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Teste functionale respiratorii realizate la copilul astmatic

de vdrstd prescolara

Asthma diagnosis is difficult in young children being
mainly based on clinical signs and parents’ history,
which is sometimes difficult to obtain. Lung function
testing may improve asthma diagnosis by objectively
assessing its main features, airway obstruction,
spontaneously reversible or after use of a bronchodilator
drug, ventilation inhomogeneity during an acute
bronchoconstriction and airway hyperresponsiveness.
In young children that cannot cope with classical
tests, it is important to use and develop simple, short
lasting methods, made in spontaneous ventilation
without active cooperation. Such techniques

are a measurement of respiratory resistance by

forced oscillations or the interrupter technique, of
specific airway resistance by plethysmography and
capnography. All these parameters are sensitive

to the presence of an airway obstruction and to a
bronchodilator or bronchoconstrictor agent, but their
cutoffvalues in differentiating between asthmatic and
healthy children as well as their specific indications

in asthma management remain to be established.

Abstract Rezumat

Diagnosticul astmului bronsic la copilul mic este dificil si

se bazeazd in principal pe semnele si simptomele clinice

si pe istoricul bolii descris de cdtre pdrinti, cateodatd greu

de obtinut. Probele functionale respiratorii pot ajuta la
ameliorarea acestuia prin evaluarea obiectivd a principalelor
caracteristici ale astmului: obstructia bronsica reversibild
spontan sau dupd administrarea unui medicament
bronhodilatator, inomogenitatea ventilatiei in timpul unei
bronhoconstrictii acute, hiperreactivitatea bronsicd. La
copilul mic necooperant cu metodele clasice de explorare
functionald, este important sd folosim metode simple, de
scurtd duratd, realizate in ventilatie spontand, fdrd anestezie,
care sd nu necesite cooperarea activa. Astfel de metode

sunt reprezentate de mdsurarea rezistentei respiratorii prin
tehnica de oscilatii fortate sau de intrerupere a debitului de
aer, a rezistentei specifice a cdilor aeriene prin pletismografie
si capnografia. Parametrii obtinuti prin aceste tehnici sunt
sensibili la prezenta unei obstructii bronsice si la un agent
bronho- constrictor sau dilatator, dar valorile lor prag pentru
a diferentia copiii astmatici de cei sdndtosi ca si indicatiile lor
specifice in managementul astmului rdman a fi stabilite.

Keywords: asthma, child, forced oscillations
technique, interrupter technique, specific
airway resistance, capnography.

General data

Asthma is the leading cause in young child morbidity due
to a chronic condition, as measured by school and professional
absenteeism and hospitalizations®. It is the most common
chronic disease in children, with a high prevalence, especially
in preschoolers, from 10.8%? reaching up to 20%?°. This may
be explained by diagnosis, treatment and evaluation difficul-
ties at this age. Asthma diagnosis is based on the clinical signs
and symptoms and medical history described by parents,
which is not easily obtained. Lung function testing may con-
firm the diagnosis by an objective assessment of asthma’s
main physiopathological features: chronic inflammation of
the bronchial mucosa, bronchial obstruction spontaneously
reversible or after a bronchodilator administration, ventilation
inhomogeneity during an acute bronchoconstriction and bron-
chial hyperresponsiveness.

