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R E S E A R CH A R T I C L E
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Abstract

The pedunculopontine nucleus (PPN) is a small brainstem structure and has attracted

attention as a potentially effective deep brain stimulation (DBS) target for the treat-

ment of Parkinson's disease (PD). However, the in vivo location of PPN remains

poorly described and barely visible on conventional structural magnetic resonance

(MR) images due to a lack of high spatial resolution and tissue contrast. This study

aims to delineate the PPN on a high-resolution (HR) atlas and investigate the visibility

of the PPN in individual quantitative susceptibility mapping (QSM) images. We com-

bine a recently constructed Montreal Neurological Institute (MNI) space unbiased

QSM atlas (MuSus-100), with an implicit representation-based self-supervised image

super-resolution (SR) technique to achieve an atlas with improved spatial resolution.

Then guided by a myelin staining histology human brain atlas, we localize and delin-

eate PPN on the atlas with improved resolution. Furthermore, we examine the feasi-

bility of directly identifying the approximate PPN location on the 3.0-T individual

QSM MR images. The proposed SR network produces atlas images with four times

the higher spatial resolution (from 1 to 0.25 mm isotropic) without a training dataset.

The SR process also reduces artifacts and keeps superb image contrast for further

delineating small deep brain nuclei, such as PPN. Using the myelin staining histologi-

cal atlas as guidance, we first identify and annotate the location of PPN on the

T1-weighted (T1w)-QSM hybrid MR atlas with improved resolution in the MNI space.
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Then, we relocate and validate that the optimal targeting site for PPN-DBS is at the

middle-to-caudal part of PPN on our atlas. Furthermore, we confirm that the PPN

region can be identified in a set of individual QSM images of 10 patients with PD and

10 healthy young adults. The contrast ratios of the PPN to its adjacent structure,

namely the medial lemniscus, on images of different modalities indicate that QSM

substantially improves the visibility of the PPN both in the atlas and individual

images. Our findings indicate that the proposed SR network is an efficient tool for

small-size brain nucleus identification. HR QSM is promising for improving the visibil-

ity of the PPN. The PPN can be directly identified on the individual QSM images

acquired at the 3.0-T MR scanners, facilitating a direct targeting of PPN for DBS

surgery.

K E YWORD S

brainstem, deep brain stimulation, direct targeting, implicit representation, pedunculopontine
nucleus, quantitative susceptibility mapping, self-supervised image super-resolution

1 | INTRODUCTION

The pedunculopontine nucleus (PPN) is a collection of heterogeneous

neurons situated at the junction of the midbrain and pons (Jenkinson

et al., 2009), located right below the red nucleus (RN) dorsally to the

substantia nigra (SN) and extends caudally �5–10 mm to the level of

the locus coeruleus (Hamani et al., 2016). It displays substantial recip-

rocal connectivity with the spinal cord and the brain cortex through

the basal ganglia and thalamus (Aravamuthan et al., 2007; Garcia-

Gomar et al., 2022; Muthusamy et al., 2007). The PPN plays a crucial

role in various motor functions, such as voluntary limb movements

and locomotion, states of arousal, and providing sensory feedback to

the cerebral cortex (Jenkinson et al., 2009; Leiras et al., 2022;

Thevathasan et al., 2018). PPN is also a potentially effective target in

deep brain stimulation (DBS) surgeries to treat levodopa-refractory

gait and balance disturbances in some patients with Parkinson's dis-

ease (PD) or other movement disorders (Cury et al., 2022; Dayal

et al., 2021; Galazky et al., 2018; Thevathasan et al., 2018).

Studies indicate that the direct targeting method can improve the

targeting accuracy of the neurosurgery (Fenoy & Schiess, 2018; Tonge

et al., 2016). However, PPN-DBS surgeries mostly rely on the indirect

targeting method (Goetz et al., 2019) due to the unsatisfactory imag-

ing effect of PPN. The identification of PPN based on non-invasive

imaging techniques has previously been performed on 7.0-T ultrahigh-

field magnetic resonance imaging (MRI) scanners using the MP2RAGE

sequence (Cong et al., 2018; Wang et al., 2019) and on a 1.5-T MRI

scanner using proton-density MRI protocol (Zrinzo et al., 2008). In the

studies based on 7.0-T MR scanners, the authors benefited from the

relatively high-resolution (HR; 0.7 � 0.7 � 0.7 mm3 isotropic) gray

matter (GM) enhanced T1-weighted (T1w) image to identify PPN from

the surrounding white matter (WM) structures (Cong et al., 2018;

