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Abstract

This literature review, with 194 citations, was prepared under contract to the American Welding Society
for its Safety and Health Committee. The review deals with studies of the fumes, gases, radiation, and noise
generated during various arc welding processes. Section 1 summarizes recent studies of the occupational
exposures, while Section 2 contains information related to the human health effects of exposure to byprod-
ucts of welding operations. Section 3 discusses studies of the effects of welding emissions on laboratory
animals and in vitro cell systems. Referenced materials are available from Biomedical Toxicology Associates.
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Foreword

(This Foreword is not a part of Effects of Welding on Health VII, but is included for informational purposes
only.)

This literature review was prepared for the Safety and Health Committee of the American Welding Society
to provide an assessment of current information concerning the effects of welding on health, as well as to aid
in the formulation and design of research projects in this area, as part of an ongoing program sponsored by the
Committee. Previous work consists of the reports Effects of Welding on Health (I through VI) each covering
approximately 18 months to two years. Conclusions based on this review and recommendations for further
research are presented in the introductory portions of the report. Referenced materials are available from
Biomedical Toxicology Associates.



Comparative Listing — Welding Processes

Explanatory Note: Terms used in the technical literature sometimes do not correspond to those recom-
mended by AWS in its publication ANSI/AWS A3.0, Standard Welding Terms and Definitions.

Accordingly, the following list may aid the reader in identifying the process in use.

EWH — VII Preferred AWS Term
Gas or Flame Cutting

Gas Welding

MAG
MIG, GMA
MMA, SMA
TIG
Wire

(OC)

(OFW)

(GMAW)
(GMAW)
(SMAW)
(GTAW)

Oxygen Cutting
or (OFC) Oxyfuel Gas Cutting

Oxyfuel Gas Welding
or (OAW) Oxyacetylene Welding

— (with specified shielding gas)
Gas Metal Arc Welding
Shielded Metal Arc Welding
Gas Tungsten Arc Welding
Electrode
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Introduction

The health of workers in the welding environment is a major concern of the American Welding Society. To
stay abreast of this subject, the health literature is periodically reviewed and published in the report Effects of
Welding on Health. Six volumes have been published to date; the first covered data published before 1978,
while the latter five covered time periods between 1978 and December 1985. The current report includes
information published between January 1986 and December 1987. It should be read in conjunction with the
previous volumes for a comprehensive treatment of the literature on the Effects of Welding on Health.

Included in this volume are studies of the characteristics of welding emissions that may have an impact on
control technologies necessary to protect the welder (Section 1). In keeping with previous volumes, the health
studies are organized according to the affected organ system. The respiratory tract, the primary route of
exposure to welding emissions, is also a major target organ of many components of these emissions. Acute
(e.g., metal fume fever, cadmium poisoning) as well as potential chronic respiratory effects (e.g.,emphysema,
cancer) of welding emissions are of concern. However, chronic effects are not as well defined or understood,
and the risk of cancer from these exposures has not been clearly established. Continued research in the form
of epidemiologic studies, investigations with laboratory animals, and in vitro genotoxicity studies will help to
resolve this question.





Executive Summary

The Respiratory Tract

Much of the recent research performed on the
health effects of welding involved the respiratory
tract. Of major concern was whether exposure to
welding emissions induces conditions such as re-
duction in pulmonary function, bronchitis, and
emphysema. Essential to this question is whether
pulmonary impairments are associated with expo-
sure to specific component(s) of welding emissions
and the identification of welding electrodes that
produce less hazardous emissions.

Rounded opacities or shadows are frequently ob-
served in chest X-rays of welders. These opacities
represent deposits of fume particles in the respira-
tory tract and are not usually associated with loss
of pulmonary function. Larger and coalescent
shadows reflect fibrotic processes and do not usu-
ally result from welding exposures. X-ray shadows
often regress after welding exposure ceases. A recent
study by Desmeules and Tardif indicated that the
continued progression of X-ray opacities after weld-
ing exposures ceased is associated with exposure
to lung irritants from sources other than welding
(Ref. 33).

Some investigators have reported that a mild re-
duction in pulmonary function accompanies the
appearance of nodular shadows in X-rays. How-
ever, there are reports to the contrary and other in-
vestigators consider pneumoconiosis in welders to
be a benign condition. The literature shows many
disparities among the results of lung function tests
in welders. During this report period, deficits in
pulmonary function among welders were reported
in two studies, while two others found no correla-
tion between welding exposures and abnormalities
in pulmonary function. These disparities may result
from the use of tests that measure the function of
those parts of the respiratory tract least likely to be
affected by welding fumes. Other disparities arise
from studies of heterogeneous populations. The

quantities and chemical characteristics of gaseous
and particulate components of welding emissions
vary widely with the welding method. Since the ef-
fects on the respiratory tract can be expected to vary
as well, it is important to correlate observed effects
on the respiratory tract with the welding method
used.

Cancer

Thirteen new cancer epidemiology studies were
conducted which included welders among the study
populations. In most of these, the inclusion of weld-
ers was incidental and little information could be
obtained about the duration of exposure, type of
welding process used, or possible important non-
welding exposures. Only one study specifically ex-
amined a cohort of welders; no excess cancer of any
type was found among the 3000 welders examined
(Ref. 25). Of the eight studies which evaluated lung
cancer rates, four found a significant association be-
tween welding and lung cancer. In three of these,
exposures to carcinogens from nonwelding pro-
cesses could not be ruled out (Refs. 90, 152, 158,
161, and 162).

An elevated risk for leukemia was noted in a ship-
yard study performed by F. B. Stern (Ref. 169). In
contrast, R. M. Stern found no association between
welding exposures and leukemia in his analysis of
15 epidemiologic studies which considered the inci-
dence of leukemia in welders (Ref. 170). Similarly,
an elevated risk for brain tumors was found by Mc-
Laughlin in a population-based study in Sweden
(Ref. 97), but no brain tumors were identified in a
death- certificate study by Thomas in the U.S. (Ref.
175), or in a case-control study conducted by Olin
in Sweden (Ref. 123). Isolated studies reported ele-
vated risks for cancer of the kidney (Refs. 158 and
161), gastrointestinal tract (Ref. 141), nasal sinus
(Ref. 52), and pancreas (Ref. 109).



A major argument supporting the probability of
an increased cancer risk in some welders is the pres-
ence of nickel and hexavalent chromium in fumes
from some welding processes. The mechanism of
action of metal carcinogens remains unknown and
is an important area for further research. Epidemio-
logic studies differ widely in their conclusions con-
cerning the cancer risk of welders. Most of the 13
cancer epidemiology studies reviewed in this vol-
ume of Effects of Welding on Health were of general
populations, making it difficult to rule out non-
welding exposures. More carefully controlled stud-
ies of welding populations are critically needed to
help understand the risk of cancer in welders. Stud-
ies of large populations of welders, in which expo-
sures to specific welding processes can be carefully
delineated are necessary to provide a much needed
answer to the question of whether exposures to spe-
cific fumes account for the elevated cancer risk ob-
served among some welding populations.

Effects on the Urogenital Tract

With the exception of cadmium-induced kidney
damage, kidney disease is not generally associated
with welding. This was confirmed by two epidemio-
logic studies which found no relationship between
welding and the incidence of chronic kidney disease
(Refs. 51 and 193). However, chronic exposure to
low concentrations of cadmium fumes can cause
kidney damage, which is first manifested by urinary
excretion of low molecular weight serum proteins.
Signs of kidney tubular dysfunction were found
among workers exposed to cadmium in welding and
soldering fumes and aerosols from cadmium-con-
taining paints (Refs. 164 and 184). A study of sol-
derers with a work history of high cadmium
exposures and signs of kidney tubular dysfunction
suggested that mild tubular proteinuria will not
progress to more severe kidney dysfunction in the
absence of further exposure to cadmium (Ref. 164).

Biological Monitoring

Because hexavalent chromium passes more
readily through cell membranes, trivalent chro-
mium tends to be transported by plasma while hex-
avalent chromium is transported mainly in
erythrocytes (Ref. 3). Based on the possibility that
this difference could be used to distinguish between
exposures to trivalent and hexavalent chromium,

two research groups examined chromium levels in
plasma and red blood cells of stainless steel welders.
Angerer et al. (Ref. 4) concluded that simultaneous
determination of chromium levels in plasma and
erythrocytes may give a useful picture of overall ex-
posure to both total chromium and hexavalent
chromium. In contrast, Gustavsson and Welinder
(Ref. 50) concluded that determination of blood or
erythrocyte chromium levels would not add impor-
tant information to that gained from biological
monitoring of urinary chromium concentrations.
Further studies are needed to establish the utility of
chromium distribution between plasma and red
blood cells in biological monitoring.

Stability of Welding Fumes

Recent work revealed that particles in some weld-
ing fumes undergo chemical and morphological
changes in the lung. Physicochemical studies by
Stern et al. (Ref. 172) indicated that substituted
magnetite is the primary magnetic component in
freshly formed shielded metal arc welding (SMAW)
fumes whereas a less substituted form of magnetite
appeared to be the predominant magnetic compo-
nent of fumes that have been retained in the lungs.
Similar findings were reported by Kalliomaki et al.
(Ref. 76). They conducted an in vivo rat study
which showed that the remanent magnetic fields of
fumes generated by SMAW of stainless steel and gas
metal arc welding (GMAW) of mild steel are not sta-
ble in the lungs.

Other in vivo studies showed that there is a
marked difference in pulmonary clearance rates of
fumes from SMAW and GMAW of stainless steel
(Refs. 70, 71, and 73). Anttila demonstrated that
these differences are related to differences in the
solubility of particles in the lung (Refs. 6 and 7). The
morphology and chemical composition of particles
were examined periodically in rat lungs after expo-
sure to welding fumes by inhalation. The majority
of particles in SMAW fumes had irregular shapes
and were enriched with sodium and potassium.
These particles changed with time, losing practi-
cally all sodium, potassium, and chromium, and
also some manganese. Eventually, so much material
was lost that the particles became transparent. In
contrast, the particles from GMAW fumes showed
no signs of dissolution. Thus, the solubility of parti-
cle populations may be an important determinant
in the pulmonary clearance of welding fumes.



Technical Summary

The Exposure

Fumes

A major objective of research performed on the
composition of emissions from different electrodes
and welding processes is to identify those methods
which generate the least harmful pollutants. Such
information is also useful for selection of electrodes
for use in the workplace. Many studies of the com-
position of fumes, and the rate of fume emission
from different welding processes, were published in
1986 and 1987.

An industrial hygiene survey conducted in six
Dutch factories showed that the fume and gas expo-
sures from plasma welding of stainless steel were
comparable to the low exposures produced by gas
tungsten arc welding (GTAW). Exposures from
plasma cutting of stainless steel were comparable to
those produced by SMAW (Ref. 183). Henderson et
al. showed that the fume generation rate (FGR) was
lower for gas shielded flux cored electrodes than for
those used without gas shields (Ref. 58). With resis-
tance welding, the quantity of emissions increased
markedly during "splashing" and also when weld-
ing greased surfaces (Ref. 85). Studies of the effects
of hyperbaric pressure on fume emission demon-
strated that the ratio of manganese to iron in-
creases, and the FGR is 5 to 10 times greater when
performing GTAW at a pressure of 32 bar than at 1
bar (Ref. 16).

Mcllwain and Neumeier determined FGRs and
fume constituents generated by selected coated
electrodes commonly used in mines (Ref. 96). Olah
and coworkers quantified gases (ozone, hydrogen
fluoride, and nitrogen oxides) and light and heavy
elements [Fe, Cr, Cr(VI), Ni, Mn, Mo, Si, C, and
others] in fumes produced by coated electrodes,
flux cored hardfacing electrodes (Refs. 115, 116,

118, and 119), and by electrodes used for welding of
high alloy steels (Refs. 117 and 177). They found
that exposures resulting from hardfacing are com-
parable to those from SMAW of high alloy steels
(Ref. 116). Tandon et al. determined 19 elements in
the flux and fume from three types of hardfacing
and two types of high strength, low alloy steel
coated electrodes. An inverse relationship between
the fluoride concentration in the fume and the FGR
was found. There was a positive relationship be-
tween sodium and potassium concentrations in the
flux and the ratio of water- soluble hexavalent chro-
mium to total chromium in the fume (Ref. 174).

The concentration of hexavalent chromium in
GMAW fumes is substantially greater in fume sam-
ples collected by wet impingement than in those
collected by traditional filtration methods (Ref.
137). A study by Hewitt and Madden of GMAW
fumes collected by wet impingement suggested that
reactions between trivalent chromium oxides and
ozone may be responsible for the formation of hexa-
valent chromium (Ref. 59). Wiseman and Chap-
man (Ref. 190) found traces (0.1 ppb) of nickel
carbonyl in fumes produced by GTAW of nickel al-
loys with shield gases containing carbon monoxide
or carbon dioxide (CO2).

Several research groups described methods for
determination of chromium and other elements in
welding fumes by X-ray fluorescence analysis (Ref.
106, 120, and 186). Sawatari and Serita (Ref. 148)
designed a method using a series of leaching solu-
tions to differentiate between chromium of differ-
ent valences and solubilities. Methods employing
high pressure liquid chromatography (Ref. 94) and
atomic absorption spectrometry (Ref. 21) to ana-
lyze elements in welding fumes were described by
other investigators. Three research groups pub-
lished methods for measuring trace quantities
of metals in biopsied lung tissue (Refs. 7, 10, 88,
and 89).



Particles

Welding fumes are composed of microscopic par-
ticles which tend to be of respirable size. The outer
surface of particles from SMAW fumes are com-
posed primarily of lighter elements derived from
the flux (e.g., Na, K, Ca, F), while heavier elements
derived from the filler metal (e.g., Fe, Cr, Ni, and
Mn) tend to predominate in the particle core (Refs.
48 and 187). Kalliomaki et al. (Refs. 47,49, and 72)
classified particles in fumes from SMAW, GMAW,
and flux cored arc welding (FCAW) of mild steel
into four groups on the basis of their morphology:
clusters of globules, chains, granular networks, and
large spheres. The distribution of the particle
classes varied with the welding process.

Ahlberg et al. determined the mass median aero-
dynamic diameter (MMAD), the equivalent mobil-
ity diameter (DME), and the growth in particle size
as a function of relative humidity for particles in
fumes from SMAW of mild steel (Ref. 2). They con-
cluded that hydrated particles could collapse to
spheres after entering the respiratory tract which
would cause the MMAD to increase and the DME
to decrease. This would result in increased sedi-
mentation and diffusion rates, and would thereby
cause greater particle deposition in the alveoli.

Gases

Engstrom and Virtamo determined ozone levels
in the breathing zone of welders from 24 welding
shops using different gas shielded welding processes
(Ref. 39). The mean concentrations for all welding
processes was less than the Finnish standard of 0.1
ppm. GMAW of aluminum produced the highest
ozone concentrations with a geometric mean of
0.06 ppm. The addition of nitric oxide to the shield
gas was less effective in reducing ozone levels than
predicted by the laboratory studies of Sipek and
Smars(Refs. 132 and 157).

Electromagnetic Radiation

Okuno estimated permissible exposure times at 1
meter from the source for the ultraviolet (UV) and
blue light generated by various welding processes
(Refs. 113 and 114). The permissible exposure
times for UV light varied from several seconds to
one minute for most of the welding processes stud-
ied. For each welding process, the intensity of the
UV, but not the blue-light radiation, increased with

the diameter of the wire, arc current, and voltage.
As expected, the UV hazard was greater with
GMAW than with SMAW. The greatest blue-light
hazard was found for CO2-shielded GMAW of mild
steel, for which a permissible daily exposure time of
42 seconds was estimated. In similar work, Salsi
and Barlier measured the spectral emissions from
UV to far infrared light generated by 47 diverse
coated electrodes (Ref. 9).

Production Coatings

Heikila et al. found that concentrations of benzo
(a)pyrene as high as 0.64 micrograms/m3 were pres-
ent in the vicinity of welders during SMAW of rail-
road ties (Ref. 53).

Noise

Impulse noise may be more harmful to hearing
than continuous steady state noise of the same en-
ergy level (Ref. 133). The impulse noise level has
been defined as the difference between the peak
value and the root mean square of the slow time-
weighted value. Noise is considered to be impulsive
if the difference between peak levels and the slow
time-weighted value is greater than 15 dB. A study
conducted in a shipyard assembly hall indicated
that the impulsiveness for different processes in-
creases in the following order: gouging < carbon arc
gouging < chiseling < welding (process not speci-
fied) < GMAW (Ref. 168). Further tests indicated
that earmuffs effectively attenuate impulsiveness
(Ref. 138).

Hygiene and Work Practices

Accidents, the primary health risk associated
with the use of robots, occur most often during
teaching, testing, and maintenance. Accidents may
result from pushing the wrong button in the robot
controls, by improper programming of robot move-
ment, or by difficulties in perceiving or anticipating
the movement of the robot arm during work opera-
tions (Refs. 56, 57, and 134).

A fatal accident occurred in which a welder was
working inside a vapor degreaser pit filled with
1,1,1-trichloroethane vapors. While welding, the
vapors ignited and the welder fell into the pit, where
he died. Tests of the 1,1,1-trichloroethane remain-
ing after the accident indicated that it contained
twice the quantity of corrosion inhibitors normally



present, which may have contributed to the flam-
mability of the vapors (Ref. 30).

Protective Gear. A study by Sliney et al. (Refs. 12
and 163) indicated that most fabrics used in stan-
dard work clothing provide adequate attenuation of
the UV radiation generated by welding. Laundering
decreased the UV transmission through most
fabrics tested. This was thought to be due to shrink-
age of the fabric, with a consequent decrease in the
size of the openings between fibers.

A study by Beckett et al. (Ref. 11) demonstrated
that wearing vapor-barrier garments in the work-
place can cause heat stress. The authors noted that
when heavy muscular work is performed in a warm
environment, impairment of the dissipation of
sweat by vapor-barrier garments can result in signif-
icantly higher body temperatures with a high risk
for heat-related disorders, including heat stroke.

Jakubcik (Ref. 66) described a lightweight, main-
tenance-free, disposable respirator used in a steel
works in Czechoslovakia to provide protection
when welding high alloy steels with electrodes con-
taining chromium, nickel, and manganese. Several
methods for extracting welding fumes from the
work area (Refs 67 and 145) and from hyperbaric
chambers (Ref. 35) were published.

Training. Rosen and Lundstrom coupled video
taping of workers and direct reading instrumen-
tation of breathing zone exposures (Ref. 146). The
resultant video tape of work practices with a super-
imposed presentation of real-time exposure data
was used to evaluate the relationship between expo-
sures to fumes, dusts or solvents with individual
work patterns, and to train persons who work with
hazardous substances.

Effects of Welding on
Human Health

Respiratory Tract

Alveolar Macrophages. Pierre et al. (Ref. 140) ex-
amined the interactions of welding fumes with two
lung antiproteinases. They found that fume parti-
cles bind reversibly to the antiproteinases and pre-
vent them from inhibiting the activity of proteolytic
enzymes.

Mylius and Gullvag showed that sputum from
coke plant workers, aluminum plant potroom work-
ers, asphalt workers, and shipyard welders contain

more alveolar macrophages than controls. Com-
bined smoking and occupational exposures pro-
duced a marked increase in the number of macro-
phages (Ref. 104).

Estimation of Retained Particles in the Lungs.
Magnetopneumography utilizes the magnetic prop-
erties of inhaled particles to estimate the burden of
occupational dusts in the respiratory tract. Kal-
liomaki et al. developed a magnetopneumograph
that measures pulsed coercive force which can dis-
criminate between remanent fields produced by dif-
ferent types of fumes (Ref. 75). An innovation
introduced by Drenck and Stern (Ref. 36) used an
AC susceptibility bridge to provide information
about the total content of ferromagnetic, paramag-
netic, and diamagnetic material. Using this system,
Stern et al. (Ref. 172) obtained evidence for in vivo
changes of welding fume particles from the substi-
tuted magnetite present in freshly formed welding
fumes to unsubstituted magnetite. These findings
were supported by studies with X-ray diffraction
and Mossbauer spectroscopy which indicated that
substituted magnetite is the primary magnetic com-
ponent in freshly formed welding fumes, whereas a
less substituted form of magnetite is the predomi-
nant magnetic component in inorganic dust ob-
tained from ashed lungs of deceased welders.

A study in which fumes were administered to rats
by intratracheal instillation also indicated that the
magnetic properties of some welding particles are
not stable in the lungs (Ref. 76). The specific mag-
netic moment of welding fumes generated by
SMAW of mild steel and GMAW of stainless steel
were stable, while the magnetic moment of welding
fumes generated by SMAW of stainless steel and
GMAW of mild steel decreased by about 50% dur-
ing the 106-day period following the introduction
of fumes into the lungs.

Pulmonary Function and Bronchitis. Chest X-ray
abnormalities, and deficits in lung function, excess
chronic bronchitis, or both, among welders were
examined in 13 studies. Of these, two were con-
founded by exposure to asbestos or other nonweld-
ing exposures in the workplace (Refs. 34 and 122).

Nodular opacities are frequently observed in
chest X-rays of welders. These opacities are not usu-
ally associated with loss of lung function or diseases
of the respiratory tract. During the current report
period, two studies indicated that siderosis or pneu-
moconiosis in welders is not associated with a re-
duction of lung function (Refs. 26 and 166) while
two other studies (Refs. 84, 150, and 151) con-
cluded that such an association exists. Chest X-ray



shadows often regress after welders retire or are re-
moved from further exposure. Desmeules et al.
found that workplace exposures other than welding
existed in cases where opacities increased or pro-
gressed after welding exposures ceased (Ref. 33).

While bronchitis and loss of pulmonary function
were attributed to welding exposures by several in-
vestigators, the reports differed in their conclusions
concerning the contribution of tobacco smoke to
the development of respiratory impairments. Five
studies found that nonsmoking welders have an ex-
cess risk of bronchitis (Refs. 81, 82,84, 92, 102, and
149) while two found an elevated incidence of bron-
chitis only among welders who smoked (Refs. 26
and 166).

Similar disparities exist among reports of the in-
fluence of tobacco smoke on the induction of im-
pairments in lung function. Two studies found
deficits in pulmonary function only in smoking
welders (Refs. 26 and 166) while three other studies
found an elevated incidence of pulmonary deficits
in both smoking and nonsmoking welders. In a
small cohort of shipyard welders, Kalliomaki found
deficits in pulmonary function only among retired
shipyard welders and not among the younger, active
welders (Ref. 74).

