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Abstract

Aim—Doubt still remains as to whether peripheral vascular and skeletal muscle dysfunction
accompanies the compromised cardiac function associated with heart failure with reduced ejection
fraction (HFrEF). The aim of this study was to examine the effect of HFrEF on the haemodynamic
and metabolic responses to exercise with both a large (cycle) and a small [knee extensor (KE)]
muscle mass in comparison with well-matched healthy controls (Ctrls).

Methods—Utilizing blood sampling and thermodilution blood flow measurements, we studied
incremental cycle and KE exercise in 12 patients with HFrEF (ejection fraction: 25 + 3%) and
eight Ctrls.

Results—Incremental cycle exercise in both groups [heart failure with reduced ejection fraction
(HFrEF): 23 £ 1 to 116 + 10; Ctrls: 22 + 1 to 137 £ 5 W] resulted in a similar rise in blood flow
(HFrEF: 1525 + 132 to 4216 + 408; Ctrls: 1774 + 161 to 4713 + 448 mL min~1), oxygen uptake
(HFrEF: 206 + 24 to 586 + 34; Ctrls: 252 + 21 to 747 + 89 mL min~1) and lactate efflux across the
leg (HFTEF: 479 + 122 to 4929 # 1255; Ctrls: 537 + 155 to 5776 + 1010 mM min~1). Vascular
resistance fell similarly in both groups with increasing exercise intensity (HFrEF: 66 + 10 to 24 +
3; Ctrls: 69 + 12 to 24 + 4 mmHg L™1 min~1). Incremental KE exercise also revealed similar
haemodynamic and metabolic responses in both Ctrls and patients.

Correspondence: F. Esposito, MD, Department of Biomedical Sciences for Health, University of Milan, Via G. Colombo 71, 20133
Milan, Italy. fabio.esposito@unimi.it.

Author contributions F. Esposito takes responsibility for all aspects of the reliability and freedom from bias of the data presented and

their discussed interpretation. P. D. Wagner takes responsibility for all aspects of the reliability and freedom from bias of the data
presented and their discussed interpretation. R. S. Richardson takes responsibility for all aspects of the reliability and freedom from
bias of the data presented and their discussed interpretation.

Conflict of interest No conflict of interests to declare.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Esposito et al.

Page 2

Conclusion—Although assessed in a relatively small cohort, these data reveal that, when
compared with well-matched healthy Ctrls, alterations in peripheral haemodynamics and skeletal
muscle metabolism during exercise may not be an obligatory accompaniment to HFrEF.
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Diminished exercise capacity is a cornerstone symptom of HFrEF, as defined by the
American Heart Association (Yancy et al. 2013). This significantly limits physical activity
and impairs quality of life (Drexler et al. 1992). Previously, with a focus upon maximal
exercise, our group has partitioned the contributors to this reduced exercise capacity in
HFrEF and revealed a consistent 25-30% attenuation in both the convective and diffusive
components of O, transport during both cycle and knee extensor (KE) exercise (Esposito et
al. 2010Db). Interestingly, it was later determined that these deficits could be corrected by
exercise training which did not alter peak cardiac output (Esposito et al. 2011). These
findings were consistent whether patients with HFrEF were studied during either large
muscle mass (cycle) or small muscle mass (KE) exercise. This identified an underlying
peripheral O, transport limitation from blood to skeletal muscle in this pathology which is
not simply a consequence of diminished cardiac function, but is likely impacted by
inactivity. Although there is already considerable evidence that HFrEF results in altered
peripheral responses to even submaximal exercise (Wilson et al. 1984a, Sullivan et al.
1989), some methodological concerns continue to cast doubt on whether these observations
are generalizable to all patients with HFrEF and across exercise modalities that have
differing cardiac demands.

