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ABSTRACT: Risk factors for bronchial hyperresponsiveness have previously been
established in the general community. In settings where occupational asthma is a risk,
it has not been established whether occupational sensitization or measures of exposure
are important.

Bronchial responsiveness to histamine was measured in a cohort of 506 workers
exposed to acid anhydrides. Skin-prick tests were performed with conjugates of phth-
alic, maleic and trimellitic anhydride with human serum albumin and with common
inhalant allergens. Employment and smoking histories were recorded. Occupational
exposure was measured using personal air samplers and estimates of past exposure
made by retrospective exposure assessment.

Three hundred and seventy workers (73%) had bronchial responsiveness measured
(median age 39 yrs, range 18±77) and 46 (12%) of these were hyperresponsive (pro-
vocative dose causing a 20% fall in forced expiratory volume in one second (FEV1;
PD20) #8 mmol). Twelve (3%) of these responsive workers had a skin-prick test
reaction to an acid anhydride conjugate, 124 (34%) to a common inhalant allergen,
and 148 (40%) were current smokers. Multivariate analysis showed that occupational
sensitization, sensitization to a common inhalant allergen, age, and pack-years of
smoking were independent risk factors for bronchial hyperresponsiveness. Of these
only occupational sensitization was completely independent of baseline FEV1.

It is concluded that sensitization to acid anhydrides is a significant risk factor for
bronchial hyperresponsiveness. However, measures of personal acid anhydride expo-
sure were not associated with bronchial hyperresponsiveness.
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In the UK occupational asthma is the most frequently
reported work related respiratory disease [1] and may ac-
count for 2±6% of asthma in adults [2]. Laboratory based
studies have shown that nonspecific bronchial hyperre-
sponsiveness (BHR) is a common accompaniment to
occupational asthma and that BHR may worsen with
exposure to the relevant sensitizer [3]. Bronchial respon-
siveness is routinely measured as part of the laboratory
diagnosis of occupational asthma and is used increasingly
in surveys of asthma among working populations. Studies
conducted in the general community suggest that atopy,
cigarette smoking, age and baseline airway calibre are
important risk factors for BHR [4±7] and that allergens
encountered indoors are of particular relevance [8]. To
date, however, few studies of working populations have
assessed the influence of immediate skin-prick test re-
activity, to an occupational sensitizer on bronchial res-
ponsiveness, whilst taking into account these other
confounders [9].

Acid anhydrides (AA) are reactive, low molecular wei-
ght chemicals, with uses that include the manufacture of
alkyd and epoxy resins. Inhalation of these chemicals may
cause asthma that is frequently associated with specific
immunoglobulin (Ig)E directed at conjugates of acid anhy-

drides with human serum albumin (HSA) [10]. The risk of
sensitization may be related to exposure, cigarette smok-
ing and major histocompatibility complex class II anti-
gens [11, 12].

The authors have studied an historical cohort of workers
exposed to phthalic (PA), maleic (MA) and trimellitic an-
hydride (TMA). The relationship between full-shift expo-
sure to AA and sensitization in these workers is the subject
of another paper [13]. In the present study, the relationship
between sensitization and BHR was examined. A pos-
sible relationship between BHR and two measures of ex-
posure to AA was also investigated.

Methods

Design

This was a retrospective cohort study.

Population

Four industrial sites that used AA were identified. Three
of the sites manufactured alkyd resins, a constituent of
paints and varnishes; the fourth made cushioned flooring.
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The alkyd resin plants used principally PA but also MA
and TMA. These chemicals were added to oils and alco-
hols in large reactor vessels. The AA could be loaded
manually as powders, or automatically in the case of liquid
PA. Opportunities for exposure occurred during loading of
AA into the reactors, testing and filtering the resin, and
during maintenance work. The three sites had been pro-
ducing alkyd resins with AA since before 1950. Adequate
personnel records were available since 1960 at two sites
and since 1979 at the third. For this reason the cohort
inception was January 1 1960 at two of the alkyd resin
plants and January 1 1979 at the third.

