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Respiratory disease is now the number one cause of morbidity
and mortality in infants worldwide. Advances in neonatal care are
continuing to increase the rates of survival of prematurely born
infants with respiratory disease. Rapid progress in the basic
sciences is providing new diagnostic and therapeutic approaches
for the management of respiratory disease. In the first 18 months
of life the respiratory system undergoes extraordinary functional
developmental changes. Until recently, however, our knowledge
of the normal mechanical properties of the developing human
lungs and airways during this period of rapid growth has been
extremely limited. Similarly, it has been difficult to assess the ef-
fects of disease and the responses to therapeutic interventions
in infants.

In the last decade many new and innovative methods for as-
sessing pulmonary function in infants have been developed, while
older, classic techniques have continued to evolve. Studies using
these methods have already provided valuable insights into the
normal process of growth and development of infant lungs and
airways. The effects of various prenatal and postnatal biologic,
mechanical, and environmental insults that disrupt this normal
process and result in dysfunction are also now being character-
ized quantitatively using these measures.

Tests of pulmonary function in infants are now being used world-
wide. Although our understanding of the physiologic basis for many
of these measurements remains incomplete, they are yielding im-
portant new information about the respiratory problems of infancy.
The marketing of commercial devices has made the technology
for these measurements widely available. However, procedural
guidelines and equipment standards for these tests have not yet
been developed. Given the worldwide importance of respiratory
disease in early life and the new therapeutic approaches originat-
ing from advances in the basic sciences, there has been a grow-
ing need for a coordinated effort to understand, develop, and stan-
dardize methods for assessing pulmonary function in infants. This
process was initiated in 1989 with the report of European Society
for Clinical Respiratory Physiology on the standardization of lung
function tests in pediatrics (1). This review encompassed many
aspects of infant lung function testing, including the measurement
of lung volumes, respiratory mechanics, and FEF in infancy.
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In order to further this process, a group of experts in the field
of infant respiratory mechanics convened under the auspices of
the American Thoracic Society and the European Respiratory So-
ciety in January 1991. Their aim was to (7) determine what was
known about currently available tests and (2) define what further
information needed to be learned before the process of standardi-
zation could begin. The purpose of this Statement is thus to sum-
marize what is known and agreed upon by investigators in this
field, and thereby provide the scientific basis for the future stan-
dardization of infant pulmonary function tests.

Tests of pulmonary function in infants are summarized in four
sections: MEASURES OF FORCED EXPIRATORY FLOW, MEASURES
OF COMPLIANCE AND RESISTANCE, MEASURES OF LUNG VOLUME,
and OTHER TESTS (including measures of tidal volume and respi-
ratory pattern, chest wall motion, and gas mixing). Each section
is organized under the general subheadings of INTRODUCTION,
METHODS (what is known), CURRENT CONTROVERSIES (what is
not known, uncertain, or controversial), and FUTURE DIRECTIONS
(what needs to be known). A critiqgue of the available reference
values is presented for each category of measures.

MEASURES OF FORCED EXPIRATORY FLOW
Introduction

The maximal expiratory flow volume (MEFV) relationship was first
described by Hyatt and coworkers in 1958 (2). In the years since,
research has established that maximum expiratory flow (MEF) on
the descending portion of the MEFV curve is independent of ef-
fort (flow limitation) and reflects airway caliber upstream (periph-
eral) from the airway segment subjected to flow limitation (3, 4).
The measurement of MEF has been standardized and has come
to play a central role in the clinical evaluation of lung function as
a sensitive test of abnormalities in the intrathoracic airways. The
ability to measure MEF reproducibly has expanded our knowl-
edge of normal and abnormal human lungs, thus contributing
greatly to the diagnosis and treatment of lung disease in adults
and older children.

In the last decade, two methods have evolved to allow the forced
expiratory flow-volume relationship to be examined in infants. The
first, the forced defiation technigue, was initially described in 1977
(5). In this technique the lungs are inflated to a pressure of 40
em H,0 and then deflated rapidly to residual volume (RV) by a
sudden exposure to negative pressure. The advantage of the
forced deflation method is that it generates increased flows over
the entire range of the vital capacity (VC). The disadvantage of
this technique is that it requires endotracheal intubation as well
as deep sedation and muscle relaxation. These requirements limit
its use to intensive care or surgical settings. The second tech-
nique, rapid thoracoabdominal compression (RTC), was described
in 1978 (6) and later modified (7). In this technique, forced expira-
tory flows are produced by the sudden application of a compres-
sive pressure to the thorax and abdomen at end-tidal inspiration.
The advantage of the RTC method is that it is relatively noninva-
sive and can be performed in the clinical setting with neither intu-
bation nor deep sedation (8). This technique has the disadvan-
tage of producing only a partial expiratory flow-volume (PEFV)
maneuver. Also, it is unclear at present whether or not flow limita-
tion is achieved using this method.

Much controversy remains regarding the comparability of the
forced flows produced by these two methods in infants with the
flows measured in adults and older children during voluntary forced
expiratory maneuvers. Nonetheless, the results of studies using
these techniques document their value as research tools. The use
of forced expiratory flow measurements to assess lung function
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in infants has extended our understanding of the normal growth
and development of the lungs during infancy (3-11) and helped
to describe the pulmonary abnormalities seen in acute and chronic
infantile lung diseases (12-18). Both methods have also helped
to define the onset of and recovery from bronchopulmonary dys-
plasia (BPD) in prematurely born infants. Much remains to be
learned, however, about the treatment and management of both
the acute and the chronic aspects of the pulmonary sequelae of
premature birth. Measurements of forced expiration are central
to the management of lung disease in older children and aduits
with cystic fibrosis (CF). RTC measurements have been used in
infants with CF (19, 20) to define the severity of disease at diagno-
sis and to measure the short-term effects of antibiotic and bron-
chodilator therapy.

Studies using various bronchodilator and bronchoconstrictor
stimuli have shown that normal infants and infants with wheezy
bronchitis, CF, or neonatal lung disease have significant airway
reactivity (14-27). Bronchoconstrictors, however, have produced
substantial decreases in flow in a large percentage of otherwise
healthy infants (21, 22), and bronchodilators have produced para-
doxic decreases in forced flows in some wheezy infants (25). Al-
though the significance of these changes in forced expiratory flow
after bronchial challenges are not yet fully understood, further
application and development of forced expiratory methods should
help to define the origins of infantile and childhood asthma.

Forced expiratory flow measurements have revealed not only
levels of dysfunction and responses to therapy in infants with re-
spiratory disease, but also characteristics of normal infants who
are at increased risk for later respiratory problems. Epidemiologic
population studies have suggested that altered airway function
precedes and predicts recurrent wheezing and an increased in-
cidence of lower respiratory illness in infancy (11, 28). Studies in
normal infants have further suggested a significant negative ef-
fect of maternal smoking during pregnancy on infant lung func-
tion (24, 29).

Although the current methods of measuring forced expiratory
flows in infants have provided much information, many concerns
still exist regarding the techniques and the interpretation of the
measurements obtained (30-33). Further research to develop and
standardize these tools, however, should improve their utility.

Methods

Forced deflation technique. This technique is limited to infants and
children who already have an endotracheal tube or a tracheos-
tomy. The subject must be deeply sedated or under general
anesthesia with or without muscle relaxation. For the test proce-
dure (5, 14), the lungs are inflated manually with a breathing bag
to +40 cm H,O of airway pressure, defined as total lung capacity
(TLC), and held for 2 to 3 s. Manual inflation is performed four
times to recruit lung volume from previously closed or atelectatic
segments and to establish a consistent volume history. On the
fourth inflation, after TLC has been reached and maintained for
a few seconds, an air-tight slide valve is pushed open, suddenly
exposing the endotracheal tube via a pneumotachograph to a
100-L capacity, constant negative pressure source (—40 cm H,0).
The valve is held open until the expiratory flow ceases at RV or
for a maximum of 3 s (FEV,). In healthy infants RV is reached (i.e.,
FVC is produced) within 1to 2 s.

Immediately, the slide valve is pushed closed, reconnecting
the endotracheal tube to the breathing bag. The lungs are rein-
flated to TLC with an oxygen-enriched gas mixture several times
to ensure full reexpansion before tidal ventilation is resumed.
Throughout the forced deflation procedure, the subject is con-
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tinuously monitored with a pulse oximeter to assure adequate oxy-
genation.

The flow signals and integrated volume signals are plotted in-
stantaneously on a storage oscilloscope to produce an MEFV
curve. The maneuver is repeated until three virtually identical
MEFV curves are superimposed on the oscilloscope screen. Al-
ternatively, flow signals may be A/D converted, and the MEFV
curves produced by a computer.

With this technique, MEFV curves and FVC are highly repro-
ducible unless previously collapsed airway segments are succes-
sively recruited by lung inflation. MEF is measured at 25% and
10% of FVC from RV (MEF,s and MER,, respectively) and the ra-
tios of MEF,/FVC and MER,/FVC are calculated as indices of the
rate constant of the upstream airway segment (34). Flows are mea-
sured low in the VC (MEF,s, MER,) to help ensure that flow limita-
tion has been achieved. Flows > 30% of VC appear not to be at
flow limitation. Further, artifact introduced by the endotracheal
tube acting as a critical orifice may also occur at lung volumes
> mid-VC. )

In eight healthy infants undergoing elective surgical procedures
under general endotracheal anesthesia, the deflation negative
pressure applied at TLC was decreased successively from —40
cm H,0 to —10 cm H,0 to determine the pressure necessary to
produce flow limitation (Motoyama EK, unpublished observations,
1990). At 25% FVC from RV, which is near FRC, the negative pres-
sure necessary to produce flow limitation ranged from —-25to -30
cm H,0. In contrast, infants with lower airway obstruction (15) re-
quired much less pressure to produce flow limitation at FRC. Ac-
cordingly, a deflation negative pressure of —40 cm H,0 has been
used routinely to ensure flow limitation at and below 25% of VC
in all infants studied as well as to determine TLC in the forced
deflation technigue.

Rapid Thoracoabdominal Compression Technique

For an RTC maneuver, infants are usually sedated with 50 to 100
ma/kg of chloral hydrate given orally. The RTC technique produces
forced expiratory flows by applying a sudden pressure to the tho-
rax and abdomen at end-tidal inspiration using an inflatable
thoracoabdominal jacket connected to a positive-pressure reser-
voir (8, 32). Compression is usually maintained for 1 s, but a longer
time may be required in some infants with severe obstruction. Flow
is measured at the mouth using an appropriately sized pneu-
motachograph with a face mask. To reduce potential leaks, either
petroleum jelly or a silicone putty sealant is applied to the face
mask before placement. Flow signals are integrated to obtain vol-
ume signals, and the flow-volume plot is displayed in real time
on an oscilloscope screen or computer monitor. Before the RTC
maneuver, a reproducible end-expiratory point, or FRC, is estab-
lished on the volume axis by at least three tidal breaths. RTC at
end-inspiration then produces a PEFV curve with exhalation con-
tinuing to a point below FRC. FRC has been the most commonly
used reference point (8) for the measurement of forced expira-
tory flow by this technique. The jacket compression pressure is
steadily increased until no further increase in flow at this FRC
point is observed.

The compression jacket should have a noncompliant outer sur-
face and an inflatable inner surface, and it should cover the en-
tire thorax and abdomen. The jacket should be wrapped snugly
around the infant, with the arms outside (35), but not so tightly
that it decreases FRC. The jacket should be inflated rapidly, so
that peak jacket pressure is reached in 50 to 100 ms. In normal
infants the PEFV maneuver may be completed within 200 ms. For
this reason, the frequency response of flow and pressure mea-
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suring devices should be linear through at least 10 Hz. The true
frequency content of PEFV maneuvers, however, remains to be
studied in depth, and the value of 10 Hz is probably an underesti-
mate. Nonlinearity in the frequency response can result in over-
estimation or underestimation of rapidly changing flows. Further-
more, in computer-based systems the digital sampling rate needs
to be at least 64 Hz with 12-bit resolution, to allow adeguate fre-
quency response and accurate digital integration.

The jacket pressures used to produce forced expiratory flows
in infants have ranged from 40 to > 80 cm H,0. In many infants
with significant airway obstruction, reproducible PEFV curves can
be generated using a jacket pressure of 40 cm H,0 or less. Addi-
tional increases in jacket pressure in such infants have been shown
to decrease flow (9, 36). In normal infants, jacket pressures of 80
cm H,O or more may not produce flow limitation. Pressures of
up to 100 cm H,O have produced steadily increasing flows in some
infants. Most investigators have placed a limit on the maximal
jacket pressure to be used. As the pressure actually transmitted
to the pleural space is probably influenced by such factors as the
construction of the jacket and how tightly the infant is wrapped
in the jacket, it is impossible currently to specify a maximum com-
pression pressure that will guarantee flow limitation in all infants.
Thus, the jacket compression pressures used to produce forced
expiratory flows should always be reported. Furthermore, some
authors have suggested that the efficiency of jacket pressure
transmission is variable and should be measured and reported
as well (36).

Because it is uncertain whether this technique produces flow
limitation at wave speed, most investigators have judged the quality
of the resultant PEFV curves in terms of their shape. An “accept-
able” PEFV curve is generally triangular, with the flow-volume rela-
tionship rising sharply to a peak and then falling smoothly to a
point below the initial end-expiratory volume. Irregular or jagged
curves are usually considered to have been distorted by pharyn-
geal or glottic closure. This problem can often be remedied by
gently extending the infant’s neck. Infants frequently inspire be-
fore the completion of chest compression. Curves that end near,
at, or above the resting end-expiratory volume are generally con-
sidered to have been distorted by inspiratory effort and are unac-
ceptable.

How best to compute the values of flow measured at FRC is
unclear. In most studies the intrasubject coefficients of variation
(CV = SDfmean x 100) for technically acceptable flows measured
at FRC have been approximately 10 to 15% within a single test
session (9). It seems reasonable to attempt to obtain three maxi-
mal measurements varying by no more than 10% and to report
the final result as the mean of those three values. Some have ar-
gued on a physiologic basis that only the highest flow achieved
should be reported, as this flow must represent the flow nearest
to maximal flow. To the degree that the flows produced by the RTC
technique exceed those during tidal breathing, they may provide
a useful forcing function to evaluate the respiratory system even
if flow limitation is not reached.

Current Controversies

Forced deffation technigue. The use of the forced defiation method
in obtaining MEFV curves has been limited to a small number
of institutions and essentially the same technique as originally
described (5, 14). As a result, controversies in terms of procedural
standards have not emerged. The potential controversies include
the following: Various sedatives, anesthetics, muscle relaxants,
and adjuvant medications may affect bronchomotor tone, com-
pliance, and lung volume. Inhaled anesthetics, such as halothane
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and isoflurane, and anticholinergic drugs, such as atropine, are
potent bronchodilators, affecting different segments of the airway
system, whereas morphine and the muscle relaxant d-tubocurarine
are potential bronchoconstrictors by causing histamine release.
Although clinically significant alterations in vital signs with the
forced deflation method have not been reported, repeated maneu-
vers may result in hypocapnia, affecting vascular and broncho-
motor tone. Further, the positive pressure used to inflate the lungs
may impede venous return to the right side of the heart, espe-
cially in hypovolemic subjects. Continual monitoring of vital signs
with pulse oximetry and other means is indicated.

The use of an endotracheal tube may influence the site of flow
limitation and prevent movement of the choke point upstream dur-
ing deflation. The effect of the endotracheal tube needs to be stud-
ied; however, measuring flow at a low lung volume (MEF,s, MEFR,),
may avoid this problem in infants. In older children and adoles-
cents care needs to be taken to ensure that the tube is not acting
as a critical orifice preventing flow limitation in the tracheobron-
chial lumen. In patients in the intensive care unit, the fraction of
inspired oxygen (Flo,) should be increased during a forced defla-
tion maneuver, to ensure optimal hemoglobin saturation and tis-
sue oxygen delivery. When different gas mixtures (increased Fio,,
nitrous oxide, helium) are used, the calibration of the pneu-
motachograph should be adjusted for the alteration in gas physi-
cal properties. Finally, the impact of altered volume history on lung
function in infancy needs to be delineated. Measurements of MEF
after repeated recruitment of airspaces may not represent airway
function at steady state. Further, the impact of altered volume his-
tory on airway and parenchymal characteristics needs to be de-
fined in infants with and without lung disease.

Rapid thoracoabdominal compression technique. Controversy
surrounds almost all aspects of the RTC method. The most criti-
cal question, however, is whether or not physiologically determined
flow limitation is reliably produced by RTC. Flow limitation is usu-
ally documented using isovolume pressure-flow curves in adults
(2). These have not been successfully obtained in normal infants,
however. Although flow-limited isovolume pressure curves have
been demonstrated during RTC maneuvers in infants with severe
airway obstruction, flow limitation in normal infants has not been
clearly or consistently documented using this standard method.
In infants with BPD, most of whom were near fiow limitation dur-
ing tidal breathing, a clear plateau in the pressure-flow curve rela-
tionship was observed with a minimal increase in the pressures
applied to and transmitted across the chest wall (37, 38). In in-
fants with less severe airway obstruction or normal airway func-
tion, higher intrathoracic pressures are required to produce flow
limitation at FRC and a plateau in the isovolume pressure-flow
relationship. Using the forced deflation technique, airway pres-
sures of =25 to =30 cm H,0 are required to produce consistent
flow limitation at low lung volumes near FRC (25% FVC) in in-
tubated, anesthetized, paralyzed infants with normal lung func-
tion (see METHODS: FORCED DEFLATION TECHNIQUE). Measure-
ments of intrathoracic pressure during a dynamic RTC maneuver
suggest that only approximately 25% of the applied jacket com-
pression pressure is transmitted to the pleural space at FRC (7,
37, 39). This means that even with jacket pressures of 80 cm H,0O
only about 20 cm H,0 is transmitted across the chest wall to pro-
duce the flows observed. Thus, it is not surprising that most in-
vestigators are uncertain of the ability of RTC to produce flow limi-
tation in normal infants. When infants undergo RTC under assumed
static, relaxed conditions (obstruction at the mouth), from 60 to
80% of jacket pressure appears to be transmitted through the tho-
rax (36). It has been suggested (30, 33) that this difference in trans-
mission between dynamic and static conditions may be explained
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by reflex inspiratory activity induced by sudden thoracoabdomi-
nal compression. Diaphragmatic contraction or an increase in
chest and abdominal wall resistance may account in part for the
inefficient transmission of pressure during a dynamic RTC ma-
neuver.

As an alternative method of assessing flow limitation during
RTC, the superimposition of an oscillatory pressure wave obtained
at the chest wall has been studied (40). The disappearance of
flow oscillations measured at the mouth is proposed to signal the
onset of physiologic flow limitation in the airways. Although this
technique looks promising, additional measurements of in-
trathoracic pressure and simultaneous corroboration of flow limi-
tation using isovolume pressure-flow curves will be necessary to
document its validity. To date, flow limitation as evidenced by a
maximal flow plateau in the isovolume pressure-flow curve has
not been consistently demonstrated during RTC in normal infants
(41). Although flow limitation is not produced in all infants, the
results of studies in both normal infants and those with airway
obstruction document the utility of the RTC technique. Without
true flow limitation, however, comparisons between and within in-
dividuals are problematic.

A potential source of error in PEFV measurement that has not
been investigated in infants is the use of integrated flow at the
mouth to describe volume. Because of intrathoracic gas compres-
sion in subjects with obstructive lung disease, the flow-volume
relationship may be systematically altered unless volume is mea-
sured by plethysmography (42, 43).

Increased upper airway resistance may represent another
source of interference in the measurement of intrathoracically de-
termined flows. Care must be taken to prevent nasal compres-
sion, and the head and neck must be positioned to minimize pha-
ryngeal narrowing. Reflex glottic closure may cause problems in
some infants. Compression of the chest wall in lambs elicits glot-
tic closure, and most investigators have observed rapid decreases
in flow during RTC maneuvers that are compatible with glottic clo-
sure (32, 33, 44). Although glottic closure at FRC makes it impos-
sible to determine flow at FRC, the effect of earlier or partial glot-
tic closure remains poorly defined (45).

