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Abstract 
Objectives:  Workers at sewage treatment plants are exposed to a complex mixture of toxins, including hydrogen sulphide 
(H2S). An issue of concern among sewage workers, is possible negative nervous system effects from low-level H2S exposure. 
Empirical neuropsychological evidence indicates both that low-dose exposure to H2S exposure affects the nervous system, and 
the contrary, that such exposure may facilitate nervous system function, since H2S is an endogenously produced central nervous 
system (CNS) gasotransmitter. The aim of this study is to describe a possible association between the H2S component of the total 
exposure and long-term effects on neuropsychological motor function among wastewater workers.
Methods:  Workers (N = 138) treating wastewater in 6 sewage-treatment plants, or in the sewer net system participated in a 
cross-sectional study. H2S exposure was expressed in a dichotomous exposure variable defining currently H2S-exposed (N = 112) 
and unexposed referent workers (N = 26), and a variable defining a job-exposure matrix for long-term total typical workplace H2S 
exposure. The participants went through neuropsychological tests for hand coordination, reaction time (SRT), and balance, and 
completed questionnaires. Pearson chi-square test or independent samples t-test was used when comparing the currently H2S-
exposed workers with the unexposed control group. Multiple linear regression was used to assess associations between the 
independent variables age, smoking and exposure variables, and the neuropsychological tests.
Results:  The analyses indicate increased SRT in the currently H2S-exposed group compared to controls (mean [SD] = 225.8 
[29.9] versus 210.7 [26.3] ms, P = 0.019), and an association between increased SRT and current H2S-exposure in the total study 
sample (β = 14.7, P = 0.026, R2 = 0.06, P = 0.050). Blindfolded balance testing indicates a nonsignificant trend in the total study 
sample, of reduced balance in the highest versus lowest H2S total long-term exposure-index group (Sway area [mean {SD}, mm2: 
702 [410] versus 581 [278]), and a significant association between total long-term H2S exposure and reduced balance among 
smokers (Sway area, mm2 [β = 38.7, P = 0.039], mean sway, mm [β = 0.3, P = 0.015]).
Conclusion:  The observed trends and associations may be due to exposure peaks in certain work operations and pinpoint the 
importance of minimizing and avoiding exposure peaks, also when H2S time-weighted average measurements do not exceed an 
occupational exposure limit of 5 ppm.
Key words: exposure index; H2S; nervous system; neuropsychological tests; job-exposure matrix; sewage; wastewater workers.
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What’s Important About This Paper?

Few studies have assessed sewage workers’ motor function with neuropsychological testing in an exposure-based 
epidemiological design. A dose-dependent negative association between balance, when blindfolded, and long-term 
workplace hydrogen sulphide exposure is described in otherwise healthy sewage workers who smoke. The study highlights 
the importance of minimizing hydrogen sulphide exposure peaks, even when time-weighted average measurements do 
not exceed an occupational exposure limit.

Introduction
Workers handling wastewater at sewage treatment 
plants are exposed to a mixture of microorganisms, 
microbial components, and toxic gases, including 
hydrogen sulphide (H2S) (Laitinen et al. 1994; Guidotti 
1996; Rylander 1999). The exposure complexity gives 
rise to a broad range of symptoms, including central 
nervous system (CNS) symptoms (Melbostad et al. 
1994; Douwes et al. 2001; Thorn and Beijer 2004; 
Heldal et al. 2010), complicating an isolated dose–ef-
fect relationship for each of the exposures, based on 
occupational studies alone (Farahat and Kishk 2010).

When inhaled, H2S passes efficiently through the re-
spiratory tract, is distributed throughout the body via 
the pulmonary blood supply, and reduces the capacity 
of cells to utilize intracellular oxygen in energy pro-
duction of the mitochondria, through binding to cyto-
chrome oxidase (histotoxic hypoxia) (Klaassen and 
Amdur 2013). H2S does not compete with oxygen in 
binding to iron in haemoglobin of the red blood cells 
in sufficient quantities to inhibit the oxygen trans-
port to bodily cells (Guidotti 1996, 2010). Although 
H2S promotes the formation of methaemoglobin from 
haemoglobin (Saeedi and Najibi 2015), and oxygen 
does not bind to methaemoglobin, this hardly affects 
oxygen transport, since the amount of intracellular 
methaemoglobin compared to haemoglobin is <1% 
only (Umbreit 2007).

An exposure pattern with sudden short-duration 
high peak exposures to H2S, may be extremely haz-
ardous. Acute high-dose H2S exposure (>300 ppm) can 
cause pulmonary oedema, and concentrations higher 
than 500 ppm may lead to immediate unconsciousness, 
so-called “knockdowns.” Single-exposure concentra-
tions above 1,000 ppm (0.1%) H2S, may cause respira-
tory arrest and death (Svendsen 2001).

The histotoxic hypoxia is considered a too slow 
mechanism to account for the “knockdown” phenom-
enon and respiratory arrest, and sulphide is assumed 
to act on the respiratory drive also through mechan-
isms that affect brainstem networks (Svendsen 2001). 
Such toxicity is driven by concentration rather than 
duration, of exposure (Guidotti 1996; Woodall et al. 
2005).

H2S may reach hazardous concentrations close to 
the ground or floor as it has a higher density than air 
(Rumbeiha et al. 2016) and may have acute toxic con-
centrations in breathing air in confined spaces, rooms, 
or tanks. Injury mechanisms may be hypoxia due to 
CNS-associated breathing stop, or traumatic brain in-
jury, if falling after a sudden knockdown.

CNS cortical occipital and parietal areas, subcor-
tical white matter, basal ganglia, including globus 
pallidus (Tvedt et al. 1991), putamen and caudate nu-
cleus (Tvedt et al. 1989), brain stem (Reiffenstein et al. 
1992), and Purkinje cells of the cerebellum, have shown 
to be susceptible to hypoxic injury after exposure to 
H2S (Lund and Wieland 1966; Guidotti 2010). These 
parts of the nervous system are associated with basic 
autonomic activity such as respiration, as well as body 
balance, motor functions, and coordination. Outcomes 
associated with balance have been observed in case 
studies where H2S exposure has led to unconsciousness 
(Tvedt et al. 1989; Kilburn 2003).

A concern among sewage plant workers or 
wastewater workers, has been possible negative health 
effects also from low-level H2S exposure. Case reports 
have indicated that repeated exposure to slightly ele-
vated average concentrations of H2S (5–10 ppm) in 
the work environment (Tvedt et al. 1991; Richardson 
1995; Watt et al. 1997; Lee et al. 2007; Farahat and 
Kishk 2010), increase the risk for developing chronic 
nervous system symptoms, like fatigue, headache, ir-
ritability, concentration difficulties, poor memory, and 
dizziness (Lee et al. 2007; Lewis and Copley 2015; Lim 
et al. 2016). However, it has been difficult to separate 
H2S effects from other co-exposures, and direct H2S 
effects from permanent long-term hypoxic effects fol-
lowing acute knockdowns with unconsciousness, since 
sewage workers may have experienced both.

Neuropsychological testing has been used to assess 
cognitive or sensory/motor problems among sewage 
workers, and at lower exposure levels, in the general 
public (Lewis and Copley 2015; Lim et al. 2016). The 
widely cited Kilburn studies include neuropsycho-
logical testing (Kilburn and Warshaw 1995, 1997, 
2003, 2010), and conclude with considerable cogni-
tive reduction among H2S-exposed study participants. 
However, the studies have been criticized because of 
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symptom-based inclusion into the studies, inclusion 
of participants involved in litigation processes, and 
incorporating acute reactions into the exposure as-
sessment (Guidotti 2010). One workplace study 
only includes neuropsychological testing of sewage 
workers with study inclusion based on H2S exposure 
rather than manifest symptoms (Farahat and Kishk 
2010). That cross-sectional study, however, also in-
cludes exposure mixtures. Although Kilburn’s case 
series of highly exposed workers who were ren-
dered unconscious, provides plausible information 
regarding the nature of the symptoms, his commu-
nity study concluding with similar symptoms after 
long-term, low-level H2S exposure, has not been re-
produced (Kilburn et al. 2010).

Two other community-based population studies of 
CNS effects after ambient low-dose background H2S 
exposure, lower than in occupational samples (Inserra 
et al. 2004; Reed et al. 2014), and an experimental 
chamber study of H2S exposure (Fiedler et al. 2008), 
even indicate marginally better neurobehavioral per-
formance, in H2S-exposed groups compared to con-
trols, most evident with tests of psychomotor speed, 
reaction time, manual motor dexterity, and sway/
balance. This may be in line with a hypothesis that a 
very low exposure to H2S might stimulate CNS func-
tion (Reed et al. 2014), at least when exposure is in 
the range 0.5–5 ppm (Fiedler et al. 2008), 0–64 ppb 
(0–0.064 ppm) (Reed et al. 2014), or close to 0.09 ppm 
(Inserra et al. 2004). Since H2S is also an endogenously 
produced neurotransmitter, that at physiological or 
pharmacological levels may be beneficiary for the ner-
vous system (Abe and Kimura 1996; Kimura 2011), 
this could be reasonable. However, such effects are 
dose-dependent (Zhang et al. 2017).

