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ABSTRACT. Ten normal full-term neonates were moni-
tored by oxycardiorespirography in hospital during the 1st
wk of life, and subsequently at home at 4, 8, and 12 wk of
age in a longitudinal study of the duration of the periodic
breathing cycle during spontaneous sleep. Periodic breath-
ing was observed in 25 of the 40 studies, with a total of
168 epochs of periodicity noted. Eighty-four percent of the
periodic epochs occurring during nonrapid eye movements
were preceded by a sigh, body movements, or sleep state
transition, compared with 41% during rapid eye movements
(p < 0.005). There was a progressive reduction in the
periodic breathing cycle duration, which fell significantly
between the 1st and 4th wk, in both sleep states, (p <
0.001). There was a further significant fall between 4 and
12 wk in nonrapid eye movement sleep (p < 0.05), and
there was no significant difference between sleep states at
any postnatal age. The overall change in the duration of
the periodic cycle, for both sleep states combined, was
from 150 £ 36sat <1 wk to124 * 1.8 s at 12 wk of
age. The periodic breathing cycle duration progressively
shortens over the first 3 months of life. We postulate that
this shortening may be a useful indicator of peripheral
chemoreceptor maturation over this time period. (Pediatr
Res 21: 247-251, 1987)

Abbreviations

A, apnea duration, during periodic breathing
B, breathing duration, during a periodic cycle
C, cycle duration of periodic breathing
REM, rapid eye movement

TcPO,, transcutaneous oxygen tension

Premature and full-term neonates are prone to a pattern of
breathing in which recurrent short apneas occur at approximately
regular intervals, /.e. periodic breathing. The cause of this respi-
ratory pattern is uncertain. Periodicity can be produced in animal
models by suppression of the central chemoreceptor (1, 2) and
is abolished by removal of peripheral chemoreceptor input (1,
2). This suggests that periodicity is dependent on normal periph-
eral chemoreceptor function and may occur as a result of the
following: time delays in the feed-back loop, the relative lack of
damping provided by oxygen stores in the lung, and the hyper-
bolic relationship between decreases in oxygen tension and pe-
ripheral chemoreceptor output (3, 4).
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Many investigators have reported the proportion of time which
newborn infants spend in periodic breathing (5-8). There has,
however, been very little investigation of other features of peri-
odic breathing, and no studies which have investigated the du-
ration of the individual cycle, i.e. the time from the end of one
periodic apnea to the end of the subsequent periodic apnea. The
description of these features may be important in understanding
the changes in respiratory control which are occurring during
early infancy.

In the newborn lamb during postnatal maturation, a progres-
sive shortening in the time required for the carotid chemorecep-
tor to respond to a change in arterial oxygen tension has been
demonstrated (9). We hypothesized that a reduction in the
chemoreceptor response time should lead to a progressive short-
ening in the duration of the periodic cycle in normal newborn
infants during the first 3 months of postnatal life.

MATERIALS AND METHODS

Ten infants, delivered at the Royal Alexandra Women’s Hos-
pital, between 37 and 41 wk gestational age, birth weight appro-
priate for gestational age, without perinatal asphyxia or other
pre- or perinatal complications, whose mothers were nonsmokers
and resident within a 30 mile radius of Edmonton, were studied
following informed parental consent. Infants were studied in the
hospital within the first 7 days of life and subsequently at home
at 4, 8, and 12 wk of age. In order to ensure that sleep was as
normal as possible, all studies were performed during sponta-
neous sleep, without prior sleep deprivation. The recordings were
produced during a single sleep episode, being terminated when
more than brief arousal was noted, thus limiting the duration of
the studies, particularly the study performed during the Ist
postnatal wk.

