
MRI quantitative susceptibility mapping of the substantia nigra 
as an early biomarker for Lewy body disease

Qin Chen1,2, Bradley F. Boeve3, Arvin Forghanian-Arani2, Matthew L. Senjem2, Clifford R. 
Jack Jr.2, Scott A. Przybelski4, Timothy G. Lesnick4, Walter K. Kremers4, Julie A. Fields5, 
Christopher G. Schwarz2, Jeffrey L. Gunter2, Joshua D. Trzasko2, Jonathan Graff-Radford3, 
Rodolfo Savica3, David S. Knopman3, Dennis W. Dickson6, Tanis J. Ferman7, Neill Graff­
Radford8, Ronald C. Petersen3, Kejal Kantarci2

1Department of Neurology, West China Hospital of Sichuan University, Chengdu, Sichuan, China

2Department of Radiology, Mayo Clinic, Rochester, Minnesota

3Department of Neurology, Mayo Clinic, Rochester, Minnesota

4Department of Quantitative Health Sciences, Mayo Clinic, Rochester, Minnesota

5Department of Psychiatry and Psychology, Mayo Clinic, Rochester, Minnesota

6Department of Pathology, Mayo Clinic, Jacksonville, Florida

7Department of Psychology and Psychiatry, Mayo Clinic, Jacksonville, Florida

8Department of Neurology, Mayo Clinic, Jacksonville, Florida

Abstract

BACKGROUND: Neurodegeneration of the substantia nigra in Lewy body disease is associated 

with iron deposition, which increases the magnetic susceptibility of the substantia nigra on MRI. 

Our objective was to measure iron deposition in the substantia nigra in patients with probable 

dementia with Lewy bodies (pDLB) and patients who are at risk for pDLB by quantitative 

susceptibility mapping (QSM).

METHODS: Participants included pDLB (n=36), mild cognitive impairment with at least one 

core feature of DLB (MCI-LB; n=15), idiopathic rapid eye movement sleep behavior disorder 

(iRBD; n=11), and an age-and gender-matched clinically unimpaired control group (CU; n=102). 

QSM was derived from multi-echo 3D gradient recalled echo MRI at 3T, and groups were 

compared on mean susceptibility values of the substantia nigra and its relation to parkinsonism 

severity.

RESULTS: Patients with pDLB had higher susceptibility in the substantia nigra compared to 

controls (p<0.001) and MCI-LB (p=0.043). The susceptibility of substantia nigra showed an 

increasing trend from controls to iRBD and MCI-LB, and to pDLB (p<0.001). Parkinsonism 
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severity was not associated with the mean susceptibility in the substantia nigra in the patient 

groups.

CONCLUSIONS: Our data suggested that QSM is sensitive to the increased magnetic 

susceptibility due to higher iron content in the substantia nigra in pDLB. The trend of increasing 

susceptibility from controls to iRBD and MCI-LB, and to pDLB suggests that iron deposition in 

the substantia nigra starts to increase as early as the prodromal stage in DLB and continues to 

increase as the disease progresses, independent of parkinsonism severity.
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Background

Dementia with Lewy bodies (DLB) is the second most common cause of neurodegenerative 

dementia after Alzheimer’s disease (AD)1. Mild cognitive impairment with one or more 

core features of DLB (MCI-LB) is an interim phase that may be present years before the 

diagnosis of probable DLB and therefore is regarded as the prodromal stage of DLB2. 

Even earlier than cognitive impairment (MCI-LB), most DLB patients exhibit rapid eye 

movement (REM) sleep behavior disorder (RBD), which is commonly associated with 

the synucleinopathies3. Idiopathic RBD (iRBD) is an early feature of evolving DLB, 

Parkinson’s disease (PD) and multiple system atrophy (MSA), with an onset typically 

preceding the onset of dementia or parkinsonism by years to decades.

Involvement of the nigrostriatal pathway is observed early in DLB4. The substantia nigra is a 

distinct region with an extensive network of axonal processes that innervate the basal ganglia 

and shows increased iron deposition associated with Lewy body pathology5. There appears 

to be a complex interplay between iron and α-synuclein, promoting disease progression in 

the synucleinopathies6. Understanding the evolution of iron dysregulation in the substantia 

nigra is important for potential disease modifying therapies targeting early stages of DLB. 

