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HEART FAILURE IS A SERIOUS DISORDER THAT AF-
FECTS 4,700,000 PEOPLE IN THE UNITED STATES.1 

DESPITE ADVANCES IN THERAPY, MORBIDITY AND 
mortality remain high. Cheyne-Stokes (CS) respirations have 
been observed in 40% of patients with heart failure 2,3 and are 
felt to be an independent risk factor for death in these patients.4,5 

Further research is needed to better understand the pathophys-
iology of CS respirations and to identify possible modifying 
factors that may, in turn, impact heart failure morbidity and 
mortality.

Orthopnea is a cardinal symptom of heart failure and may 
affect the patient’s sleeping angle. In spite of this, not much 
is known about the effect of sleeping angle on CS respirations 
and hemodynamics. In 1958, Altschule studied 6 waking sub-
jects with heart failure and found that changing the patient’s 
posture from 60° to 0° caused or exacerbated periodic breath-
ing.6 Altschule studied a heterogeneous small group of awake 
subjects. The aim of this investigation is to study the response 
to posture of a larger group of well-described sleeping subjects 
using modern noninvasive methods of assessing respiratory and 
cardiac function.

Methods

Patient Selection
This study is a prospective, single-blinded study with each 

individual serving as his or her own control. It was approved 
by the Institutional Review Boards of the Queen’s Medical 
Center, the University of Hawaii, and Hawaii Pacific Health 
(all in Honolulu, HI). All subjects provided informed con-
sent.

Stable subjects with clinical heart failure were recruited by 
direct referral, fliers, and advertisements. All subjects were re-
quired to have an echocardiographic left ventricular ejection 
fraction of less than 40%. Exclusion criteria included acute car-
diac or pulmonary disease within 3 months of testing, paced 
rhythm, complete bundle branch block, primary valvular heart 
disease, active recreational drug or excessive alcohol use within 
3 months of testing, chronic hypnotic use, known obstructive 
sleep apnea on continuous positive airway pressure, home oxy-
gen use, chronic obstructive lung disease (FEV1/FVC < 70%), 
known restrictive lung disease, theophylline use, significant re-
nal or liver impairment, and pregnancy.

Patients visited the sleep laboratory twice. On the first visit, 
informed consent was obtained. A detailed questionnaire was 
completed that included demographic information as well as a 
medical and sleep history. A physical examination and spirom-
etry were performed, and blood chemistries were measured. 
Echocardiograms and electrocardiograms from the referring 
physicians were reviewed. All patients who met the inclusion 
criteria were willing to sleep at angles 0° to 45°.
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Polysomnography
Each patient underwent overnight polysomnography. The 

following parameters were recorded: electroencephalogram 
(C3A2, C4A1, O1C3, O2C4), electrooculogram, submental 
electromyogram, anterior tibialis ��������������������������� electromyogram������������� , electrocar-
diogram, nasal pressure (Pro Tech PTAFlite pressure transducer 
airflow sensor, Pro-tech services, Mukilteo, WA, USA), chest 
and abdominal effort and sum measurements (Pro Tech Syn-
chrony Summing Amplifier, Pro-tech services, Mukilteo, WA, 
USA) and oxygen saturation (Spo2) using a finger probe (Nell-
cor, N-200, Pleasanton, CA).7-9

Patients fell asleep at their sleeping angle of comfort. After 30 
minutes of sleep, they spent approximately 90 minutes at positions 
1, 2, 3, and 4. Seven patients spent 60 minutes at each position be-
cause of a delayed initial sleep latency. Sleeping angles of 0°, 15°, 
30°, and 45° were assigned to each position in random order.

All patients slept on a Big Boy Bed (Dewert USA Motorized 
Systems, Frederick, MD). A rheostat (Tenma Variable Auto 
Transformer, 72-110, Centerville, OH) was used to power down 
the bed motor to 12 volts. This resulted in slow smooth head-of-
bed movement. A laser level (Robotoolz, Mountain View, CA) 
was attached to the right side of the bed frame. Using an indus-
trial protractor 0°, 15°, 30°, and 45° angles were generated, and 
the laser was used to calibrate a yardstick that was vertically 
fastened to the headboard bracket on the right side of the bed. 
Sleeping angles were adjusted by the nighttime technician from 

the monitoring room using pendant bed controls and a 45-foot 
extension cable. The angles were verified by direct vision using 
the in-room video-monitoring system. Glow sticks (Neon Glo, 
Shenzhen City, China) were attached to the calibrated yardstick 
at each of the 4 angle marks for easy identification (Figure 1).