Attenuated blood flow to working skeletal muscle in patients with HFrEF has been
recognized in several studies (Wilson et al. 1984a, Sullivan et al. 1989, Isnard et al. 1996,
Magnusson et al. 1997) and is often accompanied by the relatively early increase in blood
lactate concentration (Rubin et al. 1980, Wilson et al. 19844, Sullivan et al. 1989). Indeed,
this apparent hypoperfusion and subsequently greater reliance on anaerobic metabolism
have been suggested to be a primary cause of exercise intolerance in this population (Weber
et al. 1982, Wilson & Ferraro 1983, Sullivan et al. 1989). From these studies, it appears that
an increased peripheral vascular resistance, likely mediated by an exaggerated exercise
pressor reflex in patients with HFrEF (Garry 2011), may be responsible for these findings.
Unfortunately, the interpretation of the exercise pressor reflex and skeletal muscle lactate
production for a given absolute work rate in subject groups with fundamental differences in
physical fitness is problematic and can yield misleading results. Indeed, without significant
effort from the investigators, healthy volunteers are typically far more physically active than
patients with HFrEF and this will undoubtedly affect any comparison of haemodynamic and
metabolic responses to exercise.

Consequently, using direct intravascular measurements, this study was designed to assess
haemodynamics and skeletal muscle metabolism in patients with HFrEF during incremental
exercise in comparison with Ctrls who were well matched, both in terms of physical activity
and in terms of physical characteristics. Additionally, two modes of incremental exercise,
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both a small and a large muscle mass, were employed to assess the impact of varying
metabolic demand on haemodynamic and metabolic responses. Specifically, we
hypothesized that patients with New York Heart Association (NYHA) classes 11 and 111
HFrEF, when compared with well-matched Ctrls, will (i) exhibit little or no difference in the
blood flow response, oxygen uptake (VO,), skeletal muscle lactate production and vascular
resistance in response to incremental cycle exercise and (ii) the similarity between patients
and Ctrls in these haemodynamic and metabolic variables will be even more clear during
incremental KE exercise.

Materials and methods

Subjects

Twelve male patients with HFrEF and eight well-matched Ctrls volunteered and gave
written consent to participate in the study, which had been approved by the University of
California, San Diego, Human Subjects Protection Program. The study complies with the
1974 Declaration of Helsinki and with Title 45, US Code of Federal Regulations, Part 46,
Protection of Human Subjects, Revised 23 June 2005, effective 23 June 2005.

Particular care was taken to match Ctrl participants based upon physical activity, assessed
by both questionnaire [modified Minnesota Leisure Time Physical Activity Questionnaire
(Taylor et al. 1978)] and personal interview, in addition to age, sex and quadriceps muscle
mass. All patients with HFrEF were clinically stable and had symptoms compatible with
NYHA functional classes I1-111 (n =5 and 7, respectively), which equates to Weber VOymax
Class C/B (Weber et al. 1982). Mean left ventricular ejection fraction in the patients with
HFrEF was 25 + 3%. Other than -blockers that were withheld for 48 h prior to the studies,
patient medications were not altered.

Catheter placement and experimental protocol

Upon arrival at the laboratory, a radial arterial and common femoral venous line in addition
to a thermo-couple in the same common femoral vein was placed, as previously described
(Richardson et al. 1995). With catheters in place, both the patients with HFrEF and Ctrls
underwent two exercise tests in a balanced design (cycle and KE), separated by at least one
and half hours for recovery. In each trial, exercise intensity was incremented progressively
every 3 min until exhaustion.

Exercise modalities

Cycle exercise was performed on an electromagnetically braked cycle ergometer (Lode
Excalibur Sport; Quinton Instruments, Groningen, the Netherlands). KE exercise was
performed with the subject seated on an adjustable chair with the ankle of one leg attached
by a rigid bar to a cycle ergometer (Monark, mod. 839E, Vansbro, Sweden), as previously
illustrated (Esposito et al. 2010b, Fig. 1).

