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Relation between exposure to fluoride and
bronchial responsiveness in aluminium potroom

workers with work-related asthma-like
symptoms

Vidar S0yseth, Johny Kongerud, Jan Ekstrand, Jacob Boe

Abstract
Background - The relation between
plasma fluoride levels and bronchial re-
sponsiveness was investigated in a long-
itudinal study in aluminium potroom
workers who reported work-related asth-
matic symptoms.
Methods - From a cross-sectional re-
spiratory survey, 26 men who reported
work-related asthmatic symptoms on a
validated questionnaire were selected for
repeated measurements of bronchial re-
sponsiveness to methacholine. Regular
analyses of plasma fluoride levels were
performed. Exposure to fluoride and total
particulates was assessed from routine
surveillance of the workplace. Bronchial
responsiveness was expressed as the dose-
response slope of the line through the ori-
gin and last data point.
Results - A positive association was found
between bronchial responsiveness and
plasma fluoride levels, such that an in-
crease in the plasma fluoride level of 10 ng/
ml was associated with an increase in the
dose-response slope by a factor of 111
(95% confidence interval 1-05 to 1.17).
Plasma fluoride levels were associated
with the total atmospheric fluoride con-
centration in mglm3 (p = 28p1), but not with
total particulates in the environment.
Conclusions - Bronchial responsiveness in
aluminium potroom workers reporting
work-related asthmatic symptoms ap-
pears to be related to plasma levels of
fluoride. The underlying mechanism is,
however, unknown.

(Thorax 1994;49:984-989)

Asthma and asthma-like symptoms are as-
sociated with increased responsiveness to non-
specific bronchoconstrictive agents such as
methacholine,' although the degree of bron-
chial responsiveness in asthmatics and in sub-
jects with asthma-like symptoms changes with
time23 and occupational asthma with bronchial
responsiveness in the normal range has also
been described.45 However, in asthmatic
patients who develop late asthmatic reactions
after specific provocation, this reaction is ac-
companied by an increase in bronchial
responsiveness.67 The level of bronchial re-
sponsiveness may therefore be an indicator of

the degree of airway inflammation.8
Aluminium potroom asthma was first de-

scribed 60 years ago.9 Kongerud and Samuel-
sen found that the incidence of work-related
asthma-like symptoms in new employees who
were asymptomatic at the time of employment
was positively associated with exposure to flu-
oride.'0 It is not clear whether this syndrome
is merely provoked by irritants in subjects with
pre-existing bronchial hyperresponsiveness or
is induced by an agent in the environment that
increases the bronchial responsiveness itself."
Two reports have suggested that bronchial re-
sposiveness decreases when exposure to the
irritant ceases.'213 The relation between
occupational exposure and bronchial re-
sponsiveness in aluminium potroom workers
reporting work-related asthmatic symptoms re-
mains, however, to be clarified."
The aim of this study was to investigate the

relation between bronchial responsiveness and
plasma fluoride levels and exposure to total
fluoride and total particulates in the en-
vironment. We also wished to study the as-
sociation between plasma fluoride levels and
workplace exposure to fluoride and par-
ticulates.

Methods
In 1986 a cross-sectional survey of aluminium
potroom workers (response rate 98%) was car-
ried out at an aluminium plant in western
Norway (Hydro Aluminium Ardal). Re-
spiratory symptoms were recorded on a ques-
tionnaire'4 and spirometric tests were
performed with a dry bellow spirometer Jones
Pulmonaire, Jones Medical Instruments Com-
pany, Oak Brook, Illinois, USA). At the plan-
ning stage of this study a protocol for selection
of workers from this cross-sectional survey to a
longitudinal study of bronchial responsiveness
was also carried out. The inclusion criteria
were: (1) men with occasional wheezing and
dyspnoea in connection with potroom at-
mosphere exposure lasting less than two hours;
(2) no complaints during vacations (work-
related asthmatic symptoms); (3) no hospital
admissions because of asthma; (4) no asthma
before entering potroom work (this information
was obtained from a validated questionnaire'4);
(5) lung function (FEV,) >80% of predicted
during symptom free periods.'5 We chose not
to include women because only about 10% of
the workforce were women. Of 40 subjects
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Relation between fluoide exposure and bronchial responsiveness