Sleep stages were scored using standard Rechtschaffen and 
Kales criteria.10 Ipsilateral occipital leads, in-line analog ampli-
fiers and filters (Model 12 Neurodata Acquistion System, Grass 
Technologies, West Warwick, RI), and unique workspaces were 
used to minimize the interference from the impedance cardiog-
raphy (ICG).

Acquired data were passed from the analog amplifiers 
through a multiplexor (Lab Master AD/SM, Scientific Solu-
tions, Mentor, OH) to an analog-to-digital converter (Sandman, 
Nellcor Puritan Bennett [Melville] Ltd, Kanata, ON, Canada) 
and then stored using Sandman Elite Software 7.1(Sandman). 
A unique report software package was used to separate the data 
into the run-in period and positions 1, 2, 3, and 4. Each poly-
somnogram was scored by a single registered sleep technolo-
gist (N. Morin, Sleep Strategies Inc, Ottawa, ON, Canada) and 
reread by a board-certified sleep specialist (B. Soll). The night-
time technician and the patient were the only persons who knew 
the assigned sleeping angles; the scoring technologist and the 
investigators were blinded to the sleeping-angle assignments.

Modifications of the usual clinical standards for respiratory 
scoring were made. The ICG current produced an electroenceph-
alographic artifact. This was minimized by using the methods 
described above. Sleep staging was possible, but reliable recog-
nition of arousals in some patients remained a problem. In addi-
tion, low-flow pulse-oximetry signals were seen in some of our 
subjects who had very low cardiac output. This resulted in peri-
ods of “bad data” on the oximetry channel. For these 2 reasons, 
arousals and desaturations were eliminated as a requirement to 
score an event. Respiratory events were defined as absent if any 
index was less than 5 events per hour at any sleeping angle. An 
apnea was defined as cessation of nasal pressure for at least 10 
seconds. Hypopnea was defined as a reduction in airflow mea-
sured by nasal pressure of greater than 50% for at least 10 sec-
onds. An obstructive apnea was defined as an apnea associated 
with thoracic and abdominal excursions that were 180° out of 
phase and a sum channel that was flat or reduced from baseline. 
A central apnea was scored when the apnea was associated with 
thoracic, abdominal and sum channels that were flat. CS apnea 
was defined as at least ���������������������������������������3�������������������������������������� consecutive cycles of waxing and wan-
ing respirations that included a central apnea.11 Flow limitation 
was identified as well. Respiratory events that occurred during 
periods of wakefulness were also scored. If CS apneas or hypo-
pneas started in sleep and extended into wakefulness, at least 3 
consecutive waking cycles had to occur to be scored.

Sleeping angle or posture refers to the angle of the head of 
the bed. A foot board was used to keep the patient’s hips at the 
breakpoint of the bed. Sleeping position refers to supine and 
nonsupine sleep. Nonsupine sleep was defined as sleep occur-
ring in the right or left lateral position. Subjects were asked to 
not sleep prone. Sleeping angles and positions were validated 
by the scorers using the video recording. If supine or nonsupine 
sleep was absent at any given sleeping angle, supine or nonsu-
pine respiratory data from that angle were treated as missing, 
and the corresponding index was not calculated.
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Figure 1—Big Boy bed, laser level (arrow 1), and calibrated yard stick 
(arrow 2) with glow sticks (arrow 3).
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Impedance Cardiography
ICG using the BioZ system (Cardiodynamics, San Diego, 

CA) was used to monitor cardiac function. The BioZ system 
was treated as an external device. During calibration, the inter-
nal clocks of the Sandman and the BioZ systems were synchro-
nized. The BioZ was turned on, with the onset of position 1. 
Cardiac function was recorded continuously and simultaneous-
ly with the polysomnogram. After each overnight polysomno-
gram, the ICG data were downloaded to a computer and stored. 
The following parameters were calculated for each subject at 
each sleeping angle: stroke index, cardiac index, preejection pe-
riod, left ventricular ejection time, systolic time ratio (preejec-
tion period/left ventricular ejection time), velocity index (peak 
velocity of blood in the aorta), acceleration index (initial accel-
eration of blood in the aorta), and thoracic fluid content (TFC).

