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ABSTRACT. Infants who have had bronchopulmonary 
dysplasia (BPD) are at an increased risk of sudden infant 
death syndrome. Because failure of the cardiorespiratory 
response to hypoxia is suggested to play a key role in 
sudden infant death syndrome, we tested the hypothesis 
that infants who have had BPD have a reduced respiratory 
chemoreflex response to hypoxia. We examined the reflex 
respiratory responses to breath-by-breath alternations in 
fractional inspired oxygen concentration in eight infants 
who had had BPD (mean gestation = 27 wk, mean post- 
natal age = 93 d) who were no longer on supplemental 
oxygen and compared the responses with those of 12 
preterm infants who had not required supplemental oxygen 
or been mechanically ventilated since birth (mean gestation 
= 30 wk, mean postnatal age = 38 d). For test runs we 
alternated fractional inspired oxygen concentration 
through two gas delivery lines between 0.21 and 0.16 on a 
breath-by-breath basis, and for control runs we alternated 
the inspirate between the two gas lines with a fractional 
inspired oxygen concentration of 0.21 in each. Respiration 
was measured using inductance plethysmography. infants 
with BPD showed no significant differences between test 
and control responses for any respiratory variable. In con- 
trast, all respiratory variables in the preterm infants 
showed test responses significantly greater than control. 
We speculate that the "blunted" chemoreflex respiratory 
response seen in infants with BPD may predispose them 
to subsequent respiratory failure, but we do not know which 
component of the chemoreflex is impaired. (Pediatr Res 
35: 677481,1994) 

Abbreviations 

BPD, bronchopulmonary dysplasia 
F102, fractional inspired oxygen concentration 
SIDS, sudden infant death syndrome 
Pao2, arterial oxygen partial pressure 
Paco2, arterial carbon dioxide partial pressure 
VT, tidal volume 

TI, inspiratory time 
TE, expiratory time 

Infants discharged from neonatal intensive care units have an 
increased risk of postneonatal mortality. BPD is an additional 
complication in those infants who have been diagnosed with 
respiratory distress syndrome, and infants who have had BPD 
are a group in which the incidence of SIDS is reported to be as 
much as 7 times higher than the population as a whole (I). The 
reason for this increased risk of SIDS is not known. 

Infants with BPD are burdened with decreased dynamic com- 
pliance, increased airway resistance, increased functional residual 
capacity, and airway hyperreactivity for some time after their 
discharge from intensive care (2,3).  Although considerable, these 
factors alone may not be sufficient to prevent a ventilatory 
response to changes in blood gases occuning during respiratory 
failure, and so it seems possible that infants with BPD may also 
suffer from a reduced gain of their respiratory chemoreflexes. 

It was our hypothesis that infants with BPD are unable to 
respond to hypoxic conditions because of impaired chemoreflex 
control. A failure in chemoreflex respiratory control and the 
response to hypoxia has been suggested for many years to play a 
role in SIDS (4). We felt that a weak response of the infant with 
BPD to a mild hypoxic challenge possibly could explain the link 
between infants with BPD and the high incidence of SIDS. 

Infants dying of SIDS must fail to mount an appropriate 
arousal response to acute hypoxia and hypercapnia experienced 
before death, regardless of the precipitating factors causing car- 
diorespiratory deterioration. In newborn lambs, cutting the ca- 
rotid sinus nerves markedly reduces the arousal resvonse to 
hypercapnia and hypoxia (5,6), confirming the role of the carotid 
chemoreceptors or carotid baroreceptors in initiating the re- 
sponse. Arousal responses in newborn infants occur with low 
concentrations of steady state fractional inspired carbon dioxide 
(7), i.e. 0.04, although term and preterm infants tolerate concen- 
trations of 0.05-0.07 fractional inspired carbon dioxide during 
normoxic rebreathinn (8). An FIO, of 0.15 elicited arousal re- 
sponses in 14 of 22 normal infants compared with only one of 
1 1 who had experienced an apparent life-threatening event (9), 
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bradycardia after arousal, with four requiring assisted ventilation 
to restore spontaneous breathing. 

