1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Int J Cardiol. Author manuscript; available in PMC 2017 May 15.

-, HHS Public Access
«

Published in final edited form as:
Int J Cardiol. 2016 May 15; 211: 14-21. doi:10.1016/j.ijcard.2016.02.139.

Impaired Skeletal Muscle Vasodilation during Exercise in Heart
Failure with Preserved Ejection Fraction

Joshua F. Lee, Ph.D.1}2, Zachary Barrett-O’Keefe, Ph.D.2:3, Ashley D. Nelson, M.D.1, Ryan S.
Garten, Ph.D.1:2, John J. Ryan, M.D., FACC, FAHA4, Jose N. Nativi-Nicolau, M.D.4, Russell S.
Richardson, Ph.D.12:3 and D. Walter Wray, Ph.D.1.2:3

1Department of Internal Medicine, University of Utah, Salt Lake City, UT
°Geriatric Research, Education, and Clinical Center, VA Medical Center, Salt Lake City, UT
SDepartment of Exercise & Sport Science, University of Utah, Salt Lake City, UT

4Division of Cardiovascular Medicine, Department of Medicine, University of Utah, Salt Lake City,
uT

Abstract

Background—Exercise intolerance is a hallmark symptom of heart failure patients with
preserved ejection fraction (HFpEF), which may be related to an impaired ability to appropriately
increase blood flow to the exercising muscle.

Methods—We evaluated leg blood flow (LBF, ultrasound Doppler), heart rate (HR), stroke
volume (SV), cardiac output (CO), and mean arterial blood pressure (MAP,
photoplethysmography) during dynamic, single leg knee-extensor (KE) exercise in HFpEF
patients (7= 21; 68 + 2 yrs) and healthy controls (7= 20; 71 £ 2 yrs).

Results—HFpEF patients exhibited a marked attrition during KE exercise, with only 60% able to
complete the exercise protocol. In participants who completed all exercise intensities
(0-5-10-15W; HFpEF, n=13; Controls, n= 16), LBF was not different at OW and 5W, but was
15-25% lower in HFpEF compared to controls at 10W and 15W (£ < 0.001). Likewise, leg
vascular conductance (LVC), an index of vasodilation, was not different at 0W and 5W, but was
15-20% lower in HFpEF compared to controls at 10W and 15W (£ < 0.05). In contrast to these
peripheral deficits, exercise-induced changes in central variables (HR, SV, CO), as well as MAP,
were similar between groups.

Conclusions—These data reveal a marked reduction in LBF and LVVC in HFpEF patients during
exercise that cannot be attributed to a disease-related alteration in central hemodynamics,
suggesting that impaired vasodilation in the exercising skeletal muscle vasculature may play a key
role in the exercise intolerance associated with this patient population.
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INTRODUCTION

In the U.S. alone, heart failure (HF) afflicts over 5 million people (1) and places a
considerable burden on the health care system, at a cost exceeding $30 billion annually (2).
Although HF has traditionally been associated with reduced ejection fraction (HFrEF),
greater than one-half of HF patients actually exhibit normal or “preserved” ejection fraction
(HFpEF) (3,4). Interestingly, the prognosis for HFpEF patients is similar to that of HFrEF,
(3,5), but in contrast to HFrEF, there is no optimal treatment strategy for HFpEF patients
(6,7), and there have been no improvement in clinical outcomes in this cohort over the past
two decades (5). Given that the prevalence of HFpEF continues to rise at a rate of 1% per
year relative to HFrEF (5), this represents an ever-increasing public health issue.

Severe exercise intolerance is a hallmark symptom of HF, and previous studies have
documented similar magnitudes of exercise intolerance in HFpEF and HFrEF (8); however,
unlike HFrEF, the mechanisms underlying exercise intolerance in HFpEF have not been
thoroughly investigated (9). Clearly, cardiac abnormalities including increased left
ventricular stiffness and the associated elevation in chamber filling pressures (10,11) may
contribute to the symptoms of exercise intolerance in HFpEF (12), particularly during whole
body dynamic exercise (13). However, a growing number of studies have reported minimal
impairments in central hemodynamics during exercise in HFpEF, implicating peripheral,
non-cardiac mechanisms as important contributors to exercise intolerance in this cohort
(14-16). Indeed, there is emerging evidence supportive of disease-related changes in skeletal
muscle fiber type composition and resultant alterations in muscle function in HFpEF patients
(14,15), in line with the proposed systemic nature of HFpEF pathophysiology. In addition,
exercise training studies have reported improvements in peak O, consumption in the absence
of changes in central hemodynamics in HFpEF (17,18), further illustrating the extent to
which non-cardiac mechanisms may contribute to exercise intolerance in this cohort.

