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Background: Exposure to strong inorganic acid mists (SIAMs) in the workplace has been linked to respiratory tract cancers.
Aims: We conducted a meta-analysis of cohort and case–control studies examining the association between occupational SIAMs and respiratory 
tract cancers other than laryngeal cancer, which is already established.
Methods: Studies mentioned in the 1992 IARC Monograph on carcinogenicity of SIAMs were combined with later studies identified from a sys-
tematic search of Scopus, PubMed and Embase. Forest plots of relative risks (RR) and odds ratios were constructed for the 34 identified studies. 
A random-effects model was used to address heterogeneity.
Results: An association between the roles associated with occupational SIAMs exposure and risk of lung (RR = 1.17; 95% confidence interval 
[CI] = 1.05–1.32), and nasal cancers (RR = 3.30, 95% CI = 1.16–9.41) was found. The risk of oral and pharyngeal cancer was also associ-
ated with SIAMs exposure-related roles (RR = 1.59, 95% CI = 0.98–2.57). Results did not differ by study design, gender or outcome for all 
three cancers. A positive association for lung cancer was found with chemical (RR = 1.25, 95% CI = 1.13–1.38), and metal and steel industries 
(RR = 1.19, 95% CI = 1.04–1.37), as well as for oral and pharyngeal cancer with chemical industry (RR = 1.72, 95% CI = 1.57–1.89). We 
checked publication bias for lung (p = 0.35), oral and pharyngeal (p = 0.02) and nasal cancer (p = 0.40).
Conclusions: Our study showed an association between occupational SIAM exposure and risk of lung, nasal, and possibly oral and pharyngeal 
cancers. However, weaknesses in the recording of confounding and exposure data in the currently available literature were found.

I N T RO D U CT I O N
Respiratory tract cancers are the leading cause of death due to 
cancer worldwide, and the rate in males is more than twice that 
in females [1]. Risk factors identified for respiratory cancers in-
clude smoking for lung, oral cavity and pharynx cancers; alcohol 
for oral cavity and pharynx cancers; as well as occupational and en-
vironmental carcinogens, such as wood dust for sinonasal cancers. 
Occupational exposure to sulphuric acid and other strong inor-
ganic acid mists (SIAMs) such as hydrochloric, nitric, hydrofluoric 
and phosphoric acids have also been identified as risk factors [2,3].

Sulphuric acid is the most used strong inorganic acid in indus-
trial processes globally. This group of agents is most commonly 
absorbed through the respiratory tract, but also through the 
skin and by oral ingestion. However, it is important to note that 
the toxicity is largely due to effects at the site of initial contact, 
though systemic effects may be observed such as metabolic acid-
osis, hypoxia, respiratory failure and acute renal failure [4,5].

There are many industrial processes that can generate strong 
acids, including pickling and other acid treatments of steel 
and other metals, copper smelting, lead batteries, phosphate 
fertilizer production and the synthesis of various chemicals, 
including strong acids [6,7]. In 1991, the International Agency 
for Research on Cancer (IARC) released a report indicating 
that exposure to SIAM is carcinogenic for laryngeal cancer. The 
IARC subsequently updated their evaluation in 2012, categor-
izing Mists from Strong Inorganic Acids as a Group 1 carcinogen 
for humans for laryngeal cancer, and with a positive association 
with lung cancer [6]. While there exists a positive correlation 
between SIAM exposure and cancer in other respiratory organs, 
this had not yet been definitively established. Limited informa-
tion on the possible mechanism of carcinogenicity of inorganic 
acid mists is available, especially in experimental animals [8,9]. 
However, previous reports indicate that acid mist, depending 
on its droplet size and other characteristics, can infiltrate 
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various parts of the respiratory system, and compromise the de-
fence mechanisms of the respiratory tract potentially leading to 
harmful effects [4,6].

To our knowledge, no meta-analysis has been conducted to 
investigate the association between SIAM exposure and the 
risk of respiratory cancers other than the larynx. Conducting a 
meta-analysis can provide a comprehensive assessment, identify 
sources of heterogeneity, detect small but significant effects, and 
offer a quantitative summary of the evidence. These results can 
contribute to a better understanding of the need for protective 
measures in the workplace. Thus, the current study aims to ad-
dress the current state of scientific evidence regarding the asso-
ciation between SIAM exposure and incidence and mortality of 
respiratory cancers other than laryngeal cancer.

