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Background: The signal intensity (SI) of neuromelanin and iron concentration in substantia nigra (SN) 
increase with age, but may vary within the SN subregions. We aimed to investigate the effect of age on 
neuromelanin-sensitive magnetic resonance imaging (NM-MRI) measurements and iron concentration on 
quantitative susceptibility mapping (QSM) in SN subregions. 
Methods: A total of 95 healthy volunteers aged 18–84 years underwent NM-MRI scans using deep 
learning reconstruction, with and without a magnetization transfer (MT) pre-pulse, and a three-dimensional 
(3D) enhanced susceptibility-weighted angiography sequence that was used to construct the QSM. Two 
radiologists conducted manual measurements twice of the lateral, central, and medial parts of bilateral 
dorsal and ventral SN and cerebral peduncles (CP) using 2-mm2 regions of interest (ROIs) on NM-MRI 
and QSM. Signal contrast ratios (CRs) and MT ratios (MTR) as well as the QSM value of SN subregions 
were measured. Intra-rater and inter-rater reliability of NM-MRI SI and QSM value in SN subregions was 
examined using intraclass correlation coefficient (ICC). Polynomial regression analysis was performed to 
explore age-related CRs, MTR, and QSM values in SN subregions. Partial Pearson’s correlation analysis 
using age and sex as covariates was conducted between any two imaging parameters (CRs, MTR, and QSM 
value) in SN subregions. Statistical significance was set at P<0.05 with Bonferroni correction.
Results: CRs (R2=0.270, P<0.001) and QSM value (R2=0.235, P<0.001) as well as MTR (R2=0.241, 
P<0.001) in dorsal SN respectively exhibited positive and negative linear associations with age; CRs (R2=0.257, 
P<0.001) in ventral SN fitted a quadratic curve function with age; and QSM value (R2=0.061, P=0.020) 
in ventral SN showed a mild increasing trend with age. After controlling for age and sex, the correlation 
between CRs and MTR was negative in the dorsal (R=−0.350, P<0.001) and ventral (R=−0.312, P=0.003) SN, 
whereas the correlation between CRs and QSM value presented a positive trend only in dorsal SN (R=0.221, 
P=0.040>0.017) which could not withstand the Bonferroni correction.
Conclusions: Effect of age on NM-MRI measures varied across the SN subregions. The relationship 
between CRs and MTR in the dorsal and ventral SN as well as between CRs and QSM value in dorsal SN 
could be referential for pathological conditions.
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Introduction

The  subs t an t i a  n ig ra  (SN)  exh ib i t s  ana tomica l 
heterogeneity, comprising two histologically distinct 
subregions: the substantia nigra pars reticulata (SNpr) and 
the substantia nigra pars compacta (SNpc) (1,2). Previous 
work further subdivided the SN into three functionally 
distinct layers based on defined cell groups: the SNpr 
tier, the ventral SNpc tier, and the dorsal SNpc tier (1,3). 
There are regional differences in the distribution of striatal 
projections and histochemical markers in SN, suggesting 
that the regional differences may hold significant 
implications for the pathogenesis of diseases such as 
Parkinson’s disease (PD) (1). Research has indicated that 
the SN in degenerative diseases demonstrate regional 
selectivity (1), which implies that when deliberation on 
the alterations in the SN, the impacts of its subregions 
should be taken into account. In healthy individuals, the 
SNpc is characterized by a high density of neuromelanin 
(NM)-containing dopaminergic neurons. The depletion 
of dopaminergic neurons, manifested as depigmentation 
of the SNpc, is widely recognized as a key pathological 
hallmark of PD (1). Additionally, the deposition of 
iron within the SN is suggested to contribute to the 
pathophysiological mechanisms underlying PD (4). 

NM compris ing melanin,  proteins ,  l ipids ,  and 
metal ions is synthesized within specific populations 
of catecholaminergic neurons in the brain, and highly 
concentrated in the dopaminergic neurons of the SNpc and 
the noradrenergic neurons of the locus coeruleus (LC) (5,6). 
NM is regarded as the primary iron-storage in neurons of 
SNpc, which can prevent the generation of superoxide free 
radicals resulting from iron-mediated neurotoxicity (7,8). 
Previous research has demonstrated that iron, ferritin, and 
NM exhibit substantial alterations in PD, and suggested 
that age plays a crucial role in these changes (9,10). This 
pigment first emerges in humans at the age of 2–3 years and 
accumulates over time (9). However, in patients with PD, its 
amount is relatively decreased (9). Multiple investigations 
have revealed that the concentration of NM in the SN 
rises with age (9,11,12), whereas the other histological 
studies have reported that the concentration of NM in the 
SN and LC reaches its peak around 50–60 years of age 

