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Abstract
Objective: The nervous system is the major target of the toxic effect of manganese (Mn) and its compounds in welding 
fumes. In humans, inhalation is the most frequent route of Mn access, therefore, the respiratory tract and lungs are usually 
involved in the process of translocation of inhaled noxius agent by blood to the brain. This study was performed to assess 
whether it is possible to use neurophysiological tests for the detection of early effects of exposure to low Mn concentrations. 
It is also known that irritating welding fumes affect distal bronchioles of nonciliated, epithelial Clara cells, which secret anti-
inflammatory and immunossupresive Clara cell protein (CC16) into the respiratory tract. The examination of usefulness of 
CC16 as early pulmonary biomarker for neurophysiological abnormal results of welding fumes exposure was performed. 
Materials and Methods: The study group comprised 59 welders employed at different workposts in a shipyard, matched 
for age and smoking habits with the control group composed of 23 mechanicians and electricians not exposed to welding 
fumes. Subjective neurological symptops (CNS), visual evoked potentials (VEP) and electroencephalography (EEG) were 
examined in welders and the relationships between Mn concentrations in the air, blood and urine as well as between 
cummulative exposure index (CEI) (Mn mg/m3 • years of exposure) were investigated. Effects of exposure were expressed 
in the form of biomarkers of the body burden, and CC16 as early pulmonary biomarker in welding exposure was examined 
by sensitive latex-immunoassay. Results: Abnormal results of VEP and EEG and the lowest CC16 levels were found in the 
youngest welders exposed to welding fumes. Those changes were related to the highest Mn airborne levels (xg > 0.3 mg/m3) 
and high blood Mn concentrations (~14.0 mg/dL). The highest values of correlation coefficients were found only in welders 
characterized by abnormal neurophysiological results, VEP (r = 0.83) and VEP and VEP+EEG (r = 0.82). The multiple 
linear regression analysis from all analyzed subgroups, indicated that those with only abnormal neurophysiological tests, 
VEP and EEG, showed the highest values of partial correlation. It also revealed partial correlation cofficiants between 
Mn in the air, CEI (Mn mg/m3• years) and CC16, Mn-B and Mn-U in VEP and VEP+EEG groups. It was found that the 
highest partial correlations were between the magnitude of exposure – Mn mg/m3, CEI and Mn-B concentration (R2 = 
0.72, R2 = 0.66) as well as between CC16 pulmonary biomarker effects and Mn-B concentration (R2 = 0.51). Conclusions: 
The subclinical effects revealed in neurological endpoints and abnormal results of neurophysiological tests, VEP and 
EEG, confirmed that those sensitive tests could be used for the detection of early effect of exposure to low manganese 
concentration. Inhibition of Clara cell protein secretion in younger welders not adapted to the Mn environment suppresses 
anti-inflammatory effect in the respiratory tract and probably enhances the absorption and thus the incidence of subclinical 
neurotoxic symptoms related to airborne Mn and Mn-B levels. 
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INTRODUCTION

Manganese (Mn) is an essential metal of great toxico-
logical concern, primarily because its exposure is via in-
halation. It is estimated that more than 1 million workers 
worldwide perform some type of welding as part of their 
work duties. The nervous system is the major target of the 
toxic effect of Mn and its compounds [1]. It has been rec-
ognized that chronic Mn poisoning assumes a particular 
form of Parkinson’s syndrome. However, this applies only 
to exposures in extremely poor working conditions (e.g., 
Moroccan Mines) [2]. Later observations of Mn poisoning 
revealed its multifocal process. The pyramidal and cer-
ebellar symptoms as well as mental disorders in the form 
of psychoorganic syndrome of different intensity seem to 
justify their denomination as toxic encephalopathy [3–7]. 
Among other manifestations, the retrobulbar damage of 
the optic nerve and polyneuropathic symptoms have been 
reported in the literature [6,7]. Mn accumulates selectively 
in the globus pallidus of basal ganglia, where it can pro-
duce hyperintensitive signals in the brain magnetic reso-
nance imaging (MRI) [8,9]. Nowadays, due to improved 
hygiene at work and decreased Mn concentrations at 
workposts, serious cases of poisoning by this metal are no 
longer reported, and the neurological diagnosis is directed 
towards detecting early symptoms of poisoning and abor-
tive forms whose diagnosis was not feasible in the past. 
The introduction of neurophysiological examinations into 
neurotoxicology has rendered it possible to study the ner-
vous system thoroughly and consequently to detect sub-
clinical neurological pathologies in persons occupationally 
exposed to manganese.
Growing evidence suggest that in exposure to welding 
fumes a significant role is played by nanoparticles uptake 
[10] by cells of the respiratory epithelium [11]. Nanopar-
ticles reach the blood and many other target sites, e.g., 
the liver, heart and blood cells [12,13] or may be trans-
located into the brain [14,15]. It is well established that 
occupational exposure to welding fumes contributes to an 
increased incidence of respiratory diseases in the exposed 
population [16–19]. It has been demonstrated that impair-
ment of airway epithelium and/or Clara cells in bronchi-

