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A B S T R A C T   

Although manganese (Mn) is a trace metal essential for humans, chronic exposure to Mn can cause accumulation 
of this metal ion in the brain leading to an increased risk of neurological and neurobehavioral health effects. This 
is a concern for welders exposed to Mn through welding fumes. While brain Mn accumulation in occupational 
settings has mostly been reported in the basal ganglia, several imaging studies also revealed elevated Mn in other 
brain areas. Since Mn functions as a magnetic resonance imaging (MRI) T1 contrast agent, we developed a whole- 
brain MRI approach to map in vivo Mn deposition differences in the brains of non-exposed factory controls and 
exposed welders. This is a cross-sectional analysis of 23 non-exposed factory controls and 36 exposed full-time 
welders from the same truck manufacturer. We collected high-resolution 3D MRIs of brain anatomy and R1 
relaxation maps to identify regional differences using voxel-based quantification (VBQ) and statistical parametric 
mapping. Furthermore, we investigated the associations between excess Mn deposition and neuropsychological 
and motor test performance. Our results indicate that: (1) Using whole-brain MRI relaxometry methods we can 
generate excess Mn deposition maps in vivo, (2) excess Mn accumulation due to occupational exposure occurs 
beyond the basal ganglia in cortical areas associated with motor and cognitive functions, (3) Mn likely diffuses 
along white matter tracts in the brain, and (4) Mn deposition in specific brain regions is associated with exposure 
(cerebellum and frontal cortex) and motor metrics (cerebellum and hippocampus).   

1. Introduction 

Manganese (Mn) is an essential trace metal for humans required for 
numerous indispensable biochemical processes throughout the human 
body including regulation of energy consumption, growth, coagulation, 
hemostatic function, and removal of by-products of aberrant oxidative 
stress (Aschner and Manganese, 2017). However, Mn is also neurotoxic 
at high doses and poses a health concern to thousands of welders who 
inhale welding fumes in the manufacturing industry. 

High exposure to Mn can lead to motor symptoms such as bradyki
nesia, dystonia, tremor and rigidity, (Guilarte and Gonzales, 2015; 
Racette et al., 2012; Tsuboi et al., 2007) as well as cognitive and neu
robehavioral deficits (Bowler et al., 2006; Bowler et al., 2007; Bowler 
and Lezak, 2015; Bowler et al., 2018; Zoni et al., 2007; Martin et al., 
2020). These motor and cognitive symptoms are summarized under the 
term “manganism” (Crossgrove and Zheng, 2004) a parkinsonian like 
disorder. Motor symptoms do not recede upon cessation of exposure 
(Guilarte, 2013) and typically do not improve with the standard 

* Corresponding author at: School of Health Sciences, Purdue University, 550 Stadium Mall Drive, West Lafayette, IN 47906, USA. 
E-mail address: udydak@purdue.edu (U. Dydak).  

Contents lists available at ScienceDirect 

NeuroImage 

journal homepage: www.elsevier.com/locate/ynimg 

https://doi.org/10.1016/j.neuroimage.2024.120523 
Received 10 October 2023; Received in revised form 29 December 2023; Accepted 23 January 2024   

mailto:udydak@purdue.edu
www.sciencedirect.com/science/journal/10538119
https://www.elsevier.com/locate/ynimg
https://doi.org/10.1016/j.neuroimage.2024.120523
https://doi.org/10.1016/j.neuroimage.2024.120523
https://doi.org/10.1016/j.neuroimage.2024.120523
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuroimage.2024.120523&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


NeuroImage 288 (2024) 120523

2

treatment for Parkinson’s disease, levodopa (Olanow, 2004). Therefore, 
screening tools to assess welders who are at risk of Mn toxicity before 
any symptoms develop are imperative. 

Due to the strong paramagnetism of Mn, it serves as a contrast agent 
in magnetic resonance imaging (MRI) by shortening the longitudinal 
relaxation time T1, or respectively increasing the relaxation rate R1 (R1 
= 1/T1). Therefore, lower relaxation times result in higher signal in
tensities (“hyperintensities”) in T1-weighted (T1-w) imaging. In Mn- 
exposed workers, a signal intensity index called the pallidal index (PI), 
which represents the ratio of T1-w signal intensity in the globus pallidus 
(GP) relative to the signal intensity in frontal white matter (FWM) 
(Krieger et al., 1995), has been shown to be correlated to markers of 
exposure such as blood Mn concentration (Chang et al., 2010; Jiang 
et al., 2007), cumulative exposure indexes (Dietz et al., 2001), and 
neurobehavioral performance (Shin et al., 2007). However, the validity 
of the PI in reflecting brain Mn levels is only accurate in a limited range 
due to increased Mn accumulation in the WM with increased Mn 
exposure (Guilarte et al., 2006). Studies investigating Mn-exposed 
non-human primates showed an accumulation of Mn in the white mat
ter and the cortex (Guilarte et al., 2006). The involvement of cortical 
structures was also demonstrated in an animal study, where Mn was 
observed to induce microstructure damage in the frontal white matter 
(Verina et al., 2013). These results indicate that the PI may be less 
descriptive of an imaging marker for assessing the concentration of Mn 
in the brain. Therefore, a direct measurement of the T1 relaxation time, 
known as T1 mapping, may be more sensitive to brain Mn levels. 

Early studies assessing the T1 relaxation time in the human brain 
employed long acquisition times and were limited to a specific brain 
region. For example, Sen et al. (2011) focused on measuring R1 (R1 =
1/T1) in the olfactory bulb to study Mn accumulation in asymptomatic 
welders, while Choi et al. (2007) focused on the GP only. However, the 
recent development of fast and generally robust T1 mapping imaging 
techniques allow for voxel-wise quantification of T1 throughout the 
whole brain. Several studies have used T1 mapping to study the uptake, 
accumulation, and dispersion of Mn in the brain of welders (Ma et al., 
2018; Lee et al., 2018; Lee et al., 2015; Edmondson et al., 2019; Lewis 
et al., 2016; Long et al., 2015); however, most of them have concen
trated on the basal ganglia structures only by employing the commonly 
used region of interest (ROI) analysis approach. While this approach is 
valid to answer specific questions, it only provides selective regional 
information and potentially misses important information from outside 
of the ROI. 

