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Abstract: Induced sputum analysis has recently emerged as a potential new clinical tool in
the diagnosis and management of obstructive airway diseases such as asthma, chronic
obstructive pulmonary disease, and other disorders including bronchiectasis. Its safety has
been demonstrated in numerous studies, and its efficacy is superior to previous techniques for
determining airway inflammation. It is a noninvasive and highly reproducible approach in
generating a measurable index of inflammatory cells in the airways of the lungs. Recent studies
have shown that exacerbations, particularly in patients with moderate to severe asthma, can
be reduced by routine analysis of induced sputum samples. We now have the ability to clinically
apply sputum measurements to manage asthmatics. Inflammatory markers and cell types in
induced sputum can also be investigated using newer technologies with more sensitive
qualitative and quantitative features than basic cellular analysis. This review outlines the
procedure for sputum induction, characterizes inflammatory cell types in the sputum, and
addresses recent advances in the field of sputum analysis.
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What are obstructive airway diseases?
Obstructive airway diseases are defined as respiratory disorders with narrowing of
the bronchi and bronchioles occurring as a major part of their pathophysiology. This
leads to increased resistance in the airways with resultant dyspnea, wheeze, and
cough. Among the most prevalent of these conditions are asthma, chronic obstructive
pulmonary disease (COPD), and bronchiectasis. These are characterized and
diagnosed by specific physiological abnormalities which are determined by
spirometric evaluation. Airway obstruction is defined by a reduced forced expiratory
volume in 1 second (FEV),) to forced vital capacity (FVC) ratio on spirometry.
Current definitions also identify that they are associated with airway inflammation,
but the characteristics of the inflammation are not specific to one disease or another.
In the past, asthma was considered to be eosinophilic, while COPD was thought to
be primarily neutrophilic. However, one-third of asthmatics have primarily non-
eosinophilic lower airway inflammation, whereas one-third of COPD patients have
eosinophilic inflammation. The inflammatory phenotypes in these airway diseases
may be associated with differential prognoses and treatment successes with currently
available pharmacologic agents (Hargreave and Leigh 1999; Wenzel 2004). Thus,
many different types of inflammation result from many different causes in obstructive
airway diseases, and the structural changes which result determine the physiological
abnormalities. In addition, asthma and COPD are heterogeneous in their presentation
and require a careful evaluation of patients on an individual basis in order to arrive at
correct diagnoses and management plans.
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There are also two other airway diseases that lack the
obstructive characteristics of asthma and COPD. These are
eosinophilic bronchitis, which is associated with prominent
eosinophilic inflammation that often resolves without
accompanying airway damage or remodeling, and chronic
(nonobstructive) bronchitis that is associated with
neutrophilic inflammation and has a similar pathophysiology
to its obstructive counterpart, COPD. These airway diseases
resolve on their own without damaging inflammatory
sequelae or airway structural changes. This implies that acute
inflammatory infiltration on its own is not a predictor of
permanent damage to the airways and that different
mechanisms exist to induce structural changes. In particular,
chronic inflammation, in association with structural changes
due to myofibroblast recruitment (Gizycki et al 1997) and
smooth muscle hyperplasia (Hirst et al 2004), may be a more
important process that leads to damage and alterations in
the airway physiology.

Asthma is a chronic inflammatory disorder of the airways
associated with widespread but variable airflow limitation
that is at least partly reversible, either spontaneously or with
treatment by inhaled bronchodilators (Global Initiative for
Asthma 2004). Many of the physiological symptoms of
asthma are caused by an underlying inflammatory
component that contributes to bronchoconstriction, which
leads to enhanced airway responsiveness to a variety of
stimuli (Global Initiative for Asthma 2004). The most
significant clinical risk factor for the development of asthma
is atopy. Atopic asthma is defined as a heritable tendency to
generate allergen-specific immunoglobulin E (IgE), which
sensitizes the individual to the specific aeroallergen upon
exposure. In atopic asthma, airway eosinophils and their
activation products have been shown to correlate with
disease severity and airway hyperresponsiveness (Wardlaw
et al 1997). However, a significant proportion of severe
asthmatic patients have a neutrophilic inflammation in their
airways, which may contribute to asphyxic episodes of
asthma (Fabbri et al 1998).

