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Recent experimental studies revealed that dopamine neuron dysfunction in chronicmanganismmay be due to a
reduced capacity of dopamine release in the striatum. The findings imposed further difficulty in the differential
diagnosis between manganism and IPD.We conducted a long-term clinical follow-up study of 4 manganism pa-
tients, applying a new tracer 18F-9-fluoropropyl-(+)-dihydrotetrabenazine (18F-AV-133)with positron emission
tomography (PET). Twenty age-matched subjects including 4 manganism patients, 8 idiopathic Parkinson's dis-
ease (IPD) patients, and 8 healthy controls were enrolled for comparison. Volumes of interest of the bilateral pu-
tamen, caudate nuclei and occipital cortex as the reference region were delineated from individual magnetic
resonance images. The clinical features of the manganism patients still progressed, with increased scores on
the Unified Parkinson Disease Rating Scale. The 18F-AV-133 uptake in the IPD patients decreased at the bilateral
striatum, compared with the healthy controls. In the manganism patients, there was no decreased uptake of ra-
dioactivity involving the bilateral striatum, except Patient 4, who had a stroke with decreased uptake in the right
posterior putamen. The 18F-AV-133 PETfinding reveals that nigrostriatumneurons are not degenerated in chron-
ic manganism and can provide a useful neuroimage biomarker in the differential diagnosis.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Chronic excessive exposure to manganese (Mn) fumes or dust may
induce the neurological abnormality of manganism, with symptoms
very similar to idiopathic Parkinson's disease (IPD) [1,2]. Typical symp-
toms of manganism patients are different from those of patients with
IPD [3,4], but some atypical symptoms of manganism patients create a
diagnostic challenge [5–7]. In addition, several epidemiological studies
have revealed that the inhalation of Mn fumes among welders may
accelerate the onset of IPD or even induce IPD [8–10]. These findings
have enlarged the gray zone between diagnoses of manganism and IPD.

Neuroimaging studies such as brain magnetic resonance images
(MRI) and brain positron emission tomography (PET) scans may provide
ollege of Medicine, Chang Gung
, Tung Hwa North Road, Taipei
3287226.
22@adm.cgmh.org.tw
clinical tools to differentiate manganism from IPD. In brain MRI studies,
high signal intensities can be found in T1-weighted images in the early
stage of manganese exposure and then disappear 3 months to 1 year
after cessation of exposure [11]. Brain PET with [18F]-6-fluoro-dopa or
dopamine transporter binding (DAT) with either TRODAT-1 or [123I]-
beta-CIT showed a normal or nearly normal uptake in manganism
patients [3,12,13]. However, in recent studies, a decrease in dopamine up-
take in the putamen and caudate areas, similar to IPD, may develop after
exposure to manganese fumes among welders or in psychostimulant
drug (ephedrone) abusers [6,9,10]. Lately 18F-9-fluoropropyl-(+)-
dihydrotetrabenazine (18F-AV-133), a novel PET tracer, has been devel-
oped for imaging the type 2 vesicle monoamine transporter (VMAT2) in
dopaminergic neuron degeneration and can provide better resolution,
especially for IPD patients [14,15].

We previously reported 6 patients with chronic Mn intoxication at
a ferromanganese alloy factory in Taiwan in 1985 [2]. In the current
study, we investigated brain 18F-dihydrotetrabenazine (18F-DTBZ)
PET (18F-AV-133 PET) using a long-term follow-up study design. To
our knowledge, no such long-term comparative study has been
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conducted among manganism patients, and this is the first to inves-
tigate manganism patients using VMAT2 PET.

2. Materials and methods

Four out of the original 6 patients participated in the follow-up
study; 1 of the 6 patients was unavailable and another expired in
1990 [2,16]. All patients developed Parkinsonian features in a smelting
department of a ferromanganese alloy factory in Taiwan. The patients
were investigated using the Unified Parkinson Disease Rating Scale
(UPDRS) and the clinical features were charted using video-recording.
Brain 18F-AV-133 PET studies were conducted with these 4 manganism
patients (age: 67.8 ± 5.3 years). Eight IPD patients (age: 66.3 ±
2.9 years) served as abnormal controls and 8 age-matched volunteers
(age: 65.5 ± 3.6 years) were also included as healthy controls (HCs)
for the brain 18F-AV-133 PET scan. Themodified Hoehn and Yahr stages
(mH&Y) scores for IPDwere in the range of 1 to 3, and the symptomatic
durations of illness were between 1 and 21 years. The study protocol
was approved by the Institutional Review Board of Chang GungMemo-
rial Hospital and the Governmental Department of Health, with written
informed consent obtained prior to all procedures for each participant.
Neurologic examinations were performed for all subjects including as-
sessment of duration of illness and mH &Y stages.

