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BSTRACT

 

Background

 

Breathing is controlled by a nega-
tive-feedback system in which an increase in the par-
tial pressure of arterial carbon dioxide stimulates
breathing and a decrease inhibits it. Although en-
hanced sensitivity to carbon dioxide helps maintain
the partial pressure of arterial carbon dioxide within
a narrow range during waking hours, in some per-
sons a large hyperventilatory response during sleep
may lower the value below the apneic threshold,
thereby resulting in central apnea. I tested the hy-
pothesis that enhanced sensitivity to carbon dioxide
contributes to the development of central sleep ap-
nea in some patients with heart failure.

 

Methods

 

This prospective study included 20 men
who had treated, stable heart failure with left ventric-
ular systolic dysfunction. Ten had central sleep apnea,
and 10 did not. The patients underwent polysomnog-
raphy and studies of their ventilatory response to car-
bon dioxide. 

 

Results

 

Patients who met the criteria for central
sleep apnea had significantly more episodes of cen-
tral apnea per hour than those without central sleep
apnea (mean [±SD], 35±24 vs. 0.5±1.0 episodes per
hour). Those with sleep apnea also had a significant-
ly larger ventilatory response to carbon dioxide than
those without central sleep apnea (5.1±3.1 vs. 2.1± 1.0
liters per minute per millimeter of mercury, P=0.007),
and there was a significant positive correlation be-
tween ventilatory response and the number of epi-
sodes of apnea and hypopnea per hour during sleep
(r=0.6, P=0.01).

 

Conclusions

 

Enhanced sensitivity to carbon diox-
ide may predispose some patients with heart failure
to the development of central sleep apnea. (N Engl J
Med 1999;341:949-54.)
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ORMALLY, the rate and depth of breath-
ing are regulated by a negative-feedback
system that maintains the partial pressure
of arterial carbon dioxide within a narrow

range throughout life. Changes in the partial pres-
sure of carbon dioxide lead to changes in ventilation,
so that the greater the sensitivity to carbon dioxide,
the greater the ventilatory response.

Among normal persons there is considerable vari-
ation in sensitivity to carbon dioxide, which may in
part be related to familial (genetic) influences.

 

1-4

 

 In a
study of patients with chronic obstructive pulmonary
disease, Mountain and associates

 

1

 

 found that dimin-
ished sensitivity to carbon dioxide, which presumably
preceded the onset of pulmonary disease, increased
the risk of chronic hypercapnia in patients with es-
tablished pulmonary disease. Similarly, Moore et al.

 

5

N

 

described a patient with a familial diminution in sen-
sitivity who had respiratory failure.

The results of these studies,

 

1,5

 

 given our under-
standing of the operation of the negative-feedback
system that controls ventilation, suggest that in per-
sons with cardiopulmonary disorders, an increase in
carbon dioxide sensitivity minimizes perturbations in
the partial pressure of arterial carbon dioxide, thus
protecting them against the long-term pathologic
consequences of hypercapnia. Although this protec-
tive mechanism is advantageous during waking hours,
the increased sensitivity can potentially destabilize
breathing during sleep.

 

6-9

 

During sleep, ventilation decreases and the partial
pressure of carbon dioxide rises by 3 to 6 mm Hg.
If during sleep the partial pressure of carbon dioxide
decreases below a certain level, referred to as the ap-
neic threshold, which is close to the waking level,
ventilation ceases (a condition called central sleep
apnea), and the partial pressure of carbon dioxide is
restored to its previous level.

The partial pressure of carbon dioxide may fluctu-
ate during sleep. In persons with increased sensitiv-
ity to carbon dioxide, the negative-feedback system
that controls breathing elicits a large ventilatory re-
sponse when the partial pressure of carbon dioxide
rises; the consequent hyperventilation, by driving
the partial pressure of carbon dioxide below the ap-
neic threshold, results in central apnea. As a result
of the apnea, the partial pressure of carbon dioxide
rises again, which leads to an increase in ventilation.
In this way, cycles of central apnea and hyperventi-
lation recur during sleep.

Although central sleep apnea is a relatively rare
condition,
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 it is common in patients with heart fail-
ure.
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 In a prospective study of 81 ambulatory pa-
tients with treated, stable heart failure due to systolic
dysfunction, my colleagues and I found that about
40 percent of the patients had central sleep apnea.

