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Background: Parkinson’s disease (PD) is associated with the loss of neuromelanin (NM) and increased iron in the
substantia nigra (SN). Magnetization transfer contrast (MTC) is widely used for NM visualization but has limi-
tations in brain coverage and scan time. This study aimed to develop a new approach called Proton-density
Enhanced Neuromelanin Contrast in Low flip angle gradient echo (PENCIL) imaging to visualize NM in the SN.
Methods: This study included 30 PD subjects and 50 healthy controls (HCs) scanned at 3T. PENCIL and MTC
images were acquired. NM volume in the SN pars compacta (SNpc), normalized image contrast (Cnorm), and
contrast-to-noise ratio (CNR) were calculated. The change of NM volume in the SNpc with age was analyzed
using the HC data. A group analysis compared differences between PD subjects and HCs. Receiver operating
characteristic (ROC) analysis and area under the curve (AUC) calculations were used to evaluate the diagnostic
performance of NM volume and CNR in the SNpc.

Results: PENCIL provided similar visualization and structural information of NM compared to MTC. In HCs,
PENCIL showed higher NM volume in the SNpc than MTC, but this difference was not observed in PD subjects.
PENCIL had higher CNR, while MTC had higher Cnorm. Both methods revealed a similar pattern of NM volume
in SNpc changes with age. There were no significant differences in AUCs between NM volume in SNpc measured
by PENCIL and MTC. Both methods exhibited comparable diagnostic performance in this regard.

Conclusions: PENCIL imaging provided improved CNR compared to MTC and showed similar diagnostic per-
formance for differentiating PD subjects from HCs. The major advantage is PENCIL has rapid whole-brain
coverage and, when using STAGE imaging, offers a one-stop quantitative assessment of tissue properties.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
characterized by the impairment of voluntary motor control. Its preva-
lence increases with age (Lotankar et al., 2017). At present, the clinical
diagnosis of early PD remains challenging especially when compared to
atypical parkinsonian disorders due to its heterogeneous symptoms and
variable progression rate. Motor symptoms become apparent when

* Corresponding authors at: No.197 Ruijin Er Road, Shanghai 200025, China.

approximately 50-70 % of the neuromelanin (NM) in the substantia
nigra pars compacta (SNpc) has depigmented (Damier, 1999). NM is a
chelating agent which is believed to play a crucial role in protecting the
dopaminergic neurons by binding toxic metals (Oshima et al., 2021).
Numerous papers have indicated that the loss of NM volume and
increased iron content in the SNpc could serve as imaging biomarkers in
PD patients (Ghassaban et al., 2019; Takahashi et al., 2018; Fabbri et al.,
2017; Wang et al., 2018b; Prasad et al., 2018; Biondetti et al., 2020;
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Gaurav et al., 2021).

The early implementation of NM sensitive magnetic resonance im-
aging (NM-MRI) used a fat suppressed 2D T1-weighted (T1W) turbo spin
echo (TSE) sequence to highlight the NM in the SN (Sasaki et al., 2006).
Another form of NM-MRI uses an off-resonance magnetization transfer
contrast (MTC) pulse with a 3D gradient echo (GRE) sequence which
allows for whole brain coverage, higher through plane resolution and
faster imaging (Nakane et al., 2008). More recent studies have employed
multi-echo GRE sequences to simultaneously visualize NM and iron in
the SN (Liu et al., 2020; He et al., 2021). However, these imaging
methods may require relatively long scan times to obtain sufficient
image quality and this can lead to motion artifacts for patients with
movement disorders.

