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Abstract: Since 1997, nine cases of severe pneumonia, caused by species within the B. cereus group
and with a presentation similar to that of inhalation anthrax, were reported in seemingly immuno-
competent metalworkers, with most being welders. In seven of the cases, isolates were found to
harbor a plasmid similar to the B. anthracis pXO1 that encodes anthrax toxins. In this paper, we
review the literature on the B. cereus group spp. pneumonia among welders and other metalworkers,
which we term welder’s anthrax. We describe the epidemiology, including more information on two
cases of welder’s anthrax in 2020. We also describe the health risks associated with welding, potential
mechanisms of infection and pathological damage, prevention measures according to the hierarchy
of controls, and clinical and public health considerations. Considering occupational risk factors and
controlling exposure to welding fumes and gases among workers, according to the hierarchy of
controls, should help prevent disease transmission in the workplace.

Keywords: Bacillus; welder; welder’s anthrax

1. Introduction

The Bacillus cereus group classically consists of several Bacillus species with closely
related phylogeny including Bacillus anthracis, Bacillus cereus, and Bacillus thuringiensis.
Recently, the taxonomy of the B. cereus group has been updated and expanded based
on genomic analysis, which has resulted in the naming of additional species, including
B. tropicus [1]. B. anthracis is the etiologic agent of anthrax, which can manifest as cutaneous,
inhalation, injection, or ingestion anthrax, or as primary anthrax meningitis. Genes encoding
the major anthrax toxins and the poly-γ-D-glutamic acid capsule are located on two virulence
plasmids, pXO1 and pXO2, respectively, and are required for full virulence [2–5]. B. cereus is
ubiquitous in the environment and infections are occasionally associated with food-borne
illness. Its presence in cultures is often considered to be a contaminant. However, it can
cause a variety of infections, e.g., endophthalmitis, bacteremia, cutaneous infection, central
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nervous system infection, and pneumonia in individuals who have immunocompromis-
ing or other underlying conditions or who are recovering from surgery [6]. In patients
with B. cereus pneumonia, hemoptysis is a common presenting symptom and pulmonary
infiltrates are typically present [7–9]. Mediastinal widening, which occurs in most cases of
inhalation anthrax, has not been observed with these pneumonias [7–9].

Both anthrax toxin-producing and non-anthrax-toxin-producing B. cereus can cause
pneumonia in welders. Since 1997, nine cases of severe pneumonia, caused by species
within the B. cereus group and with a presentation similar to that of inhalation anthrax,
were reported in immunocompetent metalworkers, with most being welders [2,10–16]. In
seven of the cases, isolates were found to harbor a plasmid similar to the B. anthracis pXO1
that encodes anthrax toxins [2,11–16].

This finding of welders being seemingly disproportionately affected with severe Bacil-
lus spp. infections is not limited to B. cereus or to recent years. The 1979 anthrax outbreak
in Sverdlovsk in the former Union of Soviet Socialist Republics included 77 patients, of
which 66 died [17]. The outbreak was thought to be due to the spread of aerosolized
B. anthracis from a military microbiology facility. Of the 77 patients, 55 were men with
a mean age of 42 years. Among the 35 men whose occupations were known, the most
common occupation was a welder (n = 7). Few were reported to have had pre-existing
medical conditions, but about half were described as moderate or heavy smokers or moder-
ate or heavy drinkers [17]. Cases among welders with underlying pneumoconioses noted
at autopsy were more likely to have hemorrhagic pulmonary consolidation than those
without such conditions [18].

In this paper, we review the literature on the B. cereus group spp. pneumonia among
welders and other metalworkers, which we term welder’s anthrax. We describe the epi-
demiology, including more information on two cases of welder’s anthrax in 2020. We also
describe the health risks associated with welding, potential mechanisms of infection and
pathological damage, prevention measures according to the hierarchy of controls, and
clinical and public health considerations.

2. Review of Cases of Welder’s Anthrax

Our case definition for welder’s anthrax comprises an infection caused by an anthrax
toxin-expressing species within the B. cereus group and manifesting as pneumonia in a
metalworker. Seven patients diagnosed with what is now termed welder’s anthrax were
reported to the Centers for Disease Control and Prevention (CDC) from 1994–2020 (Table 1).
Six were welders and one was another metalworker, and all were confirmed to be infected
with B. cereus group bacteria containing anthrax toxin genes [2,11–16].

Of the six patients with available data on signs and symptoms, over half presented with
each of the following: fever or chills, cough, dyspnea, and hemoptysis. All had abnormal
chest radiographs and were diagnosed with pneumonia. All were hospitalized and were
admitted to the intensive care unit if they survived past the emergency department. Five of
the seven patients died [2,11–16]. All patients received broad-spectrum antibiotic treatment.
One of the surviving patients (Patient F) received raxibacumab, a monoclonal anthrax
antitoxin [16].

Of the seven patients, six were male. The median age was 39 years, with a range of
34–56 years. Of the five patients with reported race/ethnicity information, two were white,
one was black, and two were Hispanic/Latino. Three had no known co-morbidities or
underlying medical conditions. Reported co-morbidities included alcohol use disorder
(n = 2), being a current smoker (n = 2), and asthma (n = 1) [2,11–16].

Worksites were reported to be in Louisiana for three patients and in Texas for four [2,11–16].
Additional work information was sparse in the published case reports. Only two patients
(B and G) had information on job tenure (10 and 19 years) [12,16]. Information on the type
of welding, job activities, and type of workplace, including indoor or outdoor activities,
was not available for most of the patients.
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Table 1. Welder’s anthrax cases reported from 1994–2020, n = 7.

Patient Year of
Diagnosis

Age Race/
Ethnicity Sex Occupation Worksite

State Other Work Information Co-Morbidities Anthrax Toxin
Genes Strain Outcome Reference

A 1994 42 male * Welder LA None mentioned None Yes B. cereus G9241 # Recovered [2]

B 2003 39 white male Welder TX Welder for 19 years
Mild asthma,
hypertension,

hyperlipidemia
Yes B. cereus 03BB87 # Died [11,12]

C 2003 56 black male Metalworker TX
Worked in foundry, grinding

metal for polishing and
operating machine

40 pack per year smoker Yes B. cereus 03BB102 Died [11,12]

D 2007 47 female * Welder LA Shipyard-related None Yes B. cereus LA2007 # Died [14,15]

E 2011 39 Hispanic
male Welder TX None mentioned None Yes B. cereus Elc2 Died [13]

F 2020 39 white male Welder LA

Welded on oil tank on new
A36 mild carbon steel using
a shielded metal arc welding

(or stick) process

Hypertension,
gastroesophageal reflux,
25 pack per year smoker,

alcohol use disorder

Yes B. cereus LA2020 #
Recovered,

received
antitoxin

[16]

G 2020 34 Hispanic
male Welder TX

Worked as a welder for
10 years. Worked in a

fabrication shop on
low-carbon mild steel using

Metal Inert Gas (MIG)

Childhood epilepsy,
alcohol use disorder Yes B. cereus TX2020 Died [16]

* Unknown race and ethnicity. # Recent taxonomic updates have subdivided the B. cereus group into an additional nine species (https://www.microbiologyresearch.org/content/
journal/ijsem/10.1099/ijsem.0.001821), (accessed on 25 March 2022). Whole genome sequence analysis suggests these isolates would be classified as the newly described Bacillus tropicus.

https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.001821
https://www.microbiologyresearch.org/content/journal/ijsem/10.1099/ijsem.0.001821
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Investigators collected additional work information for Patient F, who worked on
the roof of an oil tank located in an oil refinery for 49 days prior to his illness onset. All
activities for this project were conducted outside. The patient was part of an eight-person
crew, which included three other welders who did not work on the roof of the oil tank.
The patient welded on new A36 mild carbon steel using a shielded metal arc welding (or
stick) process. Reported electrodes used were 6010, 7018, and 7024. Patient F reportedly
wore a 3M 6000 series half-mask respirator equipped with P-100 particulate cartridges
while performing welding duties. Patient F performed additional tasks on and around the
oil tank, including scrubbing debris off the roof of the oil tank using a wire metal brush
and was present during other activities, including sandblasting the paint off the oil tank
walls and metal-grinding. However, Patient F reportedly did not use respiratory protection
during these non-welding activities. No other crew members were reported to have been
ill during this same time period.

