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Pulmonary Function in Infants

The respiratory system undergoes extraordinary
changes in the first 2 years of life, in terms of its
growth and functional development. Knowledge
of the mechanical properties of the lungs in the
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first years of life was limited until the develop-
ment of sophisticated equipment to measure
respiratory function that was adapted for use with
small children. Since then, it has been possible to
understand the inherent aspects of normal respi-
ratory function, as well as the effects of diverse
pre- and postnatal injuries, besides treatments. It
has been possible to determine physiopathologi-
cal mechanisms, therapeutic mechanisms, and
certain prognostics in children with distinct
pathologies.

Although there are centers around the world
that study pulmonary function, the application of
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Table 8.1 Indications to perform functional respiratory
studies in small children

Cystic fibrosis

Neonatal chronic lung disease

Postinfectious bronchiolitis obliterans

Recurrent bronchial obstruction that does not respond
to the usual treatments

Central airway obstruction

Epidemiological and research studies

the results to medical care has not been
generalized for various reasons: (1) some of the
physiological principles on which the methods
are based are still not sufficiently understood;
(2) the instruments for measurement are complex
and costly; (3) the procedures are lengthy and
require sedation of the patient; and (4) there is no
standardized form of these methods. However, in
certain clinical situations it is appropriate to mea-
sure pulmonary function in the first years of life
(Table 8.1).

Measurement Conditions

Infants who are to be assessed through a func-
tional respiratory study should fast for the previ-
ous 4 hours and be examined to rule out certain
conditions in which the procedure is not advised,
such as fever or the presence of secretions in the
upper airway. The patient’s height and weight
should be measured and the results should be
compared with theoretical values. Prior to the
procedure, 50-75 mg/kg of chloral hydrate is
administered orally to induce a relaxed sleep,
which in most cases lasts for 90-120 minutes. It
is considered high-risk to administer this medica-
tion to patients with severe upper airway obstruc-
tion or those with some degree of hepatic, renal,
or cardiac insufficiency.

The patient should be in a supine position
during the study, with his or her head held
straight in hyperextension. Small movements
and flexing of the neck can alter the results and
thus should be avoided. Arterial oxygen satura-
tion and the heart rate are monitored continu-
ously with an oximeter.

Methods

Measurement of Forced Expiratory
Flow

Understandably, small children cannot perform
maximum forced exhalations based on their total
lung capacity for evaluation of the caliber of the
peripheral airways. Different methods are used to
prompt infants and small children to exhale forc-
ibly. Deflation techniques, rapid thoracic com-
pression at the tidal volume (RC-RTC), and rapid
thoracoabdominal compression: RTC with prein-
sufflation are used to determine the magnitude of
bronchial obstruction and variations in obstruc-
tion after administration of a bronchodilator or a
bronchoconstrictor agent.

The deflation technique was the first to be
developed, but it is no longer used, because it
requires heavy sedation and intubation of the
patient. Consequently, in this chapter, we discuss
the other two methods.

Rapid Thoracoabdominal Compression
Technique at Current Volume

Adler et al. (1978) and Taussig et al. (1982)
described the rapid thoracoabdominal compres-
sion technique for determining the bronchial cali-
ber in infants. It has been used to describe the
normal growth and development of the airways in
infancy, on the basis of which equations have
been developed to establish the magnitude of
bronchial obstruction, using a standard deviation
score as a function of the sex and size of the sub-
ject. With this, the observed alterations in the
functional response to the treatments applied in
the respiratory clinic can be identified and
evaluated.

The technique employs an inflatable vest
inside another inextensible vest around the
child’s chest and stomach, which goes from the
armpits to the pubis, with the child’s arms out-
side both jackets. A reserve air tank connected to
the inflatable jacket transmits air at the end of the
inhalation, with sufficient pressure to produce
rapid thoracoabdominal compression (Fig. 8.1).
Expiratory flows are registered during forced
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Fig. 8.1 Equipment used for rapid thoracoabdominal compression at tidal volume (calculation of the maximum flow

at the functional residual capacity (VmaxFRC))
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Fig. 8.2 Partial forced flow/volume curve

exhalation by a pneumotachograph equipped
with a facial mask, which hermetically covers the
nose and mouth of the patient. The resulting
flow/volume curve is graphed in real time on a
computer screen. The curve characteristically
presents a rapid rise in the expiratory flow until
the peak expiratory flow (PEF) is reached, and
then it gradually descends to a point below the
one established as the functional residual capac-
ity (FRC). The flow obtained at this point is
termed VFRC. To determine the limitation in air-
flow, the maneuver is progressively repeated
with more pressure on the jacket, ranging
between +20 and +100 cm of water. The maxi-
mum flow at the FRC (VmaxFRC), which corre-
lates with the airway caliber, is determined by

Volume (mL)

FRC: Functional residual capacity
PEF: Peak expiratory flow

V’max FRC: Maximal expiratory flow
at FRC

applying the pressure that yields the highest
VERC values (Fig. 8.2).