The BioZ System applies low-amplitude, high-frequency, con-
stant current to the patient’s chest and neck and measures both 
baseline impedance and dynamic impedance changes during the 
cardiac cycle.12 Dynamic impedance is determined primarily by 
blood-volume changes in the aorta during each heartbeat. Both 
baseline impedance and dynamic impedance are used to calcu-
late hemodynamic parameters. As fluid increases in the chest, 
baseline impedance decreases. As fluid decreases in the chest, 
baseline impedance increases. TFC is the inverse of the baseline 
impedance (1/baseline impedance). As fluid decreases, TFC de-
creases, and, as fluid increases, TFC increases.12-14 To compare 
one patient ��������������������������������������������������with���������������������������������������������� another, TFC index (TFCI; thoracic fluid con-
tent/ body surface area) was computed.

Data Analysis
Using a unique software program and the synchronized 

event windows from the polysomnogram, the ICG data were 
separated into sleeping and waking data for each position. Data 
during time out of bed were eliminated. The ICG data were 
then averaged for each position. The polysomnographic data 
were also separated into sleeping and waking data and averaged 
for each position. Then, the randomization code was broken, 
and appropriate sleeping angles were assigned to each position. 
These data sets were then analyzed using SAS Enterprise 3.0 
(SAS, Inc., Cary, NC).

Using a mixed-model regression procedure, the repeated 
measures at different angles were identified as clustered with-
in the same patient. We modeled correlations among repeated 
measures at different angles as well as linear trends by angle and 
by association with the polysomnographic and ICG variables. 
Correlations between the angles analyzed were modeled as 
unstructured, allowing for different correlations between each 
pair of angles. The analysis was a within-person comparison 
of outcomes at different angles. As such, patient characteristics 
that were stable during the changes in sleeping angles should 
not confound the results. The response of the study variables to 
increasing “doses” of sleeping angle was expressed as a linear 
trend or slope. A significant “dose” response was defined as a 
slope that was different than 0 (P < 0.05). In the demographic 
comparisons of the group with CS apnea to the group without 
CS apnea, t tests were used to compare the means of continuous 
variables, and Fisher exact tests were used to compare propor-
tions. Fisher exact tests were chosen because of the small fre-
quencies for some answers.

The authors had full access to the data and take responsibility 
for its integrity. All authors have read and agree to the manu-
script as written.

Results
Twenty-five subjects were studied. The clinical characteristics, 

histories, laboratory findings, and medication histories of these 
subjects are presented in Table 1. Subjects were generally non-
obese men older than 60 years of age with mild to moderate clini-
cal heart failure. Their forced vital capacities were at the lower 
limits of normal and their left ventricular ejection fractions were 
severely reduced. Paroxysmal nocturnal dyspnea was a common 
complaint. Subjects complained of orthopnea, habitual snoring, 
gasping, and choking and observed apnea less frequently. Almost 
all of the subjects were on optimal medications.

Selected polysomnographic data are shown in Table 2. The 
linear trends with changes in sleeping angle were not statistically 

Table 1—Clinical Characteristics, Laboratory Findings, and Medication 
History of the Study Population

Parameter Results
Age, y 64 ± 12
Men 20 (80)
NYHA Class I & II 24 (96)
BMI, kg/m2 28 ± 5.5
Diabetes mellitus 8 (32)
Hypertension 15 (60)
Stroke 2 (8)
Known CAD 11 (44)
History of AF 10 (40)
Defibrillator or pacemaker 10 (40)

Sleep History
Gasping or choking 6 (24)
Habitual snoring 6 (24)
Paroxysmal nocturnal dyspnea 13 (52)
Orthopnea 3 (12)
Observed apnea 4 (16)
ESS score 7 ± 3.5

Laboratory studies
FEV1 80 ± 13
FVC 82 ± 15
FEV1/FVC 77 ± 4.4
LVEF, % 27 ± 7.7

Medication History
 β-adrenergic receptor blocking agent 22 (88)
ACE-I or ARB 23 (92)
Loop diuretic 16 (64)
Aspirin 10 (40)
Calcium channel blocker 1 (4)
Aldactone 5 (20)
Digoxin 12 (48)