Although there are conflicts among these reports,
the results suggest that nonsmoking welders may
develop bronchitis and deficits in pulmonary func-
tion. Welders who smoke clearly have an elevated
risk for both bronchitis and pulmonary deficits.
Whether the combined effects of smoking and weld-
ing exposures are additive or synergistic is not es-
tablished. The study of shipyard welders by
Lyngenbo et al. (Ref. 92) carefully controlled for ex-
posure to cigarette smoke, asbestos and exposure to
other lung toxicants. This study demonstrated that
welding alone can cause bronchitis, upper respira-
tory tract symptoms, and reduced lung function.
The effects of cigarette smoke on the development
of these symptoms were additive.

The influence of constituents of welding fumes
on the development of pulmonary impairments was
examined by two research groups. Krasnyuk et al.
found that welders of high alloy steel were more
likely to have extensive pneumoconiosis with more
severe restrictive disturbances in pulmonary func-
tion than welders of low alloy steel (Ref. 84). Ulrich
et al. found no differences in pulmonary function
between welders with high and low chromium expo-
sures (Ref. 179).

Acute Respiratory Tract Disease — Case Report.
The case of a welder who developed a sudden, work-
related onset of pulmonary disease was described

by Silberschmid (Ref. 156). Examination revealed
swollen and red bronchial mucosa, irregular opaci-
ties in chest X-rays, and deficits in pulmonary func-
tion. Extreme inflammatory changes were found in
biopsied lung tissue. Symptoms of exertional dys-
pnea, bronchial hyperreactivity, and recurrent
pneumonias persisted for 7 years. Prior to the onset
of disease, he had been working without properly
functioning local ventilation and was exposed to
high concentrations of fume.

Production Coatings. Emmerling et al. (Ref. 38)
found no significant abnormalities in pulmonary
function among 35 workers who welded metals
primed with zinc chromate, polyvinylbutyral coat-
ings or alkyl paints. In addition, there was no
correlation between work place exposure and con-
centrations of zinc, hippuric acid, methylhippuric
acid, formic acid, or carboxyhemoglobin in blood
or urine samples. The number of participants in the
study was small, and measurements of airborne
chemicals indicated that exposures were low.

Cancer

Thirteen new cancer epidemiology studies were
conducted which included welders among the study
populations. Eight of these were case-control stud-
ies, while the remainder were population-based
morbidity and mortality studies. Only one study
specifically examined a cohort of welders. In that
study, no excess cancer of any type was found
among the cohort of 3000 welders (Ref. 25). Of the
eight studies which evaluated lung cancer rates,
four found a significant association between weld-
ing and lung cancer. In one of these, there was also a
high incidence of mesothelioma and, thus, asbestos
exposure could not be ruled out (Refs. 158,161, and
162). A second study found an excess of lung cancer
among shipyard welders, but not among welders
who did not work in shipyards (Ref. 152), which
suggests the effects of exposures other than welding.
The remaining two were case-control studies in
which the total number of welders with lung cancer
were 28 (Ref. 83) and 19 (Ref. 90). In the latter,
Lerchen cautioned that "the welders in our study
had worked in diverse industries that may have in-
volved exposures other than welding that also in-
creased the lung cancer risk" (Ref. 90). Because of
the possibilities of confounding exposures, it is dif-
ficult to draw firm conclusions concerning the lung
cancer risk of welders on the basis of studies de-
scribed above.

Other tumors reported to be associated with



welding include leukemia, cancer of the stomach,
brain, nasal sinus, and pancreas. An elevated risk
for leukemia was noted in a shipyard study per-
formed by F. B. Stern (Ref. 169). In contrast, R. M.
Stern found no association between welding expo-
sures and leukemia in his analysis of 15 epidemio-
logic studies which considered the incidence of
leukemia among welders (Ref. 170). Similarly, an
elevated risk for brain tumors was found by Mc-
Laughlin in a population-based study in Sweden
(Ref. 97), but no brain tumors were identified in a
death-certificate study by Thomas in the U. S. (Ref.
175), or in a case-control study conducted by Olin
in Sweden (Ref. 123). One study found an elevated
risk for renal tumors in welders (Ref. 161), while
isolated studies also reported elevated risks for can-
cer of the gastrointestinal tract (Ref. 141), nasal si-
nus, (Ref. 52) and kidney (Ref. 158). Norrell
conducted a case control and morbidity and mortal-
ity study of pancreatic cancer (Ref. 109). An ele-
vated incidence of pancreatic cancer in welders was
observed in the case-control but not in the mortality
study.

Screening for Cancer. A nontraumatic method for
screening workers at risk of nasal cancer was re-
ported by Reith et al. This cytologic screening
method examines a representative population of
cells obtained by brushing the surface of the middle
nasal turbinate. In a study of nickel refinery work-
ers with known nasal dysplasia, more cases of pre-
neoplastic nasal lesions were detected by cytologic
screening than by biopsy (Ref. 144).

Metal Fume Fever

Vogelmeier et al. (Ref. 185) observed changes in
pulmonary function and marked pulmonary in-
flammation in a welder who had recurring symp-
toms of metal fume fever after welding zinc-coated
materials, but not other metals. Abnormalities in
pulmonary function and a marked increase in poly-
morphonuclear leukocytes in bronchoalveolar la-
vage fluid were associated with symptoms of metal
fume fever.

A case of metal fume fever with a severe, concom-
itant allergic reaction to zinc fumes was reported by
Farrell (Ref. 40). After welding galvanized metal,
the patient experienced classic symptoms of metal
fume fever associated with an immediate anaphy-
lactoid reaction to zinc fumes as well as a delayed
reaction consisting of angioedema and urticaria.

Effects on the Eye and Vision

Keratoconjunctivitis, a painful inflammation of
the cornea, is the eye condition most frequently en-
countered by welders. Although this condition usu-
ally lasts for up to 2 days, Sharir and Ben-David
observed severe symptoms of keratoconjunctivitis
which persisted for several months in four workers
employed in plasma arc thermal spray coating
(Ref. 153).

Two cases of photic maculopathy, in which visual
loss was noted soon after exposure to the welding
arc, were reported (Refs. 20 and 180). In one of the
cases, some visual loss and signs of retinal injury
were present 6 months after the incident (Ref. 180).

An unusual case of retinal damage in a man with a
lens implant was reported by Turut et al. (Ref. 178).
Four years after the surgery, he welded without
wearing eye protection and experienced an immedi-
ate loss of visual acuity. A small lesion, apparently
caused by radiation from the arc, was present on the
retinal fovea of the eye with the lens implant. There
were no indications of damage or loss of vision in
the eye with the normal lens.

Effects on the Skin

A case of a welder with recurrent, severe facial
dermatitis was described by Shehade et al. (Ref.
154). Allergic dermatitis was ruled out by skin patch
testing with a battery of allergens. The welder had
routinely performed spot welding without a pro-
tective face mask. His case was diagnosed as
photodermatitis, caused by UV exposure during
welding.

Sensitivity to Fume Components

A case of a welder who had anaphylactoid reac-
tions following exposure to chromates was reported
by Moller et al. (Ref. 101). The symptoms included
urticaria, difficulty breathing and chest tightness.
Nordman et al. examined 58 stainless steel welders
who had asthmatic reactions when welding stain-
less steel. Some of these welders responded posi-
tively to the histamine provocation test prior to
welding and had significant reductions in pulmo-
nary function following welding of stainless steel
(Ref. 108).
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Effects on the Musculoskeletal
System

Two techniques for analyzing causes of postural
stress were described. One was a computer-aided
system used to analyze working postures of the
trunk and shoulders on repetitive assembly line
jobs (Ref. 78). Both systems were applied to im-
proving postural stress incurred during welding op-
erations (Refs. 55 and 78).

Effects on the Urogenital Tract

Chronic exposure to low concentrations of cad-
mium fumes can cause kidney damage, which is
first manifested by urinary excretion of low molec-
ular weight serum proteins such as beta-2-
microglobulin and retinol-binding protein. Signs of
tubular dysfunction, but not glomerular dysfunc-
tion, were found among a group of 26 cadmium-
exposed workers by Verschoor et al. (Ref. 184).
Smith et al. found low molecular weight proteins
(typical of tubular dysfunction), but not albumin
(characteristic of glomerular dysfunction) in the
urine from 20 of 51 solderers with up to 25 years of
uncontrolled exposure to fumes from cadmium-
containing alloys. No significant changes in beta-2-
microglobulin were found in 19 solderers followed
for 2 years after cadmium exposure ceased, sug-
gesting that mild tubular proteinuria will not prog-
ress to more severe kidney dysfunction in the
absence of further exposure to cadmium (Ref. 164).

Two epidemiologic studies showed no associa-
tion between renal impairment and welding. In the
first, elevated levels of nickel and chromium were
found in the urine of stainless steel welders, but kid-
ney function, assessed by measurement of total pro-
tein and enzyme activity in urine, was comparable
to that of the control group (Ref 193). The second
study examined kidney function in 143 males who
had received kidney biopsies as a result of suspected
or clinically established glomerulonephritis or ob-
scure renal disease. There was no relationship be-
tween welding and the incidence of severe chronic
kidney disease nor was there an increase in the risk
of death from nephritis among welders (Ref. 51).

Effects on the Teeth

To investigate the cause of a metallic taste sensa-
tion and loosening dental amalgams among under-
water welders, Ortendal et al. investigated the

intraoral electrical and magnetic activity during un-
derwater welding. Humidity was the predominant
factor in the generation of intraoral electrical activ-
ity. However, even when water was deliberately in-
troduced into the diver's suit, the intra- oral electric
field was too small to damage dental amalgam. No
correlation was found between the magnetic field
and a metallic taste in the mouth. In vitro studies
indicated that a slight degeneration of dental amal-
gams may be caused by magnetic fields equivalent
to those generated by welding. However, chemical
changes were insufficient to account for a metallic
taste sensation.

Biological Monitoring

Sjogren et al. (Refs. 159 and 160) examined the
relationship between urinary aluminum concentra-
tions and exposure to fumes generated by GMAW
and GTAW of aluminum. Urinary aluminum levels
were dependent on the most recent daily exposures
as well as on the total duration of exposure. The re-
sults indicated that aluminum is probably stored in
two or more compartments in the body, with widely
different clearance rates.

Two studies were based on findings that red blood
cells are permeable to hexavalent, but not trivalent,
chromium (Refs. 4 and 50). Angerer et al. (Ref. 4)
determined chromium concentrations in the
breathing zone and in erythrocytes, plasma and
urine from 103 male welders who performed
SMAW or GMAW, or both, of stainless steel. Chro-
mium levels in erythrocytes were too low to provide
accurate estimates of exposure below airborne con-
centrations of 100 micrograms/m3. However, the
investigators concluded that simultaneous determi-
nation of chromium levels in plasma and erythro-
cytes may give a useful picture of exposure to total
and hexavalent chromium.

Different conclusions were drawn by Gustavsson
and Welinder (Ref. 50) who observed no obvious
differences in clearance rates of erythrocyte and
plasma chromium in studies performed with four
stainless steel SMA welders and six electroplaters.
These investigators concluded that determination
of blood or erythrocyte chromium levels would not
add important information to that gained from bio-
logical monitoring with urinary chromium concen-
trations.

Zschiesche et al. (Ref. 194) determined levels of
manganese in the breathing zone and body fluids of
eight welders from two factories who worked with
filler materials containing about 0.8% manganese.
Levels of manganese in blood and urine tended to
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be low and, for the most part, did not vary substan-
tially from values obtained for the general popula-
tion. There were no correlations between external
exposures and internal manganese levels, nor with
the time of day or the day of the week that the bio-
logical samples were collected.

Effects on the Voice

A study by Ohlsson indicated that voice and
throat problems were much more frequent among
welders than office workers. The investigators con-
cluded that vocal problems among welders are due
to high noise levels which force a strain on the lar-
ynx during vocalization, whereas welders believed
their problems resulted from fume exposure (Ref.
112).

Toxicologic Investigations in
Animals and Cell Cultures

Animal Studies

Inflammation and Fibrosis. The development of
practical methods for assessing the fibrogenicity of
fumes and gases from welding operations is impor-
tant for the determination of risk associated with
different electrodes and welding methods. Hicks et
al. (Ref. 62) compared the irritant and fibrogenic
properties of fumes from different electrodes by in-
jecting fume samples into rat and guinea pig muscle
tissue. The inflammation produced by welding
fumes decreased in the following order: SMAW of
stainless steel >SMAW of mild steel >GMAW of
stainless steel.

Studies of the effects of fumes on the respiratory
tract were conducted by the American Welding So-
ciety (Ref. 23). Rats were exposed by inhalation for
6 hours to fumes from six welding processes and the
histopathologic effects on the respiratory tract were
determined. Other assays examined viability and
phagocytic activity of alveolar macrophages from
exposed animals. Extracts from urine were not ge-
notoxic in the Salmonella/Ames test nor were any
chromosome aberrations seen in bone marrow cells
recovered from animals 20 hours after exposure. On
the basis of these studies, the electrodes were classi-
fied into three categories: highly toxic (E308-16),
moderately toxic (E7018, E6010, and E70T-1) and
nontoxic (E70S-3 and E5356).

Wilmer et al. conducted 14-day inhalation stud-

ies of fumes from ten electrodes in Wistar rats (Ref.
188). Fumes from SMAW of stainless steel were the
most toxic, causing severe dyspnea, some mortality,
and reduction in body weight gain. GMAW fumes
were less toxic and induced only slight signs of re-
spiratory distress. Fumes from SMAW of mild steel
were only slightly toxic. The fumes from most elec-
trodes were cytotoxic to alveolar macrophages.
None of the fumes caused sister chromatid ex-
changes (SCE) or structural chromosome aberra-
tions in bone marrow cells.

Clearance. In vivo studies conducted by Kal-
liomaki et al. demonstrated marked differences in
pulmonary clearance rates of fumes from SMAW
and GMAW of stainless steel (Refs. 70, 71, and 73).
Anttila showed that this was due to differences in
the solubility of particles in the lung (Refs. 5 and 7).
The morphology and chemical composition of par-
ticles were examined periodically after exposure of
rats to welding fumes by inhalation. The majority of
particles in SMAW fumes had irregular shapes and
were enriched with sodium and potassium. These
particles changed with time, losing practically all
sodium, potassium, chromium, and some manga-
nese. In contrast, the particles in GMAW fumes
showed no signs of dissolution.

Another study focused on clearance of manga-
nese from the respiratory tract (Ref. 77). The results
suggested that manganese was cleared from the
lungs as intact particles and that little manganese
clearance resulted from in situ dissolution of
particles.

Toxic Effects. A long-term inhalation study of the
effects of nickel oxide and arsenic trioxide in Wistar
rats was conducted by Glaser et al. (Ref. 42). Arse-
nate exposure had no apparent effects. Rats treated
with nickel oxide had an increased mortality rate
and severe alveolar proteinosis. No treatment-re-
lated tumors were seen.

Gorban et al. examined the effects of exposure to
fumes generated by CO2-shielded GMAW of me-
dium and high alloy steel with two types of austen-
itic electrodes (Ref. 45). The LD50s did not differ
significantly for fumes from the two electrodes, but
differences were noted in the effects on levels of nu-
cleic acid and alanine and aspartate aminotransfer-
ase in the liver and lung.

Geleskul et al. (Ref. 41) used the formation of
malondialdehyde in the presence of ascorbic acid as
a measure of lipid peroxidation produced by weld-
ing fumes. The investigators concluded that lipid
peroxidation can be used for the assessment of the
toxicity of welding fumes.
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Very low concentrations of hexavalent chromium
can activate the enzyme beef heart phosphodiester-
ase, which is regulated by calmodulin, a calcium de-
pendent protein. MacNeil et al. suggested that the
effect of chromium on this regulatory protein may
be related to its toxic effects (Refs. 29 and 93).

Allergic Sensitivity. Caldas and Hicks reported
that pulmonary exposure to chromate or extracts of
chromium and nickel-rich fumes from SMAW of
stainless steel provokes a specific tolerance to the
immunologic effects of chromate in the skin (Refs.
18 and 60).

In Vitro Studies

Bacterial Assays. Biggart et al. reported that the gas
phase and particulates of emissions from SMAW of
mild steel are mutagenic in a modified Salmo-
nella/Ames assay. The fumes contained both direct-
and indirect-acting mutagens which induced
frameshift mutations. The results suggested that
fume particles become degraded at the cell surface,
permitting particle components to be taken up by
the bacteria (Ref. 14). Unlike the fume particles, ex-
posure to the gas phase caused base pair substitu-
tions but not frameshift mutations. (Ref. 13).

Ong et al. demonstrated that the SOS test, which
detects gene damage in Salmonella typhimurium by
a colorimetric reaction, can be adapted for use in
occupational settings (Refs. 124 and 125). Stainless
steel welding fumes induced a high response with
the SOS test, and the effects were greater without
microsomal enzymes than in their presence. The
SOS test was much more sensitive to welding fumes
than the Ames test. This may be related to the ob-
servations of Pedersen et al. (Ref. 137) of higher
concentrations of hexavalent chromium in fumes
collected by impingement than in those collected by
filtration.

Mammalian Cell Studies. Two studies examined
the induction of SCE by welding and cutting aero-
sols. Baker et al. showed that SCE activity, but not
mitotic delay, was proportional to the hexavalent
chromium content of the welding fume in cultured
Chinese hamster lung cells (Ref. 8). The soluble
fume fraction was much more active than the insol-
uble fraction in both the mitotic delay and SCE
assays, presumably because of the greater bio-
availability of the soluble components of the fume
particles.

Valerio et al. showed that fumes emitted by gas-
cutting during refitting operations in oil tanks cause

SCE in murine bone marrow cells (Ref. 182). These
fumes are known to contain high levels of benzo
(a)pyrene and other polycyclic aromatic hydrocar-
bons which may be responsible, in part, for their
mutagenic activity.

Hooftman et al. reported that the cytotoxicity of
welding fume particles to bovine alveolar macro-
phages decreases in the following order: SMAW of
stainless steel >GMAW of stainless steel >SMAW
of mild steel >GMAW of mild steel (Ref. 64).
Pasanen et al. (Ref. 135) found that the cytotoxicity
of welding fumes to rat alveolar macrophages de-
creases in the following order: SMAW of stainless
steel = SMAW of mild steel >GMAW of stainless
steel >GMAW of mild steel. Similar to the findings
of Hooftman et al., Pasanen showed that the viabil-
ity of cells treated with fumes from GMAW of mild
steel differed little from control cells. Removing wa-
ter-soluble materials by washing with phosphate-
buffered saline substantially reduced the cytotoxic-
ity of fumes from SMAW of stainless steel but had
little effect on the other fumes. The effect of washed
and unwashed fumes on the release of lactic dehy-
drogenase followed the same pattern (Ref 135). The
results of both Hooftman and Pasanen indicated
that hexavalent chromium may be responsible for
the cytotoxic activity of welding fumes to alveolar
macrophages.

In vitro studies indicated that combined expo-
sures to chromate and hyperbaric pressures can act
synergistically to disrupt the organization of actin
filaments, which are responsible for cell shape and
motility and may prolong the Gl phase of the cell
cycle (Refs. 68 and 173).

Conclusions

Welding emits fumes and gases which may cause
adverse health effects. Emissions vary widely with
the process and can be controlled to some degree by
choice of method, electrode, and filler material. The
use of proper ventilation, protective gear, and
clothing can keep exposures to a minimum. Train-
ing programs may be needed for management and
welders alike, demonstrating the economic and
health advantages of reducing exposures. New
training techniques, employing video tapes and
computer systems, have been developed which may
help the welder to a better understanding of expo-
sures and to adjust work practices accordingly.

Unresolved questions concerning health issues
persist. The most important of these concern the ef-
fects of welding on the respiratory tract and cancer
rates among welders.
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The Respiratory Tract. Exposure to some compo-
nents of welding emissions, including ozone, nitro-
gen oxides, chromium, and nickel, may injure the
respiratory tract. However, the relationship be-
tween welding exposures and deficits in pulmonary
function, or respiratory diseases such as bronchitis
and emphysema, is not well understood. The gener-
ation of injurious pollutants varies with the welding
method and the metal welded. The influence of the
specific chemical constituents of welding fumes on
the development of pulmonary impairment is an
important area that has not been adequately inves-
tigated.

Inconsistencies in reports of the chronic effects of
welding fumes on the lungs may be due, in part, to
studies of populations exposed to different welding
materials. Therefore, studies of the incidence of re-
spiratory diseases in welders should be carefully de-
signed and should concern populations selected in a
manner that will allow correlation of results with
exposures to specific welding processes. In addi-
tion, a variety of pulmonary function tests are avail-
able. Questions have been raised as to whether
some widely used tests are likely to detect the types
of lesions that could potentially be produced by
welding fumes. Thus, the applicability of different
pulmonary function tests for research purposes or
for general medical screening of welders should be
further examined.

Further development of practical techniques for
assessing the fibrogenicity of fumes and gases from
welding operations is important for the assessment
of risk associated with different electrodes and
welding methods. In vivo and in vitro methods for
studying the potential of occupational pollutants to
cause irritation, inflammation, or fibrosis in the
lung and other tissues should be explored. A com-
prehensive literature search to determine whether
methods exist that are useful for studying welding
emissions might prove fruitful.

Several research groups reported that exposure to
some welding fumes can affect the function and via-
bility of alveolar macrophages, which are important
for maintaining the health of the lungs. However,

since their activity may stimulate inflammatory
and fibrotic processes, alveolar macrophages may
also contribute to the development of chronic lung
disease. Mylius and Gulvag showed that cigarette
smoke and welding exposure combine to produce a
marked increase in the number of alveolar macro-
phages in the lung (Ref. 104). Vogelmeier et al.
observed a tenfold increase in the number of leuko-
cytes obtained by bronchoalveolar lavage in a pa-
tient with recurrent metal fume fever (Ref. 185).
Recognizing the potential importance of macro-
phage activity in the development of chronic lung
disease, both of these investigators questioned
whether such impressive numbers of inflammatory
cells can be present in the lungs without causing
damage. It may be of interest to focus more atten-
tion in the future on the effects of welding fumes on
alveolar macrophages and to determine what these
effects mean in terms of potential health effects.

