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IN THE 1980S, A LEADING HYPOTH-
esis related to sudden infant death
syndrome (SIDS) was that pro-
longed apnea and bradycardia were

markers for the susceptible infant and
preceded the terminal event. The use
of home monitoring subsequently ex-
panded in the hope that timely recog-
nition of apnea or bradycardia would
lead to life-saving intervention.

In 1986, a National Institutes of
Health Consensus Conference1 con-

cluded that although the effectiveness of
home cardiorespiratory monitors in re-
ducing infant morbidity or mortality re-
mained to be established: “cardiorespi-
ratory monitoring or an alternative
therapy is medically indicated for cer-
tain groups of infants at high risk for sud-
den death. . . . These groups include in-
fants with one or more severe apparent
life threatening events (ALTEs) requir-

ing mouth-to-mouth resuscitation or
vigorous stimulation, symptomatic pre-
term infants, and siblings of two or more
SIDS victims. . . .” For siblings of 1 SIDS
infant, it was stated that available evi-
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Context Home monitors designed to identify cardiorespiratory events are fre-
quently used in infants at increased risk for sudden infant death syndrome (SIDS), but
the efficacy of such devices for this use is unproven.

Objective To test the hypothesis that preterm infants, siblings of infants who died
of SIDS, and infants who have experienced an idiopathic, apparent life-threatening
event have a greater risk of cardiorespiratory events than healthy term infants.

Design Longitudinal cohort study conducted from May 1994 through February 1998.

Setting Five metropolitan medical centers in the United States.

Participants A total of 1079 infants (classified as healthy term infants and 6 groups
of those at risk for SIDS) who, during the first 6 months after birth, were observed
with home cardiorespiratory monitors using respiratory inductance plethysmography
to detect apnea and obstructed breathing.

Main Outcome Measures Occurrence of cardiorespiratory events that exceeded
predefined conventional and extreme thresholds as recorded by the monitors.

Results During 718 358 hours of home monitoring, 6993 events exceeding conven-
tional alarm thresholds occurred in 445 infants (41%). Of these, 653 were extreme
events in 116 infants (10%), and of those events with apnea, 70% included at least 3
obstructed breaths. The frequency of at least 1 extreme event was similar in term in-
fants in all groups, but preterm infants were at increased risk of extreme events until
43 weeks’ postconceptional age.

Conclusions In this study, conventional events are quite common, even in healthy
term infants. Extreme events were common only in preterm infants, and their timing
suggests that they are not likely to be immediate precursors to SIDS. The high fre-
quency of obstructed breathing in study participants would likely preclude detection
of many events by conventional techniques. These data should be important for de-
signing future monitors and determining if an infant is likely to be at risk for a cardio-
respiratory event.
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dence was inconclusive and “the deci-
sion reached will be specific to the in-
fant.” Therefore, premature infants,
siblings of infants who died of SIDS
(SIDS-SIBs), and those who experi-
enced an ALTE were commonly moni-
tored at home because of these recom-
mendations and their reported increased
risk of SIDS (at least 2.5 times the gen-
eral population, although data were
sparse for infants with an ALTE2-5). How-
ever, it is important to recognize the un-
proven assumptions implicit in the fol-
lowing recommendations: (1) infants for
whom home monitors are recom-
mended are at increased risk for epi-
sodes of prolonged apnea or severe bra-
dycardia; (2) such episodes are
precursors to SIDS; and (3) home car-
diorespiratory monitoring will warn car-
egivers in time for successful interven-
tion. The Collaborative Home Infant
Monitoring Evaluation (CHIME) study
was designed to address the validity of
the first assumption.

We specifically tested the hypoth-
esis that preterm infants, SIDS-SIBs, and
infants who have experienced an idio-
pathic ALTE have a greater risk of car-
diorespiratory events than healthy
infants, and risk is related to postcon-
ceptional age (PCA). We assessed the
frequency and time course of events
based on commonly used or conven-
tional monitor alarm thresholds, but
because these events are often not con-
sidered clinically relevant, we also
assessed a subset of more severe events

that we termed “extreme events.”
Although there were no means to estab-
lish the consequences of extreme events
a priori, the event criteria defined a
severity more likely to influence clini-
cal management than commonly used
thresholds. We selected a home moni-
tor with extensive memory and one that
also detected obstructed breaths to view
the full range of respiratory abnormali-
ties that might cause apnea.2,5-7

METHODS
Study Population

Infants were recruited from 5 clinical
sites (see “Acknowledgment”) be-
tween May 1994 and February 1998.
The institutional review board at each
site approved the study, and the par-
ents of all subjects gave written in-
formed consent.