The fourth site had used TMA in the manufacture of
cushioned flooring since 1979. TMA powder was mixed
with polyvinyl chloride (PVC) copolymer and solvent to
make a "masterbatch". To this, pigment was added and the
resulting ink was placed into large heated troughs. Into the
six troughs were dipped patterned rotogravures which
transferred ink onto the flooring. The flooring was passed
through an oven with resultant expansion of a foam layer.
At points where TMA containing ink had been applied,
foam expansion was inhibited, producing a grooved or
"debossed" effect. The highest TMA exposures were in the
"masterbatch" preparation area but airborne TMA was de-
tectable throughout the plant [14]. The inception date for
the cohort at this site was January 1 1979.

The cohort included everyone who had worked in an
area of AA use, at any of the four sites, for at least 1 month,
and had started employment after the cohort inception and
before January 1 1992. It therefore included, those cur-
rently employed in an area of AA use, those who had
transferred to other areas within the company, and those
who had left the company completely.

Bronchial hyperresponsiveness

Bronchial responsiveness was measured using the rapid
method described by YAN et al. [15]. Forced expiratory
volume in one second (FEV1) and forced vital capacity
were measured with calibrated, leak free, Vitalograph
dry-wedge spirometers (Vitalograph Ltd. Buckingham,
Buckinghamshire, UK). Trained observers supervised the
tests, aiming for at least two technically satisfactory traces
that were within 5% or 100 mL of each other, whichever
was greater. Following inhalation of isotonic saline, sub-
jects with a history of asthma or whose FEV1 was <1.5
L took one inhalation of 3.1 mg.mL-1 histamine (0.029
mmol). The cumulative dose of histamine was doubled
with each subsequent set of inhalations. The challenge
was stopped when the FEV1 fell by >20% from the post-
saline value, when the maximum dose of 3.9 mmol was
reached or when the subject asked for the test to dis-
continue. If subjects had no history of asthma and their
baseline FEV1 was $1.5 litres, the test was started with
two puffs of 3.1 mg.mL-1 histamine and quadrupling
doses of histamine were administered until the FEV1 fell
by 10±20% from the baseline value at which point the
protocol changed to doubling doses. Subjects were exclud-
ed if their baseline FEV1 was <1 litre. The provocative
dose of histamine causing a 20% fall in FEV1 (PD20) was
estimated by linear interpolation of the last two points on
the dose-response curve. Extrapolation to 8 mmol of his-
tamine was allowed. BHR was defined as a PD20 of #8
mmol of histamine.

Skin-prick tests

Skin prick tests were performed on the anterior surface
of the right forearm and were read after 10 min. The largest
inner diameter of each skin wheal was recorded, along
with the diameter perpendicular to this. The mean of these
two measurements was taken as the weal size provoked by
that allergen. Each measurement was checked by a second
reader. Recordings were made without knowledge of the
bronchial responsiveness. Skin-prick tests were undertaken
with cat fur, mixed grass pollen, Dermatophagoides ptero-
nyssinus (Bencard, Brentford, Greater London, UK), PA-
HSA [16], TMA-HSA, MA-HSA, with histamine and
HSA controls. Sensitization to AA was defined as a skin
wheal $3 mm provoked by PA-HSA, MA-HSA or TMA-
HSA after subtraction of the HSA control. Atopy was
defined as an immediate skin-prick test reaction of $3
mm provoked by cat fur, mixed grass pollen or D. ptero-
nyssinus.

Smoking and work experience

Subjects answered self-administered questionnaires re-
lating to smoking habits and work experience. A current
smoker was defined as someone who answered "yes" to
"Do you smoke?". Exsmokers answered "no" to this ques-
tion and "yes" to "Have you ever smoked as much as one
cigarette a day or one cigar a week, or 28 g of tobacco a
month, for as long as a year?". Never smokers answered
"no" to both of these questions. Cumulative tobacco con-
sumption was calculated in pack-years using the subjects'
self-reported average consumption over 5-yr periods ex-
tending back to 1960. Where a smoking history began
before 1960 the average consumption for the first 5-yr per-
iod was extrapolated back to the date of starting to smoke.