(13,14). Throughout the lifespan, the iron content in the 
SN increases with advancing age, whereas that in the LC 
remains stable (11). Research using NM-sensitive magnetic 
resonance imaging (NM-MRI) has demonstrated that the 
signal contrast ratios (CRs) of the SN increase linearly 
with age (15). Several other studies have indicated that the 
CRs and volume of the SN, as well as the CRs of the LC, 
all exhibit an inverted U-shaped change with age (15-17). 
Previous research has revealed that the melanin content 
of neurons in the ventrolateral SN of healthy persons is 
lower than that of neurons in the dorsomedial region (3). 
Histological research has reported that there is a marked 
decrease in nigral neurons in dorsal SN, whereas no obvious 
alterations occur in ventral SN during aging (1). Diffusion 
tensor imaging (DTI) research in the evaluation of age-
related microstructural variations in specific SN segments 
has reported significant changes in DTI measures with 
age in the dorsal tier but not in the ventral tier of SN (18). 
However, there are few reports on age-related changes of 
NM CRs and iron content in dorsal and ventral SN. 

NM forms a paramagnetic complex with iron, generating 
high signal intensity (SI) on specific T1-weighted magnetic 
resonance imaging (MRI) sequences for non-invasive in-vivo 
visualization. The NM-MRI SI correlates with the NM-
containing neurons density, reflecting the viability of SN 
neurons. Significantly lower SI of the SNpc on NM-MRI 
in patients with PD compared to that in healthy individuals 
(19,20) indicates NM-MRI’s potential for assessing 
the disease severity and progression of PD. However, 
differentiating the dorsal and ventral SN tier merely using 
two-dimensional (2D) NM-MRI is challenging (21,22). 
Subregional SI variations within the SN on NM-MRI are 
easily overlooked as the obvious shortcoming of the existing 
NM-MRI method (22). The inconsistent locations across 
and within studies necessitate the consideration of location 
variation by delineating the SN based on its overlap with 
other MRI contrasts (22). 

Susceptibility-weighted imaging based on T2*-weighted 
contrast can be utilized to localize the axial positions of the 
dorsal and ventral tier of the SN in other MRI modalities (2).  
Quantitative susceptibility mapping (QSM) displays 
magnetic susceptibility and is proportional to the brain 
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iron concentration, which is pivotal for locating the SN 
subregions on NM-MRI. Previous studies have used the 
QSM approach to demonstrate brain iron concentration 
changes in the SN of patients with PD (23-28). Although 
previous research has demonstrated the effect of age 
on iron deposition in the entire SN (10-12,29,30), age-
related changes in QSM value in the human subdivided SN 
have not been reported. Whether there exists a potential 
relationship between NM and iron concentrations in the 
SN subregions also remains unknown. 

The NM-MRI contrast has been suggested as a 
combination of magnetization transfer (MT)-effects and 
T1-effects (2,31). The MT-effects can be characterized 
through the MT ratio (MTR) derived from a pair of images 
that are MT prepared and unprepared (32). Changes in 
NM-MRI metrics, including CRs and MTR, in the SN, 
are vital imaging markers of PD and are widely used in 
studies involving patients with PD and multiple atypical 
parkinsonism (19,33-36). However, several technical factors 
hinder the application of NM-MRI in clinical practice, 
including long scanning time (about 5–12 minutes), 
dependency on multiple MRI technical parameters, partial 
volume effect, and excessive specific absorption rate  
(22,37-39). Quantitative MTR assessment usually requires 
two MRI scans with and without an MT pre-pulse. The 
longer scanning time may cause an additional burden 
to older people or those with parkinsonism, who may 
experience the prolonged supine position in the magnetic 
resonance (MR) device as uncomfortable. Therefore, an 
accelerated and optimized NM-MRI approach is imperative 
to boost clinical applicability. A novel technique, deep 
learning reconstruction (DLR) algorithm, is currently 
applied in various anatomical structures and contrast-
weighted imaging scenarios and has shown significantly 
improved image quality compared with traditional MRI via 
breaking the tradeoff between scan time, signal-to-noise 
ratio, and spatial resolution (40-43). In this study, we aimed 
to delineate the SN via applying the DLR algorithm to 
NM-MRI with and without an explicit MT pre-pulse by 
superimposing SN on a three-dimensional (3D) enhanced 
susceptibility-weighted angiography sequence (ESWAN) 
and discuss age-related trends of CRs and MTR in the 
dorsal and ventral SN. In addition, we examined the age-
related trend of QSM value and the potential relationship 
between NM-MRI measures and QSM values in the SN 
subregions. We present this article in accordance with the 
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-2025-57/rc).

