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OnjecTives — Exposure-response relationships in the formation of specific antibodies to hexahydroph-
thalic anhydride (HHPA) was studied in exposed workers.

MgetHODS — The relation between exposure to HHPA and the levels of specific immunoglobin E [(ra-
dioallergosorbent test (RAST)] and immunoglobin G (enzyme-linked immunosorbent assay) antibod-
ies was investigated in a cross-sectional study on 95 workers from two plants using epoxy resin with
HHPA as a hardener; the mean time of exposure was 7 (range 0.1—25) years.

ResuLts — The specific immunoglobin E and immunoglobin G was significantly mcreased in ex-
posed workers when they were compared with unexposed workers or external referents. There was
no significant difference in the number of RAST positives [N = 23 (24%)] between the groups of
workers exposed to <10 pug - m?, 10—<50 pg - m=, or 250 pug - m=. No effects were found of atopy
or smoking habits on the prevalence of RAST positives. Five out of seven workers positive for im-
munoglobulin E in the group with the lowest exposures reported frequent short-time (minutes per day)
exposures exceeding 50 ug - m—. A correlation was seen between specific immunoglobulin E and G
antibodies (r, = 0.5).

ConcLusions — The results indicate that HHPA is a sensitizing compound even at low exposure lev-
els and that short-time peak exposures may have an impact on immunoglobulin E sensitization.
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Safe use of substances potentially causing allergic
respiratory diseases in industry demands studies on
exposure-response relationships. Studies on factors
leading to sensitization have been more focused on
individual predisposing factors such as atopy and
smoking habits and not on exposure levels (1—4).
Thus knowledge on the exposure levels necessary for
sensitization is limited. Occupational allergens offer
unique possibilities to study exposure-response re-
lationships for allergic respiratory tract diseases.
Acid anhydrides form a group of industrially im-
portant, low-molecular weight, reactive organic mol-
ecules causing sensitization of the respiratory tract.
Specific serum immunoglobulin (Ig) E antibodies
have been found in exposed workers, and they indi-
cate the existence of an IgE-mediated mechanism
(5—7). The prevalence of specific IgE antibodies
may be high, up to 40—50%, in exposed groups (8—
11). Specific IgG antibodies have been associated
with a late respiratory systemic syndrome (12). These
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characteristics make the acid anhydrides an interest-
ing model for the study of exposure-response rela-
tionships in occupational airway diseases. Exposure
data that can be related for anhydrides to different
measures of response are scant and sometimes not
reliable (5, 6). Exposure-response investigations pro-
viding data upon which occupational exposure lim-
its can be based are few. A study on workers exposed
to methyltetrahydrophthalic anhydride (MTHPA)
(13) showed a high frequency of work-related symp-
toms even at surprisingly low exposure levels. The
frequency of specific IgE antibodies was 16% even
at exposures below 20 mg - m™>. These findings mo-
tivate further studies on structurally related anhy-
drides. In the present investigation, the relation be-
tween exposure and the levels of specific IgE and
IgG antibodies in workers exposed to hexahydro-
phthalic anhydride (HHPA) in two different plants
are presented.

Subjects and methods

Production and exposure

Plant A. Plant A produces components for the elec-
tronics industry, mainly ignition systems. The com-
ponents are mechanically fixed and electrically iso-
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lated in epoxy resin. An epoxy resin with acid an-
hydrides as a hardener has been used since 1972. The
main component in the hardener is HHPA, but meth-
ylhexahydrophthalic anhydride (MHHPA) has also
been used to a minor extent for vacuum impregna-
tion and as an added ingredient to HHPA. The com-
ponents are finally cured at temperatures of 90—
140°C. The main exposure originates from casting
and from leaks from the curing ovens. Measurements
of the HHPA and MHHPA levels in the air have been
performed since 1989. (See figure 1 for the chemi-
cal structures of HHPA and MHHPA..)

