
Abstract

During the past 20 years there has been enormous progress
in the field of infant lung function testing, with respect to the
range of tests and equipment now available, their applications in
research and clinical studies, and the degree of national and
international collaboration.The major role for lung function
testing in infants remains firmly within the research arena,where
it has been extensively used to examine the early determinants
of airway function and to investigate underlying pathophysiology
and response to therapeutic interventions in a variety of respi-
ratory diseases during early life. During recent years there has
been increasing emphasis on developing techniques that can be
used in unsedated infants and for those requiring ventilatory
support. Future strategies need to encompass a multicenter,
multidisciplinary, collaborative approach,with results from infant
pulmonary function tests being integrated with those from
other disciplines, including imaging, genetics, inflammation and
immunology. The aims of this chapter are to (1) provide an
overview of the extent to which infant lung function tests have
been used in clinical and epidemiological research in the past,
(2) describe some of the recently developed techniques that
may have increasing application in future years and (3) consider
potential future contributions of infant pulmonary function
testing in the management of respiratory disease during infancy.

Introduction

As will be evident from the previous chapters, accu-

rate assessment of lung function in infants is no mean

undertaking – requiring not only the highest specifications

from equipment in terms of frequency response, safety and

minimization of both dead space and resistance, but

infinite patience and meticulous attention to detail from

the operators. The specialized nature of the equipment and

time-consuming nature of the tests, which usually require

the presence of at least two highly skilled individuals for

several hours, means that these tests are far more expen-

sive to perform than those available for older cooperative

children. In addition, the information gained from these

studies may be limited by lack of appropriate reference

data with which to separate the effects of lung disease

from those of growth and development, and the need for

sedation beyond the neonatal period, which limits study

duration, the frequency with which assessments can be

undertaken and the acceptability of these tests to many

parents.

Despite all these problems, interest in assessing lung

function during early life continues to increase. The rea-

sons for this are manifold, but include the fact that it is now

realized that much of the burden of respiratory disease in

childhood and later life has its origins in infancy and early

childhood. Indeed, there is increasing evidence that insults

to the developing lung may have lifelong effects, due to the

phenomenon of fetal programming, and that remarkable

‘tracking’ of lung function occurs from infancy throughout

life. This has emphasized the need to prevent lung injury

both before and after delivery when lung growth is so rapid.

In addition, despite recent advances in molecular biology, it

is becoming increasingly evident that the effects of new

diagnostic and therapeutic advances will still need to be
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evaluated in vivo by employing objective physiological

outcome measures in order to better understand the

implications of genetics and gene-environment interactions

for normal lung growth and development, as well as

interpreting the effects of various disease states and res-

ponse to therapeutic interventions. Furthermore, medical

and technological advances have led to increased survival

of extremely preterm infants but no reduction in the preva-

lence of chronic lung disease. This has increased awareness

of the need for a better understanding, both of lung growth

and development, and the effect of different ventilatory

strategies, in order to minimize lung injury during this

critical period.

The need to meet this increased demand and overcome at

least some of the barriers to obtaining accurate and relevant

information in this age group was recognized by the forma-

tion of the joint American Thoracic Society/European

Respiratory Society (ATS/ERS) Task Force. This interna-

tional task force has been extremely active in this field

for the past 10 years, organizing regular workshops and

postgraduate courses, and publishing a textbook and series

of manuscripts to provide guidelines for developing more

standardized equipment and techniques. Nevertheless, as

will be discussed below, the clinical usefulness of these tests

within individual infants remains far more limited than in

older subjects.

The aims of this chapter are to (1) provide an overview

of the extent to which infant lung function tests have been

used in clinical and epidemiological research in the past,

(2) describe briefly some of the lesser-known recently

developed techniques that may have increasing application

in future years and (3) consider potential future contribu-

tions of infant pulmonary function tests (PFTs) in the man-

agement of respiratory disease during infancy, including

what would be required before infant PFTs could play a

significant role in the clinical management of individual

infants; in other words, what we know, what we need to

know and what the future challenges are.

Previous Applications of Infant PFTs

Introduction
The major role for lung function testing in infants

remains firmly within the research arena, where it has been

extensively used to examine the early determinants of

airway function and to investigate underlying pathophysiol-

ogy and response to therapeutic interventions in a variety

of respiratory diseases during early life. An impressive

array of tests is now available for use in infants, allowing

accurate assessment of lung volumes, respiratory mechan-

ics and control of breathing by those with the necessary

skills and patience to apply them. The most commonly used

tests have been those of forced expiration, passive respira-

tory mechanics and measurements of lung volume by inert

gas dilution or whole body plethysmography. Application

of these tests in clinical research studies has furthered our

knowledge with respect to (1) the early determinants of

airway function, including the adverse effect of preterm

delivery, intrauterine growth retardation and pre- and

postnatal exposure to tobacco smoke, (2) natural history of

diseases such as cystic fibrosis (CF), chronic lung disease

and wheezing illnesses (which affect up to 40% infants in

first year of life), (3) bronchial responsiveness in early life

and (4) lung growth and development following neonatal

lung disease.

