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ABSTRACT: We wished to investigate the effects of sleep deprivation on sleep,
arousal propensity, respiratory events and peripheral chemoresponses in healthy
infants, since these effects might be relevant to mechanisms concerned with some
cases of sudden infant death syndrome.

Paired observations were made overnight during natural sleep and following sleep
deprivation, in a randomized fashion, in 15 healthy infants aged 78 (7) days (mean
(sp)). Polysomnograms were recorded and sleep was scored using Anders' criteria.
Respiratory events were categorized into central, mixed and obstructive apnoeas.
Peripheral chemoresponses were measured during quiet sleep from the respiratory
response to two-breath alternations in fractional inspiratory oxygen (F1,0,) (0.42
and 0.00). Arousal propensity was determined from awakening and arousal thre-
sholds to graded photic and auditory stimuli during quiet sleep, and from sponta-
neous awakenings and limb movements.

Compared with natural sleep, following sleep deprivation infants maintained a
greater proportion of quiet sleep (39 vs 44%). There was no measurable change in
arousal propensity. During quiet sleep, obstructed breathing events tended to be
more common after sleep deprivation (0.1 vs 0 events-h-1) and the expiratory time
during baseline breathing increased significantly (1.27 vs 1.58 s) although the decrease
in respiratory rate was not significant (32 vs 30 breaths'min-!). Peripheral chemo-
responses altered significantly, alternations in tidal volume/inspiratory time (VT/t1)
as a measure of inspiratory drive increased after sleep deprivation (9 vs 21%).

In conclusion, following short-term sleep deprivation in infancy, respiratory con-
trol alters, peripheral chemoresponsiveness increases in magnitude and the timing
of baseline breathing alters, without any detectable alteration in arousal propensity.
This state may be associated with an increased vulnerability to obstructive respi-
ratory events.
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The effects of sleep deprivation on respiration and the
control of breathing have been extensively investigated in
adult humans. These include blunting of the ventilatory
responses to hypoxia and hypercarbia [1], and an increase
in the frequency and duration of obstructive apnoea in
patients with adult sleep apnoea syndrome [2]. Sleep dep-
rivation reduces the arousal propensity of adult dogs [3].

Sleep deprivation has been less fully studied in young
infants. Effects comparable with those in adults might
be relevant to the mechanisms thought to be concerned
with some cases of sudden infant death syndrome (SIDS).
Sleep deprivation in infancy increases the proportion of
quiet sleep during subsequent sleep [4], and may increase
apnoeas, particularly obstructive events, during active
sleep [5]. Effects on ventilatory responses to hypoxia
and arousal propensity have not, to our knowledge, been
reported in infants. The latter has been described by

PuiLLipsoN [6] as "The forgotten response”, and during
infancy occurs in response to hypoxia and to obstruction
of the upper airways. The aim of the present study was
to assess the effects of short periods of evening sleep dep-
rivation on sleep states, apnoeic events, ventilatory res-
ponses to hypoxia and arousal during quiet sleep in healthy
2-3 month old infants, during the night.

Subjects and methods

Subjects

Subjects were recruited from infants whose parents vol-
unteered for the study in response to a news article in the
local newspaper asking expectant mothers to contact us.
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Sixty three responded with expected dates of delivery
between May and December 1992. A maximum of one
infant per week was studied between July 1992 and
February 1993. The infants were finally selected on the
basis of sustained parental interest in the study when
their infants were invited to attend at 10-12 weeks of
age. Fifteen healthy infants of normal weight and height
for age were studied, (8 girls and 7 boys) of mean (sp)
weight 5.7 (0.9) kg and length 59 (3) cm at 78 (7) days
of age. Their mean (sD) gestational age at birth was 40.4
(0.9) weeks and birth weight 3.6 (0.57) kg. None had
a history of respiratory or neurological disease. Detailed
sleep histories were not taken, infants were not selected
on the basis of sleep history, and none of the parents
expressed concern regarding their infants' health or sleep
patterns. Twelve infants were being breast-fed and three
were exclusively bottle-fed. Thirteen usually slept in the
supine position, one prone and the other on one side.
Eight infants habitually slept in a cot in their parents'
bedroom and seven slept in a separate room. Four babies
had a smoking parent.

