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ABSTRACT

Background: The sense of smell can be damaged by airborne xenobiotics, including aerosolized
heavy metals, reflecting the direct exposure of its receptors to the outside environment.

Objectives: To determine whether professional welders working in confined spaces exhibit olfac-
tory dysfunction. To determine whether such dysfunction, if present, is related to indices of metal
exposure associated with welding, as well as measures of neurologic and neuropsychological
function.

Methods: The University of Pennsylvania Smell Identification Test (UPSIT) and a battery of neuro-
logic and neuropsychological tests were administered to 43 welders who worked for 1 to 2 years
on the San Francisco/Oakland Bay Bridge. Blood levels of Mn, Fe, Cu, and Pb were obtained.

Results: Relative to matched controls, the welders had significantly lower UPSIT scores, with a
mean (SEM) of 29.51 (0.90) for welders and 36.55 (0.88) for controls. Eighty-eight percent
scored below their individually matched controls. As in idiopathic Parkinson disease, the welders’
olfactory test scores were unrelated to a broad spectrum of neurologic and neuropsychological
test measures, as determined by principal components analysis. Although blood levels of Mn were
associated with the time spent working on the bridge, workers with the highest Mn blood levels
exhibited better olfactory function than those with the lowest Mn blood levels. The basis of this
paradox, which has been observed previously, is unknown.

Conclusions: Professional welders may be at risk for loss of smell function, although such loss
seems to be unrelated to neurologic and neuropsychological test performance.
Neurology® 2007;69:1278–1284

GLOSSARY
ANOVA � analysis of variance; UPDRS � United Parkinson’s Disease Rating Scale; UPSIT � University of Pennsylvania
Smell Identification Test; WAIS-III � Wechsler Adult Intelligence Scale III.

Welders, particularly those who work in confined spaces with no airway protection and
inadequate ventilation, are commonly exposed to hazardous fumes and toxins. The ma-
jority of the toxic fumes come from vaporized metals during the welding process.1 Such
metals react with the air and become oxides that can form respirable particles that can be
deposited in the nasal cavity and lungs.2 Inhalation exposure varies as a function of the
type of welding and the materials used. The typical constituents of welding fumes are a
mixture mainly of iron (Fe), chromium (Cr), manganese (Mn), aluminum (Al), nickel
(Ni), and cadmium (Cd).2

Most studies addressing associations between welding and respiratory tract toxicology
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focus on the lung and neglect the upper air-
ways. However, there is evidence that a
disproportionate number of welders have
disorders of the naso-oral cavity, including
sore throats,3 flu-like symptoms,3 septal ul-
cerations and perforations,4,5 and nasal
cancers.5,6 Moreover, there are reports that
industrial exposure to Cd, Mn, and Cr can
alter the sense of smell, with prevalence
rates as high as 67%.5,7,8 In a recent study
of 351 welders, more than half had “taste”
problems, although no chemosensory test-
ing was performed and no distinction was
made between flavor sensations dependent
on the sense of smell and those dependent
on the sense of taste.3

In the present study, a component of the
San Francisco/Oakland Bay Bridge Welder
Study,9,10,11 we quantitatively evaluated the
olfactory function of professional welders
who worked in confined spaces on the Bay
Bridge, and compared their test scores with
those of matched normal controls. These
scores were also correlated with those from
a number of neurologic, neuropsychologi-
cal, and physiologic (e.g., blood levels of
Mn, Fe, Cu, and Pb) measures. Principal
components analysis was used to deter-
mine whether the olfactory test scores were
largely independent of neurologic and neu-
ropsychological test measures, as was pre-
viously shown for patients with idiopathic
Parkinson disease (PD).12

METHODS Subjects. The 43 professional welders were
assessed on behalf of their employer as part of a State and
Federal Workers’ Compensation administrative mandate.
They ranged in age from 23 to 66 years [mean (SD) � 43.8
(10.0) years]. On average, they had 12.6 (2.0) years of educa-
tion. They were selected from a larger group of 45 male
welders, 2 of whom were excluded because of scores on the
Test of Memory Malingering (TOMM) indicated low ef-
fort.13 Eight of the 43 were current cigarette smokers
(18.6%). All were employed as workers on the northeastern
arm of the San Francisco/Oakland Bay Bridge for durations
ranging from 6 to 28 months [mean (SD) duration � 16.5
(6.0) months] and represented approximately 90% of all
welders working on the bridge during this period. At the
time of testing, 51.2% of the welders were still working on
the bridge, 20.9% were welding at another location, and
28.9% were no longer welding. 51.2% were white Ameri-
cans, 32.6% were Hispanic Americans, 11.6% were African-
Americans, 2.3% were Asian, and 2.3% were other.

