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Divergent muscle sympathetic responses to dynamic leg
exercise in heart failure and age-matched healthy subjects

Catherine F. Notarius, Philip J. Millar, Hisayoshi Murai, Beverley L. Morris, Susan Marzolini, Paul Oh
and John S. Floras

University Health Network and Mount Sinai Hospital Division of Cardiology, University of Toronto, Toronto, Ontario, Canada

Key points

e People with diminished ventricular contraction who develop heart failure have higher
sympathetic nerve firing rates at rest compared with healthy individuals of a similar age
and this is associated with less exercise capacity.

e During handgrip exercise, sympathetic nerve activity to muscle is higher in patients with heart
failure but the response to leg exercise is unknown because its recording requires stillness.

e We measured sympathetic activity from one leg while the other leg cycled at a moderate level
and observed a decrease in nerve firing rate in healthy subjects but an increase in subjects with
heart failure.

e Because these nerves release noradrenaline, which can restrict muscle blood flow, this
observation helps explain the limited exercise capacity of patients with heart failure.

e Lower nerve traffic during exercise was associated with greater peak oxygen uptake, suggesting
that if exercise training attenuated sympathetic outflow functional capacity in heart failure
would improve.

Abstract The reflex fibular muscle sympathetic nerve (MSNA) response to dynamic handgrip
exercise is elicited at a lower threshold in heart failure with reduced ejection fraction (HFrEF).
The present aim was to test the hypothesis that the contralateral MSNA response to mild to
moderate dynamic one-legged exercise is augmented in HFrEF relative to age- and sex-matched
controls. Heart rate (HR), blood pressure and MSNA were recorded in 16 patients with HFrEF
(left ventricular ejection fraction = 31 = 2%; age 62 = 3 years, mean =+ SE) and 13 healthy control
subjects (56 =+ 2 years) before and during 2 min of upright one-legged unloaded cycling followed
by 2 min at 50% of peak oxygen uptake (Vo, peak). Resting HR and blood pressure were similar
between groups whereas MSNA burst frequency was higher (50.0 & 2.0 vs. 42.3 £ 2.7 bursts min !,
P = 0.03) and Vo, peax lower (18.0 £ 2.0 vs. 32.6 & 2.8 ml kg™! min~', P < 0.001) in HFrEF.
Exercise increased HR (P < 0.001) with no group difference (P = 0.1). MSNA burst frequency
decreased during mild to moderate dynamic exercise in the healthy controls but increased in
HFrEF (—5.5 & 2.0 v5. 6.9 + 1.8 bursts min~!, P < 0.001). Exercise capacity correlated inversely
with MSNA burst frequency at 50% Vo, peak (1= 29; r= —0.64; P < 0.001). At the same relative
workload, one-legged dynamic exercise elicited a fall in MSNA burst frequency in healthy subjects
but sympathoexcitation in HFrEF, a divergence probably reflecting between-group differences in
reflexes engaged by cycling. This finding, coupled with an inverse relationship between MSNA
burst frequency during loaded cycling and subjects’ Vo, peak, is consistent with a neurogenic
determinant of exercise capacity in HFrEE

>
(@)
L.
Ig
n
>
e
(a1
(T
o
©
c
-
=
O
H
)
e
-

(Received 1 August 2014; accepted after revision 3 November 2014; first published online 8 November 2014)
Corresponding author C.F. Notarius: 6ES:414, Toronto General Hospital, University Health Network, 200 Elizabeth St.,
Toronto, Ontario, Canada, M5G 2C4. Email: c.notarius@utoronto.ca

Abbreviations HFrEF, heart failure due to reduced ejection fraction; HR, heart rate; MSNA, muscle sympathetic nerve
activity; RPE, rating of perceived exertion; Vo, peak, peak oxygen uptake.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society DOI: 10.1113/jphysiol.2014.281873



716 C. F. Notarius and others

Introduction

Two important markers of heart failure severity with
adverse implications for prognosis are increased resting
muscle sympathetic nerve activity (MSNA) and decreased
peak oxygen uptake (Stelken et al. 1996; Barretto et al.
2009; Floras, 2009). In previous investigations involving
patients with heart failure with reduced ejection fraction
(HFrEF), we detected a significant inverse relationship
between peak oxygen uptake during exercise and resting
efferent MSNA (but not cardiac noradrenaline spillover)
(Notarius et al. 1999, 2002), signifying the potential
for peripheral neurogenic vasoconstriction to limit such
patients’ exercise capacity.