The inhospital studies were performed in the Neonatal Re-
search Laboratory, during a daytime nap, after a feed, for a
minimum of 3 h. The infants were placed on an overhead servo-
controlled radiant warmer, and their heart rate and impedance
pneumography were monitored using a neonatal cardiorespiro-
graph (model 78801A, Hewlett Packard, Waltham MA). End-
tidal carbon dioxide was recorded in order to monitor nasal
airflow using an infra-red carbon dioxide analyzer {model LB-2,
Beckman Instruments Inc., Schiller Park, IL) with the catheter
taped at the orifice of one nostril. Transcutaneous oxygen tension
(TcPO,, Roche model 631, Roche Medical Electronics, Cran-
bury, NJ) was continuously monitored throughout by means of
an electrode placed on the anterior trunk with a probe tempera-
ture of 43.5°C. The electrooculogram was recorded on a single
channel using five electrodes placed around the eye (Hewlett-
Packard model 8811A). All of the above data were continuously
recorded on an eight channel polygraph.

The three subsequent recordings, performed in the infant’s
own home during the evening and night, were carried out for a
minimum of 5 h using a Roche model 335 oxycardiorespiro-
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graph, which records heart rate, impedance pneumogram, and
TcPO,. During all studies a trained research nurse was continu-
ously in attendance. Sleep state was classified according to clinical
observation by the nurse, utilizing behavioral criteria (10). Non-
REM sleep was recognized when the eyes were firmly closed and
still, with no motor activity other than occasional myoclonic
jerks. REM sleep was characterized by eyes which were usually
closed although brief eye opening could occur, and REM were

usually present, associated with a wide range of motor activity.: "
Sleep periods which could not be clearly classified into REM or~

non-REM were recorded as indeterminate. Data from indeter-
minate sleep states were eliminated from further analysis. During
the inhospital study the electrooculogram was also used as an
aid to sleep state definition.

The paper speed of the two recorders is regularly calibrated by
running the recorder at an indicated speed for a given interval
as timed by a stopwatch and measuring the paper generated
during this interval. The paper speed has remained consistently
within 1 s of expected in 10 min. Repeated evaluation of our
methodology has demonstrated that time intervals of 0.5s are
readily discriminated, with minimal interobserver variability.
Fifty percent of the recordings were analyzed by two technicians,
one of whom was blinded as to the infant and the study age.

Apnea was defined, in the laboratory study, as an absence of
nasal airflow (end-tidal carbon dioxide) of greater than or equal
to 2 s; apneas were further subclassified as being central or
obstructive dependent on the presence or absence of continuing
respiratory efforts, as recorded by the impedance pneumogram.
Mixed apneas were included with obstructive apneas for further
analysis. During the home study, apnea was defined by the
absence of respiratory movements on the impedance pneumo-
gram of at least 2 s and was not further subclassified.

There is no generally accepted definition of periodic breathing,
with some investigators accepting regular variations in tidal
volume without apnea (5), and others requiring apneas of greater
than 3 s (11). In order to ensure that the ascertainment of
periodicity was as objective as possible, and so as not to prejudice
the results with regard to cycle duration by requiring an apnea
that was too long, we required the presence of 2-s apneas similar
to Waite and Thoman (6) and Carse et-al. (8). Periodic breathing
was, therefore, defined as the occurrence of three or more epi-
sodes of apnea of at least 2 s in duratton within a 1-min period,
separated by periods of regular respiration. Each episode of
periodicity was analyzed for the following: total length of periodic
epoch; time from last sleep state change; antecedent events (e.g.
sigh, deep breathing, gross body movements); TcPO, change
from beginning to end of episode; mean cycle duration (C); mean
breathing duration during each cycle (B); mean apnea length
during each cycle (A); and breathing to apnea ratio (B/A). A sigh
was considered to have occurred if, after a period of regular
respiration, a sudden single breath of increased magnitude was
noted (Fig. 1). Two or three successive large magnitude breaths
in this situation were referred to as “deep breathing” and were
thought to represent successive sighs.

Epoch length was defined as the time from the end of the
initial apnea to the end of the final apnea, “C” was calculated
for at least two and up to 10 cycles from each epoch, and was
defined as the time from the initiation of the first breath of one
breathing episode to the initiation of the first breath of the next.
“A” was defined as the length of time from the end of the last
breath of a breathing cycle to the initiation of the next breath.
“B” was calculated by subtraction (C — A). The total amount of
time spent in each sleep state was also calculated.

