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Distinct phenotypes can be identified in childhood wheezing illness.
Within the context of a birth cohort study, we investigated the
association between preschool lung function and phenotypes of
wheeze. From parentally reported history of wheeze (interviewer-
administered questionnaire, age 3 and 5 years), children were clas-
sified as never wheezers, transient early wheezers, late-onset
wheezers, or persistent wheezers. Lung function (specific airway
resistance [sRaw]; kPa/second) was assessed at age 3 (n = 463) and
5 years (n = 690). Persistent wheezers had markedly poorer lung
function compared with other groups. In children who had wheezed
by age 3, the risk of persistent wheeze increased with increased
sRaw (odds ratio [OR] 5.2, 95% confidence interval [CI] 1.3-22.0;
p = 0.02). In a multivariate model, increasing sRaw (OR 5.5, 95%
Cl 1.2-25.9; p = 0.03) and the child’s sensitization (OR 2.8, 95%
Cl 1.3-5.8; p = 0.008) were significant independent predictors of
persistent wheezing. We found no association between lung func-
tion at age 3 and late-onset wheeze in children who had not
wheezed previously (OR 0.6, 95% Cl 0.07-5.3; p = 0.64). In conclu-
sion, poor lung function at age 3 predicted the subsequent persis-
tence of symptoms in children who had wheezed within the first
3 years, but was not associated with the onset of wheeze after age
3 in children who had not wheezed previously.
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Evidence suggests that early life events can determine respira-
tory health throughout life (1, 2). Most cases of persistent wheez-
ing and asthma begin in early childhood (3), often in association
with reduced infant lung function (4, 5) and, in some studies,
with increased airway responsiveness in infancy (4-6). In recent
years, our understanding of the nature of childhood wheezing
illness has been augmented by the characterization of distinct
wheeze phenotypes. The Tucson Children’s Respiratory Study
assigned children according to their history of wheezing as never
wheezers, transient early wheezers, late-onset wheezers, and per-
sistent wheezers (7). It has so far been difficult to predict which
preschool children will have only transient early-life symptoms
and to distinguish them from those whose symptoms will persist
and who may go on to subsequently develop asthma (8).
Asthma is at least partially defined by abnormalities in lung
function, including variable airway obstruction and increased
airway reactivity (9). Young preschool children cannot always
reliably perform forced maneuvers, and in this age group, this
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process is difficult and time-consuming. Several studies suggested
that dynamic lung volumes can be measured in preschool chil-
dren using conventional spirometry (10-13). However, although
most of these studies included subjects aged between 3 and 6
years, few participants were from the lower spectrum of the age
range, and these children were also less likely able to perform
the test adequately (13). There is a growing interest in developing
objective measures of lung function that can be applied in young
preschool children to elucidate the end-organ factors involved
in asthma development and allow more accurate identification
of children likely to be at risk of persistent symptoms. The
measurement of specific airway resistance (sRaw) is a potentially
useful method to assess lung function in young children (14-16).
We have recently reported that sSRaw measurement can be suc-
cessfully performed in approximately 65% of children within
4 weeks of their third birthday (17).

The aims of this study were to determine the following: () the
association between lung function (plethysmographic measure of
sRaw) at ages 3 and 5 years and distinct phenotypes of childhood
wheezing, and (2) whether lung function measured at age 3 years
predicts the subsequent persistence or development of wheeze.

METHODS

The Manchester Asthma and Allergy Study is a population-based birth
cohort (17-19). A detailed description of the study population and
methods is presented in the online supplement. Participants were re-
cruited prenatally (18) and attended review clinics at age 3 and 5 years
(£ 4 weeks). The study was approved by the local research ethics
committee, and informed consent was obtained from all parents.

Outcomes

Symptoms. A standard respiratory questionnaire was interviewer-ad-
ministered at age 3 and 5 years to collect the information on symptoms,
physician-diagnosed illnesses, and treatments received. According to
parentally reported history of wheeze at two follow-up evaluations,
children were assigned to the following categories (7):

No wheezing: no wheeze during the first 3 years of life, no wheezing
ever by age 5

Transient early wheezing: wheezing during the first 3 years, no
wheezing in the previous 12 months at age 5

Late-onset wheezing: no wheeze during the first 3 years, wheezing
in the previous 12 months at age 5

Persistent wheezing: wheezing during the first 3 years, wheezing in
the previous 12 months at age 5.

sRaw was measured at age 3 and 5 years using a whole-body plethys-
mograph (Jaeger, Wiirzburg, Germany) as previously described (15—
17). The sRaw was calculated from a simple algebraic manipulation of
the known formulas for airway resistance and total gas volume (TGV)
(14). This step precludes the need for shutter occlusion, because sRaw
is derived directly from the relationship between plethysmographic
volume and measurements of respiratory flow (14, 15). The diagnostic
value of the single-step technique is equivalent to the conventional
method of incorporating measurements of Raw and TGV (20).

Three measurements of sSRaw were performed, and each was calculated
from the medians of five consecutively measured technically acceptable
loops (each child performed at least 15 loops) (17). The mean of these
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three measurements of effective sSRaw was used in the analysis. Children
were asymptomatic at the time of assessment of lung function.

Airway reactivity was assessed at age 5 by eucapnic voluntary hyper-
ventilation (EVH) challenge (21, 22). Subjects hyperventilated gas con-
taining 21% O,, 5% CO,, remainder N, with a water content of less
than 10 mg/L for 6 minutes at a ventilation rate of 75% of maximum
voluntary ventilation. The highest sRaw value measured at 2, 5, or 10
minutes after challenge was recorded, and the response was expressed
as percentage change in sRaw.

Postbronchodilator lung function was measured 15 minutes after
administration of 400 wg of albuterol via a spacer device. Among chil-
dren who underwent EVH challenge, only those in whom sRaw had
returned to within 5% of the baseline value were included.