Plant B. Plant B produces electrical capacitors iso-
lated by epoxy resin using mainly HHPA, but also
MHHPA, as a hardener. The epoxy system has been
used since 1964. In this plant the main exposure also
originates from casting and from leaks from the cur-
ing ovens. Measurements of HHPA Ievels in the air
have been performed since 1989. MHHPA has been
measured since 1991.

Subjects

In plant A all of the subjects occupied with tasks in
the two casting departments were investigated in
June 1989. Altogether 12 persons (four women) were
investigated. In plant B all of the persons in the two
casting departments were investigated during 1989
and 1990. From the departments outside the casting
departments, but in the close vicinity, all workers
(N = 20) were included from one department, and
17 persons were randomly selected from a second de-
partment. These people mainly mounted capacitors
before and after casting. However, 22 of these work-
ers had intermittently peak exposures to levels above
50 pg - m™ when entering the casting departments to
deliver and collect materials. Altogether 83 exposed
persons (women 43%) were investigated. Twenty-six
persons (group 0; women 35%) were selected from
plant B as an internal reference group representing
workers with no known exposure to the epoxy sys-
tem. The mean exposure time for the 95 exposed
workers was 7 (range 0.1—25) years.

A history of atopy and smoking habits was ob-
tained by a physician (JN) during a detailed inter-
view. A subject was defined as an atopic when he

had a history of hay fever, asthma, atopic eczema,
or urticaria (when the history of a relation to a par-
ticular agent was convincing) during childhood or
adolescence.

The workers in plants A and B were pooled and
separated into three different exposure categories
according to the results of the HHPA and MHHPA
measurements. Group 1 was composed of persons
working outside the casting departments and exposed
at mean levels of <10 pg-m™. In group 2 the
workers were exposed at a mean level of 10—
<50 pg - m>, and group 3 was composed of work-
ers exposed to uncured resins at mean exposure lev-
els of 250 ug - m=. The number of workers exposed
to MHHPA was 29 (30%, 12 from plant A and 17
from plant B). Twenty-one belonged to group 2 and
eight to group 1.

External referents (54 persons, 39% women) were
obtained from food industries situated near plant B.
In this group there was no history of acid anhydride
exposure.

The workers were of the same age in the differ-
ent groups, and there was no statistically significant
difference in the time of exposure between the dif-
ferent groups (table 1).

Hexahydrophthalic anhydride in air

Air samples were collected on amberlite XAD-2
tubes (no 226—30, SKC Inc, Eighty Four, Pennsyl-
vania, United States) by personal sampling in the
breathing zone of the workers and by area sampling
with battery-operated pumps. The sampling was per-
formed during 1989—1990. The sampling rate was
0.2—1.01 - min™, and the sampling volume was 4—
55 1. HHPA and MHHPA were desorbed by 1 ml
of toluene. The anhydrides were analyzed by capil-
lary gas chromatography with flame-ionization de-
tection (14, 15). Briefly, with the use of a Varian
3500 gas chromatographic system (Palo Alto, Cali-
fornia, United States), 1 ul of the toluene solution
was injected into a CP-sil 8 CB column, 25 m X
0.25 mm inner diameter and 0.25 pum film thickness.
The limit of detection was 0. 1 ug HHPA . ml tolu-
ene!, corresponding to 5 g - m~ at a sampling vol-
ume of 20 1.

Air HHPA levels of up to 470 pig - m™* were found
in personal samples in the breathing zone of work-

C C
Il CH, Il
O o) Figure 1. Chemical structures of hexahy-
drophthalic anhydride (HHPA) and methyl-
HHPA MHHPA hexahydrophthalic anhydride (MHHPA).
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Table 1. Age, exposure level, and length of exposure to hexahydrophthalic anhydride (HHPA) in different exposure categories

of workers exposed to HHPA and in a reference group.

