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Summary 

The objective of the present study is to compare the emergence 
of a circadian respiratory pattern in subsequent siblings of SIDS 
and control infants to see whether the unique time and age of 
SIDS is correlated with altered circadian manifestations. During 
the first three months of Life, a pattern in respiratory rates emerged 
which appeared to be the nightly portion of a circadian rhythm. 
Subsequent siblings of SIDS exhibited transient accelerated mat- 
uration of this circadian pattern. During the first month of life, 
minima in respiratory rates in quiet sleep occurred during the 
second and third intervals of the night in subsequent siblings, a 
pattern not seen until three months of age in control infants. 

Speculation 

Two recent reports suggest a developmental model in which a 
physiological deicit can-bring about transient acceleration in 
maturation. Gliick et aL (9) demonstrated an accelerated pattern 
of lung development as measured by the appearance of phospha- 
tidylglycerol in amniotic fluid as much as eight wk early in intra- 
uterine growth-retarded fetuses. Minkowsky (23) presented pre- 
liminary data of increased levels of neurotransmitters such as 
serotonin and precursors in fetal rats with experimentally induced 
intrauterine malnutrition. It is tempting to speculate that accel- 
erated maturation in electroencephalographic sleep frequencies 
and respiratory circadian patterns h sub&quent sibrigs of sudden 
infant death syndrome are manifestations of a compensatory 
response to an oxygen deficit. 

Although the risk of dying of the Sudden Infant Death Syn- 
drome (SIDS) is only 2% for the subsequent sibling, this represents 
a 10-fold increase in risk as wmpared to the normal population 
(7,26). Infants are at the highest risk for SIDS between six and 12 
wk of age (2). The majority of infants die during normal sleeping 
hours and typically are seen alive at the last feeding before the 
parents' bedtime (33). Therefore, death must occur between mid- 
night and 9:00 A.M., and autopsy reports have identified the 
morning hours shortly before normal waking as the most likely 
time of death (3, 33). A circadian pattern in heart rate and 
temperature emerges at six wk of age and coincides with the 
vulnerable age for SIDS (12). 

In adults, several aspects of respiratory regulation exhibit cir- 
cadian patterns. Reinberg and Gervais (28) showed an increased 
COz tension during sleep in the early morning hr. Tammeling et 
al. (32) found higher values for flow resistance in the airways 
during the hr past midnight, whereas subjects with colds exhibited 
increased levels of esophageal pressure at that time (32). 

One group of investigators studied seven children between six 
and ten years of age and found the highest pulmonary resistance 
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around 5:30 A.M. (8). In a previous report, we demonstrated the 
emergence of what seemed to be a circadian pattern in respiratory 
rates during the first six months of life in normal full-term infants 
(20). This pattern was characterized by decreased respiratory rates 
between approximately 10:00 P.M. and 4:00 A.M., as wmpared to 
either before or after that time. The objective of the present study 
is to compare the emergence of a circadian respiratory pattern in 
subsequent siblings of SIDS and control infants to see whether 
the unique time and age of SIDS is correlated with altered 
circadian manifestations. 

MATERIALS AND METHODS 

MATERIALS AND MONITORING PROCEDURES 

Selection criteria for 25 control subjects included the absence of 
both maternal disease and familial incidence of SIDS. The exper- 
imental group consisted of 26 infants born to women who had lost 
an infant to SIDS as confirmed by autopsy reports. The two 
groups were homogeneous and cornparable in respect to socio- 
economic status as estimated by level of parental education. The 
experimental group consisted of 14 females and 12 males, whereas 
the control group had nine females and 16 males. Study group 
characteristics are provided in Table 1. 

