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Objectives   This study assessed the health effects of occupational acrylamide exposure using hemoglobin (Hb)
adducts as biomarkers of internal dose.
Methods   Two hundred and ten tunnel workers exposed for about 2 months to a chemical-grouting agent
containing acrylamide and N-methylolacrylamide underwent a health examination. Blood samples were drawn
for the analysis of Hb adducts of acrylamide. Fifty workers claiming recently developed or deteriorated
symptoms of the peripheral nervous system (PNS) were referred to a neurophysiological examination. Workers
with Hb-adduct levels exceeding 0.3 nmol/g globin attended follow-up examinations 6, 12, and 18 months after
exposure cessation.
Results   Forty-seven workers had Hb-adduct levels within the normal background range (0.02—0.07 nmol/g
globin), while the remaining 163 had increased levels up to a maximum of 17.7 nmol/g globin. Clear-cut dose-
response associations were found between the Hb-adduct levels and PNS symptoms. Thirty-nine percent of
those with Hb-adduct levels exceeding 1 nmol/g globin experienced tingling or numbness in their hands or feet.
A no-observed adverse effect level of 0.51 nmol/g globin was estimated for numbness or tingling in the feet or
legs. For 23 workers there was strong evidence of PNS impairment due to occupational exposure to acrylamide.
All but two had recovered 18 months after the cessation of exposure.
Conclusions   Occupational exposure to a grouting agent containing acrylamide resulted in PNS symptoms and
signs. The use of Hb adducts of acrylamide as a biomarker of internal dose revealed strong dose-response
associations. The PNS symptoms were, however, generally mild, and in almost all cases they were reversible.
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During the construction of a railway tunnel through
Hallandsås, a bedrock ridge in southern Sweden, a
chemical grouting agent containing acrylamide and N-
methylolacrylamide was used due to the considerable
water leakage. About 1500 t of the grouting agent was
injected into the ridge, mainly during August and Sep-
tember of 1997. Presumably because of the high water

flow, the polyacrylamide polymerization was incom-
plete, and high concentrations of acrylamide and N-
methylolacrylamide therefore occurred in the leakage
water from the tunnel. Part of the leakage water was
pumped into a tiny creek. Cows who drank the creek
water, containing concentrations of up to 92 mg/l of
acrylamide and 342 mg/l of N-methylolacrylamide,
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developed severe neurological symptoms, and fish in a
downstream fish farm died. When this occurrence was
discovered on 30 September 1997, the tunnel construc-
tion was immediately discontinued. It was, by then, also
obvious that some of the tunnel workers could have
been heavily exposed to acrylamide and N-methylolacr-
ylamide. Both substances can easily be taken up in the
body through intact skin, inhalation, and the gastroin-
testinal tract (1).

The critical effect of acrylamide is its neurotoxici-
ty, affecting the peripheral nerve system, but at higher
doses also the central nervous system (2). Acrylamide
is also a skin and airway irritant (3). It is probably car-
cinogenic to humans (4) and has caused reproductive
disruption in experimental animals (5). N-methylolacr-
ylamide is, compared with acrylamide, a considerably
weaker neurotoxic and carcinogenic agent (4). The bi-
ological half-time of free acrylamide is short in humans
(approximately 4.7 hours) (6), and detectable plasma
levels are rarely found, even in workers who have ex-
perienced high exposure levels. However, hemoglobin
(Hb) adducts of acrylamide in blood give a valid and
sensitive estimate of the average exposure during pre-
ceding months (7, 8).

The aim of this paper is to present the results of
health surveys of the acrylamide-exposed tunnel work-
ers, using Hb adducts as biomarkers of internal dose.

Subjects and methods

Tunnel and the grouting technique

The tunnel construction through the steep bedrock ridge
had been severely delayed due to technical problems
caused by the low quality of the rock, which was strong-
ly cracked and had a very high water content. The stand-
ard grouting technique, using cement, did not prevent
ground water from leaking into the tunnel in amounts
twice as large as those allowed by the authorities. In
the beginning of 1997, it was decided to use a chemical
grouting agent in order to speed up the tunnel construc-
tion. A limited number of test groutings were performed
from the end of March to the end of June 1997. From
August 4, immediately after summer vacations, to Sep-
tember 30, chemical grouting was performed on a large
scale.

