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Measurement of pulmonary function in the sick infant pro- 
vides important clinical information and is an important tool for 
scientific investigation. Herein we review the techniques and 
limitations of pulmonary function measurements in small, sick 
newborn infants. Reference values for some of these measure- 
ments are provided in Table 1. Many techniques entail some 
risk and it is vital that the baby's care not be compromised. We 
perform studies at the bedside with at least two investigators and 
observe and monitor the baby continuously. We occasionally use 
chloral hydrate sedation in irritable babies who could not oth- 
erwise be studied. However, the value of natural sedation should 
not be overlooked. As Nicholas Nelson wrote in 1966 (1):"These 
'untrained' subjects have proved to be immensely cooperative in 
the careful hands of patient investigators cognizant of the anes- 
thetic powers of a full stomach." 

SKIN SURFACE GAS TENSION AND OXYGEN 
SATURATION 

Definition. The tensions of O2 and C 0 2  measured at the skin 
surface (transcutaneous) and oxygen saturation measured with 
an ear oximeter or pulse oximeter estimate the arterial values. 

Bac lmz~nd .  Skin surface PO2 (Ps02) was first measured in 
babies by Huch el al. in 1972 (2). Chemically induced hyperemia 
did not raise Ps02 to arterial levels but in 1974, they found that 
thermal hyperemia did (3). Measurement of Ps02 has been 
routine in many nurseries since 1980. Skin surface PC02 (PsC02) 
was first measured in babies by Hansen and Tooley in 1979 (4) 
after studies in adults assessed the effects of skin metabolism and 
electrode temperature (5). This technique is not yet routine in 
all intensive care nurseries. Oxygen saturation (SO4 has been 
measured noninvasively for many years in adults (6). Both ear 
oximetry (6, 7) and, more recently, pulse oximetry (8) have been 
applied to babies. 

Technique. Ps02 is measured with a miniature Clark electrode 
heated to 43-45°C which increases capillary blood flow by 100- 
fold (9). The in vitro time constant (the time between the onset 
and 63% of the pen deflection in response to a square wave 
change in gas concentration) is 10-20 s but the in vivo time 
constant, lengthened by diffusion through tissue, is 1-2 min (10, 
11). 

PsC02 is measured with a miniature Stow-Severinghaus pH 
electrode or metal oxide electrode. The in vitro time constant is 
20-40 s, but the in vivo time constant is about 3 min (4, 5). 
PsC02 is greater than PaC02 due to the difference in temperature 
between the body and the electrode and the contribution of the 
skin. The temperature correction is 1.3 1 at an electrode temper- 
ature of 43°C and 1.37 at 44°C (12). The contribution of the skin 
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is a constant, independent of PC02 or temperature, due to skin 
metabolism and other possible mechanisms (I 3). This difference 
is 3 torr in adults (5) and 2 torr in sick infants (4), but significantly 
greater in older babies, particularly those with chronic lung 
disease (14, 15). For both electrodes, the transit time (or delay 
time, the time between the appearance of gas at the membrane 
and the onset of pen deflection) is approximately 30 s (5, 10). 

Oximetry is a spectrophotometric technique in which red and 
infrared light is transmitted through the "arterialized" ear lobe, 
fingertip, forehead, hand, or foot (6). In early models, the photo- 
cells were next to each other resulting in errors from tissue and 
venous blood absorbance (6). Although smaller oximeters which 
alternately transmitted and received light minimized these errors, 
they occasionally caused burns in babies and were cumbersome 
(7). Pulse oximetry detects arterial pulsations and compares the 
absorbances of the two wavelengths during systole and diastole; 
there is no interference from venous blood, skin, connective 
tissue, or bone and no need to heat the site (8). 

Applications. Ps02, PsC02, and SO2 are particularly valuable 
during studies of variables that arc affected by PO2 and K O 2 .  
After very small decreases in inspired oxygen in babies with 
chronic lung disease, Halliday et (11. (16) found an increase in 
pulmonary vascular resistance and Teague el al. (17) found an 
increase in airway resistance. Ps02 electrodes on the right upper 
chest and abdomen have been used to document right-to-left 
ductal shunting and Ps02 and PsC02 are often measured during 
sleep studies. Recently, combined PO2 and PC02 electrodes have 
been developed; these have an obvious advantage in tiny babies 
(13, 18). In very immature babies with fragile skin, a heated 
electrode may cause skin necrosis and saturation measurements 
are preferable. The sensor may be left on for 3-4 days, versus 2- 
4 hours for a Ps02 electrode. 

Limitations. Halothane anesthesia interferes with the PO2 
measurement when a polypropylene, but not a fluorinated ethyl- 
ene propylene membrane is used. The skin surface-arterial PO2 
gradient is minimal at birth but increases with age and is affected 
by blood flow (9). Most PsC02 instruments allow correction for 
temperature but not skin metabolism. Some manufacturers rec- 
ommend a correction factor of 1.5- 1.7% for electrode tempera- 
tures of 44-45°C; 1.5% is probably too high for an immature 
baby and too low for a baby with chronic lung disease. Correc- 
tions for both temperature and skin metabolism are preferable 
for babies with chronic lung disease. To make this correction, an 
arterial blood gas is essential. Because the puncture may cause 
hypo- or hyperventilation, the transit time and time constant 
must be known. 

An averaging time is used for SO2 measurement so that beat- 
to-beat values are not displayed. The Nellcor pulse oximeter has 
three averaging times: 2-3, 5-7, and 10- 12 s; the first may be 
underdamped and the third, overdamped. A potential danger of 
pulse oximetry is the failure to recognize hyperoxia which may 
lead to retinopathy of prematurity. Fetal hemoglobin reduces the 
apparent functional hemoglobin determined by oximetry; the 
pulse oximeter may thus show a falsely low value (50-100% fetal 
hemoglobin causes a 3-4% error) (19, 20). 
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Table 1. Pulmonary.function in well and sick infants* 

Mcasuremcnt Units Well infants RDS CLD Source 

Tidal volurnc ml/kg 5-7 4-6 4-7 98, 52, 1 15 
Respiratory rate breaths/min 30-40 50-80 45-80 98, 52, 115 
Minute ventilation ml/kg/min 200-300 250-400 200-400 98, 52, 115 
Functional rcsidual capacity ml/kg 25-30 20-33 20-30 47,52, 115 
Thoracic gas volume ml/kg 30-40 20-35 35-50 47, 46,60 
Dynamic compliance ml/cm H20/kg 1-2 0.3-0.5 0.2-0.8t 52 
Lung resistance cm H20/liter/s 25-50 60- 1 50 30- 150t 150,86 
Work of breathing g cm/min/kg 500- 1000 800-3000t 1800-65001- 70,7 1 
PACO~ torr 30-40 32-50 40-55 140, 52, 

