recruitment heterogeneity during 

maximal-effort and constant-force tests to elucidate physiological consequences to muscle-

specific oxygen extraction limitations.   

Lutjemeier et al. provided evidence supporting muscular contraction-induced impedance to 

muscle blood flow through increases in limb vascular conductance during the early recovery phase 

of upright knee-extension exercise (Lutjemeier et al., 2005). Specifically, during higher exercise 

intensities, blood flow remained unchanged during early recovery while mean arterial pressure 

(MAP) decreased, suggesting the muscle vasculature was more compliant when the influence of 

muscular contraction was removed. Due to the physical strain of subjects during the severe-

intensity exercise bouts, oscillometric blood pressure measurements were not reliably obtained 

during this study. It is possible that during exercise above CF, the plateau in end-exercise Q̇BA was 

a result of inadequate increases in MAP, as opposed to muscular-contraction induced impedance 

per se. While the data from this study cannot substantiate or refute this interpretation, limb vascular 

conductance measurements during severe-intensity exercise in future studies might elucidate 

indications of muscular contraction-induced blood flow impedance as a determinant of CF. 

 

Conclusions 

 This study determined that CF is an important determinant of limb blood flow responses 

to exercise. Specifically, Q̇BA reached a task-specific (i.e., exercise modality, duty cycle, etc.) 

physiological maximum during severe-intensity exercise (above CF) that was not significantly 
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different from Q̇BA predicted at CF. Consequently, end-exercise Q̇BA above CF was 

disproportionately lower than predicted from tests below CF in the majority of subjects and muscle 

fractional oxygen extraction reached a critical limit wherein exercise was no longer tolerable. 

Maximal-effort exercise revealed that this level of extraction was only sufficient to sustain force 

generation at CF. Collectively, these findings accentuate the physiological significance of the 

heavy-to-severe intensity exercise threshold with regard to exercise tolerance and suggest 

limitations in muscle perfusion through increased muscular force generation may play a major role 

in its determination.     
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Table 2.1 Constant target-force exercise tests 

 

Values are means ± SD. CF, critical force; H1 and H2, exercise tests below CF (heavy-intensity); 

S1 and S2, exercise tests above CF (severe-intensity); target force, force requirement during each 

test; % MVC, % of peak force during the first 3 contractions of the maximal-effort test; Tlim, time 

to task failure. All subjects reached the 15-min cutoff for H1 and H2. *Average contraction force 

during the final 10 contractions of the maximal-effort test. 
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Figure 2.1 Raw force signal during a representative maximal-effort exercise test (MET). 

Note the progressive decline in force generation until the final ~ 60 s. The timeframe for critical 

force (CF) determination is denoted by brackets surrounding the final 10 contractions (30 s) of the 

test. CF determined from this test was 233.6 N (30.7 % maximal voluntary contraction).    
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Figure 2.2 Mean frequency-domain near-infrared spectroscopy (FD-NIRS) data during the 

maximal-effort exercise tests (METs). 

Shown are temporal responses of oxygenated- (oxy-[heme]; A), deoxygenated- (deoxy-[heme]; 

B), and total- (total-[heme]; C) heme concentrations with percent tissue saturation (StO2; D) during 

the 5-min exercise test. Values are means ± standard error. * Significantly different from rest (p < 

0.001) and not statistically different from end-exercise. Note the FD-NIRS signals reach end-

exercise-like values within ~ 60-80 s. 
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Figure 2.3 Brachial artery blood flow (Q̇BA) responses during the constant target-force tests. 

Temporal Q̇BA data from exercise below (● H1 and ○ H2) and above (▼ S1 and ∆ S2) critical force 

(CF). * Significantly greater than Q̇BA at end-exercise during H1 (p < 0.05). ** Significantly greater 

than Q̇BA at end-exercise during H2 (p < 0.05). 
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Figure 2.4 End-exercise brachial artery blood flow (Q̇BA) values from the constant target-

force tests. 

Q̇BA at end-exercise below (● H1 and ○ H2) and above (▼ S1 and ∆ S2) critical force (CF, and 

Q̇BA predicted at CF by linear regression of H1 and H2 end-exercise Q̇BA measurements ( ). * 

Significantly greater than Q̇BA at end-exercise during H1 (p < 0.05). ** Significantly greater than 

Q̇BA at end-exercise during H2 (p < 0.05). Note 1) no differences among end-exercise Q̇BA values 

at (estimated) and above CF suggesting a maximal response in the severe-intensity domain and 2) 

the disproportionately lower Q̇BA above CF compared to values predicted from tests below CF. 
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Figure 2.5 Frequency-domain near-infrared spectroscopy (FD-NIRS) measurements of 

muscle oxygenation during the constant target-force tests. 

Shown are temporal responses of oxygenated- (oxy-[heme]; A), deoxygenated- (deoxy-[heme]; 

B), and total- (total-[heme]; C) heme concentrations with percent tissue saturation (StO2; D) during 

exercise below (● H1 and ○ H2) and above (▼ S1 and ∆ S2) critical force (CF). Dashed lines 

indicate average end-exercise values of respective FD-NIRS signals during the maximal-effort test 

(MET). * Significantly different from end-exercise during H1 and H2 (p < 0.05). ** Significantly 

greater than total-[heme] at end-exercise during H2 (p < 0.05) 
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Chapter 3 - Influence of muscular contraction on vascular 

conductance during exercise above vs. below critical power 

 

 Summary 

Critical power (CP) is an important physiological threshold that differentiates between steady-state 

and progressive metabolic and neuromuscular responses to exercise. Limb blood flow (LBF) and 

microvascular oxygen delivery appeared to reach task-specific physiological maximums above 

CP. Increases in muscular contraction intensity are concomitant with a more-negative influence of 

muscular contractions on LBF. While these observations have wide-reaching implications for 

muscular performance and fatigue development, they remain to be contextualized within the CP 

framework of exercise tolerance. The aim of this study was to determine if CP represents a 

threshold for muscular contraction-induced impedance of LBF during dynamic locomotor-muscle 

exercise. We hypothesized that limb vascular conductance (LVC) would increase during the 

immediate recovery phase of dynamic exercise above, but not below, CP indicating a threshold for 

muscular contraction-induced impedance of LBF. CP (115 ± 26 W) was determined in seven men 

and seven women who subsequently performed ~5-min of near-supine cycling exercise both below 

and above CP. LVC was calculated as the quotient of LBF and mean arterial pressure (MAP) both 

of which were measured at end-exercise and during immediate recovery. LVC increased 

immediately during recovery and remained elevated following both the below- and above-CP 

exercise tests (all p < 0.001). However, LVC demonstrated a greater increase during immediate 

recovery and remained significantly higher following exercise above CP compared to below CP 

(all p < 0.001). Power-output was significantly associated with the immediate increases in LVC 

following exercise above, but not below, CP (p < 0.001; r = 0.85). Additionally, variance in percent 
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LBF impedance was significantly lower above (CV: 10.7%), compared to below (CV: 53.2%), CP 

(p < 0.01).  CP appears to represent a threshold above which the characteristics of LBF impedance 

by muscular contraction become intensity-dependent. Further, this evidence suggests a critical 

level of LBF impedance relative to contraction intensity exists and, once attained, may promote 

the progressive metabolic and neuromuscular responses known to occur above CP. 
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 Introduction 

Skeletal muscle contractions are accompanied by increases in intramuscular pressure and 

therefore mechanical compression of blood vessels and increased vascular resistance (Barcroft & 

Dornhorst, 1949; Sadamoto et al., 1983; Sjogaard et al., 1986; Gaffney et al., 1990; Radegran & 

Saltin, 1998). During rhythmic exercise, blood flow is highest during the relaxation phase of the 

contraction-relaxation cycle when intramuscular pressure is low (Barcroft & Dornhorst, 1949; 

Walloe & Wesche, 1988; Robergs et al., 1997; Radegran & Saltin, 1998; Lutjemeier et al., 2005). 

Thus, altering relaxation time between contractions (i.e., duty-cycle or contraction-frequency) has 

a profound effect on muscle blood flow (Hoelting et al., 2001; Broxterman et al., 2014; Bentley et 

al., 2017; Caldwell et al., 2018). Indeed, Broxterman et al. demonstrated that an increase in duty 

cycle (i.e., reduced relaxation time) attenuated the blood flow response to exhaustive rhythmic 

handgrip exercise (Broxterman et al., 2014). Additionally, the time to task failure (Tlim), and 

therefore the asymptote of the hyperbolic power-duration relationship (i.e., critical power; CP), 

was significantly reduced (Broxterman et al., 2014). While the oxygen delivery dependency of CP 

is well documented (Moritani et al., 1981; Vanhatalo et al., 2010; Dekerle et al., 2012), the 

influence of muscular contraction on limb vascular conductance (LVC) during exercise above 

versus below CP remains unknown.  

CP is an important physiological threshold (Poole et al., 2016) that differentiates between 

steady-state and progressive metabolic (Poole et al., 1988; Jones et al., 2008) and neuromuscular 

(Burnley et al., 2012) responses to exercise. Recently, our lab has demonstrated that limb blood 

flow (LBF) and microvascular oxygen extraction responses to isometric handgrip exercise above 

critical force (CF; the isometric analog of CP) are distinct from those below CF. Specifically, while 

steady-state responses were demonstrated below CF, LBF and microvascular oxygen delivery 
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appeared to reach task-specific physiological maximums above CF suggesting intensity-dependent 

limitations (Chapter 2). Additionally, threshold-like (i.e., biphasic) responses in microvascular 

oxygen delivery have been observed during incremental exercise with apparent limitations (i.e., 

submaximal plateaus) existing at higher intensities (Boushel et al., 2002; Habazettl et al., 2010; 

Chin et al., 2011; Koga et al., 2014; Hammer et al., 2018). These findings are consistent with those 

of Lutjemeier et al. who experimentally described the effect of muscular contraction on LBF as 

being positive and neutral at low and moderate work rates, respectively, but negative (i.e., blood 

flow impedance) at higher intensities (Lutjemeier et al., 2005). These observations have wide-

reaching implications for muscular performance and fatigue development yet remain to be 

contextualized within the CP framework of exercise tolerance.   

The aim of this study was to determine if CP represents a threshold for muscular 

contraction-induced impedance of LBF during dynamic locomotor-muscle exercise. Specifically, 

we compared LVC during steady-state 10-degree head-up tilt cycling to changes in LVC 

immediately following exercise termination. Assuming the vasodilatory state of the vasculature 

remains unchanged during the immediate recovery phase, changes in LVC subsequent to the near-

instantaneous cessation of muscular contractions have been previously used to inversely reflect 

the influence of contraction on LBF during exercise (Barcroft & Dornhorst, 1949; Tschakovsky et 

al., 2004; Lutjemeier et al., 2005; Broxterman et al., 2014). We hypothesized that LVC would 

increase during the immediate recovery phase of dynamic exercise above, but not below, CP. If 

confirmed, we would interpret these findings to indicate that CP represents a threshold for 

muscular contraction-induced impedance of LBF during dynamic locomotor-muscle exercise. 

