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Abstract
The MRI technique has been used in diagnosis of manganism in humans and non-human primates. This cross-sectional study was designed to

explore whether the pallidal signal intensity in T1-weighted MRI correlated with Mn levels in the blood compartment among Mn-exposed workers

and to understand to what extent the MRI signal could reflect Mn exposure. A group of 18 randomly selected male Mn-exposed workers of which

13 were smelting workers with high exposure (mean of airborne Mn in work place: 1.26 mg/m3; range: 0.31–2.93 mg/m3), and 5 power distribution

control workers with low exposure (0.66 mg/m3 and 0.23–0.77 mg/m3) from a ferroalloy factory, and another group of 9 male subjects as controls

from a non-smelting factory who were office or cafeteria workers (0.01 mg/m3 and 0–0.03 mg/m3) were recruited for neurological tests, MRI

examination, and analysis of Mn in whole blood (MnB), plasma (MnP) or red blood cells (MnRBC). No clinical symptoms and signs of manganism

were observed among these workers. MRI data showed average increases of 7.4% ( p < 0.05) and 16.1% ( p < 0.01) in pallidal index (PI) among

low- and high-exposed workers, respectively, as compared to controls. Fourteen out of 18 Mn-exposed workers (78%) had intensified PI values,

while this proportion was even higher (85%) among the high Mn-exposed workers. Among exposed workers, the PI values were significantly

associated with MnRBC (r = 0.55, p = 0.02). Our data suggest that the workers exposed to airborne Mn, but without clinical symptoms, display an

exposure-related, intensified MRI signal. The MRI, as well as MnRBC, may be useful in early diagnosis of Mn exposure.

# 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Severe manganese (Mn) intoxication (manganism) causes

irreversible neurodegenerative parkinsonian syndromes

which can be recognized and characterized by patient’s

clinical manifestations (Aschner et al., 1999; Crossgrove and

Zheng, 2004; Huang et al., 1998). Because there is scarcely
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any effective treatment for manganism, the early diagnosis of

Mn neurotoxicity, particularly with low-level Mn exposure in

occupational settings, has become critical in disease

prevention and possibly clinical intervention. Recent clinical

research efforts have been devoted to exploring the utility of

magnetic resonance imaging (MRI) technique to identify

brain regional Mn status among Mn-exposed workers (Kim,

2004; Kim et al., 1999c; Lucchini et al., 1999, 2000; Shinotoh

et al., 1995) or to seek biochemical markers that are

associated with Mn exposure (Husain et al., 2001; Lu et al.,

2005).
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MRI identification of brain regional Mn accumulation takes

advantage of the paramagnetic properties of Mn, which allows

the shortening of the T1 relaxation time and hence increases the

signal intensity unique to Mn ions. An increased T1-weighted

Mn signal in the globus pallidus area has been found among

workers occupationally exposed to Mn (Dietz et al., 2001; Kim

et al., 1999b; Lucchini et al., 2000; Nelson et al., 1993), in

patients receiving long-term total parenteral nutrition (Alves

et al., 1997; Ejima et al., 1992; Fell et al., 1996; Fredstrom et al.,

1995; Iwase et al., 2000; Komaki et al., 1999; Nagatomo et al.,

1999; Quaghebeur et al., 1996), and in clinical cases reported

with hepatic failure (Butterworth et al., 1995; Chetri and

Choudhuri, 2003; Hauser et al., 1994; Hazell and Butterworth,

1999; McKinney et al., 2004; Spahr et al., 2002). While in

animal models the MRI intensity has been linked to external

Mn exposure (Eriksson et al., 1992; Kim et al., 1999a;

Misselwitz et al., 1995; Newland et al., 1989a,b; Shinotoh et al.,

1995), the question as to how the change in MRI signals in

humans is associated with external exposure conditions and

whether this consequentially leads to alternations of the internal

Mn exposure indices or the fluctuation in blood chemistry

remains elusive.

Historically, biological monitoring of internal Mn exposure

has relied on determination of Mn concentrations in the whole

blood, serum or plasma. One of the perplexing problems in

clinics is that blood levels of Mn usually poorly reflect the body

burden of Mn and the ensuing disease status. There is a

discrepancy between blood Mn levels and intracellularly

distributed tissue Mn contents. For example, the terminal-phase

elimination half life (t1/2) following i.v. injection of MnCl2 in rats

is only about 2 h; such a short half life, in theory, would not result

in the accumulation of Mn in the body (Zheng et al., 2000).

