
Pediat. Res. 13: 1 163-1 166 (1979) Cardiopulmonary disease newborn 
gestation sleep state 

Cardiac and Respiratory Activity in Relation to 
Gestation and Sleep States in Newborn Infants 

BIJAN SIASSI, JOAN E. HODGMAN, LUIS CABAL, AND EDWARD H. HON 

Departments of Pediatrics, Obstetrics and Gynecology, University of Southern California School of Medicine, and the 
Newborn Division and Section of Perinatal Medicine, Los Angeles County- University of Southern California Medical 

Center, Los Angeles, California, USA 

Summary 

In order to provide normative values of heart and respiratory 
rate and variability in relation to gestation and sleep states, 32 
neonates who were free from cardiopulmonary disease were stud- 
ied during the 1st-6 day of life. The infants were grouped as 
follows: group A, 9 infants with gestational ages of 27-33 wk; 
group B, 14 infants with gestational ages of 34-36 wk; and group 
C, 9 infants with gestational ages of 37-40 wk. Recordings and 
observations were made during a 1-hr postprandial nap. During 
active sleep (AS) and quiet sleep (QS), heart rate, short-term and 
long-term variability of the heart rate, respiratory rate, variability 
of the respiratory rate and apnea density were measured. Both the 
long- and short-term heart rate variability was less in preterm 
infants (group A) than the less immature or full term infants 
(groups B and C, P < 0.01). Breath-to-breath respiratory variabil- 
ity was not significantly affected by gestational age, whereas 
percent duration of apnea was less in full term (group C) than the 
preterm groups of infants during quiet sleep (groups A and B, P 
< 0.05). There was no significant difference between baseline 
heart rate, short-term heart rate variability, and respiratory rate 
during AS and Q S  states at any given gestational age. Long-term 
variations in heart rate, breath-to-breath respiratory variability, 
and percent duration of apnea were significantly less in QS in 
comparison to AS at each gestational age group (P < 0.01). 

Speculation 

Systematic monitoring of newborn infants by the techniques 
presented in this report would further define normal cardiorespir- 
atory functions in relation to maturity and sleep states. Application 
of these techniques to the study of the distressed newborn should 
provide an early indication of morbidity and recovery from disease. 

Dynamic alterations in cardiac and respiratory activity are 
dependent on the maturity and state of "sleep-wakefulness" both 
in the fetus and the newborn infant (2, 17, 19). These dynamic 
events are also influenced by the state of health and disease in the 
fetus and newborn (2, 13). 

Cardiac rate variability (beat-to-beat interval differences) is an 
inherent characteristic of the normal heart rate. Measurement of 
heart rate variability in the fetus is of value in the management of 
labor and delivery (5, 13). Loss of variability in the fetus has been 
associated with an increased incidence of mortality from the 
respiratory distress syndrome in preterm infants (7). A futed heart 
rate in premature infants with respiratory distress syndrome has 
been associated with a poor prognosis (16). Methods for computer 
analysis of instantaneous changes in cardiac and respiratory action 
in the newborn have been described that permit detailed analysis 
of neonatal records (18, 19), however, the state of sleep or wake- 
fulness was not taken into account in these studies. 

The purposes of this report are I )  to describe electronic tech- 
niques that have been developed for biophysical evaluation of the 

newborn and 2) to provide preliminary normative data on the 
effect of maturity and sleep states on newborn cardiac and respi- 
ratory function. 

PATIENTS AND PROCEDURES 

Thirty-two neonates, 18 male and 14 female, who were free 
from cardiopulmonary disease, were studied during the l s td th  
day of life. Written consent was obtained from the mother before 
study. The infants were grouped as follows: group A, 9 infants 
with gestational age of 27-33 wk; group B, 14 infants with gesta- 
tional age of 34-36 wk; and group C, which included 9 infants 
with gestational age of 37-40 wk (Table 1). All observations and 
recordings were made while the subject was lying naked in an 
intensive care incubator with a servo-control mechanism to main- 
tain skin temperature at 36S°C. The infants were studied after 
either the 8:00 AM or 12:00 noon feedings. After the attachment 
of the appropriate leads and sensors and a 15-min stabilization 
period, each infant was studied for I hr. 

