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Respiratory disease is now the number one cause of morbidity 
and mortality in infantsworfdwide. 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 W e m  undergoes extraordinary functional 
dewelopmerrta! changes. Until recently, however, our knowledge 
of the normal mechanical properties of the developing human 
lungs and airways during this period of rapid gFowth has been 
extremely limited. Similarly, it has been ditfrcult to assess the ef- 
fects of disease and the responses to therapeutic interventions 
in infants. 

In the East decade many new and innovative methods for as- 
sessing pulmonary function in infants haw 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 biolcqic, 
mechanical, and environmental Insults that disrupt this normal 
process and resuft in dysfunctton are also ncw being character- 
ized quantitatively using these measures. 

Tests of pulmonary function in infants are now being used &d- 
wide. Although our understanding of the physiologic basis for many 
of these measurements remains incomplete, they are yielding im- 
portant new ~nformatioh about the respiratory problems of inmey. 
The marketing of commercial devices has made the technology 
far these measurements widely available. Howwer, 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 ClinicaI Respiratory Physiology on the standardiration of lung 
function tests in pediatrics (1). This review encompassed many 
aspects of infant lung funct~on 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 d 
the American Thoracic Society and the European Respiratory Se 
ciety in January 1991. Their aim was to (2) 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. f he purpose dthls Statement is thus to sum- 
marize what is known and agreed upon by investigators in this 
field, and thereby provide the scienfrfic 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 COMPL~ANCE AND RES~STANCE, MERSURES OF LUNG VOLUME, 
and OTHER TESTS (including measures of tidal volume and respi- 
ratpry pattern, chest wall motion, and gas mixing). Each section 
is organized under the general subheadings of ~NTRODUCTEON, 
METHODS (what is known), CURRENT CONT ROVERSJES (what is 
not known, uncertain, or controversial), and FUTURE DIRECTIONS 
(what needs to be known). A critique of the available reference 
values is presented for each category of measures. 

MEASURES OF FORCED EXPIRATORY FLOW 
Introduction 

The maximal expiratory flow volume (MEW relationship was first 
described by Hyat! and mworkers in 1958 (2). In the years since, 
research has established that maximum expiratory flow (ME- on 
the descending portion of the MEW cum is independent of ef- 
fort (flow limitation) and reflects airway -caliber upstream (periph- 
eral) from the airway segmem subjected to flow llmitation (3, 4). 
The measurement of MEF has been standardized and has come 
to play a central role in the clinicaE evaluation of lung function as 
a sensitive test d 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 d e d e ,  two methods have evolved to allow the forced 
expiratoryflow-volume relationship to be -mined in infants. The 
first, the forced deflation technique, was initially described in 9977 
(5). In this technique the lungs are inflated to a pressure of 40 
cm H20 and then deflated rapidly to restdual 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 PC). The disadvantage of 
this technique is that it requires endotracheal intubation as well 
as deep sedation and muscle relaxation. These requirements lFmit 
its use to intensive care or surgical settings. The second tech- 
nique, rapid thoracoaWominal w m m i o n  m), was described 
in 1978 (6) and later rnodfied (7). In this technique, farced expira- 
tory flows are produced by the sudden applfcation of a compres- 
sive pressure to the thorax and abdomen at end-tidal inspiration. 
The advantage of the RTC m e t h d  is that it is relatively noninva- 
sive and can be performed En the clinical setting with neither intu- 
bation nor deep sedation (8). This technique has the disadvan- 
tage af producing only a partial expiratory flow-volume (PEW 
manewer. Also, id is unclear at present whether or not flow lirnita- 
tion is achieved using this method. 