 

14

 

On the basis of the correlation in normal persons
between sensitivity to arterial carbon dioxide during
waking hours and ventilatory oscillation during sleep

 

8

 

and considering the increased sensitivity to carbon di-
oxide of patients with idiopathic central sleep apnea,

 

15

 

I tested the hypothesis that enhanced sensitivity to
carbon dioxide may contribute to the development
of central sleep apnea in patients with heart failure.
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METHODS

 

Patients

 

Twenty patients with heart failure were studied, 10 of whom
had central sleep apnea and 10 of whom did not.

 

14

 

 The patients
were part of a prospective study designed to determine the prev-
alence and mechanisms of sleep apnea in heart failure. The details
of that study have been published previously.

 

14,16,17

 

 The protocol
was approved by the institutional review board of the University
of Cincinnati, and written informed consent was obtained from
all patients.

All 20 patients underwent polysomnographic studies after a
night of adaptation in the sleep laboratory. Within 24 hours before
or after the polysomnographic studies, radionuclide ventriculog-
raphy, pulmonary-function tests, and tests to measure the venti-
latory response to carbon dioxide were performed. Samples of
venous blood and arterial blood for measurement of electrolytes
and arterial-blood gases were obtained in the morning, before
the ventilatory response was measured.

 

Polysomnography

 

Polysomnography was performed with the use of standard
techniques, as described previously.

 

18,19

 

 To determine the stages
of sleep, an electroencephalogram (with two channels), chin elec-
tromyogram (with one channel), and electro-oculogram (with two
channels) were obtained. Thoracoabdominal excursions were meas-
ured qualitatively by respiratory inductance plethysmography (Res-
pitrace, Ambulatory Monitoring, Ardsley, N.Y.) or with pneumatic
respiration transducers (Grass Instruments, Quincy, Mass.) placed
over the rib cage and abdomen. Airflow was monitored quali-
tatively with an oronasal thermocouple (model TCTIR, Grass
Instruments). Arterial-blood oxyhemoglobin saturation was re-
corded with the use of a pulse oximeter. These variables were
recorded on a multichannel polygraph (model 78D, Grass In-
struments).

An episode of apnea was defined as the cessation of inspiratory
airflow for at least 10 seconds. An episode of obstructive apnea
was defined as the absence of airflow in the presence of rib-cage
and abdominal excursions. An episode of central apnea was de-
fined as the absence of rib-cage and abdominal excursions and the
absence of airflow. Hypopnea was defined as a reduction in air-
flow lasting 10 seconds or more and associated with at least a 4 per-
cent decrease in arterial oxyhemoglobin saturation, an electroen-
cephalographic arousal,

 

20

 

 or both. The number of episodes of
apnea and hypopnea per hour is referred to as the apnea–hypopnea
index. The number of episodes of obstructive apnea and hypopnea
per hour is referred to as the obstructive apnea–hypopnea index,
and the number of episodes of central apnea per hour is referred to
as the central-apnea index. The apnea–hypopnea index was used to
define the presence or absence of clinically important sleep apnea,
as previously described

 

14

 

 (»15 episodes per hour indicated the
presence of apnea, and <15 episodes per hour indicated its ab-
sence). In addition, patients with central sleep apnea had to have
a central-apnea index of at least five episodes per hour.

The number of episodes of arousal per hour is referred to as
the arousal index. The results of all the polysomnographic studies
were pooled and scored without knowledge of any laboratory data,
including the carbon dioxide ventilatory response.

 

Studies of Pulmonary Function and Ventilation

 

Pulmonary-function tests, measurements of maximal inspiratory
and expiratory pressures, and arterial-blood gas and pH measure-
ments were performed as described previously.

 

21,22

 

 Measurements
of ventilation, oxygen consumption, carbon dioxide production,
and the ventilatory response to carbon dioxide (the hypercapnic
ventilatory response) were performed in our laboratory as de-
scribed previously.

 

22-24

 

 In brief, the tests were performed while the
patients were sitting, wearing a nose clip, and breathing through
a mouthpiece connected to a low-resistance, two-way valve. Meas-

urements were started several minutes after a steady state had
been achieved, as evidenced by the finding of a stable end-tidal
partial pressure of carbon dioxide. First, minute ventilation, oxy-
gen consumption, and carbon dioxide production were measured.