Methods 

Participants 

A total of 95 healthy volunteers aged 18–84 years 
were recruited from Renmin Hospital  of  Wuhan 
University from July to November 2023. The study 
was conducted in accordance with the Declaration of 
Helsinki and its subsequent amendments. The study 
was approved by the Ethics Committee for Clinical 
Research of Renmin Hospital of Wuhan University (No. 
WDRY2023-K035) and informed consent was provided 
by all individual participants. All participants underwent 
cognitive function testing using the Montreal Cognitive 
Assessment (MoCA) and a detailed medical history 
interview, being excluded with the following criteria: 
(I) history of neurological or psychiatric illness; (II) 
MRI contraindications; or (III) MoCA score <26. We 
excluded 6 participants due to abnormal signal on the 
axial T2-weighted fluid-attenuated inversion recovery 
(FLAIR) images (n=2), excessive head movement-induced 
artifacts (n=3), and failure to complete the MoCA score 
estimation (n=1). Finally, 89 participants (41 men and 48 
women) were included for analysis. Figure 1 shows the 
process of selection for participants.

MRI data acquisition

MR acquisitions were performed on a 3.0 Tesla Signa 
Architect MR scanner (GE Healthcare, Chicago, IL, 
USA), using a 48-channel phased-array head coil. The MR 
protocol contained an axial T2-weighted- FLAIR sequence 
to exclude participants with organic brain lesion, a sagittal 
3D brain volume imaging T1-weighted sequence [repetition 
time (TR) =7.7 ms; echo time (TE) =3.1 ms; matrix 
=256×256; field of view (FOV) =25.6 cm; spatial resolution 
=1×1×1; flip angle =12°; bandwidth =31.25 Hz/pixel;  
and scanning time =4 min 18 s], an axial 3D ESWAN 
sequence based on 3D gradient-recalled echo (GRE) (TR 
=25.8 ms; TE =1.9 ms; matrix =240×240; FOV =24 cm;  
spatial resolution =1×1×1; flip angle =20°; bandwidth  
=62.5 Hz/pixel; number of echo =8, and scanning time 
=5 min 31 s), and NM-MRI based on DLR using 2D 
GRE sequences, with and without an MT pre-pulse (TR 
=400 ms; TE = min full; matrix =512×416; FOV =20 cm;  
slice thickness =1.5 mm; slice gap =0.0 mm; slice number 
=10, spatial resolution =0.39×0.48×1.5; flip angle =40°; 
bandwidth =31.25 Hz/pixel,  MT frequency offset  
=1,200 Hz, MT pulse duration =8 ms; MT flip angle =300°; 
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and scanning time =2 min 25 s). Using the mid-sagittal slice 
of 3D brain volume imaging T1-weighted sequence, the 
axial plane was positioned parallelly to the line of anterior 
commissure to posterior commissure for NM-MRI and 
slices corresponding to 3D ESWAN slices covered SN.

AIRTM Recon deep learning 

A commercial DLR algorithm (AIRTM Recon DL, GE 
Healthcare) was embedded in the MR data reconstruction 
pipeline, producing an appropriate trade-off between 
the signal-to-noise ratio, spatial resolution, and scanning 
time (44,45). It comprised a deep convolutional neural 
network that uses raw complex-valued imaging data to 
reconstruct images with a high signal-to-noise ratio, 
reduced truncation artifacts, and high spatial resolution 
(43,45). The convolutional neural network was trained 
us ing  a  superv i sed  learning  approach wi th  over  
4.4 million parameters in more than 10,000 kernels. Each 
acquisition simultaneously had two sets of images from a 
single set of raw k-space data obtained during scanning. 
Notably, one set of images was reconstructed using DLR, 
and the other using conventional reconstruction was 
defined as NON-DLR (no applied DLR). This study 
applied the DLR on NM-MRI based on GRE with and 
without an MT pre-pulse. The representative images 
are shown in Figure 2 (the DLR NM-MRI with and 
without pre-pulse and the NON-DLR NM-MRI with 
and without pre-pulse from left to right in Figure 2A; 
the magnified views of the white boxes corresponding to 
Figure 2A in Figure 2B).

QSM reconstruction

The 3D ESWAN sequence was used to reconstruct QSM 
using STISuite software (version 3.0; https://people.eecs.
berkeley.edu/~chunlei.liu/software.html). First, mask 
images were generated from the magnitude images of the 
3D ESWAN sequence using a threshold for background 
phase removal. Then, Laplacian-based phase unwrapping 
and the sophisticated harmonic artifact reduction for phase 
data algorithm using a variable radius of the spherical kernel 
at the brain boundary for background field removal were 
performed to preprocess the phase images (46-50). Finally, a 
two-level QSM reconstruction algorithm, streaking artifact 
reduction for QSM was used to calculate the susceptibility 
maps. The streaking artifact reduction for QSM algorithm 
significantly reduced streaking artifacts and preserved sharp 
boundaries for blood vessels by tuning a regularization 
parameter to automatically reconstruct large and small 
susceptibility values (51). Susceptibility maps obtained 
using QSM reconstruction were utilized to assess the iron 
concentrations in the dorsal and ventral SN.