Furthermore, imaging biomarkers that can detect the accumulation of iron are needed to 

track the integrity of substantia nigra during the early stages7.

Quantitative susceptibility mapping (QSM) provides in vivo estimation of regional iron 

deposition by reconstructing magnetic susceptibility sources from field perturbation8, 9. 

QSM is sensitive to brain iron content in neurodegenerative diseases including PD10, 

Parkinson disease with dementia (PDD)11, MSA12 and Alzheimer’s disease13. However, 

little is known about the QSM findings in patients on the DLB spectrum, especially in those 

who are at the prodromal stage of the disease and are at risk for developing DLB. The 

objective of this study was to measure the magnetic susceptibility of the substantia nigra in 

patients with iRBD, patients with MCI with at least one core feature of DLB (MCI-LB), and 

probable DLB compared to cognitively unimpaired controls (CU) by QSM.
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Methods

Participants

Participants in this study include patients enrolled in the Mayo Clinic Alzheimer’s Disease 

Research Center (ADRC) between April 2018 and January 2020 and clinically unimpaired 

controls enrolled in the Mayo Clinic Study of Aging, a population-based study of aging14. 

A clinical diagnosis was determined for each participant by a consensus committee of 

study coordinators, neuropsychologists, physicians and neuropsychologists. The diagnosis 

of dementia was based on Diagnostic and Statistical Manual of Mental Disorders (Fourth 

Edition) criteria. Patient groups included those who diagnosed with probable DLB (pDLB; 

n=36) according to 4th Consortium Criteria15, MCI with at least one clinical core feature of 

DLB (MCI-LB, n=15)16, and polysomnography-confirmed idiopathic RBD (iRBD, n=11). 

The clinically unimpaired adults as controls (CU; n =102) were matched to iRBD, MCI-LB 

and pDLB patients on age and sex. All healthy controls were characterized as cognitively 

normal by a consensus of neurologists and neuropsychologists14, 17 and also needed to have 

a “No” response to acting out dreams during sleep on the Mayo Sleep Questionnaire18 and 

0 for the total score on the motor subtest (part III) of the Unified Parkinsonism Disease 

Rating Scale (UPDRS)19. In the MCSA, 75% of the cohort has a baseline UPDRS-III score 

of 0 in the same age range (45–89) as the CU control group in current study. We used 

this criterion in order to exclude CU controls with mild parkinsonism. To avoid circularity, 

imaging findings were not used to determine group membership.

All patients were evaluated by a behavioral neurologist. Independent evaluations included 

neurological examination, a clinical interview with patient and informant, and a 

neuropsychological assessment. Global measures of Clinical Dementia Rating Sum of Boxes 

(CDR-SOB), and either the MoCA or Short Test of Mental Status20 were used to assess 

general disease and cognitive severity. A previously established transformation method21 

was used to transform the Short Test of Mental Status to MoCA scores which was performed 

on all 102 MCSA participants and 2 ADRC participants for the further analysis. The 

presence of REM sleep behavior disorder was obtained clinically by a patient and informant 

interview and the Mayo Sleep Questionnaire18. Confirmation of the presence of REM sleep 

without atonia was obtained for the iRBD group. The presence of parkinsonism was based 

on two of the four cardinal features (tremor, rigidity, bradykinesia, or postural instability) 

and the severity was quantified using the Unified Parkinson’s Disease Rating Scale19. The 

presence of fluctuations was based on The Mayo Fluctuations Scale scores of 3 or 422.

The study was approved by the Mayo Clinic Institutional Review Board. Informed consent 

was obtained from all participants and/or their proxies for participation in this study.