Length of exposure

Nu?fber Age (years) Ex';;?,zt'xre (years)
workers Mean Range (hg-m—9 Mean Range
Group 0 26 32 19—863 0 5.02 05—22
Group 10 37 34 20—62 <10 6.0 0.1—25
Intermittent peak exposure 19 41 20—61 <10 10 1.5—25
No intermittent peak exposure 15 28 20—62 <10 25 0.1—20
Group 2 32 33 19—64 10—<50 35 0.2—25
Group 3 26 35 20—62 =50 55 0.1—20
Referents 54 33 20—61

2 Time of employment.

b Three subjects with an earlier history of exposure >10 ug - m—3 were omitted from the data on workers in group 1 with and

without intermittent peak exposure.

ers in the casting departments. The mean levels of
the sum of HHPA and MHHPA in the casting de-
partments in plant A were 82 and 33 pg - m™, respec-
tively, and the corresponding values of HHPA in
plant B were 140 and 35 ug - m™~, respectively. The
different levels were governed by differences in the
automatization levels and by differences in the func-
tions of the ovens. The mean level of HHPA in the
involved departments in plant B just outside the cast-
ing departments was 4 ig - m™>. In plant A, MHHPA
composed 38% of the anhydride exposure (table 2).
In plant B the MHHPA exposure was restricted to
casting department 2. Measurements performed in
1991 showed a MHHPA mean level of 4 pg - m™
(personal sampling; N = 15), when the correspond-
ing HHPA level was 11 pg - m™ (Welinder, to be
published).

Antibody determinations

The antibody determinations were performed accord-
ing to procedures which have been described and
validated earlier (10, 16).

Antigen. A hapten conjugate was prepared from
HHPA (Ciba-Geigy AB, Basel, Switzerland) and
human serum albumin (HSA) (Kabi, Stockholm,
Sweden); HHPA was added to a cooled solution of
300 mg of HSA (37 mol - mol™) in 100 ml of 0.1 M
of sodium hydrogen carbonate (NaHCO.,). The pro-
tein was purified from low-molecular weight com-
pounds (<30 000 da) by filtration in an Amicon ul-
tra filtration cell (8200, Amicon Corporation, Dan-
vers, Massachusetts, United States). The protein was
lyophilized and reconstituted in 0.1 M NaHCO, when
used.

Specific immunoglobulin E antibodies. The HHPA-
HSA conjugate was bound to filter-paper discs acti-
vated by cyanogen bromide for use in the radioal-
lergosorbent test (RAST). We used the Phadebas

Table 2. Exposure levels (mean and range) of hexahydro-
phthalic anhydride (HHPA) and methylhexahydrophthalic an-
hydride (MHHPA) at personal sampling in different parts of the
plants.

HHPA MHHPA
Sa%'es (ug - m—9) (ng - m—3)
Mean Range Mean Range
Piant A
Casting department 1 21 33 14—131 48 6—403
Casting department 2 18 23 298 9 2-30
Plant B
Casting department 1 58 140 3—470
Casting department 2 13 35 2210
Mixed work 7 15 7—27
Mounting 26 4 2—9

RAST system (Pharmacia Diagnostics AB, Uppsa-
la, Sweden), according to the standard procedure,
using 50 pl of serum and 50 pl of IgE'*I solution.
All of the samples were analyzed in duplicate. The
results were expressed as the percentage of specific
binding (counts per minute of the test disc — counts
per minute of the HSA reference disc) of total added
radioactivity.

Specific immunoglobulin G antibodies. Specific [gG
antibodies to HHPA-HSA were analyzed by enzyme-
linked immunosorbent assay (ELISA). Wells of poly-
styrene microtiter plates (Nunc-lmmuno Plate 1,
Nunc, Kamstrup, Denmark) were coated by the ad-
dition of 100 pl of the antigen solution. The plates
were stored with blocking solution at —18°C. All of
the washings were performed by a Titertek Micro-
plate Washer (Flow Laboratories, Irvine, United
Kingdom). The analytical procedure was as follows:
(i) addition of 100 pl of a 1:50 dilution (phosphate
buffered saline) of serum, (ii) incubation for 60 min
at 20°C, (iii) addition of 100 ul of an optimal dilu-
tion (1:2000) of rabbit antihuman IgG conjugated
with alkaline phosphatase (Dakopatts, Copenhagen,
Denmark), (iv) incubation for 60 min at 20°C, (v)
addition of 100 ul substrate solution (disodium p-ni-
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trophenol phosphate), and (vi) incubation for 120 min
at 20°C. The results were read at 405 nm (Titertek-
Multiscan, Eflab Oy, Helsinki, Finland). All of the
samples were analyzed in triplicate. The results have
been expressed as the absorbance value (A).