For practical reasons, handgrip has been the inter-
vention applied conventionally to quantify, using fibular
nerve recordings, the effects of exercise on MSNA (Sterns
et al. 1991; Kingwell et al. 1995; Notarius et al. 2001a;
Middlekauff et al. 2004; Soares-Miranda et al. 2011).
When subjects perform static and dynamic handgrip
at similar relative workloads, the latter elicits a reflex
increase in MSNA burst frequency at a lower intensity
in middle-aged patients with HFrEF than in age-matched
controls, indicating a lesser threshold for this neurogenic
response (Notarius et al. 2001a). However, handgrip is
rarely a symptom-generating activity in HFrEF and the
MSNA response to static handgrip is unrelated to peak
VOZ,peak (Kuniyoshi et al. 2014). If fibular MSNA could
be recorded during dynamic leg exercise, such data could
yield more compelling evidence in favour of the hypothesis
that peripheral sympathetic vasoconstriction can limit
exercise capacity.

Ray et al. (1993) recorded MSNA in young healthy men
during contralateral dynamic knee extension and reported
areduction in MSNA burst frequency at mild to moderate
workloads. A similar decrease was observed when MSNA
was recorded from the median nerve (i.e. in the arm)
during mild intensity two-legged cycling at intensities up
to 40% of peak oxygen uptake. At higher intensities there
was a progressive rise in MSNA (Ichinose et al. 2008).
Breathing a hypoxic gas mixture reduced the threshold
for MSNA activation (Katayama et al. 2011), analogous to
the lesser dynamic handgrip exercise workload required to
elicit sympathetic activation in middle-aged patients with
HFrEF as compared with healthy controls (Notarius et al.
2001a).

To test the hypothesis that, in contrast to reductions
in controls, MSNA burst frequency would increase in
patients with HFrEF during mild (unloaded) dynamic leg
exercise cycling and diverge further from MSNA responses
of control subjects during a moderate workload, we
developed the capacity to acquire stable neurograms from
the stationary contralateral leg during one-legged cycling.
In our proof-of-concept analysis Vo, peak related inversely
to MSNA recorded during moderate-intensity dynamic
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leg exercise (Notarius et al. 2014). The aim of the pre-
sent study was to determine and compare, in middle-aged
patients with HFrEF and age-matched control subjects,
MSNA responses to mild and moderate intensity dynamic
one-legged cycling exercise.

Methods
Subjects

We recruited 16 stable patients with HFrEF [four women;
mean age 62 £ 3 SE (range 42-79) years], all in sinus
rhythm, who were referred to the Toronto Rehabilitation
Institute Cardiovascular Prevention and Rehabilitation
Program. Their aetiology was either ischaemic (n = 12)
or non-ischaemic dilated (n = 4) cardiomyopathy. Only
one had an implanted cardiac device, a defibrillator,
but his rhythm was never paced. Their mean left
ventricular ejection fraction was 31 £ 2% (range 19-40).
None had participated previously in an exercise-training
programme. Diabetic patients were excluded because of
their potential for autonomic neuropathy. To assure the
clinical generalizability of any findings, and to avoid any
adverse rebound effect of drug withdrawal, participants
were maintained on their prescribed heart failure therapy:
angiotensin-converting-enzyme inhibitors (n = 10; 62%);
beta-adrenoceptor antagonists (n = 16; 100%); diuretics
(n=12;75%); aspirin (n = 14; 88%); and anticoagulants
(n = 7; 44%). Of those prescribed diuretics, four were
receiving aloop diuretic, four a mineralocorticoid receptor
antagonist and four the combination of both.

Thirteen healthy, age-matched, medication-free volun-
teers (three woman) were recruited through local advert-
isement and screened by medical history to serve as control
subjects. Their mean age was 56 & 2 (range 48—69) years.
All participants abstained from caffeine for 12 h before
the study. An exploratory multiple regression analysis
comprising individual data from a subgroup of this cohort
has been the subject of recent correspondence (Notarius
etal. 2014).

Procedures and protocol

This study represents one element of a larger protocol that
was approved by our Institution’s Research Ethics Board.
Informed written consent was obtained from all subjects.
Subjects were studied in a quiet temperature-controlled
laboratory 2 h following the last food intake, on two
separate days at least 1 week apart.

