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Abstract

Background—~Feedback from active locomotor muscles contributes to the exercise pressor
response in healthy humans, and is thought to be more prominent in heart failure (HF). The
purpose of this study was to examine the influence of metaboreflex stimulation on arterial pressure
in HF.

Methods—Eleven HF patients (51+15yrs, NYHA Class I/ll, LVEF 32+9%) and 11 controls
(CTL) (42+9yrs) were recruited. Participants completed two exercise tests on separate days: 1)
symptom limited graded exercise test; and 2) constant work rate cycling (60% peak oxygen
consumption, de) for 4 min with 2 min passive recovery. Recovery was randomized to normal or
locomotor muscle regional circulatory occlusion (RCO). Vo, mean, systolic, and diastolic blood
pressure (MAP, SBP, and DBP) and heart rate (HR) were measured at rest, end-exercise and
recovery. O, pulse (de /HR) and the rate pressure product (RPP = HR x SBP) were calculated.

Results—In response to RCO, MAP and SBP increased in HF compared with CTLs (6.8+5.8%
vs —3.0£7.8%, p<0.01 and 3.4+6.4% vs —12.7+£10.4%, p<0.01, respectively), with no difference in
diastolic pressure (p=0.61). HF patients had a smaller reduction in HR and RPP, but also displayed
a larger decrease in O, pulse consequent to locomotor metaboreflex stimulation (p<0.05, for all).

Conclusion—RCO resulted in a markedly increased pressor response in HF relative to CTL, due
primarily to an increase of SBP and attenuated cardiac recovery as noted by the persistent
elevation in HR.
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INTRODUCTION

Systolic heart failure (HF), initiated by left ventricular dysfunction?, results in the
dysregulation of multiple organ systems that subsequently progresses to a condition of
exercise intolerance?, characterized by symptoms of muscle fatigue and dyspnea. Although
the causes of exercise intolerance are not completely elucidated, it is accepted that impaired
exercise cardiac function is a poor predictor of exercise capacity in this population?. Recent
evidence suggests that hyperactivation of the locomotor muscle metaboreflex, secondary to
peripheral skeletal myopathy, may play an important role in mediating reduced exercise
capacity in HF3: 4,

During heavy-intensity exercise, metabolites (e.g., lactic acid, adenosine, potassium, etc.)
accumulate within the muscle. These metabolic by-products are thought to stimulate group
[11-1V (mechano- and metabo-receptors) muscle afferent neurons®, which project to the
central nervous system and elicit a reflex-mediated increase in sympathetic activity and
subsequently blood pressure via sympathetically mediated vasoconstriction®. When demand
for blood flow to active skeletal muscle during exercise increases in the setting of sufficient
cardiac reserve (as in healthy subjects), metaboreflex activity will also lead to increased
cardiac output to maximize blood flow to the skeletal muscle®.

Patients with HF present with elevated sympathetic vasoconstrictor drive, limited cardiac
reserve, impaired muscle perfusion, and global deconditioning, which together leads to a
generalized muscle myopathy. For example, these patients experience muscle atrophy, loss
of oxidative muscle fibers, with an increase in glycolytic fibers resulting in greater
anaerobically derived metabolic activity at relatively lower workloads’. Consequently, the
accumulation of intramuscular metabolites is accelerated during exercise in HF. This results
in greater stimulation of locomotor muscle group I11-1V afferent fibers and leads to further
sympathoexcitation, which has been suggested as a key mechanism for exercise intolerance
(i.e. the ‘muscle’ hypothesis)8. As such, our laboratory has shown that stimulation of the
metaboreflex (via regional circulatory occlusion, RCO) after submaximal cycling in HF
leads to increased ventilatory drive compared to healthy controls (CTL)®.

The pressor response to metaboreceptor stimulation in HF is more controversial. During
rhythmic handgrip exercise, muscle sympathetic nerve activity (MSNA) increased earlier in
HF compared to CTLs, and remained elevated during post-exercise RCO0, Similarly,
Shoemaker et al., (1998) reported that mean arterial pressure (MAP) increases more in HF
than controls with RCO to the active forearm?L. Both of these studies identified a greater
increase in metabolic byproducts in HF10: 11 In contrast, other investigators observed an
attenuated MSNA response to metaboreflex stimulation with no change in MAP in HF after
static handgrip exercise compared with CTLs!2. The reason for these contrasting results is
unclear, but may be related to between-study differences in disease severity (varying NYHA
class), exercise-intensity (low-intensity and long-duration vs. high-intensity and short-
duration) and exercise mode (rhythmic versus static handgrip.

