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ABSTRACT. We have studied the reflex respiratory re- 
sponses to breath-by-breath alternations in fractional in- 
spired oxygen in a group of healthy term infants a t  two 
ages, 4 3  f 7 h (study 1)  and 47  2 3 d (study 2). Respiration 
was measured noninvasively using inductance plethysmog- 
raphy. Responses to alternations of fractional inspired 
oxygen between 0.16 and 0.21 (test runs) were compared 
with responses to alternating the inspired gas between two 
lines each containing a fractional inspired oxygen concen- 
tration of 0.21 (control runs). The respiratory response 
was measured a s  the mean percentage breath-by-breath 
alternation for inspiratory tidal volume (VTl), espiratory 
tidal volume (VTE), inspiratory time (TI), expiratory time 
(TE), frequency (0,  mean inspiratory flow (VTI/TI), mean 
expiratory flow (VTEFE), timing (TI .f), and ventilation. A 
significant chemorefles response was present in the infants 
a t  the time of study 1, a s  shown by test runs that were 
significantly different from control for TI, TE, f, mean 
inspiratory flow, mean espiratory flow, timing, and venti- 
lation (p < 0.05). and a t  study 2 for VTI. VTE, TE, f, mean 
inspiratory flow, mean espiratory flow, timing, and venti- 
lation (p < 0.05). When control and test runs were com- 
pared separately with respect to age, there were no signif- 
icant differences for any respiratory variable between study 
1 and study 2. Thus, we did not observe significant matu- 
ration of respiratory chemorefles responses to hypoxia 
after an age a t  which we could detect an established 
response, and this suggests that the "resetting" of chemo- 
receptor responses to hypoxia is essentially complete 
within approximately 24-48 h of birth in humans. (Pediatr 
Res 35: 321-324, 1994) 
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Direct evidence for the process of chemoreceptor "resetting" 
has been obtained in two species. Blanco c.1 a/. ( I )  showed in the 
fetal lamb that the arterial chemoreceptors are active in rrtcro 
but virtually silenced when arterial Poz rises at birth. Resetting 
of carotid chemoreceptor hypoxia sensitivity occurs in lambs 
over the next 2-3 d. Similar resetting of aortic chemoreceptor 
hypoxic sensitivity has been observed in the lamb (2). Marchal 
cl a/. (3) recorded single carotid chemoreceptor responses to  
hypoxia in kittens and found that responses were lower in kittens 
aged less than 10 d than in older kittens. Moreover, the Poz 
response curve of the younger kittens was displaced to the left of 
the older kittens' response curve. 

Support for this concept of resetting of chemosensitivity to 
hypoxia has been gained from respiratory responses measured 
noninvasively in the kitten, lamb, and human infant (4). We 
developed a test of peripheral chemosensitivity, the alternate 
breath test, that allows the inspired gas to alternate between two 
mixtures on a breath-by-breath basis. When the chemoreflex 
respiratory responses to the test were measured in the kitten and 
lamb (5, 6), we found that the time course of maturation was 
appropriate for the resetting of peripheral chemosensitivity as 
determined by the direct recordings from the carotid sinus or 
aortic nerve (1, 2). We then showed in healthy newborn infants 
that the respiratory response to breath-by-breath changes in FIOz 
similarly increased over the first 8 postnatal days (7). There was 
also the suggestion from this work that the most dramatic change 
occurred over the first postnatal day, with more subtle changes 
occumng up  to the end of the first week. However, the extent to  
which maturation continued after the most prominent increase 
in chemoreflex sensitivity was unclear from this work, and 
because it was a cross-sectional study, intersubject variation may 
have blurred the results. 

We conducted a longitudinal study of the responses of human 
infants to  breath-by-breath alternations in FI02 during the first 
few days after birth and again at approximately 7 wk of age to  
ascertain whether there was any change in their peripheral che- 
moreflex sensitivity to  hypoxia over this period. 