For purposes of analysis, infants were
divided into 7 groups (FIGURE 1). En-
rollment was relatively balanced by site,
each contributing between 18% and
24% of subjects. The 7 groups of in-
fants were derived from 4 initial cat-
egories of eligibility using stratifica-
tion criteria that we thought a priori
would influence outcome. These in-
clude the following:

Healthy Term Group. Criteria in-
cluded: (1) 38 to 42 weeks’ gestation
at birth; (2) birth weight, 10th to 90th
percentile; (3) 30 days or younger post-
natal age; (4) clinically well (defined as
Apgar score .4 at 1 and .7 at 5 min-
utes, not admitted to a special care nurs-

ery, discharge on or before date of ma-
ternal discharge, no medications, and
no apnea or ALTE events based on clini-
cal history or medical record); (5) no
family history of SIDS in siblings; and
(6) no other family history of SIDS in
the last 10 years.

Idiopathic ALTE Group. Within the
previous 30 days, an unexplained sud-
den episode of color change (cyanosis or
pallor), tone change (limpness, stiff-
ness), or apnea that required mouth-to-
mouth resuscitation or vigorous stimu-
lation.1 Postnatal age had to be at least
12 hours but younger than 6 months
when the ALTE occurred. The index
event was identified by caretaker obser-
vation and occurred prior to the use of
a home monitor. To establish an ALTE
as idiopathic, an evaluation was per-
formed based on the infants’ initial pre-
sentation, and only those infants with-
out an explained cause were enrolled.
Based on whether or not they were born
at 37 or less weeks’ gestation, the in-
fants with an ALTE were stratified into
term idiopathic ALTE and preterm idio-
pathic ALTE groups.

SIDS-SIB Group. Criteria included:
(1) full or half sibling of 1 or more pre-
vious SIDS infants (documented by au-
topsy), and (2) 30 days or younger post-
natal age (,4 weeks after SIDS in a twin
but ,6 months’ postnatal age). Based
on whether or not they were born at 37
or less weeks’ gestation, the SIDS-SIB
infants were stratified into: term SIDS-
SIB and preterm SIDS-SIB groups.

Preterm Group. Ineligible for other
groups and (1) 34 or less weeks’ ges-
tation at birth, (2) birth weight less than
1750 g, (3) postnatal age younger than
120 days at time of discharge from the
neonatal intensive care unit, and (4) 2
weeks or less since discharge. Based on
whether staff in the neonatal intensive
care unit observed apnea or bradycar-
dia associated with cyanosis within 5
days of discharge, the preterm group
was stratified into asymptomatic pre-
term and symptomatic preterm groups.

General Exclusion Criteria. Since
our intent was to characterize cardio-
respiratory events in infants for whom
the cause was unknown, infants were

Figure 1. Distribution of Eligible and Participating Infants Among the Final 7 Study Groups

No. Eligible

No. Participating

No. in Each of
Final 7 Groups

SIDS
Sibling

Preterm
≤34 wk

Idiopathic
ALTE

Healthy
Term

262 17272725160

178 443152306

50
Preterm
≤37 wk

128
Term

76
Symptomatic

367
Asymptomatic

45
Preterm
≤37 wk

107
Term306

ALTE indicates apparent life-threatening event; SIDS, sudden infant death syndrome. See “Methods” for a
description of the inclusion criteria.
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excluded if they had any of the follow-
ing: current pneumonia confirmed by
chest x-ray; home treatment with con-
tinuous oxygen, bronchodilators, di-
uretics, steroids, medications for
gastroesophageal reflux or seizure;
congenital heart disease except asymp-
tomatic patent ductus arteriosus, atrial
septal defect, or small muscular ven-
tricular septal defect; ventricular-
peritoneal shunt; congenital brain
anomaly that would result in a non-
SIDS diagnosis in the event of sudden
death; chromosomal abnormality; mid-
facial hypoplasia or cleft palate; in-
born error of metabolism; caregiver cur-
rently using illicit drugs; or parental
inability to communicate (language bar-
rier or no telephone).

Use of Home Monitor
Following enrollment, each infant had
cardiorespiratory waveforms re-
corded in the home using the CHIME
monitor (NonInvasive Monitoring Sys-
tems, Miami, Fla).8 Rib cage and ab-
dominal movement were recorded by
respiratory inductance plethysmogra-
phy (RIP) bands, and a third signal pro-
portional to tidal volume was calcu-
lated from the weighted algebraic sum
(sum channel). The monitor recog-
nizes a breath whenever there is an ex-
cursion on the sum channel that is at
least 25% of the amplitude deter-
mined during a calibration period (first
5 minutes each time the monitor is
turned on). The monitor continu-
ously measures the time following a
breath. During each period of monitor-
defined apnea (when there is no breath
for a time exceeding a specified thresh-
old) there may be (1) effort in which
the rib cage and abdominal excur-
sions are out of phase (consistent with
obstruction) or (2) no respiratory ef-
fort (central apnea) (FIGURE 2).9-11 Heart
rate was determined by an R-wave de-
tection algorithm using standard dis-
posable infant electrocardiogram elec-
trodes. Hemoglobin oxygen saturation
by pulse oximetry (SpO2)12 (Ohmeda
Minx pulse oximeter, Ohmeda Corp,
Liberty Center, NJ) and transthoracic
impedance signals (Aequitron Inc, Ply-

mouth, Minn) were also monitored but
were not used to define recording or
alarm thresholds in this report.

