Improved visualization of the subthalamic nucleus on synthetic MRI with optimized parameters: initial

study
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Abstract

Background: Synthetic MRI (SyMRI) enables to reformat various images by adjusting the MR

parameters.

Purpose: The purpose was to investigate whether customization of the repetition time (TR), echo time

(TE), and inversion time (TI) in SyMRI could improve the visualization of subthalamic nucleus (STN).

Material and Methods: We examined 5 healthy volunteers using both coronal SyMRI and quantitative

susceptibility mapping (QSM), 7 patients with Parkinson's disease (PD) using coronal SyMRI, and 15

PD patients using coronal QSM. Two neuroradiologists reformatted SyMRI (optimized SyMRI) by

adjusting TR, TE, and TI to achieve maximum tissue contrast between the STN and the adjacent brain

parenchyma. The optimized MR parameters in the PD patients varied according to the individual. For

regular SYMRI (T2WI and STIR), optimized SyMRI, and QSM, qualitative visualization scores of the

STN (STN score) were recorded. The contrast-to-noise ratio (CNR) of the STN was also measured.

Results: For the STN scores in both groups, the optimized SyMRI were significantly higher than the

regular SyMRI (p <0.05), and no significant differences between optimized SyMRI and QSM. For the

CNR of differentiation of the STN from the substantia nigra, the optimized SyMRI was higher than the

regular SyMRI (volunteer; T2WI p=0.10 and STIR p=0.26, PD patient; T2WI p=0.43 and STIR

p=0.25), but the optimized SyMRI was lower than the QSM (volunteer; p=0.26, PD patient; p=0.03).

Conclusions: On SyMRI, optimization of MR parameters (TR, TE, and TI) on an individual basis may

be useful to increase the conspicuity of the STN.
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Introduction

The subthalamic nucleus (STN) is a surgical target of deep brain stimulation (DBS), which is an

accepted surgical treatment for advanced Parkinson disease (PD) (1,2). Because the success of DBS is

mostly dependent on accurate positioning of the leads at the optimal target point, the STN (3,4). Thus,

direct visualization of the STN by MRI is challenging.

The STN is a lens-shaped structure that is smaller than 1.5 cm and biconvex in the coronal

plane. It is located in the caudal subthalamic region, and bordered superiorly by the zona incerta (ZI)

and lenticular fasciculus and inferiorly by the substantia nigra (SN) (5,6). In the coronal MRI plane

perpendicular to the anterior commissure—posterior commissure line (AC-PC line), and at the level of

internal auditory canal, the STN and SN are found within the same plane, with the STN located cranial

and laterally adjacent to the SN (Fig. 1). More recently, 7T MRI has been approved for clinical imaging.

Although 7T MRI has been utilized for superior visualization (7,8), 7T MRI is limited by its high cost

and low availability at the moment.

In most reported cases, the T2-weighted sequence was used for visualizing the STN (9,10).

On T2-weighted imaging (T2WI), the STN shows a low-intensity signal in comparison to the

surrounding white matter because of the susceptibility effect from the iron within the STN (although

the STN is grey matter). More recently, Liu et al. reported that a novel MRI technique at 3T,

quantitative susceptibility mapping (QSM), significantly improved visualization of the STN in

comparison to the current standard MRI sequences (T2WI, T2*WI, or susceptibility-weighted imaging:



SWI) (11). The QSM technique is insensitive to the geometry of veins and dipolar artefacts; both of

which affect the distribution of measured phase values. On QSM, the STN can appear hyperintense due

to iron deposition within the STN (11). However, as a limitation of the QSM technique, QSM images

are affected by blooming artifacts, which depend on susceptibility, echo time, and field strength (11,12).

Furthermore, QSM images are obtained with a 3D gradient echo (GRE) sequence, which is sensitive to

patients' motion during MRI acquisitions, so its application in patients with obvious tremor may be

limited. Clinically, postprocessing for QSM requires additional tools to perform complex calculations,

and QSM images cannot be acquired in-line during clinical MRI examinations. Thus, various MRI

sequences or techniques have been used in attempts to depict the STN.

