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Pulmonary Function Tests

Oliviero Sacco

7.1	 �Spirometry

Spirometry is the procedure that measures the 
rate of changing lung volumes during breathing 
maneuvers. Specifically, it measures the amount 
(volume) and speed (flow) of air that can be 
inhaled and exhaled by the patient. It can be used 
to diagnose and monitor patients with a variety of 
respiratory diseases and to measure the respira-
tory function of a patient before and after a surgi-
cal procedure. For this practical reason, both 
anesthesiologists and surgeons must be able to 
interpret the spirometry results in the general 
clinical contest of the patient.

A variety of spirometers are available on the 
market, and the equipment must fulfill the 
American Thoracic Society/European Respiratory 
Society (ATS/ERS) recommendations for spirom-
etry [1]. The recent electronic spirometers calcu-
late the percentage of the predicted normal values 
based on reference values, according to the patient 
data: weight and height, age, sex, and race.

Many newer generation spirometers do not 
require calibration daily as used to be the case 
decades ago. The respiratory technician or the 
physician performing the spirometry tests 
requires training to perform the examination 
correctly.

It is possible to perform reliable spirometry 
tests even in preschool noncollaborating chil-
dren. Other methods have been developed to 
assess lung function in infants and young chil-
dren: the interrupter technique, the forced oscilla-
tion technique, the gas washout techniques, the 
tidal breathing techniques, and the rapid thora-
coabdominal compression maneuver [2]. These 
maneuvers are usually performed in advanced 
respiratory laboratories and will be not discussed 
in this chapter.

7.2	 �Indications 
and Contraindications 
to Spirometry

Spirometry is indicated for children with 
recurrent wheezing/bronchial hyperreactivity, 
chronic cough, and for the diagnosis and man-
agement of asthma and cystic fibrosis. It is also 
used to measure lung involvement in systemic 
diseases that can affect the lungs as hemato-
oncology conditions and connective tissue dis-
orders. Spirometry is helpful in ascertaining 
preoperative lung function in chest deformities, 
such as pectus excavatum, scoliosis, and neuro-
muscular diseases, muscular dystrophy, and 
cerebral palsy. It is an essential test to evaluate 
the preoperative risk before general anesthesia, 
particularly for cardiothoracic surgery, so that 
both anesthesiologists and surgeons must be 
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familiar with its interpretation and the conse-
quent clinical indications.

No absolute contraindications are recognized 
for spirometry, and relative contraindications are 
acute respiratory tract infection, recurrent/sub-
continuous cough, hemoptysis, pneumothorax 
and pneumomediastinum, aneurysm, uncon-
trolled hypertension, recent thoracic, abdominal 
or eye surgery, nausea, vomiting or pain, confu-
sion, or dementia.

7.2.1	 �Performing 
the Spirometry Test

The patient’s weight and height have to be obtained 
and entered into the spirometry software along 
with the personal data: name, age, sex, race, and 
ID. The patient position for the test may be sitting 
or standing. A disposable mouthpiece is attached 
to the spirometer, and a nose clip is used to pinch 
the nose to avoid loose part of the blow through the 
nose. The FVC maneuver is the most useful and 
usually is the only one performed and the only one 
described for the scope of this chapter.

7.2.2	 �FVC Test Maneuver

The patient must take two to three tidal breaths 
with the lips sealed tightly around the mouth-
piece and the nose closed by a clip; then, he/she 
is asked to take a deep breath and then blow air 
through the mouthpiece suddenly and as fast as 
possible and to continue to blow for as long as 
possible (preferably at least 6 seconds) until no 
air is left to exhale. The test should be repeated at 
least three times and checked for acceptability 
and repeatability as shown below. If the results 
are not acceptable, the test may be repeated 
another 4–5 times before abandoning the attempt.

In our experience, about 50% of the children 
aged 4–5  years are able to perform technically 
acceptable and reproducible spirometry maneu-
vers, and the percentage increases gradually with 
age: 90% of neurologically normal children aged 
7–8  years are capable to perform reproducible 
pulmonary function test. During the test, at any 

age, it is essential to ensure that the child is coop-
erative and follows the instructions.