The monitor had the capability to ini-
tiate recording and storage of physi-
ologic data at a preset duration (thresh-
old) for low heart rate and apnea; the
duration for initiating an alarm was
longer and could be set indepen-
dently. All events stored in memory in-
cluded the 75 seconds preceding on-
set of the event, the event, and 30
seconds after resolution of the event.
The thresholds for recording physi-
ologic events were identical for all
groups of subjects: apnea (as defined
above) at least 16 seconds in duration
or a heart rate less than 80 or 60 beats
per minute (bpm) for at least 5 sec-
onds for infants less than 44 or 44 or
more weeks’ PCA, respectively.

In contrast to the recording thresh-
olds, we varied the threshold for alarms.
The alarm thresholds in the healthy
term group were set at 40 or more sec-
onds for apnea and less than 40 bpm
for heart rate since they had no clini-
cal indication for the audible alarm. For
all other infants, the monitor was set
to sound an audible alarm for apnea of
at least 20 seconds (ie, 4 seconds be-
yond the threshold for recording), or
a heart rate less than 80 bpm for at least
5 seconds for infants less than 44 weeks’
PCA, or 60 bpm for those at least 44
weeks’ PCA (same threshold as for
recording). These alarm thresholds
were equivalent to customary practice
so that infants who would have been
monitored absent our study received the
same level of surveillance.

Families received standardized train-
ing and ongoing support of home moni-
toring and were instructed to use the
monitor whenever the infant was sleep-
ing or unobserved. Although parents
were provided a form on which to note
any observations or interventions re-
lated to cardiorespiratory events, these
records were not consistently kept. Ac-
cordingly, only the recorded physi-
ologic data are reported herein. The in-
tended duration of home monitoring
was through 66 weeks’ PCA for the
healthy term and SIDS-SIB groups, 56

weeks’ PCA for the preterm groups, and
16 weeks from enrollment for the ALTE
groups. In addition, infants continued
to be monitored until they were free of
events exceeding alarm thresholds for
at least 12 weeks.

The memory monitor cartridges were
downloaded every 2 to 4 weeks and
waveforms were available for review lo-
cally if needed for clinical manage-
ment. After infants completed home
monitoring, waveforms were analyzed at
the data coordinating and analysis cen-
ter by technicians unaware of study
group or clinical status. A software tool,
which permitted magnification of the sig-
nal amplitude and time scale, was devel-
oped to facilitate the scoring proce-
dures and analyses (Figure 2). We have
previously reported a high level of in-
terrater reliability using this tool.8

Data Analysis
For the purposes of data analysis, events
were categorized as exceeding, record-
ing (see above criteria), conventional,
or extreme thresholds. Conventional
thresholds were defined as follows: (1)
apnea of at least 20 seconds; (2) if less
than 44 weeks’ PCA, heart rate less than
60 bpm for at least 5 seconds or less
than 80 bpm for at least 15 seconds; or
(3) if 44 weeks’ PCA, heart rate less than
50 bpm for at least 5 seconds or less
than 60 bpm for at least 15 seconds. Ex-
treme thresholds were defined as: (1)
apnea of at least 30 seconds; (2) if less
than 44 weeks’ PCA, heart rate less than
60 bpm for at least 10 seconds; or (3)
if at least 44 weeks’ PCA, heart rate less
than 50 bpm for at least 10 seconds.

We analyzed the frequency of events
exceeding both conventional and ex-
treme thresholds. For a primary com-
parison of the risk of at least 1 event by
group, we calculated the time in days
from beginning of monitoring to first
event for those with events and the to-
tal time in the study (#180 days) for
those without events. We calculated
Kaplan-Meier survival curves and com-
puted 1-minus estimates from these sur-
vival curves, thus accounting for vari-
able days of monitor use.13 The last date
that subjects used the monitor be-
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came a censoring date. Cox propor-
tional hazards models were then used
to obtain risk ratios (RRs) (with 95%
confidence intervals [CIs]) of an event
in comparison with the healthy term
group.14 These models also account
for the variable monitoring duration. In
the Cox models, we additionally ac-

counted for variability in monitor use
by adding total hours of actual moni-
tor use to the models. The assumption
of proportional hazards was tested by
including a time-dependent variable in
the model for each group.

Since PCA varied widely among
groups, we also compared the groups

regarding the number of infants with at
least 1 event per 20000 hours of moni-
tor use during 4-week PCA periods. We
chose4-weekPCAtimeperiodstoensure
that we would observe a sufficient num-
berof infantswithevents foranalysis.We
expressed the rate of events per 20000
hours of monitor use because this rep-