Exposure to acid anhydrides

Measurements of airborne AA were made over full
shifts in 1992±1993 [13]. The measurements were made
during planned factory visits that lasted 2±4 weeks. Al-
location of monitoring equipment to workers within each
"job title" was performed using a random number pro-
gramme to select both the worker and the shift. The oc-
cupational hygienist aimed to obtain full shift samples
from ~1 in every 10 shifts worked during the hygienist's
visits to the sites in order to estimate the average exposure
to AA experienced in each "job title". One hundred and
thirty measurements of full shift AA exposure were made
(range 1±16 per "job title"). Sampling and analysis was
performed according to standard methods [17]. Changes
in work practice that took place after the inception date
for the cohort were recorded following consultation with
process workers, management, engineers and occupation-
al hygienists at the sites [18]. A panel of three academic
occupational hygienists used knowledge of these changes
in production, as well as pre-existing exposure measure-
ments made by the companies, to generate a job-time-
exposure matrix for each AA and each site. This process
has been described fully elsewhere [18]. The duration
spent by each individual in each job-time-exposure period
was calculated and summed to obtain an estimate of
cumulative exposure to AA. The result was expressed in
micrograms per cubic metre-years. To obtain the highest
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full shift exposure for each worker, their job associated
with the highest full shift exposure to AA was identified.
The estimated exposure in this job title was allocated to
the individual [13].

Statistical analysis

For descriptive purposes the subjects were divided into
four age groups (<30, 30±<40, 40±<50, $50 yrs), each
containing approximately equal numbers. Individuals were
also separated into three groups according to their highest
full shift exposure to AA (<10, 10±100, >100 mg.m-3).
Univariate comparisons and correlations were performed
using appropriate parametric and nonparametric methods.
Fisher's exact test was used for tests of proportions with
other analyses completed using logistic regression models.
Model building took a forward stepwise approach, vari-
ables being added to the model if the likelihood ratio
statistic for their inclusion was associated with a probabi-
lity of <0.05. Cumulative exposure to AA was log10 trans-
formed to produce an approximately Normal distribution.
SAS (SAS Institute Inc., Cary, NC, USA) and Stata (Stata
Corporation, College Station, Texas, USA) statistical soft-
ware were used. The study was approved by the ethics
committee of the Royal Brompton Hospital, London, UK.

Results

Five hundred and six workers met the cohort definition.
Twenty-six had died, 35 refused to take part and 44 could
not be traced. No data are available for these workers. Of
the remaining 401, eight did not have a histamine chal-
lenge because of angina pectoris and a meeting could not
be arranged for a further 23. Data for 11 subjects were
incomplete so 359 (71%) had sufficient information for the
multivariate analyses.

A description of the population is shown in table 1. The
prevalence of BHR and major risk factors for BHR are
shown, by age group, in fig. 1. The prevalence of BHR
and current, or exsmoking increased with age whilst the
prevalence of atopy fell with age.

Univariate analyses showed that those with BHR were
more likely to have an immediate skin test reaction to AA-
HSA and had higher cumulative exposure to AA (table 2).
Five of 12 (42%) workers with an immediate skin test
reaction to AA-HSA had BHR compared with 39 of 350
(11%) without evidence of sensitization (p=0.01). Work-
ers with BHR had smoked more and had lower baseline
lung function than those without BHR. A greater prop-
ortion of those with BHR were atopic and were current
smokers although these associations were not statistically
significant in univariate analyses. The prevalence of BHR
increased in a linear fashion across the four age groups
(fig. 1). Graphic display of the data shows that among
those under the age of 40 yrs, BHR occurred predomi-
nantly in those who were atopic. The prevalence of atopy
fell with age, and among those aged >40 yrs. BHR oc-
curred principally in nonatopic smokers or exsmokers
(fig. 2).