Measurements and calculations

Mixed expired O, and CO», expiratory air flow and ECG were continuously recorded and
digitized (Parvo Medics, Salt Lake City, UT, USA). Simultaneous arterial and femoral
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venous blood samples were collected at rest and during the third minute of each incremental
work rate. At each level of work, the following variables were measured: (i) PO,, PCO5, pH
(IL model 1302, pH/blood gas analyser; Instrumentation Laboratories, Milan, Italy),
oxyhaemoglobin saturation, haemoglobin concentration (Hb) (IL 482 co-oximeter) and
lysed whole-blood lactate concentrations (La) (YSI 23L blood lactate analyser; Yellow
Springs Instruments, Yellow Springs, OH, USA) from simultaneous arterial and common
femoral venous blood samples (blood gas values were corrected to the temperature
measured in the common femoral vein) and (ii) common femoral venous blood flow
(thermodilution) and arterial and venous vascular pressures (Andersen et al. 1985).
Technical aspects of these measurements and subsequent calculations have been previously
provided in detail (Knight et al. 1993, Agusti et al. 1994).

Cardiac output—Cardiac output was measured in duplicate at rest and during exercise
using an open-circuit acetylene uptake technique, as described previously (Barker et al.
1999).

Catecholamines—Plasma adrenaline and noradrenaline (Ne) were assayed in duplicate
by the method of Kennedy and Zeigler (Kennedy & Zeigler 1990), and the rate of Ne
spillover was determined, as described previously (Savard et al. 1989), using the following
equation:

Ne spillover=[(Cv — Ca) +Ca (Ee)] «* PF

where Cv and Ca are plasma Ne concentrations in the common femoral vein and radial
artery respectively. Ee is the fractional extraction of adrenaline, and PF is the plasma flow,
determined from blood flow and haematocrit.

Muscle mass—With the use of thigh length, circumferences and skin-fold measurements,
thigh volume was calculated to allow a valid estimate of quadriceps muscle mass, as utilized
previously (Jones & Pearson 1969, Andersen et al. 1985, Esposito et al. 2010a). During
cycle exercise, the amount of working muscle mass was estimated based on the reported
ratio of quadriceps muscle mass to other leg muscles, in a similar fashion as we have
previously described (Richardson et al. 1999a).

Muscle biopsy—On a different day, a percutaneous biopsy of vastus lateralis muscle was
obtained (Bergstrom needle) from all subjects who wished to take part in this component of
the research (nine of the 12 patients with HFrEF and six of the eight Ctrls), as previously
described (Bergstrom 1975).

Histochemistry—Eight-millimetre-thick transverse sections of the muscle biopsy samples
were cut at =24 °C on a cryostat (Jung-Reichert Cryocut 1800) and kept at =20 °C until
histochemical processing, which was performed within a week of sectioning. After 5-min
fixation in a Guth and Samaha fixative at room temperature, sections were incubated at 37
°C for 1 h in lead (Pb)-ATPase staining medium to simultaneously stain for skeletal muscle
fibre types | and Il and capillaries (Rosenblatt et al. 1987).
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Tissue preparation for microscopy—The glutaraldehyde-fixed samples were
completely cut into thin longitudinal strips and processed for electron microscopy as
described previously (Mathieu-Costello 1987). Electron micrographs for morphometry were
taken on 70-mm films with a Zeiss 10 electron microscope (Zeiss, Oberkochen, Germany).

Morphometry—The relative cross-sectional area and number of type | and type Il fibres
were estimated under a light microscope (250x) on histochemical sections by point-counting
using an eyepiece square grid test A100 (Weibel 1979). Capillary density (i.e. capillary
number per fibre cross-sectional area), capillary-to-fibre ratio (i.e. capillary number per fibre
number), capillary number around a fibre and fibre cross-sectional area were measured by
point-counting on 1-um-thick sections examined at a magnification of 400x with a light
microscope. The volume density of mitochondria per volume of muscle fibre was estimated
by point-counting at a final magnification of 49 000x on ultrathin transverse sections.

Statistical analysis

Results

Data were analysed using parametric statistics, following mathematical confirmation of
normal distribution using Shapiro—-Wilk tests. Between-group subject characteristics were
assessed using independent-sample t-tests. Comparisons of patients with HFrEF and control
data collected during both cycle and KE exercise were performed with a two-way [health
status (two levels)] and exercise intensity (four and five levels, cycle and KE exercise,
respectively) avova. Following a significant main effect and/or interaction, paired-sample t-
tests were employed to make post hoc comparisons at each level of the within-subject factor.
Statistical significance was set at a < 0.05. Data are expressed as mean + standard error
(SE).