SUBJECTS AND METHODS 

Healthy newborn infants were recruited from the postnatal 
wards at University College Hospital, London, and The Royal 
Berkshire Hospital, Reading. Local ethical committee approval 
and written parental consent were obtained. Infants delivered 
either vaginally o r  by cesarean section were studied, inasmuch 
as it has been shown previously that there is no significant 
difference in response between the two groups (7). The initial 
studies were performed on the postnatal wards before mothers 
and babies were discharged. The study was repeated in the 
antenatal clinic when mothers and babies returned for their 6- 
wk postnatal checkup for infants delivered by cesarean section. 
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For infants delivered vaginally, the study was repeated at  ap- 
proximately 6 wk in a room on  the labor ward. 

The infants were settled after being fed, and recording began 
when they were in quiet sleep as judged behaviorally (8). Ambient 
temperature ranged between 23" and 28°C on the postnatal wards 
and 23" and 25°C when the studies were repeated. Infants were 
wearing a one-piece towelling outfit a t  the time of study and 
were covered with a single blanket. They were studied in the 
lateral o r  supine position (7). Breathing was measured by in- 
ductance plethysmography (Respitrace Corp., Ardsley, NY) cal- 
ibrated by the method of Sackner ct al. (9) to  derive scaling 
factors for the ribcage and abdominal signals, the Respitrace 
being adjusted accordingly. The "tidal volume" signal derived by 
summation of the ribcage and abdominal signals was passed on- 
line to a BBC Master 128 Acorn microcomputer (British Broad- 
casting Corp., Cambridge, UK) and digitized at 100 Hz for off- 
line analysis. Inspired gas was humidified and supplied to the 
infant a t  a rate in excess of minute ventilation, i.c. at 2.0-2.5 L/ 
min, via a nasal catheter (no. 1615, Salter Labs, Arvin, CA) 
attached via a Y-connector to two gas delivery lines. The com- 
position of gas in each delivery line was set using rotameters 
connected to  cylinders of medical grade air ( F I 0 2  0.2 1) and gas 
with an FIOz of 0.16 and the balance Nz (precalibrated; British 
Oxygen Company special gases). Delivery of inspired gas through 
a pair of three-way solenoid-operated valves was controlled by 
the computer, which switched between them at the start of each 
expiration. During test runs, breath-by-breath alternations of air 
and an FIOz of 0.16 were delivered for up to 100 breaths. During 
control runs, air was delivered in both gas delivery lines. A 
minimum of two test and two control runs was necessary for the 
data to  be included in the analysis. Oxygen saturation was 
monitored throughout the procedure by a pulse oximeter oper- 
ating in the beat-to-beat mode (Nellcor N200, Nellcor Inc., 
Hayward, CA). Saturation was not recorded but was used as a 
visual safety check. It never fell below 92%. 

Data anal~~sis. Data was analyzed as previously described by 
Williams ct a/. (7). For each breath, the tidal volume (VTI and 
VTE), inspiratory time (TI, s), and expiratory time (TL, S) were 
found and from these were calculated respiratory frequency [f = 
60/(T1 + T,), breaths/min], mean inspiratory flow (VTI/Tl), 
mean expiratory flow (VT,/TE), respiratory iming [TI/(TI + TI-)]. 
and ventilation (VE = tidal vo1ume.f). For each respiratory 
variable, the percentage alternation (i.c. the difference between 
a pair of consecutive breaths expressed as a percentage of the 
mean of the two breaths) was plotted cumulatively with respect 
to breath number, reversing the sign (+ or  -) for every second 
difference, so that a regular alternation produced a consistent 
deviation from the baseline. A slope was fitted to  the line by 
regression analysis, the magnitude of which indicated the mean 
breath-by-breath percentage alternation. The absolute values of 
the slopes for control and test runs were compared separately 
between age groups and analyzed by using a Wilcoxon rank sum 
test. Test runs were also compared with control runs within each 
of the study age groups with a Wilcoxon rank sum test, using the 
absolute values of the slopes. In addition. test runs were com- 
pared with control runs taking into consideration the sign of the 
slope. Positive and negative slopes were analyzed separately, and 
test runs were compared with control runs by paired t test. Values 
were considered significant when p was < 0.05. 

Each infant had the responses from either two or three control 
and test runs analyzed. These responses were not averaged for 
each infant because a particular run may exhibit a stronger 
response for one variable than in a previous run, and inasmuch 
as each variable was analyzed separately, we did not wish to 
reduce the variation within each infant. 