Statistical methods

Spearman’s rank-correlarion statistic was used for
testing the association between the pairs of variables.
For comparisons of distributions between different
groups, the Mann-Whitney U test was used. All of
the P-values were two-tailed; “statistically signifi-
cant” refers to P<0.05.

Results

Antibody findings

There was a significant increase in the levels of
specific IgE antibodies to HHPA-HSA between the
exposed workers (group 1—3) and the referents
(P =0.0001) (table 3). The increase was statistical-
ly significant in all of the exposed groups (group I:
P =0.002, group 2: P = 0.0001, group 3: P = 0.0002),
but not in the unexposed (group 0) in comparison
with the referents. There were no significant differ-
ences in the RAST values between exposed groups
1 through 3, but all of the groups of exposed work-
ers had significantly increased levels compared with
those of the unexposed group (group 0). When the
workers in group 1 with intermittent peak exposures
at >50 pg - m™ (N = 19) were compared with the rest
of the workers in group 1 (N = 15), the intermittently
exposed ones had significantly higher levels of spe-
cific IgE antibodies (P = 0.005). There was no sig-
nificant difference between the workers only exposed
to levels <10 ug - m™ and the referents. A high cor-
relation was found between IgE antibodies to HHPA-
HSA and MHHPA-HSA (r, = 0.94).

No correlation was seen between specific IgE an-
tibodies and time of exposure. A correlation between
serum levels of total IgE and specific IgE to HHPA-
HSA was significant but not strong (r_= 0.3).

The RAST values for the 54 referents were in the
range of 0.0—0.2% binding; values of >0.3 were re-
garded as positive. There was no statistically signif-
icant difference in the fraction of RAST positive
workers between exposed groups 1 through 3. All of
the unexposed workers from plant B were negative,
even those with a high level of total IgE antibodies
(table 3). The median exposure time for HHPA in
IgE-HHPA-HSA positive workers was 4 (range
0.3—22) years. Three workers with an exposure time
of less than one year were positive for specific IgE
antibodies. The exposure time did not differ between
specific IgE positive and negative workers. In group
1, five out of seven positive workers reported fre-
quent short-time exposures to >50 pg - m~. The peak
exposure time varied between 5 min a week and
15 min a day. The other two specific IgE-positive
workers reported a history of earlier exposure to
higher levels of HHPA. The total IgE levels were sig-
nificantly increased (P = 0.001) in the RAST posi-
tive workers.

Four (17%) of the specific IgE positive workers
(N = 23) were atopics compared with eight (11%) of
the IgE negative workers (N = 73). The correspond-
ing figures for smoking habits were 39% (ex-smok-
ers 26%) and 53% (ex-smokers 17%), respectively.
The differences were not statistically significant.

The level of specific IgG antibodies to HHPA-
HSA was increased in the exposed workers (groups
1—3, P<0.003), as well as in group 2 (P<0.001),
and group 3 (P = 0.0001), compared with the unex-
posed workers (group 0) and the referents, respec-
tively. No significant difference was found between
group 1 and the referents. When the IgG levels in
the different exposed groups were compared, the lev-
els were significantly higher in group 3 (P = 0.0001)
and group 2 (P = 0.003) than in group 1. A correla-
tion was found between specific IgE and IgG anti-
bodies (r_= 0.5).