Data are presented as mean ± SD or number (%). NYHA refers to the 
New York Heart Association; BMI, body mass index; CAD, coronary ar-
tery disease; AF, atrial fibrillation; ESS, Epworth Sleepiness Scale; FEV1, 
Forced expiratory volume in 1 second; FVC, forced vital capacity; LVEF, 
left ventricular ejection fraction; ACE-I, angiotensin-converting enzyme 
inhibitors; ARB, angiotensin receptor blocking agents.
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= -0.12; 95% confidence interval [CI]: -0.36, -0.12). Hypopneas 
showed no change with sleeping angle (slope = 0.024, 95% CI: 
0.15, 0.20). CS apneas, on the other hand, showed a significant 
decrease with increasing sleeping angles (slope = -0.16; 95% 
CI: -0.22, -0.10). Examination of the raw data revealed that 
these changes occurred immediately after the adjustment of the 
sleeping angle. Supine CS apneas changed significantly with 
sleeping angle (slope = -0.30, 95% CI: -0.40, -0.20) but non-
supine CS apneas did not (because of the small number of sub-
jects, especially at 45°, the model failed to converge with the 
unstructured covariance, and a slope could not be generated). 
The nonsupine CS apnea index was less than the supine CS 
apnea index at 0° but did not reach significance. As expected, 
the REM CS apnea index was lower than the NREM CS apnea 
index. NREM CS apneas changed with sleeping angle (slope 
= -0.13; 95% CI: -0.21, -0.05) and REM CS apneas did not 
(because of the small number of subjects, especially at 30°, 
the model failed to converge with the unstructured covariance, 
and a slope could not be generated). Waking CS apneas did not 
change significantly with sleeping angle (slope = -0.05; 95% 
CI: -0.17, 0.08). Inspiratory flow limitation of varying degrees 
was seen with many of our subjects. Careful review of the raw 
data revealed no consistent change in flow limitation with de-
creasing sleeping angle.

Subjects were then divided into 2 groups for analysis: those 
with CS apnea (17 subjects) and those without CS apnea (8 
subjects). The 17 patients with CS apneas are broken down in 
Table 4. CS apnea indexes are given for each subject and each 
angle. The individual dose response or slope is also noted. 

Each position is coded by sleeping position. 
Positions with REM sleep are in bold. The 
last position of the night is underlined. Elev-
en subjects had the expected negative slope, 
and 6 did not. The variance can be explained 
by REM, “end-of-night,” and sleeping-posi-
tion effects. Subject’s 6, 11, and 20 positive 
slopes can be explained by an end-of-night 
boost in their CS apnea indexes. Subject 23 
had a low index at 0° during REM sleep in the 
nonsupine position and an end-of-night boost 
at 15°. Subject 12 slept nonsupine at 0° and 
had a mix of hypopneas and apneas. At 15°, 
he slept for 14 of the 60 minutes in the non-
supine position and had more CS apneas and 
fewer hypopneas. Finally, at 30° and 45°, he 
slept supine and had almost exclusively CS 
apneas. Subject 8 slept in the nonsupine posi-

different (P > 0.05) for each variable. Sleep time, sleep efficiency, 
rapid eye movement (REM) sleep time and percentage of REM 
sleep were reduced. Sleeping angles were assigned in random 
order across positions 1, 2, 3, and 4. This resulted in no difference 
in percentage of REM sleep or REM sleep at each angle.

Two patients did not tolerate a sleeping angle (one patient 
at 0° and another patient at 45°). Three patients were unable to 
sleep at 45°. Data from these 5 angles were treated as missing, 
and data from the remaining 95 angles were analyzed.

Obstructive apnea, mixed apnea, and pure central apnea 
were all measured at an index of fewer than 5 events per hour 
for each angle for all 25 patients.

Seventeen of the 25 patients had CS apneas (CS apnea index of 
> 5/h for at least 1 sleeping angle), and 23 of the 25 patients had 
hypopneas (hypopnea index of > 5/h for at least 1 sleeping angle). 
All of the 17 patients with CS apneas had hypopneas as well. Six 
of the 23 patients with hypopneas had no CS apneas. Two patients 
had no CS apneas or hypopneas (index < 5/h for each angle).

Changes in the respiratory indexes by sleeping angle are 
shown in Table 3. The apnea-hypopnea index decreased with 
increasing sleeping angle but did not reach significance (slope 

Subject 1
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Figure 2—Thoracic fluid content (TFC) by sleeping angle in Subject 1. 
The y axis is amplified to show the small changes that occur.

Table 2—Selected Polysomnographic Data on All 25 Subjects with 4 Dif-
ferent Angles of the Head of the Bed

Variable Angle of the head of the bed, degrees
0 15 30 45

SOL, min 5.4 ± 13.9 6.5 ± 14.4 4.3 ± 4.3 8.0 ± 18.6
TST, min 58.2 ± 26.6 60.7 ± 21.6 62.6 ± 22.0 49.7 ± 23.6
SE, % 68.3 ± 26.4 71.2 ± 24.3 74.9 ± 21.5 64.7 ± 26.4
REM sleep

Minutes 6.2 ± 8.13 7.6 ± 10.4 6.1 ± 10.1 4.1 ± 6.9
% 9.4 ± 15.0 10.2 ± 13.2 9.0 ± 14.7 7.3 ± 11.6

Sao2, %
Mean 95.3 ± 1.5 95.2 ± 2.2 95.7 ± 1.9 95.6 ± 1.4
Minimum 85.0 ± 4.4 85.4 ± 5.3 86.9 ± 4.8 87.0 ± 4.3

Data are presented as mean ± SD. SOL refers to sleep-onset latency; 
TST, total sleep time; SE, sleep efficiency; REM, rapid eye movement; 
Sao2, oxygen saturation.