RECORDING PROCEDURE 

Electrocardiographic signals were obtained from bipolar chest 
leads. Respiration was recorded by monitoring expired C 0 2  con- 
centration that was sampled through a small polyethylene tube 
attached to the infant's nostril. Skin and rectal temperatures were 
obtained with temperature sensors (Yellow Springs Instrument 
Co.). Three infants had an indwelling arterial catheter for clinical 
management, through which continuous arterial pressure was 
recorded using a Statham Db 37 strain gauge transducer. 

Two multichannel strip chart recorders running at different 
paper speeds (25 and 0.5 mm/sec) were used. In addition, the data 
were also recorded on magnetic tape for later detailed study and 
computer analysis. During the study, the infants were observed 
continuously for rapid eye movements and somatic activity and 
the observations were recorded on the strip charts and magnetic 
tape with a specially designed code generator. 

The electrocardiogram, respiration wave form, and behavioral 
observation signals were recorded at the higher paper speed of 25 
mm/sec (Beckman Dynograph Model 504D) and on analog tape 
recorder (Ampex Model PR500). Beat-to-beat heart rate, beat-to- 
beat variations (R-R interval differences) respirogram, behavioral 
observations, breath-to-breath respiratory rate, arterial pressure. 

Table 1. Clinical data of  32 newborn infants studied' 

Group A Group B Group C 

Number 9 9 
Age at study (days) 4.0 (2-6) 3.5 (1-6) 4.0 (2-6) 
Gestation (wk) 30.5 (27-33) 35 (34-36) 38.5 (37-40) 
Birth wt (g) 1525(760- 2109(134& 2687(1700- 

2160) 3320) 4060) 

' Range of values expressed in parentheses. 
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and temperature readings were recorded at the slower paper speed 
of 0.5 mm/sec (Brush Mark 200). Much of the data on this slower 
record were reduced with specially designed electronic equipment, 
viz a beat-to-beat cardiotachometer for heart rate, an interval 
differentiator for R-R interval differences, and breath-to-breath 
tachometer to convert breath intervals to rate per minute. The 
data recorded on both strip charts and the analog magnetic tape 
were cross-correlated with the aid of a common time code signal. 

DATA COLLECTIONS AND ANALYSIS 

The records were divided into 1-min epochs. Each epoch was 
coded according to the behavioral observations, as follows: 1) 
active sleep (AS): presence of rapid eye movements + frequent 
limb movements + closed eyes. 2) quiet sleep (QS): absent rapid 
eye movements + absent limb movements except for episodic 
events + closed eyes. 3) "awake" states: crying or open eyes. 

The epochs that did not fit any of the above classifications were 
labeled "transitional" state. Respiratory rate for each 1-min epoch 
was directly measured by visual inspection of the polygraphic 
records. Each breath-to-breath interval was converted to an in- 
stantaneous respiratory rate. Respiratory variability was deter- 
mined for each min by the difference between the fastest and 
slowest instantaneous rate in each epoch. The amount of apnea 
was obtained using a modification of the technique used by Miller 
et a1 (10). All periods of no respiratory activity greater than 3 sec 
were summed, divided by the duration of the epoch (60 sec), and 

multiplied by 100 (A/D%). Neonatal heart rate variability was 
determined with techniques described by Yeh et a1 (22). The 
electrocardiogram data were played back- from the analog mag- 
netic tape, the R-R intervals digitized, calculated in milliseconds, 
and stored on magnetic tape. Mean heart rate and SD were 
calculated from the R-R intervals for each epoch. The interval 
index (11) defined as the SD of R-R intervals over the mean R-R 
interval was calculated for each I-min epoch. This figure repre- 
sents the long-term variability in heart rate occurring at 3-5 
cycles/min. The differential index (Dl) was defined as the SD of 
differences between successive R-R intervals and was computed 
as a measure of beat-to-beat or short-term heart rate variability. 
All data obtained for each epoch were punched on 80 column 
cards. A total of 2182 epochs were then analyzed with the aid of 
an IBM 360 computer. Statistical analysis included one-way anal- 
ysis of variance and Student's t test for independent means to 
detect differences between the groups and Student's t test for 
paired values to detect differences between QS and AS. 