M ET H O D S
The reference lists in the IARC Monograph on carcinogenicity of 
SIAMs [6] were supplemented with searches of English, Spanish, 
French, Italian, and German languages peer-reviewed publica-
tions with no limit to year of publication on three databases: 

MEDLINE (PubMed), SCOPUS and EMBASE (Ovid) up to 10 
April 2023. The studies identified reported results on incidence 
or mortality from cancers of the lung and upper respiratory tract 
cancers (nasal cavity and sinuses, pharynx) and occupational ex-
posure to SIAMs. As most reports relating to pharyngeal cancer 
also include the oral cavity, these were included in the analysis. 
We excluded laryngeal cancer because an association with SIAM 
exposure has been established [6]. The search strategy was de-
signed using MeSH terms (neoplasms OR carcinoma OR cancer 
OR malignant [Title/Abstract]) AND (acid mist OR nitric acid 
OR hydrochloric acid OR sulphuric acid [Title/Abstract]).

We included cohort studies, including nested case–control 
analyses and case–control studies of workers employed in indus-
tries and occupations in which SIAMs represent a major source 
of exposure and the exposure assessment approach was defined. 
Manufacturing of phosphate fertilizers, batteries, steel pickling, 
cellophane, titanium dioxide, petroleum refinery, electrochem-
ical drilling, uranium ore processing, and isopropyl alcohol, 
surface-active agents, ammonium sulfate, methyl methacrylate, 
hydrofluoric acid and aluminium sulphate are examples. 
Community-based case–control studies were included if they re-
ported results on occupational exposure to SIAMs accessed via 
job-exposure matrices or expert evaluation of questionnaires or 
other records. We excluded studies of workers mainly exposed 
to other respiratory carcinogens, including mixtures of poly-
cyclic aromatic hydrocarbons (PAHs), including diesel exhaust, 
asbestos, crystalline silica and heavy metals. Studies involving 
animals, biomarkers in blood and tissue samples, intervention 
studies, studies restricted to laryngeal cancer and environmental 
studies were excluded. Duplicate and irrelevant references were 
eliminated. Moreover, the reference lists of each study were re-
viewed for possible additional relevant studies. If a report in-
cluded pooled data from multiple studies, we excluded the 
primary studies to avoid double counting. The most informative 
report was included if multiple reports were based on the same 
population. A study protocol was registered in the PROSPERO 
database (Registration No. CRD42023415107), and the meta-
analysis was performed and reported according to the PRISMA 
statement [10].

The extraction file included information about the original 
studies, such as the author’s name, publication year, country, 
study design (case–control or cohort), subject characteristics 
(gender, age, ethnicity), sample size (number of cases and con-
trols), sampling method, type of cancer, type of acid, period of 
exposure, duration and level of exposure, as well as follow-up 
periods (cohort studies) or recruitment periods (case–control 
studies). In addition, effect size measures such as relative risk 
(RR), odds ratio (OR), risk ratio, rate ratio, standardized mor-
tality ratio (SMR) and standardized incidence ratio (SIR) were 
extracted, as well as their 95% confidence intervals (CI).

Results for subgroups of subjects (e.g. by gender, type of job 
or level or duration of exposure) were also abstracted. If only the 
results for subgroups were reported, we combined them using a 
fixed-effects meta-analysis. In cases where RR or CI were not re-
ported, we calculated them from the raw data. During all phases 
of the review process, including reviewing titles and abstracts, 
selecting articles based on their full texts, and abstracting data, 
two reviewers (M.S.S. and A.D.L.) worked independently. In 
cases of disagreement or doubt, results were discussed with a 

K e y  l e a r n i n g  p o i n t s

What is already known about this subject:
•	 Strong inorganic acid mists may be produced during 

various industrial processes, including pickling, cop-
per smelting, lead batteries and phosphate fertilizers 
manufacturing.

•	 Sulphuric acid is, however, the most pervasive of the 
strong inorganic acids used in industrial processes glo-
bally.

•	 According to the International Agency for Research on 
Cancer, sufficient evidence exists that strong inorganic 
acid mists are carcinogenic to humans, in particular laryn-
geal cancer.

What this study adds:
•	 This is the first meta-analysis conducted to investigate the 

association between strong inorganic acid mist exposure 
and the risk of respiratory cancers other than the larynx.

•	 Our results showed an association between occupational 
strong inorganic acid mist exposure and cancers of the 
respiratory tract other than laryngeal cancer, particularly 
cancers of the lung and of the nasal cavity, sinuses and 
nasopharynx.