Levels of end-expiratory lung volume are actively controlled
in infants and consequently may be variable. Variations in end-
expiratory level of lung volume or FRC may affect measurements
of flow at FRC. Measured flows are likely to increase if end-
expiratory level increases and to decrease if end-expiratory level
decreases. This problem is particularly acute when the response
to bronchodilator or bronchoconstrictor agents is being evaluated.
Measuring lung volume by gas dilution or plethysmography may
help to limit the variability, but is only a partial solution to the prob-
lem because of the additional errors inherent in volume measure-
ments.

The flow-volume relationship produced by the RTC method,
even if flow is limited, represents only a small, low-lung-volume
segment of the full MEFV curve. This segment is highly variable
and extremely sensitive to even minor changes in airway func-
tion. Many of the problems encountered in the RTC method might
be solved if techniques were developed to measure the flow-
volume relationship in infants over a larger portion of the VC range,
as in the forced deflation method. Preliminary efforts using the
expiratory volume clamping technique and positive-pressure in-
flation through a face mask in sedated infants appear to offer prom-
ise (46).

Standardization of the RTC technigues presents many prob-
lems, and much remains to be learned about the effects of seem-
ingly minor procedural changes on the flow-volume curves pro-
duced. In all reported studies, the methods used should be
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specified in detail, as such variations in procedure may explain
the sometimes large discrepancies in results from different labora-
tories.

Reference Values and Interpretation

Because of the difficulty of recruiting normal subjects and the lack
of standardized procedures, adequate reference values for these
technigues are lacking.

Forced deflation technique. Although no reference values are

available for the forced deflation technique, limited data have been
published (5, 14-17). In six otherwise healthy newborn infants un-
der general anesthesia for elective surgery (16), the mean (+ SD)
MEF,; was 49 = 16.2 ml/kgls, and the mean MEF,/FVC was 1.12
+ 0.27/s. In four sedated and intubated preterm newborn infants
with a mean gestational age of 27.7 wk and no apparent lung dis-
ease (14), the mean MEF,, was 95 + 27.7 ml/kg/s, and the mean
MEF,¢/FVC was 1.67 + 0.38/s. When adjusted for weight and lung
volume, the values in the preterm infants were much higher than
those in full-term newborns (16, 17).

Rapid thoracic compression technique. Limited reference
values are available for the RTC method. Only two studies have
reported flow measurements generated by RTC in large numbers
of normal infants. In 1986, forced expiratory flow measurements
taken in 120 normal infants from Tucson, Arizona, were reported
(9), and in 1990, a report of 148 measurements in 72 normal in-
fants from Boston, Massachusetts, was published (10). In the Tuc-
son series, flow measured at FRC was related to body length by
the equation: flow at FRC (ml/s) = 45 x length (cm) — 123. In
the Boston series the relationship was: flow at FRC (ml/s) = 9.67
x length (cm) = 399.8. The results from these two studies ap-
pear to differ, as the second equation reflects a more rapid in-
crease in flow measured at FRC with increasing body length than
does the first. The measured flows in infants less than 3 months
of age were similar in both studies. In the Tucson study, most in-
fants measured were less than 3 months of age (< 80 cm in length).
The Tucson study also reported flow measurements from five nor-
mal full-term and six normal premature newborns, which were
higher than those in normal infants 1 to 3 months of age, a find-
ing that remains unexplained. The increased flows in newborns,
coupled with the relative paucity of measurements from infants
longer than 85 cm (older than 6 months), in the Tucson study ap-
pear to account for the slower increase in measured flow at FRC
with increasing length by comparison with the results from Bos-
ton. Although most infants tested in the Boston study were also
younger than 6 months of age, this study included more mea-
surements taken in the second 6 months of life. Very few mea-
surements were taken in the second year of life in either study.
Thus, the data from both studies appear to serve as predictors
of normal RTC-generated flows at FRC in young infants, but the
Boston study, which predicts significantly higher flows in infants
6 months of age and older, probably provides more reasonable
predicted values in older infants.

That flows measured at FRC in older infants are higher than
predicted by the Tucson study is confirmed by an independent
set of measurements taken in normal infants in Indianapolis, In-
diana. These 22 infants, whose average age was 13 months and
length was 72 cm, had average flows at FRC of 273 ml/s (20). This
value is close to the 296 mlfs prediction for 72-cm infants from
the Boston data, but is significantly higher than the 201 ml/s predic-
tion from the Tucson data. Jacket compression pressures aver-
aged 45 cm H,0 in the Tucson study and were approximately 80
cm H,O in the Boston study. The reasons for these differences
are unclear, as the same criteria for increasing jacket pressures
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until flow at FRC reached an apparent maximum were used in
both studies.

At present, the Tucson and the Boston data provide prelimi-
nary reference values for forced expiratory flow by RTC in infants
less than 6 months of age. From 6 months of age onward, the
Boston data are probably the better reference. Limited data are
available on forced flows produced by the RTC method in infants
in the second year of life. Predicted values in this age range are
based primarily on extrapolation.

Future Directions

Three primary concerns remain in the understanding of the phys-
iology of forced expiratory flow. First, methods to determine or
achieve flow limitation in healthy infants need to be developed.
Second, these methods need to be standardized and applied in
population studies to define the normal development and growth
of the lungs and to provide useful reference values. Third, poten-
tial sources of variation in the measurements need to be charac-
terized and limited. This effort will entail studies of transmission
pressure, isovolume pressure-flow relationships, the impact of
chest wall tone, and upper airway resistance. A critical compari-
son of MEF values obtained by the RTC technique during seda-
tion with values obtained by the forced deflation technique dur-
ing anesthesia and paralysis in the same infants (41) would help
to solve a number of these questions.

The effect of variations in lung volume on the flows measured
in both the RTC and the forced deflation techniques needs to be
addressed. Functional residual capacity may be dynamically de-
termined, and hence be variable, in infants, thus altering the fiow
measurements obtained. End-expiratory lung volume (relaxation
volume) under anesthesia or muscle relaxation is much lower than
dynamic FRC. Thus, MEF at relaxation volume during forced defia-
tion cannot be equated with MEF at FRC during RTC. Studies in-
volving the use of bronchodilators or bronchoconstrictors may sys-
tematically alter lung volume, thus altering volume-based flow
measurements. An accurate, noninvasive method of rapidly track-
ing this volume change is needed.

Methods designed to increase the volume at which flow is ini-
tiated should be further developed. Two promising techniques are
the use of volume clamping to raise lung volume progressively,
breath by breath, and the rapid inflation technique, in which the
lungs are inflated before the PEFV maneuver by positive pres-
sure applied through a face mask. By generating a larger seg-
ment of the MEFV curve, these methods might better character-
ize the kinetics of volume elimination.

Two goals must be achieved before MEF measurements can
be recommended for general use. First, the procedures for both
the RTC and the forced deflation techniques need to be stan-
dardized. Until this is accomplished, investigators must supply
detailed descriptions of their methods, including not only flow
production techniques but also curve selection criteria. Second,
a longitudinal study using standardized methods in a large num-
ber of normal infants needs to be undertaken to generate normal
prediction equations over the first 18 months of life. The popula-
tion studied also needs to include sufficient proportions of infants
of differing race and gender to develop specific equations for differ-
ent population groups. Further, the upper age at which useful
MEFV measurements can be performed needs to be determined.

MEASURES OF COMPLIANCE AND RESISTANCE
Introduction

in adults, compliance and resistance are rarely measured directly,
and pulmonary function is assessed using standardized, indirect
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tests from which abnormalities of these mechanical characteris-
tics are inferred. In infants and young children, however, these
standardized tests are difficult to perform because they require
the subject’s cooperation and coordination. Therefore, a number
of innovative approaches have been devised to measure compli-
ance and resistance directly in infants.

Using these technigues, valuable clinical and physiologic in-
formation has been obtained in many laboratories. For example,
the normal development of the lungs and the chest wall have been
assessed by measuring compliance and resistance during matu-
ration. Compliance measurements have been used to investigate
the efficacy of surfactant replacement therapy in neonates and
of steroid therapy in interstitial lung disease in young children,
and to differentiate the severity of disease in infants with CF. Re-
sistance measurements have been used to assess the severity
of infant respiratory diseases and the efficacy of bronchodilator
therapy. The studies with bronchodilators have revealed that, con-
trary to established beliefs, significant bronchoconstriction can
occur even in preterm infants studied during the first weeks of life.

At present, instruments to perform some of the measurements
of compliance and resistance are commercially available. Never-
theless, there remains considerable controversy over the optimal
methods to be used and the interpretation of the data obtained.
Thus, although the techniques to be described have great poten-
tial for providing sound clinical data on pulmonary function in in-
fants, 2 number of problems must be resolved before they can
be confidently recommended for wide clinical use.

Methods
General Considerations

Techniques for measuring compliance and resistance can be clas-
sified as passive or quasistatic and dynamic. All require measure-
ments of airflow, volume, and pressure. Dynamic mechanics are
measured during either spontaneous or, less frequently, mechan-
ically assisted ventilation, and passive mechanics are measured
during maneuvers that silence the respiratory muscles.

In most techniques, the description of the mechanical proper-
ties is derived from the general equation of motion of the lung:
Pdr = (1/C x V) + (R x V) + (I x d?V/dt?), where Pdr is the
driving pressure for the system, C is compliance, R is resistance,
| is inertance, V is volume, V is flow, and d2V/dt? is acceleration.
The principal assumption is that the system follows a linear func-
tion such that unique values exist to describe it. Although this as-
sumption may be tenable in the VT range for normal infants, the
function of the respiratory system during disease is less well de-
scribed by a linear pattern. A further basic assumption for all
methods is that the inertance is negligible, thus simplifying the
equation to the compliance and the resistance terms. This assump-
tion has not been tested in infants at high respiratory rates, when
inertance may make a larger contribution. The measurement of
pressure at the airway opening (Pao) relative to barometric pres-
sure (PB) represents the driving pressure across the total respira-
tory system (airways, lungs, and chest wall) and in relation to vol-
ume and flow yields respiratory system compliance (Crs) and
resistance (Rrs). Rrs and Crs can both be partitioned into lung
and chest wall components by measuring the relevant driving pres-
sure for each component. The measurement of lung compliance
(CL) and resistance (RL) requires the measurement of transpul-
monary pressure (Ptp, the difference between pleural pressure
[Ppl] and Pao), with Ppl usually approximated as esophageal pres-
sure (Pes). Esophageal pressure is measured with either a water-
filled catheter or an air-filled esophageal balloon on a catheter.
The catheter is placed either through the nose (in intubated in-
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fants) or through the mouth. Nasal insertion substantially increases
the contribution of nasal resistance to the total measured resis-
tance in nonintubated infants.

The physical characteristics of esophageal balloons for infants
have been extensively investigated (47). Balloons with a diameter
of 55 to 7.7 mm and a length of 35 to 5.0 cm are recommended
for use, after their pressure-volume characteristics have been es-
tablished and the optimal operating volume has been determined
from the passive compliance curve. Balloon thickness also affects
the pressure-volume characteristics. Water-filled esophageal cath-
eter systems are easier to pass into the esophagus than are
balloon-tipped catheters, and, in certain cases, an existing naso-
gastric catheter can be withdrawn into the esophagus and used
to measure changes in esophageal pressure. The existence of
a hydrostatic pressure gradient between the transducer and the
catheter tip makes it impossible to measure absolute pressures,
but the difference can be minimized by positioning the transducer
in the supine infant at the mid-axillary line. Because of the possi-
bility of partial obstruction, multiple orifices are needed in the cath-
eter. The fluid column must be kept free of bubbles (“degassed”),
as the quality of the measurement depends upon minimizing the
compliance of the measuring device, Using 8-French catheters,
the system has been shown to have an adequate frequency re-
sponse and to provide useful clinical information (48-50).

During an inspiratory effort against an occluded airway, when
there is no airflow (V = 0), the change in alveolar pressure (APalv)
is approximated by the change in Pao (APao). Pleural pressure
differs from Palv by the static elastic recoil pressure, but during
occlusion, when V = 0, the change in Ppl (APpl) should equal
APalv and, hence, APao. Therefore, if the change in Pes (APes) =
APago, Pes is the equivalent of Ppl. The “occlusion test” (51) has
been used to demonstrate that this relationship is valid under in-
spiratory occlusion conditions in normal adults and in normal in-
fants (48). Esophageal pressure measurements are unreliable in
a subject with esophagospasm or previous surgical trauma to the
esophagus. A satisfactory occlusion test requires < 5% difference
between APao and APes (52).

The functional properties of the chest wall (Cw, Rw) can be
determined from the pressure across the chest wall (Pw = Pes
— PB). Under normal functional conditions, Pw is the combina-
tion of the static elastic properties and the effect of the pressure
generated by the activity of the muscles in the chest wall. Accord-
ingly, the passive mechanical properties of the chest wall can be
derived only when the muscle pressure is inhibited (passive con-
ditions).

A pneumotachograph is normally used to measure airflow,
which is integrated to obtain volume. The flow range of the pneu-
motachograph should encompass the maximal flow of the infant.
Because any attachments to the pneumotachograph contribute
to its characteristics, linearity and frequency should be ascertained
in the entire system through which the infant respires. In intubated
patients, the endotracheal tube itself offers a significant resistance
to V (53) and increases the difficulty of obtaining a leakproof seal
(54). Nasal adapters have been used (55), but they significantly
augment the large component of resistance contributed by the
nasal airway (56, 57). As an alternative method a face mask may
be used, but it introduces sources of error including small unap-
parent leaks (54) and stimulation of the trigeminal nerve distribu-
tion (58). Evidence of a competent mask includes no change in
flow or volume with airway occlusion and a return to the preoc-
clusion end-expiratory volume baseline after release of the oc-
clusion (52, 59).

Three important concerns related to the use of the pneu-
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motachograph are (7) that the increase in dead space can increase
Paco, and change both VT and respiratory rate; (2) that the pneu-
motachograph increases resistance; and (3) that failure to cali-
brate with the gas composition being breathed by the subject can
cause error in the flow measurements. A low-dead-space system
has recently been described (60).

The transducers used to measure the relevant pressures should
have appropriate frequency response characteristics to 10 Hz, and
the phase response characteristics should be the same for all sig-
nals (61-63).

Infants should be tested in quiet sleep when respiration is regu-
lar, and rapid eye movement (REM) and gross body motion are
absent (64). Sleep state is an important but rarely monitored vari-
able that may profoundly alter the measurements. For instance,
FRC has been suggested to decrease with active sleep (65) in
fullterm but not in premature infants (66). Although the absolute
changes in lung volume in full-term infants have not been con-
firmed in subsequent studies (67), variations in lung volume dur-
ing active sleep are apparent. Diaphragmatic muscle tone is
inhibited and postural (intercostal and abdominal) muscle recruit-
ment and laryngeal braking of expiratory airflow are greatly re-
duced in active sleep (68-70). Posture may also influence respi-
ratory mechanics. The supine posture has been suggested as a
standard for the measurement of Pes (68). The absolute Pes, by
balloon measurement, is affected by posture, although changes
in pressure are unaffected (71, 72) except in anesthetized patients
or those with unilateral lung disease (72). Sedation with chloral
hydrate (25 to 100 mg/kg) is popular and appears not to interfere
with the measurements (73, 74), although both this technique and
the aiternative, sleep deprivation, may alter upper airway tone
(75-77), thus increasing upper airway resistance and the risk of
obstruction.

Because infants almost always breathe through the nose dur-
ing testing, upper respiratory tract infections, allergic rhinitis, and
other factors may influence the results obtained. If baseline mea-
surements are desired, testing should be delayed until several
weeks after resolution of upper respiratory tract pathology.

Dynamic Technigues

The Mead-Whittenberger technique (78) was used in many of the
original studies of respiratory mechanics in infants. In this tech-
nique, Pes is measured to obtain measurements of CL, Cw, RL,
and Rw. The original analysis was performed by deriving compli-
ance at the points of zero flow at the end of inspiration and expira-
tion as Cdyn = AV/AP, assuming that compliance is linear over
the VT range. Using points of equal volume in the midvolume
range, one during inspiration and the corresponding volume dur-
ing expiration, the assumption is that the elastic forces are equal
but opposing (78), and therefore Rdyn = AP/AV.

The major assumption for these measurements is that the
CLdyn and RL are constant throughout both phases of respira-
tion: an assertion that may be true over the normal VT range in
newborns but becomes more suspect with progressive lung
hyperinfiation (78). With hyperinflation, CLdyn may be constant
within the VT range but may differ from the values at lower lung
volumes. Studies in infants with lung disease have demonstrated
the nonlinearity of RL (80, 81). The limitation of assuming a single
value for RL becomes apparent when the variability of pressure-
flow curve shapes in infants is examined (82). Furthermore, the
larynx actively modulates the expiratory flow and resistance (83)
in nonintubated patients. Nevertheless, given the limitations of
the model, the techniqgue has been used for the repeated assess-
ment of newborns,
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Another approach to analyzing the same data is the method
of multiple simultaneous equations, in which all values of flow,
volume, and pressure are fit to a linear model. Although this is
the most popular computerized method, it requires considerable
data filtering (84) as well as an arbitrary selection of breaths for
analysis and an arbitrary end point. Despite these limitations,
the technique has proved effective for clinical use and trend
monitoring.

Another analysis variation is least-squares regression, in which
the plot of Pdr versus V (the Pdr/V loop) is fit with a linear regres-
sion of the data points, such that the slope of the line is the resis-
tance (85). Before the regression line is determined, pressure is
corrected for tissue elastance such that the plotted pressure =
Pdr — (C x V), to eliminate the viscoelastic component of the
driving pressure. This method also assumes a linear relationship
of the data.

A variation on this technique has been described in infants (85,
86) in which the relationship is plotted as P/V versus V/V, where
the intercept of the regression line is P/V (the reciprocal of com-
pliance, elastance = 1/C) and the slope is the resistance. Again
a linear relationship is assumed, although there is deviation from
linearity at the extremes of the equation. An advantage of the
regression techniques is the separate description of inspiratory
and expiratory resistances. In ventilated infants or children, how-
ever, the expiratory values are influenced by the characteristics
of the ventilator. Furthermore, valves in the breathing circuit in-
troduce high-frequency noise in the flow and pressure signals.

Measurements of Pao and analysis of the data by a regression
technique are frequently used in acute clinical situations in inten-
sive care units to describe the respiratory system in infants receiv-
ing mechanical ventilation during a disease process. The mea-
surements are relatively simple to make, but the calculation of
results is more difficult because of the interference pattern induced
by the mechanical action of the valves in the ventilator.

Dynamic lung resistance values derived in the same infants
using each of the various linear methods of analysis have recently
been compared (87). The Mead-Whittenberger technique consis-
tently yielded higher values than the regression techniques, pre-
sumably because inspiratory and expiratory resistances both
contribute to, and expiratory resistance normally exceeds the in-
spiratory value. .

In addition to methods that use the equation of motion for the
respiratory system, several other techniques are available for

measuring dynamic mechanics.

(7) Body plethysmography. This technique to measure airways
resistance (Raw) was first described by DuBois and coworkers
(88). In adults and older children, the technique is applied during
shallow panting to alleviate confounding variables such as
changes in lung volume and temperature differentials between
inspiration and expiration. As this is impractical in infants, the most
commonly used technique involves rebreathing from a bag con-
taining heated, humidified, oxygen-enriched gas at BTPS (55, 89).
This is a sophisticated technique requiring substantial training.
This method has the advantage of providing both simultaneous
measurements of lung volume and resistance and pressure-flow
curves. Inspection of the latter can give valuable information re-
garding changes in resistance throughout the respiratory cycle
(80). The limitations of plethysmographic measurements are
detailed in MEASURES OF LUNG VOLUME.

(2) Forced oscillation. This technigue has been well reviewed
in published reports (31). It has been applied in infants by several
investigators (92, 93). The approach is to impose oscillatory
changes in pressure and therefore flow at the airway and to mea-
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sure resistance from the oscillatory relationship. Recently this tech-
nique has been improved through the use of multiple frequen-
cies of oscillations. However, the predominance and variability of
the contribution of upper airway compliance and resistance when
pressure is applied at the mouth have limited its clinical use.

(3) Interrupter technigue. Airways resistance in ventilated in-
fants can be approximated by the quotient of the initial decrease
in pressure during rapid occlusion of the airway in ventilated infants
divided by the flow just preceding occlusion (94). in this technique,
the calculation of compliance can be made using essentially the
muitiple occlusion approach (see PASSIVE AND QUASISTATIC TECH-
NIQUES). The technique allows for the calculation of both airflow
and viscous tissue resistance and is being developed for use in
infants. It is considered to be in the developmental stage and is
of use only in intubated infants.