Investigators also collected work information for Patient G, who worked as a welder
in the wood fabrication shop of a company that manufactures proprietary fixtures for
customers in the oil and gas industry. Seven other workers worked in the wood fabrication
shop, which had no local exhaust systems but had large bay doors that were usually open.
Outside the bay door, on the other side of a paved driveway, was a field with gravel on
one side and dirt/grass on the other. Some wood used inside the wood fabrication shop
was stored outdoors alongside the gravel field. The patient welded on low-carbon mild
steel with no chemical coatings or treatments. The welding process used was Metal Inert
Gas (MIG) with solid or flux core wire and 75% argon/25% carbon dioxide shield gas.
Patient G welded steel plate end caps to steel tubing in wooden fixtures and performed
some pre- and post-welding grinding using a hand-held, AC-powered tool with abrasive
disks, and additionally performed flame cutting. The workstation of Patient G was located
inside the wood fabrication shop alongside a bay door, and a plasma cutting station was
located immediately outside the wood shop on the wall adjacent to the welding station.
Compressed air and dry sweeping were routinely used as part of cleanup activities inside
the shop. Patient G was reported to have always worn an N95 filtering facepiece respirator
and a welding hood when welding but was not fit tested. It is unknown if respiratory
protection was used during non-welding activities. It was reported that Patient G and his
co-workers ate lunch and took additional breaks outside.

Four case investigations included environmental sampling at the worksite (patients B,
C, F, and G), and samples from two investigations yielded B. cereus (Table 2) [12,16]. The
environmental investigation of patient B’s worksite identified a B. cereus isolate from a dust
sample that was positive for B. anthracis capsule genes. However, it lacked toxin genes and
did not genetically match the patient’s clinical isolate [11]. The environmental investigation
for patient F identified a bacterial isolate from one soil sample that genetically matched a
clinical isolate from the patient [16].

Laboratory testing to detect specific Bacillus spp. in environmental samples can be
challenging. Its role in epidemiological investigations is limited by its sensitivity; however,
focused PCR or culture testing might help confirm a suspected environmental source. A
negative result does not necessarily mean that the suspected Bacillus spp. strain was not
present or was not present in the past.

From 1996–1997, two welders were reported to have rapidly progressive fatal pneu-
monia caused by B. cereus that were not found to have anthrax toxin genes [10]. They did
not meet the case definition of welder’s anthrax and were excluded from Table 1. Both
patients were otherwise healthy males in their 40s who worked as welders in Louisiana.
Additional work information was not reported for either case patient, other than that one
patient was exposed to “dust and fumes” at work.
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Table 2. Summary of environmental samples collected at the worksite for four patients with
welder’s anthrax.

Patient
Type of

Environmental
Sample Collected

No. of
Environmental

Samples Collected

Analytic
Method

No. Positive
Environmental Samples Isolate Notes

B [12] Settled dust and dirt Not published Culture 1 B.cereus isolate from dust
samples from cart

Positive for pXO2
cap genes but not

anthrax toxin
genes; isolate
distinct from

clinical isolates

C [12] Settled dust and dirt Not published Culture 0 NA

F [16]
Soil, gravel, settled
dust and dirt swabs

from oil tank *
132 RT-PCR and

culture

10 total PCR-positive
4 soil samples from oil tank

4 gravel samples from
around worksite

2 swabs from grinder tools
and cabinets

One isolate was
grown and was a
genetic match to

the patient’s
clinical isolate

G [16]

Soil, settled dust and
dirt (sponge and

swabs) from surfaces,
broom bristles

108 RT-PCR 0 NA

* 53 environmental samples were also collected at and around Patient F’s home. Of those, four samples were
positive by RT-PCR, including three swabs from work boots and one swab from a work lunch cooler.

3. Welding Processes and Exposures

As of May 2020, nearly 400,000 workers were employed as full-time welders, cutters,
solderers, and brazers in the United States, of which only 3.8% were women [19]. Addi-
tionally, it is estimated that over 6 million people worldwide have the occupational title
of welder either full-time or part-time [20]. Globally, millions of workers not classified
as full-time welders may perform welding duties in their jobs, such as shipbuilders, pip-
efitters, ironworkers, boilermakers, construction workers, farmers, manufacturers, and
automotive workers.

Welding provides a powerful industrial tool for the joining of metals. Nearly all
metals and alloys can be welded. The American Welding Society has identified over twenty
different metal joining processes that are currently being used [21]. Most of these processes
are classified under electric arc welding and include shielded manual metal arc welding
(or stick welding), gas metal arc welding (or MIG welding), gas tungsten arc welding (or
TIG welding), and flux-cored arc welding. Electric arc welding joins pieces of metal that
have been made into a liquid by the application of intense heat [22]. The heat needed to
melt the metal (>5000 ◦C) is produced by an electric arc between the work to be welded
and an electrode that is continuously fed into the joint. After cooling and solidification, a
metallurgic bond is produced [23]. Other types of welding processes include plasma arc
welding, submerged arc welding, and oxygas welding.

Electric arc welding produces aerosol by-products composed of a mixture of different
metal oxides volatilized from the welding electrode or the flux material incorporated within
the electrode [24]. The generated welding fumes are the vaporized metal that has reacted
with air to form respirable size particles. The metals most common in welding fumes are
iron, chromium, manganese, and nickel. The size distribution of particles generated during
electric arc welding has been reported to be multi-modal and dynamically changes with
time [24,25]. Three different modes of particle sizes have been observed: (1) nucleation
mode (0.01–0.10 mm) of individual primary particles; (2) accumulation mode (0.10–1.0 mm)
of agglomerated and coalesced particles formed; and (3) coarse mode (1–20 mm) of non-
agglomerated and more spherical particles [24]. In addition, different potentially toxic
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gases, such as carbon monoxide, ozone, and nitrogen oxides, are commonly generated
during electric arc welding.

Each of the welding processes has its own operational and metallurgical advan-
tage, and each may present a different potential health and safety hazard. Due to this,
welders are not a homogeneous working group, and their exposure can greatly vary. They
work in a variety of settings, such as well-ventilated indoor and outdoor open-air sites
(e.g., farms, construction sites, or open-air warehouses) or in confined, poorly ventilated
spaces (e.g., ship hulls, boilers, building crawl spaces, underground mines, or pipelines).

The health effects of exposure to welding fumes vary depending on the length and
intensity of the exposure and the metals involved. Of particular concern are welding
processes involving stainless steel, cadmium- or lead-coated steel, and metals such as
manganese, nickel, chrome, zinc, and copper. Fumes from these metals are considerably
more toxic than those encountered when welding iron or mild steel. Welding constituents
may also interact to produce adverse health effects. Epidemiological studies and case
reports of employees exposed to welding emissions have shown an excessive incidence
of acute and chronic respiratory disease [26]. These illnesses include metal fume fever,
pneumonitis, pulmonary edema, and lung cancer. Exposure to manganese has been
associated with Parkinsons-like health effects, such as poor hand-eye coordination, motor
slowing, tremor, reduced response speed, mood disturbance, and possible memory and
intellectual loss [25,27,28].