Because Mn can disperse throughout the brain, we developed a 
sensitive, whole-brain imaging approach to better understand the spatial 
distribution of Mn throughout the entire human brain. We hypothesize 
that R1 is highly sensitive to Mn deposition, and thus can reliably 
measure the accumulation of Mn beyond the basal ganglia, including in 
cortical and cerebellar regions and white matter tracts, even under the 
condition of low-level exposure such as in an occupational setting. 
Overall, we aimed to provide a rigorous tool to detect and visualize 
elevated Mn levels at a whole-brain level and a measure that enables the 
study of correlations of Mn exposure with neurotoxic effects and the 
differential involvement of different brain regions. 

2. Methods 

2.1. Study design and subjects 

Forty-six (46) full-time steel-welders (mean age ± SD: 41 ± 10 years, 
range: 21–61 years) were recruited from a US truck-trailer manufac
turer. Thirty-four (34) frequency age-matched workers (mean age ± SD: 
39 ± 12 years, range: 20–61 years), who were not exposed to welding 
fumes and worked as assembly workers or similar, were recruited as a 
control group from the same factory. The research received approval 
from Purdue University’s Institutional Review Board (Protocol #: 
1205012374), and all participants provided written informed consent 

before taking part in the study. Inclusion criteria included male sex, age 
≥ 18 years, and employed by the trailer manufacturer for at least 3 
years; for this analysis subjects were also limited to those who had a 
complete good quality MRI and provided a complete medical and work 
history questionnaire. Subjects with a history of PD or other motor 
disorders were excluded from participation. More details about the 
study have been published previously (Ma et al., 2018; Ward et al., 
2018). The study was completed in 2016; this analysis includes 
cross-sectional data collected from February 2013–May 2016 (see Sup
plementary Material for detailed characteristics of all study 
participants). 

Four welders and seven controls could not complete the MRI exam 
due to claustrophobia. Three MRI sets from the welder group and one 
from the control group were excluded due to bad image quality. Further, 
three more welders were excluded due to limited welding time (i.e., 
supervisors). Lastly, three controls were disqualified due to having part- 
time welding experience (i.e., were welding at the time of MRI acqui
sition). Thus, a total of 36 welders and 23 controls were included in all 
further analyses presented in this paper (see Table 1 for detailed char
acteristics of participants for this study). 

2.2. Exposure, neurological and neuropsychological assessment 

Subjects completed questionnaires to obtain information on de
mographics (age, education, anthropometrics), medical history, and 
work history. We used an exposure model (Ward et al., 2018) to estimate 
each subject’s Mn cumulative exposure index (CEI) over different time 
intervals. Briefly, the model uses personal air samples, combined with a 
detailed work history of each subject and weighting factors for specific 
conditions such as wearing a respirator. Selected time intervals included 
exposure over the past-3-months (Mn − CEI3M) before MRI, past 7-12 
months before MRI (Mn − CEI7− 12M), and cumulative exposure since 
age 18 (Mn − CEILife). 

A certified neurologist (S.E.Z.) with expertise in movement disorders 
scored each subject’s (welders and controls) motor function using the 
Unified Parkinson’s Disease Rating Scale (UPDRS) (Goetz et al., 2008). 
In addition, cognitive testing was performed by trained personnel to test 
attention, memory, processing speed, verbal fluency, and executive 
functioning. The neuropsychological testing battery included the animal 
naming test (Deutsch Lezak et al., 2012), the Rey-Osterrieth Complex 
Figure Test (CFT) (including immediate recall and delayed recall) 
(Meyers and Meyers, 1995), the WAIS-III Digit Span and WAIS-III 
Symbol Coding test (Wechsle, 2012), the WHO-UCLA Auditory Verbal 
Learning Test (AVLT) (difference of trials 1 to trails 5) (Maj et al., 1993), 
and the Trail Making Test A and B (TMT) (Deutsch Lezak et al., 2012). 
The Rey-15 (Rey, 1964) was used as a brief test of participants’ effort. 
Details on the neuropsychological test battery are described in Bowler 
et al. (2018). Briefly, the Rey-O Copy trial, participants are tasked with 
replicating a detailed figure, a task that demands logical thinking and 
strategic planning, key elements of executive functioning. The Imme
diate (after a 3-minute interval) and Delayed (after a 30-minute interval) 

Table 1 
Characteristics of participants included in the analyses.  

Characteristics of participants Welders (n =
36) 

Controls (n =
23) 

Age (y) [mean ± SD] 39.9 ± 10.7 38.8 ± 11.1 
Years of Education (y) [mean ± SD] 12.6 ± 1.3 12.9 ± 1.2 
Total intercranial volume (cm3) [mean ±

SD] 
1501.7 ± 127.4 1502.9 ± 104.5 

Welding years (y) [mean ± SD] 12.5 ± 8.8 0 ± 0 
Exposure (mg/m3⋅yr) [mean ± SD]   
Mean Airborne Mn Exposure 0.146 ± 0.109 0.003 ± 0.002 
Mn cumulative exposure index (Mn-CEI3M) 0.038 ± 0.035 0.0005 ± 0.0003 
Mn cumulative exposure index (Mn-CEI7- 

12M) 
0.074 ± 0.080 0.001 ± 0.001 

Mn cumulative exposure index (Mn-CEILife) 1.444 ± 1.292 0.043 ± 0.034  

H. Monsivais et al.                                                                                                                                                                                                                              
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Recall phases of the Rey-O test are utilized to evaluate visuospatial 
memory capabilities. The Digit Span test requires examinees to repeat 
increasing sequences of numbers in the same (forward) and reverse 
(backward) order. The easier forward task is a measure of sustained 
attention, and the more effortful backward task includes a working 
memory component of storing the numbers and letters and alternating 
them in sequence. The Digit Symbol Coding test measures the speed of 
processing visual information, short-term visual memory, and the ability 
to scan visually. Participants are tasked with replicating symbols that 
correspond to numbers according to a provided key. The WHO-UCLA 
AVLT test is a verbal learning and retention test involving 15 words 
from common categories like body parts, read in the same order across 
five learning trials. This is followed by a disruptive list (List B) in the 
sixth trial and a recall of the original list in the seventh trial. The dif
ference in scores between the first and fifth trials indicates the learning 
progress (Deutsch Lezak et al., 2012). The Trails A test involves quickly 
scanning and tracking visually, requiring the participant to connect a 
series of numbered circles in sequential ascending order. Part B of the 
Trail Making Test demands that participants alternate between con
necting circles labeled with consecutive numbers and letters. This task 
not only involves intricate visual scanning but also cognitive 
adaptability. 