When an MTC pulse is used in a low flip angle (FA) 3D GRE sequence
where the FA is lower than the Ernst angle for all tissues, the resulting
images exhibit spin density characteristics. However, if the FA is close to
but larger than the Ernst angle of the cerebral spinal fluid (CSF), the CSF
will become darker than the white matter and gray matter, both of
which still retain their spin density contrast due to their shorter T1
values relative to the CSF. In contrast, when a high FA is used, as is
common in NM-sensitive MRI methods, the T1IW nature of the scan
suppresses the CSF signal and increases the signal from the white matter.
This offsets, in part, the signal loss in the white matter caused by the
MTC pulse, resulting in a diminished spin density-like contrast between
white matter and gray matter compared to the low FA image. Never-
theless, the MTC pulse suppression is stronger than the increase in signal
caused by the lower T1 of each tissue at these FA’s. Despite this weak-
ness, the TIW approach has been commonly used as it is believed to
facilitate the visualization of NM (Sasaki et al., 2006; Nakane et al.,
2008). Practically, the advantage of the high FA MTC approach is the
subsequent suppression of the CSF due to the increased T1 weighting,
whereas the low FA approach benefits from increased contrast since the
white matter has a significantly lower spin density than gray matter or
CSF. Recent research has revealed that the visualization of the NM ter-
ritory in NM-MTC MRI is an indirect measure of the presence of NM in
the dopaminergic neurons which have high water content (Watanabe
et al., 2019; Trujillo et al., 2017a).

Therefore, our hypothesis is that NM contrast can be obtained from a
proton-density-weighted low FA GRE sequence because of its higher
water content relative to the surrounding tissues. If successful, this
approach would eliminate the need for an MTC pulse and reduce scan-
ning time. In this work, we propose a novel NM-MRI method utilizing
STAGE (strategically acquired gradient echo) imaging (Chen et al.,
2018; Wang et al., 2018; Haacke et al., 2020). We refer to this low FA
approach as PENCIL (Proton density Enhanced Neuromelanin Content
Imaging using Low FA gradient echo) imaging. The objective of this
study was to optimize the imaging parameters to collect STAGE data and
evaluate the resulting contrasts for both healthy controls (HCs) and PD
subjects to determine if PENCIL imaging could serve as an alternative to
MTC for NM visualization.

2. Materials and methods
2.1. Subjects

This prospective study was approved by the local ethics committee
and all participants provided written informed consent. A total of 50 HCs
(10 for each decade between 30 and 79 years to map out changes in NM
with age) and 30 PD patients were recruited at Ruijin Hospital. Data
were obtained from September 2021 to February 2023. The diagnosis of
PD and severity of motor symptoms were assessed by two neurologists
based, respectively, on the Movement Disorder Society PD Criteria
(Postuma et al., 2015) and the Hoehn & Yahr (H&Y) stage along with the
MDS Unified Parkinson’s Disease Rating Scale Part-III (UPDRS-III)
(Goetz et al., 2008). The exclusion criteria for PD subjects included: (1) a
history of cerebrovascular disease, brain tumor, head trauma or any type
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of psychiatric disorder; (2) a Mini-Mental State Examination (MMSE)
score less than 24; (3) a history of medication known to cause parkin-
sonism or affect clinical assessment; and (4) any contraindications to an
MRI examination. The inclusion criteria for the HCs included: (1) no
family or personal history of PD; (2) no neurological or psychiatric
disease; (3) no vascular disease; and (4) no MRI contraindications.

2.2. Data collection

All subjects were scanned on a 3T PRISMA (Siemens, Germany) with
a 64-channel head coil using a strategically acquired gradient echo
(STAGE) imaging protocol and an MTC sequence. The STAGE imaging
parameters were as follows: voxel size = 0.67 x 1 x 1.34 mm® (recon-
structed to 0.67 x 0.67 x 1.34 mrn3); two different FA scans with an FA
= 3° collected twice and an FA = 20° collected once for each participant;
TE = 7.5 ms; TR = 17 ms; sampling bandwidth = 100 Hz/pixel;
acquisition matrix size = 384 x 192; number of slices = 120; and a
parallel imaging acceleration factor of 2. With both phase and partition
encoding using 7/8 partial Fourier and elliptical sampling, the resulting
scan time was 3 min for each acquisition, leading to a total scan time of 9
min for whole brain coverage inclusive of two 3° scans and one 20° scan.
(A theoretical background for the choice of 3° and 20° is given in the
Supplementary Material.) In addition, for comparison purposes, a con-
ventional MTC sequence was acquired twice for each participant as
described in previous studies (Liu et al., 2020; He et al., 2023) using a 3D
GRE sequence with an MT pulse added (1.2k Hz off-resonance, 500
nominal flip angle, and a pulse duration of 10 ms). The same spatial
resolution was used as in the STAGE acquisition along with the following
modified imaging parameters: FA = 15°; TE = 7.5 ms; TR = 62 ms; pixel
bandwidth = 180 Hz/pixel; number of slices = 48; and a scanning time
= 4 min and 31 s for midbrain coverage in one scan. The images were
collected parallel to the anterior commissure-posterior commissure
(AC/PC) line.