PHYSIOLOGICAL RECORDING METHODS 

All infants were monitored for 12 hr continuously in an infant 
sleep laboratory within the first two wk of life. They returned for 
similar recordings at one, two, three, four, and six months of age. 
Physiological and behavioral determinations included: two elec- 
troencephalographic recordings (EEG), a chin electromyogram, 
eye movements, somatic activity, an electrocardiogram, and three 
recordings of respiration. The latter included chest movements by 
impedance pneumography, expired pCOz, and phase of respira- 
tion as estimated through a nasal thermistor. Details of these 
procedures have been published previously (13, 15). All data were 
recorded on a 16-channel Grass model 78 polygraph and simul- 
taneously stored on a 14-channel Honeywell analog tape recorder. 

Each min of the record was coded as either Active Sleep (AS), 
Quiet Sleep (QS), Awake (AW) or Indeterminate (IN). Scoring 
criteria have been reported elsewhere (1 1, 15, 30). 

DATA ANALYSIS 

The entire data set for each infant was digitized on a PDP-12 
laboratory computer (1 l), and the pCOz signal was submitted to 
a breath-to-breath interval detection program. This signal was 
selected for its reliability and resistance to movement artifacts. 
Median respiratory rates for each min were obtained (14, 22). To 
examine the emergence of a circadian pattern, the first min of 
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Table 1. Study group 
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slee~. either OS or AS. was identified, and the subseauent rewrd- 
sub,uent ingltime w& dividcd into four eqial time intervh (Fig. I). 

I;..... Although time of sleep onset and sleep duration varied among Controls 
"l.p 

infants," the study grdups were comparable in this respect. A 
computer program calculated the mean respiratory rate across 

26.45 each of the four intervals as a function of state. Respiratory rates 
5.06 in subsequent siblings were consistently higher than those from 

wntrol infants (16, 17, 19). The present paper does not compare 
differences in respiratory rates between subsequent siblings and 

2 1 controls, but describes the development of temporal patterns in 

Maternal age 
Mean 
S.D. 

Maternal race 
White 
Black 
Asian American 
Latino 

respiration. Our previous study showed that redpirat& rates in 
siblings and wntrols were distributed normally and that no sub- 
population was responsible for the observed differences. There- 
fore, analysis of variance was considered the statistical treatment 
of choice. For each sleep state and study group, separate analyses 
of variance were performed with factors age and interval during 
the night (6, 35). 

Gravida 
Mean 
S.D. 

Parity 
Mean 
S.D. 

RESULTS 

EMERGENCE OF CIRCADIAN PATTERNS 

Immediate Neonatal Period. In control infants, a trend analysis 
revealed that mean respiratory rates increased linearly across the 
night in every state, including AW. In subsequent siblings, how- 
ever, at this early age in AS and AW the respiratory patterns were 
already deviating from linearity, whereas QS and IN patterns 
were linear as in wntrols. 

AS and IN Circadian Patterns. In control infants, a significant 
quadratic trend was fust seen in AS and IN at one month of age 
(Fig. 2; Table 2). Respiratory rates declined to a minimum level 
during the sewnd interval of the night between approximately 
10:OO P.M. and 1:00 A.M. and then began to rise slowly. An 
identical trend was observed at two and three months of age. At 
three months, however, the minimum respiratory rate was sus- 
tained across two intervals in AS and occurred during the third 
interval in IN, manifestations of increased maturity (12). 

At four months of age, a quadratic trend still characterized IN 
respiratory rates across the night, whereas the AS rates now 
decreased linearly. At six months of age, no significant trends 
were observed (Fig. 3). 

In subsequent siblings, the trend analysis revealed similar pat- 
terns (Table 2), but respiratory minima were already sustained for 
the duration of two intervals at one and two months of age. In 
other words, these infants exhibited characteristics of a more 
mature pattern earlier. 

QS Circadian Patterns. In wntrol infants, a linear increase in 
respiratory rates across the night was still present at one month of 
age, a cubic pattern characterized the second month of life, and a 
significant quadratic trend was observed at three months of age. 
This persisted throughout the remainder of the ages examined. 