On conventional MRI, image contrast is mainly influenced by two parameters, the repetition

time (TR) and the echo time (TE), which are determined in advance. Synthetic MRI (SyMRI) was

recently introduced to enable the accurate quantification of MR images (13,14), which makes it

possible to reformat SyMRI in various ways by adjusting MR parameters such as the TR, TE, and

inversion time (TI) (15,16). A previous study showed that SyMRI with the optimization of the TR and

TE for shoulder MR arthrography enabled the optimization of soft-tissue contrast (17). However, no

study to date has addressed optimization for the identification of the STN using SyMRI. We

hypothesized that optimized SyMRI can be reformatted by adjusting the TR, TE, and TI to achieve

maximum tissue contrast between the STN and the adjacent brain parenchyma. The purpose of this

pilot study was to investigate whether customization of the TR, TE, and TI on SyMRI can improve the



visualization of the STN.

Materials and Methods

Subjects

This study was approved by our institutional review board. This study included 5 healthy volunteers

(Table 1). All healthy volunteers gave their written informed consent before MR imaging, which

included SyMRI and QSM.

From the MRI database of patients who underwent SyMRI or QSM, we retrospectively

selected 7 PD patients who had been examined by coronal SyMRI, and 15 patients who had been

examined by coronal QSM. Thus, the study included a total of 22 PD patients who fulfilled the UK

Parkinson's Disease Society Brain Bank criteria for the diagnosis of idiopathic PD; PD patients were on

anti-parkinsonian medication at the time of testing. In the case of the PD patients, our institutional

review board approved this retrospective assessment and waived the need for informed consent.

Magnetic Resonance Imaging (MRI)

SyMRI was performed using a 3T system (3T Magnetom Vida; Siemens) with a 20-channel head coil.

Details of the synthetic MR sequence acquisition have been described elsewhere (13,15,18,19). SyMRI

was implemented as a saturation recovery turbo spin-echo (TSE) sequence with a saturation pulse flip

angle of 120°, a multiecho readout including phase and magnitude data, with 4 repetitions. The

section acquisition order was altered for each repetition, resulting in 4 different effective



saturation delays (150, 580, 2000, and 4130 ms) for each section. The imaging parameters were as

follows: number of excitations, 1; section thickness, 2.2 mm; matrix, 320 x 240; field of view, 24 x 24

cm; and imaging time, 12 minutes 14 seconds. A parallel imaging method (generalized autocalibrating

partially parallel acquisitions) was used with a reduction factor of 2. The resulting data formed a matrix

of 8 complex images per section at different saturation delays and TEs. SyMRI was obtained from the

quantitative Qmap data, with operator-specified TR, TE, and TI values, using the SyMRI version 7.2

RC2 software package (SyntheticMR AB, Linkoping, Sweden). For the purposes of our study,

standardized TR, TE, and TI values were used to produce comparable synthetic T2WI (Sy-T2WI) and

short inversion time inversion-recovery (STIR) sequences (Sy-STIR) based upon comparison with

clinical sequences performed at our institution (Table 2). SyMRI data were obtained using the TSE

sequence, and signal intensities on SyMRI were calculated based on the fitting algorithm (15).

Therefore, the relationship between image contrast and the sequence parameters of SyMRI do not

correlate with that of conventional MRI. In the present study, regular SyMRI (Sy-STIR) was performed

using standard manufacturer-recommended sequence parameters, which differed from the sequence

parameters of conventional STIR described in previous reports (6,20). We thus confirmed that the

image contrast of Sy-STIR was similar to that with conventional STIR. Furthermore, Sy-STIR with a

TI of 300 ms had the best image contrast for fat-suppressed imaging.

Technologically, in our institution, QSM was not available using the 3-Tesla MR scanner (3T

Magnetom Vida; Siemens). Therefore, QSM studies were performed on a 3T MRI system (Signa



EXCITE 3T; GE Healthcare, Chicago, IL, USA) using a dedicated eight-channel phased-array coil

(USA Instruments Aurora, OH, USA). QSM was reconstructed from data (magnitude and phase

images) obtained using 3D multi-echo spoiled GRE imaging using the Cornell QSM software package