Passive and Quasistatic Techniques

All the techniques to be described in this section provide mea-
surements of Crs and, in some cases, Rrs but do not permit parti-
tioning of these values into chest wall, lung, and airway compo-
nents. However, Cw is so high (4- to 5-fold greater than CL [49])
in infants that Crs is nearly equivalent to CL. For all these tech-
niques, it is assumed that the respiratory muscles are totally re-
laxed at the point of measurement.

The most widely used passive or quasistatic approaches are
the multiple occlusion technique for compliance and the flow-
volume technique for compliance, resistance, and time constant.
Both technigues rely on the assumption that the Hering-Breuer
inflation reflex, producing complete relaxation of both inspiratory
and expiratory pump muscles, can be elicited during airway oc-
clusion and that Pao comes into equilibrium with Palv during the
occlusion,

(1) Multiple occlusion. In the muitiple occlusion technigue (59,
95), pressure is measured at the mouth or outlet of an endotracheal
tube during brief airway occlusions on multiple spontaneous
breaths. The occlusions are performed at different volumes above
end-expiratory level, and the individual measurements are plot-
ted as volume versus pressure. The slope of the least-squares
linear regression fit to these data is the measured Crs.

This technique has been extended to include measurements
outside of the VT range by “volume clamping” (96), in which the
expiratory side of the breathing circuit is kept occluded during
several successive breaths. This procedure allows lung volume
to increase progressively above the normal VT, thereby progres-
sively activating the Hering Breuer reflex. Pressure and volume
are measured during the expiratory pause following each suc-
cessive inspiration, and compliance is calculated from curve fit-
ting of the pressure-volume relationship.

(2) Passive flow-volume. The passive flow-volume technique,
as originally described for infants (85) and later extended (97),
involves measuring the pressure measurement during occlusion
of the airway at end-inspiration and fitting a straight line relation-
ship to the flow-volume curve obtained during the subsequent pas-
sive expiration. Thus, both compliance and resistance can be ob-
tained from a single breath, and multiple measurements are made
to confirm the result. This technigue is particularly well suited to
intubated, acutely ill patients because it is relatively noninvasive
and easy to use. However, it is applicable only if the flow-volume
curve is truly linear over the expired volume range.

(3) Weighted spirometer. Another technigue that has received
some attention is the weighted spirometer approach for measur-
ing compliance (98). The infant or child breathes through a face
mask into a closed-system spirometer. After control measurements
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are obtained, a weight is placed on the spirometer. By imposing
a force upon the spirometer bell, the weight increases end-
expiratory pressure, thus increasing FRC. Compliance is calcu-
lated as the guotient of the change in volume divided by the ap-
plied pressure. Several considerations are important in the use
of this technique. The compliance of the spirometer system must
be a reasonably small percentage of the total compliance or, al-
ternatively, must be measured and subtracted from the abovemen-
tioned quotient. The cheeks and the upper airway should be posi-
tioned so that their compliance does not change when the weight
is applied. To the extent that lung compliance is increased with
increasing lung volume, the size of the weight may correlate with
compliance. Finally, the weight imposes a load on the respiratory
systemn that may elicit compensatory mechanisms, altering respi-
ratory volumes and timing.

When the passive and quasistatic techniques are used, any
muscle activity, either inspiratory or expiratory, can alter the results.
Furthermore, clinically undetectable laryngeal narrowing during
expiration (“grunting”) may modulate the flow signal (82, 99) and
alter the measurement of resistance. Because of this problem,
the passive flow-volume technique should be used with caution
to measure resistance in nonintubated infants. One way to check
for laryngeal influences is to compare the value obtained with the
value measured by some other technique, such as multiple oc-
clusion. Laryngeal modulation of airflow usually results in extrapo-
lation of a falsely elevated end-expiratory volume from the pas-
sive flow-volume curve and, therefore, calculation of a falsely
elevated compliance value.

Current Controversies

The measurements obtained by the various techniques described
are difficult to interpret, and further work is required to define their
validity in normal infants and in those with lung disease. Compli-
ance is interpreted differently in acute versus chronic lung dis-
ease. In an infant with acute lung disease, assessed in the short
term, the intrinsic elastic properties of the tissue are assumed
to be a constant, and therefore compliance is proportional to
changes in lung volume. This assumption is only partially true.
If compliance is increasing because volume is being recruited,
a situation likely to occur in the immediate postnatal period, elas-
tic recoil will probably decrease simultaneously because of a de-
crease in surface tension. Despite this, compliance does appear
to reflect the gas exchange surface and correlates closely with
the course of acute lung disease. In infants with chronic lung dis-
ease it is hoped, but not yet proved, that compliance can be used
to identify changes in elastic recoil. However, if specific compli-
ance (compliance corrected for FRC) is not measured, the mea-
sured Crs may still reflect changes in lung volume. Both RL and
CL are volume dependent, but the degree to which changes in
lung volume affect compliance and resistance measurements
using the techniques described above requires investigation.
Respiratory system resistance is dominated by the upper air-
ways and hence measured values may not reflect modest changes
in lower airway resistance. The situation is further complicated
in infants by high nasal resistance, active expiratory glottic ad-
duction, or the presence of an endotracheal tube. Although it has
been proposed based on morphometric and in vitro physiologic
evidence (100) that the peripheral airway resistance in infants is
proportionately higher than that in adults, this view has not been
substantiated by subseguent evidence (5-7, 34). It thus seems
likely that the upper airway still accounts for a large proportion
of the resistance in infants. Therefore measurements of resistance
in infants are considered to be of greatest value to examine spe-
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cific upper airway pathology, tracheal stenosis, tracheomalacia,
or the response to bronchodilator therapy. Because Rrs measure-
ments are dominated by the upper airways, only relatively large
changes in Raw due to bronchodilators are accurately detected.

A major point of discussion (101) has been the validity of Pes
measurements in infants with chest wall distortion (102) due to
respiratory disease or prematurity and in intubated infants (103,
104). Some investigators have found that Ptp can be determined,
even in the presence of severe lung disease (49, 50), to measure
the dynamic lung mechanics. The conditions under which mea-
surements of Pes (and thus of Ptp) can be used in newborns re-
main to be clarified.

All the measurements described may be significantly altered
by spontaneous variability in the subject and by the measurement
conditions. There are insufficient data for any of the technigues
to define the intrasubject or intersubject variability. Many criteria
have been suggested for judging the acceptability of data, but
no standardized criteria have been developed. For example, what
constitutes a sufficiently good straight-line fit to flow-volume and
pressure-volume curves? Can methods be developed to quantify
more accurately the curvilinear flow-volume and pressure-flow rela-
tionships often seen in passive and dynamic measurements made
in infants with severe lung disease? Although several nonlinear
models have been described (105) they have not achieved popular-
ity. A nonlinear expression may describe the relationship of com-
pliance and resistance better but could be difficult to transform
into useful clinical information. A linear slope does not necessar-
ily indicate relaxation of the respiratory muscles. An even, descend-
ing slope could represent balanced respiratory muscle contraction.

Those techniques that involve the measurement of a relaxed
pressure during occlusion require sufficient time for relaxation
of inspiratory muscles and equilibration of pressure throughout
the lung, the time constant of which increases with increased air-
way resistance. However, the longer the occlusion is held, the more
likely is the recruitment of expiratory or inspiratory muscle activ-
ity. Further, the degree to which expiratory laryngeal narrowing
and diaphragmatic braking influence resistance and compliance
values measured by the passive flow-volume technique in nonin-
tubated infants needs to be investigated.

Reference Values and Interpretation

Although correction for size is often based on body weight or
length, the best basis for comparison of measurements from differ-
ent subjects is the lung volume at which they were obtained. While
this approach appears to be valid in older infants, it must be viewed
with caution in neonates (89). Given normal intrauterine growth,
expression per unit body weight is reasonably precise in the im-
mediate postnatal period (50). However, because elastance
decreases and conductance increases linearly with lung volume,
which itself is a power function of somatic growth in normal in-
fants, the range of reference values needs to be expressed per
unit lung volume. The reference values to be reported here are
not definitive, because none is based on a large population of
subjects studied either cross-sectionally or longitudinally during
infancy and childhood. Furthermore, few reports are available of
values obtained using different techniques in the same subjects
(99, 106, 107), providing insufficient data to allow for comparison
of all techniques over all age ranges.

Dynamic lung compliance values for infants and newborns
(both full-term and preterm) range from 1.1 to 2.0 mi/kg/cm H,0,
and specific dynamic compliance ranges from 0.04 to 0.08 ml/cm
H.O/ml FRC or volume of thoracic gas (Vtg) (95, 108-115). The
larger range of specific compliance may be explained by the con-
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sistently lower values of FRC measured by helium dilution rela-
tive to Vtg measured by plethysmography (see MEASURES OF
LUNG VOLUME). The reported values of passive compliance in
infants and newborns range from 1.0 to 1.6 mi/kglem H,O (85,
95-98, 116, 117), and the specific passive compliance reported
in one study of healthy preterm infants was 0.06 ml/cm H,O/m|
FRC (95). In a longitudinal study of five full-term infants studied
four times each between 4 and 55 wk of age using the passive
flow volume-technique, Crs = 0.87 + 26.3 x height® (118), and
in another study over the age range of 3 to 54 months using the
muitiple occlusion technique the relationship was Crs = 0.88 x
weight(kg)!-%® (119). Coefficients of variation of 10 to 13% for
Crs (107, 120, 121) and 28% for CLdyn (122) have been reported.

Although few studies of Cw have been done in infants, values
measured in preterm infants exceed those in full-term infants (6.4
versus 4.2 mlfem H,0/kg under quastistatic conditions in para-
lyzed, ventilated infants [123]). During relaxed expiration after end-
expiratory occlusion in nonparalyzed preterm infants, Cw ranged
from 2.4 to 3.8 mlicm H,0/kg (49). Dynamic Cw has been assessed
in one study of preterm infants (124). Mean Cw was 7.8 mlfcm H,O
during tidal breathing in infants weighing 890 to 1,700 g. During
airway occlusion in the same infants, Cw decreased to 0.89 mifcm
H,O, probably because of chest wall muscle activity.

Values for Raw are high at birth but decrease rapidly during
the first year of life (89). Because of this rapid change, specific
airway conductance (SGaw = 1/[Raw x Vig]), where Vig is the
volume of thoracic gas) is recommended as a more constant pa-
rameter during development. Specific airway conductance is ap-
proximately 03fcm H,O-s at birth in fullterm infants, then
decreases to 0.2/cm H,O-s, the normal value used in older chil-
dren and adults. Values as high as 0.6 have been reported for
preterm infants (112). The initial investigations (55, 89) reported
values of inspiratory airway resistance at two-thirds of the tidal
flow range. More recent studies (82, 90) have used computerized
techniques describing Raw throughout the respiratory cycle, but
there are insufficient reference values for use outside the two-
thirds flow range. Resistance values using passive and quasistatic
techniques in infants have been reported as Rrs = 0.047 — 0.036
x height® (118) or Rrs = 536 x weight(kg)™7> (125). Reported
coefficients of variation are 11 to 15% for Rrs (107, 120, 121) and
56% for RL in one study (122).

Future Directions

As discussed earlier, a number of techniques have been devel-
oped and successfully applied in infants to measure the resis-
tance and static and dynamic compliances of the lungs and the
respiratory system. Each technique has inherent strengths and
limitations, and none has clearly predominated in efficacy under
all circumstances of study: subject size and age, ease of tech-
nigue application, presence of an endotracheal tube, and so on.
Thus, an important need exists to further evaluate these methods
with respect to standardizing the procedures on the basis of studies
designed to determine optimal methods to circumvent the tech-
nical problems and interpretation controversies described; assess-
ing the reproducibility of the measurements obtained; determin-
ing the influence of such factors as sedation, sleep state, and
anesthesia; and obtaining values for normal infants and young
children over a wide age range. The validity of assumptions re-
garding respiratory muscle activity following airway occlusion
needs to be tested in healthy and sick infants. The influence of
possible active respiratory muscle responses during passive and
quasistatic measurements needs to be defined.

For the technigues used to measure compliance proposed fu-
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ture directions for research include: assessment of the relation-
ship between CL and Crs and of the age-related changes in the
contribution of Cw; evaluation of age-related changes in the rela-
tionship between passive or quasistatic compliance and dynamic
compliance; determination of the shape and position of the infla-
tion and deflation limbs of the pressure-volume curves of the lungs,
chest wall, and respiratory system outside the VT range; and in-
corporation of measurements of absolute fung volume (e.g., Vig
or FRC) as a means of obtaining volume-specific indices of com-
pliance.

The methods used to measure flow resistance in infants are
as diverse as the compliance techniques. In this regard, some
proposed future directions for research include: assessment of
the relationships between RiL, Raw, and other measures of Rrs
in healthy infants and those with pulmonary disorders; partition-
ing of the contribution of nasal resistance from that of the lungs
and chest wall; partitioning of the airway resistance from that con-
tributed by the viscoelastic properties of the lungs and chest wall;
evaluation of the utility and limitations of derived measurements
of resistance based on analysis of the flow-volume relationships
during “passive” lung deflation in healthy infants and infants with
obstructive or restrictive lung disease; and incorporation of mea-
surements of absolute lung volume as a means of correcting flow
resistance per unit of lung volume.

MEASURES OF LUNG VOLUME

Knowledge of lung volume can play an important role in the re-
spiratory care of infants and young children and assist in inter-
preting measurements of resistance, compliance, and forced ex-
piratory flow.

Functional residual capacity, that is, the volume of air in the
lungs and airways at end-expiration, is mechanically determined
by the balance between the outward recoil of the chest wall and
the inward recoil of the lungs. It corresponds approximately with
40% of TLC and 25% of VC in older subjects. Some evidence
suggests that FRC is closer to RV in infants, such that airway clo-
sure may occur during tidal breathing. During early infancy, FRC
may be dynamically increased above the passive level determined
by the characteristics of the lungs and the chest wall (126-128).
The mechanisms underlying this phenomenon include laryngeal
braking and postinspiratory diaphragmatic activity, which prolong
the expiratory time constant, combined with a relatively short ex-
piratory time (i.e., rapid respiratory rate). Infants with airway dis-
ease may exhibit a similar but more marked phenomenon in which
increased Raw prolongs the expiratory time constants, contribut-
ing to hyperinflation of the lungs.

FRC is the only lung volume that can be measured accurately,
repeatedly, and reliably in infants. Other lung volumes such as
TLC and RV have been estimated from measurements of VC dur-
ing crying (129-132), but these estimates have an unacceptable
degree of reproducibility for routine use. Similarly, although TLC
and RV have been estimated from forced inflation and deflation
maneuvers (5, 15, 18), such techniques require the presence of
an endotracheal tube and are used mainly for research. Conse-
quently, this section concentrates on the measurement of FRC
in infants.

The assessment of FRC in infants has contributed important
information about the growth and development of the lungs in
health (9, 10, 89, 131, 133) and disease. FRC may be reduced by
abnormal alveclar development (134-136), by atelectasis, or by
decreased lung or increased chest wall compliance (137-141). In-
creased FRC may be caused by abnormal alveolar development
(142) but more commonly occurs in relation to gas trapping as-
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sociated with airway obstruction (143). From a clinical point of view,
measurement of FRC in infants may be valuable in the manage-
ment of controlled ventilation (143, 145), and in the evaluation of
potential hyperinflation and treatment efficacy in airway disease
(143, 146-148),

The two physical principles that are routinely applied to the
measurement of FRC in infants are whole body plethysmography
and gas dilution. Whoie body plethysmography is based on Boyle's
law, as originally described by DuBois and associates (149), and
measures thoracic gas volume, Vtg. The helium dilution and the
nitrogen washout techniques are based on the conservation of
mass principle. All three technigues have been used in infants
since the early 1960s, and substantial information has accumu-
lated to define the normal range of lung volumes over the first
year of life (150) as well as the changes observed with disease.

Despite increasing interest in the assessment of lung volume
by a variety of imaging techniques (151-154), these methods have
yet to be fully validated. Consequently, this discussion focuses
on the three most widely used techniques for assessing FRC in
infants: whole body plethysmography, helium dilution, and nitro-
gen washout.

Methods
Whole Body Plethysmography

In 1956, DuBois and colleagues (149) described a technique of
measuring Vtg by determining the change in volume when a gas
undergoes isothermal compression, as assessed by Boyle's law:
P,V = P,V.. In practice, a subject is placed in a rigid, closed
container (a plethysmograph) and makes respiratory efforts against
an occlusion at the airway opening, which rarefy and compress
the thoracic gas. The resultant changes in the subject’s body vol-
ume can then be measured either directly, by a spirometer (the
volume displacement plethysmograph [155]), or indirectly, by
measuring the small pressure changes occurring within the con-
tainer (the pressure plethysmograph). If the changes in Pao (which
in the absence of airflow are equivalent to the changes in Palv)
are related to the changes in volume, the initial Vtg can be calcu-
lated by applying Boyle's law as follows: (PB — PH,0) x Vig =
(PB — PH,O + AP) x (Vtg — AV), where PB is the barometric
pressure in kPa (mm Hg), PH,0 is the saturated water vapor pres-
sure at 37° C (6.27 kPa [47 mm Hg]), AP is the change in Pao
during the occluded respiratory maneuver, and AV is the result-
ing change in Pao during the occluded respiratory maneuver, and
AV is the resulting change in volume of the thorax. Water vapor
pressure is subtracted from all pressures because it relates only
to temperature (going in and out of the vapor state as tempera-
ture changes) and thus, under saturated conditions, does not be-
have as a compressible gas. Ignoring the negligibly small prod-
uct of AP x AV and solving the equation for Vtg gives: Vig =
(PB — 6.27) x AV/AP. This method was rapidly adapted for use
in infants (156-158) and continues to be used in research centers
throughout the world. Although most published results have been
based on the pressure plethysmograph (89, 158, 159), the suc-
cessful use of an integrated flow plethysmograph was recently
reported in infants (160). :

The major advantage of plethysmography is that it measures
all the gas in the thorax, including gas that is not in direct com-
munication with the airway, thus allowing the assessment of gas
trapping in obstructive lung diseases (146, 161). Furthermore, this
technique can produce rapid, reproducible, and accurate mea-
surements of FRC in infants (89). However, the equipment required
is expensive and cumbersome, requires considerable operator
training, and is not applicable in the intensive care unit. Conse-
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quently, its application has been largely restricted to research es-
tablishments. In recent years, computerized techniques have been
used increasingly to facilitate data collection and analysis (80, 80,
162), and several user-friendly systems now exist.

The plethysmographic technique is based on four assumptions:
(1) There is no gas flow, and hence no flow-resistive loss in pres-
sure, during respiratory efforts against the occiuded airway; con-
sequently, Pao equals Palv. This assumption has been challenged
in some studies in aduits. These studies have suggested that the
upper airway acts as a shunt capacitor during airway occlusion,
allowing gas to flow back and forth in the airway, so that changes
in Ppl exceed changes in Pao, leading to an overestimate of Vtg
(163-165). Although, theoretically, this phenomenon could oceur
in all subjects, only those with significant airway obstruction have
been shown to have sufficient airway resistance to cause losses
in pressure. Panting at slower frequencies (i.e., around 60/min™)
reduces the error (166) but may not completely eliminate it (163).
Infants do not “pant” during airway occlusion and indeed tend to
make fewer respiratory efforts (rarely more than 30/min™') than
when breathing spontaneously.

(2) The pulmonary parenchyma is sufficiently elastic that
changes in pressure are transmitted across the parenchyma to all
gas-containing spaces, with no pressure gradient across the tis-
sue. Although this assumption is probably reasonable in most
adults, it has been challenged in infants. Values of Vig that were
much lower than expected from clinical findings have been ob-
served in infants recovering from bronchiolitis (167, 168). These
studies suggested that the lungs of these infants have regions
of such high resistance and low compliance that they act as rigid
spheres, so that the gas contained escapes rarefaction and com-
pression during occlusion. Other potential problems in estima-
tion of Vig in sick infants have also been reported (169, 170). These
reports suggested that a better approximation of swings in Palv
during occlusion may be obtained by esophageal manometry, but
this remains controversial (170-172).