Subsequent siblings exhibited a quadratic trend at one month 
of age. In addition to this significant trend difference, the ampli- 
tude of the decrease in respiratory rate was greater and persisted 
across two time intervals, already showing a more mature wnfig- 
uration at one month of age (Fig. 2). At two months of age, the 
shape of the curves were comparable in the two study groups, 
whereas at three months wntrol infants exhibited a more mature 
pattern. 

Awake Respiratory Rates. In wntrol infants, a linear increase in 
respiratory rates was seen at one month of age, and a quadratic 
trend was seen only at three months of age. No systematic trend 
was observed in subsequent siblings at any age during waking 
(Table 2). 

Total Weight Gain (Pounds) 
Mean 
S.D. 

Birthweight (Grams) 
Mean 
S.D. 

Gestational Age 
Mean 
S.D. 

Sex 
Males 
Females 

Apgar at I min 
Mean 
S.D. 

Apgar at 5 min 
Mean 
S.D. 

Age (in days) at time of monitoring 
l wk 

Mean 
S.D. 

l month 
Mean 
S.D. 

2 months 
Mean 
S.D. 

3 months 
Mean 
S.D. 

4 months 
Mean 
S.D. FEEDING PATTERNS 

Awakenings with and without feedings were plotted across the 
night for ten wntrol and ten subsequent siblings at each age (Fig. 
4). A comparison of these graphs indicates a difference in study 
groups. At three months of age, between 2:00 and 5:00 A.M., 

6 months 
Mean 
S.D. 
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EPOCHS OF SUSTAINED WAKEFULNESS WITH OR WiTHOUT FEEDING 
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Fig. 1. A, graph of epochs of sustained wakefulness (210 min) in ten control infants at every age of recording. The order of the infant is identical at 
every age. ( . . .  ), feeding episodes; A, beginning and end time of each recording. Feedings are evenly distributed across the night, and the number 
decreased at four to six months of age; B, similar graphs as in A from ten subsequent siblings of SIDS. Note paucity of feedings between approximately 
2:00 and 5:00 A.M. at three months of age in these infants. 
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ONE WEEK 

- - - -  
- SIBLINGS 

CONTROLS 

1 2 3 4  

INTERVAL 

Fig. 2. Graphs of the mean respiratory rate in breaths per min (ordinate) as a function of the interval during the night (abscissa). A significant linear 
increase characterized the respiratory rates across sequential intervals in one-wk-old control infants in every state (-). Subsequent siblings of SIDS 
(- - - -) exhibited this same trend in QS and IN respiratory rates, but not in AS and AW. 

Table 2. P Values for main interval effect and trend as a function of age and state 

I wk l month 2 months 3 months 4 months 6 months 

Interval Trend Interval Interval Trend means Interval Trend Trend Interval Interval 
means means Trend means means means Trend 

Controls 
Qs  0.000 lin 0.000 NS1 linQ.029 0.031 cub 0.030 0.002 quad 0.000 0.002 quad 0.001 NS quad 0.002 
AS 0.003 l ' i  0.006 0.012 quad 0.003 0.005 quad 0.001 0.002 quad 0.002 0.020 lin 0.040 NS NS 
IN 0.034 lin 0.040 0.001 quad 0.001 NS quad 0.044 0.039 quad 0.027 NS quad 0.019 NS NS 
AW 0.01 1 lin 0.002 0.001 lin 0.014 NS quad 0.004 NS quad 0.004 NS NS NS NS 

quad 0.030 
cub 0.020 

Subsequent 
sibliigs 

Qs 0.000 lin 0.001 lii 0.021 0.028 quad 0.033 NS quad 0.032 quad 0.034 NS NS 
O'" [ quad 0.002 cub 0.034 

AS NS NS 0.000 quad 0.000 NS quad0.004 NS quad 0.035 0.006 [ lin 0.044 NS NS 
quad 0.004 

IN 0.000 lin 0.003 0.003 quad 0.001 NS quad 0.010 NS quad 0.003 NS quad 0.013 NS NS 
AW NS NS NS NS NS NS NS NS NS NS NS NS 

NS, not significant. 
lin: linear; quad: quadratic; cub: cubic. 

subsequent siblings appeared to wake up for feedings less fre- 
quently than did control infants. The mean, standard deviation, 
and range of the total number of feedings in each group at each 
age for the entire sample are provided in Table 3. No significant 
differences between study groups were found in the overall feeding 
patterns. 

