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BACKGROUND: Changes within skeletal muscle, including augmenta-
tion of its capacity to elicit reflex increases in both efferent muscle sympa-
thetic nerve activity (MSNA) and ventilation during work, contribute
significantly to exercise intolerance in heart failure (HF). Previously, we
demonstrated that peak oxygen uptake (pVO;) in HF relates inversely to
MSNA at rest and during exercise.

OBJECTIVE: To test the hypothesis that there is an independent positive
relationship between resting MSNA and the ratio of ventilation to carbon
dioxide output during exercise (VE/VCO,) that is augmented in HE
METHODS: MSNA at rest and VE/VCO; during stationary cycling were
measured in 30 patients (27 men) with HF (mean + SD ejection fraction
2046%) and in 31 age-matched controls (29 men).

RESULTS: MSNA was higher in HF patients than in controls
(51.5+14.3 bursts/min versus 33.0+11.1 bursts/min; P<0.0001). The
VE/VCO; slope was also higher in HF patients than in controls (33.7+5.7
versus 26.0+3.5; P<0.0001), whereas pVO, was lower in HF patients than
in controls (18.6+6.6 versus 31.4+8.4 mL/kg/min; P<0.0001). There were
significant relationships between MSNA and VE/VCO, in both HF
(r=0.50; P=0.005) and control subjects (r=0.36; P=0.046). The slope of
this regression equation was steeper in HF (0.20 versus 0.11 x MSNA;
P=0.001). An analysis of covariance for main effects, including age and
pVO;, identified a significant independent relationship between MSNA
burst frequency and VE/VCO, (P=0.013) that differed between HF and
controls (P<0.01).

CONCLUSIONS: The magnitude of resting sympathetic activity corre-
lates positively with the VE/VCO; slope. Augmentation of this relationship
in HF patients is consistent with the concept that enhanced mechanore-
ceptor reflex activity exaggerates their ventilatory response to exercise.
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Activité du nerf sympathique musculaire et
ventilation durant I'effort chez des sujets souffrant
ou non d’insuffisance cardiaque chronique

HISTORIQUE : Les changements affectant les muscles squelettiques, y
compris l'augmentation de la capacité du réflexe thoracique lors de
Pactivité des nerfs sympathiques musculaires (ANSM) efférents et de la
ventilation a Deffort, contribuent significativement a lintolérance 2
leffort en présence d'insuffisance cardiaque (IC). Nous avons déja
démontré que la consommation maximum d’oxygene (pVO;) de I'Hb dans
I'IC est inversement proportionnelle 2 PANSM au repos et a effort durant
lexercice.

OBJECTIF : Vérifier P’hypothese selon laquelle il y a un lien positif
indépendant entre PANSM au repos et le rapport ventilation:rejet de
dioxyde de carbone a l’effort (VE/VCQO;), accru en présence d’IC.
METHODES : UANSM au repos et le VE/VCO, durant 'exercice sur
bicyclette stationnaire ont été mesurée chez 30 patients (27 hommes)
atteints d’IC (fraction d’éjection, 20 + 6 % [moyenne + E.-T]) et chez
31 témoins assortis selon 'age (29 hommes).

RESULTATS : CANSM a été plus élevée chez les patients atteints d'IC
que chez les témoins (51,5 + 14,3 salves/minute, contre 33,0 + 11,1 salves/
minute; p < 0,0001). La courbe VE/VCO; a aussi été plus élevée chez les
patients atteints d’IC que chez les témoins (33,7 + 5,7, contre 26,0 + 3,5;
p < 0,0001), tandis que la pVO; a été plus faible chez les patients atteints
d’IC que chez les témoins (18,6 + 6,6 contre 31,4 + 8,4 mL/kg/minute;
p < 0,0001). On a noté des liens significatifs entre "ANSM et le VE/VCO,
tant chez les sujets atteints d’'IC (r = 0,50, p = 0,005) que chez les témoins
(r = 0,36, p = 0,046). La courbe de cette équation de régression a été plus
abrupte chez les sujets atteints d'IC (0,20, contre 0,11 x ANSM,
p = 0,001). Une analyse de la covariance pour les effets principaux, y
compris I'age et la pVO; a fait ressortir un lien indépendant et significatif
entre la fréquence des salves ’ANSM et le VE/VCO; (p = 0,013) qui
différait entre les sujets atteints d’IC et les témoins (p < 0,01).
CONCLUSIONS : Pampleur de P'activité sympathique au repos est en
corrélation positive avec la courbe VE/VCQO,. Laugmentation de ce lien
chez les patients atteints d’IC concorde avec la notion selon laquelle une
activité réflexe mécanoréceptrice accrue accentue la réponse ventilatoire
a Pexercice.