115 
PA02 in air torr 105-1 15 92-108 94-1 12 98, 102, 

125 
Alveolar ventilation ml/kg/min 110-160 55-90 90-170t 105, 52 
Physiologic dcad spacc ml/kg 2-3 3.0-4.5 3.0-4.5t 105, 52 
Dead spacc/tidal volume % 22-38 60-80 35-60? 105, 52 
Anatomic dead spacc ml/kg 1.5-2.5 2.5-4.2 2.0-3.5t 98,52 
Alvcolar dead spacc ml/kg 0-0.5 0.2-0.7 0.2- 1.0t 105, 52 
Pulmonary clearance dclay % 0-30 7-40 90-350 44, 102, 

115 
Effective pulmonary capil- ml/kg/min 160-230 75-140 120-200t 118, 119 

lary pcrfusion (nitrous 
oxide) 

Venous admixture in air % 8-22 25-60 30-75 102, 125 
P(a-A)C02 torr -2 to +4 8-25 5-15? 140, 52 
P(A-a)02 in air torr 20-40 25-60 37-69 102, 125 

in O2 torr 230-380 270-550 165-465 102, 125 
COz response ml/kg/min/ 25-70 N A N A 145 

torr C02 

* RDS, respiratory distress syndrome; CLD, chronic lung disease; NA, not available. Ranges are 1 SD below and above the mean for spontaneously 
brcathing babics. 

t Data from our laboratory. 

TIDAL VOLUME AND MINUTE VENTILATION 

Definition. Tidal volume (VT) is the volume of gas inspired or  
expired in an average breath. Minute ventilation is the volume 
of gas expired in I min. 

Backqyo~rnd. Thc first attempt to measure tidal volume and 
minute ventilation in babies was made in 1890 with a spirometer 
(2 1). Howcvcr, it was not until 193 1 that reliable measurements 
were made in term and preterm infants using a plethysmograph 
with no dead space (22, 23). In 1949, Cross (24) replaced the 
neck seal with an inflatable ring surrounding the face making 
thc plethysmograph safer and simpler. Miller and Smull (25) 
used a wet tcst gas meter and one-way valves to  measure venti- 
lation during normoxia and hypoxia. 

Because thesc dcvices are difficult to  use and may affect 
ventilation (26, 27), noninvasive methods to estimate tidal vol- 
ume were developed (28,29). Impcdance was evaluated in infants 
by Polgar in 1965 (30). In 1970 Milner (3 I) described a respira- 
tory jacket to measure tidal volume. Induction plethysmography 
was first uscd in infants in 1981 (32). 

Tecl7niqllc. Qualitative measurements of VT include imped- 
ance pneumographs and thermistors. In impedance pneumog- 
raphy, an alternating current is passed continuously across the 
thorax betwccn skin electrodes. Changes in thoracic circumfer- 
ence and blood volume during respiration cause a change in 
irnpedancc roughly proportional to  tidal volume (28-30). A 
thermistor a t  the proximal airway senses temperature changes 
caused by the flow of respiratory gas (33). 

Semiquantitativc methods detect changes in ventilation but 
may not be accurate enough to quantitate these changes. As the 
circumfcrencc of thc thorax increases, the resistance of a mer- 
cury-in-rubber strain gauge placed around the chest changes in 
proportion to changes in volurnc (30). Respiratory inductive 
plethysmography uses Teflon-coated wires incorporated into 

bands which surround the abdomen and rib cage (32). Induct- 
ance is related to  the cross-sectional area. V-, = (AB X I A ~ )  + 
(RC x IKC) where AB and R C  are the abdominal and rib cage 
constants and I,,, and Iltc are the changes in inductance of the 
abdomen and rib cage signals. The device is calibrated with a 
standard quantitative method and the constants are determined. 
At least two markedly different sets of values for V7, I,,,, and IRC 
are required (34). Semiquantitative measurements are also ob- 
tained using a jacket plethysmograph (31) or magnetometers 
(35). 

Quantitative measurements are made with a plethysmograph, 
spirometer, or pneumotachograph. The plethysmograph is an 
airtight box into which the infant is placed with only the head, 
face, or airway in communication with the outside (24). During 
tidal breathing, the change in volume of the thorax causes a 
proportional change in the box pressure measured by a differ- 
ential pressure transducer and tidal volume is calculated using 
Boyle's law. T o  calibrate the plethysmograph, known volumes 
are added and withdrawn. The related barometric technique has 
not been widely used (36). 

Spirometry measures volume directly (37). V-, subtracted or  
added to a water-sealed chamber causes a proportional displace- 
ment of a light-weight lid. This mechanical signal is changed t o  
an electrical signal and recorded. If volume is recorded with 
respect to time, flow can be calculated. 

The pneumotachograph is the most common and most prac- 
tical method of measuring ventilation, particularly in sick infants. 
With laminar flow, the pressure drop across a resistance is linear 
(38). This pressure, proportional to  flow, is measured by a 
differential pressure transducer. The flow signal is integrated with 
respect to time to obtain volume. A pneumotachograph suitable 
for the small, sick infant has a low mass, low dead space, and 
low resistancc (39). The pneumotachograph and integrator 
should be validated with a spirometer to be certain that the signal 
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is linear (25%) within the expected range of flow, volume, and 
combined frequency of the ventilator and baby (39). 

Gas concentration, humidity, and temperature affect the flow 
signal and must be considered during calibration (39). The 
pneumotachograph is attached to an cndotracheal tube, nasal 
prongs, nasal mask, face mask, or face chamber. T o  minimize 
dead space and resistance, we have designed several pneumo- 
tachographs to replace the infant's nasal prong or endotracheal 
tube adaptor (Fig. 1) (39, 40). 

Al~plicutions. Qualitative methods are used clinically to  mon- 
itor ventilatory rate and recognize apnea. The thermistor may 
be useful in detecting obstructive apnea, especially in infants 
with tracheostomy tubes. 

Semiquantitative methods are used both clinically and for 
research purposes. For example, respiratory inductive plethys- 
mography can measure changes in ventilation accurately enough 
to evaluate COz response and other respiratory reflexes (41). 

Quantitative methods are used primarily for research. Pleth- 
ysmography is most useful for larger neonates; once set up, this 
technique allows repeated, reproducible measurements in a short 
period of time. The pneumotachograph is the best device for 
measuring ventilation in the small, sick newborn infant. The 
spirometer, while the most accurate, is the least used. 

Limitations. Because impedance signals vary over time and 
with slight changes in position, the technique is only used to 
detect respiratory movement. Chest wall movement, and there- 
fore a normal impedance signal, will be present with airway 
obstruction and no gas flow (42). 

If calibrated properly, inductive plethysmography is useful and 
accurate in larger babies. Calibration factors may change, how- 
ever, with movement of the bands or changes in the baby's 
position (32). We have been unable to calibrate the device in 
infants < 1.5 kg who have significant chest wall distortion. 