2.1. Data acquisition

18F-FP-(+)-DTBZ was prepared and synthesized at the cyclotron fa-
cility of Chang GungMemorial Hospital as described previously [17]. All
subjects were studied in a BiographmCT PET/CT System (SiemensMed-
ical Solutions, Malvern, PA, USA) with a 3-dimensional (3D) acquisition
mode. All subjects underwent MRI for screening of other diseases,
obtaining structural information and delineating volumes of interest
(VOIs), and for performing spatial normalization with PET images. Sub-
jects were then imaged on a 3T Siemens Magnetom TIM Trio scanner
(Siemens Medical Solutions, Malvern, PA, USA).

After injection of 380.1± 11.8MBq of 18F-FP-(+)-DTBZ, a single 10-
min PET scan was acquired 90 min post-injection in 3Dmode [18]. PET
images were then reconstructed using the 3-D OSEM algorithm (4 iter-
ations, 24 subsets; Gaussian filter: 2 mm; zoom: 3) with CT-based at-
tenuation correction, and also scatter and random corrections as
provided by the manufacturer. The reconstructed images were
Table 1
The demographic data of 4 patients with manganism.

Patients 1

Age (years) 69
Age of onset (years) 45
Duration of exposure (years) 13
Micrographia +++
Masked face/dystonic smile ++
Hypophonia or stuttering speech ++
Tremor + (hand and tongue)
Dystonic foot ++
Gait en bloc +++
Wide base gait +
Difficulty in turning +++
Difficulty in walking backwards +++
Postural instability ++
Rigidity +++
Clinical asymmetry of the Parkinsonian features +(R N L)
Spasticity −
UPDRS 64 (in 2004)

72 (in 2013)

−: absent; +: present in a mild degree; ++: present in a moderate degree; +++: present in
available.

a Patient 2 had recurrent strokes in 1987 and 2006, resulting in left hemiplegia, some UPDR
b The patient had a silent stroke in the right temporal and posterior putamen.
measured with a matrix size of 400 × 400 × 148 and a voxel size of
0.68 × 0.68 × 1.5 mm3.

2.2. Image analysis

All image data were processed and analyzed using PMOD image anal-
ysis software (version 3.3, PMOD Technologies Ltd., Zurich, Switzerland).
Each PET image was co-registered to the corresponding MRI, and the in-
dividualMRIwas spatially normalized to theMontreal Neurological Insti-
tute (MNI)MRI template [19]. The spatial normalization parameterswere
then applied to the corresponding PET image to obtain the normalized
PET image in the MNI domain. VOIs of bilateral caudate nuclei, anterior/
posterior putamen, nucleus accumbens, substantia nigra, raphe, amygda-
la, hippocampus, thalamus, hypothalamus, locus coeruleus, brain stem
and occipital cortex were defined on the MRI template. The occipital
cortex was included as the reference region to calculate the standard up-
take value ratio (SUVR). In the IPD group, the contralateral VOIs were
defined as the striatum opposite the predominantly affected limbs, and
were evaluated separately from the ipsilateral VOIs. VOIs in the HCs
and Mn intoxication patients were defined as the left and right sides for
future analysis.

2.3. Statistical analysis

Regional SUVRs computed from 18F-FP-(+)-DTBZ images were
statistically compared among HCs, IPD patients, and Mn intoxication
patients using nonparametric Kruskal–Wallis tests with Dunn's multi-
ple comparison post hoc test in GraphPad Prism (version 5.0, GraphPad
software, San Diego, CA). A p value of 0.05was selected as the threshold
of statistical significance in each test.

