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Study Objectives: To test the effects of exercise training on sleep and
neurovascular control in patients with systolic heart failure with and
without sleep disordered breathing.

Design: Prospective interventional study.

Setting: Cardiac rehabilitation and exercise physiology unit and sleep
laboratory.

Patients: Twenty-five patients with heart failure, aged 42 to 70 years,
and New York Heart Association Functional Class I-1ll were divided into
1 of 3 groups: obstructive sleep apnea (n = 8), central sleep apnea (n =
9) and no sleep apnea (n = 7).

Interventions: Four months of no-training (control) followed by 4
months of an exercise training program (three 60-minute, supervised,
exercise sessions per week).

Measures and Results: Sleep (polysomnography), microneurography,
forearm blood flow (plethysmography), peak VO, and quality of life
were evaluated at baseline and at the end of the control and trained
periods. No significant changes occurred in the control period. Exercise
training reduced muscle sympathetic nerve activity (P < 0.001) and in-

creased forearm blood flow (P < 0.01), peak VO, (P < 0.01), and quality
of life (P <0.01) in all groups, independent of the presence of sleep ap-
nea. Exercise training improved the apnea-hypopnea index, minimum
0, saturation, and amount stage 3-4 sleep (P < 0.05) in patients with
obstructive sleep apnea but had no significant effects in patients with
central sleep apnea.

Conclusions. The beneficial effects of exercise training on neurovas-
cular function, functional capacity, and quality of life in patients with
systolic dysfunction and heart failure occurs independently of sleep dis-
ordered breathing. Exercise training lessens the severity of obstructive
sleep apnea but does not affect central sleep apnea in patients with
heart failure and sleep disordered breathing.
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IT IS NOW RECOGNIZED THAT SLEEP DISORDERED
BREATHING IS EXTREMELY COMMON AMONG PA-
TIENTS WITH HEART FAILURE (HF) IN THE SETTING of
systolic dysfunction.' Patients with HF have 2 distinct patterns
of sleep disordered breathing, namely, obstructive sleep apnea
(OSA) and central sleep apnea (CSA). CSA and OSA occur in
approximately in 25% to 37% and 27% to 38% of the patients
with HF, respectively.'? CSA is associated with a crescendo-de-
crescendo pattern of breathing, which is also known as Cheyne-
Stokes respiration.*> OSA is primarily caused by upper airway
instability and obstruction during sleep.® In contrast, CSA has
been hypothesized to be a consequence of the underlying heart
disease, attributable to prolonged circulation time, pulmonary
congestion, and increased chemosensitivity.>® Patients with
HF and sleep disordered breathing, as compared with patients
with similar heart function but no sleep disordered breathing,
have greater levels of resting sympathetic activity.” Moreover,
treatment of OSA and CSA with continuous positive airway
pressure (CPAP) seems to improve left ventricular ejection
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fraction'™'? and reduce mortality in patients with HE."* These

findings are consistent with the concept that sleep disordered
breathing constitutes an additional burden to the cardiovascular
system in patients with HF.

It is now well accepted that exercise training is safe and ben-
eficial for patients with HF due to systolic dysfunction.'*'” This
nonpharmacologic strategy significantly reduces muscle sym-
pathetic nerve activity (MSNA) in patients with HF.'” Moreover
exercise training has been shown to improve systemic endothe-
lial function in patients with HF.'® The consequence of this dual
effect of exercise training is the reduction in peripheral vascular
resistance and an increase in blood flow, leading to ameliora-
tion in muscle oxidative stress and metabolism in patients with
HE."20 Exercise training improves exercise tolerance and over-
all quality of life (QoL) in patients with HF.' On the other hand,
it has become clear from our previous study that the magnitude
of neurovascular change caused by exercise training is variable
among patients with HF.'” This heterogeneity may be explained
by the unrecognized presence of sleep disordered breathing.’
However, the effect of exercise training in patients with HF ac-
cording to the presence or absence of sleep disordered breath-
ing has not been previously investigated.

It has been shown that exercise training increases left ven-
tricular ejection fraction (LVEF),?'# cardiac output®* and
ventilatory pattern® in patients with HF. In addition, exercise
training ameliorates peripheral chemoreflex control in HF.* All
of these changes may favor improvement in sleep disturbances.
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Thus, we reasoned that exercise training would improve sleep
disordered breathing in patients with HF.