With increasing Paco2 and declining Paoz levels occumng 
terminally in the infant who dies of SIDS, the question remains 
as to why no appropriate arousal response occurs. The failure to 
respond may lie at the level of the arterial chemoreceptor if 
previous hypoxia and low oxygen saturation have disrupted 
normal chemoreceptor function, e.g. by reducing or delaying the 
resetting of chemosensitivity that normally occurs postnatally 
(12-16). It is also possible that the defect lies in the CNS and 
that an increased chemoreceptor afferent input fails to elicit an 
adequate increase in respiratory output or to produce arousal. 

We have developed a noninvasive test of chemoreflex sensitiv- 
ity, the alternate breath test, that delivers a rapidly alternating 
stimulus to the peripheral chemoreceptors in the arterial blood 
and have used it to measure peripheral chemoreflex sensitivity 
in healthy term infants, kittens, and lambs. The respiratory 
response to the alternate breath test is mediated predominantly 
by the carotid chemoreceptors (1 3). It is capable of detecting the 
naturally occumng increase in carotid chemoreceptor sensitivity 
to hypoxia with increasing postnatal age in kittens (12) and 
babies (14). In this study, we used the alternate breath test to 
measure the sensitivity of respiratory chemoreflexes in BPD and 
preterm control infants. 

SUBJECTS AND METHODS 

Infants were recruited from the neonatal units at University 
College Hospital, London, and The Royal Berkshire Hospital, 
Reading. Local ethical committee approval and written parental 
consent were obtained. Infants were well at the time of the study. 
were not receiving supplemental oxygen, had oxygen saturations 
greater than 90% when breathing air. and were due to be dis- 
charged from the unit within 1 wk. 

lnfants with BPD were defined as preterm (gestation ~ 3 6  wk), 
having been mechanically ventilated for at least 7 d, and requir- 
ing a minimum of 28 d in supplemental oxygen for the treatment 
of BPD. They had radiographic findings consistent with chronic 
lung disease. Control infants were preterm but had not required 
mechanical ventilation or supplemental oxygen after birth. 

The infants were studied during quiet sleep as judged behav- 
iorally (17) and 1-2 h after a feeding. Tests were performed in 
the neonatal unit at an ambient temperature of 23-25°C. Most 
infants were wearing a one-piece toweling outfit at the time of 
study and were covered with a single blanket. 

The method used has been previously described by Williams 
et a/. (14). The experimental setup is shown in Figure 1.  lnfants 
were studied in the lateral or supine position. Breathing was 
measured by inductance plethysmography (Respitrace Corp.. 
Ardsley, NY) calibrated by the least squares graphical technique 
described by Sackner et al. (18) to derive scaling factors for the 
rib cage and abdominal signals. The Respitrace plethysmograph 
was adjusted accordingly. The VT signal derived by summation 
of the rib cage and abdominal signals was passed on-line from 
the Respitrace to a BBC Master 128 Acorn microcomputer 
(British Broadcasting Corp., Cambridge, UK) and digitized at 
100 Hz for off-line analysis. Inspired gas was humidified and 
supplied to the infant at a rate in excess of minute ventilation, 
i.e. at 2.0-2.5 L/min, via a nasal catheter (no. 16 15, Salter Labs, 
Arvin, CA) attached via a Y-connector to two gas delivery lines. 
The flow of gas in each delivery line was set using rotameters 
connected to cylinders of medical grade air (FIo? 0.2 1) and gas 
with an Fio2 of 0.16, with the balance being nitrogen (precali- 
brated; British Oxygen Co. special gases). Delivery of inspired 
gas through a pair of three-way solenoid-operated valves was 
controlled by the computer, which sent a 5-V signal to the 
solenoid control box at the start of each expiration and switched 
the gas between an open port to the infant and a diverted port 
to the atmosphere. During test runs, breath-by-breath alterna- 
tions of air and an F102 of 0.16 were delivered for up to 100 
breaths. The endpoint occurred prematurely to this if the infant 
sighed or if a regular breathing pattern was disrupted by the 

infant's movements. During control runs, air was delivered in 
both gas lines. A minimum of two test and two control runs was 
necessary for the data to be included in the analysis. Oxygen 
saturation was measured throughout the procedure by a pulse 
oximeter operating in the beat-to-beat mode (Nellcor N200, 
Nellcor Inc., Hayward, CA) and never fell below 90%. The 
saturation monitor was used as safety device and a measure of 
patient well-being, inasmuch as it was not capable of responding 
to the very small changes in oxygen saturation produced by 
breath-by-breath changes in F102. 