3. Results

The ages of the patients that underwent 18F-AV-133 PET ranged
from 62 to 73 years, and the ages of manganism onset ranged from 36
to 48 years, with duration of exposure from 5 to 13 years. Themain clin-
ical manifestations included micrographia, masked face/dystonic smile,
hypophonia/stuttering speech, dystonic foot, wide-based gait, difficulty
in turning, difficulty in walking backwards, postural instability, and ri-
gidity. Tremor was not prominent and presented in 2 patients only
(Patient 1 in thehandswhilewalking, and patients 1 and 4 in the tongue
while stretching their tongues out) (Table 1).
2a 3 4b

62 73 64
36 48 39
7 13 5
+ + +
+ + ++
++ + ++
− − + (tongue)
− + +++
NA ++ +++
NA ++ +
NA ++ +++
Cannot walk ++ +++
Cannot stand ++ +
++ + ++
− − +(L N R)
+++ (left) − −
19 (in 2004)
17 (in 2013)

33 (in 2004)
40 (in 2013)

62 (in 2004)
71 (in 2013)

a severe degree; R: right; L: left; UPDRS: Unified Parkinson's Disease Rating Scale; NA: not

S scores could not be measured on the left side.



Table 2
Demographic data and mH & Y scores of Mn intoxication patients, healthy controls (HC)
and IPD patients.

Subjects HC Mn intoxication IPD

Number 8 4 8
Age (Y) 65.5 ± 3.6 67.8 ± 5.3 66.3 ± 2.9
Gender (M/F) 2/6 4/0 7/1
mH &Y stage – 2.7 ± 0.4 2.6 ± 1.7

mH &Y stage: modified Hoehn & Yahr stage; M: male; F: female Mn: manganese.
Y: years; IPD: idiopathic Parkinson's disease; HC: healthy control.
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Bradykinesia was noted in 3 patients, and not in Patient 2. Patient 2
had 2 episodes of stroke in 1987 and 2006 that resulted in complete left
hemiplegia and a wheel-chair bound aftermath. Clinical asymmetry of
the Parkinsonian features was observed in patients 1 and 4. The
UPDRS scores ranged from 64, 19, 33, and 62 in 2004 to 72, 17, 46 and
71 in 2013, respectively. Because Patient 2 had left hemiplegia, the
score of UPDRS was only measured in the right limbs. The ages of the
4manganismpatients and 8 age andmH&Y stage-matched IPD patients
and 8 age-matched volunteer HCs were 67.8 ± 5.3 years, 66.3 ±
2.9 years and 65.5 ± 3.6 years, respectively (Table 2). The scores of
mH &Y were 2.7 ± 0.4 in manganism and 2.6 ± 1.7 in IPD. Fig. 1
shows the average SUVR image of the normal controls, manganism pa-
tients and IPD patients. In the manganism patients, the SUVR ratio was
very similar to that of the HCs. In the IPD patients, the SUVRwas clearly
decreased compared with the HC and manganism groups. Fig. 2 shows
Fig. 1. The SUVR ratio in themanganismpatients was very similar to that of the healthy controls
groups.
the striatal regional SUVR of the HC, Mn intoxication and IPD patients.
The uptakes of the manganism patients were all within normal limits
in the caudate, anterior putamen and posterior putamen, except one
(Patient 4 had a silent cerebral infarction in the right temporal and pos-
terior putaminal areas). However, in the IPD group, the decrease in re-
gional SUVR was statistically significant compared with the HC group
(p b 0.01 in the contralateral anterior putamen and bilateral posterior
putamen, and b0.05 in the contralateral caudate and ipsilateral anterior
putamen). In addition to the caudate, anterior and posterior putamen,
the contralateral putamen had a statistically significant decreased
SUVR in the IPD as compared with the HC group (p b 0.05). In the
manganism patients, the SUVR showed no statistically significant
changes compared with the HCs (Table 3). Also, there was a relatively
symmetrical distribution ofmonoaminergic radioactivity in the bilateral
striatum in the manganism patients, except Patient 4.
4. Discussion