Cancer. Fumes generated by welding stainless steel
contain potentially carcinogenic chemicals, in par-
ticular hexavalent chromium and nickel com-
pounds. The presence of these metals in fumes from
some welding processes provides a major argument
in support of the probability of an increased cancer
risk in some welders. The mechanism of action of
metal carcinogens remains unknown and is an im-
portant area for continued research. Epidemiologic
studies differ widely in their conclusions concern-
ing the cancer risk of welders. In many of the cancer
epidemiology studies reviewed in this volume of Ef-
fects of Welding on Health, it is difficult to rule out
nonwelding exposures among the welding popula-
tions. More carefully controlled studies of welding
populations are critically needed to help under-
stand the cancer risk of welders. Studies of large
populations of welders, in which exposures to spe-
cific welding processes can be accurately deter-
mined, are necessary to provide a much needed
answer to the question of whether exposures to spe-
cific fumes account for the elevated cancer risk ob-
served among some populations of welders.





Effects of Welding on Health VII

Section One
The Exposure

Hazardous fumes, gases, and electromagnetic ra-
diation can be generated during welding. Organic
vapors may be present in welding emissions if the
base metal is coated with organic products such as
paints or oils. The composition of the emissions
varies with the welding method. Of the most com-
mon welding processes, fume generation is lowest
with gas tungsten arc welding (GTAW) and highest
with shielded metal arc welding (SMAW) and flux-
cored arc welding (FCAW). Ozone levels are great-
est with gas metal arc welding (GMAW) of alumi-
num. High levels of nitrogen oxides (NOX) are
produced by all processes that involve intense heat.
Gas welding and plasma cutting tend to produce
more NOX than other welding methods.

An industrial hygiene survey conducted in six
Dutch factories showed that fume and gas expo-
sures from plasma welding of stainless steel are
comparable to the low exposures produced by
GTAW, while exposures from plasma cutting of
stainless steel are comparable to those produced by
SMAW (Ref. 183). The Dutch occupational health
standard for welding fumes (5 mg/m3) was exceeded
when plasma cutting of stainless steel was con-
ducted without local exhaust ventilation; fume con-
centrations were below the standard when local
exhaust was used and also during cutting under wa-
ter. Hexavalent chromium was found in only two
plants and its concentration never exceeded 40
ug/m3. Total chromium concentrations did not ex-
ceed 400 ug/m3. In no instances were the Dutch
standards for nitrogen dioxide (NO2: 5 ppm), nitric
oxide (NO: 25 ppm) or nickel (1 mg/m3) exceeded,
even during the process of cutting alloys containing
30 to 35% nickel. None of the samples contained
water-soluble nickel. Breathing zone levels of ozone
were excessive because of the proximity of the
welder's face to the torch. This problem was re-

solved by placing a glass shield on the work table
between the workpiece and the welder.

1. Fumes
Welding fumes are composed of microscopic

metal oxide particles which originate primarily
from the filler metal and the electrode coat or core
materials. The concentrations of fume constituents
vary with the welding process, electrode, base
metal, and welding parameters (voltage and cur-
rent). The fume generation rate (FGR), a measure
of the quantity of fume emitted per unit time, is
used to compare fume emissions from different
electrodes. The importance of this value for assess-
ing relative hazards associated with different elec-
trodes was stressed by Moreton who urged that
standard methods for measurement of FGR be
adopted (Ref. 103).

FGRs have been determined for a large number
of electrodes used in different welding processes.
Recently, Henderson et al. showed that the FGR
was lower for gas shielded flux cored electrodes
than for those used without gas shields (Ref. 58).
Krause and Press reported that the quantity of
emissions generated during resistance welding in-
creased markedly during "splashing". Resistance
welding of greased metals also increased fume for-
mation. In the absence of splashing, a layer of grease
(1.3 mg/cm2 metal surface) increased fume forma-
tion by 30%. The emissions increased with the
thickness of the grease (Ref. 85).

The effects of hyperbaric pressure on welding
fume emissions is receiving attention in Northern
Europe because of the importance of offshore oil
operations in that area. In this regard, Bjoerseth et
al. showed that for GTAW, fume production is 5 to
10 times greater at a pressure of 32 bar than at 1 bar.
The ratio of manganese to iron was also greater at
higher pressures, presumably due to heat distribu-
tion effects (Ref. 16).

15
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1.1 Effects of Electrode Composition. In the inter-
est of identifying electrodes that generate the least
hazardous emissions, Olah and coworkers mea-
sured gases (ozone, hydrogen fluoride, NOX) and
light and heavy elements [Fe, Cr, Cr (VI), Ni, Mn,
Mo, Si, C, and others] in fumes produced by coated
electrodes, flux cored hardfacing electrodes (Refs.
115, 116, 118, and 119), and by electrodes used for
welding high alloy steels (Refs. 117 and 177). Analy-
ses were conducted by neutron activation analysis,
X-ray fluorescence spectroscopy, and atomic ab-
sorption spectrometry (AAS). The results showed
that the exposures resulting from hardfacing are
comparable to those from SMAW of high alloy
steels (Ref. 116).

Tandon et al. determined 19 elements in the flux
and fumes from three types of hardfacing electrodes
and two types of coated, high-strength, low alloy
steel electrodes. Magnetite (Fe3O4), potassium chro-
mate (K^CrO-t), calcium fluoride (CaF2) and sodium
fluoride (NaF) were the only compounds detected
in the fumes. The water solubility of the fumes var-
ied from 22.5% to 3,7.5% for the five electrodes. An
inverse relationship between the fluoride concen-
tration in fumes and the FGR was noted. The con-
tent of sodium and potassium in the flux was highly
correlated with the ratio of water-soluble hexava-
lent chromium to total chromium in the fume.
(Ref. 174).

In order to establish exposure guidelines, Mcll-
wain and Neumeier of the Bureau of Mines deter-
mined FGRs and fume constituents generated by
selected welding electrodes commonly used in
mines. From these data, exposure indices were de-
termined which provide a relative measure of the
potential health hazards associated with emissions
from the electrodes (Ref. 96).

1.2 Chromium. In 1983, Thomsen and Stern re-
ported finding a short-lived hexavalent chromium
species in freshly formed welding fumes collected
by impingement in an aqueous medium (Ref. 133).
GMAW fumes collected by traditional methods on
dry membrane filters generally contain little hexa-
valent chromium, whereas Thomsen (Refs. 137 and
176) reported that GMAW fumes collected by liq-
uid impingement contain 6 to 7% hexavalent chro-
mium. The same investigators examined the effects
of sample collection method, storage time, and ana-
lytical procedure on the concentration of hexava-
lent chromium in welding fumes (Ref. 137).
Hexavalent chromium was reduced to the trivalent
state when SMAW fume samples were stored for up
to 15 days on cellulose acetate, but not on polyvinyl
chloride (PVC) membrane filters, and reduction of

hexavalent chromium was observed with some ana-
lytical procedures. Pedersen et al. suggested that
chromium measurements made on samples col-
lected by wet impingement may reflect actual .expo-
sures better than those made on samples collected
on dry membrane filters. However, other investiga-
tors have argued that the short-lived chromium spe-
cies may be an artifact resulting from chemical
reactions in the wet collection medium (Ref. 133)
and that much more information concerning the
generation of hexavalent chromium is needed be-
fore traditional methods of fume collection can be
replaced, or supplemented, by wet impingement
(Ref. 46).

Hewitt and Madden (Ref. 59) used the wet im-
pingement collection method described above (Ref.
176) during a study of the effects of various welding
parameters on hexavalent chromium concentra-
tions in fumes generated by GMAW of stainless
steel. Hexavalent chromium levels were greatest
with a shield gas of pure argon and decreased with
increasing concentrations of carbon dioxide in the
shield gas. Their finding that ozone increased the
concentration of hexavalent chromium led to the
conclusion that the formation of hexavalent chro-
mium in GMAW fumes is due, in part, to reactions
between trivalent chromium oxide and ozone. In
his critique of this work, Gray argued that since the
increase in hexavalent chromium was not propor-
tional to the ozone concentration, ozone reactions
cannot account for hexavalent chromium forma-
tion (Ref. 46).

1.3 Nickel. Nickel carbonyl is a severe pulmonary
irritant and has caused cancer in animal studies.
Wiseman and Chapman (Ref. 190) determined
nickel carbonyl levels in emissions produced by
GMAW and GTAW of Nickel 200, stainless steel,
and other alloys (Inconel 600, Incoloy 800, and
Monel 400). Traces (0.1 ppb) of nickel carbonyl
were found in emissions from 3 of the 16 welding
combinations tested, all of which involved GTAW
of Nickel 200 with shield gases containing carbon
monoxide (CO) or carbon dioxide (CO2).

1.4 Analytical Methods. The utility of X-ray fluo-
rescence analysis for determination of components
in welding fumes was described by Nemcova (Ref.
106). Voitkevich and Fedorina compared different
methods for determining hexavalent chromium
concentrations in stainless steel welding fumes
(Ref. 186). Olah and Pivoluska described a rapid
method using X-ray fluorescence spectrometry to
quantify chromium in fumes from welding of stain-
less steel. The limit of detection was 3 ug. The corre-
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lation between results obtained with X-ray
fluorescence spectrometry and the diphenyl carba-
zide method was poor (Ref. 120).

A method employing high pressure liquid chro-
matography to separate beryllium, cobalt, nickel,
and chromium was described by Maiti and Desai
(Ref. 94). The elements were separated as beta-
isopropyltropolone complexes on a reversed-phase
column. The method was used to determine chro-
mium in air samples from welding operations. The
procedure did not distinguish between trivalent
and hexavalent chromium.

Sawatari and Serita (Ref. 148) examined chro-
mium species in metal fumes generated from pure
chromium powders using a plasma metal sprayer. A
series of leaching solutions was used to differentiate
between chromium of different valences and
solubilities. The procedure was rather time-con-
suming, but the authors indicated that it could be
simplified to allow determination of the solubility
and valence of chromium with only three steps
(leaching with sodium carbonate, digestion of un-
dissolved fumes with heated dilute sulfuric acid,
and fusion of the undissolved portion with a boiling
mixture of sulfuric acid and perchloric acid).

Chong described a method using AAS to deter-
mine concentrations of Ag, Bi, Cd, Cu, Fe, Ni, Pb,
and Sn in lead- and zinc-based solders and metal
alloys. The technique prevented loss of metals by
co-precipitation and allowed all of these elements to
be analyzed from a single sample (Ref. 21).

Ingle developed a device for automatically re-
cording the time and duration of arcing periods
during electric welding (Ref. 65). A reed relay was
used as a detector of the circumferential magnetic
field around the cables carrying the welding cur-
rent. The relay was placed next to the cable in the
direction of the field; it opened and closed as the
strength of the field rose and fell. Ingle reported that
the device could be used to record arcing patterns of
GMAW, GTAW, and SMAW, with both direct and
alternating current. The pattern obtained for the
variation of ozone concentrations with arcing time
during GMAW of aluminum is shown in Figure 1.

1.5 Analysis of Metals in Biological Tissue. Ant ilia
et al. found that transmission electron microscopy
and X-ray microanalysis could successfully identify
some mineral and metal particles in autopsied lung
tissue. However, occupational histories or addi-
tional chemical analyses were necessary for accu-
rate identification of particles from metal grinding
or welding (Ref. 6). Landsberger and Simsons
showed that epithermal neutron activation analysis
could be used for the nondestructive determination
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Figure 1 — Ozone Concentration and
Arcing Time During GMAW of Aluminum
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of chromium, nickel, and zinc in biological tissues
and for the determination of nickel and arsenic in
urine. These techniques were used to analyze metal-
lic deposits in lung tissue from a welder who died
from cancer (Refs. 88 and 89). Baumgardt et al. de-
scribed a method using AAS for measuring trace
quantities of metals in biopsied lung tissue. Ele-
vated levels of chromium, cobalt, and manganese
were found in lung tissue from a welder (Ref. 10).

1.6 Particles. Microscopic particles comprise the
bulk of welding fumes. The particles tend to be of
respirable size (0.1 to 10 um in diameter) and are
generally spherical, although the regularity of the
surface may vary with the welding process and elec-
trode. Particles may be present in fumes as single
entities or as agglomerates or chains of varying
lengths. The particles are chemically heteroge-
neous. Their composition is determined primarily
by the content of the filler metal but, for SMAW,
elements from the flux also contribute to the fumes.

The outer surface of particles from SMAW tends
to be composed of lighter elements (e.g., Na, K, Ca,
F) while heavier elements (e.g., Fe and Mn) are
found in the particle core (Refs. 48 and 187). The
surface and bulk elemental composition of particles
from SMAW of stainless steel were determined by
Grekula et al. (Ref. 48) using scanning electron mi-
croscopy (SEM) in conjunction with energy-disper-
sive X-ray analysis (EDXA). The surface and
subsurface chemical composition (as revealed by
argon-ion sputtering) differed for large and small
particles. The results suggested that formation of
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Weld
Method

GMAW/MS
(CO2)

GMAW/SS
(Ar/O2)

SMAW/MS

SMAW/SS

FCAW/MS
(Ar/O2)

FCAW/MS
(without
gas)

Morphology and Chemistry of the

Particle
Population

Granular network
Clusters of glob
Chains

Granular network
Clusters of glob

Granular network
Clusters of glob
Blobs

Granular network
Clusters of glob
Blobs

Granular network
Clusters of glob
Chains

Granular network
Clusters of glob
Chains

Population
Diam. (um)*

3
1

10

up to 10
1

up to 10
1

Similar to
SMAW/MS
fume particles

4
1
5

1
0.5
5

Table 1
Major Particle

Particle
Size (um)

0.02
0.1
0.05

0.02
0.1

0.03
0.2
0.5

0.02
0.1
0.03

0.02
0.2
0.03

Fe

74
70
82

41
40

86
22

9

48
9
1

75
49
76

**
11
86

Populations in

Si

20
13
10

18
10

3
10
2

5
23

2

20
11
14

4
4

Mn

6
17
8

10
24

1
7
3

1
5
1

5
30
10

3
2

Cr

23
22

11
5
2

Ni

8
4

11
1

Welding

Na

3
7

7
18
29

6

K

10
27
71

17
35
65

2

Fumes

Ca Mg Ba

30
7

1 26 48
3 5

Other

1

4

4

5

SS - Stainless steel
MS - Mild steel
* - Size of particle cluster
** - "Composition varies greatly; the main component can be either Fe, Mn, Al, Mg, or Ni"
Data from Kalliomaki et al., Ref. 72

particles is partially dependent on vapor pressures.
Metals with lower vapor pressures (e.g., Fe, Cr, and
Ni) are enriched in the core, whereas those with
higher vapor pressures (Na, K, F) condense on the
particle surface.

In other studies, Grekula et al. examined the
physical characteristics of particle agglomerates in
fumes from SMAW, GMAW, and FCAW of mild
steel (Refs. 47, 49, and 72). Particles were grouped
into four classes on the basis of their morphology:
clusters of globules, chains, granular networks, and
large spheres (Table 1). The finest metal-rich parti-
cles formed granular networks which represented
most of the particles in Cd-shielded GMAW fumes
and a minor fraction of the particle agglomerates in
SMAW fumes. Particle agglomerates produced by
GMAW and gas shielded FCAW of mild steel were
similar in morphology. Clusters of globules pre-
dominated in fumes from SMAW and FCAW (with-
out gas), whereas particles in GMAW and gas
shielded FCAW fumes were present primarily as

granular networks. Individual semitransparent par-
ticles, referred to as blobs, were unique to SMAW
fumes. They were composed primarily of potassium
and sodium and apparently arose from the slag. The
morphology of particles from SMAW was the same
for rutile and for basic electrodes. Most of the ag-
glomerates had a characteristic chemical composi-
tion; however,"the composition of individual
particles within the agglomerates varied.

The size of particles in welding fumes is generally
expressed as the mass median aerodynamic diame-
ter (MMAD), which is used to estimate the likeli-
hood of their deposition in the lungs upon inhala-
tion. According to Ahlberg (Ref. 2), the MMAD is
not completely valid for welding fume particles
since they tend to be agglomerated into chains and
other nonspherical masses. The equivalent mobility
diameter (DME) better accounts for the sedimenta-
tion and diffusion forces to which welding agglom-
erates are subjected. In addition, some welding
fume particles are hygroscopic and may become hy-
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drated in the respiratory tract. This hydration could
theoretically alter their deposition rates in the
lungs. Ahlberg et al. determined the MMAD, the
DME, and the growth in particle size as a function
of relative humidity for particles in fumes from
SMAW of mild steel. They concluded that hydrated
particles could collapse to spheres after they enter
the respiratory tract which would cause the MMAD
to increase and the DME to decrease. This would
result in increased sedimentation and diffusion
rates causing greater particle deposition in the alve-
oli. The investigators concluded that the actual lung
deposition is less than the deposition predicted
from the MMAD for nonhygroscopic welding
fumes and more than that predicted for hygroscopic
welding fumes (Ref. 2).

2. Ozone

Ozone, a severe respiratory irritant, is generated
by reaction of ultraviolet (UV) light with oxygen.
Ozone is unstable in air and its decomposition is
accelerated by metal oxide fumes. Because of this,
welding processes such as SMAW and FCAW,
which generate large quantities of fumes, are not
usually associated with significant quantities of
ozone.

Engstrom and Virtamo determined ozone levels
behind the welding helmet in the breathing zones of
welders from 24 welding shops (Ref. 39). A total of
118 measurements, 5 to 15 minutes in duration,
were taken with several different gas-shielded weld-
ing processes. Ozone concentrations fluctuated
widely during individual measurement periods.
Peak levels as high as 7 ppm were recorded during
GMAW of aluminum in the absence of local venti-
lation. Ozone concentrations were markedly re-
duced by the use of local ventilation and the mean
concentration for all welding processes was less
than the Finnish standard of 0.1 ppm. GMAW of
aluminum produced the highest concentrations
with a geometric mean of 0.06 ppm. The addition of
nitric oxide to the shield gas was less effective in
reducing ozone levels than was predicted by the
laboratory studies of Sipek and Smars (Refs. 132
and 157).

3. Electromagnetic Radiation

Electromagnetic radiation in the UV, visible, and
infrared (IR) regions of the spectrum is produced
during welding. Overexposure to radiation in any of

these categories can damage the eyes. In addition,
exposure to UV radiation can injure the skin (e.g.,
erythema or sunburn, skin cancer). The biological
effects of electromagnetic radiation vary substan-
tially with the wavelength. Many factors affect the
intensity and spectral distribution of the UV light
generated by welding equipment. These include the
welding process, base metal, electrode, voltage, cur-
rent, and arc length.

Guidelines for determining permissible exposure
times to electromagnetic radiation that relate the
biological effectiveness to the wavelength (effective
irradiance) have been established by the American
Conference of Governmental Industrial Hygienists
(ACGIH) (Ref. 1). Using these guidelines, Okuno
estimated permissible exposure times at 1 meter
from the source for the UV light generated by vari-
ous welding processes (Ref. 114). The results are
shown in Table 2.

The permissible exposure times varied from sev-
eral seconds to one minute for most of the welding
processes studied. For each welding process, the UV
radiation increased with the diameter of the wire,
arc current, and voltage. As expected, the UV haz-
ard was greater with GMAW than with SMAW.
Okuno concluded that permissible exposure times
could readily be exceeded by welders, as well as by
other persons in the vicinity.

Using the same welding conditions, Okuno mea-
sured the blue light radiation at a distance of 1
meter from the arc (Ref. 113). No correlation was
found between the blue light irradiance and the
diameter of the wire, arc current, or voltage. The
greatest blue light effective radiance (2.4 W/cm2)
was found for CO2-shielded GMAW of mild steel,
for which a permissible daily exposure time of 42
seconds was estimated. In similar work, Salsi and
Barlier measured the spectral emissions from UV to
far IR (200 to 3000 nm) generated by 47 diverse
coated electrodes. The ACGIH guidelines for UV,
visible light, and IR radiation were used to calculate
daily permissible exposure levels and to evaluate
the shade numbers of filters to be used with the elec-
trodes studied (Ref. 9).

Proper precautions to protect the eye must be ex-
ercised during laser welding, as the cornea and ret-
ina can be permanently damaged by exposure to
laser beams. The extent of the hazard varies with
the characteristics of the laser beam and, thus, selec-
tion of protective eyewear must address the specific
laser process used. According to Winburn (Ref.
189), goggles supplied or recommended by laser
manufacturers often provide more protection than
needed and, in so doing, do riot promote optimal
visibility. For example, colored plastic goggles are
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Permissible Exposure

Process

SMAW
ilmenite

SMAW
ilmenite

SMAW
ilmenite

SMAW
low hydrogen

SMAW
low hydrogen

GMAW
solid wire

GMAW

GMAW
solid wire

GMAW

GMAW

GMAW

Self-shielded

N/A - Not applicable
SS - Stainless steel
MS -Mild steel

Metal

MS

MS

MS

MS

MS

MS

MS

MS

MS

SS

Aluminum

MS

Self-shielded - 'Self-shielded arc welding"
Data from Okuno, Refs. 113 and 114

forUV

Diam.
(mm)

2.6

4.0

8.0

4.0

8.0

1.2

1.2

1.6

1.6

1.2

1.6

3.2

Table 2
Light From Diverse

Current/
Voltage

70A
20V AC

170A
30V AC

400A
36V AC

170A
23V AC

400A
32V AC

150A
23V DC(+)

150A
215V DC(+)

300A
35V DC(+)

300A
33V DC(+)

270A
35V DC(+)

250A
27V DC(+)

400A
25V AC

Welding Processes

Shield
Gas

N/A

N/A

N/A

N/A

N/A

CO2

5Ar-CO2

CO2

5Ar-CO2

CO2

Argon

N/A

Permissible
Exposure Time
Per Day (sec)

300

51

33

36

17

23

14

16

4.9

21

31

250

sometimes provided by manufacturers for use with
CO2 lasers. Wavelengths produced by these lasers
are readily absorbed by almost all transparent mate-
rials and any clear goggles would serve as efficient
protective devices without reducing visual acuity.

4. Production Coatings

Toxic substances may be released when welding
metals coated with paints, primers, greases, and
other materials. Heikila et al. (Ref. 53) showed that
phenanthrene, anthracene, pyrene, benzo(a)pyrene
and other polycyclic aromatic hydrocarbons are re-
leased during SMAW of railroad ties. Benzo
(a)pyrene, a potential human carcinogen, was mea-
sured in concentrations as high as 0.64 ug/m3 in the
vicinity of the welders.