Airborne fume concentrations vary greatly in workplaces where welding occurs [29–32].
Currently, there is no recommended exposure limit (REL) or threshold limit value (TLV) for
welding fumes as established by NIOSH and the American Conference of Governmental
Industrial Hygienists (ACGIH), respectively. Airborne welding fume concentrations in the
workplace are recommended to be kept at the lowest possible levels and to be maintained
below exposure limits for the specific metal constituents of the fume that may pose the
greatest risk to health (e.g., chromium, nickel, or manganese).

4. Possible Mechanisms of Infection and Disease

Several studies have shown an increased risk of pneumonia (defined as bacterial, lobar,
and pneumococcal) and mortality among welders and other workers exposed to metal
fumes and mineral dusts [33–38]. A 2019 review demonstrated that workplace exposures
contribute substantially to the burden of community-acquired pneumonia (attributable
occupational population fraction, 10%). In seven cohort studies that estimated the risk
of pneumonia in welders, metal fumes/welding exposures contributed even more to the
burden of community-acquired pneumonia (attributable occupational fraction, 52%) [39].
It was also determined by a scientific panel that the frequency, duration, and severity of
upper and lower respiratory tract infections were slightly increased among welders, raising
the possibility that exposure to metal fumes might increase susceptibility to lung infection,
even with common, relatively harmless infectious agents [40]. An increased mortality from
pneumonia among welders has also been reported [41,42].

Evidence suggests that the inhalation of ferrous and other metal fumes in the work-
place may predispose workers to lung infections [43]. The mechanisms associated with the
immunosuppressive effects of metal fumes after inhalation are mostly unknown. Theories
have included that metal fumes (or iron) act as a growth nutrient for bacteria, enhance the
binding of bacteria to lung tissues, or impair immune responses in the lung through oxida-
tive stress [33,37,38,42]. Therefore, it is hypothesized that the occupational risk of infection
is primarily from occupational exposure to metal fumes. Whether or not occupational
activities also result in an increased exposure to these pathogens is not clear. However, the
infecting strain of one welder was detected in the environment at his worksite (Table 2).

Animal infectivity studies have indicated that inhalation exposure to common welding
fumes during electric arc welding reduced animal body weight and significantly slowed the
clearance of a bacterial pathogen after inoculation compared to air controls [44,45]. Bacterial
challenge after welding fume exposure in rats resulted in an alteration of multiple cytokines
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linked to both innate and adaptive immunity. Furthermore, welding fume exposure and the
accumulation of metals in the lungs attenuated alveolar macrophage function as they were
unable to efficiently respond and clear the bacterial pathogen, resulting in an augmented
lung inflammatory response. A graded immunosuppressive response was observed when
comparing different welding fumes, with chromium-containing stainless steel welding
fumes having the greatest effect on lung defenses against bacterial challenge [46,47].

Like all pathogens, B. anthracis and B. cereus need iron to survive and thrive, and they
have similar, though not identical, mechanisms for its acquisition. They both produce the
siderophores petrobactin and bacillobactin. However, the two pathogens have different
surface proteins involved in iron uptake: iron-regulated leucine-rich surface protein (IlsA)
for B. cereus and iron-regulated surface determinant (Isd) proteins for B. anthracis [48,49].

Welders may accrue excess iron, become hyperferritinemic, and develop pulmonary
siderosis. The appearance of lung opacities on chest x-rays of welders without symptoms
of pulmonary illness, a condition now known as siderosis, was reported as early as the
1930s, soon after the introduction of arc welding [50,51]. Siderosis is caused by an excessive
accumulation of iron oxide in the lungs, and pulmonary function in welders with siderosis
has been observed within normal limits and not different from matched, non-welding
controls [52]. A significant portion of iron oxide that is deposited in the lungs after welding
fume inhalation is present in alveolar macrophages [53,54] and has been observed to persist
in the lungs for years, even after removal from exposure [55].

In a Chinese study, 37 arc welders who had been welding 8 h per day for 2–36 years
were compared to sex- and age-matched factory workers with no history of metal expo-
sures. The mean serum iron level in welders was almost twice that of the factory workers
(300 ± 137 vs. 160 ± 79 µg/L [p < 0.01]) [56]. In a study of 241 welders, respirable iron
per cubic meter was highly associated (p = 0.001) with serum ferritin [57]. Polycythemia
and pulmonary siderosis accompanied by fibrosis can also be seen in arc welders [58]. In
our review of the five of seven cases of welder’s anthrax from 1994–2020 with reported
hematocrits, three patients (Patients B, D, and F) had evidence of iron overload, with
hematocrits between 54.5–64.7% [12,13].

Non-occupational risk groups for B. cereus pneumonias, though not necessarily caused
by toxin-producing B. cereus group spp., include other patient groups prone to iron overload:
patients with alcohol-use disorders, or acute leukemias [9], and premature infants [6]. In
the Sverdlovsk incident, as half the patients with inhalation pneumonia were described as
moderate-to-heavy consumers of alcohol, a significant portion of the welders likely also
belonged to this subgroup [17]. In our review, Patients F and G were reported to have
alcohol use disorders, which might have affected disease severity. In a 2004 NHANES study,
mean serum ferritin, transferrin, and serum iron all were increased in mild (120 ng/dL),
moderate (151 ng/dL), and heavy (197 ng/dL) consumers of alcohol compared to those
who abstained (111 ng/dL) [59]. In a prospective study of 48 patients with acute leukemias
or myelodysplastic syndromes, the median serum ferritin was 1549 ng/mL (normal values
are 20–250 for males and 10–120 for females). Of these patients with leukemia, 85% had
hepatic iron overload, with half of those having severe overload [60]. In one study of
premature infants, a fifth had overload, with the most conspicuous association being
receipt of multiple transfusions [61].

While iron overload might partially explain the increased susceptibility of welders
(and patients with leukemias or alcohol-use disorders or premature infants) for B. cereus
infections, exposure is still important. A number of authors have noted that soil iron
is much higher around welding sites than elsewhere [62,63]. This observation perhaps
provides fertile grounds for future research, and measuring soil iron levels may yield
useful information.

5. Occupational/Public Health Prevention Measures

Occupational health and safety specialists use the hierarchy of controls (Figure 1)
to determine how to implement feasible and effective control solutions to occupational
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hazards [64]. This framework can be used to prevent exposure to welding fumes and
gases, and also soils that may be contaminated with opportunistic B. cereus group spp.
in the workplace. Elimination (removing the hazard) and substitution (replacing the
hazard) are the most effective ways to reduce occupational hazards. Engineering controls
are physical changes to work processes to remove the hazard or place a barrier between
workers and hazards. Administrative controls are methods that change the way the work
is performed. Finally, personal protective equipment (PPE) provides a physical barrier
between the worker and the hazard. PPE is considered the least effective control measure
because it requires a comprehensive program and a high level of worker involvement and
commitment for proper use [64].
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A key component in occupational safety and health is the workplace hazard as-
sessment, which is a proactive, ongoing process to identify and assess hazards in the
workplace [65]. Employers should conduct a hazard assessment on all welders, other
metalworkers, and supervisors at worksites [66]. This process involves collecting and
reviewing information about the hazards present or likely to be present in the workplace,
conducting initial and periodic workplace inspections of the workplace to identify new or
recurring hazards, investigating injuries, illnesses, and incidents, determining the severity
and likelihood of incidents that could result for each hazard identified, and using this
information to prioritize corrective actions.

Employers can then take steps to help reduce exposure to fume and gases from welding
and soils that may be contaminated with opportunistic B. cereus group spp. during welding
operations. Elimination and substitution controls include using a less toxic welding type or
consumable and ensuring that welding surfaces are free of any coatings, dirt, and dust that
may lead to potentially toxic exposures [66].

Engineering controls can include the use of general and local exhaust ventilation.
When welding outdoors or in open areas, it should not be assumed there is adequate
general ventilation, even when the welder uses proper positioning and natural drafts. Local
exhaust systems should be positioned to draw fume and gases away from the welder and
other workers in the area [66].

