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Respiratory control in infants at increased risk for
sudden infant death syndrome
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SUMMARY There is much debate relating to possible abnormalities in respiratory control
mechanisms in infants considered at increased risk for sudden infant death syndrome (SIDS).
The Po.1 occlusion technique was used to assess the central respiratory response to hyperoxic
hypercapnia during quiet sleep in 21 normal infants, 13 siblings of SIDS victims, and 17 infants
with apparent life threatening events. The slope of Po.1 plotted against carbon dioxide
concentration increased exponentially with age, independent of body weight in each group. Birth
weight has a significant effect on slope with a lower weight predisposing to a lower slope. Siblings
as a group had a significantly lower slope at any given age than normal infants, whereas the
infants who had had apparent life threatening events were not significantly different from the
controls. As intragroup variation in both siblings and control groups greatly exceeded the
significant intergroup differences observed, the technique cannot identify individual infants as
belonging to one or other group.

Considerable interest has been shown in respiratory
control mechanisms in infants thought to be at
increased risk for sudden infant death syndrome
(SIDS). Shannon and Kelly reported resting alveo-
lar hypoventilation and a reduced ventilatory re-
sponse to hypercapnia in infants who had experi-
enced an apparent life threatening event.1 Others
have failed to confirm these findings,2-5 while
Haddad et al have reported an increased ventilatory
response to hypercapnia in infants experiencing
apparent life threatening events when compared
with controls.6 These conflicting results may be due
to a number of factors including varying criteria for
infant selection, the suitability of comparison
groups, differences in the methods used to assess the
responsiveness of the respiratory system, and finally
the wide variation in response to hypercapnia
among normal infants.7 The risk of SIDS in such
infants has been shown to be slightly increased,
particularly in those who 'required' resuscitation.8

Investigations of siblings of SIDS have failed to
identify any abnormality in the ventilatory responses
to hypercapnia.2 4 5 Studies in this group of infants,
however, produce conflicting results with regard to
subsequent risk. Petersen et al concluded that there
is no significant increase in risk of SIDS once
correction has been made for maternal age and the

birth order of the infant.9 In contrast, Beal and
Blundell found that risk is significantly increased in
such cases, possibly up to fivefold, when compared
with the general population.'0 This represents a risk
for any individual sibling of about one in a 100.
Minute ventilation is the usual measure of the

output of the respiratory system, but has the
limitation that it depends on the mechanical prop-
erties of the respiratory system which may be
impaired in the presence of disease. An alternative
measure, the Po.I occlusion pressure, is independent
of the flow resistance and compliance of the respira-
tory system in healthy individuals as during the
manoeuvre there is no flow and only a very small
change in lung volume, due to decompression." If
this occlusion technique is applied during hyperoxic
hypercapnic rebreathing, a measure of central
chemoreceptor responsiveness to hypercapnia can
be obtained.'2 We have utilised this technique to
assess the central respiratory response to hyperoxic
hypercapnic stimulation in infants at 'increased' risk
for SIDS and in normal controls.

Subjects and methods

Fifty one infants were studied successfully during
natural sleep: 21 normal controls, 13 siblings of
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victims of SIDS, and 17 infants who had had an

apparent life threatening event (table 1). Attempts
were made to study an additional 19 infants who did
not settle sufficiently for the test to be performed.
The 19 infants who failed to settle comprised eight
normal controls, eight siblings of SIDS victims, and
three infants suffering from apparent life threaten-
ing events (these infants were studied as inpatients
with no real limit on the time available for testing).
The infants who failed to settle were comparable
clinically with those in whom studies were success-

ful. Many appeared to be 'light sleepers' who were

readily roused on being touched or handled.
The apparently normal healthy infants volun-

teered by their parents had no personal or family
history of apnoea or respiratory problems or a

family history of SIDS. All were growing and
developing normally. The siblings were otherwise
normal infants born to families that had experienced
a previous infant death consistent with SIDS by
history and postmortem examination. The remain-
ing infants had all had an apparent life threatening
event, for which either vigorous stimulation or

mouth to mouth resuscitation had been applied
before normal breathing was restarted. The descrip-
tion of episodes in these infants varied considerably.
Ten of the 17 successfully studied were said to be
cyanotic when found, 10 apnoeic, four pallid, and
eight limp or floppy. Parents felt that their action
had been life saving. Investigation had failed to
show a convincing explanation for these events.13