Table 1. ± Demographic details of 359 acid anhydride
exposed workers

Age 39 (18±77)
BHR 46 (12)
Males 348 (97)
Exposed to AA at the time of

medical assessment
163 (45)

Atopic 124 (34)
Positive AA -HSA skin-prick test 12 (3)
Current smoker 148 (40)
Ex- or never smoker 216 (60)
Pack-years of cigarettes 7.5 (0±102)
Cumulative AA exposure# 54.7 (0±17545)
Highest full shift AA exposure+

low <10 196 (53)
medium 10±100 121 (33)
high >100 53 (14)

Number of subjects are given as absolute numbers with the per-
centage in parentheses, or as median with range in parentheses.
BHR: bronchial hyperresponsiveness; AA: acid anhydride;
HSA: human serum albumin. #: values expressed as micrograms
per cubic metre-years; +: values expressed as micrograms per
cubic metre.
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Fig. 1. ± The proportion of workers with bronchial hyperresponsiveness
(BHR; u), atopy (h) and current or exsmokers (p) in each age group.

Table 2. ± Univariate analyses of the determinants of
bronchial hyperresponsiveness

PD20

#8 mmol
PD20

>8 mmol
p-value

n 46 324
Immediate skin-prick test

reaction to AA-HSA
5 (11) 7 (2) 0.01

Current smoking 22 (48) 126 (39) 0.26
Atopy 19 (43) 105 (33) 0.24
Log10 cumulative AA 2.0�1.0 1.7�0.8 0.03
Exposure*

Maximum full shift
exposure to AA#

low <10 17 (37) 179 (55)
medium 10±100 20 (43) 101 (31)
high >100 9 (20) 44 (14) 0.03

Age 49�14.5 40�11.8 0.001
Pack-yrs of tobacco smoking 19.8�20.9 9.9�12.6 0.003
FEV1

+ 3.0�0.8 3.9�0.8 <0.001

Data are presented as absolute numbers with the percentage in
parentheses, or mean�SD. PD20: provocative dose of histamine
causing a 20% fall in forced expiratory volume in one second
(FEV1); AA: acid anhydride; HSA: human serum albumin. *:
values expressed in micrograms per cubic metre-years; #: values
expressed in micrograms per cubic metre; +: values expressed in
litres.
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There were important associations between the vari-
ables. Older persons were more likely to have a higher
cumulative exposure to AA (p<0.001) and higher levels of
cumulative smoking (p<0.001). Increased cumulative smo-
king was also associated with reduced FEV1 (p<0.001) and
increased cumulative exposure to AA (p=0.03). There was
no evidence to suggest that maximum exposure to AA was
associated with either age (p=0.65) or FEV1 (p=0.23).

To assess whether the relationships shown in univariate
analyses were independent of one another, multivariate
logistic regression was performed. The first analysis ex-
cluded FEV1 as FEV1 was associated with both age
(p<0.001) and pack-years of tobacco smoking (p<0.001)
and may lie on the causal pathway between these two fac-
tors and BHR. This multivariate analysis therefore includ-
ed sensitization to AA, log10 cumulative AA exposure,
age, atopy, pack-years and current smoking status (table 3).
It revealed that an immediate skin test reaction to AA-
HSA, age, atopy and pack-years of tobacco smoking were
significantly and independently related to BHR. The odds
ratio (OR) of BHR was nearly four times higher in those
with an immediate skin test reaction to AA-HSA com-
pared to those without. In addition, the prevalence of
BHR increased by ~5% per year of age and by 2% for

each pack-year. After adjusting for these effects, cumu-
lative exposure to AA and current smoking were not
independent predictors of BHR. The OR for age, atopy
and cumulative smoking were not significantly modified
when the workers with an immediate skin-prick test re-
action to AA HSA conjugates were excluded from the
analysis.

