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The links between allergen skin test sensitivity, airway

responsiveness and airway response to allergen

Airway hyperresponsiveness (AHR) to direct stimuli such
as histamine or methacholine is a fundamental feature of
asthma (1, 2). The relationship of direct AHR to atopic
allergy is complex. Allergic-type (eosinophilic) airway
inflammation is at least mildly associated with the level of
AHR (2, 3). AHR increases following allergen exposure
following both laboratory (4) and natural (2) exposures.
AHR to both histamine (5) and methacholine (6) is
associated with the presence and magnitude of atopy,
likely a manifestation of allergen-induced increase in
AHR. However, AHR is an important determinant of the
airway response to allergen.

The early asthmatic response to allergen, often
expressed as the allergen PC20 [provocation concentration
causing a 20% forced expiratory volume in 1 s (FEV1)
fall] is dependent upon the degree of allergen sensitization
and the level of airway smooth muscle hyperresponsive-
ness (AHR) (7–9). We have previously documented that
the allergen PC20 can be predicted within 2–3 doubling
concentrations, from the skin test endpoint (as a measure
of magnitude of allergen sensitization) and the histamine
PC20 (a measurement of the AHR) (10). We have been
using this histamine-based prediction equation as a guide
to select a safe and efficient starting concentration for
allergen inhalation challenges; however, we have substi-
tuted the methacholine PC20 for the histamine PC20. This
retrospective review from three centres using identical
methods was carried out with three aims: (i) to assess the
value of methacholine PC20 as a determinant of airway
response to allergen; (ii) to assess how accurately the �old�
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prediction equation predicted the allergen PC20 in real-
world research situations; and (iii) if significantly differ-
ent, to develop an equation based on the methacholine
PC20 and the allergen skin test endpoint in a larger
number of subjects.

Methods

Subjects

All subjects were adults, had asthma (11) and were moderately or
highly atopic to at least one aeroallergen. Subjects had FEV1 ‡ 60%
predicted and methacholine PC20 £ 32 mg/ml (12, 13). All subjects
were participating in research studies for which ethical approval had
been granted and signed informed consent obtained.

Methacholine inhalation test

The methacholine inhalation test was performed by the standard-
ized 2-min tidal breathing technique (12, 13). Aerosols were gen-
erated continuously from a jet nebulizer (Bennett Twin in
Saskatoon, Wright in Hamilton and Quebec, Canada), calibrated to
an output of 0.13 ml/min. Saline was initially inhaled for 2 min
followed at 5-min intervals (start of one to that of the next con-
centration) by doubling concentrations of methacholine. Doubling
concentrations of methacholine were available from 0.03 to
32.0 mg/ml; starting concentrations were based on established
guidelines (14, 15). Spirometry was initially measured in triplicate
and one acceptable FEV1 was then obtained 30 and 90 s after each
inhalation. Per cent change in FEV1 was determined from the lowest
post-saline to lowest post-methacholine FEV1 (16) and the test was
continued until a 20% or greater FEV1 fall was obtained; PC20 was
calculated by an algebraic formula (17).

Allergen skin test endpoint

Allergen skin test endpoint was performed using aqueous extracts of
the same allergen preparation to be used for inhalation. Duplicate
skin-prick tests were performed with doubling dilutions of allergen
from 1 : 4 to 1 : 4096 (or more dilute in occasional circumstances).
The wheal diameter was measured in two perpendicular directions
at 10 min and the mean wheal diameter determined for each dilu-
tion. The skin test endpoint was defined as the threshold concen-
tration producing a 2-mm wheal.