Errors associated with plethysmography include leaks in the 
box or around thc baby's face and temperature and humidity 
changes in the box. Once sealed inside, the infant is not easily 
accessible and may be prone to temperature instability. Apnea 
and aspiration are major dangers. Small, sick babies may not 
tolerate being movcd into a plethysmograph. 

Even well-designed pneumotachographs have problems; con- 
densation, especially on the screen, causes turbulent flow and a 
change in calibration. This is avoided in the ventilated infant by 
bypassing the ventilator humidifier during the study and keeping 
the ambient temperature close to  body temperature o r  by heating 
the pneumotachograph. Somc amount of drift in the integrator 
baseline is unavoidable and will limit the length of time that a 
continuous recording of volume can be made. Drift results from 
improper electronic calibration or  a leak in the system. The 
differential pressure transducer must be linear over the range of 
pressures being measured. The volume of gas in the transducer 
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and connecting tubing must bc equal on either side of the 
diaphragm. An equal pressure applied to  both sides of the trans- 
ducer should result in no signal. If the transducer is unbalanced, 
the pressure measured may be inaccurate, especially if continu- 
ous positive airway pressure o r  mechanical ventilation is used. 

The spirometer has little use in the small, sick infant. Unless 
a series of one-way valves is used, there will be unacceptable 
rebreathing after a few breaths. Spirometry is not feasible in 
ventilated babies. 

LUNG VOLUME 

Dejinition. Functional residual capacity (FRC) and thoracic 
gas volume (TGV) are defined as thc volume of gas in the lungs 
at the end of a tidal breath; in normal subjects they are equal. 
FRC is the volume of gas that communicates with the airways; 
TGV also includes the volume of trapped gas. 

Background. In 1956, Bcrglund and Karlberg (43) reported 
results of FRC measurements by helium dilution in healthy 
newborns. In 1962, problems associated with rebrcathing tech- 
niques were avoided by Strang and McGrath (44) who measured 
the FRC of healthy term infants in a plethysmograph by nitrogen 
wash-in aftel oxygen breathing. The same year, Klaus el al. (45) 
measured TGV by plethysmography in well infants from 7 min 
to 17 days of age. This technique was used in sick infants by 
Auld et al. (46). Nelson et 01. (47) found that, unlike the normal 
adult, well babies frequently have evidence of gas trapping (TGV 
> FRC). Because of technical problems in studying ill babies, 
noninvasive estimates of the changcs in FRC have recently been 
described (32, 48, 49). 

Technique. FRC is measured with a closed circuit (rebreathing) 
or open circuit (nonrcbreathing) apparatus. With thc rebreathing 
method, the baby brcathes from a bag containing known con- 
centrations of oxygen and a tracer gas (helium or  nitrogen) until 
equilibrium is reached (30-60 s). The final concentration of the 
tracer gas is measured after absorption of and correction for C 0 2  
(50). FRC is then calculated: FRC = [(ViCi)-(VfCf)-(VI,Cf)]/Cf 
where Vi and Vf are the initial and final bag volumes, Ci and Cf 
are the initial and final tracer gas concentrations, respectively, 
and V, is the apparatus dead space. Somc investigators have 
added oxygen during the equilibration period (43, 5 1). 

T o  calculate FRC by nitrogen washout, breath-by-breath N2 is 
measured with a rapidly responding mass spectrometer (44) or 
nitrogen analyzer (52) while breathing 100% 02. FRC is obtained 
from the dilution factor (w) and the average tidal volume minus 
anatomic dead space (V.,-VD): FRC = w(V.!- - VI,)/l-w) where 
w is the slope of a semilog plot of FAN2 ver.s:vlu breath number. 
This may be a single or two compartment model. 

Gerhardt et al. (53) calculated FRC by collection and integra- 
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Fig. I. Diagram of pncumotachographs that replace nasal prong and endotracheal tube adaptors. The 125-mesh screen and drop of epoxy in the 
endotracheal flowmeter makc expiratory flow laminar. [Adapted from Goldman et a/. (40) and Brady el a/. (39).] 
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MECHANICS OF RESPIRATION and sick infants. Swyer el u/. (7 1) were among the first to use a 

Definition. Compliance reflects the elastic properties of the 
respiratory system and is defined as the change in volume per 
unit change in pressure (ml/cm H20) .  The compliance of the 
total respiratory system (Crs) can be divided into lung compli- 
ance (CI.) and chest wall compliance (Ccw) where 1/Crs = l/C12 
+ l/Ccw (66). 

Resistance of the respiratory system (Rrs) is a reflection of the 
friction encountered by gas flowing through the airways and by 
tissue moving against tissue. It is defined as the change in pressure 
required for a unit change in flow (cm H20/L/s). Rrs is the sum 
of airway resistance (Raw), lung tissue resistance (Rlt), and chest 
wall tissue resistance (Rcw). Lung resistance (RL) is the sum of 
Raw and Rlt (67). Conductance is the inverse of resistance. 

Work of breathing integrates the elastic and resistive properties 
and is equal to the cumulative product of pressure and the 
volume of air moved at each instant: Work = J PdV (67). 

Background. Observations on the mechanical properties of the 
newborn infant's lungs were made by Karlberg et a/. in 1954 
(68). Using a I-mm diameter polyethylene tube, they found that 
infants with respiratory distress syndrome had greater esophageal 
pressure changes than did normal infants. In 1955, using a body 
plethysmograph, pneumotachograph, and esophageal catheter, 
McIlroy and Tomlinson (69) calculated work of breathing and 
"elastic resistance" in 12 infants, three of whom were premature. 

Cook ef  ctl. (70) described classical methods for measuring 
compliance and resistance and reported normal values in well 

face-mask pneumotachograph and esophageal balloon to calcu- 
late mechanics of breathing. 

Technique. Calculations of lung mechanics require the meas- 
urement of the pressure affecting the lung component of interest. 
For example, to calculate the respiratory system compliance of 
an infant receiving positive pressure ventilation, the changes in 
airway pressure (Paw) are measured and to calculate lung com- 
pliance, the changes in transpulmonary pressure (the pressure 
difference between the airway and the pleural space) are meas- 
ured (Fig. 3). 

Because direct measurement of pleural pressure is not feasible, 
it is estimated with esophageal pressure (Pes) (72-74). Esophageal 
pressure is measured with a pressure transducer attached to either 
a balloon catheter or a fluid-filled catheter in the lower third of 
the esophagus. Balloons can be handmade (73, 75) or manufac- 
tured (6.5 mm wide, 30 mm long, 0.06 mm wall thickness, Alto 
Development Company). We double tie the balloon to an 8-Fr 
feeding tube with six side holes and connect it to a pressure 
transducer (Gould Statham PM13 ITC) with 50 cm of PE205 
tubing. 