Considering this evidence of peripheral dysfunction in HFpEF, it is somewhat surprising
how few studies to date have examined disease-related changes in the regulation of skeletal
muscle blood flow during exercise. Puntawangkoon et a/. (19) observed a reduction in
superficial femoral artery blood flow upon cessation of supine cycling exercise in HFpEF
patients compared to controls despite similar flow in the ascending and descending aorta,
suggesting impaired distribution of cardiac output (CO) in the HFpEF group. More recently,
Borlaug et al. (20) reported an impaired reduction in systemic vascular resistance during
submaximal cycling exercise in HFpEF patients compared to hypertensive control patients,
suggesting a disease-related change in “vasodilatory reserve”. However, to our knowledge,
no studies to date have attempted direct measurements of blood flow in the exercising
muscle of HFpEF patients.

Also noteworthy is the fact that each of these previous studies (19,20) utilized cycle
ergometry exercise, a modality that induces significant cardiopulmonary stress and therefore
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makes difficult the task of isolating central and peripheral contributions to perfusion of the
exercising limbs. This limitation may be overcome through use of knee-extensor (KE)
exercise, a small muscle mass model that does not provoke significant cardiopulmonary
stress (21). While members of our group (22-24) and others (25,26) have utilized KE
exercise to examine the regional regulation of exercising leg blood flow in HFrEF, this
exercise model has not been employed to examine peripheral hemodynamics in the HFpEF
patient population. In view of the well-defined relationship between blood flow, O, uptake,
and exercise capacity (27,28), disease-related changes in the regulation of skeletal muscle
blood flow may be an important contributor to exercise intolerance in this patient group.

Therefore, using the small muscle mass KE exercise paradigm, we sought to evaluate
exercise-induced changes in central and peripheral hemodynamics in HFpEF patients
compared to healthy controls. We hypothesized that exercise-induced increases in cardiac
output would be similar between groups, but that vasodilation in the active skeletal muscle
would be attenuated in HFpEF patients compared to controls. If proven correct, such
findings could have significant implications for our understanding of exercise intolerance in
this growing patient population.

HFpEF patients were recruited from the HF clinics at the University of Utah and the Salt
Lake City Veterans Affairs Medical Center (VAMC), and healthy controls were recruited
from the greater Salt Lake City community. Patient inclusion criteria were consistent with
the TOPCAT trial (29), which is as follows; (1) HF defined by the presence of =1 symptom
at the time of screening (paroxysmal nocturnal dyspnea, orthopnea, dyspnea on exertion)
and 1 sign (edema, elevation in jugular venous distention) in the previous 12 months; (2)
LVEF =45%; (3) controlled systolic blood pressure; and (4) either =1 hospitalization in the
previous 12 months for which HF was a major component of hospitalization, or B-type
natriuretic peptide (BNP) in the previous 60 days =100 pg/mL. Exclusion criteria for the
HFpEF group included significant valvular heart disease, acute atrial fibrillation, body mass
index (BMI) >45, and any orthopedic limitations that would prevent performance of KE
exercise. For the control group, participants were not taking any prescription medications
and were free of overt cardiovascular disease, as indicated by a health history. All
participants were non-smokers. All procedures were approved by The University of Utah
and the Salt Lake City VAMC Institutional Review Boards, and studies were performed at
the VA Salt Lake City Geriatric Research, Education, and Clinical Center in the Utah
Vascular Research Laboratory.

On the experimental day, participants reported to the laboratory approximately 8 hours
postprandial, and a fasting glucose and lipid panel was performed on blood drawn from an
antecubital vein in all participants using standard methods. Data collection took place in a
thermoneutral environment with participants in the semi-recumbent position (~60° reclined).
A subset of patients (7= 10) returned to the laboratory within two weeks of the experimental
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day for 6-min walk (6MW) test (30) and gait speed (31) assessments to characterize
functional capacity. The 6MW has been shown to predict survival and peak O, consumption
in heart failure patients (30), and gait speed is associated with survival in aged humans (31).