Assessment of normal distribution and statistical power

The Shapiro-Wilk tests revealed P-values of >0.05; thus, the null hypothesis that the data
were normally distributed was not rejected, and parametric statistics were employed. Post
hoc power analyses of the major statistical comparisons revealed a power of >0.8.

Participants characteristics and medications

There were no statistically significant differences in the level of physical activity or age, sex,
body mass and quadriceps muscle mass between the patients with HFrEF and Ctrls (Table
1). During the incremental cycle exercise, the Ctrls achieved a greater maximal work rate
and a greater VO,max, When expressed in absolute terms or relative to body mass (Table 1).
Additionally, B-type natriuretic peptide (BPN), an indicator of increased ventricular wall
stress related to reduced ejection fraction, was also greater in the patients with HFrEF
compared with the Ctrls. The majority of the morphometric assessments from the muscle
biopsies were not statistically different between groups. The exception to this similarity was
mitochondrial density, which was significantly lower in the patients compared with Ctrls.
The medication regimen of the patients with HFrEF was unaltered for the study except for B-
blockers that were withheld for 48 h prior to testing. None of the Ctrls were currently taking
any medication (Table 2).
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Blood flow, a-vO, difference and VO, during cycle and KE exercise

During cycle exercise, blood flow increased in a similar linear fashion with increasing work
rate in both patients with HFrEF and Ctrls. Ultimately, the Ctrls achieved a higher maximal
work rate and a significantly greater cycle exercise blood flow than the patients (Fig. 1a).
The a-vO, difference during cycle exercise revealed very little increase, if any, across
increasing work rates in patients with HFrEF and Ctrls and was similar between groups (Fig.
1b). VO, during cycle exercise increased in a similar linear fashion with increasing work
rate in both patients with HFrEF and Ctrls. With the attainment of a higher work rate, the
Ctrls achieved a greater VOomax (Fig. 1¢). In essence, the responses to KE exercise, in terms
of blood flow (Fig. 1d), a-vO, difference (Fig. 1e) and VO, (Fig. 1f), were comparable to
the cycle exercise with both groups responding in a very similar fashion across the scope of
work. Again, ultimately, the Ctrls achieved a greater maximal work rate in this exercise
modality than the patients with HFrEF and subsequently a greater blood flow and VOypmax
(Fig. 1d,1).

Mean arterial pressure, Ne spillover and vascular resistance during cycle and KE exercise

During cycle exercise, mean arterial pressure (MAP) increased with increasing work rate in
both patients with HFrEF and Ctrls. Although the Ctrls achieved a greater maximal work
rate, MAP was not higher than that of the patients with HFrEF due to the moderate slope of
the work rate to MAP relationship (Fig. 2a). Despite steadily increasing Ne spillover that
tended to be greater in the patients with HFrEF (Fig. 2c), leg vascular resistance fell with
increasing work rate during cycle exercise in a very similar fashion in both the patients with
HFrEF and the Ctrls (Fig. 2b). Due to the hyperbolic relationship between vascular
resistance and work rate during cycle exercise, vascular resistance was not ultimately lower
in the Ctrls, despite achieving a higher power output (Fig. 2b). In essence, the response to
KE exercise in terms of MAP (Fig. 2d), Ne spillover (Fig. 2f) and vascular resistance (Fig.
2e) were comparable to cycle exercise, with both groups responding in a very similar
fashion across all work rates. Again, although the Ctrls achieved a greater maximal work
rate than the patients with HFrEF, there was not a statistically significant difference in end
exercise MAP, Ne spillover or vascular resistance (Fig. 2d,f,e). Only Ne spillover tended to
be greater at the higher work rate, but, due to large variability, this did not achieve statistical
significance (Fig. 2f).

Skeletal muscle lactate efflux during cycle and KE exercise

During both cycle and KE exercise, skeletal muscle lactate efflux increased with increasing
work rate in a very similar fashion in both patients with HFrEF and Ctrls. Ultimately, the
Ctrls achieved a higher maximal work rate in both exercise modalities and a significantly
greater lactate efflux than the patients (Fig. 3a,b).

