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Background: Increased iron accumulation measured by quantitative susceptibility mapping (QSM)
has been observed in various brain regions, especially substantia nigra (SN), in Parkinson’s disease (PD).
Glymphatic dysfunction evaluated by diffusion tensor image analysis along the perivascular space (DTI-ALPS)
in PD has also attracted much attention recently. This study aimed to compare and combine DTI-ALPS and
QSM of SN in the diagnosis and severity assessment of PD.

Methods: As a case-control study, we retrospectively recruited 60 PD patients and 60 matched healthy
controls. The DTI-ALPS index, QSM of SN, and their combination were calculated and further compared
between the two groups. Receiver operating characteristic (ROC) curves were used to assess the diagnostic
performance. We further analyzed the correlation of the Movement Disorder Society-Unified Parkinson’s
Disease Rating Scale (MDS-UPDRS) part III score with DTI-ALPS and QSM of SN.

Results: The average DTI-ALPS was significantly lower, whereas the average QSM of bilateral SN was
significantly higher in PD [median (interquartile range): 1.38 (1.26-1.53); 0.09 (0.07-0.10)] compared
to healthy controls [1.52 (1.41-1.71), P<0.001; 0.08 (0.07-0.09), P=0.020]. The combination showed a
significantly higher area under the curve (AUC) of 0.801 than that of DTT-ALPS (0.729) or QSM of SN
(0.624) in discriminating PD from healthy controls. Moreover, the average QSM of bilateral SN showed
significant correlations with the MDS-UPDRS III score (rho =-0.276, P=0.034).

Conclusions: DTI-ALPS and QSM of SN are potential biomarkers for the diagnosis and severity

assessment of PD. The combination of them may improve the diagnostic performance.

Keywords: Parkinson’s disease (PD); glymphatic system; diffusion tensor image analysis along the perivascular
space (DTI-ALPS); iron accumulation; quantitative susceptibility mapping (QSM)
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Introduction

The incidence of Parkinson’s disease (PD), a prevalent
neurodegenerative disorder, notably increases between the
ages of 55 and 79 years. Its pathological hallmarks lie in
the loss of dopaminergic neurons in the substantia nigra
(SN), coupled with intracellular inclusions containing
aggregates of a-synuclein (1). Accurate diagnosis and
severity assessment of PD remain crucial to the disease’s
efficient treatment and management. Conventional
diagnostic methodologies largely depend on clinical
scores, primarily the Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale (MDS-UPDRS), with
increasing emphasis on motor symptoms. Nonetheless,
these approaches exhibit limitations in capably capturing
the complex pathophysiology of PD.

Recently, there has been a surge of interest in studies
focusing on glymphatic dysfunction in PD. Emerging
evidence underscores the vital part that the glymphatic
system plays in removing neurotoxic protein aggregates
often found in neurodegenerative diseases, such as
a-synuclein in PD (2). Dysfunction in glymphatic clearance
can potentially lead to secondary damage to dopaminergic
neurons due to increased a-synuclein accumulation. Extant
research has demonstrated that obstructing the glymphatic
pathway, consequently causing drainage dysfunction,
could enhance a-synuclein pathology and intensify
motor symptoms (3). Hence, glymphatic dysfunction is a
significant factor in the pathology and physiology of PD,
making it crucial to develop a non-invasive and reliable
method to assess glymphatic functionality in vive. The
diffusion tensor image analysis along the perivascular space
(DTI-ALPS) index, a non-invasive measure, demonstrates
substantial representation and reproducibility of glymphatic
clearance function (4,5). This DTI-ALPS index has been
correlated with aging, PD, and multiple sclerosis (4,6,7).
In PD patients, the DTI-ALPS index has been reported as
being notably lower than that seen in healthy individuals,
indicating the presence of glymphatic dysfunction in PD.
Additionally, some studies in PD patients have found that
a lower DTI-ALPS index showed a significant association
with the higher MDS-UPDRS III score (8) and its subscore
for rigidity (9), and longitudinal cognitive decline and worse
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longitudinal disease severity (10).