However, tissue analyses suggest that the biological half life of

Mn in brain tissues is between 51 and 74 days (Newland et al.,

1987; Takeda et al., 1995). Thus, it is possible that the

intracellular binding and sequestration of Mn ions may prevent

the metal from migration to the extracellular space. As such, a

simple measurement of extracellular Mn such as in plasma or

serum may not accurately reflect Mn concentrations in the blood

compartment, including blood cells. Additionally, Mn is known

to be transported by the transferrin receptor (TfR) and/or divalent

metal transporter (DMT1) (Crossgrove and Zheng, 2004). Both

transporters have been identified in the RBC (Andrews, 1999;

Poola et al., 1990; Weiss et al., 1997). Thus, it is reasonable to

postulate that Mn in the blood compartment may tend to

accumulate in the blood cells, leaving less in the extracellular

fluid of plasma or serum. Thus, a direct analysis of Mn in the

blood cells, e.g. in red blood cells (RBC), is deemed necessary.

This study was designed to investigate the relationship

between MRI signal intensities in brains and Mn concentrations

in the RBCs among active smelting workers. Most studies prior

to this work on MRI and Mn exposure were conducted on

exposed welders (Josephs et al., 2005; Kim et al., 1999c;

Nelson et al., 1993; Ono et al., 2002). Since the welding fumes

generated during the welding process possesses at least 13

metals (Li et al., 2004), the exposure to multiple metals, notably

iron (Fe), may complicate the exposure scenario for accurate
assessment of Mn exposure. In addition, the welders’ job

assignments vary frequently between indoor and outdoor

environments and amid open or closed compartments, bringing

about the day-to-day variations in exposure conditions. Thus,

we chose smelting workers whose job assignments are more

stable and whose exposure scenario is relatively less

complicated than those of welders. For example, our

occupational air monitoring data indicate that air samples of

smelting environment contain mainly MnO (20%) and SiO2

(22%), in addition to other trace metals including Fe2O3 (4%),

CaO (4.5%), MgO (4%) and Al2O3 (5%).

Specifically, this study was aimed at evaluating (1) if there

were changes in MRI signals in Mn-exposed smelting workers,

as compared to non-exposed control subjects, (2) whether the

prevalence of the increased MRI signal intensities correlated

with external Mn exposure indices, and (3) if there was an

association between MRI signal changes and Mn concentra-

tions in the whole blood, plasma, serum or RBCs.

2. Subjects and methods

2.1. Factory and production processes

The study site chosen was a ferroalloy manufacture

company located in the central region of Guangxi Province

and not adjacent to any other metal industries. This Group

Company has more than 10,000 employees. A subordinate

smelting factory, where smelting workers were recruited and air

Mn levels monitored, was selected for its day-to-day production

of ferroalloy. The smelting workshop has more than 2000

workers working in front of smelting furnaces who have a direct

exposure to airborne Mn and about 100 workers in a power

distribution/control room, which is located within the smelting

workshop but in a separate room.

For comparative purposes, the workers in another factory

within the same ferroalloy industry group whose job functions

were not relevant to smelting, such as office or cafeteria

services, located 20 km upwind direction and in the same urban

area, was chosen as the control.

2.2. Study population

This is a cross-sectional study. A group of 18 male workers

in the ferroalloy factory were randomly selected as the exposed

group. Among them, 13 workers engaged in furnace smelting

who had direct exposure to a high level of airborne Mn were

considered as the high Mn-exposed group and 5 workers

working in the power distribution/control room with a low level

of Mn exposure were considered as the low Mn-exposed group.

The workers worked 7–8 h per day with the average employ-

ment history of 14 years (range: 5–33 years). A control group of

nine workers were then recruited, frequency-matched to the Mn

exposed group by age and years of employment, from a non-

smelting factory. The mean ages were 35.8 years (range: 25–55)

and 40.3 years (range: 27–54), respectively, for the Mn-exposed

group and controls. Both groups were also matched for

socioeconomic status (salary, education, etc.) and background
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Table 1

Summary of demographic data among Mn-exposed and control workers

Parameters Control Mn exposed

Low High Combine

Number of cases 9 5 13 18

Mean age (years) (95% CI) 40.3 � 9.2 (33.3–47.4) 42.8 � 9.6 (30.8–54.8) 33.2 � 8.8 (27.9–38.4) 35.8 � 9.8

Years in employment (95% CI) 17.6 � 8.0 (12.0–27.5) 21.6 � 11.1 (7.9–35.4) 11.3 � 9.1 (5.8–16.8) 14.1 � 10.5*

Initial working age (years) (95% CI) 21.0 � 2.9 (18.9–23.2) 21.4 � 2.5 (18.3–24.5) 22.2 � 3.9 (19.9–24.6) 22.0 � 3.5

Smoking (%) 33.3 40.0 46.2 44.4

Alcohol (%) 33.3 40.0 30.1 33.3

Airborne MnO2 (mg/m3) (95% CI) 0.01 (0–0.03) 0.66* (0.36–0.96) 1.26**~ (1.05–1.48) 0.60**

MnB (mg/mL) (95% CI) 0.04 � 0.02 (0.02–0.05) 0.05 � 0.01 (0.04–0.06) 0.05 � 0.03 (0.03–0.07) 0.05 � 0.03