The olfactory function of 43 healthy controls, matched
to the welders on the basis of age, sex, education, and smok-

ing habits, was also tested. These individuals were selected
from a control subject database maintained at the University
of Pennsylvania Smell and Taste Center. When more than
one match was available for a given patient, a random num-
bers table was used to determine which individual was in-
cluded as the match. In four cases, the closest available age
match was off by 2 years, in two cases by 3 years, and in
another by 4 years. The ages of the two groups did not differ
significantly [welders and controls mean (SD) ages � 43.8
(10.0) and 43.0 (10.5) years].

Olfactory testing. The University of Pennsylvania Smell
Identification Test (UPSIT; Sensonics, Inc., Haddon
Heights, NJ) was used in this study.14 This self-administered
standardized test incorporates 40 microencapsulated odor-
ants and a forced-choice multiple alternative format to es-
tablish both absolute (e.g., normosmia, anosmia, or mild,
moderate, or severe hyposmia) and relative (percentile
ranks) indices of function.15 The UPSIT is highly reliable
(test–retest r � 0.90) and has been administered to hundreds
of thousands of subjects throughout the world, including
workers exposed to workplace chemicals.16 It is sensitive to
idiopathic PD17 and differentiates between patients with PD
and patients with either progressive supranuclear palsy18 or
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)–in-
duced parkinsonism.19

Blood assays. Blood samples were obtained from the ante-
cubital vein using standard procedures20 for 37 of the sub-
jects. The plasma was transferred to polystyrene tubes
containing EDTA-NA2 and frozen at �10°C until analysis.
Blood levels of Mn and Pb and plasma levels of Fe and Cu
were determined using atomic absorption spectroscopy.21

Neurologic and neuropsychological tests. As part of
the neurologic examination by a board certified neurologist,
the motor and the activities of daily living scales of the
United Parkinson’s Disease Rating Scale (UPDRS) were ad-
ministered.22,23 The welders had mean UPDRS scores of 6.79
(SD � 5.08; range � 0 to 19) on the activities of daily living
scale and 6.62 (SD � 8.16; range � 0 to 24) on the motor
scale.22,23

A large neuropsychological test battery was also admin-
istered. This battery included a number of tests that over-
lapped the domains previously evaluated in the assessment
of associations between olfactory and psychological mea-
sures in idiopathic PD.12 The neuropsychological test mea-
sures used in the principal components analysis of the
present study were the verbal and performance subscales of
the Wechsler Adult Intelligence Scale III,24 the word list I and
II and logical memory I and II subscales of the Wechsler
Memory Scale (verbal learning and memory in a contextual-
ized prose, intellectual functioning—verbal learning and re-
call),24 the Rey–Osterrieth Complex Figure Test—copy,
immediate recall, and delayed recall (visuospatial processing
and visual learning and memory),25 Finger Tapping Test
(psychomotor speed and strength),26 Verbal Paired Associ-
ates (verbal learning and memory),27 Cancellation (executive
functions—forced choice extension to the Wisconsin Card
Sorting Test),28 and Visual Attention Test (reaction time to
visual stimuli).29 The results of these and the other neuropsy-
chological tests are presented in detail elsewhere.10

Statistical analyses. Analysis of variance (ANOVA) was
used to compare means (e.g., UPSIT scores of welders and
controls). Pearson product–moment correlations were used
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to assess relationships between selected variables. Principal
component analysis, with varimax rotation, was used to bet-
ter define associations among variables, as well as to allow
for a comparison of component structures to previous ones
obtained from patients with PD.30 Such analysis, in effect,
identifies clusters of interrelated variables that measure an
underlying common trait or principal component, and statis-
tically establishes clusters that are relatively unrelated to one
another but account for reasonable amounts of variance.