Allergic sensitization (mite, cat, dog, grasses, milk, egg) was ascer-
tained at age 3 and 5 by skin-prick testing; sensitization was defined as
a wheal at least 3 mm greater than the negative control.

Statistical Analysis

Statistical analysis was performed using SPSS for Windows, version
11.0 (SPSS, Chicago, IL). The sRaw measurements followed a log-
normal distribution, and therefore were subject to a log, transformation
before analysis. Results are reported as geometric means (GM). One-
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way analysis of variance (ANOVA) was used to compare differences
between the four wheeze phenotypes. Variables found to be signifi-
cantly associated with any of the outcomes in the univariate analyses
were included in multivariate analyses.

RESULTS

The study profile is shown in Figure 1. We reviewed 996 children
at age 3 years, of whom 122 were prenatally randomized to an
environmental control regime (23, 24) and were excluded from
this analysis. Of the remaining 874 children, 530 (60.6 % ) success-
fully performed sRaw measurement. A total of 496 (93.6%) of
these 530 children attended the S-year follow-up (248 never
wheezed, 115 had transient early wheeze, 22 developed late-onset
wheezing, and 78 had persistent wheezing). A further 33 children
could not fit into this classification (e.g., no wheeze, but receiving
asthma medication at age 5). A total of 730 children successfully
performed sRaw measurement at age 5 years (384 never wheezed,
162 transient early wheeze, 40 late-onset wheeze, 104 persistent
wheeze, and 40 impossible to classify). Of 690 children who
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Figure 1. Schematic representation of trial profile.
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could be classified into four phenotypes of wheeze, 526 com-
pleted EVH challenge (in 6 children, sRaw had not returned to
within 5% of the baseline), and 665 had postbronchodilator lung
function (19 parents refused permission for the bronchodilator
to be administered). Atopic status at age 3 and 5 years was
highly associated (p < 0.0001; McNemar test), and sensitization
at age 3 was a very strong predictor of sensitization at age 5
(odds ratio [OR] 38.0, 95% confidence interval [CI] 22.0-65.6;
p < 0.0001).

Baseline Lung Function and Phenotypes of Wheeze

We found a highly significant association between sRaw at age
3 and 5 years and wheeze phenotypes (both p <0.0001, ANOVA,;
Figure 2). Multiple comparison test (Scheffe) revealed that at
age 3 years there was no significant difference in sRaw between
children who had never wheezed (kPa/second; GM 1.06, 95%
CI 1.04-1.09) and those with transient early wheeze (GM 1.11,
95% CI 1.07-1.15; p = 0.34) or late-onset wheeze (GM 1.04,
95% CI10.95-1.14; p = 1.0; Figure 2a). The sRaw was significantly
higher in persistent wheezers (GM 1.19, 95% CI 1.13-1.25) com-
pared with late-onset wheezers (p = 0.04) and never wheezers
(p < 0.001).
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Figure 2. The sRaw (kPa/second, GM, and 95% Cls) in different wheeze
phenotypes. (a) Age 3 years (248 children had never wheezed, 115
had transient early wheeze, 22 developed late-onset wheezing, and 78
had persistent wheezing). (b) Age 5 years (384 children had never
wheezed, 162 had transient early wheeze, 40 developed late-onset
wheezing, and 104 had persistent wheezing).
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At age 5 years, sRaw in persistent wheezers (GM 1.27, 95%
CI 1.22-1.32) was significantly higher compared with transient
early wheezers (GM 1.18, 95% CI 1.15-1.22; p = 0.02) and
children who had never wheezed (GM 1.12, 95% CI 1.10-1.14;
p < 0.001; Figure 2b). Lung function was significantly poorer in
transient early compared with never wheezers (p = 0.01), but
there was no significant difference between never wheezers and
late-onset wheezers (GM 1.18, 95% CI 1.12-1.24; p = 0.43).

Multivariate analysis. Multiple factor ANOV A modeling was
performed including variables for which a significant association
with sRaw was found in the univariate analyses (child’s sensitiza-
tion status, age 3 or 5; maternal asthma; maternal smoking during
pregnancy; parental atopic status). In these models, the associa-
tion between wheeze phenotypes and sRaw remained significant
(p = 0.02 at age 3, p = 0.004 at age 5); furthermore, numeric
differences in sRaw between different wheeze phenotypes ap-
peared more marked (estimated marginal means [i.e., means
adjusted for the previously described confounders] for sRaw in
multiple ANOVA models are shown in Table 1). There were
no material differences in the results of multiple comparison tests
(Scheffe) in the univariate and multivariate analyses between the
four phenotypes of wheeze, both for age 3 and age 5 years.

Lung Function at Age 3 Years and Prediction of Wheeze

To test the hypothesis that lung function at age 3 predicts the
persistence of wheeze by age 5, we compared children with
transient early wheezing to those with persistent wheeze. Among
the subgroup of children who had wheezed by age 3, the risk
of persistent wheeze increased markedly with increasing sRaw
values (for the log, sRaw data: OR 5.2, 95% CI 1.3-22.0; p =
0.025; e.g., increase in sRaw from 1.1 to 1.2 kPa/second increases
the odds for persistence of wheeze by ~ 18%). Figure 3a demon-
strates the fitted predicted probability curve for persistent
wheezing by age 5 years in relation to sRaw at age 3 derived
from the logistic regression analysis.