Figure 2. Procedure for Assessment of Events
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Scoring procedures have been divided into 7 steps, as follows (note that in some
instances channels were displayed in a montage for convenience or to assist in iden-
tifying artifact, even if not used directly in scoring): steps 1-3 (scoring respiratory
variables): sum channel (SUM), rib cage (RC), abdominal (AB), and heart rate (HR);
steps 4-5 (scoring heart rate variables): HR, electrocardiogram (ECG), SUM, and pulse
oximetry (OxiP); and steps 6-7 (scoring saturation variables): hemoglobin oxygen
saturation by pulse oximeter (SpO2), OxiP, ECG, HR, and SUM. Step 1: Determine
adjusted baseline breath amplitude region. The scorer places 2 cursor lines demar-
cating a region on SUM that contains deflections of “typical” size. The criteria for
this region are: it precedes the event, contains at least 3 deflections, and is the long-
est segment that contains neither artifact nor sighs. The software automatically av-
erages the amplitudes of all the breaths between the cursors to determine the ad-
justed baseline breath amplitude, which is then displayed and stored. Step 2: Measure
apnea duration. The cursors are placed at the peak of the 2 deflections that repre-
sent the longest interval between deflections 25% of adjusted baseline breath am-
plitude. The software calculates and displays apnea duration; if 10 seconds, the du-
ration is stored, otherwise the event is classified as false. Step 3: Count out-of-
phase deflections. Eleven out-of-phase deflections are present and numbered.

Out-of-phase deflections are defined as AB and RC signals that occur in opposite
directions (ie, 180° out of phase) associated with a SUM deflection of 25% of ad-
justed baseline breath amplitude. If AB and RC signals are shifted in time in respect
to each other, this shift can be no more than 25% or more of overall duration of
breath (ie, 90°-270° out of phase) to be considered out of phase. The total number
of out-of-phase deflections that are within the defined apnea is counted and manu-
ally entered into the system. Step 4: Measure bradycardia duration below thresh-
old. The cursors are placed at the first decline in heart rate less than 80 beats per
minute (bpm) and at the point of return to 80 or more bpm. The software tool de-
termines and displays bradycardia duration whenever it is less than 80 bpm for at
least 1 second. Similar procedures are used to measure bradycardia duration less
than 60 bpm and less than 50 bpm. Step 5: Measure heart rate nadir. The cursors
are placed on either side of the bradycardia. The software tool calculates, displays,
and records the heart rate nadir. Step 6: Measure SpO2 baseline. The cursors are placed
on either side of the period of highest stable SpO2 preceding the event. The soft-
ware tool calculates, displays, and records baseline SpO2. Step 7: Measure SpO2 na-
dir associated with good OxiP signal. The cursors are placed on either side of the
drop in SpO2. The software tool calculates, displays, and records the SpO2 nadir.
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resents approximately the number of
hours that100 infantswouldbeexpected
to use the monitor during a 4-week
period (hence an estimate of expected
number of infants with at least 1 event
among 100 infants monitored for a
4-week period). We constructed
smoothed plots for each group by cal-
culating a moving average estimate at
each week, using the 4-week window
beginning at the week under consider-
ation and the subsequent 3 weeks (eg,
for week 35, we calculated the average
of the rates from weeks 35-38). A for-
mal comparison of the rate at which
infants in each group had at least 1 event

was conducted using Poisson regres-
sion with repeated observations for
selected4-weekperiods,adjusting for the
number of hours monitored before the
event for thosewithaneventandthetotal
number of hours monitored for those
without events.15,16 The reference rate
chosen for these comparisons was that
observed in the healthy term group dur-
ing the 4-week PCA period from 42 to
45weeks, theearliest4-weekPCAobser-
vation period for healthy term infants.
Relative rates (and 95% CIs) were cal-
culated for each group for successive,
nonoverlapping4-weekPCAperiods(ie,
34-37, 38-41, 42-45 weeks’ PCA). From

an assessment of data collected during
the initial 2 years of the study, we esti-
mated that events exceeding theextreme
thresholdwouldbeobserved in1%to2%
of healthy term infants. To achieve a rea-
sonably precise estimate of the event rate
in the healthy term group, we set a goal
ofenrollmentofat least300 infants.With
a sample of 300 healthy term infants, the
upper 95% confidence limit for an
observed rate of 2% is 3.6%.

RESULTS
Subject Characteristics

TABLE 1 provides the characteristics of
the 1079 infants who participated in the

Table 1. Maternal and Infant Characteristics*

Term Preterm #37 wk Preterm #34 wk

Healthy Term
(n = 306)

SIDS-SIB
(n = 128)

ALTE
(n = 107)

SIDS-SIB
(n = 50)

ALTE
(n = 45)

Asymptomatic
(n = 367)

Symptomatic
(n = 76)

Maternal
Mean (SD) age, y 29.4 (6.3) 28.1 (5.9) 25.8 (6.4) 29.0 (5.3) 26.6 (8.0) 27.2 (6.5) 29.5 (6.3)

Mean (SD) education, y 13.0 (2.5) 12.6 (2.8) 12.8 (2.6) 12.3 (2.5) 12.2 (3.2) 13.9 (1.9) 14.5 (2.7)

Mean (SD) parity 3.2 (1.2) 2.2 (1.4) 3.7 (1.8) 2.4 (1.2) 2.0 (1.2) 1.7 (1.0) 2.2 (1.2)

Race, No. (%)
White 166 (54.4) 82 (64.6) 55 (51.4) 21 (43.8) 24 (54.5) 130 (35.4) 24 (31.6)