Importantly, experimental studies exploring the influence of lower-limb muscle
metaboreflex activation on the pressor response in HF is lacking. Clinically, the involvement
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of locomotor muscles is important as it dictates a patient’s ability to engage in functional
activities of daily living as well as higher intensity tasks (i.e. an exercise program)?8.
Therefore, the purpose of this study was to examine the pressor response to metaboreflex
stimulation of the locomotor muscles after moderate-intensity cycling in HF. We
hypothesized that HF patients would demonstrate a greater pressor response to metaboreflex
stimulation compared with healthy CTLs. The findings of this study may have significant
clinical utility providing greater insight to the mechanism(s) contributing to blood pressure
regulation and exercise tolerance in HF.

Population Characteristics

Eleven systolic HF patients (51+15yrs, NYHA Class I/1l, LVEF 32+9%) completed this
study. Inclusion criteria: ischemic or dilated cardiomyopathy, stable HF symptoms (>3
months), duration of HF >1 year, left ventricular ejection fraction < 35%, BMI<35 kg/m?,
and current non-smoking status with a smoking history of < 15 pack-years. Patients were
treated with standard medications at the time of the study (Table 1).

Eleven healthy CTL participants (42+9yrs) were recruited through local advertisement with
attempts to match for age and sex. Control participants had no evidence of cardiopulmonary
or neuromuscular disease.

All participants gave written informed consent after being provided a description of study
requirements. This study was approved by the Mayo Clinic Institutional Review Board and
conducted in accordance with the Declaration of Helsinki: all procedures followed
institutional and Health Insurance Portability and Accountability Act (HIPAA) guidelines.
Portions of the participant characteristics and raw blood pressure data have been published
previously under a different working hypothesis®. This work was supported by: American
Heart Association, National Center for Advancing Translational Science and National
Institute of Health. The authors are solely responsible for the design and conduct of this
study; all study analyses, drafting and editing of the paper, and its final contents.

Experimental Protocol

Participants completed two days of testing, separated by a minimum of 48 hours but not
more than two weeks, in an environmentally controlled laboratory. The first day of testing
consisted of exercise to volitional fatigue (symptom limited peak oxygen consumption [Vo'2
peak]). The second testing day consisted of 3 separate submaximal exercise sessions at 60%
de peak. For both days, participants were asked to avoid strenuous activity for 24 hours
and refrain from eating/consuming caffeine for 3 hours prior to testing. All gas-exchange
and electrocardiogram data were measured continuously during exercise. Blood pressure
was measured by manual sphygmomanometry. Participants were fitted with a nose clip and
standard mouthpiece attached to a PreVent Pneuomotach (Medgraphics CPX/C). For peak
exercise testing, participants were verbally encouraged to continue the exercise to maximal
exertion, which was identified as a rating of perceived exertion > 17 (Borg scale, 6 to 20)
and/or respiratory exchange ratio of > 1.10.
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Condition 1 included 3 minutes of rest, 4 minutes of steady-state submaximal cycle
ergometry, and 5 minutes of passive normal recovery (NR). Condition 2 was identical
except immediately following exercise RCO was induced via rapid inflation of bilateral
upper-thigh pressure tourniquets for 2 minutes. Tourniquets were inflated to ~20 mmHg
above the highest exercise systolic blood pressure (SBP) measured during peak exercise.
Condition 3 was identical to condition 2 with carbon dioxide (CO5) added to the inspired air
during RCO to clamp end-exercise end tidal partial pressure of CO,(PgrCO,) (RCO+COy).
The clamping of end-exercise Pe7CO> served to minimize the impact of reduced CO»
returning from the limbs to the central chemoreceptors, an effect which has the potential to
alter both ventilation and cardiovascular function®. After the baseline session, the remaining
2 sessions were conducted in random order. Heart rate (HR) was measured via a 12-lead
ECG. Data were averaged over the last minute of rest and the last 30 s of each minute during
exercise and recovery. Manual blood pressure was measured at the end of rest, exercise, and
immediately prior to releasing the pressure tourniquets. Rate pressure product (RPP) was
calculated as HR multiplied by SBP. RPP is a surrogate for myocardial oxygen
consumption13,

Measurement of Gas-exchange

Oxygen consumption (de), carbon dioxide production (V(jz), and Pe7CO, were measured
with a metabolic measurement system through a mouth piece and pneumotach while
wearing a nose clip (MedGraphics CPX/C). Manual volume calibration was performed with
a 3-L syringe, and gas calibration was performed with manufacturer-recommended gases of
known concentration immediately before each testing protocol.