RESULTS 

Ninety-two percent of epochs analyzed were classified as either 
AS or QS (32%). The term infants, group C, spent more time in 
QS (36%) and less in AS (46%). In the present study, cardiorespir- 
atory measurements were made during these two sleep states 
(Table 2). Sleep states strongly influenced the event-to-event 
variations of the heart and respiratory activity, as could be appre- 
ciated by inspection of the polygraph record (Fig. 1). 

Table 2. Heart rate, respiratory rate, and indices of heart and respiratory rate variability during quiet and active sleep states 
in 33 newborn infants 

Heart rate Respiratory rate Breath-to-breath respira- 
beats/min Interval index' Differential index2 breaths/min tory variability/min A/D%3 

Qs 139 It 15.14 3.2 rt 1.52 7.6 * 3.72 44 * 12.9 38 * 29 9 * 16.3 
AS 141 * 14.1 4.2 * 1.68 7.6 * 3.06 45 * 13.1 63 rt 25 15 rt 18.4 
P value5 NS6 ~ 0 . 0 1  NS NS c0.01 ~ 0 . 0  1 

SD of R-R intervals ' Interval index is defined as the coefficient of variation of R-R intervals during 1 min, representing the long-term heart rate 
Mean R-R interval 

variability. 
Differential index is defined as the SD of differences between successive R-R intervals representing short-term variability of the heart rate. 

%ID% = summed duration of no respiration greater than 3 sec expressed as fraction of 60 sec in each epoch. 
Values are expressed as mean f SD. 
Pair t statistics. 
NS = not significant. 
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Fig. I .  Portions from polygraph record at paper speed of 0.5 mm/sec in a 36-wk of gestation premature infant (birth wt. = 2340 g) recorded at 3 
days of age. 
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Table 3. Heart rate, respiratory rate, and indices of heart rate and respiratory rate variability in preterm (groups A and B) 
and full term (group C) newborn infants 

- 

Heart rate Respiratory rate Breath-to-breath respira- 
bea t sh in  Interval index' Differential indexL breaths/min tory variability/min A/D%' 

Group A (27-33 wk) 

Qs 153 + 12.g4 1.9 + 0.25 4.1 t- 0.78 44 + 12.0 43 + 32 9 It 6.0 
AS 155 + 10.6 2.8 + 0.36 4 . 9 f  1.1 45 + 10.2 59 + 39 I2 f 8.6 
P value" NS <0.01 N S N S <O.O I ~ 0 . 0  I 

Group B (34-36 wk) 
Qs 137 + 10.7 3.8 + 1.55 9.6 t- 4.05 39 + 12.3 43 + 29 12 + 14.9 
AS 141 + 8.6 4.6 + 1.66 9.0 t- 3.24 41 + 12.3 63 2 28 I8 2 18.0 
P value N S t 0 . 0  1 N S NS tO.0 I <O.O 1 

Group C ( 3 7 4 0  wk) 

Qs 130 * 12.0 3.5 + 1.46 8.2 t- 2.40 36 + 13.0 48 ? 28 4 ? 4.8 
AS 132 + 11.9 4.8 + 1.80 8.3 t- 2.52 35 + 14.7 72 + 35 13 ? 8.8 
P value N S <O.O I N S N S tO.01 <O.O 1 

' Same as Table 2. 
"ame as Table 2. 
,' Same as Table 2. 

Values are expressed as mean + SD. 
"aired r statistics. 
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Fig. 2. Shows heart rate, interval index, differential index, respiratory 
rate, breath-to-breath respiratory variability for infants in group A (27-33 
wk), group B (34-36 wk), and group C (37-40 wk). The data for QS and 
AS are plotted separately. The data are expressed as mean + SEM. 

BASELINE HEART RATE A N D  RESPIRATORY RATE 

The average heart rate and respiratory rate decreased with 
increasing maturity as measured by gestational age (Table 3 and 
Fig. 2). Heart rate averaged 141 beats/min during AS and 139 
beats/min during QS periods. There was no significant difference 
between baseline heart rate or respiratory rate during AS and QS 
states at any given gestational age (Table 2 and Fig. 2). 