Wang et al., 2019). Nevertheless, due to the reticular nature of the

mesencephalic locomotor region where PPN is embedded (Cury

et al., 2022), and the low signal-to-noise ratio (SNR) of HR isotropic

MR images, the PPN border presented by MP2RAGE images was

ambiguous. In Zrinzo and colleagues' study, the proton-density MR

image was fused with T1w image to enhance the GM-WM image con-

trast (Zrinzo et al., 2008). However, limited by the image resolution

and image contrast provided by the 1.5-T MR scanner, only the supe-

rior cerebellar peduncle (SCP), central tegmental tracts, and lemniscal

system were identified using stereotactic atlas as guidance; then, the

location of PPN was inferred from the WM structures. Inspired by

these previous works, we hypothesize that two essential conditions

are required for achieving a direct visualization of PPN, demanding

high spatial resolution and high tissue contrast, for example, between

GM and WM. Clear contrast between PPN and its surrounding WM

fiber bundles at high image resolution is necessary.

Quantitative susceptibility mapping (QSM) has been developed to

enable quantitative investigations of tissue compositions due to sus-

ceptibility differences between tissues (Li et al., 2011; Liu et al., 2015;

Shmueli et al., 2009; Wei et al., 2015; Wei, Cao, et al., 2019). Due to

the high sensitivity to iron and myelin content in the brain tissue,

QSM can provide superior imaging contrast between paramagnetic

iron-rich deep brain GM and the surrounding diamagnetic WM struc-

tures (Dimov et al., 2018; Kerl et al., 2012; Sun et al., 2015). It has

been shown to facilitate the depiction of iron-rich DBS targeting

nuclei and sub-nuclei from the surrounding WM structures, for exam-

ple, the subthalamic nucleus (Alkemade et al., 2017; Liu et al., 2013),

globus pallidus internus (Wei, Zhang, et al., 2019), sub-nuclei of the

thalamus (Li et al., 2019; Yu, Li, et al., 2021; Yu, Ren, et al., 2021;

Zhang et al., 2018), and the dentate nucleus of the cerebellum (He

et al., 2017). A previous study using 7.0-T MRI susceptibility-weighted

imaging of the non-human primate brainstem indicated that PPN

shows higher susceptibility than its adjacent WM structures, such as

the SCP and the lemniscal system (Zitella et al., 2015). Thus, QSM

may be a proper imaging technique to support a direct visualization of

the human PPN surrounded by WM structures (Alho et al., 2017;

Pahapill & Lozano, 2000).
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In this study, we combine a recently constructed Montreal Neuro-

logical Institute (MNI) space unbiased QSM atlas (MuSus-100) (C. He

et al., 2022), with a self-supervised deep learning image super-

resolution (SR) technique to achieve a clear delineation of PPN on the

atlas with improved spatial resolution. The MuSus-100 QSM atlas was

constructed from 100 subjects' images at 3.0-T and provided superior

SNR and image contrast compared to individual images. Inspired by a

multiple-image MRI SR method (Wu et al., 2021), we adopt an implicit

neural representation (INR) network to achieve a self-supervised arbi-

trary up-scaling rate image SR process (Wu et al., 2023). The INR-

based SR process overcomes the image resolution limitation for the

3.0-T MR atlas, and minimizes the artifact and blurring effects into the

super-resolved image, which are significant drawbacks of the conven-

tional interpolation technique (e.g., trilinear, sinc). We perform the

proposed image SR method on the MuSus-100 atlas to improve the

spatial resolution of the QSM template from 1 mm isotropic to

0.25 mm isotropic. Then guided by a myelin staining histology human

brain atlas (Martin, 2012), we localize and delineate PPN on the atlas

with improved spatial resolution. We also examine the feasibility of

directly identifying the approximate PPN location on the 3.0-T indi-

vidual QSM MR images of PD patients and healthy young adults.

Although 7.0-T MR scanners provide relatively higher image

resolution, methods under 3.0-T scanners donate opportunities for

broader clinical applications.

