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The combination of the 8F-FDG
PET and susceptibility-weighted
Imaging for diagnosis of cerebral
glucose metabolism and iron
deposition in Parkinson’s disease

Zhibing He'*, Chao Yang™®, Ling Zhou** & Shuang Li%23*

This study aimed to evaluate the diagnostic potential of combining 8F-FDG PET and susceptibility-
weighted imaging (SWI) to assess cerebral glucose metabolism and iron deposition patterns in
Parkinson’s disease (PD), and to determine their correlations with clinical progression and diagnostic
accuracy. Forty-nine PD patients and 70 age-/sex-matched healthy controls underwent standardized
18F.FDG PET and SWI. Metabolic activity (SUVR) and SWI phase values were quantified in cortical/
subcortical regions. Statistical analyses included Mann-Whitney U tests, Pearson/Spearman
correlations, and ROC curve analysis to evaluate biomarker-clinical relationships and diagnostic
performance. PD patients exhibited hypometabolism in frontal, parietal, and temporal cortices
(P<0.05) and hypermetabolism in the putamen, globus pallidus, and cerebellum (P <0.05). Cortical
hypometabolism correlated with Hoehn-Yahr (H-Y) stages (e.g., temporal lobe: r=-0.405, P=0.004)
and UPDRS Il scores (e.g., frontal cortex: r=-0.364, P=0.011). SWI revealed reduced phase values
in the substantia nigra, red nucleus, and basal ganglia (P <0.001), with substantia nigra phase values
strongly correlating with H-Y stages (r=- 0.525) and UPDRS lll scores (r=-0.446). Multimodal
integration of 18F-FDG PET and SWI achieved superior diagnostic accuracy (AUC = 0.844) compared to
single-modality models (PET: AUC=0.777; SWI: AUC=0.780, P<0.0001). The integration of 1¥F-FDG
PET and SWI enhances PD diagnosis by capturing complementary metabolic and iron deposition
biomarkers. Cortical hypometabolism may precede subcortical iron accumulation, aligning with
Braak staging theory. Limitations include cross-sectional design and technical constraints in SWI
quantification. Future studies should validate these findings with longitudinal cohorts and advanced
techniques like QSM.

Keywords Parkinson’s disease, '®F-FDG PET, Susceptibility-weighted imaging, Multimodal biomarkers,
Diagnostic accuracy, Iron deposition

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by the primary pathological feature of the
loss of dopaminergic neurons in the substantia nigra, leading to reduced axonal projections to the striatum!~.
The classic motor features of bradykinesia, rigidity, resting tremor, and postural instability are recognized as the
cornerstone of several clinical diagnostic criteria in PD>°. However, the diagnosis of PD remains challenging
due to overlapping clinical features with other neurodegenerative conditions. Even for experts in movement
disorders, only 58% of patients in the early stages of clinical disease (<5 years since onset of motor symptoms)
are accurately diagnosed’. Therefore, developing reliable in vivo biomarkers for early and accurate diagnosis is
crucial for future disease-modifying therapies in PD®°.
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In recent years, various neuroimaging modalities have been employed to provide objective biomarkers for
assessing the underlying pathology in PD'*!!. Positron emission tomography/computed tomography (PET/CT)
is a powerful hybrid imaging technique that allows noninvasive tracking of brain pathophysiological processes
in neurological and psychiatric disorders'>!®. [18F]-fluorodeoxy-glucose (!¥F-FDG), which measures brain
metabolism, has shown promise in evaluating metabolic disorders, including PD. As the most widely used
radiotracer for cerebral glucose metabolism, I8E_EDG reflects neuronal function and reveals disease-specific
changes due to synaptic dysfunction, neuronal degeneration, and compensatory network alterations'®15.
Consequently, 'F-FDG PET has become a key diagnostic tool for neurodegenerative disorders!®!”.

Susceptibility-weighted imaging (SWI) has also emerged as a valuable technique for detecting iron
accumulation in the basal ganglia, a pathological feature associated with dopaminergic neuron loss'®1.
However, the relationship between these imaging markers and disease progression remains unclear, and whether
combining these markers enhances diagnostic specificity is still an open question. Previous studies have largely
examined '8F-FDG PET and SWI for distinguishing between PD and multiple system atrophy and progressive
supranuclear palsy?®?!. This leaves unresolved questions about the interplay between metabolic and iron
deposition changes in PD pathogenesis.