5. Noise

Impulse noise may be more harmful to hearing
than continuous steady state noise of the same en-
ergy level (Ref. 133). The impulse noise level may
be defined as the difference between the peak value
and the root mean-square (RMS) of the slow time-
weighted value; this difference is also referred to as
the crest factor. Noise is considered to be impulsive
if the difference between peak levels and the slow
time-weighted value is greater than 15 dB.

Starck and Pekkarinen described a telemetric
procedure for measurement of industrial impulse
noise (Ref. 168). The method provides data for both
equivalent noise level and impulsiveness. Measure-
ments were made with both a stationary sampling
device, which provides only a limited estimate of a
worker's noise exposure, and with a miniature mi-
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crophone placed in the worker's ear. Earlier tests,
performed at a shipyard plate welding workshop,
indicated that grinding and carbon arc work pro-
duce minimally impulsive noise, whereas welding
processes, especially GMAW, generated high im-
pulse noise levels (Ref. 133). A more recent study
(Ref. 168) was conducted in a shipyard assembly
hall. The impulsiveness for different processes in-
creased in the following order: grinding < carbon
arc gouging < chiseling < welding (process not spec-
ified) < GMAW. Noise generated by GMAW had
the highest impulsiveness and relatively low energy
equivalent levels, while that generated by gouging
and grinding had the lowest impulsiveness and the
highest equivalent levels.

Impulse noise generated by different processes
was analyzed with a transient recorder; the results
for grinding, chiseling, and GMAW are shown in
Figure 2. Chiseling generated recurrent impulse
noise, with peaks at intervals of about 20 milli-
seconds, whereas grinding produced random,
nonimpulsive noise. GMAW produced short im-
pulses that occurred randomly at intervals of tens of
milliseconds. The impulsive noise peaks from
GMAW had average equivalent levels of 90 dB and
maximum levels of 120 dB. While technical mea-
surements proved noise from GMAW to be highly
impulsive, noise generated by GMAW does not ap-
pear to be impulsive to the human ear because the
peaks are too short to be transmitted through the
auditory nerve to the brain.

Tests designed to determine whether hearing pro-
tectors effectively attenuate impulsiveness (Ref.
138), were conducted at 21 different workplaces.
The average equivalent noise varied between 85
and 98 dB outside the earmuffs and between 69 and
83 dB inside the earmuffs. The average attenuation
of equivalent noise levels was 17 dB. Earmuffs re-
duced the equivalent noise levels below 85 dB(A) in
90% of the measurements. The percent of the total
measurement time during which the peak sound
level exceeded the RMS level by at least 15 dB, was
1.6% outside the earmuffs and 0.8% inside the ear-
muffs. Thus, earmuffs were effective in reducing
impulse noise. It was noted that the age of the ear-
muff and problems with individual fit strongly af-
fect the efficiency of these hearing protectors.

6. Hygiene and Work Practices

6.1 Accidents. Accidents are among the most im-
portant health risks for welders. A survey in Wash-
ington State of accidental fatalities that occurred in
the construction industry between 1973 and 1983

indicated that welders ranked third among occupa-
tional groups. (Ref. 17). Accidents are generally
considered to be the primary health risk associated
with the use of robots. Currently, welding opera-
tions represent the most common use of robots in
industry. Although published statistics on robot-re-
lated accident rates are limited, a study performed
in Japan indicated that the majority of accidents oc-
cur during teaching, testing, and maintenance. Ac-
cidental injuries and deaths mainly involve impact,
pinch, or release of an object from the robot's arm.

A common cause of accidents is pushing the
wrong button in the robot controls. Other accidents
are caused by improper programming of robot
movement. Some accidents occur because of failure
or difficulties in perceiving or anticipating the
movement of the robot arm. Few standards exist for
controlling the maximum speed of arm movements.
The robot arm should move slowly enough to give
sufficient time for operator reaction in case of
emergency. However, arm movement should be fast
enough to be readily perceptible by the operator or
other personnel in the area. Pauses in work opera-
tions should be short enough to prevent the mis-
taken perception that robot operation has stopped
(Refs. 56, 57, and 134).

Some robots are being equipped with auxiliary
safety devices which monitor robot operations. If
persons or extraneous objects intruding in the robot
work environment are detected, the operation of
the robot is automatically terminated. It has been
suggested that, in addition to this "watchdog" de-
vice, personnel who must function within the robot
enclosure should wear a device that transmits a sig-
nal to the robot's safety sensor, indicating human
presence (Ref. 57).

De Nevers described an accident that occurred in
a facility where solid rocket boosters from the space
shuttle program are cleaned and inspected (Ref. 30).
The welder was in a basket suspended from an
overhead crane inside a vapor degreaser pit filled
with 1,1,1-trichloroethane vapors. When he started
welding, he noticed "long hydrocarbon-type
flames" around the arc. He resumed welding after
allegedly being informed by the facility engineer
that it was safe to proceed because 1,1,1-trichlor-
oethane would not burn. During the welding opera-
tion, a ball of flame developed near his chest and
rapidly expanded; the welder fell into the pit as a
huge fireball erupted. His body was severely
burned, but it was not clear whether his death was
due to burns or to asphyxiation by 1,1,1-trichlor-
oethane fumes. Although 1,1,1-trichloroethane has
no flash point, and the liquid solvent will not burn,
according to De Nevers, the vapors can burn in the
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absence of the liquid phase. Commercial formula-
tions frequently contain corrosion inhibitors which
increase the flammability of the solvent. Tests of the
1,1,1-trichloroethane remaining after the accident
indicated that it contained twice the quantity of
corrosion inhibitors normally used, which may
have contributed to the flammability of the vapors.

6.2 Clothing. To determine their effectiveness in
protecting welders from actinic UV radiation,
Sliney et al. measured the attenuation of UV by
fabrics commonly used in industrial work clothing
(Refs. 12 and 163). The direct and diffuse transmis-
sion of UV light were measured separately for 45
different fabrics at five wavelengths between 220
and 340 nm. Most fabrics transmitted less than
0.01% of the incident light, which was considered to
be adequate for protection against UV radiation
from the welding arc. However, two lightweight
fabrics had transmission values close to 1%, which
permitted transmission of sufficient UV light to ex-
ceed current occupational exposure limits.

The attenuation of transmitted light varied little
with the wavelength, which indicated that light
passed through openings between the fibers. Laun-
dering decreased the UV transmission through all
but one of the fabrics. This was thought to be due to
shrinkage of the fabrics with a consequent decrease
in the size of the openings between fibers. (The ef-
fect of laundering on UV attenuation for several
fabrics is shown in Figure 3.) This study indicated
that most fabrics used in standard work clothing
provide adequate attenuation of the UV radiation
generated by welding arcs; thick, dense fabrics are
better than lightweight materials. The investigators
recommended the use of long-sleeved clothes and
gloves made of thick, dense material with an optical
density of 4 during welding operations with cur-
rents up to 400 A.

Although work clothes should be impermeable to
UV and should provide some protection against
burns, they should also allow dissipation of sweat
and body heat. A study by Beckett et al. demon-
strated that vapor-barrier garments in the work-
place can cause heat stress (Ref. 11). Plumbers,
insulators, and welders, wearing vapor-barrier suits
for protection against asbestos, were examined
while working. One subject had a heart rate of 164
beats per minute and an oral temperature of
100.6°F while wearing a vapor-barrier suit over
conventional clothing. When wearing conventional
clothing only, his heart rate was 112 beats per min-
ute, and his oral temperature was 98.3°F. The au-
thors noted that when heavy muscular work is
performed in a warm environment, impairment of

the dissipation of sweat by vapor-barrier garments
could result in significantly higher body tempera-
tures with a high risk for heat-related disorders, in-
cluding heat stroke.

6.3 Protective Gear. Jakubcik (Ref. 66) described a
lightweight (16 grams), maintenance-free, dispos-
able respirator used in a steel works in Czechoslova-
kia to provide protection when welding high alloy
steels with electrodes containing chromium, nickel,
and manganese. The RVD-F respirator, developed
in Carlsbad, covers the mouth and nose, fits readily
under the welder's mask, and has an expected life-
time of about one week. Particles retained on the
dust mask were analyzed by SEM and EDXA. Parti-
cles as small as 0.2 um were retained by the mask
and the elemental composition varied with the size
and shape of the particle.

Several different methods for extracting welding
fumes from the work area (Refs. 67 and 145) and
from hyperbaric chambers (Ref. 35) were pub-
lished. Olander developed equations that related
plume height and shape to temperature gradients.
With this work he demonstrated that local exhaust
ventilation provides the most efficient removal of
fumes from the welder's work area (Ref. 121).
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Note: Fabrics were washed ten times under standard
conditions at 140°C. Lines 1 and 2 represent results
obtained with different fabrics.

Figure 3 — Effect of Laundering on the
UV Transmission Through Fabrics Used
in Work Clothing Sliney et al., Ref. 163
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6.4 Training. To facilitate the identification of
work practices that can lead to excessive exposures
to pollutants, Rosen and Lundstrom coupled video
taping of workers and direct-reading instrumenta-
tion of breathing zone exposures (Ref. 146). The
resultant video tape of work practices, with a super-
imposed presentation of real-time exposure data,
was used to evaluate the relationship between expo-
sures to fumes, dusts, or solvents with individual
work patterns and to train persons who work with
hazardous substances. The authors suggested that
this method could be augmented to include IR radi-
ation and light scattering techniques to enable visu-
alization of gaseous emissions and particulates,
respectively.

Section Two
Effects of Welding
on Human Health

Welding generates physical and chemical agents,
including gases, fumes, radiation, and noise which
can produce adverse health effects. If welders are
not properly protected, exposure to welding emis-
sions may harm the lungs, eyes, ears, and skin.
Overexposure to fumes containing certain nonfer-
rous metals or metal alloys may also injure the ner-
vous system, kidney, and possibly other internal
organs. While a great deal of research has been per-
formed on the health effects of welding, much is still
unknown about how the complex emissions gener-
ated by welding affect the body. A problem inherent
in research on the health effects of welding is the
great variability in welding processes and in work-
ing conditions. This makes it difficult to conduct
epidemiologic studies on homogeneous popula-
tions of sufficient size to permit statistical analysis.
Understanding health effects is essential to the de-
sign of protective clothing and equipment and to
minimizing hazardous emissions from welding pro-
cesses. Described in this chapter are health reports
which appeared in the published literature from
January 1986 through December 1987.

7. Respiratory Tract

Welding emissions may contain irritant particles
and gases such as nitric oxide (NO), nitrogen diox-
ide (NO2), hydrogen chloride (HC1), ozone, and
phosgene which can elicit an inflammatory re-
sponse in the lung. The intensity of the response is
dependent on the dose, the physical/chemical prop-
erties of the irritant, and the overall health status of

the exposed person. Macrophages migrate into the
lung in response to the presence of irritants. These
cells proliferate mediators, causing inflammation of
respiratory tissues which may result in cough, chest
tightness and pain. Severe respiratory irritants,
such as ozone, phosgene, and cadmium, can cause
accumulation of fluids in the lung, followed by
chemical pneumonitis or pulmonary edema within
hours after exposure. Chronic exposure to low
levels of some irritants may result in loss of pulmo-
nary function, emphysema, and bronchitis. The as-
sociation between exposure to welding fumes and
the development of chronic lung diseases, such as
bronchitis, emphysema or lung cancer, has not been
clearly established.

Some of the particulate matter that enters the
lungs is engulfed by macrophages (phagocytosis).
Many of the free particles and particle-laden macro-
phages are removed from the lungs by coughing and
the natural movement of fluids lining the air pas-
sages. The remainder of the particles may be depos-
ited in the lining of the lungs where they can become
surrounded by fibrous material. These pockets of
particles appear as opacities on chest X-rays, a con-
dition known as pneumoconiosis. The term "sider-
osis" refers specifically to deposits of iron in the
lungs. Although some particles (e.g., iron and alu-
minum oxide) are relatively inert and can remain in
the lungs for years without adverse effects, com-
bined exposure to these metals with other agents
may lead to fibrotic processes and ventilatory im-
pairment (Ref. 31). Other particles such as asbestos
and quartz are strong irritants and can induce in-
flammatory processes and, eventually, scarring of
the lungs. Inhalation of sufficient quantities of such
materials can lead to extensive deposition of fi-
brous or scar tissue, appearing in X-rays as massive
or coalescent opacities instead of isolated spots.
Such scarring can cause loss of elasticity in the lung
and reduced pulmonary function.

7.1 Alveolar Macrophages. Some of the lung dam-
age that results from chronic exposure to low levels
of irritants is thought to be caused by proteolytic
enzymes released from macrophages at the site of
inflammation. These enzymes hydrolyze proteins
and hence may damage cells and tissues in their vi-
cinity. Antiproteinases, molecules that inhibit the
action of proteolytic enzymes, are normally present
in the lungs and are thought to provide some protec-
tion against the destructive activity of proteolytic
enzymes. Based on the assumption that an-
tiproteinases are necessary for protection against
the deleterious effects of inflammatory processes in
the lung, Pierre et al. (Ref. 140) examined the inter-
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actions of welding fumes with two lung an-
tiproteinases alpha-1-proteinase inhibitor and
bronchial inhibitor. They found that welding fume
particles bound reversibly to these antiproteinases
and prevented them from inhibiting the activity of
proteolytic enzymes.

The number of macrophages in the lungs may in-
crease substantially in response to inhalation of irri-
tants. Mylius and Gullvag used the number of
alveolar macrophages in sputum as a measure of the
inflammatory response elicited by foreign materials
in the lung (Ref. 104). They showed that sputum
from coke plant workers, aluminum plant potroom
workers, asphalt workers, and shipyard welders had
more alveolar macrophages than controls. Smoking
and occupational exposures combined to give a
marked synergistic effect (Figure 4). The investiga-
tors reasoned that the continuous release of proteo-
lytic enzymes from alveolar macrophages in
chronically exposed persons may represent a haz-
ard to lung tissue.

7.2 Estimation of Retained Particles in the Lungs.
Some of the particles in welding fumes contain
Fe3O4 or other minerals (e.g., maghemite or gamma
Fe2O3, and some sulfides of iron, nickel and cobalt)
that can be magnetized. Magnetopneumography,
developed in 1973 by Cohen (Ref. 24), uses this
property to estimate the burden of occupational
dusts in the respiratory tract. A magnetic field is ap-
plied to the chest which magnetizes and rotates the
particles into a common alignment. When the ex-
ternal magnetic field is removed, the remanent field
of the magnetized particles is determined and used
as a measure of the amount of dust in the lungs. The
principles involved in this technique, its applicabil-
ity, advantages, and limitations were reviewed by
Lippmann (Ref. 91).

A difficulty associated with the application of
magnetopneumography to welding is that the mag-
netic properties of fumes produced by different pro-
cesses vary. For example, fumes from GMAW of
stainless steel have a high specific remanence while
that of fumes from SMAW of stainless steel is low. If
a welder is exposed to both types of fumes, the re-
manent field generated by GMAW will dominate,
and the dust burden from SMAW fumes will be un-
derestimated. To overcome this problem, Kal-
liomaki et al. (Ref. 75) developed a system which
measures the pulsed coercive force. The coercive
force is the reverse magnetic field which must be
applied to just cancel the remanent field. It has a
characteristic value for individual industrial aero-
sols and can be used to discriminate between rema-
nent fields produced by different fumes.
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An innovation introduced by Drenck and Stern
(Ref. 36) combined AC susceptibility bridge
magnetopneumography with a DC method similar
to that originally designed by Kalliomaki et al. The
system provides information about the total con-
tent of ferromagnetic, paramagnetic, and diamag-
netic material. Using this system, Stern et al. (Ref.
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172) characterized the magnetic properties of
fumes from a variety of welding processes and other
industrial aerosols. X-ray diffraction and Moss-
bauer spectroscopy indicated that substituted mag-
netite is the primary magnetic component in freshly
formed welding fumes, whereas a less substituted
form of magnetite appeared to be the predominant
magnetic component in inorganic dust obtained
from ashed lungs of deceased welders. Magneto-
pneumographic studies on live welders also pro-
vided limited evidence for in vivo changes of
welding fume particles to the magnetic constituent
magnetite. The investigators concluded that these
changes may result from loss, with time, of the more
soluble components of welding fume particles.

A preliminary report by Kalliomaki et al. (Ref.
76) also suggested that the remanent magnetic field
of welding particles in the lungs may not be stable.
Four different types of welding fumes were intro-
duced into the respiratory tract of rats by intratra-
cheal instillation and the specific magnetic moment
(magnetic moment divided by iron concentration)
was followed for the succeeding 106 days. The spe-
cific magnetic moment of welding fumes generated
by SMAW of mild steel and GMAW of stainless
steel were stable, while the magnetic moment of
welding fumes generated by SMAW of stainless
steel and GMAW of mild steel decreased by about
50% during the 106-day follow-up period. Little
change was seen in the remanent magnetism of
welding fumes during a 55-day incubation in hot
water (70°C) or physiological saline (70°C). On the
basis of these data, it was postulated that the insta-
bility of the remanent moment of some welding
fumes could be due to the slow transformation of
gamma-Fe2O3 to alpha-Fe2O3 or to differences in
solubility of particulate material. In addition, dif-
ferences in clearance rate among different sized par-
ticles could contribute to changes in the specific
magnetic moment.

7.3 Pulmonary Function and Bronchitis. Pulmo-
nary function tests are used to detect disease pro-
cesses, such as fibrosis and emphysema, which
restrict lung expansion or reduce pulmonary elas-
ticity, or both. These tests measure the air volume
which can be inhaled or expelled either forcefully or
under normal breathing conditions. Pulmonary
function tests are often used to monitor industrial
workers for damage to the respiratory tract. How-
ever, these measurements are not always sensitive
to early changes in the lungs, and irreversible dam-
age may occur before noticeable reduction in pul-
monary function is detected.

Disparities have appeared in the literature con-

cerning the effects of welding on pulmonary func-
tion. It has been suggested that differences in results
of pulmonary function studies in welders may stem
from the use of tests that measure those parameters
that are least likely to be affected by welding (Refs.
74 and 81). Upon inhalation, the minute particles
in welding fumes would tend to be deposited in the
distal airways and alveolar spaces of the lung, where
most pathological changes would be expected. In
this regard, it has been argued (Refs. 74 and 81) that
pulmonary function tests which measure impair-
ment in the small airways e.g., forced expiratory
flow from 25 to 75% (FEF25-75) and FEF75-85 are
more appropriate for measuring pulmonary func-
tion in welders than are the more conventional spi-
rometric indices [e.g., vital capacity (VC), forced
expiratory value in the first second (FEV1) and
FEV%]. Additional inaccuracies in the results of
pulmonary function studies in welders may result
from reports of respiratory symptoms among weld-
ers with confounding exposures such as asbestos or
cigarette smoke. Finally, it is not known how fumes
from different welding processes vary with respect
to chronic effects on the lungs and, thus, compari-
sons of welders working with different processes
may be misleading.

In their survey of welders from nine Danish ship-
yards, Lyngenbo et al. (Ref. 92) examined the inci-
dence of bronchitis and upper respiratory tract
symptoms (colds, sore throats, hoarseness) in 2660
welders and 881 electricians. The welders were di-
vided into two groups: 1516 had high exposures
(greater than 10 hours per week) and the rest had
lower exposures (10 hours per week or less). Most of
the welders had performed SMAW of mild steel for
at least 20 years, and both groups were comparable
in respect to asbestos exposure and tobacco use.
Chronic bronchitis and upper respiratory tract
symptoms occurred significantly more often in
welders than in engineers, and the frequency of re-
spiratory symptoms was related to the extent of
welding exposure. There was an additive relation-
ship between smoking and welding in regard to
development of respiratory symptoms. The investi-
gators estimated that 8 hours of welding is equiva-
lent to smoking 25 cigarettes.

Pulmonary function tests (Ref. 92) and magneto-
pneumographic measurements (Ref. 171) were per-
formed on 74 welders from the high-exposure group
who had never smoked and had never worked with
asbestos or other materials known to produce lung
damage. The welders had significantly impaired
values for VC, forced vital capacity (FVC), total
lung capacity (TLC), diffusion capacity (TCO),
peak expiratory flow (PEF), FEV1, and the maxi-
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mum expiratory flow/75% (MEF75) relative to con-
trols. There was no association between the
quantity of metal contaminants in the lung and the
incidence of chronic bronchitis. The major conclu-
sions drawn from this study were that (1) SMA
welders have a significantly elevated incidence of
upper and lower respiratory tract symptoms; (2) the
incidence of respiratory tract symptoms correlates
positively with the extent of exposure; and (3) weld-
ers with high levels of exposure and no history of
tobacco use have an elevated incidence of deficits in
lung function (Ref. 92).

Kilburn et al. (Refs. 81 and 82) examined lung
function and respiratory symptoms in 148 welders
from a Los Angeles shipyard. The study group con-
sisted of 73 nonsmokers with 11.3 years' welding
experience, 18 ex-smokers who had welded for 16.5
years, and 57 current smokers who had welded for
10.5 years. The frequency of respiratory illness,
shortness of breath, and chest pain or heaviness
during exercise was more prevalent in all three
welding groups than in controls. The prevalence of
bronchitis was lowest in nonsmoking welders, but
was still substantially higher in this group than in a
control population stratified according to tobacco
use. Of the spirometric measurements, the major
finding was a 20% reduction in FVC and FEV1 in
welders who smoked. Nonsmokers had significant
reductions in FVC (4.3%), FEV1 (9%), FEF25-75
(4.4%) and FEF75-85 (14.4%). The reduction of
these parameters in nonsmoking welders was less
than half that in cigarette smokers, suggesting a syn-
ergism between welding fumes and cigarette smoke.
The investigators recognized that prior exposure to
asbestos may have confounded pulmonary function
data obtained in this study.

As a continuation of their studies of the long-term
effects of welding exposure (Ref. 133), Spacilova
and Hykes followed lung function and chest X-ray
patterns in 74 welders for 8 years (Ref. 166). In non-
smoking welders, lung function and chest X-rays
were normal at the start of the study period and
showed no statistically significant changes after 8
years. Welders who smoked showed initial stages of
respiratory obstruction and even more frequently
suffered from chronic bronchitis. The X-ray pat-
terns progressed in 24% of the smokers versus 4% of
nonsmokers and regressed in 6% of the smokers and
14% of nonsmokers.