Not all asthma patients are atopic. Previously, those
lacking demonstrable atopy were thought to possess
sensitization to as yet unrecognized agents. Evidence now
suggests that factors unrelated to IgE sensitization are
responsible for the development and propagation of
nonatopic asthma, although high total serum IgE, in the
absence of identifiable allergen-specific IgE, can be seen in
patients with nonatopic asthma. For instance, nonatopic
asthma tends to have a stronger association with exac-
erbations related to stress (Klinnert 2003), and stress-related

airway inflammation may be dependent on mast cell
activation (Forsythe et al 2004). Another cause of nonatopic
asthma is airway obstruction following occupational
exposure to toxic agents, most commonly isocyanate
exposure (Tarlo and Liss 2002). Interestingly, the inflam-
matory characteristics in atopic and nonatopic asthma seem
to be similar in some cases.

COPD is defined by the Global Initiative for Obstructive
Lung Disease (GOLD) as a “disease state characterized by
airflow limitation that is not fully reversible” (Pauwels et al
2001). In COPD, the physiological changes in the airways
are due to loss of elasticity and recoil, which in most
circumstances (>90% in Western countries) is due to
cigarette smoke exposure (Barnes 2000, 2004). In addition
to inflammatory infiltration, the lungs of COPD patients
have an imbalance in their lung protease/antiprotease
environment which is exacerbated by oxidative stress.
Proteolytic enzymes, such as matrix metalloproteases,
elastase, and oxidants are produced in excess in the airways
of COPD patients, and antiproteases (including o-
antitrypsin and tissue inhibitors of metalloprotease [TIMPs])
are reduced or inactive (Barnes 2000). Antiproteases are
sensitive to inactivation by oxidants, which further decreases
the ability of the lungs to reduce the proteolytic burden in
COPD. Inflammation contributes to the protease/
antiprotease imbalance, resulting in reduced elastic recoil
with consequent airflow limitation and architectural damage
to the airways.

A clear differentiation of asthma and COPD is sometimes
difficult to determine owing to their overlapping
physiological and inflammatory profiles. The heterogeneity
of these two airway diseases is evident upon closer
examination of the different patient populations. COPD is
thought to differ from asthma because of its progressive
nature of non-reversible airway obstruction (O’Donnell DE
et al 2004), while asthma possesses a degree of reversibility
in conjunction with airway hyperresponsiveness in most
cases. Some asthma patients are prone to airway remodeling,
with resultant chronic, irreversible airflow limitation (Lange
et al 1998; Ulrik and Backer 1999). The prevalence of or
susceptibility of patients to chronic airflow limitation in
asthma is not known. This may be due to a combination of
rising prevalence of asthma (ISAAC Study 1998) associated
with the fact that longstanding asthmatics are often smokers,
which leads to worsened control of their disease (Lange et
al 1998). Approximately one-third of all asthma patients
that presented to emergency departments in one multicenter
trial were smokers (Silverman et al 2003).
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Another obstructive airway disorder, bronchiectasis, may
be due to a range of underlying causes. Its main feature is
chronic mucus secretion and infections, which are
exacerbated by distortions in the airway structure. Among
the most common early colonizers in the airways of patients
with bronchiectasis are Gram-positive organisms such as
Staphylococcus aureus. As the disease progresses, the
airways become colonized by predominantly Gram-negative
organisms such as Pseudomonas aeruginosa and the more
aggressive Burkholderia cepacia complex (Meghdas et al
2004). Other colonizers include atypical mycobacteria and
fungal infections such as Aspergillus fumigatus. One cause
of bronchiectasis is cystic fibrosis (CF), which is the most
common serious genetic disease in Caucasian populations
(Rosenstein and Zeitlin 1998). It is characterized by
excessive mucus production and increased mucus viscosity,
which predisposes the patient to chronic bacteria-induced
respiratory tract infections and contributes to airway
constriction.