VARIABILITY OF HEART RATE A N D  RESPIRATORY RATE 

The long-term heart rate variability (11) was less in small 
preterm infants (group A) than the less immature or full term 

infants during both QS or AS (groups B and C, P < 0.01). 
Similarly, the short-term heart rate variability (Dl) was less in 
preterm infants (group A) than the less immature or full term 
infants during QS or AS (groups B and C P < 0.01). There was no 
significant difference in heart rate variability between groups B 
and C. Breath-to-breath respiratory variability was not signifi- 
cantly affected by gestational age, whereas percent duration of 
apnea was less in full term (group C) than the preterm groups of 
infants during QS (groups A and B, P < 0.05). Long-term varia- 
tions in heart rate (11) were significantly less during QS in com- 
parison with AS state for all infants and for each gestational age 
group (P  < 0.01). There was no significant difference in short- 
term heart rate variability (DI) between QS and AS states. Vari- 
ation in breath-to-breath respiratory rate and the percent of apnea 
(A/D%) were significantly less in QS in comparison with AS for 
all infants and at any gestational age (P  < 0.01) (Tables 2 and 3 
and Fig. 2). 

DISCUSSION 

Variability of heart rate is characteristically present in the 
healthy fetus and newborn infant (5 .  18). At least two components 
of heart rate variability have been identified. Short-term or beat- 
to-beat variability occurs at the frequency of the heart rate, 
whereas long-term variability occurs at 3-6 cycles/min. Yeh et al. 
(22) have used coefficient of variation of R-R interval differences 
(DI) in order to quantitate beat-to-beat heart rate variability and 
the coefficient of variations of R-R intervals during each epoch 
(11) as a measure of long-term heart rate variability. The data 
discussed here have been analyzed according to this method. 

The magnitude of heart rate variability is dependent on the 
complex mechanisms regulating the cardiac pacemaker. The car- 
diac pacemaker is influenced by sympathetic and parasympathetic 
nerves with centers in the brain stem and spinal cord whose 
activity is modified by impulses originating from the higher brain 
centers (8). Clinical conditions or drugs affecting cardioregulatory 
centers produce recognizable changes in the heart rate variability. 
General anesthesia at the stage of medullary paralysis will cause 
the heart rate to lose its variability (20). Severe respiratory distress 
syndrome of premature infants produces loss of heart rate varia- 
bility (16). The present study demonstrates increase in both beat- 
to-beat and long-term baseline heart rate variability with advanc- 
ing gestational age of the newborn infant. Furthermore, it dem- 
onstrates that cardiac variability should be measured in relation 
to the state of sleep of the healthy neonate. It is generally agreed 
that increased variability of heart rate occurs in AS (4). In the 
present study, however, it was found that a significant increase 
only in long-term heart rate variability (11) and no change in beat- 
to-beat heart rate variability in AS in comparison with QS. 
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Computer analysis of respiratory rate of healthy full term 
infants has revealed random breath-to-breath interval variation 
(16). In the present study, the two indices of respiratory rate 
variability, namely, breath-to-breath respiratory variability and 
percent duration of apnea was significantly greater in A S  in 
comparison with QS (2, 3). The maturational effect on respiratory 
variability, however, was only obvious on the duration of apnea 
that was significantly less in the full term infant in comparison 
with premature infants. 

Baseline heart rate and respiratory rate were lower in mature 
newborn infants. However, contrary to some reports in the liter- 
ature (2, 7, 17), no significant difference in baseline heart rate and 
respiratory rate between A S  and QS was found. This is consistent 
with the findings of Hoppenbrouwers and Sterman (6) in young 
kittens. 

It is of interest to note that the sharpest decrease in baseline 
heart rate and increase in indices of heart rate variability occurred 
between 32-36 wk of gestation when rapid functional and struc- 
tural maturation of the central nervous system takes place (12). It 
may also be physiologically significant that the greatest decrease 
in percent apnea occurred at a later state of development (beyond 
36 wk of gestation). From the present study, it is clear that in 
newborn infants, variations in respiration and heart rate could 
only be evaluated in conjunction with sleep states. This was 
apparent even during relatively short periods monitoring em- 
ployed in the present study. 

CONCLUSION 

The effect of gestational age and sleep state on heart rate and 
respiratory rate and their variability was evaluated in 32 neonates. 
With increasing maturity, cardiac and respiratory rates decreased. 
Heart rate variability was less before 34 wk gestational age, 
whereas, apnea frequency decreased significantly beyond 36 wk. 
Rates were not influenced by sleep state, but long-term cardiac 
variability, respiratory variability, and apnea frequency were sig- 
nificantly reduced in QS. 
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