•	 An association was observed between employment in the 
chemical and the metal and steel industries and the risk of 
lung and oral and pharyngeal cancer.

What impact this may have on practice, policy or 
procedure:
•	 Using these results will help prepare protective guidelines 

and equipment better and be more attentive to their use.
•	 Furthermore, this study recommends paying attention to 

countries other than North America and Europe where 
information is limited.
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third reviewer (P.B.) until consensus was reached. In addition, 
two independent reviewers (M.S.S. and A.D.L.) critically ap-
praised eligible studies using a modified version of Newcastle–
Ottawa Scale (NOS) for case–control (10 items) and cohort (9 
items) studies [11] (Table 1, available as Supplementary data 
at Occupational Medicine online). Any disagreements that arose 
were resolved through discussion, or with a third reviewer (P.B.). 
Those studies with a score of <7.5 corresponded to low quality 
and those with a score of ≥7.5 reflected high quality.

Occupational exposure to SIAMs and incidence and mor-
tality from respiratory tract cancers other than laryngeal cancer 
(cancer of nasal cavity, nasal sinuses, pharynx including oral 
cavity, and lung) was assessed, based on the effect size measures 
and the corresponding 95% CIs of each study. Because of the rare 
disease assumption, the different risk assessments are assumed 
to approximate the RRs [12]. Studies were evaluated for hetero-
geneity (het.) using the Q test, which compares variations across 
studies rather than within studies, and the I2 statistic (the per-
centage of variance attributable to study heterogeneity in a meta-
analysis) [13]. A random-effects model was used to account for 
heterogeneity in design characteristics between the cohort and 
case–control studies included in the meta-analysis [14]. A meta-
analysis including all non-overlapping studies was followed by 
stratified analyses by anatomical sites: (i) lung, (ii) oral cavity, 
oropharynx and hypopharynx (abbreviated as pharynx), (iii) 
nasal cavity, nasal sinuses and nasopharynx (abbreviated as 
nose); pharyngeal cancer not otherwise specified was included 
in group (ii). The studies were also stratified by geographic re-
gion (North American, European, Asian countries), study de-
sign (cohort, case–control), quality score (low, high), outcome 
(incidence, mortality), year of publication (<2000, ≥2000), year 
of first employment (<1965, ≥1965), industry type (chemical 
industry, inorganic acid production, metal and steel industry, 
other), control of potential confounders (only adjusted for 
gender, age and calendar period; adjusted for additional fac-
tors, particularly tobacco smoking), exposure level (low, high, 
based on study-specific categories) and gender (both genders, 
predominantly [>75%] males). We also conducted a sensitivity 
analysis in which the meta-analysis was repeated after leaving out 
one study at a time. In addition, publication bias was examined 
by creating a funnel plot and applying a regression asymmetry 
test [15]. STATA version 14.0 (Stata, College Station, TX) was 
used for all analyses.

R E SU LTS
Based on literature searches and selection criteria, 33 [7,16–48] 
independent studies were identified in the review and meta-
analysis, of which 7 were case–control [16–22,48] and 26 a co-
hort design [7,23–47]. Figure 1 shows the flow diagram of the 
literature searches and the study selection process.

Details on these studies are provided in Table 2 (available 
as Supplementary data at Occupational Medicine online). These 
studies reported a total of 28 risk estimates for lung cancer 
[7,16–18,20,23–27,29–41,44–48], 9 for pharyngeal cancer 
[7,25,31,36–39,41,46] and 6 for nasal cancer [7,17,19,22,39,42].

We detected an association between ever-occupational 
exposure to SIAMs and lung cancer (RR = 1.18, 95% 

CI = 1.05–1.33; I2 = 64%, P-het = <0.001), and nasal cancer 
(RR = 3.30, 95% CI = 1.16–9.41; I2 = 87%, P-het = <0.001), 
whereas the RR for pharyngeal cancer was 1.59 (95% 
CI = 0.98–2.57; I2 = 87%, P-het = <0.001) (Figures 2–4, 
available as Supplementary data at Occupational Medicine on-
line). Publication bias was checked through the Egger test and 
the examination of the funnel plot for lung cancer (P = 0.35), 
oral and pharyngeal cancers, (P = 0.02), nasal cavity, sinuses 
and nasopharynx cancers (P = 0.40) (Figure 5, available as 
Supplementary data at Occupational Medicine online).