Study Design

After a full explanation of the investigation, parents
attended with their infants for two consecutive overnight
studies (two infants were studied one night apart for par-
ental convenience). Each infant was allowed to sleep nat-
urally or after artificial sleep deprivation in a balanced
randomized order. Parents were informed of the order of
study after arrival on the first night. On natural sleep
nights, infants were prepared for study and encouraged
to follow their usual sleep pattern. On sleep deprivation
nights, infants were kept awake, by preparation for study,
play and tactile stimulation, for as long as possible beyond
their habitual bedtime. Once asleep, polygraphic obser-
vations began. Infants slept supine in a cot, or if feasi-
ble their own cribs, and were fed on-demand during the
study. Studies were conducted in an air-conditioned sleep
laboratory at a mean (sp) ambient temperature of 22.4
(0.9) °C, with illuminance levels of 3 lux and 65 dB
background noise.

Polygraphic monitoring

The following electrophysiological signals were moni-
tored: electroencephalogram (EEG) C4-A1 and O1-A2;
electro-oculogram (EOG); submental electromyogram
(EMG); and an electrocardiogram (ECG, lead II). After
vigorous cleansing of the skin with an alcohol swab,
silver-silver chloride electrodes were applied for EEG
(10 mm disc electrodes; Meditec, Parma, Italy) with paste
(Elephix; Nihon-Kohden, Tokyo, Japan). Similar elec-
trodes for EOG and EMG (Miniature skin electrodes;
Sensormedics, Anaheim, USA) were attached with adhe-
sive collars and conductive gel (Medigel; Meditec, Parma,
Italy). All electrode impedances were 7 ohms or less at
the start of recordings. "Mefix" adhesive tape (Molynyke
Health Care AB, Sweden) was used to secure all elec-
trodes.

Thoracic and abdominal respiratory movements were
detected with strain gauges (Meditec, Parma, Italy), and
airflow was monitored at both nares and the mouth by

thermocouples (Type T 158-907; RS Components Ltd,
Corby, UK). Respired gases were continuously monitored
by means of a mass spectrometer (Airspec 2000, Biggin
Hill, Kent, UK) via a catheter line, 1.5 m in length, taped
carefully within the nares, sampling at a rate of 14.7
mL-min-l. Oxygen saturation was monitored with an
Ohmeda Biox 3700e oximeter (Ohmeda, BOC, Hatfield,
UK) set at a 3 s response time with a "Flex II probe" sen-
sor sited across the lateral aspect of the left foot. Movements
of the left foot were monitored using an accelerometer
type movement detector (Meditec, Italy). Rectal temp-
erature was recorded by means of an electronic thermo-
meter (Model C, Edale Instruments, Cambridge, UK) with
a matched rectal probe sited 5 cm from the anal margin.
All these signals were recorded via isolation amplifiers
on a computerized polygraph ("Sleeplab" CNS Inc.,
Minneapolis, USA). Additionally, infants wore thoracic
and abdominal bands for respiratory inductance plethys-
mography (Model 150; Studley Data Systems, Oxford,
UK).

Protocol

Peripheral chemoresponses and arousal

Electrophysiological signals were monitored continu-
ously. During the first two or three cycles of quiet sleep,
tests of peripheral chemoresponsiveness were conduct-
ed. After completion of the tests, arousal to auditory and
photic stimuli was assessed at least 5 min into the next
quiet sleep cycle. Infants then slept naturally for the
remainder of the night and were fed on demand until
they awoke after 6 a.m., at which point polygraphic rec-
ordings were stopped.

