1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Physiol. Author manuscript; available in PMC 2021 February 01.

-, HHS Public Access
«

Published in final edited form as:
J Physiol. 2020 February ; 598(3): 599-610. d0i:10.1113/JP279135.

Determinants of the Diminished Exercise Capacity in Patients
with Chronic Obstructive Pulmonary Disease: Looking Beyond
the Lungs

Ryan M. Broxtermanl2, Jan Hoff3, Peter D. Wagner4, Russell.S. Richardson1:2:5
1Department of Internal Medicine, University of Utah, Salt Lake City, Utah

2Geriatric Research, Education, and Clinical Center, VA Medical Center, Salt Lake City, Utah

SDepartment of Circulation and Medical Imaging, Norwegian University of Science and
Technology, Trondheim, Norway

“Department of Medicine, University of California, San Diego, La Jolla, California

SDepartment of Nutrition and Integrative Physiology, University of Utah, Salt Lake City, Utah

Abstract

Peak oxygen uptake (\'/ozpeak), a primary determinant of prognosis, mortality, and quality of life,
is diminished in patients with chronic obstructive pulmonary disease (COPD). Mounting evidence
supports an important role of the periphery, particularly skeletal muscle, in the diminished
Vozpeak with COPD. However, the peripheral determinants of \'/ozpeak have not been
comprehensively assessed in this cohort. Thus, the hypothesis was tested that both muscle
convective and diffusive oxygen (O5) transport, and therefore skeletal muscle peak O, uptake
(VMOZpeak), are diminished in patients with COPD compared to matched healthy controls, even
when ventilatory limitations (i.e. attainment of maximal ventilation) are minimized by using small
muscle mass exercise. Muscle O, transport and utilization were assessed at peak exercise from
femoral arterial and venous blood samples and leg blood flow (by thermodilution) in 8 patients
with severe COPD (FEV+SE = 0.9+0.1 L, 30% of predicted) and 8 controls during single leg
knee-extensor exercise. Both muscle convective O, delivery (0.44+0.06 vs. 0.69+0.07 I/min,
p<0.05) and muscle diffusive O, conductance (6.6+0.8 vs. 10.4+0.9 ml/min/mmHg, p<0.05) were
~1/3 lower in patients with COPD than controls, resulting in an attenuated Vmozpeak in the
patients (0.27+£0.04 vs. 0.42+0.05 I/min, p<0.05). When cardiopulmonary limitations to exercise
are minimized, the convective and diffusive determinants of VMOZpeak, at the level of the skeletal
muscle, are greatly attenuated in patients with COPD. These findings emphasize the importance of
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factors, beyond the lungs, that may ultimately influence this population’s prognosis, mortality, and
quality of life.
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INTRODUCTION

Diminished exercise capacity (i.e. peak O, uptake, VOzpeak) is a defining symptom of
chronic obstructive pulmonary disease (COPD) and a primary determinant of prognosis,
mortality, and quality of life (Maltais et al., 1998; Hajiro et al., 1999; Oga et al., 2003;
Amann et al., 2010; O’Donnell et al., 2014). The traditional explanation for this diminished
Vozpeak is impaired lung function (O’Donnell & Webb, 2008; O’Donnell et al., 2014), but
mounting evidence supports an important role for the periphery. The presence of peripheral
dysfunction with COPD is emphasized by the persistent reduction in VOzpeak even after
lung function is improved (Lands et al., 1999; Amann et al., 2010; Bartels et al., 2011) and
the weak relationship between lung function and \'/ngeak (Jones et al., 1971; Maltais et al.,
1997; Lands et al., 1999). Thus, understanding factors, beyond the lungs, that contribute to
the diminished \'/ozpeak in COPD may, ultimately, promote improvements in patient
prognosis, mortality, and quality of life. It has been difficult, however, to assess peripheral
dysfunction in COPD because of the substantial constraint on \'/ozpeak resulting from the
reduced maximal ventilation due to the mechanical effects of the disease on the lungs and
chest wall.