The accuracy of the measurement is affected by the balloon 
and catheter dimensions, the frequency response of the pressure 
transducer and catheter system, and the volume of air in the 
balloon. All these must be assessed in vitro with the equipment 
configuration used for the study. We have found that 8-Fr 
catheters are adequate (Fig. 4) but that 5-Fr catheters are not 
(Fig. 5). The 5-Fr balloon catheter signal in Figure 5 is signifi- 
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cm H 2 0  Fig. 4. Response of prcssure transducers and 8-French catheter sys- 
n tems to changes in frequency from 0.5-1 1 Hz. The balloon pressurc " - 

signal is from a 6.5 x 30 mm balloon attachcd to an 8-Frcnch feeding 
tube and the catheter signal is from a water-filled 8-French feeding tubc, 

i CL=0.41 ml/cm H20 both with six side holes. The frequency response for all signals is linear 

J 12.5 cm Hz0 (+5%) to 1 1  HZ. 

torr 
460 p------.-L--7 

Fig. 3. Calculation of mechanics of ventilation in a 1.2-kg infant with 
severe chronic lung disease. Measurements at points of zero flow ( I ) are 
used to calculate chest wall compliance (Ccw), respiratory system com- 
pliance (Cn), and lung compliance (C,.). Measurements corresponding 
to mid-tidal volume (T) are used to calculate lung resistance (R,., the sum 
of airway resistance and lung tissue resistance). Mean airway pressure, 
obtained by electrical damping of the airway pressure signal, is I I cm 
HzO. 

Balloon 

cm H z 0  

Colheler 

cm H20 
Fig. 5. Response of pressure transducers and 5-French catnew sys- 

tems to changes in frequency from 0.5-1 1 Hz. With the same balloon as 
in Figure 4, but now attached to a 5-r..rench feeding tube, the signal is 
overdamped at frequencies >6 Hz. ?'he water-filled 5-Frcnch catheter 
signal is underdamped at frequencies >4 Hz and overdamped at fre- 
quencies >9 Hz. 
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cantly overdamped at  frequencies >6 Hz; the 5-Fr fluid-filled 
catheter signal is underdamped at  frequencies >4 Hz  and over- 
damped at frequencies >9 Hz. A flat frequency response ( f 5 % )  
to 10 times the fundamental frequency is required. The correct 
amount of air inside the balloon is determined by constructing 
a pressure-volume curve as described by Beardsmore et al. (75). 
The volumes which produce a negligible change in balloon 
pressure are appropriate. T o  evaluate its accuracy in vivo, the 
balloon or catheter is positioned in the lower third of the esoph- 
agus and an occlusion test is performed (75). During an occluded 
inspiratory effort, the pressure measured at  the proximal airway 
should equal (&5%) the esophageal (alveolar or pleural) pressure. 

Measurement of static con~pliance is not practical in sick 
infants and therefore the pressure used to overcome the respira- 
tory system's elastance must be distinguished from that used to 
overcome its resistance. At end-inspiration and end-expiration 
there is no flow and therefore no resistance. The changes in 
volume and pressure at these points are used to calculate dynamic 
compliance (Fig. 3). Static compliance may be approximated if 
the infant is receiving positive pressure ventilation and has 
minimal spontancous respiratory effort by sustaining the inspir- 
atory pressure plateau for approximately 1 s (76). 

In the newborn, Crs approximates C,. (Ccw is high and 1/Ccw 
is very low) and its measurement avoids the estimation of pleural 
pressure. Tepper el a/. (77) used the weighted spirometer tech- 
nique in infants. A weight placed on the bell of the spirometer 
produces a continuous positive pressure (AP) which causes an 
increase in end-expiratory volume (AV). The technique assumes 
that the incrcascd pressure completely equilibrates within the 
lung. 

Teague el 01. (78) modified a constant flow method for meas- 
uring Crs in mechanically ventilated infants. The technique is 
based on the principle that gas flowing into a container at  a 
constant rate causes a constant increase in pressure that is 
inversely proportional to the compliance of the container. The 
ventilator flow ratc during inspiration (ml/s) divided by the slope 
of the ailway pressure tracing (cm HzO/s) equals the "pulse" 
compliance of the respiratory system. 

In spontaneously breathing infants, not all of the pressure 
gencrated by the inspiratory muscles is used efficiently; some is 
wasted in distortion of the chest wall. Thus, in the immature 
infant with the most deformable chest wall, compliance may be 
underestimated (48). The magnitude of this wasted pressure can 
be determined by comparing the passive compliance of the 
respiratory system with dynamic compliance. Passive compli- 
ance is calculated during respiratory muscle relaxation (48, 49, 
79, 80). The airway is occluded during expiration at  different 
lung volumes and the proximal ailway pressure (or mouth pres- 
sure) is plotted against volume; the slope of the linear regression 
rcprcsents compliance (Fig. 2B) (48). In spontaneously breathing 
infants, relaxation of the respiratory muscles is induced with the 
Hering-Breuer reflex (49). 

T o  calculate resistance, the change in flow and the correspond- 
ing change in pressure must be measured. As with the calculation 
of compliance, the pressure used to overcome resistance must be 
differentiated from that used to overcome elastance. T o  d o  this, 
a pressure-volume loop is constructed (Fig. 6) (8 1). The slope of 
the line AC is the lung compliance and the distances EB and E D  
are the additional pressurcs necdcd to overcome airway and 
tissue resistance during inspiration and expiration. Because com- 
pliance is not always linear (82), it is better to calculate total 
resistance, the sun1 of inspiratory and expiratory resistance. A 
sccond method uses the flow, volume, and pressure tracings (Fig. 
3). R,. is calculated using the differences in transpulmonary 
pressure, P(aw-es), and flow at equal volume points during 
inspiration and expiration. At equal volumes, elastic components 
should be cqual and opposite; mid-tidal volume is usually used 
(83). 

Ailway resistance is measured using the plethysmograph (84). 
The driving pressure is the alveolar pressure inferred from the 

Volume 
m l 

A Pressure cm H20 

Fig. 6. Pressure-volume loop for calculation of mechanics of venti- 
lation in a 1.6-kg infant with chronic lung disease. The slope of line AC 
is lung compliance, 0.86 ml/cm H20. The distances EB and ED represent 
the additional inspiratory and expiratory pressures needed to overcome 
airway and tissue resistance. The distance DB divided by the difference 
in flow at those points is equal to the total lung resistance, 150 cm H20/ 
liter/s. The work of breathing, the area ABCF, is 145 g cmlbreath. 

pressure change within the box. The tlow is measured directly 
with a pneumotachograph or calculated from the volume tracing. 
The adult subject must pant during this measurement because 
large breaths may cause an artifact due to  temperature and 
humidity. As infants cannot pant voluntarily, a heated rebreath- 
ing system was developed by Stocks et al. (85). 

Respiratory system resistance is calculated using the techniques 
for passive Crs (48, 49, 79, 80). The slope of the linear portion 
of the expiratory flow-volume curve is the respiratory system 
time constant, the product of Crs and Rrs (Fig. 24). If Crs is 
known, Rrs can be calculated. 