The standard technique for defining a bronchial
obstruction at baseline, an excessive response to a beta2mi-
metic agent inhalation and a bronchial hyperresponsive-
ness is spirometry. A forced expiratory maneuver requires
patient’s full cooperation, its complete understanding to
perform itin a reproducible manner, and can be difficult to
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achieve in small children. Furthermore, the threshold
defining a positive bronchodilator response in children is
not known. Current recommendations for adults are an
increase of 12% and 200 ml in FEV; (forced expiratory
volume in the first second) relative to its baseline*. These
recommendations cannot be applied in children because of
their much lower lung volumes. Two studies®® showed that
a threshold of 10% is significant with a sensitivity of 0.91
and specificity of 0.95. In young children, Aurora et al.”
suggested the use of FEV|) 5 (forced expiratory volume in
0.5 seconds) or FEV|, ;5 (forced expiratory volume in 0.75
seconds) due to their shorter forced expiration time, these
parameters reflecting more accurately the bronchial caliber.
FEV, 5 may also be used in school-aged children usually
presenting a FEV; reported to FVC (forced vital capacity)
higher than in adults. Moreover, the bronchomotor tone
significantly influences the spirometry results even in non
asthmatic non atopic children®'°. Simpler, short-lasting
lung function testing methods are needed in preschoolers,
performed in tidal breathing without anesthesia. Such
methods are the measurement of respiratory resistance
(Rrs) by the forced oscillation technique or flow interrup-
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tion (Rint) or specific airway resistance (sRaw) by plethys-
mography. Rrs, Rint and sRaw may be used to demonstrate
a positive response to a bronchodilator or a bronchocon-
strictor agent. FEV; is dependent on airway caliber and
their wall compliance'!. It was shown as an alteration in
FEV, after Salbutamol inhalation in children with cystic
fibrosis due to the increase in airway compliance during
forced expiration'!. In contrast, Rrs improved after
Salbutamol because the forced oscillation technique is per-
formed during spontaneous breathing without the need of
aforced expiratory maneuver. Therefore, Rrs is less depen-
dent on bronchial wall elastic properties. But significant
Rrs, Rint and sRaw responses to Salbutamol were identified
also in healthy children®®'!, so that reversibility thresholds
are not well defined.

In preschool children, Rrs, Rint or sRaw significantly
increased compared to their baseline values after a bron-
chial challenge test’**%. The sensitivity of these methods
was low and there were discrepancies between the resis-
tance and other functional parameters change'’.

Another non-invasive technique, performed in tidal
breathing in an uncooperative child is capnography. It
consists of measuring the CO, concentration in the
expired air, mainly used to assess ventilation inhomoge-
neity during an acute airway obstruction. Capnogram
shape is sensitive to an airway obstruction and to a bron-
chodilator treatment.

In consequence, lung function testing in preschool chil-
dren is now feasible'”. Recent progress allowed the develop-
ment of appropriate methods for pediatric age. These
techniques still need standardization to be routinely used
in young children and to provide specific indications for
each test for the asthmatic child management. These meth-
ods require child passive cooperation and their contribution
to asthma diagnosis will be presented in the following
paragraphs.

Forced oscillation technique

Described for the first time by DuBois in 1956, this
method consists of applying pressure oscillations super-
posed on the subject’s spontaneous breathing that will
induce mechanical changes in the respiratory system. These
pressure variations are obtained using a sinusoidal excita-
tion signal generated with a loudspeaker at a frequency
higher than the patient’s respiratory rate, ranging usually
between 4 and 48 Hz, and resulting airflow is measured.
The oscillations are applied directly to the subject’s mouth,
atechnique called “standard generator”. The child is seated,
wearing a nose clip and breathing through a mouthpiece
equipped with an antibacterial filter, connected to a pneu-
motachograph. The measurement starts after a short period
of time when ventilation is monitored to ensure the patient
breathes calmly and regularly, and lasts 30-45 seconds. The
measurements are visualized and those not meeting quality
criteria (presence of swallowing, glottis closure, improper
nose sealing, irregular breathing, hyperventilation) are
removed. The respiratory impedance (Zrs) is obtained by
this technique, a complex parameter, the pressure to flow
ratio'. Zrs is composed of a real part, respiratory resistance
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(Rrs), and an imaginary part, respiratory reactance (Xrs).
Rrs describes the respiratory system resistive properties
and reflects the bronchial caliber, being a more specific
parameter than FEV,%. Xrs reflects, at low frequency, the
lung elastic properties, the elastance, the inverse of compli-
ance, and at high frequencies, its inertial properties, the
inertance?’.

Several studies reported a good reproducibility of the
“standard generator” method in young children over 3 years
of age. Rrs at 8 Hz significantly increased during® or 2-3
days after an asthma crisis®®, being correlated to clinical
indices of airways dysfunction severity. Xrs was signifi-
cantly negative in these patients compared to controls®.
These differences were not observed in well-controlled,
stable asthmatic patients, at baseline®.