On the first study day, Vo, was assessed on a cycle
ergometer during a 15 W min™' ramped protocol to peak
effort and expressed as a percentage of that predicted based
on age, sex and weight (Jones et al. 1985). On the second
study day, subjects were studied seated in a comfortable
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chair with the left leg supported on a stool while the
right leg was secured to the pedal of a cycle ergometer
placed on the floor (Monark Rehab Ergometer Trainer 881,
Monark Exercise AB, Vansbro, Sweden). Blood pressure
was monitored from the right arm manually every minute
by sphygmomanometer (Dinamap Pro 100, Critikon,
Tampa, FL, USA). Heart rate was derived from lead II
of an electrocardiogram and a respiratory belt encircled
the abdomen. After 10 min of quiet rest, baseline signals
were acquired during 7 min of spontaneous breathing. We
recorded MSNA by microneurography (left fibular nerve)
at rest and during one-legged cycling (right leg) for 4 min
(2 min at zero load and 2 min at 50% Voz,peak)- Heart
rate, blood pressure and rating of perceived exertion (RPE;
modified Borg scale 0-10) (Noble et al. 1983) also were
assessed.

Microneurography

Multiunit recordings of post-ganglionic MSNA were
obtained with a unipolar tungsten electrode inserted
selectively into a muscle—nerve fascicle of the left peroneal
(fibular) nerve, posterior to the fibular head as previously
described (Notarius ef al. 1999). MSNA was expressed
as burst frequency (bursts min™') and burst incidence
(bursts 100 heart beats™!), to allow for differences in heart
rate between groups, and was computed by a customized
analytic program using a LabVIEW" software platform
(National Instruments, Austin, TX, USA). Because both
the neural noradrenaline release rate and the resulting
vasoconstriction are a direct function of burst frequency
(not burst incidence, which is temporally independent,
and therefore applied when evaluating efferent central
sympathetic responses to reflexes that concurrently alter
heart rate), the principal representation of MSNA with
respect to its influence on exercise capacity in the present
study was as bursts min~' (Wallin et al. 1992).

Statistical analysis

Data are presented as mean £ SE. Unpaired ¢ tests
or Mann—-Whitney rank sum tests (if the data did not
follow a normal Gaussian distribution) were performed
to assess differences between group means for dependent
variables. A comparison of the absolute change from base-
line in dependent variables during the second minute
of unloaded and loaded dynamic one-legged cycling
between the heart failure and healthy subject groups was
determined by a two-factor repeated measures analysis
of variance (ANOVA) (SigmaStat™ for Windows, Ver.
3.5; Systat Software Inc., Chicago, IL, USA) with group
(HFrEF and control subjects) and exercise intensity (zero
load, 50% of VOZ,peak cycling) as the two factors. A
post-hocStudent—Newman—Keuls test was applied to assess
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Table 1. Physical characteristics and baseline data

Healthy subjects Heart failure

Variable n=13 n=16 P value
Age (years) 55.6 + 1.9 62.2 £ 26  0.06
Height (cm) 1743 + 3.0 167.6 + 2.0 0.08
Body weight (kg) 77.2 £ 3.4 75.6 + 2.8 0.71
Heart rate 64.6 + 2.8 62.0 + 2.0 0.44

(beats min—")
Systolic blood
pressure (mmHg)
Diastolic blood
pressure
MSNA
(bursts min—1)

110.0 £ 4.7 112.5 £ 3.9 0.68
66.8 + 2.5 66.7 + 1.8 0.95

423 + 2.7 50.0 + 2.0 0.03

MSNA (bursts/100 66.2 + 4.1 82.1 + 3.4 0.005
heart beat)

Vo, peak (I min~") 2.6 +£0.2 1.40 + 0.1 <0.001

Vo, peak 326 + 2.8 18.0 & 2.0 <0.001
(ml kg=" min~")

Vo, peak (% 116.8 £ 7.6 69.0 = 6.4 <0.001
predicted)

Mean =+ SE. MSNA, muscle sympathetic nerve activity; VOZ.peak.
peak oxygen uptake.

individual differences between means. Linear regression
was used to assess the relationship between Vi, peax and
MSNA during exercise in the entire study cohort.

Results

Physical characteristics and baseline measures

Data are summarized in Table 1. Heart failure and
healthy control groups were similar with respect to age,
height, weight, resting heart rate, and both systolic and
diastolic blood pressure. MSNA burst frequency and burst
incidence at rest were significantly higher in the HFrEF
group (P =0.03 and 0.005 respectively). Vo, peak, whether
expressed in absolute, relative to body mass or normalized
as the percentage of predicted Vo, peac, Was lower in
patients with HFrEF (all P < 0.001).