\'/ozpeak in COPD is determined, at least in part, by O, availability, as increasing O,
transport using hyperoxia or small-muscle mass exercise improves VOzpeak (Richardson et
al., 1999; Richardson et al., 2004). In turn, O, availability is determined by an integrated O,
transport system comprised of ventilation, lung diffusion, muscle circulation, and muscle
diffusion (Figure 1) (Wagner, 1992; Wagner, 1996). Evidence supporting impaired central
O, transport as the primary determinant of the reduced Vozpeak with COPD is
predominantly from two-legged cycle exercise. However, the recruitment of such a large
muscle mass, in the face of marked lung dysfunction, likely masks any peripheral O,
transport dysfunction due to the reduced ventilatory capacity typical of COPD. Maximal
exercise ventilation, as measured during conventional two-legged cycling exercise, is not
reached during maximal single-leg knee-extensor exercise (KE). This is because a much
smaller muscle mass is involved during two-legged cycling (Andersen et al., 1985;
Richardson et al., 1999; Lawrenson et al., 2003). Indeed, maximum ventilation is 20% less
during KE than during two-legged cycle exercise even in patients with severe COPD
(Richardson et al., 1999). Therefore, maximal KE is a strategy to achieve maximal muscle
exercise capacity without being constrained by the limited ability of the patient to ventilate.
Importantly, this allows a greater peak O, delivery and VO, per unit of muscle for KE than
cycle exercise (Richardson et al., 2004). Thus, incremental KE, is an ideal modality to
appropriately assess how peripheral O, transport determines the diminished \'/Ozpeak in
patients with COPD.
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The muscle metabolic reserve capacity during KE in patients with COPD strongly supports
peripheral O, transport as a primary determinant of Vozpeak in this patient population
(Richardson et al., 1999). The peripheral determinants of VOgpeqk can be quantified by
integrating the Fick principle and Fick’s law of diffusion at peak exercise intensities
(Wagner, 1992; Wagner, 1996). This establishes that muscle VO2peak (VMO2peak) is
determined by the interaction between muscle convective O, delivery (QypO>) and muscle
diffusive O, transport (Dy405), dictating O, supply to the capillaries and O, flux to the
muscle, respectively (Figure 1). Importantly, DyO» is strongly related to Vozpeak across
small muscle mass and whole-body exercise modalities in both healthy controls and patients
with compromised central O, transport (Esposito et al., 2011). The skeletal muscle structural
alterations that typically accompany COPD (Jakobsson et al., 1990; Satta et al., 1997; Jobin
et al., 1998; Whittom et al., 1998; Maltais et al., 1999; Richardson et al., 2004; Eliason et al.,
2010) are likely to manifest in the reduction of Q\O,, DyO5, and, therefore, VMozpeak. To
date, however, the effects of COPD on muscle blood flow, O, delivery, and VO, are
equivocal. Blood flow and O, delivery during submaximal KE in patients with COPD have
been documented to be both greater (Richardson et al., 2004) and less (Bronstad et al., 2012;
lepsen et al., 2017) than control subjects, with no differences in VO, between patients and
control subjects. During maximal KE, blood flow, O, delivery, and \'/ozpeak have been
demonstrated to be both not different (Richardson et al., 2004) and less (Bronstad et al.,
2012) than control subjects in patients with COPD. In addition to resolving these findings,
the specific role played by QuO2 and Dy O, in determining VMOZpeak in patients with
COPD remains unknown. Thus, there is a need to quantify the peripheral determinants of
VMozpeak in patients with COPD, which is imperative for effectively guiding therapies to
improve exercise capacity and the accompanying clinical outcomes.

Therefore, this study addressed the importance of peripheral dysfunction in determining
exercise capacity in patients with COPD. We tested the hypothesis that, compared to
matched healthy controls, both QO and Dy,O,, and, therefore, VMOZpeak: assessed during
KE, would be attenuated in patients with COPD, even when central factors, typically
limiting O, availability to the active muscle, are minimized.

METHODS
Ethical Approval

Subjects

The experimental protocol was approved by the University of California San Diego, Human
Research Protection Program (#990152). The protocol conformed to the standards set by the
Declaration of Helsinki, except for registration in a database. Written informed consent was
attained after subjects were informed of the experimental protocol and the potential risks of
participation.

Eight men with severe COPD (FEV1=0.9+0.1 L, 30% predicted) and eight matched healthy
men volunteered for this study. Subject characteristics are presented in Table 1. Patients and
controls were matched for age, sex, height, weight, quadriceps muscle mass, and, especially,
activity level using the Minnesota Leisure Time Physical Activity Questionnaire (Taylor et
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al., 1978; Folsom et al., 1986; Jacobs et al., 1993). Quadriceps muscle mass was measured
using thigh length, circumference, and skin-fold measurements (Andersen et al., 1985;
Lawrenson et al., 2003). For further characterization, subjects performed a preliminary
incremental cycle ergometer exercise test to exhaustion, with pulmonary gas exchange
measurements.

Experimental Protocol

Subjects performed KE seated on an adjustable chair with the ankle of 1 leg attached by a
rigid bar to a cycle ergometer (Andersen et al., 1985; Richardson et al., 1995a). On a
preliminary day, subjects were familiarized with KE to ensure maximal effort was achieved
during the catheter study. For the catheter study, femoral arterial and venous lines were
placed using the Seldinger technique and a femoral venous thermocouple was advanced
through a catheter until 10 cm proximal to the tip of the infusion catheter (Gonzalez-Alonso
et al., 2001). KE work rate was increased to the previously determined maximum, with a
minimum of three stages. Data were obtained at each stage between 2—4 minutes depending
on the exercise intensity, allowing for stead-state when possible (Richardson et al., 2004).