Much wntrwersy remains regarding the comparability of the 
forced flows produced by these two methods in infants with the 
R m  measured in adults and older children during wluntaryforced 
expiratory maneuvers. Nonetheless, the results of studies using 
these techniques dmurnent their value as research tmls. The use 
of forced expiratory flow measurements to assess lung function 

in infants has extended our understanding of the normal growth 
and development of the lungs during infancy (9-11) and helped 
to describe the pulmonary abnormalitiesseen in acute and chronic 
infantile lung diseases (12-18). Both methods have also helped 
to define the onset of and recovery from bronchopulrnonary dys- 
plasia (BPD) in prematurely born infants. Much remains t~ be 
[earned, 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 En older children and adults 
with cystic fibrosis (CFj. R E  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 bmnchoconstrictor 
Stimuli have shown that normal infants and infants with wheezy 
bronchitis, CF, or neonatal lung disease have significant airway 
reactivity (14-27). Eronchocanstrictors, however, have produced 
substantial decreases in flow in a large percentage of othewise 
healthy infants (21,22), and bronchodilators have produced para- 
doxic decreases in forced flows in some wheezy infants (25). AF- 
though the significance of t h s e  changes in forced expiratory Row 
after bronchial challenges are not yet fully understood, further 
application and development of foW wiratory methods should 
help to define the origins of infantile and childhoed asthma. 

Forced expimtory flow measurements have revealed nd oniy 
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 tater respiratory problems Epidemiologic 
population studies have suggested that altered airway tunct~on 
precedes and predicts recurrent wheezing and an increased in- 
cidence of lower respiratory illness In lnfancy (77,281. 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 (3-1. Further research to develop and 
standard& these twls, however, should improve their utility. 

Forced Mation ehnique. This technique is limited to infants and 
children who already have an endotracheal tube Or a trachea+ 
domy, 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 rnflation is performed four 
times to recruit lung volume from previously closed or atelemtic 
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 enddracheal tube via a pneumotachograph to a 
100-L capacrty, constant negative pressure source 1-40 cm H20). 
The ~ l v e  is held open until the expiratory flow ceases at RV or 
for a maximum of3 s (FEV,). In healthy infants RV is reached (i.e., 
FVC is produced) within 1 to 2 s. 

immediately, the slide wive is pushed closed, reconnecting 
the endotracheal tube to the breathing bag. The lungs are rein- 
R a t e d  to TLC with an oxygenanrie hed gas mixture several times 
to ensure full reexpansion before tidal ventilation is resumed. 
Throughout the forced deflation procedu~, the subject is con- 
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tinuously monitored with a pulse aximetwto assure adequate ooc)r- 
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 oseiFlcxope screen. Al- 
ternatively, flow signals may be AID converted, and the MEW 
curves produced by a computer. 

With this technique, MEW c u m  and FVC are highly repro- 
ducible unless previously collapsed aiw segments are succes- 
sively recruited by iung inflation. MEF is measured at 22% and 
t0% of N G  f rom RV (MEF,, and MEF,, respectively) and the ra- 
tios of MEF- and MEFJFVC are calculated as indices of the 
rate Gonstant of the upstream airway segment (34). Flows are mmea- 
sured low in the VC (MEF,, MEF,,) to help ensure that flow limita- 
tion has been achieved. Flows > 30% of VC appear not to be at 
flwv Ifmilation. 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 procedum 
under general endotracheal anesthesia, the deflation negative 
pressure applied at TLC was decreased successively from -40 
cm H,O to -10 crn H,O to detemine the  pressure necessary to 
produce flow limitation (Mutopma EK, unpublished ohmtiom. 
1990). At 25% FVC from RV, which is near FRC, the negative pres- 
sure necessary to produce flow limitation ranged from -25 to -30 
crn H,0. In contrast, infants with lower ainmy obstruction (15) re- 
quired much less pressure to produce flow I~miEarion at FRC. Ac- 
cordingly, a deflation negative pressure of -40 em H,O has been 
used routinely to ensure flew limitation at and below 25% of VC 
in all infants studied as well as to determine TLC in the forced 
deflation technique. 

Rapid Thoracoabdorninal Compression Technique 

For an R'TC maneuver, infants are usually sedated with 50 to 100 
mgkg of c h l d  mrate given orally. The RTC technique prcduces 
forced: expiratoryflows by applying a sudden pressure to the the 
sax and abdomen at end-tidal inspiration using an inflatable 
thommabdominal jacket connected to a positive-pressure reser- 
voir (& 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- 
rnotachograph with abce 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 cornpresston jacket s h l d  have a noneompliant 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 ouiside (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 PEW maneuver may be comple3ed within 200 rns. For 
this reason, the frequency response of flow and pressure mea- 

suring devices shwld 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. Nontinearity in the frequency response can muR in mr- 
estimation or underestimation of rapidly changing Wows. Further- 
more, in computer-based systems the digital sampfing rate needs 
to be at least Hz wrth 12-bit resolution, to 9 1 1 ~  adequae fre- 
quency response and accurate digital integration. 