Table 1 Geometric mean of exposure to total fluoride and particulates (mg/m3) in the 26 subjects who participated in
the study

Prebake 1 Prebake 2 Soderberg

Year Total fluoride Total particulates Total fluoride Total particulates Total fluoride Total particulates

1986 0-94 3-58 0-66 3-24 0-57 2-97
1987 0-83 4 06 0-34 1-58 0-28 1 90
1988 0-71 3-99 0-33 1-16 0-30 2-57
1989 0-30 1-37 0-16 0-47 0-17 0-88

with work-related asthmatic symptoms 14 were
excluded: five were women, one was more than
60 years of age, seven had an FEV1 <80% of
the predicted value, and one did not wish
to participate. Consequently, 26 subjects gave
their informed consent to participate in the
study.
Their median age was 35-5 years (range

25 2-56 7) and median FEV, as a percentage
of predicted was 94% (range 80-105%). Ten
subjects used P2 agonists (four regularly, six
intermittently), whereas the remainder did not
take any medication. There were 17 current
smokers, four former smokers, and five never
smokers. A skin prick test to five common
aeroallergens was also performed; the result
was regarded as positive if the weal from any
of the allergens was larger than the histamine
reference. A positive reaction was found in four
subjects. Their mean duration of employment
was 12-5 years.

Methacholine challenge testing was per-
formed as suggested by Cockcroft et al.'6 We
used the same spirometer as in the cross-sec-
tional study in 1986. The same nebuliser was
used throughout the study, calibrated to give
an output of 0 13 ml/min. Aerosols were in-
haled by tidal breathing for two minutes by
doubling the concentration of methacholine at
five minute intervals starting at 0 125 mg/ml.
The test was discontinued when the FEVy had
fallen by more than 20% of the pretest value
or when a methacholine concentration of
32-0 mg/ml was reached. Details of the pro-
cedure are described elsewhere.'3
Venous blood was taken immediately before

the methacholine challenge. Plasma was sep-
arated and immediately frozen and stored at
- 70°C until it was analysed for fluoride by an
ion sensitive method.'7
The smelter has two prebake departments

and one Soderberg department." Clean alu-
mina is used in the S0derberg pots, whereas
the alumina in the prebake pots is recycled from
the dry scrubbers in the plant. The alumina in
the prebake pots is thus contaminated with
emission gases from the pots. The work is
divided into different job categories and the
workers were classified accordingly.'8 Results
obtained from annual routine surveillance by
personal sampling were available for calculation
of exposure to total fluoride and particulates
in each job category - that is, information
on environmental exposure was collected from
subjects randomly selected from the total popu-
lation of potroom workers. The geometric
mean of the measurements was used as an
estimate of the atmospheric exposure. These
job-specific estimates of exposure were used as
environmental estimates of exposure in each

worker who was followed. Sulphur dioxide is
also emitted from the pots, but personal sam-
plers of this contaminant were not available.
The annual mean exposure to total fluoride and
total particulates in each department during
follow up is shown in table 1. During this
period there was a decline in the atmospheric
concentration oftotal fluoride and particulates.
This improvement in exposure was due to
efforts made to improve the process such as
delegation of more responsibility, better edu-
cation of the pot operators, and better com-
puterised control of the pots.
The subjects were examined at regular in-

tervals (every third month) over a period of
two years between December 1986 andJanuary
1989. The mean number of tests was 6-5 and
the mean observation time was 20-8 months.
Only five of the 26 were challenged on nine
occasions (maximum number); the subjects
were allowed to withdraw from the study at
any time without reporting the reason for their
decision. The reason for withdrawal was un-
known and probably not selective. All the tests
were performed between midday and 13.30
hours, and the subjects had been working for
5-6 hours before each test. In the event of
upper respiratory infection during the six weeks
before the tests, these were postponed for six
weeks. The subjects had not taken 2 agonists
for six hours before each test.