MnP (mg/mL) (95% CI) 0.05 � 0.03 (0.04–0.08) 0.04 � 0.01* (0.03–0.05) 0.05 � 0.02 (0.04–0.07) 0.05 � 0.02

MnRBC (mg/mL) (95% CI) 0.14 � 0.01 (0.14–0.16) 0.15 � 0.02 (0.12–0.18) 0.16 � 0.05 (0.12–0.18) 0.15 � 0.04

Data represent mean � S.D. *p < 0.05, **p < 0.01 compared with the control workers; ~p < 0.01 compared with low-exposed workers. Note. The statistical

significance among groups was further analyzed by ANCOVA (see Table 4).
environmental factors (place of residence, etc.). These and

other demographic data of the study population are summarized

in Table 1.

Subjects in both groups at the time of interview had reported

no exposure to other toxic substances, radiation therapy, or

substance abuse. There were no statistically significant

differences in smoking and alcohol consumption between

the Mn-exposed workers and the controls (Table 1).

2.3. Collection of personal data and biological samples

The standardized interviews, clinical examinations, and

MRI evaluations took place in the First Affiliated Hospital of

Guangxi Medical University. The written informed consent

forms were obtained from all subjects prior to interview and

physical examination. A scheduled interview with a ques-

tionnaire lasting approximately 60 min was conducted by

trained interviewers to obtain detailed information on occupa-

tional history, job description, socioeconomic status, lifestyle,

and family and personal medical history. The participants were

asked to fast overnight prior to the study. Blood samples were

collected in the morning of the day of examination, followed by

neurological examination on the same day. One millilitre of

venous blood was drawn from a cubital vein into a heparinized

tube as the whole blood fraction; 0.5 mL of the whole blood was

used for testing routine blood parameters as well as

measurement of trace elements. Four millilitres of venous

blood was collected into a heparinized tube and maintained at

room temperature for 30 min. The sample was then centrifuged

at 600 � g/min for 5 min to separate the red blood cell (RBC)

fraction. The supernatant was collected as the plasma fraction.

All samples were stored at�20 8C until analyses. All test tubes

used in the study were free of metal contamination, as pre-

tested by atomic absorption spectrophotometry (AAS).

2.4. MRI examination

MRI examinations were performed using a 1.5 T Signa

superconducting system (Signa Horizon LX; GE Medical

Systems; Milwaukee, WI, USA) with a quadrature coil. The
method and result interpretation have been described in detail

by Kim et al. (1999c). In general, the spin echo (SE) technique

was applied with two acquisitions in the T1-weighted sequence

and one acquisition in the T2-weighted sequence. T1-weighted

images were acquired in the axial and sagittal planes by using

the following parameters: 466/14 [repetition time (TR)/echo

time (TE) ms] two excitations, a 22 cm field-of-view, a

256 � 160 matrix, and slice thickness of 7 mm. Axial T2-

weighted (TR/TE = 4000/100 ms) images were also obtained in

the similar manner. The signal intensity of the globus pallidus

relative to that recorded from frontal white matter was

subjectively evaluated by a radiologist without prior knowledge

of the disease status of the T1-weighted images. For

quantitative evaluation of signal intensities, the region of

interest (ROI) was placed in areas with the highest intensity by

visual assessment in the globus pallidus and the subcortical

frontal white matter. The pallidal index (PI), which is defined as

the ratio of the signal intensity in the globus pallidus (SIGP) to

that in the subcortical frontal white matter (SIFW) in axial T1-

weighted MRI planes multiplied by 100, was then estimated

(Krieger et al., 1995).

2.5. Air sample collection and analysis

For evaluation of the external exposure, the locations where

workers usually worked in the smelting workshop (15 sites), the

power distribution/control room (7 sites), or the offices or

cafeteria (10 sites) were identified. Airborne manganese

concentrations were determined in the breathing zones of

workers by station air samplers. Air samples were collected

using a Model BFC-35 pump equipped with a micro-porous

filter, which has a diameter of 40 mm and the pore size of

0.8 mm. Air flow was pumped at a flow rate of 5 L/min for

4 min 1 h after smelting started. At each monitoring site,

samples were collected in duplicates every other hour and two

more times in the same day (total 5 h). The mean values of all

four duplicated samples are presented in Table 1.

The filters were digested with 5 mL of HClO4–HNO3

mixture (1:9 v/v) at 200 8C. The dry residues were dissolved in

10 mL of 1% HCl. The solutions were diluted by 20–50-fold
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prior to AAS. Air Mn concentrations in working place were

determined by a model HITACHI Z-5000 flame atomic

absorption spectrophotometer (AAS) according to a China

National Standard Operation Protocol (GB/T16018-1995) for

occupational safety surveillance.