Allergen inhalation tests

Allergen challenges were performed using the 2-min tidal breathing
technique analogous to the methacholine challenge (10). Aerosols
were inhaled for 2 min from a Wright nebulizer with an output
0.13 ml/min. The specific allergens used are summarized in Table 1
and includedmite, pollen, or animal in all but one subject (Alternaria).
We used the best-quality allergens available in several different units
and strengths from several Canadian or American suppliers over the
years. Diluent was inhaled on three occasions at 12–13-min intervals
on a control day, usually the day before allergen inhalation, to assure
FEV1 stability and no irritant response. On the allergen-challenge
day, allergenPC20was predicted by substitutingmethacholine PC20 in
the histamine-based equation (10). For safety purposes, the first
concentration of allergen to be inhaled was usually 4 concentrations
below the predicted. Doubling concentrations of allergen were

inhaled for 2 min and duplicate FEV1 measurements were made at
10 min post-inhalation. The next concentration was administered if
there was <15% FEV1 fall. After a threshold 15–20% FEV1 fall,
spirometry was monitored every 10 min for an hour and the early
asthmatic response determined as themaximumper cent fall in FEV1.

Study design

Allergen challenge research studies from July 1992 to spring 2003
from the three institutions were reviewed retrospectively. Data were
extracted for individuals from a non-medicated (or a placebo-med-
icated) allergen challenge where all three parameters were available.
The methacholine PC20 and the allergen skin test endpoint were
performed the day before the allergen challenge in most cases. For
subjects who had participated inmultiple investigations, the first data
retrieved were utilized to avoid any possibility of a selection bias.

Analysis

Logarithmic transformations were used for allergen PC20, metha-
choline PC20, and allergen skin test endpoint. We looked at both a
clinical allergen PC20 defined as the concentration of allergen
inhaled causing a 20% or greater FEV1 fall (18 or 19% fall in eight
individuals). We also determined the allergen PC20 calculated from
the per cent fall in FEV1 at the last concentration (18). As the results
were virtually identical, and as the clinical allergen PC20 is a
practical endpoint, we only report the data on the clinical PC20.
Analyses were performed using single and multiple linear regression
of the log-transformed data by a computerized statistical

Table 1. Demographics

Saskatoon Quebec Hamilton Total

n 39 28 91 158
Gender (M/F) 18/21 12/16 37/54 67/91
Age [years; (SE)] 23.6 (1.1) 26.9 (0.9) 25.6 (0.9) 25.4 (0.6)
Height [cm; (SE)] 170 (1.6) 170 (1.6) 172 (1.1) 171 (0.8)
FEV1 [l; (SE)] 3.48 (0.14) 3.47 (0.12) 3.51 (0.08) 3.50 (0.06)
% predicted (SE) 82.8 (2.5) 86.3 (2.6) 84.8 (1.4) 84.6 (1.1)
Methacholine PC20
[mg/ml; geometric
mean (95% CI)]

0.78 (0.54–1.1) 1.4 (0.90–2.0) 2.2 (1.7–2.9) 1.6 (1.3–1.9)

Allergen
Mite

Dermatophagoides
pteronyssinus

0 7 41 48

D. farinae 0 1 5 6
Pollen

Ragweed 0 3 17 20
Birch 3 2 0 5
Mixed grass 9 2 7 18
Mixed tree 0 0 2 2
Mixed weed 4 0 0 4

Animals
Cat 9 13 18 40
Horse 11 0 0 11
Dog 1 0 0 1
Rabbit 1 0 0 1
Guinea pig 1 0 0 1

Mould
Alternaria 0 0 1 1
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program (STATISTIX for Windows; Analytical Software, Talla-
hassee, FL, USA).