Early and precise PD diagnosis is vital for the future development of disease-modifying treatments. This study
addresses three key unanswered questions: First, whether regional metabolic abnormalities in PD measured by
8F-FDG PET exhibit differential correlations with motor severity (UPDRS III) and disease staging (Hoehn
& Yahr stage). Second, how SWI-derived phase values in iron-rich nuclei correlate with clinical progression
metrics. Third, whether combining FDG metabolic and iron-sensitive imaging parameters improves diagnostic
accuracy compared to single-modality approaches. By employing rigorous quantitative analyses in age- and
gender-matched PD and healthy control cohorts, we systematically evaluate FDG metabolic profiles, basal
ganglia iron deposition patterns, and multimodal biomarker interactions. Our findings provide novel insights
into the neuroimaging signatures of PD progression and establish a framework for optimizing diagnostic
algorithms through biomarker integration.

Materials and methods

Participants

Forty-nine patients with Parkinson’s disease (PD) (25 males, 24 females; mean age 60.3+10.8 years) meeting
the Movement Disorder Society clinical diagnostic criteria®* were prospectively enrolled from January 2022
to June 2024 at Xiangyang No.1 People’s Hospital, Hubei University of Medicine. All patients underwent
standardized '8F-FDG PET and SWI protocols. A sex- and age-matched healthy control cohort (n=70; 38 males,
32 females; mean age 62.6+9.3 years) was recruited through routine health screenings, excluding individuals
with neurological/psychiatric histories or substance use disorders. This retrospective study was conducted in
accordance with the Declaration of Helsinki (2013 revision). The study received approval from the Institutional
Review Board of Xiangyang No.1 People’s Hospital (No. [2024SX]JS-010]). Written informed consent was
obtained from each participant or their authorized legal representative prior to the PET/CT and MRI scan.
All PD patients underwent a comprehensive neurological examination, including assessment using the Unified
Parkinson’s Disease Rating Scale (UPDRS) and Hoehn-Yahr (H-Y) stage, performed by two movement disorder
experts. Neurological examinations, SWI, and PET scans were conducted in the drug-off state, with participants
refraining from taking any antiparkinsonian medications for at least 12 h prior to the tests. Cognitive function
in PD patients was evaluated using the Mini-Mental State Examination (MMSE) and Montreal Cognitive
Assessment (MoCA) during the drug-on state.

Data acquisition

All participants underwent imaging examinations using a PET/CT scanner (uMI780, Shanghai, China) and a 3.0-
T MRI scanner (Siemens Magnetom Vida). Prior to the '®F-FDG PET examination, participants were instructed
to fast for at least 6 h and ensure their fasting blood glucose level was<6.0 mmol/L. Following the intravenous
injection of 8F-FDG (radiochemical purity > 98%) at a dose of 3.7 MBq/kg body weight, participants were asked
to rest quietly for 40-60 min. PET images were acquired using the time-of-flight (TOF) and the ordered subset
expectation maximization (OSEM) algorithm with the following parameters: data acquisition time window of
10 min, matrix size of 128 x 128, slice thickness of 2.44 mm, 4 iterations, 20 effective subsets, and a full width
at half maximum (FWHM) of 3.0 mm. For SWI, the following parameters were used: repetition time (TR) of
28 ms, echo time (TE) of 20 ms, slice thickness of 1 mm, and field of view (FoV) of 179 x 230 mm.

Quantitative analysis of 18F-FDG PET images

The '8F-FDG PET image analysis was performed using MM BrainAnalysis software (Shanghai United Imaging
Intelligence Co., Ltd.) to analyze data from all cases. Firstly, intelligent brain segmentation was performed on
the 3D T1 MRI sequence. The T1 images were segmented into gray matter, white matter, and cerebrospinal
fluid, which were then further segmented into 106 brain regions. Subsequently, map the segmentation results
of T1 onto the PET images. After the alignment process, the mean standardized uptake value (SUVmean) was
extracted for each cerebral cortex?*. The cerebellum on the same side was used as the background to calculate
the standard uptake value ratio (SUVR) for the ROIs.