Infants were studied in the evening after a normal
feed. A questionnaire was completed with medical,
social, and family details. Each infant was weighed
and its length measured at the completion of the
test. The studies were performed in a quiet dar-
kened room with an environmental temperature of
20-230C with the infants supine or on their sides.
Chest movements were recorded by two symmetri-

cally placed magnetometers and abdominal move-
ments by a Graseby respiratory sensor placed lateral
to the umbilicus. An electrocardiogram was re-
corded using disposable self adhesive electrodes (Z-
100-A Medicotest) that were placed on the left and
right sides of the chest anteriorly and on the
abdomen. An electroencephalogram was recorded
from two channels (B1/9 silver/silver chloride elec-
trodes, Specialised Laboratory Equipment) placed
sagitally in the frontal and parietal regions, and an
electro-oculogram recorded from disposable self
adhesive electrodes (C-50-S Medicotest) placed as
diagonal pairs by the outer canthus of each eye. An
electromyogram was recorded by self adhesive
electrodes (C-50-S Medicotest) placed symmetri-
cally beneath the chin overlying the digastric
muscle.
These signals were recorded on a Mingograph 81

ink jet 8 channel recorder (Elema Schonander) with
a paper speed of 5 mm/second. Sleep was staged, by
an independent observer, using the criteria set out
by Anders et al, as quiet, active, or indeterminate
sleep. 14

Hyperoxic hypercapnic stimulation was achieved
using the rebreathing technique of Read.12 Infants
breathed a mixture of 5% carbon dioxide in 95%
oxygen through an appropriate sized face mask
(Rendell Baker size 1 or 2) from a closed circuit
incorporating a Jaeger screen pneumotachograph
(linear to 700 ml/second) connected to a one litre
anaesthetic rebreathing bag. A shutter system sepa-
rated the pneumotachograph and face mask from
the rest of the circuit. Thirty of the tests were
performed with an electromechanical solenoid shut-
ter which, when triggered, would close at end
expiration. (End expiration was detected when the
flow signal reached zero flow.) The remaining 21
tests were performed using an electrically controlled
shutter built into the inspiratory limb of a one way

Table 1 Clinical details of infants studied

Normal Siblings of Infants with
controls SIDS victims apparent life

threatening event

No of infants 21 13 17
Sex ratio (W/F) 10/11 5/8 11/6
Birth weight (SD) (g) 3300 (360) 3400 (530) 3400 (480)
Gestational age (SD) (weeks) 39-7 (0-86) 40-1 (0-95) 38-7 (0.48)
Weight at test (SD) (g) 4900 (1290) 5800 (980) 5400 (1120)
Length at test (SD) (cm) 56 7 (4.76) 58-8 (3-71) 59-5 (4-76)
Decimal age (years)
Median 0-14 0-20 0-19
Range (0-006-0-43) (0-13-0-34) (0-04-0-47)

There were no significant differences between the three groups (p>005).
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valve. When triggered this closed the inspiratory
limb during expiration.
Both valves had resistance of less than 5 cm

H20/l/second at tidal flow rates. No statistical
differences were observed between the results
obtained from the two systems, and the results were
therefore combined.
The concentrations of carbon dioxide and oxygen

in the rebreathing bag were recorded continuously
by an infrared analyser (Datex CD102 Normocap)
with oxygen electrode through which gas was
withdrawn and returned to the bag at a constant rate
of 50 ml/minute. The analyser was calibrated and its
linearity was checked using concentrations of carbon
dioxide up to 8% and thereafter a two point
calibration was used on a daily basis.