While the highest pressures have no limit in
relation to airflow in healthy infants, this is not
the case in patients with bronchial obstruction,
where much less pressure is required. Abrupt
falls in airflow are attributed to glottic or pharyn-
geal closure, and they can be corrected according
to the correct location in the neck. At least three
acceptable and reproducible curves are obtained
with maximum FRC values that do not vary by
more than 10%, and VmaxFRC is the average of
the three values. The curves obtained with this
method are “partial,” given that they are based
not on the total pulmonary capacity but, rather, on
the end of the inspiration at the current volume.
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Rapid Thoracoabdominal Compression
Technique at a Volume with Previous
Insufflation

A modification of the technique described above
has recently been developed to obtain, in a nonin-
vasive way, better forced expiratory curves. The
equipment used is similar to that used for the
other technique, with the addition of an insuffla-
tion system to take the patient close to his or her
total pulmonary capacity immediately before the
thoracoabdominal compression (Fig. 8.3).

The insufflation system consists of an external
source of air, valves to automatically occlude the
airway or a Y connector for manual insufflation,
and a safety valve to control the insufflation pres-
sure. The jacket reaches maximum pressure in
70-100 milliseconds. Given that there is a small
delay between insufflation and compression, it is
a common practice to activate the compression
10-100 milliseconds before releasing the occlu-
sion of the airway. One of the main discrepancies
among users has been the application of different
insufflation pressures to reach higher volumes.
However, there is a consensus in the application
of 30 cm of water pressure for older infants and
20 cm of water pressure for newborns and prema-
ture babies. The inspiratory flow is established at
1.5 times the current flow. The real pressure at the
level of the mouth is monitored in real time so
that the operator can adjust the flows and opti-
mize the pressure being administered. There are

Pressure
tank

also disparate criteria in the ventilation pattern
before the forced expiration. The pulmonary
insufflation rate depends on the lung volume and
flow magnitude, while the volume reached for a
standard pressure is directly proportional to the
infant’s level of respiratory compliance. Most
authors suggest 2-5 successive insufflations until
pressure and volume plateaus are reached.

The most relevant functional parameters are
obtained on the basis of the “maximum” forced
curve of volume/time and flow/volume
(Fig. 8.4)—namely, the forced vital capacity
(FVC), forced expiratory volume (FEV) in
0.5 seconds (FEVs), and forced expiratory flow
at 25-75% of FVC (FEF,s_;5). Other parameters
that can be considered are the expiratory flows at
50%, 75%, and 85% of FVC, and FEV,,, in small
children. The parameters that are reported are
those that are obtained on the basis of the “best
curve,” and at least two values that do not differ
by more than 10% should be used, with the better
value reported. Similarly, the results refer to the-
oretical values.

Analysis of Breathing at Current
Volume

Analysis of the curves obtained during current
breathing is useful for functional respiratory
assessment of infants, given that they yield
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greater variability and lower levels of specific-
ity. However, there are different parameters that
can be obtained from observing the flow curves/
tidal volumes that allow for establishment
of obstructive and low-compliance patterns
(Fig. 8.5).

Simply by the airtight mask being placed on
the patient’s face and attached to the pneumo-
tachograph, the flow and volume signals are inte-
grated to determine:

(a) Parameters that are altered in pulmonary
elastic retraction disorders: the rate between
the peak expiratory flow and current volume
(PEF/Vc)

(b) Parameters that vary with obstructive pathol-
ogies: the percentages of volume and time to
reach PEF

100 50

o
'
a
o

Volume (mL)

Some epidemiological studies have consid-
ered these measurements because of their techni-
cal simplicity in comparison with other methods.

Measurement of Respiratory
Mechanics

Respiratory mechanics can be assessed by
dynamic or passive methods. The respiratory
cycle is not interrupted during measurements
done with dynamic methods, whereas it is inter-
rupted with use of passive methods. Body pleth-
ysmography and pressure/volume curves are
dynamic methods. The main advantages of these
methods are their greater sensitivity and specific-
ity. Pressure/volume curves are particularly useful
to optimize mechanical respiratory assistance in
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ventilated patients. However, dynamic methods
are not widely used, because they require sophis-
ticated personnel and intubation of the patient.