The method of data analysis has been previously described by 
Williams et al. (14). For each breath, the VT, TI (s), and TE (s) 
were found and from these were calculated respiratory frequency 
(f) [f = 60/(Tl + TE) in breathslmin], mean inspiratory flow (VT/ 
TI), respiratory timing [TI/(TI + TE)], and ventilation (VT.f). For 
each respiratory variable, the difference between a pair of con- 
secutive breaths was expressed as a percentage of the average of 
the two breaths. Each breath was compared with the immediately 
preceding breath, and the percentage alternation was plotted 
cumulatively with respect to breath number, reversing the sign 
(+ or -) for every second pair of breaths. Thus, a regular 
alternation produced a consistent deviation from the baseline. A 
slope was fitted to the line by regression analysis, and its magni- 
tude indicated the mean breath-by-breath percentage alternation. 
The magnitudes of the slopes for test and control runs were 
compared by using the Mann-Whitney U test within each of the 
study groups. Baseline measurements of frequency, TI, TE, and 
timing were compared between preterm control and infants with 
BPD using the Mann-Whitney U test. Values were considered 
significant when p was ~ 0 . 0 5 .  

RESULTS 

Patient data are given in Table 1. BPD infant 3 was the same 
as BPD infant 1 but was studied when older. The exclusion of 
this repeat study at a greater postnatal age would not change the 
statistical significance of the results, so it was included in the 
analysis. The gestational and postnatal ages and the birth weights 
of the infants with BPD were significantly different from preterm 
controls using the Mann-Whitney U test. 

Baseline measurements of frequency, TI, TE, and timing are 
given as means in Table 2. There was no statistically significant 
difference in baseline values between the preterm control and 
BPD groups for the four variables using the Mann-Whitney U 
test. 

Figure 2 is an example of the cumulative alternate breath plot 
and illustrates responses of a preterm control infant (top) and an 
infant recovered from BPD (bottom). The control responses for 
each of the infants are similar. However, the alternations exhib- 
ited for TE, frequency, VT, and ventilation in the test response of 
the preterm control infant are not seen in the test response of 
the infant with BPD. 

Figure 3 illustrates the mean control and test responses for 
each of the seven respiratory variables measured in 12 control 
infants (from 3 1 runs) and eight infants with BPD, one of whom 
was studied at two different postnatal ages (from 2 1 runs). lnfants 
with BPD showed no significant difference between test and 
control runs for any of the respiratory variables. In contrast, 
preterm control infants showed test responses that were signifi- 
cantly different from control responses for VT, TI, T,, and 
ventilation. 

DISCUSSION 

Our results demonstrate a markedly reduced response of in- 
fants with BPD to the alternate breath test compared with 
preterm infants who have not had BPD, even though the infants 
with BPD were no longer oxygen dependent at the time of the 
study and were well oxygenated in air. 

The infants with BPD were significantly younger by gestational 
age and significantly older postnatally than the preterm infants. 
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Fig. I .  The experimental setup used for controlling the supply of inspired gas and for measuring and recording the response to alternate breaths 
of air and test gas (F102 of 0.16). Gas with an Floz of 0.2 1 is always delivered through solenoid 1 ( S I ) .  and a gas with an FIO? of either 0.2 I or 0.16 
is delivered through solenoid 2 (S2). 

Table I .  Patient inhrmation 
Control BPD 

Gestation Birth weight Postnatal Gestation Birth weight Postnatal 
Patient no. (wk) (9) age (4 (wk) (9) age (4 

I 34 1930 13 29 1310 49 
2 30 1730 28 25 825 121 
3 36 2550 13 29 1310 62 
4 28 1700 44 25 760 112 
5 28 1240 48 25 960 98 
6 3 1 1630 19 32 1560 42 
7 3 1 1540 19 28 1158 85 
8 28 1070 42 24 555 183 
9 28 1150 90 27 957 84 

10 29 1540 42 
1 1  29 1486 63 
12 3 1 1347 3 5 

Mean f SEM 30 + 0.7 1576 + 114 38 + 6 27 + 0.9 1044 + 106 93 + 14 

Table 2. Baseline values for  respirator.^ variables 
(mean + SEM) 

Frequency 
(breaths/ Timing 

min) (T,/Ttot)* TI (s) TF (s) 

Control 55.8 + 3.4 0.38 + 0.01 0.42 + 0.02 0.83 * 0.10 
BPD 61.3k3.1  0.40+0.02 0.40+0.02 0.64k0.06 

* Ttot, total time. 