2.3. MRI acquisition 

MRI scans were performed on a 3T GE Signa MRI scanner with an 8- 
channel head coil. A 3D high-resolution T1-weighted sequence was ac
quired using a fast-spoiled gradient-recalled echo sequence (FSPGR, TR/ 
TE: 6.54/2.8 ms, flip angle: 12◦, matrix: 256×256, 220 slices per vol
ume, resolution: 0.9×0.9×1 mm3). T1 mapping was achieved using a 3D 
spoiled gradient echo sequence using a variable flip angle (VFA) method 
with two echoes (SPGR, TR/TE: 6.36/1.76 ms, flip angles α: 3◦, 17◦, 
resolution: 1×1×2 mm3) and inversion-recovery SPGR acquisition (IR- 
SPGR, TR/TE/IR = 6.36/1.76/250 ms, flip angle α: 3◦, resolution: 
1×1×2 mm3) to provide a robust correction of flip angle variations. This 
method is also known as Driven Equilibrium Single Pulse Observation of 
T1 with High-Speed Incorporation of RF field Inhomogeneities 
(DESPOT1-HIFI) (Deoni, 2007). 

2.4. R1 maps generation 

R1 maps were derived from the series of two SPGR scans as described 
above. The IR-SPGR scan was used to correct for flip angle variations. 
The fitting procedure was performed using a customized MATLAB 
(MathWorks, Natick, MA, USA) code (https://github.com/mjt 
320/HIFI), which generates T1, R1, and B1 maps in addition to other 
useful parameters such as an estimate of equilibrium signal, S0, and 

confidence intervals for R1. Fig. 1 illustrates the input and output of this 
pipeline. See Supplementary Material for a detailed description of the 
DESPOT1-HIFI method that was used to generate the R1 maps. 

2.5. Voxel-based quantification (VBQ) analyses 

Once all of the R1 maps were generated, they were manually aligned 
to the Montreal Neurological Institute (MNI) T1-weighted 152 template 
to improve the accuracy of subsequent non-linear transformation to MNI 
space using the diffeomorphic registration algorithm (DARTEL) (Ash
burner, 2007) implemented in SPM12 (www.fil.ion.ucl.ac.uk/spm). The 
T1-weighted images were also manually aligned to the MNI-152 
T1-weighted template and the individual R1 maps were then coregis
tered to the T1-weighted images from the same subject with the 
normalized mutual information algorithm. Next, the T1-weighted im
ages were segmented into grey matter (GM), white matter (WM) and 
cerebrospinal fluid (CSF) using tissue probability maps (TPMs) specif
ically derived from multi-parametric maps (Lorio et al., 2014) GM and 
WM images were non-linearly transformed to standard MNI space, 
without modulation, using the DARTEL (Ashburner, 2007) tool, and the 
transformation matrices were applied to each corresponding R1 map. 
Next, the R1 maps were smoothed by a Gaussian kernel with FWHM = 6 
mm to improve the signal to noise ratio (SNR) for statistical compari
sons. All data analyses and processing steps were performed in MATLAB 
2019a using SPM12 and its extensions. The workflow for this step is 
shown in Fig. 2. 

Hyperintensities in the T1-weighted images may bias automated 
segmentation results. Smart et al. (2011) shows it is challenging to use 
T1-weighted images as segmentation references if hyperintensities occur 
in the segmented regions. To verify that the whole-brain segmentation 
was not affected by hyperintensities in the T1-weighted images and to 
account for any impact of image transformation on the R1 maps, a visual 
check of the GM and WM images was performed for each subject. 
Additionally, to ensure consistency throughout post-processing, circular 
ROIs were manually placed on four bilateral regions, including the 
globus pallidus, caudate nucleus, putamen, and frontal white matter, in 
both the original R1 map (before transformation), and in the registered 
R1 map (after transformation). 

Finally, to visualize differences in whole-brain R1 between welders 
and controls, we performed VBQ using SPM12. Voxel-based two-tailed t- 
statistics (embedded in the General Linear Model framework) was 
computed to detect regional effects of Mn exposure between controls 
and Mn-exposed subjects. The model included age at the time of scan 
and total intracranial volume (TIV) as covariates. An explicit binary 
mask of GM/WM was provided to ensure inclusion of the same number 
of voxels in all analyses. The mask was created by averaging over the T1- 
w derived GM/WM probability maps using the ImCal tool in SPM12. 

Fig. 1. DESPOT1-HIFI processing pipeline. Each participant’s SPGR images are first co-registered to the IR-SPGR scans to account for motion. Next, from the 
combined multiangle SPGR and IR-SPGR data, a unique solution for field inhomogeneities, T1, R1 (1/T1), and proton density (S0) can be found through a non-linear 
least-squares minimization operation on the combined data. 
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Initial regional differences were assessed by using an auxiliary uncor
rected voxel threshold of p < 0.005 with a minimum extent threshold of 
50 voxels. To correct for multiple comparisons over the whole volume of 
the GM/WM, a family-wise error (FWE) correction at p < 0.05 was 
applied. For a descriptive summary of the Mn-exposure related R1 
changes we generated a second Mn deposition map depicting voxels 
with p < 0.01 to enable a smoother visualization of Mn-deposition in 
white matter tracts connecting the brain areas with high Mn content 
found in the p < 0.005 map. 

2.6. Statistical analysis of associations 

To assess the relationship between exposure, motor and cognitive 
outcomes and R1 values (proxy of Mn deposition), we performed whole- 
brain voxel-wise correlation tests in SPM12. Because only the welder 
group is exposed to Mn, we only tested for correlations in the welder 
group. In welders only, multivariate linear regression was used to test 

for associations between R1 in each voxel and neuropsychological test 
scores as well as exposure indices, with age and education level as 
covariates. The statistical significance level was set to the family-wise 
error (FWE)-corrected p < 0.05 at the cluster-wise level. All the neuro
psychological test scores used in statistical analysis were raw scores. For 
each neuropsychological test and for each CEI, a map representing the 
correlations with R1 was calculated with voxels passing the threshold of 
p < 0.005 and a minimum cluster size of 50 voxels. The R1 values in the 
location of the max T-score (cluster location) were extracted for each 
subject to run the linear regression model separately and demonstrate 
the relatedness between the two variables in the form of a scatter plot 
instead of a statistical map overlaid onto a brain image. 