In this study, we tested 2 hypotheses: (1) that the beneficial
effects of exercise training on MSNA and forearm blood flow
(FBF) would be modulated by the presence of sleep disordered
breathing and (2) that exercise training would improve sleep
apnea in patients with HF.

METHODS
Subjects

Patients with HF who were between the ages of 42 and 70
years and who had echocardiographic evidence of impaired left
ventricular function from ischemic, idiopathic, and hypertensive
etiology and who had stable HF duration of more than 3 months,
were on optimal medical therapy, had New York Heart Associa-
tion, Functional Class I-III, and had an ejection fraction of less
than 45% were invited to participate in the study. Exclusion cri-
teria included pulmonary disease, chronic renal disease, diabetes
mellitus, atrial fibrillation, pacemaker, a history of stroke, body
mass index (BMI) greater than 30 kg/m?, and recent (< 3 months)
myocardial infarction, or unstable angina. Healthy, age-matched,
control subjects also participated in the study. The study was ap-
proved by the institutional committee on human research and all
patients gave written informed consent.

Experimental Design

Outpatients with HF and control subjects were invited to the
study. Before study entry, all patients were followed for 2 months
to ensure optimal medication dose and clinical stability of HF.
After study entry (baseline), all patients with HF were followed
for 4 months and instructed to avoid exercise (untrained period).
The patients were then submitted to a 4-month period of exer-
cise training. All evaluations were made at baseline and at the
end of untrained and trained periods. During the entire study, the
patients came to the hospital every 2 weeks to have their physi-
cal activity and medication status verified. Patients who needed
changes in medication dose or were not compliant with medica-
tions were excluded. The normal control subjects were evaluated
before (baseline) and after 4 months of exercise training.

Sleep Study

All participants underwent overnight polysomnography, as has
been previously described.”” Sleep stages, apneas, hypopneas,
and arousals was defined and scored as has been previously
described.”*® Briefly, apnea was defined as complete cessation
of airflow for at least 10 seconds with an oxygen desaturation of
3% or greater. Hypopnea was defined as a reduction in respiratory
signal of at least 50% from baseline for at least 10 seconds and
associated with oxygen desaturation of 3% or greater. The apnea-
hypopnea index (AHI) was calculated by totaling the number
of respiratory events (apneas and hypopneas) per hour of sleep.
Sleep apnea was defined as an AHI of at least 10 events per hour
of sleep.?** OSA was defined as a cessation of respiratory airflow
for 10 seconds with thoracoabdominal effort, which was detected
by piezoelectric respiratory-effort sensor. Patients who had more
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than 70% of events that were obstructive were defined as having
OSA. CSA was defined as the absence of respiratory airflow at
least 10 seconds without thoracoabdominal motion. Patients who
had more than 70% of events without respiratory airflow were
defined as having CSA. Patients with HF with an AHI of less than
10 events per hour of sleep were defined as having no sleep apnea
(NoSA). A control group comprising age-matched subjects with
an AHI less than 10 events per hour of sleep was also studied.

Muscle Sympathetic Nerve Activity

MSNA was directly recorded from the peroneal nerve using
the technique of microneurography. Muscle sympathetic bursts
were identified by visual inspection, blinded to the study proto-
col, and were expressed as burst frequency (bursts per minute).

Forearm Blood Flow

FBF was measured using venous occlusion plethysmogra-
phy, as has been previously described'®!” FBF was determined
on the basis of a minimum of 8 separate readings. Heart rate
(electrocardiogram) and arterial blood pressure (FINAPRES,
Ohmeda, Englewood, CO, model 2300) were continuously
measured. Forearm vascular conductance (FVC) was estimated
by dividing FBF by mean blood pressure. We used the FBF
technique instead of calf blood flow to avoid leg movements
that may interfere with MSNA measurements.