Peripheral chemoresponsiveness was determined from
the breathing response to two breath alternations in frac-
tional inspiratory oxygen (F1,0,), as described previously
[7]. Briefly, breathing was monitored by means of res-
piratory inductance plethysmography (RIP), and the pro-
portionality constant for thoracic and abdominal bands
was derived for a Qualitative Diagnostic Calibration [8]
at the beginning of the quiet sleep cycle. The respiratory
pattern during two 2 min baseline periods breathing air
was compared with that during a contiguous intervening
test period breathing 42 and 0% oxygen in nitrogen in
two-breath alternations. Gases were delivered via a face-
mask (Rusch size 3) held as close to the face as possi-
ble without contact. The inspired and end-tidal oxygen
and carbon dioxide concentrations were continuously
monitored by a mass spectrometer sampling at the nares.
Inspired and expired tidal volume (VT), inspiratory and
expiratory time (71, fE) were measured and recorded and
respiratory cycle time ftot (ftot=¢tIxfE), inspiratory drive
(V1/t1), respiratory frequency (1/ttot), inspiratory duty
time (#1/ttot) and instantaneous minute ventilation (VT/
trot) were computed for each breath. Consecutive second
breaths of the two test gases were paired for analysis,
and corresponding indices of ventilation identified. For
each ventilatory index, the difference between paired val-
ues was expressed as a percentage of the mean values
("percentage alternations"). Results were expressed as
the mean of these alternations for the test period, com-
puted for each index of ventilation.
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Arousability was determined by the infants response
to auditory and photic stimuli, applied for 5 s every 15 s
at increasing intensity until either awakening occurred
or the full sequence of stimulation had been applied. The
nature and timing of each stimulus was marked on the
polygraphic record. The auditory stimulus was a 1 kHz
pure tone from a signal generator (Wavetek model 144,
San Diego, USA), which was delivered in the midline
of the cot by a horn-type loudspeaker (RS Components
250-558, UK). The sound commenced at 73 dB and
increased in 3 dB steps to 100 dB, then recommenced
at 73 dB as a fluctuating "warbling" signal with a 100 ms
2.4 kHz sweep increasing in the same manner to 100 dB.
The photic stimulus was delivered by means of a digi-
tal stroboscope (Model EP 630; Eurisem, Earl Shilton,
UK) held in the midline 50 cm from the face of the sleep-
ing infant. The flash was of 188 Candela-m-2-s-2 and inc-
reased between 1.2 and 6.4 Hz in 0.4 Hz steps. Awakening
was defined as generalized body movements, eyes open-
ing or crying persisting for 15 s.

Analysis of records

Sleep state was determined by one investigator (DAT)
for each 30 s epoch using Anders' prime criteria [9].
The duration and frequency of left leg movements were
scored manually and tabulated according to sleep state.
Movements occurring within 10 s of each other were
considered to be single events. Oximetry recordings were
inspected and periods of artifactual recording, where the
signal dropped to 0%, were edited out and a record of
this artifact time was made. The respiratory effort and
airflow signals were inspected and scored manually. When
airflow was absent for 6 s or more, an apnoea was rec-
orded and categorized as central in the absence of any
respiratory effort or obstructive if respiratory efforts con-
tinued. Mixed apnoea was recorded if both patterns were
seen within an apnoeic event. Periodic breathing, defined
as three or more central apnoeas of at least 3 s duration
occurring within any 20 s period, was also identified.
Apnoeas were never recorded when movements imme-
diately preceded absence of the airflow signal.

Heart rate was recorded every 2 s and the heart rate
variability was computed as the interquartile range of
heart rate during each 30 s epoch individually for quiet
and active sleep states. The means for each sleep state
are reported.

The auditory and photic arousal sequences of the poly-
graph were inspected closely. Each sequence was divided
into 15 s epochs coinciding with the cycles of the grad-
ed stimuli. The levels of stimulus at which the earliest
sign of arousal and polygraphically confirmed awaken-
ing occurred were recorded using integers in inverse
numerical scales, between 18 and 0 and 13 and O for
successive auditory and photic stimuli, respectively.
Awakening was defined for this purpose as body move-
ments, eyes opening, crying or return of an awake EEG
for at least 15 s. Arousal was defined as any alpha wave
intrusion, change from quiet sleep, K-complex associated
with the stimulus, disturbance in the cardiorespiratory
pattern, or any movement. Spontaneous awakenings were
recorded separately.

Statistical analysis

The effects of sleep deprivation and order of study
were investigated separately utilizing analysis described
for a two-period cross-over trial [10, 11]. The effect of
sleep deprivation on each observation was tested by cal-
culating individual differences between the first and sec-
ond night, and then comparing these differences for two
study groups defined by the order of sleep deprivation.
Parametric and nonparametric methods of comparison
were used, t-test or Mann Whitney U-test, depending upon
the normality of the data. Interactions between sleep dep-
rivation and order effect were investigated by compar-
ing the sum of observations (night 1 + night 2) for the
two groups. Analysis was implemented with Minitab
(Minitab Inc., Pennsylvania, USA).