Location of dorsal and ventral SN

The co-registration between 2D DLR NM-MRI with 
(Figure 3A) and without (Figure 3B) MT pre-pulse and the 
susceptibility maps (Figure 3C) was performed using the co-
register tool in SPM12 (http://www.fil.ion.ucl.ac.uk/spm). 
Figure 3 shows the co-registration results displayed in the 
graphics frame in SPM after co-register, and the clarity is 
inferior to the original true clarity of the DLR NM-MRI 

Participants 
(n=95)

Excluded
(I)	 Abnormal signal on T2 Flair (n=2)
(II)	 Excessive head movement-

induced artifacts (n=3)
(III)	Failure to complete the MoCA 

score estimation (n=1)
Enrolled in this study 

(n=89)

Age =18–30 years
(n=12)

Age =31–40 years
(n=18)

Age =51–60 years
(n=17)

Age =41–50 years
(n=15)

Age =61–70 years
(n=15)

Age =71–84 years
(n=12)

Figure 1 The process of selection for participants. T2 Flair, T2-weighted fluid-attenuated inversion recovery images; MoCA, Montreal 
Cognitive Assessment.

https://people.eecs.berkeley.edu/~chunlei.liu/software.html
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B

A

Figure 2 The representative NM-MRI images of a 50-year-old woman. DLR NM-MRI with and without pre-pulse and the NON-DLR 
NM-MRI with and without pre-pulse from left to right of the upper row (A) and magnified views of the white boxes corresponding to (A) 
in the lower row (B). DLR, deep learning reconstruction; NM-MRI, neuromelanin-sensitive magnetic resonance imaging; NON-DLR, no 
applied DLR.

Co-register

C

B

A

Figure 3 An illustration of co-registration between the 2D DLR MT NM-MRI (A) as well as the 2D DLR MTOFF NM-MRI (B) and 
the susceptibility maps (C). 2D, two-dimensional; DLR, deep learning reconstruction; MT, magnetization transfer; MTOFF, no applied 
magnetization transfer; NM-MRI, neuromelanin-sensitive magnetic resonance imaging.

with and without MT pre-pulse and the susceptibility maps. 
The red nucleus (RN) is considered a landmark to localize 
SN for delineating a region of interest (ROI) (1). The dorsal 
SN is located in the same section adjacent to the RN, and 
the ventral SN is located inferior to the RN (18,52). The 

Figure 4A,4B represent the sagittal and axial slices of the 
susceptibility maps, respectively. The green and blue lines in 
Figure 4C correspond to the dorsal and ventral layers of the 
SN, respectively. For the quantitative assessment of QSM 
value, two radiologists with nine and 10 years of relevant 
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Figure 4 The location of dorsal and ventral SN. The ROIs in the lateral, central, and medial parts of SN were drawn on the susceptibility 
maps and DLR NM-MRI. (A,B) The sagittal and axial slices of the susceptibility maps, respectively. The dorsal SN is in the same section 
adjacent to the RN (green line, C), and the ventral SN is located inferior to the RN (blue line, C). The right part shows the dorsal and 
ventral SN on the susceptibility maps (D,E), DLR NM-MRI with (F,G) and without (H,I) MT pre-pulse of the woman. CP, cerebral 
peduncles; DLR, deep learning reconstruction; dSN, dorsal substantia nigra; MT, magnetization transfer; NM-MRI, neuromelanin-sensitive 
magnetic resonance imaging; RN, red nucleus; ROI, region of interest; SN, substantia nigra; vSN, ventral substantia nigra.

respective experience who were blinded to the imaging 
information manually measured the lateral, central, and 
medial parts of bilateral dorsal SN (Figure 4D) and ventral 
SN (Figure 4E) using 2-mm2 ROIs twice with an interval of 
half a month. The average QSM values of the lateral, central, 
and medial ROIs were obtained for the bilateral dorsal SN 
(Figure 4D) and ventral SN (Figure 4E), respectively. To keep 
the ROIs drawn on the dorsal and ventral SN layers of the 
susceptibility maps (Figure 4D,4E) as consistent as possible 
with the corresponding slices on DLR NM-MRI images 
with (Figure 4F,4G) or without (Figure 4H,4I) MT pre-pulse, 
the susceptibility maps were analyzed in the individual-level 
space and were not standardized to the standard space. 