 



44 

 Methods 

Ethical approval 

All experimental procedures were approved by the Institutional Review Board for Research 

Involving Human Subjects at Kansas State University (#9954) and conformed to the standards set 

forth by the Declaration of Helsinki with the exception of database registration. Subjects were 

informed of all testing procedures and potential risks of participation before providing written, 

informed consent. 

 

Subjects 

 Seven men and seven women (mean ± SD; 23 ± 3 yr, 172 ± 8 cm, 70.7 ± 16.3 kg) 

volunteered to participate in this study. It has been demonstrated that muscle blood flow during 

exercise is not modulated by phases of the menstrual cycle (Limberg et al., 2010; Smith et al., 

2017), therefore no attempt was made to control for menstrual cycle phase in the women. Each 

subject completed a medical health history evaluation to confirm the absence of any known 

cardiovascular, pulmonary, or metabolic disease. Subjects were instructed to abstain from vigorous 

activity 12 hrs. prior and caffeine and food consumption 2 hrs. prior to the scheduled testing times. 

A minimum of 24 hrs. was mandated between each test. 

 

 Experimental design 

Subjects were familiarized with all testing procedures and equipment prior to any 

experimental testing. All exercise tests were performed on a modified near-supine (10-degree 

head-up tilt) cycle ergometer (Lode, Groningen, The Netherlands). A relatively slow pedal cadence 

(45 rpm) and short crank-arm length (16 cm) were utilized during all cycling tests to reduce the 
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frequency and magnitude of hip-angle fluctuations, respectively, and facilitate high-quality 

Doppler ultrasound signals of the femoral artery. Pedal position was adjusted for each subject to 

achieve a slight knee bend at bottom dead center and utilized on all subsequent test days to 

minimize day-to-day biomechanical variability. Additionally, shoulder supports were installed to 

minimize extraneous muscular work related to body stabilization. Tlim was defined as an inability 

to maintain a pedal cadence above 40 rpm for > 5 s despite strong verbal encouragement for each 

exercise test performed until exhaustion. 

Subjects first performed a 10 Watt·min-1 incremental ramp cycling test until exhaustion to 

determine peak power-output (Ppeak). Ppeak was determined as the greatest power-output achieved 

during the incremental ramp test. Subjects next performed a minimum of three constant power-

output cycling tests on separate days. Ppeak was utilized to determine power-outputs for the 

constant-power cycling tests that would elicit exhaustion between ~2-15 min. The Tlim of each test 

was recorded and linear regression of the 1/Tlim vs. power-output relationship for each subject was 

used to determine CP (the power-output intercept). Goodness-of-fit criteria were established a 

priori to ensure accurate determination of CP. If standard error of the power-output intercept (i.e., 

CP) was greater than 10% of CP, a fourth constant power-output test was performed in an attempt 

to improve the intercept confidence interval. Finally, subjects performed ~5-min constant power-

output tests at 10% below and 10% above CP in random order. 10% was chosen to ensure the 

respective power-outputs were confidently below and above CP according to the goodness-of-fit 

criteria. A 20-Watt warm-up was performed for 1 min immediately preceding the transition to the 

below and above CP power-outputs to allow a trained sonographer to identify the movement 

patterns of the femoral artery. Following confirmation of high-quality Doppler signal from the 

trained sonographer, a countdown was commenced in synchrony with the subject’s pedal cadence 
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such that at exercise cessation the right leg would be straight and relaxed. Exercise was terminated 

between 4.5 and 5.5 min for all below- and above-CP tests.  

 

Measurements 

Oxygen consumption (V̇O2). Breath-by-breath V̇O2 was measured continuously during the 

incremental ramp cycling test (Ultima CardiO2; Medical Graphics Corp., MN, USA) to 

characterize the aerobic capacity of each subject. The metabolic system was calibrated prior to 

each use according to the manufacturer’s instructions. Breath-by-breath V̇O2 were converted into 

10s time-binned mean values and peak V̇O2 (V̇O2peak) was determined as the highest 10 s time-

binned mean V̇O2 achieved during the incremental ramp test.  

Limb blood flow (LBF). A Doppler ultrasound system (LOGIQ S8; GE Medical Systems, 

Milwaukee, WI) equipped with a multi-frequency linear array transducer operating at 10 MHz was 

utilized to simultaneously measure common-femoral artery diameter and peak blood velocity 

(Vpeak). Doppler ultrasound measurements were made during the below- and above-CP tests at 

baseline, during the final min of exercise, and the first min of early recovery. All measurements 

were made ~ 3 cm proximal to the bifurcation of the deep- and superficial-femoral arteries to 

minimize the influence of bifurcation-induced turbulent flow. Doppler sample volume was set to 

the full width of the vessel and all Doppler velocity measurements were performed at a Doppler 

frequency of 4.0 MHz with an insonation angle < 60 degrees. Vpeak was defined as the time-

averaged peak velocity across each complete cardiac-cycle at baseline and during early recovery. 

During exercise, Vpeak was defined as the time-averaged peak velocity during an 8 s (6 complete 

pedal revolutions) time-window immediately preceding the termination of the test. Vpeak was 

intentionally utilized over the time-averaged mean velocities (Vmean) as the parabolic-like profiles 
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of arterial blood flow place Vpeak near the center of the vessel lumen and require less confidence in 

maintaining wall-to-wall sample volume (Ade et al., 2012). Subsequently, Vmean was calculated as 

Vpeak/2 which has previously been reported to be a reliable estimate (Ade et al., 2012). Common-

femoral artery vessel diameter was analyzed at a perpendicular angle along the central axis of the 

vessel. Cross-sectional area (CSA) of the vessel was then calculated as CSA = πr2. LBF was 

calculated as the product of CSA and Vmean at baseline, during the final 8s of exercise, and for 9 

cardiac-cycles (3 cardiac-cycle bins: CC1-3, CC4-6, and CC7-9) in early recovery.  

Hemodynamic responses. Heart rate (HR) and beat-by-beat systolic, mean, and diastolic 

blood pressures (SBP, MAP, and DBP, respectively) were measured continuously during the 

below- and above-CP tests via calibrated finger photoplethysmography (Finometer Pro; Finapress 

Medical Systems, Amsterdam, The Netherlands). Blood pressure measurements were made on the 

third middle phalanx of the left hand which was placed on a height-adjustable platform to ensure 

stability during the cycling protocols. All blood pressure and hemodynamic measurements were 

averaged over the same time-windows as Doppler ultrasound measurements. The rate pressure 

product (RPP) was calculated as (SBP×HR)/100 and used as an index of myocardial work 

(Kitamura et al., 1972; Gobel et al., 1978). Cardiac output (Q̇) was calculated as the product of 

HR and stroke volume (SV), with SV calculated using the ModelFlow method (Finometer Pro; 

Finapress Medical Systems) after correction for age, sex, body mass, and stature (Bogert & van 

Lieshout, 2005). Blood pressure and LBF data were time-aligned and LVC was calculated as the 

quotient of LBF and MAP. Lastly, assuming that LVC at CC1-3 reflects the LVC during exercise 

without the influence of muscular contractions, the percent-impedance of LBF (%IMPLBF) at end-

exercise was calculated as:   

%𝐼𝐼𝐼𝐼𝐼𝐼𝐿𝐿𝐿𝐿𝐿𝐿 =  �
𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶1−3 −  𝐿𝐿𝐿𝐿𝐶𝐶𝐸𝐸𝐸𝐸𝐸𝐸

𝐿𝐿𝐿𝐿𝐿𝐿𝐶𝐶𝐶𝐶1−3
�  × 100 
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Statistical analysis 

Data are expressed as means ± standard deviation unless otherwise noted. All statistical 

analyses were performed using SigmaStat (Systat Software; Point Richmond, CA). Linear 

regression was used to determine CP from the three constant power-output cycling tests. Two-way 

repeated-measures ANOVAs were used to compare LBF, blood pressure, and hemodynamic 

measurements at baseline and end-exericse between below- and above-CP tests (time× intensity). 

Two-way repeated-measures ANOVAs were used to test for changes in LBF, MAP, and LVC 

throughout the early recovery phase following the below- and above-CP exercise tests (time × 

intensity). When a significant overall effect was detected, a Tukey’s post hoc analysis was 

performed to determine where significant differences existed. Paired t-tests were used to test for 

differences in both %IMPLBF at end-exercise and %-change in LVC during immediate recovery 

between below- and above-CP exercise tests. Linear regression was used to detect significant 

relationships between test power-output and %IMPLBF and changes in LVC. Finally, a Levene’s 

test was used to test for differences in variance of LVC and %IMPLBF responses between below- 

and above-CP tests. Results were considered statistically significant when p < 0.05.  
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 Results 

Incremental ramp data and determination of CP. Ppeak and V̇O2peak were 146 ± 30 W and 

33.1 ± 7.2 mL/kg/min, respectively. CP was 115 ± 26 W (79.0 ± 8.4 %Ppeak). Standard error of the 

power-output intercept used to determine CP ranged from 0.39 – 6.27 %CP. Power-outputs below 

and above CP were 71.1 ± 7.6 and 86.9 ± 9.2 %Ppeak, respectively. 

 Hemodynamic responses to exercise. Hemodynamic values at baseline and end-exercise 

during the below- and above-CP tests are presented in Table 1. No significant differences were 

detected in any hemodynamic measurements at baseline between tests. HR increased significantly 

from baseline to end-exercise during both tests (both p < 0.001) but was significantly greater at 

end-exercise above CP compared to below CP (p < 0.001). SV increased significantly from 

baseline to end-exercise only below CP (p < 0.01) and no significant differences were detected in 

end-exercise SV between tests. Q̇ increased significantly from baseline to end-exercise during both 

tests (both p < 0.001) but was significantly greater at end-exercise above CP compared to below 

CP (p < 0.01). SBP, DBP, and RPP increased significantly from baseline to end-exercise during 

both tests (all p < 0.001) but were each significantly greater at end-exercise above CP compared 

to below CP (all p < 0.05).   

 LBF, MAP, and LVC responses during exercise and early recovery. LBF was not different 

at baseline between below- and above-CP tests and increased significantly from baseline to end-

exercise during both tests (both p < 0.001; Fig. 1A)). LBF was not different at end-exercise 

between tests (Fig. 1A). LBF increased immediately during recovery (end-to-CC1-3) and remained 

elevated (CC4-6 and CC7-9) following both the below- and above-CP exercise tests (all p < 0.001; 

Fig. 2A). However, LBF demonstrated a greater immediate increase during recovery (end-to-CC1-
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3) and remained significantly higher (CC4-6 and CC7-9) following exercise above CP compared to 

below CP (all p < 0.001; Fig. 2A).   

MAP was not different at baseline between below- and above-CP tests and increased 

significantly from baseline to end-exercise during both tests (both p < 0.001; Fig. 1B). MAP was 

significantly greater at end-exercise above CP compared to below CP (p < 0.01; Fig. 1B). 