The diagnosis and management of obstructive airway
diseases remains a major challenge for physicians and
specialists alike. New and innovative techniques are being
developed in an effort to enhance our ability to recognize
and treat these diseases. In the following sections we address
the applicability of the recently improved sputum induction
technique to facilitate treatment of these diseases.

How are obstructive airway

diseases diagnosed?
Most patients with obstructive airway disease never see a
specialist and are primarily diagnosed and managed by their
primary care physician. Patients who present with a wheeze
or cough in the absence of predating viral infection,
particularly in response to allergen exposure, are usually
diagnosed with asthma. These patients are given
prescriptions for 3,-agonists and/or inhaled corticosteroids.
These drugs are highly effective at controlling asthmatic
exacerbations provided they are correctly prescribed and
appropriately administered (LindenSmith et al 2004).
Inhaled steroids were first made available in the early 1970s
and had a significant impact on the treatment of asthma.
Newer formulations of these drugs have reduced systemic
bioavailability, which has improved their safety for use even
in children (Haahtela et al 1991; Laitinen et al 1992).
Patients having difficulty in breathing that may be
accompanied by a chronic, productive cough (chronic
bronchitis) are diagnosed with COPD by their primary care

physicians, particularly if they are smokers. There is no
effective treatment for COPD, apart from strong and repeated
recommendations to quit smoking and to enhance dietary
and lifestyle practices. Treatment options for COPD are
extremely limited because of the restricted range of available
pharmacological therapies, apart from inhaled cortico-
steroids, long- or short-acting B-agonists, leukotriene
receptor antagonists, and theophylline, which are effective
in only a subset of patients. At this time, treatment options
are being increased to include phosphodiesterase-4 inhibitors,
which are not yet available for prescription use. However,
COPD patients given these medications appear to show no
overall improvement in their lung function (Barnes 2000).
Treatment of COPD patients with inhaled steroids may
reduce systemic inflammation and lower cardiovascular
disease risk, but its effects on reversing airway obstruction
are not significant (Sin et al 2004).

Airway obstruction is measured by spirometry, defined
asareduced FEV, to FVC ratio. Disease severity is assessed
in relation to percent predicted FEV,, which is based on
healthy population reference values largely determined by
age, sex, height, and ethnicity. Although airway obstruction
in asthma has typically been defined as having a post-
bronchodilator FEV below the lower limit of normal values,
this value is variable and does not always follow a consistent
trend. Occasionally, individuals with mild asthma may have
normal FEV, on spirometry and demonstrate variability
between days or upon bronchodilator administration before
measurement of airway hyperresponsiveness. The most
common bronchoconstricting agents used in clinical
measurements are methacholine and exercise testing.
Bronchoconstrictors may act directly on the airway smooth
muscle (methacholine, histamine) or indirectly by triggering
the release of endogenous mediators in the lungs, such as
exercise, cold air, hypertonic saline inhalation, or adenosine
monophosphate. Recent studies have shown that a significant
proportion of physician-diagnosed asthmatics never receive
a physiological evaluation, such as simple spirometry
(Asthma in America 1998; Asthma in Canada 2004) and
may have been unnecessarily prescribed inhaled medications
(LindenSmith et al 2004). In addition, as many as 6 out of
10 asthma patients do not achieve acceptable control over
their asthma in Canada (Asthma in Canada 2004).