Meanwhile, a growing body of evidence suggests a
significant role of abnormal iron homeostasis in PD
pathology (11). Excessive iron can generate reactive oxygen
species (ROS) that subsequently lead to neuronal death
through iron-mediated mechanisms (12,13). Moreover,
surplus iron in the brain is also implicated in various critical
pathophysiological pathways specific to PD (12,14). In
PD patients, post-mortem examinations most frequently
reveal heightened iron levels in the SN (12,15). As a
result, iron deposition is considered a contributor to brain
damage mechanisms in PD, leading to the evaluation of
in vivo brain iron as a prominent research focus. High
magnetic susceptibility of iron allows for its detection
through magnetic resonance imaging (MRI), especially
via an advanced imaging technique known as quantitative
susceptibility mapping (QSM). QSM provides quantitative
estimates of voxel-level iron distribution in the brain (16).
Across various brain regions, QSM has reliably quantified
changes in iron content (17-19). Post-mortem studies
further validate the accuracy of QSM in identifying iron
deposition in brain regions, showing strong correlations
between QSM contrast and histochemical measurements of
iron (17,20,21). Previous research showed that susceptibility
measures in PD patients were significantly higher than in
healthy individuals across various brain regions, especially
in SN, pointing to increased iron accumulation in PD (22).
Another study found that the susceptibility measure was
significantly associated with the MDS-UPDRS III score (23).

DTI-ALPS and QSM are fundamental quantitative
imaging techniques in PD research. DTI-ALPS captures
dysfunction in the glymphatic system, whereas QSM
quantifies iron accumulation across various brain regions.
However, research that compares or integrates these
techniques in diagnosing and determining the severity of
PD is scant. Consequently, we postulate that the diagnostic
accuracies between these two methods may vary. Moreover,
their strategic combination may enhance PD diagnosis.
Therefore, this study was designed to assess the diagnostic
utility of these two techniques in PD. Additionally, we
also evaluated the correlation between DTI-ALPS and
QSM with MDS-UPDRS III. We present this article in
accordance with the STROBE reporting checklist (available
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Figure 1 Screening process for included PD patients and HC participants. PD, Parkinson’s disease; HC, healthy control; DTT, diffusion

tensor image; QSM, quantitative susceptibility mapping; MRI, magnetic resonance imaging.

at https://qims.amegroups.com/article/view/10.21037/
qims-24-1605/rc).

Methods
Participants

Patients with idiopathic PD were identified and evaluated
retrospectively from the Department of Neurology in
Fujian Medical University Union Hospital between
March 2019 and April 2023. The diagnosis of PD was
determined based on the diagnostic criteria from the
International Parkinson & Movement Disorder Society (24)
and confirmed by two senior physicians, each with more
than 10 years of experience. For this study, age- and
gender-matched healthy control (HC) participants were
also recruited. HC participants had no familial history
of PD or any associated neurodegenerative disorders.
Participants were randomly enrolled. Data such as sex and
age of all participants, and disease duration, Hoehn and
Yahr scale, and MDS-UPDRS IIT (Med-OFF state) of PD
patients were compiled for further analysis. We established
the following exclusion criteria: (I) a history of significant
medical conditions, such as pronounced cardiovascular
disorders that could potentially affect cardiovascular
brain impulses influencing glymphatic flux (25); (II) other
prevalent systemic, psychiatric, or neurological diseases; (I1I)
contraindications to MRI and poor quality of MRI. The
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study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013) and approved by the
Ethics Committee of the Fujian Medical University Union
Hospital (No. 2023KJCX058). Informed consent was
provided by all individual participants. Figure 1 provides a
visual depiction of the screening process implemented for
the inclusion of PD patients and HC participants.

MRI acquisition

MRI was conducted on a 3.0-Tesla MR scanner
(MAGNETOM Prisma; Siemens Healthineers, Erlangen,
Germany) utilizing a 64-channel receive-only head
coil. The utilized structural MRI protocols comprised
a sagittal T1-weighted magnetization prepared rapid
gradient echo sequence (T1-MPRAGE) with a voxel size
of 0.9375x0.9375x0.9 mm’, axial T2-weighted fast spin-
echo images, and fluid attenuated inversion recovery
(FLAIR). The scan parameters of sagittal T1-MPRAGE
were as follows: repetition time (TR) =2,300 ms; echo time
(TE) =2.32 ms; inversion time, 900 ms; acquisition matrix,
256x256; field of view (FOV) =240 mm x 240 mm; number
of averages =1; voxel size =0.9375x0.9375x0.9 mm’. DTI
was performed with a spinning-echo echo-planar imaging
(SE-EPI) sequence, which consisted of 9 b-values (250,
350, 400, 550, 750, 950, 1,100, 1,150, and 1,500 s/mm?),
corresponding with 3, 2, 4, 4, 3, 12, 8, 4, and 6 directions,
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respectively. The sequence parameters were as follows:
TR =3,900 ms; TE =88 ms; FOV =230 mm x 230 mm;
generalized autocalibrating partial parallel acquisition
(GRAPPA) =2; slice acceleration factor =2; number of
averages =1; voxel size =2.5x2.5x2.5 mm’, with no gap;
and a bipolar pulse. QSM imaging was performed based on
three-dimensional flow-compensated multi-echo gradient-
echo (GRE) images in the axial plane (TR =35 ms; first TE
=6.67 ms; uniform echo spacing =6.24 ms; last TE =25.39 ms;
number of echoes =4; flip angle =15°; FOV =280 mm x
320 mm; voxel size =0.72x0.72x2 mm’).