Passive methods include single- and multiple-
occlusion techniques, which assess changes in
flow or volume in relation to changes in pressure
at the level of the mouth during periods of relax-
ation of the respiratory muscles, triggered by the
Hering—Breuer reflex in the occlusion of the air-
way at the end of the inspiration. The time con-
stant of the respiratory system is thus determined
on the basis of the slope of the flow/volume
curve. The compliance and resistance of the
respiratory system are then calculated. Passive
methods are simple, rapid, and noninvasive,
although they assess the entire respiratory system
and not just the lungs.

Measurement of Lung Volume

FRC is defined as the volume of gas that remains
in the lungs after a passive exhalation. It is the
result of the balance between the force of elastic
lung retraction and the expansive capacity of the
rib cage. It is also the easiest method for obtain-
ing precise and reproducible lung volume values
when the patient is incapable of cooperating. The

Flow

FRC is increased when air is trapped (obstructive
pathologies), and it is lower in patients with
restrictive pathologies. Consequently, determin-
ing the FRC allows us to differentiate these pro-
cesses functionally. It also provides an objective
parameter for following lung growth and devel-
opment, although it does not provide information
about the number or size of the alveoli.

The FRC can be quantified by two methods,
which are discussed in the following sections.

Body Plethysmography

The principle of this technique is the same as that
of plethysmography in older children and adults.
The child is placed in a supine position in a her-
metic box (plethysmograph) while breathing
through a facial mask connected to a pneumo-
tachograph. At the end of an inspiration current,
the circuit is closed for 6-10 seconds, making the
child breathe against the closed system. As the
pressure in the lung decreases and its volume
increases, the opposite occurs in the plethysmo-
graph. The FRC is determined by applying
Boyle’s law (the product of pressure (P) and vol-
ume (V) are always constant in a closed system at
a constant temperature: P x V = P’ x V’). This
technique measures all of the gas in the thoracic
cavity, which is the areas that communicate with
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the airway and the areas that do not. As we saw
before, the plethysmograph can also determine
the airway resistance.

Multiple-Breath Washout

The multiple-breath washout (MBW) method is
based on dilution of a marker gas to a known con-
centration in an unknown volume (the FRC) over
multiple current breaths. This can be done in two
ways:

e MBW using gases that are not involved in the
gas exchange and are not absorbed into the
blood flow or secreted by the tissues (helium
or sulfur hexafluoride): The patient inhales a
gas mixture with the gas marker until it
reaches an equilibrium concentration (the
same concentration for inhaling and exhal-
ing). From this moment on, the patient begins
to breathe environmental air (the washout
principal phase) and the gas marker is lowered
until it reaches a concentration lower than
2.5% of its initial concentration.

e Nitrogen MBW: The patient washes out the N,
in his or her lungs by inhaling 100% O, in
multiple breaths.

The child should be asleep (not necessarily
sedated) in order to obtain a stable breathing pat-
tern. An airtight facial mask is placed on the
child’s face, covering the mouth and nose. The
mask is connected to the pneumotachograph and
amass spectrometer (or an ultrasonic transducer),
which quantifies the concentration of the gases.
The FRC is reported in millimeters as the average
of three technically acceptable maneuvers with
values that do not differ by more than 10%. There
are different reference values for gas dilution
methods using N, or He, as well as for the pleth-
ysmography method.

Lung Clearance Index

The Lung Clearance Index (LCI) can be deter-
mined with the gas dilution technique, which
evaluates the distribution or degree of homogene-
ity of pulmonary ventilation. A high index indi-

cates obstruction of the small airways. This
reflects a nonhomogeneous ventilator pattern,
which slows the N, (or marker gas) lavage at
those zones with air trapping. This index is calcu-
lated by dividing the volume of exhaled volume
(until the marker gas has been washed out and
reaches a concentration of one fortieth of its ini-
tial concentration) by the FRC. A clearance index
under 7.8 is considered normal regardless of the
patient’s sex, age, height, and weight. Its mea-
surement is simple and noninvasive, and it has
low variability and good reproducibility. The
measurements are done three times, the FRC is
noted, and the average lung clearance index of
the three maneuvers is calculated. Because this
method gives information about the peripheral
airway (also called the ““silent zones”), its clinical
utility has been studied more extensively in
patients with cystic fibrosis. It has been shown
that this parameter is altered before the appear-
ance of symptoms, making it possible to explore
different therapeutic choices at an early stage. In
the same way, the studies conducted in these
patients have shown good correlation with the
changes in high-resolution computerized tomog-
raphy. Its usefulness in asthma and in chronic
newborn lung diseases has been discussed, and it
is still under investigation.