Following exercise below CP, MAP remained unchanged during immediate recovery (end-to-CC1-

3) but was significantly lower during CC4-6 and CC7-9 compared to end-exercise (both p < 0.001; 

Fig. 2B). Following exercise above CP, MAP decreased significantly during immediate recovery 

(end-to-CC1-3) and remained lower during CC4-6 and CC7-9 compared to end exercise (all p < 0.001; 

Fig. 2B). MAP was significantly lower during all stages of early recovery above CP compared to 

below CP (p < 0.001; Fig. 2B).   

LVC was not different at baseline between tests and increased significantly from baseline 

to end-exercise during both tests (both p < 0.001; Fig. 1C). LVC was significantly lower at end-

exercise above CP compared to below CP (p < 0.05; Fig. 1C). LVC increased immediately during 

recovery (end-to-CC1-3) and remained elevated (CC4-6 and CC7-9) following both the below- and 

above-CP exercise tests (all p < 0.001; Fig. 2C). However, LVC demonstrated a greater increase 

during immediate recovery (end-to-CC1-3) and remained significantly higher (CC4-6 and CC7-9) 

following exercise above CP compared to below CP (all p < 0.001; Fig. 2C).  

Immediate changes in LVC, %IMPLBF, and power-output. %IMPLBF at end-exercise (Fig. 

3A) and %∆LVC during immediate recovery (Fig. 3B) were significantly greater above, compared 

to below, CP (both p < 0.001). Neither %IMPLBF at end-exercise (Fig. 3A) nor %∆LVC during 

immediate recovery (Fig. 3B) were significantly associated with power-output below or above CP. 

Variance in %∆LVC during immediate recovery was not different between below- and above-CP 
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tests, however variance in %IMPLBF was significantly lower above (CV: 10.7%), compared to 

below (CV: 53.2%), CP (p < 0.01). Cycling  power-output was not associated with the absolute 

increases in LVC immediately following exercise (end-to-CC1-3) below CP (Fig. 4). However, 

power-output was significantly associated with the absolute increases in LVC immediately 

following exercise (end-to-CC1-3) above CP (p < 0.001; r = 0.85; Fig. 4). No relationships were 

detected between individual subject CPs and the percent-difference between immediate changes 

in LVC (end-to-CC1-3) during the below- or above-CP tests (Fig. 5).    
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 Discussion 

Major Findings 

 This study determined that CP represents a threshold for intensity-dependent 

characteristics of muscular contraction-induced impedance of LBF during dynamic locomotor-

muscle exercise. Consistent with our hypothesis, LVC increased significantly during the 

immediate recovery phase of dynamic exercise above CP (Fig. 2C) suggesting impedance of LBF 

by muscular contractions. However, in contrast to our hypothesis, LVC also increased 

significantly, albeit less, during the immediate recovery phase of dynamic exercise below CP (Fig. 

2C). These findings do not support the presence of a hardline threshold for LBF impedance at CP. 

However, the degree of LBF impedance during exercise was significantly greater above, compared 

to below, CP (Fig. 3). Further, intensity-dependent changes in LVC during immediate recovery 

existed exclusively above CP (Fig. 4). Importantly, these intensity-dependent characteristics were 

not a result of differences in CP among subjects (Fig. 5). Together, these findings suggest that CP 

represents a threshold above which muscular contraction intensity becomes a significant 

determinant of LBF impedance during exercise.    

 LBF impedance is not exclusive to exercise above CP. During early recovery, LVC 

increased below CP suggesting some degree of LBF impedance by muscular contractions (Fig. 

2C). This is in direct contrast with our hypothesis that LBF impedance would become manifest 

exclusively above CP. Lutjemeier et al. demonstrated a net impedance effect of muscular 

contractions on LBF during knee-extension exercise at ~60-75% of Ppeak (Lutjemeier et al., 2005). 

This study determined CP to be 79.0% of Ppeak and the power-output 10% below CP to be 71.1% 

of Ppeak on average. Given this, our data suggesting the presence of LBF impedance below CP, 

although in contrast to our hypothesis, is consistent with the previous findings of Lutjemeier et al. 



53 

(Lutjemeier et al., 2005). While increases in LVC during immediate recovery (Fig. 2C and 3B) 

and %IMPLBF at end-exercise (Fig. 3A) were significantly greater above CP, data from this study 

cannot support the existence of a hardline threshold at CP. However, the determinants of absolute 

LBF impedance during exercise above CP appear to be distinct from those below CP (Fig. 4).  

The absolute magnitude of LBF impedance during exercise (indicated by the absolute 

change in LVC during immediate recovery) appears to be determined by exercise power-output 

exclusively above CP (Fig. 4; solid triangles). Specifically, despite a relatively wide range of test 

power-outputs (73–151W) across subjects, the absolute magnitude of LBF impedance during 

exercise was not associated with contraction intensity below CP (Fig. 4; open triangles). In 

contrast, subjects with higher CPs, and thus higher above-CP contraction intensities, were 

characterized with higher levels of absolute LBF impedance above CP (Fig. 4; solid triangles). Per 

our study design, individuals with higher CPs were asked to perform exercise across a wider 

absolute range of power-outputs (±10% of CP). Therefore, it is important to note that the difference 

in the percent-increase in LVC during immediate recovery from below-to-above CP was not 

associated with individual subject CPs (Fig. 5). Thus, absolute changes in power-outputs within 

subjects from below-to-above CP were unlikely the root cause of this association. Considering that 

contraction-induced retrograde arterial flow reaches a maximum at very light contraction 

intensities (Hoelting et al., 2001), any power-output associations are likely dependent on the 

magnitude of inter-contraction hyperemia (i.e., during the relaxation phase). Together, these data 

suggest that absolute LBF impedance is dependent, at least in part, on muscular contraction 

intensity above, but not below, CP. Further, the capacity to rapidly perfuse skeletal muscle during 

the relaxation phase may play a significant role in determining CP (Broxterman et al., 2014). 
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Implications for skeletal muscle fatigue and exercise tolerance. Although the intrinsic 

coupling of CP to oxygen delivery is well known (Moritani et al., 1981; Jones et al., 2010; 

Vanhatalo et al., 2010; Dekerle et al., 2012; Broxterman et al., 2015; Poole et al., 2016), this is 

the first study to evaluate the magnitude of LBF impedance above versus below this exercise 

threshold. The greater limitations imposed on oxygen delivery above CP during this study (Fig. 2 

and 3) would suggest a diminished relative contribution of aerobic metabolism to energy 

production and thus greater reliance on finite anaerobic energy sources. Exercise tolerance above 

CP has been associated with the rate of anaerobic energy store utilization (Smith et al., 1998; Miura 

et al., 1999; Miura et al., 2000), concomitant accumulation of metabolic byproducts (Jones et al., 

2008; Burnley et al., 2010; Vanhatalo et al., 2010), and progressive loss of skeletal muscle 

efficiency (Vanhatalo et al., 2011). Indeed, intensity-independent critical levels of metabolite 

accumulation (e.g., inorganic phosphate and hydrogen ions) (Burnley et al., 2010; Vanhatalo et 

al., 2010) and peripheral skeletal muscle fatigue (Burnley et al., 2012) appear to exist above CP 

and, once attained, limit exercise tolerance. These findings, combined with those of this study, 

suggest that LBF impedance by skeletal muscle contraction contributes toward the development 

of metabolite-induced skeletal muscle fatigue more above, compared to below, CP. 

The present study offers novel insight to the contraction-dependency characteristics of CP 

(Hill et al., 1995; McNaughton & Thomas, 1996; Hoelting et al., 2001; Barker et al., 2006; 

Broxterman et al., 2014). Specifically, the observation that %IMPLBF above CP demonstrated a 

significantly lower degree of variance across subjects (CV: 10.7%) compared to below CP (CV: 

53.2%) (Fig. 3A) suggests that a specific level of LBF impedance, relative to oxygen demand, 

might be ‘tolerated’ before precipitating the well-documented above-CP exercise responses (i.e., 

progressive metabolite and fatigue accumulation) (Jones et al., 2008; Burnley et al., 2012). This 
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interpretation is consistent with previous findings suggesting LBF reaches a similar end-exercise 

value, despite increases in contraction force, above critical force (CF; the isometric analog of CP) 

(Chapter 2). Combined with a greater reliance on low-oxidative muscle fibers (Copp et al., 2010), 

limitations to the overall LBF response above CP would further complicate the matching of oxygen 

delivery to oxygen demand during exercise and promote the utilization of anaerobic energy stores 

that are associated with the development of peripheral fatigue (Jones et al., 2008).   

Implications for blood flow heterogeneity. It is important to highlight that this study utilized 

bulk LBF measurements of a major conduit artery (i.e., common femoral) to assess changes in 

LVC and provided no index for microvascular oxygen delivery or distribution. As such, we can 

only speculate as to the impact of bulk LBF impedance on the heterogeneity of microvascular 

oxygen delivery known to exist during exercise (Koga et al., 2014; Heinonen et al., 2015; 

Vogiatzis et al., 2015). Increases in blood flow from below-to-above critical power are distributed 

primarily to low-oxidative muscle fibers (Copp et al., 2010). Additionally, differences in blood 

flow among fiber-types have been attributed to variances in both local vasodilator and 

vasoconstrictor sensitivities and the degree of sympathetically controlled vasoconstriction 

(Behnke et al., 2011; Laughlin et al., 2012). Given that increases in exercise intensity rely on 

recruitment of additional unique motor-units (Chin et al., 2011; Hammer et al., 2018; Okushima 

et al., 2020), fiber-type differences in vascular control may lead to heterogeneity in the 

physiological consequences of increased blood flow impedance.  

The relatively widespread range of %IMPLBF during exercise below CP suggests a lesser 

role for intramuscular pressures in the physiological responses to steady-state exercise (Fig. 3A). 

In contrast, ~40% relative impedance to LBF was experienced by all subjects above CP. The 

heterogeneity of this impedance among individual muscles or muscle regions remains to be 
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elucidated. However, it is possible that fiber-type specific mechanisms of flow regulation are 

differentially limited above, compared to below, CP at this level of %IMPLBF. For example, shear-

stress mediated nitric oxide (NO) production is thought to play a major role in distributing blood 

flow to highly-oxidative muscles below CP while neuronal NO synthase appears to preferentially 

augment vascular conductance in highly-glycolytic muscles above CP (Copp et al., 2013). 

Additionally, neuronal NO synthase is thought to play a major role in duty cycle- and intensity-

dependent inhibition of sympathetic vasoconstriction (i.e., sympatholysis) (Tschakovsky et al., 

2002; Thomas et al., 2003; Caldwell et al., 2018). Considering the inherent dependency on blood 

flow, it seems reasonable to speculate that shear-stress mediated regulation of vascular 

conductance would be largely impacted by LBF impedance. Thus, highly oxidative regions may 

be particularly susceptible to increases in intramuscular pressures, resulting in oxygen delivery 

and oxygen demand mismatching and perhaps the augmented metabolite accumulation (Jones et 

al., 2008), contractile inefficiency (Vanhatalo et al., 2011), and V̇O2 response (Poole et al., 1988) 

observed above CP.  