(21,22), which included various algorithms (unwrapping algorithm, projection onto dipole field [PDF]

algorithm, a standard FSL-Brain Extraction Tool [BET] algorithm). The local magnetic field was

calculated from a field map derived from MR phase images. Unwrapping of the combined phase data

was performed on the field estimated from multiple echo complex data using the image quality-guided

unwrapping algorithm, as described and recommended in a previous report (23,24). A frequency or

field map was also generated from all echoes according to the methods described previously (23). For

the background field removal technique, the PDF algorithm was used (25). Brain masking (skull

stripping) for the QSM was performed using a standard FSL-BET algorithm (26,27). Finally, the QSM

was reconstructed using GRE images (magnitude and wrapped phase images) by a

morphology-enabled dipole inversion (MEDI) technique (23). The MEDI technique, for the generation

of the morphology mask, inverts the estimated local magnetic field to generate a magnetic

susceptibility distribution that constitutes the magnitude image. Such post-processing cannot be

performed in an in-line manner. The QSM images were available approximately 10 min after data had

been transferred to a workstation.

Optimized SyMRI

By visual assessment of two neuroradiologists (H.S., S.K.; 17 and 24 years of radiology experience,



respectively), to determine the point with maximum contrast in SyMRI, differences in SI between the

STN and adjacent brain parenchyma were simulated by varying TR, TE, and TI within ranges of

4387-11833ms, 18-76ms, and 0-5936ms, respectively (Table 2). The optimization with SyMRI were

performed based on a previously described qualitative visualization score of the STN (STN-score) (11):

Score 0, the STN was not visible; Score 1, the STN-SN complex was poorly visible with fuzzy borders;

Score 2, only the superior border of the STN and not the border with SN was visible; and Score 3, the

STN was well defined and clearly differentiable from its superior neighbor, presumably the zona

incerta (ZI), and its inferior neighbor, the SN (Fig. 1 and 2).

Qualitative Image Assessment

Optimized SyMRI, as well as regular SyMRI (T2WI and STIR) and QSM, were independently

assessed by two experienced neuroradiologists (F.T., S.I.; 19 and 15 years of radiology experience,

respectively) using the STN-score (11). Coronal brain sections of each subject obtained with all

imaging methods were presented to each of the neuroradiologists simultaneously. After independent

interpretations were performed, the differences in assessments between the two radiologists were

resolved by consensus.

Quantitative Image Assessment

All image data were transferred to a workstation (Ziostation-2; Ziosoft/ AMIN, Tokyo, Japan), and all

measurements were performed on same monitor (RadiForce MX242W; EIZO). According to

previously published methods (11), a radiologist (S.T., 3 years of experience) measured the



contrast-to-noise ratio (CNR) of the STN on all images. For each subject, bilateral regions of interest

were manually drawn on the single section recorded from the previous qualitative assessment on the

image with the highest visualization score (Fig. 1). After delineating the STN, a 2-mm band tracing the

superior border of the STN and a 1-mm band tracing the inferior border of the STN were drawn to

calculate the difference in intensity between the STN and its superior neighbor, presumably the ZI, and

its inferior neighbor, the SN. These regions of interest (ROIs) were then propagated onto the complete

set of images (SyMRI and QSM). The contrast on each image was calculated as the absolute difference

between the mean value in the STN and the mean value in the surrounding bands. Noise was measured

by calculating the standard deviation of the signal intensity in the thalamus due to its relatively uniform

signal intensity (11).

Statistical Analysis

Differences between the PD patients evaluated by SyMRI and the PD patients evaluated by QSM were

compared using Fisher's exact test for sex and the Mann—Whitney U test for age, disease onset, disease

duration, and disease severity (Hoehn and Yahr stage). In the healthy volunteers, the Friedman test was

used to assess the variation regarding the STN score and CNR measurements across the 4 MRI

sequences (Sy-T2WI, Sy-STIR, optimized SyMRI, and QSM). Then pair-wise comparisons among the

4 MRI sequences were performed using Wilcoxon signed rank tests. In the PD patients, the

Kruskal-Wallis test was used to assess the variation in STN score and CNR measurements across the 4



MRI sequences. Then pair-wise comparisons among the 4 MRI sequences were performed using the

Steel-Dwass test. P values of <0.05 were considered to indicate statistical significance.

Interobserver agreement for the qualitative assessment was calculated as a weighted k value.

The strength of agreement was considered fair for k values of 0.21-0.40, moderate for k values of

0.41-0.60, good for k values of 0.61-0.80, and excellent for k values of >0.81. All statistical analyses

were performed using the R software program.