MRI acquisition

All participants underwent MRI on a 3T scanner (Siemens PRISMA, Siemens, Erlangen, 

Germany) using a 64-channel phased array head coil. For anatomical segmentation 

and labeling, a 3D high-resolution T1-weighted magnetization-prepared rapid acquisition 

gradient echo (MPRAGE) was performed using the following parameters: TR/TE /inversion 

time = 2300/3/900 ms, flip angle 8°, 1 mm isotropic resolution. MR phase measurements 
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used for QSM calculation were acquired using a bipolar multi-echo 3D gradient recalled 

echo (GRE) sequence with 5 echoes (TR/TE1/ΔTE = 28/6.71/3.91 ms, FOV = 200×200 mm, 

voxel size = 0.5×0.5×1.8 mm3, NEX=1, flip angle = 15, bandwidth = 280 Hz/px).

MRI analysis

For each participant, the T1 MRI scan was segmented and corrected for intensity 

inhomogeneity with the unified segmentation algorithm23 implemented in SPM12 using 

tissue priors and settings from the Mayo Clinic Adult Lifespan Template (MCALT)24 

(https://www.nitrc.org/projects/mcalt/). The subject space segmentations were combined to 

generate a TIV mask, and ANTs25 nonlinear registration was used to register region-of- 

interest (ROI) masks of bilateral substantia nigra (originally derived from the DISTAL 

atlas26) from the MCALT space to subject native space. The TIV and ROI masks were 

re-aligned to the respective magnitude and phase image by applying an affine registration 

between the T1 and the magnitude image corresponding to the first echo of the multi-echo 

GRE. Next, Laplacian-based phase unwrapping was used to unwrap the phase from each 

echo27. The reconstructed phase image was then calculated by summing all unwrapped 

phase images for all echoes. V-SHARP28 filtering was applied to remove the bias field with 

the magnitude and TIV mask as additional inputs, and then QSM was calculated by using 

the iterative least squares (iLSQR) decomposition method29. Finally, ROI masks of bilateral 

substantia nigra were used to obtain magnetic susceptibility values from the respective QSM 

images. The mean value of QSM from the left, right and bilateral substantia nigra were 

measured for each participant.

Statistical Analysis

Participant characteristics were described with means and standard deviations (SD) for 

continuous variables, and counts and proportions (%) for categorical variables. Continuous 

variables were compared across the groups using analysis of variance, followed by pair-wise 

comparisons with contrast statements. Categorical variables were compared using the Chi­

square test across the groups, followed by pair-wise comparisons. Pearson correlations were 

used to assess the associations between magnetic susceptibility values in the substantia nigra 

and UPDRS-III scores and CDR-SB scores, respectively. A linear regression trend test that 

sequentially ordered the four groups was performed to evaluate susceptibility values in the 

substantia nigra from controls to iRBD to MCI-LB and to pDLB patients. The regression 

assumes that the groups are ordered by severity and that magnetic susceptibility follows 

a linear trend across the groups, and tests whether the slope of this trend is significantly 

different from zero. We tested for but did not find evidence of curvature in the trend. 

Statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC) and R 

statistical software version 3.4.2 (Rproject.org).

Results

Characteristics of participants

Demographic and clinical characteristics of the participants are summarized in Table 1. 

Most participants were men (92% in pDLB, 80% in MCI-LB and 91% in iRBD), with no 

differences in sex or age between the patient groups. Patients with iRBD had more education 
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than CU (p=0.005). As expected, patients with pDLB had higher CDR-SOB, lower MoCA 

scores and greater number of core DLB features compared to MCI-LB (p<0.001) and iRBD 

(p<0.001). Patients with MCI-LB had lower MoCA scores compared to CU (p=0.004). No 

difference in MoCA scores was observed in iRBD compared to CU (p=0.90). No difference 

in the frequency of visual hallucinations, fluctuations, parkinsonism and RBD was observed 

between the MCI-LB and pDLB groups. There was no difference in the number of core 

DLB features between pDLB and MCI-LB. In terms of number of core DLB features, 

73% of patients with iRBD, none of patients with MCI-LB and 8% of patients with pDLB 

presented with 1 core DLB feature; 18% of patients with iRBD, 60% of patients with MCI­

LB and 22% of patients with pDLB presented with 2 core DLB features; 9% of patients with 

iRBD, 40% of patients with MCI-LB and 69% of patients with pDLB presented with 3 or 4 

core DLB features.