The technician/physician performing the test 
has to be careful that: the lips are tight around the 
mouthpiece (not obstructed by the tongue) and 
the nose clip is in position, the inhalation is com-
plete, the exhalation start is fast and forceful 
without pause or cough, and the blow is contin-
ued until exhaustion, as suggested by a plateau on 
the volume-time curve (Fig. 7.1b) [3]. The pla-
teau at the end of the expiratory phase of spirom-
etry is generally absent in preschool children. In 
these patients, the presence of the plateau at the 
end of the FVC curve is no more a necessary cri-
terion for evaluating a satisfactory expiration: a 
flow–volume curve demonstrating a rapid rise in 
the peak flow and a smooth descending limb is 
acceptable in these patients (Fig.  7.2), particu-
larly if the FVC maneuver is reproducible in at 
least twice.

7.2.3	 �Rating the Spirometry Results

There are different steps to be considered in the 
following order:

Assessing the tests for acceptability and 
repeatability. First of all, errors or artifacts in per-
forming the spirometry procedure can be detected 
simply by looking at the shape of the spirometry 
graphs. The errors may include poor effort and 
cough, mouthpiece partially obstructed by the 
tongue, hesitation in blowing the air, premature 
finish of the effort with an abrupt stop of expira-
tion, and premature finish and restart with more 
than one breathing attempt. Two types of graphs 
are produced in spirometry: flow–volume curve 
(Fig.  7.1a) and volume–time curve (Fig.  7.1b). 
Both are used, but the most important and used in 
evaluating the spirometry is the flow–volume 
curve, especially in the expiratory part of the 
FVC maneuver (see subsequently). A spirogram 
is acceptable if it is free from errors or artifacts 
with a good start and a satisfactory expiration in 
accordance with ATS/ERS standards [1]. Some 
modifications in the criteria have been suggested 
in an ATS/ERS statement regarding preschool 
children [1, 4]. In these patients, as described 
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before, the presence of the plateau at the end of 
the FVC curve is no more a necessary criterion 
for evaluating a satisfactory expiration: A flow–
volume curve demonstrating a rapid rise of the 
peak flow and a smooth descending limb is 

acceptable (Fig. 7.2). Two acceptable spirograms 
are sufficient for this age, while for school-age 
children a minimum of three satisfactory spiro-
grams is generally required to be sure about the 
test reproducibility.

	1.	 Identify the parameters to evaluate the spi-
rometry results (Fig. 1a and b). The most used 
parameters are:
	(a)	 FVC (forced vital capacity): following a 

maximal inhalation, it is the total amount 
of air exhaled forcefully.

	(b)	 FEV1 (forced expiratory volume in 1 sec-
ond): following a maximal inhalation, it is 
the amount of air exhaled in the first sec-
ond. Preschool children have a short 
forced expiratory time; therefore FEV0.5 
and FEV0.75 (second) may be used in 
preschool children (Fig. 7.2).

	(c)	 FEV1/FVC ratio is the most used indica-
tor for identifying airway obstruction but 
not the most reliable, particularly in chil-
dren, because it is strictly dependent on 
the expiratory effort expressed by the 
patient, and the effort is directly corre-
lated to the patient’s age.

	(d)	 FEF25–75% or MEF50 (flow over the 
middle half of the FVC: from 25% to 75% 
of the FVC during forced expiration). It is 

Flow

FEF25

Flow/Volume curve Volume/Time curve

plateau

Normal Spirometry

Reference Curve

FEF50

FEF75

1 2 3
Seconds

4 5 6

Volume
(liters)

FVC

FVC

FVC

FEV1

V
ol

um
e 

(li
te

rs
)

MEF75

MEF50

MIF50

MEF25

F
lo

w
 (

lit
er

s/
se

co
nd

s)

PEF

a b
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a sensitive index of airflow obstruction 
because it is less dependent than FEV1/
FVC ratio to the expiratory effort and it is 
therefore particularly useful in children. 
The ERS Global Lung Function Initiative 
has published the global multi-ethnic lung 
function for spirometry for the 3- to 
95-year age range [5]. The comparison is 
expressed as a percentage of the predicted 
value or below the lower limit of normal 
(<90% confidence limit).

	2.	 Identifying the spirometry pattern (normal, 
obstructive, restrictive, or mixed).

Abnormalities in a spirometry test can be 
identified first of all by looking at the shape/
morphology of the curve and then comparing 
the test values with the patient’s reference val-
ues (Figs. 7.1a, b, and 7.3).
	(a)	 A normal flow–volume curve has a shape 

like a sail rising very sharply toward the 
peak (Peak Expiratory Flow or PEF) and 
then descending shortly with a straight 
line at an angle of about 45° toward the 
end, the plateau (Fig.  7.3). Normal pre-
school children have smaller lung volume 
compared to rapid emptying of the air-
ways: the result is a convex shape of the 
flow-volume expiratory curve after the 
PEF (Fig.  7.2). The expiratory shape 
becomes more linear (similar to adult 
PFT) as the child grows in school age. 
Normal values for FVC and FEV1 are 

considered >80% of predicted or above 
the lower limit of normal (Fig. 7.1a, b).