Thus, empirical evidence indicates both that low-
dose exposure to H2S may have subtle negative neuro-
psychological effects and that such exposure may 
facilitate nervous system function. This unresolved 
issue constitutes a challenge in the dissemination of in-
formation of health risk and in preventive work among 
sewage workers.

In the study of health effects after long-term low-
dose exposure, measuring critical aspects of occu-
pational H2S exposure is challenging, due to the 
unpredictable and sudden nature of peak exposure 
episodes. An exposure index based on a job-exposure 
matrix (JEM), combining general concentration, ex-
posure peaks, duration, and work tasks, is an ap-
proach to the study of possible long-term health effects 
after typical workplace exposure in groups of workers 
(Austigard et al. 2018), provided it catches the critical 
and relevant exposure factors (De Fruyt et al. 1998), 
and that long-term effects are not overruled by acute 
effects from recent or ongoing exposure.

Co-exposures not directly related to the work situ-
ation, may also influence the association between a 
critical occupational exposure and health effects. For 
instance, upright body balance is maintained by con-
tinuous motor and sensory feedback that involves 
and integrates impulses to and from several parts of 
the nervous system, including visual, propriocep-
tive, and vestibular control mechanisms (Morton and 
Bastian 2004; Qiao et al. 2021) and is thus a whole-
brain phenomenon. Not only are the brainstem, cere-
bellum with cerebellar Purkinje cells, the basal ganglia, 
midbrain/mesencephalon, or thalamus involved, but 
even the spinal cord and cortical structures (Morton 
and Bastian 2004; Visser and Bloem 2005; Cham et 
al. 2007; Prosperini et al. 2014; Surgent et al. 2019). 
Neurochemical properties of the CNS also influence 
sway. Visual control mechanisms of balance may be 
influenced via dopaminergic pathways (Cham et al. 
2007).

Nicotine interacts with dopaminergic structures in 
the brain, but also induces balance impairment through 
cholinergic neurons and nicotinic receptors in the ner-
vous system (Pereira et al. 2001; Staley et al. 2006). 
Brainstem nicotinic acetylcholine receptors are also in-
volved in the control of breathing (Shao and Feldman 
2009). Since H2S may act on the respiratory drive 
through mechanisms that affect brainstem networks 
(Svendsen 2001), it is relevant to consider cigarette 
smoking also in studies of motor function in low-dose 
H2S-exposed workers.

In this study of possible nervous system effects among 
sewage workers exposed to H2S primarily in the low-
dose area, we differentiate between effects from acute 
or long-term H2S exposure, respectively, and consider 
a possible modifying effect of cigarette smoking. We 
emphasize basic motor function, affected also in case 
studies after acute high exposures, i.e. simple reaction 
time, balance, or fine motor speed and coordination, 
rather than higher cognitive function, since we apply 
internal comparison groups, and the study sample con-
sists of healthy, occupationally active workers with a 
relatively homogenous educational background.

The specific study aim is to describe a possible as-
sociation between the H2S component of the total ex-
posure, and long-term health effects, emphasizing the 
motor aspects of neuro-psychological function among 
wastewater workers.

Methods
Study design and setting
This cross-sectional exposure-based study is a part of 
a larger project, with an overall aim of analysing the 
complex exposure conditions in the wastewater and 
sewage industry (Austigard et al. 2018), and outcomes 
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related to pulmonary (Heldal et al. 2019) and nervous 
system function among workers in such workplaces. 
Workers in 4 sewage-treatment plants in 2 Norwegian 
cities (Oslo, Trondheim) and 4 sewage-treatment 
plants in rural communities or working at the sewer 
net system with connected sewer pipes and pump sta-
tions in the same areas, were invited to participate. The 
neuropsychological testing took place from February 
to May 2013. Exposure measurements for the devel-
opment of a job-exposure H2S index took place up to 
2015, to cover different work tasks, geographic loca-
tions, and seasonal variation.

Participants, inclusion criteria, and sample 
size
In total, 148 (99%) of the invited workers accepted 
to participate; 140 (94.6%) male and 8 (5.4%) female 
workers. The male workers constituted the study base 
in the study. Two workers (1.4%) were excluded due 
to known previous episodes with very high exposure, 
since they might influence the results strongly in re-
gression analyses, while the most important study ob-
jective was possible effects from long-term low-dose 
H2S exposure.

Inclusion was exposure-based. Based on question-
naires of job operations, and workplace inspections, we 
identified an internal comparison group for acute and 
sub-acute health effects, that was assessed to be little or 
not exposed to toxic substances from the sewage at the 
time of the health examinations. They were workers 
from a TV-inspection group with minimal contact with 
wastewater, workers dealing with the fresh-water net 
system, and administrative personnel with less than 
10% exposed working time. They were socioeconomic 
comparable to the exposed group. Workers relocated 
to administrative work due to health problems were 
not included in this group.

The final study base consisted of 138 workers; 41 
from sewage treatment plants, 71 from the sewer net 
system, and 26 low or unexposed referent workers. 
Most of the latter group had, however, previously 
been exposed to H2S through work. Participant char-
acteristics are described in Table 1. The study was ap-
proved by the Regional Medical Ethics Board, decision 
number 2012/1377. All participants gave their written 
informed consent.

Exposure and comparison groups
To disentangle possible acute effects due to current 
H2S exposure, from the long-term H2S component 
and other exposure components in the work envir-
onment, H2S exposure was expressed in 2 different 
variables.

Currently exposed and unexposed groups.
A dichotomous exposure variable defined the currently 
H2S-exposed (N = 112) and the unexposed referent 
workers (N = 26).

Long-term exposure, exposure stratification.
Since both the currently exposed and unexposed 
workers had been previously exposed to H2S through 
their work, the other variable defined exposure through 
a JEM for long-term H2S exposure (Austigard et al. 
2018), considering the severity of exposure, including 
exposure peaks in various work tasks, besides duration 
of peaks.

The workers contributed to establishing the ex-
posure level and pattern in the various work situations: 
During a 1-yr sampling period, to include seasonal 
variations, airborne endotoxins, inhalable dust par-
ticles, and H2S were sampled as personal measure-
ments, for approximately 4–5 h from the start of a 
workday. Each worker registered work operations, use 
of personal protective device, and breaks during sam-
pling. H2S concentrations were measured every 15 s 
with direct reading instruments. The average of 15 s 
was recorded.

Twenty-nine percent of the 93 measurements of 
hydrogen sulphide showed no registered sulphide level. 
Since active sewage work is likely to involve some 
generation of H2S, and 0.4 was the lowest calculated 
sulphide index for one measurement, a background 
sulphide level was estimated at 0.4/√2 = 0.28. All re-
sults with 0 sulphide index were replaced with this 
value. In addition, 37% had exposure ranging up to 1 
ppm. Of the remaining 34% with peaks above 1 ppm, 
7% points had peaks from 5 to 10 ppm, and 9% of all 
hydrogen sulphide measurements had exposure peaks 
above 10 ppm.

A hydrogen sulphide exposure index was estimated 
based on number of sulphide exposure peaks above 
0.1 ppm (H2S

01), 1 ppm (H2S
1), 5.0 ppm (H2S

5) and 
10.0 ppm (H2S

10), maximum H2S level, and duration 
of the peaks, to handle the measurements as one value 
(Austigard et al. 2018):

H2S index = H2S01 × 0.1 + H2SDuration01 × 0.1 +

H2S1 + H2S5 × 5 + H2SDuration5 × 5 + H2S10 × 10 + H2Smax

The index was used in modelling of each participant’s 
typical workplace exposure. In this neuropsycho-
logical study, the participating workers were stratified 
into 4 exposure sub-groups, where index values in 
the interval 0.54–1.39 represented the lowest H2S ex-
posure (N = 28), exposure index values between 3.08 
and 4.4 represented the second lowest exposure (N = 
71), index values between 6.29 and 7.29 represented 
the second highest (N = 20), and between 9.25 and 
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10.16 the highest long-term exposure to H2S (N = 
19).

A thorough presentation of exposure sampling 
and the development of the hydrogen sulphide index 
(Austigard et al. 2018), and a detailed description of 
work tasks and exposure conditions for the study 
group, besides results from lung-function examin-
ations, and respiratory and gastro-intestinal symp-
toms, with the corrected index equation, can be 
found in previously published studies from the pro-
ject (Heldal et al. 2019; Austigard and Smedbold 
2022).