Administrative controls include maintaining a clean and dirt-free worksite. Work-
places should be routinely cleaned with a vacuum equipped with a high-efficiency par-
ticulate air (HEPA) filter or wet cleaning methods. Compressed air and dry sweeping
or brushing should not be used. Dust control programs in outdoor workplaces and near
workplaces open to the outdoors can minimize dirt and dust exposure, and activities in
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the immediate vicinity should be limited to help minimize disturbing dry dust. In sur-
rounding areas, adding moisture to roadways and surfaces that are heavily traveled via the
application of water, hydroscopic compounds, or surfactants can help control dirt and dust
exposures [67]. Water, hydroscopic compounds, and surfactants should not be applied in
the immediate area where welding occurs as this may cause an electrocution hazard.

It is essential that welders and other metalworkers understand their potential occu-
pational health risks and how to protect themselves. OSHA’s Hazard Communication
Standard requires employers to inform and train workers on potential work hazards and
associated safe practices, procedures, and protective measures [68]. Recommended com-
ponents of a written hazard communication program include educating workers about
the health risks from welding and B. cereus group spp., signs and symptoms, and how to
prevent exposures.

Welders should use PPE such as coveralls and work boots in the workplace to prevent
their skin and clothing from being contaminated and taking contaminants home. In
addition, use of NIOSH-approved respirators as part of a written respiratory protection
program may be needed when other controls do not reduce exposures to safe levels [66,69].

6. Clinical Considerations and Medical Countermeasures

In recognition of the association between welding and invasive pneumococcal disease,
the 23-valent pneumococcal polysaccharide vaccine has been recommended for welders in
the United Kingdom and within a large multi-national corporation for several years [70,71].
Anthrax vaccine adsorbed (AVA) (BioThrax) is licensed for pre-exposure prophylaxis (PrEP)
for adults aged 18–65 years at high risk for exposure to B. anthracis. AVA induces immunity
through the production of antibodies that target the protective antigen component of the
anthrax toxins (edema toxin and lethal toxin). The B. cereus group strains in the welder-
related cases contain the pXO1 virulence factor that produces the anthrax toxins. Since
the disease severity seen in these cases was related to the effects of the anthrax toxins, an
anthrax vaccine can blunt their effects [72]. When used for PrEP, AVA is administered
intramuscularly as a priming series at 0, 1, and 6 months, with booster doses at 12 and 18
months and annually thereafter [73]. Groups considered to be at high risk for exposure
to B. anthracis include members of the U.S. military deployed to areas designated by the
Department of Defense as high risk for exposure, laboratory workers who work with high
concentrations of B. anthracis, and persons such as farmers, veterinarians, and livestock
handlers who might handle animals with anthrax or contaminated animal products [74].
It is currently unknown to what extent environmental species within the B. cereus group
carry anthrax toxin genes or whether their geographic range extends beyond the U.S.
Gulf Coast. Therefore, the role of AVA for PrEP or postexposure prophylaxis (PEP) of
welders is not currently recognized or understood. However, for welders working in areas
where these infections have occurred, the benefit of the vaccine might outweigh potential
adverse events.

Physicians should include anthrax toxin-expressing B. cereus group spp. in the dif-
ferential for welders who present with pneumonia, particularly those working in U.S.
Gulf Coast states. Welders and other metalworkers who present with B. cereus group
spp. infections should be treated in a fashion similar to a patient with inhalation anthrax.
Clinical guidelines for the treatment of anthrax are available [75]. Given the severity of
these infections, treatment may initially need to be empirical. Patients should receive a
minimum of one bactericidal agent plus one protein synthesis inhibitor (e.g., ciprofloxacin
and clindamycin) with activity against the B. cereus group. However, it should be noted
that B. cereus has different innate susceptibilities than B. anthracis and is usually resistant to
penicillins and cephalosporins because of beta lactamase production [6]. If infection with
anthrax toxin-expressing B. cereus group spp. is suspected, it is important to notify the state
health department; a consultation with CDC is recommended. Anthrax antitoxins should
be considered as adjunctive therapy if the patient’s clinical condition suggests systemic
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illness from a B. cereus group bacterium. Anthrax antitoxin may be obtained through the
U.S. Strategic National Stockpile after consultation with the CDC.

7. Public Health Implications

Based on current data collection and surveillance, it is possible that cases of welder’s
anthrax were missed due to limited detection and understanding of the pathogen, un-
derdiagnosis, and under-reporting of the patient’s occupation. Discovering risk factors
for transmission and assessing hazards in the workplace could help employers plan dis-
ease prevention measures according to the hierarchy of controls, such as implementing
changes in work practices or an OSHA-compliant respiratory protection program. In-
cluding the systematic collection of occupational information as part of infectious disease
surveillance might facilitate identifying future workplace-associated cases and outbreaks.
Capturing information on both industry and occupation for B. cereus group spp. infection
cases can further inform public health officials on those specific job risk factors needing
further assessment.

To improve data collection in surveillance systems, the NIOSH Surveillance Program
at CDC recommends that occupational questions should be standardized, information
on both industry and occupation should be collected, and data should be analyzed with
standard coding schemes to monitor disease trends in specific industries or occupations
and protect workers’ health [76,77]. Other helpful information for the investigation of
B. cereus group spp. infections includes the employer’s name, work location, job duties,
and questions about specific types of welding, metals, and other exposures and protective
measures taken.

In addition, employers should provide employee rosters to public health agencies to
assist in identifying additional cases when necessary. Employers are currently required
to report work-related illnesses resulting in hospitalizations among workers to OSHA
programs, and public health agencies should establish agreements with occupational safety
and health agencies to share data for surveillance purposes. Outreach in affected areas
can prompt healthcare providers to recognize potential work-associated B. cereus group
spp. infections.

8. Conclusions

Welder’s anthrax has emerged as a rare but important occupational infectious disease.
Communication and cooperation between clinicians, employers, and public health practi-
tioners is important to identify work-related cases and identify occupational and personal
risk factors. More research is needed to better understand the mechanisms of infection and
disease among welders. Considering occupational risk factors and controlling exposures
to welding fumes and gases among workers according to the hierarchy of controls should
help prevent disease transmission in the workplace. Future research is needed to better
understand the interplay between exposure to metal fumes and other welding hazards,
and the possible increased susceptibility to and severity of lung infection seen in this occu-
pational group. The effectiveness of interventions to minimize workers’ exposure to metal
fumes, including engineering controls and respiratory protection, should also be explored.

Author Contributions: Conceptualization, M.A.d.P., K.A.H., N.C.B., A.R.H. and J.M.A.; method-
ology, M.A.d.P., K.A.H., P.D., C.A.S., J.S.S., C.K.M., K.F. and J.M.A.; literature review, M.A.d.P.,
K.A.H., W.A.B., P.D., C.A.S., J.S.S., A.R.H. and J.M.A.; investigation, P.D., C.A.S., J.S.S. and K.F.;
writing—original draft preparation, M.A.d.P., K.A.H., C.H.D., W.A.B., N.C.B. and J.M.A.;
writing—review & editing, M.A.d.P., K.A.H., C.H.D., W.A.B., N.C.B., P.D., C.A.S., J.S.S., C.K.M.,
K.F., A.R.H. and J.M.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Pathogens 2022, 11, 402 11 of 14

Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to acknowledge Rita Traxler and Julia Garcia-Diaz for their
support of this work.

Conflicts of Interest: The authors declare no conflict of interest. The findings and conclusions in this
report are those of the authors and do not necessarily represent the official position of the Centers for
Disease Control and Prevention.

References
1. Liu, Y.; Du, J.; Lai, Q.; Zeng, R.; Ye, D.; Xu, J.; Shao, Z. Proposal of Nine Novel Species of the Bacillus cereus Group. Int. J. Syst. Evol.