2.7. Data and code availability statement 

The data related to this article is not publicly available yet, but the 
methodology makes use of a publicly available toolbox (SPM12, www.fi 

Fig. 2. Next, the R1 maps and T1-w images were manually aligned to the Montreal Neurological Institute (MNI152) to increase the consistency in individual head 
positions prior to tissue segmentations and normalization. R1 maps were then co-registered to their corresponding T1-w images to ensure that after segmentation of 
the T1-w images, the R1 maps can be transformed to the standard space for group-level analysis. 
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l.ion.ucl.ac.uk/spm). The standardized procedures (tissue segmentation, 
DARTEL, voxel-based quantification) within this toolbox were followed. 
Matlab script for relaxometry maps is publicly available on GitHub (htt 
ps://github.com/mjt320/HIFI). The only modifications to this script 
were the parameters for our MRI acquisition (e.g., echo times, flip an
gles, inversion recovering time). 

3. Results 

3.1. Comparison of ROI-based and whole-brain R1 analysis 

A comparison between R1 values extracted from manually placed 
ROIs in the native space and from the whole-brain Mn deposition map is 
listed in Table 2, showing excellent agreement of mean R1 values for 
similar brain regions. This also confirms that R1 was not dramatically 
changed due to image transformation, as the ROI analysis was done on 
R1 maps in native space, whereas the whole-brain analysis requires 
transformations of the R1 maps to a normalized brain. 

3.2. Brain regions showing group differences in Mn deposition 

Welders have significantly higher R1 values compared to controls, as 
shown in a statistical parametric map (Fig. 3). The map represents t- 
scores as a proxy for excess Mn in welders’ brains, as depicted by red 
(low excess Mn) and yellow (high excess regions) regions, by applying 
the most stringent criteria (p < 0.005 and a minimum cluster size of 50 
voxels). Our results show statistically significant higher R1 values in the 
following bilateral brain regions: parietal operculum, middle frontal 
gyrus, angular gyrus, and lateral occipital cortex. These brain areas are 
primarily associated with motor and cognitive functions. Brain struc
tures that were only significant in the left hemisphere (after FWE 
correction) include the globus pallidus, superior parietal lobule, planum 
temporale, middle temporal gyrus, postcentral gyrus, and supra
marginal and inferior frontal gyrus. Overall, Mn deposition was found to 
be asymmetric, with more brain areas showing significant changes in the 
left hemisphere of welders. Detailed information of brain regions that 
were found to have significantly elevated R1 in our study is listed in 
Table 3. Table 3 provides specific locations of brain regions (i.e., MNI 
coordinates) for the right (R) and left (L) hemispheres, along with the 
maximum (peak) t-value of single voxels within the cluster passing a 
threshold of p < 0.005 and a minimum cluster size of 50 voxels. A high 
peak t-value (bright yellow) indicates higher significance of the group 

difference in the voxel. The table also indicates whether the brain re
gions belong to cognitive or motor networks. 

3.3. Manganese accumulation along white matter tracts and the 
cerebellum 

Based on the trends seen in Fig. 3, we performed a secondary analysis 
by setting the significance threshold to p < 0.01 (no cluster minimum) 
for the depiction of higher R1 brain areas. These auxiliary results show 
Mn accumulation along white matter tracts and the cerebellum in the 
human brain. An overlay of the Mn deposition map (p < 0.01, uncor
rected) onto white matter tracts in a normalized brain is shown in Fig. 4. 
This secondary analysis showed increased R1 in several white matter 
tracts, including the external capsule, superior longitudinal fasciculus 
(SLF), posterior corona radiata, the retrolenticular (part of the internal 
capsule), the posterior thalamic radiation white matter tracts, the 
arcuate fasciculus, and the cerebellum. In more detail, elevated R1 was 
found along the third part of the superior longitudinal fasciculus (SLF III; 
see Fig. 5A), which connects the motor cortex to the inferior parietal 
lobe. Pathways showing increased Mn deposition include the retro
lenticular part of the internal capsule, localized between the lentiform 
nucleus and the temporal lobe and the posterior part of the internal 
capsule connecting to the superior corona radiate and further to the 
motor cortex. Another white matter tract structure showing increased 
intensities is the external capsule, which is responsible for connecting 
the cerebral cortex to other cortical areas and serves as the route for 
cholinergic fibers from the basal forebrain to the cerebral cortex. 
Increased R1 was found in the arcuate fasciculus, connecting the supe
rior temporal gyrus to the dorsal prefrontal cortex. Lasty, elevated R1 
was also found in the cortex and some white matter areas in the cere
bellum (Fig. 5C). 

3.4. Associations with exposure and motor and cognitive testing 

We found significant positive correlations (p < 0.005, FWE cor
rected), at the cluster-wise level, between R1 and exposure as well as 
between R1 and increased UPDRS scores in welders. In the cerebellum 
and frontal cortex, R1 was positively correlated with Mn exposure over 
the past-3-months (Mn − CEI3M) and 7–12 months (Mn − CEI7− 12M) 
before the MRI scan as determined by our exposure model for each 
subject (see Fig. 6) (Ward et al., 2018). No correlations with cumulative 
exposure since age 18 (Mn − CEILife) was found in this cohort. On 
average, welders displayed higher UPDRS scores than controls, although 
not statistically significant when correcting for age and education level 
(p = 0.178). However, R1 values in the cerebellum and hippocampus 
were found to be positively correlated with UPDRS scores. 

No correlations were found between cognitive tests and elevated R1 
over the whole brain in the welder group. A detailed list of all brain 
regions that have significant associations between increased R1 with 
exposure and motor function is shown in Table 4. The R1 values in the 
location of the max T-score (cluster location) were extracted for each 
subject to run the linear regression model separately to demonstrate the 
relatedness between the two variables. The results are presented in the 
table caption as correlation coefficients (r) and slope of the line (β). A 
plot of the correlation between the most significant voxel value for Mn 
Past 3-months (CEI3M) vs R1 in the cerebellum white matter is shown in 
Fig. 6C. 