Zrs obtained by the “standard” method is underesti-
mated® because a part of input flow is lost due to upper
airways wall vibration, inducing an artifact. This shunt is
even more important in younger children and in the pres-
ence of a bronchial obstruction®.

The artifact may be minimized by applying the pressure
oscillations around the subject’s head that is surrounded
by a plexiglass box?’, the “head-generator” method. This
apparatus is available only in a few specialized lung func-
tion testing labs and sometimes accepted with difficultly
by little children.

Another option to remove the artifact, especially when
studying a bronchodilator or bronchoconstrictor agent
effect, is using a parameter called respiratory admittance
(Ars). Ars is the inverse of Zrs (1/Zrs) and when computing
it, upper airways admittance is in parallel with respiratory
admittance and its change induced by a bronchomotor agent
is independent of the upper airway artifact. Ars was first
described by Farré in 1999?% in a study that included asth-
matic children aged 2 to 9 years performing a bronchial
challenge by acetylcholine or allergen inhalation. Ars varia-
tion, expressed as the difference between the Ars post- and
pre- bronchial challenge, was not different between “stan-
dard generator” and “head generator” methods, being sig-
nificantly correlated, while Rrs variation was
underestimated by “standard generator” method?®.

A study conducted by Nguyen et al. on asthmatic children
showed that Rrs significantly improved after salbutamol
inhalation compared to its baseline value by both methods,
and the Ars bronchodilator response was similar by the two
methods, while that of Rrs was underestimated by the “stan-
dard generator” method”. Mazurek et al. showed that the
“head generator” method improved Rrs specificity compared
to the “standard generator” method (78% vs 65%) in children
with asthma and cystic fibrosis®.

For Rrs, it is recommended as a positive bronchodilator
response a decrease of 19%?? or of 40% reported to its
baseline value'™?*, depending if measurements are per-
formed during an asthma crisis or not, while for Xrs, an
increase of 65%** is needed.

In preschoolers, a positive bronchoconstrictor response
to a challenge was considered an increase of 40-50% in Rrs,
this threshold being correlated to an increase of 20% in
FEV,*.
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Specific airway resistance by
pFethysmography

Described for the first time by DuBois in 195632, total
body plethysmography allows for the thoracic gas volume to
be obtained using Boyle-Mariotte’s law and airway resis-
tance, the ratio between specific airway resistance and tho-
racic gas volume. The measurement requires patient’s full
cooperation to perform intrapulmonary gas compression and
distension maneuvers (panting) while the airways are occlud-
ed by a shutter, and is difficult before 5-6 years of age. For
younger children, sRaw may be obtained by a single step
performed in tidal breathing, by measuring airflow and vol-
ume changes during inspiration and expiration, without any
special respiratory maneuver or shutter closing®3¢.

This method has been successfully applied to children
over 2 years of age®3"38. The success rate in young children
can be improved if one parent accompanied him into the
plethysmograph box3*. Airway resistance varies inversely
proportional to lung volume®® so that, sRaw, the product
between airway resistance and thoracic gas volume, would
be a more stable parameter able to differentiate between
the effect of diseases and physiological effect of growth and
development®. After 8 years of age, sRaw values are inde-
pendent of age, height or gender and only minimally influ-
enced by respiratory rate3®.

There are several parameters that can be reported by
sRaw measurement, the recommendations are to use effec-
tive resistance, computed by a method integrating multiple
points throughout the breathing cycle, and not the total
resistance measured between the maximum plethysmo-
graph pressure points®. Effective resistance reflects more
accurately airway mechanics®***° and includes resistive
changes along the breathing cycle compared to the total
resistance. Their difference is very small in healthy sub-
jects, but increases in obstructive pathologies.

Air cooling and condensation during expiration, its
heating and humidification during inspiration, induce a
thermal artifact that influences the relationship between
volume changes measured by plethysmograph and airflow.
This artifact can be minimized by a digital correction avail-
able on all commercial plethysmographs or by making rapid
respiratory efforts (panting), sRaw being overestimated by
digital correction compared to the panting method*'.

sRaw reflects the overall airway caliber, including lung
expansion effect®.

sRaw is a parameter sensitive to a bronchial obstruction,
detecting a positive response to a bronchodilator agent with
an excellent reproducibility®®.