The jacket pressures used to prcduce forced expiratoryflows 
in infants have ranged from 40 to > 80 cm H,O. In many infants 
with significant airway abstrudfon. reproducible PEFV curves can 
be generated using a jacket pressure of 40 em H,O 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 
upm 100 ern H,O have produced steadily increasing flows in some 
infants. M w  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 produa flow 
limitation at wave speed, most imrestigators have judged the quality 
of the resultant PEN curves in terms af their shape. An %ccept- 
ablen PEFV curve is gsnsraflytriangu'iar, with the flowvolume reta- 
tionship rising sharply to a peak and then falling smoothly to a 
point below the initial end-expiratory durne. Irregular or jagged 
curves are usually considerdl to have been distorted by pharyn- 
geal or glottic closure. This problem can often be remedied by 
genlly extending the infant's neck. Infants frequently inspire b e  
fore the completion d chest compression. Curves that end nearl 
at, or abwe the resting endexpiratory 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 mcst studies the intrasubject coefficients of variation 
(CV = SDhem x 100) for technically acceptable ffm rneasud 
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 wrying by no more than 10oh 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 flm nearest 
to maximal flow. To thedegree thattheflows produced bythe RfC 
technique exceed those during tidal breathing, they may provide 
a useful forcing function to evaluate the respimory system even 
if flow limitation is not reached. 

Current Controversies 

Forced deflation technique. The use of the forced Mat ion method 
in obtaining M E N  curves has been rimited to a smaH number 
of institutions and essentially the same technique as originally 
described (514). As a result, controversies In terms of procedural 
standards have not emerged. fhe potential controversies include 
the following: Various sedatives, anesthetics, muscle relaxants, 
and adjuvant medications may affect bronchomotor tone, com- 
pIiance, and lung volume. Inhaled anesthetics, such as halothane 
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and isoflurane, and anticholinergie drugs, such as atropine, are 
potent bronchodilators. affecting different segments of the airway 
system, whereas morphine and the muscle relaxant d-tubowrarine 
are potential bronchaconstrictors 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 hypacapnia, affecting vascular and bronch* 
motortone. Further, the positive pressure used to inflate the lungs 
may impede venous return to the sight side of the heart, espe- 
cially in hypowlemie su bjects. Continual monitoring of vital signs 
with pulse oxirnetry and other means is indicated. 

The use of an endotracheal tube may influence t k  site of flow 
limitation and prevent movement of the choke point upstream dur- 
jng deflation. The effect of the endotracheal tube needs to be stud- 
ied: however, measuring flcw at a low lung volume (MEF,, MEF;,), 
may avoid this problem in infants. In older children and adoles- 
cents care nedls to be taken to ensure that the tube is not acting 
as a critical orifice preventing flow limitation in the traeheobmn- 
chial lumen. In patients in the intensive care unit, the fraction of 
inspired oxygen (FloJ should be increased during a forced defla- 
tion maneuver. to ensure optimal hemoglobin saturation and tis- 
sue oxygen delivery. When different gas mixtures ( i n e m  R 4 ,  
nitrous oxide, helium) are used, the calibrat~on 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. Measurementsof 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 characteristi- needs to be d e  
fined in infants with and without lung disease. 