Work of breathing is calculated by constructing a pressure- 
volume loop and measuring the area (Fig. 6). The area can be 
measured by hand; we use a microcomputer and digitizer. There 
are several equations that estimate the work of breathing (70). 
McIlroy used the formula: Work = 0.6 PV1. where P is the peak 
pressure generated. The formula assumes that the pressure is a 
sine wave and that 70% of total work is elastic. 

Applicutions. All of these techniques have been used to study 
small, sick infants. We have evaluated the effects of disease state, 
medication, and mechanical ventilation on  respiratory mechan- 
ics (40, 86-88). Recently available computerized systems have 
the potential for routine clinical use. Modifications of resistance 
measurements such as flow-volume curves with gases of different 
densities and viscosities have been used to diagnose small airway 
disease in infants (89). 

Limitations. It is extremely important that all of the instru- 
ments be properly calibrated, balanced, and in phase. Because 
the calculations use the temporal relationships of two to three 
variables, any equipment problems will be magnified (90). The 
rigorous quality control needed is described by Beardsmore et al. 
(75). A major limitation of many techniques is the estimation of 
intrapleural pressure by esophageal pressure. Air bubbles o r  
mucus in the fluid-filled catheter lead to inaccurate measure- 
ments. LeSouef et a/. (9 1 )  demonstrated that pleural pressure is 
unevenly distributed around the esophagus, especially in pre- 
mature infants with significant chest wall distortion. In these 
infants, results of the occlusion test are variable. Beardsmore et 
a/. (92) demonstrated that when FRC is significantly increased 
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or  when positive pressure is used, Pes may not reliably estimate 
pleural pressure. The occlusion technique for verifying Pes as- 
sumes that there is instantaneous equilibration of pressure 
throughout the airways. This is not true with heterogeneous time 
constants or with partial airway obstruction (93-95). 

Even if accurate measurements of compliance and resistance 
are made, their significance may be limited if the lung volume is 
not known. Compliance is greatly affected by lung volume; an 
over- or underdistended lung has a lower compliance. As the 
lung grows, the compliance of the whole lung increases, whereas 
the compliance of each lung unit is relatively constant. Thus the 
low compliance measured in infants with respiratory distress 
syndrome is due, in part, to smaller lung volumes. Specific 
compliance (compliance/FRC) or compliance/kg is more mean- 
ingful ( 1, 76). 

The effect of lung volume on resistance is equally critical. As 
lung volume decreases, resistance increases exponentially. This 
relationship is more conveniently illustrated using conductance 
as there is a direct linear relationship between conductance and 
lung volume. Resistance or conductance should also be stand- 
ardized using FRC (specific conductance), weight, or length ( I ,  
76). When conductance is compared in premature infants of 
different gestational ages, its relationship to  age should be con- 
sidered. Stocks and Godfrey (96) demonstrated that there was a 
rapid decrease in specific conductance until 40 wk postconcep- 
tual age. An additional limitation is the effect of resistance on  
dynamic compliance. If airway resistance is elevated or the 
breathing rate is rapid, dynamic compliance will be falsely low- 
ered; this is termed frequency dependence of compliance (97). 

ALVEOLAR GAS TENSIONS AND ALVEOLAR VENTILATION 

Ijclfinition. Alvcolar gas tensions are the partial pressures of 
0 2 ,  C 0 2 ,  and N2 in alveolar gas; they are estimated with end- 
tidal gas tensions. Alveolar ventilation is the volume of inspired 
gas that takes part in gas exchange with pulmonary capillary 
blood. Wasted ventilation is the volume of inspired gas that does 
not take part in gas exchange and only comes in contact with 
dead space. Dead space consists of conducting passages (ana- 
tomic dead spacc), nonperfused or underperfused alveoli (alveo- 
lar dead space), and equipment dead space. 

Baclcground. Early estimations of end-tidal gas tensions were 
made on gas withdrawn from a miniature Rahn sampler (98). 
Although the sampler dead space was small, the total equipment 
dead space was large, resistance was high, and contamination 
with dead space gas was possible. These problems were avoided 
with continuous measurement of inspired and expired gas by 
Strang (99) in well babies using a mass spectrometer and Chu et 
al. (52) in sick babies with N2 and C 0 2  analyzers in series. When 
a rapidly responding O2 analyzer became available, all three gases 
were measured simultaneously (100). The concept of ideal alveo- 
lar gas tensions (101) was applied to  well and sick babies by 
Nelson el al. (102). Ideal alveolar P C 0 2  was assumed to equal 
arterial P C 0 2  and ideal alveolar PO2 was calculated with the 
alveolar gas equation. Corbet el al. (103) used this method to 
calculate alveolar PN2 and measured arterial PN2 by gas chro- 
matography in well and sick babies. 

The first calculations of alveolar ventilation were reported by 
Karlberg et a/. (68) in 1954 using the plethysmograph and arterial 
K O 2 .  Mixed-expired C 0 2 ,  diluted in 5-6 liters of gas, was 
measured with the Scholander method. In 196 1, Strang (99) used 
a plethysmograph, mass spectrometer, and the graphical method 
of Fowler ( 104) to measure anatomic dead space in well new- 
borns. Nelson et al. (98, 105) measured both anatomic and 
physiologic dead space in well and sick infants using their end- 
tidal sampler, a spirometer, and arterial PCO,. Chu el al. (52) 
calculated physiologic and anatomic dead space with the Bohr 
equation in very ill babies using arterial K O 2 ,  end-tidal K O 2 ,  
and mixed-expired P C 0 2  obtained either by hand integration of 
the expired C 0 ,  tracing with respect to  volume or  by collection 
of expired gas. 

Technique. Alveolar gas tensions are very dificult to measure 
in the sick baby with a rapid breathing rate and irregular tidal 
volume. In ill babies, the alveoli may not empty uniformly 
making end-tidal tensions poor estimations of alveolar tensions 
(Fig. 7). Gas analyzers and mass spectrometers require a gas 
sampling rate of approximately 70 and 15 ml/min, respectively. 
We only accept end-tidal values when the mean expiratory flow 
rate is more than six times the sampling rate and the end-tidal 
plateau is more than three times the time constant of the gas 
analyzers and sampling system. This latter condition may not be 
achieved when the breathing rate is >90/min. 

The transit time and time constant are affected by the sampling 
rate, the catheter and connecting tubing dimensions, and the 
vacuum system. We use 75 cm of unheated polyethylene tubing 
(0.38 mm ID) and Duo-Seal pump with C 0 2  (Beckman LB2) 
and O2 (Applied Electrochemistry S3A) analyzers connected in 
series (39). A powerful vacuum pump is required to  create a 
pressure of -660 torr in the C 0 2  sample cell (106). A second 
Duo-Seal pump draws gas through a needle valve interposed 
between the 0 2  and C02 analyzers to the N, analyzer (Med 
Science 505). The transit time and time constant must be meas- 
ured in vitro with a square wave change of flow and gas concen- 
trations (Fig. 8). For these measurcments, the polygraph pens 
should be in phase and the equipment in the configuration used 
for the study. 