Table 3—Respiratory Indexes by Angle of the Head of the Bed in Degrees

Index 0° 15° 30° 45° P value
Apnea-hypopnea 34.7 ± 30.0 29.7 ± 24.2 28.4 ± 23.6 23.2 ± 23.7  > 0.05
Hypopnea 15.3 ± 13.8 16.1 ± 9.9 17.2 ± 14.3 15.9 ± 19.0  > 0.05
CS apnea

Total 19.4 ± 28.2 13.6 ± 24.7 11.2 ± 17.6 7.3 ± 15.8  < 0.001
Supine 34.3 ± 27.8 19.9 ± 32.4 16.6 ± 19.3 8.2 ± 13.8  < 0.001
Nonsupine 25.4 ± 42.9 14.6 ± 23.1 30.1 ± 59.7 29.2 ± 41.2 0.54
NREM 27.8 ± 31.2 19.7 ± 28.4 15.5 ± 19.2 11.2 ± 19.6 0.005
REM 7.52 ± 14.6 7.94 ± 21.1 0.00 6.99 ± 17.3 NS
Waking 16.9 ± 27.5 11.5 ± 20.0 15.5 ± 22 5 9.9 ± 16.7  > 0.05

Data are shown as mean ± SD for 23 subjects for the apnea-hypopnea and hypopnea indexes 
and 17 subjects for all other indexes. CS refers to Cheyne-Stokes respirations; NREM, non-rapid 
eye movement sleep; REM, rapid eye movement sleep.
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The TFCI was higher across all angles in the group without CS 
apnea, compared with the group with CS apnea (P = 0.05).

Both groups were also examined for differences in medical 
history, sleep history, medication use, physical findings, labora-
tory values, spirometry results, and echocardiogram results. No 
significant differences were seen.

Discussion
In our group of subjects with stable heart failure, changing 

the sleeping angle from 45° to 0° caused or exacerbated CS 
apneas. Hypopneas, on the other hand, showed no response to 
sleeping angle. Supine and NREM CS apneas showed a sig-
nificant response to sleeping angle and nonsupine, REM, and 
waking CS apneas did not. Left ventricular hemodynamics and 
TFCI measured by ICG remained constant throughout the night 
in spite of changes in posture.

CS respirations are felt to originate from a central apnea 
that is the result of hyperventilation and a reduction of the 
pco2 below the apneic threshold.15,16 This hyperventilation is, 
in turn, thought to be secondary to stimulation of vagal ir-
ritant receptors by pulmonary congestion.17,18 This hypothesis 
is consistent with Altschule’s observations that lowering the 
head of the bed from 60° to 0° caused or exacerbated peri-
odic breathing in his waking subjects.6 One would expect the 
lungs to be more congested at 0° because of increased venous 
return.

A higher TFCI at 0° and a lower value at 45° were expected 
in this study. However, no significant change in TFCI was seen 
with changes in the sleeping angle. Furthermore, the TFCI in 
the group without CS apnea was significantly higher than the 
group with CS apnea.

There are several possible explanations for these findings. CS 
respirations are felt to occur in patients with heart failure with 
unstable closed-loop chemical control of ventilation. This loss 
of stability is felt to be due to the slow circulation time between 
the lungs and chemoreceptors and enhanced loop gain.15,19 It is 
possible, in this destabilized system, that the small statistically 

tion at 0° for only 7 of the 90 minutes. In that position, he had 
a CS apnea index of less than 5 and large numbers of hypo-
pneas. These hypopneas became CS apneas when he assumed 
the supine position at other angles. Subject 15’s index at 0° 
is an outlier. This subject had continuous CS apnea, marked 
sleep fragmentation, and a mean total 
cycle length of 46.6 seconds.