The study was approved by the Leicestershire Health
Authority Ethics Committee.

Results

Sleep deprivation

On nights when the infants were sleep-deprived, the
median onset of recording was 150 min later than on
nights when they slept naturally (range 0-210 min). The
time between the infants first appearing sleepy and being
allowed to fall asleep was 94 (45-210) min, (median and
range). Data for 14 paired polygraphic recordings are
presented; in the remaining infant, the data were incom-
plete for technical reasons. Paired tests of chemorespon-
siveness were available for eight infants.

Sleep states

The mean (sp) duration of all polygraphs was 493 (78)
min, of which 432 (80) min was sleep time. Table 1
gives the mean (sp) values for sleep time and the pro-
portions of quiet, active and indeterminate sleep as per-
centages of sleep time on natural and post-deprivation
nights. The total sleep time was similar on both nights.
Quiet sleep accounted for a greater proportion of time
asleep after sleep deprivation (44%) than during natural
sleep (39%) (p=0.02).

Arousals

Arousal propensity was assessed in terms of sponta-
neous wakenings, gross body movements, and the response

Table 1. — The effect of sleep-deprivation on sleep states
(n=14)

Natural Sleep-deprivation
Sleep time min 449 (97) 414 (56)
Quiet sleep % 39 (5 4  (7)*
Active sleep % 55 (8) 50 9
Indeterminate sleep % 6 (5 6 @)

Values are presented as mean and sp in parenthesis. *: p=0.02,
between natural and post-deprivation values.
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Table 2. — The effect of sleep-deprivation on sponta-
neous movements and wakenings during sleep (n=9)

Natural Post-deprivation

Wakenings n 4 (0-12) 2 (0-11)
Movements n-100 min-!

QS 13 (6-37) 14 (5-24)

AS 45 (30-71) 50 (36-57)

Total sleep 31 (23-52) 33 (22-40)
Movement time %*

QS 1.73 (0.04-6.91) 1.48 (0.05-4.14)

AS 11 (0.27-48) 14 (0.26-25.3)

Total sleep 79 (0.2-299) 94 (0.2-16.6)

Values are presented as median, and range in parenthesis. *:
Movement time is the total duration of movement as a per-
centage of sleep state. QS: quiet sleep; AS: active sleep.

to auditory and photic stimulation. Table 2 shows that
spontaneous awakenings and the number and duration of
movements were unaffected by sleep deprivation. Similarly,
there were no changes in responsiveness to auditory or
photic stimuli (table 3). Photic stimulation rarely resulted
in arousal on either night.

Respiratory events and arterial oxygen saturation

Table 4 presents the median values for the indices of
respiration and arterial saturation (Sa,0,). Central apnoeas,
periodic breathing and Sa,0, were comparable on the two
nights. A trend was observed toward an increased num-
ber of obstructive events (obstructive + mixed apnoeas)
during non-REM (quiet + indeterminate sleep) (p=0.09,
Mann-Whitney). Six infants had obstructive apnoeas dur-
ing non-REM sleep only after sleep deprivation. Of the
remaining eight infants, six had no obstructive apnoea
on either night, one had obstructive apnoeas on both
nights, and the remaining infant had obstructive apnoea
on the natural sleep night.

Heart rate variability of heart rate and temperature

The mean heart rate during quiet sleep was 123 beats-
min! (bpm) on both nights; for active sleep the mean

Table 3. — Effect of sleep deprivation on induced arousals

(sp) values were 129 (12) bpm and 128 (10) bpm on
natural and post-deprivation nights, respectively. There
was a trend for heart rate variability to decrease after
sleep deprivation from mean (sp) values of 6.4 (1.8) and
11.7 (2.6) bpm in quiet (QS) and active sleep (AS),
respectively, to corresponding values of 5.8 (2.4) and
10.4 (3.2) bpm, but these changes did not reach statisti-
cal significance, (p=0.26 for QS; p=0.11 for AS). Mean
values for mean and lowest overnight rectal temperature
were 36.6 and 36.4°C on both sleep-deprived and nat-
ural sleep nights (p=0.72 for mean; p=0.97 for lowest
temperature).

Respiratory pattern

Figure 1 shows the effects of sleep deprivation, in each
infant, on the various indices of ventilation measured
during quiet sleep in the 2 min baseline periods prior to
chemoresponse test periods. Mean expiratory time incr-
eased (p=0.03) and inspiratory duty time decreased (¢1/
ttot) (p=0.04).