Quantitative analysis the phase map of SWlimages

On the post-processing workstation, two physicians with 5 years or more of experience in neural system imaging
diagnosis jointly performed visual assessment of SWI images in a blinded manner. They manually delineated
the ROIs for the bilateral caudate, putamen, globus pallidus, substantia nigra, and red nucleus on the layers
displayed clearly in the Phase Map of SWI imaging, measuring the phase values.
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Clinical features PD HC X/z | P
Participants 49 70

Age (years) 60.3+10.8 62.6+9.3 | —0.867 | 0.386
Gender (M/F) 25/24 38/32 0.123 0.852
Disease duration(years) | 2.604+1.59 | -

UPDRS III 22.00+£9.36 | -

H-Y stage 2.061£0.80 |-

MMSE 27.533+£3.03 | -

MoCA 23.533+4.83 | -

Table 1. The study examined the demographic and clinical characteristics of all participants. The data are
presented as mean + standard deviation. PD, Parkinson’s disease; HC, healthy control; F, female; M, male;
UPDRS 111, motor score of unified Parkinson’s Disease rating scale; H-Y stage, Hoehn-Yahr stage; MMSE,
Mini-Mental State Examination; MoCA, Montreal Cognitive Assessment.

Region PDSUVR | HCSUVR |t/Z P

Frontal cortex 1.137£0.13 | 1.536£0.32 | —6.649 | <0.0001*

Parietal cortex 1.112+0.11 | 1.492+0.31 | —8.271 | <0.0001*

Temporal cortex | 0.975+0.14 | 1.273+0.30 | —5.893 | <0.0001*

Globus pallidus | 1.064+0.19 | 0.981+0.08 | —2.946 0.004*

Putamen 1.490+0.28 | 1.361+0.15 | —2.956 0.004*
Thalamus 1.104+0.09 | 1.162+0.18 | —1.566 0.117
Pons 0.832+0.10 | 0.846+0.15 | —0.373 0.709
Cerebellum 6.061+1.32 | 5.309+0.84 | —3.231 0.001*

Table 2. Comparative analysis of the SUVR of *F-FDG PET imaging in HC individuals and patients with
PD. The data are presented as mean * standard deviation. HC, healthy control; PD, Parkinson’s disease; SUVR,
standardized uptake value rate. *Statistically significant with P<0.05.

Statistical analysis

The statistical analysis comprised the utilization of the Mann-Whitney U test for non-normally distributed
quantitative data and the independent sample t-test for normally distributed data. Chi-squared tests were
applied for categorical data. Pearson correlation or Spearman’s rank correlation analysis was conducted to
explore the correlation between the ¥F-FDG and SWI phase values with H&Y stages and UPDRS III scores in
PD patients. Additionally, receiver operating characteristic (ROC) curve analysis was employed to assess the
predictive models for PD diagnosis using the *F-FDG PET model and the phase value of SWI model, as well as
the combined models. All statistical analyses were performed using SPSS software (version 25.0). A two-tailed
P-value of less than 0.05 was considered to indicate statistical significance.

Results

Demographic data and clinical profiles

A total of 119 subjects, including 49 PD subjects (mean age 60.3+10.8y) and 70 HC subjects (mean age
62.6+9.3y), were enrolled. In the PD group, 41.2% (25/49) were male, while in the HC group, 58.8% (38/70)
were male. No significant differences were observed between the two groups in terms of gender (y?=0.123,v=1,
P=0.852) and age (Z=-0.867, P=0.386). The patients with PD had no obvious dementia: the mean score of
MMSE and MoCA was 27.533 £3.03 and 23.533 +4.83, respectively. (Tablel).

The results of quantitative analysis in 1¥F-FDG PET imaging

In comparison to HC individuals, patients with PD demonstrated a significant reduction in metabolic activity
in the frontal (Z=6.649, P<0.0001), parietal (t=-8.271, v=117, P<0.0001) and temporal cortices (Z=—-5.893,
P<0.0001). And showed notably increased metabolism in the putamen (t=-2.956, v=117, P=0.004), globus
pallidus (t=-2.946, v=117, P=0.004), and cerebellum (Z=-3.231, P=0.001) than in the HC individuals. The
quantitative analysis results from '®F-FDG PET imaging are presented in Table 2 and Fig. 1.