Measurements and Calculations

Iced saline was infused through the femoral venous catheter at flow rates sufficient to
decrease blood temperature at the thermocouple by ~1°C. Infusions were continued for 15—
20 s until femoral vein temperature had stabilized at a lower value. Saline injection rate was
measured by weight change in a reservoir bag suspended from a force transducer, which was
calibrated before and after each experiment. The calculation of quadriceps muscle blood
flow (Qp) was performed on thermal balance principles (Andersen & Saltin, 1985;
Gonzalez-Alonso et al., 2001). Heart rate was measured from a 3-lead electrocardiogram
(Lifepak 9A, Lifeline, Santa Barbara, CA). Femoral arterial and venous blood pressures
were continuously monitored by pressure transducers at heart level (PX-MKO099, Baxter,
Irvine, CA). Mean arterial (MAP) and venous (MVP) pressures were calculated by the
integration of each pressure curve and leg vascular resistance was calculated as (MAP-
MVP)/Qu. Simultaneous arterial and venous blood samples (blood gas values corrected to
the temperature measured in the femoral vein) were collected at rest and maximal exercise
for analysis of: oxygen (PO,) and carbon dioxide (PCO,) partial pressures corrected to
femoral venous temperature, pH, hemoglobin concentration ([Hb], g/dl), %saturation (SaO5)
(1L-683, Clayton, NC), and lysed whole-blood lactate concentrations (YSI 2300 Stat Plus,
Yellow Springs, OH). Oxygen content (ml/dl) was calculated as (1.39 x [Hb] x
%saturation/100 + 0.003 x PO,). All blood sample data were pooled for each subject and the
standard Psq calculated by a least squares method (Kelman, 1966, 1967). Net venous lactate
outflow was calculated as the product of Qyy and venous-arterial lactate concentration.
VMO2peak Was calculated as: VyOzpeak = Qm % (C302-Cy02) and muscle O, delivery
(QmO») was determined as: QpO2 = Qm x C,0,, where C, and C,, are arterial and venous
O, content, respectively. The technical aspects of the study measurements and calculations
have been previously provided in detail (Knight et al., 1993; Agusti et al., 1994). Mean
capillary PO; (PapO2) and DyO5 were calculated as previously described (Roca et al.,
1988; Wagner, 1988, 1992; Knight et al., 1993; Agusti et al., 1994). Dy;O5,, which, as a
lumped parameter, is considered to be constant along the capillary length, encompasses all
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phenomena that facilitate O, unloading at the muscle and is calculated using a numerical
integration technique which varies Dy,O, as an input variable until the primary output of the
integration algorithm, venous PO,, matches the directly measured P,,O, for the directly
measured P,0, and Qp (Wagner, 1988, 1992). The assumptions for this calculation are that
mitochondrial PO, (PnitoO2) is negligibly low at peak exercise (< 3-4 mmHg (Richardson et
al., 1995b)) and, therefore, is taken to be zero due its negligible mathematical influence,
relative to PcapO, (~40-50 mmHg), on the PO, pressure gradient from the capillary to
muscle, and that the only explanation for O, remaining in the femoral venous blood is
diffusion limitation of O, efflux from the muscle microcirculation. Mean capillary PO,
(PcapO2) was determined as the numerical average of all PO, values computed, equally
spaced in time, along the capillary from the arterial to the venous end. These assumption
have been specifically validated in multiple experimental studies (Roca et al., 1988; Hogan
etal., 1991b; Knight et al., 1993; Agusti et al., 1994; Richardson et al., 1998).

Analysis

Least-squares regression provided the slopes and intercepts for variables against work rate.
These intercepts and slopes were then used to test each variable for a statistical difference
between patients with COPD and control subjects with independent samples #tests. At
maximal exercise, variables were tested for a significant difference between groups using
independent samples #tests. Statistical significance was set at p < 0.05 and data are
expressed as mean + SEM.

RESULTS

Subject Characteristics

There were no significant differences in the physical characteristics of the patients and
controls, but, as expected, lung function was significantly impaired in the patients with
COPD (Table 1). The conventional two-legged incremental cycle exercise test to exhaustion
revealed that both peak work rate (4848 vs. 13112 W) and pulmonary \'/ngeak (14.9+£1.6
vs. 20.3£1.8 ml/kg/min) were significantly lower for patients than controls (Table 1).

Peripheral O, transport and utilization during knee-extensor exercise

Throughout the submaximal KE, Qum, QmO», and V05 were not different between the
patients with COPD and control subjects (Figure 2). In contrast, S,0, and the C,0, - C,,0»
difference were lower in the patients throughout the submaximal KE (Figure 2). At peak
work rates, peak heart rate and net lactate efflux during KE were not significantly different
between patients and controls (Table 2). Peak KE work rate and VO, were 50% and 36%
lower, respectively, in patients compared to controls (Table 2). At maximal KE, Qy was
26% lower and C,0, 16% lower in patients compared to controls, and, consequently, QpmO-
(convective O, transport) was 36% lower in the patients (Table 2, Figures 2 and 3). Dy,0, at
maximal KE was 37% lower in patients compared to controls (Table 2, Figures 2and 3). The
C,0,-C, 0O, difference across the exercising quadriceps muscle at maximal KE, a variable
influenced by both convective and diffusive O, transport, was 14% lower in patients
compared to controls (Table 2, Figures 2 and 3).
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DISCUSSION

This investigation provides novel insight into the influence of peripheral dysfunction on
exercise capacity, in terms of skeletal muscle O, transport, in patients with COPD. We found
that, at maximal KE, both muscle convective and muscle diffusive O, transport and,
therefore, \'/Mozpeak, are diminished in patients with COPD compared to activity and
anthropometrically matched control subjects, even when ventilatory limitations to exercise
are minimized. Thus, peripheral dysfunction, at the level of skeletal muscle, attenuates the
peripheral O, transport determinants of VMOZpeak in patients with COPD. These findings
emphasize the importance of factors, beyond the lungs, that influence exercise capacity in
this patient population and may, ultimately, influence the prognosis, mortality, and quality of
life for patients with COPD.