The presence of atleast one episode of wheezing or atopy
or atopic parents will result in an abnormal lung function at
3 years of age, even in the absence of respiratory symptoms,
reflected by sRaw high values, measured in tidal
breathing?®.

A decrease of 25% in sRaw after salbutamol inhalation
reported to its predictive value is recommended as the
threshold to differentiate asthmatic and healthy children
aged 2 to 5 years, with a sensitivity of 66% and a specificity
of 81%?2. In older children, aged 6 to 18 years, Mahut et al.
showed that a 42% decrease in sRaw after bronchodilator
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presented a good specificity in predicting a 12% decrease
in FEV, this threshold not being influenced by the subject’s
height or age*.

In asthmatic preschoolers, a positive bronchoconstrictor
response was considered an increase of 100% in sRaw dur-
ing a bronchial challenge related to its baseline'® '3, higher
than the threshold of 45% recommended in adults*®. Other
studies showed that an increase of 38% in sRaw reported
to its baseline was more sensitive in detecting a broncho-
constrictor response than FEV*3.

Resistance by flow interrupter technique

This technique was first described in 1927 by Von
Neergaard*® and consists of rapid and complete airway
occlusions during a normal breathing cycle while flow and
pressure are recorded at the mouth*”*°. The principle is that
during a sudden interruption of the airflow, the mouth and
alveolar pressure will quickly equilibrate, Rint being defined
as the ratio of the equilibrium pressure to airflow measured
immediately before the interruption.

The child, accompanied by his parents®, is seated, wear-
ing a nose clip, his neck slightly extended. His cheeks are
supported by a technician in order to decrease the upper
airway compliance. He breathes calmly through a mouthpiece
equipped with an antibacterial filter, connected to a pneu-
motachograph'. The airflow is interrupted during expiration
being triggered by a predetermined flow (or volume) that
coincides to the peak expiratory flow and lasting 100 ms. 10
occlusions are recorded and at least five acceptable maneu-
vers are retained, their median being reported. Pressure-time
curves are examined at the end of the test and those showing
air leaking around the mouthpiece, neck in hyperextension
or flexion during measurement, vocalization or movement
of the tongue during respiration or abnormal breathing pat-
tern, are eliminated’.

When the mouth airflow is suddenly interrupted, a
rapid, initial change in mouth pressure will take place,
reflecting the pressure difference due to airway resistance
at the interruption moment®® and to lung and thoracic wall
resistances”. This is followed by a slower change of pressure
due to airways tissue viscoelastic properties up to a plateau,
representing the elastic recoil of the respiratory system®".

Measurements may be performed in inspiration or expi-
ration. It is recommended to use expiratory Rint due to
higher sensitivity in detecting an induced airway obstruc-
tion®®, a better signal-to-noise ratio with higher airflows
and a passive mechanical system in expiration®.

Rint can be easily and repeatedly measured in children
over 3 years of age, Rint being correlated with spirometry,
oxygen transcutaneous pressure in asthmatic and healthy
children but also with sRaw®.

Airway resistance is accurately estimated by this technique
if amild to moderate bronchial obstruction is present*. In case
of severe airway obstruction or ventilation inhomogeneity,
the necessary time for mouth and alveolar pressure equilibra-
tion increases, Rint being underestimated®’.

In children aged 3 to 8 years, a decrease of 35% in Rint
after bronchodilator inhalation was considered the optimal
threshold to separate healthy and asthmatic children with
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a specificity of 92% and a sensitivity of 24%5. A pre-bron-
chodilator to post-bronchodilator Rint ratio of more than
1.22 has shown to differentiate between healthy children
and those with a history of wheezing aged 2 to 5 years®®.

An increase of 35% in Rint reported at baseline dis-
criminated between responders and non responsive chil-
dren with chronic cough aged 4 to 6 years®. Another study,
including children aged 6 to 13 years showed that Rint
significantly increased with increasing methacholine doses,
but with a low sensitivity and specificity in detecting a
bronchial hyperresponsiveness®.