The grouting agent, Rhoca Gil, was ready-mixed
in the tunnel from two solutions and water. According
to the declaration of content, solution 1 contained up to
1.5% acrylamide, about 37% N-methylolacrylamide,
and about 0.9% formaldehyde. Analyses performed on
different batches of the product showed, however, that
the acrylamide concentrations varied between 4.0% and
5.4%, and the N-methylolacrylamide concentrations

ranged between 29% and 31% (S Kinnunen, Skanska
AB, personal communication). Ten percent of solution
1 consisted, according to the content of declaration, of
an accelerator that contained dimethyl adipate, dimethyl
glutarate, dimethyl succinate, and triethanolamine. So-
lution 2 contained sodium silicate and sodium persul-
fate. The ready-mixed solution consisted of 3.75 parts
water, 0.125 parts solution 1, and 0.125 parts solution
2.

The grouting agent was pumped under pressure into
40 drill holes, each 9-m deep and radiating in 20-de-
gree angles away from the tunnel front. The solution was
pumped into mouthpieces of steel with rubber cuffs,
which were placed in the drill holes. The workers could
have been dermally exposed, sometimes to a substan-
tial degree. Exposure also took place by inhalation,
which was confirmed by two personal airborne samples
taken in August 1997 and collected by the construction
company’s health service. The samples showed 0.27 and
0.34 mg/m3 for the sum of acrylamide and N-methylol-
acrylamide, respectively. The same day that the produc-
tion closed down two new samples were drawn, show-
ing that 50% of the sum consisted of acrylamide.

Study group

A week after the chemical grouting was stopped, it was
agreed that all personnel that had been potentially ex-
posed to the grouting agent should undergo a health ex-
amination. Representatives from the construction com-
pany made up a list of 242 subjects, including workers
from subcontractors. Nineteen of the 242 did not par-
ticipate, either claiming no exposure or that they had
already left the company and were living far from the
tunnel construction. Thirteen of these 19 workers an-
swered a postal questionnaire, and none of them claimed
any health problems related to contact with the grout-
ing agent. The remaining 223 subjects underwent a full
health examination, but 13 of them refused blood sam-
pling. None of these 13 subjects claimed any health
problems related to contact with the grouting agent.
Thus the final study population comprised 210 work-
ers, of which three were women. The group’s median
age was 44 (range 20—62) years.

Venous blood sampling

Venous blood samples were drawn into heparinized ven-
oject tubes from 7 October to 6 November 1997 for the
analysis of Hb adducts. For a verification of the pre-
sumed biological half-time of this biomarker, repeated
blood samples were drawn for Hb-adduct analysis from
five of the exposed workers during the following 5-
month period. Blood samples were also drawn from 18
(11 men and 7 women) occupationally unexposed, non-
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smoking adult subjects. The tubes were cool stored
before centrifugation. The erythrocyte fraction was sep-
arated, washed 3 times in physiological saline solution,
and stored at –70°C in plastic tubes pending analysis.

For the workers who were referred for a neurophys-
iological examination because of recently developed
peripheral nervous symptoms, blood samples were
drawn for the analysis of gamma-glutamyl transferase
and carbohydrate-deficient transferrin in serum and fast-
ing blood glucose according to routine techniques.

Analysis of hemoglobin adducts

The N-alkyl Edman method for the derivatization and
specific detachment of adducted N-terminal valines in
hemoglobin with pentafluorophenyl isothiocyanate, and
analysis by gas chromatography–tandem mass spec-
trometry, was used (7, 9). The method has earlier been
adapted and applied to studies of humans occupational-
ly exposed to acrylamide (8, 10). The adduct formed by
acrylamide to N-terminal valine in hemoglobin is N-(2-
carbamoylethyl)valine (11). In vitro studies and experi-
ments with rats have shown that N-methyloacrylamide
is measured as the same adduct as acrylamide (12). The
adduct level from an absorbed amount of N-methyloacr-
ylamide is one-third of the level of an equivalent amount
of acrylamide. Standard compounds were kindly provid-
ed for the analysis by E Bergmark (8).