Similar results were obtained when the welders
who ceased welding at the start of the 8-year follow-
up period were studied independently from those
who continued welding. As for the entire cohort,
there was no statistical difference in pulmonary
function or in the degree of nodulation evident in

chest X-rays at the beginning and end of the follow-
up period. Spacilova and Hykes concluded that X-
ray findings of nodular opacities in arc welders are
not necessarily indicative of a pathological condi-
tion and that welding exposures alone do not lead to
serious pulmonary impairment. However, smoking
in combination with welding presents a much more
severe hazard than welding alone (Ref. 166).

In another study by these investigators, the gen-
eral health status of 73 of the welders was compared
with that of 52 persons with a history of occupa-
tional exposure to silica. The incidence of chronic
bronchitis and ischemic heart disease did not
differ significantly between the two groups. In addi-
tion, there were no significant differences in the
incidence of hypertension, obesity, or diabetes
(Ref. 165).

Kalliomaki et al. (Ref. 74) followed changes over
a 6-year period in pulmonary function and the pul-
monary dust load of shipyard welders. The 47 SMA
welders participating in the study worked mostly
with mild steel. They were divided into four groups
according to their total welding experience. (Active
welders had approximately 4, 18, or 26 years weld-
ing experience, while retired welders had approxi-
mately 25 years welding experience.) In general,
lung function values of retired welders were signifi-
cantly lower than normal while those of younger
welders were within normal limits. The mean VC of
retired welders was significantly lower than that of
men who had welded for about 4 years while the
mean carbon monoxide diffusion capacity of re-
tired welders was significantly lower than that of all
active welders. Values for CV did not differ between
any of the groups.

Among welders with 4 years experience at the
start of the study, the quantity of metals retained in
the respiratory tract increased linearly with expo-
sure time during the first 5 years, with an average of
70 mg dust being retained per year. The quantity of
lung contaminants was greatest in persons who had
welded for 18 to 26 years. The lung contamination
among these welders decreased slowly during the 6-
year follow-up period, reflecting engineering im-
provements in the workplace. In retired welders,
metals were cleared at a mean rate of 18% per year.

Schneider et al. previously reported that the inci-
dence of bronchitis and nodular lung opacities was
significantly greater in 433 SMA welders of mild
steel than in 421 nonwelding controls from the
same factory (Ref. 133). In that report, deficits in
FEV were related to the duration of welding experi-
ence. More recently, these values were related to
welding fume exposure as measured by personal air
monitoring. The prevalence of impaired FEV1/VC,
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decrease in FEV1 following acetylcholine chal-
lenge, chronic cough, X-ray opacities, and pain dur-
ing exercise increased with exposure to welding
fumes. Manganese levels in hair were positively as-
sociated with spirometric test results, nasal sinus
opacities, and pain during exercise (Ref. 149).

The prevalence rates of large airway obstructions
(FEV1) and pneumoconiosis were the same among
158 GTA and GMA welders of stainless steel and
aluminum and 159 controls. The welders had a sig-
nificantly higher rate of disturbed ventilatory dis-
tribution (V2/V1) and chronic phlegm production.
The frequency of impaired FEV1(VC,V2)V1,
MEF50, and chronic bronchitis varied positively
with chromium levels in hair (Ref. 149).

Schneider et al. also performed a cross sectional
study of shipyard welders who had worked with
mild steel for about 18 years. Siderosis was evident
in chest X-rays from 15% of the welders and 8% of
nonwelding controls who worked at the same ship-
yards (Ref. 150). More extensive clinical tests, in-
cluding spirometry, flow-volume curves, body
plethysmography, single-breath diffusion capacity,
pulmonary compliance and ergooxytensiometry,
were performed with 56 of the 64 welders with sid-
erosis. The results indicated that siderosis is associ-
ated with a slight deterioration of pulmonary
function (Refs. 150 and 151).

Krasnyuk et al. (Ref. 84) examined the effects of
exposure to high and low alloy welding fumes on the
respiratory tract and cardiovascular system. The
study group consisted of 500 welders, about half of
whom were exposed to fumes containing manga-
nese, chromium, and nickel; 200 engineers from the
same company served as controls. Chronic bronchi-
tis and pneumosclerosis, the major pathologic re-
spiratory conditions noted, were more frequent in
welders than in controls. Chronic bronchitis was
twice as prevalent in low alloy steel welders while
pneumosclerosis and pneumoconiosis occurred
more frequently in welders of high alloy steel. The
VC was decreased in welders with overt pathologic
pulmonary processes. The degree of this impair-
ment increased with the length of employment in
welding. Restrictive disturbances were more severe
in welders of high alloy steel and smoking exacer-
bated impairment in pulmonary function. Hyper-
tension and electrocardiographic changes were
more common in high alloy than in low alloy steel
welders.

Cotes and El-Gamal (Ref. 26) conducted clinical
and spirometric tests on 596 welders from a ship-
yard in northeast England. Welding exposures were
associated with siderosis, but not respiratory im-
pairment. No ill effects were associated with burn-

ing. Welding aggravated chronic bronchitis in
smokers, while both welding and burning reduced
the FEV1 and increased the index of airflow ob-
struction in smokers. The investigators concluded
that fumes from welding and burning interact with
tobacco smoke to cause respiratory symptoms and
some impairment of lung function. Tests conducted
with 345 of the younger shipyard workers (ages
23 to 47 years) showed that exercise ventilation in-
creased in association with welding or caulker/
burning in confined or semiconfined spaces; age
and smoking enhanced this effect. The investigators
concluded that welding in confined or semicon-
fined spaces causes respiratory symptoms, some
impairment of lung function, and an increased ven-
tilatory cost of exercise in smokers (Ref. 26).

Ulrich et al. (Ref. 179) compared chest X-rays
and pulmonary function in 79 persons exposed to
chromium during welding of austenitic steel, 109
current welders of mild steel, and 93 former welders
of mild steel. Austenitic steel welders were exposed
to an average total chromium concentration of
0.152 mg/m3. The incidence of chronic bronchitis
was 53% for welders of austenitic steel, 62% for
welders of mild steel, and 36% for retired mild steel
welders. The prevalence of positive X-ray findings
and results of pulmonary function tests (FVC and
FEV1 were normal; MEF50 was reduced by 13 to
17%) were similar in all welders.

Moravik (Ref. 102) examined lung function and
the incidence of respiratory symptoms in a cohort
of 121 welders in Czechoslovakia. About 70% of the
welders worked with CO2-shielded GMAW while
the remainder worked with SMAW. Welders took
an average of 15 days of sick leave per year as com-
pared with an average of 4 days per year taken by
the 42 office worker controls. The incidence of
bronchitis was significantly greater in welders who
smoked than in those who did not. In addition, nine
of the nonsmoking welders had bronchitis while
none of the nonsmoking controls had this disorder.
Deficits in pulmonary function increased with the
duration of welding experience; the relationship
between pulmonary function and smoking was
not discussed. The incidence of pneumoconiosis
was directly related to the duration of welding
experience.

Oleru and Ademiluyi (Ref. 122) noted changes in
pulmonary function in 16 welders in a metal cutting
and welding factory in Nigeria. Dust levels were es-
timated to be above 5 mg/m3 in welding areas. The
welders, as well as workers in the same factory with
other exposures (13 paint dippers, 7 metal cutters,
18 aluminum workers), had reductions in FEV1
and FVC relative to controls. Acute 40-hour
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changes in FEV1 and FVC were observed in eight
welders when measurements taken at the beginning
and the end of the work week were compared. Acute
8 hour, but not 24 hour, changes in peak expiratory
flow rate were also observed in the welders.

Dolan and Dolan (Ref. 34) studied the prevalence
of pulmonary disease in 104 welders and pipefitters
with 20 or more years experience in diverse indus-
tries from three population centers in California.
Pulmonary function and chest X-rays were normal
in only 12% and 16%, respectively, of the welders.
About 95% of the welders had worked with or
around asbestos. The prevalence of asbestosis pre-
cluded the evaluation of the effects of welding
fumes on pulmonary function.

Desmeules et al. reviewed medical histories of 68
welders with siderosis (Ref. 32). Mean pulmonary
function values were normal but 31 had chronic
bronchitis. Ten of 17 persons with inspiratory rales
reported exposures to dusts other than welding
aerosols. The progression of lesions was followed in
27 welders with siderosis. Follow-up X-ray exami-
nations were performed a mean of 8.8 years after
initial diagnosis. Lesions regressed in 14 cases, 5
cases remained stable, and opacities increased in 8
cases. Exposure to nonwelding dusts was reported
for 6 of 13 cases with stable or progressing opacities,
but in none with regressing lesions (Ref. 33). It was
concluded that dust exposures other than welding
may be responsible for progression of pulmonary
abnormalities in welders with siderosis.

Based on an extensive review of the literature,
Zober concluded that siderosis is a benign condi-
tion and pulmonary fibrosis is a rare disease in
welders (Ref. 192). His analysis indicated that there
is no statistical evidence for an association between
obstructive lung disease and welding. Accordingly,
for purposes of worker compensation in West Ger-
many, fibrotic lung conditions can be considered as
occupational diseases only if there are proven expo-
sures to known fibrogenic substances such as asbes-
tos, silica, or certain metals (chromium, beryllium,
cadmium).

In summary, the majority of the 13 studies de-
scribed above found deficits in lung function or ex-
cess chronic bronchitis among welders, or both. The
reports differed on the contribution that tobacco
smoke made to the development of these impair-
ments. In one study (Ref. 34), there was a high prev-
alence of asbestosis among welders, while in
another study the number of welders was small and
the potential for nonwelding exposures appeared to
be high (Ref. 122).

Of the remaining eleven studies, five found that
nonsmoking welders have an excess risk for bron-

chitis (Refs. 80, 81, 84, 92, 102, and 149) while two
(Refs. 26 and 166) found a high incidence of bron-
chitis only among welders who smoked. Two stud-
ies found deficits in pulmonary function in smoking
welders, but none in welders who did not use to-
bacco products (Refs. 26 and 166). Three other
studies found an elevated incidence of pulmonary
deficits in both smoking and nonsmoking welders.
In a small cohort of shipyard welders, Kalliomaki
(Ref. 74) found deficits in pulmonary function only
among retired shipyard welders and not among the
younger, active welders. Finally, the investigators
from two studies (Refs. 26 and 166) concluded that
siderosis or pneumoconiosis in welders is not asso-
ciated with a reduction in lung function while those
from two other studies (Refs. 84,150, and 151) con-
cluded that such an association exists.

Although there is some conflict among these re-
ports, the results suggest that bronchitis and deficits
in pulmonary function among nonsmoking welders
is possible. Clearly, welders who smoke have an ele-
vated incidence of both bronchitis and pulmonary
deficits. Whether smoking and welding exposures
have additive or synergistic effects is unknown. The
study of shipyard welders by Lyngenbo et al. (Ref
92) carefully controlled for exposure to cigarette
smoke, asbestos, and other lung toxicants. That
study demonstrated that welding alone can cause
bronchitis, upper respiratory tract symptoms, and
reduced lung function.

The effects of cigarette smoke on the develop-
ment of these symptoms were additive rather than
synergistic. The influence of the chemical constitu-
ents of welding fumes on the development of pul-
monary impairments is still not established.
Krasnyuk (Ref. 84) found that welders of high alloy
steel were more likely to have extensive pneumoco-
niosis with more severe restrictive disturbances in
pulmonary function than welders of low alloy steel,
while Ulrich (Ref. 179) found no differences in pul-
monary function between welders with high and
low chromium exposures.

7.4 Acute Respiratory Tract Disease — Case Re-
port. The case of a man who developed a sudden,
work-related onset of acute pulmonary disease 5
months after the start of his employment as a full-
time welder was described by Silberschmid (Ref.
156). At first, his symptoms (coughing, chills with
fever, tightness in the chest, and shortness of
breath) occurred only at work. The symptoms be-
came persistent during the next 2 months and head-
aches, general weakness, and weight loss developed.
Clinical examination showed swollen, red bron-
chial mucosa, irregular opacities in chest X-rays,
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and deficits in pulmonary function. Extreme in-
flammatory changes were found in biopsied lung
tissue. Steroid treatment produced some immedi-
ate improvement, but exertional dyspnea, bron-
chial hyperreactivity, and recurrent pneumonias
persisted for 7 years.

Before the start of his employment, the patient
had only occasional experience welding and had no
history of pulmonary disorders. At the factory
where his disease developed, he worked with mild
steel, using mostly SMAW with basic and rutile
electrodes; occasionally GMAW of stainless steel or
aluminum was performed. Inspection of the work
place indicated that he had been working without
properly functioning local ventilation. Fume con-
centrations were high (about 20 mg/m3) and manga-
nese and copper levels varied from 2 to 4 mg/m3 and
from 0.3 to 1.2 mg/m3, respectively. Silberschmid
commented that the development of chronic fibro-
sis following acute pulmonary reactions to welding
fume components is uncommon.

7.5 Production Coatings. Emmerling et al. (Ref.
38) examined effects of welding primed metals in 35
persons. Metals primed with zinc chromate were
routinely welded by ten welders, nine worked with
metals primed with alkyd paints and six welded
metals primed with polyvinylbutyryal coats. Con-
trols were flame cutters, welders of unprimed met-
als, and persons without welding experience.
Breathing zone concentrations of Zn, Cr, Ni, Fe,
Cd, NOX, CO, formaldehyde, toluene, xylene, and
ethylbenzene were all below the respective German
MAKs.

There was no correlation between workplace ex-
posure and concentrations of zinc, hippuric acid,
methylhippuric acid, formic acid, and carboxyhe-
moglobin in blood and urine samples. No changes
in pulmonary function occurred during the shift or
during the work week which could be related to
welding of coated metals. On the other hand, non-
specific bronchial hypersensitivity, as measured by
methacholine provocation, was two times higher
before, and three times higher after the work shift in
welders of primed metals than in controls. The dif-
ferences were not statistically significant, which was
attributed to the small number of participants in the
study.

8. Cancer

8.1 Epidemiologic Studies. Although numerous
studies have considered the incidence of cancer in
welders, the cancer risk associated with welding is

still uncertain. An elevated cancer incidence has
been reported at different sites in the body, includ-
ing the lung, nasal sinus, bladder, kidney, and diges-
tive tract. Of these, the most frequently reported
tumor is cancer of the lung. However, the associa-
tion between lung cancer and welding is not clearly
established. It has been suggested that focusing epi-
demiologic studies on populations of welders most
likely to be exposed to carcinogens (e.g., chromium
or nickel exposures in stainless steel fumes) may
yield more meaningful results.

In his recent review of published cancer epidemi-
ology data, Peto concluded that the association be-
tween cancer and welding exposures has not been
adequately investigated (Ref. 139). According to
Peto, many epidemiologic studies of welders have
not considered the duration of the welding experi-
ence and the types of welding processes used. The
confounding effects of tobacco smoking and other
occupational and nonoccupational exposures have
often been insufficiently addressed. In addition, in
many studies the numbers of cancer cases among
welders were too small to provide an accurate esti-
mate of the relative risk (RR).

Peto described conditions for an epidemiologic
study that would provide answers to many ques-
tions now left open by previous work. This retro-
spective cohort study would include 1000 men, half
of whom had already died. The subjects would have
been exposed to welding fume, with no significant
outside occupational exposures, for at least 5 years
or, preferably, all their working lives. To ensure suf-
ficient time for the development of tumors, the
welding cohort would have begun their employ-
ment as welders at least 20 years before the start of
the study. Information on the welding processes
used would be carefully collected so that a subset of
welders with specific exposures, such as chromium
and nickel in stainless steel, could be readily identi-
fied and studied.

Several epidemiology studies published during
1986 and 1987 addressed the lung cancer incidence
in welders. A population-based case-control study
of the association between occupation and lung
cancer was conducted in New Mexico by Lerchen et
al. (Ref. 90). The study group included 506 patients,
ages 25 to 84 years, with primary lung cancer, other
than bronchioloalveolar carcinoma. The controls
were 771 persons, frequency-matched to the cases
for sex, ethnicity, and 10-year age category. Partici-
pants in the study group were identified by the New
Mexico Tumor Registry and controls were obtained
through the Medicare Program. The participants
(or surrogates) were interviewed to obtain informa-
tion on occupational exposures, smoking habits,
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and employment histories. Welders had a signifi-
cantly elevated lung cancer risk, with an odds ratio
(OR) of 3.2 (p<0.1). The increased lung cancer risk
persisted after adjusting for cigarette smoking and
also when those with shipyard experience were ex-
cluded to reduce the number of participants with
asbestos exposure. The authors cautioned that the
"welders in the study had worked in diverse indus-
tries that may have involved exposures other than
welding that also increased the lung cancer risk."

The association between occupation and lung
cancer risk in a case-control study in three munici-
pal areas of New Jersey was examined by Schoen-
berg et al. (Ref. 152). The study included 763 white
males with primary cancer of the trachea, bronchus,
and lung; the controls were 900 white males selected
from driver's license and death certificate files in
the general population. Workers in the shipbuilding
industry had a significantly elevated risk for lung
cancer. Although the excess risk for all shipbuilding
workers was primarily among those with reported
exposure to asbestos, the risk was also high among
welders and other workers with no reported asbes-
tos exposure. The lung cancer risk was not elevated
in welders who had no experience in the shipbuild-
ing industry.

Sjogren et al. performed a morbidity and mortal-
ity study based on the 1960 Swedish National Cen-
sus in which over 20 000 males, aged 20 to 69 years,
stated their occupation as welders or gas cutters
(Refs. 158 and 162). The 1960 census data were
linked with the Register for Statistics of Causes of
Death and the Cancer Register for 1961 to 1970.
Data on tobacco use were taken from a survey of
Swedish males in different occupational groups.
Pulmonary tumors were more frequent than ex-
pected among welders and gas cutters. After cor-
recting for smoking habits, the rate-ratio was 1.30
(p=0.02). In addition, the incidence of renal tumors
was significantly elevated in welders (rate-ratio =
1.30; p=0.04) while that of malignant melanoma
was decreased (rate-ratio = 0.58; p=0.01). The
prevalence of pleural mesothelioma was also ele-
vated, suggesting cross exposures to asbestos in the
welding cohort. No difference was observed in the
rate of nasal tumors between welders and controls.
Sjogren commented that a weakness inherent in
this type of study is that the general classification
welder included those with only brief exposures
(Ref. 158).

To examine whether the increased lung cancer
rate was associated with exposure to chromium,
Sjogren et al. (Ref. 161) compared the mortality and
the lung cancer incidence in welders exposed to
fumes containing high and low levels of hexavalent

chromium. The study groups consisted of 234 weld-
ers who had worked primarily with stainless steel
for at least 5 years and 208 railway track welders
who were exposed to only low levels of chromium at
some time between 1950 and 1965. Although asbes-
tos exposures could not be totally eliminated, weld-
ers selected for the study had not worked in areas
where asbestos dusts were generated. Five welders
with high chromium exposure and one with low
chromium exposure died from lung cancer. These
rates did not differ significantly from those of the
general population, but the difference between the
two groups of welders was statistically significant.

A case-control study of the association between
lung cancer and occupation was conducted in two
industrial areas of Norway by Kjuus et al. (Ref. 83).
The study included 176 lung cancer cases and an
equal number of referents without lung cancer or
obstructive lung disease who were identified
through hospital records. The data were adjusted
for cigarette smoking. An increased lung cancer risk
was seen in welders (28 cases of lung cancer; RR =
1.9). The risk was higher for a subset of 16 stainless
steel welders (RR = 3.3).

Corey et al. (Ref. 25) published a brief report of a
study in which the number of deaths from cancer in
3000 welders was compared with death rates in a
cohort of 6500 plumbers and with the Ontario male
population. The lung cancer rate of welders did not
differ significantly from that of the two control
populations.

Pearce and Howard (Ref. 136) studied the associ-
ation between occupation and cancer mortality in
New Zealand. Demographic data and statistics on
tobacco use stratified according to social class were
obtained from the 1976 New Zealand Census; can-
cer mortality data were gathered from the National
Health Statistics Center's records of deaths regis-
tered in New Zealand between 1974 and 1978.
Among the male population, 5356 cancer deaths oc-
curred. Only tumor sites with a relative risk greater
than 1.5 were considered to be excessive and were
cited in the study. Stomach cancer mortality (12 ob-
served deaths in welders; RR = 1.95) was elevated
in welders, while mortality from cancers of the co-
lon, leukemia, bladder, liver, lung, and buccal cav-
ity in welders did not differ from that of the general
population.

Puntoni et al. conducted a mortality study of
2702 dockyard workers in Genoa who died between
1960 and 1979 (Ref. 141). Of these workers, 147
were gas welders and 141 were electric arc welders.
Causes of death were compared with those of the
general population of Genoa. A significant increase
in relative risk was found for total deaths, for diges-
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tive tract cancer (7 cases observed versus 3 cases
expected; RR = 2.33), and for cardiovascular dis-
ease among gas welders. No cancer excesses were
seen among electrical arc welders.

Some recent studies of electrical and electronics
workers have indicated that exposure to extremely
low frequency electromagnetic radiation (ELF) may
be associated with an excess leukemia risk. Welders
are exposed to ELF magnetic flux densities that are
from 2 to 200 times those generally experienced in
the household or by persons in other electrical
trades. To better assess the risk of leukemia in weld-
ers, R. M. Stern examined pooled data from 15 pub-
lished epidemiology studies that included
information on the incidence of leukemia in weld-
ers (Ref. 170). The studies included a total of 146
cases of observed leukemia versus 159.46 expected,
with a risk ratio of 0.92. For acute leukemia, 40
cases were observed versus 43.39 expected, with a
risk ratio 0.92. Thus, Stern's calculations indicated
that welders do not have an increased risk for leuke-
mia. Stern concluded that the absence of an in-
creased leukemia risk among welders does not
support the hypothesis that the observed excess risk
of leukemia among workers in the electrical trades
is due to their ELF exposure.

A fivefold excess leukemia rate among workers at
the Portsmouth (New Hampshire) Naval Shipyard
was reported in 1978 (Ref. 105). At that time, the
excess risk was thought to be due to radiation expo-
sure during manufacture and maintenance work on
nuclear submarines. As a follow-up to this report,
the National Institute for Occupational Safety and
Health conducted a matched case-control study of
the leukemia incidence among the 24 545 onshore
workers in all job categories employed between Jan-
uary 1952 and August 1977 at the Portsmouth ship-
yard (Ref. 169). Included in the study were 53 cases
of deaths from leukemia and 212 controls. The
study sought to ascertain whether the leukemia
deaths were associated with occupational exposure
to either ionizing radiation or to organic solvents.
Radiation dose histories and detailed work histo-
ries by job and shop were evaluated for each sub-
ject.