 

22

 

The hyperoxic hypercapnic ventilatory response

 

22-24

 

 was deter-
mined by Read’s rebreathing method.
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 Linear regression was used
to determine the slope according to the following equation:
ventilation=S¬(the partial pressure of carbon dioxide¡B), where
S is the slope of the hypercapnic ventilatory response and B is the
intercept (on the x axis, which represents the partial pressure of
carbon dioxide) of the line that relates ventilation to the partial
pressure of carbon dioxide. The mean (±SD) value for the slope
of the ventilatory response to carbon dioxide in 10 normal men
in our laboratory was 2.92±0.92 liters per minute per millimeter
of mercury (range, 1.02 to 4.1).

 

22

 

In conducting the tests of ventilatory response, extreme cau-
tion was exercised to ensure uniformity in technique. All the tests
were performed by one investigator. The patients were not al-
lowed to drink caffeinated products on the morning of the tests.
Tests were performed at least two hours after a meal, and the
patients were asked to empty their bladders before the tests. The
patients were familiarized with the equipment and breathed
through the mouthpiece for several minutes before measurement
began. An assistant monitored the patients continuously to ensure
that they remained awake.

To compare the hypercapnic ventilatory response between pa-
tients with and those without central sleep apnea, the slope of the
response was adjusted for the patients’ body-surface area, oxygen
consumption, carbon dioxide production, maximal voluntary ven-
tilation, and forced vital capacity, since these factors affect the
ventilatory response.

 

Characteristics of the Patients

 

Ten of the patients with heart failure did not meet the criteria
for sleep apnea (i.e., they had scores on the apnea–hypopnea in-
dex of <15 episodes per hour

 

14

 

). In these patients, the apnea–
hypopnea index ranged from 0 to 6.8 episodes per hour, the ob-
structive apnea–hypopnea index was 0, and the central apnea
index ranged from 0 to 3.2 episodes per hour. In the 10 patients
with heart failure who did meet the criteria for central sleep ap-
nea, the apnea–hypopnea index ranged from 19.5 to 107.2 epi-
sodes per hour, the obstructive apnea–hypopnea index ranged
from 0 to 0.8 episode per hour, and the central-apnea index
ranged from 6.1 to 79.1 episodes per hour. None of the patients
had apneic episodes during waking hours.

The patients in the two groups were matched with respect to
the results of their pulmonary-function tests, although some dif-
ferences did exist. The patients in the two groups were also sim-
ilar with respect to their medications. Medications included an an-
giotensin-converting–enzyme inhibitor (in 10 patients without
central sleep apnea and 8 patients with central sleep apnea), furo-
semide (in 8 and 9 patients, respectively), digoxin (in 10 and 9 pa-
tients, respectively), and hydralazine (in 1 patient in each group).
None of the patients were receiving beta-blockers, morphine de-
rivatives, benzodiazepines, theophylline, or acetazolamide.

 

Statistical Analysis

 

The Mann–Whitney test was used to assess differences be-
tween patients with and those without central sleep apnea, and
chi-square analysis was used to analyze proportions. A two-sided
P value of less than 0.05 was considered to indicate statistical sig-
nificance. Values are reported as means. Spearman rank corre-
lation was used to analyze the apnea–hypopnea index in relation
to the unadjusted slope of the ventilatory response to carbon
dioxide and the slope adjusted for body-surface area, oxygen
consumption, carbon dioxide production, maximal voluntary
ventilation, and forced vital capacity. All the calculations were
done with InStat software, version 2.03 (GraphPad, San Diego,
Calif.).

Copyright © 1999 Massachusetts Medical Society. All rights reserved. 
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RESULTS

 

There were no significant differences between the
patients who met the criteria for central sleep apnea
and those who did not with respect to demographic
characteristics or various laboratory measurements
(Table 1), the results of pulmonary-function tests (ex-
cept for the percentage of predicted forced expiratory
volume in one second) (Table 2), or measurements
of ventilation (Table 3). Table 4 lists the characteris-
tics of sleep and disordered breathing events and ox-
yhemoglobin saturation during sleep in the patients.
Among patients with central sleep apnea, the mean
central-apnea index was 35±24 episodes per hour.
As a result, these patients had arterial oxyhemoglo-
bin desaturation and an excessive number of arousals
from sleep (Table 4). However, total sleeping time and
the proportion of time spent in each stage of sleep
did not differ significantly between these patients
and those without central sleep apnea.