NM-MRI analysis

For the quantitative assessment of DLR NM-MRI with and 
without MT pre-pulse, the same two radiologists copied 
manually sketched 2-mm2 ROIs on QSM (Figure 4D,4E) 
to the lateral, central, and medial parts of bilateral dorsal 
SN (Figure 4F,4H), ventral SN (Figure 4G,4I), and adjacent 
cerebral peduncles (CP) (Figure 4F,4G) and repeated the 
process after an interval of half a month. The ROIs for the 
bilateral dorsal (Figure 4F,4H) and ventral (Figure 4G,4I) 
SN were selected on the NM-MRI using DLR with and 
without MT pre-pulse in the same positions. The average 
SI values of the lateral, central, and medial ROIs were 
obtained for the bilateral dorsal SN (Figure 4F,4H) and 

ventral SN (Figure 4G,4I) respectively. CRs and MTR of 
the SN were calculated after measuring the ROIs using 
the following formulas: CRs = (SIsn − SIcp)/SIcp, where SIsn 
and SIcp are the mean SI values of the two radiologists 
twice-manually measured bilateral dorsal or ventral SN 
and CP, respectively. MTR = (SIMT-OFF − SIMT)/SIMT-OFF, 
where SIMT and SIMT-OFF represent the average SI values of 
the two radiologists’ twice-manual measurements in the 
bilateral dorsal or ventral SN with and without MT pre-
pulse, respectively. Mean values were used, as there were 
no significant differences in the CRs and MTR among the 
bilateral dorsal SN, ventral SN, and CP. 

Statistical analyses

All statistical analyses were performed using the R statistical 
and computing software (version 4.2.2; http://www.r-project.
org). The intra- and inter-rater reliability of the NM-MRI 
SI and QSM value of the SN were examined using intraclass 
correlation coefficient (ICC) (53) (ICC <0.4, poor; 0.4≤ 
ICC <0.6, fine; 0.6≤ ICC <0.75, good; 0.75≤ ICC< 1.0,  
excellent) (54). The normality of all measurements was 
confirmed using the Shapiro-Wilk test. The intra- and inter-
rater reliability analysis were carried out for the SI and QSM 
value, but not CRs and MTR, of bilateral SN subregions 
and the CP because CRs and MTR were calculated based 
on SI which was obtained directly during drawing ROIs on 
DLR NM-MRI with and without pre-pulse. Meanwhile, 

http://www.r-project.org
http://www.r-project.org
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CRs and MTR were calculated using the average SI values of 
the first and second measurements of the two radiologists to 
guarantee the credibility. 

A polynomial regression analysis was performed to 
explore whether the average CRs, MTR, and QSM value 
in the bilateral dorsal and ventral SN exhibited age-related 
changes. R2 was adopted to represent the percentage of the 

total variance of the measurement explained based on its 
relationship with age (linear or quadratic) (55). The Akaike 
information criterion (AIC) and the Bayesian information 
criterion (BIC) were applied to assess the goodness of fit of 
the statistical models. Partial Pearson’s correlation analysis 
using age and sex as covariates was conducted between any 
two imaging parameters (CRs, MTR, and QSM value) 
in dorsal and ventral SN. Statistical significance was set 
at P<0.05*(1/n) with Bonferroni correction; the letter n 
indicated to the number of the tests.

Results

Table 1 shows participant demographic characteristics.  
Table 2 presents the ICC value and 95% confidence interval 
(CI) for the SI in the bilateral dorsal and ventral SN and 
CP on NM-MRI with or without MT pre-pulse and the 
ICC value as well as the 95% CI for the QSM value in the 
bilateral dorsal and ventral SN on susceptibility maps. All 
ICC values were >0.75.

Polynomial regression analysis revealed that the CRs 
(R2=0.270, P<0.001) (Figure 5A) and QSM value (R2=0.235, 
P<0.001) (Figure 5B) of the dorsal SN increased linearly 
with age. The MTR (R2=0.241, P<0.001) (Figure 5C) 
showed a linear decrease in the dorsal SN throughout 
lifetime. The CRs (R2=0.257, P<0.001) (Figure 5A) of the 
ventral SN fit a quadratic curve with age, and the QSM 
value (R2=0.061, P=0.020) (Figure 5B) showed a mild 
increase in the ventral SN with age. The MTR of the 
ventral SN did not show a linear or quadratic trend with 

Table 1 Demographic data of participants

Subject Value (n=89)

Gender

Male 41

Female 48

Age (years)

18–20 1 (18±0)

21–30 11 (24.80±3.40)

31–40 18 (35.06±2.62)

41–50 15 (45.73±3.17)

51–60 17 (56.29±2.73)

61–70 15 (66.25±3.02)

71–84 12 (77.58±3.87)

MoCA score 28.39±1.24

Data are presented as number or number (mean ± standard 
deviation). For each age group, the number on the right denotes 
the number of participants within the age group. MoCA, 
Montreal Cognitive Assessment.