Patients with chronic heart failure (HF) complain of breathlessness
and fatigue (1). Their degree of exercise intolerance can be
assessed by measuring peak oxygen uptake (pVO;) during incremental
exercise testing (2). Patients with HF also demonstrate an increased
ventilatory response to exercise, ie, a steeper relationship between
ventilation (VE) and carbon dioxide output (VCOy), reported as the
VE/VCO; slope (3-5). VE/VCO; slope in HF correlates inversely with
pVO; (3,4). Both low pVO, and increased VE/VCO; slope identify
chronic HF patients with more severe HF symptoms and higher mor-
tality rates (6-8).

The ‘muscle hypothesis’ of HF (9-12) proposes that changes within
skeletal muscle, including augmentation of its capacity to elicit reflex
increases in efferent muscle sympathetic nerve activity (MSNA) and
ventilation, when stimulated by work, greatly contribute to exercise
intolerance in this condition. Previous work from our laboratory (13)
has focused on the efferent sympathoneural limb of this somatic pressor
reflex. When the afferent nerve endings in skeletal muscle that are
responsive to metabolic products of work (metaboreceptors, primarily
type IV fibres) [14]) are stimulated by isometric or isotonic exercise,
the reflex increase in MSNA is elicited at a lower workload in HF
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TABLE 1
Subject characteristics

Characteristic Patients (n=30) Controls (n=31) P

Age (years) 50+£13 46+12 0.25
Height (cm) 177111 1777 0.87
Weight (kg) 87.4+18.3 80.1+14.8 0.09
FEV (% predicted) 8449 103+11 0.02
Resting heart rate (beats/min) 743 6541 0.004
Resting SBP (mmHg) 125+40 119+28 0.84
Resting DBP (mmHg) 7511 71+12 0.73
Peak heart rate (beats/min) 144127 16519 0.001
Peak SBP (mmHg) 149141 196426 <0.0001
Peak DBP (mmHg) 77+11 83+13 0.02
pVO; (mL/min/kg) 18.646.6 31.4+8.4 <0.0001
VE/NCO:; slope 33.7+¢5.7 26.0+3.5 <0.0001
Peak VE (L/min) 66+20 82427 0.009
Respiratory exchange ratio 1.240.1 1.240.1 0.66
MSNA (bursts/min) 51.5+14.3 33.0+11.1 <0.0001

MSNA (bursts/100 beats) 70.4+17.2 51.1+16.1 <0.0001

Values are shown as mean + SD. DBP Diastolic blood pressure; FEV; Forced
expiratory volume in the first second; SBP Systolic blood pressure; MSNA
Muscle sympathetic nerve activity; pVO, Peak oxygen consumption;
VE/VCO:; Ratio of ventilation (VE) to carbon dioxide output

patients, and its magnitude is augmented (13). This sympathoexcita-
tory response is sustained when ischemic metabolites generated by
exercise are trapped locally following post-handgrip ischemia by a
proximal blood pressure cuff inflated to suprasystolic levels. HF
patients with the lowest pVO, exhibit the highest reflex sympa-
thoneural responses to these stimuli (13). Similarly, if passive exercise
is used to stimulate the afferent nerve endings that are responsive to
stretch (mechanoreceptors, primarily type III fibres [14]) and remove
the confounding influence of central command, MSNA increases
reflexively in HF patients, but not in control subjects (15).
Augmentation of these exercise pressor reflexes in HF could act as a
peripheral neurogenic constraint to exercise in this condition.