Some of the more recent applications and findings are

summarized below.

Applications of Infant Lung Function Testing 
in Epidemiological Research
Early Determinants of Respiratory Function

Numerous studies have shown that the sex of an infant

has a marked effect on airway function, as reflected by the

lower maximal expiratory flows observed in boys compared

with girls at any given height both during infancy [1–5] and

later childhood. This may contribute to the increased preva-

lence of wheezing in boys at all ages to puberty. Although

this male disadvantage disappears after puberty, the

increased perinatal mortality and respiratory morbidity

among boys suggest a broader vulnerability to early life

events in young males. It is therefore important to use sex-

specific reference data when predicting ‘normal ranges’ of

airway function [6], to avoid underestimating the degree of

any impairment in girls, or overestimating it in boys.

Although less is known about the impact of ethnic group on

lung function during early life, both nasal and airway resist-

ance have been shown to be lower in Afro-Caribbean than

Caucasian infants. Significant differences in breathing

pattern and forced expired flows between these two groups

have also been reported in those delivered prematurely [2, 7]

suggesting either that the respiratory system is more mature,

or that lung and airway function are relatively enhanced in

Afro-Caribbean infants delivered prematurely.

During the last few years, there has been increasing

evidence of the adverse effects of maternal smoking on

infant lung function [5, 8–10]. This effect is apparent at

least 7 weeks prior to the expected date of delivery [7], and

is independent of any postnatal exposure, as demonstrated

by studies that have assessed lung function in healthy
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infants prior to discharge from the neonatal unit [7, 11, 12].

A recent review of the literature found that, while there is

no convincing evidence from studies in human infants that

smoking during pregnancy is associated with increased

airway responsiveness at birth, many studies have demon-

strated a reduction in baseline forced expiratory flows (by

an average of around 20%), as well as increases in both

airway and total resistance [13]. In addition, there is

substantial evidence regarding the adverse effect of mater-

nal smoking during pregnancy on postnatal control of

breathing, particularly with respect to a blunted response to

hypoxia, hypercapnia and arousal stimuli [14, 15]. In

infants born to atopic mothers, exhaled nitric oxide levels

are increased shortly after birth in those exposed to mater-

nal smoking, while the reverse appears to be true amongst

those delivered to nonatopic mothers [16]. This underlines

the complex interactions of maternal and environmental

factors on the development of airway disease. While mater-

nal smoking during pregnancy remains the most significant

source of early life exposure to tobacco products and is

likely to be largely responsible for diminished airway

function in the first few years of life, continuing postnatal

tobacco smoke exposure from either parent will increase

the risk of respiratory infections, wheezing illnesses and

diminished lung function throughout childhood [13]. The

effect of parental smoking has an equally adverse effect on

infants with lung disease [17], thereby necessitating careful

recording of such exposures if results from either clinical

or research studies are to be interpreted correctly.

A family history of atopy, particularly maternal asthma,

has also been shown to be associated with diminished air-

way function and increased airway responsiveness during

the first years of life [1, 4, 8, 9, 18–21]. Despite increasing

emphasis on the potential effect of intrauterine growth

retardation on subsequent health throughout life [22–24],

relatively little was known until recently about the impact

of being born ‘small for gestational age’ on lung function

during infancy. During the past few years, a study has been

undertaken in which over 200 healthy infants were

recruited to address this issue. After adjusting for all known

confounders, including age, sex and current body size,

timed forced expiratory volumes from raised lung volume

were found to be significantly lower in infants born small

for gestational age than in appropriately grown controls,

with a similar tendency for forced expired flows [19], these

changes persisting throughout the first year of life [20].

This study also highlighted the complex interactions

between birth weight, socioeconomic status, family history

of atopy, parental smoking and airway function in infants,

and emphasized the need for large numbers of infants to be

recruited to studies such as these if meaningful conclusions

are to be reached.

Infant Lung Function as a Predictor of Subsequent

Respiratory Morbidity?

The Tucson Children Respiratory Study was the first

longitudinal assessment of the natural history of asthma

that included infant lung function tests [25]. Over 1,200

children were enrolled at birth. Eight hundred of these were

still participating at 13 years of age [26], although only

10% of these subjects had had lung function measured in

the first few months of life. This study was the first to

provide evidence that diminished airway function precedes

wheezing illness, in that the tidal breathing ratio (tPTEF:tE)

was significantly lower in boys (though not in girls) who

subsequently wheezed with a lower respiratory illness

(LRI) in the first year of life. Although there was no signif-

icant difference in V�maxFRC between those who did and did

not wheeze when follow-up was limited to the first year of

life, subsequent follow-up revealed a diminution of

V�maxFRC shortly after birth in those who wheezed during

the first year and who had had at least one additional

wheezing LRI by 3 years of age [26]. Similar findings were

reported from the Boston study [10] (who also used

V�maxFRC as an outcome measure) and in the London study,

which found elevated premorbid values of airway resist-

ance in those who subsequently wheezed in the first year

[9]. By contrast, the Perth longitudinal study suggested that

reduced airway function in early life was associated with

persistent wheeze at 11 years but not with transient wheeze

[27]. Discrepancies between results may reflect differences

in techniques, methods of statistical analysis, population

and environment as well as the fact that, although a large

number of children may be recruited to longitudinal studies

during infancy, the number in whom repeated lung function

measures can be made on all test occasions may be

relatively small due to the inherent difficulties in conduct-

ing such studies. Nevertheless, despite the wide range of

techniques used, all of these studies have provided evidence

of diminished premorbid lung function shortly after birth

amongst those with subsequent wheezing illness.