RESULTS 

A total of 33 infants were studied in the first few postnatal 
days of life. Of these, only 13 repeat studies were completed 
successfully. The most common reason for failure was the ina- 

bility to  achieve a quiet sleep state in these infants. In addition, 
some infants were excluded from analysis if the minimum of 
two test and two control runs were not recorded, and some 
mothers failed to  keep their appointments for repeat studies. 

Patient data are given in Table 1.  The mean postnatal age of 
the infants for study 1 was 43 ? 7 h and for study 2 it was 47 f 
3 d. Mean values of TI, TE, f, and timing during control and test 
runs are given in Table 2. No significant differences were found 
in these variables between control and test runs, a t  either age, or 
between ages for either control or test runs. There was a small 
increase in TI  and TE and a small decrease in f with age for 
control runs, although this was not significant. 

The mean percentage alternations for control and test runs for 
the two age groups are shown in Figure 1.  When control runs 
were compared with test runs within each age group, all variables 
exhibited test responses significantly different from control, with 
the exception of VTI and VTE for study 1 and T I  for study 2. 
However, when analysis took into account the sign of the slope, 
and positive and negative values were considered separately, test 
responses were significantly greater than control for positive 
values of VTI and negative values of VTE for study 1.  This method 
of analysis did not detect a significant difference between test 
and control for TI  for study 2. These findings were consistent 
with previous results. 

When control and test runs were compared separately between 
the two age groups, n o  significant difference was detected for any 
of the respiratory variables. 

DISCUSSION 

The alternate breath test provides a measure of respiratory 
peripheral chemoreflex sensitivity. We have previously shown 
that section of the carotid sinus nerves in newborn lambs within 
36 h of birth abolished the response to  the test measured when 
they were 5-6 d old, and the response was still greatly reduced 
at 10-1 1 d compared with sham-operated lambs (6). This shows 
that the carotid chemoreceptors are foremost in producing the 

Table 1. Paticrlt irlforr~lafion 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1  
12 
13 

Mean + 
SEM 

Birth 
Study I Study 2 Gestation weight 

Sex (h)  (dl (wk) (g) 

Table 2. Baselirle vullres for respiratory variables 
(r?~ean + SEIZI) 

Frequency 
Inspiratory Expiratory (breaths/ Timing 

time (s) time (s) min) (T,/total time) 

Study I 
Control 0.50 + 0.02 0.77 + 0.06 52.0 + 3.0 0.41 + 0.01 
Test 0.52 + 0.02 0.83 + 0.07 49.8 + 3.0 0.41 + 0.01 

Study 2 
Control 0.54 + 0.02 0.79 f 0.04 48.0 + 2.4 0.42 + 0.01 
Test 0.53 + 0.02 0.75 + 0.03 49.2 +. 1.8 0.42 + 0.01 



RESPIRATORY CHEMOREFLEXES IN INFANTS 323 
A. 8. C. difference in the magnitude of the control o r  test response 

a I u between ages, which supports the idea that there is no additional 
I maturation of respiratory chemoreflexes after resetting has oc- 

: S a / .  a .  curred. Thus, it appears that resetting of chemoreceptor sensitiv- 

, . . g , :  ity occurs more rapidly in humans than in the lamb and kitten, 

i I $ , .  
in which it appears to  occur slowly over a few days. 

f I# -. 
8 4 '  1' 4 .  

We have used the alternate breath test to  measure hypoxic 

5 .  

, j 2 i  

8 1 2 :  peripheral chemosensitivity in infants because of the advantage ?' F * - - ~  

I i 
of repeating the stimulus over a number of breaths, which allows 
the response to  be averaged. The ventilatory response to hyper- 

o , . - ,~- .  , . ,I , - - - ,- . . . - ,, 1 ....- 7 oxia has also been used as a test of peripheral chemosensitivity, , I 