2.3. Data processing

The images from the HCs and PD subjects obtained using the PENCIL
and MTC protocols were warped into Montreal Neurological Institute
(MNI) space using SPM12 software (Wellcome Department of Imaging
Neuroscience, University College London, United Kingdom) imple-
mented in MATLAB 2016b (Mathworks, Natick, MA) creating spatially
normalized images. This approach was implemented to provide a tem-
plate from which we could visually evaluate the differences between the
two methods as a collection of data from all subjects.

2.3.1. NM region analysis

The two FA=3° images as well as the two MTC images were averaged
to improve the SNR for each method. The averaged images were
thereafter referred to as the PENCIL image and MTC image. The regions-
of-interest (ROIs) for NM in the SN territory were outlined on both
PENCIL and MTC images. All initial boundaries were obtained using the
template mapping approach published recently (Jin et al., 2022; Jokar
et al., 2023). These boundaries were fine-tuned by two experienced
radiologists. This semi-automated approach allowed for human inter-
action to make the results more accurate. In order to draw the bound-
aries more accurately, all images were zoomed by a factor of four. The
NM boundaries were drawn on five consecutive caudal slices showing
the NM and total NM volume was obtained by adding the NM volume
over both sides of the SNpcs (Supplementary Fig. 2 second row). The NM
volume in the SNpc from different age groups was analyzed for both the
PENCIL and MTC approaches.

2.3.2. Contrast analysis

The ROIs of the NM and the adjacent white matter regions are
illustrated in Supplementary Fig. 1 and have been implemented similar
to previous methods (Isaias et al., 2016; Wang et al., 2021; Gaurav et al.,
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2021). We chose circular ROIs in the NM region and compared the
contrast to a region in the cerebral peduncles (CP) using the normalized
contrast Cporm= (Sxm — Scp)/Scp- Also, the contrast-to-noise ratio (CNR)
of the NM relative to the surrounding tissue was calculated via: CNR=
(Snm — Scp)/noise, where Syy and S, represent the mean signal intensity
values of the NM and the CP, respectively. The noise was measured by
registering and subtracting either two separate 3° images or two sepa-
rate 15° MTC images. This process removes all spatial variations due to
radiofrequency transmit and receive coil effects. Then the mean and
standard deviation were found in the homogeneous region and the
standard deviation divided by sqrt (2) was used as the noise.

2.3.3. Statistical analysis

The continuous variables were presented as mean + standard error
of the mean while categorical variables were presented as counts with
percentages. The t-test was used to assess the differences in Chorm and
CNR between the two different methods for both HCs and PDs. We also
assessed the performance of our new approach on the diagnosis of PD.
The receiver operating characteristic curve (ROC), area under the curve
(AUCQ), sensitivity, and specificity were calculated. All statistical ana-
lyses were performed using IBM SPSS (Chicago, IL, USA). A p-value <
0.05 for two-sided tests was considered statistically significant.

3. Results

A total of 80 participants were included in the analysis, comprised of
50 healthy controls (age range: 30-79 years with 10 subjects for each
decade, 54.8 + 12 years, 23 male) and 30 patients with PD (age range:
32-75 years, 59.4 + 9.3 years, 19 male). For the analysis of the diag-
nosis, the age and gender had been matched. Demographic and clinical
characteristics as well as Hoehn and Yahr Scale and UPDRS-III for PD
patients are provided in Table 1.