COPD classically encompasses a spectrum of disease,
primarily emphysema (at autopsy) to chronic bronchitis
symptoms (daily sputum for 3 months in at least 2
consecutive years). Similar criteria for airway obstruction
are used for COPD, with airway obstruction again
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determined by FEV,. As more sensitive computer
tomography imaging is now available, we can detect earlier,
or more distal disease to determine clinically unrecognizable
emphysematous changes in smokers. These patients may
or may not have demonstrable airflow obstruction upon
spirometric evaluation and administration of a full
pulmonary function test (PFT). Moreover, physiological
measurements of lung function are prone to error or false-
positive results if the procedure is not properly carried out
by healthcare professionals (Crapo et al 2003). For these
reasons, it is occasionally difficult to differentiate the
diagnosis based on physiological measurements alone.
Since obstructive airway diseases have an inflammatory
component, the measurement of lower airway inflammation
should be part of their management.

How do we measure lower airway

inflammation?

Until recently, we have had to rely on bronchoscopic
evaluation or exhaled breath condensate to collect specimens
from the lower airways to evaluate inflammation or infection
in the lung. Fiberoptic bronchoscopic evaluation techniques
are well established and have been shown to generate
reproducible findings on inflammatory and immune profiles
in numerous studies (Anon 1985). However, they are
invasive and require the application of local or even general
anesthesia for sample collection. In some patients, such as
those with severe asthma, it is not possible to collect samples
by bronchoscopy, as this may lead to exacerbations.
Noninvasive measures of lower airway inflammation are
the preferred approach, and although induced sputum
acquisition has been available since the 1950s, only in the
past two decades has this procedure been standardized to
reduce variability and adverse effects in the patients.

The use of sputum in research has improved our
understanding of airway diseases in many ways because it
is noninvasive (in the case of spontaneous sputum) or
relatively noninvasive (with induced sputum), and cell
counts in sputum have the qualities of excellent and highly
reproducible measurements that are accurate and sensitive
and identify the presence, type, and severity of airway
inflammation. These measurements can be obtained
repeatedly and in exacerbations, as well as in all severities
of disease. Induced sputum, in particular, has been shown
to be a highly effective method for determining the
inflammatory processes in the airways (Gibson et al 1989;
Pizzichini et al 1996; Pizzichini et al 1997; Jayaram et al
2000). Increasingly, sputum induction has been used in

clinical and research settings to study airway inflammation
in both asthma and COPD (Fahy et al 1993; Keatings and
Barnes 1997; Wielders and Dekhuijzen 1997; Rutgers et al
2001). Sputum induction can also be used for the assessment
of infectious processes (for example, in tuberculosis and
Pneumocystis carinii infection, particularly in AIDS
patients) and avoids the use of invasive bronchoscopies
in these cases (McWilliams et al 2002; Turner et al 2003).
The protocol for the induction of sputum consists of
administration of nebulized hypertonic saline at increasing
doses, which is inhaled by the patient (Figure 1) (Paggiaro
et al 2002). The introduction of nebulized saline allowed
the development of a standardized protocol for effective
collection, whereas previously the analysis of induced
sputum was considered to be highly variable and unsuitable
for determining the underlying inflammatory events. In
general, the quality of the specimen in induced sputum is
much better than spontaneously produced sputum, with
improved cell viability and greater reproducibility of cell
counts.

Following administration of hypertonic saline, the patient
is encouraged to try to raise sputum through voluntary
coughing, which benefits the process of expectoration. In
cases where coughing is not spontaneously elicited, the
patient is asked to cough deeply. Sputum is collected in a
sterile vessel and separated for processing. The sputum
consists of two major components: one is thicker mucous
material that is distinct from saliva, which consists of mucus,
cellular materials, and whole cells, and the second is serous
fluid, which does not contain cells and is contaminated with
saliva. Sputum processing involves the selection of sputum
away from serous fluid, analysis of cell viability, and
measurement of total and differential cell counts. The
sputum can also be examined in detail by microscopy and
other techniques for the presence of inflammatory mediators
and cells. Typically, the yield of sputum is higher in patients
with asthma and COPD than it is in normal individuals,
although in a few patients (~9%), it is difficult to generate
sufficient sputum for analysis (Fahy et al 2001).

How safe is sputum induction?