Knee-Extensor Exercise—The KE exercise paradigm utilized in this investigation has
been described previously in detail (21,32,33). Briefly, participants sat in a semi-recumbent
position on an adjustable chair in front of a modified cycle ergometer (model 828E; Monark
Exercise AB, Vansbro, Sweden). A custom made metal boot, connected by a metal bar to the
crank arm of the ergometer, held the subject’s foot and lower leg, enabling participants to
turn the crank of the ergometer by extending their leg. Resistance was applied directly to the
flywheel to elicit incremental work rates [0 (i.e. unweighted), 5, 10, and 15 W, 1 Hz].
Participants exercised for 3 min at each level, and each exercise bout was separated by a 3
min recovery period.

Measurements

Ultrasound Doppler—BIlood velocity and vessel diameter of the common femoral artery
were determined in the exercising leg using a Logiq 7 ultrasound Doppler system (GE
Medical Systems, Milwaukee, WI). The artery was insonated 2 to 3 cm proximal to the
bifurcation of the superficial and deep branches. Blood velocity was collected at a Doppler
frequency of 5 MHz in high-pulsed repetition frequency mode (2 to 25kHz). Sample volume
was optimized in relation to vessel diameter and centered within the vessel. Vessel diameter
was obtained during end diastole (corresponding to an R wave documented by the
simultaneous ECG signal; Logic 7) using the same transducer at an imaging frequency
ranging from 9 to 14 MHz. An angle of insonation of < 60 degrees (34) was achieved for all
measurements. Commercially available software (Logic 7) was used to calculate arterial
diameter as well as angle-corrected, time-averaged, and intensity-weighted mean blood
velocity (Vjpean). LBF was calculated with the formula: LBF (ml/min) = (Vj;e4, * 1 (vessel
diameter/2)2 x 60) and leg vascular conductance (LVC) was calculated as: LVC (ml/min/
mmHg) = LBF / mean arterial pressure (MAP).

Central Cardiovascular Variables—Heart Rate (HR) was monitored continuously from
a standard three-lead ECG recorded in duplicate on the data acquisition device (Biopac,
Goleta, CA, U.S.A)) and the Logiq 7. HR and beat-to-beat arterial blood pressure was
determined non-invasively using photoplethysmography (Finapres Medical Systems BV,
Amsterdam, The Netherlands). Using the arterial waveform, SV was calculated using the
Modelflow method (Beatscope version 1.1; Finapres Medical Systems BV, Amsterdam, The
Netherlands) (35), which has been documented to accurately track SV during a variety of
experimental protocols, including exercise (36-39). In heart disease patients, this
methodology has been shown to accurately track changes in cardiac output in <95% of cases
when compared to the conventional thermodilution technique (40). MAP was calculated as:
MAP (mmHg) = diastolic arterial pressure + (pulse pressure - 0.33). CO was calculated as:
CO (L/min) = SV x HR. Using the Du Bois formula, body surface area (BSA) was
calculated as: BSA = 0.007184 x Weight (W)0425 x Height (H)%-725. Using BSA, stroke
index (SI) and cardiac index (CI) were calculated as: SI (ml/min/m?) = SV / BSA and CI
(L/min/m2) = CO / BSA.
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Physical Activity—Daily physical activity was assessed in a subset of patients (7= 10)
and healthy controls (7= 11) with an accelerometer (GT1M; Actigraph, Pensacola, FL) that
participants wore continuously for 7 days. Previous work has demonstrated that this
accelerometer is accurate and provides a reliable estimation of daily physical activity
(41,42).

Data Analysis and Statistical Approach—All statistical analysis was performed using
commercially available software (SigmaStat 3.10, Systat Software, Point Richmond, CA). A
Student’s unpaired #test was used to determine mean differences for subject characteristics
and resting cardiovascular and hemodynamic variables, and a two-way ANOVA was used to
compare differences between groups across exercise intensities. When a significant main
effect was observed, a Holm-Sidak post hoc analysis was performed. Group data are
presented as mean + SEM, and exact A-values are reported unless otherwise noted.

Subject Characteristics

Anthropometric data and general characteristics for both patients and controls are shown in
Table 1. Patients and healthy controls were well-matched for age and sex. HFpEF patients
were similar in stature, but had both a greater body mass and a body mass index compared to
healthy controls. Disease-specific characteristics as well as pharmacological therapeutic
information for the HFpEF patients are shown in Table 2. The patients displayed
characteristics common to the HFpEF phenotype including advanced age, obesity, diabetes,
and exercise intolerance [determined by the 6MW distance and New York Heart Association
(NYHA) classification], and were on standard pharmaceutical therapies. Resting diastolic
function and cardiac dimensions assessed by Doppler and echocardiographic techniques (43)
were also consistent with the HFpEF phenotype.