Finally, the independence of these risk factors for BHR
from baseline FEV1 was assessed (table 4). BHR was
strongly associated with FEV1, the risk of BHR incre-
asing five-fold with every litre decrease in FEV1. After
taking account of this relationship, an immediate skin test
reaction to AA-HSA was the only other independent
predictor of BHR (OR = 4.90, 95% confidence interval
(95% CI) 1.24, 19.37). The associations of atopy, age and
pack-years of cigarette smoking with BHR were not sig-
nificant after adjustment for baseline FEV1.

Discussion

This study showed that sensitization to AA was asso-
ciated with BHR. There was no additional effect of cumu-
lative exposure to AA or highest full shift exposure to AA.
Atopy, measured as an immediate skin test reaction to
common inhalant allergens, and pack-years of tobacco
smoking were associated with BHR, although current smo-
king was not. The most powerful risk factor for BHR was
baseline lung function. After taking account of FEV1 the
relationships of smoking, age and atopy with BHR were
not significant.

Data from clinical studies suggest that many subjects
with AA induced asthma, have specific IgE directed ag-
ainst AA-HSA [19±22]. Associations between specific
IgE and work related respiratory symptoms or BHR have
been more difficult to show in workplace based studies.
This may be because affected workers have left the site by
the time the survey is completed [11] or because a low
threshold for defining an IgE response was chosen [23,
24]. The current authors believe that the present report is
the first to show an epidemiological association of an im-
mediate skin test reaction to AA with BHR.

BHR among those developing occupational asthma does
not appear to antedate exposure to the relevant allergen or
hapten. It has been shown to follow, rather than precede,
exposure among workers developing asthma in lumber-
yards, research laboratories and in aluminium pot rooms
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Fig. 2. ± The proportion of workers with bronchial hyperresponsiveness
(BHR), who were atopic (h) or current or exsmokers (p) in each age
group.

Table 3. ± Multivariate analysis of the determinants of
bronchial hyperresponsiveness (BHR)

Independent variable OR 95% CI p-value

Age 1.05
(1.02±1.08)

<0.001

Immediate skin test reaction
to AA-HSA

3.89
(1.03±14.72)

0.05

Atopy 2.12
(1.03±4.34)

0.04

Pack-yrs tobacco smoking 1.02
(1.00±1.04)

0.05

BHR was defined as a provocative dose of histamine causing a
20% fall in forced expiratory volume in one second of 8 mmol.
The number of subjects was 359. Log10 cumulative acid anhy-
dride exposure, highest full shift exposure and current smoking
were not independent predictors of BHR. 95% CI: 95% con-
fidence interval; OR: odds ratio; AA: acid anhydride; HSA:
human serum albumin.

Table 4. ± Multivariate analysis of the determinants of
bronchial hyperresponsiveness (BHR)

Independent variable OR (95% CI) p-value

FEV1 0.21
(0.13±0.35)

<0.001

Immediate skin test reaction
to AA-HSA

5.56
(1.49±20.76)

0.01

BHR was defined as a provocative dose of histamine causing a
20% fall in forced expiratory volume in one second (FEV1) of 8
mmol. The number of subjects was 359. With FEV1 included in
the model building age, pack-yrs tobacco smoking, current
smoking, log10 cumulative acid anhydride (AA) exposure, high-
est full shift exposure and current smoking were not independent
predictors of BHR. 95%CI: 95% confidence interval; OR: odds
ratio; AA: acid anhydride; HSA: human serum albumin.
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[25]. Furthermore, exposure to allergen is known to wor-
sen BHR [3, 26] and improvement in BHR may occur
following cessation of exposure [27]. In the current study,
although the confidence intervals were large, those with
an immediate skin-prick test reaction of 3 mm to an AA-
HSA conjugate, were associated with a four times higher
prevalence (OR 3.89, 95% CI 1.03±14.73) of BHR. This
is a large OR suggesting that sensitization by this chemi-
cal has a strong impact on BHR in exposed workers.