(3) The changes in pressure and volume are isothermal. The
proximity of the tissue to the gas in the respiratory system is such
that heat generated during occluded respiratory maneuvers is rap-
idly lost to the body, and changes in volume within the subject
are isothermal (173). Moreover, during rarefaction and compres-
sion of the gas inside the plethysmograph, heat may or may not
be lost to the walls of the container, and therefore plethysmographic
pressure changes may be either adiabatic or polytropic. The ple-
thysmograph must be calibrated at the approximate frequency of
respiratory efforts during occlusion to compensate for any error
introduced by polytropic conditions (162, 174).

(4) Only gas in the thorax undergoes rarefaction and compres-
sion. The volume of gas in the gastrointestinal tract is assumed
to be either insignificant, uncompressed, or both. This assump-
tion was confirmed in adults (163) and in sick infants (168, 170)
and appears to be valid in healthy infants (168, 170), because the
changes in intraabdominal pressure are small relative to the
changes in Pao during respiratory efforts against airway occlusion.

Detailed descriptions of plethysmographic measurements of
Vig in infants have been reported (89, 160, 168, 175, 176). In the
first month of life measurements can be made during natural sleep,
but in older infants sedation is usually required. Although in adults
Vitg is conventionally calculated from the slope of box pressure
(or displacement volume) versus Pao (AV/IAP), for calculations
in infants the additional use of time-based traces is strongly recom-
mended. The latter approach makes it possible to assess any vari-
ations in end-expiratory level more accurately, to correct for ther-
mal or metabolic drifts during airway occlusion, and to occlude
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the airway at any phase of the tidal breath (e.g., at end-inspiration)
and subsequently correct to the end-expiratory level.

The sleeping infant is placed inside the plethysmograph, and
a face mask attached to a pneumotachograph and shutter is sealed
around the nose and mouth. The seal can be tested by recording
at least five tidal breaths before occlusion to establish a stable
end-expiratory level, then briefly closing the shutter at end-
inspiration. Any increase in the volume baseline after release of
the occlusion or decay of the Pao signal during occlusion sug-
gests a leak (59, 175). Ideally, the mask should be held in place
with strapping to support the cheeks and hence reduce the risk
of shunting to the upper airways during the occlusion. After leaks
have been eliminated, the plethysmograph is closed.

If a pressure plethysmograph is used, it is allowed to reach
thermal equilibrium (as indicated by minimal drift of the box pres-
sure signal). At least five tidal breaths (more if end-expiratory level
is unstable) should then be recorded before the airway is occluded.
Thoracic gas volume is conventionally measured by closing a shut-
ter at end-expiration and allowing the infant to make two to four
respiratory efforts against the occlusion, from which the relation-
ship of box volume to changes in Pao (APao) is established. In
practice, occlusion is frequently performed at end-inspiration, with
subsequent subtraction of the volume above end-expiratory level
at the moment of occlusion. This procedure improves the signal-
to-noise ratio, is better tolerated by most infants, and reduces the
incidence of glottic closure, which can invalidate results. The ap-
propriate volume at which to occlude is still under debate (see
CURRENT CONTROVERSIES) (170, 177). In healthy infants, mea-
surements made at end-expiration and end-inspiration (corrected
to end-expiratory level) usually agree within 5%, thereby provid-
ing a simple in vivo method of validating the accuracy of the mea-
surements.

During the occlusion, the changes in box volume and Pao
should be strictly in phase. A loop appearing on the x-y display
usually indicates a leak in the system or glottic closure. Three to
five separate occlusions should be made in each infant. All mea-
surements should be obtained during quiet sleep (64).

The thermal characteristics of the box must be accounted for
during calibration (see above, Assumption 3). This can be achieved
by replacing the volume of the infant with bags of saline and dy-
namically calibrating the instrument at the frequency observed
during respiratory efforts against the occlusion (174). Alternatively,
a computerized correction factor can be used (162).

Although no standardized approach to reporting Vtg values in
infants has been established, it seems reasonable to report the
mean value of at least three separate, technically satisfactory mea-
surements. In healthy infants, Vig measurements tend to be very
repraducible, with a coefficient of variation of < 5% (176). The vari-
ability may be greater in infants with respiratory disease (178), those
who are not in quiet sleep (179), or those without a stable end-
expiratory level before occlusion.

Helium Dilution Technigque

The helium dilution technique is the most widely used method
for determining FRC in infants (9, 10, 130, 131, 133, 180-183). This
technique is based on the principle of gas equilibration between
an unknown long volume (VL) and a known volume (Vgas) con-
taining helium as an indicator gas. Gas mixing is brought about
by ventilatory movements. Assuming mass balance, the unknown
lung volume can be derived from the change in helium concen-
tration. That is, if C, is the helium concentration at the start of the
experiment and C, is the concentration when gas mixing is com-
plete, then Vgas x C, = (Vgas + VL) x C; and VL = [Vgas x
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(C, — C,)J/C,. Detailed descriptions of the helium dilution tech-
nique for the measurement of FRC in infants have been reported
(9, 10, 130). The equipment needed to perform the test is simple,
reliable, relatively cheap (compared with plethysmography), and
suitable for bedside measurements, but still requires consider-
able operator training to achieve reliable results consistently.

After a stable end-expiratory level has been established, the
infant is switched into a spirometer breathing circuit that contains
a known volume of gas with a known concentration of helium, and
this mixture is rebreathed until equilibration is complete (concen-
tration of helium is stable). The system must include a rapid and
accurate helium analyzer, a CO, scrubber, a water absorption sys-
tem, and an efficient circulating pump for fast response and
prevention of rebreathing. The spirometer is normally attached
via a face mask. Although measurements can be made in in-
tubated infants, a leak-free connection is difficult to achieve be-
cause cuffed endotracheal tubes are rarely used in this age group
(184). The calculated volume at FRC must be corrected for any
inspired volume above end-expiratory level at the moment the in-
fant is switched into the spirometer circuit and for the dead space
of the apparatus, and must be converted to BTPS conditions. To
improve the resolution of the measurement, the volume of the
spirometric system should be as small and as close to the infant’s
lung volume as possible. Commercially available 1-L spirometric
bells should suffice for older infants and toddlers, but a smaller
size is recommended for neonates. The circuit must contain suf-
ficient air to accommeodate large sighs (two to three times normal
VT). The system should be calibrated by adding several known
increments of volume over the range of lung volumes being mea-
sured.

The helium analyzer should be operating within its linear range
and be accurate within 1% of full-scale deflection. It must be
calibrated specifically for each Fio, used. Spirometer tempera-
ture should be monitored internally and kept constant, as the
helium analyzer is sensitive to changes in temperature. When con-
nected to the enclosed system, the spirometer should be care-
fully balanced with the fan on, so that the system pressure re-
mains as close as possible to atmospheric pressure. A useful
method of checking for leaks in the system is to weight the spirom-
eter bell temporarily and note any downward drift in the volume
trace. During the measurements, oxygen must be added to keep
the volume of the circuit constant. A fluctuating volume in the cir-
cuit may result in substantial errors in calculated FRC.

The time to equilibration is usually 20 to 60 s in healthy infants
and young children (131), but may be considerably longer (3 to
5 min) in those with airway disease. Thus, rebreathing should be
continued until helium concentration has been stable for at least
30 s. All helium should be cleared from the lungs before mea-
surements are repeated. The interval required depends upon the
mixing time for the particular subject. A leak in the system will
cause a continuous decrease in helium concentration, and a small
decrease may be difficult to distinguish from that due to poor mix-
ing or inappropriate oxygen supplementation. Common practice
is to average at least two FRC values within 10% of each other.
As prolonged rebreathing is necessary in some infants with air-
way disease, this technique can require a lengthy testing period.

Helium dilution measurements of FRC have been reported to
be reproducible in healthy infants (mean CV = SD = 4 + 2.8%)
(131). Gas dilution techniques assume full equilibration of all lung
units with the airway opening, and hence may underestimate true
resting lung volume in subjects with gas trapping due to airway
obstruction. Resting lung volume may also be underestimated if
the Fio, is high, possibly as a result of increased alveolar oxygen
transfer with subsequent reduction in alveolar volume (182).
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Nitrogen washout technigue. A third method of estimating FRC
is to measure the volume of nitrogen washed out of the lungs when
the infant rebreathes from a reservoir of nitrogen-free gas. In the
original studies the equipment used was fairly simple, but the more
recent technigues rely on mass spectrometers, which are techni-
cally demanding to maintain. As with the helium dilution technique,
the apparatus needs to be sized appropriately for the subject. If
the amount of washed out nitrogen is measured and the initial
concentration of alveolar nitrogen is known, then the lung volume
at which the washout started can be derived. If washout starts
at FRC, then FRC equals the volume of nitrogen washed out
divided by the initial nitrogen concentration in the lungs.

The difficult aspect of this technique is the accurate measure-
ment of the volume of nitrogen washed out. In the two most com-
monly used methods, the volume of nitrogen is either measured
from the expired gas in a collection bag or obtained by continu-
ous integration of nitrogen concentration in the expired gas
(185-187). A closed-circuit technigue has also been described in
which the infant rebreathes from a bag for a short time (188), but
this method is limited and assumes conditions that are difficult
to verify. At end of washout the nitrogen concentration and vol-
ume of the bag are measured.

In the expired gas collection method, the expired nitrogen vol-
ume is calculated as the product of the nitrogen concentration
and the bag volume. Any inaccuracy in the measurement of the
bag volume or, more commonly, the final nitrogen washout con-
centration, will cause significant errors. Because the final nitro-
gen concentration is very low, having been diluted with large
amounts of oxygen, an error of < 1% in its measurement will cause
substantial error. The resolution, and thus the accuracy, of the
method depends on the initial alveolar nitrogen concentration.
Thus, when an infant is breathing gas with a relatively high Fio,
(i.e., low FINy), the volume of nitrogen to be washed out will be
very small, which may adversely affect results. At Fip, > 0.7 to
0.8, virtually no nitrogen is washed out of the lungs, and the tech-
nigue cannot be used.

Using rapidly responding gas analyzers (or mass spectrome-
ters) to obtain instantaneous nitrogen concentration and a com-
puter to integrate flow signals, an open-circuit system can be
created without a collection reservoir (185, 187). This system is
potentially suitable for measurements in the neonate because its
dead space is very low. Recent adaptations of the open-circuit
technique have used a constant background flow of oxygen, to
eliminate changes in instantaneous flow rate, and incorporated
a mixing chamber in the exhalation circuit prior to the sampling
port for nitrogen analysis (to minimize the effect of respiratory
phase on estimation of nitrogen concentration) (191). In this
method, the volume of nitrogen is proportional to flow rate through
the system, and extreme care is needed to ascertain that flow rates
remain truly constant. It is also important to ensure that the back-
ground flow remains higher than peak inspiratory flow of the
subject.

Other potential problems with the nitrogen washout technique
include those associated with analyzer response time, lag time
between flow rate and gas concentration, and sampling rate. Cor-
rections must be made for the nitrogen flushed from the tissues
and blood. The latter usually causes < 5% error within a typical
washout period of 2 to 3 min (187, 190) but may be larger if washout
is prolonged in infants with lung disease. In the usual adult
methods, end-tidal nitrogen concentration is measured continu-
ously and required to decrease to < 2%, because concentrations
higher than 2% tend to overlook the effects of extremely slow
spaces. Final nitrogen concentrations of < 1% tend to exagger-
ate the effect of normal nitrogen diffusion from putmonary blood
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to the alveolar space. In some methods the final concentration
is derived from exponential analysis of only a few breaths, but
this has been used in only one study in infants (191).

The nitrogen washout has recently been adapted for use in
ventilated infants (144). A second ventilator, with settings identi-
cal to those being used for the infant, is set up to deliver pure
oxygen. At FRC, the patient is switched to the second ventilator
and washout starts. The technique is accurate and reproducible
but has the same disadvantages of the other nitrogen washout
methods just described. As with all gas dilution techniques, resutts
may be invalidated by leaks and accurate measurements may be
feasible only if a cuffed endotracheal tube is in place.

Current Controversies

Measures of lung volume in infants remain controversial with re-
spect to the conditions and techniques of measurement, the char-
acteristics of the equipment, and apparent physiologic artifacts.
In addition, the relative limitations and advantages of plethysmog-
raphy versus the gas dilution techniques, and recommendations
regarding the best test to use in specific clinical or research situ-
ations have yet to be clearly defined. Controversies about the pre-
sentation of results and the use of reference values are discussed
in REFERENCE VALUES AND INTERPRETATION.

Measurement conditions. Measurements of FRC are usually
made in sleeping, supine infants who, if more than 1 month of
postnatal age, have been sedated with chloral hydrate. Alterna-
tive sedatives such as phenobarbital suppositories have been
used, but infrequently. Anesthesia with a volatile gas such as
halothane has been reported to reduce lung volume markedly (137,
138) in all age groups, although ketamine does not (192). Seda-
tives in the doses usually given for lung function tests appear to
have little effect on respiratory pattern, resting lung volume, or
the amount of time spent in quiet sleep (193-196), but caution is
required in patients with upper airway obstruction because chlo-
ral hydrate may decrease upper airway muscle tone. The use of
sleep deprivation to achieve such measurements is not recom-
mended because it may disturb the breathing pattern (76).

Sleep state may affect lung volume measurements. In one re-
port, Vtg measured by plethysmography was approximately 30%
lower during active sleep than during guiet sleep (197). Only six
infants in the first week of life were studied, however, and subse-
quent studies using both gas dilution and plethysmography have
failed to demonstrate any significant change in lung volume with
sleep state (66, 67, 179, 183). Nevertheless, the increased vari-
ability of end-expiratory level and the difficulty of obtaining reli-
able estimates of FRC during active sleep are such that measure-
ments should ideally be confined to quiet sleep. Since the
proportion of active sleep in relation to the total sleep time is at
least 50% in fullterm infants, and even greater in preterm infants,
the time available for lung function studies is limited. Failure to
monitor sleep state may contribute to the discrepancies between
various published studies. Further research is required to define
the influence of phasic versus tonic active sleep on lung volume.

In the absence of unilateral lung disease, measurements of
FRC appear similar in the lateral and supine positions (72). In
adults, significantly lower values of FRC are observed in the su-
pine compared with the upright or sitting position, but this rela-
tionship has not been established in infants. For practical reasons,
infants are always studied lying down, and this needs to be kept
in mind when FRC measurements are compared between infants
and older subjects.

Equipment and technical procedures. A great difficulty in com-
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paring and interpreting results from different centers is the lack
of standards for equipment, methods, and calculation procedures.
Most equipment for measuring lung volumes in infants is home-
made, and the necessary specifications for comparative conclu-
sions are rarely presented in published reports. Substantial differ-
ences currently exist with respect to the thermal and frequency
characteristics of the equipment, the response time of gas
analyzers, and the dead space and resistance of the apparatus.
The frequency response of measuring equipment should be ade-
quate to at least five times the basic frequency of the respiratory
maneuvers being measured (.., at least 10 Hz for measurements
in infants). However, a standardized approach to simple, accurate
methods of assessing the frequency response of infant lung func-
tion equipment has yet to be defined (172).

In the past few years, efforts have been made to introduce some
degree of standardization into measurement techniques (130, 175,
198), but criteria for technically satisfactory data have not been
established clearly enough for recommendations to gain wide-
spread acceptance. With respect to the helium dilution technique,
the primary areas of controversy include the optimal ratio of spirom-
eter size to lung volume, the recommended duration of rebreath-
ing (i.e., how “equilibration” is defined in health and disease), and
whether extrapolation of helium concentration should be used in
the presence of a relatively small but constant decline in helium
concentration (175). With respect to the nitrogen washout tech-
nique, methods of overcoming the potential practical and theo-
retical difficulties have only recently been described (144, 189),
and numerous methodologic variations still exist between differ-
ent centers using this technique. Further work is required before
a standardized approach can be adopted.

With all the techniques there is controversy regarding how many
measurements should be made in each infant and how the results
should be expressed. Obtaining three fo five repeat measurements
is relatively simple and quick with plethysmography. This is less
feasible with the gas dilution techniques because of the duration
of rebreathing or washout required and the necessary interval be-
tween tests. An acceptable result should be based on the mean
of at least two measurements within 10% of each other.

Apparent physiologic artifacts. Once body size has been ac-
counted for, plethysmographically determined values of FRC (Vtg)
appear similar throughout life, and are comparable to measure-
ments made in other mammalian species. By contrast, the gas
dilution techniques, especially nitrogen washout, yield consistently
lower values of FRC. This discrepancy between lung volumes mea-
sured using plethysmographic versus gas dilution techniques ap-
pears to be greater in healthy infants than in older children and
adults. Further carefully designed comparative studies are re-
quired to elucidate the true magnitude of this difference and the
reasons underlying it.

Particularly puzzling and controversial is the apparent underes-
timation of Vtg by plethysmography in infants with chronic wheez-
ing after bronchiolitis (168). By contrast, the plethysmograph ap-
pears to measure Vig accurately in infants with other types of
obstructive lung disease including CF and acute bronchiolitis (136,
143, 147, 199). Further studies are required to resolve this spe-
cific controversy.

A further controversial aspect of plethysmography is the ob-
servation that different Vitg values may result from occlusions at
end-inspiration and end-expiration. Whereas several groups have
found this to be the case in infants with airway obstruction, others
do not believe the problem exists (167, 170, 177, 200). Whether
the differences are real, and if so, which occlusion volume should
be used, remains to be determined.
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Reference Values and Interpretation

Although numerous reports of reference values for lung volume
in infancy have been published and recently summarized (150),
discrepancies remain between different studies and techniques.
Problems in the appropriate use of reference values arise because
few of the published studies are based on more than 50 healthy
infants and the data are generally cross-sectional. Furthermore,
the characteristics of the reference population may differ from
those of the study group with respect to the age, body size, gen-
der, or ethnic origin, as well as the equipment and techniques used.

In healthy newborn infants, body weight and length may be
equally good predictors of lung size. At this age, normalization
based on body weight may be preferable because length may be
more difficult to measure accurately, especially in sick preterm
infants. Beyond the neonatal period, body length appears to be
a better predictor of lung volume, being less influenced by differ-
ences in body fat in healthy infants and less dependent on the
relative undernourishment that may accompany disease states
such as CF. Lung volumes must be expressed in relation to predic-
tion equations based on length, not as a simple ratio, because
expression of lung volume as milliliters per centimeter of length
results in “false ratios” and gross misinterpretation of results (198,
201). Although lung volumes are commonly expressed as “per-
cent predicted” (202, 203), this approach necessitates the use of
some arbitrary cut-off point for normality, which precludes the in-
terpretation of a subject’s result with respect to the range of values
found in the reference population. The relative advantages of al-
ternative approaches such as the use of percentiles and stan-
dardized residuals (1486, 204, 205) need to be addressed. ltis es-
sential that statistically correct methods of prediction be used,
whatever method of normalization is chosen.

Numerous studies have reported values for FRC in healthy in-
fants using both gas dilution and plethysmography. Many of these
studies have confined measurements to the neonatal period,
thereby precluding calculation of prediction equations based on
body weight or length. However, lung volume has frequently been
expressed per kilogram of body weight. Using this approach, the
mean values of FRC measured by gas dilution techniques have
ranged from 20 to 24 ml/kg in infants as old as 18 months of age
(9, 10, 131, 133, 181, 187, 190); the lowest values were obtained
using the nitrogen washout technigue. In contrast, mean values
of Vitg have ranged from 29 to 34 mifkg in infants as old as 1 yr
(55, 89, 113, 159, 206, 210). The results of many of these studies
have had wide scatter.

Most studies of FRC in infants have reported similar values
in boys and girls (9, 10, 131, 133), but one of these suggested a
small difference due to gender in younger infants, FRC being larger
in boys than in girls (133). Insufficient data have been collected
to ascertain whether race is an important determinant of lung vol-
ume during the first year of life, although clear evidence supports
this in older children (208, 209).