 

Experimental considerations 

  This study measured the impedance of LBF during dynamic locomotor-muscle exercise as 

opposed to simple single-joint exercises such as handgrip or knee-extension. To accomplish this, 

high-quality Doppler ultrasound images of the common femoral artery were required. Unlike gold-

standard techniques for measuring LBF (e.g., thermodilution), movement of the target vessel 

relative to the Doppler transducer can influence measured blood velocity values by altering the 

angle of insonation (Gliemann et al., 2018). To improve our ability to maintain a consistent 

Doppler angle and attempt to minimize these effects, near-supine exercise, a relatively slow pedal 
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cadence, and shortened pedal rotation were intentionally utilized. The findings from this study 

should be interpreted while considering these known limitations of the Doppler ultrasound 

technique and with this specific exercise modality in mind. During supine exercise, LBF 

(MacDonald et al., 1998) and V̇O2 (MacDonald et al., 1998; Koga et al., 1999) demonstrate slowed 

on-kinetic responses to exercise compared to upright exercise. To avoid the influence of posture 

during the on-transient phase and to ensure that changes in LBF and MAP during early recovery 

would reflect the influence of contractions during steady-state exercise, end-exercise 

measurements were made between 4.5- and 5.5-min. LBF is determined by downstream vascular 

resistance and driving pressure. During supine exercise, driving pressure into the legs is reduced 

by a decreased gravitational effect (i.e., reduced hydrostatic column). Therefore, downstream 

vascular resistance would have a proportionally greater influence on LBF and the influence of 

muscle contraction on LBF may have been exacerbated during this study.  

Reductions in contraction frequency have been demonstrated to elevate the LBF response 

to exercise (Hoelting et al., 2001) and increase CP (but not the metabolic rate at which it occurs) 

(Barker et al., 2006) during upright exercise. While the influence of contraction frequency on LBF 

and CP was not investigated in the present study, it is possible that a relatively slow pedal cadence 

augmented the LBF response through greater relaxation time between pedal strokes and thus 

reduced the net influence of muscular contractions. However, a slow pedal cadence combined with 

reductions in mechanical advantage (i.e., decreased crank-arm length) and posture associated 

increases in muscle activation (Egana et al., 2013) may have increased the net influence of 

muscular contractions on LBF during this study compared to traditional cycling exercise. Indeed, 

the contraction characteristics of this study (contraction frequency and range-of-motion) were 

more similar to those of stair-climbing (Heller et al., 2001; Holsgaard-Larsen et al., 2011). 
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Therefore, our findings are generalizable to activities of daily living, particularly in populations 

whose CP is at a low absolute work rate (e.g., aging, heart failure, and pulmonary disease) (Neder 

et al., 2000a, b; van der Vaart et al., 2014). However, while our findings suggest that muscular 

contraction-induced LBF impedance may play a substantial role in determining CP in young and 

healthy individuals, it is important to consider that other factors (i.e., dyspnea, central cardiac 

limitations, microvascular dysfunction) may become proportionally more limiting in older 

individuals or those with chronic disease. 

 

Conclusions 

 This is the first study to our knowledge that provides LBF measurements during 

locomotive-like exercise below and above the CP threshold in humans. This study demonstrated 

that muscular contraction-induced impedance to LBF was significantly greater above, compared 

to below, CP. Additionally, CP appears to represent a threshold above which the characteristics of 

LBF impedance by muscular contraction become intensity-dependent. Remarkably, while it 

remains to be elucidated if greater LBF impedance occurs with further increases in exercise 

intensity, a comparatively consistent degree of relative LBF impedance was demonstrated above 

CP. This evidence suggests a critical level of LBF limitation relative to contraction intensity exists 

and, once attained, may promote the progressive metabolic and neuromuscular responses known 

to occur above CP. Finally, future studies should aim to uncover differences in the interactions 

between energetic demand and the concomitant mechanical consequences associated with higher-

intensity muscular contractions across the CP threshold.   
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Table 3.1 Hemodynamic responses to exercise below and above critical power (CP) 

 
Values are means ± SD. HR, heart rate; SV, stroke volume; Q̇, cardiac output; SBP and DBP, 

systolic and diastolic blood pressures, respectively; RPP, rate pressure product. * Significantly 

greater than baseline (p < 0.01). † Significantly greater than below CP (p < 0.05).   
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Figure 3.1 Cardiovascular responses to 

exercise. 

The mean absolute values of limb blood 

flow (LBF; A), mean arterial pressure 

(MAP; B), and limb vascular conductance 

(LVC; C) at baseline and end-exercise 

below ( ) and above (▲) CP. Individual 

responses are presented in the 

background. * Significantly greater than 

baseline (p < 0.001). † Significant 

difference between below- and above-CP 

tests (p < 0.05). 
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Figure 3.2 Cardiovascular responses 

during early recovery from exercise. 

The mean absolute change in limb 

blood flow (LBF; A), mean arterial 

pressure (MAP; B), and limb vascular 

conductance (LVC; C) from end-

exercise to early recovery (cardiac 

cycles 1-3, 4-6, and 7-9; CC1-3, CC4-6, 

and CC7-9, respectively) following 

exercise below ( ) and above (▲) 

CP. Individual responses are presented 

in the background. * Significantly 

different from end-exercise (p < 

0.001). † Significant difference 

between below- and above-CP tests (p 

< 0.001). 
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Figure 3.3 Percent impedance of limb blood flow and percent change in limb vascular 

conductance during immediate recovery as a function of power-output. 

The mean percent impedance of limb blood flow (%IMPLBF; A) and percent change in limb 

vascular conductance (ΔLVC; B) from end-exercise to immediate recovery (cardiac cycles 1-3; 

CC1-3,) following exercise below ( ) and above (▲) CP. Individual responses are presented in 

the background. * Significantly greater than below CP (p < 0.001). † Significant difference in 

variance between below- and above-CP tests (p < 0.01). 
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Figure 3.4 Changes in limb vascular conductance during immediate recovery as a function 

of power-output. 

The absolute change in limb vascular conductance (ΔLVC) during immediate recovery (cardiac 

cycles 1-3; CC1-3) from exercise below ( ) and above (▲) CP as a function of test power-output 

for each subject. Note the significant relationship between ΔLVC and power-output above, but not 

below, CP (solid line; p < 0.001; r = 0.85). 
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Figure 3.5 Relationship between critical power and below-versus-above critical power 

differences in limb vascular conductance changes during immediate recovery. 

Individual critical powers (CPs) and changes in limb vascular conductance (ΔLVC) during 

immediate recovery (CC1-3) above CP as a percent of the below-CP response. Note no significant 

relationship suggesting individual differences in CP (and therefore below-to-above CP power-

output differences) do not explain the relationship between absolute ΔLVC and power-output 

above-CP in Fig. 3.4. 
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Chapter 4 - Influence of blood flow occlusion on muscular 

recruitment and fatigue during maximal-effort small muscle mass 

exercise 

 

 Summary 

High-levels of skeletal muscle sensory feedback are thought to restrict motor-unit 

activation and limit exercise tolerance. The roles of muscle fatigue development and motor-unit 

activation in determining the heavy-to-severe intensity threshold (critical force; CF) remain 

unclear. This study utilized blood flow occlusion (OCC) to determine the relationships between 

skeletal muscle fatigue development and motor-unit recruitment patterns during the determination 

of CF. We hypothesized that (1) OCC would exacerbate peripheral fatigue development and 

increase the rate of motor-unit deactivation and (2) blood flow reperfusion (REP) would result in 

muscle recovery and re-recruitment of motor-units despite continuous maximal effort (3) resulting 

in an end-exercise force not different from CF. Seven young, healthy subjects performed maximal-

effort rhythmic handgrip exercise for 5-min under control conditions (CON) and during OCC and 

REP. Peripheral fatigue development and motor-unit activation levels were measured during each 

test. OCC resulted in significantly greater peripheral fatigue development than CON (p<0.001). 

Motor-unit deactivation was only observed during OCC (p<0.001). REP resulted in significant 

peripheral recovery (p<0.001) and the re-recruitment of motor-units (p<0.001) to levels not 

different from CON. While OCC resulted in a significantly greater reduction in force production 

compared to CON (p<0.001), REP resulted in the restoration of maximal-effort force production 

(266±19 N; p<0.001) to levels not different from CF (276±55 N). These data suggest that CF 
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reflects an oxygen-delivery dependent balance between motor-unit activation and peripheral 

fatigue development. Furthermore, this study established that mechanisms which determine the 

total force-producing capacity of exercising skeletal muscle are significantly altered during OCC. 
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 Introduction 

Numerous studies have demonstrated the importance of skeletal muscle sensory feedback 

in reflexive control of cardiovascular (Amann et al., 2010; Hureau et al., 2018b), ventilatory 

(Amann et al., 2010), and neuromuscular (Amann et al., 2009; Amann & Dempsey, 2016; Blain 

et al., 2016; Broxterman et al., 2018; Sidhu et al., 2018) function during exercise. Additionally, a 

critical level of metabolite-induced fatigue development appears to define severe-intensity 

exercise tolerance (Amann et al., 2006; Amann & Dempsey, 2008; Hureau et al., 2014; Hureau et 

al., 2016). Accordingly, it has been postulated that ensemble sensory input from skeletal muscle 

group III/IV afferents contributes toward volitional termination of exhaustive exercise (Gandevia, 

2001; Hureau et al., 2018a). Specifically, the “sensory tolerance limit” (STL) hypothesis suggests 

a centrally-originating critical tolerance level to feedback associated with skeletal muscle 

metabolic perturbation that, once attained, reduces skeletal muscle activation through the 

restriction of central motor drive (CMD) (i.e., central fatigue). Indeed, it has been demonstrated 

that pharmacological blockade of sensory feedback during exercise, effectively omitting the 

perception of metabolite accumulation by skeletal muscle afferent nerve endings, results in greater 

levels of CMD (Amann et al., 2009; Blain et al., 2016). However, greater levels of peripheral 

fatigue (i.e., at or distal to the neuromuscular junction) and metabolic perturbation are also incurred 

(Amann et al., 2009; Blain et al., 2016; Broxterman et al., 2018). These findings suggest that 

restrictions to CMD, despite the negative effect on exercise performance, are physiologically 

necessary to prevent detrimental levels of metabolic perturbation within skeletal muscle.  

Task failure during severe-intensity exercise at a constant work rate (CWR) is 

characterized by similar levels of skeletal muscle oxygen delivery (Broxterman et al., 2015a; 

Hammer et al., 2020). Additionally, end-exercise levels of muscular metabolic perturbation 
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(Burnley et al., 2010; Vanhatalo et al., 2010) and peripheral fatigue development (Amann et al., 

2006; Burnley et al., 2012) during severe-intensity CWR exercise appear independent of task 

duration. Interestingly, both oxygen delivery (Hammer et al., 2020) and peripheral fatigue 

development (Burnley, 2009) at task failure during CWR exercise are nearly identical to levels 

reached, and sustained, during continuous maximal-effort exercise. While severe-intensity CWR 

exercise is performed with submaximal exertion (i.e., effort only reaches maximal levels near task 

failure) and motor-unit recruitment progressively increases, sustained maximal-effort exercise has 

resulted in progressive deactivation of motor-units during both whole-body (Vanhatalo et al., 

2011) and single-joint exercise (Burnley, 2009). Moreover, time to task failure (Tlim) is not defined 

by the inability to meet force- or power-output requirements and exercise continues until a nadir 

in maximal-effort force- (critical force; CF) or power-output (critical power; CP) is reached 

(Vanhatalo et al., 2007; Burnley, 2009). CP/CF demarcates the boundary between the heavy- and 

severe-intensity exercise domains and has been established as an important threshold for skeletal 

muscle metabolism (Poole et al., 1988; Jones et al., 2008), oxygen delivery (Poole et al., 1988; 

Copp et al., 2010; Hammer et al., 2020), neuromuscular fatigue (Burnley et al., 2012), and 

therefore exercise tolerance (Poole et al., 2016). 