Pressure generated at the mouth was recorded by
a Validyne MP 45 pressure transducer (range ±56
cm H20) that had a frequency response linear to 10
Hz. The transducer was calibrated with a water
manometer before each study.
Flow was recorded by a Furness Micromanometer

(range±10 cm H20), calibrated using a specially
constructed sine wave pump. The flow signal was
integrated electronically to give tidal volume.
These signals were recorded on an ultraviolet

recorder (Bryans Southern Instruments Ltd) at a
paper speed of 50 or 100 mm/second and used for
later analysis.

After the infant was switched into the rebreathing
system a 20-30 second period was allowed for
equilibration after which there was a linear rise in
the carbon dioxide concentration in the bag. During
this time the concentration of carbon dioxide in the
bag was assumed to be in equilibrium with alveolar,
arterial, and cerebral carbon dioxide concentra-
tions. The period of rebreathing continued until the
carbon dioxide reached 8% or the infant aroused.
The concentration of oxygen in the bag never fell
below 40%.

After initial equilibration and when carbon diox-
ide concentration was equivalent to 38 mm Hg the
first brief occlusion was performed. Subsequent
occlusions were performed at intervals of 20-30
seconds. Triggering ensured that airway occlusion
occurred at the onset of inspiration and continued
for a maximum of 200 milliseconds. Where possible
rebreathing runs were repeated after a recovery
period of at least five minutes.

ANALYSIS
Flow, volume, and mouth pressure were recorded
on the ultraviolet recorder and the record was
analysed to determine the mouth pressure generated
0-1 second after the onset of inspiration against an
occlusion (fig 1).

Expiration

Zero _
flow

Inspiration

Pressure

5cm H20
P0.1

if--

1.
Io

0 1 second
Fig 1 Example ofa recording: pressure 01 second (100
ms) after the onset ofinspiration against an occlusion is the
PO.'.

A plot of Po.1 against end tidal carbon dioxide
tension for each infant showed a linear relation over
the range studied. Linear regression was there-
fore used to calculate the slope of the line (cm
H20/mm Hg carbon dioxide) and to define the Po.1
at 55 mm Hg carbon dioxide (cm H20) in the
manner of previous authors. If more than one
rebreathing run was obtained in a defined sleep state
a common slope was calculated for each infant.
Finally, a mean slope and mean Po.1 at 55 mm Hg
carbon dioxide was calculated for each group.

In 10 normal infants minute ventilation was
calculated for the three breaths before the occlu-
sion. A plot of minute ventilation against end tidal
carbon dioxide tension for each infant showed a
linear relationship over the range studied. The slope
of this line defined the response to carbon dioxide
(I/minute/kg/mm Hg carbon dioxide).

This simple analysis does not take into account
the variability in quantity of data obtained from
different infants. A minimum recording consisted of
three points in a single rebreathing run whereas the
maximum recording consisted of 36 data points from
a total of six rebreathing runs. Fig 2 shows the
variability in the data. Statistical weighting (propor-
tional to the inverse of the variance) was used in the
analysis to take account of this variability when
combining results for different children. 5 This
method was applied to data for each group and to
those of the groups combined.

Results

As shown by the non-parametric Kruskal-Wallis

 on M
ay 15, 2023 by guest. P

rotected by copyright.
http://adc.bm

j.com
/

A
rch D

is C
hild: first published as 10.1136/adc.64.6.791 on 1 June 1989. D

ow
nloaded from

 

http://adc.bmj.com/


794 Parks, Paton, Beardsmore, MacFadyen, Thompson, Goodenough, and Simpson

5.

4~

0

3-
a-

I -

E

E
2-

0r

I
U)
0

LIn -

0-

o

6o89

0.1 0.2 0-3 0-4
Age (years)

1- o5
~0-

70'~

-1J

I-

0

Fig 2 Change in response to carbon dioxide with age

in normal infants. Mean (2 SD) are shown.

analysis, the three groups of infants were compar-
able with respect to their birth weight, gestational
age, weight, length, and age (table 1). The normal
infants were studied over an age range 3 days to 6
months, those with an apparent life threatening
event from 1 week to 6 months, and siblings of SIDS
victims from 6 weeks to 15 weeks.