2 | METHODS

2.1 | Workflow of this study

The MNI-space unbiased QSM atlas MuSus-100 (He et al., 2022)

is obtained from GitHub (https://github.com/SMILE-Lab-

ShanghaiTech/MuSus-100_Atlas). As shown in Figure 1, the T1w

and QSM templates with resolution 1 � 1 � 1 mm3 were used for

deriving a HR T1w-QSM hybrid atlas, on which the PPN region

was identified and delineated. In terms of application, we relo-

cated the optimal targeting site of PPN-DBS as proposed by a

recent study (Goetz et al., 2019) based on the defined PPN spa-

tial location in MNI space. Furthermore, the visibility of PPN was

examined in individual QSM images of 10 patients with PD and

10 healthy young adults. Finally, we examined the feasibility of

aligning our PPN delineation onto individual images via the regis-

tration of the MuSus-100 T1w-atlas and the individual T1w

images to locate the PPN on the individual images.

F IGURE 1 Workflow of the study. The major steps of the present study include (a) high-resolution T1w-QSM hybrid atlas creation,
(b) delineation of PPN, and (c) demonstration of potential clinical application. DBS, deep brain stimulation; PPN, pedunculopontine nucleus; QSM,
quantitative susceptibility mapping; SN, substantia nigra; SR, super-resolution; T1w, T1-weighted.
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2.2 | Atlas resolution improvement via INR-based
SR algorithm

In the method of INR-based SR network, the desired HR image

is modeled by an implicit function of the 3D spatial coordinate,

and the LR image is considered as the discrete sampling of the

function. Therefore, the up-sampling task is to learn the implicit

function from a limited LR observation using a deep, fully con-

nected network with position encoding (Tancik et al., 2020).

Since the spatial coordinates are continuous, once the function

is well estimated, the HR image with an arbitrary resolution can

be reconstructed. The proposed method consists of a position

encoding (Tancik et al., 2020) and an 18-layer fully connected

network with dense connections. More details about the net-

work architecture can be found in an online article (Wu

et al., 2023).

The pipeline of the proposed self-supervised SR method is con-

ducted in two stages (Figure S1): (a) Model Training: An LR grid is

extracted from a given LR image. Then, the intensity of each voxel

coordinate p¼ x,y,zð Þ of the LR grid is embedded using position

encoding γ pð Þ¼ cos 2πBpð Þ, sin 2πBpð Þ½ �T , where each element in

B�ℝL�3 and L is the dimension of position encoding, and fed to a

multilayer perceptron (MLP) neural network to produce the estimated

voxel intensity bIlr pð Þ at the coordinate p. Afterward, the MLP can be

optimized using a back-propagation to minimize the mean squared

loss error (MSE loss) between the estimated voxel intensity bIlr pð Þ and
the real observed voxel intensity Ilr pð Þ. (b) HR image reconstruction:

The well-trained SR model is considered an approximator of the

implicit function for the voxel intensity of the given LR image.

Therefore, it can generate an HR image with an arbitrary resolu-

tion. In the present study, we reduced the voxel size from 1mm

isotropic to 0.25 mm isotropic, which means the HR image has

64 times as many voxels as the LR image. Then, we assigned the

intensity to each voxel coordinate p¼ x,y,zð Þ of the HR grid

according to the trained SR model to produce the voxel intensity
bIhr pð Þ. Thus, an HR image up-sampled from the LR image was

obtained.

2.3 | HR T1w-QSM hybrid atlas generation

The T1w-QSM hybrid atlas, on which the PPN region was then

manually delineated using an aligned histology atlas as guidance

(Figure 1b), is generated from the HR templates. The HR T1w-QSM

hybrid atlas is obtained via a linear intensity fusion of T1w and

QSM templates: Intensityhybrid ¼ IntensityT1w�α� IntensityQSM, using

the “Image Calculator” module of the toolbox for data processing and

analysis for brain imaging toolbox (http://rfmri.org/dpabi) (Yan

et al., 2016). Since the QSM atlas shows higher contrast among the

brainstem structures but shows a less clear outer boundary of the

brainstem than the T1w atlas, we tried multiple α values ranging from

7500 to 25,000 with an incremental step of 2500 to obtain an appro-

priate hybrid atlas.