Quantification of QSM
The software STIsuite (https://chunleiliulab.github.io/

software.html) was employed for the computation of
the QSM maps from the phase images. Specifically, the
raw phase was unwrapped using a Laplacian-based phase
unwrapping (26) and the normalized phase was calculated.
The normalized background phase was removed using the
spherical-mean-value filtering (V_SHARP) (27). QSM
images were calculated using STreaking Artifact Reduction
for QSM (STAR-QSM) method (28).

Images derived from the T1-MPRAGE images were
co-registered with QSM images by using rigid-body
registering to the initial echo magnitude image drawn
from the GRE pulse sequence. This procedure utilized
SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12),
followed by skull stripping through multiplication with a
brain binary mask, which was created in MRIcron (https://
www.nitrc.org/projects/mricron/) based on the initial echo
magnitude image from the GRE pulse sequence. QSM and
T1WI, which had been co-registered and skull-stripped,
then underwent an automated multi-atlas segmentation
procedure using both QSM and T'1 contrast to delineate
bilateral regions of SN (29). Briefly, the automated multi-
atlas segmentation procedure involves the use of a multi-
atlas library consisting of 23 atlases with T1-weighted
images, gradient echo magnitude images, and QSM images.
Each atlas includes manually labeled regions of interest
(ROIs), such as the SN, based on QSM contrast. The
target QSM and T1WT are preprocessed, including scaling
QSM values and bias correction of T1WI. The pipeline
then maps the target images to the atlas space using affine
transformations and large deformation diffeomorphic
mapping (LDDMM) to account for local deformations.
The manual segmentations from the atlases are warped
into the target space, and a multi-atlas fusion algorithm
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combines these to create a target segmentation. This
approach leverages both QSM and T1 contrasts, enhancing
segmentation accuracy, particularly in iron-rich deep
gray matter nuclei. This method has been made publicly
available through the MRICloud platform (https://braingps.
mricloud.org/), facilitating accessible analysis of QSM
data (30). The subsequent steps involved measuring the
average QSM values for the left and right SN. The bilateral
average QSM values for both left and right sides were
further computed for extended analysis.

Quantification of DTI-ALPS index

The DTI-ALPS index was computed as a measure of the
glymphatic function, a method that is consistent with
prior reports (4,31). To accomplish this task, all diffusion-
weighted images were subjected to motion correction
using the Eddymotion tool (https://github.com/nipreps/
eddymotion) before being utilized for fitting the diffusion
tensor model via FMRIB’s Diffusion Toolbox (https://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL). This color-coded
fractional anisotropy (FA) map along with diffusivity
maps in the x-, y-, and z-axis directions were calculated. A
location slice, in which deep medullary veins ran vertical to
the ventricle body, was determined and categorized on the
QSM map. The subsequent QSM images then underwent
co-registration with b0 images. This was accomplished by
rigidly registering the first echo magnitude image from
the GRE pulse sequence to b0 images utilizing SPM12.
According to previous research, the size of the ROI does
not influence the DTI-ALPS index calculation (32).
Therefore, four circular ROIs of equivalent diameter
were independently positioned in the bilateral projection
fiber and the association fiber, on the labeled color-coded
FA map slice. This process was performed by a seasoned
radiologist with seven years of experience, who was
unaware of the underlying clinical data, by utilizing ITK-
snap software (http://www.itksnap.org/pmwiki/pmwiki.
php), as shown in Figure 2A. It is advisable to avoid placing
the ROIs within T2-FLAIR lesions. Upon computing the
ROIs’ diffusivities in the x-, y-, and z-axis directions on
the labeled slice, the DTI-ALPS index for both the left
and the right hemispheres was calculated based on the
following formula: DTI-ALPS index = mean (Dxproj,
Dxassoc)/mean (Dyproj, Dzassoc). The mean DTI-
ALPS index for the bilateral hemisphere was subsequently
derived by averaging the calculated indexes of the left and
right DTI-ALPS.
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Figure 2 ROI placement for calculation of DTI-ALPS and representative HC participant and PD patient. (A) We first co-registered QSM
images and T2-FLAIR to b0 images. On a slice where deep MV vertical to ventricle body, two yellow ROIs were placed in bilateral PFs
and two red ROIs were placed in bilateral AFs on color-coded FA map. Finally, ROIs were checked to position outside any lesions on T2-
FLAIR. (B) Compared with the HC participant, the bilateral average DTI-ALPS was lower, whereas the average QSM of bilateral SN
(vellow arrows) was higher in the PD patient. ROI, regions of interest; QSM, quantitative susceptibility mapping; MV, medullary vein; PF,
projection fiber; AF, association fiber; FA, fractional anisotropy; HC, healthy control; PD, Parkinson’s disease; FLAIR, fluid attenuated