Black 47 (15.4) 17 (13.4) 13 (12.1) 10 (20.8) 5 (11.4) 92 (25.1) 20 (26.3)

Hispanic 19 (6.2) 14 (11.0) 14 (13.1) 9 (18.8) 2 (4.5) 97 (26.4) 8 (10.5)

Asian 26 (8.5) 6 (4.7) 9 (8.4) 7 (14.6) 5 (11.4) 27 (7.4) 12 (15.8)

Other 47 (15.4) 8 (6.3) 16 (15.0) 1 (2.1) 8 (18.2) 21 (5.7) 12 (15.8)

Married 244 (80.0) 103 (81.1) 75 (70.8) 37 (77.1) 26 (59.1) 265 (72.2) 58 (76.3)

Used cigarettes in pregnancy 50 (16.3) 37 (29.1) 46 (43.4) 15 (31.3) 15 (34.9) 80 (22.0) 18 (23.7)

Used alcohol in pregnancy 63 (20.6) 23 (18.1) 26 (24.5) 13 (27.7) 6 (14.3) 45 (12.4) 10 (13.2)

Infant
Male, No. (%) 160 (52.3) 68 (53.1) 55 (51.4) 23 (46.0) 24 (53.3) 183 (49.9) 42 (55.3)

Mean (SD) gestational age at birth, wk 39.5 (1.0) 39.7 (1.0) 39.6 (1.1) 35.0 (2.7) 35.5 (1.7) 29.7 (2.5) 29.6 (2.2)

Mean (SD) birth weight, g 3311 (304) 3520 (403) 3367 (427) 2532 (750) 2610 (568) 1252 (319) 1241 (306)

Mean (SD) PCA at start
of monitoring, wk

41.8 (1.8) 40.4 (1.9) 46.9 (6.4) 37.9 (4.4) 41.5 (4.5) 37.0 (1.9) 36.6 (1.7)

Infant-preterm only
Received supplemental

oxygen, No. (%)
NA NA NA 11 (22.9) 10 (22.7) 311 (84.7) 67 (88.2)

Received mechanical
ventilation, No. (%)

NA NA NA 6 (12.5) 5 (11.4) 255 (69.5) 57 (75.0)

Mean (SD) PCA at newborn-
hospital discharge, wk

NA NA NA 36.0 (2.1) 36.2 (1.3) 35.2 (3.4) 35.8 (2.8)

Mean (SD) monitor use, h
Total per infant 373 (468) 1089 (866) 683 (663) 958 (904) 867 (896) 671 (727) 768 (746)

Use by PCA, wk
34-37 NA NA NA 3355 (n = 36) 1320 (n = 8) 32 046 (n = 264) 9571 (n = 56)

38-41 5335 (n = 150) 11 349 (n = 111) 2461 (n = 27) 9279 (n = 43) 4805 (n = 25) 61 093 (n = 306) 15 896 (n = 64)

42-45 19 547 (n = 261) 24 866 (n = 109) 10 575 (n = 59) 8106 (n = 35) 6058 (n = 27) 47 852 (n = 238) 11 574 (n = 53)

46-49 22 222 (n = 190) 23 770 (n = 95) 12 336 (n = 68) 7331 (n = 32) 6956 (n = 29) 38 076 (n = 204) 7935 (n = 42)

50-53 21 893 (n = 160) 22 669 (n = 93) 12 866 (n = 66) 6505 (n = 29) 6168 (n = 26) 31 749 (n = 173) 6351 (n = 33)

54-57 19 003 (n = 135) 21 478 (n = 90) 11 563 (n = 66) 5925 (n = 25) 5450 (n = 24) 22 754 (n = 148) 4816 (n = 30)

*Continuous variables expressed as mean (SD), categorical variables as number and percentage. There were a small number of missing values for some variables. SIDS-SIB in-
dicates siblings of infants who died of sudden infant death syndrome; ALTE, apparent life-threatening event; PCA, postconceptional age; and NA, not applicable.
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study. Each of the 7 groups included
racial/ethnic diversity and had charac-
teristics representative of the target
populations for this study. Although
there were some small differences be-
tween participants and eligible non-
participants with respect to marital sta-
tus, education, and ethnic group, we
were unable to discern a meaningful
trend.

Six infants died during the study, but
none was being monitored at the time
of death. The cases were indepen-
dently reviewed by an expert panel,
which included the medical examin-
ers or pathologists at each CHIME site.
There were 2 SIDS cases, including an
infant in the healthy term group who
died at 17 weeks and an infant in the
preterm group born at 28 weeks’ ges-
tational age who died at 20 weeks.
There were 2 cases for which the au-

topsy and medical history were consis-
tent with SIDS, but there was no infor-
mation on the death scene, including
a term infant in the SIDS-SIB group who
died at 7 weeks of age and an infant in
the preterm group born at 32 weeks’
gestation who died at 12 weeks of age.
One infant in the term ALTE group,
who was also a SIDS-SIB, died sud-
denly and unexpectedly at 32 weeks of
age and was designated “undeter-
mined” because of uncertainty regard-
ing the SIDS diagnosis. One infant in
the preterm group born at 32 weeks’
gestation, who was also a SIDS-SIB, died
at 41 weeks of age, and the cause of
death was homicide.