Results

We identified 158 subjects who met the enrollment
criteria. There were 39 from Saskatoon, 28 from Quebec
City and 91 from Hamilton. The demographics are
outlined in Table 1. The mean early asthmatic response
in these 158 subjects was 27.1 ± 0.65 (SE) % FEV1 fall.
We initially analysed the various pairs of data with

single linear regressions. The allergen PC20 correlated
with the methacholine PC20 (r ¼ 0.25, P ¼ 0.0015); the
allergen PC20 correlated with the allergen skin test
endpoint (r ¼ 0.52, P < 0.00005); and there was no
correlation between the methacholine PC20 and the
allergen skin test endpoint (r ¼ 0.08, P ¼ 0.15). A
multiple linear regression of log-allergen PC20 vs. log-
methacholine PC20 and log-allergen skin test endpoint
improved the statistical significance and revealed the
following regression formula:

log allergen PC20 ¼ 0:41 logmethacholine PC20 þ 0:50

log skin test endpoint� 0:42 ðr ¼ 0:61;P < 0:00005Þ

The regression coefficients for log-methacholine PC20

(t ¼ 4.92) and log-skin test endpoint (t ¼ 8.79) were both
highly significant (P < 0.00005).
We then assessed the accuracy of predicting the

allergen PC20 by the previous histamine PC20-based
formula (10) (substituting methacholine PC20 for hista-
mine PC20) and the new regression formula. These data
are summarized in Fig. 1. The old formula predicted the
clinical allergen PC20 to within ±2 concentrations in 80%
of the subjects and to within ±3 concentrations in 92%
of the subjects (Fig. 1). The new regression equation
predicted the clinical allergen PC20 to within ±2 concen-
trations in 81% and to within ±3 concentrations in 94%,
i.e. all but nine of the subjects (Fig. 1).

Discussion

These data confirm that the early asthmatic response to
allergen is dependent upon the degree of nonallergic
airway hyperresponsiveness and the magnitude of the
allergic hypersensitivity. Although hypothesized on basic
principles many years ago (19, 20) and previously
demonstrated with histamine and exercise (7–10), this is
the first documentation of this relationship using meth-
acholine. These data also indicate that with knowledge of
methacholine PC20 and allergen skin test endpoint that it
is possible to predict the allergen PC20 to within three
doubling dilutions in the majority of instances; the new
methacholine-based formula performs slightly better than
the old histamine-based formula.

As outlined previously (10), these results have relevance
in several areas. First, these data support the concept of
the mechanism of the early asthmatic response to allergen
as being dependent upon the degree of allergy and an
independent effect of the shock organ (19), namely the
degree of AHR as assessed by airway response to
methacholine (current study) or histamine (10). Secondly,
they can be of value in safely determining a starting
inhalation concentration for allergen and, thus, avoiding
overly long challenge protocols. Finally, one can argue
that if it is possible to predict the airway response to
allergen with even the fair accuracy found in this study,
that allergen challenge studies to determine the clinical
relevance of allergen would be indicated infrequently if
ever.

Figure 1. Under- and over-prediction of clinical allergen PC20

by the two formulae. The top graph shows the performance of
the histamine-based formula [based on the previous study of
Cockcroft et al. (10)] and the bottom graph shows the metha-
choline-based regression from the present study. Negative val-
ues indicate a prediction that is more dilute than the measured
PC20.
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The methacholine PC20 (21) and the allergen PC20 (22)
are reasonably reproducible, certainly to within better
than ±2 doubling concentrations, perhaps better than
that in well-trained research subjects. The reproducibility
of the allergen skin test endpoint has not been documen-
ted to our knowledge. It is, however, our observation in
at least some subjects that it can be difficult to precisely
identify the threshold concentration causing the 2-mm
wheal as several concentrations may occasionally cause
similar-sized small wheals. It is therefore likely that the
precision of the allergen skin test endpoint and its
reproducibility are not as good as the PC20 values.
Additionally, there is the very real possibility of an inter-
performer variability based on the mechanics of the
inter-cutaneous maneuver. Consequently, we would

hypothesize that the weak link in the prediction equations
is the determination of the allergen skin test endpoint.

Despite the uncertainties surrounding the intra- and
inter-observer reproducibility of the allergen skin test
endpoint, these two simple measurements, namely the
skin test endpoint and the methacholine PC20, allow a fair
prediction of allergen PC20. This is of value in determin-
ing starting allergen concentrations for allergen-inhala-
tion protocols.
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