Results

Optimized SyMRI

For each subject, two neuroradiologists optimized the TR, TE, and TI values on SyMRI to achieve

ideal contrast. The optimized MR parameters are shown in Table 2. In all healthy volunteers, the

neuroradiologists could achieve the maximum contrast between the STN and the adjacent brain

parenchyma using one set of values (TR=5000 msec, TE=40 msec) without an inversion recovery

method, although the MR parameters varied slightly from subject to subject (Table 2). In contrast to the

healthy volunteers, the optimized TR, TE, and TI values were found to vary among PD patients (Table

2).

Qualitative Image Assessment

In all healthy volunteers and PD patients, the STN appeared hypointense and lenticular on

region-specific SyMRI (Fig. 2). The STN scores for optimized SyMRI, Sy-T2WI, Sy-STIR, and QSM



are shown in Table 3. In healthy volunteers and PD patients, the STN scores on optimized SyMRI were

significantly higher than those on Sy-T2WI and Sy-STIR (p <0.05). The median (interquartile range)

STN scores for optimized SyMRI in our healthy volunteers and PD patients were 3 (3-3) and 3 (3-3),

respectively, which was comparable to those for QSM: 3 (3-3) and 3 (2-3).

For optimized SyMRI and QSM, the « values for interobserver variability between the two radiologists

were 0.4324 and 0.5181, indicating moderate interobserver agreement.

Quantitative Image Assessment

For the STN-ZI, optimized SyMRI showed a higher median CNR in comparison to Sy-STIR. For the

STN-SN, the CNR on optimized SyMRI was higher than that on regular SyMRI (Sy-T2WI and

Sy-STIR), whereas there were no significant differences between them (Table 4). In both healthy

volunteers and PD patients, for each category, optimized SyMRI showed a lower CNR in comparison

QSM; there were significant differences between the two modalities (Table 4).

Discussion

The recently introduced SyMRI technology allows post-acquisition modulation of TR and TE with just

one acquisition (15,16). In this study, neuroradiologists optimized the TR, TE, and TI values on SyMRI

to achieve ideal contrast between the STN and adjacent brain parenchyma. The results demonstrated

that optimized SyMRI provided superior image quality for the depiction of the STN in comparison to

regular SyMRI.



In previous studies of SyMRI (28-31), once an imaging pulse sequence was optimized,

sequence parameters were saved and subsequently used to acquire data from all subjects. In our healthy

volunteers, the fixed protocol (TR=5000 msec, TE=40 msec) could generate clear contrast between the

low signal from the STN and the high signal from the surrounding white matter. This method may be

defined as region-specific SyMRI. In contrast to healthy volunteers, the optimal TR, TE, and TI values

for maximal contrast of the STN were found to vary among our PD patients. Thus, the optimized MR

parameters in PD patients, which varied according to the individual, may be defined as patient-specific

MR parameters. Importantly, for both the qualitative and quantitative assessments, it was confirmed

that SyMRI with patient-specific MR parameters was superior to regular SyMRI for STN conspicuity.

In elderly patients with PD, an optimized TI was found to produce an improvement in

regional contrast between the STN and SN. The current result may be supported by the previous

finding that the STIR method, an inversion-recovery pulse sequence, was suitable for delineating the

STN in contrast to surrounding white matter (20). Kitajima et al. also showed that the combined

reading of both T2WI and STIR at 3T improved the identification of the STN (6). As a major

advantage, STIR shows strong contrast between the gray and white matter (32,33). Thus, the

inversion-recovery pulse sequences may generate clear contrast between the STN and the adjacent

brain parenchyma.

In this study, the value of patient-specific MR parameters varied in individual PD patients.

This may be due to pathology-related changes of the SN in PD patients. Increased nigral iron content in



PD patients is a prominent pathophysiological feature involved in selective dopaminergic

neurodegeneration of the SN (34,35). A previous study reported that susceptibility due to increased

nigral iron content in PD reflected the signal intensity of the SN (36,37), which may obscure the

boundary between the STN and SN. Moreover, another previous study found that the susceptibility

effect of the SN in PD patients was correlated with disease severity according to the Hoehn and Yahr

stage (38). This suggests that the signal intensity of the SN in PD patients may ordinarily vary

according to the individual.