One-legged cycling

Representative multiunit microneurographic MSNA
recordings from a healthy control subject at rest, and a
patient with HFrEF acquired at rest, during mild (zero
load) and during moderate intensity (50% of VOZ,peak)
one-legged cycling are shown in Fig. 1. There was no
significant difference between groups in the mean RPE
as assessed by the modified Borg scale (0-10) at either
work rate (HFrEF vs. controls at zero load cycling:
1.8 0.2 vs. 1.8 & 0.3;at 50% V0, peak cycling: 4.0 £ 0.4 vs.
3.8 & 0.5). Mean heart rate increased during both the
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mild and moderate cycling work rates (P < 0.001) with
no difference in absolute change from baseline between
groups (P = 0.10) (Fig. 2A).

Mean MSNA burst frequency (as proxy for neural
noradrenaline release rate), increased from baseline
during exercise in the HFrEF group. In contrast, MSNA
decreased in the healthy controls (main effect of group,
P < 0.001), and was independent of exercise intensity (no
main effect, P = 0.78) (Fig. 2B). The reflex response with
respect to MSNA burst incidence was a significant drop
during exercise only in control subjects (main effect of
group, P < 0.001). This divergence was more pronounced
at moderate exercise intensity (significant main effect,
P=0.01) (Fig. 2C).

Considering the cohort as a whole, approximately
41% of the variance in subjects’ VOZ,peak (expressed as
percentage of predicted) could be predicted by MSNA
burst frequency during the second minute of cycling
at 50% of Vo, peax (r = —0.64, P < 0.001) (Fig. 3).
Such relationships also were significant when MSNA
was expressed as its change from baseline (r = —0.55,
P = 0.002) or as absolute burst incidence (r = —0.50,
P =0.006).

Discussion

This study represents the first report of MSNA responses
in the leg during mild and moderate dynamic one-legged
cycling exercise in either heart failure or in middle-aged
healthy subjects. The principal novel finding was the
increase in MSNA burst frequency elicited by exercise

Healthy Control
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in patients with HFrEF, in contrast to the reduction
documented in the age-matched healthy control subjects.
A neurogenic limit to exercise tolerance in patients with
HFrEF may be the most important functional consequence
of such sympathoexcitation (Notarius et al. 1999). Indeed,
approximately 41% of the variance in these middle-aged
subjects’ peak exercise capacity could be attributed
to their MSNA response to moderate one-legged
cycling.

Studies involving electrically induced static hindlimb
muscle contraction have demonstrated, in rat models
of dilated cardiomyopathy, increased discharge relative
to control groups from mechanically sensitive type III
afferents (Wang et al. 2010) and an augmented blood
pressure and heart rate response (Smith et al. 2005).

In humans, previous studies examining directly efferent
sympathetic traffic to muscle during dynamic leg exercise
have recruited exclusively young healthy men in whom
MSNA was recorded either from the median or radial
nerve of the arm during leg cycling (Saito et al. 1993;
Callister et al. 1994; Ichinose et al. 2008; Katayama et al.
2011) or from the tibial or fibular nerve of the contralateral
leg during one-legged knee extension (Saito & Mano, 1991;
Ray etal. 1993). In contrast to one-legged staticleg exercise,
tibial nerve MSNA decreased during dynamic one-legged
leg cycling at mild to moderate intensities (Saito & Mano,
1991), as did median nerve MSNA during two-legged
cycling at work rates less than 40% VOZ,peak- In one study,
radial nerve MSNA was inhibited both immediately before
and upon the initiation of cycling (Callister et al. 1994).
At workloads greater than 60% VOZ,peak) both median
and radial nerve MSNA increased above baseline and
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Figure 1. Example of individual multifibre muscle sympathetic nerve activity recordings with burst
frequency count in a representative patient with heart failure and age-matched healthy control subject
at rest, during the second minute of mild (zero load) cycling and moderate cyclingy (50% Vo, , peak)-

HR, heart rate; RPE, rating of perceived exertion (010 Borg scale).
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continued to increase progressively up to peak exercise
(Saito et al. 1993; Callister et al. 1994; Ichinose et al. 2008).
Similarly, a drop in fibular MSNA in the contralateral leg
during upright dynamic leg extension occurred during
mild and moderate intensities and was associated with
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Figure 2. Divergent MSNA burst frequency and incidence
responses to dynamic exercise in patients with HFrEF and
control subjects