Muscle Convective O, Transport

Despite the reduction in C,05 throughout the submaximal KE, the tendency for a slightly
greater Qp in the patients with COPD resulted in a QpO, that was not different from
control subjects (Figure 2). However, at maximal KE the patients with COPD demonstrated
a marked attenuation in muscle convective O, transport (—36%) compared to controls
(Figures 2, 3, and 4), which was the result of both a lower muscle blood flow (-26%) and a
lower C,0, (-16%) (Table 2). This is consistent with previous evidence of a reduced
convective O, delivery during submaximal exercise in patients with COPD (Medeiros et al.,
2015; lepsen et al., 2017). The lower convective O, delivery, in the current patients, was
primarily the result of a compromised muscle blood flow, likely resulting from multiple
systemic issues related to COPD (e.g. vascular disease, endothelial dysfunction, increased
sympathetic activity). The lower C,0, was primarily the result of a lower hemoglobin
concentration in the patients, rather than from hypoxemia. Indeed, >80% of the difference in
C,0- between patients and controls was accounted for by the difference in hemoglobin
concentration, with the remainder being due to a lower arterial PO,. Such alterations in
hemoglobin can potentially capture a range of prognostic factors, as hemoglobin
homeostasis can be impaired by nutrient deficiency, comorbid disease, and medication, and
is modified by tissue oxygen supply and systemic inflammation, which is associated with
frailty (Toft-Petersen et al., 2016). Historically, polycythemia was considered to be a
common consequence of hypoxemia in COPD, however, more recently, due to oxygen and
bronchodilator therapies, anemia of chronic disease is more commonly associated with
COPD (Kent et al., 2011; Toft-Petersen et al., 2016). The prevalence of anemia in COPD has
been reported to vary from 7.5 to 44%, with evidence of a significant impact on quality of
life, healthcare utilization, and survival (Toft-Petersen et al., 2016). Of note, some degree of
limitation arising from the lung (e.g. Va/Q inequalities, alveolar hypoventilation, etc.) may
have been present during peak exercise in the patients of the current study based on the ~3%
lower S;05, 28 mmHg lower P40, and ~12 mmHg higher P,CO, compared to the control
subjects. However, this only accounted for ~5% of the difference in \'/Mozpeak between the
patients and the control subjects, supporting the minimal influence of pulmonary and
ventilatory limitations when utilizing the KE paradigm. Moreover, a higher P,CO5, per se, is
not always indicative of pulmonary ventilatory limitation, but may reflect the respiratory
control system responding to mechanical and gas exchange signals stemming from the
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lungs/chest wall (mechanical) and blood (gas exchange), and does, therefore, not indicate
whether or not ventilation was mechanically limited. Indeed, VA/Q inequalities will cause an
elevated P,CO, even with normal, unchanged ventilation. The diminished muscle convective
O, transport in the current patients contrasts with our previous study, in which O, delivery
was not different between patients with COPD and control subjects, despite a substantially
lower peak work load (Richardson et al., 2004). Hemoglobin concentration and peak muscle
blood flow were not different between patients and controls in the previous study
(Richardson et al., 2004). Notably, hemoglobin concentration and peak muscle blood flow
were lower in the patients than control subjects in the current study, accounting for ~20%
and ~60% of the lower convective O, transport in the patients, respectively. These
differences in hemoglobin concentration, peak muscle blood flow, and peak muscle
convective O, transport in the patients with COPD between these two studies are likely a
result, and example, of the high degree of heterogeneity in this patient population. Despite
this lack of a difference in O, delivery, the previous study did reveal that Vmozpeak was
dependent on O, delivery in the patients (Richardson et al., 2004), which is consistent with
the findings of the current study regarding muscle convective O, transport. Thus, the current
findings confirm and extend our understanding of muscle convective O, transport as a
critical determinant of the diminished exercise capacity in patients with COPD.