2.4 | Alignment of histology atlas based on myelin-
stained sections with hybrid atlas

The outlines of the histology atlas based on the myelin-stained sections

(Martin, 2012) were aligned with three slices of our hybrid atlas using the

open-source software of ImageJ (version 2.1.0/1.53c, https://imagej.

net/software/fiji/; Schindelin et al., 2012). First, three slices containing

the region of PPN in the axial, sagittal, and coronal views, respectively,

were taken from our hybrid atlas. Then, dozens of anchor points, mainly

including the points on the boundaries of the anatomical structures

(e.g., outlines of the brainstem, SN, medial lemniscus, and SCP and decus-

sation), were manually marked on both the outlines of the histology atlas

and our hybrid atlas by an experienced radiologist. Finally, the outlines of

the histology atlas were aligned with the slices of our hybrid atlas based

on the marked anchor points using the function of “Big Warp” imple-

mented in ImageJ (https://imagej.net/plugins/bigwarp). The locations of

the PPN region and the structures nearby (i.e., the SCP and decussation,

medial lemniscus, RN, and SN) were indicated on both atlases.

2.5 | Regions of interest segmentation

The atlases were inspected using ITK-SNAP software (version 3.8.0,

http://www.itksnap.org/pmwiki/pmwiki.php). The PPN region was manu-

ally delineated by the radiologists on the HR hybrid atlas slice by slice in

the axial directions using the software of ITK-SNAP, based on the myelin-

stained sections and the priori knowledge of the anatomical location of

PPN. Besides the PPN, the SN, and RN were also delineated for reference.

2.6 | Relocating an optimal DBS site of PPN

The targeting site of PPN-DBS with optimal treatment effect based

on the relative coordinates was proposed in a recent study (Goetz

et al., 2019). The optimal target for PPN-DBS is located at the junc-

tion of two lines respectively perpendicular to two-thirds of the brain-

stem normalized laterality (Xbn) and to two-fifths of the brainstem

normalized antero-posteriority (Ybn), on the level of ponto-

mesencephalic junction. We relocated this optimal site in our pro-

posed PPN delineation to visualize its anatomical location.

2.7 | Direct visualization of PPN on individual
images at 3.0-T Magnetic fields

To examine whether the location of PPN can be identified on individ-

ual QSM images, we further inspected individual images of 10 patients

diagnosed with PD and 10 healthy young adults using ITK-SNAP. The

individual images of PD patients and healthy young adults were

acquired at the Second Affiliated Hospital, Zhejiang University School

of Medicine. The imaging parameters are presented in Table S1. All

procedures of the present study follow the Declaration of Helsinki,

and were approved by the Ethics Committee of the Second Affiliated
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Hospital, Zhejiang University School of Medicine. The participants

provided written informed consent before participating in this study.

The contrast ratio of the difference between the signals of PPN

and adjacent medial lemniscus versus the signal of PPN was calculated

from a representative slice of each modality to quantitatively compare

the image contrast in delineating PPN from the surrounding tissues,

by the equation:Contrast ratio¼j SigPPN�SigML j = jSigPPN j, where

SigPPN and SigML represent the mean signal intensities of the selected

region of PPN and the medial lemniscus, respectively. A higher contrast ratio

suggests that the PPN region is more delineable from its adjacent structures.

2.8 | Delineation of PPN on individual images via
registration of T1w-atlas and images

The QSM is not a clinically routine imaging modality, which needs to be

reconstructed from the GRE phase image (Schweser et al., 2011). Thus, we

also examined the feasibility of PPN identification via the registration of

the MuSus-100 T1w-atlas and the individual T1w images (Figure 1c). The

PPN region delineated on the hybrid atlas was aligned onto the individual

images by the registration of the T1w-atlas and individual T1w images

using two alignment methods for comparison: (1) the linear approach of

affine registration function of ITK-SNAP, with mutual information as the

image similarity metric (Andres & Isoardi, 2007) and (2) the nonlinear

approach of Diffeomorphic Anatomical Registration Through Exponen-

tiated Lie Algebra (DARTEL) (Ashburner, 2007) with SPM12 toolbox

(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). For validation, two

radiologists manually segmented the PPN region on the individual QSM

images. The consistency between the aligned PPN region and the manually

segmented PPN region was validated using the Dice coefficient:

2�jPPNaligned\PPNmanual j = jPPNalignedjþ jPPNmanualj
� �

. Moreover, the

contrast ratio of the difference between the signals of the aligned

PPN region and adjacent medial lemniscus versus the signal of PPN

was also examined on a representative slice of each modality.