Cardiopulmonary Exercise Test

Maximal exercise capacity was determined by means of a max-
imal progressive exercise test on an electromagnetically braked
cycle ergometer (Medifit 400L, Medical Fitness Equipment,
Maarn, Netherlands), with work-rate increments of 10 to 15 watts
and 15 to 30 watts every 3 minutes at 60 rpm until exhaustion
for patients with HF and normal control subjects, respectively, as
has been previously described.'*'” Peak VO, was defined as the
maximum attained VO, at the end of the exercise period in which
the subject could no longer maintain the cycle ergometer velocity
at 60 rpm. Anaerobic threshold was determined to occur at the
break-point between the increase in the CO, output and VO, (V-
slope) or the point at which the ventilatory equivalent for O, and
end-tidal O, partial pressure curves reached their respective mini-
mum values and began to rise. Respiratory compensation was de-
termined to occur at the point at which ventilatory equivalent for
CO, was lowest before a systematic increase and when end-tidal
CO, partial pressure reaches a maximum and begins to decrease.

Quality of Life

QoL was assessed by means of the Minnesota Living with
Heart Failure Questionnaire.?' Recent studies have shown this
questionnaire to be responsive to changes in QoL in patients
with chronic HF after exercise training.'¢*

Exercise Training Protocol

The exercise training protocol was identical to the one used
in our prior study.'” The 4-month exercise training program con-
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Figure 1—Experimental design. OSA refers to patients with heart failure (HF) and obstructive sleep apnea; CSA, patients with heart failure
and central sleep apnea; NoSA, patients with heart failure without sleep apnea; NC, normal, healthy control subjects.

Untrained Period Trained Period

sisted of three 60-minute, supervised, exercise sessions per week.
Each session consisted of 5 minutes of stretching exercise, 25
minutes of cycling on the ergometer bicycle in the first month
and up to 40 minutes min in the last 3 months, 10 minutes of local
strengthening exercise, and 5 minutes of cool down with stretch-
ing exercises. The cycling exercise intensity was established by
heart rate levels that corresponded to anaerobic threshold up to
10% below the respiratory compensation point obtained in the
cardiopulmonary exercise test. Exercise compliance was as-
sessed as percentage of exercise sessions attended.

Statistical Analysis

The data are presented as mean + SEM. Statistical analysis
was performed using one-way analysis of variance to compare
possible group differences at baseline and the posttraining peri-
od. Ay test was used to test possible differences in sex, etiology,
and medication use among the groups. One-way analysis of vari-
ance with repeated measures was used to compare within-group
differences at baseline, the no-training control period, and the ex-
ercise training period. Paired student t-test was used to compare
within-group differences at baseline and the posttraining period
in the group of control subjects. In the case of significance, post-
hoc comparisons were performed by Tukey Honest Significant
Difference test. Pearson correlation was used to investigate if
changes in neurovascular function after exercise training corre-
lated with changes in apnea severity. Probability values of 0.05 or
less were considered to be statistically significant.

RESULTS
Characteristics of the Subjects

From a total of 35 patients with HF who were initially select-
ed to participate in the study, 3 patients were excluded: 1 patient
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with mixed sleep apnea and 2 patients without MSNA record-
ing at baseline measurements. Eight patients were excluded at
the end of the untrained control period: 2 had unstable blood
pressure levels, 2 had unstable HF, 2 patients dropped out, and
2 patients (1 with OSA and 1 without sleep apnea) died. From a
total of 16 control subjects, 7 were excluded after the polysom-
nography study because of OSA (AHI > 10/h of sleep). Thus,
24 patients with HF and 9 control subjects completed the exer-
cise training period: 9 with CSA, 8 with OSA, 7 NoSA, and 9
control subjects (Figure 1). Compliance with the exercise pro-
gram ranged from 86% to 98% of exercise session attended for
both patients with HF and normal controls.

Baseline Measures

Baseline characteristics of patients with HF and control
subjects are shown on Table 1. There were no significant dif-
ferences in age, etiology, medication use, BMI, or abdominal
circumference between patients with HF and control subjects.
Sex was significantly different among groups. The number of
women was greater and the number of men fewer in the NoSA
group compared with the OSA and CSA groups. Neck circum-
ference was significantly greater in the OSA group compared
with control subjects and those in the NoSA group. As ex-
pected, patients with HF had lower LVEF, FBF, and FVC than
did control subjects. Heart rate and blood pressure levels did
not differ between patients with HF and control subjects. Peak
VO, was lower in patients with HF and CSA, OSA, and NoSA
compared with control subjects. MSNA in bursts per minute
or burst per 100 heart beats was higher in patients with HF
when compared with control subjects. Furthermore, MSNA in
bursts per in or burst per 100 heart beats in patients with HF
with CSA and OSA were significantly higher than in patients
with HF with NoSA (60 + 3 and 51 + 2 vs 37 + 4 burst/min or
91 +3 and 81 £ 3 vs 59 + 5 burst per 100 heart beats, respec-
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Figure 2—Sympathetic neurograms in patients with heart failure at baseline, untrained, and trained periods. OSA refers to patients with heart
failure and obstructive sleep apnea; CSA, patients with heart failure and central sleep apnea; NoSA, patients with heart failure without sleep