Despite the utilization of a small muscle mass and the very low absolute exercise intensity
utilized in the current study, not all participants were able to complete every stage of
exercise (OW: HFpEF n= 21, Controls, 7= 20; 5W: HFpEF n= 16, Controls /7= 20; 10W:
HFpEF n= 15, Controls n=17; 15W: HFpEF, n= 13; Controls, 7= 16). Those participants
who were unable to complete the entire exercise protocol were excluded from analysis.

Central and Peripheral responses during KE Exercise

At rest, no differences in LBF, MAP, or LVC were observed between groups. During KE
exercise, LBF was lower in HFpEF patients at the two highest workloads (10 and 15 W; P<
0.001; Figure 1A), while MAP was not different at any work rate in patients compared to
controls (Figure 1B). Similar to the LBF responses, LVC was not different during the initial
stages of exercise, but was significantly reduced at the 10 and 15 W KE exercise intensities
in HFpEF patients compared to controls (Figure 1C).

Central hemodynamic responses during exercise are illustrated in Figure 2. Resting HR was
not different between patients and controls (P= 0.72), but resting SV (HFpEF: 131 £ 10 ml/
min; Controls: 76 + 7 ml/min, A< 0.001) and CO (HFpEF: 8.6 + 0.7 L/min; Controls: 4.8

+ 0.4 L/min; P< 0.001) were higher in patients. HR increased with each level of exercise (P
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< 0.001) and did not differ between patients and controls (£=0.792). CO also increased
with work rate in both groups (£ < 0.001), while SV remained unchanged across exercise
intensities (P = 0.223). SI was higher in HFpEF patients compared with controls at rest and
during exercise, but did not change significantly during exercise (£ = 0.255) (Figure 2B).
Likewise, Cl was higher in HFpEF patients compared with controls at rest and during
exercise, and increased as a consequence of exercise (Figure 2C).

Physical Activity Level

Physical activity assessment demonstrated that HFpEF patients take fewer steps (P < 0.01)
and are less physically active than controls, spending over 90% of their day in a sedentary
state (Table 1). 6MW and gait speed were within the expected range for the patient group
(Table 2), confirming reduced functional capacity in this cohort.

DISCUSSION

Through assessment of both central and peripheral hemodynamics during isolated, small
muscle mass exercise, this study has provided new insight into the cardiovascular response
to exercise in HFpEF patients compared to healthy, age-matched controls. An important
initial, qualitative observation was that despite the use of a small muscle mass paradigm,
HFpEF patients exhibited a marked exercise intolerance compared to controls, with almost
25% of patients unable to continue beyond unweighted KE exercise. In those patients able to
complete the entire exercise protocol, LBF and LVVC were similar to controls during low
intensity KE exercise, but were reduced ~15-25% at the two highest levels of exercise. To
our knowledge, this is the first study to evaluate skeletal muscle blood flow during dynamic
exercise in HFpEF patients, and to identify attenuated LBF and LVC in this patient group. In
contrast to this decrement in peripheral hemodynamic responses, exercise-induced changes
in central hemodynamic variables (HR, SV, CO) and MAP were similar between patients
and controls. Together, these findings provide new evidence of a disease-related
dysregulation in the exercising skeletal muscle vasculature of HFpEF patients that cannot be
attributed to cardiac dysfunction, potentially providing further insight into the peripheral
factors that contribute to exercise intolerance in this patient population.

Peripheral Hemodynamic Responses during Exercise in HFpEF

While exercise intolerance is one of the defining symptoms in the clinical presentation of
HFpEF, the factors responsible for this aspect of the disease remain poorly understood, and
may span a host of disease-related changes in cardiac, pulmonary, autonomic, and vascular
function. Indeed, the concept of an impaired “ventricular-arterial coupling” in HFpEF has
emerged in an effort to describe the combined effect of impaired cardiac chronotropy,
contractility, and peripheral vasodilation on exercise intolerance (13), emphasizing the
multi-faceted nature of hemodynamic dysfunction experienced by this patient group. Thus,
with recognition that the cardiovascular response to exercise includes both central and
peripheral components, in the present study we employed a small muscle mass exercise
modality that evokes minimal cardiopulmonary stress to examine exercising limb
hemodynamic responses in relative isolation from the potentially confounding effects of
impaired cardiac function. Using this reductionist approach, we have identified a significant
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attenuation in LBF (Figure 1A) and LVC (Figure 1C) across multiple exercise intensities,
with the greatest reduction at the highest (15W) absolute work rate in the HFpEF group
compared to control group.