4. Discussion 

4.1. Mn distribution 

Our study uses a statistical parametric map to represent differences 
in excess Mn accumulation (as represented by differences in R1) in the 
brain between welders and controls. The map from our cohort showed 
widespread increase of R1 in the welders, in both grey matter and white 

Table 2 
Comparison of R1 values acquired from ROI analysis in native space and MNI 
space.   

Globus 
Pallidus (1/s) 
Mean ± SD 

Caudate 
Nucleus (1/s) 
Mean ± SD 

FWM (1/s) 
Mean ± SD 

Putamen (1/ 
s) Mean ± SD 

Controls 
Native 
Space 

1.05 ± 0.07 0.76 ± 0.07 1.42 ± 0.16 0.81 ± 0.06 

Controls 
MNI 
Space 

1.06 ± 0.07 0.75 ± 0.06 1.41 ± 0.15 0.82 ± 0.07 

r2 (p-value) 0.94 (<0.001) 0.75 (<0.001) 0.98 
(<0.001) 

0.97 
(<0.001) 

Welders 
Native 
Space 

1.17 ± 0.16 0.82 ± 0.13 1.57 ± 0.22 0.87 ± 0.13 

Welders 
MNI 
Space 

1.16 ± 0.17 0.81 ± 0.12 1.56 ± 0.22 0.88 ± 0.12 

r2 (p-value) 0.97 (<0.001) 0.97 (<0.001) 0.99 
(<0.001) 

0.89 
(<0.001) 

r2 refers to the Pearson correlation coefficient 
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matter, thus underlining the nature of Mn diffusion in the brain. Our 
parametric maps show prominent Mn accumulation in the bilateral basal 
ganglia, but no strong link between basal ganglia R1 and exposure 
metrics, contrasting with other studies (Ma et al., 2018; Lee et al., 2018; 
Criswell et al., 2019; Criswell et al., 2012; Baker et al., 2015; Lewis et al., 
2016). This discrepancy might stem from the different exposure metrics 
and imaging markers used, but also the fact that our welding cohort 
includes welders at low and varying exposure levels. We reported pre
viously a lack of association between R1 obtained from a ROI analysis in 
the globus pallidus with exposure metrics in this same cohort Ma et al. 
(2018). Evidence from other studies suggest that a certain threshold of 
exposure must be reached before clear associations between exposure 
and R1 in the brain show (Ma et al., 2018; Lee et al., 2015; Edmondson 
et al., 2020). Manganese can cross the BBB using the transferrin-receptor 
mediated endocytosis, which is highly expressed in the basal ganglia 
(Rabin et al., 1993). This makes these regions more susceptible to 
manganese accumulation. Other transporters such as the transporter 1 
(DMT1) and ferroportin-1 (FPN1) are also found in the basal ganglia and 

have roles in cellular manganese uptake and export (Aschner’ And and 
Gannon, 1994; Aschner and Aschnert, 1991). However, the trans
portation of Mn across the BBB via DMT-1 is a subject of debate. This is 
due to evidence suggesting that the blood’s pH could adversely affect Mn 
transfer, and that DMT-1 may not be present in the capillary endothelial 
cells constituting the BBB, as indicated by Crossgrove JS and Yokel RA 
(Crossgrove and Yokel, 2004). Furthermore, the basal ganglia has a 
higher energy demand and metabolic activity which can influence the 
transport and accumulation of metals (Prohaska, 1987) such as Fe and 
Mn (both share similar chemical properties and transporters). Since 
none of the examined subjects showed any clinical symptoms of early 
“manganism”, we hypothesize that our data likely reflect 
pre-symptomatic Mn distribution in the brain. 

We observed that a significant difference of Mn deposition in welders 
compared to controls was shown in both gray matter and white matter. 
Based on our auxiliary results, gray matter regions showing Mn accu
mulation were connected via white matter tracts that also showed Mn 
accumulation, which might suggest a diffusion process of Mn along the 

Fig. 3. Overlay of Mn map (p < 0.005, 50 voxels, before FWE correction) with MNI template. Excess Mn deposition maps are shown in sagittal view (row 1), coronal 
view (row 2), and axial view (rows 3–6). Regions with significantly increased R1 values in the welder group are displayed in yellow-orange color, with the color 
indicating the exponent of the p-value, T, in the equation p =10− T. 
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white matter tracts. It is well known that Mn can enter active neurons via 
voltage-gated calcium channels and is transported via microtubule 
motors down their axons by fast axonal transport (Bearer et al., 2022). In 
fact, Mn has been used as a contrast agent for magnetic resonance im
aging (MRI) studies to map WM tracts in animal models for many years, 
a technique referred to as manganese-enhanced MRI, or MEMRI (Pau
tler et al., 1998; Sloot and Gramsbergen, 1994; Watanabe et al., 2001). 
With our approach of using a whole-brain analysis, our data likely re
veals a more complete outline of Mn diffusion and accumulation in 
white matter tracts such as the superior longitudinal fasciculus, the 
posterior corona radiata and the external capsule. We also observed high 
Mn accumulations in areas connecting the motor regulation network, 
involving brain areas such as the supramarginal gyrus, anterior corpus 
callosum and areas surrounding the insula. 

