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REVIEW

Airway hyperresponsiveness in the elderly:
prevalence and clinical implications

N. Scichilone, M. Messina, S. Battaglia, F. Catalano and V. Bellia

ABSTRACT: Airway hyperresponsiveness is associated with an increased risk of developing
respiratory symptoms. The assessment of airway hyperresponsiveness can provide valuable
information regarding the natural course of respiratory diseases. However, little information is
available for populations of more advanced age, and data are conflicting.

It was assessed whether age influences the occurrence of airway hyperresponsiveness by
reviewing those studies that specifically addressed this issue, and attempting to identify the
factors responsible for discrepancies between studies.

Eighteen studies, published between 1983 and 2002, are included in this review. Overall, the
results of the analysis are in favour of a positive association between age and airway
hyperresponsiveness, the prevalence of which appears to increase in the elderly. The most
important determinants were reduced lung function, probably due to geometric factors, and a
history of smoking, primarily because of the length of exposure, although acute effects were also
demonstrated. Atopy should also be considered as an independent determinant of airway
hyperresponsiveness in the elderly population. In addition, inflammatory and neuronal mechan-
isms could be involved. Finally, the role of sex requires further investigation.

Assessing the impact of age on the occurrence of airway hyperresponsiveness has important
implications: the age-associated alterations to the lung provide a model for evaluating the
contribution of structural changes to the pathogenesis of airway hyperresponsiveness. From a
clinical standpoint, evaluation of the magnitude of airway hyperresponsiveness could permit the
early identification of individuals who are at risk, even at more advanced age. Assessment of
airway hyperresponsiveness in the aged should be considered as an additional tool in the
diagnostic work-up in the subset of elderly subjects with long-term smoking exposure and/or
documented atopy.

KEYWORDS: Ageing, airway hyperresponsiveness

irway hyperresponsiveness to nonspecific
A external stimuli is a common feature of

asthma and is responsible for most of the
clinical features of this disease [1]. Exaggerated
airway responses to bronchoconstrictors can also
be detected in a significant proportion of indivi-
duals with no history of respiratory diseases
or complaints of respiratory symptoms [2]. The
clinical significance of this phenomenon is still a
matter of debate. Asymptomatic airway hyperre-
sponsiveness could precede the occurrence of
asthma [3], perhaps representing a condition of
transition from the lack of symptoms to the
asthmatic phenotype. In addition, longitudinal
studies have demonstrated that increased airway
responsiveness is associated with an accelerated
decline in lung function [3-8], not only in
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asthmatic subjects but also in individuals with
no respiratory symptoms. Therefore, the assess-
ment of the severity of airway responsiveness
could provide valuable information regarding
the natural course of respiratory diseases. It
should be emphasised, however, that this phe-
nomenon has been evaluated mainly among
adolescents or young adult individuals, and little
information is available for populations of more
advanced age.

Two studies have confirmed that airway hyper-
responsiveness is far more common amongst the
elderly than previously recognised [9, 10], with
prevalence rates ranging 29-43%. Measurement
of bronchial responsiveness is feasible and
clinically valuable in elderly subjects [11]: the
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accepted concepts that airway hyperresponsiveness in the
geriatric population is associated with accelerated decline in
forced expiratory volume in one second (FEV1) [12] and with
newly diagnosed cases of asthma [13] highlight the importance
of assessing this phenomenon in those of more advanced age.
Elderly individuals with asthma are one of the groups affected
by disproportionate morbidity from this disease [14]. Asthma
in the elderly is characterised by an overall impairment in
quality of life [15]; even more importantly, asthma-related
mortality in this age group has steadily increased [16]. Thus,
early detection of airway hyperresponsiveness in the elderly
may help to reduce respiratory morbidity in the elderly.

Assessing the impact of ageing on the occurrence of airway
hyperresponsiveness has important implications from the
point of view of pathogenesis and diagnosis. As regards
the former, since ageing is associated with structural and
physiological alterations to the lung [17, 18], an understanding
of the contribution of these abnormalities to the hyperrespon-
sive phenotype could help in elucidating the underlying
mechanism(s). Conversely, since asthma in the elderly is often
underdiagnosed and undertreated [13, 19], early detection of
airway hyperresponsiveness in these individuals could permit
the identification of elderly asthmatics at an earlier stage so as
to optimise the treatment of this disease. Finally, since, as
previously indicated, increased airway responsiveness has
been associated with an accelerated decline in lung function
[3-6, 8], it would be intriguing to determine whether airway
hyperresponsiveness represents the cause, rather than the
consequence, of such decline.

Based on the above observations, it is reasonable to try to
address the question of whether age per se influences airway
hyperresponsiveness. The present review attempts to assess
the relationship between ageing and the prevalence of airway
hyperresponsiveness, and to identify any potential clinical
implications arising from this relationship.

METHODS

In order to determine the impact of age on airway responsive-
ness, a systematic literature search using MEDLINE for the
years 1966-2004 was performed. The search strategy initially
included the Medical Subject Heading (MeSH) terms
“bronchial hyperreactivity’’, “bronchial provocation test”,
“bronchoconstrictor agents”, “methacholine chloride” and
“histamine”’, in combination with ““age factors”, “age distribu-
tion”, “aging” and ““aged”. Since “aged”, as a MeSH term,
defines a person aged 65-79 yrs, the string ““aged, 80 and over”
was also applied. Furthermore, the terms ““bronchial hyperre-
sponsiveness”, “airway hyperresponsiveness”, “‘elderly” and
“population” were used. The search was restricted to human
studies and articles published in the English language. Since
the term ““asthma’” may have been used in some studies to
describe a condition of increased responsiveness of the
airways, the literature search was performed again, adding
to the original string the MeSH term “asthma” with the
subheadings “diagnosis’”” and ““epidemiology”’. The reference
lists from relevant eligible studies were also hand-searched.
All articles that were identified were examined for eligibility
by three investigators independently (N. Scichilone, S.
Battaglia and M. Messina); any disagreement was discussed
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in a consensus form that included a senior investigator
(V. Bellia).