2.9 | Statistical analysis of brain tissue contrast

One-way analysis of variance (IBM SPSS Statistics, version 22) was

used to compare the contrast ratios of the PPN region and the sur-

rounding tissues among different MR image modalities. An Indepen-

dent two-sample t-test was used as the post hoc test to further reveal

the contrast-ratio differences between every two modalities. A statis-

tically significant level was set at p < .05.

3 | RESULTS

3.1 | Comparison between HR template images
generated via the proposed SR model and
conventional interpolation methods

The interpolation using the trilinear or fifth-order B-splines methods

was performed by the SimpleITK library (https://simpleitk.org/) of

Python. We select an enlarged patch in a representative axial slice

that contains PPN and SN to compare the HR image generation per-

formance of our SR model with different interpolation methods

(Figure 2). As emphasized via the arrows in both T1w and QSM

images, the trilinear interpolation and fifth-order B-splines introduce

fluctuation-like artifacts to varying degrees. We draw two profile lines

to indicate image details in the generated HR QSM images. As shown

in Figure 2, lower-right panel, the image intensity variation in Profile

Line 1 demonstrates the most severe periodic + intensity fluctuations

produced in the trilinear HR image. The degree of such fluctuations is

reduced but cannot be neglected in the fifth-order B-splines interpo-

lation. The intensity fluctuations in interpolation methods are typically

brought by the sinc interpolation kernel, while the profile line

extracted from our SR model shows the smoothest intensity-varying

range in the selected region. We can also notice the difference in

intensity in Profile Line 2 at the eighth voxel (as highlighted with a

vertical dotted line). The susceptibility produced by our SR model is

slightly different from those generated by the other methods (e.g., the

voxel shows paramagnetic susceptibility by the SR method but dia-

magnetic susceptibility by the other methods). Such difference is also

caused by the smoother variation produced by the implicit function-

based SR method. As shown in Figure 2, upper-right panel, intensity

clustering is conducted using a k-means clustering model in Python

(https://www.python.org/) on a representative patch to demonstrate

the potential effect of image intensity smoothness on image segmen-

tation. As highlighted by the arrows, the proposed SR method induces

smooth and clear boundaries in-between different brain tissues.

3.2 | HR T1w-QSM hybrid atlas generation

A representative axial slice of the T1w atlas and QSM atlas is pre-

sented in the first column of Figure S2a. As presented, the QSM atlas

provides images with clearer contrast and a sharp tissue border for

distinguishing detailed brainstem structures than that in the T1w atlas.

However, the outer boundary of the brainstem in the QSM atlas is

not as clear as that in the T1w atlas. As shown in the highlighted part

(curves with gray bounding boxes in the background) of image inten-

sity profile line plots (Figure S2b), different values of α within the

interval [7500 and 25,000] are used for hybrid image fusion. When

α = 17,500, the intensity plots show relatively sharp slopes for both

the tissue border of PPN and the outer boundary of the brainstem,

indicating the clearest tissue border contrast. Thus, we generate the

T1w-QSM hybrid atlas with a scalar α = 17,500 that controls the con-

tribution proportion of QSM contrast in the hybrid atlas at an appro-

priate level.

3.3 | Delineation of PPN region on the T1w-QSM
atlas

The hybrid atlas was referenced to the outline of the myelin-stained

sections (Martin, 2012) to identify the PPN region (Figure 3). The PPN

region is surrounded by WM with higher signal intensity, such as the
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decussation of the SCP and the medial lemniscus. Enlarged views of

PPN and its surroundings in axial, sagittal, and coronal directions are

presented on slices with 1 or 2-mm spatial intervals (Figure 4). As

shown, the PPN (in blue) shows lower signal values than its adjacent

structures on the hybrid atlas, which is located medially to the medial

lemniscus and laterally to the decussation SCP. A three-dimensional

(3D) view of the PPN region is also shown to demonstrate the PPN

location in the brain (Figure S3). The approximate extent of the PPN

region spans from 12 mm to 21 mm rostral to Point B (i.e., the inter-

section of a line tangential to the floor of the fourth ventricle and a

line passing through the fastigium and perpendicular to the first line)

(Cong et al., 2018; Zrinzo et al., 2008), from 4.5 to 9.5 mm lateral to

the midline, and 0.5 to 9.5 mm anterior to Point B. Besides the PPN,

other brainstem structures showing differentiated contrast with the

surrounding tissues are annotated in detail on three selected slices

(rostral, middle, and caudal PPN; Figure S4).