oles may also lead to illnesses of the respiratory system 
[20]. In our previous studies, adverse effects of welding 
fumes on Clara cells were found [21,22]. Clara cell protein 
(CC16), a peripheral marker of the respiratory epithelial 
injury, was proved to be a sensitive pulmonary marker of 
early symptoms in workers occupationally exposed to as-
bestos or silica and in smokers [23–25]. CC16 is supposed 
to be a suitable biomarker of adverse effects of pneumo-
toxicants on airway epithelium, which could predict the 
disease outcome [26,27].
The aim of this study was to assess whether it is possible to 
find any relationship between disturbances in the function 
of the nervous system and concentrations of Mn in the air 
or between its cummulative exposure index (CEI) (Mn 
mg/m3 • years of exposure). To this end, we examined sub-
jective neurological symptops (CNS), visual evoked poten-
tials (VEP) and electroencephalographic (EEG) record-
ings in welders. The magnitude of exposure was evaluated 
by individual air sampling at shipyard workplaces and by 
assessing biomarkers of exposure, concentrations of Mn 
in blood (Mn-B) and urine (Mn-U). Spirometry and vital 
capacity (VC) of lung was also performed. In addition, the 
usefulness of CC16 as an early pulmonary biomarker of 
effects in such exposures was analyzed.
In this study it was assumed that the exposure to welding 
fumes produced early neurological symptoms revealed in 
VP and EEG, depending on Mn concentration, and may 
alter distal airspace epithelial cells and/or Clara cells and 
provoke impaired integrity of the bronchoalveolar/blood 
barrier.

MATERIALS AND METHODS

The study design was approved by the local Ethics Com-
mittee and complied with the current laws in Poland. The 
examined subjects were informed about the range and pur-
pose of the study and their informed consent was obtained.

Study population
The study group comprised 59 welders employed at differ-
ent workposts in a shipyard, matched for age and smoking 
habits with the control group composed of 23 mechani-
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cians and electricians not exposed to welding fumes. Sam-
ples of blood and urine as well as welding fumes from the 
breathing zone of the welders involved in manual metal 
arc, metal active gas/mild steel (MMA, MAG/MS) and 
oxy-acetylene gas cutters and fitters were collected. MMA 
welders used coated electrodes (EB 150, EB 246, ER 146). 
The metal welded was mild steel (structural, usual-grade, 
ST 4, ST 6).

Neurological and neurophysiological examinations
Neurological examinations performed under ambulatory 
conditions covered both subjective and objective status of 
the nervous system. Medical history was extended to in-
clude questions about symptoms possibly attributable to 
Mn exposure. In the objective examination, the condition 
of the cra nial nerves and muscular system, the presence of 
limb tremor and its nature, the movement coordination 
and diadochokinese were assessed. The data obtained 
were documented in a form of neurological examination 
standardized for all study subjects, developed especially 
for this purpose. EEG was taken on an 8-channel Beck-
man unit in the international system of 10–20 electrodes. 
The speed of paper transport was 30 mm/sec, gain 5 mm = 
50 µV, time constant 0.3 sec. After EEG recording at rest, 
and checking the reaction reten tion, a 3-min hyperventila-
tion was performed, followed by rhythmical flash activa-
tion. During the final trial lasting 30 min, a 10-sec flash se-
ries at the frequency of 1–30 Hz was applied. EEG record-
ings were assessed on the basis of the generally recognized 
criteria, including frequency, amplitude, morphology, 
localization, rhythms and their reaction to stimuli. The re-
sults were divided into two groups: normal and abnormal, 
according to the classification of Majkowski [28].
The EEG recordings with one of the basic rhythms of the 
brain bioelectric functions and those with about 5% of 
symmetric slow theta waves of 6–7 Hz in temporal-oc-
cipital leads were classified in the normal group. Abnor-
mal recordings were classified according to the nature 
of pathologies and their intensity. The following four 
subgroups were distinguished: generalized changes, fo-
cal changes, paroxysmal changes, and asymmetrical re-
cordings. Visual evoked potentials were recorded using 

a Dantec 2000 C Neuromatic unit with stimulation of 
each eye by the checkerboard reversal pattern. The re-
sponses were received from the active electrode placed 
at the cranial midline, 3 cm above the inion. A total of 
200 evoked responses were averaged over 300 ms analy-
sis time. Latency of Nl, P100, N2, amplitude of Nl P100, 
P100 N2 and VEP configuration were evaluated. Taking 
an ophthalmologic history and checking visual acuity pre-
ceded the examination.

Exposure assessment
Individual dosimetry method, as described in PN-Z-
04008-7:2002 [29], was used to assess occupational expo-
sure to manganese present in the ambient air at workposts 
of welders and fitters employed in the ship industry and 
in the production of batteries. The welders and fitters 
welded by hand mainly low-alloy steel type ST-3 (MS-
mild steel), using low-hydrogen coated electrodes EB-146 
(manual metal arc welding), or solid wire type SPG 3S 
in CO2 shielding (metal active gas welding). They also 
used acetylene-oxygen flame for cutting steel grades. The 
welders worked on ships and in production rooms, also 
in closed spaces (double bottom of ships). The welding 
dust comprised mainly iron, manganese, silicon, fluorides, 
calcium, sodium (MMA method), and iron, manganese, 
silicon, and copper (MAG method). The welding fumes 
comprised mainly carbon oxides (CO, CO2) and nitrogen 
oxides (NO, NO2). Manganese dioxide, ammonium chlo-
ride, zinc oxide, and electrolyte, containing ammonium 
chloride and zinc chloride, were used to manufacture bat-
teries. The air was constantly sampled at the breathing 
zone of the subjects exposed during the effective working 
hours (6–7 h).
Flame atomic absorption spectrophotometry was used to 
analyze Mn concentration in the samples. Manganese was 
determined using a Varian Spectr AA 250 atomic absorp-
tion spectrophotometer with wave length of 279.5 nm in 
the air-acetylene flame.
In the ambient air at workposts of welders and fitters, Mn 
concentrations varied from 0.004 to 2.667 mg/m3 (arith-
metic mean, 0.399 mg/m3; geometric mean, 0.154 mg/m3; 
standard deviation, 0.586). Of the 59 persons exposed, 30 
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worked in Mn concentrations exceeding MAC values. The 
cumulative exposure index (CEI) (a product of total Mn 
exposure index and exposure duration in years) was cal-
culated for each worker exposed. In the whole group of 
workers, CEI values varied from 0.008 to 35.52 (arithmetic 
mean, 8.045; geometric mean, 4.615; standard deviation, 
6.562).