Recordings were attempted both in quiet sleep
and active sleep. Few data were obtained during
active sleep and results presented here relate to
quiet sleep. For each infant there was a linear
relationship between mouth pressure (PO.,) and end
tidal carbon dioxide concentration.
A wide range of slopes was observed within each

group ranging from -0-13 cm H20/mm Hg carbon
dioxide to +0-8 cm H20/mm Hg carbon dioxide.
Seventeen of the 21 control infants had a slope
between 0 and 0-4 cm H20/mm Hg carbon dioxide.
Comparison of the values for slope and Po., at 55

mm Hg carbon dioxide among the three groups did
not show statistical differences, (table 2).

Further analysis of the data using statistical
weighting showed an exponential increase in slope
with age for all three groups of infants, as follows:

Slope=0O01102+0-10354*loglo (age)+0O9315*10-4
(weight, g), p<005, for control infants;

Slope=0-01102+0-10354*loglo (age)+0O9315*104
(weight, g) -0-06521, p<0.01, for siblings;

Slope=0-01102+0.10354*loglo (age)+0.9315*104
(weight, g) -005338, p<0.01, for infants experienc-
ing an apparent life threatening event.

Intergroup comparison shows that the siblings had
a significantly lower value for slope at any given age
than the normal infants (p<005). The value for
slope in the group with an apparent life threatening
event did not differ significantly from that obtained
in either the normal infants or siblings of SIDS
victims (fig 3).
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0 0.1 0.2 0-3
Age (years)
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Fig 3 The average slope at different ages for the three
groups ofinfants standardised to a birth weight of
3000 g. ALTE=apparent life threatening event.

Table 2 Summary of the results obtained by simple linear regression

Normal Siblings of Infants with
controls SIDS victims apparent life

threatening events

Po., slope (cm H20/mm Hg carbon dioxide)
Median 0-23 0 21 0-23
Range -0-13-0-47 0-12-080 0-12-046

Po.1 at 55 mm Hg carbon dioxide (cm H20)
Median (SD) 7-12 (2-51) 8 06 (2-81) 8-11 (2.46)
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relation to birth weight.

Using multiple regression to a!
of weight showed that there was i

at the time of testing on the age
Birth weight, on the other hand
cant effect with a smaller birth
with a lower slope (p<0-02) at an

In 10 normal infants we measur
tion and Po., synchronously i]
compare them as measures of oul

tory system. Both indices in the,
good correlation with carbon dio)
(PO.,, r=0-913 and r=0-954 for n

but that for minute ventilation
stronger (p<005).

Discussion

Simple analysis of the data by
shows a range of P0.1 slope and
similar to previous studies in
similar to those of Cosgrove et c
range of slope from 0-2-0-8 cm H
dioxide in nine neonates.'6

It is only when the variability ir
into consideration that trends t
The response to hypercapnia in
with postnatal age in an exponei
increase is only 0-2 cm H20/mm ]

over the first six months; this is r

the variability between individual tests. This in-
crease is not simply an effect of weight, which

4000g contrasts with the data of Avery et al for infants and
adults showing that the ventilatory response to

35oog hypercapnia was related to body size rather than
age.7 It is consistent with the findings of Rigatto et

3000g al who showed a significant increase in ventilatory
response in infants 27 days old compared with
infants 2 days old.17
Our results show that the siblings of SIDS victims

have, as a group, a statistically lower response to
hypercapnia. Several studies have purported to
show an abnormality in the response in the group
with an apparent life threatening event6 18 but
we, in common with others, have not been able to
confirm that.25 Certain other groups of infants
considered at increased risk for SIDS, for example,
those with apnoea of infancy or those with mothers
who are narcotic addicts, show a reduced response
to hypercapnia.20 21