Initial health examination and self-reported exposure
categorization

The full health examination, performed on 14 October
to 17 November 1997, started with a self-administered
questionnaire on medical history, smoking habits, alco-
hol consumption, job history, exposure to vibration,
worktasks in tunnel construction, use of personal pro-
tection devices, and symptoms from the skin, mucous
membranes and respiratory tract. Moreover, symptoms
from the peripheral nervous system, such as numbness,
tingling, or pain in hands, feet or legs were asked about.
The subjects had to specify whether the symptoms had
first appeared during the period of chemical grouting or
whether they had had these symptoms earlier but that
the symptoms had deteriorated during the grouting pe-
riod.

A physician checked the questionnaire and asked
complementary questions when needed. A physical ex-
amination was performed, including tests of peripheral
nervous functions.

If the subject claimed recently developed or deteri-
orated peripheral nervous symptoms, with or without
objective findings in the clinical examination, they were
referred to a more-detailed neurophysiological exami-
nation. (See the Neurophysiological Examination

section.) It should be borne in mind that, at the time of
referral, no information on individual Hb-adduct levels
was available. Therefore, the referral was made on the
basis of rather broad indicators, aiming primarily at a
high sensitivity in the screening process.

The tunnel workers were classified with respect to
self-reported exposure to the grouting agent. The ”high”
exposure category comprised the 103 subjects who had
injected the chemical grouting agent with frequent skin
exposure. The ”low” exposure category comprised 18
subjects not obviously exposed to the grouting agent.
The remaining 89 workers had been exposed to “some”
extent.

Neurophysiological examination

A standardized neurophysiological examination was
performed, comprising both motor (median and pero-
neal nerves) and sensory (median and sural nerves) neu-
rography of the right extremities (13) and the measure-
ment of sensory perception thresholds in the left foot
(14). Reference ranges used for clinical purposes were
employed (13, 14). Subjects with deviations from the
reference values were categorized as having increased
sensory perception thresholds, slight impairments of
nerve function (affecting conduction velocity, distal la-
tency or amplitude with or without increased perception
thresholds), or signs of polyneuropathy (nerve conduc-
tion and perception thresholds generally affected to a
degree that would support a clinical diagnosis of
polyneuropathy). At the reexamination after 6 months,
the course of events was classified as improved, un-
changed, or deteriorated.

Dermatological examination

Because of a variety of persisting symptoms and signs
from the skin, 30 of the workers were referred to an ex-
amination performed by specialists in occupational der-
matology. Twenty-four of the subjects were tested for
contact allergy with a standard series of 50 compounds
and a specific series of 50 compounds with relevance
for the occupational setting (grouting agents, acrylates,
isocyanates, protective gloves, soaps, etc).

Follow-up study

The workers who, at the initial examination, had claimed
recently developed or deteriorated peripheral nervous
symptoms and had Hb-adduct levels of at least 0.30
nmol/g globin were followed up after 6 months with
clinical (N=29) and neurophysiological (N=26) reexam-
inations. Those with remaining symptoms were reinves-
tigated every 6 months up to 18 month after the cessa-
tion of exposure.
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Statistical methods

To investigate the differences in Hb-adduct levels be-
tween the workers with and without symptoms, the
Mann-Whitney U-test was performed. Box plots were
used to illustrate the difference in the Hb-adduct levels
between the different exposure categories, and the Jon-
ckheere-Terpstra test for trend was performed to evalu-
ate these differences statistically. McNemar’s test for
correlated proportions was used for comparisons of pro-
portions. Spearman’s correlations were computed to as-
sess the relation between continuous variables and Hb-
adduct levels, and Pearson’s chi-square test was used
to test for the prevalence of symptoms at different Hb-
adduct levels. The term “significant” refers to P<0.05.
The binomial distribution was used for calculating the
95% confidence intervals (95% CI) for proportions.