DATA ANALYSIS
Bronchial responsiveness was expressed as the
slope of the line through the origin and the
last data point as proposed by O'Connor and
coworkers,'9 and was calculated from the fol-
lowing expression:

(FEVi,pretest - FEVI,posttest) x 1 00/[(Mc)
(FEVi,pretest)]

where FEVi,pretest is the highest FEV, before the
challenge, FEVi,posttest corresponds to the FEV1
at the last concentration of methacholine, and
MC is the highest concentration ofmethacholine
used.
As the dose-response slope is highly skewed to

the right it was log transformed using natural
logarithms.'9 To eliminate log transformation
of negative values and values close to zero the
dose-response slope was set at 5%/320 mg/
ml (= 0 156 ml%/mg) if a subject displayed a
decrease in FEV, of less than 5% at the highest
concentration of methacholine (32-0 mg/ml).
This cutoff point was chosen because the re-
producibility criterion for FEV, was 5%. This
procedure caused censoring of 22 of the 169
tests at dose-response slope = 0 156 ml%/mg.
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The relation between bronchial re-
sponsiveness and plasma fluoride levels was
estimated in two different ways. Individual
slopes of bronchial responsiveness and plasma
levels of fluoride were calculated using least
squares regression, and generalised estimation
equations (GEE) were used to estimate the
overall relation between the outcome and co-
variates with allowance for inclusion of co-
variates (including time-dependent covariates)
in the model. This methodology has been de-
veloped by Zeger and Liang20 and is based
on a statistical theory referred to as quasi-
likelihood. This approach permits different cor-
relation structures to be considered as well as
relaxing the unbalanced design requirement.
Furthermore, it allows for different time spa-
cing between subjects and is highly resistant to
deviation from normality20 so that any trun-
cation due to the censoring of subjects who did
not react to methacholine should not cause any
computational problems. The analyses were
performed using the GEE procedure of the
SPIDA statistical package.2' The natural log-
arithm of the dose-response slope (ln(DRS))
was entered as a continuous estimate of bron-
chial responsiveness as the dependent variable.
The time-dependent characteristics were in-
cluded as covariates varying with time through-
out the study. A constant correlation between
tests was assumed.

In a previous study we found that lung func-
tion was associated with bronchial re-
sponsiveness22 so standardised FEVy values
were used to adjust for changes in lung function
during follow up.2" As the subjects were se-
lected with the presence of respiratory symp-
toms, a "regression toward the mean" was to
be expected.24 Consequently, follow up time
(months) was included as a covariate. In-
formation about technology (prebake/S0der-
berg) was used as an indicator of scrubbed
alumina exposure. As total levels offluoride and
particulates were estimated from the routine
surveillance of the potroom atmosphere, these
covariates could be regarded as indicators of
the background occupational exposure. On the
other hand, plasma fluoride levels increase two-
fold from preshift to postshift values.25 Hence,
the plasma levels offluoride should be regarded
as an indicator of the occupational exposure
on the day of bronchial challenge.

Multivariate model building was performed
in analogy to a strategy for variable selection
for logistic regression suggested by Hosmer and
Lemeshow.26 The first step in these analyses

was to investigate the univariate association
between ln(DRS) and the covariates separately
using the GEE method. The initial multivariate
model then included those covariates that were
associated with ln(DRS) at a significance level
of p0(25 along with variables of biological
importance. Finally, the model was reduced by
deleting the variables which did not contribute
significantly to the model (p<005) provided
that the deletion did not markedly change
the estimates ofthe remaining coefficients com-
pared with the full model.26 The results of the
final model were given as the ratio DRSX+J,
DRSX - that is, the relative change in the dose-
response slope by increasing the covariate by
Ax (Appendix).