Attenuation of sensory input has clearly demonstrated that skeletal muscle group III/IV 

afferents are central in regulating skeletal muscle contractile efficiency (Broxterman et al., 2017b; 

Broxterman et al., 2018) and whole-body exercise responses (Amann et al., 2010; Amann et al., 

2011b). However, Broxterman et al. observed no effect of group III/IV afferent attenuation on CF 

determination during maximal-effort knee-extension exercise (Broxterman et al., 2018). While, 

pharmacological blockade allows the role of group III/IV afferents to be elucidated without 

compromising skeletal muscle oxygen delivery (Hureau et al., 2019), these interventions also 
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obfuscate the observation of sensory input-induced restrictions to CMD (i.e., reduced motor-unit 

activation). Restricting oxygen delivery via limb blood flow occlusion has been shown to 

exacerbate the magnitudes of both central and peripheral fatigue development during CWR small 

muscle-mass exercise (Russ & Kent-Braun, 2003; Broxterman et al., 2015c). However, given the 

progressive recruitment of motor-units (Vanhatalo et al., 2011; Burnley et al., 2012) and force-

dependent definition of Tlim, CWR exercise is not conducive for elucidating relationships that may 

exist between the constraint of motor-unit activation and determination of CF.  

Considering the effects of limb blood flow occlusion on metabolite accumulation and 

group III/IV sensory afferent nerve firing rates (Rowell & O'Leary, 1990; Adreani & Kaufman, 

1998), manipulations in blood flow may elucidate if any relationship exists between STL-mediated 

restriction to motor-unit activation and CF determination during maximal-effort exercise. 

Therefore, the primary aim of this study was to determine the influence of complete limb blood 

flow occlusion on skeletal muscle fatigue development and motor-unit recruitment patterns during 

maximal-effort isometric handgrip exercise. We hypothesized that (1) blood flow occlusion would 

exacerbate the development of muscle fatigue and significantly increase the rate of motor-unit 

deactivation. Further, we hypothesized that (2) restoration of blood flow would result in skeletal 

muscle recovery and significant re-recruitment of motor-units despite continuous maximal effort 

(3) resulting in an end-exercise force not different from CF. Lastly, we hypothesized that (4) 

motor-unit activation levels would be associated with the magnitude of peripheral muscular fatigue 

development independent of blood flow.  
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 Methods 

Seven young, healthy subjects (mean ± SD; 22 ± 4 yr; 174 ± 7 cm; 77.3 ± 10.4 kg; 2 

women) volunteered to participate in this study. All experimental procedures were approved by 

the Institutional Review Board for Research Involving Human Subjects at Kansas State University 

and conformed to the standards set forth by the Declaration of Helsinki with the exception of 

database registration. Subjects were informed of all testing procedures and potential risks of 

participation before providing written, informed consent. Each subject completed a medical health 

history evaluation to confirm the absence of any known cardiovascular, pulmonary, or metabolic 

disease. Subjects were instructed to abstain from vigorous activity 12 hrs. prior and caffeine and 

food consumption 2 hrs. prior to each testing session. Although differences exist in skeletal muscle 

fatigue development during exercise (Hunter, 2014), these differences either do not appear to be 

modulated by phases of the menstrual cycle (Janse de Jonge et al., 2001) or are greater in effect 

size than differences across menstrual cycle phases (Hunter, 2016). Therefore, no attempt was 

made to control for menstrual cycle phase in the women subjects.  

 

Experimental Design 

All subjects were familiarized with the testing protocols prior to data collection. 

Subsequent to a familiarization visit, subjects reported to the laboratory on two separate occasions 

separated by at least 48 hrs. In randomized order, subjects performed a rhythmic single-arm 

isometric-handgrip maximal-effort test (MET) under control conditions (CON) or during limb 

blood flow occlusion (OCC) and reperfusion (REP). All exercise tests were performed on a 

custom-built single-arm isometric handgrip system. A handle was fixed 5.5 cm from a palmar 

support rail via a cable system instrumented with an in-line tension load cell. Force-output from 



77 

the load cell was digitized and displayed on a nearby monitor. The system was calibrated prior to 

the study. All tests were performed in the supine position with the right arm outstretched 90 

degrees at heart level. Handgrip exercise was performed at 20 contractions per min with a 50% 

duty-cycle (i.e., 1.5 s contraction and 1.5 s relaxation). Contraction and relaxation cues were 

provided to each subject via a prerecorded audio file. During OCC trials, blood flow occlusion of 

the brachial artery was accomplished via rapid inflation of a vascular cuff (E20 Rapid Cuff Inflator, 

Hokanson, Bellevue, WA) positioned around the brachial region of the exercising limb. The 

vascular cuff was inflated to suprasystolic pressure (> 250 mmHg) and blood flow occlusion was 

verified by the absence of a radial pulse.    

Maximal-effort tests. The rhythmic isometric MET used in this study has been used 

previously by our laboratory to determine CF during handgrip exercise (Hammer et al., 2020) and 

has been previously validated in the forearm (Kellawan & Tschakovsky, 2014) and during knee 

extension exercise (Burnley, 2009) against conventional methods of CF determination (i.e., 

multiple CWR exercise tests to failure). The MET consisted of subjects performing an isometric 

maximal voluntary contraction (MVC) for 1.5 s followed by 1.5 s of relaxation before performing 

another MVC. This cycle was repeated for the duration of the test (5-min). During the MET, a 

finite force-generating capacity is gradually utilized during the early phase of the test when force 

production (or power output during cycling) regressively falls until plateauing at CF (Vanhatalo 

et al., 2007, 2008). Previous data from our laboratory has demonstrated that a 5-min MET protocol 

under control conditions was sufficient to elicit a ~60 s plateau in maximal force production at the 

same contraction frequency and duty-cycle used in this study (20 contractions per min; 50% duty-

cycle) (Hammer et al., 2020). During each experimental trial, subjects were blinded to force 

production during the MET to avoid voluntary force targeting and instill confidence in the end-
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test force plateaus. Additionally, subjects remained unaware of the time or number of contractions 

remaining in the test. Subjects were strongly encouraged to produce maximal voluntary force 

during each contraction and to relax fully between contractions.  

 Unlike CON trials, during which substantial force production (i.e., ≥ CF) was possible for 

the entire duration of the MET (5-min), OCC trials were performed until contraction force was < 

15% of Fpeak (150 ± 12 s). After falling below this force threshold, a ~15 s period of rest was 

executed to accommodate neuromuscular fatigue measurements prior to rapid deflation of the 

vascular cuff. Following cuff release (REP), subjects were instructed to immediately continue 

MVCs in concert with the prerecorded audio cues. This REP portion of the MET was continued 

until a total test time of 5-min was reached.    

 

Measurements  

Force production. Force was sampled continuously at 1000 Hz during each MET and 

during pre- and post-MET neuromuscular function testing. Average force production was 

calculated from 0.25 s to 1.25 s of each 1.5 s contraction to minimize the effect of delayed force 

commencement or premature relaxation. Peak force production (Fpeak) during each of the METs 

was defined as the highest average force of any single contraction. CF of each subject was 

determined as the average force production during the final 10 contractions (30 s) of the CON 

MET. Force at the start of CON and OCC METs was determined as the average force production 

during the first 3 contractions of each test. Force at the end of the CON MET and at the end of 

OCC and REP stages was determined as the average force production during the final 3 

contractions of each respective stage. The force impulse (J) was calculated as the area under the 
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force-time curve for each condition. J was calculated above CF (JCON) and above OCCend force 

(JOCC).  

Surface electromyography (EMG). Surface EMG measurements were made continuously 

during each test using a commercially available system (Trigno EMG; Delsys Inc.; Boston, MA, 

USA). The EMG sensor consisted of four electrodes (5 × 1 mm) arranged in a 2 × 2 configuration 

to make single differential measurements. The flexor digitorum superficialis (FDS) of the right 

forearm was identified via palpation and EMG placement was confirmed by strong EMG activity 

during finger-flexion and lack of signal during ulnar- and radial-deviation. Adhesive tape was used 

to secure the EMG sensor along the belly of the muscle and indelible ink was used to ensure 

placement reproducibility. The EMG data were collected at a sampling rate of 1000 Hz and band-

pass filtered (13–400 Hz) using a fifth-order Butterworth filter. The EMG signal corresponding to 

each muscle contraction was detected using software previously developed in our laboratory 

(MATLAB R2011a; The Mathworks; Natick, MA). The amplitude characteristics were described 

using the root mean square (RMS) to provide an index of muscle activation and motor-neuron 

firing rate for each muscular contraction during both METs. The frequency characteristics were 

described using the median power frequency (MedPF) to provide an index of the muscle action 

potential conduction velocity for each muscular contraction during both METs. RMS and MedPF 

at the start of each test were determined as the average RMS and MedPF values, respectively, 

during the first 3 contractions. End-stage RMS and MedPF were determined as the average RMS 

and MEdPF values, respectively, during the final 3 contractions of each respective stage.     

Neuromuscular function. Neuromuscular function testing was performed on the exercising 

arm prior-to and immediately after each MET. An additional measurement was made immediately 

following (within 1.5 s) OCCend during which blood flow remained occluded. Neuromuscular 
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function was assessed using the same single-arm isometric handgrip system used for the METs to 

facilitate near-immediate recovery measurements (i.e., subjects were not required to move prior to 

post-test neuromuscular assessment). Stimulation electrodes (1.25 in diameter) were adhered to 

the antebrachial region of the right arm to electrically induce finger-flexion. The anode was 

positioned distal to the olecranon process and the cathode was positioned over the median nerve 

on the posterior and anterior antebrachial regions of the forearm, respectively. The cathode 

placement that elicited the greatest finger-flexion force production was determined via repeated 

electrical stimulations and marked with indelible ink. The medial nerve was stimulated using a 

high-voltage constant-current electrical stimulator (DS7AH, Digitimer; Welwyn Garden City, 

UK). Paired stimuli (doublets) were delivered at 400 V with 100 µs square-wave pulse durations 

and a 10 ms pulse interval. Maximal stimulation current was determined prior to each MET. 