In our quantitative image assessment optimized SyMRI showed lower CNR values in

comparison to QSM. However, we believe that for detecting targets for DBS, it is important to identify

the STN using a qualitative image assessment on an individual basis. The STN scores of optimized

SyMRI in healthy volunteers and PD patients were comparable to the STN scores of QSM. On QSM,

the paramagnetic field effects can be quantified. Therefore, for the depiction of STN, the QSM is

sensitive molecular environment regarding T2* weighted values (11,37). On the other hand, the image

contrast on SyMRI depends on relaxation-based methods; the signal comes from the precession of

water protons after radio-frequency (RF) excitation, and then gradually decays at a relaxation rate that

is determined by the local molecular environment. In some PD patients, we found that the boundary

between the STN and the SN on QSM was indistinct because both the STN and the SN showed

hyperintensity (Fig. 3). On the other hand, on optimized SyMRI, the STN appeared hypointense in

comparison to the adjacent brain parenchyma. Therefore, the SyMRI and QSM provide different



information for the assessment of the depiction of the STN, and it is important to note that this

represents complementary information. For the planning of DBS, both techniques are also

complementary and more useful compared to conventional MRI. Because SyMRI (T1WI, T2WI or

FLAIR) is derived from an identical dataset (from one single acquisition), in contrast to conventional

imaging, there no misregistration artifacts were found when fusion images were created using SyMRI.

This advantage may improve neurosurgical targeting and the planning of DBS. For planning of DBS

with QSM, precise depiction of the internal structures of the globus pallidus, as well as STN, has been

also useful for targeting of the globus pallidus internus (39,40). For targeting these anatomical

structures, more recent investigators used a whole brain image with skull, which created by combining

the magnitude image and QSM image (39) .

The present study was associated with several limitations. The number of patients in this

study was small and, consequently, the results suggesting that the depiction of the STN was improved

on SyMRI will need to be validated in a larger independent sample of patients before any general

conclusions can be drawn regarding improvements in DBS and the evaluation of the brain in PD

patients. Although the regular SyMRI (Sy-T2WI and Sy-STIR) was performed using standard

manufacturer-recommended pulse sequences and settings, more optimal sequence protocols for the

evaluation of STN may exist. Moreover, in this study, the MR parameters on SyMRI were optimized

by a qualitative assessment by neuroradiologists. Thus, the images obtained from these protocols may

still be suboptimal at the individual patient level. This study used 2D data. We expect future studies to



evaluate the feasibility of SyMRI using 3D data acquisition (41,42).

In conclusion, the STN contrast was maximized by adjusting the TR, TE, and TI values. In

the present study, the optimized MR parameters that obtained maximal STN contrast were found to

vary among the PD patients, indicating that patient-specific MR parameters should be optimized for the

depiction of the STN. This concept of achieving maximal tissue contrast can be extended to other brain

regions as well.
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Table 1. The demographic and clinical data of the subjects

healthy volunteers (n=5) PD patients

with SyMRI and QSM with SyMRI (n=7) with QSM (n=15) p

Sex: (M/F) (5/0) (3/4) (6/9) 1
Age (years): median (IQR) 28 (28-29) 70 (69-79) 72 (68-79) 0.805

Onset (years), median (IQR) 67 (67-67) 68 (65.5-75) 1

Disease duration (months), median
32.0 (18.0-36.0) 66.7 (27.55-86.15) 0.116
(IQR)

H & Y stage, median (range) 3(1-4) 3(2-3) 0.536

Note. M, male; F, female; IQR, interquartile range; H & Y stage, Hoehn and Yahr stage; PD, Parkinson’s disease; SyMRI, synthetic MRI;

QSM, quantitative susceptibility mapping.



Table 2. Sequence parameters of coronal regular SyMRI and optimized SyMRI

regular SyMRI optimized SyMRI
T2WI STIR healthy volunteers PD patients
TR (ms) 4000 15000 5000 4387-11833*
TE (ms) 100 5 40 18-76*
TI (ms) 300 0-5936*
ETL 5 5 5 5
BW (kHz) 150 150 150 150
FOV (cm) 240 240 240 240
ST (mm) 22 22 22 22
F-resol 0.75 0.75 0.75 0.75
P-resol 0.94 0.94 0.94 0.94
NEX 1 1 1 1
AF 2 2 2 2
AT (minute: second) 12:14 12:14 12:14 12:14

Note. TR, repetition time; TE, echo time; TI, inversion time; ETL, echo train length; BW, band width; FOV, field of view;
ST, slice-thickness; F- resol, frequency resolution; P-resol, phase resolution; NEX, number of excitation; AF, acceleration
factor; AT, acquisition time; SyMRI, synthetic MRI; PD, Parkinson’s disease.