The superior longitudinal fasciculus (SLF) is a fiber tract connecting 
the superior parietal lobe, the inferior parietal lobe, and the supra
marginal gyrus, to the frontal and operculum areas (Bruni and Mon
temurro, 2009). In our results, the third part of the SLF (SLF III) shows 
increased R1 (Fig. 5A). This fiber connects ventral premotor cortex, 
inferior frontal gyrus, supramarginal gyrus and the inferior frontal 
cortex (Stuss and Knight, 2002). In particular, the SLF III has also been 
linked with somatosensory processing and language, and likely plays a 
critical role in spatial neglect action (Doricchi et al., 2008), which is one 
of the symptoms associated with manganism (Bowler et al., 2007) and 
involves the inability to respond, report, or orient to stimuli. Besides in 
the SLF, we observed increased R1 also in the supramarginal gyrus, 
superior temporal lobe, and inferior frontal cortex, all of which are 
neighboring brain regions to the SLF. Interestingly, and in contrast to 
symmetric accumulation of Mn in the basal ganglia, Mn accumulation in 
these cortical areas was significant in the left hemisphere only. Previous 
research (Stuss and Knight, 2002; Bianchi, 1895; Stuss and Benson, 
1984) has suggested that the frontal lobes integrate connected brain 
regions and modulate the final motor response. Using functional MRI 
Seo et al. 201661 found that welders had altered neural processing 
related to executive function in the prefrontal, parietal, and insular 
cortex under conditions of high cognitive demand. Specifically, welders 
lacked activation of the insula cortex (Seo et al., 2016), a part of a larger 
network comprising the lateral prefrontal cortex and parietal cortex. Our 
report of high Mn accumulation in the brain regions discussed above, 

Table 3 
Summary of voxel-based quantification (VBQ) results within WM/GM 
(pFWE<0.05) showing elevated Mn deposition throughout the brain. Uncor
rected auxiliary results (p<0.005, cluster extend threshold= 50, no FWE 
correction) are highlighted with an asterisk.  

Brain Region Side MNI Coordinatesa Peak Tb   

X Y Z Value 

Basal Ganglia      
Globus Pallidum R* 15 6 -6 3.90  

L -15 5 -6 6.14 
Putamen (posterior)* R 28 -4 -5 3.32  

L -28 -17 1 3.28 
Motor Network Structures      
Precentral Gyrus* R 12 -20 47 4.06  

L - - - - 
Postcentral Gyrus R 21 -41 72 4.72  

L -19 -42 67 5.27 
Supramarginal Gyrus R - - - -  

L -52 -46 35 5.39 
Angular Gyrus R 45 -52 35 5.54  

L -37 -60 25 5.35 
Cognitive Function Structures      
Parietal Operculum R 49 -13 19 6.17  

L -32 -28 21 5.61 
Planum Temporale R* 56 -9 12 5.52  

L -38 -35 9 6.39 
Superior Temporal Gyrus R - - - -  

L -53 -2 -13 5.99 
Inferior Frontal Gyrus R - - - -  

L -49 17 15 5.28 
Middle Frontal Gyrus R 41 24 20 6.14  

L -38 1 39 8.13 
Superior Parietal Lobule R* 31 -50 40 5.36  

L -16 -57 57 5.76 
White Matter Tracts      
Anterior Corona Radiata*,c R 16 38 8 3.56  

L -15 33 18 2.81 
External Capsule*,c R -32 -16 1 2.70  

L 33 -16 1 2.93 
Superior Longitudinal Fasciculus (III) *,c R 38 -54 15 3.15  

L -38 -54 15 3.04 
Posterior Corona Radiata*,c R 26 -46 27 2.90  

L -26 -46 27 2.53 
Arcuate Fasciculus*,c R 36 -32 18 2.70  

L -36 -55 13 2.93 
Retrolenticular (Part of Internal Capsule) 

*,c 
R 29 -24 9 3.40  

L -29 -24 9 2.76 
Posterior Thalamic Radiation*,c R 30 -50 23 2.58  

L -30 -50 23 2.56  

a Coordinates of the voxel with maximum (peak) t-value inside the corre
sponding cluster provided in Montreal Neurological Institute (MNI) space. 

b Peak T is the power in the equation p =10− T. Maximum (peak) t-value of 
single voxels within the cluster passing a threshold of p<0.005 and a minimum 
of 50 voxels. 

c White matter tracts. These were identified using the John’s Hopkins Uni
versity (JHU) DTI-based white-matter atlases (https://identifiers.org/ne 
urovault.image:1401). 

Fig. 4. Overlay of Mn map (p<0.01, no FWE correction) in yellow-orange onto 
MNI template. The white matter templates (red, blue green) from top to bottom 
are A) combined anterior corona radiata, anterior and posterior limbs of the 
internal capsule, retrolenticular part of internal capsule, and posterior thalamic 
radiation (includes the optic radiation); B) anterior corona radiata and anterior 
limb of internal capsule (red) and posterior limb of internal capsule (light blue); 
C) retrolenticular part of internal capsule (green) and posterior thalamic radi
ation (include optic radiation) in blue. Masks are from the JHU DTI-based 
white-matter atlases. The color bar indicates the exponent of the p-value, T, 
in the equation p =10− T. 
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including the SLF, would support a possible impairment of 
frontal-parietal integration in welders as reported in Seo et al. (2016). 

Increased Mn accumulation was also found near the arcuate fascic
ulus (AC), which connects the superior and middle temporal gyrus to the 
frontal cortex. The AC connects a network associated with auditory 
function formed by the superior temporal gyrus, superior parietal gyrus, 
and superior occipital gyrus (Yeatman et al., 2014) 

We further found increased Mn deposition in the parietal operculum 
and the planum temporale (Fig. 5B). The parietal operculum (PO), also 
known as the secondary somatosensory cortex, is a region located in the 
parietal lobe of the brain. The PO receives nociceptive projections from 
the VPI thalamic nuclei and projects into the limbic structure via the 
insula (Farmer et al., 2018). It plays a crucial role in processing sensory 

information from various parts of the body, including touch, tempera
ture, and pain (Zilles and Palomero-Gallagher, 2020). The planum 
temporale (PT) is a region of the temporal lobe (close to Wernicke’s 
area) that is involved in auditory processing and language-related 
functions (Nakada et al., 2001; Geschwind and Levitsky, 1968). Thus, 
the excess levels of Mn found in the superior temporal lobe and pre
frontal cortex in this study, may explain a negative influence on 
verbal-IQ reported by Bjørklund et al. (2017) and Bouchard et al. 
(2018). 