Stimulation intensity was initiated at 50 mA and was increased by 25 mA until the measured force 

and compound muscle action potential (M-wave) demonstrated a plateau. The stimulator current 

was then increased an additional 30% to ensure supramaximal stimulation.  Prior to each MET, 

subjects performed a series of six, 3 s MVCs, beginning every 30 sec. Doublet muscle stimulations 

were delivered 5 s prior to each MVC, 1.5 s into the MVC, and 5 s after each MVC to obtain 

measurements of unpotentiated, superimposed (Qsup), and potentiated doublet (Qpot) forces, 

respectively. MVC during neuromuscular function testing was determined as the greatest force 

attained prior to Qsup. Voluntary activation (VA) was calculated using doublet interpolation (Behm 

et al., 1996) corrected for when Qsup stimulation did not occur at MVC plateau force: 

%𝑉𝑉𝑉𝑉 = �1 − �
𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑡𝑡𝑡𝑡 𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠
𝑀𝑀𝑀𝑀𝐶𝐶 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓�× �

𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠
𝑄𝑄𝑝𝑝𝑝𝑝𝑝𝑝

�� 

  Changes in MVC, Qpot, and %VA have been used extensively to quantify global, 

peripheral, and central fatigue, respectively (Bigland-Ritchie et al., 1986; Burnley et al., 2012; 
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Broxterman et al., 2015c; Alexander et al., 2019). Previous data suggests the degree of potentiation 

is decreased after two MVCs (Kufel et al., 2002). Therefore, the last four MVCs were used for 

data analysis during baseline (BL) neuromuscular function assessment. Alexander et al. suggested 

that significant neuromuscular recovery may occur within 30 s of end-exercise (Alexander et al., 

2019). To minimize any effects of recovery and reflect the end-stage neuromuscular condition as 

accurately as possible, end-stage neuromuscular function assessment was determined using the 

MVC immediately following the final contraction of each stage.  

 

Statistical Analysis 

Statistical analyses were performed using SigmaStat (Systat Software Inc.; Point 

Richmond, CA, USA). Data are expressed as mean ± SD, unless otherwise noted. The final 10 

contractions of each MET were compared across condition using a two-way ANOVA with 

repeated measures (condition × contraction). Student’s paired t-tests were used to compare both 

Fpeak and J across conditions. Force and EMG measurements were compared across each test stage 

using two-way ANOVAs with repeated measures (condition × stage). Neuromuscular function 

measurements were compared at BL and immediately following each test stage using a two-way 

ANOVA with repeated measures (condition × stage). If significant main effects were determined, 

a Tukey’s post hoc analysis was performed to determine where significant differences existed. 

Linear regression was used to determine changes in force over time during the final 10 contractions 

of each MET. Linear regression was used to identify any significant relationships among J, EMG, 

and neuromuscular function measurements within each experimental condition. Differences and 

relationships were considered significant when p < 0.05. 
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 Results 

Force. The mean force profiles during each MET are presented in Fig. 4.1. Fpeak was not 

different between CON and OCC. Force decreased significantly during CON (p < 0.001). During 

the final 10 contraction (30 s) of CON, linear regression revealed a force/time slope (-0.57 ± 1.09 

N/s) that was not significantly different from zero suggesting a plateau in end-test force production 

at 276 ± 55 N (44.8 ± 8.6 % Fpeak) which was defined as CF. Force decreased significantly during 

OCC (p < 0.001). OCCend force was significantly lower (73.5%) than CONend (p < 0.001). 

Following cuff release, force increased significantly (p < 0.001) during REP resulting in a REPend 

force that was not different from CONend. During the final 10 contraction (30 s) of REP, linear 

regression revealed a force/time slope (-0.01 ± 0.67 N/s) that was not significantly different from 

zero suggesting a plateau in end-test force production. Additionally, force of the final 10 

contractions of REP and CON (i.e., CF) were not different (see inset of Fig. 4.1). Lastly, JOCC 

(2339 ± 659 N·s) was significantly greater than JCON (1118 ± 630 N·s; p < 0.001) (Fig. 4.2B). 

EMG. The mean RMS profiles during each MET, normalized to RMS at Fpeak for each 

condition, are presented in Fig. 4.3A. RMS at the start of each MET was not different between 

CON and OCC. RMS remained unchanged during CON suggesting continuous maximal 

recruitment. However, RMS decreased significantly during OCC (p < 0.001) resulting in a RMS 

at OCCend that was significantly lower than at CONend (p < 0.001) suggesting progressive 

deactivation of motor-units during OCC but not CON. Following cuff release, RMS increased 

significantly during REP (p < 0.001) resulting in a RMS level at REPend that was not different from 

CONend suggesting a similar level of activation to that of exercise at CF.  

The mean profiles of force production (% Fpeak) per RMS level (% RMS at Fpeak) during 

each MET are presented in Fig. 4.3B. Force/RMS decreased significantly during both CON and 
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OCC (both p < 0.001). Interestingly, the force/RMS from 70-80s during the METs was 

significantly greater during OCC compared to CON (p < 0.001) suggesting a biphasic response. 

However, force/RMS at OCCend was significantly lower than at CONend (p < 0.001) suggesting a 

functional impairment in the excitation-to-contraction processes. Following cuff release, 

force/RMS increased significantly during REP (p < 0.001) resulting in a force/RMS at REPend that 

was not different from CONend.  

The mean MedPF profiles during each MET, normalized to MedPF at Fpeak for each 

condition, are presented in Fig. 4.3C. MedPF at the start of each MET was not different between 

CON and OCC. MedPF decreased significantly during both CON and OCC (both p < 0.001). 

However, MedPF at OCCend was significantly lower than at CONend (p < 0.001) suggesting slower 

action potential conduction velocity. Following cuff release, MedPF remained unchanged during 

REP resulting in a MedPF value at REPend that was significantly lower than CONend suggesting no 

recovery in action potential conduction velocity characteristics. 

Neuromuscular function. Mean values for MVC at BL and following each stage of the 

CON and OCC METs are presented in Fig. 4.4A. BL MVC was not different between CON and 

OCC. MVC decreased significantly during CON and OCC (both p < 0.001). However, MVC was 

significantly lower at OCCend compared to CONend (p < 0.001) suggesting greater global fatigue 

development during OCC compared to CON. Additionally, REPend MVC was significantly greater 

compared to OCCend (p < 0.001) but was not different from CONend suggesting recovery during 

REP to a similar level of global fatigue at the end of each MET.  

Mean values for Qpot at BL and following each stage of the CON and OCC METs are 

presented in Fig. 4.4B. BL Qpot was not different between CON and OCC. Qpot decreased 

significantly during CON and OCC (both p < 0.001); however, Qpot at OCCend was significantly 
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lower than at CONend (p < 0.001) suggesting a greater degree of peripheral fatigue accumulation 

during OCC compared to CON. Qpot increased significantly during REP (p < 0.001). However, 

Qpot at REPend was not different from CONend suggesting recovery of peripheral (i.e., 

intramuscular) mechanisms of force production during REP and a similar level of peripheral 

fatigue at the end of each MET.  

Mean values for %VA at BL and following each stage of the CON and OCC METs are 

presented in Fig. 4.4C. BL %VA was not different between CON and OCC. %VA decreased 

significantly during CON and OCC (both p < 0.001) such that end-stage %VA was not different. 

Unlike other neuromuscular function measurements, %VA was further reduced during REP (p < 

0.001) consequent to a significantly greater Qsup at REPend (6.85 ± 2.06 N) compared to CONend 

(3.91 ± 1.91 N; p < 0.05). Therefore, %VA was significantly lower at REPend compared to CONend 

(p < 0.001) suggesting a reservation in muscular force producing capabilities in addition to those 

being voluntarily activated.  

Neuromuscular function, J, and RMS. JCON was significant associated with the percent 

decline in Qpot (r = 0.76; p < 0.05; Fig. 4.5B) but not %VA (p = 0.83; Fig. 4.5C) or MVC (p = 0.11; 

Fig. 4.5A). JOCC was not associated with the percent decline in Qpot (p = 0.25; Fig. 4.5B) but was 

significantly associated with percent decline in both %VA (r = 0.83; p < 0.05; Fig. 4.5C) and MVC 

(r = 0.93; p < 0.01; Fig. 4.5A). Additionally, neither JCON nor JOCC were associated with RMS 

(%Fpeak) (p = 0.09 & 0.79, respectively). Percent decline in Qpot was significantly associated with 

RMS (%Fpeak) during CON (r = 0.86; p = 0.01), but not OCC (p = 0.12) or REP (p = 0.63) (Fig 

4.6). Neither percent change in %VA nor MVC were significantly related to changes in RMS 

(%Fpeak) during CON (p = 0.13 and 0.22, respectively), OCC (p = 0.38 and 0.94, respectively), or 

REP (p = 0.88 and 0.97, respectively).  
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 Discussion 

Major Findings 

 This study determined the influence of blood flow occlusion on fatigue development and 

recruitment patterns in skeletal muscle during maximal-effort isometric handgrip exercise. 

Consistent with our first hypothesis, blood flow occlusion led to greater peripheral fatigue 

development (Fig. 4.4B) and reduced motor-unit activation (Fig. 4.3A) during continuous 

maximal-effort exercise. Further, supporting our second hypothesis, restoration of blood flow 

resulted in rapid recovery of maximal-effort force production (Fig. 4.1) and re-recruitment of 

previously deactivated FDS motor-units (Fig. 4.3A). Remarkably, confirming our third hypothesis, 

maximal-effort force production following reperfusion was not different from CF (Fig. 4.1) and 

levels of motor-unit activation and peripheral fatigue were not different from those at CF under 

free-flowing conditions (Fig. 4.3A & 4.4B, respectively). Following the partial recovery of 

peripheral fatigue during vascular reperfusion (Fig. 4.4B), motor-unit activation of the FDS 

returned to near maximal levels (Fig. 4.3A). Combined, these data suggest that CF represents, not 

only a specific metabolic rate (Barker et al., 2006; Poole et al., 2016), but also the highest maximal-

effort force production at which a dynamic balance between muscle activation level and peripheral 

fatigue development exists. 

Maximal-effort vs. CWR exercise. This study utilized continuous maximal-effort exercise 

and omitted any force-determined definitions of task failure from the experimental design. This 

strategy was intentional and superior to CWR exercise for detecting CMD restriction because it 

allowed 1) constant maximal voluntary engagement of CMD and 2) muscle activation levels to 

decline without test termination. Broxterman et al. determined that blood flow occlusion during 
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dynamic CWR handgrip exercise exacerbated the development of both peripheral and central 

fatigue (Broxterman et al., 2015c). These findings were evinced by significantly greater pre- to 

post-exercise reductions in Qpot and %VA, respectively. In the present study, blood flow occlusion 

led to a ~30% greater reduction in Qpot (Fig. 4.4B) but had no effect on %VA (Fig. 4.4C). 

Considering the STL hypothesis, reductions in CMD (i.e., motor-unit activation) would be 

expected to accompany greater levels of peripheral fatigue (reflecting greater intramuscular 

metabolic perturbation) (Amann et al., 2009; Blain et al., 2016). While no differences in muscle 

recruitment responses (i.e., EMG) between freely perfused and occluded conditions were 

demonstrated during CWR exercise (Broxterman et al., 2015a; Broxterman et al., 2015c), utilizing 

continuous maximal-effort exercise, the present study clearly demonstrates reduced FDS motor-

unit activation during OCC (Fig. 4.3A). These differences among studies may result from 

dissimilarities in muscle recruitment patterns between CWR and maximal-effort exercise.  