Heart rate and cardiac output during cycle and KE exercise

Heart rate (HR) increased with increasing work rate in both patients with HFrEF and Ctrls
during cycle and KE exercise, but was significantly elevated in the patients compared with
Ctrls throughout exercise in both modalities (Fig. 4a,c). Cardiac output increased essentially
linearly, with no difference between patients and Ctrls during both cycle and KE exercise
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(Fig. 4b,d). It should be noted that as a consequence of withholding the patient's B-blocker
therapy, there was a clear increase in the HR achieved during the study-related cycle
exercise testing compared with previous clinical exercise testing of these patients with
HFrEF in the past (from approx. 130 b min~1 to 145 b min™1).

Discussion

Heart failure with reduced ejection fraction is associated with not only compromised cardiac
function, but also peripheral vascular and skeletal muscle dysfunction; however, whether
one should generalize to all patients and all forms of exercise from these latter observations
is still in doubt. Therefore, this study sought to examine the effect of HFrEF on the
haemodynamic and metabolic responses to incremental exercise with both a large (cycle)
and a small (KE) muscle mass and compare the findings with well-matched Ctrls. Despite
having a significantly attenuated maximal work capacity, the major haemodynamic (cardiac
output, blood flow and vascular resistance) and metabolic (VO, and lactate efflux) variables
assessed in patients with HFrEF were remarkably similar to the Ctrls throughout both
incremental cycle and KE exercise. Although assessed in a relatively small cohort, these
data reveal that, when compared with well-matched healthy Ctrls, alterations in peripheral
haemodynamics and skeletal muscle metabolism during exercise may not be an obligatory
accompaniment to HFrEF.

Peripheral haemodynamics in HFrEF

Although a cursory review of the literature can certainly lead to the conclusion that there are
intrinsic abnormalities in skeletal muscle associated with HFrEF that lead to alterations in
vascular resistance and subsequently skeletal muscle blood flow (Wilson et al. 1984a,
Sullivan et al. 1989, Isnard et al. 1996, Magnusson et al. 1997), this is not supported by all
investigations. Indeed, there are several studies that have reported a normal increase in blood
flow to skeletal muscle, upon exertion, in patients with HFrEF (Wiener et al. 1986, Massie
et al. 1988, Arnold et al. 1990, Wilson et al. 1993, Barlow et al. 1998, Shoemaker et al.
1999). This apparently normal response appears to be in the face of a variety of alterations
specific to the vascular/skeletal muscle interface (greater sympathetic vasoconstrictor tone,
decreased capillarity and smaller capillary diameter (LeJemtel et al. 1986, Sullivan et al.
1989, Duscha et al. 1999) which have all been associated with HFrEF. Therefore, currently,
the contribution of these skeletal muscle changes to peripheral haemodynamics during
exercise in HFrEF is not well understood.

It is likely that additional support in the literature for the concept of skeletal muscle-specific
haemodynamic abnormalities in HFrEF may be a consequence of the regular use of whole
body exercise, such as cycling, with the goal of evaluating muscle function (Maltais et al.
1996, 1998, Sala et al. 1999). Ideally, to study the muscle function itself in HFrEF, the
amount of muscle recruited should be small enough that the patient can achieve maximal
muscular work before the influence of central cardiac limitations. Indeed, the original
impetus to perform the current multi-modality study was that a large muscle mass exercise
paradigm in patients with HFrEF may shroud peripheral muscle limitations by the
attainment of a patient's reduced cardiac ceiling, before truly taxing the locomotor muscles.
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The current comparison between patients with HFrEF and carefully selected activity and
age-matched healthy Ctrls reveals remarkably similar blood flow and vascular resistance
responses throughout incremental exercise during both cycle (Figs 1a and 2b) and KE
exercise (Figs 1d and 2e). This is of significant importance because these two exercise
paradigms have very different cardiac demands (Fig. 4), one which challenges maximum
cardiac output in patients with HFrEF (cycle) and one that does not (KE).