To test the hypothesis that lung function at age 3 predicts
the development of wheeze in children who have not wheezed
previously, we compared late-onset wheezers with children who
had never wheezed. In a marked contrast to the finding of a
significant association between lung function and the persistence
of symptoms in children who have wheezed within the first

TABLE 1. ESTIMATED MARGINAL MEANS (MEANS ADJUSTED
FOR CHILD’S SENSITIZATION STATUS, AGE 3 OR 5;
MATERNAL ASTHMA; MATERNAL SMOKING DURING
PREGNANCY; PARENTAL ATOPIC STATUS) AND 95%
CONFIDENCE INTERVALS OF THE sRAW LEVELS IN
RELATION TO WHEEZE PHENOTYPE IN A MULTIPLE

ANOVA MODEL

sRaw (kPa/s) (GM, 95% Cl)

Age 3 yr* Age 5 yr'

1.14 (1.10-1.19)
1.20 (1.15-1.26)
1.16 (1.08-1.24)
1.30 (1.24-1.37)

Never wheezed
Transient early wheeze
Late-onset wheeze
Persistent wheeze

1.10 (1.05, 1.16)
1.08 (1.01, 1.16)
1.10 (0.95, 1.27)
1.25 (1.16, 1.36)

Definition of abbreviations: Cl = confidence interval; GM = geometric mean.

*Persistent wheeze vs. never wheeze (p < 0.001); persistent wheeze vs. transient
early wheeze (p = 0.10); persistent wheeze vs. late-onset wheeze (p = 0.03).
Transient early wheeze vs. never wheeze (p = 0.3); transient wheeze vs. late-
onset wheeze (p = 0.5). Never wheeze vs. late-onset wheeze (p = 0.9).

T Persistent wheeze vs. never wheeze (p < 0.001); persistent wheeze vs. transient
early wheeze (p = 0.001); persistent wheeze vs. late-onset wheeze (p =
0.03).Transient early wheeze vs. never wheeze (p = 0.03); transient early wheeze
vs. late-onset wheeze (p = 1.0). Never wheeze vs. late-onset wheeze (p = 0.6).
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Figure 3. (a) Fitted predicted probability curve for persistent wheezing
by age 5 years in relation to sRaw at age 3 years derived from the
logistic regression analysis. (b) Fitted predicted probability for late-onset
wheezing by age 5 years in relation to sRaw at age 3 years derived from
the logistic regression analysis.

3 years of life, we found no association between sRaw at age 3
and development of wheeze in children who had not wheezed
by age 3 (OR 0.6, 95% CI 0.07-5.3; p = 0.64; Figure 3b). There
was no difference in the frequency of allergic sensitization at age
3 between never wheezers and children with late-onset wheeze
(19.2% vs. 18.4%, respectively; p = 1.0).

Multivariate analysis. A multiple logistic regression model
that included children with transient early wheeze and persistent
wheeze was used to identify risk factors associated with persistent
symptoms. The model included variables for which a significant
association with persistent wheezing was found in the univariate
analysis (sRaw and child’s sensitization at age 3, maternal asthma,
maternal smoking during pregnancy, and parental atopic status).
Increasing sRaw value (OR 5.5, 95% CI 1.2-25.9; p = 0.03) and
child’s sensitization (OR 2.8,95% CI1.3-5.8; p = 0.008) remained
significant and independent associates and substantially and sig-
nificantly increased the risk of persistent wheezing.

Airway Reactivity and Phenotypes of Wheeze

We found a significant association between the magnitude of
response to dry air challenge (expressed as a percentage of
increase in sRaw) and wheeze phenotypes (p = 0.019, ANOVA,;
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Figure 4. Airway reactivity (percentage of change in sRaw post EVH
challenge: GM and 95% Cls) in different wheeze phenotypes (298
children had never wheezed, 115 had transient early wheeze, 33 devel-
oped late-onset wheezing, and 80 had persistent wheezing).

Figure 4). A multiple comparison test revealed that children
with persistent wheeze had a significantly larger increase in sRaw
following EVH challenge (n = 80, mean percent increase 31.5,
95% CI26.9-36.0) compared with those who had never wheezed
(n = 298, mean percent increase 23.75, 95% CI 21.3-26.0; p =
0.017). There was no significant difference between never
wheezers and late-onset wheezers (n = 33, mean percent increase
28.9, 95% CI 21.9-36.0; p = 0.66) or transient early wheezers
(n = 115, mean percent increase 26.0, 95% CI 22.2-29.8; p =
0.89). Adjusting the analysis for the prechallenge sRaw value
(analysis of covariance) did not materially change the results.

When the results of dry air challenge were expressed as a
change in sRaw following EVH challenge, children with persis-
tent symptoms had more reactive airways (kPa/second, mean
change 0.42, 95% CI 0.33-0.50) compared with children with
transient early wheeze (mean change 0.30, 95% CI 0.26-0.35;
p = 0.03) and those who had never wheezed (mean change 0.27,
95% C10.24-0.29; p < 0.001). There was no significant difference
between persistent and late-onset wheezers (mean change 0.34,
95% CI 0.25-0.44; p = 0.61).

Using the data in children with no history of wheeze, we
defined the normal response to EVH challenge as a mean per-
centage of change plus or minus 2 SDs (i.e., 95% reference
range), and estimated that an increase in sRaw of more than
60% should be considered a positive response. The proportion
of children with positive EVH challenge was significantly higher
among persistent wheezers (12.5%) and late-onset wheezers
(12.1%) compared with never wheezers (5.4%) and transient
wheezers (2.6%; p = 0.01).

Postbronchodilator Lung Function and Phenotypes
of Wheeze

We found a significant difference in postbronchodilator sRaw be-
tween different wheeze phenotypes (p = 0.04, ANOVA; Figure
5). After bronchodilator administration, there remained a strong
trend for children with persistent wheeze to have a higher sRaw
(n = 103; kPa/second, GM 1.01, and 95% CI 0.98-1.05) than
children who had never wheezed (n = 365; GM 0.96, 95% CI
0.95-0.98; p = 0.07). There was, however, no difference in the
postbronchodilator sRaw between persistent wheezers and those
with transient early wheeze (n = 157; GM 0.99, 95% CI10.96-1.01;
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Figure 5. Postbronchodilator lung function (kPa/second, GM, and 95%
Cls) in different wheeze phenotypes (365 children had never wheezed,
157 had transient early wheeze, 40 developed late-onset wheezing,
and 103 had persistent wheezing).

p = 0.61) or late-onset wheeze (n = 40; GM 1.00, 95% CI

0.95-1.06; p = 0.56).