Selection and study characteristics

The ideal study aimed at evaluating age-related modification
of bronchial responsiveness should assess the outcome
longitudinally; however, data based on longitudinal studies
are scarce. Most studies assessing the relationship between
airway hyperresponsiveness and age are cross-sectional; this
limits the conclusions of the current review in that period and
cohort effects cannot be accounted for. Conversely, cross-
sectional studies avoid the effect of variability of the
bronchoprovocation test that, in longitudinal investigation,
may lead to difficulty in differentiating signal from noise.
Cross-sectional studies on the general population usually
include individuals with chronic respiratory symptoms, thus
accounting, on average, for ~5% of asthmatics and ~10% of
subjects with chronic obstructive pulmonary disease. This is of
particular importance, since analysis of the impact of ageing
should be able to discriminate this from the time-related effects
of the disease. However, the role of respiratory diseases
or symptoms was taken into account, in the studies that
were considered, using an appropriate statistical analytical
approach (i.e. logistic multivariate analysis) or, alternatively,
subjects with respiratory diseases were subsequently excluded
from the primary analysis.

Studies were eligible if they fulfilled the following criteria:
1) use of a standardised nonspecific bronchial challenge test;
2) inclusion of large randomly selected study populations; and
3) extension of the assessment to subjects aged >65 yrs.
Therefore, studies in which a bronchoprovocation test that
employed a nonspecific stimulus other than histamine or
methacholine (e.g. cold air) was performed, studies with a
small number of selected subjects, and studies performed only
on children or adolescent and young adult populations were
excluded.

For each eligible study, the reported data on sample size, age
range, criteria for diagnosis of airway hyperresponsiveness,
prevalence of airway hyperresponsiveness in the various
age groups and determinants of hyperresponsiveness were
recorded. For the purpose of the present review, the
quantitative criteria used in each study to define airway
hyperresponsiveness need to be carefully evaluated. In the
majority of the studies, airway hyperresponsiveness was
defined as the dose (or concentration (PC20)) of methacholine
or histamine causing a 20% fall in FEV1 from baseline or post-
diluent values, or by using the corresponding cut-off values of
the linear dose-response slope (ie. the slope of a line
connecting the origin with the last point of the spasmogen
dose-response plot). In one study, a condition of hyperrespon-
siveness was established on the basis of a 15% drop in FEV1
from baseline [20], whereas, in the studies of RIJCKEN and
coworkers [21, 22], the chosen cut-off was a reduction in FEV1
of 10% from baseline following histamine administration.

RESULTS

A summary of the process of selection is shown in figure 1.
Due to the restrictive criteria employed to select the articles,
only 18 studies, published between 1983 and 2002, were
included in the present review (table 1). The vast majority of
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MEDLINE search results
(n=3628)

Studies not meeting criteria
(n=3618)

4

Studies retrieved
(n=10)

Eligible hand-search
results
(n=8)

A

4

Studies included in analysis
(n=18)

FIGURE 1. Description of selection process.

studies were excluded because the population examined was
restricted to adolescents or young adults (e.g. the investigations
based on the population from the European Community
Respiratory Health Survey (ECRHS)), or consisted only of
asthmatics. Analysis of the selected studies has yielded
conflicting results. The majority of the studies demonstrated
a positive relationship between ageing and airway responsive-
ness in that age was found to be an independent correlate of
increased airway responsiveness. However, other studies
showed either a negative correlation or a lack of correlation
between ageing and airway hyperresponsiveness. As dis-
cussed below, many reasons can be put forward to explain
these discrepancies.

Airway hyperresponsiveness increases with ageing

One of the first studies aimed at addressing the relationship
between age and airway hyperresponsiveness was published
in 1985 by Horp et al. [23]; this cross-sectional study was
carried out on a sample of 148 nonsmoking healthy subjects,
with age ranging 5-86 yrs and 11 (7.4%) subjects aged >67 yrs.
These individuals formed part of a larger study of the natural
history of asthma conducted during 1972-1983. In this
population, exaggerated bronchoconstrictive responses to
spasmogen, expressed as the area under the dose-response
curve, were found to be more prevalent in the youngest and
oldest study groups, as opposed to the intermediate age
groups. This finding was put forward as suggesting that age
has a significant influence on the occurrence of airway
hyperresponsiveness, independent of respiratory symptoms.