Mean left ventricular hemodynamic 
and TFCI measurements by ICG on 
the 17 patients with CS apnea are re-
ported in Table 5. Small changes in each 
parameter were seen with changes in 
sleeping angle. However, no significant 
linear trends were seen with any of the 
parameters. Figure 2 shows an example 
of these small changes in Subject 1. 
TFC changes abruptly with adjustments 
in sleeping angle. A gradual drift over 
each period is also seen as thoracic fluid 
and lung volume come into equilibrium. 
The y axis is amplified to demonstrate 
these small changes. When the ICG val-
ues of the group with CS apnea were 
compared with the ICG values of the 
group without CS apnea, no significant 
differences in any of the parameters at 
each angle were seen except for TFCI. 

Table 4—Cheyne-Stokes Apnea Index by Degree for Each of the 17 Sub-
jects with Cheyne-Stokes Apnea

Subject 0° 15° 30° 45° Slope
1 S 16 S 7.9 S 8.5 S 0 -0.32
2 B 9.6 S 0 S 0 S 0 -0.2
3 N 67.4 N 65.6 N 46.9 N 58.3 -0.31
5 S 45.9 B 8.6 B 0 S 0 -0.89
6 B 0 B 0 B 19.5 B 0 0.2
7 S 34.3 B 0 S 0 S 0 -0.67
8 B 0 S 56.3 S 34.7 S 32.2 0.45
9 B 5.6 B 0 B 0 S 0 -0.11
11 S 0 S 0 S 20 S 0 0.17
12 B 42.4 N 33.7 S 50.5 S 40.3 0.07
14 S 20.9 S 0 S 0 S 0 -0.42
15 S 107.4 S 68.4 S 31.8 -2.5
18 B 7.4 B 0 S 0 S 0 -0.15
20 N 0 N 0 S 5.3 0.18
23 N 0 N 11.1 B 5.6 0.19
24 S 60 B 74.3 S 51.7 -0.28
25 S 41.1 B 0 S 0 -1.3
Mean -0.16

S, Supine; N, Nonsupine; B, Sp/Nonsp
Slope refers to individual dose response to posture; blank cell, position 
not tolerated or no sleep; bold, position with REM sleep. Underlined, last 
position of the night.

Table 5—Left Ventricular Hemodynamic and Thoracic Fluid Content Index Measurements by Imped-
ance Cardiography of the 17 Patients with Cheyne-Stokes Apnea

Normal 0° 15° 30° 45°
CI, L·min-1·m-2 2.5-4.2 1.88 ± 0.48 2.04 ± 0.77 1.92 ± 0.50 1.88 ± 0.46
SI, mL·beat·m-2 35-65 29.2 ± 9.63 31.1 ± 12.9 30.0 ± 9.85 29.1 ± 8.65
HR, beats·min-1 60-100 68.0 ± 13.1 68.1 ± 10.7 66.9 ± 11.3 66.2 ± 10.9
PEP, sec 0.05-0.12 0.13 ± 0.03 0.13 ± 0.02 0.13 ± 0.03 0.14 ± 0.02
LVET, sec 0.25-0.35 0.28 ± 0.04 0.28 ± 0.04 0.28 ± 0.04 0.27 ± 0.03
STR 0.30-0.50 0.50 ± 0.15 0.52 ± 0.16 0.50 ± 0.15 0.56 ± 0.13
VI, mL·1000-1·sec-2 33-65 24.7 ± 8.85 30.8 ± 24.5 25.6 ± 8.82 26.3 ± 8.86
AI, mL·100-1·sec-2a 70-150 44.2 ± 14.0 56.5 ± 42.5 48.8 ± 24.3 47.5 ± 17.1
TFCI, kOhm-1m-2b 17.2 ± 2.7 17.0 ± 3.2 17.2 ± 3.3 17.7 ± 3.7

Data are shown as mean ± SD. CI refers to cardiac index; SI, stroke index; HR, heart rate; PEP, pree-
jection period; LVET, left ventricular ejection time; STR, systolic time ratio (PEP/LVET); VI, velocity 
index—the peak velocity of blood in the aorta; AI, acceleration index—the initial acceleration of blood in 
the aorta; TFCI, thoracic fluid content index.
a The normal value is shown for men; for women, the value is 90-170 mL·100-1·sec-2.
b The normal value for TFC is 30-50 kOhm-1 for men; for women, the value is 21-37 kOhm-1.
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We also found no difference between the ICG measurements 
in the group with CS apnea and the group without CS apnea. 
Other authors have reported similar findings using echocar-
diography and ejection fraction as their measure of left ven-
tricular function.31,32 All of these data suggest that there is no 
relationship between the changes in the CS apnea index and left 
ventricular function.