Relationship between Lung Function at Age 3 and 5 Years

There was a significant positive correlation between sRaw at 3
and 5 years (Pearson correlation, r = 0.43; p < 0.001). In the
multivariate linear regression analysis controlling for the effect
of other risk factors shown to be associated with lung function
(maternal and paternal asthma, maternal smoking, child’s sensi-
tization, child’s history of wheeze, and eczema), sRaw measured
at age 3 remained the only significant and independent predictor
of sRaw at 5 years (B = 0.45, r = 10.02; p < 0.001). In 430
children who successfully performed lung function measure-
ments at both time points, the mean ratio between sRaw mea-
sured at age 3 and 5 years was 1.07 (95% limits of agreement
0.70-1.61), suggesting a trend for sRaw to increase with increas-
ing age (by an average of 7% between age 3 and 5 years).

DISCUSSION

Our results show that among children with a history of parentally
reported wheeze within the first 3 years of life, lung function
was reduced in those who subsequently continued with wheezing
until age 5 years (persistent wheezers) compared with children
who then stopped wheezing (transient early wheezers). How-
ever, we found no difference in lung function at age 3 years
between children who had not wheezed by age 5 years compared
with those who developed wheeze after age 3 (late-onset
wheezers). Thus, reduced lung function at age 3 predicted the
subsequent persistence of symptoms in children who had
wheezed within the first 3 years of life, but this factor was not
associated with the onset of wheeze after age 3 in children who
had not wheezed previously. With an increased understanding
of the underlying physiology, measuring lung function in symp-
tomatic, young preschool children may enable targeting children
who are most likely to benefit from treatment interventions and
monitoring.

One potential limitation of the study was that lung function
at age 3 was available in a subset of subjects. Thus, depending
on whether the analyses pertain to sRaw measurements at 3
years or at 5 years, different cohorts of children were included.
This raises the question of whether the children who were unable

235

to provide sRaw at 3 years were a biased subgroup. However,
this is unlikely to be the case, because we found no difference
between children who completed lung function measurement at
age 3 compared with those who did not complete this measure-
ment in the prevalence of sensitization, reported symptoms, ma-
ternal smoking, and maternal asthma.

How do our data compare with the other cohort studies? In
the Tucson study, children with persistent wheezing had signifi-
cantly reduced lung function at age 6 years; however, their lung
function in the first year of life appeared similar to children who
had never wheezed (7). Transient early wheezers tended to have
reduced lung function in infancy and at age 6 years when com-
pared with children with no history of wheeze (7). In contrast, a
recent Australian study suggested that individuals with transient
wheeze have normal lung function at the age of 1 month, and that
reduced lung function in infancy was associated with persistent
wheeze at age 11 years, independently of increased airway re-
sponsiveness and atopic sensitization in childhood (25). It is
difficult to explain the differences between these two studies,
because the techniques used to measure infant lung function
were similar (although definitions of wheeze phenotypes were
not identical). Delacourt and colleagues (26) measured maximal
flow at functional residual capacity (V'max FRC) at age 17
months and reported that persistent, but not transient, wheeze
was associated with reduced lung function. Our study fills in the
gap with the data on lung function in early preschool age, which
was largely unavailable previously. Lung function at age 3 and
5 years was reduced in children with persistent wheeze compared
with transient early wheezers and nonwheezing children, with
transient wheezers falling between nonwheezing children and
persistent wheezers. The pattern of lung function between differ-
ent wheeze phenotypes appeared very similar at age 3 and 5
years. However, although the difference in sRaw between chil-
dren who had never wheezed and those categorized as transient
early wheezers failed to reach statistical significance at age 3
years, it was highly significant at age 5 (probably because of a
higher proportion of children who successfully completed lung
function measurement). It is worth noting that sRaw value in-
creased significantly with age (by ~ 7%) in all groups, and this
observation warrants further investigation.

Brussee and colleagues (27) used an alternative technique to
measure lung function in 4-year-old children enrolled in the
Dutch Prevention and Incidence of Asthma and Mite Allergy
study. They found that resistance measured by the interrupter
technique was higher in children with persistent wheeze than in
children who had never wheezed and those with transient early
wheeze.

Our data suggest that both transient and persistent wheezers
have reduced lung function compared with nonwheezing chil-
dren, but the deficit is considerably greater in persistent
wheezers. It is possible that the deficits in lung function in persis-
tent and transient wheezers may have already been present at
a much younger age. We do not have sufficient data on lung
function in infancy to make any firm conclusion about this point.
However, it is worth noting that we have measured Vmax FRC
at age 4 weeks in a subsample of their population (34 children
had data on lung function in infancy and at age 3 years, and 57
successfully completed infant and S-year lung function testing)
(28). Reduced V'max FRC in infancy was associated with in-
creased sRaw at both ages 3 and 5 years (data not shown).
Dezateux and colleagues (29) reported that increased plethysmo-
graphic airway resistance during the first few months of life
(before any respiratory illness) preceded and predicted subse-
quent wheezing illness throughout the first year of life. Further-
more, these changes in airway resistance persisted to at least
the age of 1 year (30). Thus, a pattern emerges in which poor
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lung function in the first few years of life (and perhaps infancy)
is associated with persistent wheezing independently of atopic
sensitization. Children with comparatively smaller deficits in lung
function may develop only transient wheezing. In individuals
with a history of wheeze in early life and deficit in lung function,
IgE-mediated sensitization at the age of 3 years further increases
the risk of persistence of symptoms, at least by the age of 5 years.
The monitoring of lung function and atopic sensitization in symp-
tomatic children from an early age may enable physicians to
identify those children at risk of persistent disease and may be
an important factor in modifying outcomes in later life.