The probability of the different peripheral nerve
symptoms was fit to a threshold model (equation 1) (15,
16), namely, a thresholded logistic regression model
which is linear-quadratic in dose (measured by the Hb-
adduct level, A), as follows:

log[P(A) / 1 – P(A)] = α + β1(A – γ) + β2(A – γ)2. (equation 1)

D-γ denotes the dose above threshold dose γ (equa-
tion 2) and P(A) is the probability of the different symp-
toms as a function of A, the Hb-adduct level (ie, the
dose), a is the background frequency of the symptoms
and β1, β2 are coefficients.

                 0      if   A < γ
Dγ   =       or                                                       (equation 2)
                 A – γ   if   A ≥ γ.

The 95% confidence limits for the threshold para-
meter were estimated by the profile likelihood method.
The model included a quadratic term to allow for the

leveling off of the frequencies of many symptoms at
high adduct levels. The upper confidence limit of a
threshold estimate shows the adduct level below which
a constant risk, equal to the background risk, cannot be
significantly rejected; this limit has, therefore, the char-
acter of a no-observed adverse effect level (NOAEL).

Results

Exposure to acrylamide and hemoglobin-adduct levels

The Hb-adduct levels of acrylamide of the 18 nonsmok-
ing, unexposed reference subjects varied between 0.02
and 0.07 nmol/g globin. For 47 of the tunnel workers,
the upper reference limit was not exceeded, while 74 of
them had adduct levels over 0.30 nmol/g globin. A sin-
gle extreme value of 17.7 nmol/g was observed, while
the next highest value was 4.3 (table 1). Repeated sam-
pling from five workers during a 5-month period after
the end of exposure showed a decrease in the adduct lev-
els that was compatible with the 120-day life span of
human erythrocytes (figure 1).

On the group level, there was a significant
(P<0.0001) and clear-cut association between the expo-
sure categories on the basis of self-reports and the Hb-
adduct levels (figure 2). We did not find any high
 Hb-adduct levels that could not be explained by the work
history, although some workers in the high-exposure cat-
egory had low Hb-adduct levels. None of the workers
had used appropriate personal protection devices.

Figure 2. Hemoglobin-adduct levels of acrylamide with respect to self-
reported exposure assessment. (Hb = hemoglobin, None = exposure
only in the form of airborne contact or skin contact with contaminated
leakage water, Some = exposure in the form of infrequent skin contact
with the chemical grouting agent, and high  = frequent skin contact with
the grouting agent)
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Figure 1. Decrease in hemoglobin-adduct levels of acrylamide for five
highly exposed tunnel workers during 5 months after the cession of
exposure to the grouting agent. First samples drawn 1—2 weeks after
the cessation of exposure. (Hb = hemoglobin)
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Cross-sectional study of health effects

There were obvious and significant dose-response as-
sociations between the Hb-adduct levels and the preva-
lences of peripheral nervous symptoms, irritative symp-
toms of the skin, eyes and respiratory tract, and symp-
toms of general discomfort such as headache, nausea
and dizziness (table 1). Thirty-nine percent of those with
Hb-adduct levels exceeding 1 nmol/g globin, experi-
enced tingling or numbness in their hands or feet, and
the symptom had developed during the few months that
the workers had used the chemical grouting agent. As
many as 87% of such highly exposed workers had ex-
perienced irritative symptoms of either the eyes or the
respiratory tract, and 74% had had headache, nausea,
or dizziness when using the chemical grouting agent.
While the peripheral nervous symptoms started insidi-
ously and remained even after the cessation of exposure,
the respiratory tract symptoms and symptoms of gener-
al discomfort were of an acute character and disappeared
after the end of the workday.

The upper confidence limit for the threshold dose (ie,
a proxy for a NOAEL) was 0.51 nmol/g globin for
numbness or tingling in the feet or legs, 1.28 for skin
peeling of the hands, 1.86 for leg cramps, and above the
highest observed adduct level for numbness or tingling
in the hands.