Peripheral chemoresponses

Table 5 shows the effects of sleep deprivation on the
means (SD) percentage alternations for each index of ven-
tilation. The increase in inspiratory flow rate (VT/¢1) alt-
ernations is shown in figure 2 and was significant (p=0.048).
The trend toward increased alternations in VT was not
significant (p=0.10). Alternations of all other indices of
ventilation were comparable on both nights.

Table 4. — Effect of sleep deprivation on respiratory
events and oxygen saturation (n=14)

Natural Post-deprivation

Natural Post-deprivation

Infants aroused by sound n 11/11 11/11
Infants awakened by sound n 9/11 9/11
Auditory Arousal Threshold 11 (2-18) 12 (2-18)
Auditory Awakening Threshold 7 (0-17) 8 (0-16)
Infants aroused by light n 3/11 1/11
Infants awakened by light n 1/11 1/11
Photic Arousal Threshold 0 (0-13) 0 (0-13)
Photic Awakening Threshold 0 (04) 0 (0-5)

Quiet and indeterminate sleep
Central apnoea

Index n-h-! 22 (0.3-12.2) 2.2 (0.2-11.3)

Time % 1.04 (0.13-7.59) 0.85 (0.08-7.77)
Obstructive apnoea

Index n-h! 0 (0-0.3) 0.1 (0-0.6)

Time % 0 (0-0.19) 0.06  (0-0.39)
Active sleep
Central apnoea

Index n'h-! 2.6 (0.1-8.9) 2.4 (0-11.1)

Time % 1.06 (0.05-2.52) 0.88 (0-11.8)
Obstructive apnoea

Index n-h-! 0 (0-1.0) 0 (0-7.5)

Time % 0 (0-0.6) 0 (0-0.86)
Periodic breathing

Index n-h! 0.30 (0-20) 025 (0-3.2)

Time % 023  (0-5) 023  (0-4.8)
Oximetry

Sa,0, baseline % 97  (96-98) 96 (95-98)

The thresholds shown are median values (ranges) measured
using inverse numerical scales (0—13 for photic and 0-18 for
auditory stimuli). Hence infants tended to arouse or waken to
a quieter noise after sleep deprivation, though this was not sig-
nificant.

Values are presented as median, and range in parenthesis.
Apnoea was defined as cessation of airflow for at least 6 s.
Apnoea index: number of events per hour; apnoea time: total
duration of apnoea as % of sleep. Periodic breathing episodes
were defined as three or more central apnoeas >3 s within any
20 s epoch. Sa,0,; arterial oxygen saturation.
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Table 5. — The effect of sleep deprivation on the ven-
tilatory response to alternating high (42%) and low (0%)
inspired oxygen concentration (n=8)
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% %
Tidal volume (VT) 15.7 27.1
(1.2-37.6) (5.37-71)
Inspiratory time (1) 9.97 13.87
(-8.6-25.03) (-2.99-40.93)
Expiratory time (fE) -9.35 -12.69
(-23.7-6.4) (-26.56-9.76)
Respiratory rate -1.59 0.76
(-3.8-11.42) (-7.83-9.5)
i/t 9.13 21.00
(-0.74-16.11) (2.36-43.74)*
t1/ttot 13.23 7.55
(-8.57-20.68) (-4.87-45.69)
Instantaneous minute 16.78 2547
ventilation (V'T/ttot) (-0.74-33.88) (6.07-76.15)

Expiratory time s
~

0.9+
0.4 ,
Natural Sleep-deprived
Mean (sb) 1.27 (0.39) 1.58 (0.52)*
45 -
2 .
g 351
o
2 30
o
g 25-
£
3 20- —_
[am
15 ,
Natural Sleep-deprived
Mean (SD) 32(7) 30(7)
454
© 40-
£
=
3 5
>
_Q
g
2 304
D\D
25 )
Natural Sleep-deprived
Mean (SD) 37.5 (4.9) 33.9 (4.6)t%
Fig. 1. — Effect of sleep deprivation on indices of ventilation meas-

ured during quiet sleep. Infant markers - —®—: No. 1;—4— : No. 2;
—A— : No. 3;——: No. 4;—>—: No. 5; ——: No. 6;—0—: No. 7;
—v— : No. 8. T, T: p<0.03, 0.04 (t-test).