Late-onset wheezers had lung function that was not signifi-
cantly different from children who had never wheezed, but be-
cause of the relatively smaller size of this group, these data must
be interpreted with caution. However, airway hyperresponsive-
ness in this group appeared to be similar to persistent wheezers
and more common compared with transient wheezers and chil-
dren who had not wheezed.

Longitudinal data provide evidence for the relationship be-
tween deficits in lung function and the clinical expression of
asthma, suggesting that subjects with persistent asthma in child-
hood continue to have impairments in lung function that track
to adulthood (31, 32). In the Melbourne Asthma Study, subjects
with asthma had persistent airflow obstruction throughout child-
hood and into adult life (31). The magnitude of the difference
in lung function between different asthma severity groups did
not increase over time, suggesting that the deficits had occurred
in early childhood and did not progress. The early identification
of children with persistent symptoms and consequent early inter-
vention aimed at the improvement in lung function may reduce
or delay irreversible structural changes and improve outcomes
later in life.

Further evidence of the relationship between childhood
events and respiratory health in adult life comes from a study
of 1,037 children in New Zealand who were followed from the
age of 9 to 26 years (32). Postbronchodilator FEV,/VC ratio was
used as a marker of airway remodeling. Subjects with a low ratio
at age 26 years already had a disordered lung function at the
age of 9 years, with a slow progressive loss of reversibility, indi-
cating that airway remodeling may begin in early childhood.
Alternatively, impaired lung function tracking from childhood
into adult life may represent a primary airway abnormality,
which increases the risk of the subsequent respiratory disease
(i.e., the airways may be “premodeled” for later asthma develop-
ment) (17).

Our results show that children who experience wheeze symp-
toms during the first 5 years of life already have some evidence
of irreversible airway obstruction, as assessed by the postbron-
chodilator lung function. In particular, this appears to be the
feature of children with persistent symptoms. This finding may
suggest that not all airway narrowing in these children is caused
by smooth muscle hypertrophy and hyperplasia and that struc-
tural change may exist in very young children.

Our data also demonstrate that children with persistent symp-
toms have increased airway reactivity at age 5 when compared
with those with transient early wheeze or those who have never
wheezed. It is worth emphasizing that the hyperventilation chal-
lenge was performed with dry rather than cold air as has been
used in previous studies. In our experience, dry air appears more
acceptable to preschool children than the cold air challenge. Our
data are in agreement with Kurukulaaratchy and colleagues (33),
who reported that persistent wheezing in early childhood was
associated with increased airway reactivity at age 10 years com-
pared with nonwheezers or those with transient early symptoms
only. Turner and coworkers (25) demonstrated that poor lung

function at birth and increased airway reactivity at age 11 years
were associated with persistent wheeze.

In summary, our data demonstrate that reduced lung function
and IgE-mediated sensitization at age 3 may predict the subse-
quent persistence of symptoms in children who have wheezed
within the first 3 years of life. However, in children who have
not wheezed previously, the onset of wheeze after age 3 is not
associated with reduced lung function at age 3. We emphasize
that although there was a highly significant relationship between
lung function at 3 years of age and subsequent symptoms within
this large birth cohort study, the predictive value of such testing
for individual children is likely to be relatively low because of
an overlap between the various wheezing phenotypes.

This study suggests the possibility that in addition to the
systemic immune response manifested by the IgE-mediated sen-
sitization, a primary lung determinant reflected by the increase
in sRaw in early life underlies the clinical manifestation of persis-
tent wheeze. It is therefore essential to elucidate genetic and
environmental factors responsible for diminished lung function
in early life to complement the studies investigating the causes
of the increase in allergic sensitization.

Conflict of Interest Statement: L.A.L. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript; A.S.
does not have a financial relationship with a commercial entity that has an interest
in the subject of this manuscript; A.W. does not have a financial relationship with
a commercial entity that has an interest in the subject of this manuscript; |.M.
does not have a financial relationship with a commercial entity that has an interest
in the subject of this manuscript; C.S.M. does not have a financial relationship
with a commercial entity that has an interest in the subject of this manuscript;
A.C. does not have a financial relationship with a commercial entity that has an
interest in the subject of this manuscript.

References

1. Stick S. The contribution of airway development to paediatric and adult
lung disease. Thorax 2000;55:587-594.

2. Dezateux C, Stocks J. Lung development and early origins of childhood
respiratory illness. Br Med Bull 1997;53:40-57.

3. Von Mutius E. Paediatric origins of adult lung disease. Thorax 2001;
56:153-157.

4. Martinez FD, Morgan WJ, Wright AL, Holberg CJ, Taussig LM. Dimin-
ished lung function as a predisposing factor for wheezing respiratory
illness in infants. N Engl J Med 1988;319:1112-1117.

5. Turner SW, Palmer LJ, Rye PJ, Gibson NA, Judge PK, Young S, Landau
LI, Le Souef PN. Infants with flow limitation at 4 weeks: outcome at
6 and 11 years. Am J Respir Crit Care Med 2002;165:1294-1298.

6. Palmer LJ, Rye PJ, Gibson NA, Burton PR, Landau LI, LeSouef PN.
Airway responsiveness in early infancy predicts asthma, lung function,
and respiratory symptoms by school age. Am J Respir Crit Care Med
2001;163:37-42.

7. Martinez FD, Wright AL, Taussig LM, Holberg CJ, Halonen M, Morgan
WIJ. Asthma and wheezing in the first six years of life. N Engl J Med
1995;332:133-138.

8. Clough JB, Keeping KA, Edwards LC, Freeman WM, Warner JA, War-
ner JO. Can we predict which wheezy infants will continue to wheeze.
Am J Respir Crit Care Med 2001;160:1473-1480.