The dermatological examination revealed occupa-
tionally induced hand eczema for 10 subjects, of which
2 had allergic contact dermatitis and 8 had irritant con-
tact dermatitis. One of the 2 subjects with allergic con-

tact dermatitis, who also had facial and neck eczema,
showed contact allergy to two emulgators, cocamido-
propyl betaine and polyethyleneglycol-3-cocamide, in
the cleaning soap used at the workplace. The other
worker showed contact allergy to sodium persulfate
(used as an accelerator in the grouting solutions) and
an allergic reaction to N-methylolacrylamide, but no
reaction to formaldehyde.

Twenty-nine of the fifty symptomatic workers re-
ferred for a neurophysiological examination due to re-
cently developed or deteriorated peripheral nervous
symptoms that, in some instances, were accompanied by
objective findings in the clinical examination had ad-
duct levels of at least 0.30 nmol/g globin. In previous
studies, this adduct level was tentatively considered
sufficient for an increased risk of impairment in periph-
eral nervous functions (17). Two of the 29 workers
showed neurographic signs of polyneuropathy, 8 had
slight impairments of nerve conduction or amplitude, 9
had increased sensory perception thresholds, and only
9 subjects were neurophysiologically ”normal”. Within
the full group of 50 workers with peripheral nervous
symptoms, there were no correlations between the se-
rum levels of gamma-glutamyl transferase or carbohy-
drate-deficient transferrin or fasting blood glucose and
Hb-adduct levels (data not shown).

Follow-up study of health effects

Six months after first neurophysiological examination,
the examination was repeated on 26 of the 29 workers

Table 1. Dose-response associations between hemoglobin (Hb) adducts of acrylamide and work-related symptoms among 210 tunnel
workers.

Hb adducts of acrylamide (nmol/g globin)

 <0.08 0.08-0.29 0.30-1.00 >1.00
(N=47)   (N=89)   (N=36) (N=38)

Symptoms N % N % N % N % P-value a

Numbness or tingling in hands 6 13 12 13 11 31 11 29   0.04
Numbness or tingling in feet or legs 2 4 10 11 9 25 14 37 <0.001
Leg cramps 3 6 6 7 2 6 10 26   0.003
Increased hand or foot sweating 1 2 3 3 6 17 4 11   0.02
Skin peeling in hands 3 6 2 2 3 8 9 24   0.001
Irritation of the eyes 6 14 19 23 17 47 29 76 <0.001
Irritation of the nose 6 14 17 21 13 36 20 53 <0.001
Irritation of the throat 4 10 19 23 17 47 28 47 <0.001
Coughing 4 10 9 11 11 31 19 50 <0.001
Dyspnea or wheezing 1 2 7 9 6 17 9 24   0.02
Irritation of the skin 6 14 15 18 11 31 15 39   0.02
Headache 6 14 27 33 11 31 24 63 <0.001
Nausea 2 5 11 13 5 14 18 47 <0.001
Dizziness 3 7 11 13 11 31 9 24   0.02

a Joncheere-Terpstra’s test for trend.
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with symptoms and with adduct levels of at least 0.30
nmol/g globin (table 2). Fifty-eight percent (95% CI
37—77) of the subjects showed improved test results,
while the results showed deterioration for 4% only (95%
CI 0—20).

In a comprehensive assessment that took into con-
sideration the Hb-adduct level, medical history, clinical
course and the results of the neurophysiological exami-
nations at 0 and 6 months, 23 workers were regarded as
having had impaired peripheral nervous functions due
to occupational exposure to acrylamide. Six months af-
ter the exposure stopped, 12 of the 23 workers still had
symptoms. The number of workers with symptoms was
reduced to 3 after 12 months (table 3), and 2 of the 3
subjects had clinically improved in the 18-month exam-
ination, while the 3rd subject still had the same intensi-

ty of symptoms. The neurophysiological examinations
were repeated at 12 and 18 months only when clinical-
ly indicated as necessary.