Current smoking.
We compared the neuropsychological outcome among 
self-reported current smokers (N = 28) and non-
smokers (N = 110) as background information.

Health examinations and tests
All study participants went through neuropsycho-
logical testing, spirometry, and completed self-
administrated questionnaires. The questionnaires 
included questions on smoking and health status, 
with gastro-intestinal and work-related respira-
tory symptoms, and the 18 questions-version of the 
neurotoxic symptom questionnaire Q16 (Lundberg 
et al. 1997).

Three neuropsychological tests related to motor 
function (hand coordination, simple reaction time, 
and body sway) were included in the test battery. 
We emphasized tests used in previous sewage worker 
case studies or patient materials to facilitate com-
parison. As the participants were generally healthy 
workers, with similar occupational background, and 
the purpose was to compare sub-groups according 
to exposure, cognitive tests for general intellectual 
function were not included in the test battery as back-
ground information.

Grooved Pegboard test from the Halstead-Reitan 
test battery (Matthews and Kløve 1964) tests hand 
coordination, i.e. motor speed and fine manipulative 
dexterity. The test consists of a board with a 5 × 5 set 
of slotted holes angled in different directions from the 
centre and 25 identical pegs with a ridge, all of them 
fitting into each hole. The pegs are to be inserted as 
quickly as possible into the holes one by one, using 
only one hand at a time. Completion time for each 
hand is recorded.

In CATSYS simple auditory reaction time test (SRT) 
(Després 2000), the subject is holding a handle with a 
button in the dominant hand and press the button with 
the thumb as quickly as possible in response to a series 
of auditory stimuli (beeps) occurring at irregular time 
intervals. Testing time is 4 min. Average reaction time 
(msec) and standard deviation are recorded.

The CATSYS postural body-sway test (Danish 
Product Development 2000) is a Firm Surface Single 
Platform Force Measure Instrument with sensors map-
ping the participant’s position from a force centre pos-
ition (Winter et al. 1996; Prosperini and Pozzilli 2013). 
The participants stand erect with the feet side-by-side 
and keep the balance, first with open eyes, thereafter 
blindfolded. The test duration for each test condition 
is 75 s, of which the last 60 s are recorded. The test 
records weight (kg), mean sway, defined as mean of 
the distance from the geometrical centre of all posi-
tions (mm), transversal and sagittal sway, which are the 
mean of recorded x and y values of the force centre in a 
coordinate system with the mean force centre position 
in the origo (mm), sway area, which is the area of the 
smallest polygon including all force centre positions 
(mm2), sway intensity, defined by the root mean square 
of the accelerations recorded in the 0.1–10 Hz band 
(mm/s2), and sway velocity, the average travel period of 
the force centre calculated by dividing the total length 
of the force centre trajectory, with the duration (mm/s) 
(Ellingsen et al. 2008, 2015).

Similar tests have been used in previous studies of 
H2S toxicity, but in symptom rather than exposure-
based study samples (Kilburn 1997, 2003; Guidotti 
2010).

The order of the neuropsychological tests was the 
same for each participant, and all were tested by  
the same examiner. Each test session took place one 
of the days Tuesday to Thursday during the daytime 
between 10 a.m. and 2 p.m., and completion time was 
approximately 30 min.

Statistical analyses
Background and outcome variables, and exposure, 
were summarized with mean, standard deviation 
(SD), minimum, and maximum values. Acute or sub-
acute effects were studied by comparing the currently 
H2S-exposed with the currently unexposed workers, 
using Pearsons chi-square test for the categorical 
questionnaire outcome variables, and independent 
samples t-test for the continuous neuropsychological 
test variables. To assess long-term health effects, the 4 
stratified H2S exposure-index groups, comparing the 
lowest exposed with higher exposed workers, were 
used to achieve a possible dose–response profile, also 
using Pearsons chi-square test for categorical, and in-
dependent samples t-test for the continuous outcome 
variables. We applied independent samples t-test 
when comparing test performance among smokers 
and non-smokers. Spearman’s nonparametric cor-
relation was used to assess the correlation between 
selected independent exposure or background vari-
ables considered for inclusion into a regression 
model. We used multiple linear regression to assess 
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associations between the independent variables age, 
and H2S-exposure variables, and dependent con-
tinuous outcome variables. The regression analyses 
were done in the total study sample, and in each of 
the sub-groups of smokers and non-smokers, to iden-
tify possible differential outcome patterns. The out-
come variables were each neuropsychological test 
parameter. Test raw scores were applied, and age was 
included, because sensory-motor neuropsychological 
test performance is known to be age-dependent. All 
analyses were performed using IBM SPSS Statistics 20 
(IBM, Armonk NY).

Results
In the total study sample (N = 138), N = 45 (32.6%) 
worked in sewage plants, and N = 93 (67.4%) in the 
sewer net. The distribution of background and ex-
posure variables was as follows: Mean age (SD) was 
44.3 (9.0) years, range 20–63, mean employment 
duration was 10.0 (9.36) years, range 0.1–39, with a 
significant correlation between age and employment 
duration (r = 0.41, P < 0.001). Body mass index (BMI) 
was 29.0 (5.0) kg/m², range 19.4–52.1, and N = 28 
(20.3%) were current smokers. The mean H2S-index 
level (SD) was 4.2 (2.8), range 0.5–10.2. The mean 
endotoxin exposure level was 35.1 (42.1) EU/m3, range 
0.3–262.0. The mean dust exposure level was 0.32 
(0.23) mg/m3, range 0.05–1.91.

The distribution of background and exposure vari-
ables in the H2S-exposed and referent groups, and sub-
groups stratified according to the H2S index, are shown 
in Table 1. The Table 1 exposure stratification indicates 
that H2S exposure was higher in the sewer net than 
in sewage plants. Heldal et al. (2019) further specifies 
that higher H2S exposure is more common in rural 
plants and net system, particularly when collecting 
sewage from cesspools.

There was a slight statistical nonsignificant negative 
correlation (Spearman nonparametric test) between 
the H2S index and endotoxin exposure (r = −0.13, P = 
0.128), and a statistical significant correlation between 
the H2S index and dust exposure (r = 0.28, P < 0.001) 
in the total study sample (N = 138).

Smokers and non-smokers had similar mean H2S 
exposure-index values. The proportion of smokers and 
non-smokers currently exposed to H2S at work were 
also comparable. The smokers were 2.6 years older 
than the non-smokers (Table 4). There were no signifi-
cant differences between smokers and non-smokers in 
exposure to dust (0.28 versus 0.33 mg/m3, P = 0.390, 
independent samples t-test) or endotoxins (43.1 versus 
33.1 EU/m3, P = 0.263), despite higher level of particu-
larly endotoxins among smokers.

Work-related symptoms
In the total study sample, symptoms from the nose (N 
= 82, 59.9%), coughing (N = 75, 54.7%), nausea (N 
= 58, 42.0%), wheezing (N = 54, 39.4%), and fever 
attack (N = 50, 36.2%), were the most frequently re-
ported respiratory symptoms. Heavy breathing and 
airway symptoms were reported by N = 41 (30.1%) 
and N = 40 (29.2%), respectively. Of the CNS symp-
toms, tiredness (N = 63, 46.3%), forgetfulness (N = 
63, 46.3%), and concentration difficulties (N = 43, 
31.6%), were most often reported. Also, while no par-
ticipants without current exposure to H2S reported pal-
pitations, N = 10 (9.1%) of the currently H2S-exposed 
did. Currently, H2S-exposed workers at sewage plants 
and sewage net system showed no significant difference 
in symptom reporting.

The prevalence of current work-related respira-
tory symptoms was nonsignificantly elevated among 
workers compared to referents regarding heavy 
breathing, and significantly higher for airway symp-
toms (Supplementary Table A), while these two symp-
toms were equally prevalent among non-smokers as 
among smokers (N = 33, 30.3% versus N = 8, 29.6%, 
P = 1.000, and N = 32, 29.4% versus N = 8, 28.6%, P 
= 1.000, respectively) in our study sample.

No systematic dose–response relationship between 
sub-groups stratified according to the H2S exposure 
index was observed. Acute coughing only, tended to 
be reported significantly more often in the sub-group 
with the highest, compared to the lowest, estimated 
H2S exposure.

Neuropsychological data
Total study sample mean body-sway area was 253 
mm2 (SD = 106) with open eyes, and 602 mm2 (SD 
= 325) when blindfolded. Body sway was not signifi-
cantly different in the currently H2S-exposed work-
place group (N = 112) compared with the unexposed 
control group (N = 26). When stratified into 4 ex-
posure sub-groups according to the H2S exposure-
index level, we observe a tendency of nonsignificantly 
higher postural body-sway area when blindfolded, 
with increasing H2S index, from 581 mm2 in the 2 
lowest H2S-index sub-group values, to 702 mm2 
in the sub-group with the highest H2S-index value 
(Table 2).