9. Burrows B, Sears MR, Flannery EM, Herbison GP, Holdaway MD.
Relationships of bronchial responsiveness assessed by methacholine
to serum IgE, lung function, symptoms, and diagnoses in 11-year-old
New Zealand children. J Allergy Clin Immunol 1992;90:376-385.

10. Eigen H, Bieler H, Grant D, Christoph K, Terrill D, Heilman DK,
Ambrosius WT, Tepper RS. Spirometric pulmonary function in
healthy preschool children. Am J Respir Crit Care Med 2001;163:619—
623.

11. Vilozni D, Barker M, Jellouschek H, Heimann G, Blau H. An interactive
computer-animated system (Spirogame) facilitates spirometry in pre-
school children. Am J Respir Crit Care Med 2001;164:2200-2205.

12. Crenesse D, Berlioz M, Bourrier T, Albertini M. Spirometry in children
aged 3 to 5 years: reliability of forced expiratory maneuvers. Pediatr
Pulmonol 2001;32:56-61.

13. Nystad W, Samuelsen SO, Nafstad P, Edvardsen E, Stensrud T, Jaaakkola
JJ. Feasibility of measuring lung function in preschool children. Thorax
2002;57:1021-1027.



Lowe, Simpson, Woodcock, et al.: Lung Function and Wheeze Phenotypes

14

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Dab I, Alexander F. A simplified approach to the measurement of specific
airway resistance. Paediatr Res 1976;10:998-999.

Klug B, Bisgaard H. Measurement of specific airway resistance by ple-
thysmography in young children accompanied by an adult. Eur Respir
J 1997;10:1599-1605.

Nielsen KG, Bisgaard H. Discriminative capacity of bronchodilator re-
sponse measured with three different lung function techniques in asth-
matic and healthy children aged 2 to 5 years. Am J Respir Crit Care
Med 2001;164:554-559.

Lowe L, Murray CS, Custovic A, Simpson BM, Kissen PM, Woodcock
A. Specific airway resistance in three year-old children. Lancet 2002;
359:1904-1908.

Custovic A, Simpson BM, Murray CS, Lowe L, Woodcock A. The Na-
tional Asthma Campaign Manchester Asthma and Allergy Study.
Pediatr Allergy Immunol 2002;13:32-37.

Custovic A, Simpson BM, Simpson A, Kissen P, Woodcock A. Effect of
environmental manipulation in pregnancy and early life on respiratory
symptoms and atopy during the first year of life: a randomised trial.
Lancet 2001;358:188-193.

Buhr W, Jorres R, Knapp M, Berdel D. Diagnostic value of body plethys-
mographic parameters in healthy and asthmatic young children is not
influenced by breathing frequency. Pediatr Pulmonol 1990;8:23-28.

Zach M, Polgar G, Kroisel P. Cold air challenge of hyperreactivity in
children: practical application and theoretical aspects. Paediatr Res
1984;18:469-478.

Nielsen KG, Bisgaard H. Lung function response to cold air challenge
in asthmatic and healthy children of 2-5 years of age. Am J Respir
Crit Care Med 2000;61:1805-1809.

Custovic A, Simpson BM, Simpson A, Hallam C, Craven M, Brutsche
M, Woodcock A. Manchester Asthma and Allergy Study: low-allergen
environment can be achieved and maintained during pregnancy and
in early life. J Allergy Clin Immunol 2000;105:252-258.

Woodcock A, Lowe LA, Murray CS, Simpson BM, Pipis SD, Kissen P
et al. Early life environmental control: effect on symptoms, sensitiza-

25.

26.

27.

28.

29.

30.

31.

32.

33.

237

tion and lung function at age 3 years. Am J Respir Crit Care Med
2004;170:4333-4339.

Turner SW, Palmer LJ, Rye PJ, Gibson NA, Judge PK, Cox M, Young
S, Goldblatt J, Landau LI, Le Souef PN. The relationship between
infant airway function, childhood airway responsiveness and asthma.
Am J Respir Crit Care Med 2004;169:921-927.

Delacourt C, Benoist MR, Waernessyckle S, Rufin P, Brouard JJ, de
Blic J, Scheinmann P. Relationship between bronchial responsiveness
and clinical evolution in infants who wheeze. A four-year prospective
study. Am J Respir Crit Care Med 2001;164:1382-1386.

Brussee JE, Smit HA, Koopman LP, Wijga AH, Kerkhof M, Corver K,
Vos AP, Gerritsen J, Grobbee DE, Brunekreef B. Interrupter resis-
tance and wheezing phenotypes at 4 years of age. Am J Respir Crit Care
Med 2004;169:209-213. [Published erratum appears in Am J Respir Crit
Care Med 2004;169:1262].

Murray CS, Pipis SD, McArdle EC, Lowe L, Custovic A, Woodcock A.
Lung function at one month as a risk factor for infant wheezing in a
high risk population. Thorax 2002;57:388-392.

Dezateux C, Stocks J, Dundas I, Fletcher ME. Impaired airway function
and wheezing in infancy: the influence of maternal smoking and a
genetic predisposition to asthma. Am J Respir Crit Care Med 1999;
159:403-410.

Dezateux C, Stocks J, Wade AM, Dundas I, Fletcher ME. Airway func-
tion at one year: association with premorbid airway function, wheezing,
and maternal smoking. Thorax 2001;56:680—-686.

Phelan PD, Robertson CF, Olinski A. The Melbourne Asthma Study:
1964-1999. J Allergy Clin Immunol 2002;109:189-194.

Rasmussen F, Taylor DR, Flannery EM, Cowan JO, Greene JM, Herbi-
son GP, Sears MR. Risk factors for airway remodelling in asthma
manifested by a low postbronchodilator FEV /vital capacity ratio: a
longitudinal population study from childhood to adulthood. Am J
Respir Crit Care Med 2002;165:1480-1488.