(b)	 An obstructive flow–volume curve shows 
a good rise toward the PEF followed by a 
concave expiratory curve, indicating that 
the decrease in the expiratory flow is 
faster than the decrease in lung volume 
during the expiratory phase. It is usually 
characterized by decreased FEV1 (<80% 
of predicted or below the lower limit of 
normal), decreased FEV1/FVC, and nor-
mal FVC (Fig.  7.3). To determine if the 
FEF1/FVC ratio is low, indicating an 
obstructive defect in patients five to 
18  years of age, the National Asthma 
Education and Prevention Program guide-
line says that a ratio of less than 85% is 
consistent with an obstructive defect as 
long as the patient has symptoms consis-
tent with obstructive lung disease [6]. The 
FVC may be decreased even in case of 
severe obstruction, the expiratory curve is 
elongated and thin toward the end as a 
rat’s tail without a definite plateau 
(Fig. 7.3). FEF25–75% values below 60% 
of predicted also suggest an obstructive 
pattern. FEF25–75% or MEF50 
(Fig. 7.1a), being mid expiratory flow, is 
less effort dependent than FEV1as 
explained before, it is considered a mea-
surement of small airway patency, partic-
ularly useful in children with asthma [7].

	(c)	 A restrictive flow-volume curve is charac-
terized by an expiratory line sharply 
descending toward the end with a conse-
quent low FVC value, that is the distinc-
tive/predominant pattern, with a normal 
or decreased FEV1 that can have the same 
value as the FVC (Fig. 7.3). The FEV1/
FVC is consequently increased toward the 
value of 1 due to the low FVC value. It is 
very important at the moment of the spi-
rometry procedure to keep in mind that a 
poor effort by the patient can falsely 
mimic the restrictive curve with a propor-
tionate reduction in both FEV1 and FVC.

	(d)	 A mixed flow—volume pattern has a 
decreased value of all three values: FEV1, 
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FVC, and FEV1/FVC and is common in 
severe bronchospasm/asthma.

	(e)	 An altered shape of flow–volume curve 
can be suggestive of central airway 
obstruction (larynx or trachea) (Fig. 7.4). 
Normal expiratory flow with a plateau-
shaped inspiratory curve is suggestive of 
collapsible extra thoracic airway obstruc-
tion (e.g., laryngeal malacia or paraly-
sis). On the contrary, normal inspiratory 
flow with a decreased maximal expira-
tory flow (PEF) and a box-shaped expi-
ratory curve suggest collapsible major 
intrathoracic airway obstruction (e.g., 
vascular ring or extrinsic compression 
plus tracheomalacia as is quite common 
in esophageal atresia and tracheoesopha-
geal fistula). If both inspiratory and expi-
ratory flows are decreased, a severe, 
fixed intrathoracic, or extrathoracic air-
way obstruction is likely present.

7.2.4	 �Bronchodilator Response

The bronchodilator response (BDR) test is useful 
to assess reversibility of the obstructive pattern in 
spirometry, which is characteristic of asthma or 

bronchial/airway hyperreactivity. A baseline spi-
rometry is performed in patients free of any kind 
of bronchodilator therapy: in the last 6 or 12 h, 
respectively, for short- and long-acting β2 ago-
nist. A second spirometry is then performed after 
10–15  min of 2–3 doses of 100 μg salbutamol 
spray, delivered by a metered dose inhaler (MDI) 
with a spacer. For a positive response to the bron-
chodilator, the thresholds considered significant 
are an improvement >12% in FEV1 or 15–25% 
in FEF25–75% in the post-salbutamol test and 
suggest reversibility of airway obstruction 
(Fig. 7.5) [8]. However, it is important to under-
line that the presence of airway obstruction in the 
spirometry without a significant BDR does not 
exclude the diagnosis of asthma because it can be 
the expression of a chronic inflammation condi-
tion of the bronchial wall not responsive to the 
β2agonist/salbutamol, due to poorly controlled 
asthma in children. These patients probably need 
a course of topic or oral corticosteroid before the 
test can be repeated. On the other hand, a nega-
tive BDR on a singular test does not exclude the 
diagnosis of bronchial hyperreactivity or asthma, 
clinical conditions characterized by a variable 
bronchoconstriction state and mutable clinical 
history, particularly in the pediatric age. A metha-
choline challenge test can be indicated in these 
patients to diagnose bronchial hyperreactivity.