Induced sputum has been standardized to ensure it is a safe
tool and has been shown to be a reliable and valid approach
for measuring inflammatory indices in asthma (Pizzichini
et al 1996; Wong and Fahy 1997; de la Fuente et al 1998;
Vlachos-Mayer et al 2000). Induced sputum is safe in
children and those who have moderate to severe disease
(Fahy et al 2001; Covar et al 2004). It has also been shown
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Perform spirometry

!

Administer 3,-agonist (salbutamol 200 pg), wait 10 min

v

Repeat spirometry

If FEV, > 70%, FEV,/FVC > 70%
or FEV, > 70%, FEV,/FVC < 70%,
reversibility < 12%

FEV, < 50%
Jor<10L

Do not perform induction

If FEV,/FVC < 70% and
reversibility >12%

4y or FEV, <70%

Begin standard
sputum induction:
3% hypertonic saline

Begin sputum induction
for higher risk patients:
0.9% isotonic saline

A

A

2X

A 4

Ultrasonic nebulizer, 7 min

2X

A

\4

Repeat spirometry

FEV, falls < 10%

FEV, falls > 20% or
discomfort occurs

FEV, falls
10%—20%

Standard induction:
Increase saline stepwise

Stop induction
Administer B,-agonist

Continue at same
concentration of saline

—| by 1% up to maximum of 5%
High risk induction:
Maintain saline at 0.9%

Sputum collection and processing

A

Figure | Example of a procedure for sputum induction. This scheme demonstrates a sputum induction protocol that is currently in use at the University of Alberta
Hospital pulmonary function clinic. Patients are subjected to spirometry and given B,-agonist, followed by a second spirometric analysis. Based on the resulting FEV,
and FEV|/FVC ratio, the patient is given either 3% hypertonic saline for standard sputum induction or 0.9% isotonic saline for higher risk patients (to prevent the risk
of exacerbations resulting from higher concentrations of saline). Patients who exhibit severe bronchoconstriction or poor lung volume are withdrawn from sputum
induction. If the patient’s asthma is severe from a clinical perspective, or requires oral prednisone for disease control, the patient should commence with high risk
induction. Nebulized saline is administered on a repeated basis with accompanying spirometry to check for falling FEV, or patient discomfort. Provided that
spirometry results and patient comfort are within acceptable limits, a total of three steps of nebulized saline inhalation is conducted. Sputum is collected at each step

following inhalation of saline and processed for analysis.

to be a reliable technique in COPD and other airway
disorders (Rytila et al 2000; Kelly et al 2002; Crapo et al
2003; Turner et al 2003; Paran et al 2004).

The inhalation of hypertonic saline, or isotonic saline in
some patients, is a bronchoconstrictive stimulus. The
multicenter study carried out by Fahy and colleagues (2001)
showed that FEV, decreased =220% from the post-

bronchodilator baseline in 14% of all subjects (n=79) upon
exposure to nebulized saline. Bronchoconstriction induced
by saline inhalation is minimized or prevented by the
administration of bronchodilators prior to the sputum
induction protocol. Bronchoconstriction that occurs during
saline administration can also be easily reversed by the
administration of bronchodilators, and few reported

Therapeutics and Clinical Risk Management 2005:1(3)
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complications result from this (2 out of 79 patients;
bronchospasm to saline inhalation and sensitivity to
methacholine were cited as reasons for complications in
these patients) (Fahy et al 2001). It was advised that sputum
induction not be carried out in patients with low lung
volumes or poor FEV, values. The occurrence of broncho-
constriction can be prevented and patient tolerance improved
by using a relatively low output ultrasonic nebulizer without
reducing the success of induction (Popov et al 1995; Kelly
et al 2002). In addition, inhalation of a B,-agonist, such as
albuterol (salbutamol), prior to administration of nebulized
saline promotes bronchodilation and prevents broncho-
constriction (Popov et al 1995; Wong and Fahy 1997; de la
Fuente et al 1998; Rytila et al 2000; Vlachos-Mayer et al
2000; Kelly et al 2002; Pizzichini 2002). Although there
are no reports of fatalities associated with sputum induction,
it is important to emphasize that this procedure should be
done by a PFT nurse or technician trained in safe sputum
induction with an attendant physician. Processing of sputum
samples should be done by a technician trained in
hematology to count and identify leukocytes and airway
cells in sputum, as this is technically more demanding than
assessing other bodily samples such as blood and urine.