Micribiol. 2017, 67, 2499–2508. [CrossRef] [PubMed]
2. Hoffmaster, A.R.; Ravel, J.; Rasko, D.A.; Chapman, G.D.; Chute, M.D.; Marston, C.K.; De, B.K.; Sacchi, C.T.; Fitzgerald, C.;

Mayer, L.W.; et al. Identification of Anthrax Toxin Genes in a Bacillus cereus Associated with an Illness Resembling Inhalation
Anthrax. Proc. Natl. Acad. Sci. USA 2004, 101, 8449–8454. [CrossRef]

3. Okinaka, R.T.; Cloud, K.; Hampton, O.; Hoffmaster, A.R.; Hill, K.K.; Keim, P.; Koehler, T.M.; Lamke, G.; Kumano, S.;
Mahillon, J.; et al. Sequence and Organization of pXO1, the Large Bacillus anthracis Plasmid Harboring the Anthrax Toxin
Genes. J. Bacteriol. 1999, 181, 6509–6515. [CrossRef] [PubMed]

4. Okinaka, R.; Cloud, K.; Hampton, O.; Hoffmaster, A.; Hill, K.; Keim, P.; Koehler, T.; Lamke, G.; Kumano, S.; Manter, D.; et al.
Sequence, Assembly and Analysis of pX01 and pX02. J. Appl. Microbiol. 1999, 87, 261–262. [CrossRef]

5. Green, B.D.; Battisti, L.; Koehler, T.M.; Thorne, C.B.; Ivins, B.E. Demonstration of a Capsule Plasmid in Bacillus anthracis. Infect.
Immun. 1985, 49, 291–297. [CrossRef]

6. Bottone, E.J. Bacillus cereus, a Volatile Human Pathogen. Clin. Microbiol. Rev. 2010, 23, 382–398. [CrossRef] [PubMed]
7. Frankard, J.; Li, R.; Taccone, F.; Struelens, M.J.; Jacobs, F.; Kentos, A. Bacillus cereus Pneumonia in a Patient with Acute

Lymphoblastic Leukemia. Eur. J. Clin. Microbiol. Infect. Dis. 2004, 23, 725–728. [CrossRef]
8. Katsuya, H.; Takata, T.; Ishikawa, T.; Sasaki, H.; Ishitsuka, K.; Takamatsu, Y.; Tamura, K. A Patient with Acute Myeloid Leukemia

who Developed Fatal Pneumonia Caused by Carbapenem-Resistant Bacillus cereus. J. Infect. Chemother. 2009, 15, 39–41. [CrossRef]
9. Miyata, J.; Tasaka, S.; Miyazaki, M.; Yoshida, S.; Naoki, K.; Sayama, K.; Asano, K.; Fujiwara, H.; Ohkusu, K.; Hasegawa, N.; et al.

Bacillus cereus Necrotizing Pneumonia in a Patient with Nephrotic Syndrome. Intern. Med. 2013, 52, 101–104. [CrossRef] [PubMed]
10. Miller, J.M.; Hair, J.G.; Hebert, M.; Hebert, L.; Roberts, F.J., Jr.; Weyant, R.S. Fulminating Bacteremia and Pneumonia Due to

Bacillus cereus. J. Clin. Microbiol. 1997, 35, 504–507. [CrossRef] [PubMed]
11. Hoffmaster, A.R.; Hill, K.K.; Gee, J.E.; Marston, C.K.; De, B.K.; Popovic, T.; Sue, D.; Wilkins, P.P.; Avashia, S.B.; Drumgoole, R.; et al.

Characterization of Bacillus cereus Isolates Associated with Fatal Pneumonias: Strains are Closely Related to Bacillus anthracis and
Harbor B. anthracis Virulence Genes. J. Clin. Microbiol. 2006, 44, 3352–3360. [CrossRef] [PubMed]

12. Avashia, S.B.; Riggins, W.S.; Lindley, C.; Hoffmaster, A.; Drumgoole, R.; Nekomoto, T.; Jackson, P.J.; Hill, K.K.; Williams, K.;
Lehman, L.; et al. Fatal Pneumonia among Metalworkers Due to Inhalation Exposure to Bacillus cereus Containing Bacillus
anthracis Toxin Genes. Clin. Infect. Dis. 2007, 44, 414–416. [CrossRef]

13. Wright, A.M.; Beres, S.B.; Consamus, E.N.; Long, S.W.; Flores, A.R.; Barrios, R.; Richter, G.S.; Oh, S.Y.; Garufi, G.; Maier, H.; et al.
Rapidly Progressive, Fatal, Inhalation Anthrax-Like Infection in a Human: Case Report, Pathogen Genome Sequencing, Pathology,
and Coordinated Response. Arch. Pathol. Lab. Med. 2011, 135, 1447–1459. [CrossRef]

14. Pena-Gonzalez, A.; Rodriguez-R, L.M.; Marston, C.K.; Gee, J.E.; Gulvik, C.A.; Kolton, C.B.; Saile, E.; Frace, M.; Hoffmaster, A.R.;
Konstantinidis, K.T. Genomic Characterization and Copy Number Variation of Bacillus anthracis Plasmids pXO1 and pXO2 in a
Historical Collection of 412 Strains. mSystems 2018, 3, e00065-18. [CrossRef]

15. Marston, C.; National Center for Emerging and Zoonotic Infectious Diseases, Atlanta, GA, USA. Personal Communication, 2021.
16. Dawson, P.; Schrodt, C.A.; Feldmann, K.; Traxler, R.M.; Gee, J.E.; Kolton, C.B.; Marston, C.K.; Gulvik, C.A.; Antonini, J.M.;

Negrón, M.E.; et al. Notes from the Field: Fatal Anthrax Pneumonia in Welders and Other Metalworkers Caused by Bacillus
cereus Group Bacteria Containing Anthrax Toxin Genes—U.S. Gulf Coast States, 1994–2020. MMWR Morb. Mortal. Wkly. Rep.
2021, 70, 1453–1454. [CrossRef]

17. Meselson, M.; Guillemin, J.; Hugh-Jones, M.; Langmuir, A.; Popova, I.; Shelokov, A.; Yampolskaya, O. The Sverdlovsk Anthrax
Outbreak of 1979. Science 1994, 266, 1202–1208. [CrossRef]

18. Walker, D. Sverdlovsk Revisited: Pulmonary Pathology of Inhalational Anthrax Versus Anthraxlike Bacillus cereus Pneumonia.
Arch. Path. Lab. Med. 2012, 136, 235. [CrossRef]

19. U.S. Bureau of Labor Statistics, Occupational Employment and Wage Statistics. Occupational Employment and Wages, May
2020. 51-4121: Welders, Cutters, Solderers, and Brazers. Available online: https://www.bls.gov/oes/current/oes514121.htm
(accessed on 10 August 2021).