Rapid fhoramab&minal compression technique. Controversy 
surrounds almost all aspects of the RTC method. The rnm criti- 
cal question, howwer, is whether or not physiologically &?ermined 
flow limitation is reliably produced by RTC. Flow limitation is usu- 
ally dixurnented using isovolume pessur&flow curves in adults 
(2). These have not been successfully obtained in normal infants, 
however. Although flowlimited isowlume pressure curves have 
been demonstrated during W C  maneuvers in infants with severe 
airway obstruction, flow limitation in normal infants has not been 
clearty or consistently documented using this standard method. 
In infants with BPD, most of whom were near flow limitation dur- 
ing tidal breathing, a dear 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). En in- 
fants with less severe ainnray obstruction or normal airway func- 
tion, higher intrathomcie pressures are required to produce flw 
limitation at FRC and a plateau in the isovulurne pressure-Row 
relationship. Using the forced deflation technique, airway pres- 
sures of -25 to -30 cm H,O are r q u i r d  to produce consistent 
flow limitation at low lung volumes near FRC (25% NC} in in. 
tubated, anesthetized, paralyzed infants with normal lung Sunc- 
tion (see METHODS: FORCED DEFLATION TECHNIQUE). Measure- 
ments of intrathoracic pressure during a dynamic R E  maneuver 
suggest that only approximately 25% of the applied jacket corn- 
pression pressure is transmitted to the pteural space at FRC (7, 
37,39). This means that even with jacket pressures of 80 cm H,O 
only about 20 crn H;O is transmitted across the chest wail to pro- 
duce the Rows observed. Thus, it is not surprising that most in- 
vestigators are uncertain of the ability of RTC to produce flow limi- 
!ation in normal infants, When infants undergo RTC under assumed 
static, relaxed conditions (obstruction at the mouth), from 60 to 
80% of jacket pressure appearsto be transmitted through t h e t h ~  
rax (36). It has been suggested (30,33) that this difference in trans- 
mission between dynamic and static conditions may be explained 

by reflex inspiratory activity induced by sudden thoracoabdomi- 
nal compression. Diaphragmatic contraction or an Increase in 
chest and abdominal waEl resistance may account in part for the 
inefficient transmission d pressure during a dynamic R E  ma- 
neuver. 

As an alternative method of assessing flow limitation during 
RTC, the superimposition of an oscillatory pressure wave obtained 
at the chest wail has been studid (40). The disappearance of 
flow oscil!ations measured at the mouth is proposed ta signal the 
onset of physiotogic flow limitation in the a j r w a ~ .  Although this 
technique looks promising, additional measurements of in- 
trathoracic pressure and simultaneous mmboratian of flow limi- 
tation using isovolurne pressureflow curves will be necessary to 
document i f f  validrty. To date, flow limitation as evidenced by a 
maximal flow plateau in the isowrlume pressu~e-flow curve has 
not been consistently demongrated during RTC in normal infants 
(41). Although flow IimiWion is not produced in all infants, the 
results of studies in both normal in tam and those with airway 
obstruction document the utility d the R E  technique. Without 
true flow Iimitation, however, comparisons between and within in- 
dividuats are problematic. 

A potential source of emr in PEFV rneasutement that has not 
been investigated in infants is the use of integmted flow a? the 
mouth to describevnlurne. Because af intrathoracic gas mrnpres- 
sion in subjects with obstructive lung disease, the flow-volume 
relationship may be systematically altered unless volume is mea- 
sured by plet hysmography (42, 43). 

Increased upper a i m y  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 R E  maneuvers that are compatible with glottic clo- 
sure (32,3344). Although glottic closure at FRC makes it impos 
sible lo 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 controlfed 
in infants and consequently may be mriable. Variations In end- 
expiratory level of lung volume or FRC may affect measurements 
of flow at FRC. Measured flows are likety to increase if end- 
e~pimry  level increases and to decrease if enhxpiratory level 
decreases. This problem is particularly acutewhen the retpnse 
l o  bronchodlatar or brdncho~onStfictor agents is being evaluated. 
Measuring lung volume by gas dilution or plethysmography may 
help to limit the variability, but isonly a partial solution to the prob- 
lem b u s e  of the additional emrs inherent in wlurne measure 
ments. 

The flow-volume relationship produced by the RTC method, 
even if flow Is limited, represents only a small, low-lung-rolume 
segment of the full MEW curve. This segment is highly ~ r f a b l e  
and extremely sensitive to wen minor changes in airway fune- 
tion. Many07 the problems encountered in the RTlC method might 
be solved if techniques were developed to measure the  flow- 
mlume relationship in infants wer 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- 
Ration through aface mask in sedated infants appearm offer prom 
ise (46). 

Standardization of the RTC techniques presents many prgb 
lems, and much remains to be [earned 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 var-tions in procedure may explain 
the sometimes large discrepancies in resllttsfmm dmwm labom 
tories. 