Smokers tended to have nonsignificantly larger 
body-sway area than non-smokers, while body-sway 
velocity was significantly larger among smokers, both 
when tested with the eyes open and closed (Table 4).

The multivariate regression analyses did not reveal 
consistent statistical associations between the inde-
pendent variables and body sway in the total study 
sample, neither with the eyes open during testing, nor 
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blindfolded, when including age (also a proxy for em-
ployment duration) and the 2 H2S-exposure variables 
in the analyses (Table 3). When repeating the regres-
sion analysis among smokers and non-smokers sep-
arately (Table 5), the analyses indicate a significant 
contribution among smokers only, of the H2S index, in 
explaining the body-sway test results in the blindfolded 
condition. The explained model variance (R2), al-
though statistical nonsignificant, is also higher among 
the smokers than in the non-smoking sub-group, in 
the blindfolded testing condition. The results indicate 
a differential pattern of associations between the H2S 
index and the blindfolded body-sway test, in smokers 
and non-smokers.

Fine motor speed/eye-hand coordination in the total 
study sample, as measured with the Grooved Pegboard 
test, was 64.9 s (SD = 11.3) in the right hand, and 
69.0 s (SD = 11.9) in the left hand, with no significant 

differences between currently H2S-exposed and unex-
posed, and with no tendencies across the exposure-
index level (Table 2). However, smokers needed 
significantly longer time than non-smokers to com-
plete this test in both hands (Table 4). The multivariate 
regression analyses indicate an association between 
increasing age and prolonged completion time in both 
hands, in both the total study sample (Table 3) and the 
sub-samples of smokers and non-smokers, respectively 
(Table 5).

The mean SRT was 222.9 ms (SD = 29.7), and the 
within-person reaction time SD was 46.2 ms (SD = 
18.9) in the total study sample (N = 138). The SRT 
was significantly longer, and the within-person SRT 
dispersion significantly larger, in the currently exposed 
workplace group (N = 112) compared with the faster-
unexposed control group (N = 26) (Table 2), while 
SRT among smokers was not significantly longer than 

Table 3. Postural sway with eyes open and blindfolded, Grooved Pegboard and Simple reaction Time (SRT) as a function of age and 
occupational exposure in male sewage workers, total group (N = 138): Linear regressiona.

Raw scores Constant Regression coefficientsb R2 Model
P-value

Age H2S indexc Current H2S

B P-value B P-value B P-value B P-value

Postural sway
Eyes open

Transversal x (mm) 2.4 <0.001 0.01 0.236 −0.007 0.810 −0.06 0.753 0.01 0.691

Sagittal y (mm) 4.6 <0.001 −0.01 0.686 −0.06 0.258 0.26 0.466 0.01 0.608

Sway area (mm2) 148.2 0.002 2.21 0.031 −1.46 0.652 15.8 0.497 0.04 0.113

Mean sway (mm) 5.7 <0.001 0.001 0.969 −0.055 0.293 0.15 0.695 0.01 0.748

Intensity (mm/s2) 3.1 <0.001 0.01 0.190 0.013 0.627 0.33 0.084 0.05 0.101

Sway velocity (mm/s) 8.3 <0.001 0.03 0.275 −0.003 0.967 0.62 0.287 0.02 0.410

Blindfolded

Transversal x (mm) 3.6 <0.001 −0.001 0.959 0.07 0.086 0.20 0.515 0.03 0.312

Sagittal y (mm) 4.5 <0.001 0.004 0.761 0.06 0.193 0.08 0.800 0.02 0.570

Sway area (mm2) 469.2 0.002 0.50 0.873 13.2 0.190 67.5 0.353 0.02 0.401

Mean sway (mm) 6.4 <0.001 0.004 0.844 0.10 0.091 0.20 0.636 0.03 0.337

Intensity (mm/s2) 5.4 <0.001 0.02 0.326 0.02 0.663 0.26 0.496 0.02 0.561

Sway velocity (mm/s) 14.3 <0.001 0.07 0.285 0.13 0.561 1.45 0.356 0.02 0.396

Grooved Pegboard

Right hand (sec) 45.8 <0.001 0.49 <0.001 0.04 0.893 −3.29 0.161 0.15 <0.001

Left hand (sec) 41.1 <0.001 0.62 <0.001 0.19 0.570 −0.46 0.844 0.22 <0.001

Simple reaction time

SRT mean (msec) 205.2 <0.001 0.24 0.390 −1.18 0.192 14.7 0.026 0.06 0.050

SD (within test, msec) 29.0 <0.001 0.30 0.097 −0.93 0.100 9.92 0.016 0.09 0.007

aLinear regression. Dependent variable: Each sway, pegboard, or SRT-variable. Independent variables: Age (years), H2S exposure (index), 
H2S exposure (current, yes/no), included in total-group model.
bUnstandardized B-coefficient shown for all variables included in the model, P-values in italics, bold values; P < 0.05.
cH2S-index, exposure-level individual raw scores applied, rather than H2S-index subgroup values.
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non-smokers (Table 4). In the total study sample (Table 
3), but not in the sub-groups based on smoking status 
(Table 5), the regression analyses also indicate a sig-
nificant association between current H2S exposure and 
longer SRT.

Discussion
The analyses indicate an association between current 
sewage work, and increased SRT, in the total study 
sample. Body-sway tested blindfolded indicates a stat-
istically significant dose-dependent negative impact on 
balance among smokers, but not among non-smokers, 

of typical workplace long-term H2S exposure, as re-
flected by the H2S index. Balance is more impaired 
in the highest compared to the less H2S-exposed sub-
groups of our total study sample, but our lowest H2S-
exposed sub-groups are not improved compared to 
controls, thus not indicating any stimulating effect 
from low-level H2S exposure. Body-sway tested with 
open eyes is in the normal range. We observe no stat-
istically significant negative impact of neither the on-
going nor long-term H2S exposure, on work-related 
nervous system symptoms, or fine-motor coordination.

Our analyses show slightly higher symptom preva-
lence among currently exposed workers compared to 
referents, but very few statistically significant differ-
ences. The level of symptom reporting is comparable 
to previous studies (Melbostad et al. 1994,; Douwes 
et al. 2001; Lee et al. 2007). Reduced concentration, 
memory problems, and being tired are frequently re-
ported among sewage workers (Lewis and Copley 
2015), as is also the case in our study. Since the controls 
are previously exposed, but currently hardly exposed, 
to toxicants from the sewage, the limited group differ-
ence trends may support an assumption of limited H2S 
exposure with consecutive limited acute reactions in 
the exposed group. Alternatively, exposure misclassi-
fication regarding current exposure to H2S and other 
toxins, due to, for instance, recreational farming or 
other unknown occupational exposure particularly 
in the currently unexposed group, could also cause 
reduced group differences. This, however, we con-
sider less probable, since both groups are employees 
in the same companies, with full-time work, and with 
limited opportunities for alternative exposure-related 
activities.

If this is correct, the analyses represent a check of 
whether acute effects from current H2S exposure could 
conceal health effects from possible long-term exposure 
in analyses based on the H2S index. The analyses did 
not indicate this, and thus justified consideration of 
trends in CNS symptoms or neuropsychological test 
performance based on the exposure index.

We observed no systematic dose-response pattern 
of increasing self-reported symptom levels or re-
duced test performance, with higher H2S-index level, 
that could indicate long-term effects primarily from 
H2S alone. Since the exposed versus control group 
differences were also limited, the slightly elevated 
symptom prevalence in the exposed group may as 
likely be due to other aspects of the total exposure 
in sewage plants, like dust, endotoxins, or bacteria 
(Melbostad et al. 1994; Douwes et al. 2001), not 
further considered in this study. Heavy breathing 
or airway symptoms might reflect high physical 
workload, that may affect test performance through 
increased respiration and subsequent biological 

Table 4. Distribution of age, BMI, occupational exposures to H2S 
at work, postural sway, and neurobehavioral motor tests Grooved 
Pegboard and Simple Reaction Time (SRT) among current 
smokers (N = 28) and non-smokers (N = 110).