As stated above, assessment of the relationship between
airway hyperresponsiveness and age should ideally be
performed in a longitudinal study setting. The influence of
age on airway responsiveness has been widely investigated in
the Normative Aging Study [24], a longitudinal study of
ageing established by the Veterans Administration in 1961. To
this end, a total of 914 male volunteers, aged 41-86 yrs, were
enrolled, with a relatively large number of older individuals
represented (110 (12%) subjects aged >70 yrs). The study
clearly indicated that airway responsiveness increases with
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advancing age among former smokers and, to a lesser extent,
among subjects who have never smoked. The lack of a
significant relationship in the current smokers is presumably
due to the low number of smoker subjects recruited.
Interestingly, these relationships held after adjustment for
pre-challenge FEV1, suggesting that the impact of age on
responsiveness is not mediated by an effect on airway
geometry. Since this study was carried out on a male
population, some concerns about the influence of sex on the
prevalence of airway hyperresponsiveness in the general
population are raised; in this respect, females have been
shown to exhibit a higher degree of airway responsiveness [20]
because of greater susceptibility to smoking or lower baseline
lung function, although other studies have failed to demon-
strate a role of sex as a determinant of airway responsiveness
in the general population [23, 27]. In another study conducted
on the Normative Aging Study population, 435 healthy
middle-aged and older males (mean age 60.3+7.26 yrs)
underwent methacholine bronchoprovocation challenge on
an annual basis over a 3-yr follow-up interval [25]. Most
(92%) subjects who did not show an airway response to
methacholine at the beginning of the study remained
normoresponsive at the follow-up test, whereas 8% of
normoresponsive subjects developed a mild response to the
bronchoprovocation challenge after 3 yrs. In contrast, most
subjects who reported a greater fall in FEV1 at the first
bronchoprovocation examination showed large variability in
response at follow-up (concordance 45%). A significant
increment in the dose-response slope was described with
advancing age in the hyperreactive individuals. Interestingly,
this change was related to increasing blood basophil count,
suggesting a role of the time course of the underlying
inflammatory mechanisms related to ageing. In this long-
itudinal analysis, smoking cessation was found to predict a
decrease in airway hyperresponsiveness, indirectly suggesting
that smoking habit may be a factor affecting increased airway
responsiveness. The level of respiratory function, expressed as
FEV1 (percentage of the predicted value), did not influence the
rate of increasing airway responsiveness, perhaps due to the
small changes in FEV1 during the 3-yr follow-up period.

The largest cross-sectional study addressing the prevalence
of airway hyperresponsiveness in a general population was
conducted in the Chinese city of Anqing [26]. A total of 10,284
subjects underwent methacholine challenge during 1995-1998.
The subjects were divided into four groups according to age
(<15 yrs, 1529 yrs, 3044 yrs and >45 yrs). The airway
response rate was found to be highest in children and older
adults. This is in agreement with the study of Horp et al. [23],
and suggests that increased airway responsiveness has a
bimodal distribution across the ages.

In another study, in which methacholine challenge was
performed in a total of 208 individuals aged 45-86 yrs and
living in central Manchester, a high prevalence (34.1% of
participants) of airway hyperresponsiveness was reported [27].
The study showed a weak independent positive association
between age and airway responsiveness. Most importantly,
this relationship was shown to depend on the different
parameters used to describe airway calibre in the regression
analysis (FEV1, FEV1/forced vital capacity (FVC) and FVC).
Indeed, the study seems to indicate that the influence of age on
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TABLE 1

Characteristics of included studies

AIRWAY RESPONSIVENESS AND AGE

First author Subjects™ n Age yrs Population(s) Period  AHR criterion Notes
[Ref.] (country)
Positive correlation between ageing and AHR
Hopp [23] 148 5-86 HSs 1972-1983 PD20,MCh Small number of subjects
(USA) (11>67 yrs)
SPARROW [24] 914 41-86 HSs 1984-1987 PD20,MCh Only male subjects; no change after adjustment for FEV1
(USA) (110>70 yrs)
SPARROW [25] 435 60.3+7 HSs 1985-1991 PD20,MCh Only male subjects; no change after adjustment for FEV1
(USA)
Xu [26] 10284 8-74 Random 1995-1998 PD20,MCh No difference between PD20,8L and PD20,sal
(China) (1859>45 yrs)
Renwick [27] 208 45-86 Random 12 months PD2o,MCh Only subjects aged >45 yrs; strong dependence on FEV1
(UK) (103>65 yrs) white adults
RIJCKEN [21] 1905 14->64 Urban; rural 1970-1984 PC10,HA No change after adjustment for FEV1
(The Netherlands)  (15>64 yrs)
RIJCKEN [22] 2216 15-72 Urban; rural 1970-1987 PC1o,HA No change after exclusion of respiratory symptoms
(The Netherlands)
O’CONNOR [28] 778 41-86 HSs 1984-1987 PD20,MCh Only male subjects; no change after adjustment for FEV1
(USA)
PaoLeTT [29] 1558 8-73 Random 1980-1991 PD2o,MCh Strong dependence on FEV1
(Italy) (38>66 yrs)
BURNEY [30] 511 18-64 Random 1984 PD20,HA Lack of subjects aged >65 yrs; strong dependence on
(UK) (80>55 yrs) smoking; no change after adjustment for FEV1
Negative correlation between ageing and AHR
BAKKE [31] 490 18-73 Random 1985-1988 PC20,MCh Strong dependence on FEV1
(Norway) (136>55 yrs)
BRiTTON [32] 2415 18-70 Random 1991 PD20,MCh Strong dependence on FEV1
(UK) (348>60 yrs)
SCHWARTZ [33] 7126 18-60 Random NA PD2o,MCh Lack of subjects aged >60 yrs; no change after adjustment
(Switzerland) for respiratory symptoms and FEV1
No correlation between ageing and AHR
WooLcock [34] 876 18-78 Rural 1981 PD20,HA Strong association with respiratory symptoms
(Australia) (291>60 yrs)
MaLo [35] 100 20-60 HSs 1981-1982 PC20,MCh Small number of subjects; lack of subjects over 60 yrs
(Canada)
CERVERI [20] 654 15-64 Random 1985-1986 PD15,MCh Lack of subjects over 65 yrs
(Italy)
TRIGG [36] 318 18-75 Random 1982-1987 PC20,MCh Trend of increase in AHR with age
(UK) (27>65 yrs)
HIGGINS [37] 202 18-65 Random NA PD20,MCh Interaction with smoking and atopy
(UK)