3.1. Comparison between PENCIL and MTC imaging

The intra-class coefficients for intra-observer measurements were
0.92 and 0.90 for PENCIL and MTC in HCs, 0.90 and 0.88 for PENCIL
and MTC in PD subjects, respectively. Example individual images from
the MTC and PENCIL data for a 48-year-old female HC are shown in
Supplementary Fig. 2 while Supplementary Fig. 3 shows all the images
after transformation to MNI space. The volume of NM on PENCIL images
was significantly larger than that on MTC images for HCs (489.4 + 70.8
vs. 454.3 £+ 62.8, P = 0.01) while PENCIL and MTC NM volumes in the
SNpc were comparable in PD subjects (303.8 + 93.0 vs. 298.6 + 76.0, P
= 0.84) (Fig. 1a and b). The same trend can be observed in MNI space
(Fig. 1g and h). The scatter plots for all subjects’ NM volume in the SNpc
obtained from the two methods are shown in Supplementary Fig. 4.
There is a tighter agreement between PENCIL and MTC volume mea-
surements for the PD subjects compared to the HCs. The normalized
contrast Cporm between NM and the surrounding CP was significantly
higher in MTC than that in PENCIL (0.3 £ 0.06 vs. 0.2 £ 0.03 for HCs,
0.21 £ 0.03 vs. 0.29 + 0.05 for PD subjects, all P < 0.01) (Fig. 1c and d).
However, the CNR in PENCIL was significantly higher than that in MTC
(38.0 + 5.3 vs. 31.9 £+ 5.6, P < 0.01 for HCs, 36.3 &+ 6.5 vs. 30.9 &+ 7.9
for PD subjects, P = 0.02) (Fig. 1e and f).

Table 1
Demographic and clinical characteristics of participants.

Healthy controls PD patients P value
Age, years (mean =+ std) 54.8 + 12 59.4 +9.3 0.355
Sex, male/female 23/27 19/11 0.589
Disease duration, months N/A 37.3 £ 30.0 N/A
Hoehn and Yahr Scale N/A 2(1-5) N/A
UPDRS-III N/A 19.6 + 14.4 N/A

UPDRS = Unified Parkinson Disease Rating Scale (UPDRS).
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3.2. Relationship between age and NM volume in the SNpc

We assessed the NM volume in the SNpc across the age range (Sup-
plementary Fig. 5). For subjects younger than 50 years of age, the NM
volume in the SNpc showed an increasing trend with age and it
decreased significantly after 50 years.

3.3. Diagnostic ability of PENCIL

Fig. 2 shows representative images of HCs and PD subjects obtained
from PENCIL and MTC. The NM was more clearly delineated in HCs than
in PD subjects for both methods. The volume and CNR for NM were
significantly higher for HCs than for PD subjects (Table 2). The AUCs for
NM volume in the SNpc were 0.943 (95 % confidence interval [CI]:
0.862-0.984) in PENCIL and 0.934 (95 % CI: 0.849-0.979) in MTC. The
AUCs for CNR were 0.761 (95 % CI: 0.646-0.854) in PENCIL and 0.526
(95 % CI: 0.405-0.645) in MTC (Fig. 3). There were no significant dif-
ferences in AUCs for NM volume in the SNpc between PENCIL and MTC
(P = 0.775), while there were significant differences in AUCs for CNR
between PENCIL and MTC (P = 0.024). There was no significant cor-
relation between UPDRS-III scores and NM volume or CNR for the SNpc.

4. Discussion

In this study, we proposed a new 3D GRE method referred to as
PENCIL imaging to visualize tissue containing NM and demonstrated
that it can produce high quality NM images compared to conventional
MTC images. We found that the PENCIL data showed equivalent or
better visualization of NM compared to MTC data especially in caudal
slices (which contain predominantly the SNpc). The NM volumes in
SNpc were somewhat larger for PENCIL compared to MTC. Cporm Was
lower for PENCIL but the CNR was higher compared to MTC. For the
analysis of age, the NM volume in the SNpc showed an increasing trend
with age and then gradually decreased with age after about 50 years in
both methods. The NM volume in the SNpc from PENCIL and MTC both
had good diagnostic ability with no significant difference between the
two methods.