COMPARISON OF INTERVAL MEANS 

Average respiratory rates at each of the four intervals were 
compared using an analysis of variance for each sleep state and 
study group (Table 4). In the newborn period, the mean AS, IN, 
and AW respiratory rate during the last interval of the night was 
significantly elevated as compared to the first interval. In QS, the 
respiratory rate during the last interval was elevated compared to 
all previous intervals. In subsequent siblings, significant differ- 
ences in means were restricted to QS and IN (Tables 2 and 4). 

Control infants showed significant results in AS and IN at one 
and three months of age and in AS alone at two and four months 
of age, whereas in subsequent siblings, the differences occurred at 
one month in AS and IN and at four months in AS alone (Figs. 
2 and 3). In control infants, significant differences in QS interval 
means were observed at two, three, and four months of age, 
whereas subsequent siblings only exhibited differences at one and 
two months (Figs. 2 and 3). Differences in means during AW were 

restricted to one month of age in control infants. No differences 
in AW interval means were observed in subsequent siblings. 

DISCUSSION 

A pattern emerged in respiratory rates with minima during the 
second and third intervals of the night, which appears to be the 
nightly portion of a circadian rhythm. In a previous report (20), 
we emphasized two observations in control infants. First, a circa- 
dian pattern appeared in AS and IN respiratory rates during the 
first month of life, two months before the appearance of a similar 
pattern in QS. Second, a circadian rhythm was observed in 
wakefulness as well as sleep at three months of age, suggesting 
that sleep alone cannot explain these changes in respiratory pat- 
terns. Data presented here revealed a third important observation. 
Siblings of SIDS exhibited transient, accelerated maturation of 
this circadian pattern. During the first month of life, a quadratic 
trend had appeared in QS respiratory rates in the siblings whereas 
control infants still exhibited a linear pattern characteristic of the 
first week of life. The minima in subsequent siblings already 
persisted for two intervals in all sleep states at one month. This 
difference in pattern was not maintained at following ages. From 
two months of age, the pattern in subsequent siblings resembled 
that of controls. 
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ONE. TWO. THREE MONTHS 

INTERVAL 

- - - - -  Y6LlNQS - CONTROLS ONE MONTH 0 TWO MONTHS .THREE MONTHS 

Fig. 3. Ordinate and abscissa identical to Figure 2. Mean respiratory rates in each interval of the night at one (e), two (U), and three (W) months 
of age in QS, AS, and IN. e, clear circadian pattern at one month of age in siblings of SIDS with minima sustained across two intervals 
(- - - -). Control infants (-) still exhibited a more immature pattern. 

- - - - -  SlBUNGS - CONTROLS OFOUR MONTHS A SIX MONTHS 

Fig. 4. Mean respiratory rates across four intervals during the night at four (0) and six (A) months of age. The differences between subsequent 
siblings of SIDS and control infants have largely disappeared at these ages. 

Table 3. Number of feeding throughout the night in controls and 
subseauent siblinps 

1 2 3 4 6 
I wk month months months months months 

Controls 
Mean 3.4 3.3 3.5 3. I 2.2 2.1 
S.D. 0.8 1.3 1.6 1.1 1.2 1.7 

Siblings 
Mean 3.6 3.3 3.1 3.0 2.9 2.8 
S.D. 0.88 1.3 1.1 1 .O 1.7 1.4 

Hellbriigge (12), who studied the emergence of circadian pat- 
terns of temperature, heart rates, and urinary excretion of potas- 
sium and sodium, pointed out that maturation of the circadian 
pattern is manifested in an increased amplitude of the variation, 
a delay in the time of the minima and a prolongation of the 
minimum values. Rutenfranz (29) suggested that organs which 