2.6. Determination of blood chemistry and metals in

biological samples

Levels of white blood cells (WBC), red blood cells (RBC),

hemoglobin (Hgb), haematocrit (Hct), mean corpuscular

volume (MCV), mean corpuscular hemoglobin (MCH), mean

corpuscular hemoglobin concentration (MCHC), platelets

(PIT), lymphocyte percentage (LY), and lymphocyte count

(LY#) among Mn exposed workers and control subjects were

determined by using well established routine assay procedures

in the hospital or an automated COULTER LH 750 Hematology

Analyzer (Beckman, USA).

Concentrations of Mn, Zn, Cu, Fe, Ca and Mg in the whole

blood, plasma, or RBC fractions were quantified by a model JY-

70PII inductively coupled plasma-atomic emission spectro-

photometer (ICP-AES, JY70P Type II, Jobin-Yvon Company,

France). Aliquots (0.1 mL) of samples were diluted (5–20-fold)

with an appropriate volume of 0.8% Triton X-100/0.5% EDTA

in distilled, deionized water prior to ICP-AES analysis. The

standard curves were established using freshly made metal

standards on the day of analysis. The detection limit of this

method was 0.3, 5.7, 3.9, 3.3 9.9, 0.6 ng/mL for Mn, Fe, Cu, Zn,

Ca and Mg, respectively.

2.7. Statistical analyses

Records of interviews and other reports were reviewed and

abstracted for demographic data. All data are expressed as the

mean � S.D. The data were initially analyzed using ANOVA

linear contract analysis. If the ANOVA showed an overall

significance at p < 0.05, Student’s t-test was used to identify the

significant differences among subgroups. Analysis of covariance

(ANCOVA) using Years in Employment as covariate was further

employed to analyze statistical significance among groups for

parameters such as air level of MnO2 (MnA), Mn in the whole

blood (MnB), Mn in plasma (MnP), Mn in RBC (MnRBC), white

blood cell counts (WBC), mean corpuscular hemoglobin

concentration (MCHC), signal intensity in globus pallidus

(SIGP), signal intensity in frontal white matter (SIFW) and PI.

Associations between the PI and MnA, MnRBC, SIGP or SIFW

in exposed workers were analyzed by stepwise multiple

regression analysis by controlling variables including age, years

in employment, initial working age, concentration of Mn, Zn, Cu,

Fe, Ca and Mg in the whole blood, plasma and RBC, and all

routine blood parameters. Statistical software SPSS/PC+ for

Windows (V.10.0) was used in data analysis.

2.8. Materials

Chemicals were obtained from the following sources: AAS

standards of all metals from Alfa Products (Danvers, MA,
USA). All reagents were of analytical grade, HPLC grade or the

highest available pharmaceutical grade.

3. Results

3.1. Airborne Mn levels in working zones

Table 1 summarizes the demographic characteristics of the

study population. There were no significant differences

between Mn-exposed workers and controls in their age, years

in employment, initial age at employment, smoking, and

alcohol consumption.

The maximum allowable concentration (MAC) and the

threshold limit value (TLV) for airborne Mn in the work place is

0.2 mg/m3, according to the Chinese Ministry of Public Health

(TJ36-79) and the American Conference of Governmental

Industrial Hygienists. In this cross-sectional study, the

geometric mean of airborne Mn concentrations in the furnace

smelting workplace (i.e., the high exposure group) was 1.3

(range: 0.3–2.9) mg/m3. Among 15 worksites monitored, 81%

had Mn exposure levels above the MAC value. The geometric

mean of Mn concentrations in the air of the power distribution/

control room (i.e., the low exposure group) was 0.7 (range: 0.2–

0.8) mg/m3; about 86% of the seven monitored worksites had

Mn exposure levels above the MAC value. These two geometric

means of the low and high exposure groups were 3.3-fold and

6.3-fold, respectively, above the MAC. It was noticed that the

air samples in the current study were taken during a summer

season when all windows in this semi-open designed smelting

workshop were open, allowing outdoor air flow to cool down

the workshop.

3.2. Blood chemistry and Mn concentrations in the whole

blood (MnB), Plasma (MnP) and red blood cells (MnRBC)

in Mn-exposed and control workers

Of 10 parameters monitored for blood chemistry of Mn-

exposed workers, all were in the normal range as compared to

control subjects (Table 2).

Concentrations of MnB, MnP, and MnRBC in Mn-exposed

workers were not statistically significantly different from those

in controls (Table 1), although a slight increase was observed in

MnRBC of high Mn-exposed workers. It is noteworthy that

MnRBC levels in both exposed workers and controls were

about three-fold higher than the values of MnB and MnP.

Moreover, the variations of MnRBC values (S.D./

mean � 100%) were found to be between 1 and 27% of the

means, whereas the variations of MnB or MnP were between 40

and 60% of the means, suggesting that the levels of MnRBC

were less variable than the traditional MnB and MnP.