|1| | aﬁ | | | }|

:I||" ||||II I [l I ||

38 bursts/min 28

| r

|

27 bursts/min 23 20 bursts/min 25

tively). QoL was not significantly different among groups of
patients with HF.

Regarding the sleep pattern (Table 2), stage 1-2 sleep was lon-
ger in patients with HF with OSA and CSA when compared with
control subjects. Stage 3-4 was shorter in patients with HF with
OSA than in control subjects. As expected, the AHI was higher
and minimum O, saturation lower in patients with HF with OSA
and CSA, compared with patients with HF with NoSA and con-
trol subjects. In addition, minimum O, saturation during sleep in
patients with HF and OSA was lower than in patients with HF
with NoSA and those with CSA. The arousal index was greater in
patients with HF and OSA, compared with control subjects.

Effect of Exercise Training on Neurovascular Parameters

Physical and physiologic parameters were unchanged after
the untrained control period in all 3 HF groups (P > 0.05). Four
months of exercise training caused no change in body weight,
BMI, abdominal and neck circumferences, heart rate, or blood
pressure in patients with HF or in control subjects (P > 0.05).
Exercise training significantly improved Functional Class in
all HF groups (P < 0.05, Table 3). Of note, LVEFs after ex-
ercise training showed a strong tendency toward increase in
patients with HF with OSA (P =0.056, Table 3). Exercise train-
ing caused an increase in peak VO, in all patients with HF and
control subjects studied. QoL significantly improved in all 3 HF
groups after exercise training.
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Examples of resting MSNA in patients with HF and control
subjects at baseline, after the period without training, and after
exercise training are shown in Figure 2. MSNA did not change
in any of the 3 HF groups from baseline to after the period with-
out training (Figure 3A). However, exercise training decreased
MSNA in all 3 groups of patients with HF. The analysis of the
mean difference in the change showed that the decrease in
MSNA was greater in patients with HF with OSA and CSA than
in control subjects but was not significantly greater compared to
patients with HF but no sleep apnea (Figure 3B).

FBF and FVC were unchanged after the untrained period. Ex-
ercise training increased FBF and FVC in all 3 HF groups stud-
ied (Figure 4A, C, respectively), and the differences between
patients with HF and control subjects were no longer observed
(P> 0.05). Further analysis showed that the mean difference in
the change in FBF after exercise training was greater in patients
with HF and OSA, compared with control subjects (Figure 4B),
and the mean difference in the change in FVC (Figure 4D) was
greater in all 3 HF groups when compared with the group of
control subjects.

Effect of Exercise Training on Indexes of Sleep Apnea

Sleep parameters were unchanged after the untrained period
in all 3 HF groups (Table 4). In patients with HF and OSA,
exercise training increased the amount of stage 3-4 sleep and
decreased the number of arousals. Exercise training decreased
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OSA
(n=8)
Age,y 58+2
Sex, M/F 7/1
BMI, kg/m? 27+1
Abdominal circumference, cm 92+3
Neck circumference, cm 40 +2°
HF etiology, No.
1d/Isch/Hyp 1/3/4
NYHA Functional Class 2.5
Medications, No. (%)
B-blocker 8 (100)
ACE inhibitors or ARBs 8 (100)
Digoxin 6(75)
Diuretics 6(75)
LVEEF, % 33£2b
Heart Rate, beats/min 66 +3
SBP, mmHg 117+£5
DBP, mmHg 69 +4
Peak VO,, mL/kg/min 18+ 1°
FBF, mL/min/100 mL 1.7+£0.2°
FVC, units 2.0+0.3"
MSNA, bursts/min 60 £ 3°
MSNA, bursts/100 heart beats 91 £3°

and medication use were tested by ¥’ test.