mature earlier tend to show a 24-hr rhythm sooner. Even within 
a single organ, a different maturing process can lead to a different 
rate of development of the circadian pattern. Thus, renal excretion 
of water, depending primarily on glomerular function, showed a 
circadian rhythm before such a trend was observed in excretion of 
electrolytes, based primarily on tubular function. If the assumption 
of the correlation between maturation and the emergence of a 
circadian rhythm is correct, one can raise the question of whether 
the transient accelerated maturation in respiratory circadian pat- 
terns in siblings is accompanied by a similar acceleration in the 
maturation of sleep states. Although we did not observe any 
significant differences in amounts and durations of sleep states 
between siblings and control infants (18), a careful study of EEG 
power spectral densities between 0 and 19 Hz in these same infants 
showed important study group differences. Control infants 
reached peak levels of power in these frequency components at 12 
wk of life, whereas the subsequent siblings achieved peak levels 
four weeks earlier, thus suggesting accelerated maturation of sleep 
EEG frequencies in subsequent siblings (31). Alternately, the 
transient early emergence of a circadian pattern in respiratory 
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Controls I1 wk) 

Table 4. Significant dgerences in interval means as a function of age and state in respiratory rates1 

Siblings 
QS 

Intervals 

11  Controls (1 month) 2 4 3 I 
1 2 3 

Intervals 

Intervals 

Siblings (2 months) 
Qs 32.4 33.5 34.4 35.4 

Intervals 

Controls 3 2 4 I 

Controls 2 3 4 11  QS (3 months) 

AS (1 month) 42.9 44.4 45.8 46.3 11 M (3 months) 29.4 30.4 30.4 32.1 

AS (2 months) 36.4 37.7 38.5 39.4 11  AS (4 months) 31.4 32.2 31.7 33.4 

AS (3 months) 32.5 32.5 34.0 34.8 

Siblings 
AS (4 months) 33.1 33.2 33.3 35.6 

Intervals 

Controls 2 3 I 4 

-- 

Intervals 

Controls 3 2 1 4 

QS (4 months) 25.4 25.4 26.9 27.2 

IN (1 month) 40.2 42.7 44.4 

Siblings (1 month) 
Qs 37.1 37.7 39.5 42.4 

AS 44.4 44.8 48.2 49.5 - 

IN 43.6 44.0 45.6 49.6 

' Values are ordered from lowest to highest. Values not sharing an underline are ~ i ~ c a n t l y  different from one another. 

rates in siblings may reflect an altered maturational course of 
respiratory control mechanisms which are state specific. In the 
adult organism, Phillipson (27) reported that during QS, respira- 
tion is primarily under chemoreceptor control. Although chemo- 
receptors are responsive in the full-term neonate, data reported 
recently from monkeys demonstrated age-related differences in 
sensitivity (21). Such data, presently not available in the full-term 
infant, indicate the need to carefully examine ventilatory response 
during infancy for potential linear and nonlinear maturational 
changes. 

Because all sleep states were affected to a degree at one month 
of age, altered exogeneous influences, such as periods of light and 
darkness (I), cannot be ruled out. At one month of age, 12 
subsequent siblings were monitored between May and September, 
com~ared to 14 control infants. thus ~recludine: an uneven con- 

by a study of infants known to by hypoxemic who exhibited 
higher respiratory rates during quiet sleep (4). Successful compen- 
satory behavior may characterize the majority of infants at in- 
creased risk for SIDS. If we assume that increased respiratory 
rates are a response to hypoxia in siblings, can the accelerated 
maturation of the circadian pattern be another compensatory 
response? 

Factors which may predispose infants to increased risk for SIDS 
must be distinguished from those which actually precipitate death. 
The differences between subsequent siblings and controls pre- 
sented here may elucidate mechanisms placing an infant at in- 
creased risk. At present, they cannot be considered markers to 
identify individual infants. 
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