Muscle Diffusive Oy Transport

Muscle diffusive O, transport at maximal KE was substantially diminished (-37%) in the
patients with COPD compared to controls. Recent evidence supports that this was likely not
the result of regional heterogeneity in the matching of perfusion to O, utilization within the
quadriceps muscle (Louvaris et al., 2017). The compromised muscle diffusive O transport
is likely a result of 1) the pernicious effects of COPD on the surface area for gas exchange
through muscle structural alterations (increased proportion of type Il muscle fibers and
decreased muscle-capillary interface (Jakobsson et al., 1990; Satta et al., 1997; Jobin et al.,
1998; Whittom et al., 1998; Maltais et al., 1999; Richardson et al., 2004; Eliason et al.,
2010)) and 2) the lower hemoglobin concentration (Hogan et al., 1991a). Based on the data
from Hogan et al. (Hogan et al., 1991a), the 1.9 g/dl difference in [Hb] between groups in
the current study is estimated to account for 0.6 of the 3.8 ml/min/mmHg (~16%) difference
in D O5. Additionally, microvascular dysfunction (disrupted interaction between red cell
and capillary wall, impaired longitudinal recruitment (Poole et al., 2011)) is also likely to
contribute to the compromised muscle diffusive O, transport. Thus, the current findings
provide novel insight regarding the critical importance of muscle diffusive O, transport in
determining the diminished exercise capacity in patients with COPD, documenting a
compromised ability to move O, from the capillary to the muscle.

The current findings also highlight the important distinction between muscle diffusive O,
transport and the C,0,-C, 05 difference, which is often, incorrectly, utilized to evaluate O,
diffusion. In the current patients, the C,0,-C, O difference was only 14% lower than
controls, while muscle diffusive O, transport was 37% lower (Figure 3). The distinction
between the C,0,-C,O, difference (a consequence of both convective and diffusive O,
transport) and muscle diffusive O, transport (solely a consequence of diffusive movement)
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provides important mechanistic insight into the peripheral determinants of exercise capacity
in patients with COPD.

Integrated determinants of \'/Mozpeak

The principal aim of the current study was to investigate the peripheral convective (bulk
delivery of O,) and diffusive (movement of O, from capillaries to muscle) contributions to
determining the diminished VMozpeak in patients with COPD. The peripheral O, transport
determinants of V\yOxpeak Can be quantified by integrating the Fick principle (VpmOzpeak =
Qm X [C402 - C,02]) with Fick’s law of diffusion (VmOzpeak = DMO2 X [PeapO2 —
PmitoO2]), Where PitoO> can be taken to be zero at peak exercise (Richardson et al., 1995b).
For illustrative purposes (Figure 4), the Fick principle can be integrated with Fick’s law of
diffusion using the proportionality constant (k) between P¢p0, and P,Op, in a model linking
VMmO2peak and PO, (Roca et al., 1988; Wagner, 1992; Wagner, 1996). To quantify the
peripheral O, transport determinants of VOzpeak, it is assumed that O, utilization is limited
by the availability of O, and not by the metabolic capacity of the muscle itself, which is
supported by evidence that the capacity for O, utilization exceeds peripheral O, transport
during KE in patients with COPD. Quadriceps muscle citrate synthase activity, an index of
mitochondrial capacity, was not different between controls and patients with COPD
(Richardson et al., 2004). Estimation of peak quadriceps muscle O utilization (Gifford et
al., 2016), from /n vitro mitochondrial respiration data, in patients with COPD is markedly
greater (>0.40 I/min) than the VMOZpeak in the current patients with COPD (Gifford et al.,
2015; Gifford et al., 2017). Peak work load was 25% greater during KE in hyperoxia (100%
O,) compared to normoxia in patients with COPD (Richardson et al., 1999). Additionally,
the current findings of diminished peripheral convective and diffusive O, transport in
patients with COPD are consistent with previous evidence of a metabolic reserve during KE
in patients with COPD, where, utilizing hyperoxia, augmented O, delivery was accompanied
by a proportional increase in VM02peak (Richardson et al., 2004). Together, these findings
suggest that, in terms of respiratory capacity, the skeletal muscle of patients with COPD is
functionally adequate and that it is the availability of O, (through impairments in both
convective and diffusive transport) that results in impaired VM02peak in this patient
population.

A primary novel finding of the current study was that, despite minimizing cardiopulmonary
limitations with a small muscle mass exercise paradigm, both muscle convective and
diffusive components of peripheral O, transport were attenuated in the patients with COPD,
resulting in a markedly diminished VMozpeak (Figures 2 and 3). During a sufficiently rapid
incremental exercise test, such as the one used this study, primary limitations to peak work
rate are O transport and utilization (Knight et al., 1993; Richardson et al., 1995a; Wagner,
1996; Gonzalez-Alonso et al., 2001). Thus, the similar Q02 and VO, during submaximal
exercise and the diminished muscle convective and diffusive O, transport at maximal
exercise in the patients with COPD compared to control subjects supports COPD-specific
effects on the peripheral determinants of O, transport that limited VMOZpeakv and,
consequently, peak work rate. This is consistent with the improvement in KE VO2peak and
peak work rate in patients with COPD when supplemented with 100% O, (Richardson et al.,
1999). It is interesting, and likely coincidental, that both the convective and diffusive
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components were lower in patients with COPD compared to controls by almost the same
degree, 38 and 37% respectively (Table 2). The integrated nature of muscle convective and
diffusive O, transport can be brought to light using Figure 4 and considering the influence of
each component in isolation. Specifically, either the lower muscle convective O, transport or
diffusive O, transport, alone, would have diminished VMOZpeak by ~25%. Together, one
might then have expected these effects to be additive and result in a 50% lower VOzpeak-
However, interestingly, \'/Mozpeak was lower by only 36% due to the integration of both
components (Figure 4). In combination, these findings emphasize the importance of
peripheral O, transport, within the active skeletal muscle, in determining the diminished
exercise capacity in patients with COPD.