Non-smokers 
(N = 110)

Smokers  
(N = 28)

Pa

Mean (SD)b Mean (SD)b

Age, years 43.7 (9.1) 46.3 (8.6) 0.181

BMI, kg/m² 28.9 (4.9) 29.3 (5.7) 0.803

Current H2S exposure (N, %) 87 (79.1) 25 (89.3) -

H2S-Index 4.2 (2.7) 4.2 (3.0) 0.962

Postural sway
Eyes open

  Transversal x (mm) 2.8 (0.9) 2.8 (0.8) 0.784

  Sagittal y (mm) 4.2 (1.4) 4.6 (2.0) 0.166

  Sway area (mm2) 244 (104) 286 (106) 0.060

  Mean sway (mm) 5.5 (1.6) 6.0 (2.1) 0.213

  Intensity (mm/s2) 3.9 (0.9) 4.2 (0.8) 0.101

  Sway velocity (mm/s) 9.8 (2.5) 11.0 (3.0) 0.036

Blindfolded

  Transversal x (mm) 4.0 (1.4) 4.1 (1.2) 0.756

  Sagittal y (mm) 4.9 (1.4) 5.3 (1.5) 0.140

  Sway area (mm2) 584 (335) 670 (274) 0.209

  Mean sway (mm) 7.0 (1.9) 7.5 (1.9) 0.289

  Intensity (mm/s2) 6.3 (1.7) 7.0 (1.5) 0.053

  Sway velocity (mm/s) 18.6 (6.8) 21.6 (7.4) 0.045

Grooved Pegboard

  Right hand (sec) 63.6 (11.4) 70.1 (9.1) 0.006

  Left hand (sec) 67.9 (11.7) 73.3 (12.0) 0.033

Simple Reaction Time

  Mean (msec) 221.6 (27.8) 228.2 (36.5) 0.295

  SD (msec)  46.9 (20.0)  43.3 (13.6) 0.261

aIndependent samples t-test, P-values in italics,bold values; P < 
0.05.
bArithmetic mean (standard deviation).
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exposure to H2S. However, as these symptoms are 
reported by less than a third of the participants, 
and are equally prevalent among non-smokers and 
smokers, this most likely does not explain such out-
come among smokers only.

Significantly longer SRT in the currently H2S-
exposed group, compared to unexposed controls, how-
ever, was also observed by Farahat and Kishk (2010). 
Since SRT is comparable in the lowest and the highest 
exposed H2S exposure-index sub-group (Table 2), and 
there are no significant associations between SRT and 
the H2S-index in the multivariate analyses (Table 3), 
the prolonged SRT in the currently exposed group may 
be interpreted primarily as a reaction to the acute/sub-
acute H2S exposure.

The overall normal test results may be due to the 
general low exposure level in our study sample, or 
that H2S does not strongly affect our chosen out-
come variables but may also be due to methodological 
issues. We had to rely on self-reported smoking in our 
study, as we had not included biomarkers of nicotine. 
Misclassification regarding smoking status would tend 
to reduce group differences in effects, as the snuffers 
would appear as non-smokers, although they were 
nicotine exposed. However, in our smokers, sway vel-
ocity is also significantly increased, also reported by 
Pereira et al. (2001), and Grooved Pegboard is signifi-
cantly slower, also observed by Nadar et al. (2021) 
(Table 4). Such behavioural response pattern supports 
that the self-reported allocation in smoking status in 
our study may be sufficiently valid.

The observed dose-dependent association between 
the sway area tested blindfolded and the H2S index 
among smokers only (Table 5) may indicate that the 
H2S exposure alone is not sufficient for developing 
health effects. That we see this in otherwise healthy 
workers, at lower exposure levels than is previously 
assumed to lead to health effects, represents a new 
observation.

Mechanisms regarding nervous system contributions 
to balance deficits are not fully understood (Welniarz 
et al. 2021), and careful mechanistic inferences only, 
should be drawn from our primarily neurobehavioral 
observations.

When feet are placed close, parallel and side-by-side, 
anterior-posterior (A/P) sway is under ankle-control, 
while medial-lateral (M/L) balance is under hip con-
trol (Winter et al. 1996). Sway area combines these 
measures.

Sway may be influenced by various chemical agents; 
occupational after severe H2S intoxications through 
anoxic or direct mechanisms (Kilburn and Warshaw 
1995, 1997, 2003), or after manganese exposure in 
welders (Ellingsen et al. 2008, 2015), or life style, like 
cigarette smoking or alcohol consumption (Pereira 

et al. 2001; Staley et al. 2006). Degenerative ner-
vous system diseases like MS or Parkinson’s disease 
(Prosperini et al. 2014) also impair balance. Balance 
is gradually impaired in the elderly, and falling due to 
impaired balance may have severe health consequences 
and high costs (Kinge et al. 2023).

Since we observed a dose-dependent increased sway 
area when tested with closed eyes only, while sway 
tested with open eyes was normal, and the sway area in 
our study group had no specific direction in the A/P dir-
ection, this disregards a role of both dopaminergic path-
ways that are also associated with A/P sway (Cham et 
al. 2007), and certain parts of the cerebellum (Morton 
and Bastian 2004), also associated with A/P sway.

The exposure–effect profile in our study does not in-
dicate that it is immediately biologically plausible to 
assume that endotoxins or dust exposure should affect 
balance/SWAY negatively.

Since we observed an association between H2S ex-
posure and balance in smokers only, one could specu-
late that nicotine and H2S act on similar neuronal 
structures in the CNS, and that cholinergic receptors 
or nerves in the brainstem or basal ganglia may be a 
possible area of toxic effects from H2S (Pereira et al. 
2001; Staley et al. 2006; Shao and Feldman 2009). 
But, further studies are warranted to gain increased 
understanding of these possible exposure—effect 
associations.

Neither the currently exposed group nor the sub-
group with the lowest H2S-index values did systemat-
ically better than the currently unexposed controls on 
the neuropsychological tests. Our study accordingly 
does not support any stimulating effects of low-dose 
H2S exposure at levels present in the sewage work in 
our study, compatible with H2S as an endogenously 
produced nervous system gasotransmitter (Abe and 
Kimura 1996; Kimura 2011; Zhang et al. 2017) that 
was observed in population studies of low dose am-
bient H2S exposure (Inserra et al. 2004; Reed et al. 
2014), or in experimental chamber studies of low-dose 
H2S exposure (Fiedler et al., 2008).

However, both level and pattern of exposure may be 
different in the community studies compared to our oc-
cupational study; Exposure levels above 1 ppm are very 
uncommon in community settings (Guidotti 2010), 
while the general low exposure level in the work envir-
onment, with 8-h time-weighted average (TWA) meas-
urements below 5 ppm, is accompanied by occasional 
more frequent and higher situational or task-related 
exposure peaks above 10 ppm, and all groups with ac-
tive sewage work may even have incidents of exposure 
above 100 ppm (Austigard et al. 2018, 2023; Austigard 
and Smedbold 2022).

The impact of the occasional peak pattern for the 
observed outcomes related to sway or balance is 
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supported, since reduced performance in neuropsycho-
logical examination was not demonstrated in the com-
munity studies, after pure low-dose H2S exposure in the 
ppb range and below 5 ppm, without exposure peaks. 
People exposed to ambient low-dose H2S rather per-
formed slightly better on tests of basic motor functions.

This implies that concerns about pure low-dose ex-
posure to H2S may be reduced but also that concerns 
regarding repeated exposure peaks in the work atmos-
phere should be maintained (Austigard et al. 2023).

Study design, study sample, methods
The H2S sampling strategy included measurements 
for 1 yr, and the H2S-exposure index emphasized each 
worker’s various work operations at the workplace. 
Strictly speaking, the index is based on and primarily 
represents exposure sampling during the year close in 
time to the health examination only. The intention was, 
however, to make an index that reflected an overall 
typical exposure for this kind of work, also beyond the 
actual sampling period, so that it was justified to label 
this long-term typical, although not cumulative, H2S 
exposure (Austigard et al. 2018), in contrast to acute 
or subacute short-term H2S exposure, that may vary 
independent of the typical exposure, during the day 
or few days preceding the health examinations. Such 
approach could also be justified, since H2S is not ac-
cumulated in the body, but is easily transformed and 
excreted in urine (Farahat and Kishk 2010).

The approach presupposes that high-exposure situ-
ations and patterns during the year of exposure sam-
pling may, to some extent, resemble the exposure 
pattern of the previous years. Still, we cannot rule out 
that the typical general exposure may have decreased 
the more recent years. Such possible underestimation 
of typical long-term exposure prior to the year of ex-
posure sampling could lead to an overestimation of 
health effects from H2S, based on the index, which 
would also be the case if the index did not sufficiently 
reflect the high-dose peak exposures.

Such challenges have been discussed by several au-
thors. Long-term exposure indexes are most often 
composed of both duration and amount of exposure. 
However, different authors have assumed that either all 
previous exposure are weighted equally, or that more 
recent exposure, or the last 5 yr, should be given extra 
weight (Ruijten et al. 1990). Higher general levels of 
exposure have also been given extra weight compared 
to lower levels (De Fruyt et al. 1998). The index in our 
study, in addition, gives extra weight to peak exposures 
(Austigard et al. 2018). Thus, there is no consensus on 
how to construct an exposure index.