While one of the major aims of these epidemiological

studies, namely to predict which infants who wheeze are

likely to progress to asthma in later life, has not yet been

realized, considerable knowledge has been gleaned regard-

ing the range of different wheezing phenotypes. It is now

generally acknowledged that those with very early onset of

wheeze (first year of life), whose mothers smoke and in

whom there is no family history of asthma or atopy have a

relatively low risk for asthma. By contrast, those in whom
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onset of wheeze occurs later and/or in the absence of any

significant exposure to pre- or postnatal tobacco smoke,

where there is a maternal history of asthma, persistent per-

sonal atopy (initially to food and later to inhaled allergens)

and an increased bronchial responsiveness (with or without

diminished flows) in infancy, will have a much higher risk

for subsequent asthma [26].

Serial measurements of lung function from cohort

studies have also revealed considerable tracking of lung

function (i.e. those with the lowest levels of airway function

initially tend to retain this position throughout life). This has

been demonstrated in healthy term [20] and preterm [28]

infants, in infants and young children with CF [29, 30] and

between infancy and school age in those with bronchopul-

monary dysplasia [31]. There is thus increasing evidence

that some infants are born more susceptible to respiratory

problems and that lung function during later life may be

largely determined by factors occurring before or shortly

after birth.

Problems in Assessing Lung Function 
in Infants with Respiratory Disease
Despite numerous attempts to monitor changes in lung

function as a means of identifying early onset of pulmonary

disease during the first year of life, the natural course of

pulmonary involvement in infants with respiratory disorders

remains relatively poorly understood [32, 33]. Problems

encountered include: (1) contraindication of sedation in the

presence of acute respiratory disease [34], (2) difficulties in

repeating measurements frequently enough, (3) difficulties

in distinguishing the effects of disease from those of growth

and development, in the absence of a control group or

appropriate reference data, (4) confounding of measure-

ments by developmental changes in chest wall compliance

and/or the dominance of the upper airways when measuring

airway or total respiratory resistance [35], and (5) increased

within-subject variability of measurements among infants

with respiratory disease [36, 37].

Further difficulties in interpreting results from clinical

studies – whether in an individual infant or within the con-

text of a research study – arise from the fact that many of

the assumptions underlying measurements of lung volumes

and mechanics, such as rapid equilibration of pressures

throughout the respiratory system (as required for accurate

measures of lung volumes by plethysmography or passive

respiratory mechanics using airway occlusion techniques),

or the presence of a single time constant during passive lung

emptying (single breath technique), may be violated in the

presence of severe airway obstruction. Similarly, the choice

of method used to assess lung volumes may be critical, with

any gas trapped behind closed or slowly ventilating areas

secondary to airway obstruction being detectable by

plethysmographic but not gas dilution techniques.

Applications of Infant Lung Function Testing in
Clinical Research Studies
Despite these problems there is a vast literature

describing the application of infant lung function tests in

clinical research: the rapid thoracoabdominal compres-

sion technique for measuring V�maxFRC being the most

commonly used method for assessing airway function in

this age group.

Baseline Lung Function in Infants with 

Respiratory Disease

V�maxFRC has been shown to be lower in infants with

recurrent wheeze [26], bronchiolitis [38], tracheomalacia

[39] and those with history of life-threatening events [40].

Application of these tests in infants with CF has been sum-

marized recently [41, 42]. Most studies have reported

diminished lung and airway function in symptomatic infants

[42–47]. It has recently been shown that airway function is

reduced at an early stage in infants with CF, even in the

absence of clinically recognized LRI [48] and that this does

not catch up during infancy and early childhood [29]. These

findings have important potential implications for early

interventions in CF. While several reports have suggested

that the raised volume technique may be a more sensitive

means of discriminating changes in lung function in infants

with respiratory disease than either tidal breathing parame-

ters [49] or V�maxFRC [17, 50], it should be remembered that

this technique is more complex to apply and that guidelines

to standardize data collection and analysis are only just

beginning to emerge [51, 52].

Response to Therapeutic Interventions

Several studies have been designed wherein results from

lung function tests have been used to assess response to

therapeutic interventions, such as antibiotic treatment or

administration of corticosteroids [43, 44, 47]. The varying

conclusions from such studies may be partially attributable

to the heterogeneous nature of both disease severity and

individual response to therapy among the infants studied,

but may also reflect the relatively small number of subjects

within each of these studies, with inevitable consequences

with respect to potential sampling bias and power of study.