Furthermore, the study aimed to examine the relationship between ®F-FDG uptake, H-Y stages, and
UPDRS III scores. Figure 2 illustrates the negative correlation between metabolic activity in the frontal cortex
(r=-0.327, P=0.022), parietal cortex (r=-0.297, P=0.038), temporal lobe (r=-0.405, P=0.004), globus
pallidus (r=-0.390, P=0.006), thalamus (r=-0.358, P=0.012), pons (r=-0.367, P=0.010), and cerebellum
(r=-0.364, P=0.005) in relation to H-Y stages. In contrast, no significant correlation was observed in the
putamen (r=—0.146, P=0.318). Additionally, a negative correlation was found between metabolic activity in the
frontal cortex (r=-0.364, P=0.011), parietal cortex (r=—-0.309, P=0.033), temporal lobe (r=-0.310, P=0.032),
thalamus (r=-0.301, P=0.038), and cerebellum (r=-0.394, P=0.005) with UPDRS III scores. Similarly, no
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Fig. 1. The images presented depict F-FDG uptakes in PET imaging of HC individual (A) and patient with
PD (B). (A) HC group individual, man, 68 years. The ¥ F-FDG PET imaging show a symmetric distribution
pattern of the cerebral cortex and nigrostriatal regions, with no apparent areas of increased or decreased
radioactive uptake, or mild frontal cortex metabolic reduction caused by normal aging. (B) A 74-year-old
male with PD. The FDG PET imaging revealed local cortical metabolism reduction in the frontal, parietal, or
temporal cortical regions, and increased metabolism in the cerebellum.

significant correlations were observed in the putamen (r=-0.028, P=0.848), globus pallidus (r=-0.261,
P=0.073), pons (r=—0.249, P=0.088), and cerebellum (r=-0.250, P=0.086).

The results of SWI quantitative analysis

Table 3 presents the SWI phase values for both the PD and HC groups. The PD group exhibited significantly
lower phase values in the bilateral caudate (f=-8.046, v=117, P<0.0001), putamen (f=-6.662, v=117,
P<0.0001), globus pallidus (Z=-6.652, P<0.0001), substantia nigra (t=-2.132, v=117, P=0.035), and red
nucleus (Z=-6.091, P<0.0001) compared to the HC group. The lowest phase values in SWI were observed in
the bilateral substantia nigra (—22.105+43.67 vs. 0.703£65.33), followed by the red nucleus (17.459 +33.60
vs. 29.720 £40.05), globus pallidus (2.912 +44.05 vs. 66.182 +43.35), putamen (4.835+31.13 vs. 42.009 £29.11),
and caudate (14.083 +32.08 vs. 54.261+22.31), as depicted in Figs. 3 and 4.

Furthermore, the investigation extended to exploring the correlation between SWI phase values and H&Y
stages and UPDRS III scores. Phase values in the substantia nigra (r=-0.525, P<0.001), and red nucleus
(r=-0.404, P<0.001) were measured, revealing a negative correlation with H-Y stages. In contrast, no
significant correlation was observed in the globus pallidus, putamen, and caudate (all P>0.05). Additionally, a
negative correlation was found between phase values in the substantia nigra (r=-0.446, P<0.001) with UPDRS
III scores. Similarly, no significant correlations were observed in the red nucleus, globus pallidus, putamen, and
caudate (all P>0.05), as illustrated in Fig. 5.

The combined analysis of 18F- FDG uptake in cerebral cortical regions and phase values from
SWI in patients with PD

Figure 6 presents the ROC curves for diagnosing patients with PD, the combination of the '¥F-FDG and SWI
phase values model exhibited the highest reliable prognostic performance, yielding an area under the curve
(AUC) of 0.844 (95% confidence interval [0.821-0.867], P<0.0001). The diagnostic performance of the
combination models was significantly higher than that of 8F-FDG model (AUC=0.777) and SWI phase values
(AUC=0.780) model (all P<0.0001).

Discussion

This study systematically elucidates the spatial distribution characteristics and clinical correlations of cerebral
glucose metabolism abnormalities and iron deposition in PD through the integration of ¥F-FDG PET and
SWI technologies. It is the first to validate the enhanced diagnostic efficacy of multimodal imaging biomarker
combinations for PD. The findings not only deepen the understanding of PD pathophysiological mechanisms
but also provide critical evidence for optimizing biomarker selection in clinical practice.