Contrary to expectations, there were no signifi-
cant associations between either ionizing radiation
or presumed solvent exposure and myelogenous or
lymphatic leukemia. However, an elevated inci-
dence of leukemia was found among electricians
and welders. For electricians, the Mantel Haenszel
odds ratio was significantly elevated for all leuke-
mias (ORMH = 3.00), and particularly for lym-
phatic leukemia, (ORMH = 6.00) while for welders,
the odds ratio was significantly elevated for my-

eloid leukemia (ORMH = 3.83), but not for lym-
phatic leukemia. (Ref. 169)

As part of a cooperative Scandinavian investiga-
tion, Hansen et al. (Ref. 52) conducted a case-con-
trol study of the incidence of cancer of the nasal
cavity and paranasal sinus. The 49 patients with
primary nasal tumors were identified through the
records of Danish Cancer Centers. Patients with
colorectal cancer served as controls and were iden-
tified through the Cancer Registries in Denmark,
Sweden, and Finland. Occupational histories were
obtained by interview for each subject and covered
the period between the start of employment and 10
years before the diagnosis of disease. Because of the
long latent period of most cancers, exposures in-
curred during the 10-year period immediately pre-
ceding disease development were considered to be
unrelated to the etiology of the cancer. Exposure to
welding, cutting, and soldering fumes was found to
be associated with an excess of nasal cancer. The
data were not adjusted for asbestos exposure,
which, according to the authors, may be a contrib-
uting factor to the development of both nasal and
colorectal cancer.

Using both case-control and retrospective cohort
approaches, Norell et al. (Ref. 109) examined the
relationship between occupational factors and pan-
creatic cancer in Sweden. The case-control study
used all newly diagnosed cancers of the exocrine
pancreas in patients between 40 and 79 years old at
three hospitals. Age- and sex-matched controls were
patients with inguinal hernias and subjects chosen
from the general population. Information on occu-
pational history and exposures was obtained for
each participant. The retrospective cohort mortal-
ity study was based on data from the Swedish Can-
cer Registry for 1961 to 1979 and from the 1960
census. The observed number of tumors in various
job categories was compared with numbers ex-
pected from the cumulative incidence for all em-
ployed males.

An excess risk for pancreatic cancer among weld-
ers was suggested by the case-control study. Pancre-
atic cancer was observed in 13 patients with
welding experience. The relative risks calculated
from hospital controls and population controls
were 1.7 and 2.0, respectively. In the retrospective
cohort study, welders were not considered sepa-
rately, but rather were included in the occupational
categories "iron and steel works" and "iron and
steel manufacture." Men in these categories showed
no excess risk for pancreatic cancer. The standard-
ized mortality ratios (SMR) for pancreatic cancer
were 1.1 and 0.9 for "iron and steel works" and
"iron and steel manufacture," respectively.
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McLaughlin et al. conducted population-based
assessments of the occupational risks for brain tu-
mors (Ref. 97) and meningiomas of the central ner-
vous system (Ref. 98). Data for these studies were
obtained from the Swedish Cancer/Environment
Registry. The risk of intracranial gliomas for vari-
ous occupations, industrial groups, and regions was
estimated with a 19-year cumulative standardized
incidence ratio (SIR). The SIR is the ratio of the
number of tumors observed to those expected in a
particular employment category. Occupational
risks were evaluated for 3394 cases of intracranial
glioma (the most frequently encountered brain tu-
mor in adults), and 1092 cases of meningioma
among employed Swedish men for the years 1961 to
1979. Welders and metal cutters had a significantly
elevated risk of developing brain cancer (p < 0.05)
but not central nervous system meningiomas.

In contrast to the study of McLaughlin et al. (Ref.
97), studies by Thomas et al. (Ref. 175) and Olin et
al. (Ref. 123) did not find an elevated risk of brain
cancer in welders. Thomas et al. (Ref. 175) con-
ducted a death certificate-based case-control study
of workers in the electrical and electronics industry.
This study included 435 white males from northern
New Jersey, southern Louisiana, and Philadelphia
who died from primary brain tumors between 1979
and 1981, and 386 controls who died from other
causes. The case-control study of Olin et al. (Ref.
123) compared 78 astrocytoma patients, including
five welders from two Swedish hospitals, with 197
clinical and 92 population controls. Risk estimates
for astrocytomas in welders of 0.6 and 0.2 were
based on hospital controls and population controls,
respectively.

In summary, an elevated lung cancer risk in weld-
ers was found in four of the studies described above.
In the study conducted by Sjogren et al., the in-
creased lung cancer incidence among welders was
independent of tobacco use, but asbestos exposure
could not be ruled out (Refs. 158, 161, and 162).
The studies by Sjogren et al. (Ref. 161) and Kjuus et
al. (Ref. 83) suggested that stainless steel welders
have a higher risk of lung cancer than mild steel
welders. However, the number of stainless steel
welders with lung cancer was too small to allow de-
finitive conclusions. An elevated risk for lung can-
cer was also observed by Schoenberg et al. (Ref.
152) in a mortality study conducted in metropoli-
tan New Jersey. However, in this case, only ship-
yard welders had an elevated lung cancer risk, even
though the study controlled for asbestos exposure.
In contrast, Lerchen (Ref. 90) observed an elevated
lung cancer risk among welders even when shipyard
welders were excluded. Neither Pearce (Ref. 136)

nor Puntoni (Ref. 141) observed an elevated lung
cancer risk among welders in the general population
of New Zealand or in Italian dockyard workers, re-
spectively. However, Pearce observed an elevated
risk for stomach cancer while in Puntoni's study gas
welders, but not arc welders, had an elevated risk of
digestive tract cancer.

An elevated risk for leukemia was noted in a ship-
yard study conducted by F. B. Stern (Ref. 169). In
contrast, R. M. Stern found no association between
welding exposures and leukemia in his analysis of
15 epidemiologic studies which considered the inci-
dence of leukemia in welders (Ref. 170). Similarly,
an elevated risk for brain tumors was found by Mc-
Laughlin in a population-based study in Sweden
(Ref. 97), but no brain tumors were identified in a
death-certificate study by Thomas conducted in the
U. S. (Ref. 175), or in a case-control study con-
ducted in Sweden by Olin et al. (Ref. 123). One
study found an elevated risk for renal tumors in
welders (Ref. 161). The discrepancies between re-
sults of studies that appeared during the current re-
port period do not help clarify the actual cancer risk
of welders, especially at sites other than the respira-
tory tract.

8.2 Metal Carcinogens. A major argument sup-
porting the probability of an increased cancer risk
in stainless steel welders is the presence of nickel
and hexavalent chromium in fumes from some
welding processes. The carcinogenicity of chro-
mium and other metals was recently reviewed by
Norseth (Refs. 110 and 111). According to Norseth,
the epidemiologic evidence for an increased risk of
cancer in workers exposed to arsenic, chromium,
and nickel in some industries (other than welding)
is extensive, whereas that for exposure to beryllium
and cadmium is more limited. The epidemiologic
data receive some support from tests in animals and
in vitro systems, but the mechanism of action of
metal carcinogens remains unknown and is an im-
portant area for further research.

Factors such as solubility, particle size, crystal-
line structure, chemical species, and surface charge
may be important in determining the biological ac-
tivity of metals. Generally, only slightly soluble
compounds of nickel (e.g., sulfides and oxides) or of
chromium are thought to cause cancer. Norseth
(Ref. 110) suggested that the solubility of these com-
pounds may be important because compounds with
limited solubility would be more readily incorpo-
rated into cells by phagocytosis than would the
more soluble compounds. Once inside the cells,
some particulate material could gradually become
solubilized, bringing about a continuous interac-
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tion of the metal with the cells and possibly a
chronic interference with normal cellular processes.

Norseth cited limited evidence implicating triva-
lent chromium in the carcinogenic process and sug-
gested that intracellular reduction of hexavalent to
trivalent chromium may be important to the mech-
anism of chromium carcinogenicity. He further
postulated that the activity of a short-lived interme-
diate, perhaps in the pentavalent state, may be re-
sponsible for the carcinogenic or transforming
activity of chromium.

According to Norseth, the experimental evidence
indicates that all nickel and hexavalent chromium
compounds should be considered to be carcino-
genic and should be treated as such by regulatory
agencies (Ref. 111). This view is disputed by Mas-
tromatteo (Ref. 95) who noted that, in the recent
health effects document for nickel (Ref. 181), the U.
S. Environmental Protection Agency concluded
that only the following three forms of nickel should
be classified as known or probable human carcino-
gens: nickel refinery dust (from pyrometallurgical
sulfide nickel matte refineries), nickel subsulfide,
and nickel carbonyl. Mastromatteo stressed that a
cancer risk is associated with specific nickel species
and indicated that air sampling methods should de-
termine not only the total amount of nickel, but also
the species present.

8.3 Screening for Cancer. Because respiratory
tract cancer is generally diagnosed late in develop-
ment, the death rate is generally high for this dis-
ease. Thus, reliable and noninvasive screening tests
for detection of early stages of lung cancer have
been sought for use in industries in which the cancer
rate may be elevated. Two methods, chest X-rays
and sputum cytology, are currently available for
screening large groups of workers for lung cancer.
Chest X-rays are less useful for detecting early tu-
mors than sputum cytology which can distinguish
between precancerous and cancerous lesions. Ac-
cording to Kilburn (Ref. 80), sputum exams should
be performed every four months to be effective. Un-
fortunately, sputum samples do not generally con-
tain cells from the more distal parts of the
respiratory tract and so some lung tumors can be
missed with this technique.

Methods are currently available for screening
workers at risk for development of nasal cancer by
performing biopsy of the nasal mucosa. However,
obtaining tissue samples can be painful, and prene-
oplastic lesions may be missed since they tend to be
present as small foci. To overcome these problems,
Reith developed a cytologic screening method in
which a more representative population of cells is

less painfully obtained by brushing the surface of
the middle nasal turbinate. In a study of nickel re-
finery workers with known nasal dysplasia, Reith
showed that more preneoplastic nasal lesions could
be detected by cytologic screening than by biopsy
(Ref. 144).

In an effort to identify a substance in sputum that
could serve as a marker for cancer risk, Ebeid stud-
ied the relationship between thiocyanate levels in
sputum and welding or smoking, or both. Sputum
samples were obtained from 60 persons employed
in a metal forming factory. Thirty-two subjects were
welders and the remainder were office workers who
served as controls. Ten welders and sixteen office
workers were nonsmokers. Mean sputum thiocya-
nate concentrations in the nonsmoking welders and
office workers were 27.77 and 32.92 ug/ml, respec-
tively, while concentrations in the sputum of smok-
ing welders and office workers were 59.27 and
110.42 ug/ml, respectively. Ebeid concluded that
exposure to welding fumes may decrease the thiocy-
anate content of sputum, while smokers have ele-
vated levels relative to nonsmokers. He suggested
that determining the thiocyanate content of sputum
may be of value as an index of certain exposures in
the work environment. However, it would appear
that, in the absence of further information, thiocya-
nate levels do not promise much utility for estima-
tion of disease risk in welders (Ref. 37).

9. Metal Fume Fever

Metal fume fever is a flu-like disease caused by
inhalation of oxides of various metals including
zinc, copper, aluminum, antimony, iron, manga-
nese, nickel, and cadmium. The symptoms, which
include fever, chills, general malaise, joint pains,
cough, sore throat, chest tightness, and fatigue, usu-
ally appear 4 to 12 hours following exposure and
last from 1 to 2 days. A short-lived tolerance to
metal fume fever can develop, which is lost during a
short absence from exposure. The name "Monday
fever" has been conferred because symptoms may
recur on return to work after a weekend or holiday.
McMillan suggested that the tolerance is a practical,
rather than a physiological phenomenon resulting
from the exercise of less caution when welding after
a period of absence from work. Conversely, after a
bout of the disease, the welder may more carefully
avoid fume exposure or his supervisor may be
more likely to place him in a better ventilated area
(Ref. 100).

The pathogenesis of metal fume fever is poorly
understood. It is frequently attributed to an im-
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mune reaction to metals, resulting in inflammation
of respiratory tract tissue and release of histamine
or histamine-like substances. Vogelmeier et al. (Ref.
186) observed changes in pulmonary function and
marked pulmonary inflammation in a 26 year old
male welder who had recurring symptoms of metal
fume fever after welding zinc-coated materials but
not other metals. When the welder was asymptom-
atic, clinical findings, chest X-ray, and spirometric
data were all within normal limits, but inhalation
challenge with methacholine revealed a low grade
nonspecific bronchial hyperreactivity.

Two tests were conducted in which the subject
welded a zinc-coated tube for 1 hour under con-
trolled conditions. Airway resistance increased,
while inspiratory vital capacity, single-breath trans-
fer factor, and arterial oxygen partial pressure were
sharply reduced immediately after welding. Chills,
fever, and an increased peripheral blood leukocyte
count occurred 2 to 6 hours later.

A second test, performed after an exposure-free 6-
month period, yielded similar results. Bronchoalve-
olar lavage was performed 24 hours after the second
controlled welding exposure. The total number of
cells was ten times greater than normal, and the
number of polymorphonuclear leukocytes was
markedly increased in lavage fluid. The cell popula-
tion in bronchoalveolar lavage fluid was normal af-
ter a 7-week exposure-free period. Thus, exposure
to zinc fumes produced a pronounced pulmonary
reaction, with a severe acute inflammation of pe-
ripheral bronchoalveolar structures. The investiga-
tors remarked that metal fume fever has not, thus
far, been known to cause pulmonary fibrosis; they
questioned whether the marked increase of leuko-
cytes can really be harmless to pulmonary tissues.
This question is similar to that raised by Mylius and
Gullvag (see above) who observed a marked excess
of alveolar macrophages in welders who smoke
(Ref. 104).

A case of metal fume fever with a severe concomi-
tant allergic reaction to zinc fumes was reported by
Farrell (Ref. 40). After welding galvanized metal, a
34 year old male patient experienced classic symp-
toms of metal fume fever associated with an imme-
diate anaphylactoid reaction and a delayed reaction
consisting of angioedema (swelling of the face, lips,
and throat) and urticaria (an allergic skin reaction
with hives and intense itching). The symptoms re-
curred after further exposures to zinc fumes even
though a protective face mask was used. To confirm
that the anaphylactic reaction was associated with
exposure to zinc fumes, the subject welded galva-
nized steel under medical supervision. Four hours
later he developed symptoms of metal fume fever.

As on previous occasions, angioedema and urti-
caria developed 12 hours after exposure. These
clinical symptoms were suggestive of an immediate
and late immunoglobulin-E-mediated immunologi-
cal reaction to zinc fumes. Although metal fume fe-
ver is thought by some investigators to have an
immunological basis, Farrell does not believe that a
direct association between immediate and late ana-
phylactoid reactions and metal fume fever can be
fully substantiated by this case.

Shusterman reported the case of a man who expe-
rienced signs of metal fume fever and injury to myo-
cardial and skeletal muscle after welding galvanized
metal for 4 successive days. Welding was performed
outdoors with no respiratory protection. On 2 of the
4 days, he ran for 2 to 3 miles after the completion of
work. After the fourth day, he had chest pains and
was hospitalized for 10 days. Clinical tests indi-
cated that there might have been injury to skeletal
muscle as well as the heart. The authors suggested
the possibility of a causal relationship between in-
halation of zinc oxide fumes and muscle injury
(Ref. 155). However, this would be difficult to sub-
stantiate on the basis of the data presented in this
case.

10. Effects on the Ear and Hearing

The case of a welder who became permanently
deaf in one ear as a result of a metal spark burning
the middle and inner ear was reported by Stage and
Vinding (Ref. 167). The incident occurred while he
was lying on his side welding underneath a car. He
was wearing a welding mask which afforded no pro-
tection to the ears.

11. Effects on the Eye and Vision

Exposure to electromagnetic radiation in the IR,
visible, or UV range generated by arc welding can
injure the eye. Shortwave UV light (270 to 290 na-
nometers) is absorbed by the outer layers of the eye;
this can result in keratoconjunctivitis (arc eye,
welder's flash, photokeratitis, or photophthalmia),
and pterygia (membranous growths which extend
across the outer eye from the conjunctiva to the cor-
nea). Near UV light, in the range 295 to 400 nm,
penetrates more deeply into the eye where it can
damage the corneal epithelium and possibly the
lens. Infrared radiation of longer wavelengths may
cause thermal damage to the cornea and aqueous
humor and has also been associated with the devel-
opment of lenticular cataracts. Brief and intense
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exposure to blue light in the visible range (approxi-
mately 400-500 nm) or to near IR radiation may
produce photochemical lesions on the retina. The
potential effects of welding and electromagnetic ra-
diation on the eye were reviewed by McMillan
(Refs. 69 and 99).

Keratoconjunctivitis, a marked inflammation of
the cornea, is the eye condition most frequently en-
countered by welders. It is characterized by blurred
vision, tearing, acute pain, and headache. Symp-
toms normally last up to 2 days and there are usu-
ally no sequelae. Most pharmaceutical preparations
that provide relief of symptoms require prescrip-
tions and close medical monitoring because they
can produce permanent corneal damage and loss of
visual acuity. Nonprescription drugs are available,
but they are generally less effective and require fre-
quent application. An investigation of the efficacy
of nonprescription drugs was conducted by
Wittgens (Ref. 194). Over-the-counter preparations
for the treatment of keratoconjunctivitis were dis-
tributed to welders through occupational physi-
cians and other medical professionals in the
workplace. A survey of the welders who used the
products indicated that an eyedrop preparation
(Chibro-Uvelin), developed in France in 1953, was
the most satisfactory of the products tested. It pro-
vided fast relief from pain and return of visual acu-
ity. Unlike some other drugs tested, it was effective
for a long time and did not require repeated applica-
tion. According to Wittgens, the effects of this prep-
aration have been thoroughly researched, and it has
no known side effects.

Sharir and Ben-David observed severe and per-
sistent symptoms of keratoconjunctivitis among
four workers who performed plasma arc thermal
spray coating (Ref. 153). Excessive tearing, foreign-
body sensation, and dull pain persisted for several
months. Two of the patients had mild to moderate
signs of nonspecific irritation, while the other two
patients had severe acute inflammation with pro-
nounced swelling of the conjunctiva and eyelids.
The disorders were attributed to exposure to the
high levels of UV and visible radiation generated by
plasma arc thermal spray coating.

While the retina is the part of the eye most sensi-
tive to UV radiation, injury to the retina from expo-
sure to the welding arc is rare and usually results
from improper eye protection (Ref. 99). A case of a
22 year old man who developed retinal injury with
substantial bilateral vision loss soon after welding
without appropriate eye protection was reported by
Uniat et al. (Ref. 181). Some visual loss and signs of
retinal injury were still present 6 months after the
incident. Cellini et al. described a similar case of

photic maculopathy in a young worker who was
said to have been wearing "protective eyeglasses"
while welding (Ref. 20). Visual loss was noted soon
after exposure to the welding arc; the progression
of the disorder followed a favorable course with
treatment.

An unusual case of retinal damage in a man with a
lens implant was reported by Turut et al. (Ref. 179).
The subject was a 36 year old welder in whom a cat-
aractous lens had been replaced by a lens implant.
Four years after the surgery, an incident in which he
welded without wearing eye protection was fol-
lowed immediately by loss of visual acuity. Exami-
nation revealed a small lesion, apparently caused by
radiation from the arc, on the retinal fovea of the
eye with the lens implant. There were no indica-
tions of damage or loss of vision in the eye with the
normal lens. The investigators noted that the nor-
mal lens provides some protection to the retina by
filtration of potentially harmful IR and visible radi-
ation. Persons with lens implants are more sensitive
to the effects of radiation and should use extreme
caution when performing operations, such as
welding, which generate intense electromagnetic
radiation.

Retinitis pigmentosa is a hereditary condition in-
volving progressive atrophy of the retina. The first
symptom of the disease is night blindness (reduced
ability to adapt to low intensity light). As the disease
progresses, affected persons have increasing diffi-
culty adjusting to bright light. Two welders with ret-
initis pigmentosa sine pigmento were described in
the Yugoslavian literature by Krizmanic-Mrkoci et
al. (Ref. 86). After two years of welding, one welder
complained of vision problems and photophobia
(abnormal sensitivity to light). The problems were
greatest when he left the plant at the end of the work
day. Adaptometry and electroretinography indi-
cated that he, and a second welder with similar vis-
ual difficulties, had retinitis pigmentosa sine
pigmento. This condition makes it difficult for
welders to use protective eye wear during work and
affects their ability to adapt to bright sunlight upon
leaving the workplace. Krizmanic-Mrkoci recom-
mended that peripheral vision tests, which detect
retinitis pigmentosa, be included in regular screen-
ing exams given to all welders before employment.

The debate persists in the open literature on the
potential hazards of wearing contact lenses during
welding (Ref. 19). Contact lenses are generally con-
sidered to be inadvisable in situations or environ-
ments where there may be exposure to chemical
fumes, vapors, splashes, intense heat, or high con-
centrations of particulates. Most authorities dis-
count reports that radiation emitted by the welding
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arc can cause adhesion of the contact lens to the cor-
nea. In fact, some experts believe that, with the use
of appropriate eye safety equipment, there may be
advantages to wearing contact lenses in hazardous
industrial settings. Callier (Ref. 19) would encour-
age persons who regularly use contact lenses to wear
them in hazardous industrial situations because
they frequently see better with them than with eye-
glasses.

Randolph and Zavon (Ref. 142) reviewed the lit-
erature on contact lenses and found that contact
lens wearers exposed to high levels of atmospheric
particulates do not have excess subjective or objec-
tive symptoms of eye damage. Contact lenses do not
worsen the corneal damage resulting from exposure
to chemicals and in some cases may provide protec-
tion for the eye. In fact, contact lenses may be bene-
ficial because they allow a closer fitting of
protective eye wear. The authors surveyed the cor-
porate policies among 67 large American firms and
found that 86% had some restrictions on the use of
contact lenses. While most of the restrictions in-
volved areas where irritant chemicals were present,
52% of the companies restricted contact lens use in
welding operations. Analysis of the survey re-
sponses indicated that most corporate policies were
based on perceived risk rather than on facts re-
vealed by recent research.