Another challenge is that although each worker 
is assigned an individual index value, the exposure 

measurements used in construction of the index are 
associated with the typical exposure at the workplace 
and -tasks. All workers with similar “work-activity 
profile” will thus be assigned the same index value, 
although the individual exposure may vary between 
them, making the index a cruder exposure indication 
when studying exposure—effect associations.

Neuropsychological test results in previous epi-
demiological studies have been difficult to interpret 
in terms of CNS-dysfunction alone, due to inclusion 
based on manifest self-reported symptoms (Kilburn 
et al. 2010), tending to exaggerate health effects 
from low-dose H2S exposure. The exposure-based 
inclusion into our study, and the close to complete 
participation rate, minimizes the risk of selective in-
clusion into the study and reduces the likelihood of 
a symptom-based bias in the study sample. A study 
sample of occupationally active workers, however, 
increases the likelihood of minimizing health effects, 
due to a healthy-worker effect. Exposure misclassifi-
cation could in addition make us overlook real differ-
ences in acute health outcome between the currently 
exposed and unexposed groups. However, as already 
described, we consider a bias due to pronounced ex-
posure misclassification regarding current exposure, 
less likely.

The exposure-index stratification approach for 
long-term effects, based on measurements rather than 
reporting, may reduce a possible symptom bias from 
differential worry among employees regarding effects 
from low-dose exposures, as such worry may be dis-
tributed incidentally among the H2S-index sub-groups, 
not contributing systematically to possible observed 
dose-effect trends.

Our dual approach to the study design may thus have 
enabled analysis of health effects from both short-term 
acute or subacute-, and long-term typical H2S exposure, 
separately. We first checked in the cross-sectional ex-
posed versus control approach. Since the most recent 
H2S-exposure was apparently not important for test 
performance at the H2S-exposure levels in our study, a 
study of the outcome pattern at 4 different long-term 
index levels in the exposure-index stratification ap-
proach (Table 2 and Supplementary Appendix A) and 
use of linear regression analyses (Tables 3 and 5), to 
disentangle whether long-term H2S exposure contrib-
uted to the results, was possible.

It must be added, though, that the approach is 
dose-related: When the ongoing typical exposure is 
generally low or limited, we may expect minor acute 
effects in the currently H2S-exposed group and minor 
(nonsignificant) differences between the currently 
exposed versus control group. But with more pro-
nounced ongoing work-related exposure in our study 
sample, we would expect to observe significant effect 
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differences between the currently exposed and un-
exposed employees and would not be able to study 
long-term effects separately.

Our approach presupposes that exposure group al-
location is sufficiently valid, and not subject to control 
group exposure misclassification, and that the current 
level of exposure to H2S is generally low.

The neuropsychological tests, with a focus on motor 
function and coordination, were chosen because they 
could be compared to results from other occupational, 
community, or experimental studies of H2S exposure. 
Since the test choice was based on a priori hypotheses, 
with variables that were not independent of each other, 
we did not correct for the magnitude of statistical 
analyses. If we had not based our study on biological 
plausible hypotheses, we would be more vulnerable 
to incidental associations or exaggeration of findings. 
Contrary to this, some nonsignificant tendencies might 
have been statistically more pronounced, if our study 
sample had been larger with a higher statistical power.

Despite both this, a possible healthy-worker ef-
fect, risk of exposure misclassification, and the crude 
nicotine-exposure information, our exposure index still 
detected health effects from long-term occupational 
exposure, previously only described in case studies 
and after serious incidents. All in all, our observed ef-
fects are relatively modest, and biologically relevant, 
and the exposure index thus seems sufficiently robust 
(Austigard et al. 2018; Heldal et al. 2019). Emphasizing 
exposure peaks more than cumulative exposure also 
seem reasonable, as H2S does not accumulate in the 
body but is easily metabolized and excreted.

Conclusion
We observe impaired bodily balance associated with 
long-term H2S exposure among smokers, when tested 
blindfolded. The results indicate that low-level occu-
pational H2S exposure with exposure peaks in cer-
tain work operations may be hazardous to health 
and pinpoints the importance of minimizing and 
avoiding exposure peaks, also when H2S TWA meas-
urements do not exceed an occupational exposure 
limit of 5 ppm. The outcome may be associated with 
H2S influencing cholinergic receptors or nerves in the 
brainstem or basal ganglia, but maintaining balance 
involves large parts of the CNS, and further studies 
regarding this is warranted. The study does not in-
dicate comparable effects regarding reaction time, 
or fine motor coordination related to long-term ex-
posure to H2S. Effects from short-term acute or sub-
acute H2S exposure do not seem to conceal effects 
associated with the more long-term H2S index in this 
study. The test pattern does not indicate the presence 

of a hypothetical stimulating effect of low-dose H2S 
exposure.

Funding
The project was funded by The Labour Inspection 
Authority, The Norwegian Confederation of Trade 
Unions (LO), and Norwegian Water (a national asso-
ciation representing Norway`s water industry). For the 
purpose of open access, the author has applied a CC 
BY public copyright license to any Author Accepted 
Manuscript version arising from this submission.

Conflict of interest statement
The authors declare no conflict of interest relating 
to the material presented in this Article. Its contents, 
including any opinions and/or conclusions expressed, 
are solely those of the authors.

Data availability
Data will be deposited in the Norwegian Agency for 
Shared Services in Education and Research (Sikt) 
Research Data Archive (https://sikt.no/en).

Supplementary Data
Supplementary data are available at Annals of Work 
Exposures and Health online.

References
Abe K, Kimura H. The possible role of hydrogen sul-

fide as an endogenous neuromodulator. J Neurosci. 
1996:16(3):1066–1071. https://doi.org/10.1523/
JNEUROSCI.16-03-01066.1996.

Austigard AD, Smedbold HT. Hydrogen sulphide (H2S) ex-
posure hazard assessment: an algorithm for generating 
exposure index based on direct instrument readings. Ann 
Work Expo Health. 2022:66(1):124–129. https://doi.
org/10.1093/annweh/wxab047.

Austigard AD, Smedbold HT, Svendsen K. Risk characteris-
tics of hydrogen sulphide exposure in wastewater collec-
tion and treatment related occupations. Ann Work Expo 
Health. 2023:67(2);216–227. https://doi.org/10.1093/
annweh/wxac065.

Austigard AD, Svendsen K, Heldal KK. Hydrogen sulphide ex-
posure in waste water treatment. J Occup Med Toxicol. 
2018:13:1–10. https://doi.org/10.1186/s12995-018-0191-z.

Cham R, Perera S, Studenski SA, Bohnen NI. Striatal 
dopamine denervation and sensory integration for 
balance in middle-aged and older adults. Gait Pos-
ture. 2007:26(4):516–525. https://doi.org/10.1016/j.
gaitpost.2006.11.204.

D
ow

nloaded from
 https://academ

ic.oup.com
/annw

eh/article/67/9/1027/7281569 by U
niversitetbiblioteket i Trondheim

 user on 02 January 2024

https://sikt.no/en
https://doi.org/10.1523/JNEUROSCI.16-03-01066.1996
https://doi.org/10.1523/JNEUROSCI.16-03-01066.1996
https://doi.org/10.1093/annweh/wxab047
https://doi.org/10.1093/annweh/wxab047
https://doi.org/10.1093/annweh/wxac065
https://doi.org/10.1093/annweh/wxac065
https://doi.org/10.1186/s12995-018-0191-z
https://doi.org/10.1016/j.gaitpost.2006.11.204
https://doi.org/10.1016/j.gaitpost.2006.11.204


Annals of Work Exposures and Health, 2023, Vol. 67, No. 9 1041

De Fruyt F, Thiery E, De Bacquer D, Vanhoorne M. Neuro-
psychological effects of occupational exposures to car-
bon disulfide and hydrogen sulfide. Int J Occup Environ 
Health. 1998:4(3):139–146. https://doi.org/10.1179/
oeh.1998.4.3.139.

Després C, Lamoureux D, Beuter A. Standardization of a 
neuromotor test battery: the CATSYS system. Neurotoxi-
cology. 2000:21(5):725–735.

Douwes J, Mannetje AT, Heederik D. Work-related symptoms 
in sewage treatment workers. Ann Agric Environ Med. 
2001:8(1):39–45.

Ellingsen DG, Chashchin M, Bast-Pettersen R, Zibarev 
E, Thomassen Y, Chashchin V. A follow-up study of 
neurobehavioral functions in welders exposed to man-
ganese. Neurotoxicology. 2015:47:8–16. https://doi.
org/10.1016/j.neuro.2014.12.012.