Manganese determination
Personal air sampling at breathing zone was applied (Ca-
sell AFC-123, flow rate 2 l/min). Total dust was collected 
(over a period of about 7 h/shift) on membrane filter (Sar-
torius 111304, 0.8 µm, Æ32 mm). In the sample collected 
on the filter, Mn was determined by flame atomic absorp-
tion spectrometry using Varian SpectorAA 250 atomic 
spectrometer.
Manganese in blood was determined by graphite furnace 
atomic absorption spectrophotometry [30]. Blood samples 
were collected by veinpuncture using Vacutainers (Benc-
ton-Dickinson) and stored at +4° C. Each sample was dis-
tributed in the laboratory into two polyethylene tubes and 
stored at -20° C until determination. Blood was diluted six 
times by distilled water and Mn modifier was added. For 
internal quality control, Seronorms No. 205052, 205053 
and 203056 and AMI B No. 1001, 1002, 1003, 1004, 1005 
lyophylized blood samples were used.
Manganese in urine was determined by graphite furnace 
atomic absorption spectrophotometry according to the 
method of Perkin Elmer for manganese [31]. Urine was 
diluted two times by distilled water and Mn-pallad modi-
fier was added. For internal quality control, Seronorm 
No.403125 was used. The solution obtained was analyzed 
using Perkin-Elmer model 4100 ZL Zeeman with an au-
tosampler AS-70 and computer data station PE 6200.

Biochemical determination
Clara cell protein was determined by a latex immunoas-
say [32]. Specific rabbit antibody against CC16/Protein 1 
from Dako A/S, Denmark was used. To eliminate possible 
inteferences (complement, chylomicrons), the serum sam-
ples were pretreated by heating at 56°C for 30 min. and by 
the addition of polyethylene glycol 600 (16%, v/v 1/1) and 

trichloroacetic acid (10%, v/v 1/40). After overnight sedi-
mentation, the samples were centrifuged and CC16 was 
determined in supernatants.

Spirometry
The respiratory function measurements, vital capacity 
(VC), were taken during the routine medical examination.

Statistical analysis
Statistical analysis of the results involved the analyses of 
r-Pearson correlation coefficients and multiple linear re-
gression analysis with partial correlation coefficients. The 
relationship between continuous variables was examined 
by linear regression.

RESULTS

Figure 1 shows the flowchart of neurological and neuro-
physiological examinations. The prevalence of subjective 
neurological symptoms and neurophysiological perfor-
mances (EEG and VEP) were studied. In neurological 
examinations, functional disorders of the nervous sys-
tem, complaints most frequently reported by the workers 
were as follows: increased emotional irritability (49.3%), 
headache (29.3%), sleepiness (14.7%), vertigo (12.0%), 
dysmnesia (12,0%), mood swings (12.0%), concentra-
tion difficulties (12.0%), anxiety and fear (9.3%), pains 
(13.3%) and limb paresthesia (13.3%). Any specific fea-
tures did not characterize headaches reported by workers. 
Their location, duration and time varied. In a large group 
of workers, headache occurred at work and subsided after 
leaving the production premises. However, in many cases, 
headache persisted even at rest and assumed the form of 
vasomotor pains. Headaches were often accompanied by 
vertigo, frequently intensified with the changed position of 
the body, but in general, they were not so acute as to lead 
to difficulties in walking or collapse. EEG yielded 30.5% 
abnormal and 69.5% normal recordings in the study 
group. Normal EEG recordings were characterized by the 
presence of alpha and beta rhythms as well as by the alpha 
rhythm blockade. The alpha rhythm frequency in those 
exposed was 9–11 Hz. The alpha wave amplitude varied, 
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and it accounted most frequently for about 40–60 µV. 
Beta activity of the frequency between 14 and 30 Hz and 
amplitude below 25 µV was another background rhythm. 
Recordings with 5% of symmetric slow free theta waves, 
frequency of 6–7 Hz in parietal leads, frequency of 4–6 Hz 
in anterior-temporal leads or deep structures and ampli-
tude below 40 µV were classified as normal EEG record-
ings. In abnormal EEG recordings, those with generalized 
changes predominated.
The individual assessment of the VEP results showed ab-
normalities in 22.0% of welders. In 13 persons, prolonged 
latency of the study components, and P100 component in 
particular (144 ms) along with interocular asymmetry in 
the latency of this component, were observed. In 3 cases 