Bronchial Responsiveness

One of the most extensively studied clinical research

areas in which infant lung function tests have been applied
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is that of bronchial responsiveness using both bronchial

challenge and bronchodilation [36, 53–59]. There is cur-

rently no standardized approach to performing either type

of intervention, with respect to agent used, dosage, mode of

delivery, outcome measures or methods of analyzing and

reporting results. This has resulted in considerable difficul-

ties when attempting to elucidate age-related changes

in airway responsiveness during early life [60, 61].

Measurements of resistance and forced expiratory

flows have been the two most commonly used methods

for assessing change in airway function during such stud-

ies, although recent work has suggested that assessment

of tissue mechanics may also be valuable [54]. Although

resistance is a direct assessment of airway caliber, airway

or pulmonary resistance may be dominated by the caliber

of extrathoracic nose breathing in infants. Forced expira-

tory flows should provide a better reflection of changes in

intrathoracic airway caliber, but are themselves highly

dependent on lung volume and airway tone, both of which

may change in response to the intervention, resulting in

an underestimation of the degree of airway responsive-

ness. Interpretation of these studies is further complicated

by the lack of information regarding intra-subject,

between-test repeatability on the same occasion [36, 

53, 62].

Despite the generally poor response to bronchodilators

in early life, there is convincing evidence that the airways

are fully innervated and capable of responding to a range of

challenges during both fetal and early postnatal life (56,

63). The effectiveness of bronchodilators in wheezy infants

remains controversial [59, 64], reflecting the fact that, in

many infants who wheeze, the reduction in baseline airway

function is not due to reversible bronchoconstriction, but

transient conditions associated with diminished airway

patency [65].

Applications during and following Intensive Care

Numerous studies have attempted to use parameters

derived from infant lung function tests to assess the

effects of preterm delivery, neonatal lung disease and

ventilatory support [15, 66–75]. The most commonly used

approaches in recent years have been assessments of

passive respiratory mechanics and lung volumes [66, 67,

76]. The only volume that has been routinely measured in

infants during mechanical ventilation has been that at

end expiration with or without positive end-expiratory

pressure [67, 70, 77–79], although determination of

lung volumes over an extended volume range using the

negative deflation technique has also been described in

specialized centers [80, 81].

Specific difficulties in undertaking and interpreting

measurements of infant lung function during intensive

care (over and above those encountered when assessing

spontaneously breathing infants) have been reviewed pre-

viously [74, 76, 82, 83] and arise from factors including

the following: 

1. Relative invasiveness of these techniques in clinically

unstable infants.

2. Insensitivity of the test to changes in respiratory mechan-

ics within individuals due, for example, to the relative

magnitude of resistance of the tracheal tube [84, 85] or

the underlying pathophysiology.

3. Inaccuracies in displayed values of tidal volume [86].

4. Confounding of results due to interactions between the

ventilator and spontaneous breathing activity [76].

5. Leaks around the tracheal tube [87], which may invali-

date attempts to assess lung function in intubated infants

and yet remain difficult to eliminate due to widespread

use of uncuffed tubes in this age group. Recent evidence

suggesting that, at least beyond the neonatal period,

cuffed tubes may not be associated with an increased risk

of upper airway trauma and may facilitate ventilatory

management in those with severe respiratory problems

[88, 89] may reduce such problems in the future.

6. Heterogeneous nature of the population with respect to

maturity, body size and clinical severity.

7. Multitude of possible treatment modalities that infants

may be exposed to.

8. Fact that results are frequently corrected for body size

simply by expressing data as a ratio (per kilogram body

weight or, even worse, per centimeter body length).

Unless it can be shown that there is a linear relationship

between the selected lung function parameter and body

size, with no intercept on extrapolation (which is unlikely

to be the case following preterm delivery) the use of such

ratios may severely distort comparisons between infants

of differing body size and maturity, and hence the effect

of any disease process, its resolution or treatment. In such

circumstances the use of multivariate analysis is likely to

be the preferred option, but demands substantial sample

size to achieve adequate power of study.

Although several studies have suggested that meas-

urements of respiratory mechanics may be predictive of

subsequent bronchopulmonary dysplasia (BPD) [72, 90,

91], this was not confirmed in a randomized controlled

study of mechanically ventilated neonates who were

assigned to conventional management with or without

daily assessments of lung mechanics [92]. Post hoc
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analysis did, however, show that survivors in whom such

measurements had been performed were ventilated for a

significantly shorter period (median 3 vs. 5 days) com-

pared with controls. The authors also calculated that a

much larger sample size would be required to achieve

adequate power of study for their original study aim.

It is becoming increasingly evident that preterm delivery,

even in the absence of any initial respiratory disease may

have an adverse effect on subsequent lung growth and

development [93–95] which persists and may even worsen

throughout the first years of life [28, 96, 97]. Most studies

in infants with BPD or chronic lung disease of infancy have

suggested that lung volumes are low early in infancy but

subsequently become normal or elevated [66]. This has been

attributed to the fact that, over time, pulmonary fibrosis may

become less important relative to airway disease and that

lung volumes may, therefore, increase disproportionately

with growth. Studies of infants with BPD/chronic lung

disease of infancy have also reported reduced compliance

[90, 91, 98] and increased resistance [90, 91] during the

first year of life. As mentioned above, some caution may

be required when interpreting these results, depending on

the methods used to express pulmonary function in relation

to body size. Lung function tests have also been used as

objective outcome measures to assess the effect of different

types of ventilatory support, including extra-corporeal

membrane oxygenation and high frequency oscillation,

during the neonatal period on subsequent lung growth and

development [71, 97, 99–103].