Results
The mean bronchial responsiveness (adjusted
for bronchial responsiveness at inclusion) and
the mean concentration of plasma fluoride
shown in fig 1 indicate that bronchial re-
sponsiveness and plasma fluoride con-
centrations were positively correlated. A
decrease in bronchial responsiveness during the
follow up period was also seen (the increase in
bronchial responsiveness and plasma fluoride
concentration at the endpoint is mainly due to
the small number of subjects). In fig 2 the
individual slopes of ln(DRS) v plasma fluoride
levels are plotted against the number of follow
up visits. The mean slope obtained from the
least squares estimates was 1 30 x 10-2 (95%
confidence interval 0-98 x 10-2 to 1L62 x 10-2).
The results from the univariate analyses in-

dicated that the following covariates reached
a sufficiently high level of significance to be
included in the initial multivariate model: tech-
nology (prebake v S0derberg), plasma fluoride
level, follow up time, total particulates, and
smoking. As the aim of the study was to in-
vestigate the relation between bronchial re-
sponsiveness and occupational exposure, total
fluoride exposure was also kept in the initial
multivariate model even though p>0 25. The
univariate association between ln(DRS) and
plasma fluoride levels using the GEE method
was 1F47 x 10-2 (95% confidence interval
0-95 x 10-2 to 200 x 10-2).
Smoking habit was dropped from the model

according to the criteria for model reduction.
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Table 2 Relative change in DRS (DRS,+AjDRS) by increasing the covariate by an
amount of ax obtained from the final multivariate model using the GEE procedure for
repeated measurements, grouped by subject

Independent variable jx DRSx+AjDRS, 95% CI

Technology
Prebake v S0derberg - 0 39 0 19 to 0 76

Plasma fluoride (ng/ml) 10 1 11 1-05 to 1-17
Follow up time (months) 6 0-89 0-83 to 0-96
Total particulates (m/m3) 1 0 0-92 0-87 to 0-98
Total fluoride (mg/mi) 0-5 1-25 0-80 to 1 94

DRS = dose-response slope.

Table 3 Regression ofplasma fluoride concentration (ng/ml) as the dependent variable
using the GEE procedure for repeated measurements grouped by subject

Independent variable ft SE p

Technology
Prebake v Soderberg -10-4 7-3 0-16

Total particulates (mg/m3) -3-3 2-3 0-15
Total fluoride (mg/mi) 28-1 9 4 0 003

Apart from total fluoride exposure, the co-
efficients between bronchial responsiveness
and the other covariates were significant
(p<0 01). The removal of total fluoride ex-
posure from the model caused the distortion
of the coefficient between bronchial re-
sponsiveness and total particulate exposure. As
a result, total fluoride exposure was kept in
the model even though its association with
bronchial responsiveness was not significant.
Due to a high number of dropouts the model
was fitted to the first five follow up visits -
that is, complete follow up of 85% of the
subjects. The analysis of this subset caused
only minor changes to the relation between
ln(DRS) and plasma fluoride concentration)
Pall =1*02 x 10-2 V Psubset= 0-92 x 10- 2) and the
association between bronchial responsiveness
and plasma fluoride concentration remained
significant (p<0005).
The results of the final mode are given in

table 2. An increase in plasma fluoride levels
of lOng/ml was associated with a relative in-
crease in the dose-response slope of 1.11
(p<0001) - that is, an increase of plasma
fluoride of 66 ng/ml should be associated with
a doubling of the dose-response slope (fig 3).
Similarly, the relative decrease in the dose-
response slope per month during the follow up
was 0-98, equivalent to 0-80 per year
(p<0 005). A decrease of the relative dose-
response slope per 1.0 mg/m3 increase in total
particulates of 0-92 (p<001) was also found.
Finally, an increase in total fluoride exposure
of 0-5 mg/m3 was associated with a relative
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Figure 3 The estimated ratio DRSX+,A,/DRSX as a

function ofplasma fluoride concentration. Broken lines =
95% confidence intervals.