20. Minnesota Population Center. Integrated Public Use Microdata Series, International, Version 6.4. [dataset]; University of Minnesota:
Minneapolis, MN, USA, 2015. [CrossRef]

21. Villaume, J.E.; Wasti, K.; Liss-Suter, D.; Hsiao, S. Effects of Welding on Health; American Welding Society: Miami, FL, USA, 1979;
Volume 1.

http://doi.org/10.1099/ijsem.0.001821
http://www.ncbi.nlm.nih.gov/pubmed/28792367
http://doi.org/10.1073/pnas.0402414101
http://doi.org/10.1128/JB.181.20.6509-6515.1999
http://www.ncbi.nlm.nih.gov/pubmed/10515943
http://doi.org/10.1046/j.1365-2672.1999.00883.x
http://doi.org/10.1128/iai.49.2.291-297.1985
http://doi.org/10.1128/CMR.00073-09
http://www.ncbi.nlm.nih.gov/pubmed/20375358
http://doi.org/10.1007/s10096-004-1180-y
http://doi.org/10.1007/s10156-008-0654-8
http://doi.org/10.2169/internalmedicine.52.7282
http://www.ncbi.nlm.nih.gov/pubmed/23291682
http://doi.org/10.1128/jcm.35.2.504-507.1997
http://www.ncbi.nlm.nih.gov/pubmed/9003628
http://doi.org/10.1128/JCM.00561-06
http://www.ncbi.nlm.nih.gov/pubmed/16954272
http://doi.org/10.1086/510429
http://doi.org/10.5858/2011-0362-SAIR.1
http://doi.org/10.1128/mSystems.00065-18
http://doi.org/10.15585/mmwr.mm7041a4
http://doi.org/10.1126/science.7973702
http://doi.org/10.5858/arpa.2011-0542-LE
https://www.bls.gov/oes/current/oes514121.htm
http://doi.org/10.18128/D020.V6.4


Pathogens 2022, 11, 402 12 of 14

22. Howden, D.G.; Desmeules, M.J.A.; Saracci, R.; Sprince, N.L.; Herber, P.I. Respiratory Hazards of Welding: Occupational Exposure
Characterization. Am. Rev. Respir. Dis. 1988, 138, 1047–1048.

23. The James F. Lincoln Arc Welding Foundation (Ed.) Arc-welding fundamentals. In The Procedure Handbook of Arc Welding, 15th
ed.; The James F. Lincoln Arc Welding Foundation: Cleveland, OH, USA, 2000; pp. 1.3–1.11.

24. Zimmer, A.T.; Biswas, P. Characterization of the Aerosols Resulting from Arc Welding Processes. J. Aerosol. Sci. 2001, 32, 993–1008.
[CrossRef]

25. Antonini, J.M.; Afshari, A.A.; Stone, S.; Chen, B.; Scwegler-Berry, D.; Fletcher, W.G.; Goldsmith, W.T.; Vandestouwe, K.H.;
McKinney, W.; Castranova, V.; et al. Design, Construction, and Characterization of a Novel Robotic Welding Fume Generator and
Inhalation Exposure System for Laboratory Animals. J. Occup. Environ. Hyg. 2006, 3, 194–203. [CrossRef]

26. NIOSH. Criteria for a Recommended Standard: Welding, Brazing and Thermal C NIOSH. In Criteria for a Recommended Standard:
Welding, Brazing and Thermal Cutting; U.S. Department of Health and Human Services, Centers for Disease Control, National
Institute for Occupational Safety and Health: Cincinnati, OH, USA, 1988; pp. 88–110. Available online: https://www.cdc.gov/
niosh/docs/88-110/pdfs/88-110.pdf?id=10.26616/NIOSHPUB88110 (accessed on 25 March 2022).

27. Bowler, R.M.; Gysens, S.; Diamond, E.; Nakagawa, S.; Drezgic, M.; Roles, H.A. Manganese Exposure: Neuropsychological and
Neurological Symptoms and Effects in Welders. Neurotoxicology 2006, 27, 315–326. [CrossRef] [PubMed]

28. Lundin, J.I.; Checkoway, H.; Criswell, S.R.; Hobson, A.J.; Harris, R.C.; Swisher, L.M.; Evanoff, B.A.; Racette, B.A. Screening for
early detection of parkinsonism using a self-administered questionnaire: A cross-sectional epidemiologic study. Neurotoxicology
2014, 45, 232–237. [CrossRef] [PubMed]

29. Tharr, D.; Wallace, M.E.; Lentz, T.J.; Fajen, J.M.; Palassis, J.; Case Studies. Assessment of Students’ Exposure to Welding Fumes in
a Vocational School Welding Shop. Appl. Occup. Environ. Hyg. 1997, 12, 712–715. [CrossRef]

30. Susi, P.; Goldberg, M.; Barnes, P.; Stafford, E. Use of Task-based Exposure Assessment Model (TBEAM) for Assessment of Metal
Fume Exposures during Welding and Thermal Cutting. Appl. Occup. Environ. Hyg. 2000, 15, 26–38. [CrossRef]

31. Korczynski, R.E. Occupational Health Concerns in the Welding Industry. Appl. Occup. Environ. Hyg. 2000, 15, 936–945. [CrossRef]
[PubMed]

32. Meeker, J.D.; Susi, P.; Flynn, M.R. Manganese and Welding Fume Exposure and Control in Construction. J. Occup. Environ. Hyg.
2007, 4, 943–951. [CrossRef]

33. Torén, K.; Blanc, P.D.; Naidoo, R.N.; Murgia, N.; Qvarfordt, I.; Aspevall, O.; Dahlman-Hoglund, A.; Schioler, L. Occupational
Exposure to Dust and to Fumes, Work as a Welder and Invasive Pneumococcal Disease Risk. Occup. Environ. Med. 2019, 77, 57–63.
[CrossRef] [PubMed]

34. Koh, D.H.; Moon, K.T.; Kim, J.Y.; Choe, S.W. The Risk of Hospitalisation for Infectious Pneumonia in Mineral Dust Exposed
Industries. Occup. Environ. Med. 2011, 68, 116–119. [CrossRef] [PubMed]

35. Torén, K.; Qvarfordt, I.; Bergdahl, I.A.; Järvholm, B. Increased Mortality from Infectious Pneumonia after Occupational Exposure
to Inorganic Dust, Metal Fumes and Chemicals. Thorax 2011, 66, 992–996. [CrossRef] [PubMed]

36. Wong, A.; Marrie, T.J.; Garg, S.; Kellner, J.D.; Tyrrell, G.J.; SPAT Group. Welders Are at Increased Risk for Invasive Pneumococcal
Disease. Int. J. Infect. Dis. 2010, 14, e796–e799. [CrossRef] [PubMed]

37. Palmer, K.T.; Cullinan, P.; Rice, S.; Brown, T.; Coggon, D. Mortality from Infectious Pneumonia in Metal Workers: A Comparison
with Deaths from Asthma in Occupations Exposed to Respiratory Sensitisers. Thorax 2009, 64, 983–986. [CrossRef]

38. Marongiu, A.; Hasan, O.; Ali, A.; Bakhsh, S.; George, B.; Irfan, N.; Minelli, C.; Canova, C.; Schofield, S.; De Matteis, S.; et al. Are
Welders More at Risk of Respiratory Infections? Findings from a Cross-sectional Survey and Analysis of Medical Records in
Shipyard Workers: The WELSHIP Project. Thorax 2016, 71, 601–606. [CrossRef] [PubMed]

39. Blanc, P.D.; Annesi-Maesano, I.; Balmes, J.R.; Cummings, K.J.; Fishwick, D.; Miedinger, D.; Murgia, N.; Naidoo, R.N.; Reynolds,
C.J.; Sigsgaard, T.; et al. The Occupational Burden of Nonmalignant Respiratory Diseases. An Official American Thoracic Society
and European Respiratory Society Statement. Am. J. Respir. Crit. Care Med. 2019, 199, 1312–1334. [CrossRef]

40. Lockey, J.E.; Schenker, M.B.; Howden, D.G.; Desmeules, M.J.; Saracci, R.; Sprince, N.L.; Harber, P.I. Current Issues in Occupational
Lung Disease. Am. Rev. Respir. Dis. 1988, 138, 1047–1050.