The unadjusted slope of the ventilatory response
to carbon dioxide was significantly greater among
patients with heart failure who had central sleep ap-
nea than among those who did not have apnea (Ta-
ble 3), although there was some overlap in values
(Fig. 1). This difference remained significant when the
ventilatory response was adjusted for body-surface
area, forced vital capacity, maximal voluntary venti-

 

*Plus–minus values are means ±SD. There were no significant differences
between the two groups.

†Body-mass index is the weight in kilograms divided by the square of
the height in meters.

‡To convert the values for serum creatinine to micromoles per liter, mul-
tiply by 88.4.
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(N=10)

 

Age (yr) 68±7 63±12

Height (cm) 173±6 174±9

Body-mass index† 26.1±4.7 28.3±4.9

Body-surface area (m

 

2

 

) 1.92±0.17 2.01±0.20

Systolic blood pressure (mm Hg) 115±18 121±15

Diastolic blood pressure (mm Hg) 67±6 68±10

Heart rate (beats/min) 78±15 79±21

Left ventricular ejection fraction (%) 21±6 25±7

Crackles (% of patients) 10 20

Leg edema (% of patients) 10 40

Hemoglobin (g/dl) 13.8±1.3 13.8±1.4

Hematocrit (%) 41±4 41±4

Serum creatinine (mg/dl)‡ 1.3±0.3 1.3±0.3

Sodium (mmol/liter) 138±4 140±2

Potassium (mmol/liter) 4.2±0.2 4.5±0.4

Chloride (mmol/liter) 99±7 102±2

Total carbon dioxide (mmol/liter) 26±4 27±2

*Plus–minus values are means ±SD.

†P=0.02 for the comparison with the patients without central sleep apnea.

‡The carbon monoxide diffusing capacity is expressed in units for the
dry gas at standard temperature and pressure.
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Forced vital capacity
Mean (liters)
% of predicted value

3.4±0.5
93±9

3.5±1
89±17

Forced expiratory volume in 1 second
Mean (liters)
% of predicted value

2.6±0.3
91±15†

2.4±0.6
77±9

Ratio of forced expiratory volume in 
1 second to forced vital capacity

Mean (%)
% of predicted value

77±9
97±12

70±8
87±10

Total lung capacity
Mean (liters)
% of predicted value

5.8±1.1
99±9

6.1±1.4
102±18

Functional residual capacity
Mean (liters)
% of predicted value

3.4±1.0
101±22

3.5±0.7
109±19

Single-breath carbon monoxide diffusing
capacity

Mean (ml/min/mm Hg)‡
% of predicted value

16±5
64±17

18±7
69±23

Maximal voluntary ventilation (liters/min) 86±16 100±33

Maximal inspiratory pressure (cm of water) 105±4 108±7

Maximal expiratory pressure (cm of water) 198±7 203±12

*Plus–minus values are means ±SD. 

†The values have been adjusted for body-surface area.

‡The values have been multiplied by 100.
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Partial pressure of arterial oxygen
(mm Hg)

87±9 79±9 0.05

Partial pressure of arterial carbon
dioxide (mm Hg)

37.0±2.9 38.5±2.4 0.2

Respiratory rate (breaths/min) 15±4 18±6 0.3

Tidal volume (ml) 860±166 863±230 0.9

Minute ventilation (liters/min)† 6.7±1.5 7.3±1.7 0.5

Oxygen consumption (ml/min)† 157±26 171±37 0.6

Carbon dioxide production (ml/min)† 127±20 149±33 0.2

Slope of the ventilatory response to car-
bon dioxide (liters/min/mm Hg)

Unadjusted
Adjusted for body-surface area
Adjusted for forced vital capacity
Adjusted for maximal voluntary venti-

lation‡
Adjusted for oxygen consumption‡
Adjusted for carbon dioxide 

production‡

5.1±3.1
2.7±1.6
1.5±0.8

7±5

1.6±0.8
2.1±1.2

2.1±1.0
1.0±0.5
0.5±0.3

2±1

0.7±0.4
0.8±0.5

0.007
0.004
0.005
0.003

0.003
0.002
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lation, oxygen consumption, and carbon dioxide
production. The ventilatory response to carbon diox-
ide before and after adjustment for these variables
was 2.3 to 3.5 times as great in patients with central
sleep apnea as in those without it (Table 3). Further-
more, there were significant correlations between the
apnea–hypopnea index and the slope of the ven-
tilatory response before adjustment (r=0.6, P=0.01)
and after adjustment for forced vital capacity (r=0.6,
P=0.008), maximal voluntary ventilation ratio (r=0.6,
P=0.005), carbon dioxide production (r=0.6, P=
0.003), and oxygen consumption (r=0.6, P=0.005).