with abnormal VEP, asymmetries in interocular P100 la-
tency exceeding 6 ms and decreased amplitude in single 
tests were found.
Table 1 summarizes the baseline characteristics of exam-
ined groups of the study population. Respiratory symptoms, 
VC, serum CC16 and Mn-B and Mn-U concentrations 
were examined in the study group of shipyard welders ex-
posed to Mn-containing welding fumes and in the control 
group. Both groups did not differ with respect to age and 
duration of employment. The integrated cigarette smoking 
index (cigarette pack per year) was higher in the control 
group than in welders. Mn concentration in the ambient air 
ranged from 0.001 mg/m3 to 0.17 mg/m3 in the control group 
and from 0.003 mg/m3 to 3.37 mg/m3 in the study group. The 
amount of Mn excreted with urine of subjects exposed to 
welding fumes did not significantly differ from that in the 
control group. Mn-B concentration in the exposed workers 
ranged from 1.5 µg/dm3 to 46 µg/dm3 and was higher than 
in non-exposed subjects. Smoking habits did not influence 
Mn-B and Mn-U concentrations in both groups.
The exposed welders were divided in seven subgroups ac-
cording to the results of neurophysiological examinations 
(Table 2). The workers with the longest employment dura-
tion who reported subjective neurological symptoms were 
characterized by the lowest VC and high Mn-B levels (Fig. 
2). Abnormal results of neurophysiological testes (EEG 
and VEP) were found in a very small group of the young-
est welders with statistically shortest employment duration 
who showed the lowest CC16, the highest Mn-B levels and 
the highest Mn air geometric mean levels xg >0.3 mg/m3, 
exceeding Polish TLV.
Table 3 shows the results of the analyzed r-Pearson 
correla tion coefficients of CC16 with markers of expo-
sure to Mn in the air and cumulative exposure index (Mn 
mg/m3 • years of exposure) in shipyard welders with sub-

Fig. 1. Flowchart of neurological and neurophysiological examination 
of shipyard welders.

Table 1. Age, duration of employment and exposure indices in the study group exposed to welding fumes and controls

Group n Age
Duration of 
employment

Index of smoking 
(cigarette pack-years)

Mn in the air
(mg/m3)

Mn-B
(µg/dL)

Mn-U
(µg/g creatinine)

Study group 59  40.6 ± 9.9  19.7 ± 9.9  6.9 ± 9.1  0.59 ± 0.85* 11.42 ± 8.37 0.41 ± 0.36 

Controls 23  41.5 ± 10.7  23.2 ± 11.4  13.9 ± 20.2  0.002 ± 0.002  6.07 ± 2.3 0.39 ± 0.30

Mean values ± SD; * P < 0.05 vs. controls; Mn-B – blood Mn concentration; Mn-U – urine Mn concentration.
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Table 2. Characteristics of the study group by the type of nervous system disorders compared with controls

Neurological subjective 
symptoms and abnormal

results of
neuropysiological tests

Study group
Controls
(N = 23)CNS

(N = 16)
CNS, EEG

(N = 8)
EEG

(N = 7)
VEP, EEG

(N = 3)
VEP

(N = 5)
CNS,VEP
(N = 5)

O – normal
(N = 15)

Age (years) 43.3 ± 8.2 43.6 ± 9.4 36.1 ± 7.8 26.7 ± 0.6* 35.4 ± 10.4 40.0 ± 13.9 39.0 ± 10.8 41.5 ±10.7

Employment duration
(years)

21.9 ± 11.3 22.1 ± 12.4 15.4 ± 6.1  6.0 ± 3.5* 14.0 ± 10.8 18.2 ± 15.7 17.6 ± 11.9 23.2 ± 11.4

Exposure to Mn (mg/m3)  0.23 ± 0.47  0.56 ± 0.81  0.55 ± 0.94  0.40 ± 0.17  0.71 ± 1.11  0.33 ± 0.44  0.54 ± 1.01 0.02 ± 0.02

Smokers (pack-years)  7.9 ± 9.2  5.9 ± 8.8  4.8 ± 7.2  2.0 ± 3.5 10.2 ± 19.6  4.0 ± 8.9 11.3 ± 9.9 13.9 ± 20.2

Spirometric parameter:

VC 82.6 ± 15.5* 81.4 ± 8.7* 87.6 ± 14.4 88.4 ± 7.2 91.0 ± 14.3 83.0 ± 4.2 96.5 ± 8.8 100.5 ± 13.7 

Biomarkers:

CC16, µg L-1 14.7 ± 7.3 15.1 ± 6.3 14.6 ± 5.9  9.9 ± 1.7 12.1 ± 4.7 17.8 ± 4.3 15.1 ± 7.0 15.6 ± 5.3

Mn-B, µg dL-1 12.8 ± 12.3 10.6 ± 2.8* 10.6 ± 4.9 13.7 ± 12.6  8.4 ± 5.5  9.0 ± 1.6*  9.2 ± 4.7 6.1 ± 2.3

Mn-U, µg g creatinine  0.46 ± 0.42  0.30 ± 0.14  0.30 ± 0.12  0.23 ± 0.06  0.22 ± 0.03*  1.08 ± 1.03  0.44 ± 0.40 0.38 ± 0.3

Mean values ± SD; * P < 0.05 vs. controls;  VC – vital capacity; other abbreviations as in Fig. 1 and Table 1.