Discussion

The main result of this study was the clear-cut dose-re-
sponse associations between Hb-adducts of acrylamide
and work-related peripheral nervous symptoms. These
associations were supported by the results of neurophys-
iological examinations. Moreover, similar associations
with Hb-adduct levels were observed also for irritative
symptoms from the respiratory tract, the eyes and the
skin, and also for symptoms of general discomfort. The
symptoms from the peripheral nervous system were gen-
erally mild and were, in almost all cases, reversible dur-
ing an 18-month follow-up period after exposure cessa-
tion.

Since the 1950s it has been reported that acrylamide-
exposed workers from, for example, the chemical indus-
try have developed signs and symptoms of neurotoxi-
city (18). Peripheral neuropathy due to acrylamide af-
fects both motor and sensory nerve fibers, predominant-
ly in the distal parts of the limbs. Sensory symptoms
usually consist of complaints of numbness of the feet
and fingers. Evidence of excessive sweating affecting
predominantly the distal parts of the limbs has been an
almost universal finding in acrylamide neuropathy. Red-
ness and exfoliation of the skin is usually present. In
our study we found dose-response associations with Hb
adducts of acrylamide for all these symptoms.

Case reports from both the United States (19) and
Italy (20) have described peripheral neuropathy in tun-
nel workers due to acrylamide exposure from grouting
agents, but the exposure levels were not quantified. In
only one previous study was the exposure quantified
using Hb-adduct levels of acrylamide. Chinese workers
who had been manufacturing acrylamide between 1
month and 11 years had Hb-adduct levels between 0.3
and 33.8 (mean 9.5) nmol/g globin (10). Thus the aver-
age exposure level, corresponding to 9.5 nmol/g, was
considerably higher than in our study. A majority of the
Chinese workers showed symptoms and signs of the
peripheral nervous system, and a dose-response associ-
ation between Hb adducts of acrylamide and a neuro-
toxic index constructed from neurophysiological find-
ings and signs and symptoms of the peripheral nervous
system was observed (21). Available data from the study
on Chinese workers do not allow any firm threshold lim-
it to be determined, but it could tentatively be assumed
to correspond to an uptake that, in a few months of ex-
posure, leads to an adduct level in the interval of 0.3—
1 nmol/g globin (17). In our study a proxy NOAEL val-
ue of 0.51 nmol/g globin was estimated for numbness

Table 3. Clinical course and results of the neurophysiological ex-
aminations during an 18-month follow-up period for 23 tunnel
workers considered to have a causal relationship between occu-
pational exposure to acrylamide and impairment of peripheral
nervous functions.

   Results of neurophysiological examination

Time of examination    N Improved Unchanged Deteriorated Not done

After 6 months 23
Symptom-free 11 8 3 - -
Remaining symp- 12 7 2 1 2
toms

After 12 months 12
Symptom-free   9 - - - 9
Remaining symp- 3 1 - 2 -
toms

After 18 months 3
Remaining symp- 3 1 - 1 1
toms

Table 2. Result of the initial and 6-month follow-up neurophysi-
ological examinations of the 26 tunnel workers with newly devel-
oped symptoms of the peripheral nervous system and
hemoglobin-adduct levels of  >0.30 nmol/g globin.

Result of the initial Result of the neurophysiological
examination after 6 months

Improved a Unchanged Deteriorated

Normal 4 b 5 0
Increased sensory 5 2 0
perception thresholds
Slight impairments of  nerve 5 2 1
conduction velocity or amplitude
Signs of polyneuropathy 1 1 0

a The proportion of the subjects with improved neurophysiology was
significantly higher than that of the subjects with deteriorated neuro-
physiology (P=0.0005, McNemar’s test for correlated proportions).

b The results of these four subjects were within the normal range in the
initial examination but showed higher nerve conduction velocities or
decreased sensory thresholds in the follow-up 6 months later.

neurophysiologycal
examination
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or tingling in feet or legs, and this figure was in agree-
ment with the estimates for the Chinese workers.

In a single previous case report, allergic contact der-
matitis to acrylamide was found (22). In our study, only
one subject developed contact allergy to N-methylolacr-
ylamide, despite extensive and frequent dermal expo-
sure of the workers to the grouting agent. This result
supports the notion that these compounds are only weak-
ly allergenic.