0.3 0.4 Although weight at time of testing was not a

significant determinant of Po., birth weight did exert

bon dioxide in an effect in that infants of birth weight 3000 g had a
significantly lower slope than those of birth weight
4000 g (p<002).
The effect of the face mask upon the response to

carbon dioxide cannot be determined in this study.
ssess the influence It has been shown that application of a face mask to
no effect of weight a newborn infant leads to an increase in tidal volume
/slope association. and a fall in respiratory frequency, with no signifi-
exerted a signifi- cant changes in minute ventilation.22 As it is
weight associated impossible to measure Po., without the application

ry given age (fig 4). of a face mask we cannot speculate on the influence
red minute ventila- of trigeminal stimulation on our measurements. The
n an attempt to conditions of measurement, however, were the
tput of the respira- same for all three groups so that differences between
se infants showed them should not have been obscured by possible
xide concentration effects of the face mask.
ninute ventilation) Our data showing a large variation in response
was significantly among babies as measured by Po., slopes (varying

from -0*13 to +0-8 cm H20/mm Hg carbon
dioxide) and ventilatory responses in 10 normal
infants (varying from 0-014 to 0-052 I/minute/kg/mm
Hg PaCO2) and are in agreement with previous

linear regression studies.7 The significant differences we have shown
Po.I at 55 mm Hg between siblings and 'normal' infants is small when
adults" and also compared with the variability in the response within
al who reported a each group. Siblings of SIDS victims may therefore
20/mm Hg carbon be a group in whom respiratory control mechanisms

are slightly attenuated. This may simply be a factor
n the data is taken in determining their subsequent risk rather than the
become apparent. sole cause of subsequent risk. If the latter were true
infants increases the occasional infant might have a poor response

ntial fashion. This and the others be within the normal range. The
Hg carbon dioxide differences are not sufficient to allow identification
much smaller than of individual infants within a particular group.
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The Po.1 is used as a measure of the neuromecha-
nical output of the respiratory system but before the
results can be assessed two potentially important
factors must be taken into consideration. 3 The
changes in inspired gas concentrations may influ-
ence the level of functional residual capacity and the
contractile mechanism of the respiratory muscles.
With regard to changes in functional residual
capacity Garfinkel and Fitzgerald have shown that
hyperoxia decreases it (by 12%) while hypercapnia
and hypoxia both increase it (by 14-15%).24
Changes in functional residual capacity even of this
magnitude did not produce any alteration in Po.1.24
We did not measure functional residual capacity but
as we used a hyperoxic hypercapnic mixture we were
unlikely to have produced a significant change in it.
In vitro experiments by Fitzgerald et al have shown
that during the brief duration of a rebreathing run
the effects of carbon dioxide on muscle contractility
are minimal.23 We feel that the experimental con-
straints of our study are unlikely to have altered
either functional residual capacity or the contractil-
ity of the respiratory muscles.
When comparing recordings of Po., and minute

ventilation the latter correlated more strongly with
carbon dioxide concentration, a finding in agree-
ment with Lederer et al.25 It should be noted that in
all these infants lung function was assumed to be
normal. The possibility remains that in infants with
chest disorders the Po.1 may be a more representa-
tive measure of output than minute ventilation,
which could be more affected by mechanical distur-
bances.

In conclusion, we have shown that the ventilatory
response to hyperoxic hypercapnia, as measured by
the Po.1 occlusion technique, increases in an ex-
ponential fashion with postnatal age. This increase is
not dependent on weight but is influenced by birth
weight. Siblings of SIDS victims have as a group a
statistically lower than 'normal' response to hyper-
capnia whereas the group with an apparent life
threatening event of infants does not differ signifi-
cantly from 'normal'. Whether a 'poor' response to
hypercapnia, irrespective of the clinical grouping we
have applied, is a risk factor for SIDS is not known.

We should like to thank all the parents and infants involved for
their time and patience. We are grateful to Dr P Swift for referring
all siblings of SIDS for this study, and to the paediatricians at
Leicester Royal Infirmary who referred cases for study. The work
was supported by grants from the Foundation for the Study of
Infant Deaths and Children Nationwide.
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