Similarly, a baseline spirometry within nor-
mal ranges but followed by a BDR with a sig-
nificant increase in the expiratory flow should 
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be interpreted in these patients only as an 
expression of bronchial hyperreactivity, a clini-
cal condition characterized by frequent bron-
chospasm episodes, mainly correlated with the 
recurrent viral infection characteristic of pediat-
ric patients [9]. These considerations suggest 
that BDR may be a useful objective tool to 
assess the presence of a bronchoconstriction 
tone, particularly in children with bronchial 
hyperreactivity, and can suggest the prescription 
of maintenance therapy with bronchial anti-
inflammatory drugs.

7.2.5	 �Methacholine Challenge Test 
(MCT)

In this test, also known as bronchoprovocation 
test, increasing doses of methacholine are 
delivered to the patient so as to achieve bron-
choconstriction: the opposite effect of the 
BDR. Methacholine mimics the neurotransmit-
ter acetylcholine to directly interact with mus-
carinic receptors on airway smooth muscle, 
resulting in airway narrowing and decreased 
expiratory flows. The test is indicated when the 
baseline spirometry is within the normal limits, 
the BDR is without significance, and the diag-
nosis of bronchial hyperreactivity/asthma is 
suspected on clinical records.

The patient has to be out of every medication 
for at least 1  week for inhaled corticosteroids 
and antileukotrienes and 6–36  h for short and 
long bronchodilators prescribed in pediatric age 
[10]. After a baseline spirometry test, the metha-
choline challenge can start only if the FEV1 is 
at least >60% of the predicted value [10]. The 
test starts with a very small dose of methacho-
line (<0.25 mg/mL), then the doses are progres-
sively increased, and after every dosage an FCV 
is performed. The test has to be interrupted 
when, compared with the baseline value, a 20% 
decrease in FEV1 is recorded. The smaller the 
methacholine dose necessary to cause a 20% 
decrease of FEV2, the higher the degree of air-
way hyperreactivity. The PC2O is the provoca-
tive concentration (methacholine mg/mL) 

causing a 20% fall in FEV1, and the PD20 is the 
provocative dose causing a 20% fall in FEV1 
(extrapolated by the last two PC20 delivered to 
the patient), according to the new recommenda-
tions [10]. The Airway hyperresponsiveness 
(AHR) is rated as normal, borderline, mild, 
moderate, and severe, according to the PD20 
values (Table 7.1).

The MCT is highly sensitive for diagnosing 
airway hyperreactivity/asthma; however, its low 
specificity results in false-positive results; on the 
other hand, a negative test means that a diagnosis 
of bronchial hyperreactivity/asthma is unlikely.

7.3	 �Conclusions

Spirometry is a fundamental test in the diagnosis of 
lung disease in pediatric age and, with the avail-
ability of better equipment with incentives for chil-
dren, even preschool patients can perform 
acceptable/reproducible spirometry. There has 
been much progress over the past decade regarding 
the standardization of spirometry, which includes 
differences recognized between spirometry per-
formed by children and adults. Therefore, there is 
no more excuse to underuse spirometry in pediatric 
age, and there is a need to encourage its use by all 
the pediatricians treating children with respiratory 
diseases to monitor disease and response to ther-
apy. The various measurements obtained from spi-
rometry with the ancillary tests as the BDR and the 
MCT test can be very useful even in evaluating the 
patients before a surgical procedure to avoid the 

Table 7.1  Airway hyperresponsiveness degrees accord-
ing to the response to methacholine

Categorization of airway response to methacholine

PD20 mg/mL
PC20 
μmol (μg)

Airway 
hyperresponsiveness (AHR)

>2 (>400) 16 Normal
0.5–2.0 
(100–400)

4–16 Borderline AHR

0.13–0.5 
(25–100)

1–4 Mild AHR

0.03–0.13 
(6–25)

0.25–1 Moderate AHR

<0.03 (<6) <0.25 Severe AHR
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occurrence of respiratory failure due to intraopera-
tive bronchospasm or to an underdiagnosed base-
line poor respiratory function.
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