Table 1—Baseline Characteristics in Patients with Heart Failure and Normal Control Subjects

CSA NoSA NC
n=9) m=7) n=9)
60+3 58+4 50+2

7/2 2/5¢ 5/4
26+ 1 26+ 1 24+ 1
93+3 89 +3 86+3
371 35+1 35+1

1/4/4 4/0/3

2.6 2.0

9 (100) 7 (100)

9 (100) 7 (100)

2 (22) 3(43)

8 (89) 5(71)

30+ 3b 30 +4° 64+2
63+3 63+2 63+3
115+ 8 118 £ 10 118+ 6
60+4 62+4 64+4
16+ 1° 17+1° 26+3
1.5+0.1° 1.6+£0.1° 2.5+0.3
1.9+0.1° 2.0+£0.2° 3.1+04
51+2b 37 + 4b¢ 20+ 4
81 +3b 60 + 5b° 32+5

OSA refers to patients with heart failure and obstructive sleep apnea; CSA, patients with heart failure and central sleep apnea; NoSA, patients
with heart failure and without sleep apnea; NC, normal, healthy control subjects; Id, idiopathic; Isch, ischemic; Hyp, hypertensive; ACE,
angiotensin-converting enzyme; ARBs, angiotensin II receptor blockers. There was no significant difference in age, body mass index (BMI),
abdominal circumference, heart failure etiology, New York Heart Association (NYHA) Functional Class, medications, heart rate, systolic
blood pressure (SBP) and or diastolic blood pressure (DBP) among groups. Sex was significantly different among groups. Neck circumfer-
ence was significantly greater in OSA compared with control subjects and NoSA. Left ventricle ejection fraction (LVEF), peak VO,, forearm
blood flow (FBF), and forearm vascular conductance (FVC) were lower in patients with heart failure than in NC. Muscle sympathetic nerve
activity (MSNA) was higher in patients with heart failure when compared with NC. Quality of life was not significantly different among HF
patient groups. *vs NC and NoSA, P < 0.05; ®vs NC, P < 0.001; ¢vs OSA and CSA, P < 0.05. One-way analysis of variance. Sex, etiology,

the AHI and improved the levels of minimum O, saturation dur-
ing sleep only in patients with HF and OSA (Figure 5A and C,
respectively). Furthermore, the mean difference in the change
in AHI and minimum O, saturation during sleep in patients with
HF and OSA was greater than in control subjects and in subjects
with HF and no sleep apnea (Figure 5B and D, respectively).

Correlation Between Changes in MSNA and Sleep Parameters

There were no significant correlations between delta changes
(trained period — untrained period) in MSNA and AHI (r=0.41;
P>0.05), and FBF and AHI (r =-0.33; P> 0.05) in patients with
HF. Similarly, there were no significant correlations between
delta changes (trained period — untrained period) in MSNA and
time of Sa0, < 90% (r = 0.39; P > 0.05), and FBF and time of
Sa0, <90% (r=0.1; P> 0.05).

DISCUSSION

The main findings of the present study are that (1) exercise
training significantly improves MSNA, FBF, functional capac-
ity, and QoL in patients with HF with and without sleep disor-
dered breathing; (2) exercise training improves OSA severity,
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minimum O, saturation, and sleep architecture in patients with
HF independently of changes in body weight; (3) exercise train-
ing has no significant impact on CSA severity and sleep pattern
in patients with HF; and (4) the improvement in MSNA and
FBF in patients with HF caused by exercise training does not
correlate with the improvement in sleep parameters.

In this study, we report for the first time that 4 months of
regular exercise improves OSA severity and sleep architecture
in patients with HF. Exercise training shifted patients with HF
from severe to moderate OSA, independent of changes in BMI.
Exercise training provoked a 36% reduction in AHI, 5% im-
provement in minimal O, saturation (from 79% to 84%), and a
significant increase in slow wave sleep stages. Our results are
to some extent in line with the observation that exercise training
reduces OSA severity in obese patients with OSA without car-
diac disease.*** In contrast, exercise training had no significant
effects on CSA severity and sleep parameters. Moreover, our
results are in contrast with those of a recent investigation that
showed a beneficial effect of exercise training on CSA sever-
ity but not on OSA.? Possible explanations for different results
may relate to classification of sleep disordered breathing, since,
in contrast with our study, the previous investigation did not
monitor sleep by standard polysomnography.*
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Figure 3—Muscle sympathetic nerve activity (MSNA) at baseline, untrained, and trained periods (A). Comparison among groups in the mean
difference in the change (Trained — Untrained ) in MSNA (B). OSA refers to patients with heart failure and obstructive sleep apnea; CSA, patients
with heart failure and central sleep apnea; NoSA, patients with heart failure without sleep apnea; NC, normal, healthy control subjects.