RESULTS The mean UPSIT scores of the welders
were lower than that of their matched controls
[means (SEMs) � 29.62 (0.98) and 36.90 (0.26);
one-way ANOVA F(1,46) � 23.06, p � 0.001],
with the average deficit reflecting moderate micr-
osmia. Thirty-eight (88%) performed more
poorly than their controls, although only 3 (7%)
were anosmic. Seventeen (39.5%) fell below the
10th percentile of a large normative sample of
subjects of the same age and sex.15 The percent-
ages of those with mild, moderate, or severe micr-
osmia were 30.2, 18.6, and 16.3%. Interestingly,
of the 42 subjects who provided information re-
garding their chemosensory function before being
tested, more than half (52.4%) were unaware of a
problem.

Fifteen of the 37 welders for whom blood level
data were available had elevated levels of Mn at
the time of testing [mean (SD) � 12.17 (0.41)
�g/L; range � 10.2 to 15.3; reference range � 4 to
10 �g/L]. Two had elevated Fe levels [mean
(SD) � 1,872 (203.64) �g/L; range � 1,728 to
2,016; reference range � 600 to 1,700 �g/L]. None
had abnormal elevated levels of Pb [mean (SD) �

2.8(1.1) �g/dL; range � 1.24 to 6.59; reference
� 20 �g/dL] or Cu [mean (SD) � 807 (119.71)
�g/L; range � 601 to 1,114; reference range � 700
to 1,500 �g/L]. No meaningful correlations were
present between UPSIT scores and the levels of
Fe, Cu, Pb, or Mn (Pearson r values � �0.13,
0.02, �0.13, and 0.20; all p values � 0.20). How-
ever, in the case of Mn, the UPSIT scores of
welders with blood Mn levels in the top and
bottom tertiles differed [F1,24 � 4.80, p � 0.038].
This effect was in the direction opposite as to
what one might expect; i.e., those with higher Mn
blood levels had higher UPSIT scores [mean
(SEM) � 31.92 (1.79)] than those with lower Mn
blood levels [mean (SEM) � 22 (1.79)]. No signif-
icant correlations were present between UPSIT
scores and the number of years of professional
welding or the time the workers had spent on the
Bay Bridge (r values � �0.19 and 0.01,
p values � 0.23 and 0.91), although Mn blood
levels tended to be higher in welders who worked
for longer periods on the bridge (r � 0.35, p �

0.02). The UPSIT scores of those welders who re-
ported having a smell problem, a taste problem,
or both a taste and smell problem, did not differ
from those welders who did not report having
such problems (all p values � 0.29).

The Pearson correlations among the olfactory,
neuropsychological, and neurologic measures re-
vealed clear clusters of interrelated variables.
Those between the olfactory and the neuropsy-
chological and neurologic measures were small
and not significant. The principal components
analysis revealed a factor structure among the
variables similar to that observed previously for
patients with PD, with the primary factor being a
cognitive/memory factor (table).12 As in PD, the
additional factors of tremor, gross motor, fine
motor, and olfactory function were observed.
The cancellation task fell on a separate factor.
The six factors with eigenvalues � 1.00 ac-
counted for 77% of the explained variance. The
factor solution was generally stable. Thus, a 20-
trial jackknife procedure found similar groupings
on all 20 trials, including a separate olfactory fac-
tor in every case.

DISCUSSION The present study suggests that
professional welders who work in enclosed spaces
with poor ventilation are at risk for decreased
smell function. Thus, nearly three-quarters of the
welders evaluated in this study exhibited marked
deficits in the ability to smell, as measured by a
well-validated standardized test of olfactory func-
tion. Although anosmia was not the norm, the
UPSIT scores of the welders were, on average,
seven points lower than those of age-, sex-,
education-, and smoking habit–matched controls.
Nearly a third exhibited mild microsmia, and ap-
proximately a quarter exhibited severe micros-
mia. The fact that approximately a quarter of the
welders were unaware of their chemosensory def-
icit before testing is in accord with what is seen in
other disorders, including Alzheimer disease and
idiopathic PD, where even higher percentages of
unawareness have been reported.17,31

An important observation of this study is that
the degree of olfactory dysfunction in the welders
was not meaningfully related to the magnitude of
a broad range of neurologic ratings and neuropsy-
chological measures. Thus, as in the case of idio-
pathic PD, the olfactory deficits seem to be largely
independent of the other cognitive, memory,
perceptual-motor, and neurologic manifestations
of the disorder. The principal components analy-
sis factor structure was remarkably similar to that
observed in several studies of PD, sharing major
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factors that can be described as reflecting cogni-
tive/memory, tremor, fine motor, and olfac-
tion.12,31,32 Unlike PD patients, however, the
cancellation test did not load meaningfully on any
of the extracted factors, and some elements of the
factor structure were less well defined. This may
be a reflection of the smaller sample size of the
present study and the fact that older PD patients
likely have a broader range of motor disabilities
than younger welders exposed to toxic fumes.