However, in animals and normal infants, greater postnatal age 
confers an increased chemoreflex ( 1  1, 13, 19), so on the basis of 
age alone the infants with BPD should have exhibited a strong 
chemoreflex. We found in full-term infants studied in the first 
few postnatal days (approximately 48 h after birth) and again at 
6 wk that no further maturation of the chemoreflex respiratory 
response to hypoxia occurred during this time (20). Thus, reset- 
ting of chemoreceptor hypoxic setting occurs rapidly. Despite 
the fact that infants with BPD were older postnatally, the differ- 
ence in the chemoreflex respiratory responses from healthy pre- 

term babies cannot be explained by the difference in postnatal 
ages. 

We used a hypoxic stimulus in preference to a hyperoxic 
stimulus to challenge oxygen chemosensitivity for two reasons. 
First, a hypoxic stimulus moves up the steeper portion of the 
arterial chemoreceptor response curve, whereas hyperoxia moves 
along the flatter portion of the hyperbola. Absent or weak re- 
sponses to hyperoxia could be equally due to the natural shape 
of the response curve as to some pathologic process, thus dimin- 
ishing the value of the results. Second, it is against hypoxia that 
the infant may have to defend itself, so this is the response that 
we wanted to assess. 

The poor response illustrated by the infants with BPD may 
indicate impairment at several levels, namely in the transmission 
of the stimulus from the inspired gas to arterial blood, in periph- 
eral chemosensitivity, in central respiratory control, or in pul- 
monary mechanics. These will be discussed in turn below. 

Histologic examination of the lungs of infants with BPD at 
autopsy indicates somatic growth retardation, reduced lung vol- 
ume and abnormal lobar volume proportions, decreased alveolar 
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Fig. 2. An example of the cumulative alternate breath plot for a 
preterm control infant (top) and an infant who had recovered from BPD 
(bottom). Control responses are plotted to the left and test responses to 
the right for 50 breaths each. Filled squares represent TE, open squares 
represent VT, open diamonds represent frequency, and filled triangles 
represent instantaneous ventilation. A slope was fitted to each of the 
cumulative responses by regression analysis to derive the mean breath- 
by-breath percentage alternation. 

number and alveolar hypoplasia, reduced internal surface area, 
and bronchial and bronchiolar smooth muscle hypertrophy (2 1). 
Increased wall thickness, increased muscularization of peripheral 
arteries, and reduced cross-sectional perfusion area occurred in 
infants with BPD who had survived past 1 mo of age (22). These 
factors may reduce the amplitude of the oscillations in Pao2 that 

occur when F102 is made to alternate (23, 24). The smaller 
oscillations in Pao2 would correspondingly lead to smaller oscil- 
lations in chemoreceptor discharge, and hence the alternation in 
respiratory variables produced will be expected to be less. This 
seems unlikely because the infants were no longer oxygen de- 
pendent. However, inasmuch as the infants were all due for 
discharge, none had indwelling arterial lines, so it was not pos- 
sible to obtain baseline values for Pao2 or Paco2. In the absence 
of an indwelling rapidly responding Pao2 electrode, it was not 
possible to evaluate the extent to which a reduction in the 
stimulus accounted for our results. It was not possible to use a 
transcutaneous Po2 electrode to quantify the stimulus either, 
because the intrinsic stabilizing time of the electrode prevents it 
from responding to a rapidly alternating Pao2. Similarly, the 
small fluctuations in oxygen saturation produced by the test were 
not detected above random fluctuations by our monitor operat- 
ing in the beat-to-beat mode. It will be important in future 
studies to determine baseline oxygenation using, for example, 
transcutaneous PO? measurement. Baseline Po2 may be impor- 
tant in determining the development of several aspects of respi- 
ratory control. 