Table 2—Baseline Sleep Pattern in Patients with Heart Failure and Normal Control Subjects

OSA CSA NoSA NC

(n=38) n=9) =7 n=9)
TST, min 375+ 11 376 £ 18 371 +30 365+27
Stage 1-2, % 83 £ 3¢ 78 £3¢° 77£2 68 +£3
Stage 3-4, % 7+18 11+3 15+£2 17+£2
REM, % 10£2 11+£2 8+1 15£2
AHI, events/h 34 £ 4° 40 £ 7° 5+1° 3+1
Arousals, events/h 40 + 8 28 +£4 21+£3 18+3
Min O, sat 80 + 2% 84 £ 1° 86+1 89 +1

OSA refers to patients with heart failure and obstructive sleep apnea; CSA, patients with heart failure and central sleep apnea; NoSA, patients
with heart failure and without sleep apnea; NC, normal, healthy control subjects; TST, total sleep time. Stage 1-2 was longer in patients with
heart failure with OSA and CSA when compared with NC. Stage 3-4 was shorter in patients with heart failure with OSA than in NC. The
apnea-hypopnea index (AHI) was higher and minimum O, saturation (min O, sat) lower in patients with heart failure with OSA and CSA
compared with patients with heart failure with NoSA and NC. Minimum O, saturation during sleep in patients with heart failure and OSA was
lower than in patients with heart failure with CSA and without sleep apnea. The arousal index was greater in patients with heart failure with
OSA compared with NC. *vs NC, P < 0.05; *vs OSA and CSA, P <0.05; °vs CSA and NoSA, P < 0.05. There was no significant difference in
amount of total sleep time (TST) or rapid eye movement (REM) sleep among groups, P > 0.05. One-way analysis of variance.

The exact mechanism by which exercise training is benefi-
cial to OSA remains speculative. Exercise training may reduce
fluid accumulation in the neck, which in turn attenuates the upper
airway narrowing and collapse.* Interestingly enough, exercise
training showed a trend to increase LVEF only in the subgroup of
patients with HF and OSA (P = 0.056). Therefore, it is possible
that exercise training improves cardiac function and reduces fluid
edema in the upper airway in patients with HF with OSA.

SLEEP, Vol. 32, No. 5, 2009

We have previously demonstrated that exercise training
causes a significant reduction in MSNA in patients with HF."?
However, in that study, sleep was not monitored. In the pres-
ent study, we extend this finding by showing that the benefi-
cial effects of exercise training on sympathetic nerve activity
in patients with HF occur regardless of disordered breathing.
Moreover, we provide evidence that this beneficial effect is in-
dependent of the positive effects on sleep disordered breathing.

Exercise, Heart Failure, and Sleep Apnea—Ueno et al



Table 3—Physical and Physiologic Parameters in Patients with
Heart Failure and OSA, CSA and No Sleep Apnea at Baseline and
after the Untrained Period and Trained Period

Baseline Untrained Trained

NYHA Functional Class

OSA 2.5 2.5 1.42

CSA 2.6 2.6 1.6

NoSA 2.0 1.9 1.0?
LVEF, %

OSA 33+£2 33+£2 36+£2

CSA 30+£3 30+3 31+4

NoSA 30+4 31+4 30+3
Peak VO, mL/kg/min

OSA 18+1 19+1 24 + 22

CSA 16+1 16+2 21+ 20

NoSA 17+1 17+2 21 +2°
MLHF Score

OSA 37+7 35+7 15+5°

CSA 4449 44 +9 17+ 6°

NoSA 24+5 25+6 8+ 12

OSA refers to patients with heart failure and obstructive sleep
apnea; CSA, patients with heart failure and central sleep apnea;
NoSA, patients with heart failure and no sleep apnea; NYHA,
New York Heart Association Functional Class; LVEF, left ven-
tricle ejection fraction; MLHF Score, Minnesota Living with
Heart Failure score. Physical and physiologic parameters were
unchanged after untrained control period in all 3 heart failure
groups. Exercise training caused no significant change in LVEF.
*vs Baseline and Untrained period, P < 0.01. One-way analysis of
variance with repeated measures.