Susceptibility in the substantia nigra

The mean susceptibility calculated form QSM in the substantia nigra bilaterally was lowest 

in CU (0.091 ± 0.025), slightly higher in the iRBD (0.103± 0.024) and MCI-LB (0.096 ± 

0.026) groups, and highest in the pDLB group (0.112 ± 0.026). Patients with pDLB had 

higher susceptibility values in the substantia nigra compared to controls (p<0.001) and MCI­

LB (p=0.043, Fig 1). Substantia nigra susceptibility values in MCI-LB (p=0.51) and iRBD 

(p=0.14) were not different from CU, and no differences were observed between iRBD 

and MCI-LB (p=0.47) susceptibility values. In addition, the susceptibility of substantia 

nigra showed an increasing trend from CU to iRBD to MCI-LB and to pDLB (p<0.001, 

Fig 2). Susceptibility values of the substantia nigra were not associated with the presence 

or absence of the core clinical features (parkinsonism, RBD, visual hallucinations or 

fluctuations) in MCI-LB or pDLB.

Correlation between QSM and Clinical Severity

In the combined group of patients with MCI-LB and pDLB, the mean susceptibility values 

in the substantia nigra did not correlate with parkinsonism severity derived from the 

UPDRS-III (r=0.09; p=0.56) or with dementia severity derived from the CDR-SB (r=0.02; 

p=0.87) or MoCA scores (r= −0.132; p=0.36). When the pDLB group was examined 

separately, neither UPDRS-III (r=0.02; p=0.93) nor CDR-SOB (r=−0.19; p=0.26) or MoCA 

scores (r=0.067; p=0.70) were associated with magnetic susceptibility in the substantia 

nigra.

Discussion

This study demonstrated increased magnetic susceptibility in the substantia nigra in pDLB 

using quantitative susceptibility mapping, a potential biomarker for increased iron content. 

There was also evidence of increasing susceptibility from cognitively unimpaired controls to 

iRBD and MCI-LB to pDLB, suggesting that iron deposition in the substantia nigra starts to 

increase early in the Lewy body disease process, perhaps years before the onset of dementia 

with a trending increase with disease severity.
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Only a few studies investigated the iron accumulation in DLB with susceptibility-weighted 

imaging (SWI) or R2*-weighted MRI30, 31. To the best of our knowledge, no study has 

applied the QSM technique to investigate the iron deposition in patients with pDLB, MCI­

LB and iRBD. In the current study, we applied the QSM for accurate quantification of 

total susceptibility, which is associated with tissue iron content32. SWI is a qualitative 

estimate of QSM with thresholding limitations from a combination of high-pass filtering 

phase and a user defined phase multiplicative factor. R2* mapping is confounded by 

the heterogeneity of the magnetic field, depending on orientation, field strength, and the 

distribution of susceptibility sources, and is not a quantitative estimate of an inherent 

tissue property8, 9. Within the context of iron deposition in the substantia nigra in PD, 

QSM was reported to be more sensitive than R2* mapping33. To date, QSM is considered 

the MRI technique with highest sensitivity and specificity for brain iron quantification in 

living patients8, 9, especially in investigations of the pathologic susceptibility changes in the 

subcortical nuclei34.

Our findings of increased magnetic susceptibility in the substantia nigra in patients with 

pDLB were consistent with the observations in PD10, 35, suggesting that elevated iron 

content in the substantia nigra preserved a similar pattern in the specific clinical scenarios 

of synucleinopathy. Abnormal intracellular aggregation of α-synuclein, the main constituent 

of the Lewy bodies and Lewy neurites, is observed in the substantia nigra early in DLB 

and PD. The interaction between α-synuclein and iron is intricate. On one hand, iron binds 

to α-synuclein36, accelerates α-synuclein aggregation37 and causes toxic hydroxyl radical 

production38. On the other hand, α-synuclein may also accumulate due to alteration of iron 

uptake and metabolism39. Furthermore, elevated iron concentration in the substantia nigra in 

DLB might also result from depigmentation of the nigrosome-1 content40 or dopaminergic 

neuronal loss41. In addition, previous neuromelanin-sensitive MRI and histopathological 

studies demonstrated an overlap of both massive loss of melanized dopamine neurons and 

iron accumulation in the substantia nigra, suggesting that elevated iron deposition in the 

substantia nigra may also be due to the loss of neuromelanin content in DLB7, 42. Although 

iron accumulation in the substantia nigra as a cause or outcome of cell death still remains 

in debate, the increased magnetic susceptibility in the substantia nigra due to increased iron 

content may provide important insights into the pathogenesis of DLB.