To our knowledge, this is the first study to assess exercising limb blood flow in HFpEF, and
to report an attenuated hyperemia in the exercising skeletal muscle vasculature in this
cohort. Of the few studies to date examining maladaptations in the peripheral circulation in
HFpEF, impaired “vasodilator reserve” has been implicated as a key factor contributing to
the lowered exercise capacity in HFpEF. Specifically, Borlaug et a/. (20) compared HFpEF
patients with control participants who exhibited similar characteristics and comorbidities in
an attempt to elucidate mechanisms underlying the exercise limitation in HFpEF patients,
and observed an impaired capacity to reduce systemic vascular resistance during
submaximal (25W) cycling exercise in patients compared to controls, a finding replicated in
other work from this group (16,44). However, a key limitation of each of these investigations
was the use of systemic vascular resistance index (SVRI; calculated from cardiac output and
arterial blood pressure) (16,20,44) to quantify skeletal muscle vasodilation. While this
parameter may serve to describe one aspect of the systemic cardiovascular response to
exercise, it provides little information about local blood flow regulation or the magnitude of
skeletal muscle vasodilation during exercise. Thus, the current finding that exercise-induced
increases in LBF and LVC are attenuated in HFpEF patients compared to healthy controls
extends this previous work (16,20,44), providing new and directly measured evidence of
impaired vasodilation in the exercising limb of this patient group.

The relationship between exercising skeletal muscle blood flow and exercise intolerance in
HF should not be underestimated. Indeed, in HFrEF patients, it has been reported that
modest increases in muscle perfusion induced by respiratory muscle unloading lead to a
significant improvement in exercise tolerance (45,46). A recent study in HFrEF patients
from our own group lend further support to this relationship, identifying a marked
improvement in O, delivery and end-exercise skeletal muscle fatigue when exercising limb
blood flow was increased by the inhibition of group H1/IV muscle afferent fibers (47). In this
light, it is likely that the reduction in LBF in the present study is of functional significance,
and may contribute to exercise intolerance in HFpEF patients. However, it is important to
note that LBF was not different at 0 and 5W in HFpEF patients and healthy controls, yet
~25% of HFpEF patients reached volitional exhaustion after these two exercise stages. This
observation not only highlights the heterogeneity of exercise capacity in HFpEF, but also
suggests that mechanisms in addition to impaired exercising muscle blood flow likely
contribute to the severe exercise intolerance in this patient group.

Central Hemodynamic Responses during Exercise in HFpEF

By definition, ejection fraction is normal in HFpEF. However, this does not preclude the
potential for disease-related changes in diastolic and systolic cardiac function to contribute
to exercise intolerance in this cohort. Indeed, in an early investigation into central
hemodynamic responses to exercise in HFpEF patients, Kitzman et a/. (12) reported a
blunted peak O, consumption during maximal upright cycling exercise in patients which
was related to smaller stroke volume and end diastolic volume (EDV) compared to controls.
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However, more recent work indicates EDV volume during exercise is similar in HFpEF
patients and hypertensive controls, suggesting instead that reduced CO reserve due to
chronotropic incompetence is a key factor contributing to exercise intolerance in this cohort.
It should be noted that these studies have in common the use of an upright cycling paradigm,
a large muscle mass exercise modality that imposes significant central hemodynamic stress
that may amplify cardiac limitations, masking potential dysfunction of the peripheral
vasculature. KE exercise was employed in the current study to address this potentially
confounding issue, with the expectation that this exercise modality would provoke a similar
cardiac response in HFpEF patients and controls. In support of this hypothesis, we observed
similar exercise-induced changes in HR (Figure 2A), SV (Figure 2B), and CO (Figure 2C)
across all intensities of KE exercise in HFpEF patients and controls. These comparable
cardiac responses between groups indicate that the observed impairment in LBF (Figure 1A)
and LVC (Figure 1C) in the HFpEF patient group cannot be attributed to differences in
central hemodynamics, implicating impaired skeletal muscle vasodilatory ability as the
primary factor responsible for the observed decrement in peripheral hemodynamics in this
cohort.