Continuous variables are presented as means + 1 SD; for
clarity, graphs are shown * 1 SEM. Statistical analysis consisted
of x? with Yates’ correction for proportions and two-tailed
Student’s unpaired ¢ test for comparisons between two groups of
continuous variables. For the comparison of multiple unbalanced
groups, an analysis of variance was performed according to the
suggestions of Snedecor and Cochrane (12). Post hoc analysis,
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Fig. 1. Percentage of sleep time spent breathing periodically. Each
symbol represents a single subject (except for the symbols at the zero
line, each of which represents more than one subject). Horizontal lines
represent means,

performed if the analysis of variance produced a significant result,
consisted of the Studentized Q method, using Satterthwaites rule
for assignment of degrees of freedom (11). Because of the marked
skew of the periodicity incidence, nonparametric tests (Mann-
Whitney and Friedman analysis of variance) were used to ex-
amine these data. A probability level of <5% was considered to
be significant. The protocol was approved by the Clinical Inves-
tigation Committee of the Royal Alexandra Hospital.

RESULTS

Seven male and three female infants were studied, their mean
birth weight was 3.3 = 0.3 kg, and their gestational age was 40.5
+ 0.8 wk. The maternal age was 26.6 + 2.6 yr; the postnatal age
at the time of the first study was 3 =+ 2.6 days. The mean duration
of the first study was 206 + 26 min and of the subsequent studies
was 351 + 37 min. The correlation coefficient between the results
obtained by the two technicians was 0.98.

The proportion of time during which periodicity was evident
varied widely, one infant had no episodes of periodic breathing
in any of the studies, while another spent 33.5% of the second
study breathing in a periodic manner. In all, 168 epochs of
periodic breathing were analyzed, 131 of which occurred during
REM sleep, and 37 during non-REM. Periodicity was noted in
six of the 10 studies performed in hospital, in eight of 10 at 4
wk, six of 10 at 8 wk, and five of 10 at 12 wk postnatal age.

The percentage of time in each sleep state which was spent
breathing periodically increased between the first study and the
second, and decreased thereafter (Fig: 1), although these changes
were not statistically significant, There was no significant differ-
ence in epoch duration or percentage periodicity between REM
and non-REM sleep.

Periodic epochs were occasionally triggered by an alteration in
sleep state; 11.9% of the total number of epochs, 20 of 168,
occurred within 15 s following a sleep state change (Fig. 2).
Nineteen percent of the non-REM periodic epochs, seven of 37,
were associated with the transition from REM, compared with
10% of the REM epochs, 13 of 131, which were associated with
the transition from non-REM, 2, = NS.

Sighs preceded 18% (24 of 131) of periodic epochs during
REM and 59% (22 of 37) of epochs during non-REM (x?, =
22.53, p < 0.005) and were commonly associated with a pattern
of damped periodic breathing, especially in quiet sleep.

A significantly higher proportion (x?, = 19.24, p < 0.005) of
the periodic epochs which occurred during quiet sleep (84%, 31
of 37) were provoked by either sleep state change from REM,
sighs, or deep breathing. In contrast, a minority of periodic
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Fig. 2. Percentage of periodic epochs in each sleep state with identi-
fiable preceding events. Significantly more of the non-REM epochs had
identifiable precedents (p < 0.005).

epochs (41%, 54 of 131) occurring during REM sleep were
provoked by one of these factors, most having no recognizable
preceding events (Fig. 2).

The periodic cycle duration decreased significantly with time,

but was not different between sleep states, as revealed by two-

way analysis of variance (Fig. 3: non-REM sleep F3 56 = 12.8, p
< 0.001; REM sleep Fazg = 20.73, p < 0.001). Post hoc analysis
demonstrated that the significant changes were between the < 1-
wk study and all later studies, in both sleep states, and between
the 4- and 12-wk studies in non-REM. Pooling the data and
performing an analysis with both sleep states combined did not
make any substantive difference to these results, the overall
means for “C” for both sleep states combined were 15.0 + 3.6 s
at< | wk of age, 13.1 = 2.9 sat4 wk, 12.2 £ 2.2 s at 8 wk, and
12.4 = 1.8 s at 12 wk of age. “C” was not significantly different
between REM and non-REM at any postnatal age.