New Approaches to Assessing Respiratory
Function in Infants

The expanding role of infant lung function testing in

both clinical and research studies has been accompanied in

recent years by the development of new approaches to

assessing lung function during early life as well as further

modification of well-established techniques. While their

use is not yet widespread and commercially available

equipment is scarce, several of these techniques have

considerable future potential for clinical measurements and

are therefore reviewed briefly below.

Beyond the neonatal period, wheezing disorders of either

a transient or persistent pattern tend to dominate most of the

respiratory problems encountered in infants and young

children, as reflected by the emphasis placed on assessment

of airway function in this age group. Nevertheless there is

increasing awareness that airway resistance and forced

expired flows are determined not only by the caliber of the

airways, but by the compliance of the airway wall and recoil

of the surrounding parenchyma, leading to the search for

suitable parameters that will reflect these characteristics and

hence improve interpretation of results.

Recent modifications of the long-established forced

oscillation technique, in which respiratory impedance (Zrs)

is measured by superimposing small amplitude pressure

oscillations on the respiratory system and measuring the

resultant oscillatory flow [104], have met with remarkable

success in this area. One of the advantages of this tech-

nique is that it can be applied during spontaneous tidal

breathing and requires no special maneuvers, making it

potentially applicable in young and unsedated infants.

Depending on the frequency of the applied pressure wave,

the resultant impedance will contain different mechanical

information. The response to very slow pressure oscilla-

tions (�2 Hz), during what is commonly referred to as the

low-frequency forced oscillation technique (LFOT), allows

the noninvasive partitioning of lung function into airway

and tissue parameters [73, 105, 106]. By contrast, at very

high frequencies, using a technique that has come to be

known as the ‘high frequency interrupter technique’ or

HIT, the information derived is primarily related to airway

wall mechanics, which is particularly important in wheez-

ing disorders [107]. Impedance measurements should only

be used if measured signals are of high quality since large

errors and misinterpretation of data can occur with poor

quality signals. The key advantage of both the HIT and

LFOT is that they can be applied during relatively brief

interruptions to the normal breathing pattern during spon-

taneous quiet sleep, even in rapidly breathing infants. The

major limitation of the LFOT is the requirement for apnea

during the external oscillations, since the small amplitude

oscillatory signal does not contain sufficient power to

suppress the influence of the higher harmonics of sponta-

neous breathing. This is usually achieved by administering

several augmented breaths (2 kPa) and holding the lung at

raised lung volume to invoke the Hering-Breuer reflex and

hence a respiratory pause before applying the oscillations.

Development of a monitoring technique that provides

information on tissue mechanics is of particular interest

for studies in preterm infants, where parenchymal disease

is a major component of acute respiratory illness, and in

whom failure of alveolarization has been targeted as a

major feature of subsequent chronic lung disease [66]. In

addition to monitoring lung growth and development, the

LFOT has the potential for estimating the mechanically

optimal lung volume in intubated infants during high-

frequency oscillatory ventilation, as recently shown in the

preterm lung model [108].
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Although initially described many years ago, the

multiple breath inert gas washout technique has only been

used intermittently in infants and young children [94, 109],

possibly reflecting the complexity of data analysis and the

lack of commercially available equipment and software.

During recent years, technological advances combined with

increasing awareness that indices of ventilation inhomo-

geneity, such as the lung clearance index (cumulative

expired volume/FRC), provide a sensitive measure of small

airway disease [110, 111] and that conventional measures of

airway function may not detect early changes in peripheral

airway function until lung disease is well-established [111]

have led to a resurgence of interest in this field. The multiple

breath gas mixing technique has great potential as measure-

ments are performed during spontaneous breathing, mak-

ing it applicable to subjects of all ages, including unsedated

infants. A further advantage of this approach is that, in

health, gas mixing efficiency remains remarkably stable

throughout life, enabling the effects of disease to be dis-

tinguished from those of growth and development with far

greater confidence than when dealing with most parame-

ters of lung function which are highly dependent on age

and body size. Recent work has demonstrated that the

multiple breath inert gas washout technique is a far more

sensitive method of detecting early changes in lung

function amongst infants and children with CF than more

conventional measures of forced expired flows and

volumes [111, 112]. Recent development and ongoing

validation of the ultrasonic flowmeter may mean that, in

the future, reliable measurements will be available not only

in unsedated preterm and newborn infants, but on the

intensive care unit (ICU) [74, 113].

Recent refinements of the noninvasive imaging method

of electrical impedance tomography to assess spatial

distribution of ventilation and its application in both

ventilated and spontaneously breathing infants also bode

well for the future use of this method, both during and

following pediatric intensive care. Serial measurements

using electrical impedance tomography in ventilated

infants were able to identify the redistribution of lung

ventilation and changes in the magnitude of regional

ventilation in response to alterations in ventilator settings,

surfactant instillation and changes in posture [114, 115].