inversion recovery; DTI-ALPS, diffusion tensor image analysis along the perivascular space; SN, substantia nigra.

© AME Publishing Company. Quant Imaging Med Surg 2025;15(2):1411-1424 | https://dx.doi.org/10.21037/qims-24-1605



1416

Ni et al. DTI-ALPS and QSM in PD

Table 1 Clinical and demographic characteristics of patients with PD and HC

Characteristics PD patients (n=60) HC participants (n=60) P value
Age (years) 63.0 (58.5, 68.0) 62.0 (57.0, 66.0) 0.299
Gender (male/female) 34/26 27/33 0.201
Disease duration (months) 84.0 (61.5, 125.0) NA NA
MDS-UPDRS llI 46.0 (37.6, 58.8) NA NA
Hoehn and Yahr scale 3.0(2.5, 3.0 NA NA

Data were presented as median (interquartile range) or number. PD, Parkinson’s disease; HC, healthy control; MDS-UPDRS, Movement
Disorder Society-Unified Parkinson’s Disease Rating Scale; NA, not applicable.

Statistical analysis

Statistical analysis was carried out utilizing the software
SPSS 27.0 (IBM Corp., Armonk, NY, USA). Demographic
and clinical traits, along with DTT-ALPS and QSM values,
were recorded as either raw numbers or median values with
the associated interquartile range. The Mann-Whitney
U test served to highlight any differences in the DTI-
ALPS and QSM values of SN between PD patients and
HC participants. To evaluate the correlation between the
MDS-UPDRS IIT and the DTI-ALPS and QSM values,
a Spearman correlation analysis was employed. Binary
logistic regression analysis was utilized in leveraging
these parameters to generate a regression equation, thus
determining the corresponding prediction probability
for distinguishing PD from HC. Receiver operating
characteristic (ROC) curves were plotted, with the area
under the curve (AUC), sensitivity, and specificity metrics
employed in assessing the diagnostic performance for PD.
The DeLong tests were used for further comparison of the
AUGC:s. A predetermined significance threshold was applied
throughout the statistical analysis.

Results
Clinical and demograpbic characteristics of participants

After the selection process as shown in Figure 1, a total of
60 PD patients and 60 HC participants, matched by age
and gender, were included in the study. From the pool of
PD patents, 34 (56.7%) were male, with a median disease
duration of 84.0 months. The median Hoehn and Yahr scale
was 3.0, and the MDS-UPDRS III also showed a median
value of 46.0. Table 1 presents the clinical characteristics,
along with a comparison between the two groups. There
was no significant variation found in terms of age and
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gender between the PD patients and the HC participants,
with P values of 0.299 and 0.201, respectively.

Comparison between PD patients and HC participants

The representative HC participant and PD patient
demonstrating the difference between HC and PD are
shown in Figure 2B. Comparative analysis indicated
significantly lower left, right, and average DTI-ALPS
for PD patients when matched with HC participants (all
P<0.001). A similar disparity was observed in the average
QSM value of SN. The values for PD patients were
significantly higher than those of HC participants for the
left, right, and bilateral regions (P=0.018, 0.033, and 0.020,
respectively). These results are represented in 7able 2 and
Figure 3.

Logistic regression

The age, gender, bilateral average DTI-ALPS, and average
QSM value of the bilateral SN were selected and incorporated
into a binary logistic regression equation (Eq. [1])
to differentiate between PD and HC. The subsequent
calculation yielded a prediction probability. Both the bilateral
average DTI-ALPS and the bilateral average QSM value
of SN contributed significantly to PD diagnosis (P<0.001
and P=0.004, respectively). The odds ratios (OR) and 95%
confidence intervals (CI) were 0.001 (0.000-0.021) for the
bilateral average DTI-ALPS and 1.573 (1.153-2.145) for
the average QSM of bilateral SN, with each 0.01 increase in
QSM value.