12. Effects on the Nervous System

Chronic exposure to manganese can cause a pro-
gressive disease with neurological and psychologi-
cal manifestations. Early symptoms include apathy,
anorexia, spasm, and irritability. Signs of psychosis
may develop with euphoria, impulsive behavior,
confusion, and aggression. Advanced stages resem-
ble Parkinson's disease, with muscle weakness,
muscle rigidity, tremors, and impaired gait. Two
cases of welders who had advanced stages of manga-
nese poisoning with symptoms of Parkinsonism
were reported by Rasmussen and Jepsen (Ref. 143).
Both welders had performed SMAW in a boiler fac-
tory, one for 31 years and the other for 17 years.
Hygienic conditions in the factory were poor and
the authors presumed that exposure to manganese
was high.

Rudell (Ref. 147) reported two cases of welders
with neurological symptoms. The first was a 29 year
old man who, after 8 years employment in SMAW
of mild steel, became dizzy when welding. The sec-
ond was a 43 year old man employed in GTAW of
Nimonic alloys (75% nickel, 25% chromium) for 14
years. He reported dropping objects and had diffuse

neurological symptoms in his left side. Physical
examination revealed no other neurological
disorders.

13. Effects on the Skin

A case of a welder with recurrent, severe facial
dermatitis was described by Shehade et al. (Ref.
154). Allergic dermatitis was ruled out with skin
patch testing, using a standard battery of allergens,
preservatives, potential sensitizers, photoallergens,
a welding antispatter formulation, and welding
flux. The case was diagnosed as photodermatitis,
caused by UV exposure during welding.

The affected welder performed spot and seam
welding with CO2-shielded GMAW of mild steel.
During spot welding, he seldom wore a protective
face mask and, instead, turned his face to the left to
protect his eyes from the arc. His UV exposure was
measured with polysulfone badges; 20 badges were
used over a 3-week period. In all cases, the mea-
sured exposure was equal to or greater than the
maximum permissible exposure (MPE) for an 8-
hour day, established by the ACGIH in 1976. In the
worst case, the exposure was 128 times the MPE.
When the badge was placed underneath the protec-
tive face mask, the MPE was still exceeded by 4 to 9
times.

14. Sensitivity to Fume Components

Allergic contact dermatitis in response to chro-
mate salts is well documented among welders, but
anaphylactoid reactions are rare. A case of a welder
who developed severe systemic reactions after ex-
posure to chromates was reported by Moller et al.
(Ref. 101). The welder had 10 years' exposure to va-
pors from chromium trioxide baths and stainless
steel welding fumes. Symptoms first appeared after
several hours exposure to chromium trioxide mist
during an accidental discharge from an adjacent
chrome-plating plant. At this time, he developed
swelling and a diffuse pruritic papular rash diag-
nosed as urticaria. This reaction to chromium oc-
curred twice more over the next 7 months. With
time, he also experienced difficulty breathing and
chest tightness. Challenge with 29 ug/m3 sodium
chromate aerosol induced a delayed anaphylactoid
response with urticaria, angioedema, severe bron-
chospasm, and a threefold increase in plasma hista-
mine levels. Skin tests and in vitro immunological
tests indicated that this was probably not a classic
IgE-mediated allergic response, but rather may
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have been a cell-mediated response involving sensi-
tized lymphocytes.

Nordman et al. (Ref. 108) examined 58 welders
who had asthmatic reactions when welding stain-
less steel. Of these welders, 13 had significant re-
duction in pulmonary function following welding of
stainless steel but not mild steel. Seven of the 13
welders responded positively to the histamine prov-
ocation test prior to welding.

Exposure to high levels of soluble beryllium com-
pounds can cause acute berylliosis characterized by
inflammation of the nasopharynx, trachea, and
bronchi with possible development of pulmonary
edema. Repeated exposure to low levels of slightly
soluble beryllium compounds may induce chronic
berylliosis. This condition is often thought to have
an immunologic basis and is typified by a distinc-
tive granulomatous process in the lung which may
not become apparent until months to years after ex-
posure ceases. Because of similarities in pathologic
processes in the lung, chronic beryllium disease is
readily mistaken for sarcoidosis. Cullen et al. exam-
ined five precious metal refinery workers with
symptoms of chronic berylliosis and demonstrated
that the etiology of the disease could be confirmed
by an in vitro immunologic test (Refs. 27 and 28). In
this test, alveolar lymphocytes from persons with
berylliosis, but not from normal controls, undergo
division when exposed to beryllium. The investiga-
tors concluded that their results provide further
evidence for an immunologic basis for chronic be-
ryllium disease.

15. Effects on the Musculoskeletal
System

Awkward work postures of the trunk and shoul-
der may cause fatigue and musculoskeletal disor-
ders. For example, prolonged elevation of the arms
(shoulder flexion or abduction) can produce ex-
treme muscle fatigue and, in some cases, acute
tendonitis. Evaluation of postural stress in the
workplace is difficult because a continuous record
of the time spent in various postures during a work
operation must be obtained and analyzed. To iden-
tify the causes of postural stress, Keyserling devel-
oped a computer-aided system to analyze working
postures of the trunk and shoulders on repetitive
assembly line jobs (Ref. 78). With this system, an
analyst watches a continuous videotape record of
work operation and enters a symbol into the com-
puter for each assumed posture. The time duration
of each posture is automatically measured by the
computer which generates a posture profile for each

joint (trunk, right shoulder, left shoulder). The pos-
ture profile is then used to determine whether there
is an excessive frequency of posture change or
whether non-neutral postures must be maintained
for excessive time periods. The system was tested at
a manual spot welding operation in an automotive
assembly plant. Based on the results of the com-
puter-aided analysis, work stations were redesigned
to eliminate awkward postures and to incorporate
several new safety features.

A system for analyzing working posture, devel-
oped by the Finnish steel industry, was tested by
Heinsalmi (Ref. 55). A positive relationship was
found between poor working postures and sick
leave due to musculoskeletal disorders, especially
lower back pain. Sick leave due to neck and shoul-
der disorders also correlated with poor arm pos-
tures. A prototype wooden manikin was used to
study work postures in welding operations. A weld-
ing unit, developed on the basis of that study, im-
proved welding posture and enabled operational
time savings.

Bjelle et al. (Ref. 15) examined the influence of
ergonomic factors on shoulder and neck complaints
in 26 Swedish industrial workers who performed as-
sembly, pressing, or welding during the manufac-
ture of truck cabs. Arm movements during work
were filmed, and shoulder strain was estimated by
measuring the duration and frequency of shoulder
abduction or forward flexion. Over a 12-month pe-
riod, two thirds of the workers complained of mus-
culoskeletal injuries; nine of these were shoulder
and neck complaints. Tests of muscle strength
showed that the strength of the shoulder muscles,
but not elbow flexion or hand grip measurements,
was significantly lower in workers with shoulder-
neck complaints. The authors concluded that since
shoulder muscles, but not elbow or hand muscles,
were weaker in workers with shoulder-neck com-
plaints, shoulder muscle weakness may be a second-
ary phenomenon rather than a reflection of a
predisposition to shoulder and neck disorders.

16. Effects on the Urogenital Tract

Chronic exposure to low concentrations of
cadmium fumes can cause kidney damage, which
is first manifested by urinary excretion of low
molecular weight serum proteins, such as beta-2-
microglobulin and retinol-binding protein. The
proteinuria is generally thought to result from dam-
age to the kidney tubules. Whether or not cadmium
also affects glomerular function remains unre-
solved.
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Smith et al. (Ref. 164) examined the cadmium
body burden and renal function in 53 solderers
from five firms, who had up to 25 years of uncon-
trolled exposure to fumes from cadmium-contain-
ing alloys. Elevated cadmium levels in the kidney
and liver were found in 22 of 25 subjects, most of
whom had more than 5 years' exposure to cadmium
solders. Cadmium concentrations were elevated in
blood and urine in all 32 workers with more than 5
years' exposure, and in 11 of 21 workers with less
than 5 years' exposure. Low molecular weight pro-
teins, typical of tubular dysfunction, were present
in urine from 20 of 51 subjects tested, while albu-
min, characteristic of glomerular dysfunction, was
found in only 3 of 51 subjects. No significant
changes in urinary cadmium or beta-2-microglobu-
lin were found in 19 workers followed for 2 years
after cadmium-free soldering rods were substituted
for cadmium-containing soldering rods. The latter
observations suggested that mild tubular protein-
uria does not progress to more severe kidney dys-
function in the absence of further accumulation of
cadmium within the body.

Verschoor et al. (Ref. 185) compared urinary pro-
tein and blood and urinary cadmium concentra-
tions in 26 cadmium-exposed workers and eight
nonexposed controls. Nineteen of the cases were ex-
posed to cadmium in plastic pigments and the re-
mainder were welders in a radiator shop. The mean
values of urinary retinol-binding protein and uri-
nary and serum beta-2-microglobulin were signifi-
cantly higher in the cadmium-exposed welders than
in controls, while total urinary protein and urinary
albumin did not differ. Thus, signs of tubular dys-
function, but not glomerular dysfunction, were
present in this group of cadmium-exposed welders.

Prompted by observations of five patients with
glomerulonephritis or interstitial nephritis at the
University Hospital in Umea, Hagberg et al. con-
ducted a negative case-referent study to determine
if there is an association between chronic renal dis-
ease and welding. The study group consisted of 143
living males who had undergone kidney biopsies as
a result of suspected or clinically established glo-
merulonephritis or obscure renal disease. Occupa-
tional and vocational exposures were compared
with age- and residence-matched controls chosen
from the general population. No relationship be-
tween welding and the incidence of severe chronic
kidney disease was found. In addition, there was no
increase in the risk of death from nephritis among
welders. (Ref. 51) In this study, no distinction was
made between welders who had cadmium expo-
sures and those who did not.

Similarly, no association between renal impair-

ments and stainless steel welding was found in a
cross-sectional field study performed by Zschiesche
et al. (Ref. 196). Kidney function, assessed by mea-
surement of total protein and specific enzymes in
urine, was compared in 118 stainless steel welders
and an equal number of age-matched controls.
Breathing zone measurements during welding re-
vealed substantial exposures to nickel and chro-
mium during welding. The concentrations of nickel
and chromium were significantly higher in urine
from welders than from controls. However, the re-
sults of kidney function tests did not differ between
welders and controls or among welders using differ-
ent welding processes. The authors noted that, al-
though urinary chromium and nickel levels were
elevated in the welders, they were not excessively
high. They recommended that additional studies be
conducted to examine these parameters in welders
with greater exposures to nickel and chromium.

17. Effects on the Teeth and Oral
Cavity

Underwater welders frequently sense a metallic
taste while welding and have a higher than normal
replacement rate of dental amalgam (Ref. 133). To
further examine the association between changes in
dental amalgam and underwater welding, Ortendal
and Holland measured the intraoral electrical activ-
ity while divers were welding underwater (Refs.
127, 130, and 131). They noted that during under-
water welding or cutting, the electrical activity in
the mouth is normally too low to cause a metallic
taste or corrosion of dental amalgam (Ref. 130).
During three test dives, leaks in the dry suit allowed
a small amount of water to enter the gloves which
resulted in an increase in the intraoral electrical ac-
tivity. In one such instance, a diver experienced a
metallic taste. This could not be explained by dete-
rioration of dental amalgam since the electrical ac-
tivity was theoretically too low to damage the
amalgam. Further studies with divers showed that
the metallic taste sensation was unlikely to be a
result of magnetic field effects (Refs. 127, 128, and
129).

An in vitro system was designed in which expo-
sure of amalgams to magnetic fields simulated the
environment of divers when using a mean cutting
current of 65OA DC (Refs. 127 and 129). Studies
with this system demonstrated that a slight rough-
ening of amalgam surfaces could result from mag-
netic field exposures. However, chemical changes
in the amalgam were insufficient to account for a
metallic taste sensation. Thus, neither in vivo nor in
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vitro studies supported the view that this subjective
symptom is related to magnetic field effects. Based
on an earlier report (Ref. 107), the investigators
postulated that the metallic taste resulted from elec-
trical stimulation of the taste buds.

18. Effects on the Voice

Voice quality was compared in eight shipyard
welders and eight office workers; none of the parti-
cipants smoked. A questionnaire indicated that
voice and throat problems were more frequent
among welders than office workers; tests indicated
that the welders' voices were more hyperfunctional
and unstable. The investigators concluded that
voice problems among welders are due to high noise
levels which cause a strain on the larynx during vo-
calization. The welders thought their voice
problems to be due to fume exposures (Ref. 112).

19. Biological Monitoring

19.1 Aluminum. A study of aluminum excretion
among 23 GMA and GTA welders by Sjogren et al.
revealed that aluminum levels in urine are depen-
dent on the most recent daily exposures, as well as
on the total duration of exposure (Refs. 159 and
160). Aluminum levels, measured in the breathing
zone of 16 aluminum welders at the start of the
study indicated that most exposures were greater
than 1 mg/m3. Aluminum concentrations were de-
termined in urine from 16 welders before and after a
16 to 37 day exposure-free vacation period. Biologi-
cal half-times for urinary aluminum were calcu-
lated from samples collected from eight of the
welders in the middle of the exposure-free period.
The half-time for welders with less than 1 year expo-
sure was about 9 days, whereas it was 6 months or
more in welders who had been exposed to alumi-
num fumes for more than 10 years. Half-times for
aluminum calculated from urine collected at the
end of the exposure-free period were 27 days for
welders with less than 1 year's experience and more
than 2 years for the more experienced welders.

The investigators remarked that, even though
there was a wide variation in urinary aluminum
levels among individuals, the large difference in uri-
nary half-times between more and less experienced
welders indicated that aluminum is probably stored
in two or more compartments in the body, with
widely different clearance rates. They speculated
that the compartment with the slow clearance rate
probably includes the lungs and the bones.

19.2 Manganese. Zschiesche et al. determined
levels of manganese in the breathing zone and body
fluids of eight welders from two factories who
worked with filler materials containing about 0.8%
manganese (Ref. 197). SMAW was the predominant
welding process, but GMAW was also used. Manga-
nese was measured in air samples collected for 2
hours each day during the work shift for a period of
1 week and in urine collected 3 times daily (before,
during, and after the work shift) for 1 full week and
the following Monday. Blood samples were col-
lected before and after each work shift during the
same time period.

Median breathing zone concentrations were 11.5
mg/m3 for total fume and 257.7 ug/m3 for manga-
nese. Even though fume levels tended to be high,
only one sample had a manganese concentration in
excess of the German MAK of 5 mg/m3. Manganese
levels in blood and urine tended to be low and, for
the most part, did not vary substantially from val-
ues obtained for the general population. There was
no correlation between external exposures and in-
ternal manganese levels, or with the time of day or
the day of the week that the biological samples were
collected. It was concluded that, under the working
conditions at the two plants, biological monitoring
of manganese is not necessary.

19.3 Chromium. Because hexavalent chromium
passes more readily through cell membranes, triva-
lent chromium tends to be transported in the blood
by plasma while hexavalent chromium is trans-
ported mainly in erythrocytes (Ref. 3). Two research
groups examined whether this difference may be
used in biological monitoring to distinguish be-
tween exposures to trivalent and hexavalent chro-
mium. Angerer et al. (Ref. 4) determined chromium
levels in erythrocytes, plasma and urine obtained
from 103 male welders who performed SMAW or
GMAW, or both, of stainless steel. Median breath-
ing zone concentrations of chromium were 4 ug/m3

for SMAW and 10 ug/m3 for GMAW.
The median chromium concentrations in eryth-

rocytes, plasma, and urine of all welders were less
than 0.60, 9.0 and 32.5 ug/1, respectively. The con-
centrations of chromium in erythrocytes, plasma,
and urine for individual welding processes are
shown in Table 3. In all cases, levels were higher in
welders performing GMAW, or a mixture of
GMAW and SMAW, than in those performing
SMAW. Urinary chromium levels among the weld-
ers ranged from 5.40 to 229.4 ug/1, which is 5 to 200
times greater than average levels in the general pop-
ulation.

The correlation between chromium concentra-
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tions in erythrocytes, plasma, and urine was highly
significant (p<0.0001). Chromium levels in eryth-
rocytes, plasma, and urine of 0.6, 10 and 40 ug/1,
respectively, corresponded to an external chro-
mium trioxide exposure of 100 ug/m3. Erythrocyte
chromium concentrations were close to the limit of
detection and were thus too low to provide accurate
estimates of exposure below airborne concentra-
tions of 100 ug/m3 (the German "technical guide-
line concentration" for chromium trioxide). It was
concluded that plasma or urine levels are more suit-
able for monitoring low level chromium exposures.
At higher exposures, the erythrocyte concentrations
may be useful as a measure of hexavalent chromium
exposures; simultaneous determination of chro-
mium levels in plasma and erythrocytes may give a
useful picture of both overall exposure to chro-
mium and exposure to hexavalent chromium.

Conflicting conclusions were drawn from a sim-
ilar, but smaller, study conducted by Gustavsson
and Welinder (Ref. 50). Blood plasma, erythrocyte,
and urinary chromium concentrations were mea-
sured in samples collected from four stainless steel
SMA welders on a Thursday morning before work,
on Friday before and after work, on the following
Tuesday, and after 31 days of vacation. A decrease
in chromium levels was seen in all fluids during the
vacation period and there was a significant correla-
tion between chromium levels in the various fluids
at each time point. Because there were no obvious
differences in clearance rates of erythrocyte and
plasma chromium, it was concluded that determi-
nation of blood or erythrocyte chromium levels
would not add important information to that
gained from biological monitoring with urinary
chromium concentrations.

19.4 Analytical Methods. Methods for determin-
ing low concentrations of metals in biological fluids
for use in biological monitoring were described by
three groups of investigators (Refs. 22, 54, and 79).
Heinrich-Ramm and Angerer described a method
for determining concentrations of nickel and chro-
mium in urine, plasma, and erythrocytes (Ref. 54).
Christensen and Kirchoff (Ref. 22) developed a
method using electrothermal atomic absorption
spectroscopy (AAS) for analysis of chromium,
nickel, and cadmium in blood. Kiilunen et al. (Ref.
79) developed a method using AAS for determining
low concentrations of nickel and chromium in
urine. Using this method, they found a mean nickel
concentration of 70 nmol/1 in urine from 299 Finn-
ish persons who had no known occupational expo-
sures to nickel. A mean value of 1.5 nmol/1 (0.078

ug/1) was determined for urinary chromium concen-
trations using a study population of 155 persons.

Section Three
Investigations in Animals

and Cell Cultures

20. Animal Studies

20.1 Inflammation and Fibrosis. The development
of practical methods for evaluating the fibrogenic-
ity of fumes and gases from welding operations is
important for the assessment of risk associated with
different electrodes and welding methods. Hicks et
al. used the inflammatory response of rat and
guinea pig muscle tissue (Ref. 62) to compare the
irritant and fibrogenic properties of several differ-
ent welding fumes. Intramuscular injection of parti-
cles from SMAW of stainless steel caused severe
local inflammation and fibrosis and was cytotoxic
to muscle fibers. Fumes from SMAW of mild steel
caused similar, but less severe effects. Fumes from
GMAW of stainless steel caused only mild irritation
and fibrosis and were not cytotoxic.

The effects on rats of single 6-hour inhalation ex-
posures to fumes from six welding processes (Table
4) were investigated by the American Welding Soci-
ety (Ref. 23). The major histopathologic changes re-
sulting from fume exposure were seen in the
respiratory tract. Fumes from electrode E308-16
produced the most severe effects, causing pulmo-
nary edema and pneumonitis. Electrodes E7018,
E6010, and E70T-1 caused upper respiratory tract
irritation while the remaining two produced no ap-
parent changes in the respiratory tract (Table 4). Ac-
companying these effects were changes in the
number of macrophages that could be retrieved
from the lungs by lavage. Decreased phagocytic ac-
tivity was observed in macrophages from all test an-
imals except those treated with fumes from E5356.
Extracts of urine were not genotoxic in the Salmo-
nella/Ames test nor were there any chromosome
aberrations in bone marrow cells recovered from
animals 20 hours after exposure.

Alveolar macrophages from untreated rats, were
incubated with eight concentrations of welding
fume particulates. Viability, measured in terms of
the concentration of fumes that killed 50% of the
cells (EC50), was lowest with fumes from electrode
E308-16. On the basis of histologic assessment of
the respiratory tract and in vitro assays of macro-
phage activity, the electrodes were classified into
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Chromium
Welders

Welding
Process

SMAW
(n=39)

GMAW
(n=14)

SMAW and GMAW
(n=50)

Total
(n=130)

Table 3
Concentrations in Erythrocytes, Plasma and
Using SMAW or GMAW, or both, of Stainless

Chromium Concentration (ug/1)

Eiyjhrocytes
X + SD
(median)

1.18 + 1.35
(<0.6)

1.44+1.72
(<0.6)

2.51 +5.82
(<0.6)

1.86 + 4.21
(<0.6)

Plasma
X + SD
(median)

9.0 + 7.81
(6.4)

13.56+ 12.34
(9.6)

14.70+ 10.92
(12.25)

12.39+10.33
(9.00)

Urine of
Steel

Urine
X + SD
(median)

35.14 + 40.11
(22.85)

64.46 + 65.31
(37.60)

59.67 + 53.63
(40.0)

51.19 + 57.75
(32.5)

Data from Angerer et al., Ref. 4

three categories: highly toxic (E3O8-16), moderately
toxic (E7018, E6010, and E70T-1), and nontoxic
(E70S-3 and E5356).

Wilmer et al. exposed rats for 14 days by inhala-
tion to fumes generated by SMAW and GMAW of
stainless and mild steel and by SMAW of cast iron
using ten different electrodes (Ref. 188). Fumes
from SMAW of stainless steel were the most toxic,
causing severe dyspnea, some mortality, and reduc-
tion in body weight gain. GMAW fumes, especially
those from mild steel, were less toxic than SMAW
fumes. They induced slight signs of respiratory dis-
tress, increased lung weight and morphological
changes in the lungs, including bronchiolar con-
striction, focal interstitial pneumonia and emphy-
sema. Fumes from SMAW of mild steel were just
slightly toxic, causing only a minimal increase in
lung weight in males. The fumes from all electrodes
except one used in SMAW of mild steel were cyto-
toxic to alveolar macrophages. None of the fumes
caused SCE or structural chromosome aberrations
in peripheral blood lymphocytes.