 

DISCUSSION

 

The principal finding of this study is that patients
with heart failure who had central sleep apnea had a
significantly greater sensitivity to carbon dioxide (by
a factor of 2.3 to 3.5) than patients with heart failure
who did not have central sleep apnea, as assessed by
the ventilatory response to carbon dioxide. There
was also a significant, positive correlation between
sensitivity to carbon dioxide and the number of ep-
isodes of apnea and hypopnea per hour during sleep.

An enhanced sensitivity to carbon dioxide could
destabilize breathing during sleep. During sleep, the
partial pressure of carbon dioxide rises and becomes

 

*Plus–minus values are means ±SD. 

†Sleep efficiency was calculated as the ratio of total sleeping time to total
dark time.

‡For an explanation of sleep stages, see Carskadon and Dement.
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§A score of »15 episodes per hour indicated the presence of sleep apnea,
and a score of <15 indicated its absence.
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Total dark time (min) 391±11 389±40 0.4

Total sleeping time (min) 257±58 255±74 0.7

Sleep efficiency (%)† 66±14 65±15 0.7

Wakefulness after onset of sleep (min) 119±56 114±50 1.0

Sleep stage (% of total sleeping time)‡
1
2
3 or 4
Rapid eye movement

56±22
32±22
0.0±0.0
13±9

45±27
36±20
0.0±0.0
19±12

0.4
0.9
1.0
0.3

Arousal index (no. of episodes/hr) 36±22 14±9 0.005

Breathing events (no. of episodes/hr)
Apnea–hypopnea index§
Central-apnea index
Obstructive apnea–hypopnea index

57±25
35±24
0.1±0.3

3±2
0.5±1.0
0.0±0.0

<0.001
<0.001

1.0

Arterial oxyhemoglobin saturation
Base-line value (%)
Lowest value (%)
<90% (min)

96±2
76±13
64±47

95±1
92±2
0.4±1.2

0.2
<0.001
<0.001

 

Figure 1.

 

 The Slopes of the Ventilatory Response to Carbon Dioxide in Patients with and Those without Central Sleep Apnea.
Individual values are shown for the unadjusted slope of the ventilatory response to carbon dioxide and for the slope as
adjusted for body-surface area, forced vital capacity, maximal voluntary ventilation, and oxygen consumption. Values
adjusted for maximal voluntary ventilation and oxygen consumption were multiplied by 100. P values are for the com-
parisons between the two groups of patients. Mean values are given in Table 3.
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the most potent stimulus of rhythmic breathing.
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 If
the partial pressure of carbon dioxide decreases be-
low the apneic threshold, breathing ceases. This state
of central apnea results in an increase in the partial
pressure of carbon dioxide, which in the presence of
enhanced sensitivity to carbon dioxide elicits a large
hyperventilatory response. This response may in turn
lower the partial pressure of carbon dioxide below
the apneic threshold. The result is periodic breathing
with recurring cycles of apnea and hyperventilation.

In this study, in addition to differences in sensitivity
to carbon dioxide between patients with and those
without central sleep apnea, there was a significant
and positive correlation between sensitivity and the
number of episodes of apnea and hypopnea per
hour. This finding further emphasizes the potential
destabilizing effect of enhanced sensitivity to carbon
dioxide on breathing during sleep in patients with
heart failure. 

The administration of oxygen decreases the num-
ber of episodes of central sleep apnea in patients
with heart failure.

 

11-13

 

 In a study of patients with heart
failure and systolic dysfunction, periodic breathing
improved and sensitivity to carbon dioxide decreased
significantly after one week of nocturnal administra-
tion of supplemental nasal oxygen.

 

28

 

 Although the
exact cause-and-effect relation cannot be determined,
the results of that study suggest that the decreased
sensitivity to carbon dioxide may have contributed to
the improvement in periodic breathing during sleep.

Mechanisms underlying the initiation and mainte-
nance of central sleep apnea are complex.

 

29,30

 

 In ad-
dition to sensitivity, other factors have been implicat-
ed. The finding of a low partial pressure of arterial
carbon dioxide during waking hours is highly pre-
dictive of central sleep apnea, since the level may drop
below the apneic threshold during sleep.