41. Wergeland, E.; Iversen, B.G. Deaths from Pneumonia after Welding. Scand. J. Work Environ. Health 2001, 27, 353. [CrossRef]
[PubMed]

42. Coggon, D.; Inskip, H.; Winter, P.; Pannett, B. Lobar Pneumonia: An Occupational disease in Welders. Lancet 1994, 344, 41–43.
[CrossRef]

43. Palmer, K.T.; Poole, J.; Ayres, J.G.; Mann, J.; Burge, P.S.; Coggon, D. Exposure to Metal Fume and Infectious Pneumonia. Am. J.
Epidemiol. 2003, 157, 227–233. [CrossRef] [PubMed]

44. Antonini, J.M.; Stone, S.; Roberts, J.R.; Chen, B.; Schwegler-Berry, D.; Afshari, A.A.; Frazer, D.G. Effect of Short-Term Stainless
Steel Welding Fume Inhalation Exposure on Lung Inflammation, Injury, and Defense Responses in Rats. Toxicol. Appl. Pharmacol.
2007, 223, 234–245. [CrossRef] [PubMed]

45. Antonini, J.M.; Roberts, J.R.; Stone, S.; Chen, B.T.; Schwegler-Berry, D.; Frazer, D.G. Short-term Inhalation Exposure to Mild
Steel Welding Fume Had No Effect on Lung Inflammation and Injury but Did Alter Defense Responses to Bacteria in Rats. Inhal.
Toxicol. 2009, 21, 182–192. [CrossRef] [PubMed]

46. Antonini, J.M.; Taylor, M.D.; Millecchia, L.; Bebout, A.R.; Roberts, J.R. Suppression in Lung Defense Responses after Bacterial
Infection in Rats Pretreated with Different Welding Fumes. Toxicol. Appl. Pharmacol. 2004, 200, 206–218. [CrossRef] [PubMed]

http://doi.org/10.1016/S0021-8502(01)00035-0
http://doi.org/10.1080/15459620600584352
https://www.cdc.gov/niosh/docs/88-110/pdfs/88-110.pdf?id=10.26616/NIOSHPUB88110
https://www.cdc.gov/niosh/docs/88-110/pdfs/88-110.pdf?id=10.26616/NIOSHPUB88110
http://doi.org/10.1016/j.neuro.2005.10.007
http://www.ncbi.nlm.nih.gov/pubmed/16343629
http://doi.org/10.1016/j.neuro.2013.08.010
http://www.ncbi.nlm.nih.gov/pubmed/24035927
http://doi.org/10.1080/1047322X.1997.10387751
http://doi.org/10.1080/104732200301827
http://doi.org/10.1080/104732200750051175
http://www.ncbi.nlm.nih.gov/pubmed/11141606
http://doi.org/10.1080/15459620701718867
http://doi.org/10.1136/oemed-2019-106175
http://www.ncbi.nlm.nih.gov/pubmed/31848233
http://doi.org/10.1136/oem.2009.051334
http://www.ncbi.nlm.nih.gov/pubmed/20935289
http://doi.org/10.1136/thoraxjnl-2011-200707
http://www.ncbi.nlm.nih.gov/pubmed/21856701
http://doi.org/10.1016/j.ijid.2010.02.2268
http://www.ncbi.nlm.nih.gov/pubmed/20637673
http://doi.org/10.1136/thx.2009.114280
http://doi.org/10.1136/thoraxjnl-2015-207912
http://www.ncbi.nlm.nih.gov/pubmed/27030577
http://doi.org/10.1164/rccm.201904-0717ST
http://doi.org/10.5271/sjweh.625
http://www.ncbi.nlm.nih.gov/pubmed/11712617
http://doi.org/10.1016/S0140-6736(94)91056-1
http://doi.org/10.1093/aje/kwf188
http://www.ncbi.nlm.nih.gov/pubmed/12543622
http://doi.org/10.1016/j.taap.2007.06.020
http://www.ncbi.nlm.nih.gov/pubmed/17706736
http://doi.org/10.1080/08958370802360661
http://www.ncbi.nlm.nih.gov/pubmed/18925477
http://doi.org/10.1016/j.taap.2004.04.022
http://www.ncbi.nlm.nih.gov/pubmed/15504457


Pathogens 2022, 11, 402 13 of 14

47. Antonini, J.M.; Roberts, J.R. Chromium in Stainless Steel Welding Fume Suppresses Lung Defense Responses against Bacterial
Infection in Rats. J. Immunotoxicol. 2007, 4, 117–127. [CrossRef]

48. Daou, N.; Buisson, C.; Gohar, M.; Vidic, J.; Bierne, H.; Kallassy, M.; Lereclus, D.; Nielsen-LeRoux, C. IlsA, a Unique Surface
Protein of Bacillus cereus Required for Iron Acquisition from Heme, Hemoglobin and Ferritin. PLoS Pathog. 2009, 5, e1000675.
[CrossRef] [PubMed]

49. Honsa, E.S.; Maresso, A.W. Mechanisms of iron import in anthrax. Biometals 2011, 24, 533–545. [CrossRef] [PubMed]
50. Doig, A.T.; McLaughlin, A.G. X-ray Appearances of the Lungs of Electric Arc Welders. Lancet 1936, 1, 771–775. [CrossRef]
51. Enzer, N.; Sander, O.A. Chronic Lung Changes in Electric Arc Welders. J. Ind. Hyg. 1938, 20, 333–350.
52. Kleinfeld, M.; Messite, J.; Kooyman, O.; Spiro, J. Welders’ Siderosis: A Clinical Roentgenographic and Physiological Study. Arch.

Environ. Health 1969, 19, 70–73. [CrossRef]
53. Morgan, W.K.C. On Welding, Wheezing, and Whimsy. Am. Ind. Hyg. Assoc. J. 1989, 50, 59–69. [CrossRef]
54. Antonini, J.M.; Roberts, J.R.; Stone, S.; Chen, B.T.; Schwegler-Berry, D.; Chapman, R.; Zeidler-Erdely, P.C.; Andrews, R.N.; Frazer,

D.G. Persistence of Deposited Metals in the Lungs after Stainless Steel and Mild Steel Welding Fume Inhalation in Rats. Arch.
Toxicol. 2011, 85, 487–498. [CrossRef] [PubMed]

55. Kalliomaki, P.-L.; Kalliomaki, K.; Rahkonen, E.; Aittoniemi, K. Lung Retention of Welding Fumes and Ventilatory Lung Functions.
A Follow-Up Study among Shipyard Welders. Ann. Occup. Hyg. 1983, 27, 449–452. [CrossRef] [PubMed]

56. Li, G.j.; Zhang, L.; Lu, L.; Wu, P.; Zheng, W. Occupational Exposure to Welding Fume among Welders: Alterations of Manganese,
Iron, Zinc, Copper, and Lead in Body Fluids and the Oxidative Stress Status. J. Occup. Environ. Med. 2004, 46, 241–248. [CrossRef]
[PubMed]

57. Pesch, B.; Weiss, T.; Kendzia, B.; Henry, J.; Lehner, M.; Lotz, A.; Heinze, E.; Käfferlein, H.U.; Van Gelder, R.; Berges, M.; et al.
Levels and Predictors of Airborne and Internal Exposure to Manganese and Iron among Welders. J. Expo. Sci. Environ. Epidemiol.
2012, 22, 291–298. [CrossRef]

58. Friede, E.; Rachow, D.O. Symptomatic Pulmonary Disease in Arc Welders. Ann. Intern. Med. 1961, 54, 121–127. [PubMed]
59. Ioannou, G.N.; Dominitz, J.A.; Weiss, N.S.; Heagerty, P.J.; Kowdley, K.V. The Effect of Alcohol Consumption on the Prevalence of

Iron Overload, Iron Deficiency, and Iron Deficiency Anemia. Gastroenterology 2004, 126, 1293–1301. [CrossRef]
60. Armand, P.; Kim, H.T.; Rhodes, J.; Sainvil, M.-M.; Cutler, C.; Ho, V.T.; Koreth, J.; Alyea, E.P.; Hearsey, D.; Neufeld, E.J.; et al. Iron

Overload in Patients with Acute Leukemia or MDS Undergoing Myeloablative Stem Cell Transplantation. Biol. Blood Marrow
Transpl. 2011, 17, 852–860. [CrossRef] [PubMed]

61. Amin, S.B.; Myers, G.; Wang, H. Association between Neonatal Iron Overload and Early Human Brain Development in Premature
Infants. Early Hum. Dev. 2012, 88, 583–587. [CrossRef] [PubMed]

62. Dheeba, B.; Sampathkumar, P. Evaluation of Heavy Metal Contamination in Surface Soil around Industrial Area, Tamil Nadu,
India. Int. J. Chem. Tech. Res. 2012, 4, 1229–1240.