Complementarity of multimodal imaging and pathophysiological insights

The integration of ®F-FDG PET and SWI achieved superior diagnostic performance (AUC =0.844) compared
to single-modality approaches (PET AUC=0.777; SWI AUC=0.780), highlighting the complementary value of
multimodalimagingin PD. This enhanced efficacy has dual theoretical implications. First, metabolic abnormalities
and iron deposition appear to represent distinct yet interconnected dimensions of PD progression®*. Specifically,

Scientific Reports |

(2025) 15:20029 | https://doi.org/10.1038/s41598-025-02672-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Frontal cortex FDG uptake
- @ 3

B | 1711 L |
Parietal cortex FDG uptake
. 3

7 g { p
Temporal cortex FDG uptake
e »

! ﬂ'llll/ L} s | !
Globus pallidus FDG uptake
- ~ ®

7 LD JN )

o
wi
o
)
T

v U v v U v v v
1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 25 3.0 1.0 15 2.0 25 3.0

»
ot
.
»
»
AT

. I v
1.5 2.0 25 3.0

0
Hoehn-Yahr stage Hoehn-Yahr stage Hoehn-Yahr stage Hoehn-Yahr stage
15.0
. . - . — T
10 7S 7

L .

= . = H - .
12.5 Ll 8l

]
o

| U
-
!

Putamen FDG uptake
s
)
Thalamus FDG uptake
o
T ’7
Pons FDG uptake
‘ e - »
! mil
Cerebellum FDG uptake
7 |

.
Ty

7.5 ! 4 : L 4 Ee .
. . . E . ¢
L .
4F .
4E $ E E
) ! ! ! ul ] 1 ! 1 30} : : ! Cy ! ! ! i
1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 25 3.0 1.0 1.5 2.0 2.5 3.0 1.0 1.5 2.0 25 3.0
Hoehn-Yahr stage Hoehn-Yahr stage Hoehn-Yahr stage Hoehn-Yahr stage
. @ - . . s ° . P
: 2 10 - . E ﬁ - .
K] a B9L 1 B~
E 3 Lo . e I | 375 % . |
o e L . .| 8 8 E s :
a a o= e . a
[ w BE . * . = . N [ LN
x % E o7 865 |
£ £ B 3 E g B’
H g & o = H |
2 = 65. .. s E i L i |
8 8 E o . s e S5E w5 |
T ] - . .o . 2 8. 3
] T me . . ol s . |
£ - £ 8 = -
[ o al e O = .. o o
TR TR TTI TR TR T TR N [ ] Fupn g yun 1o b § /Y ITTITT (HTITITERTHY) (S (M Copon w1ty !
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
UPDRS-III UPDRS- Il UPDRS- Il UPDRS-IIl
15.0 ™ T T C
5 . e . - . e . .
10 5 7]
o ¢ E @ . 1 E ° *e .| 2 - .
=125, . = ) g
£ 8 Xore . 881 |
2 - . . o|B k| 5 s 67 3
3 3 8 3 2 ~- . o
L] o .. S = oeee o P— a E
£ 100+ .o -] e 1| L g
€ Eme . s CE = v . E =
g e ee o . 3 =, . B 0 26§ |
E R+ | E gE% I N A 5
] ) B o = L . a
s s LN Se , Ty ® El*® o o ¢ [ ® F
g 75= . P = 5 - 41 g =
- .. Lo = . Ee e o ]
b . o I .- e | af e |
TR TR TR TR (| ARTITTTTITR TR TR TTTR RS (. EEmTTITTTITR TR TITITENT R TTT R N (. Cope o e ay 1, L 1)
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
UPDRS- Il UPDRS-IIl UPDRS- Il UPDRS- Il

Fig. 2. The correlation between the FDG uptake and H&Y stages and UPDRS III score.

Region PD HC t/Z P
Caudate 14.083+32.08 | 54.261+£22.31 | —8.046 | <0.0001*
Putamen 4.835+31.13 | 42.009+29.11 | —=6.662 | <0.0001*

Globus pallidus 2.912+44.05 | 66.182+43.35 | —6.652 | <0.0001*
Substantia nigra | —22.105+43.67 | 0.703+65.33 | —2.132 0.035*
Red nucleus —17.459+33.60 | 29.720+40.05 | —6.091 | <0.0001*

Table 3. Comparative analysis of the SWI phase values in HC individuals and patients with PD. The data are
presented as mean * standard deviation. HC, healthy control; PD, Parkinson’s disease. *Statistically significant
with P<0.05.

FDG hypometabolism reflects synaptic dysfunction within the cortical-basal ganglia-thalamic network?>%, as
evidenced by the negative correlation between frontal cortex metabolism and UPDRS III scores (r=—0.364,
P=0.011). In contrast, reduced SWI phase values in the substantia nigra indicate iron-mediated oxidative stress,
with a strong correlation to Hoehn-Yahr (H-Y) stages (r=-0.525, P<0.001).