Mechanical Efficiency

It has previously been demonstrated that mechanical efficiency is reduced in patients with
COPD compared to controls (Baarends et al., 1997; Sala et al., 1999; Richardson et al.,
2004). In the current study, V4O, was not different between patients and control subjects
across submaximal work rates (Figure 2). However, when Vmozpeak is considered relative to
peak work rate, the mechanical efficiency was reduced by ~30% in the patients with COPD
(Figure 2). The underlying mechanisms for this reduction in mechanical efficiency, if
consistently present in COPD, are likely related to the energetic cost of muscle contraction,
as patients with COPD demonstrate a 2.2-fold higher ATP cost of muscle contraction
compared to control subjects (Layec et al., 2011; Layec et al., 2012). This is consistent with
the Type Il fiber shift common in these patients, as the energy cost of contraction for these
muscle fibers is three- to four-fold greater than Type I fibers (He et al., 2000). Such a
mechanical inefficiency would support the concept that, despite preserved mechanisms of
energy production, the lower functional capacity of muscle in patients with COPD is
exacerbated by a reduction in mechanical efficiency.

Critical Experimental Design Elements

To properly understand the nature of muscle function in patients with COPD, it is imperative
that 1) appropriate control subjects be selected, beyond matching for age, sex, and stature
and 2) that the muscles studied are not limited by a compromised central cardiopulmonary
capacity. Patients with COPD typically experience long-term locomotor muscle disuse from
diminished activity, and matching controls to these very low levels of physical activity is
imperative. Previous studies have compared patients with COPD to more physically active
control subjects (Maltais et al., 1996; Maltais et al., 1998; Serres et al., 1998), which has
confounded the understanding of disease-related versus disuse-related peripheral alterations.
The evidence for structural and functional changes in the muscle of patients with COPD
(Jakobsson et al., 1990; Satta et al., 1997; Jobin et al., 1998; Whittom et al., 1998; Maltais et
al., 1999; Eliason et al., 2010) may be, in part, explained by comparisons made with
substantially more active control subjects, as such differences are minimized when
appropriate controls are used (Richardson et al., 2004). As with our previous investigation
(Richardson et al., 2004), great effort was taken in the current study to match controls to
both the physical activity and physical characteristics of the patients with COPD. In light of
this, the current findings demonstrate impairments in peripheral convective and diffusive O,
transport associated with COPD, rather than with inactivity alone, that contribute to the
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diminished \'/Mozpeak. Additionally, minimizing ventilatory limitations (i.e. attainment of
maximal ventilation) with a small muscle mass exercise paradigm is important because it
unbridles the exercising muscle, facilitating much higher levels of O, utilization than during
large muscle mass exercise (Richardson et al., 2004). Despite this, the patients with COPD
still attained a peak work rate ~50% lower than controls. While VMOZpeak: and its peripheral
determinants, being reduced concomitantly with peak work rate is at first intuitive, the
mechanistic importance of this can be appreciated by considering the limitations to peak
work rate in this context. During a sufficiently rapid incremental exercise test, primary
limitations to peak work rate and \‘/Mozpeak are oxygen transport and utilization (Knight et
al., 1993; Richardson et al., 1995a; Wagner, 1996; Gonzalez-Alonso et al., 2001). The lower
work rate obtained by the patients, thus, reveals the direct impact of the compromised
peripheral determinants of O, transport in determining the diminished VMOZDeak in patients
with COPD.