The single-leg KE exercise model (Andersen et al. 1985) allows the measurement of O,
supply and utilization to a known mass of active muscle (Richardson et al. 1998a) under
conditions of limited cardiac demand and thus is an ideal exercise paradigm with which to
study the skeletal muscle of patients with HFrEF (Richardson et al. 1999b). Therefore, these
findings, of similar haemodynamic responses in both patients with HFrEF and healthy Ctrls
during both cycle and KE exercise, are of particular interest, as these paradigms, although
having very different central haemodynamic demands, lead to essentially the same
conclusion, normal peripheral haemodynamics in patients with NYHA classes 11 and 111
HFrEF. This conclusion is in agreement with the work of Magnusson et al. (1997) who
studied habitually active patients with HFrEF and healthy individuals solely during one-leg
KE and reported no difference in blood flow at submaximal workloads. However, in
addition to only assessing KE and not cycle exercise in the same individuals, the NE
spillover and lactate efflux data were minimally discussed by the authors. In fact, NE
spillover was only presented in relation to absolute work rate and not relative intensity, as
such an effort-dependent variable should be when two groups differ in terms of maximal
exercise capacity, and thus, the mechanistic insight from that study was limited.

Lastly, it should be noted that previous studies have revealed that the peripheral
consequences of HFrEF are related to the severity of the disease (Wilson et al. 1984b, Copp
et al. 2010); thus, the current data may have been affected by a lack of NYHA class IV
patients. However, in this modern era, a scarcity of NYHA class IV patients is not
uncommon due to the practice of implanting left ventricular assist devices and successful
heart transplantation in such severe patients.

Skeletal muscle metabolism in HFrEF

There are many reports of intrinsic abnormalities in skeletal muscle associated with HFrEF
(Massie et al. 1987, Mancini et al. 1988). Indeed, a variety of alterations specific to skeletal
muscle, such as muscle atrophy, fibre-type changes, reduced mitochondrial enzymes and
decreased mitochondrial volume density (Drexler et al. 1992, Mancini et al. 1992, Massie et
al. 1996, Harrington et al. 1997)(Table 1), have all been recognized in combination with the
already described reduction in the vascular/skeletal muscle interface. In human-based
studies of HFrEF, the most common responses to exercise attributed to metabolic
dysfunction have been an attenuated VO, for a given absolute work rate and a concomitant
increase in lactate efflux from the muscle bed (Wilson et al. 1984a, Sullivan et al. 1989). It
is noteworthy that although the former could be interpreted as an increase in economy,
others have warned that the lower VO, and elevated lactate production are more likely
evidence of an accumulating and accelerated O, deficit leading to premature fatigue (Poole
et al. 2011).
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Much as with the haemodynamic assessments, the current comparisons between patients
with HFrEF and carefully selected activity and age-matched healthy Ctrls reveal a
remarkably similar VO, and skeletal muscle lactate efflux throughout incremental exercise
and this was the case during both cycle (Figs 1c and 3a) and KE exercise (Figs 1f and 2c).
Although not typical of the literature, these observations are internally consistent with
previous interpretations of the finding that, in HFrEF, if VO, is reduced, then skeletal
muscle efflux is reciprocally increased; in our study, there was no difference in either VO,
or lactate efflux between the current patients with HFrEF and Ctrls.