Future Directions

International collaborative efforts are urgently needed to stan-
dardize equipment and techniques for the assessment of lung
volumes in infants, with special emphasis on the areas outlined
in CURRENT CONTROVERSIES. With the increasing commercial
availability of equipment for infant lung function testing, it is par-
ticularly important to establish firm guidelines that can be adopted
by manufacturers. These guidelines should address suitable
equipment characteristics, such as frequency response, thermal
characteristics, size, dead space and resistance of apparatus, sam-
pling speed, and response time of gas analyzers. In the mean-
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time, manufacturers should provide complete details of their equip-
ment, including evidence of performance tests or the means by
which the user can perform such tests.

Future work is required to assess the reproducibility of each
technique in both healthy and sick infants and to assess the rela-
tive limitations and advantages of the various methods of assess-
ing lung volume in specific research and clinical situations.
Methods of assessing the in vivo accuracy of the three technigues
need to be developed, together with a consensus on what consti-
tutes technically acceptable data. Once standards have been es-
tablished there is a need to obtain valid reference values during
the first 2 yr of life. The development of training programs in in-
fant lung function testing, by means of postgraduate courses or
within designated laboratories, could greatly facilitate the process
of standardization and establishment of common criteria for quality
control.

In healthy infants, measurements of FRC by gas dilution are
consistently lower than those obtained by plethysmography. The
physiologic basis of this phenomenon must be clarified by care-
fully designed comparative studies.

Further studies are required to clarify how factors such as the
chest wall, the respiratory muscles, and the central control of
breathing influence breathing strategy in infants, how such fac-
tors evolve during the first year of life, and the extent to which
they may influence lung volume measurements. To achieve this,
simpler, noninvasive methods are needed to assess sleep state
and respiratory muscle function, including that of the upper
airways.

Improved methods and equipment for bedside investigations
of lung volume in sick, intubated, or ventilated infants are required.
Although the use of radiographic assessments of lung volume may
be limited by the undesirable X-ray exposure, techniques such
as echoplanar imaging and computed tomography hold consid-
erable potential for future clinical use because they are less labor
intensive, are easily repeatable, carry minimal risk other than the
high dose of radiation, and require no sedation (151-154). How-
ever, considerable further development and validation will be re-
quired before such techniques can be applied routinely.

OTHER TESTS
Introduction

This section covers three categories of pulmonary function tests
performed during tidal breathing: (7) measures of VT, respiratory
rate, and tidal breathing patterns, (2) measures taken at the chest
wall surface, and (3) measures of gas mixing. These tests are in-
cluded because they represent standard or promising new mea-
sures of pulmonary mechanical function in infants that deserve
further investigation. Not covered in this section are measures
of gas exchange (lung diffusion, arterial-alveolar gradients, re-
spiratory quotient, oxygen consumption, and carbon dioxide
production), measures of respiratory drive (oxygen and carbon
dioxide response, P,,), and lung scintigraphy (ventilation and
perfusion scans).

Measures of VT, Respiratory Rate, and Breathing Pattern

Introduction. Although respiratory rate and clinical estimates of
VT have been used for decades to assess infants with lung dis-
ease, few physiologic studies of these indices of minute ventila-
tion have been done to define their determinants and normal
values in infants. A major determinant of minute ventilation in in-
fants appears to be the increase in metabolic demand related to
growth and increasing activity. After birth in normal infants, V1
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increases with weight while respiratory rate steadily declines
through infancy. This change in pattern may be due to a decrease
in Cw with growth (34}, allowing for a more mechanically efficient
increase in VT. Itis unlikely to be due to alterations in CL, because
specific compliance changes little during infancy (210). As will be
discussed, these variables are apparently simple to measure but
difficult to interpret, because the act of measurement can alter
the infant’s breathing pattern.

Although VT and respiratory rate offer information about how
the ventilatory requirement is met in a given infant, the pattern
of tidal breathing may serve as an indirect reflection of respira-
tory mechanics. Two recent studies suggest that tidal breathing
pattern analysis in infants may be a sensitive indicator of lung dis-
ease (11, 211).

Methods. Tidal volume (VT) is most commonly measured with
a pneumotachograph of the appropriate size attached to a face
mask. The use of a face mask alters breathing pattern, however
(212). The 2.2 ml/kg dead space of the commonly used appara-
tus and even slight apparatus resistances can also increase VT
(213). Nasal prongs and nasal masks have been used in an effort
to reduce dead space, but even newborn infants are not neces-
sarily obligate nasal breathers (214). Other methods created to
eliminate the problems of dead space and resistance include re-
verse plethysmography (215) and measurement of the expiratory
gas dilution of a collateral flow stream (216).

Respiratory rate is often used as a nonspecific indicator of re-
spiratory distress in infants. It is best measured during quiet sieep,
usually by observing or feeling chest movements. The instrumen-
tation techniques mentioned previously as well as capnography,
nasal thermal changes, and respiratory inductance plethysmog-
raphy have also been used to measure respiratory rate.

Two methods of breathing pattern analysis have been proposed.
In the first, ventilation is partitioned into its “neuromechanical drive”
and “duty cycle” determinants, given by the mean expiratory flow
(VT/Ti) or inspiratory time divided by total cycle duration (Ti/Ttot),
respectively (217-219). In the second method the form of tidal ex-
piration is analyzed. For both methods, flow is measured by a pneu-
motachograph attached to the subject by means of a face mask.
Care must be taken to obtain a leak-free seal and to avoid ob-
structing the nares. Flow signals are integrated to obtain volume,
and a tidal flow-volume loop is displayed on an oscilloscope or
a computer monitor. In one study, after a regular pattern of tidal
breathing was observed as the superimposition of at least five
sequential flow-volume loops, 10 breaths were sampled for anal-
ysis (11). The tidal expiratory flow pattern may then be quantitated
as the ratio of the time to peak tidal expiratory flow (Tme) divided
by the expiratory time (TE), Tme/TE.

Current controversies. The main controversy surrounding mea-
surements of VT and respiratory rate in infants relates to their
sources of variability. Studies have identified various sources but
not their relative effects or the strength of their interactions. They
include differences in state of arousal or sleep, gestational age
or weight, and testing conditions. Subjects are often sedated with
chloral hydrate, but this has been shown to have inconsistent ef-
fects on respiratory frequency (8, 71) and possibly on minute ven-
tilation.

Little is known about the determinants of Tme/TE in infancy.
The relationship of Tme/TE to lung function may exist because
Tme/Te quantitates the degree of active tidal slowing that occurs
in response to respiratory system mechanics. In other words,
Tme/TE may reflect the neuromuscular response to the passive
respiratory system rate constant and the resting lung volume
(220-222). Slowing of expiration by postinspiratory diaphragmatic
tone or laryngeal adduction seems to control TE and VT, thus ad-
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TABLE 1

PREDICTED VALUES OF RESPIRATORY RATE (BREATHS/MIN)
FROM SELECTED STUDIES OF INFANTS

Age {months)
Source N Birth 3 [ 9 12
Gaultier, 1979 (130) 52 48 44 39 34 29
Tepper, 1986 (8) 117 47 38 31 27 24
Taussig, 1977 (132) 34 - 3N 31 31 31
Weighted mean 203 47 38 33 29 26

justing the respiratory pattern to respond efficiently to demands
for increased minute ventilation while maintaining a stable end-
expiratory lung volume. In a patient with obstructive lung disease
and a slow passive exhalation, the need for active braking might
be expected to diminish, resulting in an early increase to peak
expiratory flow (decreasing Tme). Further, because exhalation is
slow, TE must be relatively increased to allow exhalation to be com-
pleted. Thus, Tme/TE would be abnormally low. This effect could
be further augmented in severe obstruction with active exhala-
tion with no active braking. However, this explanation for the ob-
served relationship between low Tme/TE values and obstructive
airway disease is purely speculative. Indeed, studies in adults with
chronic obstructive puimonary disease (COPD) (223) show in-
creased laryngeal adduction, which may further prolong TE. Much
work remains to be done to reveal the meaning and the limita-
tions of this technique.

Reference values and interpretation. Three recent studies (8,
131, 133) providing reference values of respiratory rate in infants
during quiet sleep are shown in table 1. Two of these show differ-
ent rates of decrease in respiratory rate from birth to 1 yr of age,
whereas the third shows little or no change from 3 months to 1 yr
of age. These disparate results reflect the sources of variability
inherent in the respiratory rate, some of which were not consid-
ered in the reported measurements.

Four studies (9, 10, 131, 133) reporting reference values for VT
are shown in table 2. VT in the first year of life is roughly constant
at 7 to 9 ml/kg. These results are much more consistent than those
for respiratory rate. However, all these studies were performed
with a pneumotachograph and thus the values may differ from
VT values obtained without the use of a mask by inductive ple-
thysmography. i

Reference values for Ti/Ttot in infants are limited. A longitudi-
nal study of 15 normal infants reported in 1979 (224) measured
Ti/Ttot during quiet sleep from birth to 4 months of age. A baro-
metric chamber method not requiring the use of a face mask was
used to avoid facial stimulation. The mean Ti/Ttot (0.32 = 0.07

TABLE 2

PREDICTED VALUES OF TIDAL VOLUME (ML) FROM SELECTED
STUDIES OF INFANTS

Age {months)
Birth 3 6 9 12
Weight (kg)
3.2 55 7.5 9.0 10.0
Length {cm)
Source N 50 60 67 72 75
Gaultier, 1979 (130) 65 22.0 48.9 67.7 81.2 88.3
Tepper, 1986 (8) 117 24.0 51.0 69.9 834 915
Taussig, 1977 (132) 34 — 47.8 75.1 94.7 106.4
Hanrahan, 1990 (9) 148 244 47.9 64.4 76.1 83.2
Weighted mean 364 238 49.1 67.8 81.1 B9.1
mikg 7.4 8.9 9.0 9.0 8.9
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SD) did not change during the study period. The authors there-
fore concluded that the increase in minute ventilation seen with
growth was due primarily to an increase in mean inspiratory flow
rather than in the respiratory duty cycle. Challenging similarly aged
infants with 2% carbon dioxide resulted in an increase in minute
ventilation but no change in mean Ti/Ttot (0.36) (225). In a study
of 62 healthy children aged 4 to 16 yr, values of 0.40 to 0.50 have
been observed (226).

Although adults with COPD have decreased Ti/Ttot (227), in-
fants with severe BPD do not (211, 228). A study of 103 healthy
infants and 24 infants with BPD, using a face mask and pneu-
motachograph to measure flow, found that age-corrected mean
Ti/Ttot in the healthy babies at 3.7 months (043 = 0.04 SD) did
not differ from that measured in the babies with BPD (0.42 = 0.05)
(211). Indeed, it was reported (228) that hypercapnic infants with
BPD had higher respiratory rates, shorter inspiratory times, and
smaller VT than did normocapnic infants with BPD. Nevertheless,
no significant difference in Ti/Ttot was found between the groups.
In contrast to the results in infants with BPD, children with chronic
airway problems do have a decreased Ti/Ttot and an increased
mean inspiratory flow (217-219).

Abnormally shaped tidal expiratory flow-time curves, demon-
strating a rapid, early expiration of VT, were first reported in in-
fants with airway obstruction from bronchiolitis (161). The altered
shape returned to normal as the disease resolved. Similarly, adults
with obstructive lung disease (229) reach the peak tidal flow ear-
lier in expiration than do normal subjects or subjects with restric-
tive lung disease. Reference values for Tme/fTE in infants are very
limited. In 103 healthy infants from Tucson, Arizona (211), studied
using a face mask and a pneumotachograph to measure flow, age-
corrected mean TmefTE was 0.27 + 0.08 SD at 3.7 months of age.
The value was significantly lower (0.18 = 0.09) in 24 infants with
BPD. Reduced Tme/TE in early infancy also appears to predict later
wheezing iliness, suggesting that tidal expiration analysis may
be useful in detecting mild to moderate levels of airway dysfunc-
tion (11).

Future directions. Rigorous studies are needed to define the
determinants of tidal breathing pattern in infants in health and dis-
ease. Continued work is needed to reduce the effects of measure-
ment conditions such as dead space, orofacial stimulation, or pos-
ture and head position, especially on VT. The interactions of
sources of measurement variability such as sleep state, time since
feeding, and time of day need to be better understood. Longitudi-
nal studies of VT and respiratory rate are needed to determine
the progression of these measures during normal development,
taking into account gestational age, weight, and length. Measures
of inspiratory timing (Ti/Ttot) and drive (VT/T) also merit further
investigation in health and disease.

The observed relationship between diminished Tme/TE values
and obstructive airway disease remains to be clarified. As for VT
and respiratory rate, the factors governing measurement variability
must be investigated. Further, these results (11, 211, 229) need
to be replicated in infants with different ages, ethnicities, and lung
conditions. For example, the analysis of tidal expiration in intubated
neonates may be confounded because they cannot control expi-
ratory flow by laryngeal adduction (230). If tidal breathing analy-
sis can be shown to be useful, then this simple, noninvasive
method could become a powerful epidemiologic tool.

Measures of Chest Wall Motion

Introduction

In preterm and newborn infants, Cw may exceed CL by 5- to 7-fold
(231). The functional consequence of this high Cw for the infant
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is that the respiratory pump is less efficient in moving V7. Part
of the applied pressure is used to draw in air, but another part
is used to distort the chest wall (232). This is particularly true in
active sleep (233). An understanding of chest wall mechanics is
thus important in assessing the overall respiratory function of pre-
term and full-term infants. Chest wall properties that have been
measured in infants include Cw (49, 231, 234), the contribution
to VT of the separate rib cage (RC) and abdominal (AB) compart-
ments (235), and the relative timing of the RC and AB compart-
ments (synchronous, asynchronous, and paradoxic) (236, 237).
This section discusses the last two measurements.

Surface measurements offer the potential for noninvasive as-
sessment of ventilation (e.g., frequency, VT, Ti/Ttot) at the chest
wall (238). They may prove useful in the study of the normal phys-
iology of the chest wall, chest wall abnormalities (e.g., thoracic
deformities and neuromuscular disease), control of breathing (e.g.,
central versus obstructive apnea [239]), and chest wall motion.
Excessive negative intrapleural pressure associated with obstruc-
tive lung disease can affect the rib cage, delaying its outward
movement relative to that of the abdomen or causing paradox.
Quantitation of this asynchrony appears to be a promising nonin-
vasive approach in assessing the severity of underlying lung dis-
ease (236, 237, 240).

Methods

Respiratory inductive plethysmography (RIP) is the most widely
used method to assess chest wall motion. The amplitude-fre-
guency response of RIP has been shown to be flat to 13 Hz (232)
and thus is adequate to assess breathing patterns even in very
tachypneic infants. Alternative methods include the use of strain
gauges and magnetometers. If calibrated, these instruments can
be used to differentiate the contributions to VT of the RC and AB
chest wall compartments. Care must be taken to minimize shoul-
der girdle motion, to place the RIP bands and strain gauges
properly, and to keep them from slipping during the study, as this
will affect calibration. Two methods of calibration are commonly
used: an isovolume maneuver during airway occlusion (241) or
a least-mean-squares regression to solve the equation VT = |,
X Kpe + g X kug, where | is the pen displacement in volts (V)
and k is the calibration factor in milliliters per volt. Given the two
unknowns (K, k,g),-simultaneous equations must be solved by
choosing two ventilatory strategies that differ in the RC/AB con-
tribution to breathing. A change in body position or from quiet
to active sleep is commonly used to accomplish this (242-244).
A third method, a modification of the isovolume calibration equa-
tions, has recently been described that allows calibration during
single-posture natural breathing (245). Most workers accept agree-
ment of RIP and pneumotachograph measurements of VT within
10 to 20% (242-244) as evidence of adequate calibration.
Although calibration is difficult in infants, the timing (phase rela-
tionships) between RC and AB movement can be inferred with-
out volume calibration. This can be done by calculating a “phase
angle,” @, between RC and AB motion. If the AB and RC com-
partments are plotted on the x and y axes, respectively, of an os-
cilloscope, with time as an implicit variable, the resulting “Lissa-
jous” figure can be analyzed, and a phase angle caiculated.
Synchronous motion (& = 0°) is reflected in a closed loop with
a positive slope. As asynchrony develops, the loop opens, becom-
ing progressively wider as asynchrony increases. Counterclock-
wise loops indicate that outward AB motion precedes outward RC
metion; clockwise loops indicate the opposite. Pure paradoxic mo-
tion (@ = 180°) is represented by a closed loop with a negative
slope. This method of analysis assumes sinusoid RC and AB wave
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forms, but in most cases motion that is not purely sinusoid does
not introduce substantial errors (236).

Current Controversies

Limited data are available on the relative accuracy of measure-
ments obtained by RIP, strain gauges, and magnetometers (246).
Although all three methods detect abdominal motion equally well,
magnetometers may be less accurate than RIP or strain gauges
in representing changes in overall chest wall volume because they
are more influenced by local events (e.g., proximity to the area
of apposition of the diaphragm).

The major problem with all of these methods is calibration to
volume. The underlying assumption that the system has only two
degrees of freedom (241) may not be true, especially in prema-
ture infants with highly distortable chest walls (247). Furthermore,
calibration performed during one sleep state may not apply in a
different sleep state (248). Phase relationships between RC and
AB movement may be measured independently of volume cali-
bration. However, increased chest wall asynchrony is observed
in active sleep; to allow for inferences about the underlying lung
mechanics from chest wall motion, the measurements should be
taken during quiet sleep determined using behavioral criteria (64).
Furthermore, to be most informative, phase angle values should
be analyzed along with the volumetric contributions of the RC and
AB compartments. For example, a phase angle of 180° with sub-
stantial RC motion has greater functional consequences for the
infant than a phase angle of 180° with minimal RC motion.

Reference Valu s and Interpretation

Rib cage contribution to VT. The mean RC contribution to VT
during quiet sleep is 35% (range = 20 to 50%) in the first 3 months
and approaches adolescent values by age 1 yr (mean = 60%,
range = 30 to 80%) (235). No data from preterm infants have been
published.

Phase relationships of RC/AB movement. Normal chest wall mo-
tion is synchronous in full-term infants and children (mean phase
shift = 89 range = 0 to 25°) in quiet sleep (236, 237). Normal
chest wall motion in preterm infants may be asynchronous, with
a mean phase shift of 58° (range = 0 to 157°) in quiet sleep (out-
ward AB motion preceding outward RC motion) (249). In this age
group, chest wall motion is more synchronous in the prone than
in the supine position (250). Pulmonary disease has marked ef-
fects on chest wall asynchrony that can be related to the degree
of abnormality in Crs and Rrs. Again, outward AB motion usually
precedes outward RC motion (251). Asynchrony improves signifi-
cantly after bronchodilators in infants with lower airway obstruc-
tion (236) and after racemic epinephrine in children with upper
airway obstruction (237). These changes in asynchrony correlate
with the improvement in lung mechanics (236).

Future Directions

Relative to the infant lung, little is known about the infant chest
wall. Promising noninvasive techniques of assessing chest wall
function have recently been introduced. The methodologic issues
that require further study include the relative value of RIP, strain
gauges, and magnetometry and the comparison of different
methods of calibration, especially in preterm infants. In calibra-
tion methods, the assumption of only two degrees of freedom
needs to be critically evaluated, as does the stability of calibra-
tion between sleep states and body positions. Further development
of the recently described performance index (248) will better en-
able workers to assess agreement between RIP and pneumotacho-
graphic measurements of VT. The accuracy of RiP in tracking
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changes in FRC merits study. The effects of chest wall mechanics
on other measures of lung function in infants (e.g., PEFV curves
by the RTC technique, esophageal manometry) need to be inves-
tigated. The accuracy of differentiating measures of chest wall
volume changes to obtain flow measurements should be further
assessed as a promising method of producing tidal flow-volume
curves without a face mask (252).

Further reference data need o be generated to describe the
changes with development in static and dynamic Cw in preterm
and growing full-term infants, and in the relative magnitude and
timing of RC and AB contributions to VT. The intrasubject vari-
ability of these measurements needs to be established.

Chest wall mechanics should be studied in infants with neu-
romuscular disease, chest wall abnormalities, and primary lung
disease, and the role of chest wall instability in overall respiratory
pump malfunction should be assessed. The use of the phase an-
gle as a promising, noninvasive index of airflow obstruction needs
to be further evaluated. Chest wall motion should be investigated
as an indicator of control of breathing (e.g., to differentiate central
from obstructive apnea). Chest wall muscle function (e.g., elec-
tromyographic activity, P, ;, maximal inspiratory and expiratory
pressure) should also be studied.