Responses are median (ranges) of percentage alternations for
each variable. VT/tI: inspiratory drive; #1/ttot: inspiratory duty
time. *: p=0.048 for t-test (p=0.06 Mann-Whitney), between
natural and post-deprivation values.

50
40 -
30 -

20

Inspiratory drive % alternation

10 Natural Sleep-deprived
Median 9.13 21t
(range) (-0.74-16.11) (2.36-43.74)

Fig. 2. — Effect of sleep deprivation on percentage alternations in
inspiratory drive (VT/t1) during two-breath alternations in fractional
inspiratory oxygen (F1,0,) between 0.00 and 0.42. Results for indivi-
dual infants are given by the same markers as in figure 1. T: p=0.048 (t-
test) and p=0.06 (Mann-Whitney), between natural and sleep-deprived.

Discussion

We have studied the effect of a relatively short period
of nonselective sleep deprivation and subsequent catch-
up sleep in infants at night. This contrasts with other
studies in which observations were made in awake sleep-
deprived subjects [1], after selectively interrupting active
or quiet sleep [4], during daytime sleep in infancy [5],
and following longer periods of sleep deprivation [1].
The infants acted as their own controls, the study design
and the analysis take into account the order effect.

The results show that following a brief period of sleep
deprivation in 2-3 month old infants, during subsequent
sleep there is an increase in the proportion of quiet sleep
(QS), baseline respiratory patterns alter the increase in
mean expiratory time and decrease in the inspiratory duty
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time (¢1/ttot) were both significant. Peripheral chemo-
receptor responses alter, increasing in magnitude with res-
pect to inspiratory drive (VT/¢1). The increased likelihood
of obstructive respiratory events did not attain statistical
significance. We found no effect on arousal propensity
to visual or auditory stimuli, or on heart rate variability.

Sleep

Each infant was kept awake for as long as possible on
the sleep-deprived night, without resorting to methods
other than play and mild tactile stimulation. This result-
ed in infants falling asleep approximately one and a half
hours later than usual. The increased proportion of quiet
sleep during catch-up sleep confirms previous findings in
adults and newborn infants [4, 5], and supports the view
that the infants studied were significantly sleep-deprived.
These observations in nonselectively sleep-deprived sub-
jects suggest that quiet sleep is the "obligatory" part of
sleep, with recuperative effects [12].

Arousal propensity

Simultaneous (same night) recordings of arousal propen-
sity and peripheral chemoresponses were made in order
to provide as complete a picture as possible of respira-
tory events following sleep deprivation. Spontaneous awak-
enings and movements were considered to best reflect
the natural propensity to arouse from sleep. There was
considerable variation among infants in this regard, with
some remaining asleep throughout the study period, whilst
others awoke on several occasions. Similarly, spontan-
eous movements varied markedly among the infants stud-
ied, but no differences were observed between natural
and sleep-deprived nights. NEwMAN et al. [13] investi-
gated developmental changes in arousal thresholds to
vibrational stimuli during the first 6 months of life, and
reported a reversible increase in failure to arouse from
all stages of sleep at 3 months. In the present study, the
infants were remarkably refractory to the stimuli applied
even during natural sleep nights. Photic stimuli rarely
caused arousal, perhaps because of upward deviation of
the eyes during sleep; and auditory stimuli failed to arouse
most infants despite the intensity of the auditory signal.
We did not assess arousal to respiratory stimuli, either
by obstructing the upper airway or by hypoxic or hyper-
capnic stimulation. Three month old infants require a
considerable degree of hypoxia to provoke arousal, where-
as arousal to hypercapnia occurs with relatively smaller
changes [14, 15].