Age presented as range, or mean+sb when range was not accessible. AHR: airway hyperresponsiveness; HS: healthy subject; FEV1: forced expiratory volume in one
second; MCh: methacholine; HA: histamine; PD20: provocative dose causing a 20% fall in FEV1; PD20,BL: PD20 to baseline; PD20,sal: PD20 to saline; PC10: provocative
concentration causing a 10% fall in FEV1; PC20: provocative concentration causing a 20% fall in FEV1; PD15: provocative dose causing a 15% fall in FEV1; NA: not

available. #: older subjects, above specified age, given in parenthesis.

airway responsiveness is mediated by an effect on baseline
airway calibre.

Taken together, these observations pose the important ques-
tion as to whether baseline lung function is the main
determinant of the effect of age on airway responsiveness.
This issue was addressed by RICKEN ef al. [21]. In a random
population of 1,905 subjects, selected from a large-scale
population study conducted in the Netherlands, airway
hyperresponsiveness, assessed using the histamine challenge
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test, was detected in 24.5% of the sample, increasing from
13.8% in subjects aged 14-24 yrs to 40.5% in those aged 55—
64 yrs. In the 15 subjects aged >64 yrs, the percentage of
positive histamine test results was 33.3. This trend was
significant (X*=73.8 (four degrees of freedom); p<0.0001;
b=6.9%-yr"). The independent role of age was confirmed by
logistic regression analysis. In order to investigate the effect of
lung function on the relationship between age and airway
responsiveness, the analysis was repeated with separate
adjustment for FEV1, FEV1/ heightz, FEV1/vital capacity and
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FEV1 (% pred), and yielded similar results. The same authors
later confirmed the strong association of age with airway
responsiveness by examining a sample of 2,216 subjects aged
15-72 yrs [22]. The results of the regression analysis between
age and hyperresponsiveness remained unchanged when
subjects with respiratory symptoms were excluded. In conclu-
sion, older age was associated with higher airway hyperre-
sponsiveness, independently of the level of respiratory
function and/or symptoms. These results were confirmed
when the responsiveness was analysed as a binary variable.
Similar findings were found by O’CONNOR ef al. [28], who
reported a positive association between age and airway
hyperresponsiveness, independently of FEV1 in a cohort of
778 middle-aged and elderly males (age 41-86 yrs). PAOLETTI
et al. [29] obtained methacholine bronchoprovocation challenge
results from 1,558 subjects, aged 8-73 yrs, who participated in
the Po River Delta Epidemiological Study, a prospective
longitudinal study on the natural history of chronic obstructive
pulmonary disease. In agreement with previous observations,
airway responsiveness was higher in older ages, when the
population was analysed cross-sectionally, and remained
unchanged when subjects with respiratory symptoms were
removed.

In a randomly selected population consisting of 511 indivi-
duals, aged 18-64 yrs, from two areas in the south of England,
BURNEY et al. [30] confirmed that age was independently
associated with the response to histamine bronchoprovocation;
the authors described the distribution of airway hyperrespon-
siveness as a U-shaped curve by age: the prevalence of airway
hyperresponsiveness was high in the 18-24-yr study group, fell
to 10% in those aged 35—44 yrs and then rose again to 24% in
those aged 55-64 yrs. The inclusion of baseline lung function in
the multiple regression analysis did not alter the estimates of
the regression coefficients. Conversely, smoking was the most
important factor affecting hyperresponsiveness in the older
subjects.

Airway hyperresponsiveness is not influenced by ageing

As previously mentioned, some studies do not confirm the
positive correlation between airway hyperresponsiveness and
ageing. In this context, two studies deserve some attention [31,
32]. Although showing a positive relationship between ageing
and airway responsiveness, after adjustment for airway calibre
(in terms of pre-test FEV1), increasing age was associated with
a decreased, rather than increased, risk of hyperresponsive-
ness. BAKKE et al. [31] analysed a Norwegian population
consisting of 490 subjects, with an age range of 18-73 yrs.
Interestingly, the authors predicted that, for every 10-yr
increase in age, the adjusted odds ratio for a PC20 to
methacholine of <32 mg-mL™" decreased by two. BRITTON
et al. [32] measured airway responsiveness in a population
of 2,415 adults aged 18-70 yrs. Before adjustment for FEV1,
the independent odds ratio for older age groups was 2.05,
whereas, after adjustment for FEV1, the relationship between
age and airway responsiveness reversed, such that increased
age was associated with lower airway responsiveness. The
implication of these observations is that normally sized
airways in older individuals would be relatively unlikely to
be hyperreactive. The most important findings against an effect
of age on airway responsiveness are provided by the Swiss
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Study on Air Pollution and Lung Disease in Adults
(SAPALDIA), a multicentric study designed to examine
potential associations between air pollution and lung diseases
in adults [33]. A total of 7,126 subjects aged 18-60 yrs
underwent bronchoprovocation challenge with methacholine.
Although the study did not include subjects aged >60 yrs,
thus limiting comparison with other studies, airway respon-
siveness was found to decline with increasing age. In
particular, the decline was markedly affected by atopic status
and smoking habit; indeed, the reduction in airway respon-
siveness was smaller in the nonatopic categories and increased
with the number of cigarettes smoked daily. Similar results
were obtained when the analysis was corrected for respiratory
symptoms and level of lung function.