increase in the dose-response slope of 1 25,
although this was not significant. However,
total particulate and total fluoride exposures
were highly correlated (03=3-66, SE=0-27,
p<0 001), and the relation between bronchial
responsiveness and exposure to total par-
ticulates and total fluoride was dependent on
whether or not both were kept in the model,
as outlined above.
A decrease in exposure to total fluoride and

total particulates during the follow up period
was seen (table 1). The relation between plasma
levels of fluoride and total fluoride exposure
was significant (I=28-1, p<0 005), whereas
no association between plasma fluoride levels
and exposure to total particulates occurred
(table 3). There was no difference in plasma
fluoride levels between those working in the
S0derberg and prebake departments.

Discussion
Plasma fluoride levels were found to be
positively associated with bronchial re-
sponsiveness. A positive relation between
plasma fluoride levels and total fluoride in the
environment was also established.

This result could be biased by the large
number of dropouts. We therefore investigated
this possibility in three ways: (1) by plotting
the individual least squares regression slopes
against the number offollow ups and estimating
the relationship between the ln(DRS), (2)
the number of follow up visits during the com-
plete study period, and (3) the plasma fluoride
levels in a subset of the follow up visits. None
of these analyses indicated any association be-
tween the outcome and the number of follow
up visits. Since a confounder must be associated
with the outcome as well as the exposure under
study,27 we believe that the estimated as-
sociation between bronchial responsiveness
and plasma levels of fluoride is not distorted
by the large number of dropouts.

In a cross-sectional study of bronchial re-
sponsiveness at the same plant in 1988 we
found no association between bronchial re-
sponsiveness and occupational exposure to par-
ticulates or fluoride in the environment.28 This
negative result could be explained by a selection
bias as subjects with increased bronchial re-
sponsiveness are more likely to leave jobs with
greater exposure than subjects with normal
bronchial responsiveness. In a longitudinal de-
sign the subjects are their own controls and
this type of selection bias can be virtually elim-
inated.29
Although a positive association between

bronchial responsiveness and plasma fluoride
levels was found, some caution is needed in
the interpretation of the result. In this context
plasma fluoride levels are merely an index of
occupational exposure - that is, the causative
agent could be a non-fluoride containing agent
such as sulphur dioxide or other components
of the potroom atmosphere. Nevertheless, the
finding that plasma fluoride levels were pos-
itively correlated with total fluoride levels in-
dicates that an agent containing fluoride may
be more likely to be the causative agent. A
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similar finding is also reported for respiratory
symptoms.'028
The adequacy of the GEE method could be

questioned. We found, however, a large overlap
between the estimates supported by the uni-
variate GEE analysis and the mean estimate
obtained from the least squares regression. The
GEE method resulted in wider confidence in-
tervals than the least squares regression, as
expected.20

Since bronchial responsiveness decreased
during the follow up period, the estimated
association between bronchial responsiveness
and plasma fluoride levels may be due to a
"regression toward the mean" effect24 as the
subjects were included on the basis of the
presence of respiratory symptoms. Although
this possibility cannot be ruled out, we believe
that the inclusion of follow up time adjusts for
the regression effect.
Ehrnebo and Ekstrand studied the relation

between exposure to fluoride and plasma flu-
oride levels in aluminium potroom workers25
and found, on average, a doubling ofthe plasma
fluoride levels from the preshift value. The
plasma fluoride level is therefore a good in-
dicator of exposure to fluoride on the day of the
bronchial challenge. However, total exposure to
fluoride (estimated from the routine sur-
veillance) could be regarded as an estimate of
the mean background level of fluoride. From
these considerations and the observation that
bronchial responsiveness was mainly de-
termined by plasma fluoride levels, it seems
likely that bronchial responsiveness can in-
crease rapidly following acute, high exposure
to fluoride (the workers had been exposed 4-6
hours before the bronchial challenge). In a
previous report we were unable to find any
association between bronchial responsiveness
and duration of exposure.28 Previous exposure
was not therefore considered as a covariate in
these analyses.