In a multivariate analysis there was no relationship be-
tween cumulative exposure to AA and BHR. Although a
relationship was suspected from the univariate analysis, it
was confounded by age and pack-years of cigarette smok-
ing. Some agents, such as cigarettes, do appear to have a
cumulative impact on BHR. The lack of a relationship for
respiratory sensitizers such as AA may be because those
who develop symptoms tend to move out of highly expos-
ed jobs. In support of this, a study of occupational asthma
among salmon processors showed an inverse relationship
between the risk of having occupational asthma and dura-
tion of exposure [28]. A relationship between cumulative
exposure to AA and BHR cannot be completely excluded
because there is bound to be misclassification of exposure
in a study looking back over 30 yrs and misclassification
would weaken any association [17].

The authors have previously shown that AA exposure
induced sensitization in a dose related manner [13]. In the
present study the authors have not been able to demon-
strate that either cumulative exposure or highest full shift
exposure to AA impact on BHR independently of sen-
sitization.

Nearly all community based studies of adults show an
association of atopy with BHR. Where it has been assessed
this relationship appears to be independent of baseline air-
way calibre [5, 7, 29]. The current study shows a relation-
ship between atopy and BHR in a multivariate analysis
that was not apparent in univariate analysis. Figure 2
shows that this is probably due to confounding by age,
with BHR being predominantly associated with atopy in
younger subjects and smoking in older subjects. This
emphasizes the importance of multivariate analyses when
associations of BHR are being investigated in populations
with a wide age range.

The authors have previously shown that there were more
atopic individuals among those who were sensitized to AA
(AA-HSA skin prick test 7/12 (58%), negative AA-skin-
prick test 117/350 (33%; p=0.074)) [13]. This may, in part,
explain why a positive skin-prick test directed against
AA-HSA but not atopy appeared in the multivariate mo-
dels of predictors of BHR. The OR for the relationship
between atopy and BHR in a model that adjusted for
baseline FEV1 was 1.82 (95% CI 0.86±3.84). This OR is
similar in magnitude to that seen in the larger study of
BRITTON et al. [5]. It suggests that the association of sen-
sitization to common inhalant allergens with BHR is real
and largely independent of airway calibre, even though
the elevated OR was not statistically significant in the
present study.

Several studies suggest that the prevalence of BHR
decreases with age from the late teens into the forties be-
fore increasing again in later life [4, 5]. More recently the
increased risk of BHR largely has been shown to be,
largely, attributable to age related changes in baseline air-
way calibre [5±7]. Two of these studies suggest that the

risk of BHR actually falls with age once baseline lung
function has been accounted for [5, 6]. The present study
confirms the increased risk of BHR with age. The fact that
this relationship is lost after adjusting for baseline FEV1

suggests that it is mainly due to age related changes in the
geometry of the airways.

Short term exposures to cigarette smoke produce in-
consistent changes in bronchial responsiveness in humans
[30]. Most large epidemiological studies including a wide
age range of subjects show an association of smoking
with BHR [4±7, 29]. There is some evidence to suggest
that older smokers are at particular risk [4]. When mul-
tivariate analyses are performed, the association of BHR
with smoking is usually lost after adjustment for baseline
FEV1 [5±7, 29]. The present study suggests that BHR is a
consequence of chronic rather than acute cigarette expo-
sure. Like age, it appears to act as a risk factor, through its
impact on baseline airway calibre. In a multivariate mo-
del, with relevant confounders, pack-years of cigarette
smoking was significantly associated with BHR but cur-
rent cigarette smoking was not.

In conclusion, a relationship between sensitization to
acid anhydrides and bronchial hyperresponsiveness has
been shown. The influence of age and cigarette smoking is
probably through changes in baseline airway calibre. Stu-
dies of bronchial hyperresponsiveness in occupational
groups should take into account confounding by known
risk factors.
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