WooLcock et al. [34] assessed airway responsiveness to
histamine in a rural Australian population consisting of 876
subjects (aged 18-78 yrs), and concluded that age did not affect
airway hyperresponsiveness. Similarly, MALO et al. [35] and
CERVERI et al. [20] did not find any relationship between age and
airway hyperresponsiveness. In particular, the study per-
formed by MaLo et al. [35] included a sample of 100
nonsmoking individuals, ranging 20-60 yrs of age, with no
respiratory symptoms, atopic history or familial history of
asthma. This study showed that age did not induce changes in
airway responsiveness, whereas baseline airway calibre
appeared to be the major determinant of airway hyperrespon-
siveness. The study by CERVERI et al. [20] included 654 subjects
from a small town in northern Italy, whose age ranged 15-
64 yrs. The provocative dose of methacholine causing a 15%
fall in FEV1, chosen to detect airway hyperresponsiveness, did
not correlate with age. However, both studies suffer from the
lack of subjects aged >65 yrs.

TRIGG et al. [36] investigated the role of age in airway
responsiveness in a general practice population of 318 subjects
(aged 18-75 yrs); again, airway hyperresponsiveness was not
associated with increasing age, although it could be argued
that the proportion of subjects showing airway hyperrespon-
siveness was higher in the oldest group (>30% in those aged
65-75 yrs versus <25% in the other study groups). The study
also showed a strong negative association between airway
hyperresponsiveness and baseline lung function.

In a total of 202 subjects, age ranging 18-65 yrs, randomly
selected from an area in eastern England, HIGGINS et al. [37]
were able to demonstrate that age does not have a significant
impact on airway responsiveness, although an interaction with
smoking and atopy is reported. In other words, the influence of
smoking and atopy on airway responsiveness could be
mediated by an effect of ageing on the former. Indeed, the
effects of smoking habit and atopy diminish with ageing.

DISCUSSION

The findings of the present review seem to suggest that,
overall, the prevalence of airway hyperresponsiveness
increases with age. It should be noted that the studies that
negate the increase in airway hyperresponsiveness with ageing
fail to include subjects aged >65 yrs; indeed, in four out of
eight studies that were included, the analysis is limited to
subjects aged <65 yrs, and in none of the studies are subjects
aged >80 yrs included. Conversely, with the exception of one
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study [30], all investigations showing a positive correlation
between age and airway hyperresponsiveness recruited sub-
jects aged >65 yrs. Together with data provided by studies on
children or adolescents (which are not shown in the present
review), these observations raise the hypothesis of a U-shaped
distribution of airway responsiveness, which appears to be
highest in the early and late phases of life.

There is no doubt that some factors, such as the pre-test lung
function state, atopic condition and smoking habit, profoundly
affect the hyperresponsive condition. As a consequence, their
role cannot be ignored when airway hyperresponsiveness
is assessed in those of older age. Other mechanisms (e.g.
inflammatory and neuronal) or technical aspects also need to
be taken into account.

Lung function

Ageing per se is associated with important structural and
physiological changes. The senile lung is characterised by an
exaggerated but homogeneous enlargement of airspaces [17,
38, 39]. The age-dependent alterations that occur in the
connective tissue of the lungs exert physiological changes in
respiratory function, mainly with a reduction in the elastic
recoil pressure [18, 40, 41]; since elastic recoil is considered a
limiting factor for the maximum decrease in airway calibre
during bronchoconstriction [42], these alterations in lung
elasticity could result in enhanced bronchoconstriction.
Indeed, the reduction in the elastic recoil of the lung reduces
the radial traction that is applied to the airway walls, allowing
for the loss of supporting tissue from peripheral airways with
ease of airway closure [43], depicting a functional lung pattern
that STANESCU [44] described as “‘small airways obstruction
syndrome”. As a consequence, increasing age results in a
reduction in maximal expiratory flow rates and may lead to
increased residual volume (RV). A condition of air trapping,
expressed in an increased RV/total lung capacity ratio, has
been demonstrated to be the best predictor of a positive
methacholine bronchoprovocation result, even in subjects with
normal FEV1/FVC [45]. This could explain the increased
likelihood of airway hyperresponsiveness in the elderly. On
this basis, it is conceivable to hypothesise that the relationship
between age and increasing airway responsiveness is simply
mediated by geometric factors related to changes in lung
volumes and, in turn, airway calibre. Since the resistance of
a tube is inversely related to its radius to the fourth power, a
given degree of airway smooth muscle shortening causes
a greater narrowing if the airway calibre is smaller [46].
This mechanism, rather than being considered an intrinsic
difference in airway responsiveness between young and
elderly subjects, could be promoted as a major reason for the
increased airway responsiveness that is associated with ageing.
The present authors envisage that the phenomenon of
increased airway hyperresponsiveness with ageing is a result
of the decline in lung function associated with age-related
abnormalities of the lung.