A, mean change in heart rate from baseline during mild and
moderate dynamic leg exercise. Heart rate increased significantly in
response to increasing exercise intensity during the second minute of
one-legged cycling in both healthy controls (white bars) and subjects
with heart failure (black bars) (P < 0.003 for 50% vs. zero load
cycling) with no between-group difference (P = 0.10). B, mean
change in MSNA burst frequency (bursts min~') from baseline during
mild and moderate dynamic leg exercise. MSNA decreased
significantly during both exercise intensities in healthy control
subjects (white bars) but increased significantly during both exercise
intensities in patients with heart failure (black bars) (*P < 0.001
HFrEF vs. control). There was no significant difference in MSNA
between exercise intensities within groups (P = 0.78). C, mean
change in MSNA burst incidence (bursts 100 heart beats™") from
baseline during mild and moderate dynamic leg exercise. MSNA
burst incidence decreased significantly during both exercise
intensities in healthy controls (white bars) but not in patients with
heart failure (black bars) (*P < 0.001 HFrEF vs. control at each
intensity). This divergence became more pronounced as exercise
intensity increased (P = 0.01) with no between-group interaction.
HFrEF, heart failure with reduced ejection fraction; MSNA, muscle
sympathetic nerve activity.
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increased central venous pressure (Ray et al. 1993). The
present findings confirm and extend these observations
to middle-aged healthy men and women, in whom mean
sympathetic outflow to skeletal muscle also fell during
dynamic leg exercise.

Initial evaluations of sympathetic responses to dynamic
leg exercise activity in HFrEF utilized the more
indirect and global indices of plasma noradrenaline
and noradrenaline spillover. A small (six patients)
study involving supine cycling reported similar increases
in noradrenaline release into plasma for the same
relative work rate, but considerable variance in sub-
ject responses (Hasking et al. 1988). Other investigators
have proposed a causal relationship in HFrEF between
augmented plasma noradrenaline responses to exercise
and concurrent reductions in leg blood flow, as these
could be reversed by the central sympatholytic agent,
clonidine (Lang et al 1997). When noradrenaline
spillover at peak exercise was measured during both
bilateral dynamic leg cycling and one-legged dynamic
leg extension, this was higher in patients with HFrEF
than in age-matched controls (Esposito et al. 2010).
The arterial noradrenaline concentration in HFrEF was
highest during peak one-legged exercise, which utilizes
a relatively lower muscle mass and consequently peak
oxygen uptake, compared with two-legged exercise. These
several findings with respect to noradrenaline kinetics
are concordant with our previous microneurographic
observations established at rest (Notarius et al. 1999) and
during moderate one-legged cycling exercise (Notarius
etal 2014).

Owing to technical challenges, comparisons to date of
MSNA responses to dynamic exercise between subjects
with HFrEF and age-matched controls have been confined
to the handgrip model (Silber et al. 1998; Notarius et al.
20014a; Kuniyoshi et al. 2014). We previously reported that,
compared to age-matched control subjects, the elevated
resting MSNA burst frequency of supine patients with
HFrEF was stimulated by a lower dynamic handgrip
workload, was greater in magnitude, and was sustained
during post-handgrip ischaemia (Notarius et al. 20014),
observations indicating augmentation, in heart failure,
of reflexes arising from skeletal muscle. Importantly, the
MSNA response was greatest in patients whose peak
oxygen uptake was less than 56% of predicted by their
age, sex and weight (Notarius et al. 2001a).

In the present study, MSNA burst frequency increased in
HFrEF during mild to moderate dynamic cycling exercise
but decreased in age-matched controls. This divergence
was observed even though all subjects were exercising
at the same relative exercise intensities as evidenced by
the nearly identical mean RPE values and by comparable
graded heart rate responses during exercise.