Provided further adaptations of hardware and software can

be implemented to improve practical handling and facili-

tate stable and undisturbed measurements in the ICU, this

noninvasive method could become a useful bedside moni-

toring tool of regional lung ventilation in critically ill

infants, with important implications for optimizing lung

volume and minimizing lung injury.

A relatively neglected area of investigation that has

received more attention recently has been that relating to

chest wall mechanics and the respiratory muscles [116].

Dysfunction of the respiratory muscles may not only result

in disease, but render an infant unable to compensate for the

effects of such disease, with the underlying cause of venti-

latory failure in approximately 50% preterm infants being

attributed to respiratory muscle failure. Knowledge relating

to the strength of the respiratory muscles may be potentially

useful in a number of clinical situations, including whether

or not to wean an infant from the ventilator and when

assessing recovery from acute infections [116]. Methods of

assessing respiratory muscle strength include the deter-

mination of maximal inspired and expired pressures during

respiratory efforts against brief airway occlusions [117],

although the marked within- and between-subject variability

of this measure may limit its clinical usefulness. Furthermore,

simple assessment of respiratory muscle strength does not

reflect either endurance or susceptibility to fatigue. Work is

currently being undertaken to evaluate the discriminative

ability of alternative indices, such as the tension time

index of the respiratory muscles. The latter has several

advantages in that it is completely noninvasive, does

not require placement of gastric or esophageal pres-

sure transducers and assesses muscle fatigue in all the

respiratory muscles – not simply the diaphragm. Its

potential usefulness has, however, still to be evaluated in

infants [116].

Esophageal manometry was once commonplace during

assessments of lung function in infants [118], but nowa-

days its use has generally been replaced by the assessment

of passive respiratory mechanics using one of the occlusion

techniques [119], except in ventilated or preterm infants

who may already be receiving regular nasogastric feeds. In

situations where esophageal manometry is still required,

the use of esophageal balloons and water-filled catheters

has largely been replaced by catheter tip transducers [120].

The need to assess not only respiratory mechanics but

gas exchange and control of breathing when assessing

infants with respiratory disease, particularly in those

delivered prematurely or requiring ventilatory support, has

been recognized in several recent publications [14, 15, 66,

121–125]. Similarly, despite recognized difficulties in

accurately interpreting measures of exhaled nitric oxide as

a noninvasive marker of airway inflammation in infants,

due to the influence of nasal breathing and the marked flow

dependency of such measures, there have been some

interesting reports describing their potential utility in both

clinical and epidemiological studies, which warrant further

investigation [16, 126–128]. Although further refinement
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and standardization of the technique are required, bedside

equipment for evaluation of such markers is now available

for use in infants.

Requirements for noninvasive methods of assessing

lung function during natural sleep or during prolonged

periods of monitoring have resulted in persistent efforts to

analyze tidal breathing parameters, whether derived from

changes in flow and volume at the airway opening or from

body surface measurements [129]. Following initial reports

regarding the potential predictive value of the time to peak

expiratory flow as a ratio of total expiratory time (tPTEF:tE)

[25], a plethora of publications was followed by a degree of

disillusionment as it became obvious that the prime role 

of such indices would be in large epidemiological studies

of newborn infants, rather than any clinical application

within individuals [130–134]. Nevertheless the potential for

such noninvasive methods has inspired several groups to

continue the search for improved methods of analyzing and

reporting such data [135]. Frey et al. [136] have proposed

that tidal flow is an integrated output of the neural respira-

tory oscillator in the brainstem, which in turn reflects the

processing of interacting chemo- and stretch receptor feed-

back mechanisms as well as passive mechanics of the lung

and chest wall. They subsequently quantified the harmonic

content of the tidal flow wave form, arguing that such com-

plex neuromechanical respiratory control would be better

characterized by considering the entire periodic tidal flow

waveform rather than simple indices derived from a limited

number of points, as is the case when simply reporting

tPTEF:tE. Not only does this approach have exciting potential

in terms of increasing and integrating our understanding of

respiratory mechanics and control of breathing during early

life, but it has been recently adapted for use in the clinical

scenario. Habib et al. [137] recently extended this approach

by analyzing the tidal flow waveform derived from respira-

tory inductance plethysmography in spontaneously breath-

ing preterm infants and reported that the harmonic content

of tidal flow in such infants is characterized by a power law

functional form power spectrum. They were also able to

demonstrate that essentially equivalent flow spectra and

corresponding shape indices could be attained from direct

measurements at the mouth or indirect distant flows meas-

ured at the chest wall. Providing this can be confirmed by

other groups, this is an important finding, given the desir-

able nonintrusive nature of body surface measurements,

which can potentially: (1) avoid errors arising either from

leaks around the face mask or from the adverse effects of

apparatus dead space and resistance when recording breath-

ing patterns at the airway opening in very small infants

[138, 139], (2) facilitate measurements over longer time

periods and (3) allow delivery of treatments such as nasal

continuous positive airway pressure and inspired oxygen

during the measurement period.