The coefficients of variation of both “B” (mean 35.6%) and
“A” (29.8%) were much larger than the coefficient of variation
of “C” (15.66%). There was, therefore, no significant change in
either “A” or “B” over the course of the study.

TcPO, fell during 84% of the epochs, 81% of those occurring
during non-REM and 85% of REM epochs ( p = NS). There was
a highly significant overall fall in mean TcPO, from a very
variable mean of 66 torr prior to periodic breathing to a mean
of 60.5 torr at the cessation of periodicity (p < 0.001). The fall
in TcPO, was significantly correlated with periodic epoch dura-
tion (r=0.25, p < 0.05). Obstructed breaths were not seen during
periodic epochs in the inhospital studies.

DISCUSSION

There are two major findings of this longitudinal study of
periodic breathing in healthy infants during normal spontaneous
sleep. There is a progressive reduction in time duration of the
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Fig. 3. Progressive change in periodic cycle duration over the first 12
wk of life, the differences between the first study (at < 1 wk) and all later
studies were significant for both sleep states (p < 0.001). The difference
between 4 and 12 wk was significant (p < 0.05) for non-REM. Differences
between sleep states were not significant.

periodic breathing cycle over the first 3 months of life which is
independent of sleep state, and, in contrast, the factors which
trigger periodic breathing appear to be sleep state dependent,

We recognize that behavioral definition of sleep state is not as
precise as the use of EEG criteria. However, three of the four
studies in €ach infant were performed in their own home at night
in an effort to obtain records during natural sleep and avoid the
need for medication, sleep deprivation, or change in environ-
ment. The recording of EEG was therefore impractical. Despite
this, the incidence of periodic breathing in each sleep state was
very similar to that reported by other investigators (9, 13).
Furthermore the significant shortening of the periodic cycle was
found to be independent of sleep state.

Periodic breathing was not associated with upper airways
obstruction as has been previously reported in some premature
infants (14). This suggests that differences exist in the mecha-
nisms underlying periodicity at differing ages.

The precise cause of periodicity remains controversial, partly
because there is no adequate animal model which will sponta-
neously exhibit periodic breathing. However, there is evidence
to suggest that its occurrence may be due to instability in the
respiratory control system and, more specifically, to an imbal-
ance between the contributions of central and peripheral che-
moreceptor drive (3, 4).

Periodicity is occasionally seen spontaneously during sleep in
the healthy adult (15) and occurs more frequently at high altitude
(16). The administration of hypoxic mixtures for a long enough
period of time for the consequent hyperventilation to produce
hypocapnia will produce periodicity in healthy adults (17).

The neonatal guinea pig and rabbit can be induced to exhibit
periodicity by superfusion of the medulla with an alkaline fluid
(1). In this model, the administration of carbon dioxide or the
administration of oxygen will regularize the breathing pattern.

In an elegant experiment, Cherniack et al. (2) mechanically
ventilated adult cats with a device which was driven by the
animals’ own phrenic nerve. They were able to induce periodicity
by increasing the gain of the ventilator servo-controller, i.e.
increasing the delivered tidal volume for a given degree of efferent
phrenic nerve activity; this procedure lowered the PaCQ,. The
breathing pattern became regular after denervation of the carotid
bodies, or their suppression with a high inspired oxygen fraction.

In each of these studies, the occurrence of periodicity appears
to be related to a suppression of the central chemoreceptor,
enhancement of peripheral chemoreceptor activity, or both (3,
4). The peripheral chemoreceptor is very rapidly responsive to
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changes in blood gases (18), without the damping inherent in the
central mechanisms, and, therefore, when respiration is driven
by the peripheral chemoreceptor, breathing patterns may be
unstable. Theoretical models suggest that the major determinant
of cycle duration during unstable, periodic breathing is likely to
be the time delay within the alveolus/peripheral chemoreceptor/
respiratory muscle feed-back loop (4).