3.4 | Illustration of optimal targeting site of PPN-
DBS on the PPN atlas

Goetz and colleagues proposed that the optimal target for PPN-DBS

located at the junction of two lines respectively perpendicular to two-

thirds of the brainstem normalized laterality (Xbn) and to two-fifths of

the brainstem normalized antero-posteriority (Ybn), on the level of

ponto-mesencephalic junction (Goetz et al., 2019). We identify this

proposed optimal site and validate that this optimal target is at the

middle-to-caudal part of PPN on our atlas (Figure 5).

3.5 | Direct visualization of PPN on individual
images at 3.0-T Magnetic fields

The location of the PPN is identified on the QSM image and the

hybrid image of a representative patient (Figure 6). The axial slice

views of a representative section containing the caudal part of the

PPN of all the 10 PD patients are illustrated (Figure S5). As shown,

the PPN region can be identified from its surroundings on QSM

images and hybrid images. The contrast ratios of the difference

between the signal intensity of PPN and the adjacent medial lemnis-

cus versus the signal intensity of PPN are 0.049 ± 0.014, 0.100

± 0.014, 8.825 ± 2.780, and 0.260 ± 0.025, respectively, in the T1w,

T2w, QSM, and hybrid images of the PD patients. A significant effect

is revealed by one-way analysis of variance (F = 8.825, p = .016;

Figure 7a), indicating that PPN is more delineable on the QSM and

hybrid images. Besides the cohort of PD patients, the PPN region can

F IGURE 2 A visual comparison of HR images obtained by the proposed SR model and different interpolation methods. On the left panel, the
slice views of the brainstem on the T1w atlas and QSM atlas are illustrated for the HR images obtained by the proposed SR model and different
interpolation methods, including the trilinear method and the fifth-order B-splines method. The yellow arrows denote the boundary of the
brainstem on the T1w images. The green arrows denote the PPN region. The blue arrows denote the vein beside the brainstem tissue. The signal
intensity of three profile lines of the HR QSM images is shown on the lower-right panel. The intensity clustering result by the k-means method on

a representative patch containing the brainstem is shown on the upper-right panel. The differences in the boundaries of small brainstem
structures segmented by k-means are denoted by the black arrows. BS5, fifth-order B-splines; HR, high-resolution; LR, low-resolution; ppm, parts
per million; SR, super-resolution.
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also be identified in the individual QSM images of healthy young

adults (Figure S6).

The feasibility of PPN identification via the registration of the

MuSus-100 T1w-atlas and the individual T1w images was also

examined. The aligned PPN region on the individual space was visually

confirmed on the individuals' QSM images, and also compared with

the PPN region manually segmented on individual QSM images by

two radiologists (Figure 8). There is an overlap between the aligned

F IGURE 3 Slices from T1w-QSM hybrid atlas referenced to myelin-stained sections. (a) Axial, (b) sagittal, and (c) coronal slice views of the
T1w-QSM hybrid atlas (right column) compared with the outline (in red) extracted from the myelin-stained sections (Martin, 2012). The PPN
region and its adjacent structures are indicated.
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PPN and the manually segmented PPN in all of the individuals, and