3.3. MRI analysis and correlations between the PI and

MnB, MnP, or MnRBC

Among active smelting workers who were exposed to high

levels of airborne Mn, the T1-weighted MRI showed a distinct,

whitened signal in globus pallidus area (Fig. 1A). The enhanced
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Table 2

Routine blood parameters in Mn-exposed and control workers

Parameters Control Mn exposed

Low High Combine

Case number 9 5 13 18

WBC (�109 L�1) 6.56 � 0.75 7.40 � 1.29 6.35 � 0.97* 6.64 � 1.14

RBC (�1012 L�1) 5.03 � 0.56 5.08 � 0.18 5.40 � 0.69 5.31 � 0.61

Hgb (g/L) 145 � 15.8 151 � 8.08 145 � 12.3 147 � 11.4

Hct (%) 43.6 � 3.85 45.1 � 2.40 44.4 � 3.35 44.6 � 3.06

MCV (fL) 87.5 � 10.1 88.8 � 3.74 83.0 � 8.25 84.6 � 7.64

MCH (pg) 29.1 � 3.81 29.8 � 1.16 27.1 � 3.20 27.9 � 3.01

MCHC (g/L) 332 � 9.86 335 � 2.59 326 � 7.61~ 329 � 7.66

PIT (�109 L�1) 197 � 73.2 225 � 40.8 203 � 36.9 209 � 38.1

LY (%) 34.6 � 5.85 32.4 � 3.55 36.1 � 3.80 35.0 � 4.00

LY# (�109 L�1) 2.26 � 0.34 2.40 � 0.55 2.28 � 0.25 2.31 � 0.35

Data represent mean � S.D. ~p < 0.05 compared with low-exposed workers. The statistical significance among groups for WBC and MCHC was further analyzed by

ANCOVA (see Table 4). WBC, white blood cell counts; RBC, red blood cell counts; Hgb, hemoglobin; Hct, hematocrit; MCV, mean corpuscular volume; MCH, mean

corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; PIT, platelet; LY, lymphocyte percentage; LY#, lymphocyte counts.

Table 3

Pallidal index (PI) of brain T1-weighted MRI among Mn-exposed and control workers

Group n Workers with increased PI (%) SIGP (mean � S.D.) SIFW (mean � S.D.) PI (mean � S.D.)

Control 9 0 (0.0) 428.5 � 15.0 419.4 � 15.2 102.2 � 1.5

Mn-exposed 18 14 (77.8)** 529.1 � 71.0** 453.8 � 33.6 116.2 � 8.4**

Low-Mn 5 3 (60.0) 466.3 � 27.5## 425.0 � 26.7# 109.8 � 4.5*#

High-Mn 13 11 (84.6) 533.3 � 67.9** 464.9 � 29.8* 118.7 � 8.4**

<5 years 5 3 (60.0) 515.6 � 72.0 450.6 � 25.9 114.1 � 9.9

5–10 years 4 4 (100) 572.2 � 61.6 464.7 � 30.6 123.0 � 7.2

>10 years 4 4 (100) 581.3 � 61.7 483.0 � 30.5 120.1 � 5.8

Data represent mean � S.D. *p < 0.05, **p < 0.01, compared with control group; #p < 0.05, ##p < 0.01, compared with high-exposed group. Note. The statistical

significance among groups was further analyzed by ANCOVA (see Table 4). SIGP, signal intensities of globus pallidus; SIFW, signal intensities of frontal

white matter.

Table 4

Statistical significance among control, low-exposed, and high-exposed workers

for critical parameters by ANCOVA

Variables F-value (d.f.) p

MnO2 31.09 (2) 0.000**

MnB 0.361 (2) 0.701

MnRBC 0.337 (2) 0.717

MnP 3.110 (2) 0.064

WBC 1.943 (2) 0.166

MCHC 2.743 (2) 0.085

SIGP 15.78 (2) 0.000**

SIFW 9.513 (2) 0.001**

PI 15.43 (2) 0.000**

Values were analyzed by ANCOVA by controlling years of employment as

covariate. F-value, value of covariance analysis; d.f., degree of freedom; p, level

of significance. For air MnO2, SIGP, SIFW, and PI, there existed statistically

significant differences among groups.
** Highly significant.
signal was also evident among low Mn-exposed workers

(Fig. 1B). The prevalence of enhanced T1-weighted MRI

signals was 60 and 85% among low and high Mn-exposed

workers, respectively, with 100% occurrence among smelting

workers who had more than 5 years of working experience

(Table 3).

The pallidal indices (PI), as calculated in reference to the

signal intensity in the subcortical frontal white matter (SIFW),

were increased by 7.4 and 16.1%, respectively, in the low and

high Mn-exposed workers as compared to control workers

( p < 0.05). Among high Mn-exposed workers with 5–10 years

of working experience, the PI values were increased by 20% as

compared to that of non-exposed workers (Table 3). Scatter dot-

plots of the distribution outcomes of the PI and SIGP values

among control, low and high Mn-exposed workers are

presented in Fig. 2.