 

31-33

 

 Likewise,
a low metabolic rate

 

34

 

 and low functional residual ca-
pacity

 

6,7,9

 

 may contribute to periodic breathing during
sleep. In the current study, there were no significant
differences between groups in the partial pressure of
carbon dioxide, oxygen consumption and carbon di-
oxide production (measures of metabolic rate), or
functional residual capacity. Circulation time was not
measured; however, a prolonged circulation time
may not be a key factor in the genesis of central sleep
apnea, but it may be important in determining the
length of ventilatory cycles

 

35,36

 

 and in maintaining
periodic breathing.

 

36

 

 In experiments in dogs,

 

36

 

 cir-
culation time had to be increased severalfold before
spontaneous periodic breathing could occur, and
even then, it occurred in a minority of the animals.

In this study there was some overlap in the venti-
latory response to carbon dioxide between patients
with and those without central sleep apnea (Fig. 1),
a finding that emphasizes the importance of other
mechanisms in the development of central sleep ap-
nea. One critical factor is the apneic threshold dur-

ing sleep, and whether this threshold differs be-
tween patients with heart failure who have central
sleep apnea and those who do not have sleep apnea.

It is well known that increased sensitivity of the
respiratory system to carbon dioxide or hypoxia may
destabilize breathing during sleep. The relative con-
tributions of the peripheral arterial chemoreceptors
(the carotid bodies) and of the central chemorecep-
tors (those within the medulla of the brain stem) to
the enhanced sensitivity and the consequent periodic
breathing and central sleep apnea remain unclear, al-
though it is generally believed that the central che-
moreceptors have the larger role in sensitivity to car-
bon dioxide. In one study, during periods of natural
sleep in unanesthetized dogs, hypocapnia that was
confined to the carotid body did not result in central
apnea.

 

37

 

 This finding supports the role of the central
chemoreceptors in the genesis of central sleep ap-
nea.

 

30,37

 

 However, the sensitivity of the chemorecep-
tors may further change under conditions of heart
failure. The increased sensitivity to carbon dioxide in
heart failure appears to be specific to central but not
obstructive sleep apnea.

 

38

 

Both acquired and genetic factors may affect the
ventilatory response to carbon dioxide.

 

1-5,37

 

 In the cur-
rent study, the two groups of patients with heart fail-
ure were well matched: differences in sex, age, body-
mass index, base-line ventilation, partial pressures of
arterial carbon dioxide and oxygen, metabolic rate,
respiratory-muscle strength, and pulmonary function,
all of which can affect the ventilatory response,

 

39

 

 did
not account for the large and significant differences
in sensitivity to carbon dioxide between the two
groups. In addition, the mean values for arterial blood
pressure, heart rate, and left ventricular ejection frac-
tion, as well as the cardiovascular medications, were
similar in the two groups. Of the medications they
used, only hydralazine is a known respiratory stimu-
lant.

 

40 

 

One patient in each group was receiving hy-
dralazine.

Loss of sleep has been shown to decrease sensitiv-
ity to carbon dioxide,

 

41

 

 but in the current study, the
mean total sleeping time was similar in the two
groups. Sleep was more often interrupted (fragment-
ed) in the patients who had central sleep apnea, but
sleep fragmentation in the absence of sleep loss
has not been shown to affect sensitivity to carbon
dioxide.42

The variation in ventilatory drive that has been
noted among randomly selected normal persons is
considerably smaller within families, and strong cor-
relations in ventilatory drive among family members
have been reported.2,3 The clustering and correlation
of ventilatory drive among family members suggest
that there are familial (presumably genetic) influences
on the chemical control of ventilation. It is therefore
conceivable that in my patients, familial enhancement
of the ventilatory response to carbon dioxide predis-
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posed them to the development of central sleep ap-
nea after the onset of heart failure. This supposition
is consistent with observations in patients with chronic
obstructive pulmonary disease, a disorder in which
diminished sensitivity to carbon dioxide (of a familial
nature) predisposes patients to hypercapnia.1 How-
ever, among normal persons, the range of the venti-
latory response to carbon dioxide is broad.2 Alterna-
tively, patients with heart failure who have central
sleep apnea could have spontaneously increased sen-
sitivity to carbon dioxide, independent of familial or
genetic influences.

In summary, in this study, patients with heart fail-
ure who had central sleep apnea had enhanced sen-
sitivity to carbon dioxide. In addition, the degree of
sensitivity was correlated with the severity of central
sleep apnea, a finding that supports the possibility
that increased sensitivity has a destabilizing effect on
breathing during sleep.