Table 3. Correlation coefficients of CC16 with markers for manganese exposure, Mn mg/m3, and cumulative exposure index (CEI, Mn mg/m3 • years)

Correlation 
coefficient

Study subgroups
Pooled subgroups with abnormal

VEP + EEG + CNS

Controls
(N = 23)

CNS
(N = 16)

CNS, 
EEG

(N = 8)

EEG
(N = 7)

VEP, 
EEG

(N = 3)

VEP
(N = 5)

CNS,VEP
(N = 5)

Normal 
test

(N = 15)

(VEP, EEG)
+

VEP
(N = 8)

(VEP, EEG)
+

(CNS,VEP)
(N = 8)

(CNS,VEP)
+

VEP
(N = 10)

CC16 (Mn mg/m3) -0.02
(0.99)

0.01
(0.96)

0.05
(0.96)

0.31
(0.49)

0.64
(0.56)

0.83
(0.08)

0.12
(0.85)

-0.99
(0.74)

0.82
(0.015)

0.02
(0.96)

0.33
(0.35)

CC16
(Mn mg/m3 • year)

-0.11 -0.05 -0.26 0.35 -0.53 0.85 0.38 0.15 0.83 0.37 0.38

(0.63) (0.86) (0.53) (0.45) (0.65) (0.07) (0.53) (0.61) (0.01) (0.36) (0.28)

Percentage vs. respective control values. Statistically different from the control group, p < 0.05. Abbreviations as in Fig. 1.

Fig. 2. Comparative study of biomarkers for Mn in blood (Mn-B), Mn in urine (Mn-U), vitalcapacity (VC), and CC16 in workers with neurological 
subjective symptoms (CNS), abnormal neurophysiological EEG and visual ewoked potential (VEP) results. Abbreviations as in Fig. 1.
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jective symptoms, and divided into subgroups according 
to neurophysiological examination results. To improve 
the statistical power of r-Pearson analysis we also exam-
ined the group of welders pooled by neurophysiological 
and other results. The highest values of correla tion coef-
ficients were found only in welders characterized by ab-
normal neurophysiological tests, VEP (r = 0.83) and VEP 
and VEP+EEG (r = 0.82). In multiple linear regression 
analysis from all analyzed subgroups, the pooled subgroup 
with only abnormal neurophysiological tests, VEP and 
EEG, also showed the highest values of partial correlation 
(Table 4). This table also shows partial correlation coffi-
cients between Mn in the air, CEI (Mn mg/m3•. years) and 
CC16, Mn-B and Mn-U in VEP and VEP+EEG groups. 
It was found that the highest partial correlations were be-
tween the magnitude of exposure – Mn mg/m3, CEI and 
Mn-B concentration (R2 = 0.72, R2 = 0.66) as well as be-
tween CC16 pulmonary biomarker effects and Mn-B con-
centration (R2 = 0.51).

DISCUSSION

It is well documented that the central nervous system is 
the critical target organ of chronic exposure to manga-
nese, which is manifested by neurobehavioral symptoms 
and neurological signs characteristic of an extrapyramidal 
syndrome, which has several similarities to Parkinson’s 
disease [33–37]. Biomonitoring of Mn exposure is still 
a crucial problem in toxicology [38–41]. Furthermore, 

no biochemical indicator is available for the detection of 
early neurotoxic Mn effects. Nowadays, neurofunctional 
examinations (e.g., measurements of visual reaction time, 
eye-hand coordination, hand steadiness) represent the 
most sensitive approach to this issue [33,34,37]. In our pre-
vious study of neurotoxic effect of exposure to aluminum 
foundry fumes [42], we found in the youngest workers 
early abnormal changes in neurophysiological test (VEP), 
the highest levels of serum aluminum levels and the low-
est CC16 and Fe concentrations. In the literature, there is 
lack of information on the significance of Clara cells pro-
tein in Mn exposure and neurotoxicity.
The present study carried out in the group of welders 
pointed to changes in neurophysiological test – VEP. In 
subgroups selected according symptoms and neurophysi-
ological abnormal results (Fig. 1), a statistically significant 
association was found between CC16 and current Mn 
concentrations in the air and even more significant asso-
ciation between CC16 and CEI in the VEP and pooled 
(VEP,VEP+EEG) groups (Table 3). In a small group of 
welders with VEP and EEG, these changes depended on 
blood concentration of 12.7 µg Mn/dL, which correspond-
ed with Mn concentration in the air xg = 0.35 mg Mn/m3. 
It should be added that TLV value in Poland accounts for 
0.3 mg Mn/m3. The results confirm the potential risk of 
neurological changes in workers occupationally exposed 
to manganese. However, in these subjects, the lowest 
serum CC16 concentration (Table 2) as well as positive 
correlation between CC16 and the level of Mn exposure 
were observed (Table 3). It was concluded that lung injury 
induces a decrease in 16 kDa Clara cell protein in bron-
choalveolar lavage fluid owing to a reduced protein pro-
duction by damaged Clara cells, and an increase in serum 
protein levels, resulting from its enhanced leakage across 
the infracted bronchoalveolar/blood barrier in high lung 
irritant exposure [43]. This observation was confirmed in 
our previous study of shipyard welders [21].
It should be noted that although exposure to welding 
fumes is associated with exposure to nanoparticles, it is 
not sufficiently documented in the literature [10], but it 
may suggest the relationship between the respiratory and 
neurologal systems. Nanoparticles may enter cells of re-

Table 4. Multiple linear regression of Mn in the air, cumulative expo-
sure index (CEI) – (Mn mg/m3 • year), CC16 with Mn-B and Mn-U in 
welders with abnormal results of neurophysiological tests, VEP and 
(VEP+EEG)

(VEP+EEG) + VEP (n=8)