It is generally accepted that airway in-
flammation can be induced by sensitisers"0 or by
irritants such as chlorine, acid, sulphur dioxide,
after single accidental high exposure.3' Whether
airway inflammation can be induced by re-
peated exposure to low levels of irritants is
controversial. Hjortsberg and coworkers re-
ported late asthmatic reaction with potassium
aluminium tetrafluoride.32 Gylseth and co-
workers demonstrated fibres thinner than
0 1 pim in diameter and shorter than 5 ptm in
the potroom atmosphere." These were iden-
tified as sodium aluminium tetrafluoride
(NaAlF4) which is very similar to potassium
aluminium tetrafluoride. It is possible that
NaAlF4 can act as a hapten, and this hypothesis
should be tested by the specific provocation of
workers with potroom asthma using NaAlF4.
Working in the S0derberg potroom was as-

sociated with an increase in bronchial re-
sponsiveness compared with the prebake
potroom. Since the atmospheric exposure to
fluoride was lower in the S0derberg than in the
prebake potrooms, this finding may be caused
by a selection effect. None of the subjects was

exposed in both kinds of potrooms, so the
advantage of a longitudinal design is not ap-

plicable when comparing the effects ofexposure
in the prebake and S0derberg potrooms.
A weak, although significant, negative as-

sociation between bronchial responsiveness
and exposure to total particulates was found.
It is difficult to explain this relationship in
terms of the misclassification of exposure as
this should bias the estimate towards the zero
effect,34 provided that the classification of par-
ticulate exposure was independent of the out-
come (bronchial responsiveness). It is possible
that the workers in the most dusty environment
were more likely to wear respiratory safety
masks causing a preventive effect on particulate
exposure. However, we have no data on this.
Alternatively, the association might arise as a
result of the colinearity between exposure to
total particulates and total fluoride as outlined
above. Finally, in a previous cross-sectional
study we found a slight negative relation be-
tween exposure to total particulates and re-
spiratory symptoms"8 so that a protective effect
by the dust - for example, alumina - on the
airways cannot be ruled out.
We also found a positive relation between

plasma levels of fluoride and total fluoride ex-
posure, but not with exposure to total par-
ticulates. In a study of aluminium potroom
workers Ehrnebo and Ekstrand found a positive
relation between fluoride exposure measured
by personal samplers and plasma fluoride
levels.25 In their study the blood samples and
the environmental measurements were taken
from the same subjects. In our study estimates
of environmental exposure were obtained from
the routine surveillance of the potroom en-
vironment. Nevertheless, it appears that there
is a good agreement between the results ofthese
two studies. Some cautions must, however, be
taken into account in our study because of
colinearity between atmospheric levels of flu-
oride and particulates.

In conclusion, a positive association between
bronchial responsiveness and plasma fluoride
levels was found in subjects reporting work-
related asthmatic symptoms. It is possible that
this effect is caused by fluoride exposure in the
environment, although confounding by another
agent cannot be ruled out.

Appendix
Let DRSX correspond to the dose-response
slope at a level x of a covariate X, and DRS,+&.
to the dose-response slope after increasing X
by the amount of Ax. The estimated change in
DRS from the GEE analysis is then given by:

ln(DRSx+AX)- ln(DRSx) =
X x (x + Ax) - x x

ln(DRSq+TDRSq) = R x Ax
DRSX+AJ/DRSX= exp(I x Ax)
95% CI for DRSx+a,JDRSx:
exp(3 x Ax± 1-96 x SE x Ax)

If DRS increases as x increases, the ratio
DRSX+AX/DRSX >1 and DRSX+AX/DRSX is <1 if
DRS decreases as x increases.
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