Ideal alveolar gas tensions (those present when there is no 
wasted ventilation or wasted perfusion) are calculated with the 
alveolar gas equation: PA02= PIO2 + [PACO2F1O2(1 - RQ)/RQ] 
- (PAC02/RQ) where PAO2 and P 1 0 2  are alveolar and inspired 
POz, respectively, PAC02 is the alveolar PCO2 assumed to equal 
arterial PC02,  F r o 2  is the fraction of inspired O2 and R Q  is the 
respiratory quotient. The respiratory quotient, C 0 2  output di- 
vided by O2 intake, has been measured (98, 107) or estimated 
( 103). 

As alveolar ventilation ( v ~ )  rcpresents the portion of minute 
ventilation that ~eaches  perfused alveoli, it is inversely propor- 
tional to K O 2 :  VA = VCO2(863)/PACo2 where VA is in ml/min 
BTPS, VC02 is the C 0 2  output in ml/min STPD, PAC02 is the 
alveolar K O 2 ,  assumed Jo equal arterial PC02,  and 863 is a 
constant which converts VC02 to BTPS and the fraction of COz 
to the partial pressure. The first measurements of alveolar ven- 
tilation in babies were made in this way (68, 107). As arterial 
P C 0 2  was used, physiologic dead space was calculated. 

When rapidly responding mass spectrometers and gas analyz- 
ers are available, thc Bohr equation is uscd to calculate dead 
space: V,,/V, = (PAC02 - PiC02) /PAC02 where PAC02 and 
P<02 are alveolar and mixed-expired PC02,  respectively. When 
ideal PAC02,  estimated by arterial P C 0 2  is used, physiologic dead 
space is calculated; when end-tidal P C 0 2  is used, anatomic dead 
space is calculated. We determine the mixed-expired PC02 with 
the integration method of Chu ct ul. (52) assisted by a computer 
and digitizer. Chu el a/. (52) found that the time constant 
correction resulted in a difference of <5%. We find a 5% error 

Fig. 7. End-tidal PO2 and PC02 in an I I-wk-old term baby with 
normal lungs ( A )  and an I I-wk-old premature baby (28 wk gestation) 
with severe chronic lung disease (I)). Note the normal PC02 and good 
alveolar plateaus in A contrasted with the high PC02, rapid breathing 
rate, and absence of alveolar plateaus in B. 
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Fig. 8. Calculation of transit timc and timc constant for alveolar gas 
tcnsions. Thc dottcd line marks thc cvcnt, a square wave change in flow. 
The transit timc (7'7') is the timc bctwccn the change in flow and the 
onsct of pcn dcflection. Thc time constant ( 7  ) is the time between the 
onsct and 63% of thc total pcn deflection. 

when the breathing rate is 30-60/min but a 25% error when it 
is >80/min and therefore apply it in every case. 

A~)])licution.s. Although alveolar ventilation is critical for gas 
exchange, it is rarely measured; the PaC02 is commonly used to 
estimate it. End-tidal gas tcnsions and alveolar ventilation meas- 
urements have been used to study the effects of surfactant 
replacement and diuretic therapy in sick babies (52, 87). 

Limitations. In babies with severe maldistribution of ventila- 
tion, it may be impossible to obtain alveolar plateaus (Fig. 7) 
and calculation of ideal alveolar PO2 is preferable. However, 
calculated ideal tensions are not always alveolar tensions. Corbet 
et ul. assumed that the arterial-alveolar PC02 difference was zero 
in normal infants and 15 torr in sick infants (103). The respira- 
tory quotient is usually assumed to be 0.7 or 0.8 and small 
deviations from this result in only small differences for PA02. 

DISTRIBUTION OF VENTILATION 

Ile/inition. Tests of the distribution of ventilation measure 
how evenly or unevenly inspired gas is distributed to all areas of 
the lung. 

B~clqroz~nd.  Strang and McGrath (44) were the first to meas- 
ure distribution of ventilation in well newborns. They used 
nitrogen wash-in after oxygen breathing and calculated pulmo- 
nary clearance delay as described by Fowler et al. (108). The 
following year, Nelson et a/. (102) made these measurements in 
sick newborns. More recently, radioactive tracers have been used 
to assess the distribution of ventilation (109, 110). 

'l'echn/yl/e. Most tests of the distribution of ventilation are 
based on measuring how efficiently a tracer gas is removed from 
the lung (washed out) or equilibrated within the lung (washed 
in). Mathematical expressions of this efliciency include pulmo- 
nary clearance delay, inspired gas distribution index, and mo- 
ment analysis (108, I 1 I ,  1 12). 

Nelson el ul. (102) used the method of Briscoe and Cournand 
(1 13) in which gas is sampled from the Rahn end-tidal sampler 
and FAN2 plotted on semilog paper as a function of time. When 
mass spectrometers and gas analyzers with suitable sampling 
rates are available, the method of Fowler et al. (108) is used. A 
semilog plot of FAN2 versus breath number is analyzed and the 
pulmonary clearance delay (PCD) is calculated: PCD = [(actual 
breath number-ideal breath number)/ideal breath number] x 
100%. The breath numbers are calculated from the semilog plot 
and represent the average number of breaths required to remove 
a molecule of gas. Hanson and Shinozaki (1 11) measured cu- 
mulative alveolar ventilation and calculated the inspired gas 
distribution index, the ratio between the ideal and actual cumu- 
lative alveolar ventilation values required to reduce FAN2 to 0.02. 
Weygandt (1 14) described a five-breath index of the distribution 
of ventilation. This attractive technique reduces the duration of 
hyperoxia, but has not been used in babies. 

A/)plication.s. Distribution of ventilation is commonly meas- 
ured in adults but only rarely in babies. It is markedly abnormal 
in babies with chronic lung disease and may become a very 
important measurement as this population grows (I 15). Pulmo- 
nary clearance delay is most useful for studying these babies and 
their response to therapy. Heaf et al. (1 10) used "Kr ventilation 
scans in babies with unilateral lung disease and found, in contrast 
to the adult, that gas exchange was improved with the good lung 
uppermost. 

Limitations. The calculation of pulmonary clearance delay by 
the method of Fowler et 01. (108) depends on the accurate 
determination of mixed-expired N2 or end-tidal N2. When severe 
maldistribution of ventilation is present, end-tidal plateaus may 
not be obtained. As oxygen breathing may result in resorption 
atelectasis, areas of low ventilation/perfusion ratio may not be 
detected (62). 

The use of radioisotopes is limited. The half-life of '% is 10 
min; "Kr has a low radiation dose and is eluted from "Rb (half- 
life, 4.6 11). "'Xe has a high radiation dose and is soluble in 
tissues permitting only single views. These techniques are rarely 
used for research because of ethical and technical considerations. 