In the current study, iron deposition in the substantia nigra demonstrated an increasing trend 

from controls to iRBD to MCI-LB and to pDLB, suggesting that iron accumulation in the 

substantia nigra shows a trend of increase as early as the iRBD stage in DLB and continues 

to increase as the disease progresses. This is consistent with previous findings in PD that 

the higher susceptibility was found only in the substantia nigra in PD patients compared 

to controls by QSM35. Furthermore, a recent QSM study demonstrated a disparate ventral 

to dorsal distribution pattern of iron content in the substantia nigra from early to late stage 

in PD10. Increased magnetic susceptibility in substantia nigra pars compacta (SNc) was 

reported in the early stage of PD, and extended to the substantia nigra pars reticulata (SNr) 

in the late stage43. Taken together, our results expand the previous findings and suggest that 

increasing burden of iron load in the substantia nigra may be an early biomarker of disease 

progression starting from the prodromal stages in DLB.
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RBD is a strong predictor of synucleinopathy and may occur years or even decades before 

the motor and/or cognitive symptoms of parkinsonism or dementia3. Our findings concur 

with the transcranial sonography (TCS) findings in patients with iRBD, with increased iron 

deposition in the substantia nigra revealed as hyperechogenicity on TCS44. However, the 

explanation that underlies the presence of iron excess in the substantia nigra in iRBD is 

not clear. There was no difference in the susceptibility value between iRBD and MCI-LB 

in groups, and no correlation of susceptibility with CDR-SOB or MoCA. Thus, we would 

suspect that the abnormal susceptibility in the substantia nigra may be prominent in patients 

with iRBD independent of cognitive impairment. However, whether the iron deposition 

patterns differ between iRBD patients who progressed to Parkinson disease, or to pDLB or 

to MSA is currently unknown. Further studies with a broader representation of patients with 

Lewy body disease, and a larger sample of iRBD patients in a longitudinal design are needed 

to investigate the association between the susceptibility in the substantia nigra and clinical 

phenotypes.

There was no relationship between magnetic susceptibility in the substantia nigra and a 

measure of parkinsonism severity (UPDRS-III) in patients with MCI-LB and pDLB. It is 

possible that although iron accumulation may be an early finding in the disease process and 

associated with synucleinopathy, it may be independent of the extent of nigral loss and of the 

severity of parkinsonism. Some studies have shown a positive correlation between magnetic 

susceptibility in the substantia nigra and the Hoehn &Yahr stage in PD45, 46 and between 

magnetic susceptibility in the substantia nigra and UPDRS-III scores47, while others show 

a lack of correlation with UPDRS-III scores10, 45, 46. The disparate findings among studies 

may be due to the variability in disease duration, severity, and symptomatic treatment of 

parkinsonism in some patients. The overall mild severity of motor features detected by 

UPDRS-III may have influenced the correlations. It is also possible that increased substantia 

nigra iron content might be independent of dopaminergic dysfunction as revealed by a 
123I-FP-CIT SPECT study48. Future studies are needed to identify the potential mechanisms 

underlying associations between iron content in the substantia nigra by QSM with clinical 

outcome measurements.

One limitation of this study is a relatively small sample size; therefore the results may be 

impacted by influential cases. For example, one of the MCI-LB patients had the lowest 

magnetic susceptibility in substantia nigra in our cohort. This patient was a 76-year-old 

woman whose main symptoms were complex visual and auditory hallucinations with mild 

cognitive impairment but no RBD or parkinsonism. Although Lewy body pathology is 

commonly observed in the brainstem of DLB in a bottom-up pathological progression 

as staged by Braak et al.49, there is some evidence that the nigra may be less severely 

affected in a subgroup of patients50, 51. Second, our data are cross-sectional and cannot 

provide information on the relationship of QSM values with motor, cognitive and functional 

progression in patients with DLB and prodromal DLB. Future studies with larger sample 

sizes in a longitudinal study design assessing the diagnostic utility of QSM in pDLB and 

prodromal DLB as well as neuropathological validation would increase the utility of the 

present findings.