Statistical Analysis

RESULTS

A sample size estimate was conducted a priori, using an « level of 0.05, means and standard
deviations (SD) from the existing literature. These data indicated a need for 11 participants
in each group, based on a 2-tailed hypothesis'# 15. No dropouts or test failures occurred
during this study and all data were included in analyses. Percent difference was calculated
from end exercise to 2 minutes of passive recovery for all conditions (NR, RCO and RCO
+C0O5). One-way ANOVA was performed to determine differences in the percent change
between groups (CTL and HF). Repeated measures ANOVA (time x condition) with group
(HF vs. CTL) as a between-subjects factor was performed to determine response to exercise
from baseline for both conditions. An additional paired t-test was used to compare condition
(NR vs. RCO, NR vs. RCO+CO5, RCO vs. RCO+CO,). Statistical analysis and graphic
representation were accomplished with SPSS v19 (IBM, Armonk, New York) and GraphPad
Prism version 6 (GraphPad Software, LaJolla, CA). Data are presented as mean+S.E.M.

Population characteristics are provided in Table 1.

End Tidal CO,

Baseline values of Pe7CO, for CTLs and HF were 36.4+1.2 and 33.8+1.4 (p<0.05). Pe7CO>»
was decreased at the second minute of RCO for both CTLs and HF (33.2 + 1.5 and 30.2 +
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1.0, respectively, p<0.05). With CO, added to the inspirate, PeTCO; increased when
compared to RCO (36.6+1.2 and 31.7+1.3, respectively, p<0.05) but was not different from
NR (35.1+1.3)16.

Blood Pressure

Baseline systolic (SBP), diastolic (DBP) and MAP were similar at rest between HF and CTL
(p>0.05). MAP increased more in CTL than HF immediately after exercise (time x group,
p<0.001, Figure 1A). The increase in MAP was not different across sessions with exercise
(p>0.05). During NR, however, the return of MAP to baseline levels was attenuated in HF
(p=0.006). In response to post-exercise RCO and RCO+CO,, MAP continued to increase in
HF, but decreased in CTLs (p<0.01, Figure 1B) with no difference between RCO and RCO
+CO, (p=0.51).

Similar to MAP, SBP increased more for CTLs than HF immediately after exercise (time x
group, p<0.001, Figure 1C) and continued to increase in HF during post-exercise RCO and
RCO+CO,, but decreased in CTLs (p<0.01, Figure 1D). There was no difference in SBP
between RCO and RCO+CO, (p=0.11). The SBP return to baseline was attenuated in HF
compared to CTL during NR (p<0.05).

Diastolic pressure increased for CTLs and HF (time effect, p=0.001) similarly (time x
group, p=0.12, Figure 1E) and continued to increase for both groups in response to RCO
compared to NR (p<0.001, Figure 1F) with no difference between groups (p>0.05), nor
where there differences between RCO and RCO+CO, (p<0.05). Although, not significant,
DBP return to baseline was attenuated in HF compared with CTL during NR (p=0.06).

Heart Rate, O, Pulse and Rate Pressure Product

HR increased more in CTL than HF after exercise (time x group, p<0.001, Figure 2A). In
response to RCO, HR had an attenuated return to baseline in HF, compared with CTLs,
p=0.002, Figure 2B). HR return to baseline was greater during RCO+CO, compared with
RCO (p=0.01).

0, pulse, an indicator of stroke volume??, increased more for CTLs than HF with exercise
(time x group, p=0.004, Figure 2C) and was lower in HF (group effect, p=0.003). O, pulse
had less of a return to baseline in HF compared with CTLs during NR (p<0.001). In
response to RCO, O, pulse had a greater return to baseline compared with NR in HF
(p<0.01, Figure 2D). O, pulse recovered more during RCO compared with RCO+CO, in HF
(p=0.07).