In(p/(1- p))=0.267+*Gender —0.113* Age
—7.195% DTI-ALPS +0.453% OSM (SN ) +13.626

(1]

The logistic regression equation of the bilateral average
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Metric PD patients (n=60) HC participants (n=60) V4 P value
DTI-ALPS
Left DTI-ALPS 1.41 (1.27,1.53) 1.52 (1.37,1.75) -3.690 <0.001**
Right DTI-ALPS 1.33 (1.19, 1.59) 1.55(1.43,1.72) -4.304 <0.001**
Average DTI-ALPS 1.38(1.26, 1.53) 1.52 (1.41,1.71) -4.325 <0.001**
QSM (ppm)
Left SN 0.09 (0.07, 0.10) 0.07 (0.07, 0.08) -2.372 0.018*
Right SN 0.09 (0.08, 0.10) 0.08 (0.07, 0.09) -2.136 0.033*
Bilateral SN 0.09 (0.07, 0.10) 0.08 (0.07, 0.09) -2.336 0.020*

Data were presented as median (interquartile range). *, P<0.05; **, P<0.01. PD, Parkinson’s disease; HC, healthy control; DTI-ALPS,
diffusion tensor image analysis along the perivascular space; SN, substantia nigra; QSM, quantitative susceptibility mapping.
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Figure 3 Box and whisker plot highlighting the differences in DTI-ALPS indices and QSM of SN between PD and HC participants. It
demonstrates the notable decrease in the average left, right, and bilateral DTI-ALPS values in PD patients in comparison to HCs (A).

Conversely, the average QSM values of left, right, and bilateral SN in PD patients showed a considerable increase compared to HCs (B). *,
P<0.05; **, P<0.01. PD, Parkinson’s disease; HC, healthy control; DTI-ALPS, diffusion tensor image analysis along the perivascular space;

QSM, quantitative susceptibility mapping; SN, substantia nigra.

DTI-ALPS and the average QSM value of the bilateral SN
predicts the occurrence of PD.

In this equation, ‘p’ represents the probability of PD
being the case, whereas ‘(1-p)’ signifies the probability that
PD is not the case.

Evaluation and comparison of diagnostic performance

In Table 3, we present the results of ROC analyses of the
DTI-ALPS and QSM of SN in differentiating PD from
HC. The associated ROC curves are visualized in Figure 4.
The average values of left, right, and bilateral DTI-ALPS
and QSM of SN in diagnosing PD had AUCs ranging
from 0.613 to 0.729. The bilateral average DTI-ALPS
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demonstrated an AUC of 0.729, with a diagnostic sensitivity
of 71.67% and a specificity of 65.00%. Correspondingly,
the bilateral average QSM of SN displayed an AUC of 0.624,
with a sensitivity of 33.33% and a specificity of 96.67%.
The inclusion of age, sex, bilateral average DTI-ALPS,
and bilateral average QSM of SN in a logistic regression
equation improved the predictive probability, yielding the
highest AUC of 0.801, and establishing a sensitivity and
specificity of 68.33% and 80.00%, respectively.

The DelLong tests revealed that in discriminating
PD from HC, the AUC of the bilateral average DTI-
ALPS exceeded that of the bilateral average QSM of
SN. However, this did not achieve statistical significance
(P=0.122). Nonetheless, the AUC of the prediction
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Table 3 Diagnostic performance of DTI-ALPS and QSM values of SN in discriminating PD from HC

Metric AUC (95% Cl) Threshold value Sensitivity Specificity
DTI-ALPS
Left DTI-ALPS 0.695 (0.605-0.776) 1.433 63.33% 66.67%
Right DTI-ALPS 0.728 (0.639-0.805) 1.402 63.33% 73.33%
Average DTI-ALPS 0.729 (0.640-0.806) 1.483 71.67% 65.00%
QSM (ppm)
Left SN 0.626 (0.533-0.712) 0.089 45.00% 83.33%
Right SN 0.613 (0.520-0.701) 0.096 41.67% 83.33%
Bilateral SN 0.624 (0.531-0.710) 0.099 33.33% 96.67%
Combination 0.801 (0.719-0.869) 0.579 68.33% 80.00%