In summary, the process of collection of induced sputum
has developed significantly over the past decade to make it
more tolerable to patients, even in those with severe
bronchoconstriction. ,-Agonist administration following
the procedure is routinely done to avoid further broncho-
constriction. Sputum induction can be carried out at any
major hospital with a PFT laboratory and specially trained
staff. The training for sputum induction requires just 1 week
at a suitable PFT laboratory with a background in sputum
induction.

What can sputum analysis show

us?

Sputum can be analyzed for cellular markers to indicate the
degree and type of inflammation in the airways of the patient
at the time of collection. These measurements are critical in
diagnosis and prediction of patient responses to specific
treatments. Cell counts frequently correlate with respiratory
physiology data and provide a useful confirmation of the
disease state in the patient. In uncontrolled asthma
(particularly in exacerbations), the most commonly observed
inflammatory changes are elevated eosinophil numbers and
increased products of eosinophil activation, including
eosinophil cationic protein (ECP), major basic protein, and
eosinophil-derived neurotoxin (Pizzichini et al 1996).

Increasing levels of severity of asthma have been shown to
correlate with sputum eosinophil levels as well as sputum
ECP (Figure 2) (Louis et al 2000; Duncan et al 2003).
Apoptotic eosinophils can also be detected and quantified
in induced sputum as a putative measure of resolution of
inflammation (Woolley et al 1996; Foresi et al 2000).
Moreover, decreasing numbers of apoptotic eosinophils in
sputum, in association with increased numbers of viable
eosinophils, have been shown to correlate with the severity
of asthma (Adachi et al 1995; Jang et al 2000; Duncan et al
2003).

Sputum analysis can also be used to determine the
inflammatory response to inhaled glucocorticosteroids.
Indeed, a single large dose (2400 pg) of inhaled budesonide
was shown to result in a reduction in sputum eosinophil
numbers 6 hours after administration (Gibson et al 2001).

A recent study by Green and colleagues (2002)
demonstrated that the measurement of sputum eosinophilia
can be used to manage symptoms in patients with moderate
to severe asthma, which supports the use of induced sputum
analysis in patient treatment. In fact, routine measurement
of sputum eosinophil numbers in addition to management
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Figure 2 Eosinophil counts and concentrations of eosinophil cationic protein
(ECP) in induced sputum of asthmatic and healthy nonatopic control subjects.
Reprinted from Louis and colleagues (2000), with permission obtained from the
authors and the American Thoracic Society.
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according to the British Thoracic Society (BTS) guidelines
was a superior approach in the prevention of asthma
exacerbations in one group (37 patients) compared with
another group of patients who were solely managed
according to the BTS guidelines (37 patients). Patients who
had their sputum eosinophil numbers monitored had their
steroid medication adjusted in line with changing eosinophil
counts and were found to suffer fewer severe exacerbations
that required hospitalization (Green et al 2002). These
findings have been supported in a similar study in Canada
(FE Hargreave, personal communication). These reports
suggest that sputum induction and analysis may be an
important procedure to assist in the management of asthma.

In COPD, the most common sputum change is
neutrophilia and increased products of neutrophil activation,
including proteases, myeloperoxidase, and elastase (Chung
2001; Williams and Jose 2001; Kim and Nadel 2004;
O’Donnell RA et al 2004). In cigarette smokers with COPD,
the degree of neutrophilia is loosely related to the degree of
chronic airway obstruction (Stanescu et al 1996). This
suggests that sputum neutrophils or their products may be
used as early markers of the manifestation of COPD.