Kurukulaaratchy RJ, Fenn MH, Waterhouse LM, Matthews SM, Holgate
ST, Arshad SH. Characterization of wheezing phenotypes in the first
10 years of life. Clin Exp Allergy 2003;33:573-579.



WHEEZE PHENOTYPESAND LUNG FUNCTION IN PRE-SCHOOL

CHILDREN

Ledey A Lowe, Angela Simpson, Ashley Woodcock, Julie Morris, Clare S Murray and
Adnan Custovic

on behalf of the NAC Manchester Asthmaand Allergy Study Group

ONLINE SUPPLEMENT



METHODS

The Manchester Asthma and Allergy Study is a prospective study which follows the
development of asthma and other atopic disordersin a cohort of infants. The setting is
the maternity catchment area of Wythenshawe and Stepping Hill Hospitals, comprising of
50 square miles of South Manchester and Cheshire, UK, a stable mixed urbanrural
population. Study was approved by the Local Research Ethics Committee. Informed
consent was obtained from all parents.

Screening & Recruitment

All pregnant women were screened for eligibility at '‘Booking antenatal visits (8™-10"
week of pregnancy). The study was explained to the parents, and informed consent for
initial questionnaires and skin prick testing was obtained. Both parents completed a
guestionnaire about their and their partner’s history of asthma and allergic diseases and
smoking habits. The two hospitals organised antenatal "booking in" clinics differently.
Therefore, in close consultation with the staff at both sites, two different organisational
strategies were used to allow the greatest access to patients whilst causing the least
disturbance to the normal running of antenatal clinics.

At Wythenshawe Hospital, dedicated "booking in" antenatal clinics were organised (three
sessions per week). In these clinics, the study information and study questionnaires were
given to al mothers attending the clinic by the reception staff before going for an ultra
sound scan. This was followed up by an interview after the scan, whilst ladies were
waiting for the midwife or doctor. When informed consent had been obtained, skin prick

testing was carried out in a screened area of the waiting room.



In Stepping Hill Hospital, “booking” patients were reviewed along with other antenatal
patients during eight sessions per week. In order to ensure that equal numbers of
participants were recruited from the two study sites, subjects for the study were recruited
on six out of the eight sessions. Again, the reception staff gave out study information and
questionnaires to all suitable attendees (i.e., those in early stages of pregnancy - <10
weeks pregnant). When consent was obtained pregnant ladies and their partners were
skin prick tested in one of the vacant consulting rooms.

If the pregnant woman’s partner was not present at the antenatal clinic visit, an invitation
was sent for him to attend an openaccess evening clinic at Wythenshawe Hospital for
skin prick testing and questionnaire. Once both parents had completed questionnaires
and skin prick testing, afull explanation of the proposed future follow-up for the child
was given Of the 1499 couples who met the inclusion criteria (<10 weeks of pregnancy,
maternal age >18 years, questionnaire and skin test data available for both parents), 288
declined to take part in the study. Of 1211 couples who initially agreed to take part, 1085
had a successful full-term pregnancy (>36 weeks gestation) and gave consent to a further
follow-up. Of those, 128 were prenatally randomized into an environmental control
group (see below), and 957 were followed as an observational arm of the cohort.
Allocation to study groups

Children were assigned to risk groups according to parental sensitisation status. Nested
within the cohort is a primary prevention study in which a subgroup of children at high
risk (both parents atopic) without pets in home was randomised to either stringent
environmental control (allergen impermeable covers for the parental and infant bed, hot

washing of bedding weekly, HEPA vacuum cleaner, hard floor for the nursery) or a



normal regime. Children randomized to the environmental control group were excluded
from this analysis.

Follow-up

The children have been followed prospectively, and attended review clinics at age 3 and 5
years (x4 weeks). We completed assessment at age 5 yearsin April 2003. The overal
follow-up rate during the first five years of life in the observational part of the cohort was
exceptionally high (874/957 [91.3%] age 3 years; 840/957 [87.8%] age 5 years).
Outcomes

Symptoms

A standard respiratory questionnaire was interviewer-administered at age 3 and 5 yearsto
collect the information on symptoms, physician-diagnosed illnesses and treatments
received.

Specific airway resistance

At age 3 and 5 years we carried out measurements of specific airway resistance (SRaw) to
assess airway function in all children who were willing to cooperate. Measurements of
SRaw Were made using a constant volume whole body plethysmograph (Masterscreen
Body 4.34; Jaeger, Wirzburg, Germany). Flow and volume were measured witha heated
differential pressure screen-type pneumotachograph with a resistance of 0.036 kPa' and
a dead space of 160mls. Pressure measurements were made with a pressure transducer
(Nr.660.99007; Hube Control AG, Wuerenlos, Switzerland) with an input range of 7100
Pa, aresolution of 0.05 Paand a linear response up to 10 Hz. The plethysmograph was
calibrated daily. Sensorsin an ambient unit supplied with the plethysmograph recorded

ambient data on temperature, humidity and barometric pressure. The preumotachograph



was volume calibrated according to the American Thoracic Society recommendations
usinga?2 L syringe at flow ratesof 0—1.5, 1.5—-5and >51/s. The half value period was
calibrated to ensure a specific leakage in the box of 4-7 seconds.

The pressure transducer was calibrated using a 50 mL motor driven piston pump to
generate sinusoidal variations of plethysmographic pressure. Electronic body
temperature, pressure, and saturation (BTPS) compensation was applied throughout,
using atime-shift of 60 ms.