With respect to the validity of our study design, there
was only a very low dropout rate from the examinations.
We have full datasets for 87% of the potentially exposed
group and limited information for another 10.5%. A se-
lection bias has therefore not affected our conclusions
of the cross-sectional examination. Due to a lack of re-
sources it was not possible to perform reexaminations
of all the exposed workers at the time of the 6-month
follow-up, and only those who had initially claimed re-
cently developed or deteriorated peripheral nervous
symptoms were examined. Thus it can be argued that
the improvement in the symptoms and neurophysiolog-
ical findings could have been due to a “regression to the
mean” phenomenon. What speaks strongly against this
possibility is, however, the very clear dose-response re-
lationships between the Hb-adduct levels and the periph-
eral nervous symptoms.

A Hb-adduct level of acrylamide was available for
each subject, and this information reflected the integrat-
ed internal dose for the preceding months. Thus we were
exceptionally well-off with respect to accurate and rel-
evant dose measures, which minimized the exposure
misclassification bias.

The employees were unaware of their Hb-adduct lev-
els at the time of the initial health examination. Thus
the very clear dose-response relationships observed be-
tween the Hb-adduct levels and the symptoms speak
against a misclassification of symptoms, due to, for ex-
ample, anxiety or other psychological factors, being a
bias of importance.

There are no indications that the observed associa-
tions between exposure to acrylamide and health effects
are the result of confounding factors not dealt with. Nei-
ther age nor previous occupational exposure to vibra-
tion correlated with the Hb-adduct levels and they,
therefore, did not confound the results. Moreover, within
the group of 50 workers who initially claimed peripher-
al nervous symptoms, there were no associations be-
tween biochemical markers of excess alcohol consump-
tion and Hb-adduct levels. Therefore, alcohol abuse will
not explain the observed dose-response associations.
Handling the grouting agent also resulted in moderate
exposure to formaldehyde. Two stationary measure-
ments showed concentrations of 0.25 and 0.48 mg/m3,
which can be compared with the Swedish occupational
exposure limit of 0.60 mg/m3. It is therefore unlikely that

the very high prevalences of irritative symptoms from
the eyes and respiratory tract can be explained by air-
borne exposure to formaldehyde by more than a very
limited extent.

Spencer & Schaumberg (23) have concluded that, in
most instances, acrylamide toxicity results from dermal
absorption rather than from inhalation. The increment
of the adduct level from inhaled acrylamides during 55
days of exposure (8-hour workdays) could be estimated
from the following data. Based on the performed meas-
urements, the average airborne levels of acrylamide and
N-methylolacrylamide were assumed to be 0.15 mg/m3

each. The rate constant for the elimination of acrylamide
in vivo is 0.15/hour  (6, 10). Furthermore, the adduct
level from an absorbed amount of N-methylolacryla-
mide is one-third the level from an equivalent uptake of
acrylamide, as measured in rats (12). Under these as-
sumptions the increment of the adduct level as a result
of airborne exposure would be 0.25 nmol/g (17). This
adduct level must be added to the background of about
0.04 nmol/g, which would give about 0.30 nmol/g for a
nonsmoker. Smoking 10 cigarettes/day would give 0.06
nmol/g in addition. The fact that many of the tunnel
workers had substantially higher adduct levels indicates
that dermal exposure was probably of great importance
to the uptake of acrylamides.

In conclusion, occupational exposure to a grouting
agent containing acrylamide and N-methylolacrylamide
resulted in symptoms and signs of peripheral nervous
dysfunction. The internal dose was quantified by means
of Hb adducts. Clear-cut dose-response associations
were seen between Hb-adduct levels and symptoms.
Thirty-nine percent of those with Hb-adduct levels ex-
ceeding 1 nmol/g globin experienced tingling or numb-
ness in the hands or feet, and 87% of those in this expo-
sure category had experienced irritative symptoms of
either the eyes or the respiratory tract. After 18 months
of follow-up only a few subjects still experienced pe-
ripheral nervous symptoms.
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