Reference Values and Interpretation 

Because of the difficuhy of recruiting nomtal subjects and the lack 
of standardized procedures, adequate reference values for these 
techniques 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 ($61, the mean (& SD) 
MEF,,m49 +, 16.2 rnllkgis, and the mean MEFJNC was 1.12 
r 0.27s. In four sedated and intubated pretem newborn infants 
with a mean gestations( age of 27.7 wk and no apparent lung dis- 
ease (14), the mean ME,, was 95 k 27.7 rnl/kgls, and the mean 
MEF, JFVC was 1.67 1 0.3Ws. When adjusted for weight and lung 
volume, the values in the preterm infants were much higher than 
those in full-term newborns (16, I?). 

Rapid thoracic compression &chn/que. Limited reference 
values are available for the Rn: method. Only two studies have 
reported flow measurements generated by #TC 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 (rnlls) - 4 5  x length (cm) - 123. In 
the Boston series the relationship was: flaw at FRC (mlls) = 9.67 
x length (cm) - 399.8. The results from these two studies ap 
p e a r  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 wen? less than 3 months of age (< 60 em in length). 
The Tucson study also reportd flow measurements from five nor- 
mat 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 d measurements from infants 
longer than 65 crn (older than 6 months), in the Tucson study ap 
pear to amunt for the slower increase in measured flow at fRC 
with increasing length by comparison with the results from 80s- 
ton. Although most infants tested in the Boston study were also 
younger than 6 months of age. thfs study included more mea- 
surements taken in the second 6 months of life. Very few me+ 
surements were taken in the sewnd year of life in either study. 
Thus, the data from both studies appear ta s e w  as predictors 
of normal RTCgenerated Rows 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 eonfirmed 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 m, had average flows at FRC of 273 m k  (20). This 
value is close to the 296 mlis prediction for 72-cm infants from 
the W o n  data, but is significantly higher than the 2Ql mlk predic- 
tion from the Tucson data. Jacket compression pressures aver- 
aged 45 cm H,O in the Tucson study and were approximately 80 
em H,O in the Boston study. The reasons for these differences 
are unclear, as the same criteria for increasing jacket pressures 

until flow at FRC reached an apparent maximum were used in 
both studies. 

At present, the Tumn 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 dara 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 primafy concerns remain in the understanding of the phys- 
iology of forced expiram flaw. 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 noma! development and growth 
of the lungs and to provide useful reference m l u a  Thifd, poten- 
tial sources of variation in the measurements need to be charac- 
terized and limited. This effort wilt entail studies ofttansmission 
pressure, isovolume pressueflow relationships, the impact of 
chest wall tone, and upper airway resistance. A critical compari- 
son of MEF values obmined by the RTC technique during seda- 
tion with values obtained by the forced deflation technique duy- 
ing anesthesia and paralysis in the same infants (41) would help 
to solve a number of these questions. 

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

Methods designed to increase the volume at which flow is ink 
tiated should be further developed. Two promising techniques 878 

the use of volume clamping to raise lung volume progressively, 
breath by breath, and the rapid inflaion technique, in which the 
lungs are inflated before the PEFV maneuver by positive pres. 
sure applied through a face mask. By genetating a larger seg- 
ment of the MEFV curve, these methods might better chancter- 
ize the kinetics of volume elimination. 

Two goals must be achieved before MEF measurements can 
be recommended for general use. First, the procedures far both 
the RTC and t he  forced deftation 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 atso 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 dmlop specific equations for differ- 
ent population groups. Further, the upper age at which useful 
MEFV measurements can be performed needs to be determined. 

MWURES OF COMPLIANCE AND RESISTANCE 
Introduction 

ln adults, compliance and resistance are rarely measured d i m n  
and pulmonary f unction 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 cooperaZion and coordination. Therefore, a number 
of innovative approaches have been dwised to measure compli- 
ance and resistance directly in infants. 

Using these techniques, ~ l u a b l e  clinical and physiologic in- 
formation has been obtained in many laboratories. For exampte, 
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 bng disease in young children, 
and to differentiate the severity of disease in infants with CF. R e  
sistance measurements have been used h~ assess the severity 
of infant respiratory diseases and the efficacy of bronchodilator 
t hempy. The studies with bronchodirators have revealed that, con- 
trary to established beliefs, significant bronchomnstrid~on can 
occur w e n  in pretem rnfants studled during the first weeks of life. 