Significantly more subjects in groups 2 and 3 were
positive to specific antibodies of the IgG type to
HHPA-HSA than in the other groups (table 3). Val-
ues above 0.23 (upper limit of the referents) were
regarded as positive. The IgE positive workers had

Table 3. Immunoglobulin (Ig) E and G levels and the number of persons with specific antibodies to a hapten conjugate of hexa-
hydrophthalic anhydride and human serum albumin (HHPA-HSA) in different exposure categories of workers exposed to HHPA

and in a reference group.

Namber  Tof e T eSS positie g0
WOrkers  median  Range Median  Range N % Median Range N %
Group 0 26 38 1—495 0.0 0.0—0.1 —_ 0 0.02 0.00—0.19 —_ 0
Group 1 37 21 1—427 01 0.0—7 7 19 0.03 0.0—05 3
Intermittent
peak exposure 19 24 2—427 0.2 0.0—7.4 5 26 0.03 0—05 2 10
No intermittent
peak exposure 15 19 1—87 0.0 0.0—0.2 — 0 0.03 0—0.13 —_ [¢]
Group 2 32 37 1—1064 0.2 0.0—20 11 34 017 0—1.5 14 47
‘Group 3 26 23 0—257 0.1 0.0—8 5 19 0.15 0—1.6 11 42
Referents 54 28 0—827 0.0 0.0—0.2 > . 0.02 0—0.2
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significantly higher IgG levels than the IgE negative
workers (P = 0.0001). However, six workers were
positive for IgE antibodies but negative for IgG an-
tibodies.

Discussion

A prevalence of 24% of RAST positive workers was
found in a group of 95 workers from two plants han-
dling epoxy resins with HHPA as a hardener. IgE
sensitization was found at very low exposure levels.
However, the interpretation of the results from cross-
sectional studies must be handled carefully. The
number of sensitized workers may mainly reflect pre-
vious exposures. In this study the workers were in-
vestigated in 1989 and 1990, and no measurements
of the exposure levels were performed before 1989.
However, there is no information indicating a dras-
tic decrease in anhydride exposure as a consequence
of extensive preventive measures during the four
years preceding the investigation, the period that was
possible to survey and which corresponded to the me-
dian time of exposure for the studied workers and
the specific RAST positive workers. Certainly, it can
still be assumed that there has been continuous im-
provement in the work environment once the proc-
esses have been established and have reached their
full capacity. The most heavily exposed workers
were those exposed to vapor from uncured resin in
casting and curing operations (mainly group 3). As
the main exposure originates from leakages from the
curing ovens, it is also the exposure of these work-
ers that, above all, may have been underestimated.
Workers in groups 1 and 2, however, mainly worked
in adjacent departments with a more limited direct
contact with uncured resin. Thus their exposure lev-
els were not likely to be very different from the levels
at the time of the investigation. In addition, eight of
the positive workers were employed in 1988 or later.
Three workers were positive after less than one
year’s exposure. On the other hand, a healthy work-
er selection may also have flattened or even reversed
the exposure-response relationship. However, we
have no information suggesting that a considerable
number of persons had left work because of reactions
to the anhydrides, at least not in the most exposed
area.

The specificity and sensitivity of the RAST test
has earlier been studied on sera from the present in-
vestigation (16). The RAST and ELISA readings
were low and precise for the unexposed referents
(group 0) and external referents. The RAST readings
were low even in the presence of high titers of total
IgE antibodies (827 kU - 17').