The majority of studies (Schwarz et al., 2017; Keren et al., 2009;
Priovoulos et al., 2018) have used 2D TSE/GRE sequences, 3D
single-echo GRE sequences and 3D multi-echo GRE sequences for
NM-MRI, with or without the addition of an MT preparation pulse.
Although MT contrast is influenced by the T1 and T2 shortening effects
caused by the melanin-iron complex (Trujillo et al., 2017b, 2019), it has
been shown that the dominant contrast comes from the high water
content in the NM-containing dopaminergic and serotonergic cells (He
et al., 2023). A recent study (Liu et al., 2020) evaluated the signal as a
function of flip angle to find the optimal FA for NM contrast in the SN
and LC using a multi-echo, 3D GRE sequence with MT preparation. They
found that the low FA (smaller than the Ernst angle) spin density
weighted image gave the best contrast for the NM in the SNpc. Similarly,
our study demonstrated that the SNpc could be visualized clearly using
the PENCIL technique. Although PENCIL, as used in our study, had lower
resolution than the conventional high in-plane resolution and thick slice
MTC approaches. It exhibited a favorable CNR and was able to visualize
the NM in SNpc well. Given the fact that we proposed collecting the data
with both low and high FAs, using STAGE processing it is possible to
predict the signal for any FA which allows for optimization of the LC
contrast by choosing the appropriate FA (Liu et al., 2020). Too high a FA
makes the LC become isointense with WM while a low FA makes it hard
to see against the bright CSF in the 4th ventricle. Increasing the flip
angle to 7°, enough to suppress the CSF but keep the LC signal high,
appears to give the best LC-tissue contrast (Supplementary Fig. 6).

The observed difference in Cnorm between MTC and PENCIL can be
attributed to the fact that the MTC pulse enhances the spin density
weighted-like contrast in low flip angle data, resulting in higher Cnorm
values. On the other hand, the SNR and, consequently, the CNR was
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Fig. 1. NM volume in SNpc, normalized contrast ratio Cporm, CNR and NM volume in MNI space measured from the PENCIL and MTC data on HC (a, ¢, e and g) and
PD (b, d, f and h). The NM volume was obtained by adding the NM volume over both sides of the SNpcs.
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MTC
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Fig. 2. Representative images of PENCIL and MTC data for HCs and PD patients. (HC 1 is a 63-year-old male; HC 2 is a 52-year-old female; PD 1 is a 63-year-old male;

and PD 2 is a 53-year-old female.).

Table 2
Comparison of NM measurements in the HC and PD groups obtained with
PENCIL and MTC.

Healthy controls  PD patients P value
NM volume in SNpc-PENCIL (mmz) 489.4 + 70.8 303.8 +£ 93.0 <0.001
NM volume in SNpc-MTC (mm?®) 454.3 £+ 62.8 298.6 £ 76.0 <0.001
CNR- PENCIL 38.0+£5.3 36.3 £ 6.5 <0.001
CNR - MTC 31.9+5.6 30.9+7.9 0.557
100
80 H
= 60
0 o g
5] i I
v 40 '
- J _© / — PENCIL_Volume AUC: 0.943
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Fig. 3. ROC curves of NM volume in SNpc and CNR analyses for the diagnosis
of PD using PENCIL and MTC data.

higher in PENCIL imaging. From the perspective of having a lower
bandwidth, the noise was reduced by a factor of 1.34 in PENCIL, leading
to an increase in CNR by the same factor. This accounts for the higher
CNR observed in PENCIL compared to the MTC approach used in this
study.

It has been observed that NM volume in the SNpc can change with
age. Our results suggest that the NM volume in SNpc increases up to 50
years of age and then gradually decreases. A previous study (Xing et al.,
2018) found a strong increase from childhood to adolescence, with

plateauing in middle age and a decline in older age, similar to our
findings in the older individuals. This eventual slowdown of NM pro-
duction and eventual loss may be attributed to the ongoing loss of
heavily pigmented neurons with increasing age (Mann et al., 1974).
However, these studies are in disagreement with Zecca et al. (2002),
who reported a linear increase of NM with age throughout the lifespan.

Because of the improved CNR, the boundary of the SNpc in PENCIL
can be delineated more clearly than that in the MTC data and the NM
volume in the SNpc measured from PENCIL was significantly higher
than that from MTC in HCs. For HCs, the major differences came from
the more cranial slices. PENCIL displayed the NM more clearly in these
slices (see, for example, the right-hand images in Supplementary Fig. 3).
For PD patients, NM in the SNpc has been lost and the differences be-
tween the two approaches has been narrowed. NM tends to be brighter
in the center of the SNpc for the MTC approach, while it is more uniform
using PENCIL. This loss of contrast in some cases could make it hard to
delineate the NM in HCs using the usual MTC approach.