An explanation for the discrepancies between the current data and prior work (Wilson et al.
19844, Sullivan et al. 1989) hinges on two important issues. The first is that the current
study paired patients with HFrEF with equally inactive Ctrls, resulting in more similar
exercise capacities in both groups (Table 1). Intimately related to the first issue is the
second; specifically, previous investigations have failed to adequately recognize that it is not
appropriate to compare skeletal muscle lactate production in two groups with vastly
different exercise capacities at the same absolute work rates. Specifically, any submaximal
effort will always be a far greater relative effort for the group with the lower maximum work
rate and this will stimulate a greater catecholamine release which will promote glycolysis
(predominantly adrenaline via CAMP) and the subsequent production of lactate [lactate
production is not solely reflective of oxygen availability with increasing work rate
(Richardson et al. 1998b, 2001)]. Indeed, there is a strong positive correlation between
adrenaline concentration (and blood lactate concentration) and exercise intensity (Hughson
et al. 1995, Richardson et al. 1998b). Both altitude exposure and following extended bed
rest, where maximum work rate is diminished, are examples of scenarios that lead to
elevated adrenaline levels and subsequently higher lactate concentrations at any given
submaximal absolute work rate (Saltin et al. 1968, Brooks et al. 1991). However, this, as in
HFrEF, should not be considered as evidence of skeletal muscle dysfunction or an intrinsic
abnormality. Rather, what happens in each of these scenarios is that the relative intensity of
exercise is increased and this leads to a catecholamine-mediated increase in lactate
concentration for any given submaximal absolute work rate. In the current study, likely due
to the comparison with the well-matched Ctrls with not too dissimilar aerobic capacities
[Table 1, with this relatively small disparity probably a consequence of the diminished
maximal convective and diffusive components of O, transport associated with HFrEF
(Esposito et al. 2010b)], there was no apparent difference in skeletal muscle lactate efflux,
despite being compared at the same absolute work rate (Fig. 3a,b). Hence, as assessed in this
study, there was no evidence of altered peripheral metabolic dysfunction in these patients
with other significant symptoms of HFrEF.

Skeletal muscle dysfunction vs disuse

Although there is considerable evidence of altered skeletal muscle structure and often
function in HFrEF, an issue that has, somewhat unavoidably, clouded conclusions regarding
such skeletal muscle research is the difference between skeletal muscle dysfunction
(abnormal or impaired function) and disuse. Certainly, patients with HFrEF experience
locomotor muscle disuse as a consequence of their condition, but, especially in the case of
ischaemic cardiomyopathy, inactivity is one likely cause of the pathology itself. In the realm
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of human-based research, where, commonly, activity levels of the most accessible healthy
middle-aged to older volunteers are far from typical of patients with HFrEF, there is a
tendency for studies to magnify the differences between patients with HFrEF by comparing
younger or relatively more physically active age-matched Ctrls (Sullivan et al. 1989, Isnard
et al. 1996), although it must be acknowledged that this was not always the case (Mettauer
et al. 2001, Duscha et al. 2002, Rehn et al. 2012). Thus, the selection of appropriately
inactive Ctrls becomes an essential component of the experimental design of research
focused on the assessment of skeletal muscle function and HFrEF. These findings are in
agreement with other reports in the literature that have examined role of deconditioning in
HFrEF-related myopathy (REFs Mattauer et al. and Rehn et al.) and concluded that
inactivity likely plays a major role in the peripheral changes observed with this pathology.

In the current study, great lengths were taken to exclude any healthy volunteers who, based
upon interview and physical activity questionnaire results, were deemed to be more
physically active than members of HFrEF patient cohort. It should be noted that it was far
more difficult to find Ctrls that fit this criteria and were willing to participate in this complex
study than it was to find patients with HFrEF. The attainment of this goal is supported by the
similar quantitative assessment of physical activity in both patients and Ctrls and the
relatively minimal difference in maximal aerobic capacity (Table 1). This, although certainly
not insignificant, when compared with other work that documented at least 100% difference
or greater in aerobic capacity between patients and Ctrls (Sullivan et al. 1989, Isnard et al.
1996), should be considered relatively minimal. Despite exhaustive efforts to well match the
patients and Ctrls, it should be noted that the morphometric analyses of muscle structure still
revealed tendencies (capillarity) and significant evidence (mitochondrial volume density) in
the patients with HFrEF of exaggerated characteristics associated with greater inactivity
compared with controls (Table 1). However, we still contend that this approach, of activity
matching the patients and Ctrls, contributed significantly to the current finding of extremely
similar peripheral haemodynamic and metabolic responses in the patients with HFrEF and
the well-matched Ctrls.