SRaw is measured by a single-step procedure from the simultaneously measured changes
of respiratory flow and changes of plethysmographic pressure, omitting the measurement
of TGVEL. Measurements were carried out during tidal breathing using a facemask,
which was adapted by fitting a standard paediatric facemask with a non-compressible
mouthpiece made from silicone tubing. The end of the tubing was made rigid with an
aluminium splint. The purpose of this was to maintain stable airway opening, prevent
nose breathing and support the cheeks. The procedure was explained to the
accompanying adult and the use of the facemask demonstrated to the child. The children
were encouraged to sit in the plethysmograph alone but if they refused, the accompanying
adult, usually a parent, accompanied the child in the plethysmograph cabinet with the
child seated on their knee. The door of the plethysmograph was closed and the subject
asked to breathe through the facemask.

Children were encouraged to breathe at arate of 30-45 breaths per minute. If a parent
accompanied the child, the adult was asked to inhale and hold their breath for
approximately 20 seconds. SR,y measurements were made once a stable breathing

pattern had been re-established. Once a stable breathing pattern was established, at |east



three measurements of SRy, Were performed, and each was calculated from the medians
of 5 consecutively measured technically acceptable loops™ (each child performed at least
15 loops). The mean of these 3 measurements of effective sRay, was used in the analysis.
The measured vaues of SR, were corrected for the influence of the pneumotachograph
screen (Rsereen) @nd for the volume displacement caused by the subject (or subject +
parent).

Children were asymptomatic at the time of assessment of lung function. A total of 530
children successfully performed lung function measurement at age 3 years, and 730 had
SRay Measured at age 5 years.

Airway reactivity

At the 5-year follow- up, airway reactivity was assessed by means of a Eucapnic
Voluntary Hyperventilation (EVH) challenge. We constructed a breathing circuit
consisting of a precision flow meter which directs gas from a cylinder into alarge
capacity reservoir bag. The subject hyperventilated, via a demard valve and large bore
tubing, from a cylinder of certified medical gas containing 21% O,, 5% CO,, remainder
N> with awater content <10mg per litre for 6 minutes at a ventilation rate of 75% of
maximum voluntary ventilation (MVV) whichwas estimated pre-challenge as FEV1x
22.5. Some children were unable to perform forced manoeuvres satisfactorily and FEV,
could therefore not be measured. 1n these cases the predicted FEV; was used to calculate
MVV.

EVH challenge was performed by a single-step procedure using a protocol established by
Zach et a3, Parents were asked to withhold from giving the children short acting

bronchodilators for 6 hours and long acting bronchodilators for 12 hours prior to testing.



Children inhaled through a modified facemask as described previously. They were
encouraged to match their ventilation to the reservoir balloon with the aim of keeping it
partialy inflated. This ensured that the correct level of ventilation was maintained.
Specific airway resistance was measured at baseline and 2, 5 and 10 minutes post
challenge to assess the degree of airway reactivity. The highest sRay value measured at 2,
5 or 10 minutes post challenge was recorded, and the response was expressed as percent
change in sRy. A bronchodilator (400 micrograms Salbutamol via a large volume spacer
device) was given if the child became symptomatic or SR,y increased by >100% for
therapeutic purposes (n=6). Lung function was reassessed after 15 minutes to ascertain
whether it had returned to baseline values.

Post-bronchodilator lung function

All children were invited to complete a test of response to bronchodilator (19 parents
refused). Bronchodilator response was measured after administration of 400?g of
Salbutamol via a large volume spacer device (Volumatic). Specific airway resistance was
measured before and 15 minutes after bronchodilator administration. In order to
minimize the possible confounding effect of the reduction in lung function following the
dry air challenge test on postbronchodilator lung function, amongst children who have
undergone EVH challenge, only those in whom sRay had returned to within 5% of the
baseline value have been included in the andysis.

Allergic sensitization

We ascertained allergic sensitisation at age 3 and 5 by skin prick testing (mite, cat, dog,
grasses, milk, egg. Sensitization was defined as wheal at least 3 mm greater than the

negative control.



Allocation to the phenotypes of wheeze

The study population comprised children who successfully completed lung function

measurement at either age 3 or age 5 years, and could be allocated into one of four

phenotypes of wheeze based on the questionnaire data. According to parentally-reported
history of wheeze at the follow-ups at age 3 and 5 years, children were assigned to the

following categories using criteria proposed by Martinez et a**:

i) No wheezing: no recorded wheeze during the first three years of life, no wheezing at
age 5 years (248 age 3 years, 384 age 5 years)

ii) Transient early wheeze: at least one episode of wheezing during the first three years
of life, no wheezing at age 5 years (115 age 3 years; 162 age 5 years)

iii) Late-onset wheeze: no recorded wheeze during the first three years of life, but
reported wheezing in the previous 12 months at age 5 years (22 age 3 years, 40 age 5
years)

iv) Persistent wheeze: at |east one episode of wheezing during the first three years of life,
reported wheezing in the previous 12 months at age 5 years (78 age 3 years, 104 age 5
years)

Some children could not fit into this classification (e.g. no reported wheeze, but receiving

asthma medication at age 5 years; 33 age 3 years, 40 age 5 years).

Satistical analysis

Statistical analysis was carried out using SPSS for Windows, version 11.0. sRay

measurements followed a log-normal distribution, hence were subject to alog e-

transformation prior to analysis. Results are reported as geometric means (GM). One-

way Anaysis of variance (ANOVA) was used to compare differences between the four



wheeze phenotypes. Specific differences between phenotypes were assessed using
Scheffe’' s multiple comparison tests. Variables found to be significantly associated with
any of the outcomes in the univariate analyses were included in multivariate analyses.
Multiple factor ANOVAs were used to assess the relationship between sRaw and wheeze
phenotype after adjusting for confounding factors such as child' s sensitisation status and
maternal asthma. The risks of persistent wheeze and late-onset wheeze were evaluated
using logistic regression analysis. Significant risk factors associated with persistent
symptoms were identified by means of multiple logistic regression analysis. We used
Pearson correlation to investigate the relationship between sk, at 3 and 5 years.
Significant predictors of sRyy at 5 years were ascertained using multiple linear regression

anaysis.
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