Event Characteristics
The CHIME monitor was used for a to-
tal of 718358 hours, with wide differ-
ences in usage within and between
groups, which necessitated analytic ap-
proaches that accounted for indi-
vidual time monitored.

Based on CHIME criteria, we ana-
lyzed 21647 events that exceeded re-
cording thresholds. Of these, 6993
events exceeded conventional thresh-
olds in 445 (41%) of the 1079 infants,
and 653 events exceeded extreme
thresholds in 116 (10%) of the 1079 in-
fants. Because SpO2 values were avail-
able and of sufficient quality for assess-
ment in 84% and 67% of events that
exceeded conventional and extreme
thresholds, respectively, we were able to
examine the relationship between these
events and hypoxemia (FIGURE 3). Ap-
nea without bradycardia represented
5258 (75%) of 6993 events exceeding
conventional thresholds ($20 sec-
onds) and 321 (49%) of 653 events ex-
ceeding extreme thresholds ($30
seconds). Bradycardia without apnea of
at least 20 seconds represented 948
(14%) of 6993 events exceeding con-
ventional thresholds and 144 (22%) of
653 events that exceeded extreme
thresholds. In general, the degree of hy-
poxemia increased with increasing du-
ration of apnea or bradycardia. When se-
vere bradycardia coexisted with apnea,
however, there was slightly less hypox-
emia, but fewer events with SpO2 val-

ues of sufficient quality for assessment.
Of all extreme events, 25% were asso-
ciated with a decrease in SpO2 of less than
10%. Using RIP, we also assessed the
proportion of apnea events that met cri-
teria for obstructed breaths, which cor-
relate well with obstructed breaths on
polysomnographic studies.9-11 Among all
extreme events with apnea of 30 sec-
onds, 70% included at least 3 ob-
structed breaths. Among all conven-
tional events with apnea of at least 20
seconds, 50% of the apneas included at
least 3 obstructed breaths.

Risk of Events
TABLE 2 provides RRs for each study
group compared with healthy term in-
fants for the occurrence of at least 1
event exceeding the extreme thresh-
old and at least 1 event exceeding the
conventional threshold during the first
180 days of monitoring (Cox propor-
tional hazards model). Only the 4 pre-
term groups had significantly in-
creased risk of an extreme event. The
2 highest RRs occurred in the symp-
tomatic and asymptomatic preterm
groups (18.0 and 10.1, respectively),
and these 2 RRs declined over time
(P,.01). For example, at day 7 of moni-
toring, the RRs were 34 and 17 for
symptomatic and asymptomatic pre-
term infants, respectively, while by day
28 of monitoring, the RRs had de-
clined to 14 and 8 for symptomatic and
asymptomatic preterm infants, respec-
tively. For both groups, the risk of at
least 1 extreme event remained signifi-
cantly higher than the healthy term
group for approximately the first 7
weeks of monitoring (ie, up to 43 weeks’
PCA). Similarly, the symptomatic and
asymptomatic preterm groups also had
the highest RRs for events exceeding
conventional thresholds. However, the
occurrence of at least 1 event exceed-
ing conventional alarm thresholds was
very common (cumulative incidence,
43%) in all groups including the healthy
term group. For events exceeding con-
ventional thresholds, as with events ex-
ceeding extreme thresholds, the RRs for
the preterm groups declined with time,
and by 7 weeks of monitoring were no

Figure 3. Decrease in Percent Hemoglobin
Oxygen Saturation (SpO2) in Infants
Experiencing Apnea or Bradycardia
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Median baseline saturation was 98% to 99% for all
event types. The numbers on the bars denote the to-
tal number of events with the specified combination
of apnea and bradycardia. The height of the bar shows
the median fall in SpO2 for those events for which an
adequate saturation signal was obtained (approxi-
mately 70% of all events). Apnea duration catego-
ries included 30 seconds or longer (based on extreme
threshold of 30 seconds), 20.0 to 29.9 seconds (based
on conventional threshold of 20 seconds), 16.0 to 19.9
seconds (based on the record threshold of 16.0 sec-
onds), and 0 to 15.9 seconds (not identified). Brady-
cardia categories were “severe” (met extreme thresh-
old), “moderate” (met conventional threshold), “mild”
(met record threshold), and “none” (none identified).
Because an event needed to be triggered by apnea
or bradycardia, there were no events in which nei-
ther disturbance occurred (far left).
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longer significantly higher than the
healthy term group.

Risk for Recurrence of Event
We next assessed the pattern of recur-
rence of extreme events among the 116
infants who had at least 1 extreme
event. We combined the groups since,
except for the preterm group, the num-
bers of infants were too few for sepa-
rate analysis. A second extreme event
occurred in 60 (51.7%) of the 116 in-
fants, a third occurred in 35 (57.3%)
of the 60, and a fourth was observed in
28 (80%) of the 35. In each case, al-
most all the subsequent events oc-
curred within 6 weeks of the prior
event.