Although taste perception, per se, was not
studied in this work, a number of the welders
complained of taste loss before being tested. In
most cases, reports of taste loss reflect decreased
flavor sensations derived from stimulation of the
olfactory receptors retronasally during mastica-
tion and deglutition.33 Thus, with the exception
of sweet, sour, bitter, salty, and perhaps metallic
and monosodium glutamate–related sensations,
the majority of flavor sensations commonly con-
sidered as tastes (e.g., chocolate, onion, banana,
raspberry, steak sauce, pizza, cherry, licorice) are
dependent on an intact sense of smell. Although
more research is needed to determine whether
welders exhibit true taste deficits, the gustatory
system is much more robust to insult than the ol-
factory system,34 in part because of the redun-

dancy of taste bud innervation by a number of
paired nerves (i.e., CN VII, IX, and X).35

The basis of the smell loss of the welders in this
study is not entirely clear. Although the data dem-
onstrate that the welders had smell dysfunction,
both in relation to matched controls and in rela-
tion to well-validated normative data, additional
control groups, such as ones consisting of indus-
trial workers who are not involved in welding op-
erations, might be of value in better defining
causality. Industrial workers in general are more
prone to head trauma, for example, which can
alter olfaction,36 as well as to nanoparticles that
have been associated with neurodegenerative dis-
eases.37,38,39 The most likely hypothesis, however,
is that the olfactory epithelium of the welders was
damaged by exposures to airborne metals, possi-
bly in a cumulative fashion. Heavy metals, when
inhaled or otherwise introduced into the nasal
cavity, can damage the olfactory epithelia of ro-
dents (e.g., Ni),40 and olfactory loss can occur in
humans as a result of exposure to industrial dusts
containing Cd, Cr, Pb, Mn, Ni, and Hg.7,8,42,43 For
example, heightened odor thresholds to phenol
were observed in 106 Cd- and Ni-dust–exposed
alkaline battery workers relative to 84 matched
controls.41 Twenty-seven percent of the exposed

Table Principal components analysis with varimax rotation

Measure Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 Factor 6

WAIS-III Verbal IQ 0.821 0.129 0.094 0.121 0.099 �0.199

Wechsler Memory Scale III 0.818 �0.197 0.004 0.072 0.077 0.206

Logical Memory 0.793 0.042 �0.202 �0.042 �0.132 0.055

WAIS-III Performance IQ 0.780 0.338 �0.130 �0.017 0.059 �0.136

Verbal Paired Associates 0.762 �0.146 �0.137 �0.282 0.096 0.272

Rey–Osterrieth Complex Figure Test 0.670 �0.104 0.001 �0.248 0.075 0.399

Tremor R 0.066 0.892 �0.060 0.000 0.218 �0.014

Tremor L 0.015 0.880 �0.185 �0.039 0.091 �0.120

Swallow �0.060 0.744 0.139 �0.047 �0.203 0.314

Alternating Movements L �0.211 �0.109 0.838 �0.097 �0.018 �0.272

Alternating Movements R �0.070 �0.210 0.822 �0.133 0.045 �0.295

Masked Facies �0.003 0.307 0.704 0.229 �0.082 0.254

Gait 0.037 �0.063 0.624 0.323 �0.454 0.033

Finger Tapping Test (dominant hand) �0.108 �0.197 0.001 0.936 0.045 �0.002

Finger Tapping Test (nondominant hand) �0.121 0.016 0.103 0.928 �0.117 �0.134

UPSIT 0.115 0.080 �0.099 0.051 0.921 0.048

Cancellation �0.152 �0.088 0.189 0.081 �0.071 �0.791

Speech �0.029 0.461 0.460 �0.128 0.434 0.229

Visual attention (reaction time) 0.216 0.211 �0.364 0.466 0.264 0.027

% Variance accounted for 19.901 14.684 14.770 12.261 7.842 7.242

Only factors with eigenvalues � 1.00 are depicted; numbers in boldface type reflect loading � 0.60.
WAIS-III � Wechsler Adult Intelligence Scale III; UPSIT � University of Pennsylvania Smell Identification Test.
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workers were anosmic, compared with 5% of the
controls.