Our group has previously reported (16,17) higher muscle sympa-
thetic nerve firing rates recording during supine rest in individuals
with chronic HF than in age- and sex-matched control subjects, as
well as a significant inverse correlation between resting MSNA and
pVO; in HF (18). Although it is known that plasma catecholamines
are highest in HF patients with reduced exercise capacity and an aug-
mented ventilatory response to exercise (19,20), we did not explore
potential relationships between resting MSNA and VE/VCQO, at the
time of these experiments (18). To address this new question, we
investigated an additional 13 HF patients and 14 healthy control sub-
jects. The aim of the present investigation was to test three hypotheses:
that there is a positive relationship between the magnitude of sympa-
thetic activation at rest, as determined by MSNA, and VE/VCO, dur-
ing exercise; that this relationship is independent of the inverse
relationship between resting MSNA and pVO,; and that the slope of
the MSNA VE/VCQO,; relationship is augmented in chronic HE

PATIENTS AND METHODS

Patients

Thirty patients with HF (27 men) and 31 age-matched control sub-
jects (29 men) were studied. Chronic HF was defined as fatigue or
breathlessness on exertion and reduced left ventricular ejection frac-
tion (lower than 40%) on radionuclide ventriculography. Patients
with neurological or pulmonary constraints to exercise capacity or
inducible ischemia were excluded. Forced expiratory volume in the
first second (FEV;) on baseline pulmonary function screening was

276

greater than 80% of that predicted in all subjects. Seventeen patients
(57%) were on beta-adrenoceptor blocking drugs (which do not alter
resting MSNA when administered long-term to HF patients [21]), 28
(94%) were taking angiotensin-converting enzyme inhibitors, 17
(57%) were taking digitalis and 27 (90%) were taking diuretics. To
avoid acute increases in MSNA and blood pressure due to bladder dis-
tension (22), loop diuretics (n=27; mean furosemide equivalent dose
84+25 mg) were withheld on the day of the microneurographic test-
ing. Control subjects were recruited through local advertising, none of
whom had a cardiac history or were taking any regular medication.
Each subject provided informed written consent for these investiga-
tions following approval by the Institutional Research Ethics Boards.

Sympathetic nerve recordings

Subjects were studied at rest in the supine position. Blood pressure was
monitored from the left arm every minute (Lifestat 200 model; Physio-
Control, USA) and heart rate was measured continuously. Multiunit
recordings of postganglionic MSNA were obtained with a unipolar
tungsten electrode inserted selectively into a muscle nerve fascicle of
the right or left peroneal nerve, posterior to the fibular head, using
methods previously described (16,17,23). Acceptable recordings met
the following four criteria: spontaneous bursts of neural discharge syn-
chronous with the heart rate; no response to arousal stimuli or skin
stroking; an increase in nerve burst frequency with apnea; and a signal
to noise ratio of 3:1. Signals were recorded onto paper and exported to
computer for real-time acquisition by LabVIEW software (National
Instruments, USA). Subsequent analysis was performed by custom
burst detection software with the capacity for postprocessing visual
inspection. Editing of static noise and other artifacts was performed by
a trained investigator blinded to the results of the exercise test.

After the setup and a stabilization period of 20 min, subjects lay
quietly while a 7 min to 10 min baseline recording was acquired. The
average resting heart rate, systolic and diastolic blood pressure and
muscle sympathetic burst frequency were then determined.

Exercise testing

Following standard spirometry testing for FEV; and forced vital capac-
ity, each subject underwent peak exercise testing to exhaustion on a
cycle ergometer according to an incremental protocol starting at 17 W
and increasing by 17 W every minute until pedal speed could no
longer be maintained. VO,, VCO; and VE were measured continu-
ously during exercise by means of open-circuit spirometry (Horizon
MMC System or Vmax Series 229; Sensormedics, USA). Heart rate
was monitored by a 12-lead electrocardiogram (Quinton, USA). A
respiratory exchange ratio (VCO,/VO,) of 1.1 was taken to indicate
maximal effort. The VE/VCQO; slope, which represents the relation-
ship between VE and VCO,, was calculated for each subject by simple
regression of data collected throughout exercise (5).