In as many as a third of all patients with COPD,
eosinophils are also elevated in the sputum (Pizzichini et al
1998; Hargreave and Leigh 1999; Brightling et al 2000).
Interestingly, COPD patients with eosinophilic sputum are
more responsive to treatment with steroids (prednisone or
prednisolone) (Pizzichini et al 1998). Patients with
eosinophilic COPD demonstrated improved quality-of-life
scores and FEV, values following inhaled corticosteroid
treatment. This indicates that sputum analysis may be
important in defining a subset of COPD patients having an
eosinophilic component that may benefit from treatment
with inhaled corticosteroids. Glucocorticosteroids are
effective at reducing eosinophilic inflammation to negligible
levels; however, neutrophils are not typically thought to be
responsive to steroid treatment. In fact, the survival and
activity of neutrophils is enhanced by glucocorticoids, at
least in vitro (Cox 1995; Strickland et al 2001). This suggests
that it may be detrimental to administer glucocorticoids to
patients who have a predominantly neutrophilic inflam-
mation. However, one study suggested a beneficial effect
by a 2-month treatment of COPD with high doses of inhaled
beclomethasone (1500 pg/day) on reducing sputum
neutrophil numbers (Confalonieri et al 1998). This
observation is in contradiction to the perceived applicability
of steroid treatment, and sputum analysis may be useful in
determining the sensitivity of neutrophilic inflammation in

the airways to high doses of steroids in further studies. Taken
together, drugs used to treat asthma, COPD, and CF may
benefit individual patients in a differential manner depending
on the primary inflammatory cell type observed in the
airways, particularly in the case of eosinophilic versus
neutrophilic inflammation.

More detailed analyses of inflammatory cell function
can also be carried out in research studies on sputum
samples. A recent study has shown that eosinophils in
asthmatic sputum show an activation profile that resembles
purified peripheral blood eosinophils stimulated in vitro with
chemical agonists (Lacy et al 2003). They were shown to
redistribute an intracellular signaling molecule, called Rac2
GTPase, to their cell membranes, indicating activation of
respiratory burst which leads to the release of damaging
reactive oxygen species. This finding suggests that sputum
eosinophils in asthmatics are fully activated and release
cytotoxic mediators that can induce tissue injury in the
airways. It also indicates that it is not the presence of
eosinophils alone that correlates with their activation in the
airways, as sputum eosinophils from normal subjects did
not exhibit respiratory burst characteristics.

Sputum analysis gives us the opportunity to gauge the
degree of inflammatory cell activation in airway diseases,
which is an important indicator for the treatment and
management of these disorders. It is proposed as a clinical
measurement for asthma and COPD patients to determine
the inflammatory processes and assist in diagnosis and
management of disease. Sputum induction should be
introduced with skilled technical support and an attending
physician to prevent bronchoconstrictive episodes. In some
cases, patients may not be able to generate sufficient sputum
for analysis, and these may be directed towards alternative
noninvasive techniques such as collection of exhaled breath
condensates, which can be analyzed for the presence of
inflammatory markers, although this approach has yet to be
confirmed as a useful diagnostic approach (Effros et al
2005).

Potential new modalities of
sputum analysis with clinical

relevance

Several new approaches have appeared in the analysis of
sputum samples that may provide important new avenues
for the diagnosis and management of patients with asthma
and COPD. Detailed sputum analysis is possible through
the application of metabolomic techniques. Metabolomics
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Figure 3 Detection of modified tyrosine residues from activated eosinophils and neutrophils in induced sputum as determined by nuclear magnetic resonance
analysis. (a) Spectrum from an induced sputum sample obtained from a cystic fibrosis patient, compared with (b) a spectrum from control sputum. Peaks
corresponding to tyrosine and some modified tyrosine residues are indicated. Spectral traces are from Saude et al (2004).