It is possible that the year of employment, which is related to

the duration of Mn exposure, may function as a confounder.

Thus, an analysis of covariance (ANCOVA) was conducted for

the following parameters: airborne MnO2, MnB, MnP and

MnRBC (in Table 1), WBC and MCHC (in Table 2), and SIGP,

SIFW and PI (in Table 3), by controlling years of employment

as a covariate. ANCOVA revealed that for airborne MnO2,

SIGP, SIFW, and PI, a statistically significant difference did
indeed existed among control, low-exposed and high-exposed

workers (Table 4).

When the PI values among 18 Mn exposed workers were

correlated with MnB, MnP or MnRBC by a linear regression

analysis, the PI values were significantly associated with

MnRBC (r = 0.55, p = 0.02) (Fig. 3), less significantly with
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Fig. 1. Representative MRI of Mn exposed workers and control workers. (A) Significantly increased T1-weighted MRI (PI = 121.5) in a smelting worker who was

exposed to the high level of airborne Mn; (B) slightly increased T1-weighted MRI (PI = 112.2) in a power distribution/control worker exposed to low level of airborne

Mn; and (C) normal T1-weighted MRI (PI = 102.7) in a worker without Mn exposure. (a) Coronal T1-weighted MRI, (b) axial T1-weighted MRI, and (c) axial T2-

weighted MRI. Arrows indicate increased signal intensities at the globus pallidus.
MnP (r = 0.42, p = 0.08), and not significantly with MnB

(r = 0.09, p = 0.72) (Table 5A). When the values of the control

subjects were also included in the linear regression analysis

(n = 27), a significant, yet weaker, correlation continued to exist
Table 5A

Correlation on working year, Mn in blood, plasma, RBC and PI among Mn-expos

Index Working years MnB (mg/mL)

Working years – 0.23

MnB (mg/mL) – –

MnP (mg/mL) – –

MnRBC (mg/mL) – –

PI – –

Values represent correlation coefficient (r). *p < 0.05.
between PI and MnRBC (r = 0.41, p = 0.033) (data not shown);

this observation is consistent with those reported by Kim et al.

(2005a,b). No association was observed between the PI and Fe

levels in the whole blood, plasma or RBC (data not shown).
ed workers (n = 18)

MnP (mg/mL) MnRBC (mg/mL) PI

0.32 0.29 �0.01

�0.01 0.56* 0.09

– 0.36 0.42

– – 0.55*

– – –
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Fig. 2. Scatter dot-plots of the distribution of individual MRI scores among control, low and high Mn-exposed workers. (A) Signal intensity in globus pallidus (SIGP); (B)

pallidal index (PI), which is defined as the ratio of SIGP to that in the subcortical frontal white matter (SIFW) in axial T1-weighted MRI planes multiplied by 100.

Fig. 3. Correlation between MnRBC and the PI values among 18 Mn-exposed

workers. Data were analyzed by linear correlation, correlation coefficient

(r) = 0.55, p < 0.05.
Interestingly, the MnB values were significantly associated

with MnRBC (r = 0.56, p < 0.05), while they did not correlate

with the PI, suggesting a large variation in MnB analysis.

A stepwise multiple regression analysis was used to

determine associations between the PI and airborne MnO2,

MnRBC, SIGP or SIFW in exposed workers by controlling
able 5B

orrelations between PI and other parameters by stepwise multiple regression analysis

odels Variables Unstandardized

coefficients (B)

Standardized

coefficients (b)

t p Adjusted R2

odel I (n = 27) MnO2 9.219 0.536 3.544 0.002** 0.409

MnRBC 127.638 0.450 2.976 0.007**

odel II (n = 27) SIGP 0.119 0.935 13.140 0.000** 0.868

odel III (n = 27) SIFW 0.210 0.718 5.156 0.000** 0.718

odel I: selected independent variables include age, years in employment, initial working age, air MnO2, concentrations of Mn, Zn, Cu, Fe, Ca and Mg in whole

lood, red blood cell and plasma, and all routine blood parameters. Model II: SIGP was added to Model I with same selected independent variables but without MnO2

nd MnRBC. Model III: SIFW was added to Model 1 with same selected independent variables but without blood Cu. Multiple regression analyses revealed the

xistence of statistically significant correlation between the PI and MnO2, MnRBC, SIGP, or SIFW.
* Highly significant.
T

C

M

M

M

M

M

b

a

e
*

independent variables including age, years in employment,

initial working age, concentration of Mn, Zn, Cu, Fe, Ca and

Mg in the whole blood, plasma and RBC, and all other routine

blood parameters. The multiple regression analyses revealed

the existence of statistically significant correlations between the

PI and MnO2, MnRBC, SIGP, or SIFW (Table 5B).