Despite the significant reduction in OSA severity, the neurovas-
cular improvement did not correlate with changes in sleep apnea
severity. In addition, despite the nonsignificant improvement in
AHI in the patients with CSA, the fall in MSNA in patients with
CSA was similar to that observed in patients with OSA.

The reduction in MSNA by exercise training has clinical
importance, since sympathetic nerve activity has been associ-
ated with poor prognosis in patients with HF. In a classic study,
Cohn et al.* showed that augmented plasma norepinephrine
levels were related to poor prognosis in patients with HF. And,
more recently, we found that MSNA predicts mortality rate in
patients with HE.>” In addition, sympathetic excitation contrib-
utes to skeletal muscle myopathy, which explains, in great part,
the exercise intolerance in chronic HF."

The mechanism by which exercise training reduces sympa-
thetic nerve activity in HF is outside the scope of the present
study. However, we may suggest that the improvement in carotid
chemoreflex control is implicated in this exercise training ben-
efit. Li et al.”*® demonstrated that the enhancement in peripheral
chemoreflex control was normalized after exercise training in rab-
bits with HF. Since chemoreflex control integrates in the central
nervous system (CNS), it is reasonable to conclude that exercise
leads to changes in the CNS. In fact, previous studies have shown
that exercise training reduces angiotensin II levels and increases
the production of endothelial nitric oxide synthase in endothelial
cells and nitric oxide synthase isoform in the CNS.*® Both an-
giotensin II and nitric oxide are mutually inhibitory within the
CNS associated with sympathetic modulation.*® Independent of
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Table 4—Sleep Pattern in Patients with Heart Failure and Normal
Control Subjects at Baseline and after the Untrained and Trained
Periods

Baseline Untrained Trained
TST, min
OSA 375+ 11 359+ 14 375+19
CSA 376 £ 18 368+ 14 376+17
NoSA 371 +£30 361 £29 391+10
NC 365+27 407 +7
Stage 1-2, % TST
OSA 83+3 82+2 75+3
CSA 78 +3 78+ 6 79+ 4
NoSA 77+£2 78 £3 74 £ 4
NC 68 +£3 70 +£3
Stage 3-4, % TST
OSA 7+1 7+1 13+£1°
CSA 11+3 8+3 8§+3
NoSA 15+4 13+£8 17+ 10
NC 17£2 13£1
REM, % TST
OSA 10£2 11+£2 13£2
CSA 11+ 1 12+£2 13£2
NoSA 8§+2 10£2 12+3
NC 15£2 17£2
Arousals, no./h of sleep
OSA 40+ 8 38 £8 21 +5°
CSA 28+4 32+7 23+6
NoSA 21+£3 21+4 17+5
NC 18+3 14+3

OSA refers to patients with heart failure and obstructive sleep
apnea; CSA, patients with heart failure and central sleep apnea;
NoSA, patients with heart failure and no sleep apnea; NC, normal,
healthy control subjects. Sleep parameters were unchanged after
the untrained period in all 3 groups with heart failure. Exercise
training caused no significant change in total sleep time (TST),
Stage 1-2, or and rapid eye movement (REM) sleep in both pa-
tients with heart failure and control subjects. * vs Baseline and
Untrained period, P < 0.05. One way analysis of variance with
repeated measures for within-group differences. Paired Student
t test for within-group differences in control subjects. One-way
analysis of variance for post-training between-group differences.