Partial correlation t-student P

Mn mg/m3 (Mn-B) 0.72 5.81 0.03

Mn mg/m3 (Mn-U) 0.30 2.48 0.13

CEI, Mn mg/m3 • y (Mn-B) 0.66 7.93 0.01

CEI, Mn mg/m3 • y (Mn-U) 0.32 3.85 0.61

CC16 (Mn-B) 0.51 1.69 0.23

CC16 (Mn-U) 0.06 0.22 0.85

Mn mg/m3 – R2 = 0.97; CEI, Mn mg/m3 • years – R2 = 0.99; CC16 – R2 = 0.82.
Abbreviations as in Fig. 1 and Table 1.
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spiratory epithelium and thus also Clara cells [11], trans-
locate through cell membranes and pass the blood brain 
barrier. In recent years, the classical tests for lung injury 
have changed the endpoint testing for induction of oxi-
dative stress, cell activation and signaling, and release of 
inflammatory mediators [15]. The consideration of dose-
-response relationship in the toxicology of nanoparticles is 
a significant problem. Concentration of nanoparticles and 
resulting total an extensive surface area determine their 
interactions with biological systems [44,45].
In the reviev of manganese neurotoxicity, Verity [36] pro-
poses a multifactor hypothesis on coupling of Mn2+ uptake 
with coincident transport of aluminum and iron. Selectivity 
of dopaminergic neurons is dependent upon interactions 
of Mn2+ with dopamine transport and the role of Mn2+ 
as a pro-oxidative toxicant in conjunction with changes in 
Fe concentration. The assumption that manganese at low 
exposure levels is one of possible mechanisms, by which 
certain protective lung functions could be disturbed and 
thus making the organism more susceptible to infections 
is supported by toxicological studies [46].
The effects of long-term Mn exposure on the respiratory 
system in workers have been discussed in numerous stud-
ies [16,19,33,47].
The respiratory effects found in Mn-exposed workers, prob-
ably caused by magnesium present at workplaces and smok-
ing are not synergistic, but the longer duration of employment 
is linked to abnormal subjective symptoms (Table 2). In our 
study, it was confirmed that Mn exposure increased Mn-B 
concentration (Tables 1 and 2, Fig. 2). It should be empha-
sized, however, that in the study carried out by Roels et al. 
[34] it was not yet possible to identify a biological marker for 
assessing the intensity of exposure to Mn or its concentration 
in the target organ. Evaluation of individual exposure to Mn 
is thus best carried out by its concentration monitoring in total 
and respirable dust in the breathing zone of the workers. This 
fact has been explained by very efficient homeostatic mecha-
nisms that prevent large fluctuations of Mn concentration in 
whole blood since Mn is mainly excreted by the biliary route.
Clewell et al. [37] after reviewing the scientific evidence on 
Mn toxicity, determined the most appropriate measure of 
exposure to airborne Mn that induces subclinical effects, 

which are more related to the most recent exposure and 
respirable particulates, and calculated benchmark concen-
trations for eight endpoints ranging from 0.09 to 0.27 mg 
Mn/m3.
In our study, multiregression analysis revealed strong par-
tial correlation between airborne Mn slightly exceeding 0.3 
mg Mn/m3, CEI, CC16 and Mn-B concentrations, evoked 
subtle, subclinical symptoms manifested by neurological 
endpoints tested by VEP and EEG (Table 4).
Those facts support our opinion that in young welders, 
not yet adapted to work in exposure, VEP+EEG abnor-
mal tests correlated with Mn-B and serum CC16 levels, 
which may explain suppressing anti-inflammatory effects 
of CC16 in the respiratory tract in these conditions.
Increased Mn-B levels may indicate carrier-mediated brain 
entry. Considering carrier-mediated brain influx, repeated ex-
cessive Mn exposure should produce higher Mn accumulation 
in the brain demonstrated by subclinical symptoms [48–51].

CONCLUSIONS

The subclinical effects revealed in neurological endpoints 
and abnormal results of neurophysiological tests, VEP 
and EEG, confirmed that those sensitive tests could be 
used for the detection of early effect of exposure to low 
manganese concentration.
Inhibition of Clara cell protein secretion in younger welders 
not adapted to the Mn environment suppresses anti-inflam-
matory effect in the respiratory tract and probably enhances 
the absorption and thus the incidence of subclinical neuro-
toxic symptoms related to airborne Mn and Mn-B levels.

ACKNOWLEDGEMENTS

Thanks are due to Mrs. A. Kubiak for her participation in 
technical procedures.

REFERENCES

1.  Sińczuk-Walczak H, Jakubowski M, Matczak W. Neurological and 

neurophysiological examination of workers occupationally exposed to 

manganese. Int J Occup Environ Health 2001;14:329–37.

O R I G I N A L  P A P E R S     T. HAŁATEK, ET AL.  

IJOMEH-3.indd   272IJOMEH-3.indd   272 2005-10-19   13:07:362005-10-19   13:07:36



IJOMEH 2005;18(3) 273

2.  Rodier J. Manganese poisoning in Moroccan mines. Br J Ind Med 

1955;12:21–35.

3.  Langauer-Lewowicka H, Jonderko G, Kujawska A. Clinical picture 

of chronic manganese poisoning, based on selected cases. Neur Neu-

rochir Pol 1972;6:547–52.

4.  Langauer-Lewowicka H, Kujawska A. Abnormalities in the nervous 

system in occupational poisoning by manganese, mercury and lead. 

Neur Neurochir Pol 1974;8:823–7.

5.  Krasilewicz R, Sinczuk-Walczak H, Starzyński Z. Encelophaty in 

chronic manganese poisoning. The Proceeding of the 30th Meeting 

of Polish Psychiatrics; 1970 May 14–16; Katowice, Poland. Warsaw: 

Polish Asocciation of Psychiatrics; 1970.