Previous use of the alternate breath test in newborn infants 
has shown the respiratory response to alternations in F102 to 
increase in the first week of life, both in terms of the number of 
variables showing a response and in the magnitude of the re- 
sponse (14). This time course follows the maturation of respira- 
tory chemoreflexes measured in the kitten and lamb ( 12, 13, 19). 
Carotid sinus denervation in newborn lambs abolishes the ven- 
tilatory response to alternations in F I O ~  and confirms that the 
carotid chemoreceptors elicit the response (13). Chronically hy- 
poxic kittens exhibit delayed resetting of chemoreceptor hypoxia 
sensitivity and a blunted chemoreflex response (12). Thus, the 
blunted response seen in infants with BPD may be caused by 
chronic hypoxia, inasmuch as infants with BPD are said to be 
borderline hypoxemic (25). In the absence of the increase in Pao2 
that normally occurs after birth, the time for peripheral chemo- 
receptor resetting and hence for maturation of respiratory che- 
moreflexes may be considerably delayed in newborn infants. 

Infants recovering from respiratory distress syndrome have 
lower dynamic compliance than normal preterm infants (3) and 
increased baseline airway resistance compared with expected 
control values (2). Thus, a given stimulus may be equally rec- 
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Fig. 3. The mean percentage breath-by-breath alternation for preterm control infants (n = 3 1 runs from 12 infants) and infants with BPD (n = 
2 1 runs from eight infants). Mean responses + SEM are shown during control runs (solid bars) and test runs (hatched bars) for VT, TI, TE, breath 
frequency, mean inspiratory flow, timing, and ventilation. Asterisks show significant differences between control and test runs: *, p < 0.05, **, p < 
0.03, ***, p < 0.01 by Mann-Whitney U test. 
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ognized by chemoreceptors in infants with BPD and preterm 
infants, yet the ventilatory response may be different because of 
impaired pulmonary mechanics. However, because the magni- 
tude of the mean breath-by-breath response, even in preterm 
infants, is only approximately 1076, and because the alternation 
does not take V, or respiratory timing outside their normal 
resting values, it seems unlikely that impaired pulmonary me- 
chanics can account for the lack of a response in infants with 
BPD. Because pulmonary mechanical function was not meas- 
ured in the infants with BPD, we do not know the peak inspira- 
tory flow rates achieved to maintain adequate ventilation. If peak 
inspiratory flow was greater than 2.5 L/min in the infants with 
BPD, then room air would also be inspired with the hypoxic gas 
mixture and the size of the stimulus would be subsequently 
reduced. 

Sekar and Duke (26) reported that infants with BPD had lower 
oxygen saturations and a higher incidence of central apnea at 
the time of discharge than did healthy preterm infants, although 
the incidence of obstructive apnea or episodes of periodic breath- 
ing did not differ. Subsequent oxygen administration to increase 
saturation decreased the occurrence of central apnea and periodic 
breathing in infants with BPD. This evidence suggests that poor 
respiratory drive is responsible for the origin of apnea and 
periodic breathing. Our finding that respiratory chemoreflexes 
are reduced in such infants supports this idea, although it does 
not allow us to discriminate between two possibilities: I )  that 
chemoreceptor input to the respiratory controller is reduced and 
2) that the sensitivity of the respiratory controller to an adequate 
stimulus is reduced. Either way, the finding that infants with 
BPD have reduced chemoreceptor gain may have important 
consequences to those infants with BPD who die of SIDS. 

Compromised infants with BPD, and to a lesser extent preterm 
infants, do in fact recover in the subsequent years. Mallory et al. 
(27) reported an improvement in forced vital capacity to normal 
levels by 36 mo in infants with moderate BPD, with little 
improvement seen in lower airway obstruction and airway hy- 
perreactivity. Other longitudinal studies reported normal total 
lung capacity and functional residual capacity in infants aged 7 
and 10 y, with elevated mean residual volume at both ages (28). 
An improvement was also seen in the forced expiratory volume 
during 1 s from y 7 to 10. There is a need to perform longitudinal 
studies of the alternate breath test in infants who previously had 
BPD to determine whether the recovery seen in lung function 
measurements is reflected in improvements in respiratory che- 
moreflex sensitivity. 
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