3.4. Concentrations of essential metals in the whole blood,

plasma or RBC among Mn-exposed and control workers

Mn exposure did not cause any significant alterations in the

levels of Fe, Zn, Ca and Mg in the whole blood, plasma or RBC,

except for a significant increase in whole blood Cu concentra-

tions in Mn-exposed groups as compared to controls ( p < 0.05,

Table 6). However, Cu levels in plasma and RBCs of Mn-

exposed workers were normal when compared to those of the

control subjects.

3.5. Follow-up study of Mn-exposed workers with improved

working environment

Upon being notified of the initial environmental monitoring

results, the ferroalloy manufacturer has taken the steps to

improve the working environment, including implement of

additional high capacity ventilation fans and reinforcing the use

of personal protective equipment. With the improved air quality,
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Table 6

Concentrations of trace elements in the blood compartment of Mn-exposed and control workers

Group Fe Cu Zn Ca Mg

Blood (mg/mL)

Control 503 � 64.2 0.64 � 0.07 5.10 � 1.78 48.6 � 4.75 35.9 � 4.24

Exposed 551 � 66.6 0.73 � 0.09* 5.54 � 0.70 48.2 � 4.49 36.7 � 3.02

Plasma (mg/mL)

Control 1.26 � 0.48 0.73 � 0.34 1.86 � 0.26 77.6 � 28.7 17.9 � 6.71

Exposed 1.58 � 0.59 0.72 � 0.25 1.86 � 0.57 81.7 � 26.6 19.6 � 6.87

RBC (mg/mL)

Control 935 � 110 0.58 � 0.13 11.7 � 2.17 4.82 � 2.07 42.3 � 10.5

Exposed 850 � 264 0.55 � 0.15 10.2 � 2.87 5.00 � 2.94 40.8 � 13.3

Data represent mean � S.D. *p < 0.05, compared with control group.

Table 7

Mn concentrations in the blood compartment and the PI of Mn-exposed workers

in a 1-year follow-up study

Original Follow-up

Number of cases 8 8

Airborne Mn (mg/m3) (range) 0.72 (0.07–2.93) 0.26* (0.01–2.40)

MnB (mg/mL) 0.05 � 0.03 0.09 � 0.07

MnP (mg/mL) 0.05 � 0.02 –

MnS (mg/mL) – 0.10 � 0.09

MnRBC (mg/mL) 0.17 � 0.03 0.20 � 0.08

PI 122 � 6.20 123 � 7.10

Data represent mean � S.D. *p < 0.05, compared with the original study.
airborne Mn levels declined to within the range of 0.2–0.3 mg/m3

6 month after the initial study. During a 1-year follow-up study,

the geometric mean of airborne Mn level in smelting working

place was 0.26 mg/m3, close to the MAC value. However, MnB

and MnRBC among eight smelter workers, who were originally

in the high Mn-exposed group, remained unchanged. The PI

values among these workers were also not significantly different

from the values obtained in the original examination (Table 7),

however, no significant correlation was found between the PI

values and the levels of MnRBC, MnP, or MnS.

4. Discussion

The data presented in this human study support the view that

T1-weighted MRI may serve as a sensitive non-invasive

indicator in the evaluation of Mn exposure among asympto-

matic Mn-exposed workers who are on active duty. Moreover,

Mn concentrations in the RBC may be useful for biological

monitoring Mn exposure.

In proton nuclear MRI, the paramagnetic property of Mn

ions can shorten the T1-relaxation time and increase the signal

intensity in targeted brain images, which results in a detectable

increase of signal intensities in T1-weighted sequences

(Eriksson et al., 1992; Kim et al., 2005a,b; Misselwitz et al.,

1995; Newland et al., 1989a,b; Shinotoh et al., 1995). The

usefulness of T1-weighted MRI in the diagnosis of Mn

exposure has been demonstrated in animal and human studies.

For example, non-human primates exposed to Mn display

symmetrically enhanced signals in T1-weighted MRI (Eriksson
et al., 1992; Newland et al., 1989a,b). In some cases, the

enhanced signal can also be observed in the globus pallidus of

Mn-exposed monkeys whose neurologic deficits are absent and

whose behavioral changes are subtle (Newland and Weiss,

1992; Olanow et al., 1996; Shinotoh et al., 1995). Human

studies among welders, who are exposed to Mn in welding

fume, have also provided strong evidence of an increased MRI

signal in welders’ globus pallidus (Dietz et al., 2001; Kim et al.,

1999c; Nelson et al., 1993). Our data clearly showed an overall

high incidence (78%) and significant increase in T1-weighted

MRI among Mn-exposed workers in comparison to control

workers. Furthermore, we found that the increased PI appeared

to be associated with airborne Mn levels in exposure

environment.