Szollosi et al., Sahlin et al., and Oksenberg et al. demon-
strated that CS respirations are less prevalent in patients in the 
nonsupine position.33-35 Although not statistically significant, 
our patients also had a lower CS apnea index when they slept in 
the nonsupine, compared ��������������������������������������with���������������������������������� the supine, position at 0°. Szol-
losi et al. presented 2 explanations for their findings: gravity-
related upper airway instability and decreased lung volume 
with reductions in pulmonary oxygen stores leading to hyper-
ventilation and loop instability.33,34 Our patients’ baseline forced 
vital capacities were at the lower limits of normal. It could be 
argued that their resting lung volumes decreased further when 
their sleeping angles were reduced from 45° to 0°. The ICG 
findings do not support this conclusion. Decreased thoracic gas 
volume and increased thoracic fluid both result in a decrease 
in bioimpedance and an increase in TFCI. Although TFCI has 
not been validated as a surrogate marker of lung volume, one 
would expect changes in TFCI if there were significant changes 
in resting lung volume. As mentioned earlier, TFCI showed no 
change with sleeping angle. In addition, changes in lung vol-
umes would be expected to result in changes in oxygen satura-
tion. Our patients’ saturations were not significantly different at 
the 4 sleeping angles.

McEvoy et al. showed that obstructive apnea is less prevalent 
in the upright, compared �������������������������������������with��������������������������������� the supine, posture in obese pa-
tients with OSA.36 Other authors have demonstrated reductions 
in the size of the pharynx in patients with OSA and, impor-
tantly, in normal control subjects when the sleeping angles are 
changed from the upright to the supine position.37-38 Increases in 
upper airway resistance have been demonstrated with decreas-
ing tidal volumes in normal subjects with CS respirations.39 
Similar findings have been seen in elderly patients with CS 
respirations.40 Pharyngeal narrowing and occlusion is known to 
occur in patients with congestive heart failure who have CS 
apnea41 and in normal subjects with spontaneous and ventilator-
induced central apnea.42 The increase in upper airway resistance 
and occlusion is felt to be due to decreases in neural drive to the 
pharyngeal muscles. It is of interest that Altschule et al. could 
ameliorate the periodic breathing in their subjects with heart 
failure in the horizontal position by “flexing the neck…whereas 
the head became elevated…without changing the position of 
the trunk.”6 It is likely that this maneuver extended the head 
relative to the neck and placed the subjects in the “sniff posi-
tion,” thus opening their upper airway. This observation is con-
sistent with the work of Walsh et al., who reported a decrease 
in pharyngeal critical pressure associated with extension of the 
head.43

In our subjects, CS apneas evolved from hypopneas and then 
returned again with changes in sleeping position and posture. It 
is difficult to document these changes because other variables 
such as end-of-night effect44 and REM sleep impact the preva-
lence of CS apneas. In addition, at any given angle and position, 
CS apneas come and go. Gravity-related upper airway instabil-

insignificant changes that were seen in TFCI were somehow 
amplified and resulted in significant changes in CS apnea.

TFC is a relatively new clinical parameter. Those unfamiliar 
with it might be tempted to consider it an insensitive surrogate of 
lung congestion. However, there are several recent studies that 
suggest that this is not the case. Van de Water found TFC to be 
superior to traditional hemodynamic and gas-transfer parameters 
in trending chest fluid changes during lactated Ringers infusion 
in dogs.20 In the PREDICT study, Packer et al. followed 212 sta-
ble patients with heart failure for 26 weeks. ICG measurements 
(BioZ ICG Monitor) were made every 2 weeks. TFC, velocity 
index, and left ventricular ejection time were each found to be 
independent predictors of death or worsening of heart failure dur-
ing the 14 days after testing.21 Finally, Yu et al. studied 33 patients 
with New York Heart Association class III and IV heart failure 
that were implanted with a special pacemaker that measured and 
recorded intrathoracic impedance between a right ventricular 
lead and the pacemaker case. He found that intrathoracic imped-
ance decreased before each admission by an average of 12.3%. In 
addition, there was an inverse correlation between intrathoracic 
impedance and pulmonary capillary wedge pressure (r = -0.61, 
P < 0.001) and between intrathoracic impedance and net fluid 
loss (r = -0.7, P < 0.001) during hospitalization.22

It is also possible that the supine position and increased ve-
nous return resulted in dilation of the left heart but no increase 
in lung congestion and that this dilation was responsible for 
the respiratory changes. Tkacova et al. found higher left ven-
tricular end-diastolic and end-systolic volumes in patients with 
heart failure and CS respirations, compared with those without 
CS respirations.23 The authors noted that left ventricular filling 
pressures are not always elevated in patients with left ventricu-
lar dilation. Lloyd found that distension of the left atrium in 
an isolated dog model increased respiratory frequency.24 If this 
increased frequency lead to hyperventilation, this would predis-
pose to CS apnea. However, Rapaport et al. found no change in 
end-diastolic and end-systolic volume in his subjects with heart 
failure when they were tilted from the supine to the upright po-
sition.25 The ICG doesn’t measure left-heart volumes. It remains 
unclear what role these volumes played in our patients.