Table 2 ICC value and 95% CI of intra- and inter-radiologist for SI and QSM value in bilateral dorsal and ventral SN and CP

ROI Measurement Time
Intra-radiologist

Inter-radiologist
Radiologist 1 Radiologist 2

Dorsal SN MT SI Time 1 vs. 2 0.963 (0.944–0.975) 0.972 (0.957–0.981) 0.972 (0.958–0.982)

MTOFF SI Time 1 vs. 2 0.988 (0.982–0.992) 0.991 (0.986–0.994) 0.990 (0.986–0.994)

QSM value Time 1 vs. 2 0.882 (0.825–0.921) 0.870 (0.808–0.912) 0.800 (0.711–0.864)

CP MT SI Time 1 vs. 2 0.974 (0.961–0.983) 0.981 (0.971–0.988) 0.985 (0.977–0.990)

Ventral SN MT SI Time 1 vs. 2 0.962 (0.943–0.975) 0.978 (0.967–0.986) 0.978 (0.967–0.985)

MTOFF SI Time 1 vs. 2 0.974 (0.961–0.983) 0.994 (0.991–0.996) 0.983 (0.974–0.988)

QSM value Time 1 vs. 2 0.937 (0.906–0.958) 0.954 (0.931–0.969) 0.846 (0.775–0.896)

CP MT SI Time 1 vs. 2 0.960 (0.940–0.974) 0.986 (0.978–0.990) 0.961 (0.941–0.974)

Data are presented as the ICC value (95% CI). Time 1/2, the twice manually measure of the two radiologists, the interval of Time 1/2 is 
half a month; CI, confidence interval; CP, cerebral peduncles; ICC, intraclass correlation coefficient; MT, magnetization transfer; MTOFF, no 
applied magnetization transfer; QSM, quantitative susceptibility mapping; SI, signal intensity; SN, substantia nigra.
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Figure 5 The age-related trend of CRs (A), QSM value (B), and MTR (C) in dorsal and ventral SN. Specifically, the yellow solid dots and 
line indicate the dorsal SN, and the blue hollow circles and dashed lines indicate the ventral SN. CRs, contrast ratios; MTR, magnetization 
transfer ratio; QSM, quantitative susceptibility mapping; SN, substantia nigra.

Table 3 The regression models for age-effect on CRs, MTR and QSM value in dorsal and ventral SN

Dependent variable Predictor Estimate
95% CI

R R2 AIC BIC t P value
Lower Upper

Dorsal SN CRs Age 1.23×10−3 8.00×10−4 1.66×10−3 0.520 0.270 −338 −331 5.58 <0.001***

Ventral SN CRs Age 7.74×10−3 4.83×10−3 1.07×10−2 0.507 0.257 −316 −306 5.29 <0.001***

Age2 −7.72×10−5 −1.05×10−4 −4.89×10−5 −5.43 <0.001***

Dorsal SN QSM Age 5.14×10−4 3.16×10−4 7.11×10−4 0.485 0.235 −477 −469 5.17 <0.001***

Ventral SN QSM Age 3.79×10−4 6.09×10−5 6.97×10−4 0.246 0.061 −392 −385 2.37 0.020*

Dorsal SN MTR Age −5.69×10−4 −7.84×10−4 −3.54×10−4 0.491 0.241 −462 −454 −5.25 0.001***

Ventral SN MTR Age −9.04×10−5 −2.97×10−4 1.16×10−4 0.093 0.009 −469 −461 −0.869 0.387

*, P<0.05; ***, P<0.001. AIC, Akaike information criterion; BIC, Bayesian information criterion; CI, confidence interval; CRs, contrast ratios; 
MTR, magnetization transfer ratios; QSM, quantitative susceptibility mapping; SN, substantia nigra.

age (R2=0.009, P=0.387) (Figure 5C). Table 3 shows the 
regression models for effect of age on CRs, MTR, and 
QSM values in dorsal and ventral SN.

Partial Pearson’s correlation analysis after controlling 
for age and sex showed a significant negative correlation 
between the CRs and MTR for the dorsal (R=−0.350, 
P<0.001) and ventral (R=−0.312, P=0.003) SN (Figure 6A), 
whereas a trend of positive association between CRs and 
QSM value for the dorsal SN (R=0.221, P=0.040>0.017) 
which could not withstand the Bonferroni correction  
(Figure 6B). Moreover, no significant correlation was 
observed between the MTR and the QSM value for the 
dorsal and ventral SN (Figure 6C).

Discussion

We demonstrated the effect of age on NM-MRI measures 

in SN subregions which were co-registered and overlapped 
on a T2*-weighted contrast MR images and explored the 
relationship between NM-MRI measures and QSM value 
in the human SN. First, the reproducibility of SI and 
QSM value in the SN on NM-MRI and the susceptibility 
maps were assessed using ICC, which showed excellent 
reproducibility. Then, the changes in CRs, MTR, and 
QSM value as a function of age were explored and the 
partial Pearson’s correlation coefficient between CRs, 
MTR, and QSM value pairs were computed using age and 
sex as covariates. Previous studies showed the scan time of 
conventional NM-MRI typically takes between five and  
12 minutes, depending on the magnetic field strength, 
number of scan slices, scan sequences (fast spin echo or 
GRE with MT pre-pulse), or acquisition methods (2D 
or 3D), and so on. Despite having acquired fewer slices 
(10 slices) in this study, DLR NM-MRI with and without 
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an explicit MT pre-pulse were reliably obtained within a 
reasonable scan time (approximately 2 min 35 s), facilitating 
NM-MRI applications in clinical practice to validate the 
necessity of SN subdivision analysis. Nevertheless, no 
subjective or objective comparative analyses were conducted 
on NM-MRI with and without DLR in this study, which 
is one of the shortcomings despite the visually discernible 
differences between the NM-MRI with and without DLR 
in Figure 2. 