Statistical analysis

Results are reported as mean + SD in text and tables. Variables were
analyzed using a commercially available statistics program (Statview
version 5; SAS Institute, USA). Unpaired Student’s t tests were used
for comparisons between controls and HF patients, and between
patients taking beta-blockers and those not taking beta-blockers.
Linear regression was used to establish the slope of the relationship
between resting MSNA burst frequency and VE/VCQO; in the two sub-
ject groups. Analysis of covariance was used to determine relation-
ships between subject group, MSNA and pVO,, and their interactions
with VE/VCO,. Multivariable linear regression with stepwise selec-
tion was used to identify the independent predictors of VE/VCO..
Variables tested in this model included age, HE, MSNA and pVO,.

RESULTS

Table 1 describes baseline and exercise variables in patients and control
subjects. Mean left ventricular ejection fraction in patients was
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20+6%. Thirteen patients had ischemic cardiomyopathy and 17 had
dilated cardiomyopathy. Resting MSNA burst frequency and heart
rate-adjusted MSNA burst incidence were higher in HF patients.
Patients had significantly lower mean pVO, and a steeper VE/VCO;
slope than controls.

There was a significant positive correlation between MSNA and
VE/VCO; in the group as a whole (r=0.66; P<0.001). Similar signifi-
cant correlations were present in HF patients (r=0.50; P=0.005) and
in healthy control subjects (r=0.36; P=0.046). The slopes and
intercepts for the regression equations describing these relationships
were VE/VCO, = 0.20 x MSNA + 23.4 for HE and VE/VCO, =
0.11 x MSNA + 22.3 for control subjects, indicating that patients had
on average an 82% steeper slope than control subjects (0.20 versus
0.11; P=0.001) (Figure 1). There was no difference in the slope of this
relationship between HF patients who were prescribed beta-blockers
and those who were not.

There was a significant inverse relationship between pVO, and
VE/VCO; in HF patients (r=—0.48; P=0.007), but not in control sub-
jects (r=—0.25; P=0.17). Analysis of covariance for main effects,
including age and pVO,, identified a significant independent relation-
ship between MSNA burst frequency and VE/VCO, (P=0.013),
which differed between HF and control subjects (P<0.01). Age
(P=0.21) and pVO, (P=0.30) did not contribute to this main effects
model within this analysis.

Multivariable linear regression identified three independent pre-
dictors of VE/VCO,: MSNA (partial 12 0.435; P<0.001), HF (partial
r2 0.1; P=0.001) and age (partial r2 0.025; P=0.08). The equation for
this model is: VE/VCO, = 0.082 (age) + 4.87 (HF; O=absent, 1=pres-
ent) + 0.136 (MSNA) + 17.7; 2 = 0.56, P<0.001.

DISCUSSION

Recent interest in the origins of the exaggerated ventilatory response
to exercise in HE particularly the ‘muscle hypothesis’ of exercise hyper-
ventilation (9-12), stimulated the present analysis of relationships
between MSNA and the VE/VCO; slope during exercise. In our previ-
ous experiments (13), which examined the efferent sympathetic limb
of the exercise pressor reflex, increases in efferent MSNA elicited by
isometric or isotonic exercise, or by posthandgrip forearm ischemia
were augmented in patients with chronic HF compared with age- and
sex- matched control subjects. Increases in MSNA were elicited by a
lower threshold of work and were of greater magnitude in HF patients
with compromised exercise capacity than in those with relatively pre-
served exercise capacity (13). Greater muscle metaboreceptor and
mechanoreceptor stimulation may also contribute to the augmented
ventilatory response to exercise in HF (10-12). In addition, we were
the first to describe an inverse relationship between resting MSNA and
pVO, in HE which is not present in healthy age-matched control sub-
jects (17). The present investigations expanded on this previous series
to test the hypothesis that there is an independent positive relationship
between resting MSNA and VE/VCO; that is augmented in HE