Supported by Merit Review grants from the Department of Veterans
Affairs.

I am indebted to Candice R. Brown for technical assistance and
to Faye A. Jones for secretarial assistance.

REFERENCES

1. Mountain R, Zwillich C, Weil J. Hypoventilation in obstructive lung 
disease: the role of familial factors. N Engl J Med 1978;298:521-5.
2. Weil JV. Pulmonary hypertension and cor pulmonale in hypoventilating 
patients. In: Weit EK, Reeves JT, eds. Pulmonary hypertension. Mount 
Kisco, N.Y.: Futura Publishing, 1984:321-40.
3. Saunders NA, Leeder SR, Rebuck AS. Ventilatory response to carbon 
dioxide in young athletes: a family study. Am Rev Respir Dis 1976;113:
497-502.
4. Kawakami Y, Yamamoto H, Yoshikawa T, Shida A. Chemical and behav-
ioral control of breathing in adult twins. Am Rev Respir Dis 1984;129:
703-7.
5. Moore GC, Zwillich CW, Battaglia JD, Cotton EK, Weil JV. Respira-
tory failure associated with familial depression of ventilatory response to 
hypoxia and hypercapnia. N Engl J Med 1976;295:861-5.
6. Cherniack NS, Longobardo GS. Cheyne–Stokes breathing: an instabil-
ity in physiologic control. N Engl J Med 1973;288:952-7.
7. Cherniack NS. Respiratory dysrhythmias during sleep. N Engl J Med 
1981;305:325-30.
8. Chapman KR, Bruce EN, Gothe B, Cherniack NS. Possible mecha-
nisms of periodic breathing during sleep. J Appl Physiol 1988;64:1000-8.
9. Khoo MCK, Kronauer RE, Strohl KP, Slutsky AS. Factors inducing peri-
odic breathing in humans: a general model. J Appl Physiol 1982;53:644-59.
10. White DP. Central sleep apnea. In: Kryger MH, Roth T, Dement WC, 
eds. Principles and practice of sleep medicine. 2nd ed. Philadelphia: W.B. 
Saunders, 1994:630-41.
11. Yamashiro Y, Kryger MH. Sleep in heart failure. Sleep 1993;16:513-23.
12. Bradley TD, Floras JS. Pathophysiologic and therapeutic implications 
of sleep apnea in congestive heart failure. J Card Fail 1996;2:223-40.
13. Javaheri S. Central sleep apnea-hypopnea syndrome in heart failure: 
prevalence, impact, and treatment. Sleep 1996;19:Suppl:S229-S231.
14. Javaheri S, Parker TJ, Liming JD, et al. Sleep apnea in 81 ambulatory 
male patients with stable heart failure: types and their prevalences, conse-
quences, and presentations. Circulation 1998;97:2154-9.
15. Xie A, Rutherford R, Rankin F, Wong B, Bradley TD. Hypocapnia 
and increased ventilatory responsiveness in patients with idiopathic central 
sleep apnea. Am J Respir Crit Care Med 1995;152:1950-5.