Age-related trend of CRs, MTR, and QSM value in dorsal 
and ventral SN

The high SN SI on NM-MRI is closely associated with 
the NM-containing neurons. Higher CRs of the SN 
indirectly reflect higher NM concentrations in the SN. 
Results for age-related changes in NM-containing neurons 
evaluated using histochemical methods are controversial 
(1,9,11,12). Fearnley and Lees (1) reported a significant 
loss of pigmented nigral neurons in the dorsal SN without 
apparent ventral SN variations during aging. Studies that 
did not subdivide the SN into dorsal and ventral tiers 
considered the total NM concentration and found a linear 
increase in NM concentration in the SN throughout life 
(9,11,12). The differences in these results were suggested 
to be due to the different methodologies used to count 
SN neurons. Simply counting the pigmented neurons is 
unlikely to capture the age-related increment, since it is 
more probable that the amount of NM per neuron increases 
with age, rather than the quantity of pigmented neurons. 
This may account for the failure of early studies to capture 
the age-related increase in the dorsal part of SN. 

In this study, the dorsal SN CRs increased linearly 
with age, and the ventral SN CRs increased until age  
40–59 years, followed by a decrease. The age-related 
changes patterns in the dorsal and ventral SN using NM-
MRI in this study were inconsistent with Fearnley and 
Lees’ reports (1). Meanwhile, our findings showed some 
overlaps with those of other histological studies which 
did not subdivide the SN into dorsal and ventral tiers and 
reported a continuous increase in SN NM concentrations 
during life (9,11,12). Herein, the dorsal and ventral SN CRs 
increased before middle age. After middle age, CRs in the 
dorsal SN increased with age, whereas CRs in the ventral 
SN decreased. A recent study employing MT contrast 
NM-MRI disclosed an increase in CRs in the SN with 
advancing age (15). Additionally, they discovered that the 
volume of the NM accumulation region augmented until 
the 30s and declined in the 80s (15). Employing optimized 
NM-MRI in a sample covering the entire lifespan, a prior 
study verified a significant age effect on the pigmentation-
related contrast of the SN from childhood to old age, which 
assumes an inverted U-shaped pattern (17). NM is not only 
concentrated in the dopaminergic neurons of the SN but is 
also abundant in the noradrenergic neurons of the LC (12). 
The SN and LC, composed of catecholaminergic neurons, 
are pigmented owing to NM presence (19); therefore, 
the two brain regions share many similar anatomical and 
biochemical characteristics (12). A previous NM-MRI 
study investigated age-related changes in the LC and found 
that the CRs of the LC increased with age until middle 
adulthood and diminished thereafter (16). These previous 
findings underpin the age-related variation of CRs in the 
ventral SN in our work.
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In this study, MTR in dorsal SN decreased linearly with 
age, whereas MTR in ventral SN did not show a statistical 
correlation with age. Previous studies have reported 
significant age-related MTR reductions in normal brain 
white matter and corpus callosum (33,55,56), reflecting 
structural changes, such as neuronal loss, myelin loss, or 
glial tissue changes during aging. The age-related MTR 
decreases in gray matter are suggested to result from the 
demyelination and axonal degeneration in gray matter, which 
are interpreted by a neuronal cell body disorder because 
of reduced size (55). By investigating clinical stage-related 
MTR changes in patients with PD, progressive SN MTR 
decrease was observed over the mild-to-advanced stages of 
PD (35). Using DTI to assess age-related degenerations 
in the dorsal and ventral SN, a study reported significantly 
reduced fractional anisotropy in the dorsal SN during aging 
and did not find apparent variations in the ventral SN, 
implying demyelination during aging (18). Our finding of the 
age effect on MTR declines occurred in the dorsal but not in 
the ventral SN aligns with these previous results.

Iron deposition in the brain is integral to normal 
brain development (29). During normal aging processes, 
there is a progressive and more significant increase in 
iron concentrations in the SN, RN, and globus pallidus 
than there is in other brain regions (29). Histochemical 
methods have revealed an age-related linear increase in 
iron concentration in postmortem SN material (11,30,57). 
We observed a linear increase in the dorsal and ventral SN 
QSM value with age. The QSM value corresponds to the 
iron concentration: the larger the QSM value, the higher 
the iron concentration. This finding aligns with the reports 
of the prior studies.