the mean Dice coefficients are 0.487 and 0.505 by using the affine

and DARTEL alignment methods, respectively (Table S2). Moreover,

the contrast ratios of the difference between the signal intensity of

the aligned PPN and the adjacent medial lemniscus versus the signal

intensity of PPN are 0.032 ± 0.007, 0.046 ± 0.008, 10.282 ± 7.681,

F IGURE 4 Slice views illustrating the PPN region. The PPN region is presented in (a) axial, (b) sagittal, and (c) coronal slice views. The interval
between slices is 1 mm for the axial and coronal slice views and 0.5 mm for the sagittal view. The coordinates span from 13 to 21 mm rostral to
point B for axial slice views, from 4.5 to 8.5 mm lateral to the midline for sagittal slice views, and from 1.5 to 9.5 mm anterior to point B for
coronal slice views. The PPN region is in blue. The SN (in green) and RN (in red) are also delineated for reference. The position of point B is
illustrated in Figure 5. PPN, pedunculopontine nucleus; RN, red nucleus; SN, substantia nigra.
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and 0.096 ± 0.013, respectively, in the T1w, T2w, QSM, and hybrid

images of the PD patients. The ratios on the QSM and hybrid images

are significantly larger than those on the T1w and T2w images

(p < .01) (Figure 7b), confirming that the aligned PPN region by regis-

tration is more delineable on the QSM and hybrid images.

4 | DISCUSSION

In the present study, we first provide a clear depiction of PPN on the

HR T1w-QSM hybrid atlas by fusing the up-sampled MuSus-100 T1w

and QSM atlases. Furthermore, the optimal targeting site of PPN-DBS

proposed by a recent study is validated at the middle-to-caudal part

of PPN on our atlas. Additionally, we demonstrate that the PPN could

be directly identified in the individuals' QSM images of PD patients

and healthy young adults. Compared with commonly used T1w and

T2w images for DBS surgery planning, QSM, and hybrid images signif-

icantly improve the contrast ratio of PPN compared to its surrounding

brainstem tissues, suggesting that direct targeting of PPN using QSM-

based images is feasible in DBS surgery.

4.1 | The proposed SR model for image up-
sampling

Without using any HR-low resolution (HR-LR) image training pairs,

the proposed self-supervised SR model trained a continuous implicit

function bIhr pð Þ to approach the discrete LR image and to synthesize an

HR image that follows the continuous assumption of the implicit func-

tion. Since only the LR image intensities are involved in the network

training, the prior information for the SR process is as limited as that used

for 3D image interpolations. Thus, we compare the HR image generation

performance of our SR model with the trilinear and sinc interpolation

methods. The HR model performs better than the conventional 3D inter-

polation methods, with fewer blocking artifacts and blurring effects.

Using this limited data, the proposed SR should be able to generate a

truthful HR template. We provide a HR delineation of the small region of

PPN using this method, and the HR QSM atlas may help to delineate

other desired small deep brain structures in future studies.

4.2 | A clear delineation of PPN on QSM-based
atlas

The structural and connectivity deficits of PPN are associated with

gait impairment in PD (Canu et al., 2015; Joza et al., 2022), and the

PPN is a potentially effective target for the treatment of DBS for PD,

particularly effective in relieving levodopa-refractory axial symptoms

such as gait and balance impairment (Galazky et al., 2018;

Thevathasan et al., 2018). However, until recently, most PPN-DBS

surgeries depended on the indirect targeting method, that is, propor-

tional calculation schemata (Goetz et al., 2019). Direct targeting can

improve the targeting accuracy of the neurosurgery (Fenoy &

Schiess, 2018; Tonge et al., 2016).

F IGURE 5 The location of the proposed optimal target for PPN-DBS is indicated in our hybrid atlas. The proposed optimal targeting location
of PPN-DBS (Goetz et al., 2019) is indicated by the yellow dots on the T1w, hybrid atlas before interpolation, and high-resolution (HR) hybrid
atlas. The label of the PPN region (in blue) is overlaid on the HR hybrid atlas in the right column. PPN, pedunculopontine nucleus; RN, red
nucleus; SN, substantia nigra, Xbn, brainstem normalized laterality; Ybn, brainstem normalized antero-posteriority.
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We delineate the PPN and identify its surrounding structures on

the HR T1w-QSM hybrid atlas. We also identify the optimal targeting

site using the proposed coordinates (Goetz et al., 2019) on our hybrid

atlas and validate that the proposed optimal targeting site is located

at the middle-to-caudal and posterior part of the PPN region

(Figure 5). Furthermore, the aligned PPN region on the individual

F IGURE 6 Slice views of the PPN region on QSM and hybrid images of a representative PD patient. Slice views containing the PPN region of
a representative PD patient are presented with the QSM atlas registered to them. The labels of the PPN region, substantia nigra, and red nucleus,
registered to the individual images, are overlaid on the images in the lower panels. ppm, parts per million; PPN, pedunculopontine nucleus; QSM,
quantitative susceptibility mapping; RN, red nucleus; SN, substantia nigra.