The observed reduction in LBF and LVC in the face of comparable central hemodynamic
responses during exercise in HFpEF raises the question of whether CO is properly
distributed in this patient group. Initial evidence of altered CO distribution is provided by a
recent study using phase contrast magnetic resonance imaging to assess aortic and
superficial femoral blood flow following submaximal cycling exercise in HFpEF and HFrEF
compared with healthy controls (19). In this study, lower femoral artery blood flow was
reported upon cessation of exercise in HFpEF patients despite similar ascending and
descending aortic blood flow, a difference that persisted even after adjusting for differences
in ejection fraction between groups (19). These findings suggest altered blood flow
distribution, not impaired CO, is key to reduced blood flow in these patients during
submaximal cycling (19). With the inclusion of multiple exercise intensities, a small muscle
mass exercise modality, and continuous measurements of central and peripheral
hemodynamics during exercise, the current data build upon these previous findings to
support the concept of a possible maldistribution of CO during exercise in HFpEF, though
additional measurements in non-exercising vascular beds are required to further explore this
possibility.

Physical Activity

Average daily step count for HFpEF patients was ~30% of the healthy control participants
(Table 1), highlighting an extremely low level of ambulation in these patients. While the
absence of physical activity in these patients is likely a consequence of their condition, this
level of inactivity may also be a key contributor to the pathophysiology of their disease
through vascular deconditioning related to disuse in skeletal muscle (48). Furthermore, the
lack of physical activity may exacerbate many of their symptoms over time through further
deconditioning and associated reductions in muscle strength and function, leading to a
downward spiral of morbidity. Thus, it is possible that the observed reduction in LBF
(Figure 1A) and LVC (Figure 1C) during exercise is a significant influence to this transition
towards a sedentary lifestyle in HF patients. In support of a role of reduced LBF in exercise
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intolerance, our group has reported significant improvements in exercise tolerance, as
quantified by assessment of exercise-induced skeletal muscle fatigue and perceived exertion,
when exercising LBF is increased acutely in HFrEF patients (47). Together, these previous
and present findings suggest that impairments in skeletal muscle vasodilatory ability may
represent a significant deterrent to physical activity in HF, and may thus play an important
role in the progression towards adoption of a sedentary lifestyle that is so detrimental in this
cohort.

Perspectives

The current finding of reduced LBF and LVC in the face of preserved central hemodynamic
responses raises the question of what peripheral mechanisms may be responsible for the
impaired exercising muscle vasodilation in HFpEF patients. While the present study was not
designed to elucidate the mechanisms underlying this response, one putative pathway of
particular interest, based in part on observations in HFrEF, is sympathetic vasoconstriction.
Indeed, excessive sympathoexcitation is well described in HFrEF (49,50), and is now
recognized as significant factor in disease progression and survival (51). With respect to the
regulation of LBF, elevated resting and reflex-mediated increases in muscle sympathetic
nerve activity (MSNA) have been shown to be important mediators of the attenuated limb
blood flow during exercise in HFrEF patients (52). In contrast, and somewhat surprisingly,
very little is currently known with respect to disease-related changes in sympathoexcitation
in HFpEF patients, particularly during exercise. Borlaug et a/. (20) reported that the rise in
plasma norepinephrine (NE) during submaximal cycling exercise was the same in HFpEF
patients relative to control participants, though the inability of this quantitative approach to
evaluate NE uptake, release, and spillover suggests that caution is warranted when
interpreting these findings. Considering that increased age, obesity, and hypertension are
common characteristics of the HFpEF phenotype (20), and that each of these conditions is
associated with elevated resting MSNA (53-55), it is tempting to speculate that sustained
sympathetic vasoconstriction may contribute to the observed reduction in exercising LBF
and LVC in HFpEF. Further studies are warranted to explore this intriguing possibility.