Another aspect of the association between lung mechanics and
age is worth addressing, namely the effect of deep inspiration
on airway calibre. Lung inflations have been demonstrated to
have beneficial effects on the airways of healthy subjects [47-
51]. Impairment of these respiratory functions is associated
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with the occurrence of airway hyperresponsiveness and
respiratory symptoms [49, 52]. It has been demonstrated that
the bronchodilatory effect of deep inspiration diminishes with
ageing [53]. It has been hypothesised that deep inspirations
induce bronchodilation by stretching the airways because of
the forces of interdependence between airways and parench-
yma [46, 54]. Therefore, any factor affecting this relationship
leads to impairment of the bronchodilatory ability of deep
inspirations. A condition of reduced elastic recoil, such as that
documented in the elderly, could reasonably account for the
attenuation of deep-inspiration-induced bronchodilation. The
attenuation of the ability of the respiratory system to reinstate
airway patency could contribute to the occurrence of airway
hyperresponsiveness with ageing, perhaps playing a central
role in the development of lower respiratory symptoms in the
elderly.

The question remains as to whether the smooth muscle of aged
airways shows altered contractility. To the present authors’
knowledge, this has not been addressed. The present original
contribution to this topic is based on findings from a study that
shows that the airway response to inhaled methacholine, when
the deep inspiration effect is removed, does not appear to be
strongly influenced by age (data not shown). Although the
outcome of in vivo administration of a direct bronchoconstric-
tive stimulus is probably dependent on several factors, it is not
unreasonable to argue that, when the lung inflation effect is
removed, such as in the protocol that involves single doses of
methacholine [55], the primary factor affecting the outcome of
a bronchial challenge with a direct stimulus is smooth muscle
reactivity. Based on this observation, the previously described
changes in airway responsiveness associated with ageing
cannot be attributed to alterations in the contractile state of
airway smooth muscle, but might be, at least in part, related to
changes in the beneficial effects of lung inflation.

Smoking

Asymptomatic smokers show increased airway responsiveness
compared to nonsmokers [56]. This difference becomes more
evident in elderly populations, in whom the duration of
exposure to cigarette smoking is longer. Many factors have
been advocated to explain the effect of smoking on airway
responsiveness. These can be grouped into two main mechan-
isms. On the one hand, smoking can cause chronic airway
inflammation and damage to the epithelium, thus leading to
the development of airway hyperresponsiveness; in this
context, a dose-dependent relationship between the number
of cigarettes smoked and the degree of hyperresponsiveness
has been demonstrated [57]. On the other hand, the increased
responsiveness that is observed in current or former smokers
of advanced age could occur through an effect on airway
calibre. Therefore, adjustment for FEV1 is advocated when the
association between cigarette smoking and airway hyperre-
sponsiveness is to be assessed. However, after controlling
for baseline lung function, the effect of smoking on airway
responsiveness appears to remain, supporting the hypothesis
of a direct effect of smoking on responsiveness. In support of a
direct effect is the observation that increased airway respon-
siveness is also detected after relatively short exposure to
smoking, when significant changes in lung function are not
expected. Finally, an acceleration of the normal ageing
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processes after tobacco exposure, through mechanisms that are
not clear, cannot be excluded. Smoking exposure could induce
a low grade of inflammation of the airways that alters the
responsiveness to stimuli through the release of mediators
acting on airway smooth muscle.

A selection bias in the inclusion of smoking habit could explain
some discrepancies between studies when assessing the effect
of age on airway hyperresponsiveness. The lack of a significant
association between cigarette smoking and airways hyperre-
sponsiveness that has been observed in some studies could
depend on the fact that hyperresponsive individuals tend to
quit smoking. Conversely, subjects who show some degree of
airway hyperresponsiveness because of exposure to passive
smoking in a work environment could become normorespon-
sive after retirement. To the present authors” knowledge, this
has not been specifically addressed.

In conclusion, cigarette smoking can be reasonably considered
to be one of the main factors affecting the relationship between
airway responsiveness and ageing, primarily because of the
length of exposure.

Sex

Several studies have demonstrated the role of female sex as a
risk factor associated with airway hyperresponsiveness [20, 29,
32]. It has been suggested that the higher prevalence of airway
hyperresponsiveness in females could be attributable to their
smaller lung volumes. LEYNAERT et al. [58] have confirmed the
independent role of female sex in the occurrence of airway
hyperresponsiveness after adjusting for height and body mass
index in order to exclude the effect of anthropometric
difference, and after adjusting for various spirometric para-
meters (FEV1, FEV1 (% pred), FVC and FEV1/FVC) in order to
abolish the effect of different airway calibre. Perhaps females
are more susceptible than males to other environmental
factors. In this respect, it should be noted that the use of gas
for cooking is associated with a higher risk of respiratory
symptoms and impaired lung function in females than in
males [59]. Greater cholinergic reactivity has been observed in
females [60], and hormonal differences related to sex might
explain the age and sex differences in airway responsiveness.
Finally, some authors have reported an association between
airway hyperresponsiveness and smoking in females but not in
males [29, 61], suggesting that females are more susceptible
than males to the effect of smoking, thus developing airway
hyperresponsiveness to a greater degree. Longitudinal con-
firmation of these findings would clarify the above-mentioned
issues.

Atopy

Atopic status is one of the major factors associated with the
phenomenon of airway hyperresponsiveness in the general
population [62-64]. However, the role of atopy in the
occurrence of airway hyperresponsiveness in the elderly is
not clear. At more advanced age, atopic status appears to
markedly influence development of asthma. In this respect,
BURROWS et al. [13] have demonstrated that the level of serum
immunoglobulin (Ig) E is a strong predictor of new-onset
asthma in a population aged >60 yrs. With respect to airway
hyperresponsiveness, RENWICK and CONNOLLY [65], in a study
performed on a random population sample of adults, have
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shown that the relationship between airway hyperresponsive-
ness and measures of atopy (IgE score and eosinophil count)
becomes significant only at more advanced age (>65 yrs). This
raises the hypothesis that discrepancies among studies could
depend upon the different methods, such as skin-prick testing
or total serum IgE level, that have been used to define the
atopic condition. Although IgE levels and skin-prick testing are
positively associated, it is not uncommon to find subjects with
low levels of IgE and strong reactions to prick tests [66]. Some
studies have found that the hyperresponsive state increases
with ageing, especially among atopic subjects [62-64]. In
addition, eosinophil numbers in the blood have been demon-
strated to increase with ageing [22]. Taken together, these
observations further support the concept that atopy can be
considered an additional factor that contributes to increase the
occurrence of hyperresponsiveness in individuals of this age
range.