Note that the term ‘combination’ refers to the predictive probability derived from the binary logistic regression equation that combines age,
gender, bilateral average DTI-ALPS and the average QSM value of the bilateral SN to distinguish PD from HC. DTI-ALPS, diffusion tensor
image analysis along the perivascular space; QSM, quantitative susceptibility mapping; SN, substantia nigra; PD, Parkinson’s disease;
HC, healthy control; AUC, area under the curve; Cl, confidence interval.
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Figure 4 ROC curves of DTI-ALPS indices, QSM of SN, and their combination in differentiation between PD and HC. ROC curves for
the left, right, and bilateral average DTI-ALPS indices differentiate PD from HC (A), as do average QSM of left, right, and bilateral SN
(B). Furthermore, these curves illustrate the effectiveness of the bilateral average DTI-ALPS index, average QSM of bilateral SN, and their
combined utilization in differentiating PD from HC (C). ROC, receiver operating characteristic; DTI-ALPS, diffusion tensor image analysis
along the perivascular space; QSM, quantitative susceptibility mapping; SN, substantia nigra; PD, Parkinson’s disease; HC, healthy control.

probability of the logistic regression equation markedly
surpassed those of bilateral average DTI-ALPS (P=0.034),
left DTI-ALPS (P=0.008), bilateral average QSM of SN
(P<0.001), left QSM of SN (P<0.001), and right QSM of
SN (P<0.001). These findings are detailed in Table 4.

Correlation of MDS-UPDRS III with DTI-ALPS and

QSM values of SN

Table 5 presents the results of the correlation between MDS-
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UPDRS III and the bilateral average DTI-ALPS values,
as well as the bilateral average QSM value of SN. The
corresponding scatter diagrams can be viewed in Figure 5.
Significant correlations were identified between MDS-
UPDRS IIT and the QSM values of the right SN (rho
=-0.285, P=0.029), in addition to the bilateral average
QSM values of SN (rho =-0.276, P=0.034). However, no
significant correlation was observed between the MDS-
UPDRS III and the QSM values of the left SN (rho
=-0.211, P=0.108). No significant correlation was also

Quant Imaging Med Surg 2025;15(2):1411-1424 | https://dx.doi.org/10.21037/qims-24-1605



Quantitative Imaging in Medicine and Surgery, Vol 15, No 2 February 2025 1419

Table 4 DeLong test results for comparisons of AUCs in

discriminating PD from HC

AUC comparisons P value
Average DTI-ALPS - Average QSM of bilateral SN 0.122
Average DTI-ALPS - QSM of left SN 0.121
Average DTI-ALPS - QSM of right SN 0.091
Left DTI-ALPS - Average QSM of bilateral SN 0.301
Left DTI-ALPS - QSM of left SN 0.308
Left DTI-ALPS - QSM of right SN 0.239
Right DTI-ALPS - Average QSM of bilateral SN 0.126
Right DTI-ALPS - QSM of left SN 0.125
Right DTI-ALPS - QSM of right SN 0.096
Combination - Average DTI-ALPS 0.034*
Combination - Left DTI-ALPS 0.008*
Combination - Right DTI-ALPS 0.054
Combination - Average QSM of bilateral SN <0.001**
Combination - QSM of left SN <0.001**
Combination - QSM of right SN <0.001**

*, P<0.05; **, P<0.01. Note that the term ‘combination’ refers
to the predictive probability derived from a binary logistic
regression equation that incorporates age, gender, bilateral
average DTI-ALPS, and average QSM value of bilateral SN,
used for distinguishing PD from HC. AUC, area under the
curve; PD, Parkinson’s disease; HC, healthy control; DTI-ALPS,
diffusion tensor image analysis along the perivascular space;
QSM, quantitative susceptibility mapping; SN, substantia nigra.

Table 5 Correlation of MDS-UPDRS III with DTI-ALPS and

QSM values of SN
Metric rho P value
DTI-ALPS
Left DTI-ALPS -0.155 0.240
Right DTI-ALPS 0.079 0.552
Average DTI-ALPS —-0.025 0.850
QSM of SN (ppm)
Left QSM -0.211 0.108
Right QSM -0.285 0.029*
Average QSM -0.276 0.034*

*, P<0.05. MDS-UPDRS, Movement Disorder Society-Unified
Parkinson’s Disease Rating Scale; DTI-ALPS, diffusion tensor
image analysis along the perivascular space; QSM, quantitative

susceptibility mapping; SN, substantia nigra.

© AME Publishing Company.

found between MDS-UPDRS III and the left, right, or
bilateral average DTI-ALPS (P>0.05 for all).