6.  Prusiński A. Occupational diseases of the nervous system. Warsaw: 

Medical Publishers PZWL; 1971

7.  Update and revision on the WHO Air Quality Guidelines for Europe. 

Manganese. Vol 2. Geneva: World Health Organization; 1996.

8.  Lucchini R, Albini E, Placidi D, Gasparotti R, Pigozzi MG, Mon-

tani G, et al. Brain magnetic resonance imaging and manganese expo-

sure. Neurotoxicology 2000;21:769–76.

9.  Nelson K, Golnic J, Korn T, Angle C. Manganese encephalophaty: util-

ity of early magnetic resonance imaging. Br J Ind Med 1993;50:510–3.

10.  Aitken RJ, Creely KS, Tran CL Nanoparticles: An Occupational hy-

giene review nanomaterials a risk to health at work? The Proceeding 

of the First International Symposium on Occupational Health Im-

plications of Nanomaterials; 2004 Oct 12–14; Palace Hotel, Buxton, 

Derbyshire,UK [cited 2005 Sept 1]. Buxton, Derbyshire: Health and 

Safety Laboratory. Available from: http://www.hsl.gov.uk/capabil-

ites/nanoymrep_final.pdf.

11.  Kreyling WG, Semmler M, Erbe F, Mayer P, Takenaka S, Schulz H, 

et al. Translocation of ultrafine insoluble iridium particles from lung 

epithelium to extrapulmonary organs is size dependent but very low. 

J Toxicol Environ Health A 2002;65:1513–30.

12.  Oberdörster G, Sharp Z, Atudorei V, Elder ACP, Gelein R, Lunts 

A, et al. Extrapulmonary translocation of ultrafine carbon particles 

following whole-body inhalation exposure of rats. J Toxicol Environ 

Health A 2002;65:1531–43

13.  Oberdörster G, Oberdörster E, Oberdörster J. Nanotoxicology: 

An emerging discipline evolving from studies of ultrafine particles. 

Environ Health Perspect, 2005;113:823–39.

14.  Oberdörster G, Sharp Z, Atudorei V, Elder A, Gelein R, Kreyling 

W, et al. Translocation of inhaled ultrafine particles to the brain. Inha-

lation Toxicol 2004;16:437–45.

15.  Oberdörster E. Manufactured nanomaterials (fullerenes, C60) in-

duce oxidative stress in the brain of juvenile largemouth bass. Environ 

Health Perspect 2004;112:1058–62.

16.  Akbar-Khanzadeh F. Short-term respiratory function changes in re-

lation to workshift welding fume exposures.Int Arch Occup Environ 

Health 1993;64:393–7.

17.  Fairfax RE. Manganese exposure during welding operations. Appl Oc-

cup Environ Hyg 1994;9:537–8.

18.  Hunting KL, Welch LS. Occupational exposure to dust and lung dis-

ease among sheet metal workers. Brit J Ind Med 1993;50:432–42.

19.  Antonini JM, Taylor MD, Zimmer AT, Roberts JR. Pulmonary re-

sponses to welding fumes: role of metal constituents. J Toxicol Envi-

ron Health A 2004;67:233–4.9

20.  Jorens PG, Sibille Y, Goulding NJ, Van Overveld FJ, Herman AG, 

Bossaert L, et al. Potential role of Clara cell protein, an endogenous pho-

spholipase A2 inhibitor, in acute lung injury. Eur Resp J 1995;8:1647–53.

21.  Hałatek T, Trzcinka-Ochocka M, Matczak W, Krajewska B. Studies 

on the relationship between occupational exposure to welding fumes 

and serum Clara cell protein levels in shipyard workers.Trace Element 

Electrolytes 2000;17:48–53.

22.  Hałatek T, Wrońska-Nofer T, Gruchała J, Trzcinka-Ochocka M, 

Stetkiewicz J, Rydzyński K. Pneumotoxic effects of welding fumes: 

cross-week evaluation of Clara cell protein and manganese in blood of 

shipyard workers. Trace Element Electrolytes 2004;21:16–22.

23.  Lesur O, Bernard A, Begin R. Clara cell protein (CC16) as surfac-

tant-associated protein A (SP-A) in asbestos-exposed workers. Chest 

1996;109:467–74.

24.  Bernard AM, Gonzalez-Lorenzo JM, Siles E, Trulillano G, Lau-

werys R. Early decrease of serum Clara cell protein in silica-exposed 

workers. Eur Resp J 1994;7:1932–7.

25.  Bernard A, Roels H, Buchet JP, Lauwerys R. Serum Clara cell 

protein: an indicator of bronchial cell dysfunction caused by tobacco 

smoking. Environ Res 1994;66:96–104.

26.  Singh G, Katyal SL. Clara cells and Clara cell 10 kD protein (CC10). 

Am J Respir Cell Mol Biol 1997;17:141–3.

27.  Hermans C, Bernard A. Pneumoproteinaemia: a new perspective in 

the assessment of lung disorders. Eur Respir J 1998;11:801–3.

28.  Majkowski J. Atlas of electrroencephalography. Warsaw: Medical 

Publishers PZWL; 1991.

29.  PN-:-04008-7:2002 on air purity protection. Sampling methods. Prin-

ciples of air sampling in work place and interpretation of results. War-

saw: Polish Committe for Standardization; 2002.