It would appear that changes in lung congestion are not the 
cause of the changes we observed in the CS apnea index. How-
ever, it remains likely that lung congestion is playing a role 
in generating CS hypopneas.18,26 If that is the case, the TFCI 
should be higher in a group of subjects with CS hypopneas and 
lower in a group without CS hypopneas. This should be the 
topic of a future study.

This study is unique because sleeping angles were changed, 
and continuous recordings of ICG-derived measures of left 
ventricular hemodynamics were made. The ICG measures of 
cardiac output have been studied extensively in waking pa-
tients and have been shown to have excellent reproducibility 
and to correlate well with the thermal dilution and Fick meth-
ods.27-30 All of the ICG measures in our subjects with heart fail-
ure showed no response to changes in sleeping angle and were 
stable throughout the night. Our results are similar to those of 
Rapaport et al.25 They found no significant change in heart rate, 
stroke volume, and end-systolic and end-diastolic volume when 
their subjects with heart failure were tilted from the supine to 
the upright position.
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ity may be the best explanation for the changes we observed in 
the CS apnea index. It is of interest that, as the sleeping angle 
changed from 0° to 45°, our patients’ supine CS apnea index 
dropped significantly, but the nonsupine CS apnea index did not 
change at all. The lack of change in the nonsupine index may 
be due to the reduced effect of gravity on the pharynx when its 
long axis is positioned in the vertical plane. The supine index, 
on the other hand, would be expected to change more signifi-
cantly when the short axis is in the vertical plane.45 Further sup-
port for upper airway instability is the lack of change in the 
supine waking CS apnea index with changes in posture. Pha-
ryngeal muscle-dilating activity should increase during periods 
of wakefulness, thereby decreasing upper airway compliance 
and reducing the effect of gravity on the upper airway.

Two observations in our study do not support a gravity-relat-
ed explanation. REM-related CS apneas showed no significant 
response to changes in sleeping angle. One would expect that 
the atonia of REM sleep would predispose patients to devel-
oping upper airway instability and obstruction. However, the 
number of apneas in this group was small, and no CS apneas 
were seen at 30°. Larger number of patients are necessary to 
determine the effect of posture during REM sleep. Lastly, in-
spiratory flow limitation was seen in many of our patients but 
didn’t appear to be related to sleeping angle.

There are several limitations to this study. The sample size is 
relatively small. The study should be repeated in a larger patient 
population. In addition, our subjects had mild to moderate clini-
cal heart failure and were stable, well compensated, optimally 
treated, and not obese. Patients with known obstructive sleep 
apnea on continuous positive airway pressure were excluded. 
The results may be different in other patient groups. Our study 
was designed to examine the relationship between ICG mea-
sures of left ventricular hemodynamics and lung congestion and 
CS apneas. Many of our subjects had flow limitation consistent 
with some element of upper air obstruction. A repeat study with 
airflow and esophageal pressure monitoring may shed more 
light on the role that the upper airway plays in these postural 
and positional changes. Lastly, we have presented evidence that 
supports ICG technology as a reliable and accurate tool to mea-
sure sleeping cardiac function; however, future studies must be 
done before this technology is used routinely in sleep research 
and clinical polysomnography.

We have demonstrated that it is possible to collect polysom-
nographic data and simultaneously monitor cardiac function 
using ICG technology. We have also shown that changing the 
patient’s sleeping angle from 0° to 45° results in a significant 
decrease in CS apneas. This decrease occurs on a constant base 
of hypopneas. It would appear that the changes we observed 
in CS apneas are not related to changes in lung congestion and 
left ventricular hemodynamics. They may be related to upper 
airway instability or possibly to dilation of the left heart that 
occurs with changes in posture. Our results suggest that future 
studies of CS respirations should account for sleeping angle and 
position and should discriminate between CS apneas and hypo-
pneas, since they appear to behave differently.
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