The potential limitations of deriving either qualitative or

quantitative assessments of flow and volume from body

surface recordings, particularly in the presence of any

marked asynchrony between chest wall and abdominal

movements [140, 141] must, however, be borne in mind

when attempting such measurements.

What Is the Potential Contribution of Infant 
PFTs to Future Management of Respiratory
Disease during Early Life?

Infant lung function tests could potentially be used for

early diagnosis and monitoring of lung disease, assessment

of the therapeutic interventions and evaluation of disease

outcome. While there is little doubt about the potential

value of infant lung function tests as a means of providing

objective outcome measures in clinical or epidemiological

research studies, their potential usefulness with respect to

influencing clinical management within an individual

infant remains far more debatable, as reviewed in several

recent publications [32, 33, 74, 142–145].

Lung function tests at any age are rarely performed for

diagnostic purposes, but rather to monitor the nature and

severity of respiratory disease or to assess the response to

treatment [146]. The clinical usefulness of any technique

depends not only on its ability to measure parameters that

are relevant to the underlying pathophysiology and to dis-

criminate between health and disease, but on within-subject

repeatability both within and between test occasions. As

discussed above, whilst highly reproducible measurements

of lung function can be made in infants during the same test

occasion, little is yet known about the ‘between-test repeata-

bility’. For spontaneously breathing infants, this lack of data

relates primarily to factors such as difficulties of repeat

sedation, and the time constraints of working parents to

bring infants for repeat measurements at intervals less than

4–6 monthly. By contrast, the ability to assess repeatability

in the intubated inpatient is limited more by factors such

as clinical instability, or problems in maintaining stable

measurement conditions between such repeat measures.

Considerable effort will be required to collect data in this

field if we are to distinguish what constitutes a clinically

significant change within an individual infant as a result of

disease progression or response to treatment.

Similar problems arise with respect to distinguishing the

effects of disease from those of growth and development
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[147]. The need for sedation limits the numbers of healthy

infants that can be studied during spontaneous breathing,

while relatively few truly ‘normal’ infants are anesthetized

or ventilated and hence available to provide representative

values under these particular circumstances. Some limited

attempts have been made to establish reference data for

intubated infants and children but far more work will be

required in this field if newly developed techniques are to

be fully utilized.

Recent international collaborative efforts have led to the

publication of sex-specific reference data for V�maxFRC

during infancy [6]. The development of more standardized

equipment and techniques for infant lung function testing

will hopefully encourage and facilitate similar initiatives in

the future, so that appropriate regression equations, which

can take into account important determinants such as

length, body weight, age, maturity, sex and ethnic group,

can be developed. It is important to realize that much of the

older published literature, frequently quoted when inter-

preting data from infants with respiratory disease, may no

longer be appropriate due to the technological advances in

both equipment and methodology that have occurred

during recent years [148]. It is therefore imperative that, as

with measurements in older children [149, 150], infant lung

function results are interpreted with great caution unless

the operators can verify the validity of their chosen refer-

ence data.

If appropriate equipment was to be miniaturized and/or

incorporated into the ventilatory circuit, so that continuous

online monitoring of appropriate parameters could be

undertaken, the major area in which infant lung function

tests could influence clinical management in the future

probably lies in the neonatal and pediatric ICU. Given the

current rate of technological development, this is certainly

feasible, but will demand a major commitment by all

concerned, plus the recognition that most of the tests used

in the past are too complex and/or too insensitive to pro-

vide the clinician with reliable and relevant information

with which to guide treatment. Techniques that should be

targeted include those that measure absolute, and changes

in, lung volume, tissue mechanics, distribution of ventila-

tion, gas mixing efficiency, oxygen consumption, control

of breathing and respiratory muscle function, with results

being carefully integrated with other relevant outputs,

including blood gases, ventilator settings and direct or non-

invasive markers of inflammation. Many of these measure-

ments will require not only the presence of leak-free

tracheal tubes in infants who are intubated, but a much

improved knowledge of respiratory physiology amongst

pediatricians and intensivists if the information provided is

to be utilized in a meaningful fashion. Interpretation of

results will also depend on knowledge of growth and

development of the lung, particularly after extremely preterm

delivery, and more sophisticated adjustment for body 

size than simply dividing by weight or length as is all too

common at present. The latter is particularly critical in the

presence of somatic growth retardation.

Other areas where there may be a real role for infant

lung function testing are with respect to longitudinal meas-

urements from birth and throughout the preschool years in

high risk groups – such as those with persistent wheezing,

CF and chronic lung disease. The potential prognostic value

of such tests within individual subjects is as yet unknown,

since it is only during the last few years that more routine

assessments of lung function have been possible through-

out the preschool years [151–154], but such studies are

currently being undertaken. Interpretation of such data will

require similar longitudinal measurements to be performed

among healthy children from birth to school age.