Apnoea

Respiratory events were tabulated according to type
and sleep state. Indices of central apnoea were compa-
rable with previously published data for healthy infants
of a similar age [16], with no change following sleep
deprivation. We chose a minimum duration of 6 s for
respiratory events, as we considered that changes of this
order might best detect early changes in respiratory con-
trol. There was a trend towards an increase in obstructive
respiratory events when quiet and indeterminate sleep

were considered together, though this was not statisti-
cally significant (p=0.09) even when the infants of a
smoking parent were considered separately. This is in
apparent contrast to the observations of CANET et al. [5],
who found statistically significant increases in the num-
ber and duration of all respiratory pauses during sleep,
particularly obstructive events during active sleep. This
may have been the result of methodological differences.
Our subjects were 3 months old, whereas those studied
by CANET et al. [5] were aged between 1-6 months. We
defined apnoea as an absence of airflow for at least 6 s,
whereas pauses of 3—6 s were included by CANET et al.
[5]. We did not record apnoea when movements imme-
diately preceded absence of the airflow signal. Finally,
our studies were conducted during the night and were of
longer duration.

Respiratory control

Sleep deprivation affected baseline breathing patterns
during quiet sleep. Respiratory rate did not change sig-
nificantly but expiratory time and inspiratory flow rate
did, suggesting a change in respiratory control. A decrease
in minute ventilation and increased respiratory rate dur-
ing active sleep have been reported following selective
sleep deprivation in adults [17], but have not been con-
firmed in other reports [18]. Our observations were con-
fined to quiet sleep and are, therefore, not comparable
with previously published data.

The ventilatory response to two-breath alternations in
F1,0, was utilized to measure the peripheral chemore-
sponse. This method reliably causes a large relatively rapid
alternation in end-tidal oxygen concentration without sig-
nificant effect on end-tidal carbon dioxide concentrations
and, hence, is a measure of peripheral chemoresponsive-
ness to oxygen [7]. The effect of sleep deprivation on
peripheral chemoresponses was somewhat surprising. We
observed a significant increase in respiratory drive (VT/
11) despite the relatively small number of infants studied.
In adults, WHITE et al. [1] reported a decrease in hyp-
oxic ventilatory response in subjects studied awake after
a night of complete sleep deprivation; others have not
confirmed these findings [17]. Our studies in infants are
not directly comparable with those in adults and there
are no infant data showing the effect of more prolonged
sleep deprivation on respiratory control. Conceivably, an
initial increase might be superceded by blunted respon-
siveness if sleep deprivation were prolonged.

Possible relevance to SIDS

It is tempting to speculate that our findings may be
relevant to SIDS, which occurs mainly during the night
at a peak age of 2-3 months [19]. The incidence is incr-
eased at weekends and at times of family disruption [20].
Pathological evidence supports the view that terminal
breathing events in SIDS victims are of an obstructive
nature [21] and that, in some instances at least, there are
changes in carotid body content consistent with blunted
ventilatory and arousal responses to hypoxia during life
[22]. There is also evidence from polygraphic studies that
obstructive breathing events may antecede the occurrence
of SIDS [23]. Blunted hypoxic ventilatory and arousal



938 D.A. THOMAS ET AL.

responses have also been reported in infants following
apparently life threatening events (ALTEs) [24].

In recent years, sleeping position has been the main
focus of attention and the dangers of prone sleeping are
now fully recognized [25]. Whether infants who died
during sleep in the prone position had additional vul-
nerability is unknown. Any propensity to obstructive res-
piratory events, with altered ventilatory responses and
reduced arousal propensity would almost certainly ren-
der infants more vulnerable. During inspiration, the nat-
ural tendency of the upper airway to collapse due to the
suction effect of the diaphragm is counteracted by pha-
sic tonic contraction within dilating muscles of the upper
airway [26]. Reflex effects favouring upper airway pat-
ency under adverse conditions include the preferential
increase in upper airway dilating muscle tone compared
with diaphragmatic activity in response to chemical stim-
uli and a decrease in diaphragmatic activity observed in
infants responding to reduced pressure within the orophar-
ynx [27]. An increase in respiratory drive, such as seen
in the present study in response to hypoxia following
sleep deprivation, may conceivably produce a suction eff-
ect, thereby increasing the likelihood of upper airways
obstruction, particularly if associated with a reduction in
airway maintaining muscle tone [28].

In conclusion, in infants aged 3 months following sleep
deprivation there is an increase in the relative amount of
quiet sleep, during which there are alterations in the
breathing pattern (increased expiratory time and decreased
inspiratory duty time) and of peripheral chemoresponses
(increased inspiratory drive VT/TT). These changes in res-
piratory pattern and control might contribute to an incr-
eased propensity to upper airway obstruction after sleep
deprivation, particularly if associated with a reduction in
upper airway tone.
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