We followed-up the clinical manifestations of the patients for 26
years and confirmed further progression in 4 patients with chronic
Mn intoxication after cessation of exposure. Measurements had previ-
ously revealed rapid progression in the initial 5–10 years and a plateau
during the following 10 years, and then more progression in the last 8–
10 years [16,20,21]. The mechanism was unclear, but the aging effect
due to oxidative stress or free radicals could not be ruled out [22]. The
most striking fact is that the manganism patients survived 26 years
after presentation, which is quite unusual for IPD patients.
. In the PDpatients, the SUVRwas clearly decreased comparedwith theHC andmanganism



Fig. 2. In the striatal regional SUVR, theuptakes of AV-133 inmanganismpatientswere allwithin normal limits in the caudate, anterior putamen andposterior putamen, except in 1 patient
(Patient 4 had a cerebral infarction in the right temporal and posterior putaminal areas). However, in the IPD group, the regional SUVR had a statistically significant decrease compared
with the normal HC group (p b 0.01 in the contralateral anterior putamen and bilateral posterior putamen and p b 0.05 in the contralateral caudate and ipsilateral anterior putamen).
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Molecular imaging is a useful tool for the diagnosis of IPD, because
IPD patients exhibit a decrease in pre-synaptic dopamine neuron termi-
nal markers in the striatum. Previous PET studies or dopamine trans-
porter (DAT) with either beta-CIT or TRODAT-1 has shown a normal
nigrostriatal dopaminergic pathway [12,13]. Several studies by Kim
et al. [5,11] and Criswell et al. [23] found a decreased uptake in the stri-
atum in DAT/SPECT or FDOPA PET, and elevated Mn concentrations
among welding workers or patients with end-stage liver disease.
The reason may be that the early IPD patients worked in Mn-
contaminated environments or had end-stage liver disease. Some may
argue that the decrease in DAT measured by SPECT may not represent
the DAT loss in the striatum, but an interference in DAT binding by a
progressive accumulation of Mn in the synaptic cleft [24]. In addition,
some neuroimaging studies in non-human primates revealed that
Table 3
All regional SUVR in HC, Mn intoxication and IPD patients.

HC (n = 8) Mn intoxication
(n = 4)

IPD (n = 8)

Caudate
Caudate (L/I) 3.17 ± 0.61 2.97 ± 0.49 2.33 ± 0.78
Caudate (R/C) 3.24 ± 0.64 2.92 ± 0.61 2.06 ± 0.61⁎

Anterior putamen
Anterior putamen (L/I) 3.77 ± 0.62 3.67 ± 0.56 2.22 ± 0.83⁎

Anterior putamen (R/C) 3.80 ± 0.70 3.60 ± 0.72+ 1.90 ± 0.49⁎⁎

Posterior putamen
Posterior putamen (L/I) 3.71 ± 0.77 3.03 ± 0.33 1.71 ± 0.73⁎⁎

Posterior putamen (R/C) 3.56 ± 0.63 2.65 ± 1.10 1.47 ± 0.34⁎⁎

Substantia nigra
Substantia nigra (L/I) 2.08 ± 0.40 2.08 ± 0.28 1.77 ± 0.23
Substantia nigra (R/C) 1.99 ± 0.31 2.06 ± 0.30+ 1.65 ± 0.17⁎

Nucleus accumbens
Nucleus accumbens (L/I) 2.37 ± 0.76 2.93 ± 0.57 2.12 ± 0.58
Nucleus accumbens (R/C) 2.18 ± 0.85 2.63 ± 0.76 1.94 ± 0.71

Hippocampus
Hippocampus (L/I) 1.24 ± 0.09 1.11 ± 0.05 1.26 ± 0.12
Hippocampus (R/C) 1.21 ± 0.08 0.98 ± 0.26+ 1.25 ± 0.11

Amygdala
Amygdala (L/I) 1.44 ± 0.15 1.58 ± 0.21 1.57 ± 0.20
Amygdala (R/C) 1.40 ± 0.14 1.45 ± 0.25 1.56 ± 0.22

Thalamus
Thalamus (L/I) 1.18 ± 0.12 1.13 ± 0.14 1.10 ± 0.17
Thalamus (R/C) 1.15 ± 0.12 1.05 ± 0.10 1.12 ± 0.13