Results of stratified analyses for different subsites of respira-
tory cancer according to selected characteristics are reported 
in Table 4 (available as Supplementary data at Occupational 
Medicine online). These results showed that the risk of lung 
(RR = 1.27, 95% CI = 1.11–1.46, P = 0.05) and nasal cancers 
(RR = 24.29, 95% CI = 9.86–59.84, P < 0.001) was higher 
for studies published before 2000 year. According to years of 
first employment, we found a higher RR before 1965 for oral 
and pharyngeal cancer (RR = 1.97, 95% CI = 1.11–3.50, P-
het = 0.43), and for nasal cavity, sinonasal and nasopharyngeal 
cancer (RR = 50, 95% CI = 5.03–497, P-het = 0.003). Also, we 
identified heterogeneity in results for pharyngeal (p = 0.024) 
and nasal cancers (P < 0.001) by geographic region. The focus 
of most studies was on exposure to sulphuric acid; stratification 
based on the type of acid was not informative. The stratification 
analysis according to control for potential confounding, showed 
a difference for oral and pharyngeal cancer (p-het = 0.004), 
and nasal cavity, sinonasal and nasopharyngeal cancer (P-
het < 0.001), but not for lung cancer (p-het = 0.52). There 
was no difference in results between geographic region (p-
het = 0.63) for lung cancer, study design, outcome and gender. 
Results were also consistent in the leave-one-out meta-analysis 
(Figure 1, available as Supplementary data at Occupational 
Medicine online) .

Stratified analyses according to industry type showed an asso-
ciation between employment in the chemical (RR = 1.25, 95% 
CI = 1.13–1.38) and metal and steel industries (RR = 1.19, 
95% CI = 1.04–1.37) and lung cancer (P-het = 0.08), as well 
as between employment in the chemical industry and oral 
and pharyngeal cancer (RR = 1.72, 95% CI = 1.57–1.89, P-
het = 0.008), and between employment in inorganic acid pro-
duction (RR = 24.29, 95% CI = 9.86–59.84, P-het < 0.001) 
and sinonasal cancer (Table 4, available as Supplementary data 
at Occupational Medicine online). The number of studies of non-
laryngeal respiratory cancer, which reported results on exposure 
level was limited (n = 6; details on dose categories are reported 
in Table 3, available as Supplementary data at Occupational 
Medicine online); however, we did not find a difference be-
tween the meta-analyses of results on low and high exposure (P-
het = 0.77). Because of the limited number of studies, we were 
unable to repeat this analysis separately for different subsites (re-
sults not shown in detail).

D I S C U S S I O N
Our meta-analysis identified an association between occupa-
tional SIAM exposure and cancers of the respiratory tract other 
than laryngeal cancer, particularly cancers of the lung and of 
the nasal cavity, sinuses and nasopharynx. While statistically 
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significant, the risk estimates for these cancers are, however, 
lower than those for laryngeal cancer.

SIAMs are generated in multiple industrial processes. 
Although in most cases the mists contain sulphuric acid, ex-
posure to other strong acids, such as hydrochloric, nitric, hydro-
fluoric and phosphoric acid may occur [49,50]. SIAMs are 
highly reactive agents that can lead to acute, chronic and severe 
complications, including inflammation of the mouth, and airway 
damage [5,51–53]. In 1991, occupational exposure to inorganic 
acid mists containing sulphuric acid was classified by IARC as 
carcinogenic to humans, based on an association with laryngeal 
and lung cancer [6,21]. We note that the epidemiological evi-
dence upon which this designation was reached was from studies 
noting long-term, high-level exposures being at the highest risk 
for carcinogenicity.

The foundational study for the IARC evaluation was pub-
lished in 1984 [54]. This article also reflects on mechanisms of 
action, several of which can be proposed for the association be-
tween exposure to SIAMs and respiratory cancer more broadly. 
First, these agents can cause sensitivity of epithelial cells in 
conjunction with cigarette smoking and change inflammatory 
mediators’ activities [51]. Inflammation is a critical compo-
nent of cancer progression. Cancer is often triggered by infec-
tions, chronic irritations and inflammation. An essential part of 
the neoplastic process is the cancer microenvironment, which 
is largely orchestrated by inflammatory cells [55]. In addition, 
SIAMs can exert a direct genotoxic effect due to pH modifica-
tion. These agents are irritants, and small aerosol particles may 
reach the respiratory mucosa and cause genetic damage by lo-
cally lowering pH [9,56,57]. A low pH can lead to chromosomal 