HF had less of an increase in RPP from baseline to end exercise compared with CTLs
(p<0.001, Figure 2E). During NR, HF had less of a return of RPP to baseline compared with
CTLs (p=0.001, Figure 1F). This attenuated response was greater in RCO for both HF and
CTLs (p<0.001), although had a greater return to baseline when CO, was added to the
inspirate (p=0.002).
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DISCUSSION

The novel finding from this study is that HF patients display an exaggerated pressor
response to metaboreflex stimulation after moderate-intensity lower-extremity dynamic
exercise. Specifically, both MAP and SBP continued to rise throughout the post-exercise
RCO in HF, in contrast to the CTLs who had an attenuated recovery. Despite these
differences between HF and CTLs, DBP continued to increase in both groups in response to
metaboreflex stimulation during post-exercise RCO.

Further, HR, O, pulse and RPP had an attenuated return to baseline during NR in HF
compared with CTLs. In response to metaboreflex stimulation (RCO) however, HR and RPP
remained elevated compared with NR and more so in HF compared with CTLs. O, pulse, in
contrast, had a greater return to baseline in response to metaboreflex stimulation, and more
so with CO, added to the inspirate. Overall, O, pulse recovery was less for HF in all
conditions.

The majority of the work investigating the exercise pressor reflex has been in upper
extremity models!® 18. 19 The metaboreflex response in HF patients demonstrates non-
uniformity between muscle groups2° and therefore the lower and upper extremity most
likely do not elicit similar responses to muscle afferent stimulation. As such, the pressor
response was found to be lower with post-exercise RCO in the plantar flexors compared
with the forearm muscles, a finding that was similar in HF and CTLs?0. Interestingly, the
faster relaxation rates found in the plantar flexor muscles of HF patients suggest a greater
proportion of type Il muscle fibers. Therefore, greater glycolytic activity with exercise in HF
and a greater stimulus for the pressor response might have been expected in that study??. In
this context, we found that with cycling, which involves coordinated activation of muscle
groups, the post-exercise pressor response was greater in HF compared with CTLs.

Perfusion pressure during exercise

In order to maintain adequate blood pressure, peripheral vasculature dilation is precisely
linked to cardiac output. If peripheral blood flow capacity is greater than cardiac output?2
then some controlling influence must be interposed between the cardiac and vasculature
systems to maintain blood pressure, thereby ensuring that cerebral, myocardial and skeletal
muscle perfusion (particularly during exercise) is preserved. This regulatory function is
achieved via the complex interplay between efferent sympathetic activation (vasoconstrictor
drive) and local autoregulatory processes (vasodilator drive) leading to redistribution of
blood flow to match supply and demand®. As such, the sympathetic nervous system is
increased during exercise. This contributes to an increase in HR, peripheral vasoconstriction
and subsequently higher blood pressure?3. In response to metaboreflex stimulation in this
study, MAP increased by ~7% in HF and decreased by ~3% in CTLs. Importantly, the
pressor response was somewhat maintained in response to metaboreflex stimulation in
CTLs, but consistent with our hypothesis it was exaggerated in HF.
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Mechanisms contributing to the exercise pressor reflex

There are two main theoretical mechanisms detailing neural control of the cardiovascular
system during exercise. The first, central command, suggests that central motor drive and
sympathetic activation occur in parallel. This suggests a link to skeletal muscle metabolic
need via the pattern of motor unit recruitment, i.e. as muscle fatigues, more motor units are
recruited and a commensurate increase in sympathetic outflow occurs?4.

During exercise, HR was lower for HF compared with CTLs. This is likely due to the
blunting effect of pharmacotherapy (beta-blockers) and/or due to the fact that the patients
were exercising at a lower absolute workload (HF: 55+17 watts, and CTL: 132+44 watts). In
response to metaboreflex stimulation, however; HR remained at greater levels in HF
compared with CTLs. The CTLs had a near full recovery of HR during metaboreflex
stimulation. This response in the CTLs is most likely due to the rise in sympathetic activity
being masked by the concomitant return of parasympathetic outflow. This is consistent with
the reduction of central command and activation of the arterial baroreflex post-exercise,
which responds to the metaboreflex-induced increase in blood pressure by buffering the
elevated sympathetic drive to the cardiac and arteriolar vessels?®. Because HF patients have
reduced baroreflex sensitivity2%, parasympathetic activity was likely attenuated and HR
remained elevated during metaboreflex stimulation.