PERFUSION AND THE VENTILATION/PERFUSION 
RELATIONSHIP 

Definition. Pulmonary capillary perfusion ( Q ~ C )  is the volume 
of blood flowing through the lungs, composed of blood that 
participates in gas exchange (effective) and that which perfuses 
nonventilated or underventilated alveoli (shunted). 

The PO2 and PC02 of blood leaving the lungs depend not on 
ventilation alone or perfusion alone, but on the relationship 
between alveolar ventilation and pulmonary capillary perfusion 
(67). When there is perfect matching of ventilation and perfusion, 
there is virtually no wasted ventilation or wasted perfusion. The 
pioneering work of Riley and Cournand (101), Rahn and Fenn 
(1 16), and West (1 17) in understanding the importance of this 
relationship has been applied to well and sick babies by exam- 
ining alveolar-arterial gas differences and the measured or cal- 
culated ventilation/perfusion ratio. 

Background. Effective pulmonary capillary perfusion has been 
measured in well and sick babies using the soluble gases freon 
(52) and nitrous oxide (1 18, 119). The total shunt fraction 
(venous admixture) has been calculated in well and sick babies 
with the Berggren equation (120). Cardiac catheterization and 
injection of radioactive tracers have been used to measure total 
pulmonary blood flow (76). 

The ventilation/perfusion relationship was first assessed in 
babies with the alveolar-arterial differences for C02 ,  0 2 ,  and N2. 
Using the arterial-alveolar PC02 difference, Nelson et al. (105) 
suggested that the lung of the newborn M ith respiratory distress 
is overventilated relative to perfusion arid, using the alveolar- 
arterial PO2 differences in air and oxygen, they suggested that 
there was a significant right-to-left shunt in well and sick babies 



(102). This latter finding was not confirmed by Ledbetter et al. 
(121) who found significant mismatching of ventilation and 
perfusion (rather than right-to-left shunt) in well babies as evi- 
denced by a high urinary-alveolar PN2 difference; urinary PN2 
was uscd to csti~uatc arterial PN2. 

Technique. For the noninvasive measurement of effective pul- 
monary capillary perfusion (Qpc em,  the baby rebreathes from 
a bag containing a known amount of nitrous oxide in oxygen. 
VT is measured with a flowmeter or spirometer (I 18, 119). The 
decrease in gas concentration is proportional to the effective 
pulmonary capillary perfusion, the solubility of the gas in blood, 
and the lung volume. Qpc eff = (VN20) 60 /FAN20 X t where 
V N 2 0  is the N 2 0  uptake in ml during t s, FAN20 is the mean 
alveolar N 2 0  concentration, and X is the solubility of N 2 0  in 
cord blood in ml N20/ml  blood. The percent of.shunted blood 
is calculated with the Berggren equation: Qs/Qt = (Ck02 - 
CaO2)/(CkO2 - CV02) (120) where Ck02  is the end pulmonary 
capillary O2 content in ml 0 2 / m l  blood calculated from the ideal 
alveolar PO2 (101), CV02 is the mixed-venous O2 content as- 
sumed to be 0.02 or 0.03 ml 0 2 / m l  blood less than arterial 
content (122). Invasive measurements of pulmonary blood flow 
include cardiac catheterization and injection of radioisotopes. 
During cardiac catheterization, pulmonary blood flow is ealcu- 
lated using the Fick principle by the measurement of O2 con- 
sumption and the arterial-venous O2 difference. Radioisotope 
studies involve thqinjection of ""e, "N, or '9Te-labeled albu- 
min (76). 

The alveolar-arterial PO, difference represents the right-to-left 
shunt caused by diffusion impairment, low ventilation/perfusion 
ratio, and anatomic shunt (1 17). Theoretically, true anatomic 
shunt is measured during breathing of 100% O2 which overcomes 
both the diffusion barrier and mismatching of ventilation and 
perfusion. However, resorption atelectasis may occur creating a 
greater right-to-left shunt. The arterial-alveolar PN2 difference 
reflects only areas of low ventilation/perfusion ratio and the 
arterial-alveolar C 0 2  difference reflects areas of high ventilation/ 
perfusion ratio (alveolar dead space). 

The ratio of alveolar ventilation to pulmonary blood flow is 
calculated by measurement of both or  with the equation: VA/ 
Qpc = K(Ci.02 - CV02)/(P102 - PA02) where P102 and PA02 
are inspired and alveolar PO2, respectively, and K is a constant 
which converts the units to  BTPS, the fractions of gases to  the 
partial pressures and corrects for the effect of R Q  on PA02;  if 
R Q  = I, K = 863 (67, 1 17). The ratio thus calculated represents 
an average for the whole lung, and in normal adults, is approxi- 
mately 0.8. However, even in normal lungs, there is a spectrum 
of ventilation/perfusion ratios; the apex is relatively overventi- 
lated and the base, relatively overperfused. This is illustrated 
with the 0 , -C02  diagram (Fig. 9) (1 16). In sick babies, the 
spectrum of ventilation/perfusion ratios is certainly greater. In- 
creased right-to-left shunt causes the arterial PO2 and P C 0 2  to 
move away from the ideal alveolar PO2 and P C 0 2  toward the 
mixed venous point and increased alveolar dead space causes the 
alveolar PO2 and P C 0 2  to move toward the inspired gas point, 
resulting in large alveolar-arterial differences for both O2 and 
CO, (1 17). 

Applications. These techniques have been used in babies to  
understand how the lung functions in health and disease. The 
ideal alveolar-arterial PO2 difference is the most widely used 
assessment of the ventilation/perfusion relationship (102, 123, 
124). As this difference is affected by the inspired 0 2 ,  the ratio 
of alveolar to arterial PO2 and the ratio of F102  to arterial POz 
have been used to compare babies when S O 2  varies. Adamson 
et a/. (125) calculated anatomic shunt (in 0 2 )  and venous admix- 
ture (in air) in babies with respiratory distress syndrome and 
chronic lung disease and found decreased anatomic shunt but 
increased venous admixture in the latter group. 

Limitations. The noninvasive technique for pulmonary capil- 
lary perfusion measures only flow through ventilated alveoli, 
whereas the invasive techniques measure total flow. The latter 
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Fig. 9. The 02-C02 diagram illustrating gas excliange in a lung with 
a poorly pcrfused upper zone and a poorly ventilated lower zone. Only 
the middle zone is contributing significantly to gas exchange. Increased 
shunt causes the arterial point (a) to move away from the ideal point (i) 
along the blood RQ line toward the mixed venous point ( 8 ) .  Increased 
alveolar dead spacc causes the alveolar point ( A )  to move away from i 
along the gas RQ line towards the inspircd point (I). Thesc result in large 
alveolar-artcrial differences for O2 and C02, 80 and 20 mm Ng, respec- 
tively. [Adapted from West ( I  l7).] 

techniques are on!y rarely used for research. Both the Berggren 
equation and the V/Q equation make assumptions regarding the 
arterial-venous 0, difference, the affinity of fetal hemoglobin for 
0 2 ,  and the pulmonary capillary PO2. 