Clinical Implications

The insight provided by this investigation highlights the importance of peripheral skeletal
muscle dysfunction in patients with COPD. Clinically, this insight can be utilized to better
optimize therapies and treatments for improving exercise capacity, and the associated
clinical outcomes, in patients with COPD. Activation of group I11/1V afferents within the
active muscles during whole body exercise in patients with COPD increases the ventilatory
response and dyspnea, which compromises VOzpeak and exercise tolerance (Gagnon et al.,
2012). The compromised peripheral O, transport reported in the current study for patients
with COPD would, therefore, not only diminish exercise capacity directly, but also,
indirectly, by increasing the ventilatory response and dyspnea. Thus, therapies or treatments
that augment muscle convective and diffusive O, transport would not only increase exercise
capacity, but also decrease the ventilatory response and dyspnea during exercise in patients
with COPD. The current findings are congruent with the previously documented benefit of
O, supplementation on exercise capacity in patients with COPD (Richardson et al., 1999),
and support this as a continued therapy. It is important to recognize, however, that the
benefits of acute O, supplementation alone are likely significantly inhibited by the existing
peripheral maladaptations which will continue to compromise peripheral O, transport.
Additionally, chronic use of a high inspired O, concentration may augment oxidative stress.
Thus, therapies and treatments targeting the underlying mechanisms for the compromised
convective and diffusive O, transport are likely to yield greater improvements in exercise
capacity in these patients. One such therapy is small muscle mass exercise training (e.g. KE
training). Critically, KE training improved whole-body cycling VOzpeak in patients with
heart failure in spite of no improvement in central O, transport (Esposito et al., 2011). This
improvement in whole-body cycling Vngeak occurred by augmenting peripheral convective
and diffusive O, transport, with a strong, linear relationship between Dy05 and VOzpeak
across exercise modalities (Esposito et al., 2011). This concept is particularly relevant for
patients with COPD where cardiopulmonary improvements may be limited and many of the
peripheral factors that were enhanced by KE training are diminished (i.e. muscle fiber cross-
sectional area, capillary-to-fiber ratio, and number of capillaries around the muscle fiber).
Consistent with this premise, single-leg endurance exercise training (i.e. KE or cycling) has
been demonstrated to be highly efficacious in terms of improving exercise capacity in
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patients with COPD (Dolmage & Goldstein, 2008; Bronstad et al., 2012), however, the
effects on peripheral O, transport remain to be assessed. Other therapies, such as dietary
nitrates (Zamani et al., 2015), aimed at augmenting peripheral O, transport may also
effectively improve exercise capacity in patients with COPD. As with any study in COPD, it
is important to consider that the high degree of heterogeneity in this patient population may
limit the complete translation of the study findings to all patients. Hemoglobin concentration
is one example of this heterogeneity. Hemoglobin concentration was low in the patients with
COPD in the current study, but this does not appear to have been the primary reason for the
diminished convective O2 transport in this group. In previous studies, convective O2
transport at maximal small muscle mass or whole body exercise has been both not different
and lower than controls for patients with COPD with normal hemoglobin concentrations
(Maltais et al., 1998; Simon et al., 2001; Richardson et al., 2004). Future, large-scale, studies
are needed to assess the influence of the high degree of heterogeneity in COPD on the
determinants of exercise capacity in this population. Overall, the findings of this study
provide novel insight into important clinical targets to better optimize therapies and
treatments for improving exercise capacity, and the associated clinical outcomes, in patients
with COPD.

The current study provides novel mechanistic insight regarding the peripheral O, transport
determinants of the diminished exercise capacity in patients with COPD. These findings
document that, at maximal KE, both muscle convective and diffusive O, transport and,
therefore muscle peak O, uptake, are compromised in patients with COPD compared to
activity and anthropometrically matched control subjects, even when ventilatory limitations
are minimized by a small muscle mass exercise paradigm. Thus, O, transport dysfunction, at
the level of the active skeletal muscle, greatly attenuates peripheral O, transport and,
therefore, exercise capacity in patients with COPD. These findings emphasize the
importance of factors, beyond the lungs, that influence exercise capacity and may,
ultimately, influence the prognosis, mortality, and quality of life for patients with COPD.
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KEY POINTS

Peak oxygen uptake, a primary determinant of prognosis, mortality, and
quality of life, is diminished in patients with COPD, with mounting evidence
supporting an important role for peripheral dysfunction, particularly within
skeletal muscle.

In patients with severe COPD and activity-matched controls, muscle oxygen
transport and utilization were assessed at peak effort during single-leg knee-
extensor exercise (KE), where ventilation is assumed to be submaximal. This
strategy removes ventilation as the major constraint to exercise capacity in
COPD, allowing maximal muscle function to be attained and evaluated.

During maximal KE, both convective arterial oxygen delivery to the skeletal
muscle microvasculature and subsequent diffusive oxygen delivery to the
mitochondria were diminished in patients with COPD compared to control
subjects.

These findings emphasize the importance of factors, beyond the lungs, that
influence exercise capacity in this patient population and may, ultimately,
influence the prognosis, mortality, and quality of life for patients with COPD.

J Physiol. Author manuscript; available in PMC 2021 February 01.




1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Broxterman et al.

Page 17

THE O, TRANSPORT SYSTEM IN COPD
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Figure 1. Schematic of the O, transport system in COPD.
An illustration of the principal structures (lungs, heart, blood, circulation, and muscles) and

associated functions (ventilation, lung diffusion, muscle circulation, and muscle diffusion)
integrated in the transport of O, from air to muscle. Patients with COPD demonstrate
characterized central O, transport dysfunction (i.e. ventilation and lung diffusion), which has
been considered the primary mechanism responsible for the diminished exercise capacity in
these patients. Importantly, previous studies have predominantly utilized exercise modalities
that recruit a large muscle mass in the face of the marked lung dysfunction in patients with
COPD (e.g. cycle ergometry), which would accentuate the influence of central O, transport
on exercise capacity, while masking peripheral dysfunction. However, peripheral O,
transport (i.e. muscle circulation and muscle diffusion) has yet to be comprehensively
assessed in patients with COPD, when the central cardiopulmonary limitations to exercise
capacity are minimized. Such an assessment is essential for a better understanding of the
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functional consequences of peripheral maladaptations with COPD and the identification of
novel therapeutic targets, beyond the lungs, ultimately, facilitating the optimization of
treatment and improving exercise capacity in patients with COPD.
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Figure 2. Peripheral O3 transport and utilization during graded small muscle mass exercise
A comparison of leg blood flow (Panel A, Qp), muscle oxygen uptake (Panel B, V\O,), the