30.  Tholin K, Sandstrom B, Palm R, Hallmans G. Changes in blood 

manganese levels during pregnancy in iron supplemented and non-

-supplemented women. J Trace Element Med Biol 1995;9:13–7.

31.  The THGA Graphite Furnace: Techniques and Recommended Condi-

tions for Manganese. Part no. B 050-553; Publication B 3210. Űber-

lingen: Perkin Elmer; 1992.

NEUROLOGICAL AND RESPIRATORY SYMPTOMS IN MN EXPOSED WELDERS    O R I G I N A L  P A P E R S

IJOMEH-3.indd   273IJOMEH-3.indd   273 2005-10-19   13:07:362005-10-19   13:07:36



IJOMEH 2005;18(3)274

32.  Hałatek T, Jakubowski M. Latex-immunological method of determi-

nation of micromolecular proteins and albumin in urine. 1. Descrip-

tion of the method. Med Pr 1991;42:77–87 [in Polish].

33.  Roels H, Lauwerys R, Buchet JP, Genet P, Sarhan MJ, Hanotiau I, 

et al. Epidemiological survey among workers exposed to manganese: 

effects on lung, central nervous system, and some biological indices. 

Am J Ind Med 1987;11:307–27.

34.  Roels HA, Ghyselen P, Buchet JP, Ceulemans E, Lauwerys RR. 

Assessment of the permissible exposure level to manganese in workers 

exposed to manganese dioxide dust. Br J Ind Med 1992;49:25–34.

35.  Barceloux DG. Manganese. J Toxicol Clin Toxicol 1999;37:293–

307.

36.  Verity MA. Manganese neurotoxicity: a mechanistic hypothesis. Neu-

rotoxicology 1999;20(2–3):489–97.

37.  Clewell HJ, Lawrence GA, Calne DB, Crump KS. Determination of 

an occupational exposure guideline for manganese using the bench-

mark method. Risk Anal 2003; 23(5):1031–46.

38.  Bencko V, Cikrt M. Manganese: a review of occupational and en-

vironmental toxicology. J Hyg Epidemiol Microbiol Immunol 

1984;28:139–48.

39.  Buchet JP, Magos C, Roels H, Ceulemans E, Lauwerys R. Urinary 

excretion of homovanillic acid in workers exposed to manganese. Int 

Ar Occup Environ Health 1993;65:131–3.

40.  Bader M, Dietz MC, Ihrig A, Triebig G. Biomonitoring of manga-

nese in blood, urine and auxillary hair following low-dose exposure 

during the manufacture of dry cell batteries. Int Ar Occup Environ 

Health 1999;72:523–7.

41.  Apostoli P, Lucchini R, Alessio L. Are current biomarkers suitable for 

the assessment of manganese exposure in individual workers? Am J 

Ind Med 2000;37:283–90.

42.  Hałatek T, Sińczuk-Walczak H, Rydzyński K. Prognostic significance 

of low level serum Clara cells phosholipid-binding protein in alumini-

um neurotoxicity. J Inorg Biochem 2005;99:1904–11.

43.  Hermans C, Knoops B, Wiedig M, Arsalane K, Toubeau G, Fal-

magne P, et al. Clara cell protein as a marker of Clara cell damage and 

bronchoalveolar blood barrier permeability. Eur Respir J 1999;13:1014–

21.

44.  Brown DM, Wilson MR, MacNee W, Stone V, Donaldson K. Size 

dependent proinflammatory effects of ultrafine polystyrene particles: 

a role for surface area and oxidative stress in the enhanced activity of 

ultrafines. Toxicol Appl Pharmacol 2001;175:191–9.

45.  Höhr D, Steinfartz Y, Schins RP, Knaapen AM, Martra G, Fubini 

B, et al. The surface area rather than the surface coating determines 

the acute inflammatory response after instillation of fine and ultrafine 

TiO2 in the rat. Int J Hyg Environ Health 2002;205:239–44.

46.  Saric M, Piasek M. Environmental exposure to manganese and com-

bined exposure to gaseous upper respiratory irritants: mechanism of ac-

tion and adverse health effects. Rev Environ Health 2000;15:413–9.

47.  Boojar MM, Goodarzi F. A longitudinal follow-up of pulmonary 

function and respiratory symptoms in workers exposed to manganese. 

J Occup Environ Med 2002;44(3):282–90.

48.  Crossgrove JS, Allen DD, Bukaveckas BL, Rhineheimer SS, Yokel 

RA. Manganese distribution across the blood-brain barrier. I. Evidence 

for carrier-mediated influx of managanese citrate as well as manganese 

and manganese transferrin. Neurotoxicology 2003;24(1):3–13.

49.  Yokel RA, Crossgrove JS, Bukaveckas BL. Manganese distribution 

across the blood-brain barrier. II. Manganese efflux from the brain does 

not appear to be carrier mediated. Neurotoxicology 2003;24:15–22.

50.  Crossgrove JS, Yokel RA. Manganese distribution across the blood-

brain barrier III. The divalent metal transporter-1 is not the major 

mechanism mediating brain manganese uptake. Neurotoxicology 

2004;25(3):451–60.

51.  Yokel RA, Crossgrove JS. Manganese toxicokinetics at the blood-

brain barrier. Res Rep Health Eff Inst 2004;1197–58.

O R I G I N A L  P A P E R S     T. HAŁATEK, ET AL.  

IJOMEH-3.indd   274IJOMEH-3.indd   274 2005-10-19   13:07:372005-10-19   13:07:37