Discussion

In this study, we assessed glymphatic dysfunction using DTI-
ALPS and measured SN iron accumulation using QSM.
Our aim was to diagnose and assess the severity of PD.
Additionally, we combined these assessments to distinguish
PD patients from HC. Our findings were threefold: (I) we
observed significant glymphatic dysfunction and increased
iron accumulation in the SN of PD patients; (II) glymphatic
dysfunction offered higher diagnostic accuracy when
differentiating PD patients from HC, whereas SN iron
accumulation demonstrated a stronger correlation with the
MDS-UPDRS III score; (IIT) the combined assessment of
glymphatic dysfunction and SN iron accumulation enhanced
the diagnostic accuracy of PD.

The DTI-ALPS index is a novel non-invasive method
developed for assessing brain glymphatic functionality.
This index is attained by the ratio calculation of diffusion
in the perivascular direction along the medullary veins
to the diffusion perpendicular to the primary fiber tract
direction, thereby providing an indicative measure of global
glymphatic functionality (31,33). Prior to this, Chen er al.
computed the DTI-ALPS index in the dominant left
hemisphere, particularly in PD patients, leading to a key
finding of a decreased index throughout different stages
of the disease (34). In a similar vein to these findings, our
study mirrored glymphatic dysfunction in both hemispheres
in PD patients, which is presumably due to their advanced
disease stage as indicated by a median score of 3 on the
Hoehn and Yahr scale. In the context of PD, the potential
breakdown of perivascular clearance pathways is considered
a facilitator for o-synuclein accumulation (2,35), a pivotal
pathological characteristic of PD implicated in deleterious
effects on dopaminergic neurons. Additionally, glymphatic
clearance dysfunction may instigate the degeneration of
dopaminergic neurons as a secondary effect of heightened
a-synuclein accumulation.

In this study, QSM values were observed to be
significantly elevated in the SN of patients with PD,
when compared with HC participants. This suggests
a heightened level of iron deposition within the SN of
PD patients, which is generally consistent with previous
studies (16,19,36-38). The accumulation of iron in the
SN is pivotal to the evolution and progression of PD. An
excessive deposition of iron can instigate neurotoxicity and
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Figure 5 Scatter diagrams demonstrating the correlations between MDS-UPDRS III, DTI-ALPS, and QSM of SN in PD. No substantial
connection was found between MDS-UPDRS IIT and DTI-ALSP values pertaining to left (A), right (B), or bilateral averages (C). Similarly,
no significant correlation could be detected between MDS-UPDRS III and the QSM values of the left SN (D). In contrast, significant
correlations were observed between the MDS-UPDRS III and the QSM values of the right SN (E), along with bilateral average QSM
values of SN (F). MDS-UPDRS, Movement Disorder Society-Unified Parkinson’s Disease Rating Scale; DTI-ALPS, diffusion tensor image
analysis along the perivascular space; QSM, quantitative susceptibility mapping; SN, substantia nigra.

may even lead to iron-mediated cell death, resulting in the
loss of dopaminergic neurons through various mechanisms,
including oxidative stress, the aggregation of a-synuclein,
and neuroinflammation. Thereafter, the reduction of
dopaminergic neurons leads to diminished dopamine
secretion in the SN. This sequence of events culminates
in motor symptoms such as resting tremor, bradykinesia,
rigidity, and postural instability, which are commonly
observed in PD patients. Of note, in this study, the
diagnostic accuracy of QSM values in the SN was lower than
that reported in some other studies (19). This discrepancy
could be due to several factors. Our QSM imaging protocol,
primarily designed for clinical practicality, may not have
achieved the same resolution or TEs as studies that reported
higher accuracies. Additionally, although the automated
ROI delineation used in this study reduces bias, it might not
capture the same level of detail as the manual delineation
methods employed in some high-accuracy studies.

© AME Publishing Company.

Furthermore, the inherent variability in the PD population
and disease progression could also affect diagnostic accuracy.
Despite these considerations, our study provides a practical
approach to diagnostic accuracy that balances clinical
feasibility, making it valuable for the adoption of these
imaging techniques in routine clinical practice.

Regarding the loss of swallow tail sign (STS), a marker
indicating iron deposition within the nigrosome 1 territory
of the SN, most existing literature (39,40) uses GRE
sequences with a slice thickness of approximately 1 mm
for assessment. In contrast, our QSM sequence had a
slice thickness of 2 mm, which may not be optimal for
accurately assessing this ST'S sign (41). Moreover, although
some studies have found that the diagnostic accuracy of
the loss of STS is high (86.66%) in diagnosing PD or
progressive supranuclear palsy (40), others have found that
the abnormal ST is not a reliable biomarker for idiopathic
PD (42). Consequently, we did not include an evaluation of
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the loss of STS in our research data.