The second theory suggests that stimulation of mechanically and metabolically afferents in
the exercising muscle results in increased afferent feedback which modulates central
command and evokes the “exercise pressor reflex”2: 28, The mechanoreceptor is thought to
be located within the interstitial space, in close proximity to collagen bundles, within and
between muscle fibers, within the muscle tendon, and within the adventia of the

vasculature 18:29. 30 Therefore, the mechanoreceptor is sensitive to fiber recruitment,
muscle length, rate of length change and relative tension applied to the muscle. In contrast,
the metaboreceptors are located in close proximity to lymphatic and blood vessels of muscle
and tendons, making these receptors ideal for chemotransduction. These two arms of the
exercise pressor reflex have been identified in both animal and human models?8.

In humans, the influence of this reflex is clearly recognized as an important component of
cardiovascular and ventilatory control during exercise?®. For example, there is a greater
contribution of the mechano- and metaboreflex to exercise ventilation in HF®: 31, A
compensatory adaptation to reduced cardiac output in HF is the development of intrinsic
skeletal muscle abnormalities, specifically, loss of oxidative capacity and gain of glycolytic
capacity. Overall, skeletal muscle atrophy and fibrosis occurs, reducing mitochondrial
density, volume and mitochondrial cristae surface area32. These changes lead to early onset
fatigue and excessive cardiovascular and ventilatory responses to exercise, ultimately
contributing to exercise intolerance in HF2,

In the present study, consistent with the increased exercise pressor reflex, MAP remained
elevated in CTLs during metaboreflex stimulation. It appears that this elevation was
predominately due to increased DBP since SBP began to decline towards resting levels. The
differential response between systolic and diastolic pressure in the CTLs is not clear. This
may reflect more rapid return of HR and O, pulse towards baseline during systole with
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maintenance of tonic vasoconstrictor activity during diastole. In HF, however; we observed
an increase in blood pressure with RCO despite the interaction with blood pressure
attenuating medications suggesting that the pressor response may be underestimated in this
patient group. With the exception of the findings reported by Carrington et al., (2004), the
MAP response to metaboreflex stimulation in HF patients has only been demonstrated in the
upper extremity19: 31,33 Carrington et al., did not show differences between CTLs and HF
in the pressor response to for the plantar flexor muscles2°. The lower extremity is
functionally relevant to activities of daily living (e.g. walking and climbing stairs); therefore,
the contribution of the exercise pressor reflex for the knee extensor muscles during exercise
in HF is important. The differential findings between Carrington et al. and the present study
may be a result of differences in methodology and muscle groups stimulated. Importantly,
the somatosensory feedback from large locomotor muscles during exercise may be one
mechanism contributing to exercise intolerance in HF.

Technical considerations

The advantages and disadvantages of using RCO to stimulate metaboreflex have been
discussed elsewhere34. Briefly, RCO allows for stimulation of the metaboreflex via trapping
of metabolic by-products in the vicinity of the metaboreceptors. This is typically done
immediately at cessation of exercise, after metabolite accumulation, while limiting the
influence of central command and mechanoreflex activity. There is, however, evidence to
suggest that certain metabolic products may stimulate mechanoreceptors in rats with HF3,
In this context, it is difficult to rule out any mechanoreflex influence on the increase in MAP
with RCO.