Correlation between NM-MRI measures and QSM value 
in the SN

Correlation analysis revealed negative linear correlations 
between CRs and MTR in the dorsal and ventral SN. 
To our knowledge, this is the first study to investigate 
the relationship between CRs and MTR in the normal-
aging SN using NM-MRI. The MTR reflects the energy 
exchange process between highly bound protons within 
macromolecular structures, such as proteins, and the mobile 
protons of free water (58). The higher the macromolecular 
concentrations, the lower the MTR value. NM has a strong 
chelating ability for iron, forming NM-iron complexes, 
and can interact with polyunsaturated lipids with high 
molecular masses (10). The NM pigment comprises NM-

iron complexes, proteins, and lipids (31). The aliphatic chains 
in NM can affect the exchange between the macromolecules 
and the free pool (22). These NM characteristics in the SN 
may support the negative correlations between CRs and 
MTR in the dorsal and ventral SN observed in this study. 
NM is a metal chelator that binds organic toxins to prevent 
cytotoxic processes and promote neuronal detoxification (10). 
The NM-iron complex can be neuroprotective in preventing 
cytotoxic processes that are essential in normal aging (10). 
Iron that cannot be stored in the NM may contribute to 
neurodegeneration in patients with PD (34). The NM and 
iron performance patterns in normal aging may support the 
trend of positive correlation between CRs and QSM value in 
the dorsal SN in this study. However, CRs and QSM value 
did not show significant correlations in the ventral SN. In the 
age-related analysis, the QSM value in the ventral SN showed 
a mild linear increase with age, the statistical significance was 
weaker compared with the effect of age on the QSM value 
in dorsal SN. Moreover, the fact that the CRs in the ventral 
SN decreased after middle age, inverse to that in the dorsal 
SN, may support the lack of relationship between CRs and 
QSM value in the ventral SN. Previous studies have reported 
changes in the MTR and QSM value of the SN in disorders 
with PD compared to normal adults (26,27,33,35); however, 
the correlation between the two measurements remains 
unclear in PD patients. This study investigated the age effect 
on MTR and QSM value of the subdivided SN in normal 
individuals, and no significant Pearson’s correlation was 
found between the two measures in the dorsal or ventral SN. 

Limitations

This study has some limitations. First, objective assessment 
of DLR and conventional NM-MRI were not compared. 
The DLR NM-MRI showed superior image quality to 
traditional NM-MRI, which has been verified in previous 
studies (40-45). Our goal in this study was to explore the 
age effect on SN subregions using DLR NM-MRI and 
QSM; however, discussing the advantages of DLR NM-
MRI compared with conventional NM-MRI objectively 
will further validate our results. In addition, it is essential 
to further validate DLR NM-MRI in patients. To date, 
the anatomical boundaries of the SN subregions do not 
perfectly correspond to imaging boundaries. In this study, 
the slice positions of the SN in 2D NM-MRI were acquired 
consistent with those in 3D ESWAN in this study, and 
the 2D NM-MRI was co-registered and overlapped on 
QSM. The slice locations of the dorsal and ventral tier of 
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SN were indirectly determined through relying on the RN 
as an anatomical mark. To a certain extent, the indirect 
positioning method ensured the accuracy of differentiating 
the dorsal and ventral tier of SN in this study. Nevertheless, 
it is worth noting that the SN’s long axis further complicates 
accurate subregion evaluation in actual circumstances. 
Therefore, volumetric segmentation and volume of interest 
assessment would be a more reliable strategy for evaluating 
age-related effects in SN subregions in future studies. 
Finally, in this study, no clinical assessments were performed 
by neurologists on the participants to rule out potential 
patients in the prodromal stage of PD. Additionally, no 
investigation was conducted into whether the participants 
had a history of substance abuse (including hard drugs 
and alcohol). Moreover, before the MRI scans, no further 
inquiries were made regarding whether the participants 
were taking any medications, yet psychotropic medications 
have potential effects on the midbrain. Although the aim 
of this study was to explore the age-related changes in NM 
measurements and iron content within the subregions 
of the SN using two MRI techniques (NM-MRI and 
QSM), rather than to compare differences among different 
subgroups, it remains necessary to control for the potential 
effects of underlying diseases and medications, similar to 
the approach of adjusting for covariates, so as to enhance 
the purity of the age effect.

Conclusions

The age-related trend of NM-MRI measures varied across 
in the SN subregions, suggesting the essential consideration 
of the subdivided SN when exploring age-related changes 
in the SN. The negative correlation between CRs and 
MTR in the dorsal and ventral SN and the trend of positive 
correlation between CRs and QSM value in the dorsal SN 
might possess referential worth for disease conditions.
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