This study importantly identified higher diagnostic
accuracy in distinguishing PD from HC through the
detection of glymphatic dysfunction as compared to
the identification of iron accumulation within the SN.
This could be attributed to the tendency of glymphatic
dysfunction to manifest in the early stages of PD, whereas
iron accumulation in the SN typically appears during later
stages. The resultant decrease in glymphatic functionality
thus emerges as more significant than the associated
increase in SN iron accumulation. Consequently, the
diagnostic efficacy of identifying glymphatic dysfunction
surpasses that of detecting increased iron accumulation in
the SN. Nevertheless, the overlap in AUC values for both
conditions registered as statistically insignificant within
this study. This observation could possibly result from
an inadequate sample size. The study further established
a stronger correlation between iron accumulation in the
SN and clinical motor symptoms. This may be explained
by the fact that increased iron accumulation signifies
the degeneration and necrosis of dopaminergic neurons.
Consequentially, a significant reduction in dopamine
levels corresponds more directly with Parkinson’s motor
symptoms. On the contrary, ailments such as glymphatic
dysfunction that manifest in the early stages of PD are
not necessarily accompanied by dopaminergic neuronal
degeneration and necrosis. Hence, their correlation with
motor symptoms may not be as direct or as substantial as
that of iron accumulation.

Additionally, our study discerned that the concurrent
identification of glymphatic dysfunction and iron
accumulation in the SN enhances the diagnostic accuracy
of PD. This effectively suggests that the consideration of
both glymphatic dysfunction and SN iron accumulation
provides a complementary diagnostic approach that
potentially compounds the precision of PD diagnosis. The
integration of DTI-ALPS and QSM in clinical practice
could significantly enhance the diagnostic accuracy of PD,
facilitating earlier and more confident diagnoses. This
non-invasive approach could improve patient compliance
and reduce risks associated with diagnostic procedures,
while also enabling a more personalized treatment strategy
tailored to individual patient needs. The adoption of DTI-
ALPS and QSM may ultimately lead to improved patient
outcomes and quality of life.

In addition to QSM values in the SN, QSM values in
the striatum or cerebral cortex are also potential imaging
biomarkers that can reveal increased brain iron load in

© AME Publishing Company.

patients with PD, and further demonstrate that PD patients
with cognitive impairments may have a unique brain iron
load pattern (37,43,44). Moreover, some previous papers
have reported the potential of advanced MRI techniques
for neurodegenerative biomarkers, such as arterial spin
labeling based blood-brain barrier imaging. Physiologically,
the blood-brain barrier is an integral component of the
glymphatic system, and it plays a crucial role in maintaining
brain homeostasis by clearing metabolic waste and other
neurotoxic compounds from the central nervous system
into meningeal lymphatics and systemic circulation (45).
Consequently, alterations in the blood-brain barrier may
also occur in neurodegenerative diseases such as PD.
However, these possibilities require further research to be
fully understood.

Our study possesses several limitations. Initially, this
study was conducted within a single center. Hence, the
results warrant further validation within future multi-
centered studies. Secondly, this study was designed
retrospectively; our QSM imaging protocol, primarily
designed for clinical practicality, may not have achieved
the same resolution or TEs as more specialized studies.
Consequently, this could limit our ability to achieve high
diagnostic accuracy and may not be the most suitable
for assessing the loss of the STS. In light of these
considerations, we plan to conduct prospective studies in
the future, optimizing sequence parameters to enhance
diagnostic accuracy. Finally, our study employed the use
of the DTI-ALPS index as a surrogate for glymphatic
function, rather than measuring the glymphatic flux or
clearance rate of metabolic waste products 7z vivo. Although
this indirect index offers a simplistic approach, future
investigations employing more direct and sensitive methods
for assessing glymphatic function are recommended.

Conclusions

Our study indicates that DTI-ALPS and QSM may
potentially serve as biomarkers and tools for diagnosing
and assessing the severity of PD. Notably, we observed
a significant glymphatic dysfunction and increased
iron accumulation in the SN among PD patients. The
former appeared to have a higher diagnostic accuracy in
distinguishing PD from HC. Meanwhile, the latter showed
a more robust correlation with motor symptoms in PD.
Furthermore, integrating these two markers markedly
enhanced the diagnostic performance. However, additional
studies are required to substantiate our findings.
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