Measures of Gas Mixing

Introduction. Gas mixing is measured during tidal breathing
of either washout or washin of a gas. Studies using measures of
gas mixing have found them to be sensitive indicators of obstruc-
tive lung disease in infants, children, and aduits. The sensitivity
of these measures in infants with respiratory disease is highlighted
by the results of three studies. In a study of infants with hyaline
membrane disease, gas mixing measures discriminated between
those infants who completely recovered with no subsequent lung
disease and those who developed BPD (253). In two other studies,
a measure of gas mixing discriminated between normal infants
and those with CF (254) and between infants with CF with and
without pulmonary symptoms (255).

Tests of gas mixing present a different view of the lungs than
do the measures mentioned in previous sections in that they as-
sess homogeneity of ventilation. The combination of measures
of lung mechanics and measures of gas mixing may provide a
better picture of lung function than either type of test alone. This
idea is supported by a study in older subjects in which normal
subjects, patients with mild or moderate asthma, and patients with
CF could be discriminated only by using measures of both lung
mechanics and gas mixing (256).

Methods. Measures of gas mixing are usually performed dur-
ing a measurement of FRC by either nitrogen washout or inert
gas equilibration. All such technigues take measurements from
the resulting exponential decay curve of gas concentration. Numer-
ous methods of analysis have besn proposed and tested in adults.
Some methods normalize a measurement taken at the end of the
washout by lung volume—that is, the pulmonary clearance index
(257) is the ratio of the ventilation required to achieve 2% end-
tidal nitrogen concentration and the FRC. Because such single-
point measures can be variable even in cooperative adults, they
are infrequently performed in young subjects, who are commonly
less cooperative and predictable.

The five measures for which data from infants or young children
have been published are mixing index (258), pulmonary clear-
ance delay (259), ventilatory efficiency (260), multiple-compart-
ment model fitting (261), and moment analysis (262). In the first
three techniques, once the diluted volume (FRC) and the diluting
volume (VT) are known, the washout values for a one-compartment
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ideal lung (a lung with perfect gas mixing) can be calculated and
compared with the observed values. Both the mixing index and
the pulmonary clearance delay compare the observed number
of breaths to reach a given mixing value with the expected num-
ber from an ideal lung. The ventilatory efficiency compares the
ventilatory volume needed to achieve 90% mixing in the patient’s
lungs to the ventilatory volume required of an ideal lung.

The final two techniques analyze the shape of the washout
curve. In multiple-compartment model fitting, compartments of
different time constants are derived by fitting two or more linear
approximations to the log-linear plot of washout gas concentra-
tion over expired volume. In moment analysis, the distribution of
the dilution number (expired volume/FRC) versus end-tidal nitro-
gen concentration is characterized by the moment ratios M,/M,
and M,/M,.

Current controversies. These methods have no standardized
technigque or terminology. Two studies have compared the sensi-
tivity (263) and reproducibility (264) of multiple methods of per-
forming gas mixing measurements in adults, but no such studies
have been performed for infants. The question of the most appro-
priate method for this age group thus remains open.

When gas measurements are performed, the issues of equip-
ment dead space, gas analyzer response, and synchronization
with flow measurement require careful attention (265). In infants
these issues are compounded by the smaller size and faster
breathing patterns (265). The best strategy for overcoming such
equipment effects continues to be debated.

Gas mixing measures are reportedly sensitive in detecting dis-
ease (263). Whether and how such measures change with age
remain controversial, The lack of standardized methods or equip-
ment impedes any generalization about normative data or demon-
stration of the utility of such measures in observing the course
of infant lung disease.

Reference values and interpretation. A few studies have pro-
duced reference values in infants. Mixing index (i.e., the theoretic
number of breaths needed to achieve 90% mixing in an ideal lung
expressed as a percentage of the number of observed breaths)
has a positive correlation with body length over the first year of
life and averages about 61% (218). Infants with little or no disease
have a pulmonary clearance delay of 47%, which corresponds
to a mixing index of 68% (253). These data suggest less even
mixing in infants than in adults, whose puimonary clearance de-
tay of 21% (259) corresponds to a mixing index of 82%. The ven-
tilatory efficiency (i.e., theoretic ventilation to achieve 90% mix-
ing in an ideal lung expressed as a percentage of observed
ventilation) of reference subjects has been found to be about 50%
in infants versus 70% in adults (267). In two similar analyses that
took anatomic dead space into account, the ventilatory efficiency
increased over the first day of life from 47 to 76% (185) and from
51 to 60% (268).

In multiple-compartment analysis studies newborn infants have
less even ventilation than do adults, having a slow lung space
that represents 10 to 20% of total alveolar ventilation (185, 253,
268, 269). These results are contradicted by one report that found
more even ventilation in normal newborns than in normal adults
(270). Although no results from moment analysis in infants have
been published, one study in children found a significant differ-
ence in moment ratios between normal subjects and those as
young as 3 yr of age with CF (271).

Future directions. The techniques for testing and analyzing gas
mixing need to be standardized so that results from different
studies can be compared. As the simultaneous calculation of all
proposed measures of gas mixing is possible, comparative studies
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are needed to determine the best way to characterize gas mixing
in health versus disease. The use of inert gases for gas mixing
studies may vield different results from nitrogen washout with ox-
ygen and should be evaluated. Continued work is needed to de-
sign equipment that operates quickly enough to analyze the rapid
breathing patterns of infants and is small enough to provide dead
spaces appropriate to the infant’s size. Longitudinal studies are
needed to determine how measures of gas mixing change with
age and whether they are useful indicators of early lung disease
in infants and young children. When these goals are met, gas mix-
ing measures may be useful in characterizing lung function from
birth to adulthood in health and disease.

Conclusion and Recommendations

It is now possible to perform a variety of measurements of respi-
ratory mechanics in infants. These have already proved valuable
in revealing the normal functional development of the lungs and
in predicting and tracking infant respiratory disease and responses
to therapy. However their full potential is still unrealized because
of the lack of standardized methods and reference values. Fur-
ther, some uncertainty remains about the physiologic basis of
some of these tests. On the basis of its discussions and the sci-
entific information summarized in this statement, the Committee
makes the following recommendations.

Standardization

The measurement procedures for infant pulmonary function test-
ing must be standardized. Equipment standards like those estab-
lished for pulmonary function testing in adults and children are
needed for the instruments used in infants. A committee needs
to be established for the express purpose of setting standards
for tests of infant pulmonary function in accordance with current
knowledge of these measurements. Standards should be revised
as new information about these tests is acquired. Patient safety
must be assured in all aspects of the development of standards
and investigation of respiratory mechanics. This statement does
not attempt to address the relative safety of the various sedatives
used during infant pulmonary function testing. The risk versus
the benefit of any medication given should be assessed on an
individual basis.

Physiologic Investigation

It is important to define further the physiologic basis underlying
pulmonary function tests in infants in order to clarify what the tests
can and cannot measure. For example, the following specific is-
sues need to be addressed: (7) The guestion of whether or not
flow limitation is reached during measurements of forced expira-
tion needs to be resolved. (2) The effect of active respiratory re-
sponses (including the upper airway, chest wall, and other respi-
ratory muscles) on tests performed during assumed passive
conditions needs to be investigated. (3) The reasons for the con-
sistent discrepancies in measurements of lung volumes in healthy
infants by plethysmographic versus gas dilution techniques need
to be defined. Although not addressed in this report, the Commit-
tee recognizes the need to develop methods for evaluating pul-
monary function in preschool children.

Reference Values

Normal reference values for tests of infant pulmonary function need
to be obtained from sufficient numbers of subjects. This will re-
quire collaborative efforts using equipment and procedures that
meet the established standards. Age, gender, race, and other
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genetic and environmental factors will need to be considered. The
appropriate basis on which to compare the resuits of the various
tests at different stages of growth and development will need to
be determined. :

Scientific Interaction

The continued development of currently useful tests of infant pul-
monary function will be optimized by the exchange of scientific
information at regular intervals between investigators working in
this area both nationally and intemationally. Workshops are recom-

mended both to foster the exchange of scientific information and

to educate practitioners of all levels. Constructive interaction must
be fostered between scientific investigators in the field and the
manufacturers of testing equipment.

Collaborative Investigations

Because of the complexities involved in obtaining reliable pulmo-
nary function data in infants and the relatively small number of
subjects available for study in any single center, multicenter col-
laborative studies and clinical trials should be undertaken to in-
vestigate:
(7) The functional development of respiratory mechanics in
healthy infants
(2) The impact of prenatal and postnatal factors, including
tobacco smoke and drug abuse on respiratory system de-
velopment
(3) The natural history of the major respiratory disorders of in-
fancy, including CF, asthma, neonatal lung disease, and dis-
ease from respiratory syncytial and human immunodefi-
ciency viral infections
(4) The effects of major therapeutic interventions on these dis-
ease processes
If tests of pulmonary function in infants are developed in paraliel
with new diagnostic and therapeutic approaches being derived
from the rapid advances occurring in cell and molecular biology,
great potential exists to make substantial progress in the diagno-
sis and treatment of respiratory disorders of early childhood.

References

1. Quanjer PH, Helms P, Bjure J, Gaultier C, eds. Standardization of lung
function tests in paediatrics. Eur Respir J 1989; 2(Suppl 4:121s-264s).

2. Hyatt RE, Schilder DP, Fry DL. Relationship between maximum expira-
tory flow and degree of lung inflation. J Appl Physiol 1958; 13:331-6.

3. Mead J, Turner JM, Mackiemn PT, Little JB. Significance of the relation-
ship between lung recoil and maximum expiratory flow. J Appl Phys-
iol 1967; 22:95-108.

4. Dawson SV, Elliott EA. Wave-speed limitation on expiratory flow —a unify-
ing concept. J Appl Physiol 1977; 43:498-515,

5. Motoyama EK. Pulmonary mechanics during early postnatal years. Pedi-
atr Res 1977; 11:220-3.

6. Adler S, Wohl ME. Flow-volume relationship at low lung volumes in healthy
term newborn infants. Pediatrics 1978; 61:636—40.

7. Taussig LM, Landau LI, Godfrey S, Arad |. Determinants of forced expi-
ratory flows in newborn infants. J Appl Physiol 1982; 53:1220-7.

8. Morgan WJ, Geller DE, Tepper RS, Taussig LM. Partial expiratory flow-
volume curves in infants and young children. Pediatr Pulmonol 1988;
5:232-43.

9. Tepper RS, Morgan WJ, Cota K, Wright A, Taussig LM. Physiologic
growth and development of the lung during the first year of life. Am
Rev Respir Dis 1986; 134:513-89.

10. Hanrahan JP, Tager IB, Castile RG, Segal MR, Weiss ST, Speizer FE.
Pulmonary function measures in healthy infants. Variability and size
correction. Am Rev Respir Dis 1990; 141:1127-35.

11. Martinez FD, Morgan WJ, Wright AL, Holberg CJ, Taussig LM. Dimin-
ished lung function as a predisposing factor for wheezing respiratory
illness in infants. N Engl J Med 1988; 319:1112-7.

12. Godfrey S, Bar-Yishay E, Arad |, Landau LI, Taussig LM. Flow-volume
curves in infants with lung disease. Pediatrics 1983; 72:517-22.

13. Tepper RS, Morgan WJ, Cota K, Taussig LM. Expiratory flow limitation
E'n infagts with bronchopulmonary dysplasia. J Pediatr 1986; 109:

040-6.

15.

16.

18.

20.

21.

24.

25.

26.

27.

28.

30.
31.

37.

39.

41.

AMERICAN REVIEW OF RESPIRATORY DISEASE VOL 147 1993

. Motoyama EK, Fort MD, Klesh KW, Mutich RL, Guthrie RD. Early onset

of airway reactivity in premature infants with bronchopulmonary dys-
plasia. Am Rev Respir Dis 1987; 136:50-7.

Mallory GB Jr, Chaney H, Mutich RL, Motoyama EK. Longitudinal changes
in lung function during the first three years of premature infants with
moderate to severe bronchopulmonary dysplasia. Pediatr Pulmonol
1991; 11:8-14.

Nakayama DK, Mutich R, Motoyama EK. Pulmonary dysfunction in sur-
gical conditions of the newborn infant. Crit Care Med 1991; 19:926-33.

. Nakayama DK, Motoyama EK, Mutich RL, Koumbourlis AC. Pulmonary

tunction in newporns after repair ot congenital diaphiragmatic hernia.
Pediatr Pulmonol 1991; 11:49-55.

. Mallory GB Jr, Motoyama EK, Koumbouriis AC, Mutich RL, Nakayama

DK. Bronchial reactivity in infants in acute respiratory failure with vi-
ral bronchiolitis. Pediatr Pulmonol 1989; 6:253-9.

Beardsmore CS, Bar-Yishay E, Maayan C, Yahav Y, Katzneison D, God-
frey S. Lung function in infants with cystic fibrosis. Thorax 1988;
43:545-51.

Hiatt P, Eigen H, Yu P, Tepper RS. Bronchodilator responsiveness in
infants and young children with cystic fibrosis. Am Rev Respir Dis 1988;
137:119-22.

Tepper RS. Airway reactivity in infants: a positive response to methacho-
line and metaproterenol. J Appl Physiol 1987; 62:1155-9.

. Geller DE, Morgan WJ, Cota KA, Wright AL, Taussig LM. Airway respon-

siveness to cold, dry air in normal infants. Pediatr Pulmonol 1988;
4:90-7.

. Prendiville A, Green S, Silverman M. Airway responsiveness in wheezy

infants: evidence for functional beta adrenergic receptors. Thorax 1987;
42:100-4.

Young S, LeSousf PN, Geelhoed GC, Stick SM, Turner KJ, Landau LI.
The influence of a family history of asthma and parental smoking on
airway responsiveness in early infancy. N Engl J Med 1991; 324:
1168-73.

Prendiville A, Green S, Silvarman M. Paradoxical response to nebulized
salbutamol in wheezy infants, assessed by partial expiratory flow-
volume curves. Thorax 1987; 42:86-91.

Stick SM, Turnbull S, Chua HL, Landau LI, LeSou&f PN. Bronchial re-
sponsiveness to histamine in infants and older children. Am Rev Respir
Dis 1990; 142:1143-6.

Panitch HB, Keklikian EN, Motley RA, Wolfson MR, Schidlow DV. Ef-
fect of altering smooth muscle tone on maximal expiratory flows in
patients with tracheomalacia. Pediatr Pulmonol 1990; 9:170-6.

Martinez FD, Morgan WJ, Wright AL, Holberg C, Taussig LM. Initial air-
way function is a risk factor for recurrent wheezing respiratory iliness
during the first three years of life. Am Rev Respir Dis 1991; 143:312-6.

. Hanrahan JP, Tager IB, Segal MR, Castile RG, VanVunakis H, Weiss

ST, Speizer F. Effect of prenatal smoking on infant lung function (ab-
stract). Am Rev Respir Dis 1990; 141:A282.
Hoskyns EW, Milner AD, Hopkin IE. Validity of forced expiratory fiow
volume loops in neonates. Arch Dis Child 1987; 62:895~900.
LeSouéf PN, Landau LI. Validity of forced expiratory flow volume loops
in neonates (letter). Arch Dis Child 1988; 63:460-1.

. Silverman M, Prendiville A, Green S. Partial expiratory flow-volume curves

in infancy: technical aspects. Bull Eur Physiopathol Respir 1986;
22:257-62.

. England SJ. Current techniques for assessing pulmonary function in

the newborn and infant: advantages and limitations. Pediatr Pulmonol
1988; 4:48-53.

. Bryan AC, Wohl MEB. Respiratory mechanics in children. In Macklem

PT, Mead J, eds. Handbook of Physiology. Section 3. The respiratory
system. Vol. Ill. Mechanisms of breathing. Bethesda, MD: American
Physiological Society, 1986; 179-91.

. Steinbrugger B, Lanigan A, Raven JM, Olinsky A. Influence of the

“squeeze jacket” on lung function in young infants. Am Rev Respir
Dis 1988; 138:1258-60.

. LeSouéf PN, Hughes DM, Landau LI. Effect of compression pressure

on forced expiratory flow in infants. J Appl Physiol 1986; 61:1639-46.

Kao L, McCrea R, Nickerson B. Does inspiratory effort alter the forced
expiratory flow-volume loop with lung disease (abstract)? Pediatr Res
1989; 25:315A.

. Allen JL, Castile RG. Infant pulmonary function testing workshop |. Boston,

Massachusetts, USA, May 19, 1990. Pediatr Pulmonol 1991; 10:214-8.

Castile R, Laflamme M, Dorkin H, McKinnon B, Frantz |. Changes in
intrathoracic pressure during partial expiratory flow-volume maneu-
vers in infants (abstract). Pediatr Res 1988; 23:A562.

. Ratjen F, Zinman R, Woh| ME. A new technique to demonstrate flow

limitation in partial expiratory flow-volume curves in infants. J Appl
Physiol 1989; 67:1662-9.

Motoyama EK, Nakayma D, Walczak SA. Absence of flow limitation in
partial flow volume curves by thoracoabdominal compression in healthy
infants: a comparison with deflation flow volume curves (abstract). Am
Rev Respir Dis 1991; 143:A809.



American Thoracic Society/ European Respiratory Society

42,

43,

48.

47.

49.

51.

52.

59.

61.

&

67.

70.

71.

Ingram RH, Schilder DP. Effect of thoracic gas compression on the flow-
volume curve of the forced vital capacity. Am Rev Respir Dis 1866;
84:56-63.

Coates AL, Desmond KJ, Demizio D, Allen P, Beaudry PH. Sources of
arror in flow-volume curves: effect of expired volume measured at the
month vs that measured in a body plethysmograph. Chest 1988;
94:976-82.

. Harding R. State-related and developmental changes in laryngeal func-

tion. Slesp 1980; 3:307-22.

. Stecenko AA, Hutchison AA. Phascinating physiology (editorial). Am Rev

Respir Dis 1991; 144:1008-11.

Turner DJ, Stick SM, LeSouéf KL, LeSouéf PN. Assessment of respira-
tory function in infants pumped to higher lung volumes (abstract). Am
Rev Respir Dis 1991; 143:A126.

Beardsmore CS, Heims P, Stocks J, Hatch DJ, Silverman M. Improved
esophageal balloon technique for use in infants. J Appl Physiol 1980;
49:735-42.

. Asher MA, Coates AL, Collinge JM, Milic-Emili J. Measurement of pleural

prassure in neonates. J Appl Physiol. 1982; 52:491-4.

Davis GM, Coates AL, Papageorgiou A, Bureau MA. Direct measure-
ment of static chest wall compliance in animal and human neonates.
J Appl Physiol 1988; 65:1093-8.

. Gerhardt T, Hehre D, Feller R, Reifenberg L, Bancalari E. Serial deter-

mination of pulmonary function in infants with chronic lung disease.
J Pediatr 1987; 110:448-56.

Baydur A, Behrakis PK, Zin WA, Jasger M, Milic-Emili J, A simple method
for assessing the validity of the esophageal balloon technique. Am
Rev Respir Dis 1982; 126:788-91.

Stocks J, Beardsmore C, Helms P. Infant lung function: measurement
conditions and equipment. Eur Respir J Suppl 1989; 4:1235-9S.

. LeSousf PN, England SJ, Bryan AC. Total resistance of the respiratory

system in preterm infants with and without an endotracheal tube. J
Pediatr 1984; 104:108~11.

. Knauth A, Baumgart S. Accurate, noninvasive quantitation of expira-

tory gas leak from uncuffed infant endotracheal tubes. Pediatr Pul-
monol 1990; 9:55-60.

. Radford M. Measurements of airway resistance and thoracic gas vol-

ume in infancy. Arch Dis Child 1974; 49:611-5.

. Stocks J, Godfrey S. Nasal resistance during infancy. Respir Physiol

1978; 34:233-46.

. Carlo WA, Martin RJ, Bruce EN, Strohi KP, Farnaroff AA. Alae nasi acti-

vation (nasal flaring) decreases nasal resistance in infants, Pediatrics
1983; 72:338-43.

. Dolfin T, Duffty P, Wilkes D, England S, Bryan H. Effects of facemask

and pneumotachograph on breathing in sleeping infants. Am Rev
Respir Dis 1983; 128:977-9.