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

Methods 
G e n m l  Considerations 

Tkhniques for measuring compliance and mistance can be clas- 
sified as passiveor 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 frwm the general equation of motion of the lung: 
Pdr = (1lC x V) + (R x + (1 x d2Vldt2), where Wr is the 
driving pressure for the system, C is compliance, R is resistance, 
I is inertance, V is volume, V is flow, and d2Vlcft2 is acceleration. 
The principal assumption is that the system follows a linear func- 
tron such that unique values exist to describe bet. Although this as- 
sumption may be tenable in the W range for normal infants, the 
function of the respimtory system during disease is less well d e  
scribed by a linear panem. A further basic assumption for all 
methods is that the inertance is negligible, thus simplifying the 
equation to the oornpliance and the resistance terns. This assump- 
tion has not been rested in infants at high respiratory rates, when 
ineflance 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 voF- 
m e  and flow yields respimtory system compliance fCrs) and 
resistance (Rrs). Rrs and Crs can M h  be partitioned into lung 
and chest way! components by measuring the relevant driving pres- 
sure lor each component. The measurement of lung compliance 
(CL) and resistance (RL) requires the measurement of transpul- 
monary pressure (Rp. the difference k w n  pleural pressure 
[Ppu 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 esophagear balioon on a catheter. 
The catheter is placed either through the nose (in intubated in- 

fants) w through the mouth. Nasal insertion substantially increases 
?he contribution of nasal resistance to the total measured resL 
tance in nonintubated infants. 

The physical characteristics of esophageat balloons for infants 
have been extensively investigated (47). Balloons wil h a diameter 
of 5.5 to 7.7 mm and a length of 335 to 5.0 cm are recommended 
for use, after their pressure-volume characteristics have been es- 
Zablished and the optimal operatingvolume has been determined 
from the passive mmpliance cum. Bdloon thickness also affects 
the pressure-volume characteristics. Water-filled esophageal cath- 
eter sysiems are easier to pass into the esophagus than are 
balloon-tipped catheters, and, in certain cases, an existing n e  
gastric catheter can  be withdrawn into the esophagus and used 
to measure changes in esophageal pressure. The existence of 
a hydrostatic pressure gradient m e n  the transducer and the 
catheter tip makes it Ernpossible 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 obs2nretion, multiple orifices are needed in the &h- 
eter. The fluid column must be keptfree of bubbles rdegassed"), 
as the quality of the measurement depends upon minimizing the 
compliance of the measuring device, Using &French catheters, 
the system has been shown to have an adequate frequency re- 
sponse and to pmvide useful clinical information (48-50). 

During an inspitatory effort against an occluded airway, when 
there is no airflow (V = O), the change in alveolar pressure (APafv) 
is approximated by the change in Pao (AclPao). Pleural pressure 
differs from Palv by the static elastic remil pressure, but during 
occlusion, when i, = 0, the change in Ppl (APpl) should equal 
APafv and, hence, APao. Therefore, if the change in Fes (Apes) = 
Mae, Pes is the equivalent of Ppl. The 'occlusion tesr (51) has 
been used to demonstrate that this relationship is =lid under in- 
spiratory occlusion conditions in normal adults and in normal in- 
fants (48). Esophageal pressure measurements are unreliable h 
a subject with esophagospasrn or previous surgical trauma to the 
esophagus. A satisfactory occlusion test requires < 5% difference 
between APao and Apes (52). 

The funalonal properties of the chest wall (Cw, Rw) can be 
determined from the pressure across the chest wall (Pw = 1Pes 
- Be), Under normal functional conditions, Pw is the combina- 
tion of the static elastic properties and the effect of the p m u r e  
generated by the activity of the muscles in the chest watl. Accord- 
ingly, the passive mechanical properties of the chest wall can be 
derived only when the muscle pressure is inhibied (passive con- 
ditions). 

A pneumotechograph is normally used to measure airflwh 
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 comiibute 
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 mistance 
to V (53) and increases thedifficultyof obtaining a leakproof seat 
(54). Nasal adapters have been used (551, but they significantly 
augment the large component of resistance contributed by the 
nasal almiay (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 ofthe 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 prem- 
clusion end-expiratory volume baseline after release of the m- 
elusion (52, 59). 

Three important concerns related to the use of the pneu- 






