Gorban et al. exposed rats by intratracheal instil-
lation to particles of magnesium, and three alumi-
num/magnesium alloys. All particle types caused
histopathologic changes in the lungs. Alloys of mag-
nesium and aluminum were more fibrogenic than
pure magnesium. It was concluded that the crystal
lattice of the alloy was important in determining its
fibrogenic properties (Ref. 44).

20.2 Clearance. Kalliomaki et al. compared rates
of excretion and pulmonary clearance of fumes

from GMAW and SMAW of mild and stainless steel
(Refs. 70, 71, and 73). Fume samples were adminis-
tered to rats by intratracheal instillation. Concen-
trations of nickel, iron, and chromium were
periodically determined in the lungs, urine and fe-
ces from serially sacrificed rats. About 10% of the
administered fumes from all welding processes
were recovered in the feces during the first three
days after exposure. The ratio of elements in the fe-
ces was similar to that in the original fume sample,
suggesting that material derived from the fume was
eliminated in the feces as intact particles. After
three days, fecal excretion rates were similar to lung
clearance rates for SMAW and GMAW of mild
steel.

Chromium and nickel from fumes generated by
SMAW of stainless steel were excreted rapidly into
the urine during the first few days after instillation,
and then at a much slower and gradually diminish-
ing rate. The rapid urinary excretion during the first
day was attributed to material that became solubi-
lized in the saline solution used as the vehicle for
fume particles during the instillation procedure. Af-
ter the first day, there was a marked difference in
clearance rates of fumes from SMAW and GMAW
of stainless steel. SMAW fumes cleared from the
lungs with half-times of 73 days for iron, 53 days for
chromium, and 49 days for nickel. In contrast, the
concentrations of GMAW fumes in the lung re-
mained practically constant throughout the 2-
month observation period following exposure (Fig-
ure 5). The investigators concluded that a substan-
tial part of the fumes from SMAW of stainless steel
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Table 4
Toxicity of Welding Fumes in Rats

Electrode

Shield gas
Workpiece

IN VIVO:
Pathology /lung
Pathology/kidney
Macrophages:
Deer, phagocytosis
Number of cells
in lavage fluid

S. typhimurium
Chromosome aberration

IN VITRO:
Macrophages:
Viability
Deer, phagocytosis*
ATP*

E7OS-3

CO2
Steel

-
-

+

incr
-
-

high
N.E.
359

E308-16

Steel

+++
-

+

incr
-
-

very low
13
4

E7018

Steel

+
-

+

deer

-

low
39
4

E6010

Steel

+
-

+

?

-

-

low
1089
359

E70T-1

CO2
Steel

+
+

+

deer

-

low
118
359

E5356

Argon
Aluminum

-
-

N.E.

incr

-

high
359

1089

? = Test not performed
N.E. = No effect
+++ = Severe response
* Lowest fume concentration (ug/ml) that depressed phagocytosis or ATP levels
Data from Coate, Ref. 23

are dissolved in the lung and eventually excreted
into urine, whereas fumes from GMAW are less
readily dissolved and remain in the lungs for an ex-
tended period of time.

Another study by the same research group fo-
cused on clearance of manganese from the respira-
tory tract (Ref. 77). Rats were exposed by inhalation
(1 hour/day, 5 days/week for 1 to 4 weeks) to fumes
from SMAW of stainless and mild steel and GMAW
of stainless steel; the fumes contained 2.2, 2.8, and
7.9% manganese, respectively. Manganese in fumes
from SMAW of mild steel cleared rapidly from the
lung during the first week after exposure (half-time
= 0.5 day) and much more slowly thereafter (half-
time = 5 days). Clearance of manganese from fumes
generated by SMAW and GMAW of stainless steel
was much slower. Manganese from SMAW fumes
cleared from the lungs with a half-time of 5 days
during the first day and a half-time of 40 days there-
after. The half-time of manganese from GMAW
fumes was 107 days throughout the observation pe-
riod. The clearance of manganese from SMAW
fumes paralleled the clearance of iron and the ratio
of iron to manganese remained constant through-
out the 106-day post-exposure observation period.

This suggested that manganese was cleared from
the lungs as intact particles and that little manga-
nese clearance resulted from in situ dissolution of
particles.

Using transmission electron microscopy and X-
ray microanalysis, Anttila demonstrated that the
marked differences between pulmonary clearance
rates of fumes generated by GMAW and SMAW of
stainless steel are related to differences in the solu-
bility of particles in the lung (Refs. 6 and 7). The
morphology and chemical composition of particles
were examined periodically after exposure of rats to
welding fumes by inhalation. Shortly after expo-
sure, all particles were found in alveolar macro-
phages and type-I epithelial cells; none were found
free in the interstitium. Two types of SMAW parti-
cles were seen in freshly collected fumes and in the
lung. The major population consisted of irregular
shaped particles, enriched with sodium and potas-
sium; the minor population contained a higher per-
centage of iron, nickel, and chromium. The major
particle population changed with time, losing prac-
tically all of its sodium, potassium, chromium, and
also some manganese. By 57 days, so much material
was lost that the particles became transparent. In
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Figure 5 — Amounts of Iron, Chromium and Nickel in Rat Lungs After Intratracheal
Instillation of Activated Fumes Generated by SMAW and GMAW of Stainless Steel

(MMA/SS and MIG/SS, respectively). Kalliomaki et al., Ref. 73

contrast, the minor population was quite stable and
lost only sodium and potassium. The particles in
GMAW fumes resembled the minor population
from SMAW fumes and, like those in SMAW fumes,
showed no signs of dissolution during the 10-day
study period. The rate of dissolution of the two
populations of particles in the lungs reflected the
differences in clearance rates described in the above
studies. Thus, the solubility of particles may be an
important determinant of the pulmonary clearance
of particles from welding fumes.

20.3 Toxicity. A long-term inhalation study of the
effects of nickel oxide and arsenic trioxide was con-
ducted by Glaser et al. (Ref. 42). Male Wistar rats
were exposed continuously for 18 months to aero-
sols of nickel oxide and arsenic trioxide (particle
size < 0.3 MMAD). Two dose levels, 60 ug/m3 and
200 ug/m3, were used. Exposure to arsenic trioxide

had no apparent effects; there were no significant
differences in body weight, hematology, clinical
chemistry, gross pathology, or histopathology be-
tween treated and control animals. Rats treated
with nickel oxide had an increased mortality rate
and severe alveolar proteinosis. The red blood cell
count, hematocrit, and hemoglobin level were sig-
nificantly elevated after 9 months of exposure. No
treatment-related tumors were seen in either group,
but the investigators concluded that survival was
too short to assess the carcinogenicity of nickel
oxide.

Gorban et al. examined the effects of exposure to
fumes generated by CCVshielded GMAW of me-
dium and high alloy steel with two types of austen-
itic electrodes (Ref. 45). The concentrations of
chromium, nickel, and manganese were 22%, 7%,
and 1.5% for the first electrode and 20%, 9%, and
7% for the second electrode. The LD50s, deter-
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mined by intraperitoneal injection of fumes, did
not differ significantly for the two electrodes (elec-
trode 1: 2167 mg/kg; electrode 2: 2017 mg/kg). Dif-
ferences noted in the effects of the two welding
fumes on levels of alanine and aspartate amino-
transferase and nucleic acid levels in the liver and
lung were attributed to differences in the content
and chemical characteristics of manganese and
chromium in the welding fumes.

In other studies by this research group, Gorban et
al. (Refs. 43 and 87) determined the acute toxicity
of welding fume containing 29.9% manganese,
3.4% nickel, 7.5% trivalent chromium, 0.03% hexa-
valent chromium, and 24% iron. LD50s, deter-
mined by intraperitoneal injection in rats and mice,
were 1008 and 1450 mg/kg, respectively. No signs
of fibrosis resulted from intratracheal instillation of
50 mg welding fume. Dose-related changes in serum
transaminases, hepatic succinate dehydrogenase,
and liver and kidney weights were observed in rats
following exposure by inhalation for 4 months.
From these studies, a maximum permissible expo-
sure of 0.3 mg/m3 was recommended based on total
fume or 0.1 mg/m3 based on the manganese content
of the fume.

20.4 Allergic Sensitivity. Repeated skin contact
with chromium salts can produce allergic dermati-
tis. Caldas and Hicks reported that exposure of the
respiratory tract to chromate or extracts of fumes
rich in chromium and nickel from SMAW of stain-
less steel can inhibit this reaction (Refs. 18 and 60).
Guinea pigs receiving a series of dermal injections
of chromate developed dermal hypersensitivity re-
actions in response to further dermal challenge with
chromate. This response was significantly inhibited
in animals given repeated intrapulmonary injec-
tions of potassium chromate or potassium dichro-
mate before the dermal sensitization procedure.
Pretreatment of the respiratory tract with nickel
sulfate did not alter the dermal response to
chromate indicating that pulmonary exposure to
chromate provokes a specific tolerance to the im-
munologic effects of chromate.

20.5 Biochemical Studies. Geleskul et al. used the
formation of malondialdehyde in the presence of
ascorbic acid as a measure of lipid peroxidation
produced by welding fumes (Ref. 41). SMAW fume
samples were administered to rats by intraperito-
neal injection or intratracheal instillation. Fume
samples contained 19.8% silicon, 17.3% manga-
nese, and 24.2% iron. Malondialdehyde concentra-
tions were elevated in the lung, kidney, and liver.
The effects were greater after intratracheal instilla-

tion than after intraperitoneal injection, and the re-
sponse in the lung was greater than that in the other
two organs. The response reached a peak within 24
hours in the lung and within 7 days in the liver and
kidney. The investigators concluded that lipid per-
oxidation can be used to assess the toxicity of weld-
ing fumes.

Calmodulin, a calcium-binding protein which
regulates diverse cellular processes, is normally ac-
tivated by calcium, but can also be activated by
other heavy metals with a similar ionic radius (e.g.,
lanthanum, cadmium, mercury, and lead). MacNeil
et al. explored the possibility that chromium may
exert its toxicity at the subcellular level by interact-
ing with calmodulin (Refs. 29 and 93). Interactions
with calmodulin were tested by assaying the effect
of metals on beef heart phosphodiesterase, a
calmodulin-dependent enzyme. With the exception
of chromium, micromolar doses of calcium and the
heavy metals tested were required to achieve maxi-
mal activation of calmodulin. In contrast, trivalent
chromium was only slightly effective in micromolar
doses, but nanomolar concentrations of chromium
were uniquely effective in activating calmodulin.
The investigators suggested that the sensitivity of
calmodulin to these low concentrations of chro-
mium could be relevant to the mechanism of chro-
mium toxicity. Because hexavalent chromium is
converted to the trivalent form once inside the cell,
a similar effect could ultimately be produced by
both valence states of chromium.

Red blood cell chromium levels were determined
in 22 stainless steel welders who reported no phys-
ical symptoms of chromium toxicity and in 11
controls who had no occupational exposure to chro-
mium. The average red blood cell chromium con-
centration for welders was 28.2 nM compared with
7.5 nM for controls. Because red blood cell concen-
trations of chromium were of the same order of
magnitude as those which activate calmodulin in
vitro, the investigators suggested that chromium
may exert toxic effects within the cell by interacting
with regulatory proteins. However, as the investiga-
tors pointed out, chromium in very low levels is an
essential element. Thus, it would also seem possible
that activation of calmodulin by chromium may be
a normal cell function.

20.6 Barium. In 1984, Dare etal. reported that wa-
ter-soluble barium salts can be extracted from
fumes from three types of electrodes containing bar-
ium fluxes (Ref. 133). Using the same extraction
procedures, Hicks et al. later showed that water-sol-
uble components of fumes from the Soudefonte Bl
flux-coated electrode and aqueous solutions of pure
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barium chloride produce similar physiological
effects (Ref. 61). Bronchoconstriction, cardiac ar-
rhythmias, and transient hypertension were ob-
served when solutions of fume extracts or barium
chloride were administered to guinea pigs either by
intravenous injection or by aerosols introduced
into the lungs through tracheal cannulae.

21. In Vitro Studies

21.1 Bacterial Assays. In the past, most studies of
the mutagenicity of welding fumes indicated that
only stainless steel welding fumes are mutagenic in
the Salmonella/Ames test. Unlike previous reports,
Biggart et al. reported that the paniculate fraction
of emissions from SMAW of mild steel are muta-
genic when the Salmonella/Ames assay is modified
to include preincubation of tester cells in liquid me-
dium with the fume (Ref. 133). No mutagenic activ-
ity was observed when the tester bacterial cells were
plated with fume particles according to standard
protocols in the absence of a preincubation period.
The particles contained both direct-acting and
promutagenic compounds (promutagens require
activation by mammalian metabolic enzymes be-
fore mutagenicity is expressed) which induced
frameshift mutations.

The direct-acting mutagenic activity was nonspe-
cifically inactivated by microsomal enzymes (i.e.,
both native and heat-denatured microsomal en-
zymes inhibited mutagenic activity). Based on
these data, and evidence that the mutagenic activity
is (1) not altered by incubation with ethylene di-
amine tetraacetic acid (EDTA), is (2) not extracta-
ble with organic solvents, and (3) resides in particles
too large to pass through the bacterial cell wall, Big-
gart et al. concluded that the mutagen(s) associated
with welding fume particles are not present in ionic
forms and are strongly associated with the particles.
They postulated that the fume particle is degraded
at the cell surface enabling particle components to
be taken up by the bacteria (Ref. 14).

Mutagenic agents were demonstrated in the gas
fraction by passing filtered welding aerosol into a
chamber containing agar plates seeded with tester
cells (gas protocol). This method was far more effec-
tive than bubbling the filtered gas through a liquid
medium containing bacterial cells (aqueous proto-
col). Exposure of the tester strains to less than 0.5%
of the gas generated from one welding rod induced a
103-fold increase in base-pair substitution muta-
tions with the gas protocol, but only a two-fold in-
crease with the aqueous protocol. Unlike the
particulate fraction of welding fumes, exposure to

the gas fraction greatly increased base-pair substitu-
tions, but not frameshift mutations. The mutagenic-
ity of the gas fraction was, at most, only partially
due to NO2 since quantities of NO2 comparable to
that present in the welding aerosol produced a sub-
stantially lower mutation rate (Ref. 13).

Ong et al. demonstrated that the SOS test, which
detects gene damage in Salmonella typhimurium by
a colorimetric reaction, can be adapted for use in
occupational settings (Refs. 124 and 125). Fumes
from SMAW of stainless steel, diesel exhaust, and
occupational agents known to be mutagenic in the
Salmonella/Ames test were collected by impinge-
ment directly into medium containing Salmonella
typhimurium tester cells. After several hours of ex-
posure in the collection medium, tester cells were
removed from the impinger and subjected to stan-
dard SOS test procedures. Diesel exhaust and stain-
less steel welding fumes induced a high response
with the SOS test, and the effects were greater with-
out microsomal enzymes than in their presence.
The SOS test was slightly more sensitive to diesel
fumes, but much more sensitive to welding fumes
than the Salmonella/Ames test. Ong et al. did not
attempt to explain this finding. However, their ob-
servations may have resulted from differences in
the collection methods used for the two tests. Fume
samples were collected by impingement into aque-
ous medium for the SOS test but by filtration for the
Ames test. As discussed earlier, Pedersen et al. (Ref.
137) have shown that greater quantities of hexava-
lent chromium are present in fumes collected by im-
pingement than by filtration. This observation
could explain the findings of Ong et al. if hexavalent
chromium is responsible for activity in the SOS
test.

21.2 Mammalian Cell Studies

21.2.1 Sister Chromatic! Exchange (SCE). Two
studies examined the induction of SCE in cell cul-
tures by welding and cutting aerosols (Refs. 8 and
182). Water-soluble and insoluble fractions of
SMAW fumes generated by five electrodes were
tested in mitotic delay and SCE assays with cul-
tured Chinese hamster lung cells by Baker et al.
(Ref. 8). In all cases, SCE activity was proportional
to the hexavalent chromium content in the fumes;
trivalent chromium, fluorides, nickel, manganese,
or other fume constituents made, at the most, mi-
nor contributions to the induction of SCE. How-
ever, the hexavalent chromium content could not
account for the mitotic delay caused by fume sam-
ples, indicating that other components of the fume
fractions produced this effect. Soluble fume frac-
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tions were much more active than insoluble frac-
tions in both the mitotic delay and SCE assays,
presumably because of their greater bioavailability.

In the second study, Valerio et al. tested fumes
released during gas cutting of oil tanks. Oil tank sur-
faces are frequently covered with thick layers of tar
or crude oil. When repairs are made by gas cutting,
thick smokes are released with high levels of benzo
(a)pyrene and other polycyclic aromatic hydrocar-
bons. The study showed that smokes emitted by
gas cutting during refitting operations in oil tankers
produce SCE in murine bone marrow cells (Ref.
182).

21.2.2 Cytotoxicity. Alveolar macrophages play
an important role in the defense of the lung against
foreign materials. However, their activity may also
be an important factor in the development of
chronic fibrotic lung disease and emphysema. Be-
cause of this, there has been considerable interest in
the effects of welding fume particles on macrophage
viability and phagocytosis (Refs. 23, 64, and 188).
Hooftman et al. showed that the cytotoxicity of
welding fume particles generated by different weld-
ing processes to bovine alveolar macrophages de-
creases in the following order: SMAW of stainless
steel > GMAW of stainless steel > SMAW of mild
steel > GMAW of mild steel. The toxicity of SMAW
fume particles was comparable to that of equivalent
concentrations of hexavalent chromium in K2CrO4,
suggesting that hexavalent chromium may be re-
sponsible for the cytotoxicity of welding fumes to
alveolar macrophages (Ref. 64).

The cytotoxicity of fumes from SMAW and
GMAW of mild and stainless steel to rat alveolar
macrophages was studied by Pasanen et al. (Ref.
135). Macrophages, obtained by lung lavage, were
incubated overnight with intact fume particles or
their water-insoluble components. Cell viability, as
determined by trypan blue exclusion, and release of
the enzymes lactate dehydrogenase (LDH) and ly-
sosomal beta-glucuronidase from macrophages
were measured. Fumes from SMAW of mild and
stainless steel were equally effective in reducing cell
viability and were much more effective than those
from GMAW. Fumes generated by GMAW of mild
steel were less cytotoxic than those from GMAW of
stainless steel. Similar to the findings of Hooftman
et al., Pasanen found that the viability of cells
treated with fumes from GMAW of mild steel dif-
fered little from control cells. Removing water-solu-
ble materials by washing with phosphate-buffered
saline substantially reduced the cytotoxicity of
fumes from SMAW of stainless steel but had little
effect on the other fume particles.

The effect of washed and unwashed fumes on the
release of LDH followed the same pattern (Figure
6), whereas the effect on beta glucuronidase was
similar for washed and intact particles from all
welding processes. Potassium chromate and parti-
cles from SMAW of stainless steel had equivalent
effects. This suggested that the hexavalent chro-
mium present in fumes from SMAW of stainless
steel may be responsible for the toxic effects of these
particles.

Two research groups compared the cytotoxic ef-
fects of fumes from different welding processes on
cultured mammalian cells. Hildebrand and Collyn-
d'Hooghe examined the effects of welding fume
particles on cultured human embryonic pulmonary
epithelial cells (Ref. 63). These investigators found
that fumes from SMAW of stainless steel were more
cytotoxic than fumes from GMAW of stainless
steel. Onoprienko (Ref. 126) compared the cyto-
toxic effects on mouse fibroblast and human epithe-
lial cell cultures of fumes generated by "powdered"
electrodes with those generated by basic and acid
electrodes. The relative toxicities of five Russian
electrodes was determined on the basis of this ex-
periment.

SS/MMA SS/MIG MS/MMA MS/MIG
V77A iiilil

TOTAL DUST WASHED

Note: The concentration of welding fumes was 50 ug/ml
culture medium. ***p<0.001; **p<0.01

Figure 6 — Effects of Fumes Generated by
SMAW of Stainless Steel (SS/MMA),
GMAW of Stainless Steel (SS/MIG),

SMAW of Mild Steel (MS/MMA), and
GMAW of Mild Steel (MS/MIG) on the

Release of Cytoplasmic LDH From
Cultured Rat Alveolar Macrophages,
Before and After Extraction of Water-
Soluble Compounds From the Fume

Samples Pasanen et al., Ref. 135
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21.3 Hyperbaric Pressure. Because of the impor-
tance of offshore oil fields in northern Europe,
much attention is being paid there to the effects of
hyperbaric pressures on divers performing func-
tions such as underwater welding and cutting. Ad-
verse physiological effects can result from exposure
to hyperbaric conditions in the absence of chemical
exposures. Concern for the effects of fumes created
by underwater welding on already stressed physio-
logical systems prompted the study of the combined
effects of chromium and high pressures on the
cytoskeletal systems of fibroblast cultures (Refs. 68
and 173). The cytoskeletal system, responsible for
maintaining cell shape and motility, is composed of
chains or filaments of the protein actin. High pres-
sure can disrupt these filaments and alter the shape
of the cells causing them to become spherical.

Syversen et al. (Refs. 68 and 173) showed that
while 1-hour exposures to either high pressure (100
or 150 bar) or chromate (1 to 5 uM K^C^O?) caused
cells to round up and changed the appearance of the
F-actin filaments, the effects were not additive.
Thus, the same number of abnormal cells were seen
in cultures exposed for one hour to elevated pres-
sures in the absence or presence of chromium. How-
ever, the results obtained during 18-hour exposures

were quite different. In this case, exposure to 1 uM
chromium caused a marked decrease in the number
of normal cells exposed to 100 bar pressure,
whereas only a small number of cells were affected
at normobaric pressures. The synergistic effects
seen with 18-hour exposures to 1 uM chromate and
100-bar pressure suggested that the toxicity of chro-
mate may be potentiated by elevated pressures.

In a related study, Jenssen and Syversen studied
the effects of chromium and high pressure on cell
cycle kinetics in cultured glioma cells (Ref. 68). The
cell cycle is divided into four phases in regard to
DNA synthesis and cell division: cell division takes
place during mitosis (M); the first gap phase (Gl)
precedes DNA synthesis (S); the second gap phase
(G2) precedes cell division. Exposure of cells to 1
uM K2Cr207 at normobaric pressures (1 bar) caused
a prolongation of the S phase, whereas cells exposed
to 5 uM K2Cr 2O7 did not pass through mitosis.
High pressure did not alter these effects. However,
the combined exposure to chromate and 100-bar
pressure resulted in the prolongation of the early
part (Gl phase) of the cell cycle. This effect was not
seen if cells were exposed to chromate or elevated
pressure alone.
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