the exact mechanism, our findings support exercise training as
an important strategy to treat sympathetic overactivity in patients
with chronic HF. The new finding of the present study is that this
beneficial effect is independent of sleep apnea and actually seems
even more pronounced in patients with coexistent sleep apnea in
whom MSNA is exacerbated (Figure 3B). In fact, the powerful
effects of exercise training on the cardiovascular system override
the burden represented by sleep apnea in patients with HF.
Another interesting piece of information in our study is that
exercise training causes a remarkable increase in muscle blood
flow and vascular conductance in all patients with HF. The poten-
tial mechanisms underlying this peripheral vascular adaptation
are an enhancement in endothelium function,'® an attenuation in
peripheral inflammatory process,*’ and a reduction in sympa-
thetic outflow.!”* The results of previous studies*** have sug-
gested that proinflammatory cytokines play an important role
in modulating the function and structure of the heart. Cytokines
increase inducible nitric oxide synthase isoform, which provokes
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Figure 4—Forearm blood flow (FBF) and forearm vascular conductance (FVC) at baseline, untrained, and trained periods (A and C). Com-
parison among groups in the mean difference in the change (Trained — Untrained) in FBF (B), and FVC (D). OSA refers to patients with heart
failure and obstructive sleep apnea; CSA, patients with heart failure and central sleep apnea; NoSA, patients with heart failure without sleep
apnea; NC, normal healthy control subjects.
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excessive intracellular nitric oxide production and formation of
oxygen free radicals. These cellular alterations may inhibit key
aerobic enzymes and, in consequence, oxygen consumption.®
In contrast, exercise training significantly reduces plasma tumor
necrosis factor-a levels in patients with symptomatic HF.* In ad-
dition, there is evidence that exercise training decreases skeletal
muscle tumor necrosis factor-a, interleukin-6, IL-1-f and induc-
ible nitric oxide synthase expression and increases in Cu/Zn
superoxide dismutase and glutathione peroxidase expression in
patients with stable HF.2** The reduction in sympathetic nerve
activity also plays a role in the alleviation of peripheral vasocon-
striction. We have consistently shown that exercise training re-
duces muscle sympathetic nerve activity and muscle blood flow
in patients with HF.'“'7*> Moreover, these findings have been
demonstrated in patients with HF who are receiving treatment
with B-adrenergic receptor-blocking agents.”® This information
has clinical implications, since treatment with 3-adrenergic re-
ceptor-blocking agents for 6 months has not been shown to cause
changes in FBF.* The peripheral vascular changes observed in
our study in response to exercise training may help to explain
the improvement in exercise capacity in patients with HF with
and without sleep apnea. Moreover, these findings may also ex-
plain the improvement in QoL presently observed after exercise
training. In a previous study, Bellardinelli et al.** showed that the
improvement in QoL paralleled the improvement in peak VO,
responses in patients with HF. More recently, other investigators
have reported that exercise intensity is an important factor for
improvement in aerobic capacity and QoL in patients with HF.?

Our study has some limitations. Finapres measurements of
blood pressure do not always agree with intraarterial or cuff
pressures. To control this possible limitation, Finapres measures
of blood pressure were always compared with automatic blood
pressure measures at the beginning of each study. There was
a significant correlation between systolic blood pressure mea-
sured by Finapres and systolic blood pressure measured by an
automatic method (P = 0.037), and no significant difference be-
tween these 2 measures was found (P > 0.05). The patients were
not randomly assigned to a control group or exercise-training
group. However, we included 4 months of untrained period, and
each patient served as his or her own control. Exercise train-
ing did not cause any significant reduction in heart rate, which
might suggest that our training strategy was insufficient. This
does not seem to be the case. The absence in resting bradycardia
can be attributed to the treatment with B-adrenergic receptor-
blocking agents, since all studied patients were receiving treat-
ment with B-adrenergic receptor-blocking agents. In addition,
exercise training provoked a significant increase in peak VO,,
which is a good marker of exercise training adaptation. Finally,
we excluded participants with BMI greater than 30 kg/m? to
avoid the potentially confounding influence of obesity, realizing
that this strategy may have limited the extrapolation of the pres-
ent findings to obese patients with HF and OSA. Interestingly,
a recent prospective study of the prevalence of sleep disordered
breathing in patients with HF with systolic dysfunction reported
that the mean BMI in this group was 28.9 kg/m.>* Perhaps the
prevalence of obesity in patients with HF with sleep disordered
breathing is less than that in individuals with normal ventricular
function and with sleep disordered breathing.

SLEEP, Vol. 32, No. 5, 2009

In conclusion, exercise training improves neurovascular con-
trol, functional capacity, and overall QoL in patients with HF
with systolic dysfunction with and without sleep apnea. Exer-
cise training improves sleep apnea severity and sleep architec-
ture in patients with HF with OSA but does not do so in patients
with CSA. These findings provide compelling evidence for pre-
scribing exercise training in the treatment of patients with HF
with sleep apnea, particularly in those with OSA.
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