As motor-units fatigue, CWR exercise is acutely sustained through the recruitment of 

additional motor-units (Burnley, 2009; Vanhatalo et al., 2011). Once the subject is no longer able 

to maintain the required force- or power-output, despite maximal recruitment levels (Burnley et 

al., 2012), the test is terminated. Therefore, any STL induced restriction to motor-unit recruitment 

would occur immediately preceding task failure and may not manifest itself within muscle 

activation measurements. In contrast, maximal-effort exercise permits the progressive decline in 

force production (Broxterman et al., 2017a; Hammer et al., 2020) that may result from CMD 

restriction (Fig. 4.3A). Similar rationale was offered during repeated cycling sprints (i.e., 10s of 

maximal-effort) to demonstrate that plateaus in power output, muscle activation, and %VA are 

initiated at similar levels of peripheral fatigue development (Hureau et al., 2014; Hureau et al., 



87 

2016). These findings support the hypothesis that CMD restriction is likely a means to prevent 

excess peripheral fatigue development within active skeletal muscle.  

Fatigue development during maximal-effort exercise. It is well established that levels of 

both intramuscular metabolite concentrations (Jones et al., 2008; Vanhatalo et al., 2010) and 

peripheral fatigue development (Burnley, 2009; Burnley et al., 2012) reach similar endpoints 

during CWR exhaustive exercise. Remarkably, Burnley et al. demonstrated that the level of 

peripheral fatigue development at task failure from constant target-torque knee-extension tests was 

identical to the level developed during a 5-min maximal-effort test (Burnley, 2009; Burnley et al., 

2010). Additionally, levels of fractional oxygen extraction (Hammer et al., 2020), oxidative ATP 

production (Broxterman et al., 2017a), and intramuscular metabolic perturbation (Broxterman et 

al., 2017a) plateau early-on during maximal-effort tests while force production continues to 

decline until reaching CF. Together, these findings suggest that CF represents the greatest 

intermittent force production at which metabolic ATP-demand and resulting fatigue-inducing 

metabolite accumulation remain dynamically balanced. 

Prior induction of muscle fatigue is associated with dose-dependent decreases in CMD 

(Amann & Dempsey, 2008; Amann et al., 2013). Further, blockade of skeletal muscle sensory 

feedback via fentanyl results in greater levels of CMD and exacerbation of peripheral fatigue 

development (Amann et al., 2009; Amann et al., 2011a). These data clearly indicate inhibition of 

muscle activation via skeletal muscle sensory feedback and strongly suggest peripheral fatigue 

development (i.e., metabolic perturbation (Blain et al., 2016)) is the principle regulator of CMD 

restriction during exercise. The RMS (Fig. 4.3A) and Qpot (Fig. 4.4B) responses from METs in this 

study are consistent within this paradigm. 
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   Muscle recruitment during maximal-effort exercise. Interestingly, the activation patterns 

of the FDS during the CON MET (Fig. 4.3A) are unlike those reported previously of the vastus 

lateralis (VL) during both cycling (Vanhatalo et al., 2011) and knee-extension exercise (Burnley, 

2009). Vanhatalo et al. demonstrated a progressive decline in muscle activation during a 3-min 

maximal-effort cycling test and described progressive fatigue in predominantly type II fibers 

during the early portions of the test as a potential mechanism for this response (Vanhatalo et al., 

2011). Force/RMS remained relatively high during the initial ~90s of OCC and was significantly 

greater, compared to CON, between 70 and 80s of the MET (Fig. 4.3B). These data are consistent 

with fatigue in a more-glycolytic pool of muscle fibers (Vanhatalo et al., 2011) and ATP-

production from primarily non-oxidative energy sources (Broxterman et al., 2017a; Broxterman 

et al., 2018) during early stages of maximal-effort exercise.  

The muscular force requirements during cycling exercise are far lower than the maximal 

force producing capabilities of the quadriceps (< 50% MVC) (Lollgen et al., 1980). Thus, 

preferential recruitment strategies are possible (e.g., a relative shift from type II to type I fibers) 

and muscular fatigue can be distributed among motor-units and muscles throughout the duration 

of the test (Vanhatalo et al., 2011). The EMG data from this study are better suited for comparisons 

to muscular recruitment patterns during exercise modalities that elicit MVC-like activation at 

exercise onset. Burnley et al. observed an average ~30% decline in VL activation during a 5-min 

maximal-effort isometric knee-extension test (Burnley, 2009). While a high degree of 

intersubjective variability exists (Fig. 4.6), the mean RMS response during CON in the present 

study does not support a progressive deactivation of motor-units in the FDS during a MET under 

control conditions (Fig. 4.3A).  
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However, partially confirming our first hypothesis, reduced oxygen delivery (via blood 

flow occlusion) precipitated clear deactivation of FDS motor-units (Fig. 4.3A). These data, 

combined with the alternative findings of Burnley et al. (Burnley, 2009), might suggest unique 

composition (e.g., fiber-type) and functional recruitment strategies between muscle groups and/or 

portions of the VL (i.e., superficial) experience greater oxygen delivery limitations during 

isometric maximal-effort exercise. Indeed, differences and variability in fiber-type composition 

between the superficial VL (Johnson et al., 1973; Carter et al., 2004) and FDS (Dahmane et al., 

2005; Hwang et al., 2013) may result in differences in EMG-sampled fiber-type and explain 

discrepancies between the muscle activation patterns of the thigh (Burnley, 2009) and the forearm 

(this study). Lastly, although this study did not characterize fiber-type, variability among subjects 

in recruitment patterns and the significant association between changes in RMS and Qpot (Fig. 4.6) 

during CON may result from fiber-type variance within forearm flexor muscles (Johnson et al., 

1973; Dahmane et al., 2005; Hwang et al., 2013). 

Influence of blood flow occlusion. Broxterman et al. demonstrated severely diminished 

exercise tolerance, significantly greater fractional oxygen extraction, and a prominent reduction in 

muscle tissue saturation during ischemic CWR handgrip exercise (Broxterman et al., 2015a). 

Additionally, blood flow occlusion strongly influences the development of both central and 

peripheral fatigue during small muscle mass exercise (Russ & Kent-Braun, 2003; Broxterman et 

al., 2015c). Peripheral impairment of muscle performance during ischemia appears to result 

primarily from its detrimental effects on oxygen delivery, and concomitant metabolite production, 

and not reduced metabolite removal per se (Hogan et al., 1994; Hepple, 2002). Thus, greater 

peripheral fatigue development during blood flow occlusion ((Broxterman et al., 2015c); Fig. 
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4.4B) is likely a consequence of diminished oxygen delivery and resulting exacerbation of 

anaerobic metabolism. 

While progressive motor-unit deactivation was hypothesized under both experimental 

conditions, significant reductions in FDS motor-unit activation were only demonstrated during 

OCC (Fig. 4.3A). However, motor-unit activation level during CON was associated with the level 

of peripheral fatigue development (Fig. 4.6) suggesting that peripherally originating factors are 

involved in regulating the level of CMD. Whereas afferent blockade masks the rise in metabolite 

accumulation and peripheral fatigue development, thus allowing CMD to remain uninhibited 

(Amann et al., 2009; Amann et al., 2011a), profound reductions in motor-unit activation (Fig. 

4.3A) and greater peripheral fatigue development (Fig. 4.4B) were observed during OCC. 

Peripheral sensory feedback appears to limit anaerobic glycolysis and thus limit the degree of 

metabolic perturbation. Indeed, an anaerobic metabolic reserve appears to exist under control 

conditions during maximal-effort small muscle-mass exercise (Broxterman et al., 2018). The 

extreme oxygen delivery limitation imposed by complete limb occlusion almost certainly obligated 

utilization of any anaerobic reserve, presumably leading to greater metabolite accumulation and 

peripheral fatigue development, and ultimately resulting in the inhibition of CMD.    

Attenuation of group III/IV afferents enhances motor-unit activation levels (Amann et al., 

2009; Amann et al., 2011a) and improves maximal-force output during intermittent isometric 

exercise (Broxterman et al., 2018). However, sensory feedback also appears to play a significant 

role in preserving muscular contractile efficiency during exercise. Indeed, attenuation of group 

III/IV afferent feedback resulted in greater ATP cost associated with muscular contraction and rise 

in fatigue-inducing metabolite production (e.g., Pi) (Broxterman et al., 2017a; Broxterman et al., 

2018). Further, it has been recognized that these impairments in muscular performance are likely 
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a consequence of diminished oxygen delivery (Hureau et al., 2019). Therefore, the detrimental 

influence of blood flow occlusion on muscle recruitment and force production demonstrated in 

this study may be directly related to attainment of a STL which is effectively raised, and perhaps 

not reached, in studies employing group III/IV afferent blockades. Importantly, attainment of a 

STL is thought to reflect the ensemble sensory input from all possible origins (Deschamps et al., 

2014; Hureau et al., 2018a). Thus, the combined influences of occlusion (e.g., pain) must be 

considered and not only those directly related to oxygen delivery.   

Neuromuscular determinants of J and CF. We have previously demonstrated that fractional 

oxygen extraction during maximal-effort isometric handgrip exercise plateaus much earlier than 

force production (Hammer et al., 2020). Additionally, the ceiling in fractional oxygen extraction 

during a MET was similar to levels at task failure during exercise above CF (Hammer et al., 2020). 

These findings suggest that a task-specific upper-limit in fractional oxygen extraction exists such 

that energy production can only sustain force generation at CF under free-flow conditions (i.e., 

CON). The oxygen delivery limitation posed by blood flow occlusion results in greater reliance 

on the finite reserve of non-oxidative energy stores (i.e., phosphocreatine and muscle glycogen). 

Utilization of these intramuscular energy stores and concomitant accumulation of fatigue-inducing 

metabolites (e.g., Pi and H+) are described by the mathematical curvature constant (W’) of the 

intensity-duration relationship that exists above CP (Monod & Scherrer, 1965; Broxterman et al., 

2015a; Broxterman et al., 2015b; Poole et al., 2016). For clarity, W’ represents the finite amount 

of work that can be accomplished above CP during CWR exercise. Although W’ is the culmination 

of many integrated physiological mechanisms related to the development of neuromuscular fatigue 

(Broxterman et al., 2015c; Zarzissi et al., 2019), it appears certain that oxygen availability (Dekerle 

et al., 2012; Broxterman et al., 2015a; Simpson et al., 2015) and skeletal muscle oxidative 
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efficiency (Murgatroyd et al., 2011; Vanhatalo et al., 2011), together, play a significant role in 

determining its rate of utilization during exercise.  