*Soskolne CL. Ph.D. disserta�on, University of Pennsylvania. "Upper respiratory cancer among refinery and chemical plant 
workers: a case-control study in Baton Rouge, Louisiana" (1982, 327 pp.). Published by University Microfilms Interna�onal. 
(Order No. DA 8217180). This study didn’t report results for non-laryngeal cancer.
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aberrations, sister chromatid exchanges, micronuclei and gene 
mutations. Also, highly hydrophilic molecules may deposit in 
the nose and mouth, having similar effects via acute and chronic 
irritation of the mucosa, leading to soft tissue damage, such as 
mucosal ulcers. Considering previous studies, poor oral hygiene 
and chronic ulcers may contribute to cancer development [58–
60]. However, no studies of localized pH or in vivo chromosomal 
effects on upper respiratory epithelium have been reported. 
Furthermore, A few factors, including droplet size, atmospheric 
concentration and relative humidity, can influence how acid mist 
droplets are deposited in the respiratory system as well as their 
reactions in different parts of the respiratory system [4,6,51].

Finally, it must be considered that chemicals in mixtures, like 
SIAMs, may also interact with one another and modify the mag-
nitude or the nature of their toxic effect [61]. Also, it is possible 
to hypothesize a synergistic effect of interaction between SIAMs 
and cigarette smoke in respiratory cancer development.

Several confounding factors can influence the risk of the can-
cers we included in our meta-analysis. These factors include 
tobacco smoking and chewing, alcohol drinking, genetic suscep-
tibility, occupational exposures including asbestos, PAHs, wood 
and leather dust, nickel and chromium, air pollution and viral in-
fections. Because most of the studies included in the analysis, in 
particular those of cohort design, did not adjust for these factors, 
residual confounding cannot be ruled out [2,22,62]. We com-
pared results between two groups of studies: those that adjusted 
only for age, gender and calendar period, mostly cohort studies, 
and those that adjusted for additional potential confounders 
such as tobacco smoking, and other occupational exposures. 
The associations were stronger in the former group of studies; 
this result is compatible with the hypothesis that a variety of im-
portant factors can confound the effect of strong acid mists, so 
consideration of these factors is important during study design. 
However, we should pay attention to other sources of bias, be-
cause the studies in the two groups have different designs.

The association between SIAM exposure and respiratory 
cancer was restricted to studies published before 2000. Also, 
our results according to the year of first employment showed an 
association before 1965 particularly regarding oral and pharyn-
geal cancers as well as nasal cavity, sinonasal and nasopharyn-
geal cancer. This may be explained by the fact that more recent 
studies investigated circumstances of lower exposure compared 
to older studies, because of technological developments, im-
proved hygienic conditions, and the enhanced use of workplace 
protective equipment [63]. Since 1965 until 2011, the preva-
lence of smoking among adults in the USA has declined by 
around 20%. The decreasing trend may therefore help reduce 
the incidence and mortality of respiratory cancers, which are 
primarily caused by tobacco use [2,64]. To our knowledge, this 
study is the first systematic review and meta-analysis on the asso-
ciation between occupational SIAM exposure and cancer of the 
lung, pharynx and nose. An important limitation of our review is 
the relatively small number of available studies on cancers other 
than lung cancer and on female workers. For example, only six 
studies reported risk estimates for nasal cancer. Because of the 
rarity of such tumours, it is possible that risk estimates were 
only presented where cases were observed. This could produce 
a form of publication bias. Furthermore, we found publication 
bias regarding oral and pharyngeal cancers. In addition, the 

dose–response analysis was based on a limited number of studies 
(n = 6). Moreover, there is a possibility of exposure misclassi-
fication because different studies used different data collection 
methods, such as environmental measurements, job-exposure 
matrices, personal interviews and self-reported exposure infor-
mation, which is a limitation in community-based studies.

Due to potential differences in occupational exposure cir-
cumstances between men and women, future studies on the 
carcinogenicity of SIAMs should consider gender differences. 
Additionally, each inorganic acid might have specific toxico-
logical properties leading to a different impact on the body, 
which should be taken into consideration in future studies. 
Since there were few studies outside North America and 
Europe, it could be important to reflect on what difference, if 
any, additional well-designed studies would add if they were to 
be conducted in other countries. While biological mechanisms 
of action are unlikely to differ between populations, other im-
portant confounders may be different. This review and meta-
analysis indicated that occupational SIAM exposure might be 
associated with lung and nasal cancers, including nasopharynx, 
as well as, albeit less convincingly, pharyngeal and oral cancer. 
However, methodological limitations, including residual con-
founding, prevent a conclusion on the causal nature of the ob-
served association.
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