When trapping metabolites from large locomotor muscle groups, normal feedback of CO,
from these muscles to traditional CO, sensitive central chemoreceptors is inhibited due to
lack of venous return. Thus, during one of our recovery sessions, CO, was added to the
inspirate to clamp Pg1CO>, at end-exercise levels to maintain normal CO, delivery to the
lungs. In doing so, we mitigated the influence of any reduction in ventilation and potential
effects on the pressor response from the lack of traditional chemoreceptor stimulation. We
found no differences for either HF or CTLs in the pressor response to RCO and RCO+CO,
as has often been found in ventilation and Pe7CO,_There were, however, small but
significant differences in HR (25% reduction for RCO and 27% reduction for RCO+CO,, for
HF and CTLs combined) and RPP (25% reduction for RCO and 30% reduction for RCO
+CO;, for HF and CTLs combined) when CO, was added to the inspirate during RCO for
both groups, suggesting HR and RPP recovered more quickly during RCO+CO». The
PeTCO5 was reduced in RCO compared with RCO+CO», with no difference between NR
and RCO+CO,18, This highlights the interaction between the chemoreflex and
metaboreflex. The hypocapnic response during RCO may have slightly enhanced
metaboreflex activation of HR and RPP. Therefore, these findings suggest that during
hypocapnia, the metaboreflex may cause further sympathoexcitation in both HF and CTLs.
This has significant clinical implications for HF patients who often demonstrate mild
hyperventilation with chronically reduced arterial CO, levels (PaCO5).
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Finally, despite the modestly reduced ejection fraction in this cohort, the patients in this
study were of NYHA classes | and Il and thus may underrepresent the impact of
metaboreceptor stimulation on blood pressure compared with sicker patients. Further,
despite being adequately powered, a potential limitation is the small sample size with a
slight, but non-significant difference in age between groups; thus, further studies with larger
sample sizes are encouraged to ensure the underlying assumptions of the analyses hold true.

CONCLUSION

The findings from this study suggest metaboreflex stimulation of the lower-extremity
contributes to the exercise pressor response in HF. This was accompanied by an elevated
HR, most likely due to a lack of buffering from the baroreflex and subsequently reduced
parasympathetic activity. The overall impact of this response may result in greater
myocardial work, excessive vasoconstriction, and contribute to early onset fatigue in HF
patients. This study is clinically relevant because it employs a more functional lower-
extremity model with exercise-intensities equivalent to those that are performed during
activities of daily living. In addition, this study provides greater insight into the mechanisms
contributing to the pressor response in HF.
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Figure 1.

Mean arterial pressure (MAP), systolic pressure (SBP) and diastolic pressure (DBP) at
baseline, end-exercise and 2 minutes of normal recovery (NR-square), regional circulatory
occlusion (RCO-circular), or RCO+CO, (triangular). Heart failure (HF-open) had less of an
increase in blood pressure compared with controls (CTL-closed) during exercise (p<0.05, A,
C, E). In response to post-exercise RCO and RCO+CO,, MAP and SBP (B and D) increased
in HF compared with controls (p<0.05), however, DBP (F) increased in both groups.
*Significant across conditions (NR vs. RCO or RCO+CO»). **Significant between groups
(HF and CTL)
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NR RCO RCO+CO,

Heart rate (HR), O, pulse and rate pressure product (RPP) at baseline, end-exercise and 2
minutes of normal recovery (NR-square), regional circulatory occlusion (RCO-circular), or
RCO+CO2 (triangular). Heart failure (HF) had less of an increase in HR, O, pulse and RPP
compared with CTLs during exercise (p<0.05, A, C, E). In all three conditions, HF had an
attenuated return of HR, O, Pulse and RPP compared with controls (p<0.05). The recovery
of HR and RPP (B and F) was attenuated during post-exercise RCO and RCO+CO,
(p<0.05). In contrast, the recovery of O, pulse was greater during post-exercise RCO and
RCO+CO, compared with NR (p<0.05). *Significant across conditions (NR vs. RCO or

RCO+CO,). **Significant between groups (HF and CTL)
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TABLE 1
Participant Characteristics
HF CTL P

Age (yrs) 51+5 43+3 0.13
Sex (M/F) 714 7/4

Height (in) 68.0+1.0 695+07  0.27
Weight (Ibs) 1922+123 1723+72 0.8
BMI (kg-m?) 201+18 252+11 008

VOjpeac ML-Kg=tmin~t
LVEF, %
CHF etiology (ischemic/idiopathic)
NYHA class (I/11)
Medications
ACE Inhibitors
Angiotensin 11 receptor blockers
Aspirin
B — blockers
Digitalis

Diuretics

174+14 36.3+1.7 <0.001
32.1+£28

a7

417

6 (55)
4 (36)
7 (64)
10 (91)
4 (36)
7 (64)

Page 13

Data are presented as mean + SEM or as n (%). ACE indicates angiotensin-converting enzyme; BMI: Body Mass index LVEF: Left Ventricular
Ejection Fraction, NYHA: New York Heart Association
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