Relationship of Events to PCA
The above analyses assess occurrence
of extreme events in relation to the
number of days an infant was moni-
tored at home. However, the PCA at on-
set of home monitoring varied consid-
erably. Analyses of the effect of
increasing PCA on occurrence of ex-
treme events in each group of infants
(Poisson analyses, FIGURE 4) indicate
the number of infants in each group ex-
periencing at least 1 extreme event per
20000 hours of monitoring during suc-
cessive 4-week PCA intervals. The like-
lihood of experiencing at least 1 ex-
treme event decreased as PCA increased
until about 43 weeks’ PCA, after which
all groups had similarly low rates of hav-
ing at least 1 extreme event. During the

4-week period from 34 to 37 weeks’
PCA, only the symptomatic (Figure 4,
point A) and asymptomatic (point B)
preterm infants had a sufficient num-
ber and hours of monitoring for analy-
sis. Compared with the healthy term
group at 42 to 45 weeks’ PCA, the num-
ber of infants having more than 1 ex-
treme event per 4 weeks of monitor-
ing time was 19.7 (P,.001) and 10.5
(P=.002) times higher for the 34 to 37
weeks’ PCA symptomatic and asymp-
tomatic preterm groups, respectively.
At 38 to 41 weeks’ PCA, all 4 preterm
groups also demonstrated signifi-
cantly higher rates than the reference.
At 42 to 45 weeks’ PCA and thereaf-
ter, no group had a rate that was sig-
nificantly higher than the reference rate.

COMMENT
This is the first large, longitudinal study
comparing incidence of cardiorespira-
tory events among infants monitored at
home with that of healthy term infants.
Based on more than 700000 hours of
monitor use, we determined that events
previously described as “pathologic”1 are
actually quite common, even in healthy
term infants. Furthermore, we identi-
fied groups that, when compared with
healthy term infants, have higher risks
of extreme events that are likely to in-
fluence clinical management. Our data
indicate an increased risk of at least 1 ex-
treme event only in preterm infants and
only until about 43 weeks’ PCA. Al-
though our choice of RIP for breath de-

tection limits direct comparison to data
based on customary impedance moni-
toring, the high frequency of ob-
structed breaths in our subjects strongly
suggests that many events would have
been missed by techniques commonly
used in clinical practice.

There are several aspects of the
CHIME study that are important to con-
sider. First, although the threshold used
to define extreme events is much higher
than commonly used, our study does
not have the means to delineate the
pathologic nature of extreme events. Be-
cause it is not possible to determine a
priori how long apnea or bradycardia
can be tolerated without injury, it is
only possible to raise the threshold for
detection of events in an iterative fash-
ion. Second, since many conventional
and extreme events caused a monitor
alarm, it is possible that the duration
of some events in the risk groups was
shortened by either an alarm-induced
auditory arousal or by caretaker inter-
vention. The use of conventional alarm
thresholds in these groups was a de-
sign compromise to be consistent with
current practice in infants perceived to
be susceptible to life-threatening events,
but they could have resulted in an un-
derestimate of extreme events in risk
groups and hence reduced ability to de-
tect differences compared with healthy
term infants. In addition, subsequent
clinical management of infants who ex-
perienced events may have influenced
their risk for subsequent events. Third,

Table 2. Results of Cox Proportional Hazards Analyses for Risk of at Least 1 Event During a 180-Day Period*

Group

Events Exceeding Extreme Threshold Events Exceeding Conventional Threshold

Cumulative %
for $1 Event† Risk Ratio (95% CI)‡ P Value

Cumulative %
for $1 Event† Risk Ratio (95% CI)‡ P Value

Preterm
Symptomatic (n = 76) 33.0 18.0 (6.2-53)§ ,.001 76.3 4.3 (3.0-6.3)§ ,.001

Asymptomatic (n = 367) 20.6 10.1 (3.7-28)§ ,.001 63.7 2.7 (2.0-3.6)§ ,.001

ALTE (n = 45) 19.2 7.6 (2.2-26) .001 58.5 1.5 (0.86-2.5) .16

Sibling (n = 50) 17.2 5.6 (1.6-20) .007 43.7 1.2 (0.69-2.0)§ .56

Term
Sibling (n = 128) 8.4 2.6 (0.8-8.7) .11 64.5 1.4 (0.97-2.0) .07

ALTE (n = 107) 13.1 2.5 (0.66-9.2) .18 34.4 1.1 (0.71-1.7) .75

Healthy (n = 306) 2.3 1 (Reference group) 43.2 1 (Reference group)