Raphe 2.01 ± 0.26 2.25 ± 0.24 2.29 ± 0.32
Hypothalamus 2.29 ± 0.28 2.30 ± 0.36 2.42 ± 0.26
Locus coeruleus 1.94 ± 0.11 2.09 ± 0.19 2.28 ± 0.18⁎

Brain stem 1.71 ± 0.13 1.75 ± 0.16 1.74 ± 0.11

L: left; R: right; I: ipsilateral side for PD; C: contralateral side for PD.
⁎ p b 0.05 significantly different from HC.
⁎⁎ p b 0.01 significantly different from HC.
+ p b 0.05 significantly different from Mn intoxication.
dopamine neuron dysfunction in chronic Mn intoxication may not
have resulted from dopamine neuron degeneration [23] but a reduced
capacity of dopamine release in the striatum [24,25]. Our previous
post-synaptic D2-raclopride PET study showed a slightly decreased up-
take of raclopride in the caudate and putaminal areas, indicating a min-
imal loss of D2 function [13]. Therefore, whether postsynaptic pathway
lesions could be a true pathology in manganism patients or not is still
uncertain. Experimental studies with monkeys actually demonstrated
that the globus pallidus was the main pathological hallmark in Mn in-
toxication [22]. The complexity among the several mechanisms in
manganism patients can be better explored by the new dopamine ter-
minal biomarkers such as the striatal VMAT2, because VMAT2 is an in-
tracellular protein, rather than a membrane protein as in other DAT
scans such as TRODAT-1 or beta-CIT.

ChronicMn intoxicationmay induce Parkinsonian features similar to
IPD patients, yet with a slight difference including prominent lower
body Parkinsonism, foot dystonia, dystonic smile, less resting tremor,
and less effect with L-dopa treatment [3]. However, in recent epidemio-
logical studies, Mn exposure may have accelerated the onset of Parkin-
sonism or even induced IPD in welders [8–10,26]. In addition, Mn-
induced Parkinsonism was also found in psychostimulant drug abusers
in eastern European countries and Russia [6,27,28] and in patients with
chronic liver disease [29] not related to occupational exposure. Recent
reports have made the differential diagnosis between manganism and
IPD more complicated and challenging for clinicians.

PET radioligands that target VMAT2 have been proposed to be better
biomarkers for quantification of dopamine/serotonin presynaptic neu-
rons [14,15]. In animal studies, VMAT2 density was linearly correlated
to the integrity of substantial nigra dopamine neurons [17]. The results
of human studies using 11C-DTBZ and PET showed a good effect on the
objective quantification of nigrostriatal integrity [14]. A novel radiotrac-
er from derivatives of DTBZ labeled with 18F was also developed recent-
ly [15,30]. In this study, we foundnormal uptake of SUVR in the caudate,
anterior putamen and posterior putamen in manganism patients com-
pared with HCs. In contrast to the IPD group, the SUVR was decreased
in the corpus striatum (caudate and putamen), indicating that the
new imaging ligand with PET can clearly differentiate manganism and
IPD. In manganism patients, the normal uptakes of VMAT2 in the cau-
date and putamen areas clearly demonstrated that the nigrostriatum
neurons were not degenerated. In Patient 4, the significant decrease in
SUVR in the posterior putamen and right hippocampuswas possibly re-
lated to a silent infarction. The present study showed that SUVR in the
posterior putamen was decreased in manganism patients compared to
HCs, although the difference was not statistically significant. The reason
may be partly related to the infarction in Patient 4.With this new image
ligand and PET scan, we further confirmed that typical manganism pa-
tients can be differentiated from IPD.
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5. Conclusion

The subjects in this study were confirmed manganism patients due
to Mn exposure, as determined by their history and follow-up studies.
We also discussed these patients compared to welders or end-stage
liver disease patients showing similar findings to IPD patients.

Our finding further indicates that the new neuroimaging tracer
18F-AV-133 with PET can show that nigrostriatum neurons are not
degenerated in chronic manganism patients and may provide a
useful biomarker in the differential diagnosis between manganism
and IPD. Brain AV-133 PET can provide better imaging due to the lon-
ger half-life of 18F, and can have a broader clinical application than
6F-dopa PET and DAT scans such as TRODAT-1. This long-term
follow-up study of manganism patients for a period of 26 years also
reveals a slow clinical progression.
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