Stocks J, Nothen U, Sutherland P, Hatch D, Helms P. Improved accuracy
of the occlusion technique for assessing total respiratory compliance
in infants. Pediatr Pulmonol 1987; 3:71-7.

. Vallinis P, Davis GM, Coates AL. A very low dead space pneumotacho-

graph for ventilatory measurements in newborns. J Appl Physiol 1880;
69:1542-5,

Jaeger MJ. Measurement of flow and volume in respiratory physiology.
In: Otis AB, ed. Techniques in respiratory physiology. Vol P4, pt Il
New York: Elsevier Scientific Publishing, 1984;1-21. Techniques in
the Life Sciences P413.

. Milic-Emili J. Measurement of pressures in respiratory physiology. In:

Otis AB, ed. Techniques in respiratory physiology. Vol P4, Pt . New
York: Elsevier Scientific Publishing, 1984;1~22. Techniques in the Life
Sciences P412.

. Jackson AC. Dynamic responses of transducers used in respiratory phys-

iology. In: Otis AB, ed. Techniques in respiratory physiology. Vol P4,
Pt . New York: Elsevier Scientific Publishing, 1884;1-18. Techniques
in the Life Sciences P411.

. Prechtl HFR. The behavioural states of the newbom. (A review.) Brain

Res 1974; 76:185-212.
Henderson-Smart DJ, Read DJC. Reduced lung volume during behavioral
active slesp in the newbom. J Appl Physiol 1976; 46:1081-5.

. Moristte G, Chaussain M, Radvanyi-Bouvet MF, Walti H, Pajot N, Relier

JP. Functional residual capacity and sleep states in the premature
infant. Biol Neonate 1983; 43:125-33.

Stokes GM, Milner AD, Newball EA, Smith NJ, Dunn C, Wilson AJ. Do
lung volumes change with sleep state in the neonate? Eur J Pediatr
1989; 148:360-4.

. Muller NL, Bryan AC. Chest wall mechanics and respiratory muscles

in infants. Pediatr Clin North Am 1976; 26:503—16.

. Mortola JP, Saetta M, Fox G, Smith B, Weeks S. Mechanical aspects

of chest wall distortion. J Appl Physiol 1985; 59:295-304.
England SJ, Kent G, Stogryn HAF. Laryngeal muscle and diaphragmatic

activities in conscious dog pups. Respir Physiol 1985; 60:95-108.
Vanderghem A, Beardsmore CS, Silverman M. Postural variations in

72.

73.

74.

75.
76.

78.
79.

80.

81.

82.

86.

87.

89.
90.

91.
92,

93.

95.

96.

97.

99.

100

493

pulmonary resistance and dynamic compliance in neonates. Crit Care
Med 1982; 11:424-9.

Helms P, Hulse MG, Hatch DJ. Lung volume and lung mechanics in
infancy. Lateral or supine position? Pediatr Res 1982; 16:943-7.
Jackson EA, Rabette PS, Dezateux C, Hatch DJ, Stocks J. The effect
of triclofos sedium sedation on respiratory rate, oxygen saturation,
and heart rate in infants and young children. Pediatr Puimonol 1891;

10:40-5.

Hershenson M, Brouillstte RB, Olsen E, Hunt CE. The effect of Chloral
hydrate on genioglossus and diaphragmatic activity. Pediatr Res 1984;
18:516-9.

Leiter JC, Knuth SI, Bartlett D. The effect of sleep deprivation on activ-
ity of genioglossus muscles. Am Rev Respir Dis 1985; 132:1242-5.

Canet E, Gaultier C, D’Allest A-M, Dehan M. Effects of sieep deprivation
on respiratory events during sleep in healthy infants. J Appl Physiol
1989; 66:1158-63.

. England SJ, LeSouéf PN, Bryan MH, Bryan AC. The role of the upper

airway in airway resistance in infants (abstract). Am Rev Respir Dis
1985; 131:A255.

Mead J, Whittenberger JL. Physical properties of human lungs mea-
sured during spontaneous respiration. J Appl Physiol 1953; 5:779-96.

Agostini E, Mead J. Statics of the respiratory system. In: Fenn WO, Rahn
H, eds. Handbook of physiology: Section 3, The Respiratory System.
Vol 1. Washington, DC: American Physiological Society, 1966; 387-
409.

Stocks J, Thomson A, Silverman M. The numerical analysis of pressure
flow curves in infancy. Pediatr Pulmonol 1985; 1:19-26.

Milner AD, Saunders RA, Hopkins IE. Tidal pressure/volume and flowifvol-
ume respiratory loop patterns in human neonates. Clin Sci Mol Med
1978; 54:257-64.

Stocks J, Thomson A, Wong C, Silverman M. Pressure-flow curves in
infancy. Pediatr Puimono! 1985; 1:33—40.

. Radvanyi-Bouvet MF, Monset-Couchard M, Morel-Kahn F. Expiratory

patterns during sleep in normal full-term and premature infants. Biol
Neonate 1982; 41:74-84.

. Bhutani VK, Sivieri EM, Abbasi S, Shaffer TH. Evaluation of neonatal

pulmonary mechanics and energetics: a two factor least squares anal-
ysis. Pediatr Pulmonol 1988; 4:150-8.

. Mortola JP, Fisher JT, Smith B, Fox G, Weeks S. Dynamics of breathing

in infants. J Appl Physiol 1982; 52:1208-15.

Mortola JP, Saetta M. Measurements of respiratory mechanics in the
newborn: a simple approach. Pediatr Puimonol 1987; 3:123-30.
Davis GM, Coates AL, Vallinis P. Variation between four methods of cal-
culating lung resistance in infants (abstract). Am Rev Respir Dis 1991;

143:A130.

. DuBois AB, Botelho SY, Comroe JH. A new method for measuring air-

way resistance in man using a body plethysmograph. J Clin Invest
1956; 35:327-34.
Stocks J, Godfrey S. Specific airway conductance in relation to post-
conceptual age during infancy. J Appl Physiol 1977; 43:144-54.
Beardsmore CS, Godirey S, Shani N, Maayan C, Bar-Yishay E. Airway
resistance measurements throughout the respiratory cycle in infants.
Respiration 1986; 49:81-93.

Solymar L, Landser'FJ, Duiverman E. Measurement of resistance with
the forced oscillation technique. Eur Respir J Suppl 1989; 4:1505-38.

Woh! MB, Stigol LC, Mead J. Resistance of the total respiratory system
in healthy infants and infants with bronchiolitis. Pediatrics 1969;
43:495-509.

Marchal F, Peslin R, Duvivier C, Gallina C, Crance JP. Measurement
of ventilatory mechanical impedance in infants using a head pressure
generator. Pediatr Pulmonol 1989; 7:209-16.

. Sly PD, Brown KA, Bates JHT, Spier S, Milic-Emili J. Noninvasive deter-

mination of respiratory mechanics during mechanical ventilation of
neonates: a review of current and future techniques. Pediatr Pulmonol
1988; 4:39-47.

Ofinsky A, Bryan AC, Bryan MH. A simple method for measuring total
respiratory system compliance in newborn infants. S Afr Med J 1976;
50:128-30.

Grunstein MM, Springer C, Godfrey S, Bar-Yishay E, Vilozni D, Inscore
SC, Schramm CM. Expiratory volume clamping: a new method to as-
sess respiratory mechanics in sedated infants. J Appl Physiol 1987;
62:2107-14.

LeSouéf PN, England SJ, Bryan AC. Passive respiratory mechanics in
newborns and children. Am Rev Respir Dis 1984; 129:727-9.

. Tepper RS, Pagtakhan RD, Taussig LM. Noninvasive determination of

total respiratory system compliance in infants by the weighted-
spirometer method. Am Rev Respir Dis 1984; 130:461-6.

Ratjen F, Zinman R, Stark AR, Leszczynski LE, Wohl MEB. Effect of
changes in lung volume on respiratory system compliance in new-
born infants. J App! Physiol 1989; 67:1192-7.

Hogg JC, Williams J, Richardson JB, Macklem PT, Thurlbeck WM. Age




494

101.

102.

108.

104,

105.

108,

107.

108.

109,

110.

112,

113,
114,
115.

116.

117.

118.

118.

120.

121,

122

123.
124,

125.

126.
127.

128.

12e.

as a factor in the distribution of lower-airway conductance and in the
pathologic anatomy of obstructive lung disease. N Engl J Med 1970;
282:1283-7.

Coates AL, Stocks J. Esophageal pressure manometry in human infants.
Pediatr Pulmonol 1991; 11:350-60.

LeSouéf PN, Lopes JM, England SJ, Bryan MH, Bryan AC. Influence
of chest wall distortion on esophageal pressure. J Appl Physiol 1983;
55:353-8. i

Heaf D, Turner H, Stocks J, Helms P. The accuracy of esophageal pres-
sure measurements in convalescent and sick intubated infants. Pedi-
atr Pulmonol 1983; 2:5-8.

Thomson A, Elliott J, Silverman M. Pulmonary compliance in sick low
birthweight infants. How reliable is the measurement of esophageal
pressure? Arch Dis Child 1983; 58:891-6.

Richardson P, Jarriel S, Hansen TN. Mechanics of the respiratory sys-
tem during passive exhalation in preterm lambs. Pediatr Res 1989;
26:425-8.

Guslits BG, Wilkie RA, England SJ, Bryan AC. Comparison of methods
of measurement of compliance of the respiratory system in children.
Am Rev Respir Dis 1987; 136:727-9.

Gerhardt T, Reifenberg L, Duara S, Bancalari E. Comparison of dynamic
and static measurements of respiratory mechanics in infants. J Pedi-
atr 1989; 114:120-5.

Cook CD, Hellissen PJ, Agathon S. Relation between mechanics of respi-
ration, lung size and body size from birth to young aduithood. J Appl
Physiol 1958; 13:349-52.

Cook CD, Sutherand JM, Segal S, Cherry RB, Mead J, Mcllroy MB,
Smith CA. Studies of respiratory physiology in the newborn infant. II.
Measurements of mechanics in respiration. J Clin Invest 1957;
37:440-8.

Swyer PR, Reiman RC, Wright JJ. Ventilation and ventilatory mechanics
in the newborn. J Pediatr 1980; 56:612-7.

. Chu JS, Dawson P, Kiaus M, Sweet AY. Lung compliance and lung vol-

ume measured concurrently in normal full-term and premature infants.
Pediatrics 1964; 34:525-32.

Gerhardt T, Hehre D, Feller R, Reifenberg L, Bancalari E. Pulmonary
mechanics in normal infants and young children during first 5 years
of life. Pediatr Pulmonol 1987; 3:309-16.

Phelan PD, Williams HE. Ventilatory studies in healthy infants. Padiatr
Res 1969; 3:425-32.

Kreiger |. Studies on mechanics of respiration in infancy. Am J Dis Child
1963; 105:51-60.

Howlett G. Lung mechanics in normal infants with congenital heart dis-
ease. Arch Dis Child 1972; 47:707-15.

Migdal M, Dreizzen E, Praud JP, Vial M, Dehan M, Chambille B, Gault-
ier C. Compliance of the total respiratory system in healthy preterm
and full-term newborns. Pediatr Pulmonol 1887; 3:214-8.

Thomson A, Beardsmaore CS, Silverman M. The total compliance of the
respiratory system throughout the first year of life. Bull Eur Physiopathol
Respir 1985; 21:411-6.

Masters 1B, Seidenberg J, Hudson |, Phelan PD, Olinsky A. Longitudi-
nal study of lung mechanics in normal infants. Pediatr Pulmonol 1987;
3:3-7.

Marchal F, Crance JP. Measurement of ventilatory system compliance
in infants and young children. Respir Physiol 1987, 68:311-8.

Denjean A, Guimaraes H, Migdal M, Miramand JL, Dehan M, Gaultier
C. Dose-related bronchaodilator response to aerosolized salbutamol
in ventilator-dependent premature infants. J Pediatr 1992; 120:974-9.

Haouzi P, Marchal F, Crance JP, Monin P, Vert P. Respiratory mechanics
in spontaneously breathing term and preterm neonates. Biol Neonate
1991; 60:350-60.

Gupta SK, Wagener JS, Erenberg A. Pulmonary mechanics in heaithy
term neonates: variability in measurements obtained with a computer-
ized system. J Pediatr 1990; 117:603-6.

Gerhardt T, Bancalari E. Chest wall compliance in full term and prema-
ture infants. Acta Pediatr Scand 1980; 69:359~-64.

Heldt GP, Mcliroy MB. Dynamics of chest wall in preterm infants. J Appl
Physiol 1987; 62:170-4.

Marchal F, Haouzi P, Gallina C, Crance JP. Measuresment of ventilatory
system resistance in infants and young children. Respir Physiol 1988;
73:201-9.

Kosch PC, Stark AR. Dynamic maintenance of end-expiratory lung vol-
ume in full-term infants. J Appl Physiol 1984; 57:1126-33.

Mortola JP, Milic-Emili J, Noworaj A, Smith B, Fox G, Weeks S. Muscle
pressure and flow during expiration in infants. Am Rev Respir Dis 1984;
129:49-53.

Stark AR, Cohlan BA, Waggener TB, Frantz (Il ID, Kosch PC. Regula-
tion of end-expiratory lung volume during sleep in premature infants.
J Appl Physiol 1987; 62:1117-23.

Chiswick ML, Milner RDG. Crying vital capacity. Measurement of neo-
natal lung function. Arch Dis Child 1976; 51:22-7,

130.

131.

132.
133.
134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144,

145.
146.

147.

148.

149.

150.

151.

152.

1563.

154.
155.

156.

157.

158.
158.

160.

AMERICAN REVIEW OF RESPIRATORY DISEASE VOL 147 1993

Gaultier C. Lung volumes in neonates and infants. Eur Respir J Suppl
1989; 4:1305-4S.

Gaultier Cl, Boulé M, Allaire Y, Clement A, Girard F. Growth of lung
volumes during the first three years of life. Bull Eur Physiopathol Respir
1979; 15:1103—16.

Sutherland JM, Ratcliff JW. Crying vital capacity. Am J Dis Child 1961;
101:67-74.

Taussig LM, Harris TR, Lebowitz MD. Lung function in infants and young
children. Am Rev Respir Dis 1977; 116:233-9.

Cunningham M, Stocks J. Werdnig-Hoffmann disease: the effects of in-
trauterine onset on lung growth. Arch Dis Child 1978; 53:921-5.
Helms P, Stocks J. Lung function in infants with congenital pulmonary

hypoplasia. J Pediatr 1982; 101:918-22.

Thibeault DW, Beatty EG Jr, Hall RT, Bowen SK, O’Neill DH. Neonatal
pulmonary hypoplasia with premature rupture of fetal membranes and
oligohydramnios. J Pediatr 1985; 107:273-7.

Dobbinson TL, Nisbet HIA, Pelton DA. Functional residual capacity (FRC)
and compliance in apaesthetized paralysed children. Part L. In vitro
tests with the helium dilution method of measuring FRC. Can Anaesth
Soc J 1973; 20:310-21.

Dobbinson TL, Nisbet HIA, Pelton DA, Levison H. Functional residual
capacity (FRC) and compliance in anaesthetized paralyzed children.
Part II. Clinical resuits. Can Anaesth Soc J 1973; 20:322-33.

Larsson A, Jonmarker C, Lindah! SG, Werner O. Lung function in the
supine and lateral decubitus positions in anaesthetized infants and
children. Br J Anassth 1989; 62:378-84.

Koumbourlis AC, Motoyama EK, Mutich RL, Nakayama DK. Lung
mechanics in preterm and term infants with and without lung disease
during the first week of life (abstract). Eur Respir J 1989; 2:332s.

McCann EM, Goldman SL, Brady JP. Pulmonary function in the sick
newborn infant. Pediatr Res 1987; 21:313-25.

Godfrey S, Ronchetti R, Stocks J, Hallidie K. Generalized pulmonary
hyperinflation and Fallot's tetralogy in a neonate investigated by pul-
monary, physiological and radioisotopic methods. Thorax 1975;
30:452-60.

Phelan PD, Williams HE. Studies of respiratory function in infants with
recurrent asthmatic bronchitis. Aust Paediatr J 1968; 5:187-96.
Sivan Y, Deakers TW, Newth CJ. An automated bedside method for mea-
suring functional residual capacity by N, washout in mechanically ven-

tilated children. Pediatr Res 1990; 28:446-50.

Sivan Y, Deakers TW, Newth CJ. Functional residual capacity in venti-
lated infants and children. Pediatr Res 1990; 28:451-—4.

Kraemer R, Frey U, Sommer CW, Russi E. Short-term effect on albuterol,
delivered via a new auxiliary device, in wheezy infants. Am Rev Respir
Dis 1991; 144:347-51.

Radford M. Effect of salbutamol on infants with wheezy bronchitis. Arch
Dis Chiild 1975; 50:535-8.

Soto ME, Sly PD, Uren E, Taussig LM, Landau LI. Bronchodilator re-
sponse during acute viral bronchiolitis in infancy. Pediatr Pulmonol
1985; 1:85-90.

DuBois AB, Botelho SY, Bedell GN, Marshall R, Comroe JH. A rapid
plethysmographic method for measuring TGV. J Clin Invest 1956;
35:322-6.

Quanjer PH, Stocks J, Polgar G, Wise M, Kariberg J, Borsboom G. Com-
pilation of reference values for lung function measurements in chil-
dren. Eur Respir J Suppl 1989; 4:1845-2615.

Bar-Yishay E, Granit G, Springer C, Mogle P, Godfrey S. Radiographic
determination of thoracic gas volume, Vtg(R), in infants. Physiclogist
1989; 32:208.

Gordon 1, Helms P. Investigating the small lung: which imaging proce-
dure? Arch Dis Child 1982; 57:696-701.

Chapman B, O’Callaghan C, Coxon R, Glover P, Jaroszkiewicz G,
Howseman A, Mansfield P, Small P, Milner AD, Coupland RE. Esti-
mation of lung volume in infants by echo planar imaging and total body
plethysmography. Arch Dis Child 1990; 65:168-70.

Damgaard-Pedersen K, Qvist T. Pediatric pulmonary CT-scanning.
Anaesthesia-induced changes. Pediatr Radiol 1980; 9:145-8.

Mead J. Volume displacement body plethysmograph for respiratory mea-
surements in human subjects. J Appl Physiol 1960; 15:736-40.

Auld PAM, Nelson NM, Cherry RB, Rudolph AJ, Smith CA. Measure-
ment of thoracic gas volume in the newborn infant. J Clin Invest 1963;
42:476-82.

Klaus M, Tooley WH, Weaver KH, Clements JA. Functional residual ca-
pacity in newborn infants measured by a rapid physical method. Am
J Dis Child 1960; 100:482—4.

Polgar G. Airway resistance in the newborn infant. J Pediatr 1961;
59:915-21.

Doershuk CF, Matthews LW. Airway resistance and lung volume in new-
born infants. Pediatr Res 1969; 3:128-34.

Marchal F, Duvivier C, Peslin R, Haouzi P, Crance JP. Thoracic gas
volume at functional residual capacity measured with an integrated-



American Thoracic Society / European Respiratory Society

161,

162,

163.

164,

165.

166.

167.

168.

170,

171,

172.

173.

174.

175.

176.

177.

178.

179.

180.

181,

182.

183.

184.

185.

186.

187.

188.

flow plethysmograph in infants and young children. Eur RespirJ 1991;
4:180-7.

Phelan PD, Williams HE, Freeman M. The disturbance of ventilation in
acute viral bronchiolitis. Aust Paediatr J 1968; 4:96-104.

Siy PD, Lanteri C, Bates JH. Effect of the thermodynamics of an infant
plethysmograph on the measurement of thoracic gas volume. Pedi-
atr Pulmonol 1990; 8:203-8.

Brown R, Slutsky AS. Frequency dependence of plethysmographic mea-
surement of thoracic gas volume. J Appl Physiol 1984; 57:1865-71.

Shore SA, Huk O, Mannix S, Martin JG. Effect of panting frequency on
the plethysmographic determination of thoracic gas volume in chronic
obstructive pulmonary disease. Am Rev Respir Dis 1983; 128:54-9.

Stanescu DC, Rodenstein D, Cauberghs M, Van De Woestijne KP. Fail-
ure of body plethysmography in bronchial asthma. J Appl Physiol 1982;
52:939-48.