Experimental Considerations

In the present study, we enrolled HFpEF patients without regard to existing comorbidities
such as hypertension, diabetes, and coronary artery disease. While this approach may
introduce some heterogeneity to the outcome measures, it provided an opportunity to study
the pathophysiology of HFpEF in a manner that fairly represents the diverse nature of this
patient population. It is also acknowledged that the sample size of the present study was
relatively small, though a sufficient number of subjects were enrolled to achieve adequate
statistical power in the major variables. We also recognize that body mass of the HFpEF
patients enrolled in this study was significantly higher than the control group, raising the
question of whether obesity, per se, represents a confounding factor for data interpretation.
However, this concern is somewhat mitigated by a recent study by Limberg et a/. (56) that
failed to identify a difference in limb blood flow during both handgrip and knee-extensor
exercise in lean versus obese individuals. This observation, coupled with the known lack of
correlation between leg blood flow and quadriceps muscle mass across work rates during
knee extensor exercise (57), suggests that the observed decrement in skeletal muscle
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vasodilation during exercise in HFpEF in likely not explained by higher body mass in this
cohort. Finally, we acknowledge that use of the Modelflow method for estimation of stroke
volume may not provide the same level of precision as that provided by more invasive
techniques, though it is noteworthy that good agreement in tracking CO changes has recently
been documented with these two methodologies in heart disease patients (40).

Conclusions

HFpEF patients exhibit an impaired exercise-induced hyperemic response during exercise,
and importantly, this response cannot be attributed to a disease-related impairment in central
hemodynamics. These findings indicate that impaired vasodilation in the exercising skeletal
muscle vasculature plays a key role in exercise intolerance in this patient population.

Clinical Perspectives

Severe exercise intolerance is a hallmark symptom of HFpEF (8). While regular physical
activity has been documented to improve functional capacity, overall quality of life, fatigue,
and dyspnea in HFpEF patients (58), the development of symptoms upon exertion remains a
significant barrier to engaging in regular physical activity. In this light, the present findings
of impaired vasodilatory ability within the exercising skeletal muscle provide new insight
into the mechanisms of exercise intolerance in HFpEF, and identifies a potential therapeutic
target for improving exercise intolerance in this patient group.
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FIGURE 1.
Leg blood flow (panel A), mean arterial blood pressure (panel B), and leg vascular

conductance (panel C) in heart failure patients with preserved ejection fraction (HFpEF) and
healthy controls at rest and during single leg knee extensor exercise at 0, 5, 10, and 15 W.
*Significant difference between groups, £< 0.05.
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Heart rate (panel A), stroke index (panel B), and cardiac index (panel C) in heart failure
patients with preserved ejection fraction (HFpEF) and healthy controls at rest and during
single leg knee extensor exercise at 0, 5, 10, and 15 W. *Significant difference between

groups, P< 0.05.
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Table 1
Subject characteristics
Controls HFpEF
Age (yrs) 71+2 68 + 2

Participants, 77 (male:female)
Body mass (kg)

Stature (m)

Body mass index (kg/m?)
Glucose (mg/dL)
Triglycerides (mg/dL)

HDL (mg/dL)

LDL (mg/dL)

Physical Activity

Steps (counts/day)

Total physical activity (counts/min)
Sedentary (min)

Low (min)

Moderate (min)

High (min)

Very high (min)

Daily sedentary time (% total)

20 (10:10) 21 (11:10)
68+4 1026~
170£002  1.71+0.03

23+1 35427
882 109+ 21
117+ 24 139+ 12
597 456
120+9 89+ 18

7,070+1,318 2150+577 "
193 + 37 89+167
1,212 +31 1,266 + 14

17821 108 +17 "
36+12 6+2%
1+1 0+0
0+0 0+0
852 92+1”

Heart failure with preserved ejection fraction, HFpEF; high-density lipoprotein, HDL; low-density lipoprotein, LDL.

*Significant difference between groups (P < 0.05).
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Heart failurewith preserved g ection fraction (HFpEF) specific characteristics and
phar macother apy

Disease-specific characteristics
NYHA Class Il
NYHA Class Il
NYHA Class IV

Diabetic

Hypertensive

Echocardiographic and Doppler analysis

Left ventricular ejection fraction (%)
E-wave velocity (cm/s)
A-wave velocity (cm/s)
E/A ratio
E/E’ (medial)
E/E’ ratio (lateral)
Mitral E-wave deceleration time (ms)
Functional capacity
Six min walk (m)
Gait speed (m/s)
Medications
B blocker
ACEi or ARB
Loop diuretic
Aldosterone antagonist
Statin

Nitrates

11 (52%)
8 (38%)
2 (10%)
10 (48%)
17 (81%)

61+1
89+8
100+ 11
1.14+0.19
19+3
13+2
216 £19

414 + 68
0.94 +£0.07

9 (43 %)
8 (38%)
20 (95%)
14 (67%)
16 (76%)
5 (24%)

New York Heart Association, NYHA.
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