The present investigation yielded three novel observations. First,
in healthy middle-aged subjects, there was a significant positive rela-
tionship between sympathetic vasoconstrictor tone to muscle vascular
beds at rest and the ventilatory response to exercise. Second, in
chronic HE, there was a similar direct relationship, which was inde-
pendent of the concurrent influences of either age, sex or pVO,. This
is an important consideration, because both MSNA and VE/VCO,
increase with age in healthy subjects. Age-related increases in MSNA
are more pronounced in women (24), and in general, VE/VCO; is
greater in women than in men (25). Third, HF patients exhibited a
significantly steeper slope describing the relationship between MSNA
and VE/VCO; than age-matched healthy control subjects, indicating
that the ventilatory response to exercise is not simply a function of the
magnitude of a subject’s state of sympathetic activation at rest. Rather,
this relationship is exaggerated in patients with left ventricular sys-
tolic dysfunction due to one or more HF-specific mechanisms.
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Figure 1) Regression equations (slope + intercept) describing the relationship
between muscle sympathetic nerve activity (MSNA) and the slope of the ratio
of ventilation to carbon dioxide output (VE/VCO,) in heart failure patients
(filled squares and solid trendline) (VE/VCO, = 0.20 x MSNA + 23.4;
P=0.005, r=0.50) and controls (unfilled circles and dashed trendline)
(VE/VCO; = 0.11 x MSNA + 22.2; P=0.046, r=0.36). *P=0.001 for

difference between subjects with and without heart failure

Several afferent mechanisms may augment this ventilatory
response to exercise in chronic HE One of these includes sensitization
or greater stimulation of muscle mechanoreceptors (15) and meta-
boreceptors (13) during work, perhaps exacerbated by conversion
from type I (slow twitch, aerobic) to type II (fast twitch, anaerobic)
muscle fibres (26,27). Other mechanisms include increased sensitivity
of peripheral and central chemoreceptors (20,28,29), and amplifica-
tion of signals within the central nervous system originating from
these several inputs (30). The relative contribution of central com-
mand, an important stimulus to ventilation at the onset of exercise
(31-33), diminishes as exercise is sustained (34,35).

Limitations

Limitations to the present analysis and interpretation should be
acknowledged. First, the data do not permit definitive conclusions as
to the precise afferent mechanism responsible for the exaggerated ven-
tilatory response to exercise in chronic HE Second, only resting val-
ues for MSNA were acquired; future experiments could investigate
simultaneous changes in MSNA and VE/VCO; slope elicited by upper
arm or single-leg exercise. We do not consider the maintenance of
prescribed HF therapies to be a limitation; a study of HF patients
whose chronic homeostasis is perturbed by drug withdrawal would
have less clinical relevance. However, because patients were managed
with a combination of disease-modifying therapies, these observations
might have underestimated the full impact of HF on the MSNA-
VE/VCO; relationship (36). For example, chronic beta-adrenoceptor
blockade does not affect resting MSNA in HF (21), but it has been
reported to reduce submaximal (37) and peak ventilation (38) during
exercise. However, within the HF group, there was no difference
between those who were taking taking beta-blockers and those who
were not with respect to the regression equation relating MSNA and

VE/VCO;.

CONCLUSIONS
HF patients exhibit higher resting skeletal muscle sympathetic nerve
discharge, an augmented ventilatory response to exercise and a steeper
relationship between MSNA burst frequency and VE/VCO,.
Augmentation of this relationship in HF patients is consistent with
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the concept that enhanced mechanoreceptor reflex activity exagger-
ates ventilatory response to exercise. Excessive ventilation may further
compromise submaximal exercise tolerance by inducing dyspnea.
Conversely, exercise training (29), which can attenuate muscle affer-
ent feedback (39), may improve the ventilatory response to exercise.
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