Net MSNA responses elicited by exercise represent the
interaction and integration of several autonomic reflexes,
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with some eliciting qualitatively similar efferent effects,
while others have directionally opposite responses (Floras,
2009). For example, in healthy young subjects, activation
of the sympathoinhibitory cardiopulmonary baroreflex
(Saito et al. 1993; Ichinose et al. 2008), triggered by
acute elevations in central venous pressure during exercise
induced by the muscle pump effect on venous return, has
been proposed to explain the drop in MSNA at lower work
rates, a finding that was reversed during supine posture
(Ray et al. 1993). Opposing this are sympathoexcitatory
reflexes, which include: the muscle metaboreflex triggered
by the accumulation of metabolites released by contra-
cting muscle, which stimulate type III and IV muscle
afferents (Mitchell et al. 1983); the muscle mechanoreflex,
activated by the immediate mechanical effects of muscle
contraction; and the arterial chemoreceptor reflex, which
when evoked by hypoxia lowers the threshold for MSNA
activation (Katayama et al. 2011). Of note, in many
patients with HFrEF augmentation of these particular
sympathoexcitatory reflexes elevates MSNA even at rest
(Floras, 2009).

Previous work by others and ourselves leads us to
suggest that the probable mechanism for divergent net
MSNA responses to one-legged cycling observed in the
present series is the development, in HFrEF, of quantitative
or qualitative differences with respect to each reflex
elicited (Floras, 2009). The sympathoexcitatory muscle
metaboreflex response to the dynamic handgrip exercise
has been demonstrated by us (Notarius et al. 2001a)
and others (Piepoli e al. 1996; Silber et al. 1998) to be
augmented in HFrEF [and abolished by pretreatment with
caffeine, a non-specific blocker of adenosine receptors
(Notarius et al. 2001b)]. Its functional consequence is
increased peripheral vasoconstriction (Crisafulli et al.
2007). Others have argued that the muscle metaboreflex
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is diminished in HFrEF (Kon et al. 2004) and the
muscle mechanoreflex, augmented (Middlekauff et al.
2004), perhaps due to between-laboratory differences with
respect to the autonomic integrity of HFrEF and control
populations studied, the posture at which handgrip
was performed and the exercise protocols themselves
(Notarius & Floras, 2007). However, augmentation of the
metaboreflex in HFrEF is not the only possible explanation
for the divergent MSNA burst frequency and burst
incidence responses to one-legged cycling observed in the
present experiments. With respect to cardiopulmonary
reflexes, our group has established evidence, using both
cardiac noradrenaline spillover and single fibre MSNA
recordings, for the existence in humans with HFrEF of an
additional, sympathoexcitatory, cardiopulmonary reflex,
which is by contrast relatively quiescent in healthy subjects
(Azevedo et al. 2000; Millar et al. 2013). Indeed, the relative
proportion of efferent single MSNA units discharging
in response to an acute increase in pre-load induced by
non-hypertensive lower body positive pressure is increased
significantly in HFrEF (Millar et al. 2014). It would
be reasonable to anticipate that this sympathoexcitatory
response would be evoked similarly by exercise-induced
increases in atrial pressures. In healthy subjects, the arterial
chemoreflex accounts for approximately 30% of the MSNA
response during dynamic handgrip (Stickland & Miller,
2008). Exaggerated arterial chemoreceptor sensitivity,
known to be present in a substantial proportion of patients
with HFrEF (Depas et al. 2012), also would be anti-
cipated to augment their MSNA response to dynamic leg
exercise. The present study marks an important first step
in characterizing a neurogenic limit to exercise tolerance
in HFrEF. Elucidation of the specific contribution of each
of these sympathoexcitatory reflexes to the net multi-unit
MSNA response to exercise and its functional consequence

Figure 3. Inverse relationship (n = 29; r = —0.64;

P < 0.001) between MSNA burst frequency and

peak oxygen uptake (Voz,peak) during the second

minute of one-legged cycling performed at 50%
1 VOz,peak-

10 40 50
MSNA (bursts min™")

Controls (n = 13) are presented as open circles and
subjects with heart failure (n = 16) as filled circles.
MSNA, muscle sympathetic nerve activity.
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with respect to leg blood flow represents an opportunity
for future investigation.

In conclusion, we demonstrate for the first time that
patients with heart failure due to reduced ejection fraction
augment their already elevated resting sympathetic nerve
traffic to muscle during mild and moderate dynamic
leg cycling, in contrast to the decrease observed in
age-matched healthy controls at similar relative work
rates. In addition, peak exercise capacity related inversely
to MSNA burst frequency elicited by mild to moderate
exercise. Taken together, these findings are consistent with
the concept of a neurogenic limit to exercise tolerance
in medically treated patients with HFrEF. Importantly,
such sympathetic activation is potentially modifiable
by non-pharmacologic interventions such as exercise
training.
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