Inflammatory mechanisms

Inflammatory processes of the airways enhanced by ageing
could be involved in the development of increasing nonspecific
airway responsiveness with ageing. In particular, Sparrow ef al.
[25] have focused on the role of basophils: the authors
demonstrated a correlation between annual change in basophil
count and change in the methacholine dose-response slope
(p=0.02); after 3 yrs of follow-up, the increase in basophil count
was associated with an increase in airway responsiveness.

Recently, the number of neutrophils in the lower respiratory
tract of healthy elderly individuals has been evaluated. An
increase in neutrophil numbers suggestive of low-grade
inflammation has been documented in the airspaces of
clinically normal older individuals [67]. Despite the emerging
evidence of asymptomatic inflammation in aged airways, its
relationship with asymptomatic airway hyperresponsiveness
is not clear. The increased ability of neutrophils isolated from
the elderly to produce increased amounts of elastase could
play an important role in the pathogenesis of loss of elastic
recoil and of elastin fibres in the ageing lung, which, in turn,
would reduce the interdependence between the airways and
parenchymal structures, thus contributing to airway hyperre-
sponsiveness. Further studies should assess whether, in the
elderly healthy population, the level of airway inflammation
relates to the magnitude of airway hyperresponsiveness.

Neuronal mechanisms

Ageing is associated with changes in neuronal mechanisms
that are implicated in the regulation of the activity of bronchial
smooth muscle. It could be argued that the relationship
between airway hyperresponsiveness and ageing can be
explained by an age-related increase in bronchial smooth
muscle contractility with age. This is a consequence of the
impact of mediators that are released by the respiratory
epithelium, damaged after long-term exposure to tobacco
smoking or pollution. Another important factor that is cited in
the literature is the imbalance between nonadrenergic inhibi-
tory and noncholinergic excitatory fibres [68], which would
lead to increased bronchial muscle tone. Conversely, biochem-
ical factors should also be taken into consideration; indeed,
some studies have demonstrated an age-related decline in
B-adrenergic receptor function that causes alteration of
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autonomic control of the airways [69, 70]. This has been
advocated as one of the major causes of increased airway
responsiveness in the elderly. If this is true, the phenomenon of
airway hyperresponsiveness could be considered an unavoid-
able aspect of ageing.

Technical aspects

Different deposition of the aerosol in central rather than
peripheral airways, although unlikely, could, in part, explain
differences in responsiveness between young and elderly
individuals. This would be due to different surface exposure.
In children, who have smaller airway diameters, the spasmo-
gen is more likely to impact in the larger airways, where the
highest number of receptors are present. This may result in an
exaggerated central airway response to methacholine [23]. It
is reasonable to hypothesise that this phenomenon would
decrease with lung growth, and would, again, occur in the
elderly for the above-described structural senile alterations of
the lung leading to early collapse of the airways. In other
words, changes in responsiveness with age could simply be
due to the easier access of the spasmogen to the receptors.

In addition, a proportionally greater dose of spasmogen could
impact on airway of smaller lungs, with small but significant
effect on the measurement of airway responsiveness. In this
respect, PEAT et al. [71] have shown that the differences in
prevalence of airway hyperresponsiveness between age groups
was reduced by adjusting the outcome for FVC as a surrogate
measure of lung size and FEV1/FVC as a surrogate measure of
airway calibre.

Comments and limitations

Several considerations from the evaluation of these studies
should be taken into account. First, some discrepancies
between studies may depend upon the paucity of subjects
recruited aged >65yrs, and/or the different methods of
analysis employed (such as considering airway responsiveness
as a continuous versus a dichotomous variable). It is not
unlikely that different levels of cooperation and understanding
of the method may have had some impact on outcomes,
especially in the extremely old; elderly subjects may experience
fatigue or lack of interest, and their response may not be
reliable. In this respect, however, experience has clearly
demonstrated that elderly individuals are able to perform
spirometric manoeuvres that meet American Thoracic Society
criteria as well as young subjects do [72]. The possibility also
exists that, when not specifically accounted for, the “respira-
tory symptom”” variable markedly influences the relationship
between age and airway responsiveness.

Since the aim of the present study was to provide a
comprehensive evaluation of the relationship between airway
hyperresponsiveness and ageing, a semiquantitative approach
was used with the sole intent of describing the occurrence, or
lack thereof, of an association between these two variables.
This approach does not allow direct comparison between
studies, mainly because it cannot take into account differences
in age range and sample size. This limitation also arises
because, although indicating the age range of the study
sample, most studies do not provide information on the
percentage of subjects included aged >65 yrs. Selection factors,
such as inclusion of subjects who were motivated to participate
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because they experienced transient respiratory symptoms, and
exclusion of subjects who were unable to attend the clinic due
to disability, need to be taken into account when comparing
studies. Another problem is based on the variability in
defining positive responses to stimuli between different
studies, in that different cut-off levels were chosen to define
the condition of hyperreactivity. Direct comparison between
studies is, therefore, difficult. Comparing the results of studies
by calculating an annual increase in prevalence of airway
hyperresponsiveness should be based on the assumption of
linearity, which may not be the case. In addition, large
differences in the duration of studies further limit the
interpretation of the results.