0  20 40 60 0  20 40 60 

AGE 
0  20 40 60 particularly the Dejours test (lo),  which substitutes a single 

AGE AGE breath of 100% 0 2  for air during quiet breathing. The response 
D. E. F to  such transient hyperoxia is variable, and there is n o  way of 

a I: a 

I 
identifying the breath responding to the stimulus, making analy- 

I 
sis complex. However, results obtained by this method broadly 

a  ' I  a :  
agree with ours. Hertzberg and Lagercrantz (I 1) used a variation 

I I 5 of the Dejours technique and found in term infants that the 
{ ,;j . 4 6 , :  E 

i 6 i i  
decrease in VE to  30 s of 100% Oz at  2-6 d was more than that 

I : 4 j 8 4 ,  
, at 2-6 h after birth. Then, in a longitudinal study using the 

# 4 ; .  
E -~ ~ f !  : .* ~- 

Dejours test, Parks el al. (12) reported that the response ofinfants 

2 .  7 '  2 .* -- 
-0 2 

7 aged 1 ,2 ,  and 3 m o  was not significantly different. Although the 
youngest age group of this study was closer in age to  our older 

I 
0 .  -- 1 ' : ~ - ,  ,I . . , . ,~ . - , ,I + . . - - age group, it is evident that any maturational changes of hypoxic 

o  20 40 60 o  20 40 60 0 20 40 60 chemosensitivity have occurred before 1 m o  of age. 
AGE AGE AGE Poor respiratory control is postulated to  be a cause of SIDS. 

G H I .  Because peripheral chemoreceptors are predominant in initiating 
the ventilatory, cardiovascular, and arousal responses to hypoxia 

a ,  
a 1 or  asphyxia, it can be postulated that victims of SIDS had an 

I 1: absent o r  inadequate input from the peripheral chemoreceptors, 

a 5 a :  

5 6 ;  i 8 I i  6 I -  1 6 ; .  
2 .  { .  3 1, 2 
1 ' 1  

: and there is evidence for abnormalities of carotid body function 
: in victims of SIDS (13-15). Delayed resetting of peripheral 

: I chemosensitivity to hypoxia as reported in chronically hypoxic 
7:).  

4 .e 1' 4.1 ~-,.+ : 1 kittens (5) will prevent an adequate response to  acute hypoxia. 

' , , , r 

g Alternatively, it may be that SIDS victims were unable to  produce 
2 '  - -* 2 * -~ * '  an adequate response to  an increased chemoreceptor discharge. 

0  0  * -. , - - .  - ,  0  1 -.--- - Elevated environmental temperatures and prone sleeping posi- 
1 -  1 

0 2 0 4 0 6 0  0 2 0 4 0 6 0  0 2 0 4 0 6 0  
tion, both of which are associated with an increased incidence of 

AGE AGE AGE SIDS (16), may be involved in such a reduction in the gain of 
respiratory chemoreflexes, and there is evidence in kittens for a 

Fig. I. Mean pcrccntage breath-by-breath alternation betwccn FI02 reduced chemoreflex response to  h ~ ~ o x i a  and COz at  warmer 
0.2 I and 0.2 1 (control), or 0.2 1 and 0.16 (test) at two scparate postnatal ( 17). 
ages. Fi1ilk.d sqlturc,s are control runs and o p o ~  sc,lrurc7s arc tcst runs. A, I n  summary, we have shown that in healthy r ~ w b o r n s  there is 
vTI; B, vTE; C, T,; D, T ~ ;  E, I;; M ~ F ,  mean inspiratory flow; G, MEF, no additional maturation of respiratory chemoreflexes evident 
mean expiratory flow; 11, TM, timing; I, VE. Asterisks show significant between the first week and the second month of postnatal life. 
differences between control and test runs: *, p < 0.05; **, p < 0.025; ***, Current evidence Suggests that chemoreflex failure may be im- 
p < 0.01; and ****, p < 0.005 by Wilcoxon rank sum test. plicated in victims of SIDS. However, we d o  not know at present 

whether this is caused by perturbation of the rapid resetting of 
response. Moreover, the test detects the postnatal maturation of hypoxic chemosensitivit~ we have observed in this study, because 
respiratory chemoreflcxes in the kitten and lamb, species in other factors may be responsible for reducing the gain of respi- 
which the neonatal increase in chemoreceptor hypoxia sensitivity ratory  hemo ore flexes in SIDS victims. 
has been established by direct recordings (1-3). 
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