Both methods presented decreased NM volume in PD subjects.
Numerous studies have shown increased iron content in areas where NM
is lost and have demonstrated a reduction in total NM volume in the
SNpc among PD subjects (Ghassaban et al., 2019; Biondetti et al., 2020;
He et al.,, 2021, 2023). In summary, it is well known that NM volume in
the SNpc plays an important role in the diagnosis of PD. A recent study
reported that the AUCs from the ROC analysis of NM volume in the
SNpc, total SN volume, SN iron content, and N1 sign were 0.960, 0.788,
0.740, and 0.891, respectively, for PD diagnosis (He et al., 2023).
Therefore, it is expected that PENCIL imaging will exhibit equivalent
diagnostic performance of NM volume in the SNpc compared with
conventional MTC.

There was no significant correlation between UPDRS-III scores and
NM volume in SNpc or CNR in our research. The correlation results can
be affected by the patients’ age, disease severity and disease duration, as
well as the method of NM volume measurement and imaging technique.
Due to the dopaminergic degeneration, NM signal loss varies regionally
within the SN and occurs more at the lateral, posterior, and inferior
aspects of the SNpc (Lakhani et al., 2024). Therefore, instead of
measuring the whole volume of NM in the SNpc, a voxelwise approach
may be more effective to capture this subregional variation (Sulzer et al.,
2018; Biondetti et al., 2020). In addition, although the magnitude im-
ages using NM-sensitive T1W TSE, MTC GRE, or PDW GRE like PENCIL,
can offer good contrast to differentiate PD subjects and HCs, it may not
be accurate enough to track NM volume changes over short periods of
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time (Sulzer et al., 2018). Our previous research found no correlation
between the volume of the SNpc from MTC (SNvol, MTC) and clinical
scales, but a significant negative correlation was found between the
volume of the SNpc from QSM (SNvol, QSM) and UPDRS-III score (He
etal., 2021). However, some previous neuroimaging studies have shown
significant correlations of NM volume with either UDPRS-III and/or
disease duration (Isaias et al., 2016; Matsuura et al., 2016; Schwarz
et al., 2017) while a few other papers were unable to find any clinical
correlation with NM volume (Castellanos et al., 2015; Hatano et al.,
2017; Schwarz et al., 2017).

The PENCIL technique only requires three minutes for each acqui-
sition with whole brain coverage. That is roughly one minute and thirty
seconds faster than the traditional scan which has only coverage of the
midbrain. Further, PENCIL with STAGE can provide susceptibility
weighted imaging (SWI) and QSM data and a number of other quanti-
tative measures (Wang et al., 2018; Haacke et al., 2020). This makes it
possible to evaluate the iron content in the deep gray matter and volu-
metrics throughout the brain reasonably quickly. In our implementa-
tion, we used only a single echo, however, with a slightly longer TR of
22.5 ms, it would be possible to add a second echo of 17.5 ms to allow for
the calculation of R2*, an improved susceptibility map and an SWI
dataset, providing further insights into brain tissue characteristics.
PENCIL can also be used easily at 7T where SAR becomes a more serious
problem and would require even longer acquisition times for the MTC
sequence.

There are a number of limitations to this study. Firstly, the limited
number of cases restricts the generalizability of the ROC calculations.
Further studies on a larger cohort of PD subjects should be performed to
demonstrate its reliability for clinical utility. Secondly, even though the
low FA of 3° effectively visualizes the NM in the SN, it may not provide
optimal contrast for visualizing the LC. Leveraging the capabilities of
STAGE imaging could allow for the simulation of higher FAs as
mentioned above, which would be more suitable for visualizing the LC
(Liu et al., 2020, Supplementary Fig. 6).

In conclusion, we have proposed a new PENCIL imaging approach to
map NM in the midbrain. PENCIL has comparable performance to the
conventional MTC approach in terms of measuring NM volume in the
SNpc, CNR and the ability to differentiate PD patients from healthy
controls. A major advantage of PENCIL is the rapid whole-brain
coverage compared to the limited coverage with MTC.
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