Clinical implications

The clinical significance of these observations lies in the
fact that the elderly population is particularly at risk of
developing excessive airway narrowing, and represents one of
the high-risk groups for severe asthma morbidity and asthma
mortality [14]. This is confirmed by the observation that,
despite comparable pulmonary function and airway hyperre-
sponsiveness, the airways of elderly patients with asthma are
more reactive than those of young asthmatics when airway
responsiveness is expressed in terms of methacholine-induced
changes in FVC [73]. This implies that elderly asthmatic
patients are at higher risk of airway closure [74]; thus,
assessing airway hyperresponsiveness by means of exagger-
ated reduction in FVC could help to identify these subjects.
The concept of increased severity of airway hyperresponsive-
ness in older subjects is confirmed by the results of two studies.
In the study of Horp et al. [23], the area under the curve
appeared to be smaller (higher responsiveness) in the 11
subjects whose age ranged 67-86 yrs than that in younger age
groups. In another investigation, the percentage of subjects
with higher hyperresponsiveness (PC20 of 5 mg-mL") was
11.2% in older adults (aged 45-74 yrs) and 6.8% in adults (aged
30-44 yrs) [26]. Taken together, it can reasonably be inferred
that the severity of airway hyperresponsiveness seems to
increase with ageing. A contributory factor to this phenom-
enon could be the progressive fall in oestrogens, which exert a
relaxing effect on airway smooth muscle [75], with ageing; this
inference is derived from studies in which females on post-
menopausal hormone replacement therapy showed a lower
prevalence of airway hyperresponsiveness than age- and
weight-matched controls [75, 76]. Obviously, this is closely
associated with sex differences and additional studies are
necessary before any conclusions regarding this matter can be
drawn.

The clinical importance of a condition of increased prevalence
and severity of airway hyperresponsiveness in elderly subjects
is further enhanced by the low perception of bronchoconstric-
tion that some individuals may experience [77]. CONNOLLY et al.
[78] have demonstrated that, even in healthy subjects, elderly
individuals experience less awareness of bronchoconstriction
during methacholine bronchoprovocation, despite similar
degrees of bronchoconstriction. This observation has been
confirmed by a recent study on elderly asthmatics [77]. The
presence of one or more comorbid conditions, which become
common in the elderly [79], significantly affects the quality of
life in this population [80, 81], thus contributing to further
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impair perception of bronchoconstriction, especially in the
extremely old, in whom multiple comorbid conditions are the
rule. From a clinical perspective, it is conceivable to envisage a
scenario in which, for the same degree of hyperresponsiveness,
older individuals would not complain of wheezing, and the
condition of unrecognised airway hyperresponsiveness could
lead to the occurrence of severe airway narrowing. Hence
the need for the physician to be alerted regarding potential
underlying hyperresponsiveness of the airways. Primary care
physicians should be encouraged to ask about the presence of
complaints that are suggestive of airway hyperresponsiveness
in elderly patients: most elderly subjects who are diagnosed
with asthma report wheezing symptoms many years before the
diagnosis [13]. When indicated, methacholine bronchoprovo-
cation could permit early identification of this condition, thus
contributing to the prevention of fatal respiratory events.

In terms of prevention, active intervention would aim, when
appropriate, at reducing body weight; high body mass index
has been associated with increased airway responsiveness
in elderly subjects [82]. Although the prevalence of obesity
decreases with advanced age, it remains a common problem in
the elderly [83], mainly because of reduction in physical
activity and decrease in energy expenditure, which predispose
to fat accumulation and redistribution. Body weight increases
should be taken into consideration by primary care physicians
and, consequently, prevention and treatment programmes
should be applied in the same way as in younger populations.
The choice of whether pharmacological treatment should be
initiated in these subjects remains a matter of discussion.
Although inhaled corticosteroids are known to induce a signifi-
cant reduction in airway hyperresponsiveness [84], longitudinal
data on their effect on clinical outcomes are scarce [85, 86]. These
limitations do not justify their application at present.

Conclusions

Airway hyperresponsiveness is common in the general
population and is associated with an increased risk of
developing respiratory symptoms and with an accelerated
decline in lung function. The pathogenesis of increased airway
responsiveness, however, remains uncertain. Some factors
have been identified as important determinants of the
occurrence or worsening of reactivity; among these, pre-test
reduced lung function and a history of smoking exposure are
the main predictors of greater responsiveness. The role of these
factors is amplified at more advanced age, because of the age-
related changes in lung function and the length of exposure to
pollutants. The importance of this phenomenon in the elderly
population is highlighted by the recent observation that,
independently of smoking habit or low lung function,
increased airway responsiveness is directly associated with
increased mortality among chronic obstructive pulmonary
disease individuals [87]. The clinical significance of these
observations lies in the fact that the elderly population is
particularly at risk of developing persistent airway closure.
The important question is, therefore, whether measurements of
airway hyperresponsiveness are valuable in elderly indivi-
duals, in whom the perception of symptoms may be blunted.
The present authors propose that assessment of airway
hyperresponsiveness in the elderly should be considered an
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additional tool in the diagnostic work-up of subjects who
belong to the at risk group, such as those with long-term
smoking exposure and/or documented atopy.
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