Ellingsen DG, Konstantinov R, Bast-Pettersen R, Merkurjeva 
L, Chashchin M, Thomassen Y, Chashchin V. A 
neurobehavioral study of current and former welders ex-
posed to manganese. Neurotoxicology. 2008:29(1):48–59. 
https://doi.org/10.1016/j.neuro.2007.08.014.

Farahat SA, Kishk NA. Cognitive functions changes 
among Egyptian sewage network workers. Toxicol 
Ind Health. 2010:26(4):229–238. https://doi.
org/10.1177/0748233710364966.

Fiedler N, Kipen H, Ohman-Strickland P, Zhang J, Weisel C, 
Laumbach R, Kelly-McNeil K, Olejeme K, Lioy P. Sensory 
and cognitive effects of acute exposure to hydrogen sulfide. 
Environ Health Perspect. 2008:116(1):78–85. https://doi.
org/10.1289/ehp.10531.

Guidotti TL. Hydrogen sulphide. Occup Med. 1996:46(5):367–
371. https://doi.org/10.1093/occmed/46.5.367.

Guidotti TL. Hydrogen sulfide: advances in understanding 
human toxicity. Int J Toxicol. 2010:29(6):569–581. https://
doi.org/10.1177/1091581810384882.

Heldal KK, Austigard AD, Svendsen KH, Einarsdottir E, Goffeng 
LO, Sikkeland LI, Nordby K-C. Endotoxin and hydrogen 
sulphide exposure and effects on the airways among waste 
water workers in sewage treatment plants and sewer net 
system. Ann Work Expo Health. 2019:63(4):437–447. 
https://doi.org/10.1093/annweh/wxz020.

Heldal KK, Madso L, Huser PO, Eduard W. Exposure, symp-
toms and airway inflammation among sewage workers. 
Ann Agric Environ Med. 2010:17(2):263–268.

Inserra SG, Phifer BL, Anger WK, Lewin M, Hilsdon R, 
White MC. Neurobehavioral evaluation for a commu-
nity with chronic exposure to hydrogen sulfide gas. En-
viron Res. 2004:95(1):53–61. https://doi.org/10.1016/j.
envres.2003.08.005.

Kilburn KH. Exposure to reduced sulfur gases impairs 
neurobehavioral function. South Med J. 1997:90(10):997–
1006. https://doi.org/10.1097/00007611-199710000-
00006.

Kilburn KH. Effects of hydrogen sulfide on neurobehavioral 
function. South Med J. 2003:96(7):639–646. https://doi.
org/10.1097/01.SMJ.0000072361.86796.56.

Kilburn KH, Thrasher JD, Gray MR. Low-level hydro-
gen sulfide and central nervous system dysfunction. 
Toxicol Ind Health. 2010:26(7):387–405. https://doi.
org/10.1177/0748233710369126.

Kilburn KH, Warshaw RH. Hydrogen sulfide and reduced-
sulfur gases adversely affect neurophysiological functions. 
Toxicol Ind Health. 1995:11(2):185–197. https://doi.
org/10.1177/074823379501100206.

Kimura H. Hydrogen sulfide: its production, release and func-
tions. Amino Acids. 2011:41(1):113–121. https://doi.
org/10.1007/s00726-010-0510-x.

Kinge JM, Dieleman JL, Karlstad O, Knudsen AK, Klitkou 
ST, Hay SI, Vos T, Murray CJL, Vollset SE. Disease-
specific health spending by age, sex, and type of care 
in Norway: a national health registry study. BMC Med. 
2023:21(1):201. https://doi.org/10.1186/s12916-023-
02896-6.

Klaassen CD, Amdur MO. Casarett and Doull’s toxicology: 
the basic science of poisons. New York: McGraw-Hill, 
2013.

Laitinen S, Kangas J, Kotimaa M, Liesivuori J, Martikainen PJ, 
Nevalainen A, Sarantila R, Husman K. Workers’ exposure to 
airborne bacteria and endotoxins at industrial wastewater 
treatment plants. Am Ind Hyg Assoc J. 1994:55(11):1055–
1060. https://doi.org/10.1080/15428119491018330.

Lee JA, Thorne PS, Reynolds SJ, O'Shaughnessy PT. Moni-
toring risks in association with exposure levels among 
wastewater treatment plant workers. J Occup Environ 
Med. 2007:49(11):1235–1248. https://doi.org/10.1097/
JOM.0b013e3181568b40.

Lewis RJ, Copley GB. Chronic low-level hydrogen sulfide 
exposure and potential effects on human health: a re-
view of the epidemiological evidence. Crit Rev Toxicol. 
2015:45(2):93–123. https://doi.org/10.3109/10408444.20
14.971943.

Lim E, Mbowe O, Lee AS, Davis J. Effect of environmental ex-
posure to hydrogen sulfide on central nervous system and 
respiratory function: a systematic review of human studies. 
Int J Occup Environ Health. 2016:22(1):80–90. https://doi.
org/10.1080/10773525.2016.1145881.

Lund O, Wieland H. [Pathologic-anatomic findings in experi-
mental hydrogen sulfide poisoning (H2S). A study on rhe-
sus monkeys]. Int Arch Arbeitsmed. 1966:22(1):46–54.

Lundberg I, Högberg M, Michelsen H, Nise G, Hogstedt 
C. Evaluation of the Q16 questionnaire on neuro-
toxic symptoms and a review of its use. Occup Environ 
Med. 1997:54(5):343–350. https://doi.org/10.1136/
oem.54.5.343.

Matthews C, Kløve H. Neuropsychological test battery manual. 
Madison (WI): University of Wisconsin Neuropsychology 
Laboratory, 1964.

Melbostad E, Eduard W, Skogstad A, Sandven P, Lassen J, Søstrand 
P, Heldal K. Exposure to bacterial aerosols and work-related 
symptoms in sewage workers. Am J Ind Med. 1994:25(1):59–
63. https://doi.org/10.1002/ajim.4700250116.

Morton SM, Bastian AJ. Cerebellar control of balance and loco-
motion. Neuroscientist. 2004:10(3):247–259. https://doi.
org/10.1177/1073858404263517.

Nadar MS, Hasan AM, Alsaleh M. The negative impact of chronic 
tobacco smoking on adult neuropsychological function: a 
cross-sectional study. BMC Public Health. 2021:21(1):1278. 
https://doi.org/10.1186/s12889-021-11287-6.

Pereira CB, Strupp M, Holzleitner T, Brandt T. Smoking and 
balance: correlation of nicotine-induced nystagmus and 

D
ow

nloaded from
 https://academ

ic.oup.com
/annw

eh/article/67/9/1027/7281569 by U
niversitetbiblioteket i Trondheim

 user on 02 January 2024

https://doi.org/10.1179/oeh.1998.4.3.139
https://doi.org/10.1179/oeh.1998.4.3.139
https://doi.org/10.1016/j.neuro.2014.12.012
https://doi.org/10.1016/j.neuro.2014.12.012
https://doi.org/10.1016/j.neuro.2007.08.014
https://doi.org/10.1177/0748233710364966
https://doi.org/10.1177/0748233710364966
https://doi.org/10.1289/ehp.10531
https://doi.org/10.1289/ehp.10531
https://doi.org/10.1093/occmed/46.5.367
https://doi.org/10.1177/1091581810384882
https://doi.org/10.1177/1091581810384882
https://doi.org/10.1093/annweh/wxz020
https://doi.org/10.1016/j.envres.2003.08.005
https://doi.org/10.1016/j.envres.2003.08.005
https://doi.org/10.1097/00007611-199710000-00006
https://doi.org/10.1097/00007611-199710000-00006
https://doi.org/10.1097/01.SMJ.0000072361.86796.56
https://doi.org/10.1097/01.SMJ.0000072361.86796.56
https://doi.org/10.1177/0748233710369126
https://doi.org/10.1177/0748233710369126
https://doi.org/10.1177/074823379501100206
https://doi.org/10.1177/074823379501100206
https://doi.org/10.1007/s00726-010-0510-x
https://doi.org/10.1007/s00726-010-0510-x
https://doi.org/10.1186/s12916-023-02896-6
https://doi.org/10.1186/s12916-023-02896-6
https://doi.org/10.1080/15428119491018330
https://doi.org/10.1097/JOM.0b013e3181568b40
https://doi.org/10.1097/JOM.0b013e3181568b40
https://doi.org/10.3109/10408444.2014.971943
https://doi.org/10.3109/10408444.2014.971943
https://doi.org/10.1080/10773525.2016.1145881
https://doi.org/10.1080/10773525.2016.1145881
https://doi.org/10.1136/oem.54.5.343
https://doi.org/10.1136/oem.54.5.343
https://doi.org/10.1002/ajim.4700250116
https://doi.org/10.1177/1073858404263517
https://doi.org/10.1177/1073858404263517
https://doi.org/10.1186/s12889-021-11287-6


1042 Goffeng et al.

postural body sway. Neuroreport. 2001:12(6):1223–1226. 
https://doi.org/10.1097/00001756-200105080-00033.