4.2. Associations of high R1 with exposure and motor metrics 

We found statistically positive correlations of elevated R1 in the 
cerebellum and the frontal cortex with Mn-CEI3M. Both human and an
imal studies have found that brain Mn as measured by MRI best corre
lates with exposure over the past-3-months due to its wash-out-rate (Lee 
et al., 2015; Edmondson et al., 2019; Lewis et al., 2016; Dorman et al., 
2006; Dorman et al., 2006). The finding of increased R1 in the frontal 
cortex is consistent with a previous longitudinal study which showed 
that changes in welding hours within 90 days from a scan was associated 
with changes in R1 after correcting for age, baseline R1, hours worked 
90 days before scan, and blood Mn values (Lewis et al., 2016). In our 
longitudinal study (Edmondson et al., 2019), R1 in the frontal white 
matter (FWM) increased despite decreased exposure over a period of 2 
years. Excess brain Mn in the basal ganglia may have moved to the FWM 
since the striatum has several connections to the frontal brain. An in
crease in R1 would result from the anterograde transfer of Mn along 
axons (Bearer et al., 2022; Pautler et al., 1998; Sloot and Gramsbergen, 
1994; Pautler and Koretsky, 2002; Inoue et al., 2011) to the FWM. 

4.2.1. Associations in the frontal cortex 
In our results, excess Mn accumulation in the frontal cortex was 

associated with Mn-CEI3M (see Fig. 6A), which is in line with animal 
studies that demonstrate the frontal cortex to be a major target of Mn 
toxicity (Guilarte, 2013; Verina et al., 2013; Guilarte, 2010). Signifi
cantly increased Mn has been observed in the frontal cortex of rodents 
(Elder et al., 2006) and non-human primates after Mn inhalation 
exposure (Dorman et al., 2006; Bock et al., 2008). In human studies, 
changes in neurochemical profile have been reported as associated with 
Mn exposure (Dydak et al., 2011) and verbal learning scores (Chang 
et al., 2009). Decreased white matter microstructural integrity in 
welders was found to be associated with subtle motor and cognitive 
deficits (Kim et al., 2011). These findings suggest that the frontal cortex 
has an inherent susceptibility to the neurotoxic effects of Mn. 

Figure 5. Overlay of Mn map (p < 0.01, no FWE correction) with MNI template 
showing elevated Mn deposition on A) the superior longitudinal fasciculus, and 
B) the arcuate fasciculus (purple) white matter tracts, insula (light blue), pa
rietal operculum (blue), the hippocampus (green), and C) the cerebellum. The 
color bar indicates the exponent of the p-value, T, in the equation p =10− T. 

Fig. 6. Statistical map showing elevated R1 in the cerebellum and frontal cortex correlated with Mn exposure past 3-months, and B) elevated R1 in the cerebellum 
and hippocampus correlated with higher UPDRS global scores. The color bar indicates the exponent of the p-value, T, in the equation p =10− T. C) Example plot of the 
correlation between the R1 voxel value (in the cerebellum) and Mn exposure past 3-months at the most significant location. 
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4.2.2. Associations in the cerebellum 
Since this study is analyzing the whole brain, an involvement of the 

cerebellum in associations between Mn accumulation, exposure and 
motor function has been detected. Our results show a significant cor
relation between increased R1 in the cerebellum and Mn-CEI3M, and 
motor function as measured by the UPDRS in welders (Fig. 6B, C). The 
cerebellum is an essential component of the motor pathway. Little is 
reported in the literature regarding increased Mn accumulation in the 
cerebellum and toxic effects in humans. Mn-induced volume decrease 
has been reported to correlate with reduced performance in fine motor 
and executive function tasks in full-time welders (Chang et al., 2013). In 
animal studies, markers of oxidative stress have been identified in the 
cerebellum (Dobson et al., 2003; Erikson et al., 2004). Connections that 
are metabolically active and function in both directions have been 
established between the cerebellum, thalamus, basal ganglia, and cortex 
(Tobe, 2014). The UPDRS scores are meant to measure clinical motor 
symptoms in Parkinson’s disease. As discussed in detail in Ma et al. 
(2018) the welders from this cohort displayed only a small 
non-significant increase in UPDRS scores, which remained within the 
normal range. However, when the welder group is stratified into high 
exposure and low exposure groups, significant differences were found. 

4.2.3. Associations in the hippocampus 
Lastly, we found a near-significant association between increased R1 

in the hippocampus and increased UPDRS scores. Studies in Mn-exposed 
animals revealed Mn accumulation in the hippocampus, the presence of 
Aβ diffuse plaques, and deficits in associative learning, the latter being 
hallmarks of Alzheimer’s disease (AD) or related disorders (Dorman 
et al., 2006; Guilarte, 2010; Liang et al., 2015). A recent functional MRI 
study by Burman (2019) shows that although hippocampal interactions 
with the motor system are often assumed to reflect the role of memory in 
motor learning, a specific hippocampal influence on the sensorimotor 
cortex (SMC) hand representation during volitional movements does not 
require motor learning. In other words, the hippocampus may control 
volitional movements and not only motor learning. Furthermore, a 
recent study by Lee et al. (2019) reports that welders with chronic 

exposure to Mn have higher mean diffusivity (MD) values in the hip
pocampus that become greater with increasing age. Overall, these re
sults indicate that the hippocampus may play a role in motor function 
and microstructural changes related to Mn-induced neurotoxicity. 

4.3. Challenges of a whole-brain R1 mapping approach 

While diffusion of Mn along axons and its mechanism is well known 
(Bearer et al., 2022), we also recognize that increased myelination could 
be another explanation for increased R1 in WM. Increasing myelin 
content occurs in brain maturation and may be associated with 
increasing R1 in WM (Eminian et al., 2018; Kühne et al., 2021; Lutti 
et al., 2014). Animal studies have shown that learning motor skills in
duces changes in WM microstructure and myelination (Sampaio-
Baptista et al., 2013, McKenzie et al., 2014) and several human studies 
provide evidence that increased myelination plays a central role in WM 
neuroplasticity improvements during motor learning, (Sale et al., 2017; 
Reid et al., 2017; Frizzell et al., 2022; Kirby et al., 2022) although this 
was not shown with R1 mapping but with functional MRI and structural 
imaging. 

While being able to visualize group differences in R1 as whole-brain 
maps rather than selected regions of interest has clear advantages, 
several methodological considerations must be made when interpreting 
the results. First, hyperintensities in the T1-weighted images may bias 
automated segmentation results as reported by Smart et al. (2011). 
Rabin et al. (1993). However, the high signal is the signature of Mn in 
T1-weighted MRI as reported by Kim (2004). In our study, we observed 
in three Mn-exposed subjects hyperintensities in the globus pallidus, 
putamen, and white matter that were clearly distinguishable by eye. We 
manually inspected the segmentation results in these three subjects to 
confirm the results. WM, GM and CSF probability maps were overlaid on 
T1-weighted images and the segmented results were examined. All three 
subjects with obvious hyperintensities demonstrated accurate segmen
tation results according to anatomical landmarks. 