63. Adekeye, E.A.; Ojo, M.A.; Ajayi, O.O. Contributions of Metal Welding Workshops to Environmental Pollution in Akure Metropolis,
Ondo State, Nigeria. J. Environ. Iss. Agric. Dev. Ctry. 2011, 3, 1–7.

64. Su, C.P.; de Perio, M.A.; Cummings, K.J.; McCague, A.B.; Luckhaupt, S.E.; Sweeney, M.H. Case Investigations of Infectious
Diseases Occurring in Workplaces, United States, 2006-2015. Emerg. Infect. Dis. 2019, 25, 397–405. [CrossRef]

65. OSHA. Recommended Practices for Safety and Health Programs. 2016. Available online: https://www.osha.gov/sites/default/
files/OSHA3885.pdf (accessed on 9 December 2021).

66. OSHA. Controlling Hazardous Fume and Gases during Welding. 2013. Available online: https://www.osha.gov/Publications/
OSHA_FS-3647_Welding.pdf (accessed on 9 December 2021).

67. NIOSH. Dust Control. Handbook for Industrial Minerals Mining and Processing, 2nd ed.; Cecala, A.B., O’Brien, A.D., Schall, J., Colinet,
J.F., Franta, R.J., Schultz, M.J., Haas, E.J., Robinson, J., Patts, J., Holen, B.M., et al., Eds.; U.S. Department of Health and Human
Services, Centers for Disease Control and Prevention, National Institute for Occupational Safety and Health: Pittsburgh, PA, USA,
2019; DHHS (NIOSH) Publication No. 2019–124, RI 9701. [CrossRef]

68. OSHA. OSHA Hazard Communication Standard-29 CFR 1910.1200. 2021. Available online: https://www.osha.gov/laws-regs/
regulations/standardnumber/1910/1910.1200 (accessed on 9 December 2021).

69. OSHA. OSHA Respiratory Protection Program Standard-29 CFR 1910.134. Available online: https://www.osha.gov/laws-regs/
regulations/standardnumber/1910/1910.134 (accessed on 9 December 2021).

70. Donoghue, A.M.; Wesdock, J.C. Pneumococcal Vaccination for Welders: Global Deployment within a Multi-national Corporation.
Am. J. Ind. Med. 2019, 62, 69–73. [CrossRef] [PubMed]

71. Palmer, K.T.; Cosgrove, M. Vaccinating Welders against Pneumonia. Occup. Environ. Med. 2012, 69, 932. [CrossRef]
72. Brézillon, C.; Haustant, M.; Dupke, S.; Corre, J.P.; Lander, A.; Franz, T.; Monot, M.; Couture-Tosi, E.; Jouvion, G.;

Leendertz, F.H.; et al. Capsules, Toxins and AtxA as Virulence Factors of Emerging Bacillus cereus biovar anthracis. PLoS Negl.
Trop. Dis. 2015, 9, e0003455. [CrossRef]

73. Bower, W.A.; Schiffer, J.; Atmar, R.L.; Keitel, W.A.; Friedlander, A.M.; Liu, L.; Yu, Y.; Stephens, D.S.; Quinn, C.P.;
Hendricks, K.; et al. Use of Anthrax Vaccine in the United States: Recommendations of the Advisory Committee on Im-
munization Practices, 2019. MMWR Recomm. Rep. 2019, 68, 1–14. [CrossRef]

74. Wright, J.G.; Quinn, C.P.; Shadomy, S.; Messonnier, N. Use of Anthrax Vaccine in the United States: Recommendations of the
Advisory Committee on Immunization Practices (ACIP), 2009. MMWR Recomm. Rep. 2010, 59, 1–30.

http://doi.org/10.1080/15476910701336953
http://doi.org/10.1371/journal.ppat.1000675
http://www.ncbi.nlm.nih.gov/pubmed/19956654
http://doi.org/10.1007/s10534-011-9413-x
http://www.ncbi.nlm.nih.gov/pubmed/21258843
http://doi.org/10.1016/S0140-6736(00)56868-8
http://doi.org/10.1080/00039896.1969.10666806
http://doi.org/10.1080/15298668991374318
http://doi.org/10.1007/s00204-010-0601-1
http://www.ncbi.nlm.nih.gov/pubmed/20924559
http://doi.org/10.1093/annhyg/27.4.449
http://www.ncbi.nlm.nih.gov/pubmed/6660688
http://doi.org/10.1097/01.jom.0000116900.49159.03
http://www.ncbi.nlm.nih.gov/pubmed/15091287
http://doi.org/10.1038/jes.2012.9
http://www.ncbi.nlm.nih.gov/pubmed/13701945
http://doi.org/10.1053/j.gastro.2004.01.020
http://doi.org/10.1016/j.bbmt.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20854920
http://doi.org/10.1016/j.earlhumdev.2011.12.030
http://www.ncbi.nlm.nih.gov/pubmed/22349188
http://doi.org/10.3201/eid2503.180708
https://www.osha.gov/sites/default/files/OSHA3885.pdf
https://www.osha.gov/sites/default/files/OSHA3885.pdf
https://www.osha.gov/Publications/OSHA_FS-3647_Welding.pdf
https://www.osha.gov/Publications/OSHA_FS-3647_Welding.pdf
http://doi.org/10.26616/NIOSHPUB2019124
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.1200
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.1200
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.134
https://www.osha.gov/laws-regs/regulations/standardnumber/1910/1910.134
http://doi.org/10.1002/ajim.22934
http://www.ncbi.nlm.nih.gov/pubmed/30536869
http://doi.org/10.1136/oemed-2012-101057
http://doi.org/10.1371/journal.pntd.0003455
http://doi.org/10.15585/mmwr.rr6804a1


Pathogens 2022, 11, 402 14 of 14

75. Hendricks, K.A.; Wright, M.E.; Shadomy, S.V.; Bradley, J.S.; Morrow, M.G.; Pavia, A.T.; Rubinstein, E.; Holty, J.E.; Messonnier,
N.E.; Smith, T.L.; et al. Centers for Disease Control and Prevention Expert Panel Meetings on Prevention and Treatment of
Anthrax in Adults. Emerg. Infect. Dis. 2014, 20, e130687. [CrossRef] [PubMed]

76. de Perio, M.A.; Materna, B.L.; Sondermeyer Cooksey, G.L.; Vugia, D.J.; Su, C.P.; Luckhaupt, S.E.; McNary, J.; Wilken, J.A.
Occupational Coccidioidomycosis Surveillance and Recent Outbreaks in California. Med. Mycol. 2019, 57, S41–S45. [CrossRef]

77. National Institute for Occupational Safety and Health. Collecting and Using Industry and Occupation Data. Available online:
https://www.cdc.gov/niosh/topics/coding/default.html (accessed on 27 May 2021).

http://doi.org/10.3201/eid2002.130687
http://www.ncbi.nlm.nih.gov/pubmed/24447897
http://doi.org/10.1093/mmy/myy031
https://www.cdc.gov/niosh/topics/coding/default.html

	Introduction 
	Review of Cases of Welder’s Anthrax 
	Welding Processes and Exposures 
	Possible Mechanisms of Infection and Disease 
	Occupational/Public Health Prevention Measures 
	Clinical Considerations and Medical Countermeasures 
	Public Health Implications 
	Conclusions 
	References