Prosperini L, Petsas N, Raz E, Sbardella E, Tona F, 
Mancinelli CR, Pozzilli C, Pantano P. Balance def-
icit with opened or closed eyes reveals involvement of 
 different  structures of the central nervous system in mul-
tiple sclerosis. Mult Scler J. 2014:20(1):81–90. https://doi.
org/10.1177/1352458513490546.

Prosperini L, Pozzilli C. The clinical relevance of force plat-
form measures in multiple sclerosis: a review. Mult Scler 
Int. 2013:2013:1–9. https://doi.org/10.1155/2013/756564.

Qiao CZ, Chen A, Blouin JS, Wu LC. Potential mechanisms 
of acute standing balance deficits after concussions and 
subconcussive head impacts: a review. Ann Biomed Eng. 
2021:49(10):2693–2715. https://doi.org/10.1007/s10439-
021-02831-x.

Reed BR, Crane J, Garrett N, Woods DL, Bates MN. Chronic 
ambient hydrogen sulfide exposure and cognitive func-
tion. Neurotoxicol Teratol. 2014:42:68–76. https://doi.
org/10.1016/j.ntt.2014.02.002.

Reiffenstein R, Hulbert WC, Roth SH. Toxicology of hydrogen 
sulfide. Annu Rev Pharmacol Toxicol. 1992:32:109–134. 
https://doi.org/10.1146/annurev.pa.32.040192.000545.

Richardson DB. Respiratory effects of chronic hydrogen sulfide 
exposure. Am J Ind Med. 1995:28(1):99–108. https://doi.
org/10.1002/ajim.4700280109.

Ruijten MW, Salle HJ, Verberk MM, Muijser H. Special nerve 
functions and colour discrimination in workers with long 
term low level exposure to carbon disulphide. Occup En-
viron Med. 1990:47(9):589–595. https://doi.org/10.1136/
oem.47.9.589.

Rumbeiha W, Whitley E, Anantharam P, Kim D‐S, Kanthasamy 
A. Acute hydrogen sulfide–induced neuropathol-
ogy and neurological sequelae: challenges for trans-
lational neuroprotective research. Ann N Y Acad Sci. 
2016:1378(1):5–16. https://doi.org/10.1111/nyas.13148.

Rylander R. Health effects among workers in sewage treatment 
plants. Occup Environ Med. 1999:56(5):354–357. https://
doi.org/10.1136/oem.56.5.354.

Saeedi A, Najibi A, Mohammadi-Bardbori A. Effects of 
long-term exposure to hydrogen sulfide on human red 
blood cells. Int J Occup Environ Med. 2015:6(1):20–25. 
https://doi.org/10.15171/ijoem.2015.482.

Shao XM, Feldman JL. Central cholinergic regulation of 
respiration: nicotinic receptors. Acta Pharmacol Sin. 
2009:30(6):761–770. https://doi.org/10.1038/aps.2009.88.

Staley JK, Krishnan-Sarin S, Cosgrove KP, Krantzler E, Frohlich 
E, Perry E, Dubin JA, Estok K, Brenner E, Baldwin RM, 
et al. Human tobacco smokers in early abstinence have 

higher levels of β2* nicotinic acetylcholine receptors than 
nonsmokers. J Neurosci. 2006:26(34):8707–8714. https://
doi.org/10.1523/JNEUROSCI.0546-06.2006.

Surgent OJ, Dadalko OI, Pickett KA, Travers BG. Balance and the 
brain: a review of structural brain correlates of postural balance 
and balance training in humans. Gait Posture. 2019:71:245–
252. https://doi.org/10.1016/j.gaitpost.2019.05.011.

Svendsen K. The Nordic Expert Group for Criteria Documenta-
tion of Health Risks from Chemicals and The Dutch Expert 
Committee on Occupational Standards: 127. Hydrogen 
sulphide, 2001.

Thorn J, Beijer L. Work-related symptoms and inflamma-
tion among sewage plant operatives. Int J Occup En-
viron Health. 2004:10(1):84–89. https://doi.org/10.1179/
oeh.2004.10.1.84.

Tvedt B, Skyberg K, Aaserud O, Edland A, Hobbesland A, 
Mathiesen T. [H2S poisoning and nervous system dam-
age]. Tidsskr Nor Laegeforen. 1989:109(19-21):2007–
2011.

Tvedt B, Skyberg K, Aaserud O, Hobbesland A, Mathiesen 
T. Brain damage caused by hydrogen sulfide: a follow-up 
study of six patients. Am J Ind Med. 1991:20(1):91–101. 
https://doi.org/10.1002/ajim.4700200109.

Umbreit J. Methemoglobin—it’s not just blue: a concise re-
view. Am J Hematol. 2007:82(2):134–144. https://doi.
org/10.1002/ajh.20738.

Visser JE, Bloem BR. Role of the basal ganglia in balance con-
trol. Neural Plast. 2005:12(2-3):161–74; discussion 263. 
https://doi.org/10.1155/NP.2005.161.

Watt MM, Watt SJ, Seaton A. Episode of toxic gas exposure in 
sewer workers. Occup Environ Med. 1997:54(4):277–280. 
https://doi.org/10.1136/oem.54.4.277.

Welniarz Q, Worbe Y, Gallea C. The forward model: a unify-
ing theory for the role of the cerebellum in motor control 
and sense of agency. Front Syst Neurosci. 2021:15:644059. 
https://doi.org/10.3389/fnsys.2021.644059.

Winter DA, Prince F, Frank JS, Powell C, Zabjek KF. Unified 
theory regarding A/P and M/L balance in quiet stance. 
J Neurophysiol. 1996:75(6):2334–2343. https://doi.
org/10.1152/jn.1996.75.6.2334.

Woodall GM Jr, Smith RL, Granville GC. Proceedings of 
the hydrogen sulfide health research and risk assess-
ment symposium. October 31-November 2, 2000. 
Inhal Toxicol. 2005:17(11):593–639. https://doi.
org/10.1080/08958370591000618.

Zhang JY, Ding YP, Wang Z, Kong Y, Gao R, Chen G. Hydro-
gen sulfide therapy in brain diseases: from bench to bed-
side. Med Gas Res. 2017:7(2):113–119. https://doi.
org/10.4103/2045-9912.208517.

D
ow

nloaded from
 https://academ

ic.oup.com
/annw

eh/article/67/9/1027/7281569 by U
niversitetbiblioteket i Trondheim

 user on 02 January 2024

https://doi.org/10.1097/00001756-200105080-00033
https://doi.org/10.1177/1352458513490546
https://doi.org/10.1177/1352458513490546
https://doi.org/10.1155/2013/756564
https://doi.org/10.1007/s10439-021-02831-x
https://doi.org/10.1007/s10439-021-02831-x
https://doi.org/10.1016/j.ntt.2014.02.002
https://doi.org/10.1016/j.ntt.2014.02.002
https://doi.org/10.1146/annurev.pa.32.040192.000545
https://doi.org/10.1002/ajim.4700280109
https://doi.org/10.1002/ajim.4700280109
https://doi.org/10.1136/oem.47.9.589
https://doi.org/10.1136/oem.47.9.589
https://doi.org/10.1111/nyas.13148
https://doi.org/10.1136/oem.56.5.354
https://doi.org/10.1136/oem.56.5.354
https://doi.org/10.15171/ijoem.2015.482
https://doi.org/10.1038/aps.2009.88
https://doi.org/10.1523/JNEUROSCI.0546-06.2006
https://doi.org/10.1523/JNEUROSCI.0546-06.2006
https://doi.org/10.1016/j.gaitpost.2019.05.011
https://doi.org/10.1179/oeh.2004.10.1.84
https://doi.org/10.1179/oeh.2004.10.1.84
https://doi.org/10.1002/ajim.4700200109
https://doi.org/10.1002/ajh.20738
https://doi.org/10.1002/ajh.20738
https://doi.org/10.1155/NP.2005.161
https://doi.org/10.1136/oem.54.4.277
https://doi.org/10.3389/fnsys.2021.644059
https://doi.org/10.1152/jn.1996.75.6.2334
https://doi.org/10.1152/jn.1996.75.6.2334
https://doi.org/10.1080/08958370591000618
https://doi.org/10.1080/08958370591000618
https://doi.org/10.4103/2045-9912.208517
https://doi.org/10.4103/2045-9912.208517