The factors within this feed-back loop that could be responsible
for the maturation effect are a shortening in the alveolus to
chemoreceptor circulation time; a decrease in the response time
of the chemoreceptor or central integrative mechanisms; or an
improvement in the efficiency of the respiratory pump causing
a more rapid correction of the hypoxemia and hypercarbia
associated with the apneic pause.

There is sufficient evidence at present to support only one of
these possibilities, a maturational reduction in the response time
of the peripheral chemoreceptor itself. Belenky er al. (9), in the
unanesthetized newborn lamb, demonstrated a progressive post-
natal decrease in the delay which occurs between the time an
hypoxic stimulus reaches the peripheral chemoreceptor and the
appearance of hyperpnea. The reduction in periodicity cycle
duration in the human infant may, therefore, be related to a
reduction in carotid body response time. Further evidence to
support a maturational change in chemoreceptor function comes
from histochemical studies in rats which have shown a reduction
in the catecholamine content of the carotid body over the first
16 days of life (19). The catecholamines, and in particular,
dopamine, act as transmitters within the carotid body with a
primarily inhibitory function (20).

Some investigators (21) have suggested that the percentage of
time spent breathing periodically is an indicator that an infant is
at risk of dying from sudden infant death syndrome. Other
investigators have been unable to substantiate this (22, 23) and
have stressed the variability in the incidence and duration of
periodicity in normal infants (8, 13, 24). Our results suggest an
increase in the percentage of time spent breathing periodically
from the 1st to the 4th wk of life, and a progressive decrease
thereafter. The low incidence of periodicity in the immediate
postnatal period, with a greater incidence at about 1 month, has
been noted previously (7, 8, 25). Our hypothesis would suggest
that this is due to the relative inactivity of the peripheral che-
moreceptor at this time, when it is believed that a “resetting” of
the chemoreceptor to the higher oxygen extrauterine environ-
ment is occurring (26). The progressive reduction in the incidence
of periodicity after the 4th wk is, we presume, a feature of the
maturing stability of the respiratory control system (27).

We have observed that periodic breathing in non-REM sleep
is more frequently preceded by spontaneous sighs or a change of
sleep state. Although it has been previously observed that perio-
dicity “usually” follows a sigh (8), the sleep state dependency of
this observation has not previously been reported. A sigh will
transiently lower arterial PCO, (28) and has been shown to
consistently destabilize respiration in the newborn infant, even
when overt periodicity is not induced (26). The sudden withdrawl
of behavioral drive in the transition from REM to non-REM,
probably has a similar effect. State changes, therefore, appear to
have a profound influence on stability, and thus on the preva-
lence of periodic breathing. However, the mechanisms underly-
ing the duration of the periodic cycle appear, from the data
produced in the current study, to be independent of sleep state.

Bureau ef al. (29) have demonstrated the importance of the
peripheral chemoreceptor in the maturation of postnatal breath-
ing patterns and have noted a tendency for lambs with denervated
carotid bodies to die suddenly and unexpectedly during the first
few weeks of postnatal life. It has also been reported that carotid
body denervated dogs may fail to arouse during hypoxia (30) or
airway obstruction (31). Furthermore, one report (32) describes
a much higher dopamine content of the carotid bodies of children
dying of sudden infant death syndrome suggesting a lack of the
usual postnatal fall in dopaminergic inhibition of the peripheral
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chemoreceptor (18, 33) in these children. The investigation of
peripheral chemoreceptor function in children at risk of dying
from sudden infant death syndrome has been hampered in the
past by the lack of a noninvasive method to study this aspect of
respiratory control.

The previously unreported progressive reduction of the peri-
odic cycle duration over the first 12 wk of life may be an indicator
of the maturation of the peripheral chemoreceptor. The periodic
cycle duration may be a sensitive noninvasive tool for evaluation
of the role of the peripheral chemoreceptor in the maturation of
the control of breathing in the young human infant. Further
studies to correlate peripheral chemoreceptor function and peri-
odic breathing patterns are required.
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