Chen et al. Page 7

J Neuroimaging. Author manuscript; available in PMC 2021 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In conclusion, our data indicate QSM is sensitive to the increased magnetic susceptibility 

likely due to higher iron content in the substantia nigra in DLB. The trend of increasing 

susceptibility from CU to iRBD and MCI-LB and to DLB suggests that iron deposition in 

the substantia nigra starts to increase early in the Lewy body disease process and continues 

to increase as the disease progresses independent of the severity of parkinsonism. Our 

cross-sectional findings support future studies of QSM in the substantia nigra as a potential 

biomarker for monitoring the disease progression in pDLB and prodromal DLB.
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Fig 1: 
Box-plots of magnetic susceptibility in substantia nigra across 4 groups.

Box-plots show the magnetic susceptibility from left, right and bilateral substantia nigra 

in cognitive unimpaired controls (CU), patients with idiopathic rapid eye movement sleep 

behavior disorder (iRBD), mild cognitive impairment with DLB features (MCI-LB) and 

probable dementia with Lewy bodies (pDLB).
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Fig 2: 
Representative of quantitative susceptibility mapping images and regions of interests of the 

substantia nigra.

Representative quantitative susceptibility mapping (QSM) images were from a cognitively 

unimpaired adult (CU) (male, 74 years old), a patient with idiopathic rapid eye movement 

sleep behavior disorder (iRBD) (male, 69 years old), a patient with mild cognitive 

impairment and clinical features of dementia with Lewy bodies (MCI-LB) (male, 71 years 

old) and a patient with probable DLB (pDLB) (male, 72 years old). The upper row shows 

QSM images in the ventral level of substantia nigra (inferior to the red nucleus) and lower 

row shows QSM images in the dorsal level of substantia nigra (adjacent to the red nucleus). 

ROIs are shown overlaid on the native space QSM image of CU from the left (purple) and 

right (yellow) hemispheres.
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Table 1.

Characteristics of participants.

CU
n = 102

iRBD
n = 11

MCI-LB
n = 15

pDLB
n = 36

P-value

Age, yrs 69.2 ± 9.7 69.5±5.8 67.1±9.6 69.7±10.2 0.85

Males, n (%) 90 (88%) 10 (91%) 12 (80%) 33 (92%) 0.69

Education, yrs 15.7±2.2 17.8±2.4 16.6±2.8 15.5±2.8 0.02

CDR sum of boxes 0.0±0.1 0.4±0.5 1.7±0.5 5.4±3.2 <0.001

MoCA 26.3±2.3 26.2±2.1 23.7±2.6 16.3±5.5 <0.001

UPDRS-III -- 3.3±1.6 16.4±9.9 20.8±13.4 0.006

Visual Hallucinations, n (%) -- 0 (0%) 4 (27%) 19 (53%) 0.60

Fluctuations, n (%) -- 1 (11%) 6 (40%) 23 (64%) 0.009

Parkinsonism, n (%) -- 3 (27%) 13 (87%) 30 (83%) <0.001

RBD, n (%) -- 11 (100%) 15 (100%) 34 (94%) 0.46

Core DLB features <0.001

 1 feature, n (%) -- 8 (73%) 0 (0%) 3 (9%)

 2 features, n (%) -- 2 (18%) 9 (60%) 8 (23%)

 3 or 4 features, n (%) -- 1 (9%) 6 (40%) 25 (69%)

All the data represent mean±standard deviation unless otherwise indicated.

*
P-values are comparing groups are from an analysis of variance (ANOVA) or chi-squared test.

Abbreviations: CU = cognitive unimpaired adults; iRBD = idiopathic rapid eye movement sleep behavior disorder; MCI = mild cognitive 
impairment; DLB = dementia with Lewy body; n = number; yrs = years; CDR = clinical dementia rating scale; MoCA = Montreal cognitive 
assessment(MoCA); UPDRS = unified Parkinson disease rating scale; RBD = rapid eye movement sleep behavior disorder.
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