Shore S, Milic-Emili J, Martin JG. Reassessment of body plethysmo-
graphic technigues for the measurement of thoracic gas volume in
asthmatics. Am Rev Respir Dis 1982; 126:515-20.

Godfrey S. TGV or not TGV in WB?—That is the question. Pediatr Pul-
monol 1991; 10:73-7.

Godfrey S, Beardsmore CS, Maayan C, Bar-Yishay E. Can thoracic gas
volume be measured in infants with airways obstruction? Am Rev
Respir Dis 1986; 133:245-51.

. Beardsmore CS, Stocks J, Silverman M. Problems in measurement of

thoracic gas volume in infancy. J Appl Physiol 1982; 52:995-9.
Helms P. Problems with plethysmographic estimation of lung volume
in infants and young children. J Appl Physiol 1882; 53:698-702.
LeSousf PN, Lopes JM, England SJ, Bryan MH, Bryan AC. Infiuence
of chest wall distortion on esophageal pressure. J Appl Physiol 1983;

55:353-8.

Coates AL, Stocks J. Esophageal pressure manometry in human infants.
Pediatr Pulmonol 1991; 11:350-60.

Nolte D. Experimental studies on the existence of isothermal conditions
in the human lung. In: DuBois AB, van de Woestijne KP, eds. Prog-
ress in respiratory research 4: International Symposium on Body Ple-
thysmography. New York: Karger, 1969; 102-8.

Stocks J, Fletcher M. On the effect of thermodynamics of an infant ple-
thysmograph on the measurement of thoracic gas volume. Pediatr Pul-
monol 1991; 10:63—4.

Dezateux CA, Fletcher ME, Rabbette PS, Stanger LJ, Stocks J. A marn-
ual of infant lung function testing. London: Portex Anaesthesia, In-
tensive Therapy and Respiratory Medicine Unit, Institute of Child
Health, 1991.

Stocks J, Levy NM, Godfrey S. A new apparatus for the accurate mea-
surement of airway resistance in infancy. J Appl Physiol 1977; 43:155-9.

Lanteri CJ, Raven JM, Sly PD. Should TGV be measured from end-
inspiratory occlusions rather than end-expiratory occlusions in wheezy
infants? Pediatr Pulmonol 1990; 9:214-9.

Mallol J, Hibbert ME, Robertson CF, Olinsky A, Phelan PD, Sly PD. In-
herent variability of pulmonary function tests in infants with bronchio-
litis. Pediatr Pulmonol 1988; 5:152-7.

Beardsmore CS, MacFadyen UM, Moosavi SS, Wimpress SP, Thomp-
son J, Simpson H. Measurement of lung volumes during active and
quiet sleep in infants. Pediatr Pulmonol 1989; 7:71-7.

Berglund G, Kariberg P. Determination of the functional residual capacity
in newborn infants. Acta Pediatrica 1956; 45:541-4.

Bar-Yishay E, Shulman DL, Beardsmore CS, Godfrey S. Functional re-
sidual capacity in healthy preschool children lying supine. Am Rev
Respir Dis 1987; 135:954-6.

Geubelle F, Francotte M, Beyer M, Louis I, Logvinoff MM. Functional
residual capacity and thoracic gas volume in normoxic and hyperoxic
newborn infants. Acta Paediatr Belg 1977; 30:221-5.

Walti H, Moriette G, Radvanyi-Bouvet MF, Chaussain M, Morel-Kahn
F, Pajot N, Relier JP. Influence of breathing pattern on functional re-
sidual capacity in sleeping newborn infants. J Dev Physiol 1986;
8:167-72.

Fox WW, Schwartz JG, Shaffer TH. Effects of endotracheal tube leaks
on functional residual capacity determination in intubated neonates.
Pediatr Res 1979; 13:60-4.

Hanson JS, Shinozaki T. Hybrid computer studies of ventilatory distri-
bution and lung volume I: normal newborn infants. Pediatrics 1970;
46:900-14.

Nelson NM, Prodhom LS, Cherry RB, Lipsitz PJ, Smith CA. Pulmonary
function in the newborn infant V: trapped gas in the normal infant's
lung. J Clin Invest 1963; 42:1850-6.

Sjogvist BA, Sandberg K, Hjalmarson O, Olsson T. Calculation of lung
volume in newborn infants by means of a computer-assisted nitrogen
washout method. Pediatr Res 1984; 18:1160—4.

Ronchetti R, Stocks J, Keith |, Godfrey S. An analysis of a rebreathing
method for measuring lung volume in the premature infant. Pediatr
Res 1975; 9:797-802.

180.

191.

192.

183.

184.

185.

186.
197.

198.

199.

200.

201.
202.

203.

210.

211.

212,

213.

214.

215.

216.

217.

218.

495

. Garhardt T, Hehre D, Bancalari E, Watson H. Functional residual ca-

pacity by Nitrogen washout in small animals and newbomn infants. Pedi-
atr Res 1985; 19:1165-9.

Gerhardt T, Reifenberg L, Hehre D, Feller R, Bancalari E. Functional
residual capacity in normal neonates and children up to 5 years of
age determined by a N2 washout method. Pediatr Res 1986; 20:668-71.

Richardson P, Wyman M, Jung AL. A method of estimating the func-
tional residual capacity of infants with respiratory distress syndrome.
Crit Care Med 1980; 8:667-70.

Shulman DL, Bar-Yishay E, Godfrey S. Respiratory mechanics and in-
trinsic PEEP during ketamine and halothane anesthesia in young chil-
dren. Anesth Analg 1988; 67:656-62.

Jackson EA, Rabbette PS, Dezateux C, Hatch DJ, Stocks J. The effect
of triclofos sodium sedation on respiratory rate, oxygen saturation and
heart rate in infants and young children. Pediatr Pulmonol 1991;
10:40-5.

Mallol J, Sly PD. Effect of chloral hydrate on arterial oxygen saturation
in wheezy infants. Pediatr Puimonol 1988; 5:96-9.

Rabbette PS, Dezateux CA, Fletcher ME, Costoloe KL, Stocks J. Influsncs
of sedation on the Hering-Breuer Inflation Reflex in healthy infants.
Pediatr Pulmonol 1991; 11:217-22.

Turner DJ, Morgan SEG, Landau LI, LeSousf PN. Methodological aspects
of flow-volume studies in infants. Pediatr Pulmonol 1980; 8:285-93.

Henderson Smart DJ, Read DJC. Reduced lung volume during behavioral
active sleep in the newborn. J Appl Physiol 1979; 46:1081-5.

Stocks J. Standardisation of lung function testing in infants. In: Prog-
ress in respiration research paediatric respiratory disease. Basel:
Karger, 1981; 17:9-21.

Seidenberg J, Masters 1B, Hudson |, Olinsky A, Phelan PD. Disturbance
in respiratory mechanics in infants with bronchiolitis. Thorax 1989;
44:660-7.

Vilozni D, Springer C, Bar-Yishay E, Godfrey S. Discrepancy in thoracic
gas volume measured at different lung volumes in infants is disease
specific. Eur Respir J 1991; 4{Supp| 14:234s).

Tanner JM. Fallacy of per weight and per surface area standards and
their relation to spurious correlation. J Appl Physiol 1949; 2:1-15.

Sobol BJ, Sobol PG. Percent of predicted as the limit of normal in pul-
monary function testing. A statistically valid approach (editorial). Tho-
rax 1979; 34:1-3.

Quanjer PH. Predicted values: how should we use them? Thorax 1988;
6634

. Buist AS. Evaluation of lung function: concepts of normality. In: Sim-

mons DH, ed. Current pulmonology. Vol 4. Boston: Houghton Mifflin,
1982; 141-65.

. Milter MR, Pincock AC. Predicted values: how should we usa them? Tho-

rax 1988; 43:265-7.

. Doershuk CF, Downs TD, Matthews LW, Lough MD. A methed for ven-

tilatory measurements in subjects 1 month-5 years of age: normal
results and observations in disease. Pediatr Res 1970; 4:165-74.

. Hatch DJ, Taylor BW. Thoracic gas volume in early childhood. Arch Dis

Child 1976; 51:859-64.

. Greenough A, Hird MF, Everett L, Price JF. Importance of using lung

function regression equations appropriate for ethnic origin. Pediatr
Pulmonol 1991; 11:207-11.

. Rahman MA, Ullah MB, Begum A. Lung function in teenage Bangladeshi

boys and girls. Respir Med 1990; 84:47-55.

Stocks J. The functional growth and development of the lung during the
first year of life. Early Hum Dev 1977; 1:285-309.

Morgan WJ, Tepper RS, Wilcox E, Taussig LM. Shape and moment anal-
ysis of tidal expiration in normal and bronchopulmonary dysplasia in-
fants (abstract). Am Rev Respir Dis 1984; 123:A215.

Fleming PJ, Levine MR, Goncalves A. Changes in respiratory pattern
resulting from the use of a face mask to record respiration in newborn
infants. Pediatr Res 1982; 16:1031-4.

Upton CJ, Milner AD, Stokes GM, Carman PGT. What are the mecha-
nisms producing increased ventilation in dead space studies in neo-
nates? Pediatr Pulmonol 1990; 9:136-9.

Miller MJ, Martin RJ, Carlo WA, Fouke JM, Strohl KP, Fanaroff AA. Oral
breathing in newborn infants. J Pediatr 1985; 107:465-8.

Davies NJH, Denison DM. The measurement of metabolic gas exchange
and minute volume by mass spectrometry alone. Respir Physiol 1979;
36:261-7.

Stokes GM, Milner AD, Wilson AJ, Morgan DB, Carman PGT, Oliver
MR. Ventilatory response to increased dead spaces in the first week
of life. Pediatr Pulmonol 1986; 2:89-93.

Gaultier C, Boulé B, Tournier G, Girard F. Inspiratory force reserve of
the respiratory muscles in children with chronic obstructive pulmo-
nary disease. Am Rev Respir Dis 1985; 131:811-5.

Gaultier Cl, Perret L, Boulé M, Buvry A, Girard F. Occlusion pressure
and breathing pattern in healthy children, Respir Physiol 1981; 46:
71-80.




496

219.

221,

227.

228.

230.

231.
232,

237.

240.

241.

242,

243,

244,

245,

Gaultier Cl, Perret L, Boulé M, Baculard A, Grimfeld A, Girard F. Occlu-
sion pressure and breathing pattern in children with chronic obstruc-
tive pulmonary disease. Bull Eur Physiopathol Respir 1982; 18:851-62.

. Mortola JP, Milic-Emili J, Noworaj A, Smith B, Fox G, Weeks S. Muscle

pressure and flow during expiration in infants. Am Rev Respir Dis 1984;
129:49-53.

Remmers JE, Bartlett D. Reflex control of expiratory airflow and dura-
tion. J Appl Physiol 1977; 42:80-7.

. Davis GM, Bureau MA. Pulmenary and chest wall mechanics in the control

of respiration in the newborn. Clin Perinatol 1987; 14:551-79.

. Higenbottan T, Payne J. Glottis narrowing in lung disease. Am Rev Respir

Dis 1982; 125:746-50.

. Haddad GG, Epstein RA, Epstein MAF, Leistner HL, Marino PA, Mal-

lins RB. Maturation of ventilation and ventilatory pattern in normal sleep-
ing infants. J App! Physiol 1979; 46:998-1002.

. Haddad GG, Leistner HL, Epstein RA, Epstein MAF, Grodin WK, Mel-

lins RB. CO2-induced changes in ventilation and ventilatory pattern
in normal sleeping infants. J Appl Physiol 1980; 48:684-8.

. Gaultier C, Perret L, Boulé M, Buvry A, Girard F. Occlusion pressure

and breathing pattern in healthy children. Respir Physiol 1981;
46:71-80.
Tobin MJ, Chadha TS, Jenouri G, Birch SJ, Gazeroglu BS, Sacker MA.
Breathing patterns: 2. Diseased subjects. Chest 1983; 84:286-94.
Durand M, Rigatto H. Tidal volume and respiratory frequency in infants
with bronchopulmonary dysplasia (BPD). Early Hum Dev 1981; 5:55-62.

. Morris MJ, Lane DJ. Tidal expiratory flow patterns in airway obstruc-

tion. Thorax 1981; 36:135-42.

Vallinis P, Davis GM, Coates AL. Expiratory flow and volume patterns
as an index of neonatal lung disease (abstract). Am Rev Respir Dis
1991; 143:A723.

Gerhardt T, Bancalari E. Chest wall compliance in full term and prema-
ture infants. Acta Pediatr Scand 1980; 69:359-64.

Heldt GP, Mcliroy MB. Distortion of chest wall and work of diaphragm
in preterm infants. J Appl Physiol 1987; 62:164-9.

. Gaultier C, Praud JP, Canet E, Delaperche MF, D'Allest AM. Paradoxi-

cal inward rib cage motion during rapid eye movement sleep in in-
fants and young children. J Dev Physicl 1987; 9:391-7.

. Heldt GP, Mcliroy MB. Dynamics of chest wall in preterm infants. J Appl

Physiol 1987; 62:170—4.

. Hershenson MB, Colin AA, Wohl ME, Stark A. Changes in the contribu-

tion of the rib cage to tidal breathing during infancy. Am Rev Respir
Dis 1990; 141:922-5.

. Allen JL, Wolfson MA, McDowell K, Shaffer TH. Thoracoabdominal asyn-

chrony in infants with airflow obstruction. Am Rev Respir Dis 1990;
141:337-42.

Sivan Y, Deakers TW, Newth CJL. Thoracoabdominal asynchrony in
acute upper airway obstruction in small children. Am Rev Respir Dis
1990; 142:540-4.

. Warren RH, Alderson SH. Breathing patterns in infants utilizing respi-

ratory inductive plethysmography. Chest 1986; 89:717-22.

. Brouiliette RT, Morrow AS, Weese-Mayer DE, Hunt CE. Comparison of

respiratory inductive plethysmography and thoracic impedance for ap-
nea monitoring. J Pediatr 1987; 111:377-83.

Carlo WA, Martin RJ, Versteegh FGA, Goldman MD, Robertson 58,
Fanoroff AA. The effect of respiratory distress syndrome on chest wall
movements and respiratory pauses in preterm infants. Am Rev Respir
Dis 1982; 126:103-7.

Konno K, Mead J. Measurement of the separate volume changes of the
rib cage and abdomen during breathing. J Appl Physiol 1967;
22:407-22.

Dolfin T, Duffy P, Wilkes DL, Bryan MH. Calibration of respiratory in-
ductive plethysmography (Respitrace) in infants. Am Rev Respir Dis
1982; 126:577-9.

Duffty P, Spriet L, Bryan MH, Bryan AC. Respiratory induction plethys-
mography (Respitrace): an evaluation of its use in the infant. Am Rev
Respir Dis 1981; 123:542-6.

Stefano JL, Spitzer AR, Baumgan S, Davis JM, Fox WW. inductive
plethysmography—a facilitated postural calibration technique for rapid
and accurate tidal volume determination in low birth weight prema-
ture newborns, Am Rev Respir Dis 1986; 134:1020-4.

Sackner MA, Watson H, Belsito AS, Feinerman D, Suarez M, Gonzalez

2486,

247.

248.

249,

250.

251.

252.

256.

257.

261.

262.

264.

265.

267.

269.

271.

AMERICAN REVIEW OF RESPIRATORY DISEASE VOL 147 1993

G, Bizousky F, Krieger B. Calibration of respiratory inductive plethys-
mograph during natural breathing. J Appl Physiol 1989; 66:410-20.
Heldt GP. Simultaneous quantification of chest wall distortion by multi-
ple methods in preterm infants. Am Rev Respir Dis 1988; 138:20-5.
Wilkes DL, Revow M, Bryan MH, England SJ. Evaluation of respiratory
plethysmography in infants weighing less than 1500 grams. Am Rev
Respir Dis 1987; 136:416-9.

Revow MD, England SJ, Stogryn HAF, Wilkes DL. Comparison of cali-
bration methods for respiratory inductive plethysmography on infants.
J Appl Physiol 1987; 63:1853-61.

Deoras K, Keklikian E, Wolfson M, Greenspan J, Shaffer T, Allen J. As-
sessment of asynchronous rib cage and abdominal motion in infants
(abstract). Am Rev Respir Dis 1989; 139:A341.

Wolfson MR, Greenspan JS, Deoras KS, Allen JL, Shaffer TH. Effect
of position on the mechanical interaction between the rib cage and
abdomen in preterm infants. J Appl Physiol 1992; 72:1032-8.

Allen JL, Greenspan JS, Deoras KS, Keklikian E, Wolfson MR, Shaffer
TH. Interaction between chest wall motion and lung mechanics in nor-
mal infants and infants with bronchopulmonary dysplasia. Pediatr Pul-
monol 1991; 11:37-—43.

Colin AA, Wohl MEB, Mead J, Ratjen FA, Glass G, Stark A. Transition
from dynamically maintained to relaxed end-expiratory volume in hu-
man infants. J Appl Physiol 1989; 67:2107-11.

. Watts JL, Ariagno RL, Brady JP. Chronic pulmonary disease in neo-

nates after artificial ventilation: Distribution of ventilation and pulmo-
nary interstitial emphysema. Pediatrics 1977; 60:273-81.

. Tepper RS, Hiatt PW, Eigen H, Smith J. Total respiratory system com-

pliance in asymptomatic infants with cystic fibrosis. Am Rev Respir
Dis 1987; 135:1075-9.

. Tepper RS, Hiatt P, Eigen H, Scott P, Grosfeld J, Cohen M. Infants with

cystic fibrosis: Pulmonary function at diagnosis. Pediatr Pulmonol 1988;
5:15-8.

Lutchen KR, Habib RH, Dorkin HL, Wall MA. Respiratory impedance
and multibreath N2 Washout in healthy, asthmatic and cystic fibrosis
subjects. J Appl Physiol 1930; 68:2139-49.

Bouhuys A. Puimonary nitrogen clearance in relation to age in healthy
males. J Appl Physiol 1963; 18:297-300.

. Bates D, Christie R. Intrapulmonary mixing of helium in health and in

emphysema. Clin Sci 1950; 9:17-21.

. Fowler WS, Comish ER, Kety SS. Lung function studies ViIl: Analysis

of alveolar ventilation by pulmonary N2 clearance curves. J Clin In-
vest 1952; 41:40-50.

. Prowse K, Cumming G. Effects of lung volume and disease on the lung

nitrogen decay curve. J Appl Physiol 1973; 34:23-33.

Robertson JS, Siri WE, Jones HB. Lung ventilation patterns determined
by analysis of nitrogen elimination rates: use of the mass spectrome-
ter as a continuous gas analyzer. J Clin Invest 1850; 29:577-80.

Saidel GM, Salmon RB, Chester EH. Moment analysis of multibreath
lung washout. J Appl Physiol 1975; 38:328-34.

. Flemming GM, Chester EH, Sanii J, Saidel GM. Ventilation inhomogensity

using multibreath nitrogen washout: comparison of moment ratios and
other indexes. Am Rev Respir Dis 1980; 121:789-94.

Cutillo A, Perdondi R, Turiel M, Egger MJ, Watanabs S, Renzetti AD.
Reproducibility of multibreath nitrogen washout measurements. Am
Rev Respir Dis 1881; 124:505-7.

Brunner JX, Wolff G. Pulmonary function indices in critical care patients.
New York: Springer-Verlag, 1988.

. Lagneaux D, Mossay C, Geubslle F, Christiaens G. Alveolar data in

healthy, awake neonates during spontaneous ventilation: a prelimi-
nary investigation. Pediatr Pulmonol 1988; 5:225-31.

Bolton DPG, Cross KW. Lung volume and mixing efficiency in the new-
born infant. J Physiol (Lond) 1970; 208:25p-6p.

. Sandberg K, Sjoqvist BA, Hjalmarson O, Olsson T. Analysis of alveolar

ventilation in the newborn. Arch Dis Child 1984; 59:542-7.
Tooley WH, Klaus M, Weaver KH, Clements JA. The distribution of ven-
tilation in normal newborn infants. Am J Dis Child 1960; 100:731.

. Strang LB, McGrath MW. Alveolar ventilation in normal newbomn infants

studied by air wash-in after oxygen breathing. Clin Sci 1962; 23:129-39.
Wall MA. Moment analysis of multibreath nitrogen washout in young
children. J Appl Physiol 1885; 59:274-9.