Second, the dynamic interplay between these two imaging modalities may mirror the cascading pathology of
PD?”28, Cortical hypometabolism, such as that observed in the temporal lobe (r=—0.405), likely precedes iron-
induced structural damage in the basal ganglia. This sequence aligns with Braak staging theory, which proposes
that a-synuclein pathology spreads from the brainstem to the cortex?. Notably, putamen hypermetabolism
(r=-0.146, P=0.318) showed no correlation with clinical scores, suggesting compensatory metabolic
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Fig. 3. The images presented the SWI of an HC individual (A) and a patient with PD (B). (A) HC group
individual, man, 68 years. The SWI clearly shows the bilateral caudate, putamen, globus pallidus, substantia
nigra, and red nucleus, with no obvious abnormal signals. (B) A 74-year-old male with PD. The SWI revealed
signal reduction in the bilateral caudate, putamen, globus pallidus, substantia nigra, and red nucleus caused by

iron deposition.
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Fig. 4. Comparative analysis of phase values for both the PD and HC subjects in the SWI imaging. HC,
healthy control; PD, Parkinson’s disease; ASI, asymmetry index.
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Fig. 5. The correlation between the SWI phase values and H&Y stages and UPDRS III score.

upregulation independent of motor symptom progression®*3!. This finding is consistent with recent fMRI
studies on basal ganglia functional reorganization’2.

Heterogeneity of imaging biomarkers and challenges in clinical translation

Despite significant correlations between iron deposition (reduced phase values) in the substantia nigra/red
nucleus and disease staging, no such associations were observed in the globus pallidus or caudate (P>0.05).
This spatial heterogeneity may stem from PD subtype variations: for instance, postural instability/gait difficulty
(PIGD) subtypes often exhibit more extensive basal ganglia iron deposition®>-*°, whereas our cohort, likely
dominated by tremor-dominant (TD) subtypes, may obscure region-specific correlations. Furthermore, SWI
phase quantification is susceptible to magnetic field inhomogeneity*. Although high-resolution 1 mm slice
thickness was employed, the absence of phase unwrapping correction may introduce measurement errors®”~%.
These technical limitations highlight the need for advanced iron quantification methods, such as quantitative

susceptibility mapping (QSM), to enhance biomarker reproducibility*®4!.

Potential mechanisms underlying metabolic-iron interactions

Thalamic hypermetabolism (Z=-2.020, P=0.043) showed no correlation with iron deposition, while pontine
metabolic abnormalities (Z=-3.637, P<0.0001) lacked interaction with SWI parameters. This may reflect
functional independence within PD pathological networks: thalamic hypermetabolism could arise from
compensatory activation due to reduced basal ganglia output??, whereas pontine changes might relate to
disinhibition in cerebellar-pontine-cortical circuits*’. Crucially, the improved diagnostic performance of the
multimodal model stems from orthogonal complementarity rather than direct biological interaction between
biomarkers—a finding that supports machine learning strategies (e.g., ensemble learning) for weighted
integration of heterogeneous features.

Limitations

Despite advances in multimodal integration, this study has several limitations. First, sample selection bias may
have influenced the results. PD patients were not molecularly subtyped (e.g., a-synuclein PET subtypes) or
pathologically confirmed, which risks the inclusion of atypical parkinsonism cases. Second, technical constraints
were evident in the imaging analyses. SWI phase values are confounded by paramagnetic substances (e.g.,
calcifications) and lacked normalization to standardized reference regions. Additionally, PET analyses did not
control for partial volume effects from cerebral atrophy. Third, the cross-sectional design of the study precludes
elucidation of temporal relationships, such as whether compensatory hypermetabolism precedes iron-driven
neuronal loss. Finally, clinical feasibility remains a concern. The cost and radiation exposure of multimodal
protocols may limit their clinical adoption, necessitating streamlined AI-driven models for metabolic-iron

mapping.

Conclusions and future directions

By innovatively combining ¥*F-FDG PET and SWI, this study reveals the complementary value of multimodal
imaging biomarkers and establishes a generalizable diagnostic framework. Future research should focus on: (1)
integrating tau-PET and QSM to dissect tripartite interactions among a-synuclein pathology, iron deposition,
and metabolic dysregulation; (2) developing deep learning-based multimodal fusion algorithms to enhance
early diagnostic sensitivity; and (3) conducting multicenter longitudinal cohorts to link imaging biomarkers
with disease-modifying therapeutic outcomes. These efforts will advance PD management toward personalized
and precision medicine.
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