16. Javaheri S, Parker TJ, Wexler L, et al. Occult sleep-disordered breath-
ing in stable congestive heart failure. Ann Intern Med 1995;122:487-92. 
[Erratum, Ann Intern Med 1995;123:77.]
17. Javaheri S, Parker TJ, Wexler L, Liming JD, Lindower P, Roselle GA. 
Effect of theophylline on sleep-disordered breathing in heart failure. 
N Engl J Med 1996;335:562-7.
18. Dowdell WT, Javaheri S, McGinnis W. Cheyne-Stokes respiration pre-
senting as sleep apnea syndrome: clinical and polysomnographic features. 
Am Rev Respir Dis 1990;141:871-9.
19. Javaheri S, Colangelo G, Lacey W, Gartside PS. Chronic hypercapnia 
in obstructive sleep apnea-hypopnea syndrome. Sleep 1994;17:416-23.
20. EEG arousals: scoring rules and examples: a preliminary report from 
the Sleep Disorders Atlas Task Force of the American Sleep Disorders As-
sociation. Sleep 1992;15:174-84.
21. Javaheri S, Bosken CH, Lim SP, Dohn MN, Greene NB, Baughman 
RP. Effects of hypohydration on lung functions in humans. Am Rev Respir 
Dis 1987;135:597-9.
22. Javaheri S, Guerra LF. Lung function, hypoxic and hypercapnic venti-
latory responses, and respiratory muscle strength in normal subjects taking 
oral theophylline. Thorax 1990;45:743-7.
23. Idem. Effects of domperidone and medroxyprogesterone acetate on 
ventilation in man. Respir Physiol 1990;81:359-70.
24. Javaheri S, Colangelo G, Corser B, Zahedpour MR. Familial respira-
tory chemosensitivity does not predict hypercapnia of patients with sleep 
apnea-hypopnea syndrome. Am Rev Respir Dis 1992;145:837-40.
25. Read DJC. A clinical method for assessing the ventilatory response to 
carbon dioxide. Australas Ann Med 1967;16:20-32.
26. Carskadon MA, Dement WC. Normal human sleep. In: Kryger MH, 
Roth T, Dement WC, eds. Principles and practice of sleep medicine. 2nd 
ed. Philadelphia: W.B. Saunders, 1994:16-25.
27. Skatrud JB, Dempsey JA. Interaction of sleep state and chemical stim-
uli in sustaining rhythmic ventilation. J Appl Physiol 1983;55:813-22.
28. Andreas S, von zur Muhlen F, Stevens J, Kreuzer H. Nocturnal oxygen 
and hypercapnic ventilatory response in patients with congestive heart fail-
ure. Respir Med 1998;92:426-31.
29. Khoo MCK. Periodic breathing. In: Crystal RG, West JB, eds. The 
lung: scientific foundations. Vol. 2. New York: Raven Press, 1991:1419-31.
30. Dempsey JA, Smith CA, Harms CA, Chow CM, Saupe KW. Sleep-
induced breathing instability. Sleep 1996;19:236-47.
31. Naughton M, Benard D, Tam A, Rutherford R, Bradley TD. Role of 
hyperventilation in the pathogenesis of central sleep apnea in patients with 
congestive heart failure. Am Rev Respir Dis 1993;148:330-8.
32. Hanly P, Zuberi N, Gray R. Pathogenesis of Cheyne-Stokes respiration 
in patients with congestive heart failure: relationship to arterial PCO2. 
Chest 1993;104:1079-84.
33. Javaheri S, Corbett WS. Association of low PaCO2 with central sleep 
apnea and ventricular arrhythmias in ambulatory patients with stable heart 
failure. Ann Intern Med 1998;128:204-7.
34. Cherniack NS, Longobardo GS. Effect of metabolic rate on the occur-
rence of periodic breathing. In: Issa FG, Suratt PM, Remmers JE, eds. 
Sleep and respiration. New York: Wiley–Liss, 1990:167-76.
35. Hall MJ, Xie A, Rutherford R, Ando SI, Floras JS, Bradley TD. Cycle 
length of periodic breathing in patients with and without heart failure. Am 
J Respir Crit Care Med 1996;154:376-81.
36. Guyton AC, Crowell JW, Moore JW. Basic oscillating mechanism of 
Cheyne-Stokes breathing. Am J Physiol 1956;187:395-8.
37. Smith CA, Saupe KW, Henderson KS, Dempsey JA. Ventilatory effects 
of specific carotid body hypocapnia in dogs during wakefulness and sleep. 
J Appl Physiol 1995;79:689-99.
38. Wilcox I, McNamara SG, Dodd MJ, Sullivan CE. Ventilatory control 
in patients with sleep apnoea and left ventricular dysfunction; comparison 
of obstructive and central sleep apnea. Eur Respir J 1998;11:7-13.
39. Kelsen SG. Control of breathing. In: Montenegro HD, ed. Chronic ob-
structive pulmonary disease. New York: Churchill Livingstone, 1984:65-116.
40. Keller CA, Shepard JW Jr, Chun DS, Dolan GF, Vasquez P, Minh VD. 
Effects of hydralazine on hemodynamics, ventilation, and gas exchange in 
patients with chronic obstructive pulmonary disease and pulmonary hyper-
tension. Am Rev Respir Dis 1984;130:606-11.
41. White DP, Douglas NJ, Pickett CK, Zwillich CW, Weil JV. Sleep dep-
rivation and the control of ventilation. Am Rev Respir Dis 1983;128:984-6.
42. Espinoza H, Thornton AT, Sharp D, Antic R, McEvoy RD. Sleep frag-
mentation and ventilatory responsiveness to hypercapnia. Am Rev Respir 
Dis 1991;144:1121-4.

Copyright © 1999 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 27, 2009 . For personal use only. No other uses without permission. 