*CI indicates confidence interval; ALTE, apparent life-threatening event.
†Values provided are based on Kaplan-Meier plots that account for variable monitoring time.
‡Risk ratios are adjusted for the number of hours of monitor use.
§These risk ratios declined with age. Values were calculated assuming a constant risk over the 180 days.
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our definitions for extreme and con-
ventional events took into account ap-
nea, bradycardia, and combinations. It
is possible that the results would have
been different had we chosen alterna-
tive criteria. Fourth, the procedures,
tools, and criteria used for scoring can
have a substantial impact on the events
identified. To limit variability in data
analysis, high scoring reliability was at-
tained.8 Furthermore, we have con-
firmed a high level of concordance be-
tween apnea detected by the monitor
and apnea detected by polysomno-
gram recordings.9 Fifth, we excluded in-
fants who had diagnoses commonly as-
sociated with cardiorespiratory events,
recognizing that the frequency and na-
ture of events thus may have been dif-
ferent. Sixth, due to limited sample size,
95% CIs for RRs were relatively wide,
especially in the term risk groups. The
upper limits of the 95% CI for term
SIDS-SIBs and term infants with idio-
pathic ALTE, for example, were 8.7 and

9.2, respectively. However, even these
upper limits are well below the RRs ob-
served for the preterm infants.

We considered describing apnea
events as obstructive, central, or mixed,
but recognized early that such categori-
zation obscures the wide range of vari-
ability in these events. The high propor-
tion of apnea containing at least 3
obstructed breaths exemplifies the value
of using RIP, which can identify ob-
structed breaths.9-11 For this reason,
transthoracic impedance, which de-
tects effort during obstruction, would not
detect many of these apneas, and cur-
rently available home monitors would
have detected less apnea than we ob-
served. Thus, the distribution of events
might vary between our subjects and
those reported using other technol-
ogy.17-22 Although detection of bradycar-
dia might provide an alternative oppor-
tunity to detect events, fully half of
extreme events had no bradycardia, even
when associated with desaturation.

The CHIME study was not de-
signed to address the important ques-
tion of whether infants who experi-
ence extreme cardiorespiratory events
are more likely to die of SIDS. The 6
deaths among study participants are too
few to derive conclusions. However, the
highest rates of extreme events were ob-
served among infants who were 43 or
less weeks’ PCA, whereas the peak in-
cidence of SIDS generally occurs at
older mean PCAs of 44.2, 46.8, and 52.7
weeks for infants born at 24 to 28, 29
to 32, and 37 weeks, respectively.23

These differences in timing suggest that
extreme events are not likely to be im-
mediate precursors to SIDS, although
it does not eliminate the possibility that
they are markers of vulnerability.

The CHIME study was also not de-
signed to determine whether use of a
monitor decreases the rate of SIDS. The
finding that preterm infants 43 weeks’
PCA exhibited more extreme events
than healthy term infants does not re-
solve the debate whether such infants
would benefit from monitoring. The ob-
servation that 20% of asymptomatic
preterm infants experienced 1 ex-
treme event highlights the need to de-
termine clinical relevance of extreme
events. Until then, however, it is not
possible to refute or support the rec-
ommendations of the NIH Consensus
Development Conference that moni-
toring or an alternative therapy is medi-
cally indicated for symptomatic but not
asymptomatic preterm infants.

Controversies regarding who should
be monitored notwithstanding, the
CHIME data are responsive to an iden-
tified gap in our knowledge by defin-
ing risk of occurrence and timing of
extreme events during early postnatal
development.1 These data also docu-
ment a high frequency of obstructed
breathing within events. Our choice of
RIP for breath detection does limit direct
comparison to all prior (transthoracic
impedance–based) data, but it is impor-
tant to note that commercially avail-
able monitors would likely have missed
many CHIME events due to the high
frequency of obstructed breaths. These
results should be important for design-

Figure 4. Rate of Infants With 1 or More Events Exceeding the Extreme Threshold During
4-Week Postconceptional Age (PCA) Periods
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Each point indicates the number of infants in a given study group who experienced at least 1 event exceeding
the extreme threshold, per 20000 hours of monitor use during a 4-week observation period beginning at the
specified PCA week. Poisson analyses were used to calculate relative rates for nonoverlapping 4-week periods
(beginning at the PCA weeks enclosed in a box) compared with the reference group of healthy term infants
observed from 42 to 45 weeks’ PCA. Significantly higher relative rates were observed in (A) preterm symp-
tomatic group at 34 to 37 weeks (relative rate, 19.7; 95% confidence interval [CI], 4.1-94.0; P,.001); (B)
preterm asymptomatic group at 34 to 37 weeks (relative rate, 10.5; 95% CI, 2.4-47.0; P=.002); (C) apparent
life-threatening event (ALTE) preterm group at 38 to 41 weeks (relative rate, 14.3; 95% CI, 2.6-80.1; P=.002);
(D) preterm symptomatic group at 38 to 41 weeks (relative rate, 10.2; 95% CI, 2.2-47.8; P=.003); (E) pre-
term asymptomatic group at 38 to 41 weeks (relative rate, 6.0; 95% CI, 1.4-26.5; P=.02); and the siblings of
infants who died of sudden infant death syndrome preterm group at 38 to 41 weeks (relative rate, 5.7; 95%
CI, 1.0-31.1; P=.05).
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ing future monitors and determining if
an infant is likely to be at risk for a car-
diorespiratory event.
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