is defined as the measurement of the complete metabolic  resonance (NMR) spectroscopy. Using NMR, it is possible
response of an organism to an environmental stimulus or  not only to detect, but also to quantify small amounts of
genetic modification, just as genomics describes the genetic ~ metabolites in samples obtained from patients. In our case,
expression of a cell or organism. One technique that canbe = we have measured the presence of oxidatively modified
applied in metabolomic analysis is nuclear magnetic  residues in sputum samples, such as modified tyrosine
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residues, which result from activation of airway eosinophils
and neutrophils (Figure 3). The production of modified
tyrosine residues occurs only during respiratory burst and
degranulation of inflammatory cells and can be used to
differentiate between eosinophils and neutrophils to indicate
which type is likely to be dominant in the airways.

Specific modified tyrosine residues can be directly
detected by NMR in sputum samples, which are complex
biological mixtures that usually require extensive extraction
protocols to determine the levels of these substances.
Following a simple processing step, the sputum sample can
be loaded into a high resolution NMR spectrometer for
spectral analysis. In a recent study, it was possible to resolve
3-chlorotyrosine, 3-bromotyrosine, and 3,5-dibromo-
tyrosine in sputum samples from CF patients following a
spectral scan taking less than 10 minutes (Saude et al 2004).
This confirms earlier studies that eosinophilic inflammation
and activation occurs in CF patient airways (Halmerbauer
et al 2000), although the contribution of eosinophils to the
inflammatory processes in this disease is not clear. The levels
of chlorinated tyrosine residues (3-chlorotyrosine) closely
correlated with neutrophil percentages in sputum samples
from CF patients (7 patients, r*=0.869) (Figure 4).

Taken together, there are many techniques that may be
used for metabolomic analysis, and NMR is one of the most
powerful approaches. The advantage of NMR analysis of
sputum samples is that it will quantify activation products
of inflammatory cells and extend measurements of total and
differential cell counts, which is the usual approach in basic
cellular analysis of sputum. Furthermore, as mentioned
above, the presence of inflammatory cells alone in airway
tissues is not always an indication that an active
inflammatory process is occurring. Tissue pathology
analysis traditionally assumes that an inflammatory cell
infiltrate is an indication of inflammation (by measuring
increased cell numbers in the tissue section or in
bronchoalveolar lavage/sputum) without providing evidence
to show that the inflammatory cells are concurrently
activated. NMR spectroscopy analysis of sputum samples
allows us to provide strong evidence of inflammatory cell
activation. Moreover, it may be possible to discriminate
between eosinophil and neutrophil activation in the airways,
which will provide a rationale for modifications in drug
treatment on an individualized basis.

Summary
Sputum induction is a novel, noninvasive, and highly
reproducible technique for the analysis of cellular and
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Figure 4 Increased 3-chlorotyrosine production in induced sputum of cystic
fibrosis (CF) patients determined by nuclear magnetic resonance (NMR) analysis.
Induced sputum samples from seven CF patients were analyzed by NMR to
determine their levels of modified tyrosine residues. (a) The production of
3-chlorotyrosine, specific for neutrophil activation, was significantly elevated in
CF sputum samples compared with control sputum samples. (b) Sputum levels
of 3-chlorotyrosine correlated significantly with the percentage of sputum
neutrophils from CF patients. Figures from Saude and et al (2004).

inflammatory indices in obstructive airway diseases. This
can be done quite easily if appropriate trained sputum
laboratory staff are available to perform the inductions in a
safe way. Sputum analysis is useful for continuous
monitoring of airway inflammatory events in order to modify
drug treatment or assist in management of patients with
airway diseases in a highly individualized manner. In
addition, modern techniques such as NMR spectroscopy
may provide additional opportunities to manage these
diseases, although more work is required before the clinical
usefulness of NMR analysis on sputum samples is realized.
The main drawbacks with sputum analysis are the relatively
low yield of sputum in a small proportion of patients and
the potential for bronchoconstrictive episodes induced by
saline inhalation. Although there are no ways of overcoming
poor sputum yield, bronchoconstriction can easily be
reduced by the administration of bronchodilators.
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