Secondly, the values of the R1 map transformed to atlas coordinates 
should be similar to the values of the original, non-transformed R1 map 

Table 4 
Summary of associations found between increased R1 with exposure and motor function. Mn past-3-months vs Cerebellum White Matter (r = 0.60, β = 0.14); Mn past 
7-12-months vs Cerebellum Cortex (r = 0.21, β = 0.41), UPDRS vs Mn in Cerebellum Cortex (r = 0.44, β = 9.01); UPDRS vs Hippocampus (r = 0.53, β = 24.7).   

Brain Region Side Clustera PFWE-corr
b Coordinatesc Peak Td    

Size  X Y Z Value 

Manganese exposure 
Mn past-3-months (positive correlation) Cerebellum Cortex: Cerebellum Exterior  28110 0.000       

R   39 -79 -42 4.88   
L   -17 -75 -35 4.09  

Cerebellum White Matter R   24 -78 -39 6.63   
L   - - - -  

Frontal Cortex Paracingulate Gyrus (anterior)  6998 0.004       
R   -6 21 39 3.51   
L   3 21 38 4.61 

Mn past 7-12-months (positive correlation) Cerebellum Cortex: Cerebellum Exterior  119551 0.000       
R   40 -78 -42 9.71   
L   -20 -79 -79 7.31  

Cerebellum White Matter R   - - - -   
L   -30 -68 -38 6.01 

Motor Function         
UPDRS (positive correlation) Cerebellum Cortex: Cerebellum Exterior  9173 0.001       

R   49 -59 -51 5.54   
L   -46 -55 -51 3.96  

Medial Temporal Cortex: Hippocampus  1966 0.055       
R   26 -37 2 N/A   
L   -26 -37 2 5.46  

a The number of voxels each showing statistically significant association with exposure and motor metrics. 
b Cluster size p-value, corrected for multiple comparisons using the Family-Wise Error (FWE) rate, that establishes the probability of the occurrence of a cluster of the 

specified voxel size or larger under the null hypothesis of a brain made of voxels with only spatially autocorrelated noise. 
c Coordinates of the voxel with maximum (peak) t-value inside the corresponding cluster provided in Montreal Neurological Institute (MNI) space. 
d Maximum (peak) t-value within the cluster. The t-values are generated from the voxel-wise regression model. 
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in native space. Our ROI analysis compared R1 values from regions of 
interest on the original non-normalized and non-transformed R1-maps 
with R1 values from the same ROIs on normalized and transformed R1 
maps, as necessary for the group comparison. Table 2 shows that these 
values are highly comparable (correlation coefficients all >0.8), 
demonstrating the stability of the whole brain analysis in our study. 
However, diligence should be practiced verifying that Mn deposition 
maps are not being affected by image transformation due to high Mn 
exposure. 

4.4. Strengths and limitations 

The strength of this study is the ability to visualize and assess 
regional differences in Mn levels across the whole-brain in vivo. Our 3D 
high-resolution maps enable a detailed visualization of the R1 relaxation 
rate changes as a positive marker of Mn deposition in the deep brain and 
the cerebral cortex. The R1 whole-brain mapping technique used in this 
study could be applied to Gadolinium (Gd), another metal that affects R1 
in MRI. Growing concerns about the safety of repeated MRI scans with 
Gd-based contrast agents have emerged due to studies showing Gd 
accumulation in various brain regions of patients who underwent mul
tiple Gd-based MRI scans (Kanda et al., 2015; McDonald et al., 2015). 
The developed visualization tool, sensitive to low Mn exposure, could 
potentially be used to detect low level Gd accumulation in the brain. 
Furthermore, our automated whole-brain analysis approach could 
potentially alleviate bias introduced by drawing regional contours for 
ROIs and may help to reduce uncertainty in the analysis. At this time, 
this whole-brain R1 mapping approach is only able to show Mn distri
bution based on group differences. Thus, it shows the extent of Mn de
positions for a specific setting of Mn exposure, as e.g., for welders from a 
particular factory as in this example. To make this tool powerful for 
individual risk assessment, it will need to be further developed, possibly 
using a “standard R1 map” as a reference, to allow subject-specific 
assessment of the distribution of excess brain Mn. Also, this approach 
was developed using MRI sequences from one MRI vendor and only one 
method for deriving R1 maps. Future studies that compare the same R1 
mapping method across different vendors will be needed to validate this 
method. Lastly, where we show excess Mn along the white matter tracts, 
we used a liberal threshold of p < 0.01 and did not correct for multiple 
comparisons. This part of the analysis is rather explorative, aiming to 
yield new hypotheses for future projects. 

5. Conclusions 

The development of a whole-brain approach to visualize excess Mn 
deposition in vivo in the human brain allows for a full view of all brain 
regions affected by exposure to Mn in an occupational study, and further 
proved that Mn accumulates in many brain regions. Of particular in
terest is the fact that cortical regions showing significant Mn deposition 
were connected by white matter tracts also showing significant Mn 
deposition. Mn accumulation stretching from the lentiform nucleus to 
motor network structures and cognitive function structures suggests 
that, with chronic Mn exposure, Mn may diffuse over time from the basal 
ganglia, or primary accumulation sites, to more distant cortical areas. At 
the same time, the function of the affected cortical brain regions also 
correlated with deficits found in motor testing and exposure metrics. 
Another novel finding is the involvement of the cerebellum, where 
increased R1 was positively correlated with increased UPDRS (a clinical 
measure of motor symptoms in Parkinson’s disease) and past-3 and 7- 
12-months exposure. Mn accumulation in the prefrontal cortex, infe
rior parietal cortex, and middle temporal cortex are consistent with the 
described neuropsychological impairments in non-human primates and 
welders, supporting that the location of Mn accumulation affects the 
function of the corresponding brain networks. Our results show an 
illustrative view of Mn distribution in vivo, suggesting that such Mn 
maps can be used as a research tool to track the extension of Mn toxicity 

in certain exposure settings. The next step towards use in risk assessment 
would be to develop similar maps on an individual basis. 
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