* range



Table 3. STN scores

Radiologist 1: median

(IQR)

Radiologist 2: median

(IQR)

Interobserver agreement

healthy volunteers (n=5) PD patients
= optimized

regular SyMRI optimized regular SyMRI (n=7) P QSM

SYMRI QSM SyMRI 15

T2WI STIR y T2WI STIR (n=7) (n=15)
2.5(2-3)* 0 (0-0) 3 (3-3)* 3(3-3)* 0.5 (0-1.75) 0 (0-0) 3 (3-3)** 3 (2-3)**
3(3-3)* 0 (0-0) 3 (3-3)* 3(3-3)* 1 (0-1)* 0 (0-0) 3 (2.25-3)** 3 (3-3)**

0.5714 NA NA NA 0.8931 0.6316 0.4324 0.5181

Note. STN, subthalamic nucleus; PD, Parkinson’s disease; SyMRI, synthetic MRI; QSM, quantitative susceptibility mapping; IQR, interquartile range; NA,

not applicable.

*P<0.05, Significantly higher in comparison to Sy-STIR.
**P<0.05, Significantly higher in comparison to regular SyMRI (T2WI and STIR)



Table 4. Measurements of the contrast-to-noise ratio (CNR)

STN-ZI

STN-SN

Median
Interquartile range

Range

Median
Interquartile range

Range

healthy volunteers (n=5) PD patients
- optimized
regular SyMRI optimized regular SyMRI (n=7) P QSM
SYMRI QSM SyMRI _is

T2WI STIR Y T2WI STIR (n=7) (®=15)
6.7* 0.8 7.8% 19.1%%* 3.3*% 1 3.2% 16.8%**
5.0-9.0 0.2-1.2 5.7-9.1 14.2-27.2 2.1-43 0.8-1.9 3.0-43 14.0-21.7
3.4-13.2 0-3.0 3.1-11.1 11.6-47.1 1.2-7.6 0.2-3.0 2.0-6.0 5.5-32.8

3.1 4.6 6.6 10.1 1.4 1 22 5.7%**
2.2-3.8 4.0-5.6 5.9-7.2 4.0-26.9 0.6-2.4 0.2-2.4 1.5-3.1 2.5-11.2
0.3-4.8 0.5-7.5 0.6-9.7 1.1-29.3 0-5.1 0-4.4 0.7-6.9 0.7-16.2

Note. STN, subthalamic nucleus; ZI, zona incerta; SN, substantia nigra; PD, Parkinson’s disease; SyMRI, synthetic MRI; QSM, quantitative susceptibility

mapping.

*P<0.05, Significantly higher in comparison to Sy-STIR
**P<0.05, Significantly higher in comparison to regular SyMRI (T2WI and STIR)

*#*P<(.05, Significantly higher in comparison to optimized SyMRI and SyMRI (T2WI and STIR)



Figure legends

Figure. 1: Examples of region of interest delineation in a healthy 28-year-old male volunteer.

(a) Coronal optimized SyMRI shows the STN (1), its superior neighbor, presumably the ZI (2), the

border (3) between the STN and the SN (4), and the thalamus (4).

(b) A coronal QSM image shows the STN (1), its superior neighbor, presumably the ZI (2), the

border (3) between the STN and the SN (4), and the thalamus (4).

For the visualization score of the STN, the coronal optimized SyMRI and QSM images are rated as

Score 3; the STN was well defined and clearly differentiable from its superior neighbor, presumably

the zona incerta, and its inferior neighbor, the SN.

Figure. 2: The STN score in a 68-year-old female with PD.

(a) Coronal optimized SyMRI, (b) Sy-T2WI, and (c) Sy-STIR.

On the coronal optimized SyMRI image, the right STN appears hypointense and lenticular (arrow).

The STN is clearly differentiated from the surrounding brain tissue on coronal optimized SyMRI

(Score 3), but not on Sy-T2WI (Score 2) or Sy-STIR (Score 0).

Figure. 3: The STN score in an 84-year-old female PD patient.

A QSM image from the PD patient is rated as Score 2; only the superior border of the STN is visible.

There is no visible border between the STN and SN.