arterial-venous O, content difference (Panel C, C,0, - C,,0,), muscle oxygen delivery
(Panel D, Qu05), and arterial oxygen saturation (Panel E, S;0,) assessed during graded
knee-extensor exercise in patients with chronic obstructive pulmonary disease (COPD) (n =
8) and control subjects (n = 8). Data are presented as mean £ SEM. * significantly different
from control subjects at peak work rates. T significantly different y-intercept from control
subjects.
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Figure 3. Peripheral O transport and utilization at peak small muscle mass exercise
A comparison of O, transport and utilization parameters assessed at maximal knee-extensor

exercise in patients with chronic obstructive pulmonary disease (COPD) (n = 8) and control
subjects (n = 8). Control data have been normalized to 100% as a point of reference for data
collected in the patients with COPD. C,0, — C,/O,, arterial-venous O, content difference;
DpmO,, quadriceps muscle O, diffusional conductance; V4O,, quadriceps muscle O, uptake;
QmO», quadriceps O, delivery. Data are presented as mean + SEM. 1 significantly different
from control subjects (p < 0.05).
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Figure 4. Convective and diffusive components of peripheral O2 transport at peak small muscle
mass exercise

An illustration of the peripheral O, transport determinants of muscle peak O, uptake
(VMOZpeak) in both patients with chronic obstructive pulmonary disease (COPD) (n = 8) and
control subjects (n = 8) during single leg knee-extension exercise. The Fick principle
(convective O, transport, sigmoidal lines) and Fick’s law of diffusion (diffusive O,
transport, linear lines) are integrated in a model linking \'/Mozpeak and venous O, partial
pressure (P,0>). It is the intersection of the convective and diffusive O, transport
components that dictates the \‘/Mozpeak for each group. This model clearly depicts that the
~36% lower \'/Mozpeak in the patients with COPD compared to the control subjects was the
result of both a *36% lower muscle O delivery (QmO2) and ~36% diffusional conductance
(DpmO5). Importantly, this model emphasizes the integrated nature of VMOZpeak, asitis
evident that an independent change in either QpO, or DO, would have resulted in a
substantially smaller alteration (*25%) in Vmozpeak in the patients with COPD.
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Subject Characteristics

Table 1.

COPD Control
Age (years) 66 + 4 67 £2
Height (cm) 172 +20 174 +20
Body mass (kg) 74+3 77+5
Quadriceps muscle mass (kg) 2.1+0.1 22+01
Body mass index (kg/m?) 25.2+1.3 252+12
Cycle VOypear (Ml/min/kg)  14.9+ 1.6 203+187
FEV1(L) 09+0.1 22+037"
FEV/FVC (%) 39+2 79 +37

Values are reported as mean + standard error.

fsignificantly different from Control (p < 0.05).
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Table 2.

Blood flow, hematologic, and metabolic responses to maximal single leg knee-extensor exercise in patients
with COPD and matched healthy controls

COPD Control

Work (Watts) 12+2 2447
Qm (Fmin)  2.45+0.23 332+0327

OmO; (Umin)  0.44 +0.06 0.69£0.077

VO, (I/min)  0.27 +0.04 0.42+0.057

pHa  7.34+0.02 7.38+0017

pHy 7.20+0.02 7.23+0.01
[HbJow (g/dl) 13204 151067
C,0, (mlidl)  17.7+0.8 21.0+087
C,0, (mlidl)  6.8+0.9 83+067
POz (MmHg)  88+13 116 £ 37
P,O, (MmHg) 25+1 28+27
P,CO, (MMHg)  43+4 31 +47
P,CO, (mmHg) 6745 6137
S:02 (%) 951 98=+07"
S,0, (%)  36+4 39+3
MAP-MVP (mmHg) 109 + 4 191477
Heart rate (bpm) 104 +6 112+ 4
DO, (ml/min/mmHg) 6.6+ 0.8 1042097
PcapO2 (MmHg) 36+1 46 £ 2
Net venous lactate outflow (mmol/min) 3.1+05 46+1.1

Values are mean + SE. QM, Quadriceps muscle blood flow; Q\O2, quadriceps muscle O2 delivery; VpMO2, quadriceps muscle 02 consumption;
pHa, arterial pH; pHy, venous pH; [Hbltotal, total hemoglobin; Cq02, arterial O2 content of blood; CyO2, venous O2 content of blood; P02,
partial pressure of arterial O2; PyyO2, partial pressure of venous O2; PaCO2, partial pressure of arterial CO2; PyCO2, partial pressure of venous
CO2; Sa02, arterial O2 saturation; SyO2, venous O2 saturation; MAP, mean arterial pressure; MVP, mean venous pressure; DpO2, 02
diffusional conductance; PcapO2, mean capillary partial pressure of O2;

fsignificantly different from Controls (p < 0.05).
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