Study of the Diffusing Capacity
of the Lung for Carbon Monoxide

Castillo et al. (2006) described determination of
the diffusing capacity of the lung for carbon mon-
oxide (DLCO), using the single-breath technique
adapted for infants and small children. The test
consists of placing the child (after sedation) in a
supine position, breathing through a mask con-
nected to a pneumotachograph and a mass spec-
trometer. As in the rapid thoracoabdominal
compression technique at high volumes, the air-
way is insufflated at 20 cm of water pressure with
a gaseous mixture (0.3% CO, 5% He, 21% O,,
and the rest N,). The lungs remain insufflated for
6 seconds to diffuse the carbon, after which the
child can exhale passively. The measurement prin-
ciple is similar to that used to determine carbon
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monoxide diffusion in adults. The alveolar vol-
ume (AV) is determined by the gas dilution tech-
nique using He as the marker gas, and the diffusion
capacity of the alveolar—capillary membrane is
determined by measuring the concentration of
exhaled carbon. The measurements are done three
times and the AV and CO diffusion are noted. The
value considered is the average of three techni-
cally acceptable measurements with values that
do not differ from each other by more than 10%.
Because anemia or polycythemia alter CO diffu-
sion values, Hb must be determined beforehand in
order to correct for altered carbon monoxide dif-
fusion. With this method, the physiological shape
of the surface that is available for gas exchange
can be evaluated; therefore, alveolar growth and
development can be studied without use of anato-
mopathological studies. Studies conducted in pre-
mature babies have shown a change in normal
alveolar development. These children present an
AV that is similar to that seen in term children, but
they have a smaller area for gas exchange because
the alveoli are larger and fewer in number. This
technique may be useful in extremely premature
patients to evaluate alveolar growth and develop-
ment, as well as responses to different treatments.
Besides this, the technique may be used to valuate
children with lung hypoplasia, for follow-up of
children treated with lung resections early in life,
or in patients with necrotized parenchymal areas.
Finally, this technique provides an objective
parameter to establish a diagnosis and follow-up
of interstitial diseases during the first years of life.
However, commercial equipment to measure car-
bon monoxide diffusion in infants has not been
developed yet, and its use is currently restricted to
research practices.

Fraction of Exhaled Nitric Oxide

Measurement of the fraction of exhaled nitric
oxide (FeNO) has recently emerged as a tool for
evaluating, managing, and diagnosing asthma. Its
determination is simple and it gives information
about eosinophilic inflammation in the airway
noninvasively. High nitric oxide levels are related
to the increase of eosinophils in induced sputum,

bronchoalveolar lavage, and bronchial biopsy
materials. Atopic and asthmatic adults and chil-
dren present high levels, which drop after
anti-inflammatory treatment. Technically, deter-
mination of the fractional exhaled nitric oxide is
done using a chemiluminescent analyzer. In
infants it can be performed through the “current
breathing technique” and the measurement can
be done online (in real time) or offline (when the
air is kept in a hermetic bag and is measured
afterward). When the child is asleep (it can also
be done during spontaneous sleep), the values for
1 minute are registered while the child breathes at
his or her current breathing volume through a
facial mask connected to a pneumotachograph
and the fractional exhaled nitric oxide analyzer. It
is reported as the average result of three techni-
cally accepted maneuvers with results that do not
differ from each other by more than 10%. For this
technique, the normal values considered are
between 2 and 8 particles per billion (ppb).

Pulmonary Function in Preschool
Children

Spirometry

Children aged 2-5 years present particular chal-
lenges for conducting pulmonary function tests,
including lack of attention and cooperation,
besides fear of the equipment that is used.

A variable to consider is the fact that pre-
school children exhale lung volumes faster than
adults; therefore, evaluations of FEV,4, FEV,3,
and FEV, ;s are more important. Besides this,
because of the smaller volumes that these sub-
jects move, the equipment should include mini-
mum dead space.

In the past, it was thought that children were
incapable of acceptably carrying out the FVC
maneuver and achieving maximum inspiration
and expiration, because of lack of attention and
concentration, besides low tolerance of frustra-
tion. This is why spirometry reference tables
such as the Polgar and Knudson tables do not
include measurements for children under 110 cm
in height or under 6 years of age. Consequently,
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the reference values for small children have been
extrapolated from those for older children.

However, the first spirometry studies of
healthy 3- to 6-year-old children have been pub-
lished in recent years. The measurement of pul-
monary function takes into account the
recommendations that (1) this should be done by
an experienced technician, and (2) time should be
taken prior to the procedure to explain what it
involves and to demonstrate the maneuver.