Capnography

Capnography is a technique that measures the CO, con-
centration in expired air. It is a simple, noninvasive method,
performed in tidal breathing. It requires neither patient’s
sedation nor his active cooperation. The child is seated in
a chair or lying on the bed, the device being connected to
his nostrils via a nasal cannula, ensuring he breathes
through the nose with the mouth closed. Capnogram shape,
the CO, concentration versus time plot, is sensitive to a
bronchial obstruction. Its assessment at baseline and after
a bronchodilator administration enhances asthma

diagnosis.
In healthy subjects, trhe capnogram has an almost rect-
angular shape®® with 4 main phases®°: expiration of ana-

tomic dead space gas, the baseline (phase I); the ascending,
almost vertical phase, transition from dead space gas to
alveolar gas (phase II); the alveolar plateau, alveolar gas
expiration (phase III); the descending, almost vertical
phase, onset of a new inspiration (phase IV). Capnogram
shape may be characterized by indices analyzing all its
phases, allowing the indirect measurement of bronchocon-
striction if present. These shape indices, described in previ-
ous studies®®"5%61 are: phase Il slope; phase III slope; angle
between phase II and III; the first peak of the capnogram
first-order derivative, reflecting phase II; and the first
trough of the capnogram second-order derivative, reflecting
the curvature between phase II and IIT*.

The capnogram rectangular shape changes in the pres-
ence of an airway obstruction due to ventilation inhomo-
geneity®” with altered ventilation to perfusion ratio. A
bronchospasm changes the ventilation pattern and the
alveoli will not evenly fill with air during inspiration.
During expiration, they will empty asynchronously lead-
ing to a progressive increase in CO, concentration in
expired gas. Consequently, the ascending phase and the
alveolar plateau will change their shape, becoming a
“shark fin”, a characteristic pattern of asthma®’, with a

flatter phase II slope, steeper phase III slope, an opening
of the angle between the 2 phases®. Capnogram shape
indices are sensitive to bronchial obstruction and to bron-
chodilator therapy.

These indices correlated significantly with spirometric
parameters in asthmatic adults, particularly those related
to alveolar plateau®’, phase III slope being steeper than in
healthy subjects®. In patients aged 10 to 71 years present-
ing an asthma attack, the capnogram shape changed after
bronchodilator treatment with a significant difference in
phase III slope and angle between phase II and III but not
for phase II slope®. Stromberg et al. demonstrated that in
children, an induced bronchial obstruction is usually associ-
ated with a pathological capnogram®?.

Children with persistent, controlled asthma presented
an increase in spirometric parameters, a decrease in phase
II slope normalized to tidal volume, without phase III slope
change, after bronchodilator treatment®. In an experimen-
tal study including intubated, artificially ventilated rabbits,
phase II slope, the first peak of the capnogram first-order
derivative and the first trough of the capnogram second-
order derivative were significantly altered in response to
an acute airway obstruction reported to baseline even at
high breathing rates. The phase III slope and the angle
between phase II and III were significantly correlated with
forced oscillation technique parameters. The study con-
cluded that capnography may be used to identify an acute
bronchoconstriction even at high breathing rates® usually
presented by young children during an asthma crisis.
Capnography is a feasible and reproducible technique in
asthmatic children®.

Conclusion

Lung function testing methods presented in this paper
are performed in tidal breathing. They can be successfully
applied in awake preschool children, without anesthesia.
The measurements obtained are satisfactory from a techni-
cal point of view, being more suitable for children not able
to perform a reproducible spirometry.

When comparing these methods, sRaw and Xrs were the
most sensitive parameters in detecting a bronchoconstric-
tion, followed by FEV; and Rrs or Rint '>'3%4, sRaw and Rrs
responses to bronchodilator appear to be very useful in
identifying asthmatic children while capnography and Xrs
have a common interest in detecting an acute bronchocon-
striction. But the role of these different techniques and
different parameter thresholds to define a clinically signifi-
cant bronchodilator / bronchoconstrictor response remains
to be established. W
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