F IGURE 7 Comparison of the contrast ratios of the PPN region and its surrounding structure of medial lemniscus among the images with
different modalities. (a) The signal values of the nuclei are extracted as the average values of the manually defined regions (red for PPN and green
for medial lemniscus). The contrast ratio is defined as the difference between the signal intensity of PPN and the adjacent medial lemniscus
versus the signal intensity of PPN. (b) The contrast ratio of the aligned PPN region (in red) and the manually defined structure of the medial
lemniscus (in green). **, p < .01; ***, p < .001. QSM, quantitative susceptibility mapping; T1w, T1-weighted; T2w, T2-weighted.
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space was confirmed on the individuals' QSM images. This may facili-

tate more accurate targeting in the PPN-DBS surgery. Since there

may be anatomical variations between individuals, the DBS targeting

based on coordinates could occasionally be imprecise. The illustration

of the structure of the optimal PPN-DBS targets provides a direct

visual reference for the neurosurgeons to confirm the targeting based

on stereotactic coordinates. Using the PPN label, it is also possible to

study the relationship between the stimulation-influenced anatomical

location of the PPN and the clinical efficacy of DBS.

4.3 | Identification of PPN on individual images

In this study, the PPN is delineated from its surrounding brainstem

structures, namely the medial lemniscus and the decussation SCP in

individuals' QSM and hybrid images, indicating the highly differenti-

ated susceptibility of these structures. In contrast, the delineation of

PPN from its surrounding structures is not achievable even on the

group-averaged T1w template. We also validate that the approximate

PPN location can be visually identified in individual QSM images, sug-

gesting that the QSM image may help directly target patient-specific

PPN coordinates in the DBS surgeries. Future studies are recom-

mended to confirm whether the QSM technique can improve PPN-

DBS effectiveness more than indirect targeting methods in a patient

population.

4.4 | Limitations

There are a few limitations to this study. First, the 3D GRE sequence

is quite sensitive to patients' motion during scanning, and thus the

application in PD patients with obvious tremor might be limited. Sec-

ondly, the scanning process for whole-brain GRE images takes nearly

10 minutes, and the generation of QSM images needs post-processing

after the GRE images are acquired. Thus, more rapid QSM techniques

are yet to be invented for DBS targeting in clinical applications.

Thirdly, we delineate the PPN regions merely based on the QSM and

T1w-QSM hybrid images, lacking the confirmation of the surrounding

WM fiber system. Future studies are needed to confirm that the PPN

region identified by QSM has the structural or functional connectivity

this nucleus should have. Lastly, it is worth mentioning that having

the radiologists segment the PPN region on the individual QSM

images may not guarantee perfectly precise segmentation even with

the proposed methodology, as this area is difficult to delineate, espe-

cially when the image resolution is not high enough.

5 | CONCLUSION

Our findings indicate that the proposed SR network is an efficient tool

for small-size brain nucleus identification, and QSM is a promising

technique for improving the visibility of the PPN. PPN can be

F IGURE 8 Comparison of aligned PPN region and manually segmented PPN region in a representative PD patient. The PPN region identified
by registration of the T1w atlas and the individual T1w image is colored in blue. The PPN region manually segmented by two radiologists is
colored in lavender. See text for group results. An enlarged view of the PPN region is in the orange box overlaid on the view of the whole brain.
DARTEL, Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra; ppm, parts per million; PPN, pedunculopontine nucleus;
QSM, quantitative susceptibility mapping; RN, red nucleus; SN, substantia nigra.
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delineated on the HR QSM-based atlases and identified on the indi-

vidual QSM images acquired on a 3.0-T MRI scanner, suggesting that

the QSM image may help directly target patient-specific PPN coordi-

nates in the DBS surgeries. The HR T1w-QSM atlas and the PPN label

are provided to identify the approximate location of PPN via

template-image registration when the individual QSM images are una-

vailable in clinical practice.
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