There is no consensus about the benefits of
using a nasal clip in open-circuit spirometry. It
can depend on the experience of the technician
who conducts the study, and its use can be
decided for each individual patient to obtain the
best FVC reading. The maneuvers are repeated
until three acceptable curves have been obtained.
The study should be brief, lasting no more than
15 minutes. Different interactive programs can be
used with games on the spirometry screen to
facilitate acquisition of adequate curves. If the
patient cries during the study, there should be no
further attempt, and the test should instead be
done at another opportunity.

The maneuvers that are considered unaccept-
able are the ones in which:

e The maximum flow cannot be clearly
identified.

e The expiratory effort stops abruptly at a point
where it is less than 25% of the maximum flow.

e The expiratory flow lasts for less than 1 second.

e The child’s inspiration is not greater than his
or her current volume.

e There is a high degree of variability.

With these criteria, acceptable spirometry results
are obtained in more than 80% of studied 3- to
6-year-old children, including both healthy children
and those affected by different pathologies.

Forced Oscillation Technique

Advances have been made in the clinical study of
pulmonary function using the forced oscillation
technique (FOT), as described by Arthur DuBois
in 1956. The necessary equipment to conduct this

procedure is readily accessible and easy to use,
and it requires a minimum of cooperation on the
part of the patient. The child puts on the mouth-
piece and the nasal clip, and breathes at his or her
current volume for 17 seconds while holding his
or her cheeks with both hands. The equipment
creates a pulsating airflow at different oscillation
frequencies, which may be measured in one
maneuver, or each frequency can be studied in an
individual maneuver. In this way, the resistance is
measured and then calculated using a mathemati-
cal model of compliance. This technique mea-
sures the resistance of the entire respiratory
system and provides information to ascertain if
the resistance is increased in the central or periph-
eral airway. The bronchodilator response can be
evaluated; if the resistance measured at 5 Hz falls
by at least 30% of the basal value, the bronchodi-
lator response is considered positive. The limita-
tion of the forced oscillation technique is the
difficulty in distinguishing between an obstructive
pattern and a restrictive pattern. The main advan-
tage of the technique is that it requires a minimum
of cooperation from the patient; therefore, it can
be used in patients while they sleep, with patients
under mechanical ventilatory assistance, and also
in children who are too young for acquisition of
an acceptable result using the forced capacity
maneuver. In the same way, it is a valid method to
study patients with a collapsed airway, as can hap-
pen in cystic fibrosis or emphysema. In these
cases, it is the ideal method to assess the broncho-
dilator response. In 2004, the European
Respiratory Society published a standardization
of the methodology, with recommendations for its
clinical use, and stated that the diagnostic capac-
ity of the method is equal to that of spirometry in
patients with obstructive disorders.

Interrupter Resistance Technique

The interrupter resistance (Rint) technique allows
noninvasive measurement of the resistance of the
respiratory system while being normally breath-
ing. Its main advantages are its simplicity, the
need for minimal patient cooperation, and the fact
that it requires only a small portable apparatus.
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Among its principles are concepts that were
first described in 1927, when it was proposed to
estimate alveolar pressure by rapid occlusion of
the airway during the respiratory cycle at rest,
supposing that alveolar pressure will be equal to
the pressure in the mouth.

The respiratory cycle is interrupted briefly (for
<100 milliseconds) in the occlusion technique.
The resistance (Rint) and pressure/flow rate are
calculated from how the pressure rate changes in
comparison with the flow evaluated in the respi-
ratory airway before or after the occlusion
(depending on the technique). While occlusion
can be done during inspiration or expiration, both
the American Thoracic Society and the European
Respiratory Society recommend measurement
during expiration.

Both entities have standardized norms to mea-
sure the mechanical properties of the respiratory
system through occlusion techniques.

Hyperactivity Studies in Preschool
Children

Forced oscillation and multiple occlusion are
alternatives to spirometry to assess bronchial
hyperactivity in preschool children. The two
techniques used with uncooperative children—
the transcutaneous oxygen pressure measure-
ment and the tracheal auscultation method-merit
certain attention. In this last test, the parameter to
be determined is called PCwheeze, and it is
defined as the concentration of bronchoconstric-
tor substance with which wheezing is heard in the
trachea and lung fields. With the transcutaneous
oxygen measurement method, the value in ques-
tion is the concentration of methacholine that
causes a 5% fall from the baseline value or an
increase of 50% in the baseline heart frequency.
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