Although important differences exist (Burnley, 2009), J is the MET-analog to W’ as it 

reflects the summation of force generation performed above CF. Condition-dependent 

relationships between J and neuromuscular fatigue measurements were identified in this study (Fig 

4.5). These findings suggest unique determinants of skeletal muscle performance between CON 

and OCC. However, it is possible that with a larger sample size, additional relationships may have 

been established between J and indices of neuromuscular fatigue (e.g., between JCON and %-change 

in MVC; Fig 4.5A). Further, it is important to consider that JOCC was calculated as the area under 

the force-time curve above OCCEND force and not above a force plateau. Therefore, JOCC does not 

reflect the total severe-intensity force-impulse capacity but only that which was utilized during 

each OCC trial. This method for calculating JOCC allows for comparisons between the total force-

impulse performed and the development of muscle fatigue during each exercise task. The 

predictability of peripheral fatigue development by JCON is consistent with previous findings 

(Broxterman et al., 2015c; Zarzissi et al., 2019) and the notion that severe-intensity exercise 

tolerance is determined primarily by peripheral factors (Fig. 4.5B) (Jones et al., 2008; Burnley et 

al., 2012). Interestingly, JOCC was not associated with the decline in Qpot (Fig. 4.5B), but rather was 

a significant predictor of decline in %VA (Fig. 4.5C). Qpot reached near minimal values at OCCend 

(Fig. 4.5B), likely a consequence of study design i.e., the continuance of exercise until force was 

<15% of Fpeak (Fig 4.1). Considering the STL paradigm, the persistent maximal-effort during OCC, 

despite significantly greater levels of peripheral fatigue development (Fig 4.4B), might predict the 

observed restriction of CMD (indicated by decreased RMS; Fig. 4.3A). It is noteworthy that, while 

%VA was not different between CON and OCC, %VA continued to fall during REP (Fig. 4.4C). 
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This might suggest different time-courses in recovery between peripherally- and centrally-

originating mechanisms of fatigue (Jones, 1996). Similarly, MedPF demonstrated no recovery 

during REP (Fig. 4.3C) suggesting that, in contrast to motor-unit recruitment, action potential 

conduction velocity characteristics remained significantly impaired. The supra-physiological 

inflation of peripheral fatigue during OCC likely explains the significantly greater JOCC compared 

to JCON (Fig. 4.2B). However, the dissociation between peripheral and central recovery-times 

following OCC, and potential relationships with JOCC, require further investigation.  

While heterogeneity of muscle composition (i.e., fiber-type; (Dahmane et al., 2005; Hwang 

et al., 2013)) and recruitment patterns (Hammer et al., 2018) might explain the variability in RMS 

data during CON (Fig. 4.6) and lack of evidence for CMD restriction (discussed above; Fig. 4.3A), 

a clear plateau in end-test force production among all subjects established that CF was, in fact, 

reached (Fig 4.1). Interestingly, pharmacological blockage of skeletal muscle sensory feedback 

does not alter CF (Broxterman et al., 2018). To the contrary, it has been established that vascular 

occlusion reduces the heavy-to-severe intensity threshold below resting metabolic levels (i.e., < 0 

Watts) (Broxterman et al., 2015a). Therefore, vascular occlusion in this study effectively removed 

the possibility to reach an acutely sustainable level of force production during OCC. Nonetheless, 

CMD restriction was observed through reductions in RMS until exercise termination at markedly 

low force values (Fig. 4.3A and Fig. 4.1, respectively). By itself, the reduction in force during 

OCC to below CF is unremarkable. However, the rapid recovery of force production during REP 

to CF-like values within ~20-25 s is particularly noteworthy (Fig 4.1). Interestingly, while brachial 

artery blood flow has been demonstrated to peak within ~10 s after cuff-release during a vascular 

occlusion test (Joannides et al., 1995; Bopp et al., 2014; Didier et al., 2020), the time courses for 

post-occlusive microvascular hyperemia (Didier et al., 2020) and tissue oxygenation (Bopp et al., 
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2011) of the forearm appear similar to the rise in force production from the present study. Together, 

these data suggest that microvascular oxygen availability may be a primary determinant of muscle 

force-generating capacity. Additionally, recovery of peripheral fatigue (Fig. 4.4B), but not central-

fatigue (Fig. 4.4C), and re-activation of muscle motor units (Fig. 4.3A) during REP, combined 

with CF-like maximal force-output, suggest that CF reflects an oxygen delivery dependent balance 

between motor-unit activation and peripheral fatigue development.  

 

Experimental considerations 

 Conclusions from this study are based upon data collected during isometric small muscle-

mass exercise. Although it can neither be confirmed nor refuted based on the findings of this study 

alone, the oxygen-dependency of the STL appears to be exercise modality (whole-body vs. small 

muscle-mass) and intervention (manipulation of arterial oxygen content vs. blood flow) specific 

(Amann et al., 2006; Broxterman et al., 2015c). While whole-body exercise is certainly more 

generalizable to real-world scenarios, small muscle-mass exercise is advantageous for establishing 

relationships between neuromuscular fatigue and muscle activation. Specifically, well-controlled 

muscle electrical stimulation protocols used for neuromuscular function testing can elicit only 

simple, single-joint movements (e.g., handgrip and knee-extension). Therefore, indices of fatigue 

development (e.g., decline in Qpot) can only reflect changes in a relatively small group of muscles. 

Additionally, EMG measurements aim to capture muscle activation levels of individual muscles. 

Thus, relationships between EMG and neuromuscular fatigue measurements via electrical 

stimulation are better suited for single-joint exercise. Further, isometric protocols facilitate rapid 

neuromuscular function measurements compared to dynamic protocols which require a time delay 



95 

for electrical stimulation setup. Therefore, this study utilized an isometric exercise protocol to 

better characterize the end-exercise condition of the muscle. 

 

 

Conclusions 

 This study provides additional evidence that the determination of CF is orchestrated by 

oxygen-delivery dependent mechanisms related to fatigue-induced restriction of CMD. 

Specifically, parallel changes in force production, peripheral fatigue development, and motor-unit 

activation during complete blood flow occlusion and vascular reperfusion suggest that CF reflects 

an oxygen-delivery dependent balance between motor-unit activation and peripheral fatigue 

development. Additionally, the relationships elucidated by this study suggest that motor-unit 

activation is significantly related to peripheral fatigue development only under normal 

physiological conditions and that vascular occlusion results in maximal levels of peripheral fatigue 

development independent of muscular activation level. Further, this study established that 

mechanisms which determine the total force-producing capacity of exercising skeletal muscle are 

significantly altered during blood flow occlusion. These findings may have wide-spread 

implications for exercise tolerance in patient populations who experience partial vascular 

occlusion or altered neuromuscular reflexes.   
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Figure 4.1 Mean force profile for each maximal-effort test (MET). 

Critical force (CF) was determined as the average force production during the final 10 contractions 

(30 s) of the control (CON) MET (see inset). Values are means ± SE. Different symbols (α, β, γ) 

reflect significant differences among time-points (p < 0.001). Force was significantly reduced 

during occlusion (OCC) compared to CON. Note no significant difference in force production 

during the final 10 contractions (30 s) between CON and reperfusion (REP) (see inset).   
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Figure 4.2 Total force impulse (J) for each maximal-effort test (MET). 

J was calculated above critical force (CF) during control (JCON) and above end-occlusion (OCCend) 

force during occlusion (JOCC) (Panel A). Individual (●) and mean (●) J during control (CON) and 

occlusion (OCC) METs (Panel B). Values are means ± SE.  * Significantly greater than CON (p 

< 0.001). 
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Figure 4.3 Electromyography (EMG) 

data for each maximal-effort test 

(MET). 

Root mean square (RMS; Panel A), 

force/RMS (Panel B), and median power 

frequency (MedPF; Panel C) during 

control (CON) and occlusion and 

reperfusion (OCC/REP) METs. All 

values are means ± SE. Different 

symbols (α, β, γ) reflect significant 

differences among time-points (p < 

0.001). * Significantly greater than CON 

(p < 0.001). 
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Figure 4.4 Neuromuscular function 

data for each maximal-effort test 

(MET). 

Maximal voluntary contraction (MVC; 

Panel A), potentiated twitch force (Qpot; 

Panel B), and percent voluntary 

activation (VA; Panel C) during control 

(CON) and occlusion and reperfusion 

(OCC/REP) METs. All values are means 

± SE. Different symbols (α, β, γ) reflect 

significant differences among time-points 

(p < 0.001). * Significantly less than CON 

(p < 0.001). 
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Figure 4.5 Relationships between J 

neuromuscular function. 

Changes in maximal voluntary 

contraction (ΔMVC; Panel A), 

potentiated twitch force (ΔQpot; Panel 

B), and percent voluntary activation 

(ΔVA; Panel C) during control (● 

CON) and occlusion (○ OCC) as a 

function of J. Dashed lines represent 

significant relationships (p < 0.05) 

within experimental conditions. 
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Figure 4.6 Relationship between peripheral fatigue development and change in motor-unit 

activation level. 

Change in root mean square (ΔRMS) during control (CON), occlusion (OCC), and reperfusion 

(REP) as a function of change in potentiated twitch force (Qpot). Dashed line represents a 

significant relationship within CON (p < 0.05). 
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Chapter 5 - Conclusions 

 

The overall aim of the dissertation was to determine potential contraction-intensity 

dependent alterations in limb blood flow (LBF) and microvascular oxygen delivery and investigate 

the effect of oxygen delivery limitations on neuromuscular function at the heavy-to-severe 

intensity exercise threshold (i.e., critical power/force; CP/CF). It was demonstrated that that LBF 

and microvascular oxygen delivery responses during isometric handgrip exercise reach a 

physiological ceiling above, but not below, CF. Additionally, CF was the highest contraction-

intensity at which this level of microvascular oxygen delivery could acutely sustain maximal-effort 

exercise. Further, we provide evidence limb vascular conductance is limited above, but not below, 

CP during dynamic locomotor-like exercise and demonstrate that these limitations to LBF during 

severe-intensity exercise may result from muscular contraction-induced vascular impedance. 

Finally, we identified fatigue-induced restriction to central motor drive during maximal-effort 

handgrip exercise under the condition of complete LBF occlusion and established that CF 

represents an oxygen delivery-dependent balance between motor-unit activation and peripheral 

fatigue development.  

 Collectively, contraction-intensity dependent limitations in oxygen delivery appear to exist 

during severe-intensity exercise such that progressive metabolite accumulation and the 

concomitant development of peripheral fatigue may result in restrictions to motor-unit activation. 

Importantly, CP/CF is an integrative physiological threshold with multifactorial determinants. 

Thus, while this dissertation provides evidence that muscular contraction-induced limitations to 

oxygen delivery may play a role in determining CP/CF, these conclusions must be considered in 

the context of other important metabolic and neuromuscular mechanisms of exercise tolerance, 
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particularly in diseased or aging populations. The novel findings presented in this dissertation 

significantly contribute to our overall understanding of the integrative physiological determinants 

of oxygen delivery and fatigue development during severe-intensity exercise. Finally, the 

implications of our data for exercise tolerance and may be particularly relevant in patient 

populations that experience pathological limitations to oxygen delivery during exercise (e.g., heart 

failure and peripheral artery disease). 
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