In addition to damaging the olfactory epithe-
lium directly, metals may also damage more cen-
tral olfactory structures as a result of their uptake
into the brain via the olfactory mucosa and recep-
tors or, more generally, the circulatory system. It
is well established that metal particles, including
Mn, can deposit themselves within the olfactory
cleft, where they are poorly cleared by mucocili-
ary clearance.44 This enhances absorption by the
epithelium and the formation of complexes with
mucus polysaccharides. From the mucosa, they
gain access to the olfactory bulbs and other CNS
structures via endocytotic uptake by apical pro-
cesses of the olfactory receptor cells, which serve
as both the receptor cell and the first order neu-
ron. Once inside the receptor cell, the metal is
transported, likely in combination with an endog-
enous substance, down the axon to the first syn-
apse within the olfactory bulb.45 Depending on its
concentration, the agent can enter other cells
through tight junctions or transsynaptically.
Movement from the olfactory bulb to the cortex
can occur within hours, because transport occurs
at velocities up to approximately 3.0 mm per
hour.46

In the present study, 40.5% of the welders had
abnormally elevated blood levels of Mn, whereas
Fe, Cu, and Pb were within normal limits in
nearly all cases. Elevated Mn has been previously
noted in welders.47 Although this observation sug-
gests that the exposure in the present subjects was
mainly to Mn, it is not entirely clear whether Mn,
per se, is the basis of their smell problem. Indeed,
those workers with the highest blood Mn levels
tended to have relatively less olfactory dysfunc-
tion, implying the lack of a 1:1 relationship be-
tween Mn levels and such function. This suggests
that the blood–brain barrier may be effective in
protecting, at least to some degree, against loss of
olfaction arising from elevated blood Mn. The
regulation of excretion of Mn from liver to bile,
along with its competition with iron for transport
across the blood–brain barrier,48,49 likely miti-
gates the effectiveness of this route of movement
of Mn into the brain.

The paradoxical association between elevated
blood levels of Mn and olfactory function has
been reported by others in different settings. For
example, one study found that high urinary Mn
levels were associated with low odor detection
thresholds to phenyl-ethyl-methyl-ethyl-carbinol
in 34Mn-exposed workers of a ferroalloy produc-
tion plant (r � �0.31, p � 0.06).50 Another study,

using the same odorant, reported lower odor de-
tection thresholds among 68 Mn alloy workers
exposed to similarly moderate levels of Mn.20

These investigators suggested that this effect
could be due to an excitatory component of Mn
intoxication. It is also conceivable that workers
who breathe mostly through their mouth have
less olfactory insult than those who breathe
through their nose and, in turn, absorb more Mn
into the blood. Mn may also influence olfaction
by altering the effectiveness of inhibitory neuro-
transmitters such as �-aminobutyric acid and gly-
cine. Thus, olfactory bulb glycine content is
markedly decreased in mice after intraperitoneal
administration of Mn for 9 weeks (5 mg
MnCl2/kg body weight).51

It should be noted that the olfactory system
has protective mechanisms to minimize the up-
take of xenobiotic agents into the brain. Thus,
olfactory receptor cells die off and are replaced
periodically with new cells from progenitor cells
within the basement membrane.52 Factors associ-
ated with the cell turnover are complex, but it is
entirely conceivable that heavy metal poisoning
of the receptor cells could induce apoptosis and
subsequent cell replacement, mitigating the
amount of toxin that ultimately becomes trans-
ported to the bulb. Additionally, numerous sys-
tems within the olfactory mucosa are known to
metabolize foreign agents,53 and metal-binding
molecules such as carnosine are highly concen-
trated within the olfactory receptor cells and
bulb. Carnosine is exceptionally abundant in the
bulb (10 to 50 times more concentrated than in
the rest of the brain) and is known to combine
with metals such as Ni, Cd, and Zinc to form
water-soluble stable complexes.54 Thus, it may
serve as an endogenous protective agent.
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