Within an individual infant, the clinical usefulness of

any lung function test will always be enhanced if serial

measures can be undertaken rather than a single assess-

ment, and if the choice of test is based on the question to

be answered, clinical reasoning and a knowledge of the

suspected underlying pathophysiology, rather than simply

on the equipment that happens to be available in any given

center. Thus if bronchial responsiveness is to be assessed

using either a bronchodilator or bronchial challenge, the

selected test should: (1) have low intrasubject variability

(which should ideally be assessed on the same occasion,

and under similar measurement conditions), (2) be sensi-

tive to the physiological changes that are likely to occur

during the challenge, and (3) remain valid in the presence

of alterations of airway mechanics. 

Similarly, while assessment of respiratory compliance

may be relevant in a newborn infant receiving surfactant

(provided it is combined with measures of lung volume), it

is unlikely to provide much insight into the effects of treat-

ment in a wheezy toddler. The choice of technique will also

very much depend on the setting, with many of the currently

available tests such as the raised volume technique requiring

highly trained staff and sophisticated equipment.

It is generally agreed that no single lung function test

will ever provide the answer, and that a combination of tests

is required, the results of which should be interpreted in the

light of other information regarding present clinical status

and prior medical and social history. Given the marked

influence of factors such as preterm delivery, intrauterine

growth retardation, sex and maternal smoking during

pregnancy, it is particularly important to take a careful
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history from the parents when performing such tests.

Accurate measures of weight and length (using a calibrated

stadiometer and 2 trained individuals [34]) is also essential –

as is taking into account the potential influence of failure to

thrive on the results obtained. Thus in a child with CF whose

weight is below the 3rd centile for age, expression of lung

volume per kilogram body weight will tend to overestimate

the presence of any hyperinflation, while the reverse will be

true in an obese young child with recurrent wheezing.

The largest groups of infants with respiratory problems

are those with wheezing disorders, infants with chronic

lung disease or respiratory failure during the neonatal

period, who may suffer from combined obstructive and

restrictive lung disease, and those with chronic progressive

diseases such as CF. If more information were available

regarding within-subject, within- and between-occasion

repeatability of selected measurements together with

appropriate reference data, any of these infants could

potentially benefit from serial measurements to assess

disease progression and possibly to determine appropriate

therapeutic strategies. This possibility would be enhanced

if more sensitive techniques were developed – including

assessments of alveolar surface area, pulmonary capillary

blood flow and tissue mechanics for those recovering for

chronic lung disease. By contrast, while respiratory infec-

tions are common in infancy, assessments of lung function

are unlikely to have any impact on their management.

In a recent review, Godfrey et al. [144] concluded that

the only infants in whom assessments of lung function

should be performed for purely clinical reasons were:

(1) those who present with unexplained tachypnea, hypoxia,

cough or respiratory distress in whom a definitive diagnosis

is not apparent from physical examination and other

investigations, (2) infants with severe, continuous, chronic

obstructive lung disease who do not respond to an adequate

clinical trial of combined corticosteroid and bronchodilator

therapy or (3) infants with known respiratory disease of

uncertain severity in whom there is a need to justify man-

agement decisions.

Whether or not these criteria will be extended in the

future, if improved noninvasive methods of studying

unsedated infants or those receiving ventilatory support

are developed, remains to be seen.

It is not yet known whether serial assessment of lung

function in infants with CF, chronic lung disease or persistent

wheeze will alter their clinical management. To some extent

this will depend on the prognostic value of assessments of

lung function during the first year of life, information that

will only become available once serial lung function meas-

urements from diagnosis to school age become available.

Conclusions

During the past 20 years there have been major advances

in the field of infant lung function testing, with respect to

the quality of equipment now available, the range of tests

applicable in this age range and the degree of national and

international collaboration and standardization. Challenging

areas in which infant lung function tests could usefully be

employed in the future include: (1) elucidation of the

mechanisms by which insults to the developing lung con-

tribute to respiratory disease, (2) identification of which of

the many infants who wheeze in the first year of life go on

to develop asthma, (3) determination of the most beneficial

treatments for various lung diseases, (4) preservation of

lung function in infants with progressive lung diseases such

as CF by detection of, and appropriate interventions for,

early changes in lung function, (5) identification of factors

that contribute to the development of chronic lung disease

of prematurity so that alternative, improved strategies of

both antenatal and postnatal management can be developed,

(6) continuous on-line, noninvasive monitoring of appropri-

ate respiratory parameters in ventilated infants for individ-

ual optimization of ventilatory support, and (7) longitudinal

studies of lung growth and development in health and

disease from birth to school age, taking advantage of recent

developments in the field of preschool testing.

Future strategies need to encompass a multicenter,

multidisciplinary, collaborative approach, whereby there

are increasing links between structure and function

(particularly with respect to some of the exciting develop-

ments in the field of noninvasive imaging) and between

physiology, epidemiology, genetics, inflammation and

immunology. Ultimately the aim should be to further

develop and validate infant respiratory function tests so

that they can be used as objective and reliable outcome

measures both in individual infants and in multicenter

clinical trials, thereby strengthening the scientific basis

for the prevention and treatment of respiratory disease in

early life, as well as providing insights into the mysteries

of the developing lung.
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