Experimental considerations

It must be acknowledged that, in terms of this study's failure to observe any evidence of
altered vascular and metabolic responses to submaximal exercise in patients with HFrEF,
this work refutes a relatively large body of prior research. As this study was limited to the
analysis of only 12 male patients with HFrEF and eight well-matched Ctrls, it is
recommended that further studies, preferably, with greater numbers of subjects, be carried
out to confirm or deny these findings. Additionally, the performance of this type of invasive
study, in a sick cohort, with strict exclusion and subject matching criteria, and the
requirement that medications (13-blockers) to be withheld in the eligible patients, was not
without difficulty. As a consequence, this study occurred over a relatively long period of
time, spanning the years 2002—2009. Recognizing the ever-changing standard of care for
patients with HFrEF (e.g. medications), this could also be considered a limitation of the
current investigation.
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Conclusions

Despite having a significantly attenuated maximal work capacity, the major haemodynamic
(cardiac output, blood flow and vascular resistance) and metabolic (VO, and lactate efflux)
variables assessed in this study were remarkably similar in both patients with HFrEF and
Ctrls throughout incremental exercise requiring the use of either a large (cycle) or a small
muscle mass (KE). Although assessed in a relatively small cohort, these data reveal that,
when compared with well-matched healthy Ctrls, alterations in peripheral haemodynamics
and skeletal metabolism during exercise may not be an obligatory accompaniment to HFrEF
and question the importance of the proposed peripheral dysfunction in this population.
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Blood flow, a-vO, difference and VO, during incremental cycle and knee extensor (KE)
exercise in patients with heart failure with reduced ejection fraction (HFrEF) and controls

(Ctrls).
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Mean arterial pressure, vascular resistance and noradrenaline spillover during incremental

cycle and knee extensor (KE) exercise in patients with HFrEF and controls (Ctrls).
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Heart rate, stroke volume and cardiac output during incremental cycle and knee extensor

(KE) exercise in patients with HFrEF and controls (Ctrls). *P < 0.05 HFrEF vs Ctrls.

Acta Physiol (Oxf). Author manuscript; available in PMC 2015 August 18.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Esposito et al.

Table 1

Characteristics of controls (Ctrls) and patients with HFrEF

Ctrls HFrEF
NYHA class - =11
HFrEF aetiology (ischaemic/non-ischaemic) - 111
Sinus rhythm 8/8 12/12
Activity level (range 0-10) 3+1 2+1
Age (years) 52 +2 53+1
Stature (cm) 17712 179+2
Body mass (kg) 88+5 98+6
VOzmax (ML kg™ min1) 212+17  152+11"
BNP (pg mL™) 36+5  1010+126"
Quadriceps muscle-specific data
Quadriceps (one leg) muscle mass (kg) 22+01 22+01
KE exercise VOpmax (ML Min71100g7Y)  211+21 153+13"
Fibre cross-sectional area (um?) 3853+606 3092 + 237
% area of type | fibres 41+4 37+4
% area of type Il fibres 59+4 63+4
Capillary density (capillaries mm™2) 415 + 46 442 +21
Capillary-to-fibre ratio 152+0.10 1.36+0.12
Number of capillaries around a fibre 3.8+0.1 3.3+0.3
Mitochondrial volume density (%) 44+04 33+03°
Lipid droplets volume density (%) 0.30+0.06 0.36 +£0.07

Page 19

NYHA, New York Heart Association; VO2max, maximal oxygen uptake during cycle exercise; BNP, brain-type natriuretic peptide; KE, knee

extensor; HFrEF, heart failure with reduced ejection fraction Data are expressed as mean + SE.

*
P < 0.05 (HFrEF vs Ctrls).
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Table 2

Medication use by controls (Ctrls) and patients with heart failure with reduced ejection fraction (HFrEF)

Ctrls HFrEF
Digoxin 0/8 12/12
Diuretics 0/8 12/12
Long-acting nitrates 0/8 7112
Statins 0/8 6/12
Aspirin 0/8 7112
R-Blockers 0/8 10/12°
Warfarin 0/8 4/12
ACE inhibitors 0/8 9/12
Ca?* channel blockers  0/8 3/12

Data are expressed as mean + SE.

*
Withheld for 48 h prior to the study.
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