CONTROL OF VENTILATION 

Definition. Richards (126) described the control of breathing 
as a strange phenomenon "caught midway between the conscious 
and the unconscious, and peculiarly sensitive to  both." The 
conscious responses are controlled by the cortex and the uncon- 
scious and vagal responses are controlled by the brain stem (Fig. 
10) (127). In the newborn, control of breathing is unique because 
it varies with maturity, activity, noise level, oxygenation, and 
temperature ( 128). 

Background. Much time and effort was devoted to discovering 
the cause of the onset of breathing at  birth (129-1 3 1). Although 
in 1905, Ahlfeld (132) described breathing movements in utero, 
most physiologists discounted his work and unquestioningly 
accepted Barcroft's (129) findings of apnea in the unasphyxiated 
exteriorized lamb fetus. In 1960, there were three theories about 
peripheral chemoreceptor function in the newborn: Girard et al. 
(133) believed that it was absent a t  birth, Miller (134) believed 
that it was weak, and Cross and Warner (135) believed that it 
was hyperactive. Both Miller ( 134) and Cross et a/. ( 136) believed 
that central chemoreceptor function was mature in term and 
preterm infants. For many years, 5% C 0 2  in oxygen was used 
for resuscitation of the newborn in the belief that C 0 2  would 
initiate breathing. 

Difficulties in understanding peripheral chemoreceptor func- 
tion in newborns were relatcd to  the biphasic response to  low 
oxygen (an immediate hyperventilation followed by a depression 
in breathing) (136-138). Ceruti (139) found that the initial 
hyperventilation was abolished in a cool environment (Fig. I I). 
Both Cross et al. (136) and Rigatto and Brady (140) attributed 
the depression in breathing to a central hypoventilation since 
low O2 decreased the C 0 2  response and high O2 increased it 
(141). These findings, unique to term infants for the first 2 wk 
of life and preterm infants for the first 4 wk, were consistent with 
the rediscovery of fetal breathing movements in 1977 which 
cease with hypoxemia and increase with hypercapnea (142). 
Central chemoreceptor responses were found even in very im- 
mature infants, but the slope of the C 0 2  response curve was 
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Fig. 10. Diagram of the brain centers, peripheral chemoreceptors, 
and cffcctors in man. The peripheral chemoreceptors respond to de- 
crcascd PO2 and pH and increased PCOz and the ccntral chemoreceptors 
respond to decreased PC02 and pH. [Adapted from Berger et a/. (127).] 

shifted to the right, probably due to their unstable chest wall and 
FRC (143). 

7echtiiclire. Chemorcceptor control is tested by measuring the 
changes in minute ventilation in response to a change in inspired 
oxygen or carbon dioxide and vagal control, by the changes in 
thc duration of inspiratory effort during airway occlusion. 
Ideally, studies are performed during quiet sleep determined by 
an EEG (128) but often sleep state is inferred from behavior 
(144). The infant should be in a neutral thermal environment 
(1 39) and thc concentrations of inspired and expired O2 and C 0 2  
must be measured precisely to  bc sure of the stimulus. T o  
evaluate the peripheral chemoreceptors in older infants, a 30-s 
challenge of high or low O2 is adequate; in younger infants, 2-3 
min are required to elicit the biphasic response. T o  evaluate the 
central chen~oreceptors, air and one or two levels of C 0 2  (2% 
and 4-5% COz) are administered for 4-6 min each. The change 
in minute vcntilation in response to  a change in arterial, end- 
tidal, or skin surface P C 0 2  is calculated (the C 0 2  response curve) 
(145). Because of difficulties in keeping a mask or nose piece 
over the sleeping infant's face, we have devised a method using 
only a nasal catheter to measure inspired and expired CO2 and 
O2 (146). Other investigators have looked at  arousal response, 
thc lowest end-tidal C 0 2  which produces arousal from sleep 
during hypercapnea (147). Vagal reflexes are measured by occlu- 
sion ofthc airway at  end-expiration (Fig. 12) (148). The duration 
of the subsequent inspiratory effort is compared with the unoc- 
cluded inspiratory timc and pcrccntagc prolongation calculated. 
High values suggest active vagal reflexes and low values, absent 
ones. Many trials and a rapid paper speed (100 mm/s) are 
essential for valid results. 
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Fig. I I .  Ventilatory response of the newborn to hypoxia. In a warm 
(neutral thermal) environment, there is a brief hyperventilation which is 
followed by a depression in breathing; in a cool environment, the 
hypcrvcntilation is abolished. [From Ceruti (139). Reproduced by per- 
mission of I'ediutrics.] 
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Fig. 12. Airway occlusion at end-expiration in preterm and term 
infants. In the preterm, occluded inspiratory effort is prolonged (1.1 
ver:slt.s 0.3 s) suggesting an active Hering-Breuer rcflcx; in the term infant, 
it is not (0.65 versus 0.7 s). [Redrawn from Olinsky et ul. (148).] 

A~~l~l~cufrons .  There are many opinions and a plethora of 
studies, but no clear evidcncc that studies of control of ventilation 
are of value in detecting the infant who is a t  risk for prolonged 
apnea or sudden infant death syndrome. C 0 2  responses are 
neither very reproducible nor easy to obtain. However, preterm 
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infants with recurrent apnea may have a reduced C 0 2  response 
(149) and a n  absent response (less than 10 ml/kg/min/torr PCOJ 
is diagnostic of central hypoventilation syndrome. In all these 
infants, the response to therapy can be monitored by this tech- 
nique. 

Limitutions. Adequate evaluation of the central chemorecep- 
tors requires at least 10 min of quiet sleep (5 min of air and 5 
min of C 0 4 .  Values obtained before the 4th min of hypercapnea 
underestimate the response. There is no consensus about the 
effect of chloral hydrate on the results but it is unlikely that 
arousal responses are valid if sedation is used. 

COMMENT 

Many pulmonary function techniques used in adults, even 
when modified for well newborns, are unsuitable for sick or  small 
newborns. The frailty of these babies magnifies the difficulties of 
performing research. Clearly, however, efforts have been worth- 
while; much has and is being learned about pulmonary disorders 
in the newborn. 

Pulmonary function testing has become commonplace in adult 
medicine and is used routinely by the clinician. Many of the 
same tests are used only for research by those who care for sick 
newborns. Self-contained, on-line, computerized systems may 
make pulmonary function testing in newborns more common. 
It would be unfortunate, however, if these systems d o  not receive 
the same rigorous quality control that research pulmonary func- 
tion laboratories follow. 

Measurement of pulmonary function in babies has been de- 
veloping for almost a century. We anticipate with excitement the 
developments of the next decade. 
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