When the geometric mean of airborne Mn concentrations in

the workers’ breathing zone of the power control room was

0.66 mg/m3 (three-fold above the MAC), three out of five

power control workers (60%) displayed increased PI signals,

although the PI values were not statistically significantly

different from that of control. Under the high Mn-exposure

condition, where the geometric mean of airborne Mn

concentrations in the smelting environment was 1.26 mg/m3

(6.3-fold of the MAC), the increased signals in T1-weighted

MRI were highly prevalent (84.6%); the workers with more

than 5 year working experience showed nearly 100%

occurrence of enhanced PI. A similar observation has been

reported in a South Korean study where the enhanced signals in

T1-weighted MRI were highly prevalent (73.5%) in Mn-

exposed welders in comparison to unchanged PI values among

control clerical workers (Kim et al., 1999c). Thus, the increase

in MRI signal intensities in globus pallidus appears to be a

sensitive marker for external Mn exposure.

The question as to whether the MRI can be used to reflect

recent or long-term Mn exposure is still debatable. Our previous

work on a manganism patient treated with para-aminosalicylic

acid showed a normal T1-weighted MRI in the globus pallidus

(Jiang et al., 2006). Kim and his colleagues have reported that a

welder with more than 10-year Mn exposure whose clinical

manifestations included masked face, asymmetric resting

tremor, and bradykinesia had symmetrical high signal

intensities in the globus pallidus on T1-weighted image. The

intensity, however, nearly completely disappeared 6 months
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after he discontinued welding practice (Kim et al., 1999c).

Similar observations among welders, either with or without

chelating drug treatment, are also reported by other investi-

gators (Arona et al., 1997; Discalzi et al., 2000; Nelson et al.,

1993). These observations support the view that T1-weighted

MRI may serve as a good indicator for recent exposure among

active workers, but it may not be sensitive for patients who have

been removed from the exposure scene. Our 1-year follow-up

study revealed that the geometric mean of airborne Mn level in

a smelting working environment had been significantly reduced

nearly to the MAC level for about 6 months; however, the PI

values among these exposed workers did not decline during the

follow-up study. Notably, the workers in this study were not

removed from their jobs and their blood and RBC concentra-

tions of Mn were also unchanged. Thus, the possibility for

sporadic exposure to low levels of Mn among these smelting

workers cannot be excluded.

It should be noted also that none of the workers in the current

study displayed any clinical signs and symptoms of Mn

intoxication typically seen among manganism patients,

although they did have the elevated PI values. The enhanced

T1-weighted MRI signals have been observed in patients

receiving total parenteral nutrition, presumably owing to

excessive Mn intake (Mirowitz et al., 1991; Mirowitz and

Westrich, 1992), and in patients with liver failure because of

their inability to eliminate Mn (Krieger et al., 1995).

Appreciably, these patients usually do not have permanent

neurological damage. Taken together, these findings support the

view that T1-weighted image among active workers is a

reasonable indicator for Mn exposure before signs and

symptoms appear in clinics, but not necessarily for severe

cases of manganism.

Determination of Mn concentrations in the whole blood,

plasma, or serum has been used in our previous clinical and

experimental animal studies (Li et al., 2004; Lu et al., 2005;

Zheng et al., 1999). Since Mn is primarily intracellularly

distributed (Crossgrove and Zheng, 2004), it was reasonable to

hypothesize that Mn in the blood compartment may accumulate

in the blood cells, and a direct assay of Mn in the RBC fraction

may serve as a better indicator for Mn concentrations in the

blood circulation. Our current results revealed a slight increase

in MnRBC in Mn exposed workers as compared to controls,

although this difference did not reach any statistical sig-

nificance due to the small sample size. However, when the brain

MRI signal was plotted against MnRBC among smelting

workers, the PI value was significantly associated with

MnRBC, suggesting the existence of a relationship between

Mn in brain tissue and Mn in RBC. Thus, further studies to

explore the RBC as a useful matrix for monitoring Mn exposure

are deemed necessary.

Upon entering the body, Mn may interfere with the

metabolism of trace elements and alter their homeostasis,

particularly those of Fe and Cu (Li et al., 2004; Nikolova, 1993;

Zhang et al., 2001). The results from the current study did not

reveal any substantial changes in four essential elements

examined, i.e., Fe, Zn, Ca, and Mg. However, the Cu level in the

whole blood of Mn-exposed group was significantly higher than
that of the control group. It remains unclear whether this is

secondary to Mn exposure or simply due to co-exposure to

airborne Cu in the smelting environment. It is also unclear what

is the clinical significance of elevated Cu level among smelting

workers. Nonetheless, the subject on Cu homeostasis among

smelting workers should be of interest for future investigation.

In summary, the present study demonstrates that the

smelting workers with Mn exposure but without clinical

symptoms of Mn intoxication display intensified MRI signals in

the globus pallidus region. The increased PI values appear to be

associated with the degree of environmental Mn exposure.

Moreover, the PI values among Mn-exposed workers is

correlates with Mn concentrations in red blood cells. Future

research should be directed toward understanding the uses of

MRI and MnRBC for early diagnosis of Mn exposure.
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