It is notable that there was no significant differ-
ence in either the IgE HHPA-HSA levels or the
number of positives in groups 1—3. Cross-section-
al studies have obvious limitations for studies on ex-
posure-response relationships, as the results may be
affected by workers having left their jobs because of
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discomfort or illness (“healthy worker selection”).
Workers would probably leave the high exposure
area and thus “flatten” an exposure-response curve.
In addition to healthy-worker selection, the exposure-
response relationship may have been “flattened” by
the in vivo blocking of antibodies (17, 18), as well
as by hyposensitization in the most exposed groups
(19, 20). It is also possible that persons liable to IgE
formation may be sensitized already at low exposure
levels. An interesting point is that five workers in
group 1 with intermittent peak exposures to HHPA
had a positive RAST, while no one was positive in
the other groups. The peak exposures lasted for only
a few minutes a day and had only a small effect on
the time-weighted average levels. However, the in-
termittently exposed workers had a longer time of
exposure. Some of the workers in group 2 also spend
most of their time in premises with low exposure in-
tensities and obtained their exposure by irregular vis-
its to high exposure areas. Another difference is the
more pronounced exposure to MHHPA in group 2.
There has, so far, been no evidence suggesting
MHHPA as a more potent IgE sensitizer than HHPA.
Only a few cases of IgE-sensitized workers exposed
to MHHPA have earlier been reported (21). How-
ever, as 65% of the workers in group 2 had expo-
sure to MHHPA (MHHPA Ilevel about 30% of the
total anhydride level) MHHPA may be a potent sen-
sitizer. A major problem that also may have affected
the shape of the exposure-response curve is a possi-
ble misclassification of the workers into the differ-
ent exposure categories. In the first place, it may be
presumed, from the exposure data, that some of the
workers in group 2 might as well belong to group 3.
These workers had measured exposure levels of
>50 pug - m™ during work but were categorized into
group 2 because their work was not full-time.

There are conflicting reports on the effect of ato-
py and smoking on the formation of IgE antibodies
in workers exposed to acid anhydride (10, 11, 22).
In this study no effects of either atopy or smoking
habits were found on the findings of IgE positives.
Data are given in this report only on antibodies to
HHPA-HSA also if the workers have been exposed
to MHHPA as well. However, data from this study,
as well as from another study (16), show a very close
correlation between MHHPA and HHPA in RAST
and skin prick tests, probably due to cross-reactivity.

The IgG HHPA-HSA levels were significantly in-
creased in groups 2 and 3 in comparison with the oth-
er groups. The results suggest that IgG antibodies are
an indication of exposure; this finding corresponds
to those of earlier studies on acid anhydrides (8—
11) and diisocyanates (23). The prevalence of work-
ers with specific IgE and IgG antibodies to HHPA-
HSA in this study is lower than the corresponding
finding by Moller et al (8) (44 and 41%) in HHPA-
exposed workers, but the exposure intensity was
much higher in the latter group (0.6—8 pg - m™). In
addition, there was some kind of self-selection in the
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Moller group. The present results are comparable
with those found in a study on MTHPA-exposed
workers at similar exposure levels (10). A correla-
tion between exposure and IgE antibodies was more
evident in the MTHPA group, but the exposure-re-
sponse curve for the formation of IgG antibodies in
the HHPA group seemed to be more accentuated than
the results from the MTHPA-exposed workers. The
prevalence of workers with specific IgE antibodies
was higher than what has been found in workers ex-
posed to phthalic anhydride (PA) and trimellitic an-
hydride (TMA) at higher exposure levels (9, 24, 25).
Among workers exposed to tetrachlorophthalic an-
hydride (TCPA), 8—31% have been found positive
in the RAST (11, 22). The exposure intensity in the
former study was 0.21—0.39 pug - m=, and the prev-
alence of IgE antibodies was highest in the most ex-
posed group (54%). Thus HHPA, MTHPA, and
TCPA seem to be more potent IgE sensitizers than
PA and TMA.

The average air concentrations of HHPA having
caused IgE sensitization in this study were consid-
erably lower than what has been reported on other
anhydrides except MTHPA, and also lower than the
occupational exposure limits for organic acid anhy-
drides in different countries, as reported by Keskin-
en (7). The results of this investigation suggest that
permissible average exposure levels for HHPA
should not be above 10—20 ug - m™ and that short-
time peak exposures may have a great impact on the
production of IgE antibodies. Thus ceiling values are
very important for protection against IgE sensitiza-
tion. This finding emphasizes a need for good meth-
ods for monitoring peak exposures and also places
great emphasis on the importance of extensive pre-
ventive measures in the work environment.
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